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Preface to the third
edition

Since the second edition of Oral Microbiology was published in 1984,
there has been an enormous expansion in knowledge across the com-
plete breadth of this subject area. This has resulted in the need to not
just update but to totally rewrite the previous edition. In particular,
there have been striking advances in the taxonomy of the oral micro-
flora, which is enabling closer associations between certain organisms
with health and disease to be discerned. These changes in classification
have caused difficulties when comparing new studies with earlier work
when a different nomenclature was in use. It is hoped that the compari-
sons of the past and present classification schemes presented in this
edition will be of value to young and experienced researchers alike. The
significance of the role of endogenous substrates to the nutrition of the
resident oral microflora, and the complex relationship between the host
defences and the normal flora is also discussed extensively in this
edition.

The last few years have seen renewed interest and progress in the
understanding of dental caries, particularly of the root surface in the
elderly. Advances have continued to be made in the microbial aetiology
of periodontal diseases, while the precise role of specific bacterial spec-
ies in tissue breakdown remains a contentious area. These advances in
knowledge are being converted into improved methods of diagnosis,
treatment, and prevention. New research into oral manifestations of
AIDS, the control of cross infection and of other oral infections has
made this an opportune time to write an enlarged, third edition of this
book.

It is intended that this new edition will continue to help science and
clinical students of all levels, as well as research workers and teachers
alike, to understand the microbial ecology of the oral cavity and its
importance in health and disease.

We would like to thank our colleagues who have helped and advised
us, especially Else Theilade, Michael Pang, Jeremy Hardie, Rob Whiley,
Saheer Gharbia, Haroun Shah, Roy Russell and Pauline Handley. We
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would also like to thank the following individuals and publishers for
granting permission to reproduce data or figures: Alan Dolby (Figure
6.2) and Pauline Handley (Figure 4.5, Table 4.6); American Society for
Microbiology (Figure 4.5); Cambridge University Press (Figure 7.3, Table
7.7); Harwood Academic Publishers (Table 4.6); Journal of Dental
Research (Tables 6.9 and 6.10); and MTP Press Ltd (Figures 2.6 and 4.2,
Table 6.1). Particular thanks also go to our families who have put up
with so much during the preparation of this book.

D. Marsh, Salisbury
V.

P.
M. V. Martin, Liverpool



Preface to the second
edition

Oral microbiology forms an important part of the curriculum of dental
students while the multidisciplinary nature of the research in this area
means that studies of the adherence, metabolism and pathogenicity of
oral bacteria are equally relevant to microbiologists. The success of the
first edition of Oral Microbiology stems in part from the fact that the
book satisfies successfully the needs of both of these groups of students
as well as those of general dental practitioners, medical students and
senior scientists.

Since the publication of the first edition there have been rapid
advances in our knowledge of the mechanisms involved in dental
plaque formation, in the metabolism of oral bacteria both in health and
disease, and in the aetiology of periodontal disease. This knowledge is
being applied to the development of specific measures to control the
incidence and severity of oral infections. Consequently, the second
edition has been enlarged to include two comprehensive chapters on
the current theories of the aetiology and prevention of these diseases.
Elsewhere in the second edition, recent advances in our understanding
of the colonization of the tooth surface by oral bacteria and in the
biochemical basis of their pathogenicity have also been incorporated,
while the glossary of microbiological and dental terms has been
extended. The nomenclature of oral bacteria has been brought up to
date, although this is an area in constant flux and the future will result
in minor changes in the bacterial nomenclature as used in this text.

We would like to thank Derek Ellwood, Bill Keevil, Ailsa McKee,
Haroun Shah and Geoffrey Craig and all our colleagues who have
helped and advised us in the preparation of the second edition. Especial
thanks go to our wives, Jane and Anne, and our families for their
patience, support and encouragement.

P. D. Marsh, Salisbury
1984 M. V. Martin, Liverpool



Preface to the first
edition

Micro-organisms in the mouth are responsible for a variety of infections
including the most prevalent diseases affecting man today. A vast
amount of pure and applied research in many disciplines is underway
in an attempt to determine the aetiology of these oral infections with
the hope that preventive measures can be developed. Results from such
studies appear in a bewildering spectrum of journals and although
review articles on specific topics have been published there have been
only a few attempts to produce a text-book devoted solely to oral
microbiology. The object of this book is to bridge this gap in the litera-
ture by providing a general introduction to the microbiology of the
mouth both in health and disease.

Oral Microbiology has been written deliberately to appeal also to stud-
ents of dentistry who lack an inexpensive text dealing specifically with
this important part of their syllabus. Naturally, terminology will have
been used that is unfamiliar to students of either subject. I hope that
the provision of glossary will overcome any problems that might arise.

A book of this length produces severe constraints on the amount of
material that can be included. Of necessity, a few topics have had to
be omitted or treated superficially and some areas of current debate
and controversy have been simplified for clarity.

I am indebted to many colleagues for their constructive criticism and
advice during the preparation of the manuscript, particularly Dr George
Bowden, Dr Jeremy Hardie and Dr Paul Rutter. All the photographs
were kindly provided by Mr Alan Saxton of Unilever Research. I would
like to take this opportunity to thank the authors and publishers who
gave their permission for me to reproduce tables and figures from their
articles. In addition I want to express my gratitude to Mrs Mabel Cocker-
ill for her excellent and accurate typing of the manuscript, to Dr Dominic
Recaldin and his staff of Thomas Nelson and Sons Ltd., and to the
series’ editors for their help in making the writing of this, my first book,
such a painless experience. Finally, [ would like to thank my wife, Jane,
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for her support and encouragement during all stages of the preparation
of this book.

London, 1979 P. D. Marsh



1 Oral microbiology.
Background and
introduction

It has been estimated that the human body is made up of over 10* cells
of which only around 10% are mammalian. The remainder are the
micro-organisms that comprise the resident microflora of the host. This
resident microflora does not have merely a passive relationship with
the host but contributes directly and indirectly to the normal develop-
ment of the physiology, nutrition and defence systems of animals and
humans. The microbial colonization of all environmentally-exposed sur-
faces of the body (both external and internal) begins at birth. Such
surfaces are exposed to a wide range of micro-organisms derived from
the environment and from other humans. However, each surface,
because of its physical and biological properties, is suitable for coloniz-
ation by only a proportion of these microbes. This results in the acqui-
sition and natural development of diverse but characteristic microfloras
at particular sites. In general, these microfloras live in harmony with
the host and, indeed, both parties benefit from the association.

THE ROLE OF THE ORAL MICROFLORA IN HEALTH AND
DISEASE

The mouth is similar to other sites in the body in having a natural
microflora with a characteristic composition and existing, for the most
part, in a harmonious relationship with the host. However, perhaps
more commonly than elsewhere in the body, this relationship can be
broken and disease can occur in the mouth. This is usually associated
with:

(a) Major disturbances to the habitat which perturb the stability of the
microflora. These disturbances can be from exogenous sources (e.g.
following antibiotic treatment or the frequent intake of fermentable
carbohydrates) or they can be derived from endogenous changes
(e.g. alterations in the integrity of the host defences).

(b) The unexpected presence of bacteria at sites not normally accessible
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to them (e.g. following tooth extraction or other trauma, when oral
bacteria enter tissues or the blood stream and are disseminated
around the body).

Bacteria with the potential to cause disease in this way are termed
‘opportunistic pathogens’, and many oral organisms have the capacity
to behave in this manner. Indeed, most individuals suffer at some time
in their life from localized episodes of disease in the mouth caused by
imbalances in the composition of their resident oral microflora. The
commonest clinical manifestations of such imbalances include dental
caries and periodontal diseases, both of which are highly prevalent in
industrialized societies, and are on the increase in developing countries.
Dental caries is the dissolution of enamel (demineralization) by acid
produced primarily from the metabolism of dietary carbohydrates by
the bacteria attached to the tooth surface in dental plaque. Dental plaque
is also associated with the aetiology of periodontal diseases. Periodontal
diseases are a group of disorders in which the supporting tissues of the
teeth are attacked; this can eventually lead to the loss of the tooth.
Although rarely life-threatening, the direct cost of treating these
common oral diseases is enormous and they are the most expensive
infections that the majority of individuals will have to contend with in
their lifetime. In 1984, in the USA, the cost of dental treatment was
estimated at approximately 24 billion dollars while the cost to the
National Health Service of the United Kindom in 1986-87 was over £750
million. In addition, dental treatment and disease is associated with
pain and trauma, and results in a huge loss of time from work. With
people retaining their teeth for longer periods due to scientific and
clinical advances, the number of treatment courses (and hence costs)
continue to rise. Some idea of the prevalence of dental disease in Eng-
land and Wales (most of which is mediated by micro-organisms) can
be gauged by the numbers of treatment items provided for these areas
by the National Health Service (Table 1.1). Not surprisingly, therefore,
the main thrust of research in oral microbiology is directed towards
understanding the processes involved in the two major groups of dental
diseases: caries and periodontal diseases.

Dental caries and periodontal diseases result from a complex
interaction of diet, the resident microflora, and the host. In order to
determine the mechanisms behind these diseases it is necessary to
understand the ecology of the oral cavity. In this approach the relation-
ships among micro-organisms, and between the micro-organisms and
the host, will be determined. The basic composition of the oral micro-
flora is reasonably well known but less is understood of the mouth as
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Table 1.1 Prevalence of dental disease in England and Wales as indicated by
the items of treatment provided by the National Health Service, 1986-87

Treatment item Number

Restorations 25 000 000
Crowns 2 500 000
Extractions 4 500 000
Root canal therapy (endodontics) 1 500 000
Bridges and dentures 1 500 000
Treatment courses 34 000 000

an environment, and how the properties of this environment influence
the composition and metabolism of the resident microflora.

TERMINOLOGY

Much of the terminology used in this book to describe events in
microbial ecology will be as defined by Alexander (1971). The site where
micro-organisms grow is the habitat. The micro-organisms growing
in a particular habitat constitute a microbial community made up of
populations of individual species or less well-defined groups (taxa).
The microbial community in a specific habitat together with the abiotic
surroundings with which these organisms are associated is known as
the ecosystem. The most mis-used ecological term of all, the niche,
describes the function of an organism in a particular habitat. Thus, the
niche is not the physical position of an organism but is its role within
the community. This role is dictated by the biological properties of each
microbial population. Species with identical functions in a particular
habitat will compete for the same niche, while the co-existence of many
species in a habitat is due to each population having a different role
(niche) and thus avoiding competition.

A number of terms have been used to describe the characteristic
mixtures of micro-organisms associated with a site. These include the
normal, indigenous, or commensal microflora. Some authors have
argued that the term commensal should not be used because it implies
a mutually neutral or passive relationship between micro-organism and
host. This is patently not true since the mucosal surfaces of germ-
free animals are anatomically and physiologically different from their
conventional counterparts, while the host defences undoubtedly inter-
act in some way with the microflora. Moreover, many oral organisms
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can act as opportunistic pathogens and so the inclusion of such species
within the normal or commensal microflora can create problems of
semantics. The term amphibiont has been suggested as a replacement
term, signifying a spectral position between symbiosis and patho-
genicity, and merging with both. The typical amphibiont would be,
however, neither obligately pathogenic nor non-pathogenic under all
circumstances. This would avoid the arguments over whether poten-
tially pathogenic micro-organisms such as certain yeasts, which can be
carried asymptomatically by some individuals, should be regarded as
members of the normal microflora of a site. However, the term amphi-
biont has not been widely used. Alexander (1971) proposed that species
found characteristically in a particular habitat should be termed autoch-
thonous micro-organisms. These multiply and persist at a site and
contribute to the metabolism of a microbial community (with no distinc-
tion made regarding disease potential), and can be contrasted with
allochthonous organisms which originate from elsewhere and are gen-
erally unable to colonize successfully unless the ecosystem is severely
perturbed. Alternatively, a simple approach has been to use the term
resident microflora to include any organism that is regularly isolated
from a site. Again, no distinction concerning disease potential is made.

Micro-organisms that have the potential to cause disease are termed
pathogens. As stated earlier, those that cause disease only under excep-
tional circumstances are described as opportunistic pathogens, and can
be distinguished from frank pathogens which are associated consist-
ently with a particular disease.

The properties of the mouth that influence its function as a microbial
habitat together with the major groups of micro-organisms that reside
there will be described in the next two chapters. Subsequent chapters
will describe the acquisition and development of the oral microflora
(Chapter 4), especially dental plaque (Chapter 5), while the final chap-
ters will consider the role of the oral microflora in disease.

SUMMARY

The mouth has a resident microflora with a characteristic composition
that exists, for the most part, in harmony with the host. Components
of this microflora can act as opportunistic pathogens when the habitat
is disturbed or when micro-organisms are found at sites not normally
accessible to them. Dental diseases, caused by imbalances in the resi-
dent microflora, are highly prevalent and extremely costly to treat.
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2 The mouth as a
microbial habitat

THE MOUTH AS A HABITAT

The ecological properties of the mouth make it different from all other
surfaces of the body. However, the mouth must not be regarded as a
uniform environment. It consists of several distinct habitats each of
which will support the growth of a characteristic microbial community.
The habitats of the oral cavity that provide obviously different ecological
conditions for colonization and growth include the lips, cheek, palate,
tongue, gums and teeth. The properties of these habitats will change
during the life of an individual. For example, during the first few
months, the mouth consists only of mucosal (epithelial) surfaces for
microbial colonization. With the development of the primary dentition,
hard non-shedding surfaces appear providing a different type of surface
for the deposition and growth of oral micro-organisms. The eruption
of teeth also generates another habitat, the gingival crevice, where the
tooth rises out of the gums, (Figure 2.1 and 2.2) with its own particular
nutrient source (gingival crevicular fluid, GCF).

Ecological conditions within the mouth are never stable for long
periods. The oral ecosystem will be subjected to considerable variation
during the change from primary to permanent dentition. In addition,
the ecology of the mouth will be affected by extraction of teeth, the
insertion of prostheses such as dentures, and any dental treatment
including scaling, polishing and fillings. Transient fluctuations in the
stability of the oral ecosystem may be induced by the frequency and
type of food ingested, variations in saliva flow, and periods of antibiotic
therapy.

The unique nature of the mouth as a habitat has been emphasized.
Four features that help make the oral cavity distinct from other areas
of the body: teeth; specialized mucosal surfaces; saliva and gingival
crevicular fluid will be considered now in detail.
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Figure 2.1 Tooth structure in health and disease.

Teeth

The mouth is the only site in the body that has hard non-shedding
surfaces for microbial colonization. These unique tissues allow the
accumulation of large masses of micro-organisms (predominantly bac-
teria) and their extracellular products. This accumulation is called dental
plaque and, while it is found naturally in health, it is also associated
with dental caries and periodontal diseases. The properties of dental
plaque will be described in detail in Chapter 5, and its relationship to
disease will be discussed in Chapters 6 and 7.

Each tooth is composed of four tissues — pulp, dentine, cementum
and enamel (Figure 2.1). The pulp receives nerve cells and blood sup-
plies from the tissues of the jaw via the roots. Thus the pulp is able to
nourish the dentine and act as a sensory organ by detecting pain.
Dentine makes up the bulk of the tooth and functions by supporting
the enamel and protecting the pulp. Enamel is the most highly calcified
tissue in the body and is normally the only part of the tooth exposed
to the environment. Cementum is a specialized calcified connective
tissue that covers and protects the roots of the tooth. Cementum is
important in the anchorage of the tooth, being attached to fibres from
the alveolar bone of the gum. With ageing, recession of the gingival
tissues can occur exposing cementum to microbial colonization and
attack. Root-surface caries is a consequence, and is an increasing prob-
lem in the burgeoning elderly population (Chapter 6).

Teeth do not appear in the mouth until after the first few months of
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(a) Occlusal aspect

/

smooth surface

plaque approximal fissure

plaque plague
/

supra-
gingival
plague

sub- \
gingival gum margin gingival crevice
plaque plague

(b) Buccal or lingual aspect (side view)

Figure 2.2 Diagram illustrating the different surfaces of a tooth, and the termin-
ology used to describe plaque sampling sites.

life. The primary dentition is usually complete by the age of three years,
and around six years the permanent teeth begin to erupt. This process
is complete by about 12 years of age. During these periods of change
local ecological conditions will vary, which will in turn influence the
resident microbial community at a site.

The ecological complexity of the mouth is increased still further by
the range of habitats associated with the tooth surface. Teeth do not
provide a uniform habitat but possess several distinct surfaces (Figure
2.2), each of which is suitable for colonization only by certain popu-
lations of bacteria. This is due to the physical nature of the particular
surface and the resulting biological properties of the area. The areas
between adjacent teeth (approximal) and in the gingival crevice afford
protection from the adverse conditions in the mouth. Both sites are also
anaerobic and, in addition, the gingival crevice region is bathed in
the nutritionally-rich GCF so that these areas support a more diverse
community. Smooth surfaces are more exposed to environmental forces
and can be colonized only by a limited number of bacterial species
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adapted to such extreme conditions. The properties of a smooth surface
will differ according to whether it faces the cheek (buccal surface) or
the inside (lingual surface) of the mouth. Pits and fissures of the biting
(occlusal) surfaces of the teeth also offer protection from the environ-
ment. Such protected areas are associated with the largest microbial
communities and, in general, the most disease.

The relationship between the environment and the microbial com-
munity is not unidirectional. Although the properties of the en-
vironment dictate which micro-organisms can occupy a given site, the
metabolism of the microbial community can modify the physical and
chemical properties of their surroundings. Thus, the environmental
conditions on the tooth will vary in health and disease (Figure 2.1). As
caries progresses, the advancing front of the lesion penetrates the den-
tine. The nutritional sources will change and local conditions will
become acidic and more anaerobic due to the accumulation of products
of bacterial metabolism. Similarly, in disease, the gingival crevice
develops into a periodontal pocket and the production of gingival crevi-
cular fluid is increased. These new environments will select the
microbial community most suitably adapted to the prevailing con-
ditions.

Mucosal surfaces

Although the mouth is similar to other ecosystems in the digestive tract
in having mucosal surfaces for microbial colonization, the oral cavity
does have specialized surfaces which contribute to the diversity of the
microflora at certain sites. The papillary structure of the dorsum of
the tongue provides refuge for many micro-organisms which would
otherwise be removed by mastication and the flow of saliva. The tongue
can also have a low redox potential, which enables obligately anaerobic
bacteria to grow. Indeed, the tongue may act as a reservoir for some of
the Gram-negative anaerobes that are implicated in the aetiology of
periodontal diseases (Chapter 7). The mouth also contains keratinized
(as in the palate) as well as non-keratinized stratified squamous epi-
thelium which may affect the intra-oral distribution of micro-organisms.

Saliva

The mouth is kept moist and lubricated by saliva which flows over all
the internal surfaces of the oral cavity. Saliva enters the oral cavity via
ducts from the major paired parotid, submandibular and sublingual
glands as well as from the minor glands of the oral mucosa (labial,
lingual, buccal and palatal glands) where it is produced. There are
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differences in the chemical composition of the secretions from each
gland, but the complex mixture is termed whole saliva. Saliva contains
several ions including sodium, potassium, calcium, chloride, bicarbon-
ate and phosphate (Table 2.1); their concentrations vary in resting and
stimulated saliva. Some of these ions contribute to the buffering prop-
erty of saliva which can reduce the cariogenic effect of acids produced
from the bacterial metabolism of dietary carbohydrates. Although the
bulk secretion rate for whole saliva is in the range of 0.5—111.0 ml h™!
(mean = 19 ml h*), saliva flows as a thin film (0.1 mm deep) over oral
surfaces. This flow is slowest in the upper anterior buccal region
(0.8 mm min~') and fastest in the lower anterior lingual region (8.0 mm
min~'), and this may influence the caries susceptibility of a site.

Table 2.1 A comparison of the mean concentration (mg/100 ml) of some
constituents of whole saliva and gingival crevicular fluid (GCF) from humans

Whole saliva
Constituent Resting Stimulated GCF
Protein 220 280 7 x 10°
IgA 19 110%
IgG 1 350*
IgeM <1 25*
C3 tr tr 40
Amylase 38 -
Lysozyme 22 11 +
Albumin tr tr +
Sodium 15 60 204
Potassium 80 80 70
Calcium 6 6 20
Magnesium <1 <1 1
Phosphate 17 12 4
Bicarbonate 31 200 -

tr = trace amounts
* determined in GCF samples from patients with periodontitis.

Bicarbonate is the major buffering system in saliva but phosphates,
peptides and proteins are also involved. The mean pH of saliva is
between pH 6.75-7.25, although the pH and buffering capacity will
vary with the flow rate. Within a mouth the flow rate and the concen-
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Figure 2.3 Stephan curve. Typical response of plaque pH to fermentable
carbohydrate.

tration of components such as proteins and calcium and phosphate ions
have circadian rhythms, with the slowest flow of saliva occurring during
sleep. The major organic constituents of saliva are proteins and glyco-
proteins, such as mucin. These glycoproteins influence (a) the aggre-
gation and adhesion of bacteria to oral surfaces (Chapter 4); (b) they
interact with other components of the host defences; and (c) they act
as the primary sources of nutrients (carbohydrates and proteins) for the
resident microflora. Other nitrogenous compounds provided by saliva
include urea and numerous free amino acids. Not all of the amino acids
essential for the growth of oral bacteria are present, and these may be
derived from the enzymic breakdown of salivary proteins and peptides.
The concentration of free carbohydrates is low in saliva, and most have
to be derived from the metabolism of glycoproteins.

The metabolism of amino acids, peptides, proteins and urea can lead
to the net production of base, which contributes to the rise in pH
following acid production after the dietary intake of fermentable carbo-
hydrates (Figure 2.3). In particular, a salivary tetrapeptide with the
sequence gly-gly-lys-arg (termed sialin) can be converted to ammonia
and putrescine by oral bacteria and can cause a pH-rise effect in the
presence of low sugar concentrations.

Several anti-bacterial factors are present in saliva (Table 2.2) which
are important in controlling bacterial and fungal colonization of the
mouth, and include lysozyme, lactoferrin, and the sialoperoxidase
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system. Antibodies have been detected, with secretory IgA being the
predominant class of immunoglobulin; IgG and IgM are also present
but in lower concentrations. Peptides with anti-microbial activity, e.g.
histidine-rich polypeptides, are also present in saliva. The role of these
factors in controlling the resident oral microflora will be discussed in a

later section.

Table 2.2 Specific and non-specific host defence factors of the mouth

Defence factor

Main function

Non-specific
Saliva flow

Mucin/agglutinins
Lysozyme-protease-anion system
Lactoferrin

Apo-lactoferrin
Sialoperoxidase system

Histidine-rich peptides
Specific
Intra-epithelial lymphocytes

Langerhans cells
slga

IgG, IgA, IgM

Complement
Neutrophils/macrophages

Physical removal of micro-
organisms

Physical removal of micro-
organisms

Cell lysis

Iron sequestration

Cell killing

Hypothiocyanite production
(neutral pH)

Hypocyanous acid production
(low pH)

Antibacterial and antifungal
activity

Cellular barrier to penetrating
bacteria and/or antigens

Prevents microbial adhesion and
metabolism

Prevent microbial adhesion; op-
sonins; complement activators

Activates neutrophils

Phagocytosis

Gingival crevicular fluid, GCF

Serum components can reach the mouth by the flow of a serum-like
fluid through the junctional epithelium of the gingivae (Table 2.1). The
flow of this gingival crevicular fluid (GCF) is relatively slow at healthy
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sites (approximately 0.3ul/tooth/hour). In periodontal disease, the pro-
duction of GCF rises during inflammation although the actual flow rate
may not necessarily increase because of the increase in surface area as
a result of pocket formation. GCF can influence the ecology of the site
in a number of ways. Its flow will remove non-adherent microbial cells,
but it will also act as the primary source of nutrients for the resident
micro-organisms. Many bacteria from sub-gingival plaque are proteo-
lytic and interact synergistically to break down the host proteins and
glycoproteins to provide peptides, amino acids and carbohydrates for
growth. Essential co-factors, including haemin for black-pigmented ana-
erobes, can also be obtained from the degradation of haeme-containing
molecules such as transferrin, haemopexin, haemoglobin and hapto-
globin.

The increased production of gingival crevicular fluid during disease
can lead to a small rise in the pH of the pocket. The mean pH during
health is approximately 6.90 and this can rise during gingivitis and
periodontal disease to between pH 7.25-7.75. Even such a modest
change in pH could affect the proportions and types of bacteria able to
grow, with the growth of some of the putative periodontal pathogens
being favoured by alkaline environmental pH values. The activity of
some proteases associated with the virulence of these pathogens is also
enhanced at alkaline pH (pH 7.5-8.0). The most likely explanation for
the rise in pH is the bacterial production of ammonia from urea and
from the deamination of amino acids, the concentrations of which are
elevated during inflammation.

GCF also contains components of the host defences (Tables 2.1 and
2.2) which will play an important role in regulating the microflora of
the gingival crevice in health and disease. In contrast to saliva, IgG is
the predominant immunoglobulin; IgM and IgA are also present, as is
complement. GCF contains leucocytes, of which 95% are neutrophils,
the remainder being lymphocytes and monocytes. The neutrophils in
GCF are viable and therefore have the capacity to phagocytose bacteria
within the crevice. A number of enzymes can be detected in GCF,
e.g. collagenase, elastase, trypsin, etc, which are derived both from
phagocytic host cells as well as from bacteria. These enzymes can
degrade host tissues and thereby contribute to the destructive processes
associated with periodontal diseases (Chapter 7). Several of these
enzymes are under evaluation as candidates for diagnostic markers of
active peridontal breakdown.
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FACTORS AFFECTING THE GROWTH OF MICRO-
ORGANISMS IN THE ORAL CAVITY

Many factors influence the growth of micro-organisms. Some of particu-
lar relevance to microbial growth in the oral cavity will be considered
in the following sections.

Temperature

Temperature is important not only because of its effect on bacterial
metabolism and enzyme activity, but also due to its effect on the habitat.
Parameters that can be influenced by temperature include pH, ion
activity, aggregation of macromolecules and the solubility of gases. The
human mouth is kept at a relatively constant temperature (35-36°C)
which provides stable conditions suitable for the growth of a wide range
of micro-organisms.

Redox potential/anaerobiosis

Despite the easy access to the mouth of air with an oxygen concentration
of approximately 20% (155 mm Hg pO,), it is perhaps surprising that the
oral microflora comprises few, if any, truly aerobic (oxygen-requiring)
species. The major organisms are either facultatively anaerobic (i.e. can
grow in the presence or absence of oxygen) or obligately anaerobic
(i.e. oxygen is toxic to these organisms). In addition, there are some
capnophilic (CO,-requiring) and micro-aerophilic species (requiring low
concentrations of oxygen for growth). Anaerobiosis is frequently
described in rigid terms: micro-organisms are separated into aerobes
and anaerobes on their ability to grow in the presence or absence of
oxygen. However, sharp distinctions cannot be made between these
groups. A wide spectrum of oxygen tolerances occur among these
organisms, including those isolated from the mouth.

Oxygen concentration is considered the main factor limiting the
growth of obligately anaerobic bacteria. In the majority of microbial
habitats it is the commonest and most readily reduced electron acceptor
and its presence results in the oxidation of the environment. Anaerobic
species require reduced conditions for their normal metabolism; there-
fore, it is the degree of oxidation-reduction at a site that governs the
survival of these organisms. This oxidation-reduction level is usually
expressed as the redox potential (Eh). Oxygen is only one of the many
interacting components influencing the Eh of a habitat and its inhibitory
action is usually attributed to its ability to raise the redox potential. Even
if oxygen is totally excluded from the environment some anaerobes will
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not grow if the redox potential is too high. Similarly, some strains can
survive increased concentrations of oxygen if the Eh is maintained at
low levels. However, oxygen can be toxic to many anaerobes so that
some oral populations may not be found in areas where these species
might otherwise be expected to be present. In general, the distribution
of anaerobes in the mouth will be related to the redox potential at a
particular site.

Few studies have been made to determine the degree of anaerobiosis
in various areas of the mouth. One study has shown that the oxygen
tension of the anterior surface of the tongue is 16.4%, the posterior
surface 12.4%, and the buccal folds of the upper and lower jaw only
0.3-0.4%. Micro-electrodes have enabled the redox potential to be deter-
mined at specific sites in the oral cavity. The redox potential has been
shown to fall during plaque development on a clean enamel surface.
The initial Eh of over +200 mV (highly oxidized) falls to as low as —141
mV (highly reduced) after seven days. The development of plaque in
this way is associated with a specific succession of micro-organisms
(Chapters 4 and 5). Early colonizers will utilize O, and produce CO,;
later colonizers may produce H, and other reducing agents such as
sulphur-containing compounds and volatile fermentation products.
Thus the Eh is gradually lowered making sites suitable for the survival
and growth of a changing pattern of organisms.

Differences have been found between the Eh of the gingival crevice
in health and disease. Periodontal pockets are more reduced (mean
value —48 mV) than healthy gingival crevices in the same individuals
(mean value +73 mV). Variations in redox potential are found between
subjects; the range for the periodontal pockets in one study was +12
mV to —57 mV, and the gingival crevice +10 mV to +113 mV. Others
have reported redox potentials as low as —300 mV in the gingival
crevice. This is to be expected since oral spirochaetes which require an
Eh in the order of —185 mV for growth can be isolated from the mouths
of many individuals. Approximal areas (between teeth) will also have
a low Eh although values for the redox potential at these sites have not
been reported. The Eh of saliva varies considerably among individuals
although it is always high. It is important to appreciate that gradients
of O, concentration and Eh will exist in the oral cavity, particularly in
plaque. Thus, plaque will be suitable for the growth of bacteria with a
range of oxygen tolerances. The redox potential at various depths will
be influenced by the metabolism of the organisms present and the
ability of gases to diffuse in and out of plaque. Modifications to the
habitat that disturb such gradients may influence the composition of
the microbial community. Similarly, the metabolism or properties of
particular bacteria might be influenced by the Eh of the environment
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since variations in RNA content and in antigenicity were found when
Actinomyces naeslundii was grown at different redox potentials. The
activity of intracellular glycolytic enzymes and the pattern of fermen-
tation products of Streptococcus mutans also varies under strictly anaer-
obic conditions. However, more work is necessary on this topic before
the full impact of redox potential and oxygen on the metabolism of oral
bacteria will be understood.

pH

Many micro-organisms require a pH around neutrality for growth, and
are sensitive to extremes of acid or alkali. The pH of most surfaces of
the mouth is regulated by saliva. The mean pH for unstimulated whole
saliva is in the range 6.75-7.25 so that, in general, optimum pH values
for microbial growth will be provided at sites bathed by this fluid.

Bacterial population shifts within the plaque microflora can occur
following marked fluctuations in environmental pH. After sugar con-
sumption, the pH in plaque can fall rapidly to below pH 5.0 by the
production of acids (predominantly lactic acid) by bacterial metabolism
(Figure 2.3); the pH then recovers slowly to base-line values. Depending
on the frequency of sugar intake, the bacteria in plaque will be exposed
to varying challenges of low pH. Many of the predominant bacterial
components of dental plaque associated with healthy sites can tolerate
brief conditions of low pH, but are inhibited or killed by more frequent
or prolonged exposures to acidic conditions. These conditions are likely
to occur in subjects who commonly consume sugar-containing snacks
or drinks between meals (Figure 2.4). This can result in the enhanced
growth of, or colonization by, acid-tolerant (aciduric) species, such as
Streptococcus mutans (and related species) and Lactobacillus species, which
are normally absent or only minor components in dental plaque. Such
a change in the bacterial composition of plaque predisposes a surface
to dental caries.

In contrast, the pH can become more alkaline during the host
inflammatory response in periodontal disease. The measurement of the
pH of GCF has proved to be difficult technically. Most studies are in
agreement that the pH of the healthy gingival crevice is approximately
pH 6.90. Early studies using metallic antimony electrodes suggested
that the pH at sites with inflammation might be as high as pH 8.50.
More recently, it has been shown that such high values may be artifact-
ual due to loss of CO, to the atmosphere or to the presence of reducing
agents in GCF. Measurements in situ with glass micro-electrodes sug-
gest that the mean pH may rise to between pH 7.2-7.4 during disease,
with a few patients having pockets with a mean pH of around 7.8.
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Figure 2.4 Schematic representation of the changes in plaque pH in an indi-
vidual who (a) has frequent intakes of fermentable carbohydrate during the
day, and (b) limits their carbohydrate intake to main meals only. *The critical
pH is the pH below which demineralization of enamel is favoured.

