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The aim of the latest Edition of this successful textbook continues to be to describe the
complex relationship between the resident oral microflora and the host in health and
disease. The Fifth Edition has been completely rewritten and enlarged, while retaining
and extending its philosophy of explaining this relationship in ecological terms. This
approach is of benefit to the reader by providing a clear set of principles to explain the
underlying issues that determine whether the microflora will have a beneficial or an
adverse relationship with the host at a particular site. This information provides a foun-
dation that can be exploited by research workers or health professionals to understand,
prevent or control disease.

In the decade since the Fourth Edition was first published there have been huge
advances in the field of oral microbiology. To reflect these advances, two new authors
(Professor Mike Lewis and Dr David Williams, Cardiff) have been recruited to pro-
vide additional inputs especially on viral and fungal pathogens, and on the role of oral
microbes in acute and chronic infections.

This new Edition reflects the impact that the genomic era has had on the subject
area. The application of molecular biology techniques has revolutionized our knowl-
edge of the richness and diversity of the microbes that can be found in the mouth, and
highlighted that even with the most sophisticated of techniques only around 50% of
the microflora can be cultured in the laboratory. These molecular approaches have also
implicated the involvement of even more complex consortia of microorganisms in the
aetiology of a number of oral diseases. This Edition also highlights the biological and
clinical significance of the existence of the oral microflora in the form of a biofilm on
dental and mucosal surfaces. Contemporary views on therapeutic and prophylactic anti-
biotic use, infection control, and the relationships between oral and general health are
also discussed.

This new Edition builds on the success of previous ones, and provides an even more
comprehensive coverage of the field of oral microbiology. The book will be suitable for
undergraduate and postgraduate students, research workers, and a wide range of clinical
dental professionals.

P D Marsh

M V Martin

M A O Lewis
D W Williams
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The mouth is the gateway of the body to the exter-
nal world and represents one of the most biologi-
cally complex and significant sites in the body.
This is where the first stages of the digestive process
take place and, consequently, the mouth is richly
endowed with sensory functions (taste, smell, tem-
perature and texture). It also plays a critical role in
communication, whether by speech or via facial
expressions, and makes a significant contribution
to our appearance. Recent studies have re-affirmed
an earlier concept that oral health is inextricably
linked to general health, and vice versa. Maintaining
a healthy mouth, therefore, is of vital importance for
a person’s self-esteem and general well-being.

The mouth is an easily accessible part of the
body and so can provide health care workers with
a window into a person’s oral and general health.
Disease that is localized elsewhere in the body can
be reflected in the mouth and, as a result, saliva is
becoming increasingly recognized as a key diagnos-
tic fluid. For example, oral candidosis (Ch. 9) in pre-
viously healthy young adults can be the first sign of
HIV infection, while antibodies against a range of

1

viruses can be detected in saliva. Risk factors for gen-
eral health, such as tobacco habits, alcohol abuse
and an inadequate diet, can also have a deleterious
effect on oral health while, in an analogous manner,
oral disease can also have an impact on the over-
all health of the individual. Recent studies suggest
that severe periodontal disease in some populations
might be a risk factor for premature or low birth
weight babies, ischaemic heart disease, pulmonary
disease and diabetes mellitus (see later, and Ch. 6).

The mouth is one of the key interfaces between the
body and the external environment, and can act as a
site of entry for some microbial pathogens, especially
from the air or via ingestion from the diet. Therefore,
it is equipped with a comprehensive array of defence
strategies that includes elements of both the innate
and adaptive immune system (see Ch. 2). Indeed,
the ability of the host to recognise and respond to
invading pathogens while simultaneously tolerating
a diverse resident microflora (see Ch. 3) remains one
of the most remarkable feats of evolution, and the
precise mechanisms that permit this level of discrim-
ination are still not fully understood.

THE HUMAN MICROFLORA

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 microorganisms
that comprise the resident microflora of the host. This
resident microflora does not have merely a passive
relationship with its host, but contributes directly and
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indirectly to the normal development of the physiol-
ogy, nutrition and defence systems of the organism.
In general, these natural microfloras live in harmony
with humans and animals and, indeed, all parties
benefit from the association. Loss or perturbation of
this resident microflora can lead to colonization by
exogenous (and often pathogenic) microorganisms,
thereby predisposing sites to disease.

The microbial colonization of all environmen-
tally accessible surfaces of the body (both exter-
nal and internal) begins at birth. Such surfaces are
exposed to a wide range of microorganisms derived
from the environment and from other persons. Each
surface, however, because of its physical and biolog-
ical properties, is suitable for colonization by only
a proportion of these microbes. This results in the
acquisition, selection and natural development of a
diverse but characteristic microflora at distinct sites
(Fig. 1.1). For example, staphylococci and micrococci
predominate on the skin surface but rarely become
established in significant numbers in the mouth of
a healthy person. Similarly, less than 30 out of over
700 types of microorganism found in the mouth were
able to colonize the gastrointestinal tract, despite the
continual passage of these microbes through the gut.
Furthermore, the predominant species of bacteria
can differ markedly at distinct surfaces in the mouth
despite these organisms having equal opportunities
to colonize each site, and this is due again to subtle

Naso-pharynx
Streptococcus
Neisseria
Skin Moraxel{a
Staphylococcus /— Haemophilus
Micrococcus
Corynebacterium Mouth
Propionibacterium Streptococcus
Actinomyces
Gut Prevotella
Fusobacterium
Peptostreptococcus
Eubact'ef/um ~ Uro-genital tract
Clostridium
Bifidobacterium Streptococcus
Bacteroides —\ Staphylocqccus
Lactobacillus
Candida

Fig. 1.1 Distribution of the resident human microflora. The
predominant groups of microorganism at some distinct
anatomical sites are listed.

variations in key parameters than influence micro-
bial growth and competitiveness (see Ch. 4).

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. This micro-
flora is described in Chapter 3 and its intra-oral dis-
tribution is presented in Chapter 4. Perhaps more
commonly than elsewhere in the body, this relation-
ship can break down in the mouth and disease can
occur. This is usually associated with:

e major changes to the biology of the mouth from
exogenous sources (examples include: antibiotic
treatment or the frequent intake of fermentable
carbohydrates in the diet) or from endogenous
changes such as alterations in the integrity of
the host defences following drug therapy, which
perturb the natural stability of the microflora, or

¢ the presence of microorganisms at sites not
normally accessible to them; for example, when
oral bacteria enter the blood stream following
tooth extraction or other traumas and are
disseminated to distant organs, where they can
cause abscesses or endocarditis.

Bacteria with the potential to cause disease in this way
are termed ‘opportunistic pathogens’, and many oral
microorganisms 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 are dental caries
and periodontal diseases (see Ch. 6), both of which
are highly prevalent in industrialized societies and are
now on the increase in developing countries; other
acute and chronic infections occur but less frequently
(see Ch. 7). Dental caries is the dissolution of enamel
or root surfaces (demineralization) by acid produced
primarily from the metabolism of fermentable carbo-
hydrates in the diet by bacteria colonizing the tooth
surface (dental plaque). Dental plaque is also asso-
ciated with the aetiology of periodontal diseases in
which the host mounts an inappropriate inflamma-
tory response to an increased microbial load (due to
plaque accumulation) around the gingivae, resulting
in damage to the supporting tissues of the teeth.
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Caries and periodontal diseases pose distinct chal-
lenges when it comes to determining their microbial
aetiology. These diseases occur at sites with a pre-
existing diverse, natural resident microflora, while
even more complex but distinct consortia of micro-
organisms are implicated with pathology. It is neces-
sary, therefore, to determine which microbial species
are implicated directly in active disease, which are
present as a result of disease and which are merely
innocent bystanders. Numerous studies have shown
that these common diseases are caused by shifts
in the balance of the resident microflora, in which
some minor components of dental plaque become
predominant due to a change in local environmen-
tal conditions. These shifts in dental plaque compo-
sition in caries and periodontal disease are described
in detail in Chapter 6.

THE SCALE OF ORAL DISEASES

Although rarely life-threatening, oral diseases are a
problem for health service providers in developed
countries because of their high prevalence within
the general population and the huge costs associ-
ated with their treatment. These costs are increased
still further by the treatment of a range of acute infec-
tions (predominantly dentoalveolar abscesses) and
chronic conditions such as actinomycosis and fun-
gal infections; these are described in Chapters 7 and 9.
For example, the National Health Service in the
United Kingdom spends over £1.6 billion per annum
on dental treatment, and this figure increases to over
£2.6 billion when the burgeoning private sector costs
are included, while in the USA, there were 500 million
dental care visits at a cost of $94 billion in 2006.

In general, dental health in developing coun-
tries is improving due to better oral hygiene, the use
of more effective oral care products, and a greater
awareness of dental disease among the general
population. As a result, the incidence of dental car-
ies has been falling in children over the past few
decades. The World Health Organization (WHO)
goal for 50% of 5-year-old children to have no caries
has already been achieved by many countries. This
has been accompanied by an increase in the num-
ber of people who retain their teeth into later life. In
Europe, 80% of older adults now have some natu-
ral teeth, and the average number of teeth retained
by these individuals has also risen. In the UK, 30%
of adults were edentulous in 1978 but this figure

had reduced to 13% by 1998. However, these trends
should not induce a feeling of complacency - the
increase in the number of teeth being kept means
that susceptible sites and surfaces are at risk of den-
tal disease (including caries) throughout the life of
an individual. Children who at present are enjoying
low levels of decay will need to develop a lifestyle
that embraces good oral hygiene, an appropriate
diet and regular visits to dental professionals if they
are to avoid problems later in life due to periodontal
diseases or root surface caries. Currently, over half
of adults in the UK have periodontal pockets with a
depth of four millimetres or greater, and two thirds
had an average of six teeth with exposed, decayed or
treated root surfaces. The incidence of periodontal
diseases and root surface caries increases with age;
over 80% of adults aged 65 years or over have pock-
eting of four millimetres or more, compared to only
40% of individuals in the 35-44 year age group,
while about 60% of individuals aged over 60 years
now have root caries or dental restorations.
Profound disparities in oral health exist within
a population due to differences in socio-economic
status (SES) and race or ethnicity. In Europe, surveys
have shown that around 80% of childhood caries is
found in <20% of children. In the USA, Mexican-
American children have more caries than non-His-
panic black communities, with non-Hispanic white
populations having the least decay; this difference is
further accentuated by low SES. A similar situation
exists with periodontal disease, where non-Hispanic
black and poor people in the USA have more peri-
odontal disease than other groups in each age band.
There is also evidence of a gradual increase in dental
caries in urban areas of developing countries, prob-
ably as a result of changing dietary habits. For exam-
ple, the number of decayed, missing and filled teeth
(DMFT) in 12-year-old children in Thailand was 0.4
in 1960 but had increased to 1.6 by 2000-01. Three
quarters of adults in some parts of the developing
world have been found to suffer from periodontal
disease. Few individuals in these communities take
remedial action due to a general lack of awareness
of the presence or consequence of such diseases.
Advances in prevention could lead to a major reduc-
tion in the prevalence of these diseases, with the
potential for massive savings in health care budgets.
Dental diseases (including caries and periodontal
diseases) result from a complex interaction of envi-
ronmental triggers (primarily, the nature of the diet
and exposure to antimicrobial agents), the resident
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Disease
Key oral Susceptible
microoganisms host
Environmental
trigger

Fig. 1.2 The inter-relationships that lead to oral disease.
Environmental triggers include a high sugar diet and antibiotic
therapy, while host susceptibility might increase due to
reduced saliva flow or immunosuppression.

microflora, and the host (Fig. 1.2). In order to
determine the aetiology and biological mechanisms
behind these diseases it is necessary to understand
the factors that influence these interactions. This
requires an appreciation of the principles of micro-
bial ecology. In this book, the relationships among
oral microorganisms, and between these microor-
ganisms and the host, will be examined. The general
composition of the oral microflora is well character-
ized, but much less is known about how the prop-
erties of the mouth influence the composition and
metabolism of the resident microflora in health and
disease. The oral microflora is in dynamic equilib-
rium with the host, and a change in a key param-
eter that influences microbial growth can perturb
this equilibrium and determine whether the micro-
flora will have a commensal or pathogenic relation-
ship with the host at a site. An understanding of
these inter-relationships (oral microbial ecology) is
fundamental to developing appropriate treatment
strategies.

SUMMARY

Dental diseases are highly prevalent and are a huge
economic burden to health care providers. Diseases such
as caries and periodontal diseases are a consequence

of imbalances in the normal oral microflora. Therefore,
understanding the dynamic relationships that exist
between the host, the local environment and the oral
microflora is fundamental to educating patients and
preventing disease, and can identify the risk factors that
drive these deleterious changes in the microflora.

MICROBIAL ECOLOGY

The philosophy of this text-book is that the key
to a more complete understanding of the role of
microorganisms in dental disease depends on a
paradigm shift away from concepts that have been
derived from studies of diseases with a simple and
specific (single species) aetiology to an apprecia-
tion of ecological principles. Most diseases of the
mouth have a polymicrobial (multiple species) aeti-
ology. The ability of consortia of bacteria to cause
disease depends on the outcome of various inter-
actions both among the microbes themselves, and
between these microorganisms and the host. It
may be necessary, therefore, to take a more holistic
approach when relating the oral microflora to dis-
ease. The activity and behaviour of these microbes
is intimately linked to other biological systems in
the mouth (Figs 1.2 and 1.3). Thus, the composition
and metabolism of bacteria at a site will be influ-
enced by the flow rate and properties of saliva, the
life-style of an individual (in particular, the presence
of a tobacco habit, the nature of the diet, and expo-
sure to medication), and the integrity of the host
defences. For example, caries may occur not only
because of the frequent intake of fermentable car-
bohydrates in the diet, but also as a consequence
of long-term medication for an unrelated medical

Saliva < > Lifestyle
Oral
microbial
ecology
Host
Microflora < > defences

Fig. 1.3 The inter-relationships that influence the microbial
ecology of the mouth in health and disease. The predominant
microorganisms in the mouth might alter due to changes in
saliva flow, life-style (e.g. tobacco habit, diet) or to changes
in the integrity of the host defences. These changes may
predispose sites to disease.
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complaint since a side-effect of such treatment can
often be a reduced saliva flow. A common adverse
effect of certain drugs is a reduction in the produc-
tion of saliva, which in turn reduces its protective
properties. Similarly, smoking tobacco can impair
the functioning of the host defences, leading to a
failure to control the growth of potentially patho-
genic microorganisms. Oral fungal infections arise
following the wearing of dentures, suppression of
the host defences, or antibiotic therapy that removes
competing indigenous bacteria. Acceptance of such
ecological principles can more readily explain the
transition of the oral microflora from having a com-
mensal to a pathogenic relationship with the host,
and also open up new opportunities for prevention,
treatment and control.

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 microorganisms
growing in a particular habitat constitute a micro-
bial community made up of populations of indi-
vidual species or less well-defined groups (taxa);
alternative terms are microbiota or microflora. The
growth of microbial communities on surfaces is
termed a biofilm (see Ch. 5). The microbial com-
munity in a specific habitat together with the biotic
and abiotic surroundings with which these organ-
isms are associated is known as the ecosystem. The
niche is defined here as the function of an organism
in a particular habitat. Thus, the niche is not the
physical location of an organism but is its role within
the community. This role is dictated by the biologi-
cal 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 popula-
tion having a different role (niche) and thus avoid-
ing competition.

A number of terms have been used to describe
the characteristic mixtures of microorganisms
associated with a site. These include the normal,
indigenous, or commensal microflora, but some
difficulties in nomenclature arise if some of the
organisms are associated with disease on occasions.
Alexander (1971) proposed that species found
characteristically in a particular habitat should be
termed autochthonous microorganisms. These
multiply and persist at a site and contribute to the
metabolism of a microbial community (with no
distinction made regarding disease potential), and

can be contrasted with allochthonous organisms
which originate from elsewhere and are generally
unable to colonize successfully unless the ecosys-
tem is severely perturbed. Alternatively, a simple
approach has been to use the term ‘resident micro-
flora’ to include any organism that is regularly iso-
lated from a site; again, no distinction concerning
disease potential is made. Microorganisms that have
the potential to cause disease are termed pathogens.
As stated earlier, those that cause disease only under
exceptional circumstances are described as oppor-
tunistic pathogens, and can be distinguished from
true or overt pathogens which are consistently
associated with a particular disease.

THE ORAL MICROFLORA AND
GENERAL HEALTH

The significance of oral diseases is generally con-
sidered only in the context of the health of the
mouth, but evidence is accumulating that suggests
that they can also have an impact on the general
health of an individual. In periodontal diseases, for
example, large numbers of Gram negative bacteria
accumulate around the roots of the teeth, and pro-
duce virulence factors such as lipopolysaccharide
(LPS), cytotoxic metabolites, and immunoreac-
tive molecules. The host mounts an inflammatory
response to the microbial ‘insult’, and prostaglan-
dins and pro-inflammatory cytokines are produced.
These bacterial and host factors can enter the blood
stream due to the high vascularity of the periodon-
tium and are now believed to affect distant sites in
the body.

Some recent human epidemiological studies and
animal experiments have demonstrated that peri-
odontal diseases represent a previously unrecognised
and clinically significant risk factor for preterm low
birth weight babies, either as a direct consequence
of pre-term labour or to premature rupture of mem-
branes, although this has not been confirmed in
all population groups. Furthermore, inflammatory
changes associated with periodontal microorgan-
isms can predispose to diabetes or affect glycaemic
control. Additionally, oral microorganisms, includ-
ing periodontal pathogens, can enter the blood
stream during transient bacteraemias, where they
may play a role in the development and progression
of atherosclerosis, thereby increasing the risk for cor-
onary heart disease.
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The mouth may also affect general health by act-
ing as a reservoir for opportunistic pathogens. Oral
hygiene is poor among patients in intensive care, and
dental plaque from these patients contains large num-
bers of potential respiratory pathogens. Aspiration
of these pathogens (and bacteria implicated in peri-
odontal disease; Ch. 6) into the lower respiratory
tract can increase the likelihood of serious lung infec-
tion, especially in immunocompromised or elderly
people. Helicobacter pylori is also detected in dental
plaque on occasions, and this organism is strongly
associated with chronic gastritis and peptic ulcers,
and is a risk factor for gastric cancer. Helicobacter
pylori is not a normal bacterial inhabitant of the
mouth, and its presence may be associated with gas-
tro-oesophagal reflux. Its intermittent persistence in
the mouth is linked with the presence of deep peri-
odontal pockets, and this carriage may aid its trans-
mission from person-to-person. This pathogen may
be retained in dental plaque by selective adherence to
already attached bacteria, namely Fusobacterium spp.,
by a process called coadherence or coaggregation
(see Ch. 5). Cystic fibrosis (CF) is often accompanied
by lung infection caused by opportunistic pathogens
such as Pseudomonas aeruginosa, Haemophilus influen-
zae, Burkolderia cepacia and staphylococci. CF patients
have fewer dental health problems, probably as a
consequence of their long-term intensive antibiotic
therapy. Studies have shown that a number of oral
sites in CF patients can be colonised by P. aeruginosa,
suggesting that the mouth could act as reservoir for
this organism. Evidence of transfer of these bacteria
to dental equipment has been reported, which high-
lights the need for effective cross-infection control
strategies (Ch. 12).

The properties of the mouth thatinfluence its func-
tion as a microbial habitat together with the major
groups of microorganisms that reside there will
be described in the next two chapters. Subsequent
chapters will describe the acquisition and develop-
ment of the oral microflora (Ch. 4), especially den-
tal plaque (Ch. 5). The remainder of the book will
consider the role of the oral microflora in disease,
including infections in the mouth due to exogenous
microbes, and will describe strategies for infection
control in the dental surgery.

SUMMARY

Oral microorganisms can have an impact on the general
health of an individual. Periodontal pathogens, together
with the host's inflammatory response to subgingival
bacteria, may be risk factors for cardiovascular disease,
preterm or low birth weight babies, or diabetes. Oral
bacteria can act as opportunistic pathogens at distant
sites in the body, e.g. following entry to the blood
stream (bacteraemia) or aspiration into the lungs.

The mouth may also act as a reservoir for pathogenic
bacteria such as Pseudomonas aeruginosa and
Helicobacter pylori, emphasizing the need for effective
infection control strategies in the dental surgery.

CHAPTER SUMMARY

The mouth has a resident microflora with a charac-
teristic composition that exists, for the most part, in
harmony with the host. This microflora is of benefit
to the host and contributes to the normal develop-
ment of the physiology and host defences of ani-
mals and humans. Components of this microflora
can act as opportunistic pathogens when the habi-
tat is disturbed or when microorganisms are found
at sites not normally accessible to them. Dental dis-
eases, caused by imbalances in the resident micro-
flora, are highly prevalent and extremely costly to
treat. Dental diseases may also act as risk factors for
more serious medical conditions, such as heart and
pulmonary disease; the mouth can also act as a res-
ervoir for exogenous pathogens such as Helicobacter
pylori and Pseudomonas aeruginosa, emphasising the
need for effective infection control strategies. Oral
health has a strong influence on the quality of life
of an individual, and is more than merely preserv-
ing the integrity of the teeth and their support-
ing tissues. An understanding of the relationship
between the oral microflora and the host, and how
this relationship can be perturbed by exogenous
and endogenous factors, is critical to understand-
ing oral diseases and in developing new preventa-
tive strategies.
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THE MOUTH AS A MICROBIAL
HABITAT

The properties of the mouth make it ecologically
distinct from all other surfaces of the body, and dic-
tate the types of microbe able to persist, so that not
all of the microorganisms that enter the mouth are
able to colonize. Moreover, distinct habitats exist
even within the mouth, each of which will support
the growth of a characteristic microbial commu-
nity because of their particular biological features.

Habitats that provide obviously different ecologi-
cal conditions include mucosal surfaces (such as
the lips, cheek, palate, and tongue) and teeth (Table
2.1). The properties of the mouth as a microbial
habitat are dynamic, and will change during the
life of an individual. During the first few months of
life the mouth consists only of mucosal surfaces for
microbial colonization. The eruption of teeth pro-
vides a unique, hard non-shedding surface which
enables much larger masses of microorganisms
(dental plaque) to accumulate as biofilms; in addi-
tion, gingival crevicular fluid (GCF) is produced
which can provide additional nutrients for subgingi-
val microorganisms. The ecology of the mouth will
change over time due to the eruption or extraction
of teeth, the insertion of orthodontic bands or den-
tures, and any dental treatment including scaling
and restorations. Transient fluctuations in the sta-
bility of the oral ecosystem may be induced by the
frequency and type of food ingested, variations in
saliva flow (for example, certain medications impair
saliva flow), and courses of antibiotic therapy.

Four features that help to make the oral cavity dis-
tinct from other areas of the body are: specialized
mucosal surfaces, teeth, saliva and gingival crev-
icular fluid. These will be considered now in more
detail.

Mucosal surfaces

The mouth is similar to other ecosystems in the diges-
tive tract in having mucosal surfaces for microbial
colonization. The microbial load is relatively low on
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Table 2.1 Distinct microbial habitats within the mouth

Habitat Comment

Lips, cheek, palate ® biomass restricted by
desquamation
¢ some surfaces have specialized

host cell types

Tongue ¢ highly papillated surface
e acts as a reservoir for obligate
anaerobes
Teeth ¢ non-shedding surface enabling

large masses of microbes to
accumulate (dental plaque
biofilms)

e teeth have distinct surfaces for
microbial colonization; each
surface (e.qg. fissures, smooth
surfaces, approximal, gingival
crevice) will support a distinct
microflora because of their
intrinsic biological properties.

such surfaces due to desquamation. However, the
oral cavity does have specialized surfaces which con-
tribute to the diversity of the microflora at certain
sites. The papillary structure of the dorsum of the
tongue provides refuge for many microorganisms
which would otherwise be removed by mastica-
tion and the flow of saliva. Such sites on the tongue
can also have a low redox potential (see later),
which enable obligately anaerobic bacteria to grow.
Indeed, the tongue can act as a reservoir for some of
the Gram negative anaerobes that are implicated in
the aetiology of periodontal diseases (Ch. 6), and
are responsible for malodour (Ch. 4). The mouth
also contains keratinized (as in the palate) as well
as non-keratinized stratified squamous epithelium
which may influence the intra-oral distribution of
some microorganisms.

Teeth

The mouth is the only normally-accessible site in the
body that has hard non-shedding surfaces for micro-
bial colonization. Teeth do not appear in the mouth
until after the first few months of life. The primary
dentition is usually complete by the age of 3 years, and
around 6 years the permanent teeth begin to erupt;
this process is complete by about 12 years of age. Local
ecological conditions will vary during these periods of

change, which will in turn influence the composition
of the resident microbial community at a site.

Teeth (and dentures) allow the accumulation of
large masses of microorganisms (predominantly
bacteria) and their extracellular products, termed
dental plaque. Plaque is an example of a biofilm
(Ch. 5) and, while it is found naturally in health, it
is also associated with dental caries and periodontal
disease. In disease, there is a shift in the composition
of the plaque microflora away from the species that
predominate in health (Ch. 6).

Each tooth is composed of four tissues - pulp,
dentine, cementum and enamel (Fig. 2.1). The pulp
receives nerve signals and blood supplies 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. Dentine is composed of bundles of collagen
filaments surrounded by mineral crystals. Tubules run
continuously through the body of the dentine from
the pulp to the dentine-enamel and to the dentine-
cementum junctions. Enamel is the most highly calci-
fied 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 impor-
tant for the anchorage of the tooth; embedded in the
cementum are the fibres of the periodontal ligament
which anchor each tooth to the periodontal bone of
the jaw. With ageing, recession of the gingival tissues
can expose cementum to microbial colonization and
disease (root surface caries; Ch. 6).

Enamel
Dentine Caries
Pulp Periodontal

Gum —

/ pocket

Cementum

Attachment
fibres

Alveolar ,
bone

Fig. 2.1 Tooth structure in health and disease.
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Fig. 2.2 Diagram illustrating the different surfaces of a tooth, and the terminology used to describe dental plague sampling sites.

The ecological complexity of the mouth is inc-
reased still further by the range of habitats found
on the tooth. Teeth do not provide a uniform hab-
itat but possess several distinct surfaces (Table 2.1,
Fig. 2.2), each of which is optimal for colonization
and growth by different populations of microorgan-
ism. This is due to the physical nature of the partic-
ular surface and the resulting biological properties
of the area. The stagnant areas between adjacent
teeth (approximal) and in the gingival crevice afford
most protection to colonizing microorganisms from
the adverse conditions in the mouth. Both sites are
also anaerobic and, in addition, the gingival crev-
ice region is bathed in the nutritionally-rich gingival
crevicular fluid (GCF see later), particularly during
inflammation, resulting in these areas supporting a
more diverse microbial community. Smooth surfaces
are more exposed to the environment and can only
be colonized by a limited number of bacterial species
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 oral removal forces such as saliva flow, and can
contain impacted food debris. Such protected areas
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are associated with the largest microbial communi-
ties and, in general, the most disease.

The relationship between the environment and
the microbial community is not unidirectional.
Although the properties of the environment dictate
which microorganisms can occupy a given site, the
metabolism of the microbial community will mod-
ify the physical and chemical properties of their sur-
roundings, for example, by consuming oxygen and
releasing carbon dioxide and hydrogen to create a
more anaerobic environment. Environmental con-
ditions on the tooth also vary in health and dis-
ease (Fig. 2.1). For example, as caries progresses, the
advancing front of the lesion penetrates the dentine.
The nutritional sources will change and local condi-
tions may become acidic and more anaerobic due to
the accumulation of products of bacterial metabo-
lism. Similarly, in disease, the gingival crevice devel-
ops into a periodontal pocket and the production of
GCFis increased. These new environments will select
the microbial community most adapted to the pre-
vailing conditions. This is a dynamic relationship,
with each change in the local environment invoking
a new response by the resident microorganisms, and
possibly resulting in a shift in the composition and
metabolism of the microflora.
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Saliva

The mouth is kept moist and lubricated by saliva
which flows to form a thin film (approximately
0.1 mm deep) 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 pala-
tal glands) where it is produced. There are differ-
ences in the chemical composition of the secretions
from each gland, but the complex mixture is termed
‘whole saliva’ (Table 2.2). Saliva plays a major
role in maintaining the integrity of teeth by clear-
ing food and by buffering the potentially damag-
ing acids produced by dental plaque following the
metabolism of dietary carbohydrates. Bicarbonate
is the major buffering system in saliva, but phos-
phates, peptides and proteins are also involved.
The mean pH of saliva is between pH 6.75 and
7.25, although the pH and buffering capacity will
vary with the flow rate. Within a mouth, the flow

rate and the concentration of components such as
proteins, calcium and phosphate have circadian
rhythms, with the slowest flow of saliva occurring
during sleep. Thus, it is important to avoid consum-
ing sugary foods or drinks before sleeping because
the protective functions of saliva are reduced.

The major organic constituents of saliva are pro-
teins and glycoproteins, such as mucin, and they
influence the oral microflora by:
¢ adsorbing to the tooth surface to form a

conditioning film (the acquired pellicle), which

determines which microorganisms are able to

attach (Chs 4 and 5),

e acting as primary sources of nutrients
(carbohydrates and proteins) for the resident
microflora,

e aggregating exogenous microorganisms, thereby
facilitating their clearance from the mouth by
swallowing, and

¢ inhibiting the growth of some exogenous
microorganisms.

Table 2.2 The mean concentration (mg/100 ml) of selected constituents of whole saliva and gingival crevicular fluid (GCF)

from humans

Constituent Whole saliva GCF
Resting Stimulated

Protein 220 280 7 x 103

IgA 19 110%

IgG 1 350*

IgM <1 25%

G 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.
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Other nitrogenous compounds provided by saliva
include urea and numerous amino acids. Oral
microorganisms require amino acids for growth,
but not all of these are present free in saliva, and
are obtained from salivary proteins and peptides by
the action of microbial proteases and peptidases.
The concentration of free carbohydrates is low in
saliva, and most oral bacteria produce glycosidases
to degrade the side-chains of host glycoproteins
(Fig. 5.13). The metabolism of amino acids, pep-
tides, proteins and urea can lead to the net produc-
tion of alkali, which contributes to the rise in pH
following acid production after the dietary intake of
fermentable carbohydrates (Fig. 2.3).
Antimicrobial factors, including lysozyme, lac-
toferrin, and the sialoperoxidase system, are pres-
ent in saliva (Table 2.3) and play a key role in
controlling bacterial and fungal colonization of
the mouth. Antibodies have been detected, with
secretory IgA (sIgA) being the predominant class
of immunoglobulin; IgG and IgM are also present
but in lower concentrations. A range of peptides

with antimicrobial activity, including histidine-rich
polypeptides (histatins), cystatins and defensins are
also present in saliva. A fuller description of these
factors, and a discussion of their role in controlling
the resident oral microflora are discussed later in
this chapter. The properties of saliva are fundamen-
tal to the maintenance of a healthy mouth; conse-
quently, it is often referred to as the ‘defender of
the oral cavity'.

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 (Fig. 2.6). The flow of
this gingival crevicular fluid (GCF) is relatively
slow at healthy sites, but increases by 147% in gin-
givitis and by up to 30-fold in advanced periodon-
tal diseases, as part of the inflammatory response
to the accumulation of plaque around the gingi-
val margin. GCF can influence the microbial ecol-
ogy of the site in a number of ways. Its flow will
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Fig. 2.3 Schematic representation of the changes in plaque pH in an individual who (A) has frequent intakes of fermentable
carbohydrate during the day, or (B) limits their carbohydrate intake to main meals only. The critical pH is the pH below which

demineralization of enamel is enhanced.
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Defence factor

Saliva flow

Table 2.3 Specific and non-specific host defence factors of the mouth

Non-specific:

Main function

Physical removal of microorganisms

Mucin/agglutinins

Physical removal of microorganisms

Lysozyme-protease-anion

Cell lysis

Lactoferrin

Iron sequestration

Apo-lactoferrin

Cell killing

Sialoperoxidase system

Hypothiocyanite production (neutral pH)
Hypocyanous acid production (low pH)

Histatins

Antifungal with some antibacterial activity

Defensins (o- & B-)

Antimicrobial & immunomodulatory activity

Cystatins, SLPI & TIMP

Cysteine, serine & metallo-protease inhibitors

Intra-epithelial lymphocytes & Langerhans cells

Chitinase & chromogranin Antifungal
Cathelicidin Antimicrobial
Calprotectin Antimicrobial

Cellular barrier to penetrating bacteria and/or antigens

sigA Prevents microbial adhesion & metabolism
I9G, IgA, IgM Prevent microbial adhesion; opsonins; complement activators
Complement Activates neutrophils

Neutrophils/macrophages

Phagocytosis

remove non-adherent microbial cells, and will
also introduce components of the host defences,
especially IgG and neutrophils. GCF can also act
as an additional and novel source of nutrients for
the resident microorganisms (Table 2.2). Many
bacteria from subgingival plaque are proteolytic
and interact synergistically to break down the
host proteins and glycoproteins to provide pep-
tides, amino acids and carbohydrates for growth.
Essential cofactors for growth, including hae-
min for black-pigmented anaerobes, can also be
obtained from the degradation of haeme-containing
molecules such as transferrin, haemopexin, and
haemoglobin.

The increased production of gingival crevicular
fluid during disease is associated with a rise in the

pH of the periodontal pocket. The mean pH during
health is approximately 6.90 and this can rise dur-
ing inflammation in gingivitis and periodontal
disease to between pH 7.25 and 7.75. Even such
a modest change in pH can alter the competitive-
ness of individual bacteria, which can affect the
proportions of bacteria, especially as some of the
putative periodontal pathogens are favoured by an
alkaline environment (Fig. 2.4). Also, the activity
of some proteases associated with the virulence of
these opportunistic pathogens is enhanced at alka-
line pH (pH 7.5-8.0).

GCF contains components of the host defences
(Tables 2.2 and 2.3) which play an important role
in regulating the microflora of the gingival crevice
in health and disease. In contrast to saliva, IgG is

13
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Fig. 2.4 A diagrammatic representation of the pH range for
growth of some oral bacterial species.

the predominant immunoglobulin; IgM and IgA
are also present, as is complement. GCF contains
leukocytes, of which 95% are neutrophils, the rem-
ainder being lymphocytes and monocytes. The neu-
trophils in GCF are viable and can phagocytose
bacteria within the crevice. A number of enzymes
can be detected in GCE including collagenase and
elastase, which are derived both from phagocytic
host cells and subgingival bacteria. These enzymes
can degrade host tissues and thereby contribute to
the destructive processes associated with periodon-
tal diseases (Ch. 6). Several of these enzymes are
under evaluation as potential diagnostic markers of
active periodontal breakdown for use in the clinic
as chairside kits.

SUMMARY

The properties of the mouth that make it distinct from
other microbial habitats in the body include the presence
of teeth, saliva and gingival crevicular fluid (GCF). Teeth
are unique because they are non-shedding surfaces
thereby permitting the accumulation of large masses

of microorganisms and their products (dental plaque),
especially at stagnant sites that offer protection from
oral removal forces. Saliva and GCF provide components
of the host defences, and are also important sources of
nutrients for microorganisms, while saliva also acts as a
buffer to maintain a favourable pH for oral health.
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FACTORS AFFECTING THE GROWTH
OF MICROORGANISMS IN THE ORAL
CAVITY

Many factors influence the growth of microorgan-
isms; some of particular relevance to the oral cavity
will be considered in the following sections.

Temperature

The human mouth is kept at a relatively constant
temperature (35-36°C) which provides stable con-
ditions suitable for the growth of a wide range of
microorganisms. Periodontal pockets with active
disease (inflammation) have a higher temperature
(up to 39°C) compared with healthy sites. Even
such relatively small rises in temperature can sig-
nificantly alter bacterial gene expression, and poss-
ibly the competitiveness of individual species. A rise
in temperature down-regulated expression of some
of the major proteases as well as the gene coding
for the major subunit protein of fimbriae (these
surface structures mediate attachment of the bac-
terium to host cells) in the periodontal pathogen,
Porphyromonas gingivalis, and up-regulated synthesis
of superoxide dismutase, which is involved in the
neutralization of toxic oxygen metabolites.

Redox potential/anaerobiosis

Despite the accessibility of the mouth to air with an
oxygen concentration of approximately 20%, the
oral microflora comprises few, if any, truly aerobic
(oxygen-requiring) species. The majority of organ-
isms are either facultatively anaerobic (can grow in the
presence or absence of oxygen) or obligately anaero-
bic (require reduced conditions, where oxygen can
be toxic to these organisms). In addition, there are
some capnophilic (CO,-requiring) and microaero-
philic species (requiring low concentrations of oxy-
gen for growth). Anaerobiosis is frequently described
in rigid terms, and oral microorganisms are sepa-
rated into aerobes and anaerobes on their ability to
grow in the presence or absence of oxygen. However,
a wide spectrum of oxygen tolerances exist among
these organisms and sharp distinctions cannot be
made between these groups.

Oxygen concentration is the main factor limit-
ing the growth of obligately anaerobic bacteria. It is
the commonest and most readily reduced electron
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acceptor in the majority of microbial habitats, and
its presence results in the oxidation of the environ-
ment. Anaerobic species require reduced conditions
for their normal metabolism; therefore, it is the
degree of oxidation-reduction at a site that governs
the survival and relative growth 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 environ-
ment some anaerobes will not grow if the redox
potential is too high. Similarly, some strains can tol-
erate increased concentrations of oxygen if the Eh
is maintained at low levels. In general, the distribu-
tion of anaerobes in the mouth will be related to the
redox potential at a particular site, although some
survive at overtly aerobic habitats by existing in
close partnership with oxygen-consuming species.
Obligate anaerobes also possess specific molecular
defence mechanisms which enable them to cope
with low levels of oxygen; these will be described in
Chapter 4.

The degree of anaerobiosis has been determined
in various areas of the mouth. The oxygen tension
of the anterior surface of the tongue was 16.4%, the
posterior surface 12.4%, and the buccal folds of the
upper and lower jaw only 0.3-0.4%. Microelectrodes
have enabled the redox potential to be measured
at specific sites in the oral cavity. The redox poten-
tial has been shown to fall during plaque develop-
ment on a clean enamel surface from an initial Eh of
over +200mV (highly oxidized) to -141 mV (highly
reduced) after 7 days. The development of plaque
in this way is associated with a specific succession
of colonizing microorganisms (Chs 4 and 5). Early
colonizers will utilize O, and produce CO,; later col-
onizers may produce H, and other reducing agents
such as sulphur-containing compounds and vola-
tile fermentation products. Thus, as the Eh is gradu-
ally lowered, sites become suitable for the survival
and growth of a changing pattern of organisms, and
particularly obligate anaerobes.

The Eh of the gingival crevice is normally around
+70mV but falls during inflammation to around
-50mV in gingivitis, while even lower values will
occur in advanced periodontal disease (ca. -300mV).
This is to be expected since highly anaerobic organ-
isms, such as oral spirochaetes, can be isolated
from sites with advanced disease. Approximal areas

(between teeth) are also likely to have a low Eh, since
again many obligate anaerobes grow successfully at
these sites.

Gradients of O, concentration and Eh will exist
in the oral cavity, particularly in thick biofilms, and
so dental 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.
The metabolism or properties of particular bacteria
will be influenced by the Eh of the environment.
For example, the activity of intracellular glycolytic
enzymes and the pattern of fermentation products
of Streptococcus mutans varies under strictly anaerobic
conditions. Therefore, the perturbation of the redox
potential at a site could have a significant impact on
the composition and metabolism of the microbial
community. This approach is being actively pursued
as a strategy to control subgingival plaque in peri-
odontal disease, for example, by using redox agents
to raise the Eh and make conditions unfavourable
for strictly anaerobic bacteria (Ch. 6).

pH

Many microorganisms require a pH around neutral-
ity 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 between 6.75 and 7.25) so that, in
general, optimal pH values for microbial growth
will be provided at sites bathed by this fluid. The
palate has a mean pH of 7.34, while the mean pH
of the tongue, the floor of the mouth and the buccal
mucosa is 6.8, 6.5 and 6.3, respectively.

Shifts in the proportions of bacteria within
dental plaque can occur following fluctuations
in environmental pH. After sugar consumption,
the pH in plaque can fall rapidly to below pH 5.0
by the production of acids (predominantly lactic
acid) by bacterial metabolism (Fig. 2.3); the pH
then recovers slowly to resting 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 plaque bacteria
that are associated with healthy sites can toler-
ate brief conditions of low pH, but are inhibited
or killed by more frequent or prolonged expo-
sures to acidic conditions. These latter conditions
are likely to occur in subjects who commonly con-
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sume sugar-containing snacks or drinks between
meals (Fig. 2.3). This can result in the enhanced
growth of, or colonization by, acid-tolerant (aci-
duric) species, especially mutans streptococci and
Lactobacillus species (Fig. 2.4), which are normally
absent or only minor components in dental
plaque at healthy sites. Such a change in the bac-
terial composition of plaque predisposes a surface
to dental caries. The acid tolerance of these bacte-
ria is achieved by the possession of particular met-
abolic strategies and the induction of a specific set
of stress response proteins (Ch. 4).

In contrast, the pH of the gingival crevice can
become alkaline during the host inflammatory
response in periodontal disease, probably as a result
of bacterial metabolism, e.g. ammonia production
from urea and from the deamination of amino acids.
The pH of the healthy gingival crevice is approxi-
mately pH 6.90, and rises to between pH 7.2 and 7.4
during disease, with a few patients having pockets
with a mean pH of around 7.8. This degree of change
can alter the pattern of gene expression in subgingi-
val bacteria, thereby increasing the competitiveness
of some of the putative pathogens, for example, by
favouring the growth of pathogenic anaerobes such
as P. gingivalis that have a pH optimum for growth of
around pH 7.5 (Fig. 2.4).

Nutrients

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

(i) Endogenous nutrients

The persistence and diversity of the resident oral
microflora is due primarily to the metabolism of 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, proteins and glyco-
proteins (which also act as a source of sugars and
amino-sugars), vitamins and gases. In addition, the
gingival crevice is supplied with GCF which, in addi-
tion to delivering components of the host defences,
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contains novel nutrients, such as albumin and other
host proteins and glycoproteins, including haeme-
containing molecules (Table 2.2). The difference in
source of endogenous nutrients is one of the rea-
sons for the variation in the microflora of the gin-
gival crevice compared with other oral sites (Chs 4
and 5).

Evidence for the importance of endogenous
nutrients has also come from the observation that
a relatively diverse microbial community persists in
the mouth of humans and animals fed by intuba-
tion (stomach tube). The proportions of the S. mitis-
group of bacteria increase in the saliva of children
on a starvation diet prior to bone marrow transplan-
tation; these streptococci satisfy their nutritional and
energy requirements primarily from the metabolism
of host glycoproteins. Also, the oral microflora of
animals with dietary habits ranging from insecti-
vores and herbivores to carnivores is broadly similar
at the genus level.

Oral bacteria produce glycosidases which can
release carbohydrates from the oligosaccharide
side chains of salivary mucins. Similarly, organisms
isolated from the gingival crevice and periodontal
pocket can degrade host proteins and glycoproteins
including albumin, transferrin, haemoglobin, and
immunoglobulins. Oral microorganisms generally
interact synergistically to break down these endog-
enous nutrients as few species have the full enzyme
complement to independently fully catabolize these
nutrients. Individual organisms possess different but
overlapping patterns of enzyme activity, so that they
cooperate and interact with species with comple-
mentary degradative activities to achieve complete
breakdown of these substrates (Ch. 4).

(ii) 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, fer-
mentable carbohydrates are the only class of com-
pound that markedly influence the ecology of the
mouth. These carbohydrates can be broken down
to acids while, additionally, sucrose can be con-
verted by bacterial enzymes (glucosyltransferases,
GTE, and fructosyltransferases, FTF) into two main
classes of exopolymer (glucans and fructans) which
can be used to consolidate attachment or act as
extracellular nutrient storage compounds, respec-
tively (Ch. 4).
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The frequent consumption of dietary carbohy-
drates is associated with a shift in the proportions
of the microflora of dental plaque. The levels of
acid-tolerating species, especially mutans strepto-
cocci and lactobacilli, increase while the growth of
acid-sensitive species (for example, some strains
of Streptococcus sanguinis and S. gordonii) is inhib-
ited, and they decrease. The metabolism of plaque
changes so that the predominant fermentation prod-
uct becomes lactate. Such alterations to the micro-
flora and its metabolism can predispose a site to
dental caries. Laboratory studies suggest that it is the
repeated low pH generated from sugar metabolism
rather than the availability of excess carbohydrate
per se that is responsible for these perturbations to
the microflora.

Dairy products (milk, cheese) have some influ-
ence on the ecology of the mouth. The ingestion of
milk or milk products can protect the teeth against
caries. This may be due to the buffering capac-
ity of milk proteins or due to decarboxylation of
amino acids after proteolysis since several bacterial
species can metabolise casein. Milk proteins and
casein derivatives can also adsorb on to the tooth
surface, in exchange for albumin in the enamel pel-
licle, and reduce the adhesion of mutans strepto-
cocci; they can also sequester calcium phosphate
and enhance remineralization. Kappa-casein can
inhibit GTF adsorption into the pellicle and reduce
enzyme activity, thereby suppressing glucan for-
mation. Milk can also modify the structure of the
enamel pellicle in vivo, producing a distinct glob-
ular structure. Cheese has been shown to increase
salivary flow rates and to rapidly elevate plaque pH
changes following a sucrose rinse.

Xylitol is a sugar substitute that has been added
to some confectionery; it cannot be metabolized by
oral bacteria and, in addition, xylitol can be inhibi-
tory to the growth of Streptococcus mutans. Lower lev-
els of this species have been reported in plaque and
saliva of those that frequently consume confection-
ery containing this polyol. Other alternative sweet-
eners can also reduce the growth and metabolism of
oral bacteria.

Nitrate in green vegetables may influence the
oral microflora. Nitrate derived from the diet is
concentrated by salivary glands so that salivary con-
centrations are higher than plasma. This nitrate can
be rapidly converted to nitrite by bacterial nitrate
reductases. At low pH, this acidified nitrite can be
inhibitory to the growth of bacteria implicated in

both caries and periodontal diseases, possibly by
the further conversion of nitrite to nitric oxide.

Host defences

The health of the mouth is dependent on the integ-
rity of the mucosa (and enamel) which acts as a
physical barrier to prevent penetration by microor-
ganisms or antigens (Fig. 2.5). The host has a num-
ber of additional defence mechanisms which play
an essential role in maintaining the integrity of
these oral surfaces, many of which have more than
one function. For example, the chemical properties
of salivary mucins result in the formation of hydro-
philic, viscoelastic gels which function as protective
barriers over the oral epithelium, as well as acting
in solution as bacterial aggregating factors (the rele-
vance of this property is described below). The host
defence molecules are listed in Table 2.3 and their
spheres of influence are indicated diagrammatically
in Figures 2.5 and 2.6. These defences are divided
into non-specific and specific factors. The former,
unlike, for example, antibodies, do not require prior
exposure to an organism or antigen for activity and
so provide a continuous, broad spectrum of pro-
tection. An alternative terminology is for the non-
specific and specific factors to be termed innate
immunity and adaptive immunity, respectively.

Non-immunological defence
Saliva flow
Mucin/agglutinins
Lysozyme-protease-anion system
Lactoferrin/APO-lactoferrin
Salivary lactoperoxidase system
Histidine-rich polypeptides

Physico-chemical Immunological
barriers barriers
Mucins < Saliva »> SIgA

Membrane coating

Intra-epithelial granule layer

barrier
8 t Langerhans cells
asebmen —> Intra-epithelial
membrane <— lymphocytes
barrier Basement membrane
Serum IgG

\ 7

Fig. 2.5 Host defences associated with oral mucosal surfaces.
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Saliva —— > Flow rate
Mucin/agglutinins
Lysozyme-protease-anion system
Lactoferrin/apo-lactoferrin
Salivary peroxidase system
Histidine-rich polypeptides

Acquired /
pellicle ™|

19G (IgA, 1gM)
complement
polymorphs
Gingival crevicular fluid

Fig. 2.6 Host defences associated with the tooth surface.

(i) Innate immunity

Microorganisms are unable to maintain themselves
in saliva by cell division alone because they are lost
at an even faster rate by swallowing. Although saliva
contains between approximately 108 viable microor-
ganisms ml-!, these organisms are all derived from
dental plaque and the oral mucosa, especially the
tongue. Chewing and the natural flow of saliva (or
GCF in the gingival crevice) will remove microor-
ganisms not firmly attached to an oral surface, and
their physical removal by swallowing is an important
defence mechanism. When saliva flow is blocked,
for example, in sedated patients in intensive care, a
shift in the composition of the oral microflora can
occur resulting in overgrowth by Gram negative spe-
cies, and this can lead to pulmonary complications.
In addition, desquamation ensures that the bacte-
rial load on most mucosal surfaces is light. Thus, the
ability of microorganisms to attach firmly to oral
surfaces and evade these removal forces becomes a
key survival strategy. Paradoxically, saliva also plays
an important role in facilitating microbial coloniza-
tion. Salivary molecules such as proline-rich pep-
tides, statherin, and amylase, are adsorbed on to oral
surfaces to form an acquired pellicle, which provides
receptors to which only certain microbes are able to
attach. Subsequently, salivary glycoproteins act as
a nutrient source for the growth of the colonizing
organisms. In these ways, saliva plays a pivotal role
in determining which microorganisms form part of
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the resident oral microflora, and which are inhib-
ited and removed. Microbial attachment will be
described in more detail in Chapters 4 and 5.

Some salivary molecules can aggregate microbes,
which also facilitates their removal from the mouth
by swallowing; some of these mechanisms are cal-
cium dependent while others are not. The molecules
responsible for agglutination have been character-
ized. Mucins are high-molecular-weight glycopro-
teins containing >40% carbohydrate. Their protein
backbone has oligosaccharide side chains of dif-
ferent length and composition; some of these side
chains are branched and sialic acid and fucose are
common terminal sugars. Two chemically distinct
mucins have been identified in human saliva, and
are termed mucin glycoproteins 1 and 2 (MG1 and
MG2, respectively); MG1 has a molecular weight
>103kDa while MG2 is only 130-150kDa. These
mucins not only agglutinate oral bacteria, but can
also interact with exogenous pathogens such as
Staphylococcus aureus and Pseudomonas aeruginosa,
as well as viruses including influenza virus. Mucin
binding to bacteria appears to involve blood group
reactive components such as N-acetylgalactose and
sialic acid. Mucins such as MG2 may interact with
other salivary components, including secretory IgA,
to enhance their antimicrobial activities. A related
molecule (salivary agglutinin; M.Wt. 340kDa) is
also highly glycosylated and carries blood group
active antigens, and is similar to another defence
glycoprotein present in the lung.

Lysozyme is a 14 kDa basic protein that can also
aggregate both Gram positive bacteria (including
streptococci) and Gram negative periodontal patho-
gens. It can also lyse bacteria by hydrolyzing pepti-
doglycan, which confers rigidity to their cell walls.
Atacidic pH, the lytic action of lysozyme is enhanced
by monovalent anions (bicarbonate, fluoride, chlo-
ride, or thiocyanate) and proteases found in saliva.
Chitinase has been detected in saliva, and may func-
tion by attacking yeast cell walls. Other non-specific
factors in oral secretions include lactoferrin (M.Wt =
75kDa) which is a high-affinity, iron-binding gly-
coprotein. Iron is essential for microbial growth,
and so the host will avidly sequester this cation
using iron-binding proteins. A major challenge for
microbial pathogens entering the host is to scav-
enge sufficient iron for growth. Iron-free lactoferrin
(apo-lactoferrin) can be bactericidal to a range of
Gram positive and Gram negative bacteria, although
direct binding of the protein to the cell surface is
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necessary. Lactoferrin is a multi-functional protein
having bacteriostatic, bactericidal, fungicidal, antivi-
ral and anti-inflammatory and immunomodulatory
properties.

The salivary peroxidase enzyme system (sia-
loperoxidase) can generate hypothiocyanite at
neutral pH or hypothiocyanous acid at low pH in
the presence of hydrogen peroxide, and both can
inhibit glycolysis by plaque bacteria. Hydrogen per-
oxide is generated as an end product of metabo-
lism by several resident bacterial species, including
Streptococcus sanguinis and S. mitis. Myeloperoxidase
is found in polymorphonuclear (PMN) leucocytes,
which migrate into the gingival crevice as part of
the inflammatory host response to plaque accumu-
lation, and may contribute to the total peroxidase
activity measured in saliva.

A number of types of antimicrobial peptide
(also referred to as host defence peptides because
their effects can also be immunomodulatory) have
been identified in saliva, including histatins and
defensins. Antimicrobial peptides are small, cationic
peptides (often <50 amino acids) that can act syner-
gistically with other innate defence molecules to not
only inhibit exogenous pathogens but also to pro-
vide a means by which the host can exert some con-
trol over the resident oral microflora. These peptides
also bind and neutralize potentially inflammatory
molecules found on the surface of microbes (such
as lipopolysaccharide) and are chemotactic for host
defence cells (neutrophils and lymphocytes), and in
this way they play an important immunomodula-
tory role.

Histatins are a family of histidine-rich basic
peptides found in human parotid and submandib-
ular/sublingual gland saliva. There are numerous
histatins in human saliva, the majority of which
are degradation fragments of two parent mole-
cules, histatin 1 and histatin 3. The major histatins
found in saliva are histatins 1, 3 and 5. Individual
histatins may have distinct roles, or may function
optimally under specific conditions. For example,
histatin 5 is more active than histatins 1 and 3 in
terms of killing germinated yeast cells, and has the
greatest antibacterial activity. In contrast, histatin
3 is a more potent inhibitor of yeast germination.
Histatins 1 and 3 appear to be most effective at low
pH and low ionic strength. Histatins 5 and 8 could
inhibit coaggregation between certain pairs of oral
bacteria, interfere with the growth of S. mutans,
and aggregate other oral streptococci. Histatins

can also inhibit host and bacterial proteases and
adhesins, and prevent induction of cytokines by
bacterial outer membrane proteins. Overall, these
peptides have a broad spectrum of antifungal and
antibacterial activity, and have properties that may
serve to link the innate and the acquired immune
system.