However, even this degree of change may be sufficient to perturb the
balance of the resident microflora of the gingival crevice. Laboratory
studies of mixed cultures of black-pigmented Gram-negative anaerobic
bacteria have shown that a rise in pH from 7.0 to 7.5 can lead to
Porphyromonas (formerly Bacteroides) gingivalis (a major pathogen in cer-
tain periodontal diseases) increasing from less than 1% of the microbial
community to predominate the culture. The pH profile for growth of
some oral bacteria is shown in Figure 2.5.
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Figure 2.5 A diagrammatic representation of the pH range for growth of some
oral bacteria.

Nutrients

Populations within a microbial community are dependent solely on
the habitat for the nutrients essential for their growth. Therefore the
association of an organism with a particular habitat is direct evidence
that all of the necessary nutrients required for growth are present. In
Chapter 3 it will become apparent that the mouth can support a
microbial community of great diversity and satisfy the requirements of
many nutritionally-demanding bacterial populations.

Endogenous nutrients

Recently, from the collective evidence of a number of studies, it has
become clear that the persistence and diversity of the resident oral
microflora is due to the endogenous nutrients provided by the host,
rather than by exogenous factors in the diet. The main source of
endogenous nutrients is saliva, which contains amino acids, peptides,
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proteins, vitamins, gases, and glycoproteins (which also act as a source
of sugars and amino-sugars). In addition, the gingival crevice is sup-
plied with GCF which contains albumin and other host proteins and
glycoproteins, including haeme-containing molecules. The difference in
source of endogenous nutrients is one of the reasons for the variation
in the microflora of the gingival crevice compared with other oral sites,
particularly on teeth.

Evidence for the importance of endogenous nutrients has come from
the observation that a diverse microbial community persists in the
mouth of humans and animals fed by intubation. Also, the oral micro-
flora of animals with dietary habits ranging from insectivores and herbi-
vores to carnivores is broadly similar.

Likewise, it was found that the growth rate of bacteria colonizing
teeth of experimental animals was relatively unaffected by the addition
of fermentable carbohydrate to their drinking water. Plaque bacteria
have been found to produce glycosidases which can release carbo-
hydrates from the oligosaccharide side chains of salivary mucins. Simi-
larly, organisms isolated from the gingival crevice and periodontal
pocket can degrade host proteins and glycoproteins including albumin,
transferrin, haemoglobin, and immunoglobulins, etc. Oral micro-organ-
isms interact synergistically to break down these endogenous nutrients.
No single species has the full enzyme complement to metabolize these
nutrients totally. Individual organisms possess different but overlap-
ping patterns of enzyme activity, so that they co-operate to achieve
complete degradation.

Exogenous (dietary) nutrients

Superimposed upon these endogenous nutrients is the complex array
of foodstuffs ingested periodically in the diet. Despite the complexity
of the diet, the only class of compounds that has been found to influence
markedly the ecology of the mouth is that of fermentable carbohydrates.
As discussed earlier, such carbohydrates can be broken down to acids
while, additionally, sucrose can be converted into two main classes
of polymer (glucans and fructans) which can be used to consolidate
attachment or act as extracellular nutrient storage compounds, respect-
ively. The frequent consumption of dietary carbohydrates is associated
with a shift in the proportions of the microflora of dental plaque. The
levels of mutans streptococci and lactobacilli increase, while those of
acid-sensitive species such as S. sanguis decrease. The metabolism of
plaque changes so that the predominant fermentation product becomes
lactate. Such alterations to the microflora and its metabolism predispose
a site to dental caries. Laboratory studies suggest that it is the repeated
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low pH generated from sugar metabolism rather than the availability
of excess carbohydrate per se that is responsible for the perturbations
to the microflora.

Dairy products (milk, cheese) may have some influence on the ecol-
ogy of the mouth. The ingestion of milk or milk products can protect
the teeth of animals against caries. This may be due to the buffering
capacity of milk proteins or due to decarboxylation of amino acids after
proteolysis since several bacterial species can metabolize casein. Milk
proteins and polypeptides may also adsorb on to the tooth surface and
reduce the adhesion of the resident microflora; they can also sequester
calcium phosphate and enhance remineralization. Cheese has been
shown to affect salivary flow rates in animals and to reduce plaque pH
changes in humans following a sucrose rinse. Xylitol, a sugar substitute
present in some confectionery, is not metabolized by oral bacteria. It
can be inhibitory to the growth of Streptococcus mutans, and lower levels
of this species are found in plaque and saliva of those that frequently
consume confectionery containing this alternative sweetener.

Adherence

Chewing and the natural flow of saliva will detach micro-organisms not
firmly attached to an oral surface. Although saliva contains between
108-10° viable micro-organisms ml~?, these organisms are derived from
the teeth and mucosa, with plaque and the tongue being the main
contributors. Salivary components can aggregate certain bacteria which
facilitates their removal from the mouth by swallowing. Bacteria are
unable to maintain themselves in saliva by cell division because they
are lost at an even faster rate by swallowing.

As described earlier, a unique feature of the mouth is the presence
of teeth. Desquamation ensures that the bacterial load on most mucosal
surfaces is light, and indeed, only a few species are able to adhere
(Chapter 4). In contrast, relatively thick biofilms (dental plaque) are able
to accumulate on teeth, particularly at stagnant or retentive sites like
fissures, approximal regions, and the gingival crevice (Figure 2.2) which
offer protection from saliva, mastication, or crevicular fluid flow. Many
specific mechanisms of cell-to-host surface and cell-to-cell adherence
have been determined for oral bacteria and will be described in detail
in Chapter 4.

Antimicrobial agents and inhibitors

Unlike most other ecosystems, the mouth is challenged regularly with
modest concentrations of antimicrobial agents and inhibitors. These are
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delivered mainly in the form of toothpastes (dentifrices), but the use of
mouthwashes with biological activity is also on the increase. Tooth-
pastes contain detergents such as sodium lauryl sulphate as a foaming
agent. These are markedly bactericidal in laboratory tests and can lead
to the reduction of salivary bacterial counts in vivo. Detergents are not
usually retained in the mouth for long periods and so their effect is
usually transitory. Fluoride is present in most toothpastes and although
its primary beneficial anti-caries action is due to its incorporation into
enamel and its influence on remineralization (Chapter 6), it can inhibit
bacterial metabolism, particularly glycolysis, even at low concentrations
under acidic conditions. In this way, fluoride may help prophylactically
in the suppression of cariogenic and acid-tolerant species such as S.
mutans under conditions in which they would otherwise flourish. Many
toothpastes are now being manufactured with proven antimicrobial
agents. These agents will have to be carefully monitored to ensure that
their action is selective so that they inhibit organisms implicated with
disease rather than health, so that the ecology of the oral microflora is
not irrevocably disrupted. These inhibitors include metal ions, phenolic
compounds, and plant extracts, and will be discussed in more detail in
Chapters 6 and 7.

Inhibitors are also delivered via mouthrinses, and the most potent
agent to date is chlorhexidine. This agent has proven antibacterial,
antiviral and antifungal activity that has been confirmed in numerous
clinical trials (Chapters 6 and 7). It also has marked anti-plaque activity
and is widely used by handicapped individuals for whom oral hygiene
is difficult. Other mouthrinses contain less active antimicrobial agents
including ‘essential oils’ such as thymol and menthol, and plant
extracts. These agents can combat oral malodours (halitosis), but also
have some anti-plaque activity. Disclosing solutions contain dyes, some
of which have limited antimicrobial action.

Antibiotics given systemically or orally for problems at other sites in
the body will enter the mouth via saliva or GCF and affect the stability
of the oral microflora. Within a few hours of taking prophylactic high
doses of penicillins, the salivary microflora can be suppressed with the
emergence of antibiotic-resistant bacteria. These bacteria can then per-
sist at significant levels for several weeks before returning to their
low base-line values. If several courses of treatment are necessary the
antibiotic should be changed if the interval between courses is less than
one month. Resistant bacteria have been observed following the use of
penicillins and erythromycin. These aspects will be considered in more
detail in Chapter 8.

Despite these regular environmental perturbations, the oral micro-
flora remains relatively stable in composition and proportions. This
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stability is termed microbial homeostasis and the mechanisms that sup-
port this homeostasis in dental plaque are discussed in Chapter 5.

Host defences

The health of the mouth is dependent on the integrity of the mucosa
(and enamel) which acts as a physical barrier to prevent penetration by
micro-organisms or macromolecular antigens (Figure 2.6). The host has
a number of additional defence mechanisms which play an important
role in maintaining the integrity of these oral surfaces; these are listed
in Table 2.2 and their sphere of influence is shown diagrammatically in
Figures 2.6 and 2.7. These defences are divided into specific or immune
components and non-specific, or innate, factors. The latter, unlike anti-
bodies, do not require prior exposure to an organism or antigen for
activity and so provide a continuous, broad spectrum of protection.

Non-specific factors

The physical removal by swallowing of micro-organisms by the flow of
saliva (or gingival crevicular fluid) is an important defence mechanism.
Bacteria can be trapped by mucins or aggregated by specific receptors
on glycoproteins; these larger aggregates are more easily swallowed.
Lysozyme, found in a number of bodily secretions including saliva,
has the potential to hydrolyse peptidoglycan which confers rigidity to
bacterial cell walls. At acid pH, the lytic action of lysozyme is enhanced
by monovalent anions (bicarbonate, fluoride, chloride, or thiocyanate)
and proteases found in saliva. Lactoferrin is a high affinity iron-binding
glycoprotein, and since microbial pathogens grow in the host under
iron-restricted conditions, the protective role of this molecule was pre-
sumed to be due primarily to iron sequestration. However, iron-free
lactoferrin (apo-lactoferrin) can also be bactericidal to Streptococcus
mutans under aerobic conditions. The salivary peroxidase enzyme
system (sialoperoxidase) can generate hypothiocyanite at neutral pH or
hypothiocyanous acid at low pH in the presence of H,O,, and both can
inhibit glycolysis by plaque bacteria. H,O, is generated as an end prod-
uct of metabolism by several resident bacterial species, including S.
sanguis and S. mitis. Recently, histidine-rich peptides, a new class of
salivary antimicrobial compound, have been identified which, in the
laboratory, are capable of inhibiting the growth of and killing S. mutans
and Candida albicans. These peptides may help regulate the levels of
yeasts in the oral cavity.
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Specific factors

Components of the specific host defences (intra-epithelial lymphocytes
and Langerhans cells, IgG and IgA) are found within the mucosa (Figure
2.6), where they act as a barrier to penetrating antigens. The predomi-
nant immunoglobulin in the healthy mouth is secretory IgA (sIgA).
Secretory IgA can agglutinate oral bacteria, modulate enzyme activity,
and inhibit the adherence of bacteria to buccal epithelium and to
enamel. Compared with other classes of immunoglobulin, IgA is only
weakly complement-activating and opsonizing and, therefore, is less
likely to cause damage to tissues by any indirect effect of an inflamma-
tory response. Other components, e.g. IgG, IgM, IgA, and complement,
can be found in saliva but are almost entirely derived from gingival
crevicular fluid (Table 2.1). GCF also contains leucocytes, of which
approximately 95% are polymorphs, the remainder being lymphocytes
and monocytes.

Specific antibody production can be stimulated by bacterial antigens
associated with plaque at the gingival margin or on the oral mucosa.
Salivary antibodies have been detected with activity against a range of
oral bacteria, including streptococci, while circulating antibodies (par-
ticularly IgG) to a variety of oral microbial antigens have been reported,
even in health. In the absence of inflammation, the naturally low levels
of complement and polymorphs would reduce antibody-mediated
phagocytosis. However, antibodies could still influence the oral micro-
flora, either by interfering with colonization or by inhibiting meta-
bolism. The pattern of the host response in GCF, saliva, or serum is
being explored as a method of improved diagnosis of disease or as a
means of recognizing at-risk individuals. Although dental diseases are
widespread, the majority of disease is limited to a minority of indi-
viduals.

The antimicrobial factors described above do not necessarily operate
in isolation. Combinations of specific and non-specific host defence
factors can function synergistically so that, for example, lysozyme and
sIgA can react with salivary agglutinins (mucins) and so be presented
directly to immobilized cells. Other synergistic combinations include
mucins or sIgA and sialoperoxidase. Conflicting data have been
obtained as to whether the antimicrobial effect of sIgA and lactoferrin
is enhanced or decreased when they are present in combination.

Despite this rich array of antimicrobial factors, the mouth naturally
harbours a diverse collection of micro-organisms. Indeed, this resident
microflora confers several beneficial functions on the host. The mechan-
isms by which the resident microflora avoids the host defences and
persists at any site in the body are not fully understood. Possible strat-
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egies might include (a) antigenic variation, whereby cells undergo con-
tinuous but subtle changes in their antigenic make-up, (b) antigenic-
masking, for example, by capsules, slime-layers or by the adsorption
of host macromolecules onto their cell surface, (c) antigen-sharing, in
which organisms either have some antigens similar to those of the
host or, again, they adsorb host molecules onto their surface, and (d)
inactivation of host defence factors, for example, by the production of
specific proteases. Significantly, the majority of streptococci isolated
from the buccal mucosa or from the early stages of plaque formation
have been found to produce an IgA, protease. A full description of the
indigenous oral microflora, together with the benefits it provides will
be considered in the following chapters.

SUMMARY

The mouth is not a uniform habitat for microbial growth and coloniz-
ation. Several distinct surfaces provide different habitats due to their
physical nature and biological properties. These include a variety of
mucosal surfaces as well as teeth; the latter are unique for microbial
colonization by virtue of their being hard and non-shedding. The sur-
faces of the mouth are lubricated by saliva, while the gingival crevice
is bathed by GCF. Both fluids help remove weakly-attached micro-
organisms, and provide antimicrobial factors that help regulate bacterial
and fungal colonization. Saliva and GCF are also the primary sources
of nutrients for oral micro-organisms. Dietary components have much
less of an influence on the microflora of the mouth, although ferment-
able carbohydrates can lead to increases in acidogenic and aciduric
organisms that are potentially cariogenic, due to the low pH generated
from their metabolism. Other factors that influence the growth of micro-
organisms in the mouth include the Eh and pH of a site, the ability of
cells to adhere to oral surfaces, and the presence of antimicrobial factors
(from both endogenous and exogenous sources).
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3 The resident oral
microflora

The resident oral microflora is diverse and consists of a wide range of
species of viruses, bacteria, yeasts and even on occasions, protozoa.
This diversity is due to the fact that the mouth is composed of a number
of varied habitats supplied with a variety of nutrients. In addition, in
dental plaque, gradients develop in parameters of ecological signifi-
cance, such as oxygen tension and pH, providing conditions suitable
for the growth and survival of micro-organisms with a wide spectrum
of requirements. Under such conditions, no one bacterial population
has a particular advantage and numerous species can co-exist. This
situation in the mouth can be contrasted with ecosystems in which
the intensity of one or more parameters approaches the extreme. The
microbial community from such habitats is inevitably characterized by
a low species diversity.

Before the microbial community at individual sites in the mouth can
be considered in detail (Chapters 4 and 5), the types and properties of
the organisms found commonly in health and disease will be described.
First, however, it may be instructive to discuss the principles of
microbial classification (or taxonomy) and describe briefly some of the
methods used.

PRINCIPLES OF MICROBIAL TAXONOMY

The purpose of taxonomy is to develop a logical arrangement of organ-
isms based on their natural relationships. This requires the determi-
nation of as many characterstics as possible, with organisms arranged
into groups of high mutual similarity. As the properties of an organism
are dictated by what is coded in its genome, the similarity in DNA base
composition between strains can be compared. The parameter most
often used is the mole percentage of guanine (G) plus cytosine (C) in
the total DNA. The % G+C content of a cell may be measured directly
or calculated indirectly from buoyant density or melting point determi-
nations. Organisms with markedly different G+C contents are unre-
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lated, while organisms that are closely related have similar G+C values.
Similarity in gross DNA composition is not necessarily proof of close
relatedness, however, because the base pairs could be organized in a
different sequence. In such a situation genotypic similarity can be con-
firmed by determining the abilities of heat-denatured single strands of
DNA from different strains to re-anneal with each other during slow
cooling. High levels of homology reflect an overall similarity in the
nucleotide sequences from the DNA of the two strains being compared,
and hence confirm the close taxonomic relationship of the strains. Gen-
erally, strains within a species share more than 70% sequence
homology.

Improvements in classification have also come from the application
of chemical analyses for the comparison of microbial properties (chemo-
taxonomy). These include the analysis of membrane lipids, peptidogly-
can structure, enzyme mobilities and whole-cell protein patterns
derived from polyacrylamide gel electrophoresis.

PRINCIPLES OF MICROBIAL IDENTIFICATION

Once organisms have been correctly classified using rigorous tech-
niques, then more simple identification schemes can be devised in
which limited numbers of key discriminatory properties are used. These
might include sugar fermentation patterns, polysaccharide production,
gas or ammonia production, or the pattern of acidic fermentation prod-
ucts following glucose metabolism. The type of tests will vary with
the particular groups (taxa) of micro-organisms being examined. More
recently, the rapid detection (four hours) of preformed enzymes in
concentrated suspensions of bacteria using colorimetric and fluorimetric
substrates has speeded up and improved the identification of many
bacteria. The substrates for many of these enzymes have been incorpor-
ated into kit form and sold commercially. Patterns of substrates hydro-
lysed can then be compared with profiles held in a computerized data
base and identification achieved. Furthermore, monoclonal antibodies
and DNA (gene) probes have also been developed for the rapid detec-
tion and identification of a limited number of species, but primarily
those associated with disease. These techniques have the advantage
that organisms can be detected directly in plaque samples without the
need for lengthy culturing. Some companies have been formed on
the basis of offering a service of identifying periodontal pathogens in
subgingival plaque from patients.

In general, the first stage in identification is to determine the reaction
of an organism in the Gram stain and to ascertain its cellular mor-
phology. Some distinguishing parameters used in microbial identifi-
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cation and taxonomy are listed in Table 3.1. Advances have been made
recently following the use of novel, but ecologically-relevant substrates,
such as those for detecting enzymes (glycosidases) that cleave sugar
residues from salivary mucins. Their use has enabled species to be
separated using simple tests where previously they had been difficult
to distinguish from one another, e.g. some oral streptococci.

Table 3.1 Some characteristics used in microbial classification and
identification schemes

Characteristic

Examples

Cellular morphology

Colonial appearance
Carbohydrate fermentation
Amino acid hydrolysis

Pattern of fermentation products
Preformed enzymes

Shape; Gram stain reaction;

flagella; spores; size
Pigment; haemolysis; shape
Acid or gas production
Ammonia production
Butyrate; lactate; acetate
Glycosidases

Antigens Monoclonal/polyclonal antibodies
to cell surface proteins

Lipids Menaquinones; long-chain fatty
acids

DNA Base composition; base sequence
homology

Enzyme profile
Peptidoglycan

Malate dehydrogenase
Amino acid composition

RECENT ADVANCES IN MICROBIAL TAXONOMY

The problems

Although recent advances have led to improvements in the classification
of oral bacteria, such improvements have also generated a number of
difficulties when interpreting or comparing early data when a previous
nomenclature was in use. The taxonomy of many groups of oral bacteria
has been revolutionized in a relatively short time period, with many
new genera and species described. An organism discussed in an early
study may now have been reclassified and hence renamed. As it is not
always clear how such an organism should be classified in modern
schemes, new and old terminologies may co-exist in the text. For exam-
ple, Streptococcus sanguis has been reported in the literature for many
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decades but, as of 1989, its description is now more limited and organ-
isms that were previously included within this species are now known
to be sufficiently different as to warrant a distinct species epithet, e.g.
S. gordonii. Some strains reported in earlier studies as S. sanguis may
not have the same properties as strains more recently identified as S.
sanguis sensu stricto. Thus, care has to be taken when interpreting older
(and not so old) scientific literature. Because of these rapid changes in
nomenclature, a number of lists of synonyms for particular bacteria are
given in this chapter.

Microbial taxonomy is a dynamic area with existing species being
reclassified due to the application of more stringent tests and more
recent techniques, together with the recognition of genuinely newly-
discovered species from sites such as periodontal pockets. The emphasis
paid to the taxonomy and identification of the oral microflora is neces-
sary because without valid sub-division and accurate identification of
isolates, the specific association of species with particular diseases
(microbial aetiology) cannot be recognized. Likewise, it has to be
accepted that further changes will occur in the future. The properties
of the main groups of micro-organism found in the mouth will now be
discussed.

GRAM-POSITIVE COCCI

Streptococcus

Streptococci have been isolated from all sites in the mouth and comprise
a large proportion of the resident oral microflora. On average, strepto-
cocci represent 28% of the total cultivable microflora from supragingival
dental plaque, 29% from the gingival crevice, 45% from the tongue,
and 46% from saliva. The majority are alpha-haemolytic on blood agar
and early workers grouped them together, calling them viridans strepto-
cocci. However, haemolysis is not a particularly reliable property in
distinguishing these streptococci, and many oral species contain strains
showing all three types of haemolysis (alpha, beta and gamma). In
addition, recent taxonomic studies have shown that these ‘viridans’-
group streptococci can be divided into many well-defined species. Thus,
where possible the term viridans streptococcus (or Streptococcus viridans)
should not be used as it is a generalization for several species each with
distinct properties.

Traditionally, oral streptococci have been differentiated by simple
biochemical and physiological tests. Recent studies comparing DNA
homology, whole cell-derived polypeptide patterns, and the detection
of glycosidase activity has clarified the taxonomic relationship between
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many species, and allowed the sub-division of taxa that were acknowl-
edged to be heterogeneous. These studies also led to the creation of
two new genera, Enterococcus and Lactococcus, to include the former
‘faecal’ and ‘dairy’ groups of streptococci, respectively.

For convenience, the oral streptococci will be discussed in the follow-
ing sections on the basis of their division into four main species-groups:
S. mutans-group; S. salivarius-group; S. milleri-group and the S. oralis-
group (Table 3.2).

Table 3.2 Currently-recognized species of oral streptococci

Group Species

S. mutans-group
(mutans streptococci)

. mutans
. sobrinus
. cricetus
. rattus

. ferus

. macacae
. downei

. salivarius
. vestibularis

S. salivarius-group

. constellatus
. intermedius
. Anginosus

S. milleri-group

S. oralis-group . 8anguis

. gordonii

. parasanguis

. oralis

. mitis

tufted fibril group, S. crista)
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Streptococcus mutans-group (mutans streptococci)

More literature has been published on this group of bacteria than any
other oral organism because of their role in the microbial aetiology of
dental caries. S. mutans was originally isolated from carious human
teeth by Clarke in 1924, and, shortly afterwards, it was also recovered
from a case of bacterial endocarditis. Little attention was paid to this
species until the 1960s when it was demonstrated that caries could be
experimentally-induced and transmitted in animals artificially-infected
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with strains resembling S. mutans. Its name derives from the fact that
cells can lose their coccal morphology and often appear as short rods
or as cocco-bacilli. Eight serotypes (serovars) were eventually recog-
nized (a-h), based on the serological specificity of carbohydrate antigens
located in the cell wall. Subsequent work showed that differences
existed between clusters of these serotypes in a number of simple
physiological characteristics (e.g. fermentation of substrates such as
raffinose, melibiose and inulin, in H,O, production, and in their sensi-
tivity to bacitracin) as well as in the electrophoretic mobility of enzymes,
in their profile of cell wall proteins, in peptidoglycan type, and in
DNA base composition. As a result of this genetic and phenotypic
heterogeneity, seven distinct species of human and animal mutans
streptococci have been described, and these are listed in Table 3.3.

Table 3.3 Classification of the mutans streptococci group

Species Previous nomenclature Host

S. mutans S. mutans serotypes c, e or f Human

.S. sobrinus S. mutans serotypes d or § Human

S. cricetus S. mutans serotype a Human

S. ferus*t Rat

S. rattus S. mutans serotype b Human/Rodent
S. macacae* Monkey

S. downei S. mutans serotype h Monkey

* S. ferus and S. macacae have the same rhamnose/glucose cell wall
polysaccharide antigen as human S. mutans strains

t The taxonomic position of S. ferus is less certain as it shares many similarities
with those of the S. oralis-group. Unlike the other mutans streptococci, S.
ferus is also non-cariogenic in animal models.

The term S. mutans is now limited to human isolates previously
belonging to serotypes ¢, e and f. This is the species of mutans strepto-
cocci most commonly isolated from dental plaque, and epidemiological
studies have implicated S. mutans as the primary pathogen in the aeti-
ology of enamel caries in children and young adults, root surface caries
in the elderly, and nursing (or bottle) caries in infants (Chapter 6). The
next most commonly-isolated species of the mutans streptococci group
is S. sobrinus, which has also been associated with human dental caries.
However, there is less known about the role of S. sobrinus in disease
than S. mutans because some commonly-used selective media for the
isolation of mutans streptococci from dental plaque contain bacitracin
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which can be inhibitory to the growth of both S. sobrinus and S. cricetus.
Studies on the preferred oral habitat of the most prevalent mutans
streptococci have suggested that the presence of S. mutans is similar on
all teeth, but it is found more often and in higher numbers than S.
sobrinus in fissures (Figure 2.2), while S. sobrinus is isolated preferentially
from posterior rather than from anterior teeth.

Mutans streptococci are isolated regularly from dental plaque, but
their prevalence is low on sound enamel. The isolation frequency of S.
mutans is high, irrespective of age, race, or geographical location of the
subjects studied (Table 3.4). S. sobrinus is also commonly isolated but
usually at a lower frequency than S. mutans, while S. cricetus and S.
rattus are recovered only rarely. Some studies have reported that S.
sobrinus is found more commonly on denture-plaque than S. mutans,
but other studies have failed to confirm this observation. Some subjects
harbour more than one species of mutans streptococci in their mouth.
These range from S. mutans/S. sobrinus combinations which are found
together in 3% (UK children) to 49% (Saudi Arabian adults) of indi-
viduals, to combinations of S. mutans and S. rattus, and S. mutans and
S. cricetus, which were found together in 1% of elderly individuals in
the USA.

The antigenic structure of mutans streptococci has been studied in
detail because of its possible application in anti-caries vaccine develop-
ment (Chapter 6) or in serological typing schemes. Mutans streptococci
possess cell wall carbohydrate antigens, lipoteichoic acid (which extends
from the cytoplasmic membrane) and cell wall or cell wall-associated
proteins. The proteins have generated considerable interest because of
their role as immunogens in a sub-unit or synthetic anti-caries vaccine.
The antigen that has been studied most intensively has been termed I/
II, antigen B, or antigen P1 by various authors, and is a high molecular
weight protein, although the immunologically-reactive epitope can be
retained in smaller fragments. This antigen may be involved in the
initial adherence of S. mutans to the tooth surface by interacting with
components of the salivary pellicle (Chapters 4 and 5). A similar protein
is designated SpaA in S. sobrinus. Many of the protein antigens of
mutans streptococci are extracellular and can be recovered and purified
from culture supernatants.

Differentiation of mutans streptococci into the species listed in Table
3.3 can be problematical. Some physiological distinctions do exist, but
they are not always reliable. As an alternative approach, specific mono-
clonal or polyclonal antibodies have been raised to identify individual
species either by immunofluorescence or by immunoblotting techniques
of colonies.
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Table 3.4 Prevalence* of mutans streptococci in different population groups

Population Group Mutans streptococci

(Country) S. mutans S. sobrinus S. cricetus S. rattus
Infants (USA) 74 22 0 0
Infants (Japan) 82 36 0 0
Children (USA) 95 <1 0 <1
Children (UK) 70 7 - -
Children (Canada) 97 3 0 0
Children (Japan) >90 30 0 0
Children (Tanzania) 0 17 0 20
Children (Columbia) >65 25 0 0
Children (China) 58 41 0 <1
Children (Iceland) >76 35 - -
Adults (USA) >90 5-10 0-16 0
Adults (Netherlands) 80-100 5-40 0 0
Adults (Europe) 56 52 3 8
Adults (Saudi Arabia) 76 53 0 0
Adults (Mozambique) 81 26 - 83
Elderly (Sweden) 72 44 - -
Elderly (USA) >85 7 2 3

* Prevalence is expressed as the percentage of a population group in which
the particular species was detected.

Mutans streptococci make soluble and insoluble extracellular polysac-
charides from sucrose that are associated with plaque formation and
cariogenicity (Chapters 3 and 4). They can also synthesize intracellular
polysaccharides which act as carbohydrate reserves, and can be con-
verted to acid during periods when dietary carbohydrates are unavail-
able. Mutans streptococci produce acid at an extremely rapid rate from
pulses of fermentable carbohydrate, and this no doubt contributes to
their pathogenicity in caries. However, of equal significance is their
ability to grow and survive under the acidic conditions they generate.

Steptococcus salivarius-group

The S. salivarius group comprises S. salivarius, the closely-related S.
thermophilus (which is not found in the mouth) and the newly-described
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S. vestibularis. Strains of S. salivarius are commonly isolated from most
areas of the mouth although they preferentially colonize mucosal sur-
faces, especially the tongue. They produce an extracellular levan (poly-
mer of fructose) from sucrose (Chapter 4), and this gives rise to charac-
teristically-large mucoid colonies when grown on sucrose-containing
agar. This polymer is highly labile and may be metabolized in the
mouth by other oral organisms (Chapter 5). S. salivarius is isolated only
occasionally from diseased sites, and is not considered a significant
opportunistic pathogen.

Recently, a new species, S. vestibularis, was recognized consisting of
a-haemolytic streptococci isolated mainly from the vestibular mucosa
of the human mouth. These strains are unable to produce extracellular
polysaccharides from sucrose, but do produce a urease (which can
generate ammonia and hence raise the local pH) and hydrogen peroxide
(which can contribute to the sialoperoxidase system, and inhibit the
growth of competing bacteria). There is little known about the ecology
of this species at present. S. thermophilus is not recovered from the
human mouth but it can be isolated from milk and dairy products.
Previously, it was described as S. salivarius subsp. thermophilus.

Streptococcus milleri-group

Organisms within this group are isolated readily from dental plaque
and from mucosal surfaces, but they are also an important cause of
purulent disease in humans. In one study they were the most common
streptococci found in abscesses of internal organs, especially of the brain
and liver, and they have also been recovered from cases of appendicitis,
peritonitis and endocarditis. The classification and nomenclature of this
group has been confused for a number of years, although recent chemo-
taxonomic studies comparing DNA sequence homologies, whole cell
polypeptide patterns and other phenotypic traits have resolved the
situation. Early work in Europe had grouped various haemolytic and
non-haemolytic streptococci, including those with Lancefield group F
and G antigens, as S. milleri. In the USA, an alternative classification
had been proposed and two groups were formed, designated 5. MG-
intermedius and S. anginosus-constellatus. To resolve the situation, it was
subsequently proposed that strains should be divided on the basis of
lactose fermentation into S. constellatus (non-lactose fermenters) and S.
intermedius (lactose fermenters), with S. anginosus to include a collection
of B-haemolytic strains possessing various Lancefield grouping anti-
gens. The latest chemotaxonomic studies confirm the existence of these
three distinct species, although their precise descriptions have been
emended. In future, the term S. milleri will cease to be used. Strains
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from this group of bacteria have been known for many years to be
potential opportunistic pathogens. From a clinical viewpoint, S. interme-
dius appears to be isolated mainly from liver and brain abscesses and
most strains produce a hyaluronidase, while S. anginosus and S. constella-
tus are derived from a wider range of sources. No strains from this
group make extracellular polysaccharides from sucrose.

Streptococcus oralis-group

This group has also been acknowledged for many years to be hetero-
geneous, and has suffered many changes in nomenclature. As with the
S. milleri-group, alternative nomenclatures have been in common use.
Again, the recent application of chemotaxonomic techniques has
resolved many of the differences and anomalies. S. sanguis produces
extracellular soluble and insoluble glucans (polymers of glucose, Chap-
ter 4) from sucrose, which are implicated in the development of plaque.
Originally, S. sanguis was differentiated into two groups: S. sanguis I
and II. S. sanguis I has now been further separated into two distinct
species: S. sanguis and S. gordonii. The former produces a protease that
can cleave IgA, while the latter can bind a-amylase which can remain
active in this state and break down starch (Table 3.5). Amylase-binding
may also mask bacterial antigens and allow the organism to avoid

Table 3.5 Past and present nomenclature of streptococci belonging to the
S. oralis-group

Previous Present Distinguishing
nomenclature nomenclature properties
S. sanguis 1 S. sanguis IgA protease
production
S. gordonii a-amylase binding

S. sanguis 11/'S. S. oralis neuraminidase
mitior’/5.mitis production
IgA protease
production

glucan production

S. mitis a-amylase binding
noglucan production

Other species within this group are S. parasanguis and the tufted fibril strains.
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recognition by the host defences. Even with this new classification,
three biotypes have been recognized within S. gordonii and four biotypes
within 5. sanguis.