Defensins are a family of antibacterial peptides
with a broad spectrum of antibacterial, antifungal
and antiviral (including HIV) activity. Some are
expressed constitutively (e.g. human B-defensin-1)
in salivary glands (Fig. 2.7), while others are
induced by bacteria and inflammatory mediators.
Human B-defensins (HBDs) protect mucosal sur-
faces, including the gingivae, buccal mucosa and the
tongue. HBDs can be associated with mucin, which
may protect them from degradation and facili-
tate their contact with mucin-aggregated bacteria.
o-defensins are found primarily (and in high con-
centrations) in neutrophils, and are responsible
for microbial killing within granules. In contrast,
B-defensins are mainly found in epithelial cells, and
can be detected in monocytes and dendritic cells.
HBDs have also been detected in saliva, GCF and gin-
gival junctional epithelium, probably due to release
from host phagocytic and other defence cells such
as neutrophils, macrophages, monocytes and den-
dritic cells. The concentration of neutrophil-derived
peptides increases in the mouth following inflam-
mation. Cathelicidin (LL-37 peptide) is another
antimicrobial peptide that is secreted by epithelial

Fig. 2.7 Immunostaining of a human submandibular
gland with antibodies to demonstrate the presence of the
antimicrobial peptide, B-defensin.

19



- Oral Microbiology

cells and is also found in neutrophils, but is present
in secondary granules, which degranulate extracellu-
larly. Synthetic analogues of antimicrobial peptides
are being investigated as a novel strategy to inhibit
specific oral microbes, and as immunomodulatory
therapeutics.

Other salivary proteins that can influence micro-
bial growth include cystatins; these are a diverse
group of cysteine protease inhibitors and at least
nine are present in human saliva. They differ slightly
in molecular weight (14-15kDa), charge, and degree
of phosphorylation. Their protease-inhibiting prop-
erties imply that their role includes the control of
proteolytic activity, either from the host, such as pro-
teases released during inflammation, or from micro-
organisms. Cystatins are also able to form complexes
with mucins, which may enable them to be targeted
to different oral surfaces where they may play a role
in modulating de-/remineralization processes on
enamel. Other inhibitory proteins include secretory
leucocyte proteinase inhibitor (SLPI), which also
has antimicrobial and antiviral properties, tissue
inhibitors of metalloproteinases (TIMPs), calpro-
tectin (a calcium- and zinc-binding protein which
can inhibit bacterial growth), and chromogranin A
(with anti-fungal and anti-yeast properties). Many
of the innate antimicrobial factors described in this
section are common to other exocrine secretions
(tears, milk, seminal and vaginal secretions) thereby
emphazising their fundamental role in providing
protection to the host against infection.

(ii) Adaptive immunity

Components of the specific host defences (intra-
epithelial lymphocytes and Langerhans cells, immu-
noglobulins IgG and IgA) are found on and within
the mucosa (Fig. 2.5), where they act as a barrier
to penetrating antigens. The predominant immu-
noglobulin in the healthy mouth is secretory IgA
(sIgA), which is produced by plasma cells in the sal-
ivary gland. sIgA is composed of IgA heavy and light
chains (300kDa), secretory component (70kDa),
and the J chain (15kDa). The J chain connects the
two IgA molecules into a dimer, while the secre-
tory component stabilizes the molecule and reduces
its susceptibility to attack by acids or general pro-
teases. sIgA can agglutinate oral bacteria, modulate
enzyme activity, and inhibit the adherence of bac-
teria to the buccal epithelium and to enamel. sIgA
is usually considered to be a first line of defence by
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virtue of its local dispersal of environmental anti-
gens. Compared with other classes of immunoglob-
ulin, sIgA is only weakly complement-activating
and opsonizing and, therefore, is less likely to cause
damage to tissues by any indirect effect of an inflam-
matory response. Other components (IgG, IgM, IgA,
and complement), can be found in saliva but are
almost entirely derived from GCF (Table 2.2). GCF
also contains leukocytes, of which approximately
95% are polymorphs, the remainder being lympho-
cytes and monocytes.

Specific antibody production can be stimulated by
bacterial antigens associated with plaque at the gin-
gival margin or on the oral mucosa. Salivary antibod-
ies have been detected with activity against a range
of oral bacteria, including streptococci, while circu-
lating antibodies (particularly 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 might still influence the oral microflora,
either by interfering with colonization or by inhibit-
ing metabolism. The pattern of the host response in
GCE saliva, or serum is being explored as a method
of improved diagnosis of disease or as a means of
recognizing at-risk individuals.

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 aggluti-
nins (mucins) and so be presented directly to immo-
bilized cells. Other synergistic combinations include
mucins or sIgA and salivary peroxidase.

Perhaps surprisingly, in spite of this rich array of
antimicrobial factors, the mouth harbours a diverse
collection of microorganisms. Indeed, this resident
microflora confers several beneficial functions on
the host. A full description of the indigenous oral
microflora, together with a consideration of how it
might persist in spite of the host defences, and the
benefits it provides will be considered in subsequent
chapters.

Host genetics

Studies of periodontal disease have suggested that
gender, host genetics and ethnicity can influence dis-
ease susceptibility, and possibly also affect the micro-
flora. The reasons for this are unknown, but may
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reflect some variation in the local immune response.
For example, IgG2 is elevated in some forms of peri-
odontal disease, and levels of this immunoglobulin
have been related to host genetics. Genetic polymor-
phisms associated with interleukin-1 (IL-1), or other
cytokines, can increase the likelihood of detecting
certain key periodontal pathogens, and predispose
individuals to periodontitis.

A wide selection of strains of Aggregatibacter
(formerly  Actinobacillus)  actinomycetemcomitans
(implicated in aggressive periodontitis; Ch. 6) from
different geographical areas have been screened for
their genetic relatedness. Strains belonging to serotype
b were found to overproduce a particular virulence
factor (a leukotoxin), and these were all isolated from
individuals who could be traced to North West Africa
for as yet unknown reasons. Adolescents who carried
these serotype b strains had an 18-fold increased risk
of developing localized aggressive periodontitis. In
an adult periodontitis group, P. gingivalis and anaer-
obic streptococci were associated more with African-
American subjects whereas Fusobacterium nucleatum
was found more commonly in Caucasian individu-
als. This issue is complex, however, as highlighted by
a study of young (4-16 years), healthy subjects liv-
ing in California. Although there was a trend of an
increased likelihood of detecting two or more peri-
odontal pathogens (A. actinomycetemcomitans, P. gin-
givalis, Tannerella forsythia, Treponema denticola) in the
saliva of Hispanic and Asian-American compared
to Caucasian subjects, a more significant factor was
related to the length of time their parents had lived
in the USA, rather than to ethnicity per se. The sali-
vary detection of these selected periodontal bacteria
decreased as the number of years of parental resi-
dence in the USA increased.

The subgingival microflora of twins has also
been compared. The microflora of twin children
living together was more similar than that of unre-
lated children of the same age. Further analysis
showed that the microflora of identical twins was
more similar than that of fraternal twins, again
suggesting some genetic influence.

Antimicrobial agents and inhibitors

In addition to the components of the host defences
present in saliva and GCE the resident oral micro-
flora can be regularly challenged with modest con-
centrations of antimicrobial and antiplaque agents.
Antiplaque agents can remove already attached cells,

or prevent adhesion of new cells to the acquired
pellicle, without necessarily killing the bacteria
whereas antimicrobial agents have a direct inhibi-
tory effect on the microorganism that can be either
lethal (bactericidal) or inhibitory, but non-lethal
(bacteriostatic). Both types of agent can be delivered
from toothpastes (dentifrices) and mouthwashes.
Toothpastes contain detergents such as sodium
lauryl sulphate as a foaming agent. These are mark-
edly 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 tran-
sitory. Fluoride is present in most toothpastes and
although its primary beneficial anti-caries action is
due to its incorporation into enamel and its influ-
ence on de- and re-mineralization (Ch. 6), it can
also inhibit bacterial metabolism, particularly gly-
colysis, even at low concentrations especially under
acidic conditions. In this way, fluoride may help
prophylactically to suppress cariogenic and acid-
tolerant species such as mutans streptococci under
the very conditions under which they would oth-
erwise flourish. Many toothpastes and mouthrinses
are now being manufactured with proven antimi-
crobial agents, although formulation issues mean
that not all can be used in toothpastes. Metal ions,
phenolic compounds, and plant extracts have been
successfully formulated into toothpastes, and their
mode of action will be discussed in more detail in
Chapter 6. The regular use of products containing
these agents has been carefully assessed to ensure
that their action is selective so that they inhibit
organisms implicated with disease rather than
those associated with oral health, thereby ensuring
that the natural beneficial properties of the resident
microflora are not irrevocably disrupted.

Other antimicrobial agents can be delivered via
mouthrinses, and the most potent agent to date is
chlorhexidine. This agent has proven antibacterial,
antiviral and antifungal activity (Ch. 6), and it also
has marked antiplaque activity, which is useful for
individuals for whom oral hygiene is difficult. Other
mouthrinses contain antimicrobial agents includ-
ing ‘essential oils’ (such as thymol and menthol),
Triclosan and plant extracts. Some of these agents
can also combat oral malodour (halitosis).

Antibiotics given systemically or orally for prob-
lems at other sites in the body will enter the mouth
via saliva or GCF and can affect the stability of
the oral microflora. Within a few hours of taking
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prophylactic high doses of penicillins or erythro-
mycin, the salivary microflora can be suppressed
permitting overgrowth by yeasts or the emergence
of antibiotic-resistant bacteria (Chs 8 and 9). These
resistant bacteria can persist at significant levels
for several weeks before returning to their low
base-line values. The antibiotic should be changed
if several courses of treatment are necessary and
the interval between courses is less than one
month.

Concluding remarks

Despite the potential for regular environmental per-
turbations in some of the host and environmental
factors described above, once established at a site,
the oral microflora remains relatively stable in com-
position and proportions over time. This stability is
termed microbial homeostasis and is discussed fur-
ther in Chapter 5.

SUMMARY

The mouth provides conditions suitable for the growth of a
diverse collection of microorganisms, despite the presence
of a complex array of components of the innate and
adaptive host defences. The resident microflora is provided
with a wide range of endogenous and exogenous
nutrients, together with sufficient heterogeneity in pH and
redox potential, to accommodate microbes with a variety
of requirements.

CHAPTER SUMMARY

The mouth is not a uniform habitat for microbial
growth and colonization. A variety of surfaces produce

FURTHER READING

distinct 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 thereby providing
the opportunity for substantial biofilm formation
(dental plaque).

The surfaces of the mouth are lubricated by saliva,
while the gingival crevice is bathed with GCE Both
fluids will remove weakly-attached microorganisms
by their flushing action, and they deliver compo-
nents of the innate and adaptive immune response
that help regulate bacterial and fungal colonization.
Saliva and GCF contribute to the acquired pellicle,
and are also the primary sources of nutrients for
oral microorganisms. Consortia of different bacte-
rial species with complementary patterns of glycosi-
dase and protease activities are required to break
down host glycoproteins. In these ways, saliva and
GCF play pivotal roles in the microbial ecology of
the mouth. Dietary components have much less
of an influence on the composition of the micro-
flora of the mouth, although the frequent intake
of fermentable carbohydrates can lead to increases
in acidogenic and acid-tolerating (aciduric) organ-
isms that are potentially cariogenic due to the low
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ance of the microflora and select for organisms that
are potentially pathogenic.
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The resident oral microflora is diverse and consists of
a wide range of viruses, mycoplasmas, bacteria, yeasts
and even, on occasions, protozoa. This diversity is

due to the fact that the mouth is composed of a num-
ber of varied habitats supplied with diverse nutrients.
In addition, in biofilms such as dental plaque, gradi-
ents develop in parameters of ecological significance,
such as oxygen tension and pH, providing conditions
suitable for the growth and survival of microorgan-
isms with a wide spectrum of requirements. Under
such conditions, no single bacterial population has
a particular advantage and numerous species can
co-exist. Plaque also functions as a true microbial
community and numerous examples of synergistic
metabolic interactions have been described. This will
enable some fastidious bacteria to survive and grow
as part of a mixed culture under conditions they
would be unable to tolerate if in pure culture in a
more homogeneous environment.

Before the microbial community at individual sites
in the mouth can be considered in detail (Chs 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 and identifica-
tion, and describe briefly some of the methods used.
Classification is the arrangement of organisms into
groups (taxa) on the basis of their similarities and
differences. In contrast, identification is the process
of determining that a new isolate belongs to a par-
ticular taxon; the aim of classification is to define
these taxa at the genus or species level. Traditionally,
a hierarchical system has existed for the naming of
bacteria so that groups of closely-related organisms
form a species, and related species are placed in a
genus, etc. (Table 3.1); species are designated by Latin
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Table 3.1 Hierarchical ranks in microbial classification

Taxonomic rank Example

Kingdom Procaryotae

Division Firmicutes

Sub-division low G+C content of DNA

Order -

Family Streptococcaceae

Genus Streptococcus

Species Streptococcus mutans

Serotype* Streptococcus mutans
serotype ¢

Strain* Streptococcus mutans
NCTC 10449**

*These ranks are not formally recognised in taxonomy, but are of

great practical importance.

**NCTC = National Collection of Type Cultures.

or latinized binomials (e.g. Streptococcus mutans; the
genus is ‘Streptococcus’ and the species is ‘mutans’,
Table 3.1). If an isolate does not belong to an existing
taxon, then a new species can be proposed. The nam-
ing of bacteria to reflect this classification (nomen-
clature) is regulated by international committees.
Once an organism has been placed in a species, it
may be possible to sub-type individual strains; this
can be valuable in epidemiological studies investigat-
ing transmission of strains between individuals. The
interrelationships between these approaches (classi-
fication, identification, strain typing) are shown in
Fig. 3.1. The classification, nomenclature and iden-

Classification
scheme

‘

Selected discriminatory features
for identification

'

Taxonomy —»

Assign isolates to StUd'?s 5 a SN
. — species with health
species .
and disease
Typing Transmission studies,
schemes epidemiology, etc.

Fig. 3.1 Diagramatic representation to distinguish
classification, identification and typing of bacterial strains.

tification of microorganisms is referred to as taxon-
omy, although, sometimes, the terms classification
and taxonomy are used interchangeably.

PRINCIPLES OF MICROBIAL
CLASSIFICATION

As stated above, the purpose of classification schemes
is to develop a logical arrangement of organisms
based on their similarities and relationships. This
requires the determination and comparison of as
many characteristics as possible, although in iden-
tification schemes, only a few key discriminatory
tests may be needed to distinguish between certain
organisms. Early classification schemes relied heav-
ily on morphological and simple physiological cri-
teria such as the shape of the cell, and the pattern of
fermentation of simple sugars (Table 3.2). In effect,
these approaches analysed only a fraction of the

Table 3.2 Some characteristics used in microbial
classification and identification schemes

Characteristic Examples

Cellular morphology Shape; Gram stain reac-

tion; flagella; spores; size

Colonial appearance Pigment; haemolysis;

shape; size

Carbohydrate fermentation Acid or gas production

Amino acid hydrolysis Ammonia production

Pattern of fermentation
products

Butyrate; lactate; acetate

Preformed enzymes Glycosidases (e.g.

o-glucosidase)

Antigen Monoclonal/polyclonal
antibodies to cell surface
proteins

Lipids Menaquinones, long-
chain fatty acids

DNA Base composition (G +

C ratio); 16S rRNA gene
sequence

Presence/absence; elec-
trophoretic mobility

Enzyme profile

Amino acid composition
e.g. lysine

Peptidoglycan
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components encoded by the genetic material of the
cell (the genome). Chemotaxonomy, in which there
is a broader analysis of more complex components
of the cell (for example, the chemical composition
of the cell wall or of membrane lipids, whole cell
protein profiles, etc) led to major improvements
in classification schemes. The structure of cells can
also be compared using immunological techniques
(serology), in which specific antibodies (polyclonal or
monoclonal) are used to detect cell surface antigens.

Contemporary classification schemes are based
more on determining the genetic relatedness among
strains. As the properties of an organism are dictated
by what is encoded by its genome, the ultimate com-
parison is to determine the similarity in DNA base
composition. The mole percentage of guanine (G)
plus cytosine (C) in the total DNA can be deter-
mined. Organisms with markedly different G+C con-
tents are unrelated, while organisms that have similar
G+C values are closely related, although similarity
in gross DNA composition is not unequivocal proof
of close relatedness because the base pairs could be
organised in a different sequence. In such a situation,
genotypic similarity can be confirmed by determining
the degree of relatedness (homology) between the
DNA from two strains i.e. the abilities of heat-dena-
tured, single strands of DNA from different strains
to re-anneal with each other, or to a reference strain,
during slow cooling (DNA-DNA hybridization).
A high level of homology reflects an overall similarity
in the nucleotide sequences from the DNA of the two
strains being compared, and hence confirms the close
taxonomic relationship of the strains.

Classification is now dominated by compari-
sons of the sequence of 16S ribosomal RNA genes
(16S rRNA). Within the rRNA gene, some stretches
of DNA sequence are conserved while other areas
are highly variable and reflect evolutionary diver-
gence. These genes are around 1500 nucleotides
long, which is short enough for rapid sequencing in
conventional laboratories (using automated DNA
sequencing equipment) but long enough to pro-
vide valuable discriminatory information to dem-
onstrate similarities and differences among strains.
The conserved regions can be used as a template
for the design of ‘universal’ PCR (polymerase chain
reaction) oligonucleotide primers that can be used
to amplify the rest of the 16S rRNA gene, which can
then be sequenced to identify differences in the vari-
able regions. The sequences can be compared with
those from other microorganisms, and to sequences
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in nucleotide databases, so that the relationship of
an isolate to known species can be determined and
evolutionary (phylogenetic) trees can be developed.
The technique is relatively rapid, and has facilitated
the analysis of a far wider range of bacteria than was
previously possible. Comparison of 16S rRNA gene
sequences have revolutionized the field of micro-
bial taxonomy, and has clarified the classification of
many previously heterogeneous groups of oral bacte-
ria, such as the streptococci (Table 3.3) and anaerobic
Gram positive rods formerly grouped as Eubacterium
species (Fig. 3.5). In addition to classifying unknown
strains, this approach can also be used to identify iso-
lates, and has many advantages over conventional
cultural approaches (see later; Fig. 3.2).

A consequence of classification is the proposal
of new species. A species represents a collection of
strains that share many features in common, and
which differ considerably from other strains. Once
a species has been recognised, then a type strain is
nominated that has properties representative of the
species. Type strains are held in national collections,

Table 3.3 Species of oral streptococci isolated from
humans

Group Species

mutans-group* S. mutans serotypes ¢e,
f, k

seroype d, g
serotype a

serotype b

sobrinus
criceti
ratti

salivarius
vestibularis

salivarius-group

constellatus
intermedius
anginosus

anginosus-group

mitis-group sanguinis
gordonii
parasanguinis
oralis

mitis

cristatus
oligofermentans
sinensis
australis
peroris
infantis

nhnhhhhhhhhhh Lhhnh| nhhh| Khnon

*mutans streptococci also include S. ferus (isolated from rats),
S. macacae and S. downei (serotype h) (isolated from monkeys).
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bacteria can be grown; biased
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all bacteria yield DNA irrespective
of their predominance or
properties. Rapid.

Disadvantages: Properties have to
be inferred from sequence data;
sometimes only limited data
available. Antimicrobial sensitivity
testing is not possible.
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Fig. 3.2 The main stages in determining the microbial
composition of the microflora of samples from the mouth
using either culture or molecular approaches.

such as the American Type Culture Collection, ATCC,
or the National Collection of Type Cultures, NCTC,
which is located in the United Kingdom.

A species may be divided into subspecies if minor
but consistent phenotypic variations can be recogn-
ised. Likewise, groups of strains within a species can
sometimes be distinguished by a special character-
istic. For example, strains with a special biochemi-
cal or physiological property are termed biovars or
biotypes, while strains with a distinctive antigenic
composition are described as serovars or serotypes,
and can be recognised using appropriate antibodies.
Molecular approaches can also be adapted for subtyp-
ing strains within a species. Whole genomic DNA can
be digested by different restriction enzymes (endonu-
cleases), which cut the nucleic acid in specific places;
these digests are then electrophoresed on an agarose
gel to generate a chromosomal fingerprint. Different
strains generate different patterns (restriction frag-
ment length polymorphisms, RFLPs), although
strains that appear to give similar patterns need to be

compared after digestion with more than one enzyme.
This approach can yield patterns too complex to
analyse. In order to overcome this problem, the restric-
tion fragments can be blotted onto nitrocellulose or
nylon membranes, and hybridized with a suitably
labelled probe to give a simpler profile. A ‘universal
probe’ can be used, based on part of the TRNA gene
sequence, and this can yield different patterns within a
species (ribotyping). Ribotyping has allowed insights
to be made into the transmission of strains among
family members, especially from mothers to their
babies, and in demonstrating the turnover of specific
ribotypes (and specific clones) at a site (Ch. 4).

PRINCIPLES OF CONVENTIONAL
MICROBIAL IDENTIFICATION

Once organisms have been correctly classified using
rigorous techniques, then more simple identification
schemes can be devised in which only limited num-
bers of key discriminatory properties are compared
(Fig. 3.1, Table 3.2). The first stage might involve the
reaction of an organism with the Gram stain, and
the determination of cellular morphology. Bacteria
are then described as being, for example, Gram posi-
tive cocci or Gram negative rods, etc. Depending on
the outcome of that division, simple physiological
tests may be performed, such as the determination of
sugar fermentation patterns, the profiles of acidic fer-
mentation products following glucose metabolism,
or selected enzyme activities. The rapid detection
(ca. 4 hours) of constitutively-expressed enzymes
by concentrated suspensions of bacteria has simpli-
fied the identification of some groups of bacteria.
Ecologically-relevant substrates that detect enzymes
such as glycosidases that cleave sugar residues from
salivary mucins are now more commonly used to dif-
ferentiate groups of bacteria that had previously been
difficult to separate, for example, some oral strepto-
cocci. Some of these tests have been incorporated in
kits and sold commercially, together with computer-
ized databases, to facilitate identification.
Monoclonal antibodies and nucleic acid (oli-
gonucleotide) probes have been developed for the
rapid identification of some species, but primarily
those associated with disease. Such antibodies and
probes can be labelled with a signalling group to
aid in detection; examples include fluorescent dyes
(Fig. 3.3), radiolabels, or enzymes such as horserad-
ish peroxidase. These techniques have the advantage
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Fig. 3.3 Examples of currently unculturable bacteria in sub-gingival plaque visualized using fluorescent in situ hybridization
(FISH) techniques. (A) 16S rRNA oligonucleotide probes were used to detect bacteria (green) and Treponema spp (red). Courtesy
of Dr Annette Moter and produced with permission by Springer-Verlag GmbH & Co. (Norris SJ, Paster BJ, Moter A and Gobel
UB, The genus Treponema, in The Prokaryotes, Third Edition; Springer, Berlin, 2007). (B) 16S rRNA oligonucleotide probes were
used to detect bacteria (green) and members of the TM7 phylum (blue). Courtesy of Dr Cleber Ouverney and the American
Society for Microbiology (see Ouverney et al Appl Environ Microbiol 2003 69:6294-6298).

that organisms can be detected directly in plaque or
a clinical sample without the need for lengthy cul-
turing, although a potential drawback is that they
can detect dead as well as viable cells.
Conventional microbial identification schemes
can only be used when organisms have been iso-
lated and grown in pure culture. Inevitably, the
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procedure for achieving pure culture (sample dis-
persion and dilution, growth on selective and non-
selective agar plates, incubation conditions, etc)
leads to the introduction of bias towards those
microorganisms that grow quickly and easily
under laboratory conditions (Fig. 3.2). Alternative,
culture-independent, procedures have evolved out
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of modern taxonomic approaches, and these are
giving a more accurate picture of the diversity
(richness) of the microflora from a wide range of
habitats.

THE IMPACT OF MOLECULAR
MICROBIAL ECOLOGY

As stated above, the genetic relatedness of microorgan-
isms is now primarily determined by comparisons
of 16S ribosomal RNA (rRNA) gene sequences.
The biggest impact of this approach has been in the
analysis of diverse communities of microorganisms
from a number of habitats (molecular microbial
ecology), including the mouth. Comparisons of
the number of cells in samples that can be observed
by microscopy versus those that can be cultured in
the laboratory, even when using the most advanced
techniques, has shown that only a proportion of
the microflora at a site can be grown. The cultura-
ble fraction can vary from less than 1% of the total
cell count in some marine habitats to about 50%
of the oral microflora. These organisms that can-
not currently be grown are termed ‘unculturable’;
the reasons for this may be ignorance of an essential
nutrient or other growth requirement, or because
they evolved to grow as part of a community of cells,
rather than as an isolated pure culture. Molecular
ecological approaches have enabled the construction
of phylogenetic trees that include currently uncultur-
able organisms, so that in many cases, a genus and
species name can still be assigned. Oligonucleotide
probes can also be synthesized so that the presence
of these organisms can be determined relatively sim-
ply in clinical samples using rapid tests, such as the
polymerase chain reaction (PCR) or by in situ hybrid-
ization, usually with a fluorescent label (Fig. 3.3).
An important benefit of these PCR-based molecu-
lar approaches is their potential to detect organisms
that are present in low numbers. Although the prop-
erties of these uncultivable organisms cannot be
determined using conventional tests (such as sugar
fermentation patterns or their antibiotic sensitivity
profile), databases of genes exist that can be inter-
rogated to search for homologous sequences with
known functions. This can provide insights into
potentially important properties of these uncultur-
able organisms, such as their cell wall structure, their
virulence attributes, and the metabolic pathways
they might use.

The existence of these unculturable bacteria can-
not be ignored, since their presence at a site could
be highly significant; for example, the aetiological
agent of syphilis is a spirochaete, Treponema pal-
lidum, that still cannot be grown in the laboratory.
Two large families of novel unculturable bacteria
have been identified in the mouth (Fig. 3.3), and
these are commonly detected in deep periodon-
tal pockets; further details will be presented later
in this Chapter. In addition, some genera contain
examples of both culturable and unculturable spe-
cies; for example, there are around 50 Treponema spe-
cies that can be seen by microscopy and detected by
molecular approaches but which cannot be grown
(Fig. 3.3A). Similarly, the molecular analysis of the
microflora associated with dento-alveolar abscesses
and endodontic infections has consistently identi-
fied novel groups of bacteria that were not recog-
nised, or were grossly under-estimated, in parallel
cultural studies (Fig. 3.2).

Molecular approaches have also been developed
to compare the diversity of oral microbial com-
munities from different sites in health and disease.
These approaches include microbial community
profiling using denaturing gradient gel electropho-
resis (DGGE). Total genomic DNA is extracted from
clinical samples, amplified by PCR using universal
primers for bacterial 16S rRNA genes, and prod-
ucts resolved on polyacrylamide gels with a dena-
turing gradient. DGGE profiles can be analysed
using appropriate software, and novel or discrimina-
tory bands can be excised from the gel, cloned, and
sequenced, enabling a presumptive identification to
be made. Alternatively, techniques based on check-
erboard DNA-DNA hybridization using labelled
whole genomic probes and nylon membranes can
be used to simultaneously screen multiple clinical
samples for around 40 different pre-selected micro-
bial species.

These culture-independent approaches are radi-
cally changing our perception of the diversity of the
resident oral microflora in health and disease. Work
is underway to identify the signature DNA sequences
of all of the microorganisms in the mouth (cultur-
able and unculturable). In the future, DNA microar-
ray chips will be available, with the ability to detect
each component or specific subsets of the resident
oral microflora, enabling clinicians to rapidly screen
for the presence or absence of over 700 organisms,
thereby leading to the promise of improved diag-
nostic and treatment opportunities.
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SUMMARY

Knowledge of the oral microflora depends on accurate

and robust classification systems from which simpler
identification schemes can be developed. Both processes
have been revolutionized by the advent of molecular
approaches, especially those based on 16S rRNA gene
sequences. Comparisons of data from culture and
molecular approaches suggest that around 50% of the oral
microflora is currently classed as being ‘unculturable’.

DIFFICULTIES ARISING FROM
RECENT ADVANCES IN MICROBIAL
CLASSIFICATION

Although recent advances have led to improvements
in the classification of oral bacteria, such improve-
ments have also generated a number of difficulties
when interpreting or comparing early data when a
previous (and sometimes flawed) nomenclature was
in use. The classification of many groups of oral bac-
teria has been revolutionized in a relatively short time
period, with many new genera and species described.
A species highlighted in an early study may now
have been reclassified and hence renamed, and so
new and old terminologies may coexist in the scien-
tific literature. For example, Streptococcus sanguis has
been reported in the literature for many decades but,
as of 1989, its description became more limited and
organisms 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.
Consequently, some strains reported in earlier stud-
ies as S. sanguis may not have the same properties
as strains more recently identified as S. sanguis sensu
stricto. Furthermore, the Latin name originally given to
some of the oral streptococci has recently been shown
to be erroneous, and so S. sanguis is now termed S. san-
guinis. For similar reasons, S. parasanguis, S. rattus,
S. cricetus and S. crista have been renamed as S. paras-
anguinis, S. ratti, S. criceti and S. cristatus, respectively.
Thus, great care has to be taken when interpreting
older (and not so old) scientific literature.

Microbial taxonomy is a dynamic area with exist-
ing species being reclassified due to the application
of more stringent tests, together with the recogni-
tion of genuinely newly-discovered species from
sites such as periodontal pockets and infected root
canals. The emphasis paid to the classification and
identification of the oral microflora is necessary
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because without valid subdivision and accurate
identification of isolates, the specific association of
species with particular diseases (microbial aetiol-
ogy) cannot be determined. Likewise, it has to be
accepted that further changes in microbial classi-
fication schemes will occur in the future and new
genera and species will be identified. The properties
of the main groups of microorganism found in the
mouth will now be described.

GRAM POSITIVE COCCI

Streptococcus

Streptococci have been isolated from all sites in the
mouth and comprise a large proportion of the res-
ident cultivable oral microflora. The majority are
alpha-haemolytic (partial haemolysis) on blood
agar and early workers grouped them together, call-
ing them viridans streptococci. However, haemoly-
sis is not a reliable property in distinguishing these
streptococci, and many oral species contain strains
showing all 3 types of haemolysis (alpha, beta and
gamma). These ‘viridans’-group streptococci are
now clustered into four groups (Table 3.3) and will
now be described.

Mutans-group (mutans streptococci)

There is great interest in the mutans streptococci
because of their role in the aetiology of dental
caries. S. mutans was originally isolated from car-
ious human teeth by Clarke in 1924 and, shortly
afterwards, was recovered from a case of infec-
tive endocarditis (growth of bacteria on damaged
heart valves). Little attention was paid to this spe-
cies until the 1960s when it was demonstrated that
caries could be experimentally-induced and trans-
mitted in animals artificially-infected with strains
resembling S. mutans. The name of this species
derives from the fact that cells can lose their coccal
morphology and often appear as short rods or as
cocco-bacilli (Fig. 3.4A). Nine serotypes have been
recognised (a-h, and k), based on the serological
specificity of carbohydrate antigens located in the
cell wall, although some serotypes are found only
in animals. Subsequent work showed that sufficient
differences existed between clusters of these sero-
types to warrant their sub-division into seven dis-
tinct species (Table 3.3); these species are described
collectively as mutans streptococci. Mutans strep-
tococci are recovered almost exclusively from hard,
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Fig. 3.4 (A) The cell morphology of Streptococcus mutans when viewed by light microscopy. (B) The colony morphology of
Streptococcus mutans growing on sucrose-containing agar. (C) The cell morphology of Actinomyces naeslundiii.

non-shedding surfaces in the mouth, such as teeth
or dentures, and they can act as opportunistic
pathogens, being isolated from cases of infective
endocarditis (biofilms growing on damaged heart
valves; Ch. 8). Mutans streptococci are regularly iso-
lated from dental plaque at carious sites, but their
prevalence is low on sound enamel.

The specific epithet, S. mutans, is now limited to
human isolates previously belonging to serotypes
¢, ¢ f and k. This is the most commonly isolated
species of mutans streptococci, and epidemiologi-
cal studies have implicated S. mutans as the primary
pathogen in the aetiology of enamel caries in child-
ren and young adults, root surface caries in the elde-
rly, and nursing (or bottle) caries in infants (Ch. 6).
The next most commonly isolated species of the
mutans streptococci group is S. sobrinus (serotypes d
and g), which has also been associated with human

dental caries. Less is known about the role of S. sobri-
nus in disease because some studies do not attempt
to distinguish between these species, while some
commonly-used selective media for the isolation of
mutans streptococci contain bacitracin which can
be inhibitory to the growth of both S. sobrinus and
S. criceti (formerly S. cricetus) (serotype a). S. criceti
is recovered only rarely from humans. Some people
harbour more than one species of mutans strepto-
cocci in their mouth.

The antigenic structure of mutans streptococci
has been studied in detail in order to establish sero-
logical typing schemes and during the develop-
ment of a prospective caries vaccine (Ch. 6). Mutans
streptococci possess cell wall carbohydrate anti-
gens, lipoteichoic acid, lipoproteins and cell wall
or cell wall-associated proteins (Ch. 4). Antigen I/II
(also termed antigen B, SpaP or Pac) has generated
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considerable interest because of its inclusion in a
possible sub-unit vaccine; a similar protein is des-
ignated SpaA in S. sobrinus. Antigen I/II may be
involved in the initial adherence of S. mutans to the
tooth surface by interacting with components of the
salivary pellicle (Chs 4 and 5).

Mutans streptococci make extracellular solu-
ble and insoluble extracellular polysaccharides
(glucan, mutan and fructan) from sucrose that are
associated with plaque maturation (Chs 4 and 5)
and cariogenicity (Ch. 6). The glucans and fructans
are produced by glucosyl- and fructosyltransferases,
respectively. Mutan is a highly insoluble glucan that
is only produced by mutans streptococci, while the
fructan is unusual in having an inulin-like struc-
ture. These polymers contribute to the character-
istic colonial morphology of mutans streptococci
when growing on sucrose-containing agar plates
(Fig. 3.4B). Mutans streptococci can also synthesise
intracellular polysaccharides when there is excess
sugar, and these can act as carbohydrate reserves,
and be converted to acid during periods when
dietary carbohydrates are not available. Mutans
streptococci can scavenge dietary sugars very effi-
ciently, and rapidly convert them to acidic fermen-
tation products (mainly lactate); significantly, they
are also able to grow and survive under the acidic
conditions they generate, by the induction of spe-
cific molecular stress responses (Ch. 4; Fig. 2.4).
Mutans streptococci can communicate with other
mutans streptococci by the release of diffusible sig-
nalling molecules that can induce genetic compe-
tence (an ability to take up extracellular DNA) and
acid tolerance in neighbouring cells.

Salivarius-group

This group comprises S. salivarius and S. vestibu-
laris. Strains of S. salivarius are commonly isolated
from most areas of the mouth although they pref-
erentially colonize mucosal surfaces, especially
the tongue. They produce large quantities of an
unusual extracellular fructan (polymer of fructose
but with a levan structure) from sucrose (Ch. 4),
as well as a levanase that can degrade this type of
fructan. This levan gives rise to characteristically
large mucoid colonies when S. salivarius is grown
on sucrose-containing agar. S. salivarius also pro-
duces some extracellular soluble and insoluble
glucans from sucrose. S. salivarius is isolated only
rarely from diseased sites, and is not considered a
significant opportunistic pathogen.
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S. vestibularis is isolated mainly from the vestib-
ular mucosa of the human mouth. These strains
do not produce extracellular polysaccharides from
sucrose, but do produce a urease (which can gen-
erate ammonia and hence raise the local pH) and
hydrogen peroxide (which can contribute to the sia-
loperoxidase system [Ch. 2], and inhibit the growth
of competing bacteria).

Anginosus-group

Representative species of this group are readily iso-
lated from dental plaque and from mucosal surfaces,
and are an important cause of serious, purulent dis-
ease in humans, including maxillo-facial infections.
They are commonly found in abscesses of internal
organs, especially of the brain and liver, and have
also been recovered from cases of appendicitis, peri-
tonitis, meningitis and endocarditis. Initially, these
bacteria were grouped together as either S. milleri
(in Europe) or as S. MG-intermedius and S. anginosus-
constellatus (in North America). These bacteria are
now differentiated into S. constellatus, S. intermedius
and S. anginosus; S. constellatus is subdivided further
into subspecies constellatus and subspecies pharyngis.
S. intermedius is isolated mainly from liver and brain
abscesses, while S. anginosus and S. constellatus are
derived from purulent infections from a wider range
of sites. S. intermedius strains produce a protein toxin,
intermedilysin, which may affect neutrophil func-
tion and enable the cell to evade the host defences in
abscess formation. No strains from this group make
extracellular polysaccharides from sucrose.

Mitis-group
The recent application of molecular phylogenetic
techniques (involving the determination of 16S
rRNA gene sequences) has resolved many of the pre-
vious anomalies in the classification of this group,
resulting in the identification of some new species.
S. sanguinis (formerly S. sanguis) and S. gordonii
are early colonizers of the tooth surface, and both
produce extracellular soluble and insoluble glucans
(Ch. 4) from sucrose that contribute to plaque for-
mation. Both species can generate ammonia from
arginine. S. sanguinis produces a protease that can
cleave sIgA (IgA protease) while S. gordonii can bind
salivary o-amylase enabling these organisms to
break down starch. Amylase-binding may also mask
bacterial antigens and allow the organism to avoid
recognition by the host defences (host mimicry).
Both species are composed of several biotypes.
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Two of the most common streptococcal spe-
cies in the mouth are S. mitis and S. oralis. Strains
of S. oralis produce neuraminidase (an enzyme
that removes sialic acid from oligosaccharide side
chains of salivary mucins) and an IgA protease, but
cannot bind o-amylase. S. mitis is subdivided into
two biotypes, and these show different distribution
patterns in the mouth. Strains representing these
two species are able to take up extracellular DNA
(i.e. they are genetically competent), and this pro-
cess is facilitated in biofilms such as dental plaque
where bacteria are in close proximity to one another.
Consequently, itis perhaps not surprising that there is
considerable genetic and phenotypic heterogene-
ity when the properties of large numbers of S. mitis
and S. oralis strains are compared. Some, but not all,
strains from these two species are able to produce
extracellular glucan from sucrose.

Other members of this group include S. parasan-
guinis (formerly S. parasanguis) which has been iso-
lated from clinical specimens (throat, blood, urine).
Strains can hydrolyse arginine but not urea, and can
bind salivary o-amylase, but cannot produce extra-
cellular polysaccharides from sucrose. S. cristatus
(formerly S. crista) is characterised by the presence
of tufts of fibrils on their cell surface (Ch. 4). More
recently, new species have been described including
S.oligofermentans, S. sinensis (isolated from cases of
infective endocarditis), S. australis, S. infantis and
S. peroris. The significance of some of these species to
the ecology of the mouth has yet to be determined.

Members of the mitis-group are opportunis-
tic pathogens, particularly in infective endocarditis
(Ch. 8). S. pneumoniae can be isolated from the naso-
pharynx and is a significant opportunistic pathogen,
and can acquire and transfer antibiotic resistance
genes among other members of the mitis-group.

Other Gram positive cocci

Strains that were originally described as being nutri-
tionally-variant streptococci (NVS) have been iso-
lated from the mouth when appropriate isolation
media are used. These have been re-classified as
Granulicatella adiacens (previously S. adiacens and
Abiotrophia adiacens) and Abiotrophia defectiva (pre-
viously S. defectivus). G. adiacens is common in the
mouth, and is an early colonizer of the tooth surface,
although it is overlooked in most studies because
of the need for their isolation media to be supple-
mented with growth factors such as cysteine or pyr-
idoxal. These bacteria often exhibit satellitism, an

enhanced growth pattern around colonies of certain
other bacteria that produce these co-factors. Other
Gram positive cocci include Gemella spp. (G. haemo-
lysans and G. morbillorum), although cells sometimes
appear Gram negative on staining.

Anaerobic Gram positive cocci are commonly
recovered from teeth, especially from carious den-
tine, infected pulp chambers and root canals (Ch. 6),
advanced forms of periodontal disease (Ch. 6), and
from dental abscesses (Ch. 7). They are also recovered
from deep-seated abscesses elsewhere in the body,
and are usually isolated in mixed culture (polymi-
crobial infections). The classification of this group of
organisms is confused. Originally, strains were placed
in the genus, Peptostreptococcus, and representative
species included P. micros, P. magnus and P. anaerobius.
However, P. micros and P. magnus have been moved to
new genera as Parvimonas micra and Finegoldia magna,
respectively, while oral strains of P. anaerobius are now
designated Peptostreptococcus stomatis.

Enterococci have been recovered in low numbers
from several oral sites when appropriate selective
media have been used; the most frequently isolated
species is Enterococcus faecalis. Enterococci can be iso-
lated from the mouth of immuno- and medically-
compromised patients, and have been isolated from
periodontal pockets that fail to respond to therapy
and from infected root canals. 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 gingivitis (Ch. 6).

Staphylococci and micrococci are also not com-
monly isolated in large numbers from the oral cavity
although the former are found in denture plaque, as
well as in immunocompromised patients and indi-
viduals suffering from a variety of oral infections
(Chs 7 and 11). Although these bacteria are not usu-
ally considered to be members of the resident oral
microflora, they may be present transiently, and they
have been isolated from some sites with root surface
caries and from some periodontal pockets that fail to
respond to conventional therapy. Interestingly, this
is in sharp contrast to other surfaces of the human
body in close proximity to the mouth, such as the
skin surface and the mucous membranes of the
nose, where they are among the predominant com-
ponents of the microflora. This finding emphasizes
the major differences that must exist in the ecol-
ogy of these particular habitats. Skin and nasal flora
must be passed consistently into the mouth and yet
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these organisms are normally unable to colonize or
compete against the resident oral microflora.

GRAM POSITIVE RODS AND
FILAMENTS

Actinomyces

Actinomyces species form a major portion of the
microflora of dental plaque, particularly at approx-
imal sites and the gingival crevice. They have been
associated with root surface caries and their numbers
increase during gingivitis (Ch. 6). Cells of Actinomyces
species appear as short rods, but are often pleomor-
phic in shape; some cells show a true branching mor-
phology (Fig. 3.4C), while those of A. israelii can be
filamentous. Some species (particularly A. naeslundii)
are heavily fimbriated (cell surface structures involved
in attachment), while others have relatively smooth
surfaces. Actinomyces spp. ferment glucose to a char-
acteristic pattern of metabolic end products, namely
succinic, acetic and lactic acids, and this property is
exploited in the identification of this genus. Some
newly described species have been identified in a
variety of clinical specimens (A. radingae, A. neuii,
A. johnsonii, A. europaeus, A. graevenitzii, A. funkei,
A. dentalis and A. turicensis), including infective endo-
carditis and abscesses, but the source and habitat of
these species is not yet fully understood. A. radiciden-
tis has been isolated from endodontic infections.
The most common representative in plaque is A.
naeslundii, which was subdivided into two genospe-
cies (A. naeslundii genospecies 1 and genospecies 2).
A. naeslundii genospecies 2 is now classified as A. oris.
Some strains of A. naeslundii produce an extracellu-
lar slime and a fructan from sucrose with a levan-like
structure; the fructosyltransferase is produced consti-
tutively. A. naeslundii strains also produce enzymes
that can hydrolyse fructans with a variety of structures,
including levans and inulins. Some strains also pro-
duce urease (this enzyme may have a role in modu-
lating pH in plaque) and neuraminidase (can modify
receptors in the enamel acquired pellicle). Two types
of fimbriae can be found on the surface of cells of A.
naeslundii. Each type serves a specific function, and
is implicated either in cell-to-cell contact (coaggrega-
tion) or in cell-to-surface interaction (Chs 4 and 5). A.
viscosus is a closely related species found in animals.
Actinomyces israelii can act as an opportunis-
tic pathogen causing a chronic inflammatory con-
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dition called actinomycosis (Ch. 7). The disease is
usually associated with the orofacial 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 ‘granules’ and
such granules may contribute to their ability to dis-
seminate around the body by affording cells physi-
cal protection from the environment, from the host
defences, and from antibiotic treatment. A. israelii
species have also been found in cervical smears of
women using intrauterine contraceptive devices.

Following comparisons of 16S rRNA gene
sequences, strains originally classified as A. israelii
serotype II have now been designated as a sepa-
rate 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. Strains of A. gerencseriae can also
form protective ‘granules’ (see previous comments
on A. israelii). A. georgiae is facultatively anaerobic
and is also found occasionally in the healthy gin-
gival crevice. Other species include A. odontolyticus,
of which about 50% of strains form colonies with
a characteristic red-brown pigment. This species,
together with A. naeslundii, are early colonizers of
the mouth of infants, although A. odontolyticus has
also been associated with the very earliest stages of
enamel demineralization, and with the progression
of small caries lesions. A. meyeri has been reported
occasionally and in low numbers from the gingi-
val crevice in health and disease, and from brain
abscesses.

Eubacterium and related genera

Until recently, Eubacterium was a poorly defined
genus that contained a variety of obligately anaer-
obic, filamentous bacteria that often appear
Gram-variable when stained. Many strains are asac-
charolytic, and therefore appear non-reactive in clas-
sification schemes. They are also difficult to cultivate
and many laboratories have not isolated them from
plaque while others have found numerous ‘taxa’
(>25) in various forms of periodontal disease. When
recovered and identified, these asaccharolytic spe-
cies can comprise over 50% of the anaerobic micro-
flora of periodontal pockets and are common in
dento-alveolar abscesses. The application of molec-
ular taxonomic approaches has identified many
new bacterial genera (Fig. 3.5), and oral eubacteria
are now restricted to Eubacterium saburreum, E. yurii,
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Fig. 3.5 Recent changes in the nomenclature of bacteria
originally grouped together as Eubacterium species.

E. infirmum, E. sulci, E saphenum, E. minutum, E.
nodatum, and E. brachy.

New genera include Mogibacterium (e.g. M. tim-
idum [formerly E. timidum], M. vescum and M. pumi-
lum), Pseudoramibacter (e.g. P. alactolyticus, formerly
E. alactolyticum) and Slackia (e.g. S. exigua, formerly
E. exiguum), all of which have been recovered from
infected root canals. Other new genera include
Cryptobacterium (e.g. C. curtum), Shuttleworthia (e.g.
S. satelles), Solobacterium (e.g. S. moorei) and Bulleidia
(e.g. B. extructa). Many of these bacteria have been
found in periodontal pockets and/or abscesses, and
some can produce butyrate and ammonia from
amino acid metabolism, but the clinical significance
of these organisms has yet to be determined.

Lactobacillus

Lactobacilli are commonly isolated from the oral
cavity, especially dental plaque and the tongue,
although they usually comprise less than 1% of the
total cultivable microflora. However, their propor-
tions and prevalence increase in 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 lac-
tate and acetate, respectively, from glucose. The most
common species are L. casei, L. thamnosus, L. fermen-
tum, L. acidophilus, L. salivarius, L. plantarum, L. para-
casei, L. gasseri and L. oris.

Little is known of the preferred habitat of these
species in the normal mouth, and most studies still
merely group them as ‘lactobacilli’ or Lactobacillus
spp.. They are highly acidogenic and acid tolerant,
and are associated with advanced caries lesions and
carious dentine. Simple 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 unreliable, they are useful for mon-
itoring the dietary behaviour of a patient because
levels of lactobacilli correlate closely with the intake
of dietary carbohydrate. Some lactobacilli are being
considered as possible oral probiotic strains.

Other genera

Propionibacterium spp. (e.g. P. acnes, P. propionicus)
are obligately anaerobic bacteria that are found in
dental plaque; P. propionicus has been isolated from
cases of actinomycosis and lacrimal canaliculitis
(infection of the tear duct). Corynebacterium (for-
merly Bacterionema) matruchotii, Rothia dentocar-
iosa, and Bifidobacterium dentium are also regularly
isolated from dental plaque. Two species of bifido-
bacteria have been reclassified as Scardovia inopinata
(formerly B. inopinatum) and as Parascardovia denti-
colens (formerly B. denticolens), but their role in the
mouth is yet to be determined. Alloscardovia omni-
colens has been isolated from saliva. C. matruchotii has
an unusual cellular morphology having a long fila-
ment growing out of a short, fat rod-like cell, thus
earning its description of ‘whip-handle’ cell. Rothia
is isolated on very rare occasions from cases of infec-
tive endocarditis. Rothia mucilaginosa (formerly
Stomatococcus  mucilaginosus) produces an extra-
cellular slime, and is isolated almost exclusively
from the tongue. Some bacteria previously classi-
fied as Actinomyces have been placed in new gen-
era; Actinomyces bernardiae has been reclassified as
Arcanobacterium bernardiae while other species have
been placed in the genus, Actinobaculum. Bacteria
originally described as ‘anaerobic lactobacilli’ have
been placed in new genera such as Olsenella, e.g. O.
uli (formerly Lactobacillus uli), which has been iso-
lated from periodontal pockets, and Atopobium spp.
(e.g. A. rimae and A. parvulum). Filifactor (e.g. E. alocis)
is found in endodontic infections.

SUMMARY

Gram positive bacteria are commonly distributed on most
surfaces of the mouth. The predominant genera are
Streptococcus and Actinomyces; representative species

are found at healthy sites, although many can also act as
opportunistic pathogens. For example, mutans streptococci
are implicated in dental caries while the intermedius- and
the mitis-groups of streptococci are recovered commonly
from abscesses and infective endocarditis, respectively;
Actinomyces israelii is implicated in actinomycosis.
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GRAM NEGATIVE COCCI

Neisseria are aerobic or facultatively anaerobic Gram
negative cocci that are isolated in low numbers from
most sites in the oral cavity. They are among the
earliest colonizers of teeth, and make an important
contribution to plaque formation by consuming
oxygen and creating conditions that permit obligate
anaerobes to grow. Some Neisseria spp. can produce
extracellular polysaccharides and some streptococ-
cal strains can metabolize these polymers, effec-
tively using them as external carbohydrate reserves.
The taxonomy of this group remains confused, but
common species include N. subflava, N. mucosa,
N. flavescens and N. pharyngis. Moraxella catharrhalis
is a commensal of the upper respiratory tract, but
it is also a well-established opportunistic pathogen;
many strains produce a B-lactamase that can lead to
complications during antibiotic treatment.

Veillonella are strictly anaerobic Gram negative cocci;
several species are recognised: V. parvula, V. dispar,
V. atypica, V. denticariosi (more common in carious den-
tine) and V. rogosae (more common in caries-free indi-
viduals). Veillonella spp have been isolated from most
surfaces of the oral cavity although they occur in high-
est numbers in dental plaque. Veillonella spp. lack glu-
cokinase and fructokinase and, therefore, are unable to
metabolize carbohydrates. Instead, they utilize several
intermediary metabolites, in particularlactate, as energy
sources and, consequently, play an important role in
the ecology of dental plaque and in the aetiology of
dental caries. Lactic acid is the strongest acid produced
in quantity by oral bacteria and is implicated in the
dissolution of enamel (dental caries; Ch. 6). Veillonella
can reduce the potentially harmful effect of lactic acid
by converting it to weaker acids (predominantly propi-
onic acid). Some bacteria originally thought to belong
within the family Veillonellaceae have been classified
as Anaeroglobus geminatus. Megasphaera are also Gram
negative anaerobic cocci that have been isolated occa-
sionally from dental plaque.

GRAM NEGATIVE RODS

Facultatively anaerobic and
capnophilic genera

The majority of facultatively anaerobic Gram nega-
tive rods in the mouth were originally assigned to the
genus Haemophilus. These organisms were not detected
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in early studies until appropriate isolation media were
used that contained essential growth factors required
by members of this genus - haemin (X-factor) and
nicotinamide adenine dinucleotide, NAD (V-factor).
This group of bacteria have been reclassified, and
the only species of Haemophilus found commonly in
the mouth is H. parainfluenzae (V-factor requiring);
H. parahaemolyticus is isolated from soft tissue infec-
tions of the oral cavity, but is probably not a regular
member of the oral microflora. Organisms previously
classified as haemophili have been placed in the
new genus, Aggregatibacter, e.g. A. aphrophilus (can
cause brain abscesses and infective endocarditis) and
A. segnis (only occasionally isolated from infections).
In addition, an important periodontal pathogen,
Actinobacillus actinomycetemcomitans, implicated in a
particularly aggressive form of periodontal disease in
adolescents, has also been reclassified as Aggregatibacter
actinomycetemcomitans (Fig. 3.6A). Strains are capno-
philic often requiring 5-10% CO, for growth. Cells
have surface layers containing molecules that stimu-
late bone resorption, as well as serotype-determin-
ing polysaccharides. Freshly isolated strains possess
fimbriae, although these can be lost on sub-culture.
A. actinomycetemcomitans produces a range of virulence
factors including a powerful leukotoxin, collagenase,
immunosuppressive factors and proteases capable of
cleaving IgG; in addition, strains can be invasive for
epithelial cells. A. actinomycetemcomitans is also an
opportunistic pathogen, being isolated from cases of
endocarditis, brain and subcutaneous abscesses, osteo-
myelitis, and periodontal disease (Ch. 6). Recently, a
highly virulent clone of strains of A. actinomycetem-
comitans has been recognised, whose distribution is
restricted to only certain adolescents with a high risk
of aggressive periodontitis, all of which generally have
a North West African origin.

Other facultatively anaerobic Gram negative rods
include 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 are CO,-dependent Gram negative
rods, with a gliding motility, and are found in subgin-
gival plaque, and increase in proportions in gingivitis.
A number of species have been recognised (includ-
ing C. gingivalis, C. ochracea, C. sputigena, C. granulosa,
C. haemolytica and C. leadbetteri). Capnocytophaga are
opportunistic pathogens and have been isolated from
a number of infections in immunocompromised
patients; some strains produce an IgAl protease.
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Fig. 3.6 Electron micrographs of: (A) Aggregatibacter actinomycetemcomitans, (B) Porphyromonas gingivalis, (C) Fusobacterium

nucleatum and (D) an oral spirochaete.

Kingella (e.g. K. oralis) is a coccobacillus that has been
isolated from several oral sites. The gliding bacterium
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 fil-
aments in groups, or multiples of eight cells.

Obligately anaerobic genera

Obligately anaerobic Gram negative rods comprise a
large proportion of the microflora of dental plaque
and the tongue. The classification of many of these
organisms has proved difficult; many strains grow
poorly so that clear results in fermentation tests are
not obtained, and the concentration of metabolites
is too low to be analyzed satisfactorily. The develop-
ment and application of new types of test such as lipid
analyses and enzyme mobilities has enabled the spe-
ciation of isolates that appeared non-reactive by con-
ventional methods. New species that are at present
unculturable in the laboratory have been identified
in clinical samples using molecular approaches, such

as amplification of 16S rRNA genes followed by clon-
ing and sequence analysis (Figs 3.2 and 3.3).

Most of the cultivable oral obligate anaerobes
belong to the genera Prevotella and Porphyromonas.
Some organisms from these genera produce colonies
with a characteristic brown or black pigment when
grown on blood agar (Fig. 3.7). This pigment may
act as a defence mechanism helping to protect the
cells from the toxic effects of oxygen. These organ-
isms are referred to collectively as black-pigmented
anaerobes. Haemin is an essential growth factor
and is obtained in the host from the catabolism of
haeme-containing molecules such as haemoglobin.

Prevotella spp. are moderately saccharolytic (i.e.
able to ferment carbohydrates), producing ace-
tic, succinic and other acids from glucose. Species
with pigmented strains include Prevotella intermedia,
P. nigrescens, P. melaninogenica, P. loescheii, P. pallens
and some strains of P. denticola. Prevotella interme-
dia and P. nigrescens are difficult to distinguish using
simple physiological tests, but P. intermedia is asso-
ciated with periodontal disease while P. nigrescens is
isolated more often, and in higher numbers, from
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Fig. 3.7 Haemolysis and colony pigmentation of Porphyromonas gingivalis on blood agar after 10 days of anaerobic incubation.
Courtesy of Professor M Curtis and the American Society for Microbiology (see Curtis et al Infect Immun 2002 70:6968-6975).

healthy sites. There are a large number of oral non-
pigmented species including Prevotella buccae, P. buc-
calis, P. oralis, P. oris, P. oulora, P. veroralis, P. dentalis,
P. tannerae, P. enoeca, P. bergensis, P. multisaccharivo-
rax, P. marshii, P. baroniae, P. shahii, P. multiformis,
P. salivae, P. maculosa and P. zoogleoformans. The
majority of these species can be isolated on occa-
sions from dental plaque, particularly from subgin-
gival sites. Some species are associated with disease
and increase in numbers and proportions during
periodontal disease, and have also been recovered
from abscesses (Chs 6 and 7).

Porphyromonas spp. are mainly asaccharolytic, and
use proteins and peptides for growth. Porphyromonas
gingivalis (Figs 3.6B and 3.7) is isolated mainly from
subgingival sites, especially in advanced periodon-
tal lesions, although it has also been recovered from
the tongue and tonsils. Six serotypes have been rec-
ognised based on capsular polysaccharides (K anti-
gens). P. gingivalis is highly virulent in experimental
infection studies in animals, and produces a range
of putative virulence factors associated with tissue
destruction and subversion of the host defences.
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These include highly active proteases, with specific-
ity for arginine-x bonds and lysine-x bonds (arg- and
lys-gingipains, respectively), that can degrade host
molecules such as immunoglobulins, complement,
andiron-and haeme-sequestering proteinsand glyco-
proteins, as well as molecules that the host produces
to regulate the host inflammatory response. P. gingi-
valis also produces a haemolysin, collagen-degrading
enzymes, cytotoxicmetabolites, and a capsule (Ch. 6).
P. gingivalis has fimbriae on its cell surface that medi-
ate adherence to oral epithelial cells and to saliva-
coated tooth surfaces. Porphyromonas endodontalis has
been mainly recovered from infected root canals. In
contrast, Porphyromonas catoniae is found mainly at
healthy sites or in shallow pockets.

Another major group of obligately anaerobic Gram
negative bacteria belong to the genus Fusobacterium.
Cells are characteristically in the form of long fila-
ments (5-25um in length; Fig. 3.6C) or pleomorphic
rods, and cells characteristically produce butyric acid
as the major end product of metabolism. The most
commonspeciesis F. nucleatum, and several subspecies
have been recognised: subspecies nucleatum, subsp.
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polymorphum and subsp. vincentii. These subspecies
may have different associations with health and dis-
ease; E nucleatum subsp. polymorphum is commonly
isolated from the normal gingival crevice whereas
subspecies nucleatum is recovered mainly from peri-
odontal pockets. Other oral fusobacteria include
F. periodonticum which is isolated from sites with peri-
odontal disease. Fusobacteria are often described as
being asaccharolytic, although they can take up car-
bohydrates for the synthesis of intracellular storage
compounds composed of polyglucose. Fusobacteria
catabolise amino acids such as aspartate, glutamate,
histidine and lysine to provide energy; these can be
obtained from the metabolism of peptides if free
amino acids are not available. F nucleatum is able
to remove sulphur from cysteine and methionine to
produce ammonia, butyrate, hydrogen sulphide and
methyl mercaptan, and these compounds contribute
to the odour associated with halitosis. Fusobacteria
are able to aggregate with most other oral bacteria
and, consequently, are believed to be an important
bridging organism between early and late colonizers
during plaque formation (coadhesion and coaggre-
gation, Ch. 5).

Other oral Gram negative anaerobic and
microaerophilic bacteria include Leptotrichia bucca-
lis (cells also have a filamentous morphology with
a pointed end but produce lactate as their major
fermentation product). Species include L. buccalis,
L. hofstadii, L. shahii and L. wadei. Wolinella succi-
nogenes is an asaccharolytic and formate/fumarate-
requiring strain. A number of campylobacter species
have been recognised (cells have a spiral morphol-
ogy) including Campylobacter concisus, C. gracilis
(formerly Bacteroides gracilis), C. showae, C. sputorum,
C. curvus and C. rectus (the latter two species were
previously classified as Wolinella curva and W. recta,
respectively). C. concisus was isolated in higher pro-
portions from relatively shallow pockets and healthy
subgingival sites whereas C. rectus is found more
commonly at sites with active periodontal disease,
especially in immunocompromised patients. Some
strains of C. rectus produce a cytotoxin which shares
some sequence homology with the leukotoxin of
A. actinomycetemcomitans. Selenomonas sputigena,
S. noxia, S. flueggei, S. infelix, S. dianae and S. artemi-
dis have been found in plaque from the human gin-
gival crevice.

Some of the species described above have flagella
and are motile. The Wolinella and Campylobacter
species have a single flagellum, while Selenomonas

spp. are curved to helical bacilli with a tuft of fla-
gella. Another helical or curved Gram negative oral
anaerobe is Centipeda periodontii which has numer-
ous flagella which spiral around the cell. There
have been reports of Helicobacter pylori in dental
plaque; this species is usually isolated from the
stomach where it is associated with gastritis, peptic
ulcers and gastric cancer. It may be present in the
mouth transiently following reflux from the stom-
ach. Some newly described genera include: Johnsonii
(J. ignava) and Cantonella (C. morbi), which are asso-
ciated with gingivitis and periodontitis, respectively;
Dialister (D. pneumosintes and D. invisus) which can
be found in endodontic infections and periodonti-
tis; Flavobacterium; and Tannerella forsythia (formerly
Bacteroides forsythus or T. forsythensis) which is com-
monly isolated from advanced periodontal disease.
Organisms such as sulphate-reducing bacteria
(e.g. Desulfobacter, Desulfobulbus, Desulfomicrobium
and Desulfovibrio) and methanogens (e.g. Meth-
anobrevibacter spp.), which use terminal end prod-
ucts of metabolism, such as hydrogen, CO,, and
organic acids, have been detected in dental plaque.
Sulphate-reducing bacteria produce hydrogen sul-
phide, which can contribute to mouth odour. These
bacteria are extremely difficult to grow in the lab-
oratory because of their sensitivity to even trace
amounts of oxygen, and their requirement for a very
low redox potential for growth (Ch. 2).
Spirochaetes are numerous in subgingival plaque
and can readily be detected using dark-field or elec-
tron microscopy (Fig. 3.6D). Several morphologi-
cal types can be distinguished according to cell size
and the arrangement of periplasmic flagella (endo-
flagella). Spirochaetes possess an outer membrane
and an inner membrane (which encloses the proto-
plasmic cylinder); the periplasmic flagella lie in the
periplasmic space between these two membranes.
The periplasmic flagella attach at either pole of the
cell by means of a basal hook, and wrap themselves
around the helical protoplasmic cylinder. Some of
the oral spirochaetes adhere to surfaces in a polar ori-
entation; this type of adhesion results in gross altera-
tions to host cell morphology facilitating penetration
into underlying tissues. The numbers of spirochaetes
are raised in advanced periodontal diseases, and are
diagnostic for necrotizing ulcerative periodontitis
(Ch. 6), but whether they cause disease or merely
increase following infection is still to be resolved.
Oral spirochaetes fall within the genus Treponema
and a large number of species have been proposed,
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including T. denticola, T. socranskii (subspecies
socranskii; subspecies buccale; subspecies paredis),
T. maltophilum, T. amylovorum, T. parvum, T. pecti-
novorum, T. putidum, T. lecithinolyticum, T. medium
and T. vincentii. In addition to their detection from
periodontally-inflamed sites, some of these spe-
cies have also been detected in primary endodon-
tic infection. Little is known about the physiology
of these organisms because of difficulties associ-
ated with their laboratory cultivation. However,
T. denticola has been grown using appropriate meth-
ods, and has been shown to have potent degrada-
tive enzyme activity, including an arginine-specific
(“trypsin-like’) protease. T. denticola can also degrade
collagen and gelatin, and appears to be more prote-
olytic than other oral spirochaetes. The use of cul-
ture-independent molecular approaches, in which
16S rRNA gene sequences have been compared
from clinical samples, is emphasizing the diversity
that exists within oral spirochaetes; for example, 47
as yet uncultivated Treponema species were identi-
fied in one study of subgingival sites in health and
disease (Fig. 3.3A).

As stated earlier in this chapter, only about 50%
of the microorganisms that can be visualized in
the mouth by microscopy are at present able to be
cultivated. This is due not only to ignorance of the
growth requirements of these organisms but also
because some bacteria have evolved to grow in part-
nership (physically and nutritionally) with other
microbes. New families of unculturable bacteria are
being identified by molecular ecological approaches,
e.g. Bacteroidales and Lachnospiraceae, while some of
the unculturable bacteria show sufficient genetic
similarity to known cultivable species that they can
be placed within a genus, for example, the uncul-
turable spirochaetes are assigned to the genus,
Treponema (Fig. 3.3A). Others represent novel evo-
lutionary lineages, which are found in a number of
habitats, and are designated simply by the phyla in
which they are grouped. Most oral examples belong
to the TM7 phylum, and have been described as a
sheathed filament. They can be numerous in sub-
gingival plaque, and can be visualized by fluorescent
in situ hybridization (FISH) by combining oligonu-
cleotide probes (coupled to a fluorescent tag) with
specialized microscopy techniques (epifluorescence
or confocal laser scanning microscopy) (Fig. 3.3B).
Some organisms detected by molecular approaches
in samples from subgingival plaque, and from peri-
odontal lesions and endodontic infections, belong
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to a new candidate phylum ‘Synergistetes’, and one
example has been identified as Jonquetella anthropi.
Increasing our understanding of the role of these
unculturable bacteria in health and disease is now
an important goal for oral microbiologists.

SUMMARY

Oral Gram negative bacteria are diverse, and include
species that are facultatively and obligately anaerobic, as
well as species that are microaerophilic and capnophilic.
Veillonella are anaerobic Gram negative cocci that play an
important role in dental plaque by converting lactate to
weaker acids. Most of the anaerobic Gram negative bacilli
are found in dental plaque, and have an asaccharolytic
metabolism, and depend on proteins and glycoproteins
for their nutrition; some common genera include
Prevotella and Fusobacterium. The diversity of species
increases in periodontal disease, and many of these are
‘unculturable’ at present. The taxonomy of Gram negative
bacteria has been transformed by molecular techniques
such as 16S rRNA gene sequencing.

FUNGI

Fungi generally constitute a relatively small pro-
portion of the oral microflora. The ‘perfect fungi’
(fungi that divide by sexual reproduction) are rarely
isolated from the oral cavity but are occasionally
found infecting patients with advanced acquired
immunodeficiency syndrome (AIDS). The main
‘perfect fungi’ causing oral infection are Aspergillus,
Geotrichium and Mucor spp.. The perfect yeast spe-
cies seen in healthy individuals may be transient
rather than resident members of the oral microflora.
In contrast, the ‘imperfect yeasts’, e.g. Candida spp.
(which divide by asexual reproduction) are com-
monly found in the mouth (Ch. 9).

The largest proportion of the fungal microflora
in the human mouth is made up of Candida spp.
Candida albicans is by far the most common species,
but alarge number of other yeasts have been isolated,
including C. glabrata, C.tropicalis, C. krusei, C. parapsi-
losis, and C. guilliermondii, as well as Rhodotorula and
Saccharomyces spp.. Estimations of carriage rates of
Candida species in the mouth vary markedly because
of the different isolation techniques used and the
population groups investigated (Ch. 9). Carriage
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rates range from 2 to 71% in asymptomatic adults,
but this increases, and approaches 100%, in medi-
cally-compromised patients or those on broad spec-
trum antibacterial agents.

Candida are distributed evenly throughout the
mouth but the most common site of isolation is
the dorsum of the tongue. The isolation of Candida
increases with the presence of intra-oral devices
such as dentures or orthodontic appliances, par-
ticularly in the upper jaw on the fitting surface;
indeed, Candida spp. can attach tenaciously to
acrylic. Plaque can also harbour Candida spp., but
the exact proportion and significance of these yeasts
in health and disease is unclear. The mouth may
be the source of yeast colonization of the gut, and
saliva is the vehicle for the transmission of Candida
spp. to other areas of the body. Colonization of the
mouth by yeasts occurs either at birth or soon after-
wards. The carriage rate falls in early childhood and
increases during middle and later life for reasons
that are as yet unclear.

MYCOPLASMA

Bacteria belonging to the genus Mycoplasma are pri-
marily characterized through the absence of a cell
wall. This feature makes these bacteria appear Gram
negative upon Gram staining, although due to their
small size (<1um; they are the smallest of all free-
growing cells) they are difficult to visualize by nor-
mal light microscopy.

Analysis of Mycoplasma genome sequences (16S
rDNA) suggests that these organisms are most closely
related to Bacillus-Lactobacillus and Streptococcus sub-
groups of Gram positive bacteria. Mycoplasma are
notoriously slow growing bacteria and require spe-
cialized microbiological culture media enriched in
proteins and with an elevated carbon dioxide atmo-
sphere for growth. Mycoplasmas are pleomorphic,
and several cell shapes can occur depending on the
environment.

Mycoplasmas are most prevalent on mucosal
surfaces, and infections of the respiratory tract and
urinary tract are associated with these organisms.
Oral carriage rates of between 6 and 32% have
been reported in humans with a number of spe-
cies recovered from saliva (M. salivarium, M. pneu-
moniae, M. hominis), the oral mucosa (M. buccale,
M. orale, M. pneumoniae) and dental plaque (M. pneu-
moniae, M. buccale, M. orale). Mycoplasma orale and

M. salivarium have also been isolated from salivary
glands where it has been postulated that they play
a role in salivary gland hypofunction. Periodontal
disease has also been associated with the presence
of members of this genus.

VIRUSES

The presence of viruses in the mouth has been stud-
ied extensively over recent years (Ch. 10), espe-
cially since the advent of polymerase chain reaction
(PCR) techniques. It is now no longer necessary to
use time-consuming and often unreliable methods
of detection of viruses, such as tissue culture or elec-
tron microscopy. Indeed, some viruses have only
been detected by the use of molecular approaches
and have never been grown (e.g. hepatitis C and
hepatitis G).

The virus most frequently encountered in saliva
and the orofacial area is Herpes simplex type 1
(HSV-1). The vast majority (80-90%) of adults in
the Western World have suffered from infection with
HSV-1, which is the cause of cold sores. Molecular
techniques have revealed that HSV is persistent
within the oral tissues and can also be detected
occasionally by culture in saliva in the absence of
cold sores, which indicates periodic shedding. The
virus also remains latent, in the trigeminal nerve
ganglion, where it may be reactivated by UV light
or stress. Once reactivated, the genome passes back
down the peripheral nerve to cause the characteris-
tic cold sores, which rupture to release further 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 the oral
epithelium. The detection of these viruses has usu-
ally been associated with hand, foot and mouth dis-
ease or herpangina. There are more than 100 types
of human papilloma virus (HPV), a number of
which have been isolated from the oral cavity, usu-
ally within the tissue of localized hyperplastic warty
like lesions (verruca vulgaris). HPV types 2, 4, 6, 11
and 16 have been detected relatively frequently in
oral lesions of patients with AIDS. Extensive studies
have been undertaken to explore the possible role
of HPV in oral cancer, but no link has been identi-
fied as yet.
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Hepatitis viruses and human immunodeficiency
virus (HIV) can be found in the oral cavity, especially
in saliva, where their presence poses a significant
cross-infection threat. One of the most important
aspects of infection control relates to the presence of
hepatitis B virus in the saliva of asymptomatic indi-
viduals who may carry the virus for many years. Both
groups of viruses are discussed in detail in Chapters
10 and 12. Other viruses found in the oral cavity are
measles and mumps, but usually in association with
oral lesions.

Bacteriophage (viruses for which bacteria are the
natural hosts) have been observed in samples of
saliva and dental plaque, but few have been isolated.
Bacteriophage specific for S. mutans, Lactobacillus,
Actinomyces, Veillonella and Aggregatibacter spp. have
been described. Some phage with activity against
non-oral bacteria (e.g. Proteus mirabilis) have been
detected, and this might contribute to the ability of
the resident oral microflora to exclude exogenous
species (colonization resistance; Ch. 4).

PROTOZOA

Protozoa are defined as unicellular eukaryotic micro-
organisms that lack a cell wall. Several species are
known to cause human diseases and examples of
these include members of the genus Plasmodium
(malaria), Entamoeba histolytica (amoebiasis) and
Cryptosporidium spp. (diarrhoeal infection in suscep-
tible individuals following ingestion of protozoan
cysts).

Two protozoan species are frequently recovered
from the mouth, namely Trichomonas tenax (previ-
ously referred to a T. buccalis and T. elongate) and
Entamoeba gingivalis. Their oral prevalence is vari-
able but estimates report carriage rates of between
4 and 52% in the healthy population. The reason
for this variation in incidence is unclear, but prob-
ably reflects difficulties in conventional detec-
tion approaches either by culture or microscopic
visualization. In recent years, molecular analyti-
cal techniques have allowed researchers to use PCR
techniques to detect oral protozoa through ampli-
fication of small ribosomal RNA gene sequences.
Such investigations have indicated a 2% incidence
of T. tenax in healthy oral cavities, increasing to 21%
in patients with periodontal disease.

Both of the oral protozoan species are motile,
and in the case of T. tenax, its characteristic ‘tum-
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bling’ motility is mediated through the presence
of four anterior flagella and a fifth recurrent flagel-
lum, attached to an undulating membrane along the
length of the cell. Trichomonas tenax and E. gingiva-
lis are heterotrophic, acquiring their carbon require-
ments through ingestion of other microorganisms,
host leukocytes and dead organic matter within the
mouth and, in this sense, they are truly parasitic.
Both species are strictly anaerobic and, while gen-
erally considered to be harmless commensals, there
are reports associating their presence with periodon-
tal disease. Trichomonas tenax does exhibit proteolytic
activity through the production of cysteine protei-
nases and metalloproteinases and these enzymes
could conceivably induce damage to host connec-
tive tissues. However, whether these organisms play
an active role in periodontal disease still remains
unclear, although it is apparent that their incidence
does increase in individuals with poor oral hygiene.

CHAPTER SUMMARY

The healthy mouth supports the growth of a wide
range of microorganisms including bacteria, yeasts,
mycoplasmas, viruses, and even protozoa. Bacteria
are the predominant components of the resident
oral microflora; a list of the major genera is given
in Table 3.4. Many of these bacteria are fastidious
in their nutritional requirements, while others are
obligate anaerobic and highly sensitive to oxygen,
and some have evolved to grow in mixed culture.
Some organisms are slow growing and relatively
unreactive in tests used in conventional iden-
tification schemes, and novel approaches have
been devised to differentiate them, such as analy-
sis of cell wall components or whole cell protein
profiles. At present, only about 50% of the organ-
isms in plaque can be isolated in pure culture in the
laboratory. Molecular approaches, based on com-
parisons of 16S rRNA gene sequences, have revolu-
tionized our understanding of the complexity of the
resident oral microflora, and resolved many long-
standing problems with the classification of several
groups of oral bacteria (for an example, see Fig. 3.5).
These approaches have identified many new genera
and species, including currently unculturable phyla
such as TM7 (Fig. 3.3B). The use of specific oligo-
nucleotide probes is leading to rapid (and relatively
simple) techniques to detect, visualize and identify
even the most fastidious of oral microbe in clini-
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Table 3.4 The principal bacterial genera found in the oral cavity

Gram positive

Gram negative

Abiotrophia Actinobaculum Anaeroglobus Aggregatibacter
Enterococcus Actinomyces Mega sphaera Campylobacter
Finegoldia Alloscardovia Moraxella Cantonella
Gemella Arcanobacterium Neisseria
Granulicatella Atopobium Veillonella Capnocytophaga
Peptostreptococcus Bifidobacterium Centipeda
Streptococcus Corynebacterium Desulfomicrobium
Cryptobacterium Desulfovibrio
Eubacterium Dialister
Filifactor Eikenella
Lactobacillus Flavobacterium
Mogibacterium Fusobacterium
Olsenella Haemophilus
Parascardovia Johnsonii
Propionibacterium Kingella
Pseudoramibacter Leptotrichia
Rothia Methanobrevibacter
Scardovia Porphyromonas
Shuttleworthia Prevotella
Slackia Selenomonas
Solobacterium Simonsiella
Tannerella
Treponema
Wolinella

® Mycoplasma are also isolated from the mouth

e There are also unculturable bacteria that have yet to be placed in a genus; some belong to the phylum, TM7.

cal samples. The resultant benefits in classification
and detection will increase the likelihood of finding
closer associations between particular species or taxa
with sites in health and disease.

The high diversity of the oral microflora reflects
the wide range of nutrients available endogenously
in the mouth, the varied types of habitat for colo-

nization, and the opportunity provided by biofilms
such as plaque for survival on surfaces. Despite this
diversity, many microorganisms commonly isolated
from neighbouring ecosystems, such as the skin and
the gut, are not found in the mouth, emphasising
the unique and selective properties of the mouth for
microbial colonization.
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The foetus in the womb is normally sterile. Despite the
widespread possibility of contamination, the mouth
of the newborn baby is usually sterile. However, from
the first feeding onwards, the mouth is regularly inoc-
ulated with microorganisms and the process of acqui-
sition of the resident oral microflora begins.

ACQUISITION OF THE RESIDENT ORAL
MICROFLORA

Acquisition depends on the transmission of micro-
organisms to the site of potential colonization.
Initially, in the mouth, this is by passive inoculation
from the mother, from other individuals in close
proximity to the baby, and from ingested milk and
water. Acquisition of microorganisms such as yeasts
and lactobacilli from the birth canal itself may be
only transient, but the role of saliva in the process
of acquisition has been confirmed conclusively.
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The ability to type strains (Fig. 3.1) has confirmed
the transfer of Streptococcus salivarius, mutans strep-
tococci and some other species from mother to
child via saliva. Similarly, comparisons of the DNA
fingerprints (genotyping) of a variety of oral bacte-
rial species have shown that the same digest pat-
tern (and hence presumably the same clonal type)
is commonly found within family groups, and that
different patterns are usually observed between
such groups. Nevertheless, strains of some bacte-
ria can be acquired occasionally by young children
from other family members, while some strains
seem to be distinct from any found in close rela-
tives. The genotypes of mutans streptococci found
in children were identical to those of their moth-
ers in 71% of 34 infant-mother pairs examined
(vertical transmission). Little evidence of father-
infant (or father-mother) transmission of mutans
streptococci was observed, although horizontal
transmission between spouses, and vertical trans-
mission within family units, can occur with some
periodontal pathogens, such as Porphyromonas gin-
givalis and Aggregatibacter actinomycetemcomitans.

Pioneer community and microbial
succession

The mouth is highly selective for microorganisms
even during the first few days of life. Very few of the
species common to the oral cavity of adults, and
even fewer of the large number of bacteria found in
the environment, are able to colonize the mouth of
the newborn. The first microorganisms to colonize
are termed pioneer species, and collectively they
make up the pioneer microbial community. These
pioneer species continue to grow and colonize until
environmental resistance (physical and chemical) is
encountered. In the mouth, physical factors include
the shedding of epithelial cells (desquamation),
and the shear forces from chewing and saliva flow.
Nutritional restrictions and unfavourable condi-
tions of Eh or pH, and the antibacterial properties of
saliva, are chemical barriers that can limit growth.
One genus or species is usually predominant dur-
ing the development of the pioneer community.
In the mouth, the predominant cultivable organ-
isms are streptococci, and in particular S. salivarius,
S. mitis and S. oralis. Many of the pioneer species
possess IgA, protease activity, which may enable pro-
ducer organisms to evade the effects of this key host
defence factor. Over time, the metabolic activity of
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the pioneer community modifies the environment
providing conditions suitable for colonization by a
succession of other populations. This may be by:
¢ modifying or exposing new receptors for
attachment (‘cryptitopes’ - Ch. 5),
¢ changing the local pH or reducing oxygen levels
and lowering the redox potential, Eh, or
e generating additional nutrients, for example, as
end products of metabolism (lactate, succinate)
or as breakdown products (peptides, haemin)
which can be used by other organisms as part of
a food chain.
As outlined above, the pioneer community influences
the pattern of microbial succession. This involves
the progressive development of a pioneer commu-
nity (containing few species) through several stages
in which the number of microbial groups increases,
until an equilibrium is reached; this is termed the
climax community, and generally has a high spe-
cies diversity (Fig. 4.1). Succession is associated with
a change from a site possessing few niches (roles -
Ch. 1) to one with a multitude of potential niches.
A climax community reflects a highly dynamic sit-
uation between the host, the environment and the
microflora, and must not be regarded as a static state.
The oral cavity of the newborn contains only epi-
thelial surfaces for colonization. The pioneer popu-
lations consist of mainly aerobic and facultatively
anaerobic species. In full-term babies, a range of
streptococcal species have been recovered during the
first few days of life, and S. oralis, S. mitis biovar 1 and
S. salivarius were numerically dominant (Table 4.1).
The diversity of the streptococcal microflora increases
with time; after one month, all babies were colonized
by at least two species of Streptococcus, with S. salivarius

. Pioneer
Transmission @ —» Ach|S|It|on‘and .
colonization species
Environment
modification
Climax Increasing Microbial
community species diversity succession

Fig. 4.1 Ecological stages in the establishment of a microbial
community. As microbial diversity increases, the metabolism
of the pioneer species modifies the local environment making
conditions suitable for secondary colonizers.
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Table 4.1 Streptococcal species isolated from the mucosal surfaces of babies.

Percentage viable count
Streptococcus Age
1-3 days 2 weeks 1 month

S. oralis 41 24 20
S. mitis biovar 1 30 28 30
S. mitis biovar 2 4 1 1
S. salivarius 10 30 28
S. sanguinis 4 3 2
S. anginosus 3 5 5
S. gordonii 1 2 4

and S. mitis biovar 1 being isolated most commonly
(Table 4.1). In contrast, the prevalence of S. san-
guinis increased only after 12 months. Actinomyces
odontolyticus was isolated from oral mucosal sur-
faces in infants as young as two months; A naeslundii
was generally only present in older babies (ca. 12
months old) once teeth had erupted.

The diversity of the pioneer oral community
increases during the first few months of life, with
some Gram negative obligate anaerobes appearing.
Prevotella melaninogenica was the most frequently iso-
lated anaerobe, being recovered from 76% of eden-
tulous infants (mean age = 3 months; range: 1-7
months) (Table 4.2). Other commonly isolated bac-
teria were Fusobacterium nucleatum (present in 67% of
infants), Veillonella spp. (63%), and non-pigmented
Prevotella spp. (62%), while Eikenella corrodens and
Wolinella succinogenes were found only in a single
mouth (Table 4.2). The number of different anaer-
obes in the same mouth varied from 0-7 species.

The same infants were followed longitudinally
during the eruption of the primary dentition. Gram
negative obligately anaerobic bacteria were isolated
more commonly, and a greater diversity of species
were recovered from around the gingival margin of
the newly erupted teeth (mean age of the infants = 32
months) (Table 4.2). These findings confirm that the
eruption of teeth has a significant ecological impact
on the oral environment and its resident microflora.

During the first year of life, members of the gen-
era Neisseria, Veillonella, Actinomyces, Lactobacillus,
and Rothia are commonly isolated, particularly

after tooth eruption. Studies using molecular detec-
tion assays have shown that some of the obligately
anaerobic species implicated in periodontal dis-
eases can be detected on occasions from tooth and
tongue samples from young children (aged 18-36
months). Porphyromonas gingivalis, Tannerella for-
sythia and Aggregatibacter actinomycetemcomitans were
detected in approximately 10-30% of 18-month-old
infants. When present, these bacteria are at very low
levels and are not of any clinical relevance. However,
these bacteria can be carried, and at some point
exploit either a change in local environmental con-
ditions or a suppression of the host defences, to out-
compete species associated with oral health, thereby
predisposing such sites to disease. An appreciation
of this dynamic relationship between the host and
the oral microflora is central to understanding the
aetiology of most dental diseases.

Allogenic and autogenic microbial
succession

The establishment of a climax community at any oral
site involves a series of phases of development dur-
ing which the complexity of the microflora increases
(microbial succession; Fig. 4.1). Two distinct types
of succession have been identified (Fig. 4.2). In allo-
genic succession, factors of non-microbial origin
are responsible for an altered pattern of community
development. For example, the frequency of detec-
tion of mutans streptococci and S. sanguinis in the
mouth increases markedly once hard, non-shedding
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Table 4.2 The effect of tooth eruption on the composition of the cultivatable oral microflora in 21 young children.

Percentage isolation frequency
Bacterium Mean age
3 months 32 months

Prevotella melaninogenica 76 100
non-pigmented Prevotella 62 100
Prevotella loescheii 14 90
Prevotella intermedia 10 67
Prevotella denticola ND* 71
Fusobacterium nucleatum 67 100
Fusobacterium spp. ND 71
Selenomonas spp. ND 43
Capnocytophaga spp. 19 100
Leptotrichia spp. 24 71
Campylobacter spp. 5 43
Eikenella corrodens 5 57
Veillonella spp. 63 63

*ND = not detected.

Allogenic Autogenic

succession succession
+ Tooth eruption \ / * O, consumption
creating anaerobiosis

* Denture .
wearing Microbial « Food chains
succession

¢ Antimicrobial * Receptor exposure
agents l for attachment

Climax community

Fig. 4.2 Role of autogenic and allogenic succession in the
development of oral microbial communities.

surfaces are present. This is usually following tooth
eruption, but it can also occur after the insertion of
dentures or removable orthodontic appliances, and
acrylic obturators in children with cleft palate.

The increase in number and diversity of obli-
gate anaerobes once teeth are present is an exam-
ple of autogenic succession in which community
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development is influenced by microbial factors (Fig.
4.2). The metabolism of the aerobic and facultatively
anaerobic pioneer species lowers the redox potential
in plaque and creates conditions suitable for coloni-
zation by strict anaerobes (Ch. 5). Other examples
of autogenic succession are the development of food
chains and food webs, whereby the metabolic end
product of one organism becomes a primary nutri-
ent source for another:

primary secondary
feeder feeder
complex substrate ——— product ——» simpler product

A further example of autogenic succession is the
exposure of new receptors for bacterial adhesion
(‘cryptitopes’; Ch. 5) following microbial modifica-
tion of host macromolecules.

The gross composition of the oral microflora can
remain relatively stable over time atindividual sites,
especially when analyzed at the genus or species
level. Ribotyping (Ch. 3) can discriminate among



strains within a species on the basis of genetic
variation, thereby allowing specific clonal types
to be recognised. Relatively few clones are found
within species of pathogenic bacteria, and a limited
number of these may be responsible for the major-
ity of infections. In contrast, species that comprise
the resident human microflora generally display
large numbers of clones, and this may be a strat-
egy to help such species evade the host defences.
Clones of some species appear to persist for long
periods at a site whereas others appear to be tran-
sient, and undergo replacement by fresh clones.
For example, clonal replacement appears to main-
tain S. mitis biovar 1 in the mouth of neonates;
93 clonal types were detected among 101 strains
of S. mitis colonizing 40 infants over a one month
period. The clonal types that could be isolated were
found to vary at different sampling times, suggest-
ing that individual clones did not persist and were
replaced by new clones. In a further study of the
clonal diversity of S. mitis biovar 1, limited shar-
ing of genotypes was found among three members
of a particular family, and each individual car-
ried between 6 and 13 types. Differences were also
found between isolates recovered from the pha-
ryngeal and buccal mucosa of the same individual.
The reasons for, and the mechanisms involved in,
the persistence of certain clones of some species
but the continual turnover of clones of other spe-
cies is not yet understood. It may be that the niche
(function) occupied by these clonal types is simi-
lar, but that turnover may represent a longer-term
survival strategy. Wide variations in the expression
of carbohydrate and protein antigens have been
found among the different genotypes of S. mitis
biovar 1 from the family group, suggesting that
this ‘turnover’ might play a role as an ‘immune-
evasion’ mechanism for this species.

In contrast to the situation for S. mitis, a particu-
lar clone of Aggregatibacter actinomycetemcomitans has
been implicated in an aggressive form of periodonti-
tis in young adults (Ch. 6). The JP2 clone has a 530
base pair deletion in the promoter region of the leuko-
toxin gene operon, resulting in increased production
of the leukotoxin. Adolescents harbouring this clone
are more likely to suffer loss of attachment between
the tooth and the periodontium than those who have
non-JP2 types. In the future, the ability to recognise
virulent clones of an organism may result in the bet-
ter diagnosis and prediction of sites/individuals at risk
of disease.
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SUMMARY

The mouth is usually sterile at birth. The acquisition of the
normal oral microflora follows a specific ecological progression
from a small number of pioneer species, especially S. salivarius,
S. mitis and S. oralis, to a diverse climax community containing
many obligately anaerobic and nutritionally-fastidious bacteria.
This development involves both allogenic and autogenic
succession; in allogenic succession, community development
is influenced by non-microbial factors while microbial factors
are responsible for autogenic succession. There is a dynamic
relationship between the host, the environment and the
resident microflora.

AGEING AND THE ORAL
MICROFLORA

The acquisition of the oral microflora continues
with age. Following tooth eruption, the isolation
frequency of spirochaetes and black-pigmented
anaerobes increases. In one study, the latter group of
organisms was recovered from 18 to 40% of children
aged 5 years but were found in over 90% of teenag-
ers aged 13-16 years. The increased prevalence of
spirochaetes and black-pigmented anaerobes during
puberty might be due to hormones entering the gin-
gival crevice and acting as a novel 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 pro-
gesterone which can satisfy the naphthaquinone
requirement for growth of this organism. Increases
in the numbers of black-pigmented anaerobes have
also been observed in women taking oral contra-
ceptives. Other studies have failed to show similar
associations between black-pigmented anaerobes
and pregnancy, while the recent application of more
sensitive molecular techniques have detected these
organisms in prepubertal children, implying that
hormonal changes cannot be the only factor affect-
ing the prevalence of these fastidious bacteria.

In adults, the composition and proportions of the
resident oral microflora remain reasonably stable over
time and this microflora coexists in relative harmony
with the host. This stability (termed microbial homeo-
stasis; Ch. 5, Fig. 5.18) is not a passive response to the
environment, but is due to a dynamic balance being
achieved from numerous inter-bacterial and host- bacte-
rial interactions. The diversity of the oral microflora in a
healthy individual is typically between 50-100 species.
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Fig. 4.3 Direct and indirect effects of ageing on the oral
microflora.

Some variations in the oral microflora have been
discerned in later life and can be attributed to both
direct and indirect effects of ageing (Fig. 4.3). 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 Candida
albicans and non-oral opportunistic pathogens such
as enterobacteria (e.g. Klebsiella spp., Escherichia coli,
Pseudomonas aeruginosa) and Staphylococcus aureus.
The wearing of dentures also increases with age and
this also promotes colonization by C. albicans. Many
elderly subjects take a variety of medications, the
side-effects of which can reduce the flow of saliva
and thereby perturb the normal balance of the resi-
dent oral microflora.

Information is now emerging on direct age-related
changes to the oral microflora. Significantly higher
proportions and isolation frequencies of lactobacilli
and staphylococci (mainly S. aureus) in saliva were
found in healthy subjects aged 70 years or over while
yeasts were isolated more often and in higher num-
bers from saliva in those aged 80 years or more. Cell-
mediated immunity declines with age, but the precise
effect of old age on the innate and adaptive host
defences of the mouth has yet to be established defin-
itively. Serum IgM antibody titres to selected oral and
gut commensal bacteria are lower in elderly subjects.
These antibodies represent the initial response by the
host to infection, and such a decrease in titre may be
one explanation for the increased susceptibility to
disease seen in older subjects. Age-related changes in
salivary antibodies have also been reported. In gen-
eral, activities of specific salivary IgG and IgM anti-
bodies decreased in the elderly, whereas specific sIgA
antibodies increased with age.
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The incidence of oral candidosis is more common
in the elderly and this has been attributed not only to
the increased likelihood of denture wearing but also
to physiological changes in the oral mucosa, malnu-
trition, and to trace element deficiencies. There have
been reports of increased isolations of enterobacteria
from the oropharynx of the elderly, but this seems
to be related in many cases to the health of the indi-
vidual rather than to their age per se, with the highest
incidences being in the most debilitated individuals.
One of the fundamental problems in determining
whether the oral microflora changes in old age is that
the chronological age of a person does not always
equate to their physiological age!

Social habits can perturb the balance of the
oral microflora. The regular intake of dietary
carbohydrates can lead to the enrichment of acidu-
ric (acid-tolerant) and cariogenic species such as
mutans streptococci and lactobacilli. Furthermore,
mutans streptococci and S. sanguinis are not detected
in the mouths of individuals who have full den-
tures when these surfaces are not worn, although
both groups of bacteria can reappear when these
‘hard surfaces’ are inserted again. Smoking has been
shown to affect bacterial counts, and is a significant
risk factor for periodontal diseases.

METHODS OF DETERMINING THE
COMPOSITION OF THE RESIDENT
ORAL MICROFLORA

There are a number of challenges when attempting
to determine the composition of the microbial com-
munities at sites in the mouth. These range from
the basic problem of removing the majority of the
microorganisms from their habitat (many of which
are by necessity bound tenaciously to a surface or to
each other, and the site may be difficult to access)
to their eventual identification (Table 4.3; Ch. 3).
The main approaches to determining the microbial
composition of the oral microflora are illustrated
in Fig. 4.4, while the main differences between cul-
ture-dependent and -independent approaches were
highlighted in Figure 3.2. Some of the issues are dis-
cussed in more detail below:

Sample taking

The microflora can vary in composition over rela-
tively small distances. Therefore, large plaque samples
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Property

Table 4.3 Some properties of the oral microflora that contribute to the difficulty in determining its composition.

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/coaggregation
(coadhesion)

Oral microorganisms attach firmly to 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 for prolonged periods.

Fastidious nutrition/unculturable

Some bacteria are difficult to grow in pure culture and may require specific cofactors
etc. for growth. Some groups (e.g. certain spirochaetes; TM7 group) cannot as yet be
cultured in the laboratory.

Slow growth The slow growth of some organisms makes enumeration time consuming, (e.g. they
may require14-21 days incubation).
Identification The classification of many oral microorganisms still remains unresolved or confused,

simple criteria for identification are not always available (particularly for some obligate

anaerobes).

Sample collection
* Methodology depends on anatomy of sampling site
* Small, discrete samples preferred

Microscopy
* Light microscopy — microbial morphology and motility
* FISH* — community structure
* Location of ‘unculturable’ microbes
* Confocal microscopy — biofilm architecture

v

Molecular analysis
* 16S rRNA gene amplification (Fig. 3.2)
* FISH* — community structure
+ DGGE' - community profiling

* DNA-DNA checkerboard — to detect preselected
microorganisms

Culture
* Transport to laboratory in reduced transport fluid
* Dispersion — sonication; vortex mixing with glass beads
* Serial dilution in reduced transport fluid
* Incubation under appropriate conditions (temperature, gas, etc)

* FISH = fluorescent

in situ hybridization
 DGGE = denaturing
gradient gel electrophoresis

* Colony counts on selective and non-selective agar plates
* Subculture and identification; drug sensitivity

Fig. 4.4 Stages in the microbiological analysis of the oral microflora. Culture, microscopy and molecular approaches can be used

to characterize the oral microflora.

or a number of smaller pooled samples from differ-
ent sites can be of little value because important site-
specific differences will be obscured. Consequently,
small samples from discrete sites are preferable, but
the method of sampling will depend on the anatomy
and properties of the site to be studied.

The oral mucosa can be sampled by swabbing,
direct impression techniques, or by removing epi-
thelial cells by scraping or scrubbing with a blunt
instrument into a container. Microbial counts can
then be related to a fixed area or to an individual epi-
thelial cell. Saliva can be collected by expectoration
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into a sterile container; the saliva flow can be at a
normal resting rate (unstimulated) or it can be stim-
ulated by chemical means or by chewing. Although
a greater volume is collected by stimulation, 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. Dental probes, scalers,
dental floss and abrasive strips have been used to
remove plaque from approximal surfaces between
teeth. Fine probes, pieces of wire, blunt hypodermic
needles, and toothpicks have been used to sample
plaque from fissures, although the amount of bio-
film removed can depend on the anatomy of the site.
Subgingival plaque is difficult to sample because of
the inaccessibility and anaerobic nature of the site.
High numbers of obligately anaerobic bacteria are
found in the gingival crevice and periodontal pocket,
most of which will lose their viability 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 (Ch. 6). Again, it is important to
avoid removing plaque from other areas within the
pocket so as not to obscure significant relationships
between particular bacteria and disease. A common
approach is 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 employed a broach kept with-
drawn in a cannula that was flushed constantly with
oxygen-free nitrogen. The broach was used to sample
plaque only when the cannula was in position near
the base of the pocket. After sampling, the broach
was retracted into the cannula and withdrawn.
Another approach has been to use a curette or scaler
after the supragingival area has been cleared. The
scaler tips can be detached and placed immediately
in gas-flushed tubes containing reduced (anaero-
bic) 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 important to appreciate, particularly
when comparing studies in which different sampling
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procedures have been used, that the results will, to a
certain extent, reflect the method adopted.

Transport and dispersion

Cultural studies require that samples should be trans-
ported to the laboratory for processing as quickly as
possible. Specially designed transport fluids contain-
ing reducing agents to maintain a low redox poten-
tial will help reduce the loss of viability of anaerobic
organisms during delivery to the laboratory.

Clumps and aggregates of bacteria must be dis-
persed efficiently (ideally to single cells) prior to
dilution and plating of the specimen. Plaque poses a
particular problem in this respect because, by defini-
tion, it is a mixture of a diverse range of microorgan-
isms bound tenaciously to one another. One of the
most efficient methods, particularly for subgingival
plaque, is to vortex samples with small, sterile glass
beads, ideally in a tube filled with inert gas. Mild
sonication produces the maximum number of parti-
cles from a specimen but it exerts a selective effect by
specifically damaging spirochaetes and some other
Gram negative bacteria, particularly Fusobacterium
species.

Cultivation

Once dispersed, samples are usually serially diluted
in a suitable fluid (usually a transport fluid) and
aliquots are spread on to a number of freshly pre-
pared, pre-reduced agar plates, and incubated to
allow cells to form microbial colonies. These media
are designed to grow either (a) the maximum num-
ber of bacteria (e.g. blood agar) or, (b) only a lim-
ited number of species (selective media) in order
to recover minor components of the microflora.
For example, the addition of vancomycin to blood
agar plates will inhibit most Gram positive bacte-
ria, while a high sucrose concentration encourages
the growth of oral streptococci, and plates with
a low pH favour lactobacilli. It should be empha-
sised that these media are selective and not specific
for any type of microbe. The identity of the colonies
on these plates must be confirmed; colonial appear-
ance or mere growth on a particular medium is not
diagnostic. Media need to be incubated for different
times and under different atmospheric conditions
depending on the bacteria being cultivated. For
example, 7-14 days incubation at 37°C in an anaer-
obic jar or cabinet filled with a gas mix containing



CO,/H,/N, will be needed to grow some obligate
anaerobes; in contrast, Neisseria require only 2 days
incubation in air. Some organisms are capnophilic
(CO,-loving) and grow optimally in 10% CO, in air.
Other media require supplementation with growth
factors in order to enable certain fastidious organ-
isms to grow (Ch. 3). As mentioned previously, at
present only about 50% of the resident oral micro-
flora can be cultured in the laboratory.

Enumeration and ldentification

Colonies are counted and their concentration in the
original sample is determined by compensating for
the dilution steps, and expressed as colony forming
units (CFU). Representative colonies are subcultured
to check for purity and for subsequent identification;
isolates can also be tested for antimicrobial suscepti-
bility. Colony counting assumes that:

(a) cells of the same microorganism produce
colonies with an identical morphology,

(b) cells of different species produce distinct
morphologies, and

() 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 effi-
cient dispersion of samples. It is also advisable to
take several examples of a particular colony type to
ensure that some species are not overlooked due
to their appearance being similar to a numerically
dominant organism. One strategy to determine the
predominant microflora involves identifying 30-50
random colonies, irrespective of their morphology,
rather than selecting only those colony types that
appear different.

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 identi-
fied using simple criteria, for example, sugar fermen-
tation tests or the detection of preformed enzymes
using commercial kits. Other bacteria require a more
sophisticated approach such as the application of
gas-liquid chromatography to determine their acid
end-products of metabolism (Table 3.2). The use of
probes (antibody or oligonucleotide) on isolates
can speed up identification and distinguish between
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strains of the same species (for example, by ribotyp-
ing); this level of discrimination is essential for stud-
ies of bacterial transmission. Other issues relating to
bacterial identification are discussed in Chapter 3.

Microscopy

As an alternative to many of the lengthy steps asso-
ciated with conventional culture techniques, the
principal morphological groups of bacteria can be
determined using light microscopy (Fig. 4.4). Dark-
field illumination or phase contrast techniques have
been used to quantify the numbers of motile bacte-
ria (including spirochaetes) directly in dental plaque
(particularly from subgingival sites). Such organisms
are related to the severity of some periodontal dis-
eases, and this approach has been used in the clinic to
monitor sites undergoing treatment. However, most
of the putative pathogens cannot be recognized by
morphology alone. To overcome this problem, cells
can be identified by reaction with antisera (monoclo-
nal or specific polyclonal), oligonucleotide probes or
tagged with a fluorescent label (Fig. 3.3).

Scanningand transmission electron microscopy have
proved useful in studying plaque formation, and have
also been used to show that bacteria invade gingival tis-
sues in aggressive forms of periodontal disease. Electron
dense markers (ferritin, peroxidase, gold granules)
conjugated with antibodies can label specific surface
antigens on bacteria and facilitate their identification
within plaque. Electron microscopy requires samples to
be processed before viewing which can distort the struc-
ture of plaque. Non-invasive techniques such as con-
focal laser scanning microscopy are now being used,
with and without the use of specific probes (antibody
or oligonucleotide), to determine the true architecture
of plaque and the location of selected bacteria within
the biofilm (Ch. 5). Confocal microscopy involves the
generation of numerous focussed images throughout
the depth of an untreated specimen (optical sections);
image analysis software is then used to combine these
sections and reconstruct the three-dimensional struc-
ture of the original specimen (for an example, see Fig.
4.6). Confocal microscopy has shown that plaque may
have a more open architecture than previously thought
from studies involving electron microscopy.

In situ models

As a result of some of the methodological prob-
lems outlined above, various devices have been
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developed that can be worn in the mouth by vol-
unteers, containing model surfaces for microbial
colonization. These devices can be removed from
the mouth to facilitate sampling. The microbiol-
ogy of fissure plaque has been studied using arti-
ficial or natural fissures mounted in a crown or in
an occlusal filling. Removable pieces of enamel or
denture acrylic have been placed on natural teeth or
dentures in a desired position and have been used
for studies of the structural development of dental
plaque. Removable appliances have the additional
advantages that experiments can be performed on
the surfaces when out of the mouth that would not
be permitted on natural teeth, such as the effect of
regular sugar applications, or the evaluation of novel
antimicrobial agents.

Molecular approaches

The limitations and bias of culture approaches can be
avoided by applying molecular approaches to micro-
bial detection and identification. 16S rRNA gene
sequences can be amplified with universal oligonu-
cleotide primers, cloned, and compared to existing
sequences in databases; these approaches were dis-
cussed in Chapter 3 and have enabled the recogni-
tion in clinical specimens of species that are as yet
unculturable in the laboratory (Fig. 3.2). The location
of these organisms can be determined in biofilms

Cheeks, lips, palate
* Desquamation
* Saliva is major influence
* Microflora has low diversity f
* Facultative anaerobes
* Streptococcus spp. predominate

» Some periodontal pathogens \
persist by invading buccal cells

!

Tongue
¢ Facultative and obligate anaerobes

* Streptococcus, Actinomyces,
Rothia, Neisseria, some
Gram negative anaerobes

* Highly papillated surface
* Some anaerobic sites

* Desquamation

* Diverse microflora

such as dental plaque by in situ hybridization, usu-
ally with a fluorescent label (Fig. 3.3). A molecular
approach such as denaturing gradient gel electropho-
resis (DGGE) can be used to compare the diversity
of oral microbial communities from different sites
in health and disease. Likewise, checkerboard DNA-
DNA hybridization techniques can be used to simul-
taneously screen multiple clinical samples for around
40 different preselected microbial species (Ch. 3).

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. The com-
position of these communities varies on distinct
surfaces due to differences in the biological and
physical properties of each site. In the following
sections the predominant microflora from several
different sites in the oral cavity will be compared
(Fig. 4.5, Table 4.5).

Lips and palate

The lips form the border between the skin micro-
flora (which consists predominantly of staphylo-
cocci, micrococci and Gram positive rods such as

Teeth
¢ Non-shredding surface
* Stagnant sites: food impaction possible
\ * Diverse microflora; site variation
¢ Many obligate anaerobes
¢ Influenced by saliva and GCF

* Streptococcus, Actinomyces, Veillonella,
Fusobacterium, Prevotella, Treponema,
unculturable organisms

Fig. 4.5 Distribution of the microflora at distinct sites in the mouth.
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Corynebacterium and Propionibacterium spp.), and
that of the mouth (which contains many Gram neg-
ative species and few of the organisms commonly
found on the skin surface). Facultatively anaerobic
streptococci comprise a large part of the microflora
on the lips. Veillonella and Neisseria have also been
found, but only in very low numbers (<1.0% of the
total cultivable microflora). Streptococcus vestibu-
laris is recovered most commonly from the ‘gutter’
between the lower lip and the gums, and occasion-
ally black-pigmented anaerobes and fusobacteria
have been detected; between 3-9 species are usually
present in this region. Candida albicans can colonize
damaged lip mucosal surfaces in the corners of the
mouth (‘angular cheilitis’; Ch. 9). Molecular tech-
niques have confirmed the presence of a range of
streptococci on the lips, especially S. mitis, S. oralis
and S. constellatus; some obligate anaerobes are also
detected occasionally, including P. melaninogenica.

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 or the success
in removing organisms) but also in the proportions
of the individual species. The majority of the bac-
teria are streptococci and actinomyces; veillonellae,
haemophili and Gram negative anaerobes are also
regularly recovered but at lower levels (Table 4.4).
Candida are not regularly isolated from the normal
palate except when dentures are worn; in this situa-
tion, the mucosa of the palate can become infected
with C. albicans (denture stomatitis; Ch. 9).

Table 4.4 Predominant cultivable microflora of the

healthy human palatal mucosa.

Microorganism Percentage Percentage
of the total isolation
cultivable frequency
microflora

Streptococcus 52 100

Actinomyces 15 100

Lactobacillus 1 87

Neisseria 2 93

Veillonella 1 100

Prevotella 4 100

Candida +* 7

*present, but in numbers too low to count.
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Studies using culture independent molecular
approaches have detected a more diverse microflora
including a range of streptococci (S. mitis, S. oralis,
and S. infantis), as well as Gemella spp., Neisseria
spp., Veillonella spp., Capnocytophaga gingivalis and
Prevotella melaninogenica (and other Prevotella spp.)
in samples from the palate from healthy adults. The
number of species present ranged from 4 to 21 per
person in a survey of 5 people.

Cheek

Streptococci are the predominant bacteria from the
cheek (buccal mucosa), especially members of the
mitis-group, and H. parainfluenzae is also commonly
isolated (Table 4.5). Simonsiella spp. are isolated pri-
marily from the cheek cells of humans and animals.
Obligate anaerobes are not present in high numbers,
although spirochaetes and other motile organisms
have been observed by microscopy to be attached
to the buccal mucosa. Molecular techniques have
confirmed the presence of a range of streptococ-
cal species on buccal cells, as well as Granulicatella
and Gemella spp.; obligate anaerobes were less com-
monly detected, although Veillonella and Prevotella
spp. were present. Between 4 and 20 species can be
detected in a sample from the buccal mucosa.

Recent studies, in which fluorescent in situ hybrid-
ization (FISH) was combined with confocal micros-
copy, have shown that some of the species implicated
in periodontal disease (A. actinomycetemcomitans,
P. gingivalis, E nucleatum, P. intermedia, T. forsythia)
can gain refuge inside buccal epithelial cells in
healthy people, where they persist as intracellular
polymicrobial communities (Fig. 4.6). Furthermore,
FE nucleatum can transport non-invasive species,
such as S. cristatus, into human oral epithelial cells
via inter-bacterial coaggregation. Streptococci were
the most common organisms found intracellularly
in about 30% of buccal epithelial cells, followed
by Granulicatella adiacens and Gemella haemolysans.
These studies imply that oral mucosal cells could
serve as a reservoir for periodontal pathogens.

Tongue

The dorsum of the tongue with its highly papil-
lated surface has a large surface area and supports
a higher bacterial density and a more diverse micro-
flora than other oral mucosal surfaces (Table 4.5),
with around 20 species being present in a typical
sample. Streptococci are the most numerous group
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Table 4.5 Proportions of some cultivable bacterial populations at different sites in the normal oral cavity.
Bacterium Saliva Buccal mucosa Tongue dorsum Supragingival plaque
Streptococcus sanguinis 1 6 1 7

S. salivarius 3 3 6 2

S. oralis /' S. mitis 21 29 33 23
mutans streptococci 4 3 3 5
Actinomyces 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 <1 <1 1 +*
anaerobes

*detected on occasions.

of bacteria (approximately 40% of the total culti-
vable microflora) with salivarius- and mitis-group
organisms predominating. Anaerobic streptococci
have also been isolated while Rothia mucilagenosa
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 Actinomyces naeslundii and A. odon-
tolyticus are common, and haemophili (15%). Both
pigmenting (Prevotella intermedia, P. melaninogen-
ica) and non-pigmenting anaerobes can be recov-
ered 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, fuso-
bacteria, spirochaetes and other motile bacteria,
have been found in low numbers (<1% of the total
microflora) on the tongue.