Strains originally designated S. sanguis II were termed S. mitior by
most European workers. Some strains produced glucans (dextran) from
sucrose while others did not; these latter strains were designated by
some as S. mitis. Unfortunately, the widely-used name S. mitior is not
officially recognized and should be replaced by the internationally valid
name S. oralis. Strains of S. oralis produce neuraminidase and an IgA,
protease but cannot bind a-amylase. Extracellular glucan production
from sucrose is a variable characteristic. A closer examination of strains
designated as S. mitis has identified two biotypes: biotype 1 strains
carry the Lancefield group O antigen and cannot hydrolyse arginine to
ammonia while some strains of biotype 2 carry the Lancefield group K
antigen and all can hydrolyse arginine. Some strains of S. mitis produce
an IgA, protease, especially those found in the early stages of plaque
formation or colonizing the buccal mucosa. Some strains also have
neuraminidase activity but, in the current description of the species,
none make glucan or fructan from sucrose.

The revised classification (Table 3.5) has allowed more specific eco-
logical relationships between bacterium and host to be recognized. For
example, in the early stages of plaque development, the likely preva-
lence of species will be:

S. mitis 1 > S. oralis > S. sanguis > S. mitis 2 > S. gordonii

Asthisnomenclaturegetsmorewidelyused, thenothertrendsmayemerge.

Members of the S. oralis-group have long been recognized as potential
opportunistic pathogens. For example, infective endocarditis results
from the growth of blood-borne bacteria on damaged heart valves
(Chapter 8). Members of the S. oralis-group are isolated most frequently
from this serious condition, and are assumed to have originated from
the mouth; mutans streptococci are also isolated commonly from these
patients.

Recently, the name S. parasanguis has been proposed for a group of
strains isolated from clinical specimens (throat, blood, urine). Strains
can hydrolyse arginine but not urea, and can bind salivary a-amylase,
but cannot produce extracellular polysaccharides from sucrose. The
ecology and habitat of this species is not certain at present.

Another sub-group of strains has been recognized that resemble S.
sanguis but are characterized by the presence of tufts of fibrils on their
cell surface (Chapter 4). The name S. crista has been proposed for this
group of organisms.
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Other streptococci

There is little definitive information on the isolation and prevalence of
obligately anaerobic Gram-positive cocci from the mouth. Confusion
surrounds their classification, while considerable difficulties can be
encountered in their isolation from oral samples. Two genera were
originally proposed: Peptostreptococcus, which grow in chains and Pepto-
coccus, which grow in clumps. However, most species of the latter have
now been transferred to Peptostreptococcus and several peptostreptococ-
cal species have been recovered from dental plaque (e.g. Ps. micros, Ps.
magnus and Ps. anaerobius), especially from advanced forms of periodon-
tal disease (Chapter 7), carious dentine, infected pulp chambers and
root canals (Chapter 6), and dental abscesses (Chapter 8). Any potential
pathogenic role for these organisms in such conditions is unclear at
present.

Lancefield group A streptococci (S. pyogenes) are not usually isolated
from the mouth of healthy individuals, although they can often be
cultured from the saliva of people suffering from streptococcal sore
throats, and may be associated with a particularly acute form of gingi-
vitis (Chapter 7).

Enterococcus

Little information is available on the presence of enterococci in the
healthy mouth. They have been recovered in low numbers from several
oral sites when appropriate selective media were used; the most fre-
quently isolated species is Enterococcus (formerly Streptococcus) faecalis.
Some strains of enterococci can induce dental caries in gnotobiotic rats
while others have been isolated from infected root canals and from
periodontal pockets, particularly in immunocompromised subjects.
While E. bovis has not been isolated with certainty from the human
mouth, it has been found in dental plaque from a range of herbivore
animals.

Staphylococcus, Micrococcus and Stomatococcus

Staphylococci and micrococci are not commonly isolated in large num-
bers from the oral cavity although the former have been reported in
plaque samples from subjects with dentures or with certain periodontal
diseases, and in immunocompromised patients and individuals suffer-
ing from a variety of oral infections (Chapter 8). These bacteria are not
usually considered to be members of the resident oral microflora, but
may be present transiently.
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Interestingly, this is in sharp contrast to surfaces of the human body
in close proximity to the mouth, such as the skin surface and the
mucous membranes of the nose. This finding emphasizes the major
differences that must exist in the ecology of these particular habitats.
Skin and nasal flora must be passed consistently into the mouth and
yet these organisms are normally unable to colonize or compete against
the resident oral microflora.

Stomatococcus (formerly Micrococcus) mucilagenosus is a catalase posi-
tive, Gram-positive coccus that is isolated almost exclusively from the
tongue. It produces an extracellular slime which may play a significant
role in the association of this species with that site.

GRAM-POSITIVE RODS AND FILAMENTS

Gram-positive rods and filaments are commonly isolated from dental
plaque and consist of facultatively- and obligately-anaerobic species.
Chemotaxonomic methods have always played a fundamental role in
the identification and classification of these bacteria; the pattern of acids
produced from the fermentation of glucose has proved of particular
value. The properties of some of the more prevalent oral Gram-positive
rods will be described in the following sections.

Actinomyces

Actinomyces species form a major portion of the microflora of dental
plaque, particularly at approximal sites. These organisms also colonize
the gingival crevice and may influence the subsequent pattern of plaque
formation (Chapter 4). They are known to increase in numbers during
gingivitis and have been associated with root surface caries (Chapters
7 and 6, respectively). Physiological and antigenic heterogeneity has
been reported among strains resembling A. viscosus and A. naeslundii,
and two new human species have recently been described (Table 3.6).

Strains of A. viscosus characteristically produce an extracellular slime
and fructans from sucrose. Two serotypes of this species were described
originally; strains of serotype I being associated with animals and
serotype II with humans. A. viscosus serotype II is phenotypically and
genotypically very similar to human strains of A. naeslundii, and were
distinguished traditionally only on the basis of catalase production by
the former. It has been concluded that the division of A. viscosus from
A. naeslundii is closer to a serotypic separation than a separation at a
species level. Strains have since been found that are variant in the
catalase reaction and many now combine such organisms into a single
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Table 3.6 Classification of human Actinomyces species

Present nomenclature Previous designation

Actinomyces georgiae untypable subgingival
Actinomyces sp.

Actinomyces gerencserige . israelii serotype 1I
. israelii . israelii serotype I
. odontolyticus . odontolyticus

. naeslundii genospecies 1
. naeslundii genospecies 2

. naeslundii serotype I

. naeslundii serotypes II and III
. viscosus serotype II

. meyeri

>
N s N N i e X

. meyeri

A. viscosus/naeslundii group, although serological distinctions can still be
discerned. Particular biotypes vary in their colonization of the dentition,
and may be associated with enamel and root surface caries.
Actinomyces israelii can act as an opportunistic pathogen causing a
chronic inflammatory condition called actinomycosis (Chapter 8). The
disease is usually associated with the cervicofacial region, but it can
disseminate to cause deep-seated infections in other sites in the body
such as the abdomen. Strains of A. israelii characteristically form ‘gran-
ules” which may contribute to the ability of these bacteria to disseminate
around the body by affording them physical protection from the
environment, from the host defences, and from antibiotic treatment.
Actinomyces species have also been found in cervical smears of women
using intrauterine contraceptive devices. The isolation rate of these
species varies according to the type of sample taken and whether organ-
isms were identified by cultural techniques or by serological methods
such as immunofluorescence, but values ranging from 15-65% have
been reported. Many of the isolates have been identified as A. israelii,
although other species including Arachnia propionica (now reclassified as
Propionibacterium propionicus) have also been found. A. israelii has not
been shown to produce any toxins although cells may be immunosup-
pressive and modulate the host defences at a site. This species has
a complex antigenic composition comprising both carbohydrate and
polypeptide antigens. Recently, A. israelii serotype II has been desig-
nated as a separate species, A. gerencseriae, which is a common but
minor component of the microflora of the healthy gingival crevice,
although it has also been isolated from abscesses. A. israelii and A.
gerencserige are both obligately anaerobic but can be differentiated on
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the basis of whole cell protein banding patterns, serological reactions,
and the inability of the latter to ferment L-arabinose.

Another newly described species is A. georgize, which is a facultatively
anaerobic organism that was found occasionally in the healthy gingival
microflora. Other species include A. odontolyticus, of which about 50%
of strains form colonies with a characteristic red-brown pigment. Two
serotypes have been reported and recent studies have found an associ-
ation between this species and the very earliest stages of enamel demin-
eralization, and with the progression of small caries lesions (Chapter
6). The species A. meyeri has been reinstated; this species has been
reported occasionally and in low numbers from the gingival crevice in
health and disease, and from brain abscesses.

Distinct Actinomyces species from animals have been described. These
include A. hordeovulneris from dogs and A. bovis from cattle and a llama.
Several other species have also been recognized in dairy cattle and
include A. slackii (catalase positive), A. denticolens, and A. howellii (both
catalase negative). A. pyogenes is found on the mucosal surfaces of
warm-blooded animals and is reported to be pathogenic for man.

Fubacterium

This is a poorly-defined genus which contains a variety of obligately
anaerobic, filamentous bacteria that are often Gram-variable. Tradition-
ally, this genus has been regarded for some time as a ‘dumping-ground’
for strains not belonging to other genera of anaerobic, non-spore-form-
ing bacilli. They can be difficult to cultivate and many laboratories have
not isolated them from plaque while others have found up to 17 ‘taxa’
in various forms of periodontal disease. The classification and identifi-
cation of these strains is hampered severely because of the general
lack of reactivity of isolates. Consequently, whole cell protein profiles,
patterns of fermentation products, and the presence of preformed
enzymes have to be used in an attempt to differentiate between species.
Among the proposed species are E. brachy, E. timidum and E. nodatum;
strains are asaccharolytic and found in subgingival plaque, particularly
during periodontal disease. E. yurii has also been isolated from sub-
gingival plaque and is involved in some of the ‘corn-cob’ and ‘test-tube
brush’ arrangements with coccal bacteria seen in dental plaque (Chapter
5). Other species that have been described include E. lentum, E. sabur-
reun and E. alactolyticum, but it is not clear whether all of these are
found in the mouth. This genus requires further study especially as
these organisms can be frequently isolated from numerous infections
of the head, neck and lung, and from necrotic dental pulp. Interestingly,
some distinct eubacteria have been isolated from animals and include
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E. fossor, which has been isolated from the pharynx and from tooth
abscesses of horses, and E. suis from pigs.

Lactobacillus

Lactobacilli are commonly isolated from the oral cavity although they
usually comprise less than 1% of the total cultivable microflora. How-
ever, their proportions and prevalence increase at advanced caries
lesions both of the enamel and of the root surface. A number of homo-
and hetero-fermentative species have been identified, producing either
lactate or lactate and acetate, respectively, from glucose. The most
common species are L. casei, L. fermentum and L. acidophilus, with L.
salivarius, L. plantarum, ‘L. brevis’, L. cellobiosus and L. buchneri also
reported. Recently, some of these species have been shown to be hetero-
geneous. For example, L. acidophilus has been subdivided into L.
acidophilus sensu stricto, L. crispatus and L. gasseri, while within the L.
casei-group, several distinct species have been recognized including L.
rhamnosus and L. casei (formerly proposed as L. paracasei). Whether all
of these species are found in the mouth has yet to be determined,
although preliminary studies suggest that the majority of oral isolates
are L. rhamnosus and L. casei. Comparisons of the properties of L. brevis-
like strains from the mouth and from cheese showed that the oral
strains were distinct, and these have now been placed in a new species,
L. oris. L. uli has been isolated from periodontal pockets. Some L.
acidophilus-like strains were isolated from animals (monkey, baboon,
dog) and have been re-classified as L. animalis.

Despite these advances in classification, little is known of the pre-
ferred habitat and niche for these species in the normal mouth, and
most studies still merely identify them as ‘lactobacilli’ or Lactobacillus
spp. They are highly acidogenic organisms, and early work implicated
lactobacilli in the initiation of dental caries. Subsequent research has
shown that they are associated more with carious dentine and the
advancing front of caries lesions than with the initiation of the disease.
Crude tests with selective media have been designed for estimating the
numbers of lactobacilli in patients’ saliva to give an indication of the
cariogenic potential of a mouth. Although these tests are often unre-
liable, they are useful for monitoring the dietary behaviour of a patient
because levels of lactobacilli correlate well with the intake of dietary
carbohydrate.
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Propionibacterium

Several species of propionibacteria have been reported from the mouth,
including P. acnes in dental plaque. These bacteria are obligately anaer-
obic and this genus now includes P. propionicus which was formerly
classified as Arachnia propionica. P. propionicus is morphologically indis-
tinguishable from A. israelii but the two species can be distinguished
by the production of propionic acid from glucose by the former. Strains
of P. propionicus have been isolated from cases of actinomycosis and
lacrimal canaliculitis (infection of the tear duct), and so are opportunistic
pathogens.

Other genera

Corynebacterium (formerly Bacterionema) matruchotii, Rothia dentocariosa,
and Bifidobacterium dentium have been regularly isolated from dental
plaque. C. matruchotii has an unusual cellular morphology having a
long filament growing out of a short, fat rod-like cell, thus earning its
description of ‘whip-handle’ cell. This species is found only in the
mouth and appears to be the only true coryneform in the oral cavity.
Occasionally strains of mycobacteria, Corynebacterium xerosis and some
Bacillus and Clostridium species are isolated, but these probably rep-
resent merely transient visitors from other habitats.

GRAM-NEGATIVE COCCI

Neisseria

Neisseria are isolated in low numbers from most sites in the oral cavity.
Along with the S. oralis-group they are among the early colonizers of a
clean tooth surface. Neisseria spp. are generally saccharolytic and can
grow well aerobically, although their growth is stimulated by carbon
dioxide and retarded under anaerobic conditions (Table 3.7). Care has
to be taken when culturing these organisms because they are autolytic.
The taxonomy of this group remains confused. The most common
species is N. subflava which is saccharolytic and polysaccharide produc-
ing; its colonies also produce a green/yellow pigment. It is rarely
associated with disease. N. sicca is closely-related and also produces
polysaccharides and is saccharolytic, but its colonies have no pigment.
N. mucosa is found in the nasopharynx, and some strains possess a
capsule. Some neisseriae are asaccharolytic and non-polysaccharide for-
ming, such as ‘N. cinerei’ which may be a commensal of the oro-
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pharynx. Some distinct species have been isolated from animals and
include N. canis and N. animalis.

Table 3.7 Properties of human oral Gram-negative cocci

Preferred Extracellular
atmosphere  polysaccharide
Genus Species for growth production  Saccharolytic
Neisseria subflava aerobic + +
mucosa aerobic c* +
sicca aerobic + +

Branhamella  catharrhalis aerobic - -

Veillonella parvula anaerobic - -
dispar anaerobic - -
atypica anaerobic - -

* Some strains produce a capsule.

In general, aerobic isolates that are asaccharolytic, non-polysaccharide
formers, and whose colonies lack pigment, fall within the genus Bran-
hamella (Table 3.7). B. catharrhalis is a commensal of the upper respira-
tory tract but is also a well-established opportunistic pathogen. Many
strains of B. catharrhalis produce a B-lactamase which can complicate
antibiotic treatment.

The significance in oral ecology of polysaccharide production (some
of which are glycogen-like) by strains of Neisseria is unclear, although
some streptococcal strains can metabolize these polymers (Chapter 4).
Some strains of Neisseria also metabolize lactic acid, and the significance
of this property is discussed in the next section on Veillonella.

Veillonella

Veillonella are strictly anaerobic Gram-negative cocci that were originally
separated into two species, V. parvula and V. alcalescens, on the basis
of the breakdown of hydrogen peroxide by the latter. The mechanism
of breakdown is unclear because V. alcalescens does not produce catal-
ase. These two species have now been combined into V. parvula, and
two other human species recognized, V. dispar and V. atypica (Table
3.7). A number of related but distinct species have been isolated from
the mouth of a wide range of rodents e.g. V. ratti; V. rodentium, V.
criceti and V. caviae. Veillonellae have been isolated from most surfaces
of the oral cavity although they occur in highest numbers in dental
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plaque. Veillonellae lack glucokinase and fructokinase and are unable
to metabolize carbohydrates. They utilize several intermediary metab-
olites, in particular lactate, as energy sources and consequently may
play an important role in the ecology of dental plaque and in the
aetiology of dental caries. Apart from small quantities of formic acid,
lactic acid is the strongest acid produced by oral bacteria and, therefore,
it is implicated in the dissolution of enamel. It has been proposed
that Veillonella in plaque might reduce the harmful effect of potentially
cariogenic bacteria by metabolizing lactic acid, converting it to a range
of weaker acids (predominantly acetic and propionic acids), although
this hypothesis is not always supported by clinical evidence.

GRAM-NEGATIVE RODS

The majority of aerobic or facultatively anaerobic Gram-negative rods
fall into the genus Haemophilus. These organisms were not detected in
early studies until, as with the enterococci, appropriate isolation media
were used. These provided all of the essential growth factors required
by members of this genus including haemin (X-factor) and nicotinamide
adenine dinucleotide (V-factor). Haemophili were then found to be
commonly present in saliva, on epithelial surfaces, and in dental plaque.
The five species that were regularly isolated together with their growth
factor requirements, are: H. influenzae (X- and V-factor), H. parainfluenzae
biotypes I, II and IIl (V-factor only), H. segnis (V), H. paraphrophilus
(V), and H. aphrophilus (requiring neither X nor V). The distribution of
individual species varies with the oral surface sampled but as yet there
is no information about the adhesive mechanisms involved. Strains
have been isolated from jaw infections and cases of infective endocar-
ditis but, in general, the pathogenic potential of these organisms is low.

Other facultatively anaerobic Gram-negative rods have been identi-
fied as Eikenella corrodens. Colonies of this species characteristically pit
the surface of agar plates. Strains of E. corrodens have been isolated
from a range of oral infections including endocarditis and abscesses,
and have been implicated in periodontal disease. Capnocytophaga is a
relatively new genus of CO,-dependent Gram-negative rods, which
have a gliding motility. They were originally classified as Bacteroides
ochraceus. These organisms are found in sub-gingival plaque, and
increase in proportions in gingivitis. Three species have been recog-
nized (C. gingivalis, C. ochracea, C. sputigena), but few simple tests are
available at present to differentiate them. Capnocytophaga are opportun-
istic pathogens and have been isolated from a number of infections
in immunocompromised patients. Actinobacillus actinomycetemcomitans is
another capnophilic (CO,liking) species that is found more commonly
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in certain forms of peridontal disease than in plaque from healthy sites.
This species produces a powerful leucotoxin and is closely associated
with juvenile peridontitis, a particularly aggressive form of peridontal
disease that can affect young adults (see Chapter 7). The gliding bac-
terium Simonsiella has been isolated from epithelial surfaces of the oral
cavity of man and a variety of animals. These organisms have a unique
cellular morphology being composed of unusually large, multi-cellular
filaments in groups, or multiples of eight cells. At one time these
organisms were implicated with lichen planus but a recent study was
unable to confirm such an association.

Obligately anaerobic Gram-negative rods comprise a large proportion
of the microflora of dental plaque. However, the taxonomy and classifi-
cation of many of these organisms is confused due to several inter-
related factors. Many isolates are pleomorphic and problems can arise
in making the fundamental decision as to whether an organism is a
Gram-negative coccus or rod. Tests that were successful for aerobic or
facultatively anaerobic Gram-negative rods were applied initially to the
obligate anaerobes, but in many cases these were shown subsequently
to be inappropriate. For example, some strains grow so poorly that clear
results in fermentation tests are not obtained, and the concentration of
metabolites is too low to be analysed satisfactorily. As a consequence,
difficulties can arise in discriminating between a strain that is growing
poorly in a range of tests and one that is truly asaccharolytic. The
development and application of new tests such as lipid analyses and
enzyme mobilities have been necessary for the speciation of isolates
that appeared non-reactive by conventional methods. Confusion over
the taxonomy of this group of bacteria has been increased through the
realization that some reference strains, on whose properties divisions
were originally based, were atypical in some cases.

The majority of oral anaerobic Gram-negative rods were placed in
the genus Bacteroides. However, recent chemotaxonomic studies have
shown that this genus should have a much narrower definition which
will restrict its members to those of the B. fragilis-group found predomi-
nantly in the gut. Some of the commonly isolated oral organisms pro-
duce colonies with a characteristic brown or black pigment when grown
on blood agar. These pigments, originally thought to be melanin, have
been identified as protoporphyrin and protohaem, and are required
for the synthesis of cytochrome b and for the respiratory quinones
(menaquinones), respectively. These organisms were referred to collec-
tively as black-pigmented Bacteroides (Table 3.8), but a more appropriate
term would now be black-pigmented anaerobes. Asaccharolytic organ-
isms have been placed in the new genus, Porphyromonas, while those
that are saccharolytic are in another new genus, Prevotella (Table 3.8).
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Table 3.8 Past and present nomenclature of human oral obligate anaerobes

formerly classified as Bacteroides species

Brown/black pigmenting

Non-pigmenting

Present Previous Present Previous
nomenclature nomenclature nomenclature nomenclature
Porphyromonas Bacteroides Prevotella Bacteroides
gingivalis gingivalis buccae buccae
Porphyromonas Bacteroides Prevotella Bacteroides
endodontalis endodontalis buccalis buccalis
Prevotella Bacteroides
heparinolytica heparinolyticus
Prevotella Bacteroides Prevotella Bacteroides
melaninogenica melaninogenicus  oralis oralis
Prevotella Bacteroides Prevotella Bacteroides
intermedia intermedius oris oris
Prevotella Bacteroides Prevotella Bacteroides
loescheii loescheii oulora oulorum
Prevotella Bacteroides Prevotella Bacteroides
denticola denticola veroralis veroralis
Prevotella Bacteroides
zoogleoformans zoogleoformans
> Bacteroides
capillosus
? Bacteroides
forsythus
? Bacteroides
gracilus
? Bacteroides
pneumosintes
? Bacteroides
ureolyticus

?* The previous nomenclature remains at present, but these organisms will

not be retained within the genus Bacteroides in the future.

Following these recent major changes in taxonomy, the primary habi-
tats of members of these new genera has now been elucidated. Porphyro-
monas asaccharolytica has been reported only occasionally from the mouth
and is usually found in a wide range of non-oral sites, especially the
gut. In contrast, Porphyromonas gingivalis is found almost solely at sub-
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gingival sites (especially in deep periodontal pockets) although it has
also been recovered from the tongue and tonsils. It is highly virulent
in experimental infection studies in animals and produces a range of
putative virulence factors including proteases, cytotoxic metabolic prod-
ucts, and a capsule (Chapter 7). Porphyromonas endodontalis has an even
more restricted habitat being recovered mainly from infected root
canals. Both P. gingivalis and P. endodontalis are rarely found in health
and their source of origin is a cause of much debate. Some have pro-
posed that they may be derived exogenously from other subjects, while
others believe that they may be present in reservoirs on mucosal sur-
faces such as the tongue or tonsils. It may be that they are present in
dental plaque in health but in such low numbers as to be below the
sensitivity of routine detection methods. When the environment
changes in disease, then their proportions (and hence their apparent
prevalence) would increase. Phenotypically related species have been
isolated from a number of animals including ‘Bacteroides levii’ (cattle),
‘B. salivosus’ (cats) and ‘B. macacae’ (monkeys), while P. gingivalis-like
organisms have been isolated from lesions of broken mouth in sheep.
The precise taxonomic position of these species has still to be deter-
mined. \

The new definition of the genus Bacteroides has meant that members
of the ‘B. melaninogenicus-B. oralis’ group have been placed in a new
genus, Prevotella (Table 3.8). Species within this group are moderately
saccharolytic, producing acetic and succinic acids from glucose. This
new genus includes the pigmented species P. intermedia (formerly B.
intermedius), P. melaninogenica (formerly B. melaninogenicus), P. loescheii,
P. corporis (this species is closely related to P. intermedia, but is generally
isolated from non-oral sites) and some strains of P. denticola. The oral
non-pigmented species include P. buccae, P. buccalis, P. heparinolytica, P.
oralis, P. oris, P. oulora, P. veroralis and P. zoogleoformans. The majority
of these species can be isolated on occasions from dental plaque, par-
ticularly from sub-gingival sites. Some species are associated with dis-
ease and increase in numbers and proportions during periodontal dis-
ease, and have also been recovered from abscesses (Chapters 7 and 8).

There are other saccharolytic, non-pigmented species that no longer
fall within the new definition of the genus Bacteroides. The taxonomic
fate of these organisms is uncertain at present, but they will remain
with their original epithet until their classification is resolved. These
species include ‘B. capillosus’, ‘B. forsythus’, ‘B. gracilis’ and ‘B. pneumosin-
tes’ (Table 3.8). Some species have unusual properties; for example, the
growth of ‘B. gracilis’ is stimulated by formate or hydrogen and fumarate
or nitrate. P. zoogleoformans grows as a viscous, ropy mat in liquid
culture while ‘B. ureolyticus’ and ‘B. forsythus’ can pit the surface of
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blood agar plates. ‘B. gracilis’ and ‘B. ureolyticus’ do not possess flagella
but move due to an unusual twitching motility. Members of these
bacterial groups can be distinguished by patterns of metabolic end
products, fermentation profiles, and the production of certain constitut-
ive enzymes. Some species are also found in the oral cavity of animals,
e.g. ‘B. rectum’ from dogs and cats.

Another major group of obligately anaerobic Gram-negative bacteria
belong to the genus Fusobacterium. Strains are asaccharolytic and prod-
uce predominantly butyric acid, although they do incorporate glucose
into cell constituents. Cells are characteristically in the form of long
filaments or pleomorphic rods and include the following oral species:
F. alocis and F. sulci from the normal gingival crevice and F. periodonticum
from sites with periodontal disease. The most commonly isolated spec-
ies, however, is F. nucleatum. Recently, several subspecies have been
recognized within F. nucleatum: subspecies nucleatum, subsp. polymor-
phum and subsp. vincentii (also referred to by some as subsp. fusiforme).
Interestingly it has been proposed that these subspecies may have
different associations with health and disease. F. nucleatum subsp. poly-
morphum was most commonly isolated from the normal gingival crevice
whereas subspecies nucleatum was recovered mainly from periodontal
pockets. F. simise has been isolated from the mouth of macaque mon-
keys.

Other oral Gram-negative anaerobic and micro-aerophilic bacteria
include Leptotrichia buccalis which are filamentous cells with a pointed
end. They can be differentiated from Fusobacterium spp. by the pro-
duction of lactate as the major fermentation product of Leptotrichia spp.
Mitsuokella dentalis has been isolated from infected root canals; some
strains possess a thick capsule which may contribute to their patho-
genicity. Wolinella succinogenes is asaccharolytic and is a formate/
fumarate-requiring species; Campylobacter concisus and C. sputorum are
also isolated from the mouth occasionally. Wolinella curva and W. recta
have now been reclassified as Campylobacter curvus and C. rectus, respect-
ively. These strains are not always easily identified by conventional
tests and other methods are under investigation, such as whole cell
protein profiles. Some of these species have flagella and are motile.
The Wolinella and Campylobacter species have a single flagellum, while
Selenomonas sputigena is a curved to helical bacillus with a tuft of flagella.
Selenomonas noxia, S. flueggei, S. infelix, S. dianae and S. artemidis are new
species that have been recently described in plaque from the human
gingival crevice. Another helical or curved Gram-negative oral anaerobe
is Centipeda periodontii which has numerous flagella which spiral around
the cell. There has been one report of Helicobacter (formerly Campylobac-
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ter) pylori from dental plaque; this species is usually isolated from the
stomach where it is associated with gastritis.

Spirochaetes are numerous in sub-gingival plaque and can readily be
detected using dark-field or electron microscopy. Several morphological
types can be distinguished according to cell size and the arrangement
of endoflagella. The numbers of spirochaetes are raised in periodontal
disease, but whether they cause disease or merely increase following
infection is not clear. As yet, no clear correlation has been found
between any particular morphotype and the severity of disease. Oral
spirochaetes fall within the genus Treponema and a number of species
have been proposed, including T. denticola, T. macrodentium, T. oralis,
T. scoliodontium, T. socranskii and T. vincentii. T. pectinovorum is found
in non-human primates. To date, little is known about the physiology of
these organisms because of difficulties associated with their laboratory
cultivation. Gradually, such problems are being resolved and progress
is now being made in this area. Some of the medium- and small-sized
spirochaetes have been grown successfully. T. denticola has been shown
to secrete extracellular and degradative enzymes including proline ami-
nopeptidase and a trypsin-like enzyme; the latter can also degrade
collagen. T. denticola is asaccharolytic while T. socranskii can ferment
carbohydrates to acetic, lactic and succinic acids.

MYCOPLASMA

Mycoplasma are pleomorphic bacteria which possess an outer membrane
that is not rigid. They can be grown either on enriched nutrient media
or in tissue culture. Originally, the mycoplasma-group included ‘L’
forms, but many of the latter revert to bacteria and thus are not part
of the group. Mycoplasma have been isolated from saliva, the oral
mucosa, and dental plaque, but their role at these sites is not clear. A
considerable amount of work remains to be done on the taxonomy of
the oral mycoplasma group. The poorly defined Mycoplasma salivarium
and the more established M. pneumoniae and M. hominis have been
isolated from saliva and the oral mucosa; other oral species include M.
orale and M. buccale. Estimates of the carriage rate of Mycoplasma from
the oral cavity vary from 6% to 32% of the population in the limited
surveys completed.

FUNGI

Fungi form a small but not insignificant part of the oral microflora. The
‘perfect fungi’ (fungi that divide by sexual reproduction) are thought to
be only transients in the oral cavity, although Aspergillus and Mucor
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spp. have been reported in the oral microflora in limited studies of
populations in the Indian subcontinent. The ‘imperfect fungi’ (which
divide by asexual reproduction) are usually yeasts, and form part of the
resident oral microflora.

The largest proportion of the fungal microflora is made up of Candida
spp. Candida albicans is by far the most common isolate, but another 27
Candida species have been isolated from the mouth. The next most
commonly isolated species are Candida glabrata (formerly ‘Torulopsis glab-
rata’), Candida tropicalis, Candida krusei, Candida parapsilosis, Candida guilli-
ermondi and, on occasions, Rhodotorula and Saccharomyces spp.

Estimations of carriage rates of Candida species in the mouth are
difficult to interpret because of the variation in isolation techniques.
The use of swabs has been shown to be inaccurate. Techniques such
as foam imprint cultures, which use a piece of foam to sample a mucosal
site, and gargle techniques are much more accurate. Data from a variety
of surveys have shown that carriage rates may vary from 2% to 71% of
asymptomatic adults. Carriage rates increase, and can approach 100%,
in medically compromised patients or those on broad spectrum antibac-
terial agents.

Candida are distributed evenly throughout the mouth. The most
common site of isolation is the dorsum of the tongue, particularly the
posterior area near the circumvallate papillae. The isolation of Candida
is influenced by the presence of intra-oral devices such as plastic den-
tures or orthodontic appliances, particularly in the upper jaw on the
fitting surface. Plaque has also been shown to contain Candida spp., but
the exact proportion and significance of the yeasts in health and disease
is unclear. There is agreement that the mouth is the body site where
Candida spp. are most prevalent. The mouth is thought to be the source
of yeast colonization of the gut. Saliva is the vehicle for the transmission
of Candida spp. to other areas of the body.

Colonization of the mouth by yeasts is thought to occur either at
birth or soon afterwards. The carriage rate falls in early childhood and
increases during middle and later life. Diurnal variation of candidal
counts has been described, but this may be a reflection of the inaccuracy
of isolation techniques rather than a consistent finding.

VIRUSES

The detection of viruses in the oral cavity has until recently been diffi-
cult. This difficulty was caused by the limitation of the two main detec-
tion methods: electron microscopy and growth in tissue culture. Growth
in tissue culture is laborious and time-consuming and, once grown,
the virus still has to be identified. Electron microscopy is also time-
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consuming, and allows only presumptive identification based on
morphology. The major advances in virology have been two-fold: the
development of specific antisera to viruses and the polymerase chain
reaction (PCR). A wide variety of specific antisera to oral viruses are
now available. These allow direct identification of viral antigens using
radioactive or visual probes. They also allow indirect identification
through the detection of general viral antibody in saliva, mucosal tissue,
Or serum.