Similar findings have been obtained from a com-
prehensive study of the anterior dorsal surface of the
tongue in infants (aged 8-13 months). Streptococci
accounted for 52% of the microflora, and S. salivar-
ius and S. mitis were the predominant species (Table
4.6). Rothia mucilaginosa was recovered from almost
half of the samples. High proportions of Neisseria
(20%) were also found, together with lower levels of
Actinomyces (5%) and occasional Gram negative spe-
cies including haemophili, fusobacteria, Prevotella,
Capnocytophaga and Aggregatibacter.
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Molecular studies, in which 16S rRNA gene
sequences (Ch. 3) were determined on DNA from
scrapings of the tongue dorsum, have been carried
out to more fully characterize the microflora of the
tongue. The microflora was shown to be even more
diverse than predicted from culture studies, and
about 30% of the bacterial populations detected were
found only on the tongue, suggesting that the prop-
erties of this habitat are distinct from those of other
oral surfaces. 16-22 species were detected in each
tongue sample, and the most common isolates were
Rothia mucilagenosa, S. salivarius and a Eubacterium
spp.. Studies using DNA-DNA checkerboard tech-
niques found a number of Gram negative bacteria
on the tongue, including P. melaninogenica, V. par-
vula and C. gingivalis, while other studies commonly
detected Granulicatella and Gemella spp..

Oral malodour is associated with the microflora
of the tongue. A higher bacterial load, especially of
Gram negative anaerobes (including Porphyromonas,
Prevotella and Fusobacterium spp.), was isolated from
the tongue of subjects with high odour. An even more
diverse microflora was found when culture indepen-
dent molecular methods were applied; species asso-
ciated with halitosis included Atopobium parvulum,
Dialister spp., Eubacterium sulci, Solobacterium moorei,
an uncharacterized Streptococcus, and members of
the uncultivable group, TM7 (Ch. 3; Fig. 3.3B). The
chemical basis of odour is not fully understood, but



Fig. 4.6 Intracellular colonization of buccal epithelial cells. (A) Three-dimensional reconstruction of a buccal epithelial cell (BEC).
Bacteria recognized only by a universal bacterial probe are shown in solid red, while co-localization of the Aggregatibacter
actinomycetemcomitans and universal probes is depicted by a green wireframe over a red interior. Reconstructed BEC surfaces
are presented in blue. The red and green colours are muted when bacterial masses are intracellular, and brighter when

bacteria appear to project out of the surface. The large mass indicated by red and green arrows is a cohesive unit containing A.
actinomycetemcomitans in direct proximity to other species. Published with permission: Rudney et al, J Dent Res 2005 84:59-63.
(B) Buccal cell dominated by presumed streptococci that were labelled by a universal bacterial probe (red). The sample also was
treated with a Fusobacterium nucleatum-specific probe, and the buccal cell shown contained several yellow £ nucleatum cells
(arrows) in close association with cocci. Published with permission: Rudney et al, J Dent Res 2005 84:1165-1171.
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Table 4.6 The predominant cultivable microflora of the tongue from pre-school children.
Bacterium Mean proportion (%) Isolation frequency (%)
Streptococcus anginosus 4.7 42
Streptococcus oralis 3.8 30
Streptococcus mitis 11.8 75
Streptococcus mutans 1.0 8
Streptococcus sobrinus 0.5 2
Streptococcus salivarius 22.3 94
Streptococcus sanguinis 7.6 58
Total streptococci 51.7

Actinomyces naeslundii 4.2 46
Actinomyces odontolyticus 1.1 17
Rothia dentocariosa 0.9 21
Rothia mucilaginosa 5.5 46
Corynebacterium matruchotii 0.1 4
Lactobacillus spp. 0.3 6
Total Gram positive rods 121

Neisseria spp. 20.2 >90
Veillonella spp. 6.3 73
Total Gram negative cocci 26.5

Prevotella spp. 0.4 15
Fusobacterium spp. 0.6 25
Leptotrichia spp. 0.2 13
Haemophilus spp. 0.6 19
Aggregatibacter spp. 0.1 4
Capnocytophaga spp. 0.1 6
Aerobic Gram negative rods 2.3 40
Anaerobic Gram negative rods 1.8 40
Yeasts 1.0 4
Data are from 9 children, aged 8 —13 months.

includes the production of volatile sulphur com-
pounds by the resident microflora; some implicated
compounds are described later in this Chapter.

Saliva

Although saliva contains up to 10® microorganisms
ml-! it is not considered to have its own resident
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microflora. The normal rate of swallowing ensures
that bacteria cannot be maintained in the mouth by
multiplication in saliva. The organisms found are
derived from other surfaces, especially the tongue
(Table 4.5), as a result of oral removal forces (saliva
and GCF flow, chewing, oral hygiene). The microbial
profile of saliva (in particular, the level of mutans
streptococci and/or lactobacilli) has been used as an



indicator of the caries susceptibility of an individual,
and commercially-available kits for their culture are
available. People with high counts of these poten-
tially cariogenic bacteria are considered to be ‘at-risk’,
and can be targeted for intense oral hygiene, anti-
microbial therapy and dietary counselling (Ch. 6).

Teeth

The microbial community associated with teeth is
referred to as dental plaque. Its composition varies
at each tooth surface due to the local environmen-
tal conditions (Ch. 2). For these reasons, plaque is
described on the basis of the sampling site by terms
such as smooth surface, approximal, fissure, or gin-
gival crevice plaque, while the terms supragingival
and subgingival plaque are used to describe sam-
ples taken above or below the gum margin, respec-
tively (Fig. 2.2). The detailed composition of dental
plaque from these sites will be given in Chapter
5. As teeth are non-shedding surfaces, the highest
numbers of microorganisms are found in stagnant
sites which afford protection from removal forces;
a typical sample of plaque might contain around
20 species. Dental plaque is an example of a bio-
film; bacteria growing in biofilms can display novel
properties, including an enhanced tolerance of
antimicrobial agents. The properties of plaque as a
biofilm are discussed in Chapter 5.

Gram positive rods and filaments (mainly
Actinomyces species) are among the major groups of
bacteria cultured from plaque (Table 4.5). Mutans
streptococci and members of the mitis- and ang-
inosus-groups of streptococci are found in highest
numbers on teeth whereas, in contrast to mucosal
surfaces, S. salivarius is only a minor component of
dental plaque. Obligate anaerobes are found in high
numbers particularly in the gingival crevice, and oral
spirochaetes are almost uniquely associated with
this region. There are high proportions of bacteria
belonging to groups that cannot, as yet, be cultured
in the laboratory. Molecular (culture-independent)
studies of early colonization of removable enamel
chips confirmed streptococci as the predominant
colonizers of early plaque (at 4 and 8 hours), but
also found representatives of the genera Actinomyces,
Gemella, Granulicatella, Neisseria, Prevotella, Rothia
and Veillonella. FISH-studies showed streptococci
and Prevotella spp. existing as small multi-generic
clusters of cells, which may aid their co-survival
during early biofilm development. Thus, the

Chapter | 4| Acquisition, adherence, distribution and metabolism of the oral microflora

composition of dental plaque differs both qualita-
tively and quantitatively from the communities of
other oral surfaces.

SUMMARY

Oral populations are not distributed evenly in the mouth.
Large differences occur in the prevalence of individual
species at particular oral sites (Table 4.5), resulting in each
habitat having a characteristic microflora. Desquamation
ensures that the microbial load on most mucosal

surfaces is low, although the papillated surfaces of the
tongue promote the accumulation of complex microbial
communities, including obligate anaerobes. Dental
plaque, especially at stagnant sites on teeth, harbours the
most diverse microflora.

FACTORS INFLUENCING THE
DISTRIBUTION OF ORAL
MICROORGANISMS

For successful colonization, microorganisms must
first adhere to a surface and then be able to multi-
ply. In order to overcome the oral removal forces,
microbes either seek out habitats that offer pro-
tection (refuge) from the environment, or they
deploy specific adherence mechanisms. The distri-
bution of many oral populations is related to their
ability to adhere to specific surfaces, and this prop-
erty is referred to as a tissue tropism. However, the
final proportions of attached microorganisms are
determined by their subsequent ability to grow and
compete successfully with neighbouring species.
As discussed in Chapter 2, the degree of anaero-
biosis (redox potential; Eh) and nutrient availabil-
ity will determine whether the attached cells can
grow at a site. The sites with the lowest Eh (and the
highest number of obligate anaerobes) are those
associated with stagnant areas on the teeth. Also,
in a biofilm such as dental plaque, oxygen con-
sumption by aerobic and facultatively anaerobic
organisms can create anoxic (oxygen-depleted)
and reduced conditions over relatively short dis-
tances, which will also facilitate the growth of
obligate anaerobes. The increased proportions of
many asaccharolytic but proteolytic bacteria in
subgingival plaque during various periodontal dis-
eases is due, in part, to the provision of additional
nutrients (proteins, glycoproteins) by GCF (Ch. 6).
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The presence of some other species can be attrib-
uted to the provision of nutrients by other oral
bacteria in food chains.

SUMMARY

The distribution of microorganisms in the mouth is related
to the redox potential (Eh) and nutrient availability at
individual sites, and also to the strength of adherence
between an organism and a surface.

HOST AND BACTERIAL FACTORS
INVOLVED IN ADHERENCE

Oral microorganisms do not encounter naked host
surfaces. Molecules are absorbed from saliva on to
the tooth and mucosal surfaces to form a condition-
ing film (the acquired pellicle). The first stage of
adherence involves the initial interaction between
the external surfaces of both the microbe and the
substrate, and adhesion will be influenced by
the properties of the suspending medium (saliva).
The initial process can be described in terms of
precise physicochemical interactions of attraction
and repulsion (Ch. 5). Subsequently, attachment
involves specific molecular interactions between
complementary molecules on the microbial and
host surface. In general, the term ‘adhesin’ is used
to describe the microbial components which func-
tion in adherence while the host-derived factors
are termed ‘receptors. A microbial cell surface can
express multiple types of adhesin while the host
surface can contain several classes of receptor.
Bacteria can also contain receptors that react with
adhesins on other microbial types during cell-cell
attachment (coaggregation or coadhesion; Ch. 5).
Some polymers of host and bacterial origin that are
involved in adherence are discussed below.

Host receptors

Epithelial cells, especially the buccal epithelium,
have sialic acid exposed on their surfaces which can
interact with adhesins on bacteria such as S. mitis.
If the sialic acid residue is removed, for example, by
bacterial neuraminidases, then another receptor (a
galactosyl residue) can be exposed which is recogn-
ised by Actinomyces spp., and Gram negative bacteria
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including Fusobacterium nucleatum, Prevotella inter-
media and Eikenella corrodens. Collagen fibres, which
are major structural components of connective
tissue, can also act as receptors for certain mutans
streptococci (S. cricetis, S. ratti) and Porphyromonas
gingivalis, while specific domains for the attach-
ment of streptococci or spirochaetes can be found
on fibronectin.

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 that form on the oral
mucosa. These differences are sometimes acknowl-
edged by the use of different terminologies, such as
the acquired enamel pellicle or the acquired cemen-
tum pellicle, while the pellicle that forms on epithe-
lial surfaces is referred to as the mucus coat. Pellicle
forms as soon as a clean surface is exposed to saliva;
it takes around 90-120 minutes for the adsorption
of molecules to reach a plateau and cease (Fig. 5.3).
Pellicles contain proteins, lipids and glycolipids;
once formed, the composition and structure of pel-
licles will change and be modified.

Within the enamel pellicle, acidic proline-rich
proteins and statherin promote the adherence of
Actinomyces naeslundii, some S. mutans strains and
black-pigmented anaerobes. Amylase, lysozyme,
albumin and immunoglobulins, as well as some
bacterial components, including glucosyltrans-
ferases (GTFs) and glucans, have also been detected
in the acquired pellicle. The adsorbed enzymes in
the pellicle are still able to function and the glucans
produced can bind to molecules (glucan-binding
proteins) on mutans streptococci, thereby increasing
their ability to colonize. The polymer synthesised by
adsorbed GTF on the tooth surface has a different
chemical structure to that produced by free-living
bacteria.

Bacterial adhesins

Many bacterial adhesins are lectins (carbohy-
drate-binding proteins) that bind to carbohydrate
receptors on a surface. Often these adhesins are
associated with surface structures termed fibrils or fim-
briae. Fibrils are short and narrow while fimbriae have
a measurable width (3-14nm) and a variable length
up to 20um. Some cells possess both fibrils and fim-
briae, and strains can have different functional types
of each structure. For example, S. salivarius has a com-
plex fibrillar mosaic comprising four different classes



of fibril, each with a specific length. The 91 nm fibrils
are responsible for coaggregation with Veillonella par-
vula while the 73nm fibrils are involved with adhe-
sion to buccal epithelial cells. The longest (178 nm)
and shortest (63 nm) fibrils have yet to be assigned a
function. Similarly, A. naeslundii possesses two types
of fimbriae. Type 1 fimbriae mediate the binding of
cells to adsorbed proline-rich proteins and to statherin
in salivary pellicle on enamel whereas type 2 fimbriae
are associated with a galactosyl-binding lectin which
mediates attachment to host cells and to other bac-
teria (coadhesion or coaggregation). The presence of
fibrils is not limited to Gram positive oral bacteria.
Strains of Prevotella spp. (Fig. 4.7) carry peritrichous
fibrils, the morphology, cellular density and length of
which can vary markedly.

A significant adhesin is the antigen I/II fam-
ily of cell surface-anchored polypeptides found in
most oral streptococci. These linear polypeptides
are structurally complex, multi-functional adhesins,
with multiple receptor binding sites. Discrete regions
within these peptides bind to human salivary glyco-
proteins (agglutinins), other microbial cells (coag-
gregation; Ch. 5), and calcium. Sequences within
the N-terminal region preferentially bind salivary
glycoproteins in solution, while the C-terminal half
of the polypeptide contains species-specific adhe-
sion-mediating sequences that bind only to surface-
associated glycoproteins.

Other bacterial adhesins include glucosyltrans-
ferases (GTFs) which are found on the surface of sev-
eral oral streptococci. Some species produce more
than one GTF (see later this Chapter). 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

Fig. 4.7 Scanning electron micrograph to show fibrils on the
cell surface of Prevotella nigrescens.
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proteins expressed by other streptococci. The poly-
saccharides synthesized by GTFs help consolidate
bacterial attachment to hard surfaces in the mouth
and contribute to the plaque biofilm matrix (Ch. 5).
GTFs are secreted and have been found both in pel-
licle and on the surface of unrelated bacteria where
they retain biological function. Thus, some species
may produce extracellular polysaccharides (EPS)
in plaque using a surrogate enzyme from another
organism. Many oral Gram positive bacteria are neg-
atively charged due to the penetration of the cell wall
by lipoteichoic acid (LTA). These anionic polymers
are composed of sugar phosphates, usually glyc-
erol and ribitol phosphate, and interact with blood
group reactive substances in pellicle. The surface of
oral bacteria is a complex mosaic of multi-functional
molecules, many of which can play a role in attach-
ment. The cell surface of a Gram positive bacterium
is shown schematically in Fig. 4.8. The production
of molecules such as peptidoglycan, LTA, polysac-
charide, proteins and lipoproteins can be influenced
by the growth environment. Oral bacteria may be
able to detect that they are on a surface, and there-
fore modify their pattern of gene expression to suit
the new environmental conditions.

SUMMARY

The acquisition of the resident oral microflora involves the
interaction between adhesins on the microbial cell surface
and receptors on the host surface. Desquamation ensures
that the microbial load is light on mucosal surfaces. A
wide range of potential receptors are adsorbed onto teeth
and form the acquired pellicle, increasing the potential for
diversity in terms of microbial colonization. Furthermore,
the fact that teeth are non-shedding surfaces means

that large accumulations of microorganisms can develop.
These accumulations, or biofilms, are termed dental
plague; the properties and composition of dental plaque
are discussed in Chapter 5.

FUNCTIONS OF THE CLIMAX
COMMUNITY: COLONIZATION
RESISTANCE

One of the main beneficial functions of the resi-
dent microflora at any site is its ability to pre-
vent colonization by exogenous (and often
pathogenic) organisms (colonization resistance;
Table 4.7). A strain of S. salivarius (strain TOVE)
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Fig. 4.8 Diagram to illustrate the cell surface of a streptococcal cell showing adhesins and receptors associated with adherence,
and solute transport. (A) cell wall anchored polypeptide; (B) membrane anchored polypeptide; (C) transmembrane polypeptide
(e.g. in transport of solutes); (D) extracellular polypeptide (e.g. GTF).

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

Function

Competition for receptors for adhesion

Competition for essential endogenous nutrients and
cofactors

Creation of microenvironments that discourage the
growth of exogenous species

Production of inhibitory substances (bacteriocins, H,0,,
bacteriophage, etc.)

has been shown to displace virulent strains of S.
mutans from teeth in experimental animal stud-
ies. Other strains of S. salivarius produce an inhibi-
tor (termed enocin or salivaricin) that can prevent
or reduce colonization by pathogenic Lancefield
Group A streptococci (S. pyogenes) on mucosal sur-
faces. In some countries, children are being deliber-
ately colonized by bacteriocin-producing strains of
S. salivarius in order to reduce the incidence of strepto-
coccalsorethroats,andtheuseoforal probioticsisbeing
considered to boost the benefits of the resident oral
microflora in an analogous manner to that used to
improve gastric health. The properties of some of
these probiotic streptococcal strains (e.g. S. salivar-
ius K12) may also include the down-regulation of
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proinflammatory responses to resident bacteria by
the host.

Attempts have been made to enhance the col-
onization resistance of the resident oral micro-
flora. As the mother is the major source of bacteria
(including cariogenic species) in the infant, levels of
mutans streptococci have been suppressed in expect-
ant mothers by professional oral hygiene, dietary
counselling with, if necessary, treatment with chlo-
rhexidine or fluoride (Ch. 6). The result is that the
natural microflora of the infant increases in diversity
in the absence of mutans streptococci. The subse-
quent colonization by these cariogenic streptococci
is delayed, as is the average time for the first caries
lesion to form. Other approaches include the pre-
emptive colonization of teeth with either low viru-
lence mutants of S. mutans or with harmless plaque
organisms that are more competitive than wild-type
S. mutans strains (replacement therapy). A strain of
S. mutans has been genetically engineered by replac-
ing lactate dehydrogenase with an alcohol dehy-
drogenase gene from an unrelated organism; such
mutants grow well but produce no detectable lac-
tic acid. This strain has also been engineered to pro-
duce a bacteriocin that will inhibit the growth of
wild-type mutans streptococci. The use of probiotic
bacteria to inhibit oral bacteria implicated in dental
disease is also being considered.

Colonization resistance can be impaired by factors
that compromise the integrity of the host defences
or perturb the resident microflora. These include



the side effects of cytotoxic therapy or the long-term
use of broad spectrum antibiotics, but more subtle
mechanisms can apply. Fibronectin has been shown
to prevent adherence of Pseudomonas aeruginosa to
buccal epithelial cells. Levels of fibronectin in seri-
ously ill adults and in infants are lower that 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 GCE and these often require
the concerted action of consortia of microorgan-
isms (Ch. 5; Figs 5.13 and 5.16). Superimposed on
these components are the exogenous nutrients that
are supplied intermittently via the diet; the most
significant of these for the oral microflora are fer-
mentable dietary carbohydrates, starches and casein.
The concentration of nutrients will affect the growth
rate and physiology of the microflora, as will any
changes in pH resulting from their metabolism.
Microbial gene expression will vary with changes in
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environmental conditions; bacteria are able to sense
their environment via membrane-bound two com-
ponent signal transduction pathways consisting of
a sensor histidine kinase and a response regulator.
These systems enable bacteria to detect signals and
respond to environment changes through specific
gene activation or repression. The fluctuating con-
ditions of nutrient supply (feast-famine) and envi-
ronmental change require the oral microflora to
possess biochemical flexibility. Indeed, the pattern
of metabolism is closely related to whether the resi-
dent microflora enjoys a pathogenic 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, acid production and dental caries
(Chs 2 and 6). The metabolic fate of dietary carbo-
hydrates is illustrated in simplified form in Fig. 4.9.
Sucrose (a disaccharide of glucose and fructose)
is the most widely used sweetening agent, and can
be:
¢ broken down by extracellular bacterial
invertases (o.-glucosidases) and the resultant
glucose and fructose molecules taken up directly
by bacteria,

Dietary carbohydrate

\
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l Amylase
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Fig. 4.9 Simplified diagram to show the metabolic fate of dietary carbohydrates. GTF, glucosyltransferase;

FTF, fructosyltransferase.
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e transported intact as the disaccharide or
disaccharide phosphate, and cleaved inside the
cell by an intracellular invertase or a sucrose
phosphate hydrolase,

¢ 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), some of which
can be metabolized by other plaque organisms.

Starches, which contain mixtures of amylose and

amylopectin, can be broken into their constituent

sugars by amylases of salivary and bacterial origin.

Some streptococci (S. gordonii, S. mitis) are able to

bind amylase, which provides them with an addi-

tional metabolic capability. S. mutans possesses a

spectrum of enzymes with the potential to catabolize

dietary starches including an extracellular pullanase,
which degrades pullulan and debranches amylopec-
tin, as well as an amylase; there is also an extracellular
endo-dextranase and an intracellular exo-dextranase.

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 cyto-
plasmic membrane and into the bacterial cell if they
are to be of value for biomass production or as an
energy source. Oral bacteria can transport carbohy-
drates by three known processes:
e the phosphoenolpyruvate-mediated
phosphotransferase (PEP-PTS) transport system,
¢ the multiple sugar metabolism system (Msm), and
¢ aglucose permease.
The most significant system is the PEP-PTS, which
is the high-affinity sugar transport system for
mono- and disaccharides in acidogenic oral bac-
teria (Streptococcus, Actinomyces, Lactobacillus). The
PEP-PTS is a carrier-mediated, group translocation
system involving phosphoryl-transfer from PEP via
two non-sugar-specific, general cytoplasmic pro-
teins, HPr and enzyme I (E1), to a sugar-specific,
membrane-bound enzyme II complex (EII), that
catalyzes the transport and phosphorylation of the
incoming sugar (Fig. 4.10). The phosphate group
of E1~P, generated from PEP, is transferred to HPr,
forming HPr~P, and then to the EII complex.
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Fig. 4.10 Diagrammatic representation of a phosphoenolpyruvate
(PEP)-mediated sugar phosphotransferase (PTS)

system. Enz | and HPr are cytoplasmic proteins;

Ell is a membrane-associated sugar specific protein that

may exist on its own, or as a complex with sugar-specific,
cytoplasmic-associated proteins lIA, IIB and IIC.

The PEP-PTS is constitutive for some sugars,
such as glucose, mannose and sucrose, but must be
induced for the transport of lactose and sugar alco-
hols such as mannitol and sorbitol. The compo-
nents induced are those in the EII complex as well
as additional enzymes required to convert the sub-
strate to a component of the glycolytic pathway. For
example, when S. mutans is grown on lactose there
is co-induction of the lactose-PTS and phospho-§3-
galactosidase, which cleaves intracellular lactose-
phosphate to galactose-6-phosphate and glucose.
The activity of the PEP-PTS in oral streptococci is
modulated by environmental conditions. It is opti-
mal under conditions of carbohydrate-limitation,
neutral pH and slow rates of bacterial growth. In
contrast, it is repressed under conditions of excess
sugar, low pH and high growth rates. This is signifi-
cant because oral streptococci in dental plaque are
continually exposed to transitory conditions of low
pH and high sugar concentration.

Many strains of S. mutans possess a second sys-
tem to transport sugars into the cell (the multiple
sugar metabolism, Msm, transport system). The exis-
tence of this system was inferred entirely from the
finding of sequence homology of genes cloned from
S. mutans with known gene products from Gram neg-
ative bacteria. The Msm system is analogous to the
binding-protein-dependent system that is normally
found in Gram negative bacteria, and is capable
of transporting various common sugars including



sucrose, as well as melibiose, raffinose and maltose (a
derivative of starch). The exact role of this system in
plaque ecology is unknown, but it might be involved
in transporting the breakdown products of extra-
cellular polysaccharide degradation during periods
between meals when the supply of the more refined
dietary mono- and di-saccharides is negligible.

At high sugar concentrations, PEP-PTS activity is
repressed and sugar transport is augmented by an
ATP-dependent glucose permease; this system also
functions at high growth rates and at low pH. The
sugar is transported into the cell where it is phospho-
rylated on the inner surface of the membrane. Some
bacteria can form glycogen under conditions of car-
bohydrate-excess in order to reduce the toxic intrac-
ellular levels of glycolytic intermediates. Organisms
with this ability, therefore, are able to cope better
than most other oral bacteria with the fluctuating
‘feast-and-famine’ conditions in the mouth in terms
of the availability of dietary sugars.

The resident oral microflora can also obtain car-
bohydrates for biomass and energy from the catabo-
lism of host glycoproteins present in saliva (such as
mucins) and in GCF (e.g. transferrin). Bacteria pro-
duce a range of glycosidases that can remove sugars
sequentially from the oligosaccharide side chains of
these glycoproteins, and these can be transported
by systems such as the PEP-PTS. Generally, bacteria
interact synergistically to fully degrade these mole-
cules (Ch. 5), as no single organism can optimally
produce all the enzymes required. Acid production
from these glycoproteins is slow compared to that
from exogenous sugars, and would not cause signifi-
cant enamel demineralization.

Streptococcus oralis is highly prevalent being found
on most oral surfaces; it can also act as an opportu-
nistic pathogen and is commonly isolated from cases
of infective endocarditis. Sialidase (neuraminidase)
and N-acetylglucosaminidase activities are induced
when S. oralis grows in the presence of glycoproteins,
which cleave sialic acid and N-acetylglucosamine,
respectively, from the oligosaccharide side chains.
These sugars are then transported inside the cell,
and key intracellular enzymes associated with the
catabolism of N-acetyl sugars are also induced.
These include N-acetylneuraminate pyruvate lyase,
N-acetylglucosamine-6-phosphate deacetylase and
glucosamine-6-phosphate deiminase. Significant
concentrations of lactate are not produced from
sialic acid metabolism; the main fermentation prod-
ucts are formate and ethanol.
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Once sugars have been transported into the bacte-
rial cell, they can be used either in anabolic pathways
to generate biomass, or they can be broken down to
organic acids (which are subsequently excreted) to
generate energy. Acid production has been studied
intensively because of its role in the demineralization
of enamel. Bacteria catabolise sugars by glycolysis to
pyruvate; the fate of pyruvate will depend on the par-
ticular organism and the availability of oxygen. Most
oral bacteria metabolize pyruvate anaerobically to
organic acids, the pattern of which can sometimes be
used to identify particular genera. Oral streptococci,
convert pyruvate to lactate by lactate dehydrogenase
when sugars are in excess, while formate, acetate and
ethanol are the products of metabolism by mutans
streptococci and S. sanguinis (but not S. salivarius)
under carbohydrate limitation (Fig. 4.11). Other bac-
terial genera produce acetate, butyrate, propionate,
and formate as primary products of metabolism.

The mechanism of excretion of lactic acid has
been determined in S. mutans. Lactate and protons
are translocated across the cell membrane as lac-
tic acid in a carrier-mediated, electroneutral pro-
cess. After the addition of a fermentable substrate
to cells, lactate begins to accumulate, and protons
are pumped out of the cell by an ATP synthase (an
F,F,-ATPase). This generates a transmembrane pH
gradient, which can then be used as the driving
force to transport lactate as lactic acid out of the cell.
Once this process is energized, the ATP synthase is
only needed to maintain the pH gradient if protons
enter the cell by leakage or in symport with sub-
strates such as amino acids. Thus, once the process is
initiated no metabolic energy is needed for lactate
efflux, thereby maximizing the energy (ATP) return
from carbohydrate catabolism.

> G-6-P

Glucose »F-1,6-DP

Pyruvate < PEP «<—— ——GLY-3-P

Pyruvate formate-lyase

Lactate
dehydrogenase

Lactate Formate

» Acetyl CoA

AN

Acetate Ethanol
Fig. 4.11 Formation of end products of sugar metabolism by
mutans streptococci. G-6-P, glucose-6-phosphate; F-1,6-DP,
fructose-1,6-diphosphate; GLY-3-P, glyceraldehyde-3-
phosphate; PEP, phosphoenolpyruvate.
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Different species produce acid at different rates, and
vary in the terminal pH reached, and in their ability to
survive under such conditions. Generally, mutans strep-
tococci 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 (Fig. 2.4); the biochemical mechanisms behind
this tolerance are described below.

Variations are found in the profiles of acids found
in plaque at different times of the day. Acetic, succinic,
propionic, valeric, caproic and butyric acids are found
in human plaque sampled after overnight fasting. These
profiles reflect hetero-fermentation and amino acid
catabolism. Following exposure to sucrose, the concen-
tration of volatile acids falls while lactic acid becomes
the predominant fermentation product. Such a switch
in metabolism would encourage demineralization.

Acid tolerance

Although many of the saccharolytic bacteria found
in dental plaque can generate a low terminal pH
from sugar metabolism, few species can survive such
conditions for prolonged periods. One of the prime
distinguishing features of cariogenic bacteria such as
mutans streptococci and lactobacilli is their ability
to tolerate a low pH stress.

Microbial survival in acidic environments
depends on the ability of a cell to maintain intracel-
lular pH homeostasis. The mechanisms by which S.
mutans achieves this include:

e proton extrusion via membrane-associated, proton-

translocating ATP synthase (H+/ATPase), and

¢ acid end-product efflux (see previous section).

These mechanisms ensure that the intracellular pH
remains higher (i.e. more alkaline) than that of the
external environment during acid production. Acid tol-
erant organisms such as mutans streptococci and lacto-
bacilli have higher levels of ATP synthase activity, and
the pH optimum for their activity is lower than for less
tolerant species such as S. sanguinis or A. naeslundii.

Streptococcus mutans undergoes a specific altera-
tion in its physiology in order to survive in an acidic
environment (Table 4.8), providing cells with a
competitive advantage at low pH over organisms
associated with enamel health that lack this response,
such as S. sanguinis. Other species cope with the stress
of a low environmental pH by up-regulating genes
involved in base production. For example, urease
(urea is converted to two molecules of ammonia) gene
expression by S. salivarius is enhanced significantly at
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Table 4.8 Metabolic strategies adopted by Streptococcus
mutans to cope with low pH stress.

Metabolic strategy

e increase in glycolytic activity

e shift to lower pH optimum for glucose transport, glycoly-
sis and proton impermeability.

e decrease in activity of specific components of the PEP-
PTS sugar transport system

e increased activity of the H+/ATP synthase

e increased capacity to maintain transmembrane pH gradi-
ents at lower pH values

e shift to homo-fermentative metabolism.

e synthesis of stress response proteins

low pH, while the arginine deiminase system (which
degrades arginine to ornithine, CO, and ammonia) of
S. sanguinis is active at pH values lower (pH 4.0) than
it can grow (pH 5.2) or carry out glycolysis. A num-
ber of proteins are up-regulated when streptococci are
exposed to low pH, but the function of some of these
still remains to be determined, and they may form
part of a co-ordinated acid stress response.

Polysaccharide production

Bacteriainthe mouth aresubjected to continual cycles
of ‘feast and famine’ with respect to dietary carbo-
hydrates. As a consequence, the resident microflora
has developed strategies to store these carbohydrates
during their brief exposure to these energy sources.
These strategies help to avoid the lethal effects of the
build up of intracellular glycolytic intermediates,
and provide a source of carbon and energy for the
subsequent periods of ‘famine’. The most common
strategy is to store these carbohydrates as intracellu-
lar polysaccharides (IPS) (Fig. 4.9), and many spe-
cies of oral streptococci can synthesise polymers that
resemble glycogen (1,4-o-glucan), although other
polymers might also be formed. IPS metabolism is a
virulence factor for S. mutans since mutants defective
in this property cause less caries in animal models.
Many species of oral bacteria are also able to syn-
thesize extracellular polysaccharides (EPS) from car-
bohydrates, especially from sucrose (Table 4.9). The
polysaccharides can be soluble or insoluble; the for-
mer are more labile and can be metabolized by other
bacteria, while the latter make a major contribution
to the structural integrity of dental plaque (plaque
matrix; Ch. 5) 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 poly-
saccharides formed are either glucans or fructans,
and are synthesized by glucosyltransferases (GTFs),
and fructosyltransferases (FTFs), respectively:

glucosyltransferase

n-sucrose ——————————pp (glucan), + n-fructose

fructosyltransferase

n-sucrose (fructan), + n-glucose

GTFs can be divided into four groups depending
on whether they produce a soluble dextran (GTF-S
enzymes synthesize predominantly o,1-6 linked glu-
can) or an insoluble glucan (GTF-I enzymes synthesize
predominantly o,1-3 polymers), and whether or not
they require a dextran primer for activity. S. mutans pos-
sesses three GIFs (encoded for by gtfB, gtfC and gtfD
genes) which synthesize o,1-3- and «,1-6-linked glu-
can polymers (Table 4.9). In S. mutans, the gtfB and gtfC
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genes encode for enzymes that produce water insoluble
glucans, consisting primarily of o,1-3 linkages. These
gene products contribute to cell adhesion, and plaque
formation and structure, and are also essential for the
initiation of caries on smooth surfaces of teeth in ani-
mal models. In contrast, the gtfD gene encodes a prim-
er-dependent enzyme responsible for the formation of
glucan, predominantly with o, 1-6 linked glucose units,
that is much more water soluble. The basic structure of
some glucans is shown in Fig. 4.12.

Streptococcus mutans has a single FIF (produced by
the fif gene) which catalyzes the incorporation of the
fructose component of the sucrose molecule into a
fructan polymer with an inulin-type structure, com-
posed mainly of B,2-1 linked fructose units. Fructans
are not involved in adhesion, and do not appear to
last for long periods in plaque. These molecules are
believed to act more as extracellular carbohydrate
storage compounds in plaque biofilms, being bro-
ken down to fructose (which can be transported by
the PEP-PTS for glycolysis) by fructan hydrolases
produced by a range of oral bacteria.

Table 4.9 Extracellular polysaccharide-producing bacterial populations found in the oral cavity.
Population Carbohydrate Type of polymer (with predominant linkages?)
substrate
Streptococcus mutans Sucrose Water-insoluble and soluble glucans o, 1-3-; o,1-3- + 1-6- ; o, 1-6-.
Sucrose Fructan 2, 1-f-
Streptococcus sanguinis? Sucrose Water-insoluble glucan o, 1-3- + o, 1-6-
Sucrose Water soluble glucan (dextran) o, 1-6-
Streptococcus salivarius Sucrose Fructan (levan) B, 2-6-
Actinomyces naeslundii Sucrose Fructan (levan) B, 2-6-
-2 Heteropolysaccharide (60% N-acetyl glucosamine)
Lactobacillus sp. 2 Glucan
Heteropolysaccharide
Eubacterium spp. -2 Heteropolysaccharide (predominantly acetate)
Homopolysaccharide (D-glycero-D-galacto-heptose)
Rothia dentocariosa Glucose Heteropolysaccharide
Sucrose Levan
Rothia mucilaginosa 2 Heteropolysaccharide (hexoses, hexosamines, amino acids)
Neisseria sp. Sucrose Glycogen-like
1. Where known. 3. Some strains produce a fructan.
2. No specific substrate required. 4. Some strains produce a glucan.
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Fig. 4.12 Structure of part of a glucan chain, showing a,1-6,- and o, 1-3,- linkages, and a fructan, showing an a,2-6,- linkage.

Other streptococci possess different numbers of
GTF genes. Four GTF activities have been detected
in S. sobrinus including a primer-dependent GTF-I
which synthesizes a glucan with predominantly
o,1-3 linked glucose residues. There are two gene
products which produce polymers with mixed o, 1-3
and o0, 1-6 linked glucose molecules, and a primer-
independent GTF-S producing a linear glucan com-
posed predominantly of o, 1-6 residues. S. salivarius
also produces four GTFs, although their proper-
ties differ from those described for S. sobrinus. In
contrast, S. gordonii possesses only a single GTE
although this can form both soluble and insoluble
glucan depending on the prevailing environmen-
tal conditions. Less is known about the products
of S. sanguinis or S. oralis, although they probably
only synthesize one enzyme. Streptococcus salivarius
also produces a fructan, but in contrast to that of
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S. mutans, it is a levan with a characteristic ,2-6
linkage (Table 4.9). The FTF of S. salivarius is cell
associated, whereas those of most other organisms
are secreted.

Other species that produce EPS are listed in Table
4.9. The hetero-polysaccharides are generally com-
plex in composition; for example, the polymer pro-
duced by a strain of Actinomyces naeslundii contains
N-acetyl glucosamine (62%), galactose (7%), glu-
cose (4%), uronic acids (3%), and small amounts
of glycerol, rhamnose, arabinose, and xylose.
Actinomyces naeslundii also has FTF activity, and syn-
thesizes a fructan with a levan-type structure con-
taining mainly B,2-6 linkages. Different strains of
A. naeslundii produce fructanases with distinct speci-
ficities; some break down (a) only levans, (b) only
inulins, sucrose or raffinose, but not levans, or (c)
levans, inulins, sucrose or raffinose, indicating the



importance of these polymers to these oral bacteria.
Some of the homo- and heteropolysaccharides can
be metabolized by other oral bacteria; this aspect
will be discussed in Chapter 5.

Nitrogen metabolism

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. Streptococcus sanguinis has been shown
to have both endo- and exopeptidase (amino- and
carboxy-terminal) activity that can cleave proteins
such as casein into a range of peptide fragments.
Exopeptidase activity is mainly cell-associated and
up-regulated at high pH, whereas endopeptidase
activity is extracellular and optimal at neutral pH.
Streptococcus sanguinis can rapidly release arginine
from C-terminal peptides, converting the released
arginine to energy (and carbamyl phosphate) via
the arginine deiminase pathway. Urea is present
in relatively high concentrations (200 mg/litre) in
saliva. Some oral species (e.g. A. naeslundii and S.
salivarius) possess urease activity and can convert
urea to carbon dioxide and ammonia. At acidic
pH, decarboxylation of amino acids yields carbon
dioxide and amines, while at high pH, deamina-
tion produces ammonia and keto acids, which can
be converted to acetic, propionic, and possibly iso-
and n-butyric acids. For example, some periodon-
tal pathogens can convert histidine, glutamine or
arginine to acetate and butyrate. In this way, amino
acid metabolism might be an important mecha-
nism by which oral microorganisms counter the
extremes of pH caused by the catabolism of carbo-
hydrates and urea.

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

NAD+* NADH + H*

Pyruvate + NHg > Alanine + H,0

Further transamination reactions can provide
other essential amino acids. The Stickland reaction
can occur in dental plaque; this involves the coupled
oxidation-reduction of suitable pairs of amino acids,
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and is a mechanism whereby various biochemical
processes can be balanced in plaque.

The transport of amino acids such as glutamate
and aspartate in S. mutans is by a primary transport
system driven by ATP hydrolysis, whereas branched-
chain amino acids (such as leucine) are taken up
by an energized membrane- (proton motive force)
driven carrier system. Essential amino acids can
also be derived from the metabolism of peptides
either inside or outside of the cell. Both S. mutans
and S. sanguinis can transport tri-peptides (with an
X-proline-Y structure) that are degraded intracellu-
larly by cytoplasmic dipeptidyl peptidases, and then
by an enzyme that breaks down X-proline dipep-
tides. This process is energetically very favourable
for the cells because all of the amino acids present
in the peptide are obtained for the same energy cost
as the transport of a single amino acid.

Many of the microorganisms from the peri-
odontal pocket are asaccharolytic (i.e. do not gain
energy from the conversion of sugars to acidic fer-
mentation products) but proteolytic, and depend
for their growth on their ability to utilize the nutri-
ents provided by GCE During inflammation, many
novel nutrients (e.g. haemoglobin, transferrin, hae-
mopexin, haptoglobin) are provided by the host,
and this can lead to the enrichment of highly prote-
olytic periodontal pathogens such as Porphyromonas
gingivalis. These host molecules can be degraded to
provide peptides and amino acids, as well as haeme,
which is an essential cofactor for black-pigmented
anaerobes. Although P. gingivalis can directly trans-
port and utilize some amino acids, it prefers to take
up short peptides for bioenergetic reasons; such pep-
tides are then broken down within the cell by intra-
cellular peptidases. The main proteases produced by
P. gingivalis belong to the cysteine proteinase family,
with specificity for arginine and lysine residues, and
are termed Arg-gingipain (RgpA and RgpB) and Lys-
gingipain (Kgp), respectively. RgpA and Kgp have
C-terminal adhesin domains, and these can bind to
host molecules. For example, P. gingivalis preferen-
tially utilizes haemoglobin-derived haeme, and this
is acquired through the ability of the RgpA-Kgp pro-
teinase-adhesin extracellular complexes to bind and
hydrolyze haemoglobin, releasing haeme at the cell
surface. Indeed, Kgp has been shown to be essential
for the formation of the black pigment associated
with P. gingivalis colonies on blood agar (Fig. 3.7);
the pigmentation is due to the deposition of haeme,
as a p-oxo dimer on the cell surface.
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In addition to obtaining essential nutrients from
GCE many subgingival organisms are also able to
degrade structural proteins and glycoproteins associ-
ated with the pocket epithelium. The production of
enzymes such as chondroitin sulphatase, hyaluroni-
dase, and collagenase contributes to tissue damage
and pocket formation. Arg-gingipain is also impor-
tant in virulence, and can deregulate and subvert
the host inflammatory response by degrading host
molecules designed to control inflammation, and
this leads to ‘by-stander’ damage to the periodontal
tissues (Ch. 6). The pH optimum of some of these
enzymes is at neutral or slightly alkaline pH, which
corresponds to that of the inflamed periodontal
pocket.

Synergistic interactions occur in the breakdown
of host molecules, and mutually beneficial asso-
ciations occur between organisms with comple-
mentary patterns of enzyme activity (Ch. 5). The
endopeptidase activity of P. gingivalis can pro-
vide appropriate peptides from the catabolism
of host molecules for the growth of F. nucleatum.
Similarly, E nucleatum can support the growth
of P. gingivalis in oxygenated environments. This
might explain why these two species are frequently
found together in periodontal pockets. The con-
cept of plaque behaving as a microbial community
in terms of the breakdown of complex host mol-
ecules and environment modification is developed
further in Chapter 5.

Collectively, these findings emphasise the sig-
nificance of nitrogen metabolism in oral microbial
ecology. Host and bacterial proteases are associated
directly and indirectly 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 produc-
tion by plaque bacteria.

Oxygen metabolism

The mouth is an overtly aerobic environment and
yet the majority of bacteria are either facultatively
anaerobic or obligately anaerobic, especially in den-
tal plaque. Early colonizers tend to be more tolerant
of the toxic effects of oxygen metabolism, especially
with respect to hydrogen peroxide and hypothiocy-
anite, than later colonizers, which may depend on
inter-species metabolic interactions within the bio-
film structure of plaque in order to cope with oxy-
gen and toxic radicals.
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All plaque bacteria, including obligate anaer-
obes, are able to metabolize oxygen, albeit at dif-
ferent rates. Aerobic bacteria (such as Neisseria spp.)
may use cytochrome-containing electron transport
chains for oxygen reduction and coupled ATP syn-
thesis. In contrast, facultatively anaerobic lactic acid
producing species have a flavin-containing NADH
oxidase and NADH peroxidase; similarly, even
Treponema denticola (which is highly anaerobic),
possesses NADH oxidases and NADH peroxidases,
enabling it to scavenge low levels of oxygen in the
subgingival environment. Some of these reactions
are illustrated below:

superoxide dismutase

0 ,+0,+ 2H* —_— H20,+ 0,

catalase

2 Hy0p ————— 2 H,0+0,

NADH peroxidase
NADH+H* +H,0; ~————————P»NAD"' + 2H,0

NADH oxidase
2NADH +2H™* + 20, ————p» 2NAD " + 2H,0

Although oxygen itself is not toxic, the produc-
tion of oxygen metabolites can be, and so oral bac-
teria possess molecular defence mechanisms to
prevent or reduce oxidative damage. These mech-
anisms involve the production of catalase, per-
oxidases and superoxide dismutase. Thus, oral
organisms as metabolically diverse as mutans
streptococci and Porphyromonas gingivalis produce
protective enzymes: mutans streptococci produce
superoxide dismutase, NADH peroxidase and gluta-
thione reductase, while P. gingivalis has a superoxide
dismutase, NADH oxidase and NADH peroxidase.
The activities of these enzymes increase when cells
of P. gingivalis are exposed to oxygen. The character-
istic black pigmentation of colonies of P. gingivalis
growing on blood agar can also provide protection
against oxidative damage. When haeme is released
from haemoglobin it can react with oxygen to form
dimers that accumulate on the cell surface of P. gin-
givalis. These aggregated dimers can provide anti-
oxidant protection, serving as a physical barrier to
environmental oxygen, as well as acting as a buffer



system to hydrogen peroxide, due to a catalase-like
activity inherent to the layer.

Oral malodour (halitosis)

Oral malodour is a relatively common condition
in the adult population, and is associated with
the metabolism of bacteria located on the tongue.
High odour subjects generally have a higher total
bacterial load on the tongue, and higher numbers of
Gram negative anaerobes, including Porphyromonas,
Prevotella, Fusobacterium and Treponema spp..

Malodour production is strongly associated with
high proteolytic activity and the production of vol-
atile sulphur compounds. The predominant sul-
phur compounds are hydrogen sulphide [H,S], and
methyl mercaptan [CH;SH], with smaller concentra-
tions of dimethyl sulphide [(CH;),S] and dimethyl
disulphide [(CH,S),]. Hydrogen sulphide is gener-
ated principally by the action of L-cysteine dehydro-
sulphatase on L-cysteine, while methyl mercaptan
(methanethiol) is produced by the oxidation of
L-methionine. Fusobacterium spp. and Parvimonas
micra (formerly Peptostreptococcus micros) are able
to form high concentrations of hydrogen sulphide
from glutathione (a tripeptide: L-8-glutamyl-L-
cysteinylglycine), which is present in most tissue
cells and would be available in the periodontal
pocket. Treatment of periodontal disease usually
results in the resolution of halitosis; tongue scraping
to reduce the microbial load at this site can also be
effective.

Metabolism and Inhibitors

Antimicrobial agents are used extensively in tooth-
pastes and mouthrinses to help maintain den-
tal plaque at levels compatible with oral health.
Although they are often selected on the basis of a
broad spectrum of antimicrobial activity, they fre-
quently function in the mouth at sub-lethal con-
centrations and can interfere with carbohydrate
and nitrogen metabolism (Fig. 6.19). For example,
chlorhexidine can abolish the activity of sugar trans-
port by the PEP-PTS, and thereby severely reduce
glycolysis, and also inhibit the ATP-synthase and
affect the maintenance of ion gradients in strepto-
cocci. Chlorhexidine can also interfere with nitro-
gen metabolism by inhibiting the arg-gingipain of
P. gingivalis and arginine uptake by S. sanguinis (see
Chapter 6).
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SUMMARY

The oral microflora exhibits considerable biochemical
flexibility in order to cope with the oscillating feast-
famine conditions in the mouth. Dietary sugars are rapidly
transported into cells (e.g. via the PEP-PTS) by cariogenic
bacteria and converted to acidic fermentation products or
to extracellular and intracellular polysaccharides. Mutans
streptococci have specific strategies to cope with the
resultant acid stress conditions. Subgingival bacteria rely
on metabolizing proteins and glycoproteins supplied by
GCF, often generating base, and raising the local pH to
alkaline levels. Many of these proteolytic bacteria are
obligately anaerobic, and they have specific mechanisms
to cope with oxidative stress. Some of these important
enzyme systems can be regarded as virulence factors, and
are susceptible to inhibitors used in oral care products.

CHAPTER 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 suc-
cessfully. Acquisition of the resident microflora follows
a pattern of ecological succession: relatively few organ-
isms (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, although studies of
the clonal diversity of strains suggest that some organ-
isms may be derived from more general sources. The
development of a climax community in the mouth
can involve both allogenic (non-microbial influenced)
and autogenic (microbial influenced) succession.

The composition of the resident microflora varies
at different sites around the mouth, with each site
having a relatively characteristic microbial commu-
nity. Mutans streptococci and S. sanguinis have pref-
erences for hard surfaces for colonization, whereas
species such as S. salivarius are recovered predom-
inantly from the oral mucosa. The tongue has the
highest number of microorganisms per area of oral
mucosal surface, and can act as a reservoir for some
Gram negative anaerobes that are implicated in peri-
odontal diseases and halitosis.
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The distribution of microorganisms is related
to their ability to adhere at a site, as well as to their
nutritional and environmental requirements (pH and
redox potential) being satisfied. Many species of bacte-
ria adhere by specific molecular interactions between
adhesins located on their cell surface and receptors on
the host; these receptors are found in the acquired pel-
licle and mucus coat on enamel and mucosal surfaces,
respectively. The bacterial adhesins can be structurally
complex, with multiple binding sites.

In order to cope with the fluctuating nutritional
conditions in the mouth, the resident oral microflora
is biochemically flexible. The primary source of nutri-
ents is the endogenous supply of host proteins and
glycoproteins from saliva and GCE Superimposed
on these are carbohydrates (and some proteins) pro-
vided by the diet. Carbohydrates can be transported
into the bacterial cell by, for example, a high affinity
PEP-PTS system, and either converted to organicacids
or used to synthesize IPS. Potentially cariogenic bac-
teria deploy specific molecular strategies that enable
them to tolerate low pH conditions that would be
inhibitory to other species. Some disaccharides can
bemetabolized extracellularlyinto constituentsugars
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Dental plaque is a general term for the complex
microbial community that develops on the tooth
surface, embedded in a matrix of polymers of bac-
terial and salivary origin. Plaque that becomes calci-
fied is referred to as calculus or tartar. The presence
of plaque in the mouth can readily be demonstrated
by rinsing with a disclosing solution such as eryth-
rosin (Fig. 5.1). The majority of plaque is found asso-
ciated with the protected and stagnant regions of the
tooth surface such as fissures, approximal regions
between teeth, and the gingival crevice (see Figs 2.2
and 5.1). Plaque is found naturally on the tooth sur-
face, and forms part of the host defences by excluding
exogenous (and often pathogenic) species (coloniza-
tion resistance) (Table 4.7). On occasions, however,
plaque can accumulate beyond levels compatible with
oral health, and this can lead to shifts in the composi-
tion of the microflora and predispose sites to disease
(Ch. 6). Dental plaque is an example of a biofilm and
a microbial community, and the significance of this
will be explained in the following sections.

MICROBIAL BIOFILMS

Numerous studies of a range of distinct ecosystems
have shown that the vast majority of microorganisms
exist in nature associated with a surface. The term
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Fig. 5.1 Visualization of dental plaque after staining with a disclosing solution. (A) Plaque is typically located at retention and
stagnation areas along the gingival margin and between teeth (approximal areas). (B) Heavy accumulation of plague on the
occlusal surface of an erupting third molar; plaque is preferentially located in the fissures. Taken from Marsh PD & Nyvad B, The
oral microflora and biofilms on teeth, in dental caries. The disease and its clinical management, 2nd edn, Fejerskov O and Kidd
EAM, Blackwell, Oxford, 2008; pp.163-187 — published with permission.

‘biofilm’ is used to describe communities of micro-
organisms attached to a surface; such microbes are
usually spatially organized into a three-dimensional
structure and are enclosed in a matrix of extracel-
lular material (sometimes termed a ‘glycocalyx’)
derived both from the cells themselves and from
their environment. If (a) biofilm microbes were sim-
ply planktonic (liquid-phase) cells that had adhered
to a surface, and (b) the properties of microbial
communities were merely the sum of those of the
constitutive populations, then scientific interest in
such issues would be limited. However, research
over recent years has revealed that cells growing as
biofilms have unique properties, some of which
are of clinical significance (Table 5.1), for example,
biofilms can be up to 1000 times more tolerant of
antimicrobial agents than the same cells growing
in liquid culture, while communities of interacting
species can be more pathogenic than pure cultures
of the constituent microorganisms.

Originally, biofilms were considered to be dense,
compressed accumulations of cells, and this com-
pacted structure was believed to be responsible for
many of the novel properties of biofilms. Recent
advances in the study of biofilms have come from
the application of novel techniques that enable bio-
films to be studied in situ without any processing of
samples that could distort their structure. A prime
example has been the use of confocal laser scan-
ning microscopy (CLSM) to study biofilm archi-
tecture without chemical fixation or embedding
techniques. Optical thin sections can be generated
throughout the depth of the biofilm, and these can
be combined using imaging software to generate
three-dimensional images. In addition, the location
of specific organisms can be visualized with immu-
nological or oligonucleotide probes, such as by fluo-
rescent in situ hybridization, FISH, (Fig. 3.3), while
other molecular probes can indicate the vitality and
metabolic activity of cells. CLSM can also be used in
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General property

Open architecture

Protection from host defences, desiccation, etc

Enhanced tolerance to antimicrobials*

Neutralization of inhibitors

Novel gene expression*

Coordinated gene responses
Spatial & environmental heterogeneity
Broader habitat range

More efficient metabolism

Enhanced virulence

Table 5.1 General properties of biofilms and microbial communities.
Dental plaque example

presence of channels and voids

production of extracellular polymers to form a functional matrix;
physical protection from phagocytosis

reduced sensitivity to chlorhexidine and antibiotics; gene transfer

B-lactamase production by neighbouring cells to protect sensitive
organisms

synthesis of novel proteins on attachment; up-regulation of gtfBC in
mature biofilms

production of cell-cell signalling molecules (e.g. CSP, Al-2)
pH & O, gradients; coadhesion
obligate anaerobes in an overtly aerobic environment

complete catabolism of complex host macromolecules (e.g. mucins) by
microbial consortia

pathogenic synergism in abscesses and periodontal diseases

*one consequence of altered gene expression can also be an increased tolerance of antimicrobial agents.

combination with ‘reporter genes’ to identify genes
that are expressed only when cells form a biofilm.
This technology involves the insertion of a marker
into the bacterial chromosome downstream of a
promoter so that a recognisable ‘signal’ (e.g. fluores-
cence) is produced when the gene is activated.

The application of these modern approaches to
the general field of microbial ecology has shown that
biofilms that develop in low-nutrient environments,
especially those from aquatic habitats, have a more
open structure than had been predicted previously
from earlier studies employing electron microscopy.
Channels have been observed in biofilms of envi-
ronmental bacteria, enabling potentially growth-
limiting factors such as nutrients and oxygen to
penetrate more extensively than previously thought.
In addition, the use of micro-electrodes and chemi-
cal probes have shown that considerable gradients in
key factors (pH, redox potential, etc.) can occur over
relatively short distances (a few microns, i.e. a few
cell diameters) within biofilms. This produces spa-
tial and temporal heterogeneity within the biofilm
enabling fastidious bacteria to survive in apparently
hostile or incompatible environments (Table 5.1).

A biofilm life-style may affect the properties of an
organism in more than one way. Firstly, the attach-
ment of cells to a surface may cause a direct effect,
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perhaps by triggering ‘sensors’ on the cell surface,
and specifically inducing the expression of a subset
of genes. Bacteria are able to sense their environment
via membrane-bound two component signal trans-
duction pathways consisting of a sensor histidine
kinase and a response regulator. Pseudomonas aerugi-
nosa is an environmental bacterium that can also act
as an opportunistic pathogen, for example, in cys-
tic fibrosis. Attachment leads to the up-regulation
of genes (algC and algG) involved in exopolysaccha-
ride (alginate) synthesis within 15 minutes of the
initial contact of a cell with a surface. Secondly, the
growth environment within the biofilm may differ
significantly in respect to key factors (pH, oxygen
and nutrient concentration) compared with plank-
tonic culture. Again, this may result in altered gene
expression, and hence an altered phenotype, but as
an indirect effect of growing in a biofilm. Likewise,
organisms in a biofilm will be growing more slowly,
due to a particular nutrient limitation or an unfa-
vourable pH, and this will also affect the properties
of a cell. Often, it is difficult to resolve whether any
observed phenotypic changes are due to the direct
or indirect effects of being in a biofilm. For most
practical purposes, the reasons for any change are
less important than the biological significance of the
change itself.
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Biofilm bacteria are phenotypically distinct from
planktonic cells, and one particularly important
aspect of this is an increased tolerance of biofilm
cells to antimicrobial agents. An extreme example
was the finding that P. aeruginosa growing on urinary
catheter material was between 500-1000 times more
tolerant of the antibiotic, tobramycin, than the same
cells in liquid (planktonic) culture. Conventionally,
the sensitivity of bacteria to antimicrobial agents is
determined on cells grown in liquid culture by the
measurement of the minimum inhibitory concen-
tration (MIC) or minimum bacteriocidal concentra-
tion (MBC) against relevant antimicrobial agents.
Given the decreased sensitivity of an organism on
a surface to antimicrobial agents, it has been argued
that it would be more appropriate to determine the
‘biofilm inhibitory concentration (BIC)" and ‘bio-
film killing concentration (BKC) or ‘biofilm eradi-
cating concentration (BEC)" As yet, these proposals
have not been widely accepted, and there are no
generally agreed methods by which these concentra-
tions could be determined.

Microorganisms can become resistant to antibi-
otics due to mutations, the presence of drug efflux
pumps and the production of neutralizing enzymes,
but even innately sensitive organisms become
apparently ‘resistant’ when growing on a surface in a
biofilm. The mechanisms behind the increased toler-
ance of biofilms to antimicrobial agents are still not
fully understood; a number of theories have been
proposed, the relative significance or contribution of
each may vary according to (a) the age, structure and
location of the biofilm, and (b) the chemical prop-
erties of the agent. The structure of a biofilm may
restrict the penetration of an antimicrobial agent;
for example, positively-charged antibiotics such as
aminoglycosides will bind to negatively-charged
polymers that are present as part of the extracellular
matrix (diffusion-reaction theory). Agents may also
bind to and inhibit the organisms at the surface of
the biofilm, leaving cells in the depths of the biofilm
relatively unaffected, i.e. the agent is quenched at
the surface. As stated earlier, microbes growing as a
biofilm display a novel phenotype, and one possible
consequence of this can be a reduced sensitivity to
antimicrobial agents. The drug target may be mod-
ified or not expressed during growth on a surface,
or the organism may use alternative biochemical
strategies thereby diminishing the potential impact
of the active agent. Cells also grow much slower in
a mature biofilm and, as a consequence, are much

less susceptible to antimicrobials than faster grow-
ing cells. The environment in the depths of a biofilm
may also be unfavourable for the optimal action of
some antimicrobial agents. In multi-species bio-
films, a susceptible pathogen can be rendered resis-
tant if neighbouring, non-pathogenic cells produce
a neutralizing or drug-degrading enzyme - this is
sometimes referred to as ‘indirect pathogenicity’
In addition, biofilms provide ideal conditions for
the transfer of resistance genes, e.g. via plasmids,
among neighbouring cells in close proximity to one
another (horizontal gene transfer).

BIOFILMS IN THE MOUTH

Dental plaque was probably the first biofilm to have
been studied in terms of either its microbial compo-
sition or its sensitivity to antimicrobial agents. In the
seventeenth century, Antonie van Leeuwenhoek pio-
neered the approach of studying biofilms by direct
microscopic observation when he reported on the
diversity and high numbers of ‘animalcules’ present
in ‘scrapings’ taken from around human teeth. He
also conducted early studies on the novel properties
of surface-grown cells when he failed to kill plaque
bacteria on his teeth by prolonged rinsing with
wine-vinegar, while the organisms were ‘killed’ if
they were first removed from his molars and mixed
with vinegar in vitro.

Dental plaque is one of the best studied biofilms,
and displays all of the characteristic features of a typi-
cal biofilm (Table 5.1). Compared to other habitats,
dental plaque is relatively accessible for sampling,
and can even be grown on relevant removable sur-
faces for subsequent investigation and experimenta-
tion in the laboratory (in situ models; Ch. 4). A large
proportion of the key microorganisms can be identi-
fied, while the phenotype of such microbes (adhesins,
metabolic potential, cell-cell interactions) is well-
characterized. Extensive biofilms also develop on
dentures, and the tongue. On other mucosal surfaces,
bacteria attach to epithelial cells and may develop a
surface-associated phenotype, but extensive 3-dimen-
sional biofilms do not usually develop. Another
dentally-relevant biofilm develops on the tubing
used in dental unit water supply systems (DUWS);
this will be discussed in Chapter 12 (see Fig. 12.6),
but the principles governing the formation and
properties of these biofilms will be similar to those
described below for dental plaque.
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MECHANISMS OF DENTAL PLAQUE
FORMATION

The development of a biofilm such as dental plaque
can be subdivided arbitrarily into several stages. As a
bacterium approaches a surface a number of specific
and non-specific interactions will occur between the
substratum and the cell, and these will determine
whether successful attachment and colonization
will take place. Distinct stages in plaque formation
are summarized below, and are shown schematically
in Fig. 5.2.

However, it should be remembered that bio-
film formation is a dynamic process and the phases
distinguished above are only arbitrary and are for
the benefit of discussion. The attachment, growth,
removal and reattachment of bacteria are contin-
uous processes, and a microbial biofilm such as
plaque will undergo continuous reorganization.

1. Acquired pellicle formation

Bacteria rarely come into contact with clean enamel.
As soon as a tooth surface is cleaned, salivary pro-
teins and glycoproteins are adsorbed forming a sur-
face conditioning film which is termed the acquired
enamel pellicle. The major constituents of pellicle
are salivary glycoproteins, phosphoproteins and lip-
ids, including statherin, amylase, proline-rich pep-
tides (PRPs) and host defence components (Chs 2
and 4). Bacterial components such as glucosyltrans-
ferases (GTFs) and glucan have also been detected
in pellicle, and play a significant role in attachment.
Depending on the site, pellicle can also contain
components from gingival crevicular fluid (GCF).
Pellicle formation starts within seconds of a clean
surface being exposed to the oral environment. An
equilibrium between adsorption and desorption
of salivary molecules occurs after 90-120 minutes.
The thickness of the pellicle is influenced by the
shear forces at the site of formation. After 2 hours,
the pellicle on lingual surfaces is 20-80nm thick
whereas buccal pellicles can be 200-700nm deep.
Depending on the site, further increases in depth can
occur over time. Pellicle has an electron dense basal
layer covered by a more loosely arranged globular
surface (Fig. 5.3). When salivary molecules bind to
the tooth surface, they can undergo conformational
changes. This can lead to exposure of new receptors
for bacterial attachment (cryptitopes; see later) or,
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Fig. 5.2 Schematic representation of the different stages
in the formation of dental plaque: (A) 1. Pellicle forms
on a clean tooth surface. 2(i) Bacteria are transported
passively to the tooth surface where they 2(ii) may be
held reversibly by weak electrostatic forces of attraction.
(B) 3. Attachment becomes irreversible by specific
stereochemical molecular interactions between adhesins
on the bacterium and receptors in the acquired pellicle,
and 4. secondary colonizers attach to primary colonizers,
often by lectin-like interactions (coadhesion). (C) 5. growth
results in biofilm maturation, facilitating interbacterial
interactions. 6. Eventually, detachment can occur,
sometimes as a result of the degradation by bacteria of
their adhesins.
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500 nm

Fig. 5.3 Transmission electron micrograph (TEM) of the acquired pellicle on an enamel surface. Reproduced with permission of

Prof M Hannig.

in the case of glucosyltransferases, an altered activity
resulting in the synthesis of a glucan with a modified
structure. The molecular composition and physico-
chemical properties of pellicle are critical in deter-
mining the pattern of microbial colonization.

2. Transport of microorganisms and
reversible attachment

Microorganisms are generally transported passively
to the tooth surface by the flow of saliva; few oral
bacterial species are motile (e.g. possess flagella),
and these are mainly located subgingivally.

As the cell approaches the pellicle-coated sur-
face, long range but relatively weak physicochemical
forces are generated. Microorganisms are negatively-
charged due to the molecules on their cell surface,
while many proteins present in the acquired pellicle
also have a net negative charge. The Derjaguin and
Landau and the Verwey and Overbeek (DLVO) theory
has been used to describe the interaction between an
inert particle (as a microorganism might be envis-
aged at large separation distances) and a substratum.
This theory states that the total interactive energy,
V1, of two smooth particles is determined solely by
the sum of the van der Waals attractive energy (V,)
and the usually repulsive, electrostatic energy (Vz).
Particles in aqueous suspension and surfaces in con-
tact 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
equivalent number of counter ions; the size of this

electrical double layer 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 approach-
ing surfaces. This attraction increases as the particle
moves closer to the substratum. A repulsive force is
encountered if the surfaces continue to approach
each other, due to the overlap of the electrical double
layers. Curves can be plotted to show the variation
of the total interactive energy, Vi, of a particle and
a surface with the separation distance, h (Fig. 5.4).
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Fig. 5.4 Diagram illustrating the DLVO theory. The total
interactive energy, V;, between a particle and a surface

is shown with respect to the separation distance, h. The
total interaction curve is obtained by the summation of an
attraction curve, V,, and a repulsion curve, V;.
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A net attraction can occur at two values of h; these are
referred to as the primary minimum (h very small)
and the secondary minimum (h = 10-20nm) and
are separated by a repulsive maximum. The revers-
ible nature of these initial interactions suggests that
the primary minimum is not usually encountered
while the high ionic strength of saliva increases the
likelihood that oral bacteria could be retained near
a surface by a secondary minimum area of attraction
(e.g. about 10-20 nm from the surface).

3. Pioneer microbial colonizers and
irreversible attachment (adhesin-
receptor interactions)

Within a short time, these weak physicochemi-
cal interactions may become irreversible due to
adhesins on the microbial cell surface becoming
involved in specific, short-range interactions with
complementary receptors in the acquired pellicle.
For this to occur, water films must be removed
from between the interacting surfaces. A major
role of cell hydrophobicity and hydrophobic cell
surface components is their dehydrating effect on
this water film enabling the surfaces to get closer
so that the short range interactions can occur.
A direct relationship between the degree of cell
surface hydrophobicity and the adhesion of oral
bacteria to saliva-coated surfaces has often been
demonstrated.

Irrespective of the type of tooth surface (enamel or
cementum), the initial colonizers constitute a highly
selected part of the oral microflora. Within minutes,
coccal bacteria appear on the surface (Fig. 5.5A), and
these pioneer organisms are mainly streptococci,
especially members of the mitis-group of streptococci
(e.g. S. sanguinis, S. oralis and S. mitis biovar 1) (Table
5.2). Streptococcus sanguinis and S. oralis produce an
IgA, protease which may help them to survive and
overcome a key element of the host defences dur-
ing the early stages of plaque formation. Actinomyces
spp. are also commonly isolated after 2 hours, as are
Haemophilus spp. and Neisseria spp., while obligately
anaerobic species are detected only rarely at this stage
and are usually in low numbers. Some aggregates of
mixtures of cells may also attach.

Once attached, these pioneer populations start
to divide and form microcolonies; these early colo-
nizers become embedded in bacterial extracellular
slimes and polysaccharides together with additional
layers of adsorbed salivary proteins and glycopro-
teins (Fig. 5.5, B and C). The early streptoccocal col-
onizers (mitis-group of streptococci) possess a range
of glycosidase activities that enable them to interact
and use salivary glycoproteins as substrates (Ch. 4;
see Fig. 5.13 later). The fastest rates of multiplication
occur during these early stages of plaque formation;
the doubling times of pure cultures of S. mutans and
A. naeslundii were 1.4h and 2.7 hours, respectively,
in studies using rodents.

Table 5.2 Proportions of bacteria in developing supragingival plaque.
) Time of plaque development (h)

Bacterium

2 24 48
Streptococcus sanguinis 8 12 29
Streptococcus oralis 20 21 12
mutans streptococci 3 2 4
Streptococcus salivarius <1 <1 <1
Actinomyces naeslundii 6 7 5
Actinomyces 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 <0.01
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Fig. 5.5 Development of dental plaque on a clean enamel surface. Coccal bacteria attach to the enamel pellicle as pioneer species
(A) and multiply to form microcolonies (B), eventually resulting in confluent growth (biofilm formation) 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) Published with permission of Dr A. Saxton.

The irreversible attachment of cells to the tooth
involves specific, short range, stereochemical interac-
tions between components on the microbial cell sur-
face (adhesins) and complementary receptors in the
acquired pellicle. These specific interactions contribute
to the often observed associations (tropisms; Ch. 4) of
certain organisms with a particular surface or habitat.

Adhesin

Receptor

Enamel

Several examples of these molecular interactions
have been characterized, and some are listed in Table
5.3. Otherexamples of adhesins and their complemen-
tary receptors are described in Chapter 4. As examples,
adhesins on S. gordonii can bind to a-amylase, while
A. naeslundii and E nucleatum interact with statherin.
Streptococcus mutans (but not S. sobrinus), P. gingivalis,
P. loescheii and P. melaninogenica adhere preferentially

to hydroxyapatite coated with PRPs, although differ-
ent regions of the molecule bind to particular organ-
isms. Colonization by S. sobrinus is more dependent
on sucrose-mediated mechanisms, including the
interaction of glucans with receptors such as glu-
can binding proteins. Some adhesion mechanisms
involve lectin-like bacterial proteins which interact
with carbohydrates, or oligosaccharides, on glycopro-
teins adsorbed to the tooth surface. Thus, S. sanguinis
can bind to terminal sialic acid residues in adsorbed
salivary glycoproteins, while S. oralis expresses either
a galactose-binding lectin or a lectin that interacts
with a trisaccharide structure containing sialic acid,
galactose and N-acetylgalactosamine.

Actinomyces spp. have two antigenically and func-
tionally distinct types of fimbriae; type 1 fimbriae
mediate bacterial adherence to PRPs and to statherin
(a protein-protein interaction), whereas type 2 fim-
briae are associated with a lactose-sensitive mecha-
nism (a lectin-like activity) involving the adherence
of cells to already attached bacteria (coadhesion;
see later in this section) or to buccal epithelial cells.

81



Oral Microbiology

Table 5.3 Some examples of host-bacterial interactions

involved in adhesion.

Bacterium Adhesin Receptor

Streptococcus antigen 1/11 salivary

spp. agglutinin

Streptococcus LTA blood group

spp. reactive
glycoproteins

Mutans glucan binding | glucan

streptococci protein

Streptococcus 35kDa fibrin, pellicle

parasanguinis lipoprotein

Actinomyces type 1 proline-rich

naeslundii fimbriae proteins

Porphyromonas 150kDa fibrinogen

qgingivalis protein

Prevotella 70kDa lectin galactose

loescheii

Fusobacterium 42kDa coaggregation

nucleatum protein with
Porphyromonas
gingivalis

A number of proteins in the cell walls of strep-
tococci have been identified as adhesins. A high
molecular weight protein from S. mutans, (termed
antigen I/II, B, P1 or Pac), interacts with salivary
agglutinins. Antibody directed against this surface
molecule can block the adhesion of S. mutans to
saliva-coated surfaces. The large size of some of the
bacterial cell wall proteins means that they may be
involved in more than one function. For example,
a protein of S. gordonii can interact both with sali-
vary proteins and with A. naeslundii (coaggregation).
Some of the other adhesins found on S. sanguinis
and S. gordonii are now known to be lipoproteins
(Ch. 4). Streptococci can use multiple adhesins
to bind to saliva-coated surfaces; as an example,
S. sanguinis can adhere via lectin-like, hydrophobic
and/or specific protein (adhesin) interactions.

A critical factor in plaque formation concerns the
site at which the specific interactions between bacte-
rial adhesins and host receptors take place. The host-
derived receptors reside on molecules that are not
only adsorbed to the tooth surface but which are
also freely accessible in solution in saliva. Some of
these molecules are designed to aggregate bacteria in
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solution, thereby facilitating their removal from the
mouth by swallowing (see Ch. 2). For plaque forma-
tion to proceed, however, it is implicit that not all
bacteria are aggregated in saliva before they reach the
tooth surface. A novel mechanism may function to
overcome this problem. It was found that although
A. naeslundii could bind to the acidic PRPs when the
latter were bound to a surface, cells did not interact
with these proteins in solution. It has been proposed
that hidden molecular segments of PRPs become
exposed only when the proteins are adsorbed to
hydroxyapatite, as a result of conformational changes.
Such hidden receptors for bacterial adhesins have
been termed ‘cryptitopes’. In this way, a selective
mechanism for facilitating natural plaque formation
has evolved by which the host can promote the atta-
chment of specific bacteria without compromising
this process in the planktonic phase. Adhesins which
recognise cryptitopes in surface-associated molecules
would provide a strong selective advantage for any
microorganism which colonizes a mucosal or tooth
surface. Another example of a cryptitope involv-
ing conformational change is the binding of mem-
bers of the mitis-group of streptococci to fibronectin
when complexed to collagen but not to fibronectin in
solution. This might also be a mechanism enabling
certain oral streptococci to colonize damaged heart
valves in infective endocarditis (Ch. 8). A differ-
ent type of cryptitope involves 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. naeslundii synthesize
neuraminidase which cleaves the sialic acid exposing
the penultimate galactosyl sugar residue. Many oral
bacteria possess galactosyl-binding lectins including
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. gingiva-
lis is greater to epithelial cells that have been mildly
treated with trypsin. Some periodontal pathogens,
including P. gingivalis, produce proteases with an
arginine-x specificity (arg-gingipains) that may create
appropriate cryptitopes for their colonization.

4. Coaggregation/coadhesion and
microbial succession

Over time, the plaque microflora becomes more
diverse; there is a shift away from the initial prepon-
derance of streptococci to a biofilm with increasing
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proportions of Actinomyces and other Gram positive
bacilli. Some organisms that were unable to colonize
the pellicle-coated tooth surfaces are able to attach to
already-adherent pioneer species by further adhesin-
receptor interactions (coaggregation/co-adhesion).
In addition, the metabolism of the pioneer commu-
nities alters the local environment and makes condi-
tions more suited to the growth of some fastidious
bacteria. Early colonizers are tolerant of a high redox
potential; species such as Neisseria spp. can con-
sume oxygen and produce carbon dioxide and more
reduced end-products of metabolism. Gradually,
conditions become more favourable for the growth
of obligately anaerobic bacteria. Similarly, the
metabolism of pioneer species generates nutrients
(e.g. peptides) and fermentation products (lactate,
butyrate, acetate) that can be used by other organ-
isms as primary nutrient sources (i.e. food-chains
develop; see later, Fig 5.15 and 5.16). Thus, the com-
position of the plaque microflora changes over time
due to a series of complex interactions; these changes
are termed microbial succession (Fig. 4.1).

Coaggregation or coadhesion (the term co-adhesion
is used by some to distinguish between the adhe-
sive interaction of cells on a surface rather than
those in suspension) is the cell-to-cell recognition
of genetically distinct partner cell types, and is a key
process in microbial succession and biofilm forma-
tion. Coaggregation occurs among isolates repre-
senting most oral bacterial genera (Fig. 5.6). Early
plaque accumulation is facilitated by intrageneric
coaggregation among streptococcal spp. and among
Actinomyces spp., as well as by intergeneric coag-
gregation between streptococci and Actinomyces.
The subsequent development of dental plaque will
involve further intergeneric coaggregation between
other genera and the primary colonizers.

Coaggregation often involves lectins; these pro-
teins bind to 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.
Coaggregation can result in some unusual mor-
phological formations, e.g. ‘corn-cob’ structures (Fig.
5.5F). ‘Corn-cobs’ can be formed between strepto-
cocci with certain types of fibrils (Chs 3 and 4) and
C. matruchotii; similar associations occur between
Eubacterium and Veillonella spp..

Fusobacteria have been found to coaggregate
with the widest range of bacterial genera although,

curiously, they do not coaggregate with each other.
Early colonizers of plaque coaggregate extensively
with F nucleatum, while later colonizers such as
Selenomonas spp. or Eubacterium spp. do not coag-
gregate with early colonizers but do coaggregate
with E nucleatum. It has been proposed that fuso-
bacteria act as an important ‘bridge’ between early
and late colonizing bacteria (Fig. 5.6).

Coaggregation may also be an important mech-
anism in the functional organization of microbial
communities such as dental plaque. The persis-
tence and survival of obligately anaerobic bacteria
in an essentially aerobic habitat such as the mouth
is enhanced if they are physically close to oxygen-
consuming species such as Neisseria spp.; such inter-
actions can be mediated by coaggregation, with
fusobacteria facilitating the interaction of other-
wise non-coaggregating species. The development
of food-chains, including those between strepto-
cocci and Veillonella spp., might also be facilitated
by coaggregation. Coaggregation could be a mech-
anism to increase the probability that species that
need to interact and collaborate (in order to survive)
will actually combine physically, especially during
the earlier stages of plaque development. Cell-cell
signalling can occur between bacteria, such as strep-
tococci and Veillonella spp., to facilitate their involve-
ment in a food chain (see later sections).

5. Mature biofilm formation

The microbial diversity of plaque will increase over
time due to successive waves of microbial succession
and subsequent growth. The growth rate of indi-
vidual bacteria within plaque slows as the biofilm
matures, and the mean doubling times of 1-2 hours
observed during the early stages of plaque formation
rise to between 12-15 hours after 1-3 days of bio-
film development. Confluent growth on the tooth
surface produces a biofilm with a 3-dimensional
structure (Fig. 5.5, D, E). Some of the adherent bac-
teria synthesize extracellular polymers (soluble and
insoluble glucans, fructans and heteropolymers)
which will make a major contribution to the plaque
matrix. Glucans are synthesized by glucosyltrans-
ferases; these enzymes can be secreted, and adsorb
onto other bacteria or on to the tooth surface to
form part of the acquired pellicle, where they can
remain functional and contribute further to matrix
formation. In contrast, the fructans produced by
fructosyltransferases, FTFs, are short-lived in plaque,
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Microbiology.

and act as extracellular nutrient storage compounds
for use by other plaque bacteria (Ch. 4).

A matrix is a common feature of all biofilms,
and is more than a chemical scaffold to maintain
the shape of the biofilm. It makes a significant con-
tribution to the structural integrity and general tol-
erance of biofilms to environmental factors (e.g.
desiccation) and antimicrobial agents. The matrix
can be biologically active and retain water, nutrients
and enzymes within the biofilm. The chemistry of
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the matrix can also help exclude, or restrict the pen-
etration of, other types of molecules including some
charged antimicrobial agents.

In mature plaque, the microflora displays max-
imum diversity. A small sample of plaque may
contain 12-27 distinct species, but the bacterial
composition will vary at distinct anatomical sites
due to the prevailing biological conditions. The dis-
tribution of the main groups of microorganism at
distinct sites on the tooth will be described later
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(Fig. 5.9). Gradients continue to develop in factors
that are critical to microbial growth so that sites close
together may be vastly different in the concentration
of key nutrients and toxic products of metabolism,
as well as in terms of pH and Eh, etc. These gradi-
ents are not necessarily linear; zones of quite differ-
ent pH have been detected adjacent to each other
in laboratory-generated plaque biofilms. Such ver-
tical and horizontal stratifications will cause local
environmental heterogeneity resulting in a mosaic
of microhabitats or microenvironments. Such het-
erogeneity can explain how organisms with appar-
ently contradictory growth requirements in terms
of nutritional, atmospheric or pH requirements are
able to coexist in plaque at the same site. Each micro-
habitat potentially could support the growth of dif-
ferent populations and hence a different microbial
community. Similarly, organisms residing in appar-
ently the same general environment might be grow-
ing under quite dissimilar conditions and, therefore,
exhibiting a different phenotype. This is another rea-
son why it is essential when studying plaque to take
small samples from defined areas (Ch. 4).

Multi-species biofilms create opportunities for
numerous interactions among the constitutive species
that are physically close to one another. These include
examples of the conventional antagonistic and syn-
ergistic interactions described later in this Chapter.
Additional types of interaction have been recognised in
oral biofilms including gene transfer via plasmids and
cell-cell signalling mediated by small diffusible mole-
cules that enable similar bacteria to communicate with
each other and coordinate their activities. More details
of these will be given in a subsequent section.

6. Detachment from surfaces

Shear forces can remove microorganisms from
oral surfaces, but some bacteria can actively detach
themselves from within the biofilm so as to be able
to colonize elsewhere. Streptococcus mutans can syn-
thesize an enzyme that can cleave proteins from its
own cell surface and thereby detach itself from a
mono-species biofilm. Similarly, a protease pro-
duced by Prevotella loescheii can hydrolyze its own
fimbrial-associated adhesin responsible for coag-
gregation with S. oralis as well as binding to fibrin.
Bacteria may be able to ‘sense’ adverse changes
in environmental conditions, and these may act
as cues to induce the genes involved in active
detachment.

SUMMARY

The adhesion of organisms to the ‘conditioned’ tooth
surface is a complex process involving, initially, weak
electrostatic attractive forces, followed by a variety of
specific molecular interactions between bacterial adhesins
and receptors adsorbed to the surface (acquired pellicle).
These latter processes together with the synthesis of
extracellular polysaccharides (EPS) from, for example,
sucrose serve to increase the probability of permanent
attachment. EPS also contributes to the plaque matrix.
Pioneer species interact directly with the acquired pellicle
while subsequent biofilm formation is dependent on intra-
and intergeneric coadhesion between bacteria (involving
lectin-mediated binding) and the subsequent growth

of the attached microorganisms. If conditions become
unfavourable, some cells are able to actively detach,
providing the opportunity to colonize other sites.

CONSEQUENCES OF BIOFILM
FORMATION

Impact on gene expression

Plaque maturation involves the growth of the
attached bacteria to produce a structurally- and
functionally-organized biofilm. Research on
surface-associated growth of microorganisms from
a range of habitats has shown that the phenotype
of bacteria in a biofilm can differ markedly from
that predicted from studies of the same organism
in liquid culture. Gene expression may be altered
when microorganisms initially make contact with
a surface. Genes involved with motility may be
repressed while other genes required for attachment
or growth on new substrates may be induced or up-
regulated (Table 5.1).

Similar surface-associated responses are being
identified in plaque bacteria, although the mag-
nitude of the shift in gene expression is often less
than that observed for free-living species, perhaps
because of the absolute dependence of oral bacte-
ria on a biofilm lifestyle. The exposure of S. gordonii
to saliva results in the induction of genes (sspA/B)
that encode for adhesins that can bind to salivary
glycoproteins and engage in coaggregation with
Actinomyces spp. Marked changes in protein profiles
following attachment have been identified in
S. mutans using a whole cell proteomic (protein
analysis) approach. During the initial stages of bio-
film formation by S. mutans (the first two hours
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following attachment), over 30 proteins were differ-
entially expressed (most were up-regulated but some
were down-regulated). There was an increase in the
relative synthesis of enzymes involved in carbohy-
drate catabolism; these might be needed for energy
generation, although these molecules are multifunc-
tional and can also act as adhesins when located on
the cell surface. In contrast, some glycolytic enzymes
involved in acid production were down-regulated in
older (3 day) biofilms, while proteins involved in a
range of biochemical functions, including protein
folding and secretion, amino acid and fatty acid bio-
synthesis, and cell division, were up-regulated. Of
particular significance was the finding of novel pro-
teins of as yet unknown function being expressed
by biofilm but not planktonic cells. Genes involved
with glucan (gtfBC) and fructan (ftf) synthesis in
S. mutans are differentially regulated during biofilm
formation. In laboratory models, there was little influ-
ence of surface growth on genes involved in exopoly-
mer synthesis during early stages of biofilm formation
(<48 hours), but gif expression was markedly up-
regulated in older (7 day) biofilms whereas ftf activ-
ity was repressed. This was interpreted as an indirect
effect of biofilm growth on gene expression, probably
as a response to changes in local environmental con-
ditions such as sugar concentration or pH as the bio-
film matured, rather than due to initial attachment.

Cell-cell signalling

The close proximity of cells with each other in bio-
films provides ideal conditions for cell-cell interac-
tions. In addition to more conventional biochemical
interactions, there is evidence from microbes in a
number of habitats of cell density-dependent growth
(quorum sensing), whereby individual cells are able
to communicate with, and respond to, neighbouring
cells by means of small, diffusible, effector molecules.
These include acyl-homoserine lactones produced by
Gram negative bacteria and small peptides secreted
by Gram positive cells. The peptides are generally
detected via two-component signal transduction sys-
tems. These cell-cell signalling strategies enable cells
to sense and adapt to various environmental stresses,
and regulate (and coordinate) the expression of
genes that influence the ability of pathogens to cause
disease.

The best studied system in oral bacteria is found
in S. mutans, where quorum sensing is mediated by a
competence-stimulating peptide (CSP). This peptide
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also induces genetic competence in S. mutans so that
the transformation frequency of biofilm-grown S.
mutans was 10- to 600-fold greater than for plank-
tonic cells. Lysed cells in biofilms such as plaque
could act as donors of DNA, thereby increasing the
opportunity for horizontal gene transfer in oral bio-
films. CSP is also directly involved in biofilm forma-
tion since mutants in some of the genes involved
in the CSP signalling system produce defective bio-
films. This quorum sensing system also functions
to regulate acid tolerance in S. mutans in biofilms.
When cells are exposed to an acid shock, CSP is
released which can initiate a coordinated protec-
tive biochemical response by more distant S. mutans
cells, enabling them to survive a potentially lethal
stress.

CSPs are specific for cells of the same species, but
other communication systems may function between
different genera. Surveys of Gram negative peri-
odontal bacteria suggest that these organisms do not
possess the acyl-homoserine lactone signalling mole-
cules detected in environmental bacteria. LuxS genes
encode for autoinducer-2 (Al-2), and these have been
detected in several genera of oral Gram positive and
Gram negative bacteria, implying that AI-2 may be
a ‘universal language’ for interspecies communica-
tion in plaque bacteria. Several periodontal bacteria,
including Fusobacterium nucleatum, Prevotella interme-
dia, Porphyromonas gingivalis and Aggregatibacter (for-
merly Actinobacillus) actinomycetemcomitans, secrete a
signal related to Al-2. AI-2 is involved in leukotoxin
production and iron acquisition in A. actinomycet-
emcomitans and protease (arg-gingipain and lys-gin-
gipain) and haemagglutinin activities in P. gingivalis.
It has also been shown that S. gordonii and P. gingiva-
lis can respond to LuxS signals from each other (i.e.
they can sense heterologous signals), but the pattern
of genes that are regulated by LuxS differs in each
species. In LuxS mutants, genes associated with car-
bohydrate metabolism such as glucosyltransferase
and fructanase were down-regulated in the strepto-
coccus while genes relating to haemin acquisition
and an arginine-specific protease were up-regulated
in P. gingivalis.

These findings have led to a quest to under-
stand and identify more of these communication
networks. A possible practical outcome from such
studies might be the development of analogues of
specific signalling molecules that could be used as
a novel therapeutic approach to manipulate the
properties of oral biofilms. Emerging evidence also
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suggests that certain members of the resident micro-
flora can also engage in ‘cross-talk’ with the host, for
example, by down-regulating the potential induc-
tion of proinflammatory cytokines, thereby actively
promoting a harmonious relationship between the
normal microflora and the host.

Gene transfer

The close proximity of cell in biofilms provides ideal
conditions for horizontal gene transfer. As described
above, signalling molecules such as competence-
stimulating peptide (CSP) markedly increase the
ability of recipient cells to take up DNA. In addi-
tion, the transfer of conjugative transposons encod-
ing tetracycline resistance between streptococci has
been demonstrated in laboratory biofilm models.
Evidence that horizontal gene transfer can occur
in the mouth has come from the discovery that both
resident (S. mitis, S. oralis) and pathogenic (S. pneu-
moniae) bacteria isolated from the naso-pharyngeal
area possess genes conferring penicillin resistance
that display a common mosaic structure. Similar
evidence suggests sharing of genes encoding pen-
icillin-binding proteins among resident oral and
pathogenic Neisseria spp. These findings suggest that
plaque can function as a ‘genotypic reservoir’ by
harbouring transferable mobile elements and genes.
Such genetic exchange could have a wide clinical
significance given the number of overtly pathogenic
bacteria that can appear transiently in the mouth.

Antimicrobial tolerance

Oral bacteria growing as a biofilm such as dental
plaque display a markedly reduced sensitivity to anti-
biotics and antimicrobial agents (Table 5.4), includ-
ing those used in toothpastes and mouthwashes. For
example, the biofilm inhibitory concentration of chlo-
rhexidine and amine fluoride was 300 and 75 times
greater, respectively, when S. sobrinus was grown as a
biofilm compared with the minimum bacteriocidal
concentration of planktonic cells. Similarly, antibiot-
ics such as amoxycillin and doxycycline had no effect
on the viability of biofilms of S. sanguinis when used
at MIC levels, and laboratory biofims of P. gingivalis
displayed increased tolerance to doxycycline and met-
ronidazole. Complete elimination of biofilms some-
times required exposure to 500x MIC for a particular
antibiotic, although S. sanguinis biofilms were killed
following exposure to 10-50x MIC of chlorhexidine.

Table 5.4 Increase in tolerance to antimicrobial agents
when oral bacteria are grown as a biofilm.

Bacterium Antimicrobial  Biofilm
agent effect+
Streptococcus chlorhexidine 10— 50x MIC*
sanguinis
Streptococcus amine fluoride 75x MBC**
sobrinus chlorhexidine 300x MBC
Porphyromonas metronidazole 2 —8x MBC
gingivalis doxycycline 4 - 64x MBC
amoxycillin 2 —4x MBC

*Biofilm effect = change in sensitivity of cells growing as a
biofilm compared to when cells were grown in liquid (planktonic)
culture.

*MIC = minimum inhibitory concentration of planktonic cells.
**MBC = minimum bacteriocidal concentration of planktonic cells.

The age of the biofilm can influence the sensitiv-
ity of cells to a particular antimicrobial agent. Older
biofilms of S. sanguinis were less susceptible to chlo-
rhexidine than younger biofilms; the biofilm kill-
ing concentration for the former being 200 pg/ml
compared with 50ug/ml for the latter. Similarly,
being part of a microbial community can influence
the sensitivity of cells to an antibiotic; susceptible
organisms can appear resistant if neighbouring cells
secrete a neutralizing or drug-degrading enzyme.
Bacteria in subgingival plaque can produce suffi-
cient B-lactamase to inactivate penicillin delivered
to that site during therapy.

The mechanisms that cause the increased toler-
ance of biofilm cells to antimicrobial agents are still
being investigated, but include (a) limited penetra-
tion (diffusion-reaction theory) (Fig. 5.7), (b) inacti-
vation (e.g. by neutralizing enzymes), (c) quenching,
(d) unfavourable environmental conditions for activ-
ity, (e) slow microbial growth rates, and (d) expres-
sion of a novel microbial phenotype (Table 5.1).

STRUCTURE OF MATURE DENTAL
PLAQUE

The accumulation of plaque on teeth is the result of
the balance between adhesion, growth and removal
of microorganisms. The development of plaque in
terms of biomass will continue until a critical size
is reached. Shear forces will then limit any further
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Fig. 5.7 Penetration of chlorhexidine (CHX) into a dental plague biofilm; an untreated biofilm is shown in (A), and the treated
biofilm is shown in (B). The biofilm was visualized with a live/dead stain, in which viable bacteria stain green and dead cells are
red. The chlorhexidine has an antimicrobial effect in the outermost layers of dental plaque, but failed to kill cells deeper in the

biofilm. Reproduced with permission of Z. Arite.

expansion, but structural development and reor-
ganization may take place continually. Electron
microscopy has been used extensively to view dental
plaque, the structure of which appeared typically as
compressed layers of diverse morphological types of
cells that were densely packed together. Pallisaded
regions can be seen where filaments and cocci appear
to be aligned in parallel at right angles to the enamel
surface, while microcolonies, presumably of single
cell populations, have also been observed. In addi-
tion, horizontal stratification has been described;
examples of the ultrastructure of dental plaque are
shown in Fig. 5.8.

The early stages of plaque development result
in a condensed layer of a limited number of
bacterial types. Later, a bulk layer forms which
shows less orientation but a higher morpholog-
ical 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 enzymatic attack on the pel-
licle. In fissures, impacted food particles can be a
common feature of plaque structure. In the gin-
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gival crevice, plaque has a thin densely adherent
layer on the root surface, with the bulk of the bio-
film having a looser structure, especially where
it comes into contact with the epithelial lining
of the gingival crevice/periodontal pocket. Many
bacterial associations have been observed subgin-
givally in these outer layers, in which cocci are
arranged along the length of filamentous organ-
isms, e.g. ‘corn-cob’, ‘test tube brush’ or ‘rosette’
formations (Fig. 5.5, F).

The preparation of material for electron micros-
copy dehydrates the sample and distorts the natu-
ral structure of biofilms. Confocal laser scanning
microscopy does not require such sample prepara-
tion, and can be used to view specimens in their nat-
ural, hydrated state. When dental plaque developed
on enamel slices placed in removable devices in the
mouth, the architecture of the resultant biofilms
had a far more open architecture when viewed by
confocal microscopy, with channels or pores pen-
etrating the biofilm. These ‘channels’ can be filled
with extracellular polymers, and this can influence
the distribution and movement of molecules in
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Fig. 5.8 Ultrastructure of 2-week-old dental plaque from three individuals with different patterns of microbial colonization
(A-C). C = Gram positive coccal bacteria; F = Gram negative filamentous bacteria; CC = corn-cob formations; P = large, irregular
shaped bacteria; E = space remaining after demineralization of enamel. Bar = 5um. Published with the permission of

Dr B Nyved, Dr O Fejerskov and Munksgaard.
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plaque. The use of live/dead stains with confocal
microscopy suggests that bacterial vitality may vary
throughout plaque, with most viable and active
bacteria being present in the central part of the bio-
film and lining the channels.

SUMMARY

A biofilm life-style has a direct and indirect impact on gene
expression by oral bacteria, with many biofilm-specific genes
being expressed. Cells in biofilms also display a decreased
sensitivity to antimicrobial agents. Microorganisms in
biofilms are in close proximity with one another which
facilitates a range of biochemical (antagonistic and
synergistic) interactions, as well as opportunities for gene
transfer. In addition, attached cells can communicate with
one another, and coordinate gene expression, via the
production of small diffusible signalling molecules, such

as competence-stimulating peptide by S. mutans, and
autoinducer-2 by a range of oral species. The final outcome
is the development of a complex, interactive multi-species,
spatially- and functionally-organized biofilm.

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

Environmental conditions on a tooth are not uni-
form. Differences exist in the prevalent nutrients,
degree of protection from oral removal forces and

in other biological and chemical factors that influ-
ence the growth of the resident microflora. These
differences will be reflected in the composition of
the microbial community, particularly at sites so
obviously distinct as the gingival crevice, approxi-
mal regions, smooth surfaces, and pits and fissures.
The predominant bacterial genera at these sites are
shown in Fig. 5.9, while a more detailed description
of the microflora at each site is given below.

Fissure plaque

The microbiology of fissure plaque has been deter-
mined using either ‘artificial fissures’ implanted
in occlusal surfaces of pre-existing restorations,
or by sampling ‘natural’ fissures. The microflora is
mainly Gram positive and is dominated by strep-
tococci, especially extracellular polysaccharide-
producing species. In one study, no obligately
anaerobic Gram negative rods were found, while
others have recovered anaerobes in low numbers
such as Veillonella and Propionibacterium species
(Table 5.5). Aerobic and facultatively anaerobic
Gram negative species, such as 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 anaer-
obic microflora ranged from 1 x 10¢ to 33 x 10¢
colony forming units (CFU) per fissure. Saliva will
have a major influence on the biological properties
of fissures, and diet may also be a significant factor

Fissure;
Gram positive;
facultative anaerobes
* Streptococcus
* Actinomyces

Approximal

Gram positive and Gram negative;
facultative and obligate anaerobes:

* Neisseria

* Streptococcus
* Actinomyces
* Prevotella

* Veillonella

Gingival crevice

Gram positive and Gram negative;
facultative and obligate anaerobes:

* Streptococcus
* Actinomyces
o Eubacterium
* Fusobacterium
* Prevotella

* Treponema

Fig. 5.9 Predominant groups of bacteria found at distinct sites on the tooth surface.
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Table 5.5 The predominant cultivable microflora of 10 occlusal fissures in adults.

Bacterium Median percentage Range Percentage isolation
of total cultivable (%) frequency
microflora

Streptococcus 45 8-86 100

Staphylococcus 9 0-23 80

Actinomyces 18 0-46 80

Propionibacterium 1 0-8 50

Eubacterium 0 0-27 10

Lactobacillus 0 0-29 20

Veillonella 3 0-44 60

mutans streptococci 25 0-86 70

Streptococcus mitis-group 1 0-15 50

Streptococcus anginosus-group 0 0-3 10

Actinomyces naeslundii 3 0-44 70

Lactobacillus casei 0 0-10 10

Lactobacillus plantarum 0 0-29 10

because impacted food can often be detected. The
simpler community found in fissures compared
to other enamel surfaces probably reflects a more
severe environment. 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 Fig. 5.10
that environmental conditions at the base of the
fissure will be very different in terms of nutrient
availability, pH, and buffering effects of saliva than
areas nearer the plaque surface.

Approximal plaque

The main organisms isolated from a study of approx-
imal plaque are shown in Table 5.6. Although strep-
tococci are present in high numbers, these sites are
frequently dominated by Gram positive rods, par-
ticularly Actinomyces spp. The more reduced nature
(low redox potential) of this site compared to that
of fissures can be gauged from the higher recov-
ery of obligately anaerobic organisms, although

spirochaetes are not usually found. The range and
percentage isolation frequency 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.

The variability of plaque composition was high-
lighted in a study of several small samples taken
from different sites around the contact area of teeth
extracted for orthodontic purposes. The recov-
ery and proportions of different groups of bacteria
varied according to the location of the sample site
around the contact area. The isolation frequency
of S. mutans and S. sobrinus was higher at sub-sites
from below the contact area, and this is also the
most caries-prone site. Similarly, A. naeslundii and
A. odontolyticus were found more commonly below
the contact area, while Neisseria, S. sanguinis and
S. mitis biovar 1 were recovered more frequently at
sub-sites away from, and to the side of, the contact
area. Such variations again emphasize the need for
accurate sampling of discrete sites when attempting
to correlate the composition of plaque with disease.

921



- Oral Microbiology

Fig. 5.10 Dental plaque in a fissure on the occlusal surface
of a molar. (Magnification approx. x 60.) Published with
permission of K. M. Pang.

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 community at this
site (Fig. 5.11) although the total numbers of bacteria
can be low (103-10¢ CFU/crevice). The highest num-
bers of obligately anaerobic bacteria are cultured
from this site, many of which are Gram negative or
are Eubacterium-like (Table 5.7; Fig. 3.5). Indeed,
spirochaetes and anaerobic streptococci are isolated
almost exclusively from this site. The ecology of the
crevice is influenced by the anatomy of the site and
the flow and properties of gingival crevicular fluid
(GCF; Ch. 2). Many organisms that are asaccharo-
lytic but proteolytic are found in the gingival crev-
ice; they derive their energy from the hydrolysis of
host proteins and peptides, and from the catabo-
lism of amino acids. In disease the gingival crevice
enlarges to become a periodontal pocket (Fig. 2.1)
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and the flow of GCF increases. The diversity of the
microflora increases still further in disease and will
be described in more detail in Chapter 6.

Among the genera and species associated with
the healthy gingival crevice are members of the
mitis- and anginosus-groups of streptococci; in
addition, Gram positive rods such as Actinomyces
spp.- (A. odontolyticus, A. naeslundii, A. georgiae) and
Rothia dentocariosa can also be found. The most
commonly isolated black-pigmented anaerobe in
the healthy gingival crevice is Prevotella melanino-
genica while P. nigrescens has also been recovered on
occasions. Fusobacteria are among the common-
est anaerobes found in the healthy gingival crev-
ice, and capnophilic species such as Capnocytophaga
ochracea can be isolated.

Molecular studies using culture-independent
approaches (e.g. 16S rRNA gene amplification, FISH;
Ch. 3) have shown that the subgingival microflora
is extremely diverse, even in health. Around 40%
of the amplified clones represented novel phylo-
types. Human oral TM7 bacteria, of which there are
no culturable examples, were detected frequently in
samples, and made up around 1% of the total bac-
teria in healthy subgingival sites (Figs 3.3 and 5.12).
A number of spirochaetes were detected, includ-
ing Treponema vincentii, T. denticola, T. maltophilum
and T lecithinolyticum, as well as members of the
genera Selenomonas, Prevotella, Capnocytophaga and
Campylobacter.

Denture plaque

The microflora of denture plaque from healthy
sites (i.e. with no sign of denture stomatitis, Ch. 9)
is highly variable as can be deduced from the wide
ranges in viable counts obtained for individual
bacteria as illustrated in Table 5.8. Differences also
occur between the fitting and the exposed surfaces
of the denture. In the relatively stagnant area on
the denture-fitting surface, plaque tends to be more
acidogenic, thereby favouring streptococci (espe-
cially mutans streptococci) and sometimes Candida
spp.. In edentulous subjects, dentures become the
primary habitat for mutans streptococci and mem-
bers of the mitis-group of streptococci. Denture
plaque can harbour obligate anaerobes includ-
ing A. israelii and low proportions of Gram nega-
tive rods. Staphylococcus aureus can be isolated from
denture plaque (Table 5.8), and this species is also
found commonly in the mucosa of patients with
denture stomatitis (Ch. 9).
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Table 5.6 The predominant cultivable microflora of approximal plaque.

Bacterium Mean percentage Range Percentage
of total cultivable (%) isolation
microflora frequency

Streptococcus 23 0.4-70 100

Gram positive rods (predominantly Actinomyces) 42 4-81 100

Gram negative rods (predominantly Prevotella) 8 0-66 93

Neisseria 2 0-44 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
Streptococcus sanguinis 6 0-64 86
Streptococcus salivarius 1 0-7 54
Streprococcus anginosus-group 0.5 0-33 45
Actinomyces israelii 17 0-78 72
Actinomyces naeslundii 19 0-74 97

Fig. 5.11 Scanning electron micrograph of subgingival plague, showing rods, curved rods, filaments and spiral-shaped cells.
(Magnification approx. x 5000.) Published with permission of K. M. Pang.
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Table 5.7 The predominant cultivable microflora of the healthy gingival crevice.

Bacterium Mean percentage Range Isolation
of total cultivable (%) frequency (%)
microflora

Gram positive facultatively anaerobic 40 2-73 100

cocci (predominantly Streptococcus)

Gram positive obligately anaerobic cocci 1 0-6 14

Gram positive facultatively anaerobic rods 35 10-63 100

(predominantly Actinomyces)

Gram positive obligately anaerobic rods 10 0-37 86

Gram negative facultatively anaerobic cocci 0.3 0-2 14

(predominantly Neisseria)

Gram negative obligately anaerobic cocci 2 0-5 57

(predominantly Veillonella)

Gram negative facultatively anaerobic rods ND* ND ND

Gram negative obligately anaerobic rods 13 8-20 100

Samples were taken from the gingival crevice of seven adults humans.

*ND, not detected.

Fig. 5.12 Unculturable bacteria belonging to the TM7
group (blue) in subgingival dental plaque. Reproduced from
QOuverney et al, Appl Environ Microbiol 2003 69:6294-
6298; with permission from the American Society for
Microbiology.
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Culture-independent molecular techniques have
detected periodontal pathogens such as Porphyromonas
gingivalis, Tannerella forsythia and Aggregatibacter actin-
omycetemcomitans in the biofilms that develop on the
hard palate of dentures in edentulous patients. High
numbers of Actinomyces spp. and Capnocytophaga
were also detected.

Dental plaque from animals

There is interest in the microbial composition of den-
tal 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 disease. At the genus level, the plaque
microflora is similar among animals representing
such diverse dietary groups as insectivores, herbivores
and carnivores. This emphasizes (a) the significance
of endogenous nutrients in maintaining the stability
and diversity of the resident microflora, and (b) the
specificity of the interaction between this microflora
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Table 5.8 The predominant cultivable microflora of denture plaque.
Microorganism Percentage viable count Percentage isolation
frequency
Median Range
Streptococcus 41 0-81 88
mutans streptococci <1 0-48 50
S. mitis-group 2 0-30 75
S. anginosus-group 2 0-51 63
S. salivarius-group 0 0-41 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 0-47 63
A. naeslundii 3 0-48 63
A. odontolyticus 1 0-17 63
Lactobacillus 0 0-48 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

and the oral ecosystem. Thus, Actinomyces, Streptococcus,
Neisseria, Veillonella, and Fusobacterium are widely dis-
tributed in both zoo and non-zoo primates and other
animals, and can, therefore, be genuinely considered
as autochthonous members of dental plaque (Ch. 4).
Following recent taxonomic studies, differences bet-
ween isolates from man and animals have emerged at
the species level. For example, Streptococcus rattus and
S. macacae are isolated exclusively from rodents and
primates, respectively, whereas other species of mutans
streptococci are found in humans.

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 GCE
In particular, the protein content of plaque fluid is
higher than that of saliva, as are the concentrations of
several important cations including sodium, potas-
sium, and magnesium. Likewise, the levels of albu-
min, lactoferrin, and lysozyme are greater in plaque
fluid than saliva (Table 2.2). 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 I1gG and complement are at higher levels,
and are probably derived from GCE Fluoride binds
to plaque components, but is also found free in
plaque fluid. Bound fluoride can be released from
these components because fluoride concentrations
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increase in plaque fluid when the pH falls during
the bacterial metabolism of fermentable carbohy-
drates. Acidic products of metabolism are retained
in plaque fluid, and a shift in profile from a hetero-
to a homofermentative pattern occurs following the
intake of dietary sugars.

CALCULUS

Calculus, or tartar, is the term used to describe cal-
cified dental plaque. It consists of intra- and extra-
cellular 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 sali-
vary ducts) and subgingivally, where it may act as
an additional retentive area for plaque accumula-
tion, thereby increasing the likelihood of gingivitis
and other forms of periodontal disease. Calculus
can be porous leading to the retention of bacterial
antigens and the stimulation of bone resorption
by toxins from periodontal pathogens. Over 80%
of adults have calculus, and 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 den-
tist. Consequently, a number of dental products
are now formulated to restrict calculus formation.
These products contain pyrophosphates, zinc salts,
or polyphosphonates to inhibit mineralization by
slowing crystal growth and reducing coalescence.

MICROBIAL INTERACTIONS IN
DENTAL PLAQUE

The close proximity of microorganisms in biofilms
facilitates a range of biochemical interactions which
can be beneficial to one or more of the interacting
populations, while others can be antagonistic (Table
5.9). Examples of synergistic and antagonistic inter-
actions will now be described; other types of interac-
tion, including cell-cell signalling and gene transfer,
were described earlier in this Chapter.
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Table 5.9 Factors involved in beneficial and antagonistic
microbial interactions in dental plaque.

Beneficial (synergistic) Antagonistic

Enzyme complementation Bacteriocins

Food chains (food webs) Hydrogen peroxide
Coadhesion Organic acids
Cell-cell signalling Low pH

Gene transfer Nutrient competition

Synergistic interactions

Although competition for nutrients will be one of
the primary ecological determinants in dictating the
prevalence of a particular species in dental plaque,
bacteria also have to collaborate in order to break
down the complex host molecules that act as their
primary substrates. Salivary proteins and glycopro-
teins are the major sources of nitrogen and carbon at
healthy sites. Individual species of oral bacteria pos-
sess different but overlapping patterns of enzyme
activity, so that the concerted action of several spe-
cies is usually necessary for the complete degradation
of host molecules (Figs 5.13 and 5.16). For exam-
ple, the growth of some organisms will be depen-
dent on others for removing the terminal sugar from

Organism

bbb

Oligosaccharide side chain Protein backbone

Organism

Fig. 5.13 Bacterial cooperation 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.
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the oligosaccharide side chain of the glycoprotein to
expose a new sugar.

Microbial cooperation in the breakdown of
host macromolecules was observed when subgin-
gival bacteria were grown on human serum (used
to mimic GCF). Shifts in the microbial composi-
tion 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
anaerobes such as P. intermedia, P. oralis, F. nuclea-
tum, and to a lesser extent, Eubacterium spp.; some
amino acid fermentation occurred and the remain-
ing carbohydrate side-chains were metabolized
leading to the emergence of Veillonella spp.. A final
phase was characterized by progressive protein deg-
radation and extensive amino acid fermentation;
the predominant species included Parvimonas micra
(formerly Peptostreptococcus micros) and E. brachy.
Significantly, individual species grew only poorly
in pure culture in serum. A consequence of these
interactions is that different species avoid direct
competition for individual nutrients, and hence are
able to co-exist. This type of interaction is an exam-
ple of protocooperation or mutualism, whereby
there is benefit to all participants that are involved
in the interaction.