The use of specific antisera has been important to virologists but, to
a large extent, this has been overshadowed by PCR techniques. This
process amplifies copies of the viral genome present in tissue, saliva or
serum. The amplified viral genome can be identified by matching it
(homology) to the known genome using hybridization techniques.
These are highly sensitive and, in theory, can be used to identify a
single genome present in the original sample.

The most common virus detected in the oral cavity is Herpes simplex.
Both type 1 and type 2 have been isolated from the mouth, but type 1
is the most common. Herpes simplex type 1 is the cause of cold sores.
The virus can be detected occasionally in the oral cavity in the absence
of cold sores and is, therefore, probably persistent. The virus can also
remain latent. It migrates rapidly along the trigeminal nerve to the
ganglion where it remains latent until reactivated. The precise cause of
reactivation is still not clear, but UV light and stress appear to be
involved. Once reactivated, the genome passes back down the periph-
eral nerve to cause the characteristic cold sores. These cold sores rupture
to release further Herpes simplex type 1 virus particles.

Cytomegalovirus is present in most individuals. It has been detected
in the saliva of symptomless adults, but its portal of entry into the oral
cavity is not clear. Coxsackie virus A2, 4, 5, 6, 8, 9, 10, and 16 have all
been detected in saliva and in oral epithelium. The detection of these
viruses has usually been secondary to, or in the primary phase of, an
infection of hand, foot and mouth disease or herpangina. A variety of
Papilloma viruses has been isolated from the oral cavity, usually in
association with small warts. These warts have been implicated with
oral cancer, and are common in patients with AIDS.

Hepatitis and Human Immunodeficiency Virus (HIV) can be found in the
oral cavity, especially in saliva, where their presence poses a significant
cross-infection threat. Both groups of viruses are discussed in detail in
Chapter 9. Other viruses that have been detected in the oral cavity are
measles and mumps, but usually in association with oral lesions.
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PROTOZOA

There is little definitive information about the presence of protozoa in
the oral microflora. Entamoeba gingivalis, Trichomonas tenax and Hamblia
spp. have been isolated from the oral cavity of some asymptomatic
patients, but their exact prevalence and function in the oral cavity is
still unclear.

SUMMARY

The mouth supports the growth of a wide diversity of micro-organisms
including bacteria, yeasts, viruses, and (on occasions) protozoa. Many
of the bacteria are fastidious in their nutritional requirements and are
difficult to grow and identify in the laboratory; many are also obligate
anaerobes.

Table 3.9 Bacterial genera found in the oral cavity

Gram-positive

Gram-negative

Cocci Enterococcus Branhamella
Peptostreptococcus Neisseria
Streptococcus Veillonella
Stomatococcus

Rods Actinomyces Actinobacillus
Bifidobacterium (Bacteroides)*
Corynebacterium Campylobacter
Eubacterium Capnocytophaga
Lactobacillus Centipeda
Propionibacterium Eikenella
Rothia Fusobacterium

Haemophilus
Leptotrichia
Mitsuokella
Porphyromonas
Prevotella
Selenomonas
Simonsiella
Treponema
Wolinella

* The genus Bacteroides has been redefined. In time, all oral bacteria previously
placed in this genus will be reclassified.
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Numerous problems associated with the classification of oral bacteria
have been resolved in recent years due to the application of chemo-
taxonomic techniques. New species of streptococci and Actinomyces have
been recognized and shown to have a specific habitat and niche. Some
species of streptococci that were previously grouped together have now
been shown to differ markedly in their ability to colonize the tooth
surface and in their distribution on the oral mucosa. Likewise, rapid
advances have been made in the taxonomy of obligately anaerobic
Gram-negative rods, many of which are asaccharolytic and were diffi-
cult to distinguish using conventional tests. New criteria include lipid
analyses, enzyme mobilities, and the breakdown of natural substrates.
The benefits of these changes in classification are that closer associations
of individual species with sites in health and disease are being
discerned.

Bacteria are the predominant components of the resident oral micro-
flora; a list of genera is given in Table 3.9. The high species diversity
reflects the wide range of nutrients available endogenously, the varied
types of habitat for colonization, and the opportunity provided by
biofilms such as plaque for survival on surfaces. Despite this diversity,
it is interesting to note that many micro-organisms commonly isolated
from neighbouring ecosystems, such as the skin and the gut, are not
found in the mouth. This emphasizes the unique and selective proper-
ties of the mouth for microbial colonization.
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4 Acquisition, adherence,
distribution and
functions of the oral
microflora

The foetus in the womb is normally sterile. During delivery the baby
comes into contact with the normal microflora of the mother’s uterus
and vagina, and at birth with the micro-organisms of the atmosphere
and of the people in attendance. Despite the widespread possibility of
contamination, the mouth of the newborn baby is usually sterile. How-
ever, from the first feeding onwards, the mouth is regularly inoculated
with micro-organisms and the process of the acquisition of the resident
oral microflora begins.

ACQUISITION OF THE RESIDENT ORAL MICROFLORA

Acquisition depends on the successive transmission of micro-organisms
to the site of potential colonization. Initially, in the mouth, this is by
passive contamination from the mother, from food, milk and water,
and from the saliva of individuals in close proximity to the baby. Acqui-
sition of micro-organisms from the birth canal itself may be of only
limited significance. Studies of the transmission of candida and lactobac-
illi from the vagina of the mother to the newborn infant suggest that
these organisms do not usually become established initially as part of
the resident oral microflora of the newborn, although they may be
present transiently. In contrast, the role of saliva in the process of
acquisition has been confirmed conclusively. Bacteriocin-typing of
strains has enabled the transfer of S. salivarius and mutans streptococci
from mother to child via saliva to be followed. Similarly, comparisons
of the genetic material (DNA) of a variety of oral bacterial species (using
restriction endonuclease mapping techniques) have shown that the
same digest pattern (and hence presumably the same strain) is found
within family groups and that different patterns are observed between
such groups.
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Pioneer community and ecological succession

The mouth is highly selective for micro-organisms even during the first
few days of life. Only a few of the species common to the oral cavity
of adults, and even less of the large number of bacteria found in the
environment, are able to colonize the mouth of the newborn. The first
micro-organisms to colonize are termed pioneer species, and collec-
tively they make up the pioneer microbial community. These pioneer
species continue to grow and colonize until environmental resistance is
encountered. This can be due to several limiting forces which act as
barriers to further development. These barriers include both physical
and chemical factors. In the oral cavity physical factors including the
shedding of epithelial cells (desquamation) and the shear forces from
chewing and saliva flow. Nutrient requirements, Eh, pH, and the anti-
bacterial properties of saliva can act as chemical barriers limiting growth.

During the development of the pioneer community one genus or
species is usually predominant. In the mouth, the predominant organ-
isms are streptococci and in particular, S. salivarius. With time, the
metabolic activity of the pioneer community modifies the environment.
This provides conditions suitable for colonization by a succession of
other populations, for example, by changing the Eh or pH, by modify-
ing or exposing new receptors for attachment (‘cryptitopes’, Chapter
5), or by generating novel nutrients, for example, as end products of
metabolism (lactate, succinate, etc.) or as breakdown products (pepti-
des, haemin, etc). In this way the pioneer community can influence the
pattern of microbial succession. This involves the progressive develop-
ment of a pioneer community (containing few species) through several
stages in which the number of microbial groups increase. Eventually a
stable situation is reached with a high species diversity; this is termed
the climax community (Figure 4.1). Succession is associated with a
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Figure 4.1 Ecological stages in the establishment of a microbial community.
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change from a site possessing few niches to one with a multitude of
potential niches. A climax community reflects a highly dynamic situ-
ation and must not be regarded as a static state.

The oral cavity of the newborn contains only epithelial surfaces for
colonization. The pioneer populations consist of mainly aerobic and
facultatively anaerobic species. Streptococcus salivarius can be isolated
from the mouth of infants as early as 18 hours after birth. Indeed,
streptococci are the dominant pioneer species in the oral cavity over
the first year of life. In contrast, lactobacilli may be present only transi-
ently during this period.

The diversity of the pioneer oral community increases during the first
few months of life. The isolation frequency of some oral organisms from
the mouth of 44 twelve-month-old infants is shown below:

Isolated from all infants Streptococcus,  Staphylococcus, Neis-
seria, Veillonella

Isolated from >50% infants Actinomyces,  Lactobacillus, Rothia,
Fusobacterium

Isolated from <50% infants ‘Bacteroides’ (probably Prevotella),

Leptotrichia, Candida, Corynebacterium

The isolation frequencies of Actinomyces, Fusobacterium and other
anaerobic species increase following tooth eruption.

Allogenic and autogenic succession

The development of a climax community at an oral site can involve
examples of both allogenic and autogenic succession. In allogenic suc-
cession, factors of non-microbial origin are responsible for an altered
pattern of community development. Species such as mutans strepto-
cocci and S. sanguis only appear in the mouth once teeth have erupted.
In the cases in which they have been isolated from the edentulous
(toothless) mouth, these species are associated with the insertion of
artificial devices such as acrylic obturators in children with cleft palates.
Similar differences occur in the distribution of Actinomyces in the mouth
of young children. Strains resembling A. naeslundii were isolated from
40% of pre-dentate infants, but A. viscosus did not appear until after
tooth eruption and its frequency of isolation increased with age. These
observations suggest these species prefer to colonize hard surfaces.
The increase in number of obligate anaerobes once teeth are present
is an example of autogenic succession in which community develop-
ment is influenced by microbial factors. The metabolism of the aerobic
and facultatively anaerobic pioneer species can lower the redox potential
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in plaque and create conditions suitable for colonization by strict anaero-
bes (Chapter 5). Other examples of autogenic succession would be
the development of food chains (also termed foodwebs) whereby the
metabolic end product of one organism becomes a primary nutrient
source for a second. A further example is the exposure of new receptors
on host macromolecules for bacterial adhesion (‘cryptitopes’; Chapter
5).

AGEING AND THE ORAL MICROFLORA

The acquisition of the oral microflora continues with age. Following
tooth eruption, the isolation frequency of spirochaetes and black-pig-
mented anaerobes increases. For example, the latter group of organisms
are recovered from 18-40% of children aged five years but are found in
over 90% of teenagers aged 13-16 years. It has been proposed that the
increased prevalence of both bacterial groups during puberty might be
due to hormones entering the gingival crevice and acting as a nutrient
source. The rise in Prevotella intermedia in plaque during the second
trimester of pregnancy has also been ascribed to the elevated serum
levels of oestradiol and progesterone which can satisfy the naphtha-
quinone requirement of this organism. Rises in black-pigmented anaero-
bes have also been observed in women taking oral contraceptives. How-
ever, in a recent study using dark-field microscopy, spirochaetes were
detected in the sub-gingival microflora of 66% of 77 pre-pubertal Dutch
children. This implies that hormonal changes cannot be the only factor
affecting the prevalence of these fastidious bacteria.

In adults, the resident oral microflora remains relatively stable and
coexists in reasonable harmony with the host. This stability (termed
microbial homeostasis, Chapter 5) is not a passive response to the
environment, but is due to a dynamic balance being achieved from
numerous inter-bacterial and host-bacterial interactions.

Some variations in the oral microflora have been discerned in later
life and can be attributed to both direct and indirect effects of ageing. In
the case of the latter, variations can occur if the habitat or environment is
severely perturbed. For example, the risk of cancer rises with age, and
cytotoxic therapy or myelosuppression combined with the disease itself
is associated with the increased carriage of C. albicans and non-oral
opportunistic pathogens such as enterobacteria (Klebsiella spp., Escheri-
chia coli, Pseudomonas aeruginosa) and Staphylococcus aureus. The incidence
of the wearing of dentures also increases with age and this also pro-
motes colonization by C. albicans. Information is now beginning to
emerge on direct age-related changes in the oral microflora. Significantly
higher proportions and isolation frequencies of lactobacilli and staphylo-
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cocci (mainly S. aureus) in saliva were found in healthy subjects aged
70 years or over while yeasts were isolated more often and in higher
numbers from saliva in those aged 80 years and over. In plaque, A.
viscosus was found in higher proportions than A. naeslundii in those
over 60 years of age. It has been proposed that cell-mediated immunity
declines with age, but the precise effect of old ageing on the innate and
specific host defences of the mouth has yet to be established defini-
tively. The incidence of oral candidosis is more common in the elderly
and this has been attributed to not only the increased likelihood of
denture wearing but also to physiological changes in the oral mucosa,
malnutrition, and to trace element deficiencies. There have been reports
of increased isolations of enterobacteria from the oro-pharynx of the
elderly, but this seems to be related in many cases to the health of the
individual rather than to their age per se, with the highest incidences
being in the most debilitated individuals. One of the fundamental prob-
lems in determining whether the oral microflora changes in old age is
that the chronological age of a person does not always equal their
physiological age!

Social habits can perturb the balance of the oral microflora. The reg-
ular intake of dietary carbohydrates can lead to the enrichment of acidu-
ric (acid-tolerant) and cariogenic species such as mutans streptococci
and lactobacilli. Smoking has been shown to reduce bacterial counts,
especially those of Neisseria spp., on a variety of oral surfaces, and is
also a risk factor for periodontal diseases. Also, mutans streptococci S.
sanguis are not detected in the mouths of individuals who have full
dentures when these surfaces are not worn, although both groups of
bacteria can reappear when these ‘hard surfaces’ are inserted again.

Summary

The acquisition of the normal oral microflora follows a specific ecological
progression from a small number of pioneer species (the predominant
species is usually S. salivarius) to a complex climax community. This
development involves both allogenic and autogenic succession. In allog-
enic succession, community development is influenced by non-
microbial factors; microbial factors are responsible for autogenic suc-
cession.

METHODS OF DETERMINING THE RESIDENT ORAL
MICROFLORA

Problems are encountered in determining the composition of the
microbial communities at various sites in the mouth. These relate to the
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basic difficulties of removing the majority of the micro-organisms (many
of which are of necessity bound tenaciously to a surface or to each
other), their transport to the laboratory in a viable state, and then their
enumeration and identification (Table 4.1). The main stages in sample
processing are illustrated in Figure 4.2.

Table 4.1. Some properties of the oral microflora that contribute to the
difficulty in determining its composition

Property Comment

High species diversity The oral microflora, and especially dental
plaque, consists of a diverse number of
microbial species, some of which are
present only in low numbers

Surface attachment/co- Oral micro-organisms attach firmly to

aggregation surfaces and to each other, and
therefore have to be dispersed without
loss of viability

Obligate anaerobes Many oral bacteria lose their viability if
exposed to air
Fastidious nutrition Some bacteria are difficult to grow in pure

culture and may require specific
cofactors etc. for growth. Some groups
(e.g. spirochaetes) cannot be cultured

Slow growth The slow growth of some organisms (e.g.
14 days) makes enumeration time-
consuming

Identification The classification of many oral micro-

organisms remains unresolved or
confused; simple criteria for
identification are not always available
(particularly for many obligate
anaerobes)

Sample taking

The microflora can vary in composition over relatively small distances.
Therefore, large plaque samples or a number of smaller samples from
different sites but which are pooled together are of little value because
important site differences will be obscured. Consequently, small sam-
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Figure 4.2 Stages in the microbiological analysis of the oral microflora.

ples from discrete sites are preferable, but the method of sampling will
depend on site to be studied.

The oral mucosa can be sampled by swabbing, direct impression
techniques, or by removing epithelial cells by scraping or scrubbing
with a blunt instrument into a container. Data can then be related to a
fixed area or to an individual epithelial cell. Saliva can be collected by
expectoration into a sterile container; the saliva flow can be at a normal
resting rate (i.e. unstimulated) or it can be stimulated by chemical
means or by chewing. Although a greater volume is collected by stimu-
lation, such samples will also contain many more organisms that have
been dislodged from oral surfaces.

There is no universally accepted way of sampling dental plaque. The
accessible smooth surfaces of enamel pose few problems and a range
of dental instruments have been used. It is more difficult to remove
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plaque from approximal surfaces between teeth although dental probes,
scalers, dental floss and abrasive strips have all been used with varying
degrees of success. Pits and fissures are also difficult to sample and the
amount of plaque removed can be dependent on the anatomy of the
site. Fine probes, pieces of wire, blunt hypodermic needles, and tooth-
picks have all been used successfully. Sub-gingival plaque has proved
to be the most difficult to sample because of the inaccessibility and
anaerobic nature of the site. High numbers of obligately anaerobic bac-
teria are found in the gingival crevice and periodontal pocket, most of
which will lose their viability rapidly if exposed to air. In disease, the
anatomy of the site means that those organisms at the base of the
pocket, near the advancing front of the lesion, are likely to be of most
interest (Chapter 7). Again, it is important not to remove plaque from
other sites in the pocket, as this might obscure significant relationships
between specific bacteria and disease. To overcome these problems a
number of methods have been developed, all of which have their par-
ticular advantages and drawbacks. For example, a simple approach has
been to insert paper points into pockets but the number of firmly
adherent organisms removed from the root of the tooth will be small.
Samples have also been taken by irrigation of the site and retrieval of the
material through syringe needles; however this method will obviously
remove plaque from the whole depth of the pocket. A particularly
sophisticated method employs a broach kept withdrawn in a cannula
which is flushed constantly with oxygen-free nitrogen. The broach is
used to sample plaque only when the cannula is in position near the
base of the pocket. After sampling, the broach is retracted into the
cannula and withdrawn. Perhaps the most frequent approach has been
to use a curette or scaler after the supra-gingival area has been cleared.
The scaler tips can be detached and placed immediately in gas-flushed
tubes containing reduced (anaerobic) transport fluid for delivery to the
laboratory. Alternatively, when periodontal surgery is needed, plaque
has been removed from extracted teeth or from surfaces exposed when
‘gingival flaps’ are reflected. It is impossible to design experiments to
compare the efficiency of each of these sampling methods, but it is
important to realize, particularly when comparing studies in which
different sampling procedures have been used, that the results will, to
a certain extent, reflect the method adopted.

Transport and dispersion

All samples need to be transported to the laboratory for processing as
quickly as possible. Specially designed transport fluids help to reduce
the loss of viability of some of the more delicate organisms during
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delivery to the laboratory. These fluids usually contain reducing agents
to maintain a low redox potential, thus helping to preserve the obligate
anaerobes.

Clumps and aggregates of bacteria must be dispersed efficiently (ide-
ally to single cells) if the specimen is to be diluted and counted accu-
rately. Plaque poses a particular problem in this respect because, by
definition, it is a complex mixture of a range of micro-organisms bound
tenaciously to one another. It is now accepted that mere vortex mixing
of a sample is inadequate. Mild sonication produces the maximum
number of particles from a specimen but it exerts a selective effect
by specifically damaging spirochaetes and some other Gram-negative
bacteria, particularly Fusobacterium species. One of the most efficient
methods, particularly for sub-gingival plaque, is to vortex samples with
small glass beads in a tube filled with carbon dioxide.

Cultivation

Once dispersed, samples are usually serially diluted in transport fluid
and aliquots are spread on to a number of freshly prepared, pre-reduced
agar plates. These plates are chosen to grow either the maximum
number of bacteria (generally, various forms of blood agar are used for
this purpose) or, in order to encourage the growth of some of the minor
components of the microflora, a number of selective media have been
devised which permit the growth of only a limited number of species.
For example, the addition of vancomycin to blood agar plates will
inhibit most Gram-positive bacteria, while a high sucrose concentration
encourages the growth of oral streptococci, and plates with a low pH
favour lactobacilli. It should be stated that these media are selective
and not specific. The identity of the colonies on these plates must be
confirmed; their colonial appearance or growth on a particular medium
should not be regarded as diagnostic. Also, some bacteria will not grow
unless additional factors are added to the medium. Haemophili were
only recovered when the appropriate co-factors necessary for their
growth were added to the isolation media. Depending on the bacteria
being cultivated, plates have to be incubated for different times and
under different atmospheric conditions. For example, to grow some
obligate anaerobes, plates will need 7-14 days incubation at 37°C in an
anaerobic jar or cabinet filled with a gas mix containing CO,/H,/N,; in
contrast, Neisseria require only two days incubation in air. Some organ-
isms grow optimally in 10% CO, in air.
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Enumeration and identification

Colonies are counted and their concentration in the original sample
determined by compensating for the dilution steps. Representative col-
onies can then be sub-cultured to check for purity and for subsequent
identification. This process assumes that:

(a) Cells of the same micro-organism produce colonies with an identical
morphology.

(b) Cells of different species produce distinct morphologies.

() One colony arises from a single cell.

Generally, these assumptions hold true except for (c), as most colonies
inevitably arise from small aggregates of cells; this emphasizes the need
for efficient dispersion of samples. The first level of discrimination
involves the Gram-staining of subcultured colonies; bacteria are then
grouped according to whether their cells are Gram-positive or Gram-
negative, and are rod- or coccal-shaped. This dictates which tests will
be necessary to achieve speciation. Some bacteria can be identified using
simple criteria — for example, sugar fermentation tests — while others
require a more sophisticated approach such as the application of gas-
liquid chromatography to determine their acid end-products of
metabolism (Table 3.1). The use of probes (antibodies or DNA) on
colonies is now being used to speed up identification. Many other
issues relating to bacterial identification were discussed in the previous
chapter.

Microscopy

As an alternative to many of the lengthy steps associated with con-
ventional culture techniques (Figure 4.2) an idea of the principal
morphological groups of bacteria can be obtained using light
microscopy. Dark-field illumination or phase-contrast techniques have
been used to quantify directly the numbers of motile bacteria in dental
plaque, including spirochaetes, which are extremely difficult to cultivate
by conventional means. As the numbers of spirochaetes and motile
organisms have been related to the severity of some periodontal dis-
eases, and because microscopy is relatively cheap and gives results
quickly, it has been hoped that such techniques could be used in the
clinic to monitor the progress of patients undergoing treatment. How-
ever, a major disadvantage of dark-field and phase contrast microscopy
is that most of the putative pathogens cannot be recognized by mor-
phology alone. To overcome this problem, antisera (monoclonal or spec-
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ific polyclonal) have been raised against a limited number of bacteria
that are implicated in, or act as markers of, disease. These antisera can
be either conjugated with a fluorescent dye (direct fluorescence) or used
in conjunction with commercially prepared, conjugated anti-rabbit IgG
(indirect fluorescence) to quantify rapidly the approximate numbers of
selected key bacteria in samples, particularly dental plaque. Gene
(DNA) probes are also being used for similar purposes.

Scanning and transmission electron microscopy has proved useful in
studying plaque formation, and it has also been used to show that
bacteria invade gingival tissues in aggressive forms of periodontal
disease. Electron-dense markers (ferritin, peroxidase, gold granules)
conjugated with antibodies can label specific surface antigens on bac-
teria and facilitate their identification or location on a surface or within
plaque.

In situ models

As a result of some of the methodological problems outlined above,
various model surfaces for microbial colonization have been developed
that can be worn in the mouth by volunteers. These surfaces can be
removed from the mouth to facilitate sampling. The microbiology of
fissure plaque has been studied using artificial or natural fissures moun-
ted in a crown or in an occlusal filling. Removable pieces of enamel,
denture acrylic, Mylar foil, adhesive tape, spray plast or epoxy resin
have been placed on natural teeth or dentures in a desired position
and have been used for studies of colonization or of the structural
development of dental plaque. Removable appliances have the
additional advantage that experiments can be performed on the surfaces
when out of the mouth that would not be permitted on natural teeth,
e.g. the effect of regular sugar applications, or the evaluation of novel
antimicrobial agents.

DISTRIBUTION OF THE RESIDENT ORAL MICROFLORA

The populations making up the resident microbial community of the
oral cavity are not found with equal frequency throughout the mouth.
Many species are associated with specific oral surfaces. It has been
emphasized that the mouth has two distinct types of surface for coloniz-
ation — hard tissues (teeth) and soft mucosal surfaces. These latter
tissues are not homogeneous; the palate contains keratinized surfaces
while the cheek is composed entirely of unkeratinized cells. In contrast,
the tongue is a specialized structure having a highly papillated surface
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covered with sensory cells such as taste buds. When these factors are
considered along with known differences in the local environment at
particular sites, it is not surprising that variations occur in the microbial
community at each of these habitats.

In the following sections the predominant microflora from several
different sites in the oral cavity will be compared. Little information is
available concerning mucosal surfaces; because of its association with
disease, most attention has been focused on the microbial composition
of dental plaque.

Lips and palate

There is little information about the microbial community of the lips
and palate. The lips form the border between the skin microflora, which
consists predominantly of staphylococci, micrococci and Gram-positive
rods (e.g. Corynebacterium spp.), while that of the mouth contains many
Gram-negative species and few of the organisms commonly found on
the skin surface. A study of this transition area would be of great
interest in that it might indicate how the microflora at this site copes
with the constant pressure of contamination from two contrasting eco-
systems. It is likely that facultatively anaerobic streptococci comprise a
large part of the microflora on the lips. Veillonella and Neisseria have
been found, but only in very low numbers (0.38% and <0.05% of the
total cultivable microflora, respectively). Candida albicans can colonize
damaged lip mucosal surfaces in the corners of the mouth (‘angular
cheilitis’; Chapter 9). S. vestibularis is recovered most commonly from
the ‘gutter’ between the lower lip and the gums, and occasionally black-
pigmented anaerobes and fusobacteria have been detected.

The microflora of the normal palate can show large variations between
subjects, not only in the total colony forming units removed (which
may reflect differences in the area sampled and the success in removing
organisms) but also in the proportions of the individual species. The
majority of the bacteria are streptococci and actinomyces; veillonellae
and Gram-negative anaerobes are also regularly recovered but at Jower
levels (Table 4.2). Haemophili have also been found when the appropri-
ate selective media have been used. Candida are not regularly isolated
from the normal palate although their prevalence does increase if den-
tures are worn. The mucosa of the palate can become infected with C.
albicans (denture stomatitis); oral candidosis will be considered in more
detail in Chapter 9.
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Table 4.2 Predominant microflora of the healthy human palatal mucosa

Percentage of the total Percentage isolation
Micro-organism cultivable microflora frequency
Streptococcus 52 100
Actinomyces 15 100
Lactobacillus 1 87
Neisseria 2 93
Veillonella 1 100
‘Bacteroides’ 4 100
Candida +* 7

* Present, but in numbers too low to count.

Cheek

The predominant populations of bacteria isolated from the cheek (buccal
mucosa) are shown in Table 4.3, while Table 4.4 gives the relative
proportions of streptococci at this site as reported in a separate study.
In both studies, S. sanguis and S. mitis (biovar 1) were among the
predominant species (Tables 4.3 and 4.4). Significantly, the majority of
the streptococcal strains isolated were IgA, protease producers. As with
other mucosal surfaces, obligate anaerobes are not regularly isolated
and when present they do not constitute a large percentage of the
microflora. Haemophili (especially H. parainfluenzae) are commonly iso-
lated in moderately-high numbers. Spirochaetes and other motile organ-
isms have been observed occasionally by phase-contrast microscopy
attached to the buccal mucosa. The concentration of micro-organisms
on the cheek epithelium is similar to that of the palate (5-25 bacteria
per cheek epithelial cell). Simonsiella spp. are isolated primarily from
the cheek cells of man and animals.

Tongue

The dorsum of the tongue with its highly papillated surface has a large
surface area and therefore supports a higher bacterial density than
other oral mucosal surfaces. Microscopic studies have indicated a mean
concentration of 100 bacteria per tongue epithelial cell, while cultural
studies have demonstrated the presence of a relatively diverse



Distribution of the resident oral microflora 69

Table 4.3 Proportions of some bacterial populations at different sites in the
normal oral cavity

Supra-

Buccal Tongue  gingival

Bacterium Saliva mucosa  dorsum plaque
5. sanguis 1 6 +* 7
S. salivarius 3 3 6 2
S. mitis 21 29 33 23
mutans streptococci 4 0 3 5
A. viscosus 1 10 3 8
A. naeslundii 2 1 5 5
A. odontolyticus 2 1 7 13
Haemophilus spp. 4 7 15 7
Capnocytophaga spp. <1 <1 1 <1
Fusobacterium spp. 1 <1 <1 <1

Black-pigmented anaerobes <1 <1 1 +*

* Detected on occasions.

Table 4.4 Relative proportions of streptococci at different sites in the healthy
mouth

Supra-  Sub-
gingival gingival
Cheek  Tongue Pharynx plaque  plague

S. sanguis 49 —* 2 13 2
S. gordonii 2 +* 4 9 +
S. oralis + - -+ 5 “+
S. mitis biovar 1 22 13 21 10 5
S. mitis biovar 2 + 52 17 6 2
S. salivarus 2 17 30 + -
S. vestibularis 2 + 4 6 —
S. anginosus 4 12 14 16 85
S. mutans - - - 1 —

Results are expressed as percentages (median values) of the total streptococcal
count

* Not detected

t Recovered on occasion.
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microflora with several obligately anaerobic species present. The relative
proportions of the resident microflora are shown in Table 4.3, with the
most prevalent facultatively anaerobic streptococci listed in Table 4.4.
Streptococci are the most numerous group of bacteria (approx 40% of
the total cultivable microflora) with S. salivarius, S. anginosus and S.
mitis predominating.

Anaerobic streptococci (Peptostreptococcus spp.) have also been iso-
lated in some studies while Stomatococcus mucilagenosus is found almost
exclusively on the tongue. Other major groups of bacteria (and their
proportions) include Veillonella spp. (16%), Gram-positive rods (16%) of
which A. naeslundii and A. odontolyticus are common, and haemophili
(15%). Both pigmenting (P. intermedia, P. melaninogenica) and non-pig-
menting anaerobes can be recovered from the tongue and this site is
regarded as a potential reservoir (along with the tonsils) for some of
the organisms implicated in periodontal diseases. Other organisms
including lactobacilli, yeasts, fusobacteria, spirochaetes and other motile
organisms have been found in low numbers (<1% of the total micro-
flora).

Saliva

Although saliva contains up to 10° micro-organisms ml™ it is not con-
sidered to have its own microflora. The normal rate of swallowing
ensures that bacteria cannot be maintained in the mouth by multipli-
cation in saliva. It is believed that the organisms found are derived from
other surfaces as a result of the removal forces (saliva and GCF flow,
chewing, oral hygiene) operating in the mouth. A comparison of the
composition of saliva with that of other surfaces (Table 4.3) has led to
the conclusion that the tongue is the major source of salivary bacteria.
Attempts have been made to use the microbial composition of saliva
(in particular, the level of mutans streptococci and/or lactobacilli) as an
indicator of the caries susceptibility of a mouth, and commercially-
available kits for their culture are available. Those with high counts are
considered to be ‘at-risk’ individuals, and can be targeted for intense
oral hygiene and dietary counselling.

Teeth

The microbial community associated with teeth is referred to as dental
plaque. Its composition varies on different surfaces due to the local
environmental conditions (Chapter 2). For these reasons, plaque is
described on the basis of the sampling site by terms such as smooth
surface, approximal, fissure, or gingival plaque (Figure 2.2). Similarly,
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samples taken from above the level of the gum margin are given the
general name supra-gingival plaque, while those from below the gum
margin are described as sub-gingival plaque. The detailed composition of
dental plaque from these sites will be given in Chapter 5. As teeth are
non-shedding surfaces, the highest concentrations of micro-organisms
are found in stagnant sites which afford protection from removal forces.
Table 4.3 shows that unlike some oral surfaces, Gram-positive fila-
ments (mainly Actinomyces species) are a major group of bacteria in
plaque. Mutans streptococci and members of the S. oralis and ‘S. milleri’-
groups are generally found in highest numbers on teeth (Table 4.4),
and these organisms have a strong affinity for hard surfaces. Indeed,
these species do not usually appear in the mouth until after tooth
eruption. In addition, S. sanguis can be isolated from many of the
exposed surfaces of teeth such as smooth surfaces. In contrast to
mucosal surfaces, S. salivarius is only a minor component of dental
plaque. Haemophili are present in moderate numbers, although the
individual species can differ from those found on other oral surfaces.
Obligate anaerobes are found in high numbers particularly in the gin-
gival crevice, and oral spirochaetes are almost uniquely associated with
this region. Thus, the composition of dental plaque differs both qualitat-
ively and quantitatively from the communities of other oral surfaces.

Summary

Oral populations are not distributed evenly in the mouth. In particular,
large differences occur in the prevalence of individual streptococcal
species at particular oral sites (Tables 4.3 and 4.4). This results in each
habitat having a characteristic microflora.

FACTORS INFLUENCING THE DISTRIBUTION OF ORAL
MICRO-ORGANISMS

Anaerobiosis

Large variations in redox potential (Eh) occur around the mouth. In
Chapter 2, the sites with the lowest Eh were stated to be those associ-
ated with the teeth, such as approximal areas and the gingival crevice,
and these are the areas that also have the highest concentration of
obligate anaerobes. Anaerobes are found primarily at stagnant sites
where plaque accumulates and gradients in oxygen tension and Eh can
develop. The gingival crevice harbours spirochaetes and the largest
numbers of obligately anaerobic Gram-negative rods and filaments. In
contrast, the exposed surfaces of the teeth and the epithelial tissues
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have much lower levels of these anaerobes. Thus, the distribution of the
anaerobes follows that of the redox potential at sites around the mouth.

Nutrition

Attempts have been made to relate the distribution of some oral bac-
terial populations to nutrient availability. As stated earlier, some of the
bacteria isolated from plaque are nutritionally-fastidious and are difficult
to culture in the laboratory unless special precautions are made, and
yet all of their growth requirements must be met by their natural habitat.
Thus, black-pigmented anaerobes require haemin, and they generally
obtain this cofactor from the degradation of host macromolecules such
as haemoglobin, haemopexin and haptoglobin. Likewise, spirochaetes
are reported to require a-2-globulin and, as both this nutrient and
haeme-containing proteins are found mainly in gingival crevicular fluid,
it is not surprising that both of these groups of bacteria are found in
the highest numbers in sub-gingival plaque. The increased proportions
of many asaccharolytic but proteolytic bacteria in sub-gingival plaque
during various periodontal diseases is considered, in part, due to the
provision of novel nutrients (proteins, glycoproteins) by GCF (Chapter
7). The presence of other species can be attributed not to the presence
of host-derived nutrients but by the provision of nutrients by other oral
bacteria themselves. Thus, some species use end products of meta-
bolism of other organisms (e.g. lactate, succinate) while for others, key
nutrients such as peptides or amino acids are generated during the
metabolism of host molecules by otherbacteria. Indeed, the degradation of
many macromolecules is now being shown to involve or to be enhanced
by the metabolic co-operation of mixtures (consortia) of bacteria.

Adherence

For successful colonization, populations must first adhere to, or be
retained at, a surface and then be able to multiply. Several factors
including saliva and crevicular fluid flow, chewing and oral hygiene
procedures serve, in part, to remove micro-organisms from oral sur-
faces. In order to overcome these removal forces, populations either
seek out habitats that offer ecological refuge from the environment, or
become specifically adapted to such adverse conditions. The former
microbial approachis non-specificand possibly relates to weakly-adhering
strains. This has been referred to as retention and can be distinguished
from adherence, which involves specific physico-chemical mechanisms.

Several oral populations have been compared in their ability to adhere
in vitro to teeth and to epithelial cells derived from scrapings of the
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human tongue and cheek. Certain species were found to adhere consist-
ently in higher numbers than others to particular surfaces so that grad-
ings for adherence (low, moderate or high) could be given (Table 4.5).
These in vitro experiments were repeated in vivo using streptomycin-
resistant strains of mutans streptococci, S. sanguis and S. salivarius. After
standardized suspensions of a mixture of the three species were rinsed
around the mouths of volunteers, the adherence was graded as before.
Similar patterns were found when the in vitro and in vivo results were
compared. These experimentally-observed patterns correlated closely
with the natural prevalence of each species at these sites (Table 4.5).
Bacteria adhere with considerable specificity not only to certain tissues,
but also to that particular tissue of their particular animal host. Thus,
the distribution of many oral populations appears to be related to their
ability to adhere to specific surfaces.

The paucity of some populations on various oral surfaces has been
attributed to their poor ability to adhere. However, many poorly-adher-
ing bacteria such as Veillonellg are present in high numbers at stagnant
sites in the mouth of man and a variety of animals. These organisms
are usually found associated with the protected areas of the mouth, for
example, pits and fissures, approximal areas and the gingival crevice,
and are not normally isolated in high numbers from the more exposed
oral surfaces such as the cheek or the smooth surface of the tooth.
Thus, it is likely that these populations are unable to adhere strongly
enough to withstand the oral removal forces and are retained in the
mouth only by having gained refuge at such stagnant sites. When these
populations are found in exposed regions they may be protected from
the environment by extracellular polysaccharides produced by strongly
adherent species such as the oral streptococci, or by secreted enzymes
(glucosyltransferases) that become adsorbed to their cell surface (‘surro-
gate enzymes’). Alternatively, they may find protection in the small
pits and defects that occur commonly on the enamel surface (Figure
4.3). Only in the absence of firm removal forces can the weak affinity
of these organisms for an oral surface prove sufficient for anchorage.
The essential differences between adherence and retention are illus-
trated in Figure 4.4.

Summary

The distribution of organisms in the mouth is related to the Eh and
nutrient availability at individual sites, and also to the strength of adher-
ence between an organism and a surface.



‘anberd pejuap ur szaquinu y3ry ur punoy aq ued vjaUoIIAA 4
3s01ons AIejdtp Jo sduSN[UI AU} 1apun Y3y ,

MO] Mmo[ MO] MO[ MO[ MO[ V1I9SSIIN

Moy ysy +mo[ Mmo[ ysy mo[ v]aUOI1IA

MO[ MO[ MO[ MO MO[ MO[ Sny1PqoIPT
sjerapowt Y3y MO]  9jeIdpow Y3y MO} snvaIYs °§
ySry ajerspowr Y3y y3ry ajerspow Y3y syl g
JjeIdpoWw  J)eIIPOW y3ry  sjerspow  ajeIspowt Y3y sindups -g
MO[ MOl YS1y-mo[ MO MO[ L Y3y-mo] oodojdans sueynw
yoayDy anduog y100] B2z anduog Y1007, uonvmdoyg

suoriodosd 20u243Ypy

Snouasipur 2013913y

paaiasqo-Ajpiuamitiadxy

$9}is asay) e suontodord sAneI MIBY) UM ‘S30BLINS [BI0 0} AISYPE 0} BLISIOR] SWOS JO ANIqe sy jo uosiedwod v ¢ s[qer



Factors involved in adherence 75

Figure 4.3 Oral micro-organisms seeking ecological refuge in a defect in the
enamel surface (magnification approx. x 2400). (Courtesy of C. A. Saxton)

FACTORS INVOLVED IN ADHERENCE

Microbial adherence is one of the most active fields of research not only
in oral ecology but also in other aspects of microbiology. As adherence
is essential for colonization by pathogenic as well as by commensal
micro-organisms, any approach that can successfully interfere with
these processes could have far-reaching implications.

The first stage of adherence involves the initial interaction between
micro-organism and substrate. It involves the external surfaces of both
organism and substrate and will be influenced by the suspending
medium. To understand microbial attachment in the mouth it is essen-
tial to determine the interactive polymers on the surface of the oral
organisms and on the colonizable substrates (teeth, epithelial surfaces).
In addition, the influence of saliva as a suspending fluid must be under-
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Figure 4.4 Diagram to distinguish adherence from retention.

stood. The complexity of these interacting components makes this a
particularly difficult area for study. In general, the nomenclature used is
for the bacterial components which function in adherence to be termed
adhesins while the host-derived factors are called ligands. It will
become clear in the following sections that a bacterial cell surface con-
tains several types of adhesin while the host surface can express mul-
tiple ligands. Consequently, the molecular interactions by which a given
strain attaches to ligands on dissimilar surfaces (e.g. enamel, buccal
mucosa, etc) may well be different. The polymers of host and bacterial
origin that are considered to be important in adherence are discussed
in the following sections.

Host ligands

Mammalian epithelial cells, and especially buccal epithelium, have sialic
acid exposed on their surfaces which can interact with receptors on
bacteria e.g. S. mitis. If the sialic acid residue is removed by neuramini-
dase, then another receptor (a galactosyl ligand) is exposed which is
recognized by Actinomyces spp., and Gram-negative bacteria including
F. nucleatum, Prevotella intermedia and E. corrodens. Collagen fibres,
which are major structural components of connective tissue, can also
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act as receptors for certain mutans streptococci (S. cricetus, S. rattus)
and Porphyromonas gingivalis.

The major groups of host receptors are found in saliva; these recep-
tors, when adsorbed onto oral mucosal and enamel surfaces, will influ-
ence bacterial attachment. The greatest amount of research has been
directed towards the receptors found on the enamel surface in what is
termed the acquired pellicle. This pellicle is generally <1 pm thick and
is formed by the selective adsorption of components, mainly from saliva
but also from GCF. Pellicles form on all oral surfaces (hard and soft)
and are not identical; the components that adsorb to cementum are not
the same as enamel, and both will differ from those which form on the
oral mucosa. These differences are sometimes acknowledged by the use
of different terminologies, e.g., the acquired enamel pellicle or the
acquired cementum pellicle, while the pellicle that forms on epithelial
surfaces is referred to as the mucus coat. Pellicle forms as soon as a clean
surface is exposed to saliva; it takes 90-120 minutes for the adsorption of
molecules to reach a plateau and cease. Pellicles contain proteins, lipids
and glycolipids, but little is known of the conformational state of the
adsorbed molecules. Once formed, the composition and structure of
pellicles will change and be modified.

Within the enamel pellicle, acidic proline-rich proteins and statherin
promote the adherence of A. viscosus, some S. mutans strains and black-
pigmented anaerobes. However, as hydroxyapatite is amphoteric due
to the presence of phosphate and calcium atoms, both basic and acidic
compounds are adsorbed; some sulphur-containing amino acids are
also found. Immunological probes have provided evidence for the pres-
ence of amylase, lysozyme, albumin and immunoglobulins in the
acquired pellicle. Likewise, some bacterial components have also been
recognized, including glucosyltransferases (GTFs) and glucans. Many
of these adsorbed compounds can act as ligands for oral bacteria. GTFs
are enzymes that synthesize glucans from sucrose. The adsorbed
enzymes in the pellicle are still able to function and the glucans pro-
duced may bind to receptors on bacteria, such as S. mutans, increasing
their ability to colonize.

Bacterial adhesins

Many bacterial adhesins are lectins (carbohydrate-binding proteins)
which bind to carbohydrate receptors on a surface. Often these adhesins
are associated with surface structures termed fibrils or fimbriae. Fibrils
can be distinguished from fimbriae in that they clump together and
have no measurable width while fimbriae have a measurable width
(3-14 nm) and a variable length up to 20 um. Some cells possess both
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Figure 4.5 Diagrammatic representation of the surface structures found on
streptococci belonging to the S. oralis-group. Cells possess fibrils of different
lengths at different densities. Patterns (a) and (b) are found most commonly;

patterns (c) and (d) are found on ‘tufted’ streptococci, and these strains are

involved in co-aggregation with C. matruchotii to form ‘corn cob’ structures
(Chapter 5).

fibrils and fimbriae, and strains can have different types of fibrils or
fimbriae (Table 4.6). For example, several patterns of surface structure
were observed when strains of the S. orglis-group were examined
(Figure 4.5). These fibrils could be of different length (long fibrils =
160 nm, short fibrils = 50 nm), at different densities, and with possibly
different functions. Strains with fibrils arranged in tufts consistently
lacked the ability to co-aggregate with Actinomyces spp. and came from
a variety of habitats other than supra-gingival plaque. Similarly, S.
salivarius strains have been found to carry a complex fibrillar mosaic
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comprising four different classes of fibril, each with a specific length.
The 91 nm fibrils are responsible for co-aggregation with V. parvula
while the 73 nm fibrils are involved with adhesion to buccal epithelial
cells. The longest (178 nm) and shortest (63 nm) fibrils have yet to be
ascribed a function. Underneath these fibrils, but outside the cell wall,
is a dense ruthenium red staining layer, the function of which is also
unknown. The presence of fibrils is not limited to Gram-positive oral
bacteria. Strains of P. intermedia carry peritrichous fibrils, the mor-
phology, cellular density and length of which vary sharply among
strains.

Table 4.6 The types of surface structures found on oral bacteria

Surface structure

Tufts of No
Species Fibrils fibrils Fimbrige  structure

. mutans Rare
. oralis-group +
. anginosus -
. salivarius +

Rare
+

I+ + |
I+ 1+

|
!

+
. VISCosuUs — — + -
. naeslundii +

. intermedia

. melaninogenica
. loescheii
buccae

. oralis

D OTTRRNT B WO
4+ +
+
¥
|
[

|

|
+
+

. gingivalis

* Structures were originally described as fimbriae but would now be classified
as fibrils.

A. viscosus cells possess two types of fimbriae. Type 1 fimbriae
mediate the binding of cells to salivary pellicle on enamel whereas type
2 fimbriae are associated with a galactosyl-binding lectin which mediates
attachment of A. viscosus to epithelial cells and to polymorphs, or to
other bacteria (co-aggregation). The type 1 fimbriae bind to adsorbed
proline-rich proteins and to statherin. Lactose-inhibitable coaggregation
has also been observed between Prevotella spp. and A. israelii or S.
sanguis. This coaggregation has been studied in P. loescheii and has been
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shown to be mediated by fimbria-associated proteins; a 75- and 43- kDa
polypeptide being responsible for the recognition of S. sanguis and A.
israelii, respectively.

Other bacterial adhesins include GTF, which are found on the surface
of several oral streptococci. These GTFs can interact with receptors in
pellicle such as blood group reactive proteins or adsorbed dextrans and
glucans. The latter can also react with glucan-binding proteins present
on certain streptococci. The polysaccharides synthesized by GTFs help
consolidate bacterial attachment to hard surfaces in the mouth and
contribute to the plaque matrix (Chapter 5). Many oral Gram-positive
bacteria are negatively charged due to the penetration of the cell wall
by lipoteichoic acid (LTA). These anionic polymers are composed of
sugar phosphates, usually glycerol and ribitol phosphate. LTA has also
been shown to interact with blood group reactive substances in pellicle.
As antibodies are found in the acquired pellicle, a number of antigens
may also act indirectly as ‘adhesins’. Similarly, lysozyme in the pellicle
can also bind to protein receptors on bacteria.

The production of adhesins by bacteria will be influenced by the
environment. Changes in the thickness of ruthenium red-staining
layers, hydrophobicity, the density of the fibrillar fringe, and the con-
centration of cell surface proteins can be shown to vary when organisms
are grown at different rates.

The acquisition of the resident oral microflora therefore involves the
interaction between adhesins on the microbial cell surface and ligands
on the host surface. Because of the specificity of these interactions, the
number of cells initially adhering to mucosal cells is small; regular
desquamation will also ensure that the microbial load is light at these
sites. In contrast, a wider range of ligands are adsorbed onto teeth
(pellicle), thereby increasing the potential for diversity in terms of
microbial colonization. Furthermore, the fact that teeth are non-shed-
ding surfaces means that large accumulations of micro-organisms can
develop. These accumulations, or biofilms, are termed dental plaque;
the properties and composition of dental plaque will be discussed in
Chapter 5.

FUNCTIONS OF THE CLIMAX COMMUNITY:
COLONIZATION RESISTANCE

One of the main beneficial functions of the resident microflora at any
site is to prevent colonization by exogenous organisms; such organisms
are often pathogenic for the host. This property of exclusion has been
termed colonization resistance, and the microbial factors that contribute
to this property are listed in Table 4.7. Members of the resident oral
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microflora may exclude exogenous organisms by saturating the available
ligands and receptors that are available for attachment. Likewise, the
indigenous species may be more competitive for the natural substrates
present in the mouth so that invading organisms cannot flourish. The
metabolism of the resident microflora can also make conditions unsuit-
able for colonization by other organisms; examples may include changes
in local pH or Eh. Another mechanism is the production of inhibitors, of
which there are many examples, including the production of hydrogen
peroxide by members of the S. oralis-group, bacteriocin production by
a range of Gram-positive bacteria, especially streptococci, and the for-
mation of acidic end-products of metabolism. It has been proposed that
strains of S. salivarius that produce an inhibitor (termed enocin), and
which is active against Lancefield Group A streptococci (S. pyogenes),
can prevent colonization by this pathogen on mucosal surfaces.

Table 4.7 Functions of the resident oral microflora that may contribute to
colonization resistance

Function

Competition for receptors/ligands for adhesion
Competition for essential endogenous nutrients and cofactors

Creation of micro-environments that discourage the growth of
exogenous species

Production of inhibitory substances

Attempts have been made to enhance the colonization resistance of
the resident oral microflora. As the mother is the major source of
bacteria (including cariogenic species) in the infant, levels of mutans
streptococci have been suppressed in expectant mothers by professional
oral hygiene, and dietary counselling with, if necessary, treatment with
chlorhexidine or fluoride (Chapter 6). The result is that the natural
microflora of the infant increases in complexity in the absence of mutans
streptococci. The subsequent colonization by these cariogenic strepto-
cocci is therefore delayed, as is the average time for the first caries
lesion to form. Other approaches that are still at the laboratory stage
are to use pre-emptive colonization with either low virulence mutants
of S. mutans (e.g. strains deficient in glucosyltransferases, intracellular
polysaccharide production, or lactate dehydrogenase activity) or with
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organisms that are more competitive than wild-type S. mutans strains.
For example, a strain of S. salivarius (strain TOVE) has been shown to
displace virulent strains of S. mutans from teeth in experimental animal
studies while bacteriocin-producing but avirulent mutants of S. mutans
have been shown to be able to colonize human teeth in volunteers.
Both strains could be candidates for possible effector strains for this
type of replacement therapy.

Host factors also play a role in colonization resistance. The immune
and innate host defences will help exclude invading organisms. How-
ever, colonization resistance can also be impaired by factors that
compromise the integrity of the host defences or perturb the resident
microflora. Classical examples would be the long-term use of broad
spectrum antibiotics or of cytotoxic therapy, but other more subtle
mechanisms can apply. Fibronectin has been shown to prevent adher-
ence of Pseudomonas aeruginosa to buccal epithelial cells. Levels of fib-
ronectin in seriously ill adults and in infants are lower than those in
healthy adults and may account for the higher rates of colonization by
Gram-negative bacilli in these subjects.

METABOLISM OF ORAL BACTERIA

The persistence of the resident oral microflora is dependent on their
ability to obtain nutrients and grow in the mouth. Nutrients are derived
mainly from the metabolism of endogenous substrates present in saliva
and GCF. Superimposed on these components are exogenous nutrients
which are supplied intermittently via the diet; the most significant of
these are dietary carbohydrates and casein. The concentration of nutri-
ents will affect the growth rate and physiology of the microflora, as will
any changes in pH resulting from microbial metabolism. The fluctuating
conditions of nutrient supply and environmental change requires the
microflora to possess biochemical flexibility. Their pattern of metabolism
is intimately related to whether the resident microflora enjoys a patho-
genic or commensal relationship with the host.

Carbohydrate metabolism

Most attention has been paid to the metabolism of carbohydrates
because of the relationship between dietary sugars, low pH, and dental
caries (Chapters 2 and 6). The metabolic fate of dietary carbohydrates
is illustrated in simplified form in Figure 4.6. Starches, which contain
mixtures of amylose and amylopectin, can be broken into their constitu-
ent sugars by amylases of salivary and bacterial origin. Some streptoc-
occi (S. gordonii, S. mitis) are able to bind salivary amylase, which might
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provide additional metabolic capability. 5. mutans possesses a spectrum
of enzymes with the potential to attack the various types of linkage
found in dietary starches, although perhaps significantly from a caries
standpoint, it does not make acid from starch. These enzymes include
ones capable of debranching and degrading amylose and amylopectin,
as well as an amylase and an extracellular endodextranase.

Milk is the major source of lactose in the diet, while sucrose occupies
a key position in bacterial metabolism in the oral cavity. Sucrose is
the most widely used sweetening agent and, in many industrialized
societies, consumption is approximately 50 kg/person/year. Sucrose can
be:

1. Broken down by extracellular bacterial ‘invertase’-like activity and
the resultant glucose and fructose molecules taken up directly by
bacteria.

2. Transported intact as the disaccharide or disaccharide phosphate,
and cleaved inside the cell by an intracellular invertase or a sucrose
phosphate hydrolase.

3. Utilized extracellularly by glycosyltransferases. Glucosyltransferases
(GTF) produce both soluble and insoluble glucans (with a release
of fructose) which are important in plaque formation and in the
consolidation of bacterial attachment to teeth. Fructosyltransferases
(FTF) produce fructans (and liberate glucose) which are frequently
labile and can be used by other plaque organisms.

Some aspects of the metabolism of carbohydrates will be considered
in more detail in the following sections.

Sugar transport and acid production

All substrates have to be transported across the cytoplasmic membrane
and into the bacterial cell if they are to be of value for biomass pro-
duction or as an energy source. Sugar transport by a phosphoenolpyru-
vate-mediated phosphotransferase (PEP-PTS) system has been reported
for oral strains of the genera Streptococcus, Actinomyces, and Lactobacillus.
The PEP-PTS is a carrier-mediated, group translocating process in which
two non-specific, general cytoplasmic proteins (HPr and enzyme I)
transfer high energy phosphate from PEP to the sugar moiety via a
sugar-specific, membrane-bound enzyme II, leading to the formation of
sugar phosphate and pyruvate (Figure 4.7). The transport of particular
sugars in some bacteria also involves an enzyme III, which can be
cytoplasmic or bound to the cytoplasmic membrane. Most, if not all,
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Figure 4.7 Diagrammatic representation of a phosphoenolpyruvate (PEP)-
mediated glucose phosphotransferase (PTS) system. Enz I, II and III represent
enzymes I, Il and III, respectively; HPr is a heat stable protein. Other carbo-
hydrates are also transported by this system.

mono- and disaccharides are transported into bacteria belonging to the
genera listed above by this system. Some of the individual components
have been isolated and characterized; some sugars appear to possess
more than one enzyme II. Generally, the PEP-PTS is constitutive,
although the activity of the system is modulated by environmental
conditions. It is most active when sugars are in low (growth-limiting)
concentrations, and is repressed under sugar excess conditions. How-
ever, lactose can induce the lactose-PTS uptake system in oral streptoc-
occi. For example, when S. mutans was grown on lactose there was co-
induction of the lactose-PTS and phospho-B-galactosidase, the role of
the latter enzyme being to cleave intracellular lactose-phosphate to gal-
actose-6-phosphate and glucose. Similarly, growth of S. mutans on man-
nitol or sorbitol leads to the induction of distinct PTS systems for these
sugar alcohols, although they are rapidly repressed by glucose.

The PTS systems are also susceptible to environmental pH, and are
repressed under acidic conditions. Paradoxically, acid production and
growth of mutans streptococci is enhanced at low pH, and this finding
led to the search for alternative sugar uptake systems. Studies of S.
mutans in which PTS-mediated sugar transport was abolished by sub-
lethal concentrations of chlorhexidine, and of a mutant defective in
glucose-PTS activity, showed that cells still retained some residual
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glycolytic activity. This activity could be abolished by inhibitors of
membrane activity (uncouplers, ionophores), thereby providing strong
evidence for an uptake system driven by the energy associated with the
bacterial membrane (protonmotive force, pmf). This alternative system
transports carbohydrates as the free sugar, which is then phosphoryl-
ated intracellularly in order to become available metabolically to the
cell. In S. mutans, this alternative system operates maximally at around
pH 5.5, and allows the cell to take advantage of the transmembrane pH
gradient generated when the extracellular pH is low compared to the
intracellular pH.

Kinetic studies have shown that the pmf-driven system is the low
affinity system in S. mutans, whereas the PTS is a high affinity scavenger
system operating principally under substrate-limited conditions. In this
way, these organisms are able to take advantage of the fluctuating
‘feast-and-famine’ conditions in the mouth in terms of the availability
of dietary sugars. Mutans streptococci and lactobacilli are also able to
cope better than other species with the low pH so-generated from
carbohydrate metabolism. This metabolic flexibility in terms of coping
with oscillating extremes of sugar concentration and pH contribute to
the ability of mutans streptococci to predominate during the develop-
ment of a caries lesion (Chapter 6).

One group failed to detect the presence of a pmf-mediated sugar
transport system and, on the basis of their results, proposed that carbo-
hydrates could enter the cell by passive diffusion on a concentration
gradient. Others have found evidence for another type of transport
system for melibiose (a disaccharide with the composition galactose-
glucose) based on a comparison of nucleotide sequences of the genome
of S. mutans with those with a known function in other bacteria. S.
mutans was found to contain similar DNA base pair sequences to those
of periplasmic transport genes of Gram-negative species. If confirmed,
this would be the first finding of such a transport system in a Gram-
positive organism.

In addition to dietary sugars, the resident oral microflora also obtain
carbohydrates for biomass and energy from the catabolism of host glyco-
proteins present in saliva (e.g. mucins) and GCF (e.g. transferrin).
Bacteria produce a range of glycosidases that can remove sugars sequen-
tially from the oligosaccharide side chains of these glycoproteins. As no
single species possesses the full enzyme complement, bacteria interact
synergistically to fully degrade these molecules (Chapter 5). Acid pro-
duction from these glycoproteins is slow compared to that from exogen-
ous sugars, and would not cause significant enamel demineralization.
Once sugars have been transported into the bacterial cell, they can be
used either in anabolic pathways to generate biomass, or they can be
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Figure 4.8 Formation of end products of metabolism by mutans streptococci.

broken down to organic acids (which are excreted) to generate energy.
Acid production has been studied intensively because of its role in the
demineralization of enamel. Bacteria catabolize sugars by glycolysis to
pyruvate; the fate of pyruvate will depend on the particular organism
and the availability of oxygen. Most oral bacteria metabolize pyruvate
anaerobically to organic acids, the pattern of which can sometimes be
used in the identification of particular genera (Chapter 3). Oral strepto-
cocci convert pyruvate to lactate by lactate dehydrogenase when sugars
are in excess, while formate, acetate and ethanol are the products of
metabolism of mutans streptococci and S. sanguis (but not S. salivarius)
under carbohydrate limitation (Figure 4.8). Other bacterial genera prod-
uce acetate, butyrate, propionate, and formate as primary products of
metabolism. Different species produce acid at different rates, and vary
in the terminal pH reached and in their ability to survive under such
conditions. Mutans streptococci produce acid at the fastest rates while
lactobacilli generate the lowest environmental pH; both groups are also
aciduric and can tolerate conditions of acidity that most other oral
bacteria would find inhibitory or even lethal (Figure 2.5 and Table 6.8).
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The rate and extent of acid production varies with other environmental
conditions; for example, a high potassium/sodium ratio, as found in
plaque fluid, enhances glycolysis. The properties of micro-organisms
are also known to vary when grown on a surface. Acid production from
glucose by mutans streptococci was enhanced when cells were attached
to hydroxyapatite beads, although this stimulation was not found with
all species of oral streptococci. The metabolism of substrates by oral
bacteria growing in a biofilm is an area that has been largely ignored
and yet is one that is highly relevant to the mouth in health and disease.

Variations are found in the profiles of acids found in plaque at differ-
ent times of the day. Acetic, succinic, propionic, valeric, caproic and
butyric acids were found in human and monkey plaque sampled after
overnight fasting. These profiles reflect heterofermentation and amino
acid catabolism. Following exposure to sucrose, the concentration of
volatile acids fall while lactic acid becomes the predominant fermen-
tation product. Such a switch in metabolism will encourage demineraliz-
ation.

Polysaccharide production

Bacteria in the mouth are subjected to continual cycles of ‘feast and
famine’ with respect to dietary carbohydrates. As a consequence, the
resident microflora has developed strategies to store these carbo-
hydrates during their brief exposure to these energy sources. The most
common strategy is to store these carbohydrates as intracellular polysac-
charides (IPS), and many species of oral streptococci can synthesize
polymers that resemble glycogen (1,4-a-glucan), although other poly-
mers might also be formed.

In a rat test system, the virulence of IPS-defective mutants of S.
mutans was compared with that of the parent strain. Although the
mutants were able to colonize and persist on tooth surfaces, they dif-
fered from the parent strains in causing fewer caries lesions both in
fissures and on smooth surfaces. This difference in pathogenicity was
attributed to the inability of the mutants to produce acid from IPS
reserves in the absence of exogenous supplies of carbohydrate. Early
epidemiological surveys of humans found an association between the
presence of IPS-producing bacteria in plaque and the incidence of dental
caries. However, caution should be exercised when generalizing over
the role of IPS in virulence since strains of S. sobrinus characteristically
have low IPS levels and yet have been implicated in the aetiology of
human caries (Chapter 6).

It has been generally assumed that glycogen synthesis and degra-
dation in oral streptococci follow the conventional pathway:
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However, in a survey of a range of oral streptococci, little phospho-
glucomutase activity could be detected and a novel first step in glycogen
synthesis was discovered. Glucose, transported across the energized
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Figure 4.9 Routes of glucose uptake and metabolism in oral strepto-
cocci. Possible sites of inhibition by fluoride and chlorhexidine are indicated.
G-1-P: glucose-1-phosphate; G-6-P: glucose-6-phosphate; PEP: phosphoenolpy-
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membrane as free glucose by the pmf-driven uptake system, could be
phosphorylated either by ATP to glucose-6-phosphate for glycolysis, or
by carbamyl phosphate or acetyl phosphate to glucose-1-phosphate for
glycogen synthesis (Figure 4.9). Carbamyl phosphate is generated from
the metabolism of arginine, and S. sanguis is able to produce IPS under
both carbohydrate-limited and carbohydrate-excess conditions.

Many species of oral bacteria are also able to synthesize extracellular
polysaccharides (EPS) from carbohydrates, especially from sucrose
(Table 4.8). The polysaccharides can be soluble or insoluble; the former
are more labile and can be metabolized by other bacteria while the latter
make a major contribution to the structural integrity of dental plaque
and can consolidate the attachment of bacteria in plaque. Sucrose has
a unique property as a substrate in that the bond between the glucose
and fructose moieties has sufficient energy on cleavage to support the
synthesis of polysaccharide. The polysaccharides formed are either glu-
cans or fructans, and are synthesized by glucosyltransferases (GTF) and
fructosyltransferases (FTF), respectively. The rate of synthesis of EPS is
increased in the presence of dextran primer in S. mutans but not in S.
sanguis and S. salivarius.

There are a number of enzymes involved in the synthesis of these
polysaccharides. GTF-S enzymes synthesize soluble glucan while GTF-
I and GTF-SI enzymes are responsible for insoluble glucan formation.
The former molecule is a highly branched dextran (1,6-a-) with some
1,3-a- branch linkages, while the latter is a linear 1,3-a-glucan, which
has been termed mutan. These two classes of enzyme work in concert
to form a range of polymers with varying proportions of 1,6-a- and 1,3-
a- linkages. GTF enzymes are secreted and have been found both in
pellicle and on the surfaces of unrelated bacteria where they retain
biological function. Thus, some species that would appear from labora-
tory studies to be incapable of making EPS may in fact produce polysac-
charides in plaque from ‘surrogate enzymes’. GTF that is adsorbed to
pellicle can synthesize glucans; these glucans can interact with glucan-
binding proteins present on the cell surfaces of oral streptococci and
thereby encourage attachment to enamel.

There are also a range of FTF enzymes that produce fructans with
different structures. S. mutans produces an unusual water-soluble fruc-
tan (inulin) with 2,1-B-linkages which is in contrast to the fructans of
other oral bacteria, e.g., S. salivarius, which are levans with a character-
istic 2,6-B-linkages (Table 4.8). The FTF of most organisms are secreted
but that of S. salivarius is cell-associated. The secretion of GTF and FTF
is regulated by the protonmotive force and by the fluidity of the bacterial
membrane (although it should be noted that pmf and membrane fluidity
are inter-related). The synthesis and activity of these glycosyltransfer-
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Table 4.8 Extracellular polysaccharide-producing bacteria found in the oral
cavity

Type of polymer

Carbohydrate (with predominant
Bacterium substrate linkages™)
Streptococcus mutans Sucrose Water-insoluble glucan
(mutan)
1,3-a-; 1,3-a- + 1,6-a-
Sucrose Water soluble glucan
(dextran) 1,6-a-
Sucrose Fructan
2,1-B-
Streptococcus sanguis§/S. Sucrose Water-insoluble glucan
gordonii 1,3-a- + 1,6-a-
Sucrose Water soluble glucan
(dextran)
1,6-a-
Steptococcus salivariust Sucrose Fructan (levan)
2,6--
Actinomyces viscosus Sucrose Fructan (levan)
2,6-B-
-t Heteropolysaccharide
(60% N-acetyl
glucosamine)
Lactobacillus sp. -t Glucan
Heteropolysaccharide
Rothia dentocariosa Glucose Heteropolysaccharide
Sucrose Levan
Stomatococcus -t Heteropolysaccharide
mucilagenosus (hexoses, hexosamines,

amino acids)

Neisseria sp. Sucrose Glycogen-like
* Where known § Some strains produce a fructan
t No specific substrate required 1 Some strains produce a glucan.

ases is also regulated by environmental conditions. For example, S.
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sanguis was believed not to make fructan until cells were grown in
media with a high potassium ion concentration. GTF activity of S.
mutans and S. gordoniiis also stimulated by potassium, and the significance
of these findings is that plaque fluid has ahigh potassium/sodiumionratio.
The GTF and FTF enzymes have proved difficult to characterize
biohemically, as they are labile and susceptible to rapid degradation by
bacterial proteases during purification. Currently, therefore, much
effort is being spent on trying to determine the properties and numbers of
streptococcal glycosyltransferases using recombinant DNA techniques.
It has been found that S. mutans and S. downei have at least three
and four distinct GTF enzymes, respectively, while three FTF enzymes
have been recognized in S. mutans. It is still to be resolved how these
enzymesareregulated andinteracttoproduceextracellularpolysaccharide.
Other species that produce EPS are listed in Table 4.7. The hetero-
polysaccharides are generally complex in composition; for example, the
polymer produced by a strain of A. viscosus contains N-acetyl glucos-
amine (62%), galactose (7%), glucose (4%), uronic acids (3%), and small
amounts of glycerol, rhamnose, arabinose, and xylose. Some of these
homo- and heteropolysaccharides can be metabolized by other oral
bacteria. These interactions will be discussed in the next chapter.