Bacterial polymers are also targets for degrada-
tion. EPS synthesized by many plaque bacteria
(Table 4.9) can be metabolized by other bacteria in
the absence of exogenous (dietary) carbohydrates.
The fructan of S. salivarius and other streptococci,
and the glycogen-like polymer of Neisseria, are par-
ticularly labile, and only low levels of fructan can
be detected in plaque in vivo. In addition, mutans
streptococci, members of the mitis- or salivarius-
groups of streptococci, A. israelii, Capnocytophaga
spp., and Fusobacterium spp. possess exo- and/or
endo-hydrolytic activity and metabolize streptococcal
glucans.

An important nutritional interaction is when
the products of metabolism of one organism (pri-
mary feeder) become the main source of nutri-
ents for another (secondary feeder). For example,
lactate produced from the metabolism of dietary
carbohydrates by a range of other species, can be
utilised by Veillonella spp. and converted to weaker
acids. In this way, Veillonella spp. can reduce the
cariogenic potential of other plaque bacteria; fewer

carious lesions were obtained in rats inoculated
with either S. mutans or S. sanguinis and Veillonella
than in animals mono-infected with either of
the streptococci (Fig. 5.14). Strains of Neisseria,
Corynebacterium, and Eubacterium are also able to
metabolize lactate.

A range of other nutritional interactions between
oral bacteria have been described (Fig. 5.15). A mutu-
ally beneficial interaction occurs between S. sanguinis
and C. rectus; the anaerobe scavenges inhibitory oxy-
gen, or possibly hydrogen peroxide produced by the
streptococcus, while S. sanguinis provides C. rectus with
formate following the fermentation of glucose under
carbohydrate-limiting conditions. Campylobacter rectus
is also able to produce protohaeme for the growth of
black-pigmented anaerobes.

Numerous interbacterial nutritional interactions
occur in plaque, with the growth of some species
being dependent on the metabolism of other organ-
isms. Indeed the diversity of the plaque microflora
is due, in patrt, to:
¢ the development of such food chains and food

webs (Figs 5.14-5.16), and to
e the lack of a single nutrient limiting the growth

of all bacterial species.

Bacterial survive by adopting, where possible,
alternative metabolic strategies in order to avoid
direct competition. Another beneficial interaction
among plaque bacteria is coaggregation (coadhe-
sion) which can aid colonization of surfaces and
also facilitate metabolic interactions between mutu-
ally-dependent strains; this was described earlier in
this Chapter.

Streptococcus - Laptlc »| Caries
mutans acid
Streptococcus _, Lactic
mutans acid
v

Veillonella P ESEnd 159

acetic acids caries

Fig. 5.14 Establishment of a simple food-chain. Bacteria such
as Streptococcus mutans produce lactate from fermentable
sugars that can be metabolized to weaker acids by Veillonella
spp.; in gnotobiotic animals, this food-chain can reduce the
cariogenic potential of these streptococci.
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Fig. 5.15 Some potential nutritional interactions (food chains) among plaque bacteria.

Antagonistic interactions

Antagonism is a major contributing factor in deter-
mining the composition of microbial ecosystems
such as dental plaque (Table 5.9). The production of
antagonistic compounds (such as bacteriocins
or bacteriocin-like substances, BLIS) can give an
organism a competitive advantage when interact-
ing with other microbes. Bacteriocins are relatively
high molecular weight proteins that can inhibit the
growth of related bacteria while 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. sanguinis), as well as by C. matruchotii,
black-pigmented anaerobes, and A. actinomycetem-
comitans; in contrast, Actinomyces species are not gen-
erally bacteriocinogenic. Although bacteriocins are
usually limited in their spectrum of activity, many
of the streptococcal bacteriocins are broad spec-
trum, inhibiting species belonging to Gram positive
(including Actinomyces) and Gram negative genera.
The production of bacteriocins may give strains a
competitive advantage during colonization.

Other inhibitory factors produced by plaque bac-
teria include organic acids, hydrogen peroxide, and
enzymes. The production of hydrogen peroxide by
members of the mitis-group of streptococci has been
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proposed as a mechanism whereby the numbers of
periodontal pathogens are reduced in plaque to lev-
els at which they are incapable of initiating disease.
Some periodontal pathogens (e.g. A. actinomycetem-
comitans) produce factors inhibitory to oral strepto-
cocci, so that certain periodontal diseases (Ch. 6)
might result 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 to some streptococci
associated with sound enamel. The production of
antagonistic factors will not necessarily lead to the
complete exclusion of sensitive species. As discussed
previously, the presence of distinct microhabitats
within a biofilm such as plaque enables bacteria to
survive under conditions that would be incompat-
ible to them in a homogeneous environment.
Antagonism will also be a mechanism whereby
exogenous (allochthonous) species are prevented
from colonizing the oral cavity. For example, some
S. salivarius strains produce an inhibitor (enocin
or salivaricin) active against Lancefield Group A
streptococci (S. pyogenes). Bacteriocin-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
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isolated from the throats of children who do not
become colonized following exposure to Group
A streptococci than from those who do become
infected. In New Zealand, children can be deliber-
atelyimplanted with bacteriocin-producing strains
of S. salivarius to reduce infections by Group A
streptococci; this process is termed ‘replacement
therapy’ These, and other inhibitory bacteria, are
being considered for future use as oral probiotics.
Thus, microbial interactions will play a major role
in determining both the final composition and the
pattern of development of the plaque microflora.

DENTAL PLAQUE AS A MICROBIAL
COMMUNITY

Numerous studies have shown that oral bacteria
do not behave randomly during the formation of
dental plaque. Plaque forms in an organized man-
ner via physicochemical and specific intermolecu-
lar, adhesin-receptor interactions, followed later by
interbacterial coadhesion, metabolic interactions
and cell-cell communication. These interactions
produce a spectrum of ecological niches (metabolic
functions; Ch. 1), and produce a number of distinct
benefits for the component microorganisms enabling
the survival and growth of fastidious species by:
¢ the synergistic catabolism of complex host
macromolecules so that substrates can be
utilized that would be recalcitrant to degradation
by individual species,
¢ modulation of local environmental
conditions (pH, oxygen tension, redox
potential), thereby enabling the growth of
obligate anaerobes in an overtly aerobic
habitat, and of pH-sensitive bacteria during
periods of low pH, and
¢ efficient nutrient and energy cycling via cross-
feeding and food webs.

Great metabolicdiversity exists within the plaque
microflora, ranging from organisms that can cata-
lyze the initial splitting of complex host polymers
into smaller units, to those such as sulphate-reducing
bacteria and methanogens that gain energy from
the utilization of simple end products of metabo-
lism (Fig. 5.16). The recent detection of these latter
groups of organism in plaque confirmed that this
biofilm acts as a true microbial community, since
it is capable of fully exploiting the total energetic

Complex host glycoproteins/proteins

Sulphatasesl Glycosidasesl lProteinases
Sulphate Sugars Large peptides
Glycolysisl lEndo-peptidases
Carboxylic acid Small peptides
fermentation _
products \ lExo-peptldases
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reducing Amino acids
bacteria Methanogenesis Deamination
il lDecarboxyIation
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59 Hy NH,

Fig. 5.16 lllustration of the concerted and sequential
breakdown of complex host substrates by communities of oral
bacteria with complementary enzyme activities.

potential of the available nutrients. In such a micro-
bial community, the metabolic efficiency of the
whole is greater than that of the sum of the indi-
vidual species since substrate utilization involves
both the concerted and sequential catabolism of
these complex molecules. Growth of such a com-
munity as a biofilm confers additional benefits
since cells are protected from the host defences,
antimicrobial agents and from other hostile fac-
tors; for example, a sensitive organism can be
rendered ‘resistant’ by neighbouring cells express-
ing inactivating or neutralizing enzymes such as
B-lactamase, IgA-protease or catalase. In addition,
the closely coupled physical and metabolic inter-
actions leave few niches unfilled thereby reduc-
ing the likelihood of colonization by exogenous
microbes, and contributing to the natural micro-
bial stability of the microflora of plaque (microbial
homeostasis; see next section).

SUMMARY

The overall benefits of a microbial community lifestyle to
the component species are:

¢ an extended habitat range,

e increased substrate diversity and metabolic efficiency,
and

¢ increased protection from host defences and
environmental stresses.
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For some groups of interacting consortia of organ-
isms, the community life-style also increases their
pathogenic potential (pathogenic synergism).
Groups of organisms are able to cause disease that
would be unable to do so in pure culture; examples
include most periodontal diseases (Ch. 6) as well as
abscesses (Ch. 7). In these polymicrobial infections,
organisms that are not involved directly in tissue
destruction can play vital roles in the disease process.
Some organisms can support those with a more obvi-
ous pathogenic role by, for example, providing pro-
tection from host defences (e.g. by the production of
IgA proteases), modifying the local environment (e.g.
consuming oxygen and lowering the redox poten-
tial), providing key nutrients (e.g. via food chains
or by contributing to the catabolism of complex
host molecules), and by inactivating inhibitors (e.g.
B-lactamase production to neutralize penicillins).

An overview of some of potential interactions
in a microbial community such as dental plaque is
shown in Fig. 5.17.

MICROBIAL HOMEOSTASIS IN
DENTAL PLAQUE

Despite 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
modestenvironmental stresses. These stressesinclude
diet, the regular challenge by exogenous species,
the use of dentifrices and mouthwashes containing
antimicrobial agents (Ch. 6), and changes in saliva
flow and hormone levels (Fig. 5.18). The ability to
maintain community stability in a variable environ-
ment has been termed microbial homeostasis. This
stability stems not from any metabolic indifference
among the components of the microflora but results
rather from a balance of dynamic microbial inter-
actions, including both synergism and antagonism.
When the environment is perturbed, self-regulatory
mechanisms (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 neutral-
ize such a change. There is a tendency for homeo-
stasis to be greater in microbial communities with a
higher species diversity.

Despite the microbial diversity of dental plaque,
homeostasis does breakdown on occasions. The
main causes for this are listed in Table 5.10, and can
be divided into either:

e deficiencies in the immune response, or
e other (non-immune) factors.

The host defences, together with the resident

microflora, serve to maintain microbial homeostasis

Coadhesion;
Cell density- spatial
dependent organization
signalling :
O Food webs/
O O concerted action
O O O Group protection
Gene transfer

R e gy

Adhesin-
receptor

Conditioning film

Enamel

Fig. 5.17 Schematic representation of the types of interaction that occur in a microbial community, such as dental plaque,

growing as a biofilm.
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Fig. 5.18 Factors involved in the maintenance of microbial homeostasis in the mouth.

Table 5.10 Factors responsible for the breakdown of
microbial homeostasis in dental plaque.

Immunological Non-immunological

factors factors
slgA-deficiency Xerostomia
Neutrophil dysfunction Antibiotics

Chemotherapy-induced
myelosuppression

Dietary carbohydrates/low pH

Increased GCF flow
Oral contraceptives

Infection-induced
myelosuppression (e.g.
AIDS)

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. Therefore, treatment
strategies, including the use of antibiotics, should
avoid irreversible damage to the resident oral micro-
flora so as to retain the beneficial properties of
dental plaque and the microflora of other oral sites.

The remainder of this book will be devoted to
describing the consequences of the breakdown of
microbial homeostasis in the mouth, and describe
the aetiology of the major oral diseases.

CHAPTER SUMMARY

Dental plaque is a microbial biofilm with a high
species diversity found on the tooth surface, embed-
ded in polymers of salivary and bacterial origin.

The development of dental plaque is an example
of autogenic succession whereby microbial fac-
tors influence the pattern of the development of
the microflora. The formation of dental plaque
can be divided arbitrarily into a number of distinct
stages. These include the adsorption of host and
bacterial molecules to form the acquired pellicle,
passive transport of bacteria to the pellicle-coated
tooth surface, a reversible phase involving van der
Waals attractive forces and electrostatic repulsion,
an irreversible phase involving specific intermo-
lecular interactions between bacterial adhesins and
host receptors, coadhesion of bacteria to already
attached organisms, matrix synthesis, and cell divi-
sion leading to confluent growth and biofilm forma-
tion. Some organisms in plaque produce signalling
molecules enabling cells to communicate with one
another and coordinate their activity. The proper-
ties of bacteria in a biofilm are different to those of
planktonically-grown cells. Gene expression can be
altered on a surface, while cells in biofilms are more
tolerant of antimicrobial agents.

The pioneer species that form the plaque bio-
film include members of the mitis-group of strep-
tococci, haemophili, and Neisseria species; many
of the streptococci produce an IgA protease. The
composition of the climax community of plaque
shows variations at different sites on the tooth sur-
face due to differences in their biological proper-
ties. The microbial community of fissures is less
diverse than that of approximal sites and the gin-
gival crevice. Obligate anaerobic bacteria form a
significant part of the microflora from these lat-
ter two sites, so special precautions are necessary
when sampling and processing plaque from these
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areas in order to maintain the viability of the resi-
dent microorganisms.

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 col-
onizing. This stability (termed microbial homeo-
stasis) is due, in part, to a dynamic balance of
microbial interactions, including synergism and
antagonism. Synergistic interactions include coad-
hesion, the development of food-chains, and met-
abolic cooperation when degrading complex host
and bacterial polymers. Antagonism can be due to

the production of bacteriocins, hydrogen peroxide,
organic acids and a low pH. The spatial heteroge-
neity of a biofilm such as plaque can lead to the
coexistence of species that would be incompatible
with one another in a homogeneous environment.
Dental plaque functions as a true microbial com-
munity; the interactions of the component species
results in a metabolic efficiency and diversity that
is greater than the sum of its constituent species.
Dental plaque must never be regarded as a con-
stant, static ecosystem: a consideration of the points
raised throughout this chapter serve to emphasize
its dynamic nature.
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RELATIONSHIP OF PLAQUE BACTERIA
TO DISEASE: GENERAL PRINCIPLES

Preventative and curative regimens for caries and peri-
odontal diseases would be more precise if the partic-
ular microorganism(s) causing the disease could be
identified. Historically, for any microbe to be consid-
ered responsible for a given condition, Koch'’s postu-
lates were applied:
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 laboratory
media for several subcultures.

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

An additional postulate has since been added:

4. A high antibody titre to the microbe should
be detected during infection; this may provide
protection on subsequent reinfection.

Despite extensive sampling of plaque in health and
disease, together with data from infection studies using
germ-free animals, no single microbe has been found
which completely satisfies Koch's postulates for plaque-
mediated diseases. The groups of organisms associated
with caries and periodontal diseases will be described
in later sections; however, these ‘pathogens’ can often
be detected at healthy sites, albeit in lower numbers.
Thus, alternative versions of Koch’s postulates have
been devised to explain the role of individual bacteria
from plaque in caries or periodontal diseases:

1. A microbe should be present in sufficient

numbers to initiate disease.

2. The microbe should generate high levels of
specific antibodies.

3. The microbe should produce relevant
virulence factors.

4. The microbe should cause disease in an
appropriate animal model.

5. Elimination of the microbe should result in
clinical improvement.

RELATIONSHIP OF PLAQUE BACTERIA
TO DISEASE: CONTEMPORARY
PERSPECTIVES

There have been two main schools of thought on the
role of plaque bacteria in the aetiology of caries and
periodontal diseases. The ‘Specific Plaque Hypothesis’
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proposed that only a few species out of the diverse col-
lection of organisms comprising the resident plaque
microflora, are actively involved in disease. This pro-
posal has been valuable because it focussed efforts on
controlling disease by targeting preventative measures
and treatment against a limited number of organisms.
On occasions, however, disease occurs in the apparent
absence of these putative pathogens, while these organ-
isms may be recovered from healthy sites. This led to
the ‘Non-Specific Plaque Hypothesis’ being proposed,
in which disease is considered to be the outcome of the
overall activity of the total plaque microflora. In this
way, a heterogeneous mixture of microorganisms could
play a role in disease. In some respects, the arguments
about the relative merits of these hypotheses may be
about semantics, since plaque-mediated diseases are
essentially mixed culture (polymicrobial) infections,
but in which only certain (perhaps specific!) species
are able to predominate. The arguments then centre
around the definitions of the terms specific and non-
specific. If not actually specific, then the diseases cer-
tainly show evidence of specificity.

Recently, an alternative hypothesis has been pro-
posed (the ‘Ecological Plaque Hypothesis’) that rec-
onciles the key elements of the earlier two hypotheses.
In brief, the ecological plaque hypothesis proposed that
the organisms associated with disease may also be pres-
ent at sound sites, but at levels too low to be clinically
relevant. Disease is a result of a shift in the balance of
the resident microflora due to a response to a change in
local environmental conditions (Fig. 6.1). For example,
repeated conditions of low pH in plaque following fre-
quent sugar intake favours the growth of acid-producing
and acid-tolerating species that cause caries, while the
inflammatory response to dental plaque accumulation
around the gums results in an increased flow in gingi-
val crevicular fluid that can provide a source of different
nutrients that favours the growth of the proteolytic and
obligately anaerobic bacteria that predominate in peri-
odontal disease. Importantly, therefore, prevention can
be achieved not only by the direct inhibition of the caus-
ative bacteria but also by the ‘removal’ or ‘neutralization’
of the forces that drive the selection of these organisms.
These theories will be discussed later in more detail.

RELATIONSHIP OF PLAQUE BACTERIA
TO DISEASE: IMPLICATIONS FOR
STUDY DESIGN

Two types of epidemiological survey have been
designed to determine the role of plaque bacteria in
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Fig. 6.1 Ecological shifts in the dental plague microflora in health and disease.
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Fig. 6.2 Distinction between cross-sectional and longitudinal
study designs to investigate the role of dental plaque bacteria
in caries or periodontal diseases.

human disease (Fig. 6.2). In cross-sectional surveys,
predetermined surfaces in a population are sampled
at a single time point, and the plaque microflora is
related to the caries or periodontal status of the site
at that time. However, with this type of study, it can-
not be determined for certain whether the species
that are isolated at the time when disease is diag-
nosed caused the decay or inflammation, or arose
because of it. Only ‘associations’ can be derived
from this study design, but they have the advantage
that large numbers of sites/people can be analysed,
and different patient groups, age groups, tooth sur-
faces, diets, intervention strategies, etc. can be com-
pared. Likewise, it cannot be determined whether
the site, at the time of sampling, was progressing,

arrested, or healing, and each phase may have a dif-
ferent microflora. In order to overcome these diffi-
culties, longitudinal studies have been designed in
which initially clinically healthy sites are sampled
at regular intervals over a set time period (Fig. 6.2).
Sites are selected on the basis of previous epidemio-
logical surveys from which it can be predicted that
a statistically relevant number of sites should suffer
disease within the time span of the study. The micro-
flora can then be compared: (a) before and after the
diagnosis of disease, and (b) between those sites that
became diseased and those that remained healthy
throughout the study, so that true cause-and-effect
relationships can be established. A consequence of
this approach is that, for practical reasons, resources
permit that only a limited number of individuals
can be followed for prolonged periods.
Superimposed on the challenges of study design
outlined above are those associated with the sam-
pling and microbiological analysis of plaque (Ch. 4).
The plaque microflora is diverse, and disease is not
due to colonization by exogenous (non-oral) species
(such events might be more easy to recognise), but to
changes in the relative proportions of members of the
resident microflora. Traditional culture techniques can
recover, at present, only about 50% of the microflora
(Ch. 3),and so therole of potentially significant organ-
isms could be under-estimated or missed using these
approaches. Furthermore, irrespective of the methods
used, there are wide inter-subject variations in the
composition of the plaque microflora (Ch. 5), so that
when data are averaged from numerous individuals,
clear associations between bacteria and disease can be
obscured. Similarly, the composition of dental plaque
can vary over relatively small distances. This can pose
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difficulties during longitudinal studies since, ideally,
the same location should be resampled on each occa-
sion. In addition, there is the possibility that regular
sampling could distort the subsequent re-establish-

Dental caries

ment of plaque. Despite these problems of study
design and methodology, much progress has been
made, and the major findings will now be discussed
in the following sections.

In industrialized societies, caries affects the vast
majority of individuals. Caries of enamel sur-
faces is particularly common up to the age of 20
years, whereas, in later life, root-surface caries
is an increasing problem due to gingival reces-
sion exposing the vulnerable cementum to micro-
bial colonization. Dental caries can be defined
as the localized destruction of the tissues of the
tooth by bacterial fermentation of dietary carbo-
hydrates. Cavities begin as small demineralized
areas below the surface of the enamel (Fig. 6.3);
once enamel has been affected, caries can prog-
ress through the dentine and into the pulp
(Fig. 6.4). Demineralization of the enamel is
caused by acids, particularly lactic acid, produced
from the microbial fermentation of dietary carbo-
hydrates. Lesion formation involves dissolution
of the enamel and the transport of the calcium
and phosphate ions away into the surrounding
environment. The initial stages of caries are revers-
ible and remineralization can occur, particularly in
the presence of fluoride.

EVIDENCE FOR CARIES AS AN
INFECTIOUS DISEASE

In his famous Chemico-Parasitic Theory, Miller
(1890) suggested that oral bacteria converted dietary
carbohydrates into acid which solubilized the cal-
cium 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, definitive proof for the causative role
of bacteria came only in the 1950s and 1960s follow-
ing experiments with germ-free animals. Pioneering
experiments showed that germ-free rats developed
caries when infected with bacteria described then as
enterococci. Evidence for the transmissibility of caries
came from studies on hamsters. Caries-inactive ani-
mals 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

Fig. 6.3 Sub-surface demineralization of enamel.
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Fig. 6.4 Photograph showing extensive cavitation of a tooth.

lesions in rodents, caused rampant decay when inoc-
ulated into the oral cavity of previously caries-inac-
tive hamsters, while animals treated with appropriate
antibiotics did not develop caries. The importance
of diet became apparent when the colonization and
production of caries by most streptococcal popula-
tions occurred only in the presence of sucrose.
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 these are the most cariogenic group of bacteria
found. Other bacteria, including members of the
mitis-, anginosus-, and salivarius-groups of strepto-
cocci, Enterococcus faecalis, Actinomyces naeslundii, A.
viscosus and lactobacilli, can also produce caries under
conducive conditions in some animals, although the
lesions are usually restricted to fissures. The ability of
mutans streptococci to cause dental caries has also been
confirmed during vaccination studies. Immunization
of rodents or primates fed a cariogenic (high sugar)
diet with whole cells or specific antigens of S. mutans
and S. sobrinus led to a reduction in the number of
these organisms in plaque and a decrease in the num-
ber of caries lesions when compared with control
animals. Subsequent experiments using defined
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mutants helped to confirm the importance of traits
such as the production of intracellular and extracel-
lular polysaccharides from sucrose to the cariogenic
potential of mutans streptococci (see later; Table 6.5).

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 in epi-
demiological surveys (see above). Patients on long-
term, broad-spectrum antibiotic therapy frequently
exhibit a reduced caries experience, while epide-
miological surveys of different human populations
have found a strong (but not exclusive) association
between mutans streptococci and caries.

Natural history of dental caries

Cavitation is the final stage of enamel caries (Fig. 6.4);
it is preceded by a clinically-detectable small lesion,
known as a ‘white spot’, and before that by sub-
surface demineralization, which can only be detected
by histological techniques (Fig. 6.3). Not all white-
spot lesions progress to cavitation; in some stud-
ies only about half of these early lesions penetrated
the dentine after 3-4 years. White spot lesions do not
just arrest, but can even remineralize, a process that is
enhanced by fluoride. Enamel caries often occurs in
teeth shortly after eruption (hence, its historical asso-
ciation with young people), and some teeth and sur-
faces 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
intermediate to those described above. With the reduc-
tion in the incidence of dental caries in the young,
it is predicted that caries risk for some surfaces will
now extend over the life-time of an individual. If con-
firmed, this trend would have important implications
for caries prevention strategies. Some individuals are
more caries prone than others, and this may be related
to their diet (e.g. frequency of sugar intake), lack of
optimum saliva flow (e.g. flow is severely reduced in
xerostomia patients), and low exposure to fluoride.

Microbiology of enamel caries

Buccal and lingual smooth surfaces are easy to
clean and generally suffer from decay only rarely.
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However, they are easy to study for experimental
purposes, both in terms of clinical diagnosis and
in plaque sampling. Higher proportions (10-100
fold) of mutans streptococci have been found on
white-spot lesions on smooth surfaces compared
with adjacent sound enamel. As stated earlier, such
an association does not prove a causal relationship
and the actual proportions of mutans streptococci
are often low. Suspensions of plaque from white-spot
lesions produce a lower pH minimum and a faster
rate of pH-fall than plaque from sound enamel.
Fissures on occlusal surfaces (Figs 2.2 and 5.10)
are the most caries-prone sites. Caries can develop
rapidly on these surfaces, and it is at these sites that
the strongest association between mutans strepto-
cocci and dental decay has been found. In one cross-
sectional study, 71% of carious fissures had viable
counts of mutans streptococci that were >10% of the
total cultivable plaque microflora, whereas 70% of
the fissures that were caries free at the time of sam-
pling had no detectable mutans streptococci. An
inverse relationship between mutans streptococci
and S. sanguinis is frequently observed. In a longi-
tudinal study of North American children, the pro-
portions of mutans streptococci, S. sanguinis and
lactobacilli were monitored before and at the time of
caries development in occlusal fissures. The subjects
were divided into several groups according to their
previous caries experience and to their caries activity
during the study. The proportions of mutans strepto-
cocci increased significantly at the time of diagnosis
of most lesions. However, mutans streptococci were
only a minor component of the plaque from five fis-
sures which became carious. Counts of lactobacilli

were significantly higher at these sites and, it was
concluded, that these were probably responsible for
lesion formation. A subsequent longitudinal study
confirmed these findings, and demonstrated an
even stronger relationship between mutans strepto-
cocci and caries initiation (Table 6.1), whereas lacto-
bacilli, when present, were strongly associated with
sites requiring restoration. Thus, there was a strong
correlation between mutans streptococci and fis-
sure decay, although lesions could also develop at
some sites in the apparent absence of this group
of bacteria. There were also surfaces where mutans
streptococci appeared to persist in moderately high
numbers without any evidence of detectable caries.
A major prospective study of young Swiss chil-
dren (7-8 years) specifically examined the question
as to whether colonization by mutans streptococci
was a risk factor for caries in fissures (and on smooth
surfaces). Both fissures and smooth surfaces of first
permanent premolars that suffered demineraliza-
tion without cavitation were heavily colonized with
mutans streptococci (104-105 colony forming units
[CFU]/ml of sample) around 12-18 months prior
to the clinical diagnosis of the lesion. The propor-
tions of mutans streptococci appeared to increase
markedly 6-9 months prior to lesion detection to
reach 11-18% and 10-12% of the total strepto-
coccal microflora of fissures and smooth surfaces,
respectively. This study demonstrated that coloni-
zation and an increase in proportions of mutans
streptococci preceded lesion formation by about
six months. As with other studies of caries, how-
ever, several sites had high counts of mutans strepto-
cocci (>20% of the total streptococcal count) but no

Table 6.1 Mean proportions of mutans streptococci (MS) and lactobacilli (L) on teeth in schoolchildren (7-8 years old) who
remained caries free or who developed a caries lesion during a longitudinal study
Time (months) before caries Mean bacterial proportions in fissure
diagnosis plaque
Caries sites Filled sites Caries free sites
MS L MS L MS L
0 29 8 _ _ 9 2
6 25 8 15 3 17 1
12 16 1 20 2 9 3
18 9 <1 16 1 11 1
Data taken from: Loesche W] et al, Infect Immun 1984 46: 765-772.

108



evidence of caries. Larger lesions (with cavitation)
were found only at a relatively few sites. In five out
of six carious fissures, the median count of mutans
streptococci rose from 102 to >104 CFU/ml sample
around 12 months prior to lesion detection; this
represented a final mean proportion of 18% of the
total streptococcal count. The remaining carious fis-
sure had no detectable mutans streptococci at any
time during the study, again illustrating that species
other than mutans streptococci can play a role in
lesion formation on occasions. An additional feature
of the design of this study was that some sites were
diagnosed with a lesion which subsequently remin-
eralized. Some of these sites had levels of mutans
streptococci greater than 20% of the streptococcal
microflora, and yet the lesion remineralized within
12 months. During this period, the levels of mutans
streptococci fell markedly between 6 and 9 months
prior to the diagnosis of the reversal. Overall, how-
ever, this study provided convincing data on the
important role of mutans streptococci in the initia-
tion of dental caries.

A challenge for studies of approximal surfaces
lies with the difficulty in accurately diagnosing early
lesions, and with the fact that plaque samples are
inevitably removed from the whole interproximal
area, including that overlying sound enamel as well as
carious enamel. The microflora can vary markedly at
different sites around the contact area between teeth,
irrespective of whether a lesion is developing, so that
specific associations can sometimes be obscured.
Early cross-sectional studies found a positive correla-
tion between elevated levels of mutans streptococci
and lesion development. Many of these studies,
however, were limited in scope, and only moni-
tored a few types of microorganism, and sometimes
only mutans streptococci. In order to combat this, a
limited number of longitudinal studies have been
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performed. A less clear cut association was found
in a survey of English schoolchildren, aged 11-15
years. Mutans streptococci could be found in high
numbers prior to demineralization at a number of
sites, but lesions also appeared to develop on occa-
sions in the apparent absence of this group of bac-
teria. Mutans streptococci were also present at other
sites in equally high numbers for the duration of
the study without any diagnosis of caries. There was
evidence that the isolation frequency and propor-
tions of mutans streptococci increased after, rather
than before, the first radiographic detection of some
lesions, especially in those that progressed deeper
into the enamel, suggesting that the composition of
the microflora might shift as the lesion progresses
through the tooth (microbial succession; Ch. 4).

Similar findings were found in a study of Dutch
army recruits, aged 18-20 years. Mutans strepto-
cocci were isolated from 40% and 86% of sites from
caries-free and caries-active recruits, respectively.
Marked differences in the distribution of individual
species were found; S. mutans (serotype c) strains
were isolated from both groups whereas S. sobrinus
(serotype d) was recovered almost exclusively from
caries-active recruits (Table 6.2). The prevalence of
the combined species of mutans streptococci also
showed a direct but not unique correlation with
the progression of a lesion into the dentine. Again,
relatively high proportions of mutans streptococci
persisted at some tooth surfaces without caries pro-
gression while on occasions caries could develop in
their apparent absence.

A major limitation of traditional culture
approaches is that around 50% of the oral micro-
flora cannot as yet be grown in the laboratory,
and so molecular methods have been developed
to characterize the complex communities in the
mouth (Chs 3 and 4). A more diverse microflora

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

Total number of tooth

The number of sites with mutans

surfaces streptococci at proportions of*:
0% 0-5% >5%
Caries progression 14 1t 3 10
No caries progression 41 21 17 3

*Number of tooth surfaces.

*The number of sites in which mutans streptococci were detected at a particular percentage of the total cultivable microflora.
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has been reported when these methods have been
applied to sites with caries, and novel taxa have been
described. One study confirmed the relationship of
S. sanguinis with sound enamel and S. mutans and
lactobacilli with caries lesions, but additionally
found Actinomyces gerencseriae and other Actinomyces
spp. to be implicated in caries initiation and
Bifidobacterium spp. with advanced lesions. Another
study used molecular approaches to investigate the
microbial diversity of plaque from teeth with lesions
at different stages of disease. They found 10% of sub-
jects with rampant caries in the secondary dentition
did not have detectable levels of S. mutans. In lesions
where mutans streptococci could not be detected,
there were high levels of lactobacilli, low pH toler-
ating non-mutans streptococci and Bifidobacterium
spp.. High levels of Actinomyces species and non-
mutans streptococci were found in early (white spot)
lesions, while mutans streptococci and lactobacilli,
together with Propionibacterium and Bifidobacterium
spp. dominated advanced (deep dentine) lesions.
The data supported the ecological plaque hypoth-
esis in that shifts in the bacterial composition of
plaque were seen between healthy sites and those
with lesions of increasing severity, and the organ-
isms associated with caries were all acid producing
species.

Rampant caries can occur in particular sub-
groups of people who are especially prone to decay,
such as xerostomic patients (who have a markedly
reduced salivary flow rate due to radiation treatment
for head and neck cancer), those with Sjogren's
syndrome, or as a side-effect of medication. These
patients also 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. sanguinis, Neisseria spp. and Gram nega-
tive anaerobes, decreased during this period.

‘Nursing-bottle’ caries is the extensive and
rapid decay of the maxillary anterior teeth associ-
ated 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 con-
tinuous provision of substrates from which they
can make acid. Such prolonged conditions of low
pH are conducive, and indeed selective, for mutans
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streptococci and lactobacilli, and proportions of
mutans streptococci in plaque can reach >50% of the
microflora. Other studies have reported elevated
levels of S. mutans, Actinomyces israelii, lactobacilli,
Veillonella spp. (presumably reflecting high concen-
trations of lactate; see Ch. 5), and C. albicans (which
also tolerates acidic conditions) in nursing caries
lesions.

Caries can re-occur beneath and around previ-
ous restorations (recurrent or secondary caries),
and treatment of this accounts for a large propor-
tion of the restorative needs of the adult population.
Secondary dentinal involvement is of particular
concern because it can be difficult to diagnose non-
invasively, and it poses the threat of pulpal inflam-
mation and infection (see later). Mutans streptococci
and lactobacilli have been isolated in high numbers
from recurrent caries while a more diverse micro-
flora has been isolated when dentine is affected (see
later).

Numerous studies have shown mutans strepto-
cocci to be important cariogenic bacteria; they gen-
erally appear in the mouth once teeth have erupted,
although mutans streptococci have been detected in
pre-dentate infants. The mother is the main source of
these bacteria; additional factors that correlate with
S. mutans colonization are sweetened drinks taken
by infants to bed, frequent exposure to sugar, snack-
ing, and sharing of foods with adults, whereas non-
colonization is associated with toothbrushing and
multiple courses of antibiotics. This information
can play an important part in developing appropri-
ate caries control strategies.

SUMMARY

Enamel caries is associated with a shift in the balance
of the microflora of dental plaque. The isolation
frequency and proportions of acid-producing and
acid-tolerating species, especially mutans streptococci
and lactobacilli, are higher at sites with caries. No
single species is uniquely associated with dental caries,
so that caries can occur on occasions in the apparent
absence of mutans streptococci, while these organisms
can sometimes persist at sites without evidence of
demineralization.

Microbiology of root surface caries

The reduction in enamel caries in industrialized
societies has resulted in large proportions of the



public retaining their teeth into later life. Gingival
recession occurs in old age exposing the susceptible
cementum surface of the root to microbial coloniza-
tion; root surfaces can also become exposed due to
mechanical injury or to periodontal surgery (e.g. fol-
lowing scaling and root planing). These cementum
surfaces are even more vulnerable than enamel to
demineralization by plaque acids. The prevalence of
root surface caries increases with age; 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 microorgan-
isms in root-surface caries came from early studies
with animals in which filamentous bacteria were
observed invading the root surfaces of hamsters
and causing caries. Human isolates of Actinomyces
naeslundii were then shown to cause root surface
caries in germ-free rats and hamsters, as were
pure cultures of mutans streptococci and strains
belonging to the mitis- and anginosus-groups of
streptococci.

Human studies

Early studies were designed around the findings
from the first animal experiments, and focused on
the role of Gram positive filamentous bacteria, espe-
cially Actinomyces spp., in root surface caries. Among
the organisms isolated from lesions were Rothia den-
tocariosa, Actinomyces naeslundii and A. odontolyticus;
in some studies, mutans streptococci were also asso-
ciated with root surface caries.

Subsequent studies have tended to confirm a
stronger association between mutans strepto-
cocci and lactobacilli with root surface caries. In
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a major longitudinal survey in Canada, although
no direct correlation between specific bacteria
and root caries was found, the presence of mutans
streptococci and lactobacilli on root surfaces was
predictive for the subsequent development of a
lesion. Other studies have attempted to subdivide
the lesions into initial (or ‘soft’) and advanced (or
‘hard’). Several groups reported higher propor-
tions (often around 30% of the total cultivable
microflora) of mutans streptococci at the initial
lesion (Table 6.3), sometimes in association with
lactobacilli. Lactobacilli have occasionally been
found at arrested (hard, black-coloured) lesions.
Following improvements to the classification of
Actinomyces spp., the predominant species isolated
from infected dentine of active root caries lesions
are A. israelii > A. gerencseriae > A. naeslundii >
A. odontolyticus > A. georgiae.

In situ devices have been worn by volunteers to
study the microflora of actively-progressing root
surface caries lesions. In one study, elderly sub-
jects (mean age: 70 years) carried root surface
specimens from human molars on their partial
dentures for 3 months. After this period, the pre-
dominant plaque microflora was determined and
the integrity of the experimental root surface was
measured by highly sensitive techniques (quanti-
tative microradiography). Although the composi-
tion of the microflora showed distinct individual
differences, plaque samples from surfaces show-
ing the highest loss of mineral were dominated
either by (a) A. naeslundii, or (b) a combination of
mutans streptococci and lactobacilli. Plaque from
root surfaces with less pronounced mineral loss
harboured a more complex microflora including
Actinomyces spp., mutans streptococci, S. mitis bio-
var 1, Veillonella spp., Gram negative rods, and low
numbers of lactobacilli.

from root surfaces, with and without caries

Table 6.3 Mean percentage viable counts (and percentage isolation frequencies in parentheses) of some plaque bacteria

Bacterium Sound root surface Root surface caries

Initial (soft) Advanced (hard)
Mutans streptococci 2 (84) 29(92) 8(92)
Streptococcus sanguinis 19 (96) 11(97) 22 (85)
Actinomyces naeslundii 12 (90) 11(85) 13 (96)
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The recent application of more sophisticated
approaches to sampling plaque has given new
insights into the relationship between the composi-
tion of the microflora and lesion development. One
study used a specially designed device to lift plaque
from discrete areas directly into reduced transport
fluid to preserve the viability of obligately anaero-
bic bacteria. The caries status of these precise sam-
pling sites was then assessed by a variety of sensitive
techniques including contact microradiography, and
light and electron microscopy. In this way, the sur-
face directly beneath the plaque that had been sam-
pled could be reliably classified as being a sound,
active or arrested carious root lesions. Regardless of
the degree of mineralization, the microflora from
these root surfaces was more diverse than had previ-
ously been reported, and resembled that associated
with gingivitis (see later). On all surfaces, Actinomyces
were the predominant group of bacteria, especially
A. naeslundii, A. odontolyticus and A. gerencseride.
Arrested lesions had significantly lower numbers of
bacteria than either sound surfaces or active lesions.
Gram negative species formed around 50% of the
microflora on sound and active carious surfaces, with
Prevotella spp. (particularly P. nigrescens) being highly
prevalent. Other Gram negative bacteria, includ-
ing Capnocytophaga spp., Campylobacter spp. and
Leptotrichia buccalis, were preferentially isolated from
plaque overlying active lesions. This may be because
a number of these species are sufficiently saccharo-
lytic to demineralize cementum and dentine, while
others are proteolytic, and could hydrolyze the den-
tine collagen matrix. These data suggest that (a) caries
initiation on root surfaces can have a polymicrobial
aetiology, and (b) bacterial succession occurs during
the development of root surface lesions.

Molecular and culture approaches have been used to
characterize the microbial community of carious den-
tine. The predominant bacteria recovered by anaer-
obic cultivation included a novel Propionibacterium
spp., Olsenella profusa and Lactobacillus rhamnosus.
Even more novel taxa were detected when DNA was
extracted directly from the lesions, amplified by
PCR, and bacterial identification was based on 16S
rRNA gene sequence analysis (Chs 3 and 4). Forty
four taxa were detected by the molecular approach
alone, of which 31 had never been described previ-
ously (although they were generally close relatives of
cultivable species). The predominant taxa identified
by the molecular methods included S. mutans, lacto-
bacilli and Rothia dentocariosa.
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SUMMARY

Root surface caries is common in older age groups when
the cementum becomes exposed and susceptible to
microbial colonization. While mutans streptococci and
lactobacilli are common at sites with root surface caries, the
microflora can be complex from deeper lesions. Infected
dentine has high proportions of Actinomyces spp., as well
as a diverse range of proteolytic and obligately anaerobic
species that may be involved in the degradation of dentine.

Bacterial invasion of dentine and
root canals

Dentine can be invaded:
(a) Dby direct progression of an enamel caries lesion;

(b) from caries of the root surface (see above);

() from a periodontal pocket via lateral or
accessory canals (Fig. 6.5),

(d) as aresult of fracture or trauma during
operative procedures, or

(e) asaresult of secondary or recurrent caries (see
above).

Scaling and root planing can predispose some root
surfaces to bacterial invasion by exposing dentine
tubules; in addition, bacteria may lodge in injured
pulp following a transient bacteraemia (anachoresis)
(Fig. 6.5).

The microbial community from the advancing
front of a dentinal lesion is diverse and contains
many facultatively- and obligately-anaerobic Gram
positive bacteria belonging to the genera Actinomyces,
Bifidobacterium, Eubacterium, Lactobacillus, Parvimonas
(formerly Peptostreptococcus), Propionibacterium and
Rothia. Streptococci are recovered less frequently,
but when mutans streptococci have been isolated
they can be one of the predominant members of
the community. Gram negative bacteria such as
Prevotella, Porphyromonas, and Fusobacterium spp. can
also be isolated but they are generally present only
in low numbers.

The microflora found in the dentine and pulp
of periodontally-diseased human teeth is also
diverse and may be derived predominantly from
the subgingival area. Numerous Gram positive
and Gram negative species have been identified;
some are more prevalent in the dentine (e.g. A.
odontolyticus, Bifidobacterium spp.), some predomi-
nate in the pulp (e.g. black-pigmented anaerobes),
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Fig. 6.5 Progression of infections affecting the tooth and its supporting structures.

while others are found equally at both sites (e.g.
A. naeslundii, Veillonella spp., F. nucleatum). Dentine
collagen is denatured and modified during the caries
process, and becomes more susceptible to break-
down by non-specific proteases, and this explains
the presence of both acidogenic and proteolytic
bacteria.

Bacteria in the dentine tubules obtain their nutri-
ents from dentinal fluid, which contains glycopro-
teins such as IgG, albumin and fibrinogen. When
streptococci come into contact with exposed type 1
collagen there is up-regulation of specific genes that
enhances cell adhesion and growth. For example,
S. gordonii increases expression of the adhesin, anti-
gen I/II, and long chains of streptococci develop
along collagen fibrils.

Once bacteria are in the pulp, inflammation
can occur which may result eventually in necro-
sis of the root canal. A further consequence is
that microorganisms can invade and destroy tis-
sue surrounding the apex of the root, produc-
ing a spreading or localized infection (Fig. 6.5).
Diverse mixed culture of bacteria are cultured,
including black-pigmented anaerobes (Prevotella
intermedia, Prevotella melaninogenica, Porphyromonas
endodontalis, P. gingivalis), and Prevotella denta-
lis, Campylobacter sputorum, Eubacterium spp. and
Parvimonas (formerly Peptostreptococcus) spp.. Some

of these species (P. endodontalis, P. dentalis) are
found almost exclusively in infected root canals and
abscesses of endodontal origin. Another study of
necrotic pulps found Propionibacterium, Eubacterium
and Fusobacterium spp. to be the predominant bac-
teria, with Bifidobacterium, Lactobacillus, Actinomyces
and Veillonella spp. as minor components. Certain
bacterial combinations are associated with endo-
dontic clinical symptoms, e.g. Parvimonas micra (for-
merly Peptostreptococcus micros), Porphyromonas and
Fusobacterium are linked with pain.

The treatment of infections of the root canal
(endodontics; Ch. 7) involves the removal of
infected and dead tissue both mechanically and by
irrigation, sometimes accompanied by treatment
with antimicrobial agents to reduce the micro-
bial community to a level where the cavity can be
restored effectively.

MICROBIOLOGICAL TESTS TO
PREDICT CARIES ACTIVITY

Microbiological tests have been used in an attempt
to predict sites or individuals at risk of caries. These
usually involve the estimation of the numbers
of mutans streptococci in either plaque or saliva
samples by plate counts in the laboratory, or by
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semi-quantitative, commercially-available, chair-side
tests. There is now the promise of rapid molecular
methods to detect cariogenic bacteria. Although a
strong positive correlation has been found between
levels of mutans streptococci and caries experience
on a group or population level, the association is
less clear cut for individuals. This is not surprising
given that caries is a multi-factorial disease (Fig.
1.1), and dlinical studies indicate that the relation-
ship between mutans streptococci and caries is not
absolute.

The best predictor of future caries is the current
caries status of the individual. In such cases, patients
with a high incidence of caries can be assumed to
have not only the relevant microflora but also the
appropriate risk factors (cariogenic diet, impaired
saliva flow, etc.) conducive to lesion formation. In
such patients, microbiological tests based on counts
of mutans streptococci can give a high positive pre-
dictive value, while in other subjects the positive
prediction is only around 40-50%. Generally, the
absence of mutans streptococci is a stronger indica-
tor of low caries risk than is the presence of these
bacteria for high risk.

The most valuable use of salivary microbiological
tests can be in young children (e.g. under the age of
four years), because this could identify infants at risk
of subsequent disease. Such tests can also be useful
in monitoring high-risk patients, such as those wear-
ing orthodontic bands, and also xerostomic patients.
The tests can also be used in a secondary role to mon-
itor patient compliance in terms of dietary control,
or in motivating patients by giving them tangible
evidence of events in their own mouth.

PATHOGENIC DETERMINANTS OF
CARIOGENIC BACTERIA

Determinants of cariogenicity are often linked to
sugar metabolism (Table 6.4). Mutants defective in
various aspects of sucrose metabolism have been
compared in terms of their relative cariogenicity
in animal models (Table 6.5). Strains of S. mutans
defective in insoluble glucan synthesis were unable
to colonize teeth as effectively as the parent strains,
and caused fewer smooth surface caries lesions in
an animal (rat) model. The synthesis of intracellular
storage compounds enables S. mutans to continue
making acid even in the absence of dietary carbo-
hydrates. Mutants defective in intracellular polysac-
charide (IPS) synthesis produced fewer caries lesions
than parent strains when inoculated in pure cultures
in gnotobioticrodents. Mutants of S. mutans defective
in either lactic dehydrogenase or fructosyltransferase
(Ch. 4) activity are also markedly less cariogenic in
rat caries models while, in contrast, fructanase was
shown not to be essential for virulence.
Distinctive characteristics of cariogenic bacteria are:
the ability to rapidly transport sugars when in
competition with other plaque bacteria,
the rapid conversion of such sugars to acid, and
the ability to maintain these activities and grow
even under extreme environmental conditions,
such as at a low pH.
Few oral bacteria are able to tolerate acidic conditions
for prolonged periods, but most strains of mutans
streptococci and lactobacilli are not only able to remain

Property Comment

Table 6.4 Characteristics of mutans streptococci that contribute to their cariogenicity

Sugar transport

High and low affinity transport systems operating over a wide range of conditions
to ensure substrate uptake, even under extreme environments, e.g. low pH.

Acid production

An efficient glycolytic pathway rapidly producing low terminal pH values in plaque.

Aciduricity

Cells have specific biochemical attributes enabling them to survive, metabolize and
grow at low pH values.

Extracellular polysaccharide (EPS)
production

EPS contributes to the plague matrix, consolidates attachment of cells, and
may localize acidic fermentation products.

Intracellular polysaccharide (IPS)
production

IPS utilization allows acid production to continue in the absence of dietary sugars.
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Table 6.5 The use of mutants of mutans streptococci to determine traits linked to cariogenicity

Trait Property of mutant Effect on cariogenicity*
glucosyltransferase** decreased colonization and plaque formation reduced

fructosyltransferase loss of extracellular fructan none

fructanase no breakdown of extracellular fructans none

IPS production no intracellular glycogen reduced

antigen 1/11 decreased ability to adhere none

enzyme Il (PTS) decreased sucrose transport none

lactic dehydrogenase no lactic acid production reduced

“aciduricity” *** reduced tolerance of low pH reduced

for a particular function, e.g. adherence.

***this mutant was not fully characterized.

*If a mutation did not lead to a reduction in caries, it does not necessarily mean that the trait is not important in cariogenicity. It may reflect
the fact that the particular trait is not essential for caries in an animal model; also, mutans streptococci often have more than one mechanism

**mutations in gtfB and gtfC, , but not in gtfD, led to a reduction in cariogenicity.

viable (survive) at a low pH, but are able to continue
to metabolize and multiply, i.e. they are acidogenic
(strongly acid producing) and aciduric (acid-loving).
Microbial survival in acidic environments depends
on the cell maintaining a favourable intracellular pH
despite sharp fluctuations in external pH (Ch. 4), and
S. mutans achieves this by a number of specific mech-
anisms (Table 4.8). Some strains of other species also
display an acid tolerant phenotype, including members
of the anginosus-, mitis- and salivarius-groups of strep-
tococci, while there can be variation in acid tolerance
even among strains of S. mutans.

The importance that the combination of acidoge-
nicity and acidurity confers on potentially cariogenic
bacteria was shown in the laboratory using mixed
culture competition studies. At a constant pH 7, S.
mutans and L. casei were non-competitive and were
only minor components (<1%) of a microbial com-
munity, even when exposed to daily pulses of ferment-
able sugar (glucose). When the pH was allowed to fall
after a glucose pulse, S. mutans and L. casei gradually
increased in proportions until they eventually dom-
inated (>50%) the mixed culture at the expense of
acid sensitive species associated with enamel health
(e.g. S. gordonii, N. subflava). As the proportions of the
acidogenic/aciduric populations rose, so the rate and
extent of the pH-fall increased. The final numbers of
S. mutans and L. casei was shown to be inversely pro-
portional to the environmental pH - i.e. their counts
became higher as the culture pH became lower.

RE-EVALUATION OF THE MICROBIAL
AETIOLOGY OF DENTAL CARIES

A consistent feature of most of the clinical stud-
ies already described has been the occasional but
consistent finding of carious sites from which no
mutans streptococci can be isolated. This suggests
that bacteria other than mutans streptococci can
make a contribution to demineralization. Bacteria
isolated from such plaque samples have been com-
pared in their ability to lower the pH of laboratory
media. While strains of S. mutans produced a final
pH in theregion of 3.95-4.10, a range of other strep-
tococci achieved terminal values of pH 4.05-4.50.
These strains are often numerically dominant, and
belong to the mitis-group (especially S. mitis, S. oralis
and S. gordonii), salivarius-group and anginosus-
group of streptococci. Similarly, when the rates of
acid production were compared, mutans strepto-
cocci were generally faster at low environmental pH
values, but other streptococci had greater rates at
pH 7.0 and pH 6.0. Such findings reinforce the
view that although mutans streptococci are clearly
key causative organisms in enamel caries, other bac-
teria can contribute to, and modulate, the strength
of the cariogenic challenge at a site. The converse
situation is also not uncommon, where mutans
streptococci are found in high numbers but in the
apparent absence of any demineralization of the
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underlying enamel. This may be due to the presence
of lactate-consuming species (e.g. Veillonella), or to
the production of alkali at low pH (e.g. ammonia
production by urease or arginine deiminase activi-
ties of bacteria such as S. salivarius and S. sanguinis,
respectively).

These findings allow a model to be constructed
to explain the changes in the ecology of dental
plaque that lead to the development of a caries
lesion. Cariogenic bacteria may be found naturally
in dental plaque, but at neutral pH, these organ-
isms are weakly competitive and are present only as
a small proportion of the total plaque community.
In this situation, with a conventional diet, the levels
of such potentially cariogenic bacteria are clinically
insignificant, and the processes of de- and remin-
eralization are in equilibrium. If the frequency of
fermentable carbohydrate intake increases, then
plaque spends more time below the critical pH for
enamel demineralization (approximately pH 5.5;
Fig. 2.3). The effect of this on the microbial ecol-
ogy of plaque is two-fold. Conditions of low pH
favour the proliferation of mutans streptococci and
lactobacilli, and tip the balance towards deminer-
alization. Greater numbers of mutans streptococci
and lactobacilli in plaque result in more acid being
produced at even faster rates, thereby enhancing
demineralization still further. Other bacteria could
also make acid under similar conditions, albeit at
a slower rate, but would contribute to the initial
stages of demineralization, or could cause lesions
in the absence of other (more overt) cariogenic spe-
cies in a susceptible host. If aciduric species were

Fermentable Neutral
sugar pH
Environmental
change
) Low
Acid oH

not present initially, then the repeated conditions
of low pH coupled with the inhibition of com-
peting organisms might increase the likelihood of
colonization by mutans streptococci or lactobacilli.
This sequence of events would account for the lack
of total specificity in the microbial aetiology of car-
ies and explain the pattern of bacterial succession
observed in many clinical studies. This model forms
the basis of the ‘ecological plaque hypothesis’
(Fig. 6.6). In this hypothesis, caries is a consequence
of changes in the natural balance of the resident
plaque microflora brought about by an alteration
in local environmental conditions (e.g. repeated
conditions of high sugar and low plaque pH). The
hypothesis also acknowledges the dynamic rela-
tionship that exists between the microflora and the
host, so that the impact of alterations in key host
factors (such as saliva flow) on plaque composition
is taken into account. This is of great significance for
caries prevention since implicit in the hypothesis is
the concept that disease can be controlled not only
by targeting directly the putative pathogens (e.g. by
inhibition of mutans streptococci by antimicrobial
agents) but also by interfering with the factors that
are driving the deleterious shifts in the balance of
the microflora (e.g. lowering the acid challenge by
reducing the frequency of sugar intake, or by pro-
moting the use of snacks containing sugar substi-
tutes). These, and other caries preventive strategies,
will be discussed in a later section.

The ecological plaque hypothesis also defines
aetiological agents in a different way. Rather than
just focussing on the role of particular named

S. oralis

S. sanguinis Remineralization

Ecological
shift

MS

Lactobacilli Demineralization

Fig. 6.6 A schematic representation of the ecological plaque hypothesis in relation to the aetiology of dental caries. Frequent
metabolism of fermentable sugars in dental plaque produces regular and prolonged conditions of low pH; this environmental
change in plaque favours the growth of acid-tolerating bacteria (such as mutans streptococci, MS, and lactobacilli) at the
expense of species associated with sound enamel. Such a change in the microflora predisposes a surface to demineralization.
Disease could be prevented by not only targeting the putative pathogens, but also by interfering with the factors driving their
selection.
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organisms in disease, the ecological plaque
hypothesis attempts to define the involvement of
microbes on the basis of their properties or func-
tions. Thus, cariogenic bacteria are acidogenic and
aciduric; such properties will not be unique to a
single species in the same way that toxin produc-
tion can be specific to a medical pathogen such as
Clostridium tetani (the aetiological agent of teta-
nus), and could vary among strains of a particular
species. Indeed, there will be a spectrum of patho-
genic potential among many species of plaque bac-
teria and even among strains within a species. In
general, however, the organisms that are optimally
equipped biochemically to be acidogenic and aci-
duric belong to the mutans streptococci (these
strains also produce glucans that contribute to the
plaque matrix, and they store fermentable intracel-
lular polysaccharides (IPS) produced from sucrose)
and lactobacilli, and these organisms are consis-
tently isolated in elevated numbers from caries
lesions, but other strains of bacteria will contribute
to a degree that is proportional to their acidogenic/
aciduric phenotype.
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Periodontal diseases

The term ‘periodontal diseases’ embraces a number
of conditions in which the supporting tissues of the
teeth are attacked. Periodontal diseases are common
in developed countries, and are a leading cause of
tooth loss (Ch. 1). In periodontal diseases, the junc-
tional epithelium at the base of the gingival crevice
migrates down the root of the tooth to form a peri-
odontal pocket (Fig. 6.5). This is partly as a result of
direct action by the microorganisms themselves, but
mainly as a result of the indirect, but potentially dam-
aging, side-effects of a de-regulated inflammatory
response mounted by the host in response to plaque
accumulation.
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ECOLOGY OF THE PERIODONTAL
POCKET: IMPLICATIONS FOR PLAQUE
SAMPLING

As discussed in Chapters 2, 4 and 5, the ecology of
the gingival crevice is different to that of other sites
in the mouth; it is more anaerobic and the site is
bathed in gingival crevicular fluid (GCF). In dis-
ease, the crevice becomes a pocket, and the Eh (oxi-
dation-reduction potential; Ch. 2) falls to low levels
(i.e. it is highly anaerobic), while the flow of GCF
is increased by 147% in gingivitis and by up to 30
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fold in periodontitis. While GCF delivers humoral
and cellular defence factors to combat the micro-
bial insult, it also provides a number of proteins
and glycoproteins that serve as novel substrates for
bacterial metabolism, e.g. iron and haeme-con-
taining molecules such as transferrin and haemo-
globin. Unlike dental caries, many of the bacteria
associated with periodontal diseases are asaccha-
rolytic (i.e. cannot metabolize carbohydrates for
energy) but are proteolytic. A consequence of pro-
teolysis is that the pH in the pocket during disease
becomes slightly alkaline (pH 7.4-7.8) compared
to near neutral values in health (ca. pH 6.9). The
growth and enzyme activity of periodontal patho-
gens such as Porphyromonas gingivalis is enhanced
by alkaline growth conditions. Likewise, the tem-
perature of the periodontal pocket can increase
slightly during inflammation. These changes in
environment affect gene expression and alter the
competitiveness of periodontal pathogens such
as P gingivalis, thereby changing the natural bal-
ance (homeostasis) of the subgingival microflora
to favour the growth of proteolytic, and often Gram
negative, anaerobes (Fig. 6.1).

The flow of GCF can remove microorganisms
not attached firmly to a surface. The cementum
surface of the tooth is colonized by Gram positive
bacteria belonging to the genera Streptococcus and
Actinomyces. Many putative periodontal pathogens
(Prevotella, Porphyromonas, Fusobacterium spp.) can
attach to this layer of cells by coaggregation/coadhe-
sion (Ch. 5). Likewise, black-pigmented anaerobes
and Parvimonas micra (formerly Peptostreptococcus
micros) may persist in the pocket due to their abil-
ity to adhere to crevicular epithelial cells. Indeed,
their attachment to these cells is markedly enhanced
when the epithelium has been treated with proteases
of bacterial or host origin.

When attempting to determine the microflora of
a periodontal pocket, care has to be taken to pre-
serve the viability of the obligately anaerobic spe-
cies during the sample taking, dispersing, diluting
and cultivation of the sample (Ch. 4). Ideally, the
sample should be taken from the base of the pocket,
near the advancing front of the lesion in order to
avoid removing organisms that are not associated
with tissue destruction, and which might obscure
any association between specific bacteria and
disease activity. Also, it is often difficult to diagnose
periodontal diseases accurately, so not all studies
are comparing identical pathological conditions.
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Furthermore, it is not clear whether chronic perio-
dontitis progresses at (a) a continuous slow rate, or
(b) by distinct periods of disease activity over rela-
tively short periods of time, followed by phases of
quiescence or even repair. This would have impli-
cations for sampling strategies, since it would be
necessary to remove plaque only during periods of
disease activity. The use of rigorous plaque recovery
approaches, together with the application of molec-
ular techniques has led to the discovery of organ-
isms never before described.

EVIDENCE FOR MICROBIAL
INVOLVEMENT IN PERIODONTAL
DISEASES

Germ-free animal studies

Germ-free animals rarely suffer from periodon-
tal disease, although, on occasions, food can be
impacted in the gingival crevice producing inflam-
mation. Inflammation is much more common and
severe when specific bacteria, particularly some of
those isolated from human periodontal pockets,
are used in pure culture to infect these animals.
These bacteria include streptococci and Actinomyces
spp. but are more commonly Gram negative, for
example, Aggregatibacter (formerly Actinobacillus),
Prevotella, Porphyromonas, Capnocytophaga, Eikenella,
Fusobacterium and Selenomonas spp.. Furthermore,
periodontal diseases are arrested when an antibiotic
active against the particular microbe is administered
to the infected animal.

Human studies

Classical experiments have demonstrated that the
accumulation of plaque around the gingival mar-
gin reproducibly induces an inflammatory response
in the tissues in 10-20 days. Removal of plaque
results in resolution of the inflammatory response.
Similarly, plaque control and antibiotic treatment
studies have confirmed the role of microorganisms
in human disease. These latter types of studies, how-
ever, can give no information as to whether dis-
ease results from the activity of (a) a single, or only
a limited number of species (the ‘specific plaque
hypothesis’); or (b) any combination of a wider
range of plaque bacteria (the ‘non-specific plaque
hypothesis’) (see earlier).



In order to test these hypotheses, a large number
of cross-sectional epidemiological studies have been
performed on patients with particular forms of peri-
odontal disease (Fig. 6.2). As with dental caries, a
disadvantage of this type of study is that true ‘cause-
and-effect’ relationships can never be determined.
Microorganisms that appear to predominate at dis-
eased sites might be present as a result of the dis-
ease, rather than having actually initiated it. With the
exception of gingivitis, longitudinal studies (which
do not suffer from this drawback) are not usually
possible because of the lengthy natural history of
most forms of periodontal disease and the difficulties
in predicting subjects and sites likely to be affected.
Recently, as with dental caries, the ‘ecological plaque
hypothesis’ has been applied to explain the aetiol-
ogy of periodontal disease. This hypothesis proposes
that changes in local environmental conditions in
the subgingival region (e.g. the increased flow of GCF
that occurs during inflammation, and the resultant
increases in pH and temperature) favour the growth
of the proteolytic and obligately anaerobic species
(many of which are Gram negative) at the expense
of those bacteria seen in health. This results in a shift
in the overall balance of the subgingival microflora,
thereby predisposing a site to disease; this hypothesis
will be described in relation to periodontal diseases
in more detail later in this Chapter.

MICROBIOLOGY OF PERIODONTAL
DISEASES

The classification of periodontal diseases has
changed to reflect increased knowledge of the natu-
ral history of these diseases; in the new classification

High microbial
containing plaque

/
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gingivae

N

Susceptible
host site

Fig. 6.7 Schematic diagram of the aetiology of chronic gingivitis.

Penetration of gingival tissue
by extracellular microbial products

Removal of plaque
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scheme, there is less emphasis on the rate of dis-
ease progression or on the age of the patient. The
main types of periodontal disease are: (a) gingival
diseases, (b) chronic periodontitis, (c) necrotizing
forms of periodontal diseases, and (d) aggressive
periodontitis. Chronic and aggressive periodontitis
can be localized or generalized, and there can be
modifiers of chronic periodontitis such as diabetes,
smoking, certain medications and HIV infection.
Periodontitis can also occur as a manifestation of
systemic diseases, for example, as a result of hae-
matological disorders (e.g. neutropaenia and leu-
kaemia) or genetic disorders, many of which affect
neutrophil function (e.g. Papillon-Lefevre syn-
drome, Chediak-Higashi syndrome). There are
other rare forms of periodontal diseases that will
not be covered in this Chapter that are due to devel-
opmental and acquired deformities and conditions,
or to endodontic lesions.

In periodontal diseases, there is a shift in the bal-
ance of the normal subgingival microflora (Fig. 6.1).
The healthy gingival crevice has substantial propor-
tions of Gram positive, facultatively anaerobic bac-
teria such as Streptococcus and Actinomyces species
together with some obligately anaerobic bacteria
(Table 5.7). The most commonly isolated black-
pigmented anaerobe in the healthy gingival crevice
is Prevotella melaninogenica although P. nigrescens has
also been recovered on occasions; Porphyromonas gin-
givalis is rarely isolated from healthy sites. Molecular
studies using culture-independent approaches (e.g.
16S tRNA amplification; FISH) have shown that
the subgingival microflora is extremely diverse,
even in health. A number of spirochaetes can be
detected, including Treponema vincentii, T. denticola,
T. maltophilum and T. lecithinolyticum, as well as

Inflammation (chronic
marginal gingivitis)
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members of the Selenomonas, Prevotella, Capnocyto-
phaga and Campylobacter genera. Around 40% of
amplified clones represented novel phylotypes.
Human oral TM7 bacteria, of which there are no cul-
turable examples, were detected frequently in sam-
ples, and made up around 1% of the total bacteria in
healthy subgingival sites (Figs 3.3 and 5.12).

Gingivitis

Chronic marginal gingivitis is a non-specific, revers-
ible inflammatory response to dental plaque involv-
ing the gingival margins. If good oral hygiene is
restored, gingivitis is usually eradicated and the tissues
becomes clinically normal again (Fig. 6.7). Estimates
of the incidence of gingivitis are difficult to deter-
mine but probably the whole dentate population is
affected by this condition at some stage. Generally,
gingivitis is regarded as resulting from a non-specific
proliferation of the normal gingival crevice micro-
flora due to poor oral hygiene. Gingival diseases
can also be modified by systemic factors. The clini-
cal signs are exaggerated and the gingivae are more
oedematous and inflamed in individuals undergoing
hormonal disturbances (e.g. during puberty or preg-
nancy). Certain drug therapies (e.g. immunosuppres-
sive drugs) can also result in gingivitis.

The observation in the 1960s that gingivitis
develops in a predictable and reproducible manner
in volunteers who refrain from oral hygiene per-
mitted the design of longitudinal studies (Fig. 6.2)
to determine the bacteriological events that lead
to disease. The microflora associated with gingivi-
tis is more diverse and differs in overall composi-
tion from that found in health. There is an increase
(10-20 fold) in plaque mass, and there is a shift
from the streptococci-dominated plaque of gin-
gival health (Ch. 5) to one in which Actinomyces
spp., capnophilic (especially Capnocytophaga spp.)
and obligately anaerobic Gram negative bacteria
predominate.

The potential diversity of the subgingival micro-
flora, and the difficulties associated with data analysis,
can be gauged from the results of two comprehen-
sive microbiological culture studies. Around 160 dif-
ferent bacterial groups (taxa) were cultivated from
four young adults participating in an experimen-
tal gingivitis study, while more than 100 non-spiro-
chaetal taxa were isolated from 21 children and adults
with naturally-occurring gingivitis. In the former
study, of the 166 taxa isolated, 73 showed a positive
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correlation with gingivitis, 29 were negatively corre-
lated while the remainder either showed no correla-
tion or were regarded as being present as a result of
gingivitis. This last conclusion emphasizes the value
of longitudinal studies. Despite the variability in the
composition of the microflora between subjects, cer-
tain trends emerged from these studies. The micro-
flora became more diverse with time as gingivitis
developed although none of the taxa from either study
were uniquely associated with gingivitis. However,
some organisms that were found only rarely in health
were found more commonly in gingivitis.

Not all sites with gingivitis progress to more seri-
ous forms of periodontal disease, but it is accepted
that gingivitis must precede periodontitis. Certainly,
some species that predominate in periodontitis, but
which are not detectable in the healthy gingiva, have
been found as a small percentage of the microflora
in gingivitis. This suggests that environmental con-
ditions which develop during gingivitis (e.g. bleed-
ing, increased flow of GCF) may favour the growth
of species implicated in periodontitis.

Chronic periodontitis

This is the most common form of advanced peri-
odontal disease affecting the general population,
and is a major cause of tooth loss after the age of 25
years. In the USA, about one third of adults suffer
from the disease at some time during their life. It dif-
fers from chronic gingivitis in that in addition to the
gingivae being involved, there is loss of attachment
between the root surface, the gingivae and the alveo-
lar bone, and bone loss itself may occur (Fig. 6.8),
giving an increased depth on probing (Fig. 6.9), and

Fig. 6.8 Radiograph of chronic periodontitis showing
extensive bone loss.



Fig. 6.9 Use of a periodontal probe to determine the depth
of a pocket: (A) the probe in situ; (B) the probe removed
and overlain on the tissues to show the extent of the loss of
attachment.

bleeding. In contrast to gingivitis, these pathological
changes are irreversible. Under the current classifi-
cation scheme, periodontitis can be either localized
(i-e. only certain sites are affected), or generalized.
Factors that enhance plaque retention or impede
plaque removal, such as subgingival calculus, over-
hanging restorations or crowded teeth, can predis-
pose towards chronic periodontitis.

Early studies of plaque associated with chronic
periodontitis relied on microscopically-observed,
qualitative morphological descriptions of the
microorganisms present. Dark-field microscopy
showed that many of the bacteria in plaque from
patients with deep pockets were motile (probably
Campylobacter rectus and Selenomonas sputigena)
and spiral-shaped (e.g. Treponema spp.). Attempts
have been made to use the presence of these mor-
photypes as the basis of a cheap and rapid test for
use in the clinic to monitor the status of a pocket
or effectiveness of treatment. Difficulties have
arisen because many putative pathogens cannot
be recognised on the basis of their cell morphology
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Table 6.6 Some of the predominant bacteria that
have been commonly cultured from sites with chronic
periodontitis in adults

Gram positive Gram negative

Eubacterium brachy Tannerella forsythia

Eubacterium nodatum Fusobacterium nucleatum

Mogibacterium timidium Porphyromonas gingivalis

Parvimonas micra Prevotella intermedia

Peptostreptococcus stomatis | Prevotella loescheii

Parvimonas micra Dialister pneumosintes

Campylobacter rectus

Treponema spp.

alone. Immunological and oligonucleotide
probes specific for targeted pathogens can now be
used to detect selected bacteria directly in plaque
samples without the need for lengthy cultural
procedures; other molecular approaches have
been used to detect currently ‘unculturable’ taxa
(Chs 3 and 4).

Numerous  cross-sectional = microbiological
culture studies have been performed on differ-
ent patient groups with pockets of varying depths
from numerous geographical regions. All studies
agree that the cultivable microflora is diverse and
is composed of large numbers of obligately anaer-
obic Gram negative rod and filament-shaped bac-
teria, many of which are asaccharolytic (unable to
gain energy from the catabolism of carbohydrates)
but proteolytic. These bacteria are often difficult to
recover and identify in the laboratory and there is
often conflicting evidence as to which organisms
are the primary pathogens. Some of the bacteria
that have been implicated from cultural studies are
listed in Table 6.6.

Studies have implicated certain clusters or com-
plexes of bacteria with disease. In a series of stud-
ies, over 13000 subgingival plaque samples from
nearly 200 subjects were screened for the presence
of 40 preselected target bacterial species using a
molecular approach (a DNA-DNA checkerboard
hybridization technique). Five clusters were identi-
fied (Fig. 6.10); the ‘red complex’ was found most
frequently in deeper periodontal pockets, and con-
sisted of Tannerella forsythia, Porphyromonas gingivalis
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V. parvula
A. odontolyticus

S. oralis
S. mitis
E. corrodens

C. gracillis

Streptococcus spp. S. constellatus
S. gordonii

S. intermedius

E. corrodens
C. gingivalis
C. sputigena
C. ochraceae
C. concisus

A. a serotype a

P. intermedia
P. nigrescens
P. micros

F. nucleatum

P. gingivalis
T. forsythia
T. denticola

E. nodatum

Aggregatibacterium (Actinobacillus)
actinomycetemcomitans b.

Fig. 6.10 The grouping of bacteria into complexes to reflect their relationship with the host in health and periodontal disease.
The ‘red complex’ is found most frequently in deep periodontal pockets, and their presence was usually preceded by members
of the ‘orange complex’. Members of the ‘yellow’, ‘green’ and ‘purple’ complexes were generally associated with healthy sites.

and Treponema denticola, and their presence was often
preceded by members of the orange complex, which
was also often found in deeper pockets, but was
more diverse in membership. In contrast, species
of the yellow, green and purple complexes, together
with A. naeslundii, were considered to be "host com-
patible’, and were generally associated with healthy
sites. Aggregatibacter (formerly Actinobacillus) actin-
omycetemcomitans serotype b did not fall within a
complex, and is associated more with aggressive
periodontitis (see later). Thus, chronic periodon-
titis appears to result from the activity of mixtures
of interacting bacteria, and therefore has a polymi-
crobial aetiology. There is a progressive change in
the composition of the microflora from health and
gingivitis to periodontitis. This change involves not
only the emergence of apparently previously unde-
tected species, but also modifications to the num-
bers, or proportions, of a variety of species already
present.

Two theories have been proposed to explain
the emergence of previously undetected species. It
may be due to the selective growth (enrichment)
of a microorganism that is present in health in
only very low numbers, due to a change in the
environment during disease. Alternatively, it might
be due to the exogenous acquisition of periodon-
tal pathogens from other diseased sites or sub-
jects. The recent application of sensitive molecular
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approaches has identified low levels of many of
the putative pathogens at healthy sites, while evi-
dence of transmission of organisms such as P.
gingivalis and A. actinomycetemcomitans between
spouses has been obtained. However, in either sit-
uation, a major change to the ecology of the habi-
tat has to occur in order to enable low levels of an
organism to outcompete the existing members of
the resident microflora and reach clinically signifi-
cant proportions within the subgingival biofilm.
The most likely environmental changes capable
of causing such a shift in the microflora are asso-
ciated with the host inflammatory response (Fig.
6.11). The increased flow of gingival crevicular
fluid (GCF) not only introduces components of
the host defences but also a range of novel nutri-
ents that selects for the growth of asaccharolytic,
anaerobic bacteria. This proteolytic metabolism
leads to a rise in local pH, which also favours the
growth of many of the bacteria that predominate
in periodontitis (Fig. 2.4).

The application of molecular methods to char-
acterize the subgingival microflora of sites with
chronic periodontitis has further emphasized the
diversity of bacteria found in these sites (Table
6.7). A large proportion of clones identified by
16S rRNA gene sequencing belong to novel phylo-
types, some of which have no cultivable represen-
tatives. Some studies have detected unculturable
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Fig. 6.11 Schematic representation of factors driving shifts

in the balance of the microflora in health and periodontal
diseases. The microflora of dental plaque is distinct in

health and disease. Potential pathogens (shown in red)

may be present in low numbers in plaque at healthy sites

or transmitted in low numbers from other sites. A major
ecological pressure is necessary for such pathogens to
outcomplete other members of the resident microflora (green)
and achieve the numerical dominance needed for disease to
occur.

examples of Treponema spp. (Fig. 6.12) or members
of the Obsidian Pool, OB11, and TM7 phylotypes
(Fig. 3.3). Within the TM7 group, the oral clone
1025 was detected in only 1/18 samples from
healthy sites but was found in 38/58 samples from
periodontally-diseased sites. Other strains that
have been recovered almost exclusively from dis-
eased sites include Treponema socranskii, Filifactor
alocis, Dialister pneumosintes, Porphyromonas gingi-
valis and Porphyromonas endodontalis (Table 6.7).
These types of culture-independent studies are
changing our views on the role of bacteria in dis-
ease. Such studies have confirmed that complex
consortia can be isolated from sites with advanced
disease, and that poorly classified organisms that
are currently difficult or impossible to grow in the
laboratory can predominate in deep pockets. It has
yet to be determined whether these organisms are
playing an active role in disease or are there as a
consequence of tissue destruction. In the future it
may be possible to screen for the presence of these
disease-associated complexes using probes in DNA
microarray or DNA-DNA checkerboard hybridiza-
tion formats. Such studies may enable a clearer
association of certain consortia with disease to be
discerned, and facilitate improved diagnosis and
treatment monitoring.
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SUMMARY

Gingivitis is a reversible condition associated with an increase
in plague mass. There is little evidence to implicate specific
bacteria with the onset of inflammation, although the
complexity of the microflora increases, and there is a shift
away from a Gram positive-dominated community to one
with larger numbers of Gram negative obligate anaerobes.
Some sites progress to chronic periodontitis in which the
gingival crevice deepens to become a periodontal pocket,
and there is loss of attachment and bone loss; tissue
destruction is irreversible. The microflora becomes even
more diverse; culture-based studies have confirmed the

shift to a Gram negative, obligately anaerobic microflora,
with complexes containing mixtures of species such as
Porphyromonas gingivalis, Tannerella forsythia and a range
of spirochaetes being commonly isolated from deep pockets.
Culture-independent approaches have detected a large
number of novel phylotypes, including taxa that cannot yet
be cultivated (‘unculturables’).

Necrotizing periodontal diseases

Both necrotizing ulcerative gingivitis and necro-
tizing ulcerative periodontitis are included in this
category. It is not clear whether these are separate
diseases or are part of a single disease process.
Both conditions can be manifestations of underly-
ing systemic problems such as HIV infection, and
they can be linked to emotional stress and tobacco
smoking.

Necrotizing ulcerative gingivitis (NUG), also
described as Vincent's disease, trench mouth, oracute
necrotizing gingivitis, is a severe form of necrotizing
inflammation of the interdental papillae, accompa-
nied by spontaneous gingival bleeding and intense
pain. It is characterized clinically by the formation
of a grey pseudomembrane on the gingivae which
easily sloughs off revealing a bleeding area beneath
it. NUG can often be diagnosed by the characteristic
halitosis (bad breath) it produces. NUG is a true
infection and, unlike chronic gingivitis, microor-
ganisms can be seen invading the host gingival tis-
sues. In smears of the affected tissues the invading
microbes resemble spirochaetes and fusiform bac-
teria (fuso-spirochaetal complex; Fig. 6.13). Early
electron microscopic investigations showed that
the invading microorganisms consisted primar-
ily of large and intermediate-sized spirochaetes
which were present in the lesions in high num-
bers and in advance of other microorganisms.
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Table 6.7 Bacteria detected directly in subgingival plaque
by 16S rRNA sequencing, and implicated in chronic and
necrotizing periodontal diseases

Named species Novel phylotype

Fusobacterium animalis TM7 (clone 1025)

Atopobium parvulum Deferribacteres clones

Atopobium rimae Selenomonas clone

Cantonella morbi Desulfobulbus clone

Dialister pneumosintes Megasphaera clone

Treponema socranskii Treponema clones

Eubacterium saphenum Eubacterium clone

Eubacterium nodatum

Slackia exigua

Abiotrophia adiacens

Filifactor alocis

Gemella haemolysans

Streptococcus constellatus

Campylobacter gracilis

Campylobacter rectus

Haemophilus parainfluenzae

Tannerella forsythia

Porphyromonas gingivalis

Porphyromonas endodontalis

A heterogeneous collection of microorganisms
has been isolated from ulcerated sites. Various spi-
rochaetes (Treponema spp.) were found in high
numbers (approximately 40% of the total cell
count), but in view of the fuso-spirochaetal pattern
characteristically observed by microscopy, the
most unusual finding was the relatively low num-
bers of Fusobacterium spp. and the high propor-
tions of Prevotella intermedia, which averaged 3 and
24% of the total cultivable microflora, respectively.
More recent studies have used culture independent
approaches (16S rRNA gene sequencing; FISH),
and these have confirmed the predominance of a
diverse range of Treponema species in lesions, many
of which cannot be cultivated, but showed that the
‘fusiform’ bacteria could belong to a broader range
of genera including Leptotrichia, Capnocytophaga
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Fig. 6.12 Unculturable Treponema species detected in
subgingival plaque by fluorescent in situ hybridization (FISH).
Red: Treponema spp; green: other bacteria. Courtesy of

Dr Annette Moter and produced with permission. (see text on
Fig 3.3A).

and Tannerella in addition to Fusobacterium spp..
Clones from other non-culturable phylotypes
were also detected, e.g. Deferribacteres. One study
also detected increased levels of Porphyromonas
gingivalis, Selenomonas sputigena and Actinomyces
gerencseriae in NUG. Metronidazole is effective in
eliminating the fuso-spirochaetal complex from
infected sites and this is associated with rapid clini-
cal improvement.

Necrotizing ulcerative periodontitis is a pain-
ful condition that affects a small proportion of
HIV-positive subjects. Molecular (culture-indepen-
dent) approaches detected a wide range of bacteria
including Bulleida extructa, Dialister, Fusobacterium,
Selenomonas, Veillonella, members of the TM7 phy-
lum, and anaerobic streptococci, while surprisingly
some of the more common organisms isolated from
periodontal diseases in HIV-negative patients (e.g.
P. gingivalis) were not recovered.

Aggressive periodontitis

Previously, patients that were diagnosed as hav-
ing ‘Localized Juvenile Periodontitis’ (LJP),
‘Generalized Juvenile Periodontitis’ or ‘Early Onset
Periodontitis’ are now described as suffering from
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Fig. 6.13 Electron micrograph of a sample from necrotizing ulcerative gingivitis (NUG) showing spirochaetes.

aggressive periodontitis (the age-related terminol-
ogies have been discarded) which can either be
localized or generalized.

Aggressive periodontitis is a rare condition
(affecting only around 0.1% of the susceptible age
group) which usually occurs in adolescents. The
disease appears to start around puberty, is more
common in girls, cases often cluster in families, and
loss of attachment is rapid. Aggressive periodontitis
also shows someracial predispositions, being slightly
more common in people of West African and Asian
origin. Two forms of the disease have been described.
In localized aggressive periodontitis there is a distinct
pattern of alveolar bone loss that is characteristically
localized, for as yet unknown reasons, to the first
permanent molars and the incisor teeth (Fig. 6.14).
In contrast, a generalized form has been described
in which many teeth are affected. The majority of
patients with aggressive periodontitis have a variety
of functional abnormalities of neutrophils. These
abnormalities have been associated with signal trans-
duction pathways, and there is reduced chemotaxis
and phagocytosis, but increased superoxide radical
production. This deficiency is coupled with, or is a
direct cause of, the presence of relatively high num-
bers of Aggregatibacter (formerly Actinobacillus) actin-
omycetemcomitans. The microflora of plaque from
patients with aggressive periodontitis is relatively
sparse, considering the severity and rapidity of the
tissue destruction and bone loss. There are relatively
few microorganisms present (approximately 10¢

CFU/pocket) belonging to only a limited number
of species, and the majority of these are capno-
philic (CO,-loving) Gram negative rods. In some
culture studies, A. actinomycetemcomitans could be
recovered from 97% of affected sites and comprise
up to 70% of the cultivable microflora. However,
A. actinomycetemcomitans can be detected using
molecular techniques in low numbers quite com-
monly at healthy sites in some communities. For
example, its prevalence was 13% in Finland and
20-25% in urban USA, perhaps again emphasiz-
ing the key role of the need for a susceptible host;
furthermore A. actinomycetemcomitans could not
be recovered from some sites with the disease.
Nevertheless, affected individuals tend to have ele-
vated serum antibody titres to this microorganism,
while its reduction or elimination results in a reso-
lution of disease activity; recurrence of the disease is
usually related to the reappearance of A. actinomy-
cetemcomitans. These findings have important impli-
cations in treatment design because tetracycline is
effective in eliminating A. actinomycetemcomitans
from infected pockets, and resolving the clinical con-
dition. This is in contrast to other forms of chronic
inflammatory periodontal disease when metronida-
zole might be chosen because of its specific action
against obligately anaerobic bacteria. Tetracycline
does not always lead to complete elimination of
A. actinomycetemcomitans from the pocket, and the
combination of metronidazole and amoxycillin
has been found to be particularly effective in these
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Fig. 6.14 Radiograph of (A) normal periodontium, and
(B) and (C) localized aggressive periodontitis, showing
bone loss.
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situations, particularly when combined with scaling
and root planing.

Five serotypes (a-e) of A. actinomycetemcomi-
tans have been described, and more than one sero-
type can be found in the mouth of an individual.
Strains of A. actinomycetemcomitans produce a
range of virulence factors, including a powerful
leukotoxin (i.e. a protein toxic for polymorphs),
LPS (endotoxin, which can stimulate bone resorp-
tion), and cell surface associated material, which
also induces resorption of bone. In addition, A.
actinomycetemcomitans produces enzymes with the
ability to degrade collagen, as well as other, less
well-defined factors, that modulate the activity of
the host defences. A. actinomycetemcomitans can
also invade gingival connective tissues. Generally,
serotype b strains are more common in aggressive
periodontitis. Intra-family transmission of strains
may occur, and molecular studies have provided
evidence for the existence of virulent clones. The
JP2 clone overproduces the leukotoxin and is
found endemically in people from Morocco and
other parts of North West Africa. The presence of
this JP2 clone in plaque significantly raises the risk
of adolescents suffering from aggressive periodon-
titis (the risk increases 18-fold compared to sub-
jects without A. actinomycetemcomitans, although
this risk is reduced if sites harbour both JP2 and
non-JP2 clones).

In contrast to most other forms of periodontal
disease, therefore, localized aggressive periodonti-
tis appears to result from the activity of a relatively
specific microflora dominated by a single species.
As stated above, sites have been found in which
A. actinomycetemcomitans is not necessarily the pre-
dominant microorganism, which is analogous
to the situation described earlier with respect to
dental caries and the presence of mutans strepto-
cocci. In these pockets, small spirochaetes, Eikenella
corrodens, Wolinella sp. and Fusobacterium nucleatum
are often numerous.

In a study of generalized aggressive periodontitis,
Treponema species were closely associated with disease
(including morphotypes that could not be cultured
but which could be distinguished by microscopy),
as were F nucleatum, lactobacilli, several species of
Eubacterium, Parvimonas spp., Prevotella intermedia
and Selenomonas spp.. The role, and therefore the
significance, of most of these bacteria in disease has
yet to be determined.



SUMMARY

Necrotizing ulcerative periodontitis is a painful,
condition which has a fuso-spirochaetal aetiology.
Culture and molecular studies have detected a range
of Treponema spp. and fusiform bacteria invading
gingival tissues. Aggressive periodontitis is rare and is
associated with functional abnormalities of neutrophils.
Plague from affected sites is sparse but, in the localized
form of the disease, often contains Aggregatibacter
actinomycetemcomitans, strains of which produce a
powerful leukotoxin. The presence of the JP2 clone is a
major risk factor for subsequent disease, and is found in
adolescents originating from North West Africa.

Other periodontal diseases

Acute, or exaggerated, forms of gingivitis can arise due
to a variety of predisposing factors or circumstances
including HIV infection, diabetes, pregnancy, puberty,
menstruation, stress, or the use of oral contraceptives.

Pregnancy gingivitis

The exaggerated gingivitis seen in pregnancy is linked
to an increase in the proportions of the black-pig-
mented anaerobe, P. intermedia, during the second
trimester, possibly due to the increased levels of
steroid hormones in GCE

Acute streptococcal gingivitis

This condition affects the gingivae which can resultin
severe illness. The gingivae become red, swollen and
full of fluid (oedematous), the temperature is raised
and the regional lymph nodes are also enlarged.
Lancefield Group A streptococci (S. pyogenes) can
be isolated from the affected gingivae. This disease
is usually preceded by a sore throat and hence it is
possible that there is a direct spread of S. pyogenes
from throat to gingivae.

Acute herpetic gingivitis

The majority of infectious cases of gingivitis are
bacterial in origin but occasionally viral gingivi-
tis is seen, predominantly in young people. The
commonest form is acute herpetic gingivitis, the
causative agent of which is Herpes simplex type 1
(HSV-1). Acute herpetic gingivitis is seen usually
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in children and appears as ulcerated swellings of
the gingivae which are acutely painful. The symp-
toms may persist for 7 to 21 days and herpetic
lesions may concomitantly be present on lips or
any area of the oral mucosa. The diagnosis is usu-
ally made on clinical criteria although cytological
smears and cytopathic effects following culture
have been used for confirmation; direct immun-
ofluorescence is also used for diagnosis. Antiviral
agents (e.g. acyclovir and penciclovir) can be effec-
tive treatments.

Diabetes mellitus-associated gingivitis

The relationship between diabetes and periodon-
tal disease may be bi-directional. Both conditions
stimulate the release of pro-inflammatory cytokines
that have a direct effect on the periodontal tissues. In
general, patients with diabetes have more severe epi-
sodes of gingivitis compared with healthy controls,
especially in younger subjects whose condition is
poortly controlled. Many of the host response traits
that confer susceptibility in periodontal disease in
otherwise healthy individuals are exaggerated in dia-
betics. Susceptibility traits include neutrophil dys-
function, altered cross-linking and glycosylation of
collagen, defective secretion of growth factors and
subsequent impaired healing. Diseased sites have
higher proportions of Capnocytophaga, and other
periodontal pathogens including P. gingivalis and
spirochaetes. Sometimes, non-oral bacteria (e.g.
staphylococci) have been isolated. These changes in
microflora may reflect a compromised host defence.
Periodontal disease may increase insulin resistance
in diabetic patients. Periodontal pathogens may raise
pro-inflammatory mediators that result in insulin
resistance and an increase in blood glucose, thereby
predisposing individuals to develop type 2 diabetes.
Mechanical treatment of periodontitis, when com-
bined with antimicrobial agents, can improve glycae-
mic control.

HIV-associated periodontal disease

The impaired immune response in HIV patients can
result in colonization of subgingival sites by oppor-
tunistic oral pathogens, such as Gemella, Dialister,
Streptococcus and Candida spp.. Classical periodontal
pathogens, such as P. gingivalis, T. forsythia and spiro-
chaetes are not necessarily prevalent.
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Noma (cancrum oris)

Noma is a severe gangrenous disease that causes a
rapid necrotizing destruction of soft and hard tissue
of the face, including bone. Noma was often fatal
before the use of antibiotics such as metronidazole.
The classic form of the disease affects young children,
although immunocompromized adults can also be
affected; the disease is characterized by a strong
putrid odour. Noma is most common in Africa, but is
also reported in parts of Latin America and Asia. The
WHO estimated that about 200000 children under
6 years of age contract noma each year; conse-
quently, noma has been declared a priority by
WHO. Risk factors include malnutrition, poor oral
hygiene and a compromized immune system due
to, for example, infection with measles, malaria or
HIV. The disease process may involve three stages:
(a) a staging period, where infection, e.g. measles,
results in a lowered host resistance, and the appear-
ance of oral lesions; (b) an infection period, where
some trigger activates a polymicrobial infection, and
(c) a tissue invasion and destruction phase, dur-
ing which an acute ulcerative condition progresses
to oro-facial gangrene, which is life-threatening.
Fusobacterium necrophorum, which can be acquired
from domesticated livestock, has been isolated
from some advanced noma lesions, and has been
proposed as the trigger organism for the develop-
ment of Cancrum oris; infected children are often
in regular close contact with animals. Evidence of
oral Herpes virus, especially cytomegalovirus, has
been found in noma patients, and it has been sug-
gested that such an infection could lower local
immunity leading to overgrowth by bacterial patho-
gens. Culture-based studies have recovered P. inter-
media, streptococci and Actinomyces spp, as well as
opportunistic pathogens such as staphylococci and
pseudomonads, from lesions. A culture-independent
study detected a diverse range of bacteria including
25 phylotypes that had never previously been grown
in the laboratory. Bacteria that were unique to noma
lesions included members of the genera Eubacterium,
Porphyromonas and Treponema; species more com-
monly isolated from soil were also detected, and this
might reflect the fact that advanced noma lesions
are open to the environment. Treatment focuses on
improving overall health (e.g. nutritional rehabili-
tation), administration of broad spectrum antibiot-
ics and, when possible, introduction of oral hygiene;
reconstructive surgery is often necessary once heal-
ing is complete.

128

PATHOGENIC MECHANISMS IN
PERIODONTAL DISEASE

Periodontal diseases are characterized by the pro-
gressive destruction of the supporting tissues of
teeth in the apparent absence (at least in the early
stages) of significant tissue invasion. Tissue dam-
age, therefore, must also be mediated by surface
components and extracellular products of bacteria
(Table 6.8). These bacterial products can cause
destruction of gingival tissue by two mechanisms. In
one, damage results from the direct action of bac-
terial enzymes and cytotoxic products of bacterial
metabolism. In the other, bacterial components
are only indirectly responsible, and tissue destruc-
tion is the inevitable side effect of a subverted and
exaggerated host inflammatory response to plaque
antigens; this has been termed ‘bystander damage’
(Fig. 6.15).

There is also an hypothesis proposing a role for
herpes viruses in destructive periodontal diseases.
Herpes simplex virus, human cytomegalovirus and
Epstein-Barr virus type 1 nucleic acids have been
detected in lesions from aggressive types of perio-
dontitis. These viruses can infect various host cells,
including polymorphonuclear leukocytes, mac-
rophages and lymphocytes, and they induce the
expression of potentially tissue-damaging cytok-
ines and chemokines. In this way, it is proposed that
these viruses could reduce the effectiveness of the
local host defences, thereby giving certain subgingi-
val bacteria the opportunity to escape from homeo-
stasis and reach clinically-significant levels. The
tissue tropism of herpes virus infections may explain
the localized pattern of tissue destruction seen in
some forms of periodontitis, while the reactivation
of these viruses may explain the episodic nature of
tissue destruction.

Indirect pathogenicity

Any subgingival plaque bacterium could be consid-
ered to be playing a role in tissue destruction via the
indirect pathogenicity route if they contribute to an
inflammatory host response. Bacterial antigens can
penetrate the crevicular epithelium and stimulate
either humoral or cell mediated immunity. Humoral
immunity results in the synthesis of immuno-
globulins, which activate the complement cascade
that leads to inflammation and the generation of
prostaglandins. Prostaglandins are inflammatory
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Stage of disease

Table 6.8 Bacterial factors implicated in the aetiology of periodontal diseases

Bacterial factor

Attachment to host tissues

Surface components, e.g. ‘adhesins’
Surface structures, e.g. fimbriae

Multiplication at a susceptible site

Protease production to obtain nutrients
Development of food chains
Inhibitor production, e.g. bacteriocins

Evasion of host defences

Capsules and slimes
PMN-receptor blockers
Leukotoxin
Immunoglobin-specific proteases
Complement-degrading proteases
Suppresser T cell induction

Tissue damage

(a) direct  Enzymes
'Arginine-specific’ proteases (gingipain)
Collagenase
Hyaluronidase
Chondroitin sulphatase
Bone resorbing factors
Lipoteichoic acid
Lipopolysaccharide (LPS)
Capsule
Surface-associated material.
Cytotoxins
Butyric and propionic acids
Indole
Amines
Ammonia
Volatile sulphur compounds
(b) indirect Inflammatory response to plaque antigens (see text).

Cell mediated Deregulation of host Evasion of Humoral
immunity proteinase inhibitors host defences immunity
Cytokines Antigens Proteases Proteases Antigens

Capsule
l \ Leukotoxin
Ph i v
ag:ﬁ ytic <— Leukotoxin ————( Bacterium > Prostaglandins
N\
Surface associated material
Hyaluronidase Lipoteichoic acid
Lysosomal enzymes Collagenase Cytotoxins Lipopolysaccharide

and free radicals

o

Tissue damage

/ N\

Bone resorption

—

Fig. 6.15 Diagram to illustrate the mechanisms by which dental plaque can cause damage to host tissues by indirect and

indirect routes of pathogenicity.
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mediators, and can stimulate bone resorption. Levels
of prostaglandins in GCF correlate with periodontal
status, and can act as molecular predictors of attach-
ment loss. In contrast, cellular immunity leads to the
release of cytokines from activated T-lymphocytes,
and these modulate macrophage activity. Activated
macrophages release cytokines such as tumour
necrosis factor-alpha (INF-a), interferon gamma
(IFN-y), and interleukin-1 (IL-1). Both IL-1 and
TNF-o can induce collagenase release from a variety
of connective tissue cells, including fibroblasts, and
cause bone resorption and tissue damage.

Important host tissue cells in the gingival crev-
ice include the pocket epithelium and the peri-
odontal ligament. These cells are made up of
collagen and glycosaminoglycan (GAG) mole-
cules linked to a protein core. The main proteogly-
cans of the gingivae and periodontal ligament are
hyaluronic acid, heparin sulphate, dermatan sul-
phate and chondroitin sulphate 4. These proteo-
glycans can be degraded by elastase and cathepsin
B; both enzymes are present in the inflamed gin-
gival crevice, and are probably derived from poly-
morphs, macrophages and fibroblasts. Mast cells
can be found migrating through the junctional
epithelium and into the pocket, and can release
histamine and other vaso-active molecules, as well
as a range of proteases.

Many host cells in the gingival crevice also contain
proteinase inhibitors such as a-1-proteinase inhibi-
tor and o-2-macroglobulin, which are responsible for
inactivating proteases in host tissues, thereby enabling
the host to control the potentially destructive forces
of the inflammatory response. As will be discussed
in the next section, bacterial proteases can degrade
these important control molecules, leading to fur-
ther ‘bystander damage’ to tissues. Tissue damage in
active periodontal disease is due in part, therefore, to
a deregulated and subverted immune response.

Direct pathogenicity

The putative pathogens produce a range of potential
virulence factors that enable them to:
(a) colonize and multiply at subgingival sites,

(b) evade or inactivate the host defences,
(c) induce tissue damage and, on occasions,
(d) invade host tissues.

These virulence factors will be described in the fol-
lowing sections.
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Colonization and multiplication

Periodontal pathogens are able to attach to and col-
onize the subgingival surfaces via bacterial adhesins
that interact with specific receptors (Chs 4 and 5).
These receptors may be located either on the root
surface or on gingival epithelial cells, or the patho-
gens may coadhere to already attached Gram posi-
tive bacteria such as streptococci and Actinomyces
spp.. Some of these putative pathogens produce a
range of proteases (e.g. Porphyromonas gingivalis pro-
duces gingipains with a specificity for either arginine
or lysine residues: arg- and lys-gingipains, respec-
tively) and glycosidases in order to obtain nutrients
from the catabolism of host molecules; often sev-
eral species with complementary enzyme profiles
combine to break down these complex molecules
(Ch. 4). Bacteria such as P. gingivalis also possess hae-
magglutination and haemolytic activities, which may
be a means of targeting appropriate substrates for the
release of essential cofactors for growth, such as hae-
min, from host molecules. The arg-gingipains of P.
gingivalis (see later) cleave proteins to leave exposed
arginine residues, which in turn can act as recep-
tors for its own fimbriae, thereby facilitating colo-
nization by the exposure of ‘cryptitopes’ (Ch. 4).
The gingipains of P. gingivalis can also contribute
to nutrition by generating the vascular permeabil-
ity enhancement factor, bradykinin, either through
a direct action on kininogen or via activation of
pre-kallikrein, resulting in the entry of elevated levels
of plasma proteins (which can act as nutrients) into
the pocket. The lys-gingipain also plays an essential
role in nutrition by obtaining haemin from haemo-
globin. The concerted action of arg- and lys-gingipains
is necessary for the production of the black pigment
layer on the surface of P. gingivalis (micro-oxo bishaem
layer), that protects cells against oxidative damage.

Evasion and/or inactivation of the host
defences

Phagocytic cells form the main defence strategy by
the host against periodontal pathogens. Many strains
of A. actinomycetemcomitans produce a powerful leu-
kotoxin able to lyse human neutrophils, mono-
cytes and a sub-population of lymphocytes, whilst
other cell types (e.g. epithelial and endothelial cells,
fibroblasts, erythrocytes) are resistant. The leuko-
toxin belongs to the RTX (repeats-in-toxin) family
of bacterial pore-forming cytolysins; Campylobacter
rectus also produces a leukotoxin. The JP2 clone of



A. actinomycetemcomitans serotype b overproduces
the leukotoxin by up to 20 times that seen in other
strains, and its presence is a significant risk factor for
localized aggressive periodontitis. The same clone
has not been isolated from Caucasians or from
healthy individuals, giving rise to the speculation
that this might represent a specific, and highly infec-
tious, clone of a periodontal pathogen.

Periodontal pathogens can produce a range
of molecules that cause tissue damage by induc-
ing host cells to produce pro-inflammatory cytok-
ines. These molecules, termed ‘modulins’, include
lipopolysaccharides and other less well defined cell
wall components. Other bacterial components can
inhibit the chemotaxis of polymorphonuclear leu-
kocytes (PMNs), and interfere with their ability to
kill bacteria or phagocytose cells. Bacteria, including
A. actinomycetemcomitans, also exert an immunosup-
pressive effect, perhaps mediated by cell surface pro-
teins, while P. gingivalis, possesses a capsule, which
protects cells against phagocytosis. Aggregatibacter
actinomycetemcomitans, T. forsythia, P. gingivalis, and
other pathogens may also evade the host defences
by invading epithelial cells (Ch. 4; Fig. 4.6).

The proteases of P. gingivalis play a critical role
in deregulating the host control of the inflamma-
tory response, and in evading the action of other
components of the immune system. Arg-gingipain
can inactivate both complement (e.g. by degrading
C3 and C5) and antimicrobial peptides (Ch. 2); a
range of proteases can also degrade immunoglob-
ulins (IgA, IgG and IgM) and interfere with the
respiratory burst of neutrophils, reducing the like-
lihood of opsonization. The maintenance of tissue
homeostasis, and the coordination of the innate and
adaptive immune response, is dependent on a com-
plex intercellular signalling network mediated by
cytokines. Components of P. gingivalis can stimu-
late the production of pro-inflammatory cytokines
such as TNF-o. and IL-1, but arg-and lys-gingipain
can subvert this host response by degrading these
key molecules and enzymically modifying oth-
ers. Arg-gingipain can also inactivate the two major
plasma protease inhibitors, o,;-antitrypsin and o,-
macroglobulin, thereby reducing the ability of the
host to regulate the scale and ferocity of the inflam-
matory response. Expression and activity of these
enzymes is up-regulated by environmental changes
(e.g. by increases in local pH and haemin concen-
tration) that occur during the transition from a nor-
mal gingival crevice to a periodontal pocket. Other
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periodontal pathogens, including Tannerella forsythia
and Treponema denticola, also produce proteases with
arginine-x specificity. Thus, some periodontal patho-
gens can subvert and deregulate the host’s attempt
to control subgingival plaque so that ‘by-stander’
tissue damage occurs, while the influx of poten-
tial nutrients is increased so that their growth is
selectively enhanced.

Tissue-damaging enzymes and
metabolites

Members of the subgingival microflora produce
enzymes that may play a direct role in the dam-
age of host tissues in the periodontal pocket. For
example, P. gingivalis has been shown to produce
collagenases that can degrade collagen, although
the majority of collagenase activity in GCF is host-
derived. Once denatured, collagen may be broken
down by bacterial proteases with a broader specific-
ity. Other enzymes produced by subgingival bacte-
ria that may damage tissue matrix molecules directly
include hyaluronidase, chondroitin sulphatase, and
glycylprolyl peptidase. These enzymes can also be
detected on outer membrane vesicles of Gram nega-
tive bacteria such as P. gingivalis; these vesicles can be
shed from the bacterial cell surface during growth,
enhancing the likelihood of tissue penetration by
these enzymes. Once the integrity of the epithelium
is impaired, the increased penetration of cytotoxic
bacterial metabolites such as indole, amines, ammo-
nia, volatile sulphur compounds (e.g. methyl mer-
captan, H,S), and butyric and propionic acids can
induce further damage. Fusobacterium nucleatum is
the most commonly isolated species in periodon-
tal pockets, and it produces large concentrations of
butyrate and volatile sulphur compounds. Bone loss
is a feature of advanced forms of periodontal disease
(Fig. 6.8); bone resorption can be induced by mol-
ecules from periodontal pathogens (e.g. LPS, lipote-
ichoic acid and surface-associated proteins).

Invasion

Microbial invasion of host tissues occurs in necrotiz-
ing ulcerative gingivitis (NUG), where there is super-
ficial invasion of the gingival connective tissues by
spirochaetes. Invasion also occurs in other forms of
periodontal disease, e.g. localized aggressive perio-
dontitis, advanced chronic periodontitis, and in
HIV-associated periodontal disease. The persistence
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of putative pathogens such as P. gingivalis in health
may be linked to their ability to invade host cells
and survive in this privileged site, out of the reach of
the host defences.

The invasion of gingival tissue by A. actinomycetem-
comitans shows some similarities to other intracellular
pathogens, such as Shigella flexneri and Listeria mono-
cytogenes, but there are also unique features, especially
with respect to cell-to-cell spread. Contact between A.
actinomycetemcomitans and a host cell triggers efface-
ment of the microvilli, formation of ‘craters” on the
host cell surface, and rearrangement of host cell actin
at the site of entry. Bacteria appear to enter the host
cell through ruffled apertures on the cell surface, and
entry occurs in a host-derived, membrane-bound vac-
uole. The host-derived vacuolar membrane that ini-
tially surrounds the internalized bacterial cells soon
disappears and cells of A. actinomycetemcomitans grow
rapidly intracellularly, and spread to neighbouring
cells by using host cell microtubules. These protru-
sions contain cells of A. actinomycetemcomitans, and
interconnect with other host cells, enabling cell-to-
cell spread of the bacteria to occur.

SUMMARY

The interaction between the developing subgingival
microflora and the host’s immune and inflammatory
response is a critical determinant in the balance between
health/tissue homeostasis and destructive periodontal
disease. Bacterial enzymes, including lys-gingipain, are
essential to sustain microbial growth by acquiring essential
nutrients from host molecules such as haemoglobin. Tissue
damage can arise via direct (e.g. the action of bacterial
enzymes such as collagenase and hyaluronidase, and
cytotoxic metabolites such as butyrate and ammonia)

and indirect (by-stander damage due to a de-regulated
host response) routes. Bacterial proteases play a critical

role in the subversion of the host response. These
proteases can degrade components of the host defences
(immunoglobulins, complement, regulatory proteins),

as well as inhibitors produced by the host to regulate

host proteases involved in inflammation. Similarly, by
destroying regulatory proteins, bacterial proteases can
activate the kallikrein—kinin pathway that increases vascular
permeability, ensuring an increased supply of nutrients

into the gingival crevice. Some periodontal pathogens

also evade the host defences by capsule production, or by
invading epithelial cells. In this way, the balance can shift
in favour of accelerated microbial growth, thereby invoking
a further frustrated response by the host when trying to
control the microbial assault on the subgingival tissues.
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PATHOGENIC SYNERGISM AND
PERIODONTAL DISEASE

One of the most consistent features of the micro-
biology of periodontal diseases is the isolation of
complex consortia (complexes) of bacteria from dis-
eased sites (Fig. 6.10). In particular, in chronic peri-
odontitis, the composition of these mixtures can
differ considerably both between and within studies
of patients presenting with apparently similar clini-
cal features.

For the establishment of disease, organisms must
gain access to and adhere at a susceptible site, mul-
tiply, overcome or evade the host defences, and then
produce or induce tissue damage (see previous sec-
tion). A large number of virulence traits are needed for
each stage in the disease process (Table 6.8), and it is
unlikely that any single microorganism will produce
all of these factors optimally or in every situation.
Thus, tissue destruction is probably a result of con-
sortia of interacting bacteria. In this way, periodon-
tal diseases are a particularly striking example of a
polymicrobial infection, whereby microorgan-
isms that are individually unable to satisfy all of
the requirements necessary to cause disease, com-
bine forces to do so (pathogenic synergism). Thus,
although only a few species (e.g. Porphyromonas gin-
givalis, Treponema spp.) produce enzymes that cause
tissue damage directly, the persistence of these ‘pri-
mary pathogens’ in the pocket may be dependent
on other organisms to provide means of attachment
(e.g. receptors for coaggregation on Streptococcus and
Actinomyces spp.), or essential nutrients for growth
(e.g. vitamin K, protohaeme, succinate) via food
webs and food chains (Ch. 5). Similarly, the bacte-
ria that support the growth of the ‘primary patho-
gens’ may also require other organisms to suppress
or inactivate the host defences, or to inhibit com-
peting organisms (e.g. by bacteriocin production) to
ensure their survival. Bacteria could also have more
than one function in the aetiology of periodontal dis-
ease and a schematic diagram illustrating this patho-
genic synergism is shown in Fig. 6.16. Our ability to
interpret results from future microbiological studies
of periodontal disease would be greatly enhanced if
we knew more about the role (or niche; Ch. 1) of
particular species in the disease process. In a poly-
microbial infection such as periodontal disease, a
microorganism could still be highly significant with-
out necessarily having the potential to cause tissue



D

T [(0) )

Chapter | 6| Plaque-mediated diseases — dental caries and periodontal diseases

\ Tissue

destructlon

Gingiva

Fluid flow

Olox: -

Modulation
of host
defences

©

Cellular

Fooes? Immune response —

innate and adaptive

Fig. 6.16 Pathogenic synergy in the aetiology of periodontal diseases. Bacteria capable of causing tissue damage directly (e.g.
species X) may be dependent on the presence of other cells (e.g. organisms C and D) for essential nutrients or attachment sites
so that they can grow and resist the removal forces provided by the increased flow of GCF. Similarly, both of these groups of
bacteria may be reliant for their survival on other organisms (e.g. A and C) to modulate the host defences. Individual bacteria
may have more than one role (e.g. organism C) in the aetiology of disease.

destruction directly (and satisfy Koch’s postulates),
while in other pockets, different bacteria could fill
identical roles.

AETIOLOGY OF PERIODONTAL
DISEASE - CONTEMPORARY
PERSPECTIVE

The predominant bacteria found in the various types
of periodontal disease are different to those that are
prevalent in the healthy gingival crevice. One of the
most intriguing questions in periodontology, there-
fore, concerns the reservoir and source of these
potential periodontal pathogens. Some periodonto-
pathic bacteria can attach to mucosal surfaces, and
a range of putative periodontal pathogens (includ-
ing black-pigmented anaerobes, Capnocytophaga
spp., spirochaetes and Fusobacterium spp., etc) can
be isolated from the dorsum of the tongue and
from tonsils. Recently, P. gingivalis, T. forsythia and
A. actinomycetemcomitans were detected in 23%, 11%
and 30%, respectively, of tongue samples from young
children. Most species were detected more frequently
from tongue rather than plaque samples, confirming

that the tongue may act as a reservoir for these peri-
odontal pathogens. Some pathogens may also persist
by invading buccal epithelial cells (Fig. 4.6).