Nitrogen metabolism

In contrast to the large amount of data on the metabolism of carbo-
hydrates, much less is known about the metabolism of nitrogenous
compounds by oral bacteria. This situation is beginning to change with
the appreciation of the role of salivary proteins/glycoproteins as primary
nutrient sources in the mouth, and the significance of proteases in the
aetiology of periodontal diseases.

Apart from casein, there is little evidence that dietary proteins are
utilized to any great extent. Casein can be incorporated into dental
plaque and degraded. S. sanguis has been shown to have both endo-
and exopeptidase activity that can cleave proteins such as casein into a
range of peptide fragments. S. sanguis can rapidly release arginine from
C-terminal peptides, converting the released arginine to energy (and
carbamyl phosphate) via the arginine deiminase pathway. Other oral
bacteria have different preferences for individual amino acids; for exam-
ple, S. mutans and A. viscosus preferentially deplete cysteine and aspara-
gine, respectively, from culture media. Urea is present in relatively high
concentrations (200 mg/litre) in saliva. Some oral species possess urease
activity (e.g. A. viscosus and S. salivarius) and can convert urea to carbon
dioxide and ammonia. At acidic pH, decarboxylation of amino acids
would yield carbon dioxide and amines, while at high pH, deamination
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would produce ammonia and keto acids, which can be converted to
acetic, propionic, and possibly iso- and n-butyric acids. For example,
some periodontal pathogens can convert histidine, glutamine or argi-
nine to acetate and butyrate. In this way, amino acid metabolism might
be an important mechanism by which oral micro-organisms counter the
extremes of pH caused by the catabolism of carbohydrates and urea.

Essential amino acids can be obtained from the environment or syn-
thesized by the cell. Ammonia can be converted into a number of amino
acids, for example:

NADH + H* NAD*
pyruvate + NH, x> 7 alanine + H,0O

Further transamination reactions can provide other essential amino
acids. Little is known at present about the mechanisms of transport of
amino acids and peptides in oral bacteria. Peptides could be degraded
into their constituent amino acids by intracellular proteases. One group
of salivary peptides has been found to enhance the glycolytic activity
of plaque bacteria. A peptide (termed sialin) with the structure glycine-
glycine-lysine-arginine can give rise to a significant pH-rise effect in the
laboratory and may, therefore, reduce the risk of caries development.
Enhanced glycolysis leads to rapid clearance of sugars from the mouth,
while base production both neutralizes the acids formed and raises the
pH. A number of other salivary peptides can be metabolized by oral
bacteria, and different species have different patterns of attack. S. sanguis
strains are more proteolytic than mutans streptococci, although it has
been claimed that saliva from subjects with a high incidence of caries
is better at supporting the growth of S. mutans than saliva from caries-
free people. A protein inhibitory to the growth of mutans streptococci
has also been isolated from the saliva of some caries-free individuals.
These proteins were anionic and did not appear to be related to other
antimicrobial factors such as sIgA, IgG, lysozyme, lactoferrin, and sialo-
peroxidase.

Many of the micro-organisms from the periodontal pocket are asacch-
arolytic but proteolytic, and depend for their growth on their ability to
utilize the nutrients provided by GCF. During inflammation, many
novel nutrients (e.g. haemoglobin, transferrin, haemopexin, haptoglo-
bin, etc.) are provided by the host, and this can lead to the enrichment
of highly proteolytic periodontopathogens such as P. gingivalis. These
host molecules can be degraded to provide peptides and amino acids,
as well as haeme, which is an essential co-factor for black-pigmented
anaerobes. Different species appear to use particular amino acids for
different purposes. For example, although both P. gingivalis and F.
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nucleatum utilize glutamate, it was used in biosynthetic reactions by the
former species and in catabolic pathways to generate energy by the
latter. In addition to obtaining essential nutrients from GCF, these
organisms are also able to degrade structural proteins and glycoproteins
associated with the pocket epithelium. The production of enzymes such
as chondroitin sulphatase, hyaluronidase, and collagenase, therefore,
contributes to tissue damage and pocket formation. The pH optima of
some of these enzymes are at neutral or slightly alkaline pH, which
corresponds to that of the periodontal pocket. A small change in
environmental pH can markedly alter the enzyme activity profile of
some bacteria. In P. gingivalis, a rise in culture pH from 7.0 to 8.0 led
to a change in the ratio of ‘trypsin-like’ to collagen breakdown activity
from 1:1 to 8:1. These potential virulence factors are discussed in more
detail in Chapter 7.

The metabolism of complex proteins leads to the generation of pepti-
des of varying molecular sizes. Some of these released peptides can
stimulate the growth of the proteinase-producing cell or of other neigh-
bouring species. Some synergistic interactions appear to occur not only
in the breakdown of these molecules (Chapter 5) but also at the molecu-
lar level. It has been shown that the low Eh necessary for the optimum
activity of the main proteinase of P. gingivalis (gingivain; Chapter 7)
could be met by the release of low molecular weight mercaptans from
the catabolism of cysteine by F. nucleatum. Recent studies have also
shown that some periodontopathogens such as P. gingivalis and T.
denticola preferentially utilize peptides rather than amino acids. In these
bacteria, peptide uptake is by a higher affinity uptake system than free
amino acids. The optimum length of peptide for these transport systems
was 10-14 residues; di- and tri-peptides were not taken up.

Collectively, these findings emphasize the significance of nitrogen
metabolism in oral microbial ecology. Host and bacterial proteases are
associated with tissue destruction in periodontal disease, while it has
been argued that caries results not so much from an over-production
of acid but more from a deficiency in base production by plaque bacteria.

Metabolism and inhibitors

Antimicrobial agents are used extensively in toothpastes and mouth-
rinses to help maintain dental plaque at levels compatible with oral
health. Although they are often selected on the basis of a broad spec-
trum of antimicrobial activity, they frequently function in the mouth at
sub-lethal concentrations. At such levels, these agents can interfere
with carbohydrate and nitrogen metabolism.

Two of the most widely used inhibitors in dentistry can affect sugar
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transport by the PEP-PTS system of oral bacteria. While the primary
caries-preventive action of fluoride is due to its effect on increasing the
acid resistance of enamel (Chapter 6), fluoride at low concentrations is
known to decrease the rate of sugar uptake and acid production by
plaque bacteria. Fluoride has also been reported to reduce EPS pro-
duction, and to inhibit the synthesis but not the breakdown of IPS
(Figure 4.9). Fluoride inhibits enolase which converts 2-phosphoglycer-
ate to phosphoenolpyruvate. This leads to glycolysis being inhibited
directly and sugar transport being affected indirectly by a reduction in
the availability of PEP for the PTS. Fluoride also inhibits ATP-synthase,
and so interferes with the control of intracellular pH. Fluoride can
also inhibit metallo-enzymes, e.g. phosphatases and phosphorylases, as
well as oxidative enzymes such as catalase and peroxidase, and this
may interfere with the redox balance within plaque.

The fluoride sensitivity of metabolism is pH-dependent, with the
greatest inhibition occurring under acidic conditions. This is because at
low pH fluoride exists as H*F~ which is lipophilic and more easily able
to penetrate membranes. The intracellular pH is relatively alkaline;
therefore, once inside the cell, H*F~ would dissociate and F~ would
inhibit various enzymes as described above, while protons would acid-
ify the cytoplasm and so tend to reduce:

1. the activity of glycolytic enzymes that have a pH optimum around
neutrality,

2. the transmembrane pH gradient (and hence pmf-driven uptake and
secretion processes),

3. the aciduricity of cells, for example, by interfering with the mem-
brane-bound ATP synthase, which helps regulate the intracellular
pH.

Chlorhexidine is widely used as a mouthwash to reduce plaque and
prevent or treat gingivitis. It has a broad spectrum of antimicrobial
activity but at sub-lethal levels it can affect many functions associated
with the bacterial membrane. For example, it can abolish the activity of
sugar transport by the PTS, and thereby severely reduce glycolysis. It
can also inhibit the ATP synthase and affect the maintenance of ion
gradients in streptococci. Chlorhexidine has also been found to interfere
with nitrogen metabolism by inhibiting arginine uptake by 5. sanguis
and the trypsin-like enzyme of P. gingivalis.

A number of other antimicrobial agents have been shown to interfere
with the metabolism of oral bacteria and, by so doing, play a major role
in preventing disease. These agents, which include metal salts, plant
extracts, and phenols, are discussed in detail in Chapters 6 and 7.
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SUMMARY

Although the mouth is sterile at birth, the acquisition of the resident
oral microflora begins within the first few hours of life. The biological
properties of the mouth make it highly selective in terms of the types
of micro-organisms able to colonize. Few of the species found in the
mouths of adults and even fewer of the organisms of the general
environment are able to establish successfully. Acquisition of the resi-
dent microflora follows a pattern of ecological succession: relatively few
organisms (pioneer species) are able to colonize, but their presence
enables other species to establish; this process eventually leads to a
climax community with a high species diversity. Many species are
acquired from the mother by transmission via saliva. The development
of a climax community in the mouth can involve both allogenic (non-
microbial influences) and autogenic (microbial influences) succession.

The composition of the resident microflora varies at different sites
around the mouth, with each site having a relatively characteristic
microbial community. Mutans streptococci and S. sanguis have prefer-
ences for hard surfaces for colonization, whereas species such as S.
salivarius are recovered predominantly from the oral mucosa. The distri-
bution of micro-organisms is related to their ability to adhere at a
site, as well as to the need for their nutritional and environmental
requirements (pH and redox potential) to be satisfied. Many species of
bacteria have been shown to adhere by specific molecular interactions
between adhesins located on their cell surface and ligands on the host;
these ligands are derived mainly from the acquired pellicle and mucus
coat on enamel and mucosal surfaces, respectively.

In order to cope with the fluctuating nutritional conditions in the
mouth, the resident oral microflora is biochemically flexible. The pri-
mary source of nutrients is the endogenous supply of host proteins
and glycoproteins from saliva and GCF. Superimposed on these are
carbohydrates (and proteins) provided by the diet. Carbohydrates can
be transported into the cell by, for example, a PEP-PTS system, and
either converted to organic acids or used to synthesize IPS. Some disac-
charides can be metabolized extracellularly into constituent sugars (for
transport) or into EPS; these polysaccharides can be involved in attach-
ment or used as extracellular storage compounds. The metabolism of
nitrogen compounds involves the production of a wide range of exo-
and endopeptidases; nitrogen metabolism can lead to base production
which will help regulate environmental pH. The metabolism of oral
micro-organisms is sensitive to many of the inhibitors used in preven-
tive dentistry.
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S Dental plaque

Dental plaque is a general term for the complex microbial community
found on the tooth surface, embedded in a matrix of polymers of
bacterial and salivary origin. Plaque that becomes calcified is referred
to as calculus or tartar. The presence of plaque in the mouth can be
demonstrated readily by rinsing with a disclosing solution such as
erythrosin. The majority of plaque is found associated with the pro-
tected and stagnant regions of the tooth surface such as fissures,
approximal regions and the gingival crevice (Figure 2.2).

DEVELOPMENT OF DENTAL PLAQUE

Cultural and microscopic techniques have been used to follow the pro-
cess of bacterial succession on a tooth surface (Figure 5.1). The smooth
surfaces of the anterior teeth have been chosen for most studies because
of the accessibility of the sampling site. Bacteria rarely come into contact
with clean enamel. As soon as a tooth surface is cleaned, salivary
glycoproteins are adsorbed forming the acquired enamel pellicle (Chap-
ter 4). Pellicle shows local variations in chemical composition and this
can influence the pattern of microbial deposition. Large numbers of
bacteria (up to 108 CFU ml™!) are found in saliva. Unless swallowed,
any of these organisms are likely to come into contact with a tooth
surface. Indeed, colonization by many oral populations is related
directly to their concentration in saliva.

Coccal bacteria are adsorbed onto the pellicle-coated enamel within
two hours of cleaning. These pioneer species include Neisseria and
streptococci, predominantly S. sanguis, S. oralis, and S. mitis (Table 5.1).
Actinomyces spp. are also commonly isolated after two hours as are
haemophili, but obligately anaerobic species are detected only rarely
at this stage and usually in low numbers. These pioneer populations
multiply, forming micro-colonies which become embedded in bacterial
extracellular slimes and polysaccharides together with additional layers
of adsorbed salivary proteins and glycoproteins (Figure 5.1 (a) and (b) ).
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Figure 5.1 Development of dental plaque on a clean enamel surface. Coccal
bacteria attach to the enamel pellicle as pioneer species (a) and multiply to
form micro-colonies (b), eventually resulting in confluent growth (a biofilm)
embedded in a matrix of extracellular polymers of bacterial and salivary origin
(c). With time, the diversity of the microflora increases, and rod and filament-
shaped bacteria colonize (d and e). In the climax community, many unusual
associations between different bacterial populations can be seen, including
‘corn-cob’ formations (f). (Magnification approx. X 1150) Courtesy of C. A.
Saxton.



100 Dental plague

Growth of individual micro-colonies eventually results in the develop-
ment of a confluent film of micro-organisms (Figure 5.1 (c)—(e) ). Growth
rates of bacteria are fastest during this early period with doubling times
ranging from 1-3 hours having been calculated. Studies with gnotobiotic
rats have shown that individual species can vary in their doubling times
(ta); S. mutans and A. viscosus had t4 of 1.4 h and 2.7 h, respectively.
The proportions of the S. oralis-group increase during the first 48 hours
of plaque formation. The majority of isolates are S. oralis, S. mitis and
S. sanguis sensu stricto; fewer S. gordonii are recovered during these early
stages. As plaque develops into a biofilm so the metabolism of the
pioneer species creates conditions suitable for colonization by bacteria
with more demanding atmospheric requirements. Oxygen is consumed
by the aerobic and facultatively anaerobic species and replaced with
carbon dioxide. Gradually the Eh is lowered, which favours the growth
of obligately anaerobic species. Additional nutrients also become avail-
able and the diversity of the microflora increases both in terms of the
morphological types (Figure 5.1 (d)—(f) ) and in the actual numbers of
species.

Table 5.1 Proportions of bacteria in developing supragingival plaque

Time of plaque development (h)

Bacterium 2 24 48
S. sanguis 8 12 29
S. oralis 20 21 12
mutans streptococci 3 2 4
S. salivarius <1 <1 <1
S. viscosus 6 7 5
A. naeslundii 1 1 3
A. odontolyticus 2 3 6
Haemophilus spp. 11 18 21
Capnocytophaga spp. <1 <1 <1
Fusobacterium spp. <1 <1 <1
Black-pigmented anaerobes 0 <0.01 <0.1

The predominant bacteria colonizing the root surfaces have been
studied using an in situ appliance model system. Again the predominant
bacteria were streptococci (Table 5.2), particularly S. oralis, S. mitis, and
S. sanguis; S. salivarius was also a significant component of the micro-
flora, although its proportions were found to decrease with time. Few
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Gram-positive rods were recovered from the early stages, and A.
viscosus was detected only after 24 hours (Table 5.2). Some species were
not evenly distributed among the volunteers so that A. viscosus might
predominate in one subject and A. naeslundii in another. Similarly,
Stomatococcus mucilagenosus was found to be an early plaque colonizer
in some people but not in others. Among other bacteria that were found
occasionally were Propionibacterium spp. and Rothia dentocariosa. Gram-
negative cocci (Neisseria and Veillonella spp.) were present but made up
only a small fraction (approximately 2%) of the total cultivable micro-
flora. Haemophili were also recovered but only occasionally and in low
numbers. Figure 5.2 shows a palisading structure of dental plaque from
a root surface.

Table 5.2 Proportions of bacteria colonizing pieces of tooth surface mounted
in an intra-oral appliance

Time of plaque development (h)

Bacterium 4 8 12 24
S. sanguis 15 12 13 18
S. oralis 5 24 19 27
S. mitis 33 24 40 28
S. salivarius 19 12 7 2
A. naeslundii 3 1 1 2
A. viscosus 0 0 0 3

If plaque is allowed to accumulate undisturbed (as happens at stag-
nant sites) then there is a shift in the proportions of the bacteria within
the biofilm. After 7 days, streptococci remain the dominant group of
organisms but by 14 days, they constitute only around 15% of the
cultivable microflora, and anaerobic rods and filaments predominate.
The composition of the climax community varies depending on the site;
the predominant bacteria will be described in a later section.

STRUCTURE AND FUNCTION OF DENTAL PLAQUE

The accumulation of plaque on teeth will be a result of the balance
between deposition, growth and removal of micro-organisms. The
development of plaque in terms of mass will continue until a critical
size is reached. Shear forces will then limit any further expansion.
However, structural development and re-organization may take place
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Figure 5.2 Structure of plaque growing on a root surface; evidence of palisading
can be observed. (Magnification approx. X 400). Courtesy of K. M. Pang.

continually. Electron microscopy has demonstrated both a hetero-
geneous and a colonial type of sub-structure in sections of smooth
surface plaque. The heterogeneous type is associated with palisaded
regions where filaments and cocci appear to be aligned in parallel at
right angles to the enamel surface. Micro-colonies, presumably of single
populations, have also been observed. In addition, horizontal stratifi-
cation has been described. The early stages of development results in
a condensed layer of apparently a limited number of bacterial types.
From 7 to 14 days, the bulk layer forms which shows less orientation
but a higher morphological diversity. This layering has been attributed
directly to bacterial succession. In mature plaque, organisms have been
seen in direct contact with the enamel due to enzymic attack on the
pellicle. Electron microscopy has confirmed the presence of an inter-
bacterial matrix of polysaccharide. This matrix may function as a carbo-
hydrate reserve and contribute towards the diffusion-barrier effect of
plaque.

The structure and development of fissure plaque appears to be differ-
ent to that on smooth surfaces. The microflora of fissures is less com-
plex, being composed predominantly of rods and cocci. Palisading and
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Figure 5.3 Diagram to show the importance of the spatial arrangement of an
organism in dental plaque.

branching filaments are absent, although an inter-bacterial matrix can
be observed. The pellicle is invariably degraded so that organisms are
generally in direct contact with the enamel. Zones of impacted food
particles are a common feature of fissures.

Three structurally-different types of plaque have been observed in
the gingival crevice. Plaque from the gingival margin is similar to
smooth surface plaque, while within the crevice two types, differing
according to the size and structure of the condensed layer, have been
recognized. Many bacterial associations can be observed in which cocci
are arranged along the length of filamentous organisms. Such associ-
ations are described as ‘corn-cob’ and ‘test tube brush’ formations
(Figure 5.1 (f) ). The components of the ‘corn-cob” will be described in
a later section. The differences in plaque structure described above are
supported by microbiological data, details of which will also be pre-
sented later.

The distribution of organisms within plaque has not been studied
extensively. This is due to the technical difficulties of sample prep-
aration and in situ isolate identification. Yet such spatial arrangements
are of obvious importance, particularly in pathogenicity. A hypothetical
situation to illustrate this point is shown in Figure 5.3. A caries-active
strain known to comprise 50% of the cultivable microflora is shown in
three possible spatial arrangements. It can be argued that example three
with the caries-active strain directly over the enamel is potentially a
more pathogenic situation than example one, where a layer of a caries-
inactive organisms is acting as a barrier. Even this hypothetical model
needs careful consideration since in example three potentially ferment-
able carbohydrate must be able to reach the caries-active strain. Indeed,
bacteria with thickened cell walls have been observed on the enamel
surface which might indicate unbalanced growth due to amino acid
limitation. Difficulties in nutrient penetration might be due to the dif-
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Figure 5.4 Schematic representation of the development of gradients in dental
plaque.

fusion-limiting properties of plaque or to the metabolism of substrates
nearer the surface by other organisms.

The diffusion-limiting property of plaque cannot be over emphasized.
Either sharp or gentle gradients extending over small distances will
exist in plaque for many of the parameters (physical and chemical)
influencing microbial growth and survival. Sites close together may be
vastly different in the types and concentrations of key nutrients, pH,
Eh, and concentrations of toxic products of metabolism (Figure 5.4).
Such vertical and horizontal stratifications will cause local environmen-
tal heterogeneity resulting in a collection of microhabitats or micro-
environments. Each microhabitat potentially could support the growth
of different populations and hence a different microbial community.
Similarly, organisms residing in apparently the same general environ-
ment might be growing under quite dissimilar conditions. Thus when
studying plaque, it is essential to take small samples from defined areas.

Summary

Plaque can be considered as a macrohabitat made up of many micro-
environments due to gradients in ecologically significant parameters.
The development and structure of plaque follows a definite pattern of
bacterial colonization. Adhesion by pioneer species (S. mitis, S. oralis,
S. sanguis) is followed by a gradual increase in the complexity of the
microflora to a climax community of high species diversity, including
many filamentous and obligately anaerobic bacteria. Variation and re-
organization will occur within the micro-environment with time either
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due to host factors or as a result of the metabolism of the microbial
community.

MECHANISMS OF PLAQUE FORMATION

The mechanisms of the formation of biofilms is currently attracting
much interest in microbiology. This is because most micro-organisms
in nature exist by attaching to a surface; these surface-associated
microbes cause inestimable damage ranging from corrosion of pipes
and fouling of ships to human infection. The accessibility of the mouth
for study and the diversity of the plaque microflora has meant that the
mechanisms by which oral organisms colonize the tooth surface have
been investigated intensively for a number of years.

The development of a biofilm such as dental plaque can be divided
arbitrarily into five stages. As a bacterium approaches a surface a
number of specific and non-specific interactions will occur between the
substratum and the cell which will determine whether attachment and
colonization will take place. These interactions are:

1. van der Waals attractive forces, which operate over relatively long
(>50 nm) separation distances.

2. At 10-20 nm distances, the interplay of van der Waals attractive
forces and electrostatic repulsion produces a weak area of attraction
that can result in reversible adhesion.

3. At these and shorter separation distances, the adhesion can become

irreversible due to specific short range interactions between bacterial

adhesins and host ligands.

The co-aggregation of bacteria to already attached cells.

5. The multiplication of the attached organisms to produce confluent
growth and a biofilm.

b

These interactions will be described now in more detail but it should
be remembered that biofilm formation is a dynamic process and that
the five stages distinguished above are only arbitrary and are for the
benefit of discussion. The attachment, growth, removal and reattach-
ment of bacteria is a continuous and dynamic process and a microbial
film such as plaque will undergo continuous reorganization.

For the specific adhesive interactions outlined in Chapter 4 to occur,
the micro-organism and host surface must come into relatively close
contact with each other. However, micro-organisms are negatively-
charged due to the exposed molecules on their cell surface, while acidic
proteins present in the acquired pellicle would also produce a net nega-
tive charge. The Derjaguin and Landau and the Verwey and Overbeek
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(DLVO) theory has been used to describe the interaction between an
inert particle (as a micro-organism might be envisaged at large separ-
ation distances) and a substratum. This theory states that the total
interactive energy, Vr, of two smooth particles is determined solely by
the sum of the van der Waals attractive energy (V) and the usually
repulsive, electrostatic energy (V). Particles in aqueous suspension and
surfaces in contact with aqueous solutions can acquire a charge due to,
for example, the preferential adsorption of ions from solution or the
ionization of certain groups attached to the particle or surface. The
charge on a surface in solution is always exactly balanced by an equival-
ent number of counterions. Thus, the charge of a surface and the
corresponding counterion charge in solution form an electrical double
layer the size of which is inversely proportional to the ionic strength
of the environment. As a particle approaches a surface, therefore, it
experiences a weak van der Waals attraction induced by the fluctuating
dipoles within the molecules of the two approaching surfaces. This
attraction increases as the particle moves closer to the collector. How-
ever, as the surfaces approach each other a repulsive force is encount-
ered due to the overlap of the electrical double layers. The magnitude
of the repulsion will vary with the ionic strength and dielectric constant
of the suspending medium and with the charge on the outer layers of
the particle and on the surface to be colonized.

Curves can be plotted which show the variation of the total interactive
energy, Vi, of a particle and a surface with the separation distance, h
(Figure 5.5). A net attraction can occur at two values of h; these are
referred to as the primary minimum (k very small) and the secondary
minimum (k2 = 10 - 20 nm) and are separated by a repulsive maximum.
The reversible nature of bacterial deposition suggests that the primary
minimum is not usually encountered while the high ionic strength of
saliva will increase the likelihood of oral bacteria experiencing a second-
ary minimum. Bacteria captured by a surface in this way are in equilib-
rium with the remaining organisms in the suspending medium and the
number of captured cells will be dependent on the concentration of
bacteria in suspension and on the depth of the secondary minimum.

The pattern of deposition could also be influenced by the type of
interface from which the bacteria deposit. In many systems, bacteria
adhere from a solid-liquid interface such as when a surface is immersed
in a suspension of micro-organisms. In the mouth, however, a solid-
liquid-air (s-l-a) interface is common which could be static but is more
likely to be moving as a result of the continuous drainage of saliva over
oral tissues. Small hydrophobic particles such as bacteria accumulate in
the s-l-a contact zone. The concentration of bacteria in such a meniscus
will be high and the surface area for deposition large improving the
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Figure 5.5. Diagram illustrating the DLVO theory. The total interactive energy,
V1, between a particle and a surface is shown with respect to the separation
distance, k. The total interaction curve is obtained by the summation of an
attraction curve, V,, and a repulsion curve, Vx.

changes of bacterial attachment. Studies have shown that oral bacteria
and polymeric material in saliva preferentially adsorb at the s-l-a inter-
face and so the movement of these interfaces over the teeth may be
important in the formation of dental plaque.

At separation distances of between 10-20 nm, therefore, organisms
may be held irreversibly in a weak secondary minimum. With time,
this interaction may become less reversible, or even irreversible due to
adhesins on the cell surface becoming involved in specific short-range
interactions. For this to occur, water films must be removed from
between the interacting surfaces. It has been proposed that the major
role of hydrophobicity and hydrophobic surface components is in their
dehydrating effects on this water film enabling the surfaces to get closer
together so that short range interactions can occur.

As discussed in Chapter 4, the short range forces involve interactions
between specific components on the cell surface and ligands in the
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acquired pellicle. Examples include the interaction of bacterial lipotei-
choic acid or GTF with blood group reactive substances (these have
been characterized as sulphated glycoproteins) and between adsorbed
antibodies (especially secretary IgA) and microbial antigens. A number
of fractions of submandibular saliva have been shown to markedly affect
the binding of a variety of oral bacteria to hydroxyapatite in laboratory
studies. These fractions have been shown to include statherin and a
high molecular weight acidic proline-rich protein (PRP-1). This PRP-1
fraction can promote the strong adhesion of A. viscosus, A. israelii and A.
odontolyticus. Strains of A. naeslundii which only possess type 2 fimbriae
(Chapter 4) do not respond to PRP-1. S. mutans (but not S. sobrinus),
Porphyromonas gingivalis, Prevotella loescheii and Prevotella melaninogenica
also display enhanced adsorption to PRP-1-treated hydroxyapatite
whereas a strain of Prevotella intermedia and strains belonging to the S.
oralis-group exhibited a variable response to PRP-1. Although adsorbed
salivary components serve as receptors for S. mutans, the same com-
ponents do not facilitate the attachment of S. sobrinus. The adsorbed
glucan/GTF fraction appears to promote the attachment of S. sobrinus
to hydroxyapatite; this mechanism may also enhance the attachment of
other oral bacteria. A significant finding was that although A. viscosus
could bind avidly to PRP-1 adsorbed on to a surface, it did not interact
with this protein in solution. It has been proposed that hidden molecu-
lar segments of PRPs become exposed, as a result of conformational
changes, when the protein was adsorbed to hydroxyapatite. Such
hidden receptors for bacterial adhesins have been termed ‘cryptitopes’.

Adhesins which recognize cryptitopes in surface-associated molecules
would provide a strong selective advantage for any micro-organism
which colonizes a mucosal or tooth surface. The secretions bathing
these surfaces contain components which are structurally related to
those on the surfaces of mucosal cells. This molecular mimickry is
thought to contribute to the cleansing actions of such secretions. When
in solution, these components can bind to organisms and cause
aggregation; larger aggregates are more easily lost from the mouth by
swallowing and this facilitates bacterial clearance. However, if these
components become altered in configuration upon adsorption to a sur-
face, then the newly-exposed cryptitopes would promote the coloniz-
ation of the surface by specific micro-organisms. Another example of a
cryptitope involving conformational change is the binding of members
of the S. oralis-group to fibronectin when complexed to collagen but not
to fibronectin in solution. It has been suggested that this might be a
mechanism whereby certain oral streptococci are able to colonize dam-
aged heart valves in endocarditis.
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Another example of a cryptitope involved in plaque formation is the
recognition of galactosyl-binding lectins by oral bacteria. Epithelial cells
and the acquired enamel pellicle have mucins with oligosaccharide side
chains with a terminal sialic acid. Bacteria such as A. viscosus and A.
naeslundii synthesize neuraminidase which cleaves the sialic acid expos-
ing the penultimate galactosyl sugar residue. Many oral bacteria possess
galactosyl-binding lectins including A. viscosus, A. naeslundii, L. buccalis,
F. nucleatum, E. corrodens and P. intermedia, and would benefit from the
exposure of these cryptitopes. Similarly, the binding of P. gingivalis is
greater to epithelial cells that have been mildly treated with trypsin.
Periodontopathogens including P. gingivalis produce ‘trypsin-like’ pro-
teases and it has been proposed that the metabolism of these bacteria
may create appropriate cryptitopes for their colonization. Following on
from this, it has also been suggested that poor oral hygiene can generate
new cryptitopes by encouraging plaque accumulation which can lead
to the emergence of highly proteolytic bacteria.

Once the pioneer bacteria have attached, then growth and micro-
colony formation will occur. The early colonizers include members of
the S. oralis-group; the production of an IgA, protease by these pioneer
species may be significant in their ability to survive and proliferate
during the early stages of plaque formation. 5. oralis and some strains
of S. mitis can produce neuraminidase and IgA, protease and these
species can comprise up to 27% and 42% of the plaque microflora,
respectively, after 24 hours. Salivary polymers will continue to be
adsorbed on to bacteria already attached to the tooth surface (Figure
5.6) and therefore several of the mechanisms described above will con-
tinue to operate.

An important mechanism that aids plaque build-up and encourages
species diversity is the phenomenon of coaggregation between
microbial cells. Bacterial accumulation will be accelerated by intrageneric
coaggregation among streptococci and among actinomyces, as well as
by intergeneric coaggregation between streptococci and actinomyces.
The subsequent development of dental plaque will involve intergeneric
coaggregation between other genera and the primary colonizers. For
example, coaggregation can occur between:

Gram-positive species
e.g. S.sanguis or and Actinomyces spp.,
S. mitis Corynebacterium matruchotii, or
Propionibacterium acnes

Gram-negative species
e.g. Prevotella melaninogenica and Fusobacterium nucleatum
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Gram-positive and Gram-negative species
e.g. Streptococcus spp. or and Prevotella spp.,
Actinomyces spp. Capnocytophaga spp.,
Fusobacterium nucleatum,
Eikenella corrodens,
Veillonella spp., or
Porphyromonas gingivalis

Coaggregation is a common feature of oral streptococci and actino-
myces; of 300 strains surveyed, 84% were able to coaggregate. Based
on the nature of the interaction, six coaggregation groups of streptococci
(1-6) and actinomyces (A-F) have been described. Intrageneric coaggre-
gation appears to be limited mainly to early plaque colonizers, especially
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Figure 5.6 A diagrammatic representation of the attachment of bacteria from
saliva to pellicle-coated enamel. The pattern of attachment is influenced by the
composition of the pellicle (ligands) and the surface components of the bacteria
(adhesins). The diagram illustrates the role of specific molecular interactions
both between enamel pellicle and cells A and D, and in the co-aggregation of
cell B, to cell A. Salivary components can both promote plaque formation by,
for example, facilitating adhesion between cells B, and B,, and also prevent
plaque attachment by saturating receptors on the bacterial surface, as with cell
C. Salivary components can also prevent adhesion by causing aggregation; large
aggregates of cells are more easily lost from the mouth by swallowing (see the
text).
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streptococci. In contrast, fusobacteria, which coaggregate with the
widest range of genera, do not coaggregate with other fusobacteria.

Coaggregation involves lectins; these carbohydrate-binding proteins
interact with the complementary carbohydrate-containing receptor on
another cell. Thus, the lectin-mediated interaction between streptococci
and actinomyces can be blocked by adding galactose or lactose or by
treating the receptor with a protease. The process of coaggregation can
also lead to the development of the ‘corn-cob’ structures (Figure 5.1
(f) ). ‘Corn-cobs’ can be formed between ‘tufted-fibril’ streptococci
(Chapters 3 and 4) and C. matruchotii; similar associations have also
been found between Eubacterium and Veillonella spp.

Detailed studies of the coaggregation of A. viscosus/naeslundii with S.
sanguis and S. mitis have identified three types of interaction. One
involves a lectin on the fimbriae of the Gram-positive rod and a receptor
on the streptococci; the interaction is inhibited by galactose or lactose
and by heat or protease treatment of the Actinomyces but not of the
streptococci. The second type of interaction involves a heat- or protease-
sensitive lectin on the streptococci binding to ‘treatment-resistant’ recep-
tors on the Actinomyces, while the third involves labile components on
both cell types. It has been postulated that lectin-mediated coaggre-
gation is an important mechanism in the structural organization of
microbial communities such as dental plaque. The development of food-
chains including those between streptococci and veillonellae and the
formation of the ‘corn-cob’ structures might be facilitated by lectin-like
interactions. Many of the coaggregation reactions described above have
been determined in the laboratory in the absence of saliva. Whether
salivary molecules would enhance or block some of these interactions
has yet to be established.

Another factor in the development of plaque will be the synthesis of
extracellular polymers by adherent bacteria. In particular, the synthesis
of water-insoluble mutan by S. mutans will make an important contri-
bution to the structural integrity and diffusion-limiting properties of
plaque. Originally, it was believed that polysaccharide production was
important in the initial stages of attachment. Studies with mutants
demonstrated strains of S. mutans unable to produce water-insoluble
glucans from sucrose produced less plaque and fewer caries lesions on
smooth enamel surfaces than did the parent strains. Although prefor-
med polymer could be involved in colonization, the role of polysacchar-
ide production is now regarded to be more important in consolidating
the attachment of cells already on a surface and in the development of
plaque as a biofilm.

The relative importance of individual mechanisms of bacterial attach-
ment in the mouth is obviously a contentious issue and one that is
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difficult to resolve. For example, while some believe that wall and/or
membrane-associated teichoic acid interactions with pellicle com-
ponents are of major importance, others point to the observations that
many teichoic acid-producing bacteria do not adhere while teichoic acid-
deficient organisms can attach quite readily. The diversity of potential
mechanisms for adherence together with the molecular heterogeneity
of the microbial and host surface probably means that binding involves
multiple interactions.

Plaque development also involves the concurrent growth of the
attached bacteria to produce a microbial film. This aspect of plaque
development has received little attention to date but a consideration of
the literature on surface-associated growth of micro-organisms from
other ecosystems suggests that the physiology of bacteria in plaque
might be different to that predicted from studies of the organisms in
liquid cultures. The sensitivity of surface-associated micro-organisms
(particularly when in a biofilm) to a range of antibiotics and disinfectants
is reduced compared to the same organisms in solution. It is yet to be
determined if the sensitivity of oral organisms to the antimicrobial
agents being incorporated into new mouthwashes and toothpastes will
be affected when they are growing in dental plaque. Early studies of
Bacillus spp., enteric and marine micro-organisms in nutrient-depleted
environments showed that their metabolic activity could be raised in
the presence of a surface. Lactic acid production by oral streptococci has
been found to be enhanced by the addition of hydroxyapatite crystals to
their growth medium while continuous culture studies of a pseudo-
monad from an estuarine source showed that when microscope slides
were immersed in the liquid culture the growth rate of the organisms
that adhered to the surface was always greater than that imposed on
the cells by the chemostat. The organism grew on the surface as discrete
micro-colonies before eventually developing into a film. When similar
experiments were performed on mixed cultures from either river water
or dental plaque, the communities recovered from the surface were
always different, both in the types and numbers of species present,
from those in the respective bulk fluid. Taken together, these results
suggest that a surface provides a different environment for growth, and
that surface-associated rates of growth can be faster than those obtained
in liquid culture. Several hypotheses have been proposed to explain the
initial enhanced growth of bacteria on a surface. One widely accepted
theory is that there is an increased concentration of nutrients at an
interface between a surface and a liquid. Another explanation :s based
on the hypothesis that energy-conserving and energy-sharing inter-
actions between bacterial cells would be more likely to occur on a
surface, particularly in a microbial film. Studies of ecosystems as diverse
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as the gastrointestinal tract and marine sediments have recovered bac-
teria able to utilize end products of metabolism such as lactate in close
association with lactate-producers. The molecular understanding of sur-
face-enhanced bacterial growth remains an important but contentious
area and more research will be necessary to provide data to support
the hypotheses outlined above.

Summary .’

The adhesion of organisms to the tooth surface is a complex process
involving, initially, weak electrostatic attractive forces, followed by a
variety of polymer bridging interactions; these processes together with
the synthesis of extracellular polysaccharides from, for example, sucrose
serve to increase the probability of permanent attachment. Pioneer spec-
ies interact directly with the acquired pellicle while biofilm formation
is dependent on intra- and intergeneric coaggregation between bacteria
(involving lectin-mediated binding) and the growth of the attached
micro-organisms.

BACTERIAL COMPOSITION OF THE CLIMAX COMMUNITY
OF DENTAL PLAQUE FROM DIFFERENT SITES

Environmental conditions on a tooth are not uniform. Differences exist
in the degree of protection from oral removal forces and in the gradients
of many biological and chemical factors that influence the growth of
the resident microflora. These differences will be reflected in the compo-
sition of the microbial community, particularly at sites so obviously
distinct as the gingival crevice, approximal regions, smooth surfaces,
and pits and fissures.

Fissure plaque

The microbiology of fissure plaque has been determined using either
‘artificial fissures’ implanted in occlusal surfaces of pre-existing resto-
rations, or by sampling ‘natural’ fissures. The microflora is mainly
Gram-positive and is dominated by streptococci, especially extracellular-
polysaccharide producing species. In one study no obligately-anaerobic
Gram-negative rods were found, while others have recovered anaerobes
including Veillonella and Propionibacterium species in low numbers (Table
5.3). Neisseria spp. and Haemophilus parainfluenzae have also been isolated
on occasions. A striking feature of the microflora is the wide range of
numbers and types of bacteria in the different fissures. In one study,
the total anaerobic microflora ranged from 1 x 10° to 33 x 10° CFU per
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fissure. This suggests that the ecology of each fissure might be different.
The factors that determine the final composition of the microflora in
fissures are not known, but the influence of saliva at this site must be
of great significance. The simpler community found in fissures com-
pared to other enamel surfaces probably reflects a more severe environ-
ment, perhaps with a more limited range of nutrients. The distribution
of bacteria within a fissure has not been studied in detail, although it
has been claimed that lactobacilli and mutans streptococci preferentially
inhabit the lower depths of a fissure. It is clear from Figure 5.7 that
environmental conditions at the base of the fissure will be very different
in terms of nutrient availability, pH, buffering effects of saliva, etc.,
than other areas nearer the plaque surface.

Table 5.3 The predominant cultivable microflora of occlusal fissures in ten
adults

Median
percentage of Percentage
total cultivable isolation

Bacterium microflora Range frequency
Streptococcus 45 8-86 100
Staphylococcus 9 0-23 80
Actinomyces 18 046 80
‘Arachnia’* 2 0-21 60
Propionibacterium 1 0-8 50
Eubacterium 0 0-27 10
Lactobacillus 0 0-29 20
Veillonella 3 0-44 60
Individual species

mutans streptococci 25 0-86 70
S. sanguis 1 0-15 50
S. oralis 0 0-13 30
‘S. milleri’-group 0 0-3 10
A. naeslundii 3 0-44 70
A. viscosus 3 0-17 80
L. casei 0 0-10 10
L. plantarum 0 0-29 10

* Arachnia propionica has now been reclassified as Propionibacterium propionicus.
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Approximal plaque

The main organisms isolated from a study of approximal plaque are
shown in Table 5.4. Although streptococci are present in high numbers,
these sites are frequently dominated by Gram-positive rods, particularly
Actinomyces spp. The more reduced nature of this site compared to that
of fissures can be gauged from the higher recovery of obligately anaer-
obic organisms although spirochaetes are not commonly found. Again,
the range of counts of most bacteria is high, suggesting that each site
represents a distinct ecosystem which should be looked at in isolation
with regard to the relationship between the resident microflora and the
clinical state of the enamel.

Table 5.4 The predominant cultivable microflora of approximal plaque

Mean
percentage of
total Percentage
cultivable isolation

Bacterium microflora Range frequency
Streptococcus 23 0.4-70 100
Gram-positive rods

(predominantly

Actinomyces) 42 4-81 100
Gram-negative rods

(predominantly

‘Bacteroides’) 8 0-66 93
Neisseria 2 044 76
Veillonella 13 0-59 93
Fusobacterium 0.4 0-5 55
Lactobacillus 0.5 0-2 24
Rothia 0.4 0-6 36
Individual species
mutans streptococci 2 0-23 66
S. sanguis 6 0-64 86
S. salivarius 1 0-7 54
‘S. milleri’-group 0.5 0-33 45
A. israelii 17 0-78 72
A. viscosus/naeslundii 19 0-74 97

Viable counts were derived from 58 samples of approximal plaque from 10
schoolchildren.



Figure 5.7 Dental plaque in a fissure on the occlusal surface of a molar.
(Magnification approx. x 100). Courtesy of K. M. Pang.
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The variability of plaque has again been highlighted in a recent study
in which several small samples have been taken from different sites
around the contact area of teeth extracted for orthodontic purposes. An
example is shown in Table 5.5; at each approximal site the total num-
bers, as well as the range and types, of bacteria vary, again emphasizing
the need for accurate sampling of discrete sites when attempting to
correlate the composition of plaque with disease.

Table 5.5 The cultivable microflora from three sites on the approximal surface
of an extracted tooth from a schoolchild

Viable count (colony forming units)

Bacterium site 1 site 2 site 3
Total count 1.7 x 10* 6.8 x 10> 7.9 x 10°
Streptococcus 0 0 6.1 x 10°
Actinomyces 5.8 x 10? 0 1.8 x 10°
Neisseria 25 25 1.5 x 10
Veillonella 0 0 6.5 x 10¢
Capnocytophaga 0 0 1.3 x 10?
Haemophilus 1.7 x 10* 6.0 X 107 0

Individual species

mutans streptococci 0 0 3.7 X 10*
S. sanguis 0 0 1.1 x 10°
S. oralis 0 0 1.0 x 10¢
5. salivarius 0 0 1.8 x 10
A. viscosus 5.8 x 10? 0 1.8 x 10°
A. naeslundii 0 0 6.5 x 10°
Gram-negative ‘spreading’ 0 + 0

filament

Gingival crevice plaque

An obviously distinct ecological climate is found in the gingival crevice.
This is reflected in the higher species diversity of the bacterial com-
munity at this site although the total numbers of bacteria can be low
(10°-10° CFU/crevice). In contrast to the microflora of fissures and
approximal surfaces, higher levels of obligately anaerobic bacteria can
be found, many of which are Gram-negative (Table 5.6). Indeed, spiro-
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Figure 5.8 Scanning electron micrograph of subgingival plaque, showing rods,
curved rods, filaments and spiral-shaped cells. (Magnification approx. X 5000).
Courtesy of K. M. Pang.

chaetes and anaerobic streptococci are isolated almost exclusively from
this site (Figure 5.8). The ecology of the crevice is influenced by the
anatomy of the site and the flow and properties of GCF. Many organ-
isms that are asaccharolytic but proteolytic are found in the gingival
crevice; they derive their energy from the hydrolysis of host proteins
and peptides and from the catabolism of amino acids. In disease the
gingival crevice enlarges to become a periodontal pocket (Figure 2.1)
and the flow of GCF increases. The diversity of the microflora increases
still further and will be described in more detail in Chapter 7. Among
the genera and species associated with the healthy gingival crevice are
members of the S. oralis and ‘S. milleri’-group (especially S. anginosus,
Table 4.4); in addition, Actinomyces meyeri, A. odontolyticus, A. viscosus,
A. naeslundii, A. georgise, A. gerencserige Capnocytophaga ochracea and
Rothia dentocariosa can also be found. The most commonly isolated black-
pigmented anaerobe in the healthy gingival crevice is P. melaninogenica
while P. intermedia has also been recovered on occasions; P. gingivalis
is rarely isolated from healthy sites. Fusobacteria can also be found in
the healthy gingival crevice.
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Table 5.6 The predominant cultivable microflora of the healthy gingival
crevice

Mean Range Percentage
percentage of isolation
total frequency
cultivable

Bacterium microflora

Gram-positive facultatively 40 2-73 100
anaerobic cocci
(predominantly
Streptococcus)

Gram-positive obligately 1 0-6 14
anaerobic cocci
(predominantly
Peptostreptococcus)

Gram-positive facultatively 35 10-63 100
anaerobic rods
(predominantly
Actinomyces)

Gram-positive obligately 10 0-37 86
anaerobic rods

Gram-negative facultatively 0.3 0-2 14
anaerobic cocci
(predominantly Neisseria)

Gram-negative obligately 2 0-5 57
anaerobic cocci
(predominantly
Veillonella)

Gram-negative facultatively ND ND ND
anaerobic rods

Gram-negative obligately 13 8-20 100

anaerobic rods

Samples were taken from the gingival crevice of seven adult humans
ND, not detected.
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Denture plaque

The microflora of denture plaque from healthy sites (i.e. with no sign
of denture stomatitis; Chapter 8) is highly variable as can be deduced
from the wide ranges in viable counts obtained for individual bacteria
shown in Table 5.7. Clear differences are also apparent between the
fitting and the exposed surfaces of the denture. In the relatively stag-
nant area on the denture-fitting surface, plaque tends to be more acidog-
enic, thereby favouring streptococci (especially mutans streptococci)
and sometimes Candida spp. In edentulous subjects, dentures
become the primary habitat for mutans streptococci and S. sanguis.
It has been claimed that the microflora of denture plaque overlying
healthy palatal mucosa is similar to that of fissure plaque in that
streptococci, actinomyces and sometimes lactobacilli predominate.
However, denture plaque can contain large proportions of the
anaerobe A. israelii, and is also characterized by having extremely low
levels of Gram-negative rods. Interestingly, S. aureus was regularly
isolated (Table 5.7) in one study of denture plaque. This species is also
found commonly on the mucosa of patients with denture stomatitis
(Chapter 8).

Dental plaque from animals

There is interest in the microbial composition of dental plaque from
animals for two main reasons: (a) to study the influence of widely
different diets and life-styles on the microflora, and (b) to determine
the similarity between the microflora of an animal with that of humans
to ascertain their relevance as a model of human oral diseases. At the
genus level, the plaque microflora is similar among animals repre-
senting such diverse dietary groups as insectivores, herbivores and
carnivores. This again emphasizes (a) the significance of endogenous
nutrients in maintaining the stability and diversity of the resident micro-
flora and (b) the specificity of the interaction between this microflora
and the oral ecosystem. Most studies have been of animals kept in
captivity; there have been few investigations into the composition of
the oral microflora of animals in the wild. Actinomyces, Streptococcus,
Neisseria, Veillonella, and Fusobacterium are widely distributed in both
zoo and non-zoo primates and other animals, and can, therefore, be
genuinely considered as autochthonous members of dental plaque
(Chapter 4). Following recent taxonomic studies, differences between
isolates from man and animals have emerged at the species level. For
example, S. rattus and S. macacae are isolated exclusively from rodents
and primates, respectively, whereas other mutans streptococcal species
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Table 5.7 The predominant cultivable microflora of denture plaque

. Percentage
Percentage viable count - :
. . isolation
Micro-organism .
Median Range frequency
Streptococcus 41 0-81 88
mutans streptococci <1 048 50
S. sanguis 1 0-4 63
S. oralis 2 0-30 75
‘S. milleri’-group 2 0-51 63
S. salivarius 0 041 38
Staphylococcus 8 1-13 100
S. aureus 6 0-13 88
‘S. epidermidis’ 0 0-7 13
Gram-positive rods 33 1-74 100
Actinomyces 21 0-54 88
A. israelii 3 047 63
A. viscosus <1 048 50
A. naeslundii 3 0-11 63
A. odontolyticus 1 0-17 63
Lactobacillus 0 048 25
Propionibacterium <1 0-5 50
Veillonella 8 3-20 100
Gram-negative rods 0 0-6 38
Yeasts 0.002 0-0.5 63

are found in humans (Table 3.3). Other species differences between
man and animals were also highlighted in Chapter 3.

PLAQUE FLUID

Plaque fluid is the free aqueous phase of plaque, and can be separated
from the microbial components by centrifugation. Analysis of plaque
fluid shows it to differ in composition from both saliva and GCF. In
particular, the protein content of plaque fluid is higher than that of
saliva, as are the concentrations of several important cations including
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sodium, potassium, and magnesium. Likewise, the levels of albumin,
lactoferrin, and lysozyme are greater in plaque fluid than saliva,
although this trend is reversed for amylase. A number of enzymes of
both bacterial and host (e.g. from polymorphs) origin can be detected
in plaque fluid. Specific host defence factors are also found in plaque
fluid; sIgA is present at the same concentration as in whole saliva
whereas IgG and complement are at higher levels, and are probably
derived from GCF. Fluoride binds to plaque components, but is also
found free in plaque fluid. Bound fluoride can be released from these
components because fluoride concentrations increase in plaque fluid
when the pH falls during the bacterial metabolism of fermentable carbo-
hydrates. Acidic products of metabolism are retained in plaque fluid,
and shifts in their profile from a hetero- to a homofermentative pattern
can be observed following the intake of dietary sugars. The ratio of K*/
Na* is higher in plaque fluid, and this may have a significant influence
on several properties of oral streptococci associated with their role in
disease. As discussed in Chapter 4, these properties include enhanced
acid production and the increased secretion of glycosyltransferases by
potasssium ions, possibly by the stimulation of the protonmotive force
in cells.

Analysis of plaque fluid has allowed insights into nitrogen meta-
bolism by oral bacteria. Complex patterns of amino acid consumption
and excretion occur over relatively short time periods. Hydroxyproline
and hydroxylysine have been found consistently in human plaque fluid
which may indicate collagen breakdown as being a significant activity
in plaque. Likewise, a novel nitrogenous compound, delta-aminovaleric
acid, has been found in plaque fluid from humans and monkeys, and
is probably derived from proline by reductive ring cleavage and deamin-
ation. These amino acids and proteins, together with the anions and
organic acids present, will contribute to the buffering capacity of plaque
fluid, which is twice that of resting saliva.

CALCULUS

Calculus, or tartar, is the term used to describe calcified dental plaque.
It consists of intra- and extracellular deposits of mineral, including
apatite, brushite, and whitlockite, as well as protein and carbohydrate.
Mineral growth can occur around any bacteria; areas of mineral growth
can then coalesce to form calculus which may become covered by an
unmineralized layer of bacteria. Calculus can occur both supragingivally
(especially near the salivary ducts) and subgingivally, where it may
act as an additional retentive area for plaque accumulation, thereby
increasing the likelihood of gingivitis and other forms of periodontal
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disease. Calculus can be porous leading to the retention of bacterial
antigens and the stimulation of bone resorption by toxins from per-
iodontopathogens. Over 80% of adults have calculus, although its
prevalence increases with age. An elevated calcium ion concentration
in saliva may predispose some individuals to be high calculus formers.
Once formed, huge removal forces are required to detach calculus; this
removal takes up a disproportionate amount of clinical time during
routine visits by patients to the dentist. Consequently, a number of
dental products are now formulated to restrict calculus formation. These
products contain pyrophosphates, zinc salts, or polyphosphonates to
inhibitmineralizationby slowing crystal growth and reducing coalescence.

MICROBIAL INTERACTIONS IN DENTAL PLAQUE

In a biofilm such as dental plaque, micro-organisms are in close proxim-
ity to one another and interact as a consequence. These interactions
can be beneficial to one or more of the interacting populations, while
others can be antagonistic (Table 5.8). Microbial metabolism within
plaque will produce gradients in factors affecting the growth of other
species. These would include the depletion of essential nutrients with
the simultaneous accumulation of toxic or inhibitory by-products
(Figure 5.4). As stated earlier, these gradients lead to the development
of vertical and horizontal stratifications within the plaque biofilm. Such
environmental heterogeneity has two important consequences for
microbial interactions. It enables organisms with widely differing
requirements to grow, and ensures the co-existence of species that
would be incompatible with one another in a homogeneous habitat.
Most studies have characterized microbial interactions in the laboratory,
with the assumption that they will operate similarly in the mouth.
Particularly useful studies have involved laboratory model systems,
such as the artificial mouth and the chemostat, and gnotobiotic or
specific pathogen-free animals.

Table 5.8 Factors involved in microbial interactions in dental plaque

Beneficial Antagonistic
Enzyme complementation Bacteriocins
Food chains (food webs) Hydrogen peroxide
Coaggregation Organic acids

Low pH

Nutrient competition
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Figure 5.9 Bacterial co-operation in the degradation of host glycoproteins
(enzyme complementation). For example, organism A is able to cleave the
terminal sugar of the oligosaccharide side-chain, which enables organism B or
D to cleave the penultimate residue, etc.

Competition for nutrients will be one of the primary ecological deter-
minants in dictating the prevalence of a particular species in dental
plaque. Bacterial growth in most natural ecosystems is limited by the
availability of essential nutrients and co-factors, and there is now con-
siderable evidence that the growth of the resident oral microflora is
also dependent on the utilization of endogenous nutrients. The plaque
microflora possesses a wide range of proteases and glycosidases, sug-
gesting that salivary proteins and glycoproteins are the major sources of
nitrogen and carbon at healthy sites. Individual species of oral bacteria
possess different but overlapping patterns of enzyme activity, so that
the concerted action of several species is necessary for the complete
degradation of host molecules. This is illustrated diagrammatically in
Figure 5.9; it can be seen that the growth of some organisms will be
dependent on others removing, for example, the terminal sugar from
the oligosaccharide side-chain of the glycoprotein.

An example of microbial co-operation in the breakdown of host
macromolecules has been provided by a study of the enrichment of
subgingival bacteria on human serum (used to mimic GCF). Prolonged
growth of subgingival plaque in a chemostat led to the selection of
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consortia of bacteria with different metabolic capabilities. Shifts in the
microbial composition of the consortia occurred at different stages of
glycoprotein breakdown. Initially, carbohydrate side-chains were
removed by organisms with complementary glycosidase activities,
including S. oralis, E. saburreum and Prevotella spp. This was followed
by the hydrolysis of the protein core by, for example, P. intermedia, P.
oralis, F. nucleatum, and to a lesser extent, Eubacterium spp.; some amino
acid fermentation occurred and the remaining carbohydrate side-chains
were metabolized leading to the emergence of Veillonella spp. A final
phase was characterized by progressive protein degradation and exten-
sive amino acid fermentation; the predominant species included Pepto-
streptococcus micros and E. brachy. Significantly, individual species grew
only poorly in pure culture in serum. A consequence of these inter-
actions involving enzyme complementation is that different species
avoid direct competition for individual nutrients, and hence are able to
co-exist. This type of interaction is an example of proto-cooperation or
mutualism, whereby there is benefit to all participants that are involved
in the interaction. Bacterial polymers are also targets for degradation.
EPS synthesized by many plaque bacteria (Table 4.8) can be metabolized
by other organisms in the absence of exogenous (dietary) carbohydrates.
The fructan of S. salivarius and other streptococci, and the glycogen-
like polymer of Neisseria, are particularly labile, and little fructan can be
detected in plaque in vivo. In addition, mutans streptococci, members
of the S. oralis-group, S. salivarius, A. israelii, Capnocytophaga spp., and
Fusobacterium spp. possess exo- and/or endohydrolytic activity and met-
abolize streptococcal glucans. The metabolism of these polymers is
usually cited as an example of commensalism (an interaction beneficial
to one organism but with a neutral effect on the other). As with the
degradation of salivary proteins and glycoproteins, proto-cooperation
may occur if organisms with exo-dextranase activity combine with an
endo-dextranase producer to attack polymers to their mutual benefit.
Some have reported that polymer metabolism might lead to antagonism
(inhibition of one or more of the interacting species). For example,
dextranase-producing S. oralis strains were able to block the sucrose-
mediated aggregation of mutans streptococci and S. sanguis to each
other, and the adherence of each species to a solid surface. This antag-
onistic interaction was accomplished through competition for cell sur-
face glucan binding sites, the destruction of glucans capable of function-
ing as cell binding sites, and the suppression of water-soluble glucan
synthesis from sucrose.

Many other types of nutritional interactions are known to exist among
plaque micro-organisms whereby the products of metabolism of one
organism (primary feeder) is the main source of nutrients for another
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(secondary feeder). The best described interaction of this type is the
utilization of lactate produced from the metabolism of dietary carbo-
hydrates by a range of other species, but particularly Streptococcus and
Actinomyces species. This food chain was demonstrated originally in
mixed continuous culture studies in which S. mutans acted as the pri-
mary feeder. This interaction could have important ecological conse-
quences. Lactic acid is the strongest acid produced in quantity in dental
plaque and is, in consequence, implicated in enamel demineralization.
By converting lactate into propionic and acetic acids, which are weaker,
it has been proposed that Veillonella spp. could reduce the cariogenic
potential of other plaque bacteria. Evidence to support this concept
came from gnotobiotic animal studies. Fewer caries lesions were
obtained in rats inoculated with either S. mutans or S. sanguis and
Veillonella than in animals infected with either streptococcus alone:

S. mutans or ) lactic ._caries
S. sanguis acid
S. mutans or » lactic
5. sanguis acid
Veillonella

propionic and » 1688

acetic acids caries

Strains of Neisseria, Corynebacterium, and Eubacterium are also able to
metabolize lactate. However, some doubts on the clinical relevance of
this interaction between mutans streptococci and Veillonella have been
expressed recently. Laboratory studies have now shown that this inter-
action is an example of proto-cooperation because the continual con-
sumption of the end product of metabolism actually enhances the
growth and the rate of glycolysis and acid production of the lactate-
producing strain. Similarly, in an artificial mouth model, demineraliz-
ation of enamel pieces by S. mutans was increased in the presence
of Veillonella. Furthermore, some recent human clinical studies have
reported increases in both mutans streptococci and Veillonella at sites
with caries (Chapter 6).

Other nutritional interactions between oral bacteria have been
described in the laboratory. Under anaerobic conditions, a strain of S.
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Figure 5.10 Some potential nutritional interactions (food chains) between
plaque bacteria.

mutans required p-aminobenzoic acid for growth, and this could be
supplied by S. sanguis. Oral spirochaetes can be dependent on the
production of iso-butyrate and putrescine or spermine by fusobacteria,
and on succinate produced by various Gram-positive rods. Similarly,
Fusobacterium and Prevotella species provide hydrogen and formate for
the growth of Wolinella and Campylobacter spp., while the metabolism of
some black-pigmented anaerobes is dependent on the synthesis of vit-
amin K by other bacteria in the gingival crevice. A mutually beneficial
interaction between S. sanguis and C. rectus has been described whereby
the anaerobe scavenges inhibitory oxygen, or possibly hydrogen perox-
ide produced by the streptococcus, while S. sanguis provides C. rectus
with formate following the fermentation of glucose under carbohydrate-
limiting conditions. C. rectus is also able to produce protohaeme for
the growth of black-pigmented anaerobes such as P. intermedia and P.
gingivalis. As can be deduced from this evidence, a complex array of
nutritional interactions between bacteria can take place in plaque, with
the growth of some species being dependent on the metabolism of
other organisms. Indeed the diversity of the plaque microflora is due,
in part, to (a) the development of such food chains and food webs
(Figure 5.10) and to (b) the lack of a single nutrient limiting the growth
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of all bacterial species. Bacteria survive by adopting, where possible,
alternative metabolic strategies in order to avoid direct competition.
Another beneficial interaction among plaque bacteria is co-aggregation;
this was described in an earlier section in this chapter.

Antagonism is also a major contributing factor in determining the
composition of microbial ecosystems such as dental plaque. The pro-
duction of antagonistic compounds can give an organism a competitive
advantage when interacting with other microbes. One of the most
common antagonistic compounds produced are bacteriocins or bacteri-
ocin-like substances. Bacteriocins are relatively high molecular weight
proteins that are coded for by a plasmid; the producer strains are
resistant to the action of the bacteriocins they produce. Bacteriocins are
produced by most species of oral streptococci (e.g. mutacin by S. mutans
and sanguicin by S. sanguis) as well as by C. matruchotii, black-pig-
mented anaerobes, and A. actinomycetemcomitans. In contrast, Actinom-
yces species are not generally bacteriocinogenic. Although bacteriocins
are usually limited in their spectrum of activity, many of the streptococ-
cal bacteriocins are broad spectrum, inhibiting species belonging to
several Gram-positive genera including Actinomyces spp. Similarly, a
bacteriocin from S. sanguis was active not only against most Gram-
positive species but also against Gram-negative bacteria including Cap-
nocytophaga and Prevotelln species. Conflicting evidence has been
reported on whether such agents would function under the conditions
known to exist in plaque. Some reports claim that bacteriocins could be
inactivated by proteolytic enzymes in saliva, and by cell-associated EPS,
whereas others have found no such evidence. Indeed, gnotobiotic
animal studies, in which strains of S. mutans with various degrees
of bacteriocinogenic activity were implanted along with a bacteriocin-
sensitive strain of A. viscosus, suggested that bacteriocin-producing bac-
teria do have an ecological advantage during colonization. Only bacteri-
ocin-producing strains could become established, with the degree of
colonization being proportional to the level of in vitro activity. Interestin-
gly, even bacteriocin-producing strains of S. mutans had difficulty in
colonizing when the rat microflora became conventionalized, and hence
more complex in composition. The likely explanation for this coloniz-
ation resistance was that all of the available niches within the microbial
community were now occupied.

Other inhibitory factors produced by plaque bacteria include organic
acids, hydrogen peroxide, and enzymes. The production of hydrogen
peroxide by members of the S. oralis-group has been proposed as a
mechanism whereby the numbers of periodontopathic bacteria are
reduced in plaque to levels at which they are incapable of initiating
disease. Perhaps significantly, some periodontal pathogens (e.g. A.
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actinomycetemcomitans) are able to produce factors inhibitory to oral
streptococci. Certain types of periodontal disease (Chapter 7) might
result, therefore, from an ecological imbalance between dynamically-
interacting groups of bacteria. The low pH generated from carbohydrate
metabolism is also inhibitory to many plaque species, particularly Gram-
negative organisms and members of the 5. oralis-group. The production
of antagonistic factors will not necessarily lead to the complete exclusion
of sensitive species. As discussed previously, the presence of distinct
micro-habitats within a biofilm such as plaque enables bacteria to sur-
vive that would be incompatible with one another in a homogeneous
environment. Also, where there is competition for nutrients, the pro-
duction of inhibitory factors might be a mechanism whereby less-com-
petitive species can persist (negative feed-back).

Bacterial antagonism will also be a mechanism whereby exogenous
(allochthonous) species are prevented from colonizing the oral cavity.
The production of inhibitory compounds is normally considered only
in terms of interactions between competing resident (autochthonous)
organisms but, for example, some S. salivarius strains can produce an
inhibitor (enocin) with activity against Lancefield Group A streptococci.
Enocin-producing strains may prevent colonization of the mouth by
this pathogen in a manner similar to that proposed for streptococci in
the pharynx. It has been claimed that S. salivarius is more frequently
isolated from the throats of children who do not become colonized
following exposure to Group A streptococci than from those who do
become infected. Thus, microbial interactions will play a major role in
determining both the final composition and the pattern of development
of the plaque microflora.

MICROBIAL HOMEOSTASIS IN DENTAL PLAQUE

In spite of its microbial diversity, the composition of dental plaque at
any site is characterized by a remarkable degree of stability or balance
among the component species. This stability is maintained in spite
of the host defences, and despite the regular exposure of the plaque
community to a variety of modest environmental stresses. Strategies by
which the resident oral microflora might avoid or evade the host
defences were outlined in Chapter 2. Environmental stresses include
diet, the regular challenge by exogenous species, the use of dentifrices
and mouthwashes containing antimicrobial agents (Chapters 6 and 7),
and changes in saliva flow and hormone levels (Figure 5.11). The ability
to maintain community stability in a variable environment has been
termed microbial homeostasis. This stability stems not from any meta-
bolic indifference among the components of the microflora but results
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Figure 5.11 Factors involved in the maintenance of microbial homeostasis in
the mouth.

rather from a balance of dynamic microbial interactions, including both
synergism (such as proto-co-operation and commensalism) and anta-
gonism. When the environment is perturbed, self-regulatory mechan-
isms (homeostatic reactions) come into force to restore the original
balance. An essential component of such mechanisms is negative feed-
back, whereby a change in one or more organisms results in a response
by others to oppose or neutralize such a change. There is a tendency
for homeostasis to be greater in microbial communities with an
increased species diversity.

Despite the microbial diversity of dental plaque, homeostasis does
break down on occasions. The main causes for this can be divided into
either (a) deficiencies in the immune response, or (b) other (non-

Table 5.9 Factors responsible for the breakdown of microbial homeostasis

Immunological factors Non-immunological factors

slgA-deficiency Xerostomia

Neutrophil dysfunction Antibiotics

Chemotherapy-induced Dietary carbohydrates/low pH
myelosuppression Increased GCF flow

Infection (AIDS) Oral contraceptives
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immune) factors (Table 5.9). The host defences, together with the resi-
dent microflora, serve to maintain microbial homeostasis in plaque (and
on other oral surfaces), and together they act synergistically to prevent
colonization by exogenous species and the invasion of host tissues by
opportunistic pathogens. The remainder of this book will be devoted
to describing the consequences of the breakdown of microbial homeo-
stasis in the mouth, and will describe the aetiology of the major oral
diseases.

SUMMARY

Dental plaque is the microbial community, embedded in polymers of
salivary and bacterial origin, found on the tooth surface. The develop-
ment of dental plaque is an example of autogenic succession whereby
microbial factors influence the pattern of the development of the micro-
flora. The formation of dental plaque can be divided arbitrarily into a
number of distinct stages. These include a reversible phase involving
van der Waals attractive forces and electrostatic repulsion, an irrevers-
ible phase involving specific inter-molecular interactions between
bacterial adhesins and host ligands, coaggregation of bacteria to already-
attached organisms, and cell division leading to confluent growth and
biofilm formation. The pioneer species include members of the S. oralis-
group, haemophili, and Neisseria species. These organisms do not colon-
ize clean enamel but interact with a layer of proteins and glycoproteins
(derived mainly from saliva) adsorbed onto the tooth surface (the
acquired pellicle). The process of plaque formation leads to an increase
in the diversity of the microflora, although the composition of the climax
community varies at different sites on the tooth surface. The microbial
community of fissures is less diverse than that of approximal sites and
the gingival crevice. Obligately anaerobic bacteria form a significant part
of the microflora from these latter two sites, so special precautions are
necessary when sampling and processing plaque from these areas in
order to maintain the viability of the resident micro-organisms. Vari-
ations occur in the plaque microflora at the same site both between and
within mouths; variations can also occur at the same site over relatively
small distances, so that small samples are necessary if important site
variations are not to be overlooked.

The balance of the microflora at a site remains reasonably stable
unless severely perturbed by an environmental stress. Such a stable
microflora is also able to prevent exogenous species from colonizing.
This stability (termed microbial homeostasis) is due, in part, to a
dynamic balance of microbial interactions, including synergism and
antagonism. Synergistic interactions include coaggregation, the devel-
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opment of food-chains, and the degradation of complex host and bac-
terial polymers. Antagonism can be due to the production of bacterioc-
ins, hydrogen peroxide, enzymes, organic acids and low pH. The spatial
heterogeneity of a biofilm such as plaque can lead to the co-existence of
species that would be incompatible with one another in a homogeneous
environment. Dental plaque must never be regarded as a constant,
static ecosystem: a consideration of the points raised throughout this
chapter serve to emphasize its dynamic nature.
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In industrialized societies, enamel caries affects the vast majority of
individuals, particularly up to the age of 20 years, whereafter its inci-
dence is reduced. Root-surface caries is becoming a problem in the
elderly due to gingival recession exposing the vulnerable cementum to
microbial colonization. Dental caries can be defined as the localized
destruction of the tissues of the tooth by bacterial action. Cavities begin
as small demineralized areas on the surface of the enamel, and can
progress through the dentine and into the pulp. Demineralization of
the enamel is caused by acids, and in particular lactic acid, produced
from the microbial fermentation of dietary carbohydrates. Lesion forma-
tion involves dissolution of the enamel and the transport of the calcium
and phosphate ions away into the surrounding environment. This initial
stage is reversible and remineralization can occur, particularly in the
presence of fluoride.

SPECIFIC AND NON-SPECIFIC PLAQUE HYPOTHESES

Preventive and curative regimens for caries, periodontal disease and
other diseases would be more precise if the particular micro-organism
causing the disease was known. For any microbe to be considered
responsible for a given condition, Koch’s postulates have been applied,
and these are:

1. The microbe should be found in all cases of the disease with a
distribution corresponding to the observed lesions.

2. The microbe should be grown on artificial media for several subcul-
tures.

3. A pure subculture should produce the disease in a susceptible
animal.

To these three Koch’s postulates is added:
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4. A high antibody titre to the microbe should be detected during
infection, this may provide protection on subsequent reinfection.

Despite extensive sampling of ‘periodontal’ and ‘carious plaques’
together with gnotobiotic and germ-free animal experiments, no single
microbe has been found which satisfies Koch’'s postulates for caries,
periodontal disease or any other opportunistic oral infection. Koch’s
postulates also imply that infections reach homeostasis with the
microbial content becoming constant and a pathogen becoming pre-
dominant. It has become apparent in recent years that all infections
have a progression (natural history) which has evolution and possible
stasis. Even when a microbe eventually predominates it is usually inter-
dependent on others present in the lesion to maintain it. Thus, for any
given infection there may be an apparently heterogeneous group of
causative micro-organisms. This has important implications in the diag-
nosis of opportunistic infections, or in the study of putative pathogens
in caries and periodontal diseases. In the past, numerical predominance
of a micro-organism isolated from a lesion has been the guiding prin-
ciple in the diagnosis of infection; this utilized Koch’s postulates. This
diagnostic principle is now difficult to support as the numerical pre-
dominance of a microbe takes no account of the contribution that it
makes to the maintenance or progression of the lesion. It has therefore
been suggested that Koch’s postulates should be modified for opportun-
istic infections in the following way:

1. A microbe should be present in sufficient numbers to initiate disease.

2. The microbe should have access to the affected tissues.

3. The microbe should be in an environment that permits its survival
and multiplication.

4. Other micro-organisms that inhibit the growth of the microbe should
be absent or, if present, should not significantly affect it.

5. The host must be ‘susceptible’ to the microbe.

On the basis of these principles it is more accepted in diagnostic oral
microbiology to report that two or three micro-organisms may be
responsible for an infection. This sometimes alters antibiotic treatment
where the susceptibilities of several micro-organisms must be con-
sidered if therapy is to be successful.

Caries and periodontal disease are both plaque-associated infections.
The types of micro-organisms found in plaque associated with disease
will be discussed in this Chapter and in Chapter 7. There are two main
schools of thought on the role of plaque bacteria in the aetiology of
these two groups of disease. The Specific Plaque Hypothesis proposes
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that, out of the diverse collection of organisms comprising the resident
plaque microflora, only a limited number of species are involved in
disease. In contrast, the Non-Specific Plaque Hypothesis considers that
any of a heterogeneous mixture of micro-organisms can play a role
in disease aetiology. In some respects, the arguments may be about
semantics, since plaque-mediated diseases are essentially mixed culture
infections, but in which certain, perhaps specific, species predominate.
The arguments then centre around the definitions of the terms specific
and non-specific. If not actually specific, then the diseases certainly
show evidence of specificity.

EVIDENCE FOR CARIES AS AN INFECTIOUS DISEASE

In the last century, Leber and Rottenstein in 1867 and Miller in 1890
deduced the fundamental principles involved in dental caries. In his
famous Chemico-Parasitic Theory, Miller suggested that oral bacteria
converted dietary carbohydrates into acid which solubilized the calcium
phosphate of the enamel to produce a caries lesion. Although Clarke
isolated an organism (which he called Streptococcus mutans) from a
human caries lesion in 1924, proof for the causative role of bacteria
came only in the 1950s and 1960s following experiments with germ-free
animals.

Pioneer experiments showed that germ-free rats developed caries
when infected with bacteria described as enterococci. Evidence for the
transmissability of caries came from studies on hamsters. Caries-inactive
animals had no caries even when fed a highly cariogenic (i.e. sucrose-
rich) diet. Caries only developed in these animals when they were
caged with or ate the faecal pellets of a group of caries-active hamsters.
Further proof came when streptococci, isolated from caries lesions in
rodents, caused rampant decay when inoculated into the oral cavity
of previously caries-inactive hamsters. The importance of diet became
apparent when the colonization and production of caries by most strep-
tococcal populations occurred only in the presence of sucrose. Sub-
sequent research has shown that some oral streptococci not only prod-
uce acid from sucrose (i.e. they are acidogenic), but also they can
tolerate the low pH so-produced (i.e. they are also aciduric), and synth-
esize extracellular polysaccharides that are important in oral coloniz-
ation and plaque development (Chapters 4 and 5).

Mutans streptococci can cause caries of smooth surfaces, as well as
in pits and fissures, in hamsters, gerbils, rats and monkeys fed on
cariogenic diets, and are the most cariogenic group of bacteria found.
Other bacteria, including members of the S. oralis-, ‘S. milleri’
and S. salivarius- groups, E. faecalis, A. naeslundii, A. viscosus and lactoba-
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cilli can also produce caries under conducive conditions in some ani-
mals, although the lesions are usually restricted to fissures. Evidence
for the significance of the role of mutans streptococci in dental caries
has also come from vaccination studies. Immunization of rodents or
monkeys with whole cells or specific antigens of 5. mutans and S.
sobrinus leads to a reduction in the number of these organisms in plaque
and a decrease in the number of caries lesions compared with sham-
immunized animals.

AETIOLOGY OF HUMAN ENAMEL CARIES

Unlike the studies of animals, any relationship between particular oral
bacteria and caries in humans must be derived by indirect means.
Evidence for bacterial involvement has come from several sources.
Patients on long-term broad-spectrum antibiotic therapy frequently
exhibit a reduced caries experience. Similar results are found with
experimental animals kept on diets supplemented with antibiotics active
against Gram-positive species. A variety of epidemiological surveys of
different human populations have found a strong association between
mutans streptococci and caries. Much research effort over the past two
decades has been focused on determining the precise bacterial aetiology
of caries so that effective preventive measures can be devised. The
findings from these studies will be reviewed and summarized in the
following sections.

Natural history of dental caries

Cavitation is the final stage of enamel caries; it is preceded by a clinical-
ly-detectable small lesion, known as a ‘white spot’, and before that by
sub—su,f%ce demineralization, which can only be detected by histological
techniques. Caries often occurs in teeth shortly after eruption (hence,
its association with young people), and some teeth and surfaces are
more vulnerable than others. The prevalence of caries is highest on the
occlusal surfaces of first and second molars, and lowest on the lingual
surfaces of mandibular teeth. The risk to approximal surfaces is inter-
mediate to those described above. Some individuals are more caries
prone than others, and this may be related to a higher frequency of
sugar intake or to a severely reduced saliva flow (for example, as in
xerostomic patients). The microbiological findings have tended to be
more obviously different between caries active and inactive populations.

Not all white-spot lesions progress to cavitation; in some studies only
about half of these early lesions penetrated the dentine after 34 years.
The incidence of progression is even lower on smooth surfaces; occlusal
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lesions, however, tend to progress more often and more rapidly. White-
spot lesions do not just arrest, but can even remineralize; remineraliz-
ation is enhanced by fluoride.

Implications for the design of studies of the aetiology of
caries

This behaviour of lesions to de- and remineralize at different rates
can complicate the interpretation of clinical studies. In cross-sectional
surveys, where cavitation is diagnosed, it cannot be certain whether
the species that are isolated caused the decay or arose because of it.
Likewise, it cannot be determined whether the lesion, at the time of
sampling, was progressing, arrested, or healing, and each phase may
have a different microflora. To overcome these difficulties, longitudinal
studies have been designed in which clinically-sound sites are sampled
at regular intervals over a set time period. Surfaces are chosen so that
a reasonable proportion will decay within the time span of the study.
The microflora can then'be compared: (a) before and after the diagnosis
of a lesion, and (b) between those surfaces that decayed and those
that remained caries-free throughout the study. A disadvantage of this
approach is the fact that plaque analysis is time-consuming and labori-
ous (Chapter 4), so that only a limited number of individuals can be
followed. Consequently, relatively few longitudinal studies, in which
true cause-and-effect relationships can be established, have been perfor-
med, compared to the numerous cross-sectional surveys that have been
reported. Only ‘associations’ can be derived from these latter study
designs, but they have the advantage that large numbers of sites/people
can be analysed, and different patient groups, age groups, tooth sur-
faces, etc. can be screened quickly.

MICROBIOLOGY OF ENAMEL CARIES

Superimposed on the problems of study design outlined abeye, are
those associated with the microbiological analysis of plaque. Many of
these were outlined in Chapter 4. The plaque microflora is diverse, and
disease is not due to exogenous species, which would be easy to iden-
tify, but to changes in the relative.proportions of members of the resi-
dent microflora. There are wide inter-subject variations in the compo-
sition of the plaque microflora (Chapter 5), so that when data is meaned
from numerous individuals, clear associations between bacteria and
disease can be obscured. Likewise, once mutans streptococci had been
strongly implicated in human caries, many follow-up studies only
looked to confirm this association. In such studies, the role of any
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other species could not be determined. Despite these problems of study
design and methodology, much progress has been made, and the major
findings will now be discussed.

Smooth surface caries

Buccal and lingual smooth surfaces are easy to clean and hence, suffer
from decay only rarely. However, they are easy to study for experi-
mental purposes, both in terms of clinical diagnosis and in plaque
sample taking. Early studies showed higher proportions of mutans
streptococci on white-spot lesions on smooth surfaces compared to
sound enamel. Subsequent studies found that the levels of mutans
streptococci in a white-spot lesion were frequently 10-100 fold higher
than on immediately-adjacent sound enamel (Table 6.1). However, as
stated earlier, such an association does not prove a causal relationship.
Except for one site, the actual proportions of mutans streptococci were
low. The bacteria making up the remainder of the plaque microflora
were not identified but would include Actinomyces spp. and other spec-
ies of streptococci, which can also make significant concentrations of
acid from carbohydrates.

Table 6.1 The percentage viable count of mutans streptococci (MS) from a
white spot lesion and from adjacent sound enamel on the same tooth

Mean percentage viable count of MS zf}fi?: spot/
mutans streptococci MS sound
Subject White spot lesion  Sound enamel enamel
1 1.30 0.03 43.3
2 0.01 0.002 5.0
3 0.06 0.002 30.0
4 0.06 0.02 3.0
5 0.8 0.01 80.0
6 63.2 0.5 126.4
7 1.4 0.2 7.0
8 0.2 0.07 0.3

The viable counts are the mean value of several sites in the white spot lesion
and an equal number of sites on neighbouring sound enamel. Eight subjects
were studied.
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Approximal surface caries

A problem with studies aimed at determining the microbial aetiology
of caries at approximal sites is that early lesions cannot be diagnosed
accurately, and plaque samples are inevitably removed from the whole
interproximal area. This will include enamel that is clinically sound
as well as that undergoing demineralization. The microflora can vary
markedly at different sites around the contact area (Table 5.5), irrespec-
tive of whether a lesion is developing, so that specific associations can
be obscured. In general, the data concerning the specificity of particular
species and caries initiation has been more equivocal at approximal sites
than at other surfaces. Much of this may be due to the technical diffi-
culties of lesion sampling and diagnosis outlined above.

Early cross-sectional studies found a positive correlation between
elevated levels of mutans streptococci and lesion development. This
has been confirmed in other studies which have shown that more
lesions develop on surfaces that are colonized by mutans streptococci
than those that are not. Furthermore, the likelihood of caries rises with
increased levels of mutans streptococci in plaque. Many of these stud-
ies, however, are limited in scope, and only monitor a small number
of micro-organisms, and sometimes only mutans streptococci. In order
to combat this, a major longitudinal study was carried out on English
schoolchildren, aged 11-15 years, in which all of the predominant
plaque microflora was characterized. Not surprisingly, the enormous
amount of bacteriological and clinical data generated from this study
caused problems in analysis, but no unique association between any
organism and caries initiation was found. Mutans streptococci could be
found in high numbers prior to demineralization at a number of sites,
but lesions also appeared to develop in the apparent absence of this
group of bacteria; these organisms could also be present at other sites
in equally high numbers without any evidence of caries. The latter
situation might arise in sites where lactate-utilizing bacteria or base-
generating species are highly prevalent, or it may be due to differences
in the activity of host factors, such as the rate of flow, the composition,
or buffering capacity of saliva. Some of the microbiological data from
this study are shown in Figure 6.1. It appeared that both the isolation
frequency and proportions of mutans streptococci increased after, rather
than before, the radiographic detection of a lesion. Similar findings
were found with lactobacilli, and some of these early lesions progressed
deeper into the enamel. This provided some of the earliest evidence
that shifts in the composition of the microflora might occur as the lesion
progresses through the tissues of the tooth.

Analogous findings were found in a study of Dutch army recruits,
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Figure 6.1 [solation frequency (A) and mean percentage viable count (B) of
mutans streptococci and lactobacilli in plaque samples from approximal surfaces
of 15 children before and after the initial detection of a caries lesion. Time 0 =
examinations when lesions were first detected radiographically; time periods
on the left = examinations prior to lesion detection; time periods on the right
= examinations after lesion detection.
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aged 18-20 years. Mutans streptococci were isolated from 40% and
86% of sites from caries-free and caries-active recruits, respectively.
Interestingly, marked differences in the distribution of individual spec-
ies were found; S. mutans strains were isolated from both groups,
whereas 5. sobrinus was recovered almost exclusively from caries-active
recruits. The prevalence of the combined species of mutans streptococci
showed a direct correlation with the progression of a lesion into the
dentine. Caries progression occurred on 14 tooth surfaces, 71% of which
harboured percentages of mutans streptococci greater than 5% of the
total cultivable plaque microflora, while this species was detected only
on 51% of the tooth surfaces without caries progression (Table 6.2).
Again, the association of mutans streptococci with approximal caries
was not absolute. Relatively high proportions of mutans streptococci
persisted at tooth surfaces without caries progression while caries could
also develop in their apparent absence.

Table 6.2 Prevalence of mutans streptococci at approximal tooth surfaces with
and without caries progression

Total
number Prevalence of mutans
of tooth streptococci*:
- surfaces 0% 0-5%  >5%
Caries progression 14 1t 3 10
No caries progression 41 21 17 3

* Prevalence of mutans streptococci is expressed as their percentage of the
cultivable microflora
t Number of tooth surfaces.

Fissure caries

Fissures on occlusal surfaces (Figures 2.1 and 5.7) are still the most
caries-prone sites on the teeth. Caries can develop rapidly on these
surfaces, and it is at these sites that the strongest association between
mutans streptococci and dental decay has been found. In one cross-
sectional study, 71% of carious fissures had viable counts of mutans
streptococci >10% of the total cultivable plaque microflora, whereas
70% of the fissures that were caries free at the time of sampling had no
detectable mutans streptococci. An inverse relationship between
mutans streptococci and S. sanguis is frequently observed. Many other
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studies on different population groups around the world (but predomi-
nantly in industrialized societies) have confirmed these trends.

Similar conclusions have been drawn from longitudinal studies. The
proportions of mutans streptococci, S. sanguis, and lactobacilli were
monitored before and at the time of caries development on occlusal
fissures in American children. The subjects were divided into several
groups according to their previous caries experience and to their caries
activity during the study; these groups are defined in Table 6.3. A
longitudinal analysis of the data showed that the percentage count of
mutans streptococci increased significantly at the time of caries diag-
nosis of most of the occlusal lesions. Cross-sectional comparisons also
demonstrated significantly higher proportions of mutans streptococci
in the fissures that became carious than in those that remained caries-
free (Table 6.3). However, mutans streptococci were only a minor com-
ponent of the plaque from five fissures which became carious. Counts
of lactobacilli were significantly higher at these sites and, it was con-
cluded, that it was these organisms that were responsible for lesion
formation at these sites. Furthermore, in a group who remained caries-
free during the study, but who had previously a high caries experience
(HCI group, Table 6.3), mutans streptococci comprised, on average,
approximately 8% of the total cultivable microflora over a 12-month
period. Thus, although there was a strong correlation between mutans
streptococci and fissure decay, lesions could also develop in the absence
of this group of bacteria, and these bacteria could persist in moderately
high numbers at apparently caries-free sites. In a more recent longitudi-
nal study, it was proposed that once the level of mutans streptococci
in a fissure reached 20% of the total cultivable microflora, then there
was a high probability of a detectable lesion developing within the
following six months.

It is possible that the failure to recover mutans streptococci from
fissures with caries might be due to sampling difficulties. Most tech-
niques using needles or toothpicks only remove a fraction of the total
microflora (approximately 20%), and might not detect mutans strepto-
cocci present in the depth of the fissure. It is noteworthy that organisms
such as lactobacilli appear to preferentially inhabit the lower depths of
the fissure. Studies of the distribution of mutans streptococci have
isolated S. mutans more commonly than S. sobrinus from occlusal sur-
faces, whereas S. sobrinus was found more frequently on molars than
anterior teeth.
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Table 6.3 Percentage viable count of mutans streptococci, S. sanguis, and
lactobacilli in occlusal fissure plaque of children participating in a longitudinal
study relating plaque microflora to caries initiation

Carious status Percentage viable count

of tooth mtans
No. of teeth  streptococci S. sanguis Lactobacilli
Carious
LCA 5 0.1 4.6 4.0
HCA 37 24.6 7.8 1.0
Caries-free
CF 24 2.0 12.8 0.3
LCI 31 1.6 20.6 0
HCI 24 8.3 6.4 0.2
LCA 6 0 7.0 0
HCA 68 7.2 12.3 0.4

LCA caries diagnosed at target site during study, but with a previously low
experience of caries

HCA caries diagnosed at target site during study, but with a previously high
experience of caries

CF  caries free

LCI caries inactive (no new lesions developed during the study) but with a
previously low experience of caries

HCI carjes inactive (no new lesions developed during the study) but with a
previously high experience of caries.

Rampant caries

Rampant caries can occur in particular sub-groups of people who are
especially prone to decay for specific reasons. As stated earlier, one
group is the xerostomic patients who have a markedly reduced salivary
flow rate, for example, due to radiation treatment for head and neck
cancer, to Sjogrens syndrome, or to medication. Not only do these
patients have severely reduced salivary flow rates, but they generally
consume soft diets, with a high sucrose content, and may often suck
‘candies’ to relieve their symptoms. Longitudinal studies of patients
undergoing radiation treatment showed large increases in the numbers
and proportions of mutans streptococci and lactobacilli in plaque and
saliva. Other species, associated with sound enamel, such as S. sanguis,
Neisseria and Gram-negative anaerobes, decreased during this period.
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Analysis of these findings also suggested that there may be waves of
bacterial succession occurring, with mutans streptococci being associ-
ated with caries initiation in these patients while lactobacilli may be
involved with lesion progression.

Rampant caries is also found in another specific situation and that is
‘nursing-bottle’ caries. This is the extensive and rapid decay of the
maxillary anterior teeth associated with the prolonged and frequent
feeding of young infants with bottles or pacifiers containing formulas
with a high concentration of fermentable carbohydrate. Plaque bacteria
receive an almost continuous provision of substrates from which they
can make acid. Such prolonged conditions of low pH are conducive,
and indeed, selective for mutans streptococci and lactobacilli. Not sur-
prisingly, therefore, some of the highest proportions (>50%) of mutans
streptococci in plaque have been reported from sites affected by this
condition. Lactobacilli (including L. fermentum and L. plantarum) are also
prevalent in plaque with this type of caries. In one Canadian study,
however, it was noted that similar microfloras could be recovered from
caries-free susceptible sites and caries lesions, implying that local factors
could influence the cariogenicity of the plaque.

Early (sub-surface) demineralization

As discussed earlier, a problem with many studies of caries is that
diagnosis of a lesion has to rely on relatively insensitive techniques
such as radiographs or tactile criteria. By the time a lesion can be reliably
diagnosed in this way, it is relatively well-advanced. It is possible that
the bacteria associated with the established lesion may not be the same
as those responsible for its initiation. In order to circumvent these
problems, two studies have examined the integrity of enamel from teeth
that were being extracted for orthodontic purposes. Very small samples
of plaque could be taken from discrete sites around the contact area on
approximal surfaces; demineralization could be determined by sensitive
histological criteria using polarized light microscopy or microradiogra-
phy. One study used orthodontic bands as an in vivo model system to
create artificially a protected area for plaque accumulation. Surprisingly,
wide differences in demineralization rates were found. Demineraliz-
ation could occur in some individuals even after as little as two days of
plaque accumulation, while it could be questionable in other subjects
even after 14 days. Lactobacilli, S. mutans and A. viscosus were detected
more commonly at day 14 than at day 1. Demineralization was
more common in the presence of S. mutans, although demineraliza-
tion also occurred in 24% of sites from which S. mutans could not be
isolated.
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Similar trends were found in the second study; the proportions of
mutans streptococci and A. viscosus were found to be statistically higher
at sites with demineralization. Very early stages of demineralization
were also associated with increases in A. odontolyticus; in contrast, lacto-
bacilli were only isolated from the later stages of demineralization.
Again, mutans streptococci could not be detected from 37% of sites
with pronounced demineralization. It should be borne in mind, how-
ever, that this type of study suffers from the problem discussed earlier
that it is not possible to ascertain whether the demineralization was
active, arrested or even repairing at the time of sampling. Collectively,
however, the two studies emphasize the role of mutans streptococci in
early demineralization; they also point to a potential role for A. viscosus,
with lactobacilli becoming prevalent only at the later stages of lesion
formation.

Lesion progression

Indirect evidence from many of the preceding sections has suggested
that bacterial succession may occur during the development of a caries
lesion, and that the microflora responsible for initiation may differ from
that causing progression. Data to support this contention has come
from a 12-month longitudinal study of the plaque microflora of small
incipient approximal lesions in deciduous molar teeth of schoolchildren
(aged 4-9 years). During this period, some of the lesions progressed
while others did not. Differences were found in the plaque microflora
at the start of the study between lesions which ultimately progressed
and those that were arrested (Table 6.4). Lactobacilli and A. odontolyticus
were isolated in low numbers (<1% of the total microflora), but only
from lesions which eventually progressed, and were never isolated
from non-progressive lesions, or from sound enamel. Other positive
associations with caries progression were found with mutans strepto-
cocci and Veillonella spp.; organisms showing a negative correlation
included members of the 5. oralis-group and A. naeslundii (Table 6.4).
These findings might find clinical application in that the detection of
lactobacilli or A. odontolyticus at incipient lesions would indicate a site
with a high-risk of cavitation. Such a finding, therefore, could warrant
the topical application of agents to either encourage remineralization
(e.g. fluoride) or disrupt the ecology of the microflora (e.g. antimicrobial
agents).
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Table 6.4 Prevalence and isolation frequency of some bacteria recovered from
progressive and non-progressive incipient caries lesions in young
schoolchildren

Progressive Non-progressive
lesion lesion

Yoage Yoage Yage Yoage
viable isolation viable isolation

Bacterium count  frequency  count  frequency
mutans streptococci 10 100 3 75
S. sanguis-group 6 100 9 87
S. oralis-group 4 50 5 100
A. viscosus 29 100 33 100
A. naeslundii <1 50 5 50
A. odontolyticus <1 50 0 0
Lactobacillus spp. <1 75 0 0
Veillonella spp. 11 100 9 100

Recurrent caries

Caries can re-occur beneath and around previous restorations. This
might be due to penetration of micro-organisms around the margins of
poorly-fitting restorations or due to the incomplete removal of bacteria
when the initial lesion was originally restored. There have been few
studies of this problem, but mutans streptococci have been isolated in
high numbers from recurrent caries while lactobacilli have also been
isolated when dentine is affected. Interestingly, the type of restoration
may influence the development of the microflora and affect recurrent
caries. Conventional amalgam is being replaced in some situations by
new materials including glass ionomer cement. This material can leach
fluoride and silver ions into the immediate environment; both ions
can exert an antibacterial effect. Plaque removed from approximal sites
restored with glass ionomer cement had lower levels of mutans strepto-
cocci than those restored with amalgam.

~

MICROBIOLOGY OF ROOT-SURFACE CARIES

Unlike enamel caries, root-surface caries is a disease of middle-aged
and older adults. Gingival recession exposes the cementum of the root
to microbial colonization; root surfaces can also become exposed due to
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mechanical injury or to periodontal surgery (e.g. scaling and root plan-
ing; Chapter 7). These cementum surfaces, when colonized by bacteria,
are especially vulnerable to demineralization by acid, and therefore, to
caries. Root surface caries was common in ancient populations and
is prevalent in present day primitive communities. In contemporary
populations, the prevalence of root surface caries increases with age.
This is now becoming a major problem due to people retaining their
teeth for longer periods. Approximately 60% of individuals aged 60
years or older now have root caries or fillings.

Experimental animal studies

Direct evidence for the role of oral micro-organisms in root-surface
caries came from animal studies in the 1960s in which filamentous
bacteria were found to invade the root surfaces of hamsters and produce
caries. Human isolates of A. naeslundii and A. viscosus were then shown
to cause root surface caries (and periodontal disease) in gnotobiotic rats
and hamsters, as were pure cultures of mutans streptococci, S. mitis,
‘S. milleri’ and S. sanguis in subsequent experiments; studies with A.
israelii have given equivocal results, while lactobacilli only caused
enamel caries in animals.

Human studies

AN

Early studies were designed around the findings from the first animal
experiments, and focused on the role of Gram-positive filamentous
bacteria, especially Actinomyces spp. in root surface caries. Among the
organisms isolated from lesions were Rothia dentocariosa, A. viscosus, A.
naeslundii and A. odontolyticus; in some studies mutans streptococci were
also reported to be significant components of the microflora. Indeed,
some lesions could be distinguished by those in which mutans streptoc-
occi predominated, and those in which they were absent and Actinom-
yces spp. (especially A. viscosus) were the dominant organisms.

More recent studies have tended to find stronger associations
between mutans streptococci and lactobacilli with root surface caries. In
a major longitudinal survey in Canada, although no specific correlations
between certain bacteria and root caries were found, the presence of
mutans streptococci and lactobacilli on root surfaces were predictive for
the subsequent development of a lesion. Other studies have attempted
to sub-divide the lesions into initial (or ‘soft’) and advanced (or ‘hard’).
Several groups reported higher proportions (often around 30% of the
total cultivable microflora) of mutans streptococci at the initial lesion
(Table 6.5), sometimes in association with lactobacilli. Advanced lesions
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did not appear to be associated with a specific group of micro-organ-
isms, but the microflora was variable and diverse, with Gram-positive
rods such as Actinomyces spp., Propionibacterium (formerly Arachnia)
Bifidobacterium, Lactobacillus and Rothia being isolated by different
groups. The collective data suggest that bacterial succession also occurs
during the development of root surface lesions.

Table 6.5 Mean percentage viable counts (and percentage isolation frequences
in parentheses) of some plaque bacteria from root surfaces, with and without
caries

Root surface caries

Sound root Initial Advanced
Bacterium surface (soft) (hard)
Mutans streptococci 2 (84) 29 (92) 8 (92)
S. sanguis 19 (96) 11 (97) 22 (85)
A. viscosus/naeslundii 12 (90) 11 (85) 13 (96)

—— enamel caries

dentinal caries

Figure 6.2 Progression of infections affecting the tooth and its supporting
structures.
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