In general, the putative periodontal pathogens are
non-competitive with other members of the resident
subgingival microflora at healthy sites, and remain
at low levels; such levels would not be clinically sig-
nificant. If plaque is allowed to accumulate beyond
levels that are compatible with health, then the host
mounts an inflammatory response. The flow of GCF
is increased, and this introduces into the crevice not
only components of the host defences but also com-
plex host molecules (e.g. transferrin, haemoglobin,
etc.) that can be catabolized and used as a nutrient
source by the proteolytic Gram negative anaerobes
that predominate in advanced periodontal lesions.
This metabolism leads to an increase in local pH and
a fall in the redox potential (i.e. the pocket becomes
slightly alkaline and more anaerobic). These changes
in the local environment will up-regulate some of
the virulence factors associated with these putative
pathogens (e.g. protease activity by P. gingivalis), and
favour their growth at the expense of the species asso-
ciated with gingival health (i.e. increase the competi-
tiveness of the potential pathogens). This can lead
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to a shift in the proportions of the resident subgin-
gival microflora (Fig. 6.1). This is analogous to the
increases in mutans streptococci and Lactobacillus
spp. seen prior to caries development following the
repeated ingestion of dietary carbohydrates.
Evidence for these bacterial population shifts has
come from laboratory studies. The growth of subgin-
gival plaque on human serum (used to mimic GCF)
led to the selection of species associated with peri-
odontal destruction, such as black-pigmented anaer-
obes, anaerobic streptococci, Fusobacterium spp. and
spirochaetes; most of these species could not be
detected in the original samples. Likewise, in the
laboratory, a rise in pH from 7.0 to 7.5 (as can occur
during inflammation) allowed the proportions of P.
gingivalis to rise from <1% to >99% of a microbial
community of black-pigmented anaerobes. If similar
events occur in a pocket, then periodontal diseases
can be regarded as endogenous infections, caused
by an imbalance in the composition of the resident
microflora at a site, due to an alteration in the ecol-
ogy of thelocal habitat. This view is formulated in the
‘ecological plaque hypothesis’, which describes the
dynamic relationship between the resident micro-
flora and the host in health and disease in ecological
terms (Fig. 6.17). A consequence of this hypothesis
is that disease can be prevented not only by targeting
the putative pathogens, but also by interfering with
the environmental factors that drive the changes
in the balance in the microflora, e.g. such as by reduc-
ing the severity of the inflammatory response, or by
altering the redox potential of the pocket to prevent
the growth of the obligate anaerobes. Other relevant
changes in the local environment that could perturb
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the host-microbe balance could come from trauma,
an alteration in the immune status of the host (e.g.
during systemic disease or after drug therapy), or
from tobacco smoking.

Transmission of P. gingivalis and A. actinomycetem-
comitans can occur among family members, with par-
ents and children sharing identical strains. Likewise,
some married couples have the same clonal types
of P. gingivalis and A. actinomycetemcomitans indicat-
ing that these species can be transmitted between
spouses (Ch. 4). Therefore, treatment might also
require elimination or suppression of putative peri-
odontal pathogens from their primary oral reser-
voirs. However, even if a pathogen is acquired from
another individual, it will be present initially at only
low cell levels. As described earlier, a major ecologi-
cal disturbance will have to occur at a site if these
putative pathogens are going to be able to out-com-
pete the other members of the plaque microflora,
and achieve numerical dominance and clinical sig-
nificance (Fig. 6.11).

Destructive disease is the outcome of a complex
interplay of interactions between the host and the
altered microbial challenge (Fig. 6.18). This inter-
play can be considered to occur between several
discrete, interactive compartments: (a) the micro-
bial challenge, (b) the immune and inflammatory
response of the host, and (c) connective tissue and
bone metabolism. These interactions are influenced
by disease modifiers, which may be genetic (e.g.
neutrophil defects) or environmental (e.g. tobacco
smoking) factors. The clinical signs reflect the sum
of these interactions, and the severity of the disease
can feed back to influence the microbial challenge,

Predominantly
Gram positive microflora

Low GCF flow
Higher E,, Facultative
anaerobes
Environmental Ecological
change shift
Predominantly
High GCF flow Gram negative microflora
Lower E, Obligate
anaerobes

Fig. 6.17 A schematic representation of the ‘ecological plaque hypothesis’ in relation to periodontal disease. Plaque
accumulation produces an inflammatory host response; this causes changes in the local environmental conditions which favour
the growth of proteolytic and anaerobic Gram negative bacteria. Disease could be prevented by not only targeting the putative
pathogens, but also by interfering with the factors driving their selection.
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Fig. 6.18 A schematic representation of the interrelationships between the host and dental plaque in periodontal disease.

as described above in the ‘ecological plaque
hypothesis’ (altered pH, increased supply of nutri-
ents). The bacteria most adapted to the changing
environmental conditions will be selected and, as
described in an earlier section, this can lead to the
up-regulation of virulence factor production (e.g.
arg-gingipains). In this way, there is a continual
spiralling escalation of the inflammatory chal-
lenge followed by an increasingly more destruc-
tive host response.

At the boundary of the microbe and host response
compartments, the microbial challenge is countered
by the innate and adaptive immune response. The
outcome of this confrontation is the critical determi-
nant in determining whether the microbial challenge
will be contained, or whether destructive disease
will ensue. An effective host response can control
plaque, although this might manifest itself as mild
inflammation to the gingivae, but there is no per-
manent soft or hard tissue destruction. In contrast,
a subverted or de-regulated response will influence
the signalling pathways between the immune and
inflammatory compartment and that of the connec-
tive tissue and bone metabolism compartment (Fig.
6.18). Increases in locally acting inflammatory medi-
ators may activate host cells (stromal cells), which
in turn stimulate the production of host matrix met-
alloproteinases and other components of the tissue
remodelling machinery. Ultimately, this can lead
to the development of a deep periodontal pocket,
destruction of the supporting connective tissue, and,
eventually, to loss of bone.

SUMMARY

Periodontal diseases are the result of the complex
interplay between the host and the subgingival
microflora. If plague mass increases beyond levels
compatible with health, the host mounts an inflammatory
response. If this response is insufficient to control plaque,
then previously minor components of the subgingival
microbial community can be enriched due to the resultant
changes in the pocket environment (e.g. increased

supply of proteinaceous nutrients in GCF; rise in pH; fall
in redox potential). The emerging proteolytic microflora
can deregulate the inflammatory response, resulting

in re-modelling of the subgingival tissues, which can
eventually lead to pocket formation and bone loss.
Treatment focuses on plaque removal, or on altering the
pocket environment to suppress pathogen growth.

PREDICTORS OF DISEASE ACTIVITY

The increased understanding of the complex interac-
tions that exist between host cells and the subgingival
microflora has raised the possibility that markers or
predictors of disease activity might exist that are more
sensitive than existing crude indices, such as changes in
probing depth. Some of these have been discussed in
various sections throughout this Chapter, and include:
(a) sensitive and rapid tests for detecting putative
pathogens (e.g. using immunological or
oligonucleotide probes in a variety of formats).
Given the polymicrobial nature of the microbial
challenge, it is likely that ‘complexes’ of
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implicated bacteria may need to be measured to
indicate the risk of a site to suffer from destructive
disease. In the future, DNA microarrays that are
capable of rapidly detecting the full complement
of the oral microflora in health and disease (i.e.
>700 taxa) may be used to determine the profile
of culturable and non-culturable microorganisms
at any site. The probes used in these microarrays
can be spotted on to microscope slides, and read
by automated scanners.

(b) detection of selected enzymes in subgingival
plaque or in GCE Synthetic substrates can be
degraded to a coloured product by ‘diagnostic’
enzymes of microbial or host origin. For
example, benzoyl arginine naphthylamine
(BANA) is hydrolyzed by the arginine-specific
proteases produced by P. gingivalis, T. forsythia
and T. denticola, and has been incorporated
into a rapid diagnostic kit. This test has been
shown to be highly sensitive and specific
at detecting enzyme activity, and in clinical
studies, the test was capable of predicting sites
at risk of attachment loss.

(c) detection of inflammatory mediators or tissue
breakdown products in GCE. Paper strips
can collect GCF from control and inflamed
sites, and host enzymes can be measured
(e.g. metallo-proteinases such as collagenase;
cysteine proteinases such as cathepsin;
serine proteinases including elastase); for
example, levels of aspartate aminotransferase
have correlated with gingival inflammation.
Commercial chair-side tests are being
developed to measure some of these enzymes.
Tissue degradation products, including
glycosaminoglycans, as well as prostaglandins
and cytokines, could also be measured in GCE

Such tests could help with the diagnosis of a site, the
monitoring of treatment, or possibly predict those
sites at risk of future breakdown. The use of these
tests will require an understanding of the biological
basis of the test, and the data obtained will be com-
plex and need careful interpretation.

PERIODONTAL HEALTH AND
GENERAL HEALTH

Evidence suggests that an association exists between
periodontal disease and the general health of an
individual, particularly with respect to cardiovascular
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and respiratory diseases, diabetes mellitus and a risk
of pre-term labour and low birth weight infants.
The hypothesis to explain this association is as fol-
lows. Periodontal diseases represent an inflamma-
tory response by the host to the build up of dental
plaque; these subgingival biofilms contain large
numbers of Gram negative species which (a) pos-
sess LPS and other potentially inflammatory cell
surface components, and (b) shed toxic metabolites
and other molecules, which induce prostaglandins
and pro-inflammatory cytokines. The periodontium
has a large surface area for contact between the host
and the subgingival microflora, and, because it is
so vascular, this site can act as a potential systemic
source of inflammatory mediators which could
affect distant sites in the body.

Oral microorganisms, including periodon-
tal pathogens, can enter the blood stream dur-
ing transient bacteraemias, where they may play
a role in systemic disease. The link between oral
bacteria (especially streptococci) and infective
endocarditis (Ch. 8) is irrefutable, but research
has also suggested that periodontal bacteria may
be an added risk factor for cardiovascular dis-
ease. Several microorganisms, including Chlamydia
pneumoniae and cytomegalovirus, have been impli-
cated in the infectious aetiology of atheroscle-
rosis. Molecular techniques have also detected
DNA from oral Gram negative bacteria in nearly
half of the atheromatous plaques that have been
sampled in some studies. The bacteria detected
included T. forsythia, P. gingivalis, P. intermedia and
A. actinomycetemcomitans but further research is
needed in this area. Similarly, microorganisms
associated with periodontal diseases may give rise
to aspiration pneumonia in susceptible patients
since anaerobic bacteria found in periodontal
pockets have been isolated from infected lungs.

Some recent human epidemiological studies
and animal experiments have demonstrated that
periodontal diseases could represent a previously
unrecognised and clinically significant risk factor
for pre-term labour or low birth weight babies. This
could be either as a direct consequence of pre-term
labour or due to premature rupture of membranes,
although this has not been confirmed in all popula-
tion groups. In some studies that did find an asso-
ciation, elevated levels of T. forsythia were reported
in the plaque of women with pre-term, low birth
weight babies compared with women with normal
births. Elevated levels of prostaglandins have also



been found in the GCF of mothers with pre-term,
low birth weight babies.

In this important clinical area, there is a need
for further large, well-controlled investigations
in diverse but homogeneous population groups,
in which the statistical analyses are adequately
adjusted for other life-style confounding risk factors
(smoking, alcohol consumption, maternal educa-
tion, etc). Longitudinal, prospective studies are also
needed to determine whether the observed peri-
odontal disease is causal for these medical sequelae.
The outcome of intervention studies, in which the
impact of periodontal treatment on the subsequent
development of systemic disease is monitored, will
be crucial in confirming the impact of oral disease
on general health.
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Approaches for controlling plaque-mediated diseases

Mechanical removal of plaque by efficient oral
hygiene procedures can almost completely prevent
plaque-mediated diseases. Plaque control can be
achieved by conventional oral hygiene measures
such as toothbrushing and flossing, which can be
augmented by professional prophylaxis during rou-
tine visits to the dentist. Plaque control is funda-
mental to the prevention of gingivitis and in the
maintenance of health following effective treat-
ment. In chronic periodontitis, debridement of the
root surfaces is the most effective routine approach
for plaque control, although it is not possible to

completely remove all of the attached microorgan-
isms. In aggressive periodontitis, root planing may
be supplemented with adjunctive systemic antimi-
crobial agents (see later). For caries, plaque control
measures are particularly effective when combined
with a reduction in the amount and frequency of
sugar intake. It is difficult to alter established eat-
ing habits and to maintain a high degree of motiva-
tion for effective oral hygiene. Alternative preventive
measures for caries and periodontal diseases are
under development that require little cooperation
from the public.
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FISSURE SEALANTS

Occlusal pits and fissures are the most caries-prone
areas of the human dentition. Strongly adher-
ent, self-polymerizing and UV-light polymerizing
plastic sealant materials have been applied to fis-
sures as a barrier against microbial attack. The long-
term retention of these materials in the mouth can
be problematical.

FLUORIDE

It has been known for many decades that fluoride in
the water supply can significantly reduce the incidence
of caries. The caries benefit of fluoride was established
from epidemiological surveys that showed a reduced
caries incidence in certain geographical locations; the
factor that correlated with protection was the natural
fluoride content of the water supply. The optimum
concentration for maximal protection against car-
ies is approximately 1 part per million (1ppm), but
in some water supplies it occurs naturally at higher
concentrations. Fluoride is also found in tea and in
the bones of fish (especially soft-boned sardines and
salmon). Excessive exposure to fluoride can cause flu-
orosis, which in extreme cases results in discoloura-
tion of teeth. Despite its proven value in decreasing
caries incidence, the addition of fluoride to drink-
ing water remains a controversial and emotive issue.
Consequently, fluoride has been used to supplement
other commodities (e.g. table salt, milk, toothpastes),
so consumers can have a choice as to whether they
want to gain further caries benefit. Fluoride can also
be used in mouthwashes and gels for topical use, and
in tablets for supplementation of the systemic effect,
and has also been incorporated into topical varnishes
and slow-release capsules. High concentrations of
fluoride are used to treat caries-vulnerable groups,
including xerostomic and disabled patients.

The precise mechanisms behind the anti-caries
mechanisms of fluoride are still the subject of much
debate. The original studies concluded that fluoride
needed to be present pre-eruptively, so as to be incor-
porated into developing teeth. More recent evidence
suggests that fluoride functions post-eruptively by
favourably influencing the kinetics of de- and re-
mineralization. Thus, fluoride can exert its effect on
erupted teeth both topically (e.g. following the use of
fluoridated toothpastes) and systemically after inges-
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tion (e.g. via fluoridated water or milk). Low levels of
fluoride appear in oral fluids (saliva, GCF) and inter-
act with the surface of the enamel of erupted teeth to
form fluorapatite. Fluorapatite is thermodynamically
more stable than apatite and resists acid dissolution
to a greater extent than hydroxyapatite.

Fluoride can also inhibit the metabolism of plaque
bacteria (Ch. 4, Fig. 6.19) thereby affecting their com-
petitiveness especially at low pH. Under acidic condi-
tions, fluoride exists as HE which is lipophilic and is
able to easily cross bacterial membranes. The intrac-
ellular pH of bacteria is alkaline with respect to the
extracellular pH; therefore, once inside the cell HF
will dissociate and H+ will acidify the cytoplasm and:
(1) inhibit various enzymes with pH optima near

neutrality,

(2) reduce the transmembrane pH gradient, thereby
affecting some uptake and secretion processes,

while F- will:

(3) reduce glycolysis by direct inhibition of enolase,

(4) indirectly inhibit sugar transport by blocking
the production of PEP for the PTS system, and

(5) inhibit the synthesis of intracellular storage
(IPS) compounds, especially glycogen.

Dental plaque has been found to concentrate flu-
oride from ingested water. In areas where the concen-
tration of fluoride in the water supply is low, dental
plaque has been found to contain 5 to 10 ppm. In
water supplies supplemented with 1ppm fluoride,
concentrations of up to 190 ppm have been found
in dental plaque. Much of this fluoride is bound to
organic components in plaque, but there is also evi-
dence that it can be released when the pH falls, and
be bioavailable to interfere with acid production
by plaque bacteria. The sensitivity of oral bacteria
to fluoride increases as the pH falls, so that concen-
trations of fluoride that are ineffective at resting pH
values can be inhibitory at pH 5.0 or below. Mutans
streptococci are particularly sensitive to low levels
of fluoride at a moderately low environmental pH.
Although surveys have failed to detect major changes
in the qualitative and quantitative composition of
plaque in humans residing in places with high or
low natural levels of fluoride in the drinking water,
fluoride is more likely to function prophylactically
in these circumstances. Thus, mutans streptococci
would be suppressed in plaque under conditions
when they would otherwise be expected to flour-
ish; the rate of change of pH in plaque following
sugar metabolism would also be diminished.



Laboratory evidence supports this hypothesis;
in a mixed culture system, S. mutans remained a
minor component of plaque (<1% of the cultivable
microflora) during glucose pulsing in the presence
of 10 or 20 ppm sodium fluoride when, under simi-
lar circumstances but in the absence of fluoride, it
had previously attained levels of around 20% of
the microflora. Fluoride inhibited acid production
from the glucose pulses so that the environmental
pH did not fall as low or as fast. This influence on
metabolism and pH will nullify the expected com-
petitiveness that aciduric bacteria such as S. mutans
and lactobacilli normally experience after sugar
intake, relative to organisms associated with enamel
health. Studies have shown that sufficient fluoride to
affect the growth and metabolism of S. mutans can
be released by acid attack from a fluoride-contain-
ing surface. Thus, fluoride can serve to stabilize the
composition of the plaque microflora, a preventative
mechanism which is consistent with the ecological
plaque hypothesis. This antimicrobial effect can be
enhanced by changing the counter-ion; thus, stan-
nous fluoride is markedly more inhibitory to oral
bacteria than sodium fluoride. Other antimicrobial
agents will be discussed in the next section.

In the laboratory, mutans streptococci can eventu-
ally adapt to, and tolerate, even relatively high levels
of fluoride. Concern has been expressed as to whether
organisms might become resistant to fluoride due to
the prolonged use of fluoride-containing toothpastes.

Sugar
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Laboratory studies have shown that fluoride-tolerance
reduces the acidogenicity and cariogenicity of mutans
streptococci, so that even if adaptation occurs, there
would be little increase in caries risk.

ANTIMICROBIAL AGENTS

For many individuals, it is difficult to maintain
plaque at levels compatible with health by oral
hygiene alone over prolonged periods. Consequently,
the use of antimicrobial agents (not including anti-
biotics) to augment mechanical plaque control has
been advocated for a number of years. These agents
can be formulated into oral care products such
as toothpastes and mouthrinses; they have been
shown to reduce plaque, and some have anti-car-
ies and anti-gingivitis benefits. The relatively short
contact time between the inhibitor delivered from
the product and the mouth dictates that it is essen-
tial that the agents bind effectively to oral surfaces,
especially mucosal tissues (because of their large
surface area); this property is termed substantivity.
Once adsorbed, such inhibitors are released slowly
from these ‘reservoirs’ back into the oral environ-
ment (especially saliva), from where they can be
re-distributed around the mouth. In this way, effec-
tive agents can reduce the growth or metabolism of
microorganisms for prolonged periods even at sub-
MIC (sub-lethal) concentrations (Fig. 6.19). Some
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Table 6.9 Classes and examples of inhibitors used as
antimicrobial agents in mouthwashes and toothpastes

Class of inhibitor Examples

Bisbiguanide Chlorhexidine, alexidine

Enzymes Mutanase, glucanase; amylog-
lucosidase-glucose oxidase

‘Essential oils’ Thymol, eucalyptol

Metal ions Copper, zing, stannous

Natural molecules Plant extracts (apigenin,

tt-farnesol)

Phenols Triclosan

Quaternary ammonium
compounds

Cetylpyridinium chloride

Surfactants Sodium lauryl sulphate

products are anti-plaque rather than antimicrobial,
e.g. they detach plaque without necessarily killing
the microorganisms in the biofilm. Some exam-
ples of antimicrobial agents that have been success-
fully formulated into oral care products are listed in
Table 6.9. Some agents that are used in mouthrinses
cannot be formulated into toothpastes because of
compatibility issues with other components of the
dentifrice.

The most effective antimicrobial agent for oral use
to date is chlorhexidine, which can be successfully
formulated into a mouthrinse. This bisbiguanide has
a broad spectrum of activity against yeasts, fungi, and
a wide range of Gram positive and Gram negative
bacteria. Chlorhexidine can reduce plaque, caries,
and gingivitis in humans; it is not recommended for
prolonged use because of side-effects such as staining
of teeth and mucosal irritation. At high concentra-
tions, chlorhexidine is bactericidal and acts as a deter-
gent by damaging the cell membrane. Chlorhexidine
is substantive, and is bound to oral surfaces from
where it is released gradually into saliva over many
hours at bacteriostatic concentrations. At these sub-
lethal concentrations, chlorhexidine can still:

(1) abolish the activity of the PTS sugar transport
system (Ch. 4) and thereby markedly inhibit
acid production in streptococci;

(2) inhibit amino acid uptake and catabolism in
some streptococci (e.g. S. sanguinis);

(3) inhibit a major protease (arg-gingipain) of
Porphyromonas gingivalis, and
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(4) affect various membrane functions,
including the ATP-synthase and the
maintenance of ion gradients in streptococci
(Fig. 6.19).

Mutans streptococci are more sensitive to chlorhexi-
dine than other oral streptococci, and this property
has been exploited in those people at high risk of
developing caries. Levels of mutans streptococci in
the mouth have been reduced by the use of chlor-
hexidine mouthrinses while other oral streptococci,
such as S. sanguinis (associated more with enamel
health), were relatively unaffected. This approach has
also been applied successfully to expectant mothers.
The suppression of mutans streptococci in mothers
reduced the transmission of these potentially cario-
genic organisms to the baby and delayed the onset
of caries. Chlorhexidine can be delivered either by
gel (e.g. as a 1% gel in a custom-fitted vinyl applica-
tor), as a mouthrinse, or as a varnish. Combinations
of chlorhexidine with other agents such as fluoride
or thymol in varnishes has resulted in additive or
synergistic benefits, for example, in preventing car-
ies in high risk patients such as those receiving radi-
ation therapy for head and neck cancer. In these
patients, the radiation therapy affects the salivary
glands, and the reduced saliva flow is conducive to
rampant caries.

Triclosan is the most commonly used antimi-
crobial agent in toothpastes. Triclosan has a broad
spectrum of antimicrobial activity against yeasts and
a wide range of Gram positive and Gram negative
bacteria. However, under conditions of use in the
mouth (i.e. high concentrations - short contact time;
low concentrations - longer contact time), Triclosan
has a more selective antimicrobial profile, and pref-
erably inhibits the obligately anaerobic, Gram nega-
tive species that are prevalent in periodontal disease.
Like chlorhexidine, Triclosan is substantive and
multi-functional in its mode of action. At sub-MIC
concentrations, it can inhibit acid production by
streptococci and protease (arg-gingipain) activity by
P. gingivalis. Triclosan can also reduce inflammation
and the development of new aphthous ulcers in suf-
ferers. The activity of Triclosan has been enhanced
by combining it with either a copolymer to boost
its oral retention, or with zinc citrate as a comple-
mentary antimicrobial agent. Zinc ions are also
substantive and can inhibit sugar transport, acid pro-
duction, and protease activity. There have been con-
cerns raised over the widespread use of Triclosan.
This compound has been found to accumulate in



environmental samples, while repeated exposure to
Triclosan has been linked with increased resistance
of some microorganisms to important antibiotics.

Enzymes and essential oils have also been
included in toothpastes. Examples include dextra-
nases and glucanases (from fungi) to modify the
plaque matrix and reduce plaque formation (Ch. 5),
and glucose oxidase and amyloglucosidase to boost
the activity of the salivary peroxidase (sialoper-
oxidase) system (Ch. 2). Essential oils (menthol,
thymol, eucalyptol, etc) have been successfully for-
mulated into a mouthwash and shown to penetrate
plaque biofilms. Regular use of a mouthwash con-
taining essential oils can reduce plaque and gingivi-
tis over a six month period in clinical trials, and also
reduce halitosis. The oils function by disrupting bac-
terial cell membranes and inhibiting key enzymes.
Plant extracts with antiplaque and anti-metabolism
activity have also been formulated into oral care
products. New molecules have been discovered such
as apigenin and tt-farnesol that can inhibit glucan
synthesis and acid production by mutans strepto-
cocci; combinations of these new molecules with
fluoride have additive anti-caries effects in rodent
models. Inhibitors of mineralization, such as poly-
phosphonates, zinc salts, and pyrophosphates, can
reduce calculus formation (Ch. 5).

Potentially, the regular, unsupervised use of anti-
microbial agents from toothpastes and mouthrinses
could lead to the disruption of the ecology of the
oral microflora by either (a) perturbing the balance
among the resident organisms, which might lead to
the overgrowth by potentially more pathogenic spe-
cies; or (b) the development of resistance. Guidelines
are now laid down to ensure that manufacturers per-
form long-term clinical trials to confirm that these
eventualities do not occur. The reason why oral care
products containing antimicrobial agents are able
to deliver clinical benefit without unduly disturbing
the resident microflora of the mouth is probably due
to the active agents functioning in a selective man-
ner under the conditions of use (short contact time;
increased tolerance of biofilms to inhibitors; Ch. 5)
in the oral cavity (e.g. Triclosan preferentially inhib-
its anaerobes rather than the whole microflora).

In more advanced forms of periodontal disease,
treatment requires professional plaque control
which in some circumstances may require surgery
so that clear access to the root surface is achieved.
In extreme cases, not only is there a need to remove
plaque and/or calculus, but also the outer surface
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layers of cementum (root planing), because of the
possible penetration into cementum of cytotoxic or
inflammatory products of subgingival bacteria, espe-
cially endotoxin (lipopolysaccharide, LPS). Even after
thorough root planing to remove obvious deposits
of plaque and calculus, residual bacteria may still be
present, and sites can be re-populated rapidly lead-
ing to further loss of attachment in some pockets.
Consequently, post-surgical control of microorgan-
isms is sometimes necessary. This again can involve
meticulous supragingival plaque control (to reduce
the likelihood of subgingival colonization) or the
use of antimicrobial agents, such as chlorhexidine,
or even systemic antibiotics, such as tetracycline,
amoxycillin or metronidazole. Antibiotics should
only be used in special circumstances, such as some
forms of aggressive periodontitis or in refractory
periodontal disease, because of the global problems
of antibiotic resistance. A potential strategy to treat
periodontal pockets is to locally apply antimicrobial
agents such as chlorhexidine, metronidazole and
tetracycline. This can be by hollow fibres impreg-
nated with the drug of choice, by direct irrigation
of the pocket, or by inserting slow release materi-
als. Mixed culture biofilms such as dental plaque are
less susceptible to the action of antimicrobial agents
than the same species grown singly in planktonic
culture (Ch. 5; Table 5.4).

SUGAR SUBSTITUTES

Most humans enjoy and prefer to eat sweet sub-
stances. Unfortunately, many sweet foods are com-
posed of mono- or disaccharides which are easily
metabolized by plaque bacteria to acids and glucans,
thereby predisposing teeth to dental caries. The use
of inert (non-metabolizable) dietary sweeteners has
been proposed to satisfy the human preference for
sweet substances without causing caries. These sugar
substitutes function by stimulating saliva flow in the
absence of a significant acid challenge to enamel;
indeed, the use of these agents can sometimes lead
to the remineralization of enamel.

Artificial sweeteners are of two types: (a) the
intense type many times sweeter than sucrose, and
(b) the bulk agents which are usually not as sweet.
The intense sweeteners include cyclamate, aspartame
and saccharin, and are used in drinks. These sweet-
eners have some weak antimicrobial effects, with
aspartame and saccharin being capable of inhibiting
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bacterial growth. The bulk agents, e.g. polyols such
as sorbitol and xylitol, are not as sweet as sucrose,
but cannot be metabolized by the majority of plaque
bacteria and are used in the confectionery industry.
Other polyols include mannitol, lactitol, Lycasin®
(a mixture of sorbitol, mannitol, maltotriitol, and
polysaccharide alcohols), and Palatinit® (a mixture
of two 12-carbon polyols). Some of these polyols
have been incorporated into sugar-free chewing
gums; the use of these products three or more times
a day can reduce the incidence of caries, by reduc-
ing the frequency of acid attack on the enamel (Fig.
2.3) and by stimulating saliva flow, thereby encour-
aging remineralization. Xylitol has been claimed to
be superior to other sugar alcohols because of its
effect on bacterial metabolism. Xylitol is transported
into cells of mutans streptococci by the fructose-PTS
(Fig. 4.10) where it enters a ‘futile cycle’ of phospho-
rylation, dephosphorylation and eventual expul-
sion. Xylitol interferes with sugar metabolism of
mutans streptococci by consuming PEP and NAD+
during the ‘futile cycle’ and competitively inhibit-
ing glycolysis at the phosphofructokinase level. This
futile cycle reduces the rate of growth and acid pro-
duction (from exogenous sugars such as glucose)
of cells, and leads to reduced levels of both mutans
streptococci and caries in habitual users of xylitol-
containing confectionery. The use of sugar sub-
stitutes is consistent with the ‘ecological plaque
hypothesis’, since the prevention of periods of low
pH in plaque during between meal periods would
remove opportunities for the preferential growth of
acid-tolerating bacteria.

FUTURE DIRECTIONS

Replacement therapy and probiotics

The possibility that antagonistic microorganisms
could be exploited to control pathogens and pre-
vent disease has been proposed for over 100 years,
and is termed ‘replacement therapy’. A major poten-
tial benefit of this approach is that it could provide
life-long protection with minimal cost or compli-
ance on behalf of the recipient once colonization
by an ‘effector’ strain has been achieved. There are
two main approaches: (a) pre-emptive coloniza-
tion, where key ecological niches (functions) within
plaque are filled by a harmless or beneficial organ-
ism before the undesirable strain has had a chance
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to colonize or become established. The initial col-
onizer becomes integrated into the ecosystem and
subsequently excludes the pathogen. Low-virulence
mutants of mutans streptococci have been produced
that are deficient in GTF or intracellular polysaccha-
ride production, or which lack lactate dehydrogenase
activity, and which are designed to prevent subse-
quent colonization by ‘wild-type’ mutans strepto-
cocci. Similarly, genes encoding for alkali production
are being cloned into acidogenic bacteria in order to
reduce the acid challenge to enamel. An alternative
approach is to (b) derive a more competitive strain
that would displace a pre-existing organism from
plaque. This strategy has the advantage that it is not
dependent on treatment with the ‘effector’ strain at
or before colonization by the undesirable organism.
Examples of strains that have been designed for this
role include S. salivarius (strain TOVE-R), which has
been shown to displace S. mutans from the teeth of
rats and to inhibit caries. This strategy is being evalu-
ated in human trials using a strain of S. mutans that
cannot make acid (lactate dehydrogenase has been
replaced with alcohol dehydrogenase) and which
produces a bacteriocin active against wild-type
strains. Assurances over the safety of such ‘effector’
strains will be required by both the authorities and
by the public.

Probiotics are live microorganisms which,
when administered in adequate numbers, confer
a health benefit on the host. Probiotics are prov-
ing popular with consumers in improving gastric
health, and are now being considered for applica-
tions in oral care.

Active and passive vaccination

The oral cavity is provided with all of the compo-
nents necessary to mount an effective immune
response against microorganisms (Ch. 2). While the
microbial aetiology of dental diseases is not totally
specific, evidence implicates certain organisms as
major causative bacteria in both caries and advanced
periodontal disease. This has led to the proposal of
using active vaccination to provide life-long protec-
tion against these diseases, with most progress being
made on developing a caries vaccine.

A vaccine against dental caries using mutans
streptococci (whole cell vaccines), or molecules
derived from these bacteria (sub-unit vaccines),
has been proposed for many decades. Early studies
used crude whole cell preparations of S. mutans to



protect animals. Although protection against car-
ies and a reduction in the levels of mutans strep-
tococci was achieved, concern was expressed over
possible immunologically-mediated tissue dam-
age in humans following exposure to streptococ-
cal antigens (as occurs in, for example, rheumatic
fever). Subsequent work has been directed towards
characterizing the antigenic composition of mutans
streptococci and selecting individual purified anti-
gens that will confer protection but lack any poten-
tial for human tissue cross-reactivity. Three protein
antigens have received most attention; these are
(a) adhesins known as the Antigen I/1I family (also
referred to as antigen B, P1, SpaP, Pac, SpaA, Pag),
(b) the glucosyltransferases (GTFs; Ch. 4), and (c)
glucan-binding proteins. Early approaches used
parenteral injection, but the main focus now is to
develop strategies that engage the mucosal immune
system by using oral or intra-nasal routes of
vaccination. To this end, vaccines might be deliv-
ered with liposomes, mucosal adjuvants, or by bac-
terial vectors. Sub-unit vaccines have been shown
to induce salivary secretory IgA and circulating IgG
antibodies to antigens of mutans streptococci, and
these are capable of reducing (a) colonization by
these cariogenic bacteria, and (b) the number of car-
ies lesions. Small scale human trials have confirmed
the ability of putative vaccines to increase levels of
specific sIgA antibodies to mutans streptococci in
saliva and to delay their subsequent recolonization.

A major issue for the introduction of a caries
vaccine will centre around the risk-benefit analy-
ses. There have been no major field trials to assess
their efficacy in humans even though potential vac-
cines against mutans streptococci have already been
manufactured to standards that satisfy the legisla-
tive authorities. This is because the incidence of
caries has fallen dramatically in most industrial-
ized societies during the time of the development
of these vaccines, probably as a result of fluoride,
while the public acceptance of mass-vaccination
programmes can be poor, even for serious medical
infections. A major question facing health organisa-
tions is whether a vaccine is justified against a non-
life threatening disease? It might be that vaccination
could be considered of benefit to particular high-
risk groups in the population.

Periodontal diseases represent an even more
complex microbial challenge in terms of vaccina-
tion. The elevated levels of P. gingivalis in advanced
forms of periodontitis have led some groups to
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investigate the feasibility of developing a vaccine
against this organism. Pilot studies in animal mod-
els, using intact killed whole cells or proteases as
the vaccine candidate, have shown reduced bone
loss, although the microbial challenge consisted
only of P. gingivalis. It remains to be determined
whether such vaccines would have clinical benefit
in a more realistic setting, involving a polymicrobial
infection.

A development arising from the studies on vac-
cination is the concept of using pre-existing anti-
bodies (passive immunization) to control putative
pathogens. When the natural levels of mutans strep-
tococci in the mouth were suppressed by chlorhexi-
dine, the topical application to teeth of monoclonal
antibodies directed against antigen I/Il was shown
to prevent subsequent recolonization by mutans
streptococci in humans for up to 100 days, and pro-
tect against caries in primates. Similarly, bovine anti-
mutans streptococci antibodies fed to germ-free rats
significantly reduced colonization by S. mutans and
S. sobrinus, as well as caries on buccal, sulcal and
approximal surfaces; specific monoclonal antibod-
ies also reduced colonization of rats by S. sobrinus.
Transgenic plants have been genetically-engineered
to produce a monoclonal secretory antibody with
specificity for antigen I/Il of mutans streptococci.
The dimeric nature of this antibody enabled it to
persist intact for longer periods in the mouth than
the parent antibody. Application to human volun-
teers from whom indigenous mutans streptococci
had been cleared, prevented recolonization by
S. mutans for up to four months. Similar benefits
have been reported following the use of monoclo-
nal antibodies targeted against P. gingivalis. This
approach has many advantages, not least being the
reduction of any of the risks (however small) that
are associated with active vaccination. Antibodies
could be generated against a wider number of puta-
tive pathogens, and they could be applied by dental
professionals at regular intervals as part of routine
visits to the dentist. In the future, this could form
the basis of a novel approach to maintaining dental
plaque with a microbial composition that is com-
patible with oral health.

Photodynamic therapy, redox and
anti-inflammatory agents

Other novel approaches to controlling pathogens in
plaque may involve photodynamic therapy or redox
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agents. Periodontal pathogens, including P. gingiva-
lis, A actinomycetemcomitans and F. nucleatum, and
cariogenic bacteria, such as mutans streptococci, are
susceptible to killing by low power laser light once
cells have been treated with low concentrations of
a photosensitiser dye such as toluidine blue. When
activated, the dye liberates free radicals which are
lethal to neighbouring cells. Photodynamic therapy
works well on biofilms such as dental plaque; tar-
geting of selected pathogens could be achieved by
coupling the dye to an antibody that is specific for
the pathogen. This approach is being used to treat
infected root canals.

Agents that can alter the redox potential (degree
of anaerobiosis; Ch. 2) of subgingival sites are being
evaluated; these redox agents are designed to raise
the Eh so that conditions will be less suitable for the
proliferation of the obligate anaerobes that domi-
nate in periodontal pockets. A new generation of
anti-inflammatory agents are being developed (e.g.
lipoxins, resolvins and docosatrienes) that could
reduce bystander damage and reduce GCF flow
thereby removing a key nutrient supply for peri-
odontal pathogens.

SUMMARY

The mechanical removal of plaque by efficient oral
hygiene can almost completely prevent plaque-

mediated diseases. However, this level of oral care is
difficult to maintain for long periods by many patients,
and additional strategies need to be deployed. Many
toothpastes and mouthwashes are supplemented with
anti-plagque and antimicrobial agents (e.g. chlorhexidine,
Triclosan, metal salts, essential oils, etc.), which even

at sub-lethal concentrations can inhibit metabolic traits
of plaque bacteria that are implicated in caries and
periodontal diseases. The use of confectionery, drinks and
chewing gums containing alternative sweeteners (e.g.
polyols) that cannot be metabolized rapidly to acid can
reduce the acidic challenge to teeth while stimulating
saliva flow. Fluoride is the most effective strategy in
reducing caries by promoting remineralization and
reducing demineralization of teeth; fluoride can also
reduce glycolysis and interfere with other key biochemical
processes in cariogenic bacteria. New strategies are being
developed including photodynamic therapy, replacement
therapy, redox and anti-inflammatory agents, and
vaccination (active and passive).
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CHAPTER SUMMARY

Distinct shifts in the balance of the microflora of
dental plaque occur during the development of car-
ies and periodontal diseases. Numerous cross-sec-
tional and longitudinal surveys have found a strong
association between the levels of mutans strepto-
cocci in plaque and the initiation of enamel caries.
Increased proportions of lactobacilli are found in
advanced lesions. However, the relationship between
mutans streptococci and caries is not absolute, and
other streptococci with relevant traits will also play
arole. Actinomyces spp., mutans streptococci and lac-
tobacilli are also implicated with root surface caries,
while infected dentine has a complex microflora,
with many anaerobic and proteolytic bacteria being
detected.

The properties of cariogenic bacteria that correlate
with their pathogenicity include the ability to rap-
idly metabolize sugars to acid, especially at low pH,
and to survive and grow under the acidic conditions
generated (i.e. cariogenic bacteria are acidogenic and
aciduric). Additional properties include the ability
to synthesize intracellular and extracellular poly-
saccharides. Strategies to control or prevent dental
caries are based on (a) reducing levels of plaque in
general, or specific cariogenic bacteria in particular,
for example, by anti-plaque or antimicrobial agents,



(b) using fluoride to encourage remineralization and
to strengthen the resistance of enamel to acid attack,
and (c) reduce bacterial acid production by avoiding
the frequent intake of fermentable carbohydrates in
the diet, by replacing such carbohydrates with sugar
substitutes, or by interfering with bacterial metab-
olism with fluoride or antimicrobial agents. Other
strategies being developed for the future include (i)
enhancing the colonization resistance property of
plaque by replacement therapy, whereby harmless
strains may exclude or suppress cariogenic species,
and (ii) active or passive vaccination against mutans
streptococci using sub-unit vaccines or specific anti-
bodies, respectively.

Periodontal diseases are a group of disorders
that affect the supporting tissues of the teeth but, as
with caries, there is no single or unique pathogen.
Many of the cultured bacteria from disease-affected
sites are Gram negative and obligately anaerobic.
Although the microflora in disease is diverse, certain
species are recovered commonly at sites undergo-
ing tissue breakdown; these include Porphyromonas
gingivalis, Prevotella intermedia, Aggregatibacter actin-
omycetemcomitans, Tannerella forsythia, Dialister
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pneumosintes, Fusobacterium nucleatum, Eubacterium
spp. and spirochaetes, although 50% of the organ-
isms at these sites are unculturable, and their role
in disease is still to be determined. Many of these
species are highly proteolytic and can degrade host
tissues and/or components of the host defences
including key regulatory proteins of the inflam-
matory response. Bacterial invasion of tissues can
occur, especially in some aggressive and necrotizing
conditions such as NUG. Risk factors for periodon-
tal diseases include abnormalities in the functioning
of the host defences, smoking, and systemic disease
such as diabetes mellitus. Organisms can evade or
subvert the host defences by leukotoxin produc-
tion or by the presence of a capsule; bacterial pro-
teases can de-regulate the inflammatory response
which can lead to by-stander damage to the host
tissues. Periodontal diseases may also act as risk fac-
tors for more serious medical conditions, including
pre-term, low birth weight babies and cardiovascu-
lar disease. Treatment and prevention of periodon-
tal disease involves good oral hygiene and effective
plaque control, which may be augmented by the
use of antimicrobial agents.
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Asdescribed in previous chapters, the mouth contains
arich and diverse microflora, only 50% of which can
be cultivated. Dental plaque within a healthy mouth
is a complex biofilm (Ch. 5), which has a commen-
sal relationship with the host. However, plaque can
become ‘pathogenic’ since it is involved in the two
most prevalent human diseases, namely dental car-
ies and periodontal disease (Ch. 6). Untreated, both
of these conditions can progress into other forms of
acute and chronic infection within the mouth and
orofacial tissues (Fig 7.1). Small alterations in the

local environment can produce microbial popula-
tion changes that permit the development of oppor-
tunistic infections involving bacterial species that
are usually regarded as non-pathogenic members of
the oral microflora. On occasions, these infections
can produce severe life-threatening situations.
Contemporary microbiological studies have rev-
ealed that the types of bacteria recovered from oro-
facial dental infections reflect the wide spectrum of
facultative and strictly anaerobic bacteria that also
are regarded as indigenous constituents of the host's
oral microflora. Strict anaerobes comprise a major
proportion of the microflora within acute suppu-
rative infections. In addition, pathogenicity experi-
ments in animals have implicated strictly anaerobic
bacterial species, in particular Gram negative bacilli,
as not only the predominant species but also the
most likely pathogens, although the reasons for
this are uncertain. One possibility is the occurrence
of specific combinations of bacterial species since
animal models have shown that Prevotella spp and
Fusobacterium spp are more pathogenic when in com-
bination with members of the anginosus group of
streptococci than when inoculated subcutaneously
separately (pathogenic synergism; Ch. 6). It has
also been proposed that microaerophilic species
produce an environment that favours the prolifer-
ation of strictly anaerobic species. The presence of
an extracellular capsule on certain bacterial strains
recovered from dentoalveolar abscesses has also
been implicated as a potential pathogenic determi-
nant since this may protect bacteria from phagocy-
tosis or intracellular killing (Fig. 7.2). While found
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on fresh clinical isolates, the capsule is lost after
repeated subculture in vitro.

In an infection involving a diverse microbial com-
munity it is likely that environmental factors, such
as availability of nutrients, local pH and the status
of the immune defences, also play a major contrib-
uting role in determining the clinical outcome and
whether or not an acute suppurative process devel-
ops. The primary source of nutrients is serum-derived
proteins along with some host tissue components.
Bacterial species within the infection may produce
a range of complementary enzymes, in particular
glycosidases and proteases, that permit progression
of the infection (Ch. 4). Prevotella oralis, P. interme-
dia and Porphyromonas endodontalis have been iden-
tified as particularly effective in the degradation of
serum proteins and immunoglobulins. These species
also obtain essential growth elements such as iron
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and haemin from the catabolism of albumin, hap-
toglobin, haemopexin and transferrin. An example
of the inter-relationship among the bacteria within
the polymicrobial community is the degradation of
proteins and peptides by Prevotella spp. for bacteria
such as E nucleatum, Eubacterium spp. and anaerobic
streptococci. These consortia also produce metabolic
substances, in particular hydrogen sulphide, indoles
and amines, that inactivate host polymorphonuclear
leukocytes and prevent complement action, in addi-
tion to acidic end products of metabolism that are
Cytotoxic.

Orofacial bacterial infections may present as either
a localized abscess or diffuse cellulitis depending on
the virulence of the bacteria, local anatomical struc-
tures and host defence mechanisms. On rare occasions,
bacteria may enter the bloodstream to produce a
potentially life-threatening septicaemia. An abscess is
a localized collection of bacteria, inflammatory cells,
tissue breakdown products, serum-derived proteins
and other organic material. Tissue destruction is pre-
dominantly caused by bacterial enzymes although
some damage is host-mediated. An abscess is hyper-
tonic in relation to the immediate environment and
pressure effects result in osteoclastic activity in sur-
rounding bone. In dentoalveolar abscesses, perfo-
ration of bone permits spread of infection into the
surrounding soft tissues. Subsequent inflammation in
the soft tissue is termed cellulitis which is often accom-
panied by limited localized muscular movement (tris-
mus). Bacterial metabolites, exotoxins and endotoxins
along with host inflammatory substances then act on
the temperature regulatory centre in the hypothala-
mus to raise the patient’s temperature (pyrexia).

LABORATORY DIAGNOSIS

A major problem associated with the recovery of
the causative microorganisms from specific orofa-
cial infections is the high potential for sample con-
tamination from microorganisms present in saliva.
Contamination of a specimen with relatively rapid
growing bacteria, such as streptococci or staphylo-
cocci, can potentially prevent the isolation of more
slowly growing relevant species. As a basic principle
the eventual microbiological report can only be as
good as the quality of the specimen. In view of the
likely presence of oxygen-sensitive bacteria in oro-
facial infections, all efforts must be made to ensure
successful recovery of such strict anaerobes. Samples
of pus should be obtained by aspiration to mini-
mize the risk of contamination and protect oxygen-
sensitive anaerobes from atmospheric oxygen (Fig.
7.3). If a swab is the only option for sampling,
then this should be placed in appropriate transport
medium. A microbiological specimen is a ‘living’
sample and as such must be transferred to the labo-
ratory as rapidly as possible for processing to mini-
mise the loss of viable bacteria.

On arrival at the laboratory a Gram stain of a smear
of the sample can be used to confirm that the specimen
is truly pus and not another substance, such as cyst
fluid. The Gram stain of pus will reveal a large number
of polymorphonuclear leukocytes and bacteria, prob-
ably a mixture of Gram positive and Gram negative
bacteria (Fig. 7.4). The sample will routinely be plated
onto non-selective blood-based media which will be
incubated in an atmosphere of air plus 5% CO, and

Fig. 7.3 Aspiration of pus from an acute dentoalveolar abscess.
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Fig. 7.4 Smear of pus obtained from acute dentoalveaolar abscess stained by Gram’s method showing mixed infection.

anaerobically. Fastidious anaerobe agar is also used to
ensureisolation of strict anaerobes. Plates are incubated
at 37°C and examined after 18-24 hours for primary
growth before being returned to the incubator for pro-
longed incubation and re-examination on a daily basis
up to 7 days. Representative colonies of any detected
growth are subcultured for pure growth and determi-
nation of atmospheric requirements. Identification of
bacteria within orofacial infections can take a number
of days due to the slow-growing nature of many strict
anaerobes. This factor limits the clinical benefit of sam-
pling such infections. More recently, molecular-based
techniques have been developed to provide rapid iden-
tification and detection of specific bacterial species in
dental infections (Chs 3 and 4). Rapid identification
methods will improve the clinical usefulness of micro-
biology when managing severe dental infections.

Culture methods fail to recover the full diver-
sity of microorganisms within orofacial infections
(Ch. 3). Molecular studies, in which DNA has been
extracted from pus obtained from acute dentoalveo-
lar abscesses and 16S rDNA has been amplified using
universal primers, have revealed that unculturable
species account for a high percentage of the micro-
flora in the sample when compared to results of cul-
ture. Similar findings have recently been reported for
endodontic infections. These observations should be
taken into account when considering the microbio-
logical aspects of the individual infections described
below since it is likely that unculturable and novel
bacterial species have an aetiological role in all den-
tal infections but their exact role is not fully under-
stood at the present time.

ANTIMICROBIAL SUSCEPTIBILITY

The global emergence of antibiotic resistance is of great
concern, and bacteria recovered from orofacial infec-
tions are now being found to have reduced in vitro
antimicrobial susceptibility to penicillins and other
antibiotics. Historically, isolates from acute suppura-
tive dental infections rarely demonstrated resistance to
penicillin but this is no longer the case. The incidence
of resistance to penicillin has increased dramatically in
Gram negative strictly anaerobic bacilli, in particular
Prevotella spp, due to the production of beta-lactama-
ses. Studies in the UK have revealed that the incidence
of penicillin resistance in acute dentoalveolar infections
rose from 3% of isolates in 1986 to 23% of isolates in
1995. Similar incidences of penicillin resistance have
now also been reported in the USA (33%), Sweden
(38%) and Japan (39%).

Susceptibility testing is traditionally performed
using a disc diffusion method on solid agar media.
This technique allows a basic assessment of sus-
ceptibility. Calculation of the minimum inhibitory
concentration (MIC) requires more labour inten-
sive broth or agar dilution methods. In recent years,
the development of a simple disc diffusion method
called the E-test has permitted direct reading of anti-
microbial MIC from an agar plate (Fig. 7.5).

Molecular techniques have been developed that
permit rapid detection of penicillin-resistance genes
in pus specimens. These techniques may prove to
be helpful in clinical management if they become
more widely available in the future. The presence of
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Fig. 7.5 Incubated plate of a Prevotella species demonstrating susceptibility to penicillin using the E-test.

penicillin-resistant bacteria has been reported to be
responsible for treatment failures in head and neck
infections of dental origin. The production of beta-
lactamases not only plays a direct pathogenic role by
destroying the drug but also indirectly ‘shields’ non-
beta-lactamase producing, penicillin-sensitive bacteria
within the infection. The widespread use of penicillin
has contributed to this problem, because it has been
shown that the administration of penicillin leads to
the emergence of beta-lactamase-producing bacteria,
especially Gram negative bacilli, in sites such as the
oropharynx. Increased resistance to other antibiotics
prescribed for dental infections does not appear to have
been reported. Of specific interest is the extremely low
incidence of resistance to clindamycin, even in coun-
tries such as Germany and Japan, where this agent
is frequently used to treat acute dental infections.

PRINCIPLES OF MANAGEMENT

The actual treatment for an individual patient will be
dependent on the specific circumstances. The basic
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principle consists of drainage of pus, if present,
and removal of the source of infection, usually by
pulp extirpation or extraction of the affected tooth.
Consideration should be given for the need forantimi-
crobial therapy. Undoubtedly, in the past, antibiotics
have been prescribed frequently either inappropri-
ately or unnecessarily. Such habits have contributed
to the emergence of penicillin resistance in bacterial
species encountered in the mouth. Despite this, if
required, members of the pencillin group (amoxicil-
lin, phenoxymethylpenicillin), given orally, remain
the antibiotic therapy of first choice. Erythromycin
and metronidazole are suitable alternative agents for
patients with hypersensitivity to penicillins. Standard
dosages usually are used for dental outpatients,
although increased dosages and combination therapy
have been recommended for severe infections. The
concept of a complete course of antibiotics is obso-
lete and patients should take the drug for as short a
time as possible, in practical terms until symptoms
have resolved. A short course of two 3g administra-
tions of amoxicillin 12 hours apart has been found
to be effective for acute dentoalveolar abscesses.
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The range of other antimicrobial agents that have
been suggested for the treatment of dentoalveo-
lar infections include ornidazole, cephalosporin,
azithromycin, spiramycin, amoxicillin-clavulanate
and clindamycin.

ENDODONTIC INFECTION

The presence of microorganisms in root canals imme-
diately prior to and during endodontic treatment has
been studied extensively in recent years. Different
sampling techniques and identification methods
have been used and this, in part, probably explains
the wide spectrum of bacteria recovered. Overall the
microflora encountered is similar in nature to that
found in acute dentoalveolar abscesses. In recent
years, cloning and sequencing techniques coupled
with denaturing high performance liquid chromatog-
raphy have revealed that root canals typically contain
between 7-20 different species, in particular Olsenella
profusa, P. gingivalis, Dialister spp. and anaerobic
streptococci. E. faecalis has received special atten-
tion since it had been proposed that it was specifi-
cally associated with endodontic failures. However,
molecular studies have revealed that this bacterial
species is frequently present in necrotic pulps prior
to treatment as well as following failed endodontic
therapy. Phylogenic analysis of bacterial and archaeal
16S 1RNA has detected a Methanobrevibacter oralis-like
species along with Treponema denticola. Furthermore,
animal studies have implicated Treponema denticola
as being the cause of disseminating infection from
the root canal to distant organs. In addition to the
identification of bacteria, studies have quantified the
presence of endotoxins within root canals; higher
levels of lipopolysaccharide were found in teeth with
clinical symptoms compared to asymptomatic teeth.
These contemporary studies indicate a complex poly-
microbial community within endodontic infections
and substantiate the link between oral disease and
systemic conditions.

DENTOALVEOLAR INFECTION

The term dentoalveolar infection can be used to
describe pyogenic (pus-forming) conditions that
affect the teeth and supporting structures, and
includes lateral periodontal abscess and acute den-
toalveolar (periapical) abscess.

Lateral periodontal abscess

The lateral periodontal abscess can be differentiated
from the dentoalveolar abscess by the fact that the
tooth that it is associated with has a vital pulp. The
periodontal abscess develops as a result of blockage,
occasionally due to the presence of foreign material
such as fish bone or toothbrush bristle, in an estab-
lished periodontal pocket. Clinically, the abscess
develops rapidly producing localized swelling and
erythema. Pus is likely to discharge from the gingi-
val margin. Obtaining a ‘true sample’ without con-
tamination of the specimen is almost impossible.
Not surprisingly, studies have reported the pres-
ence of those bacterial species also associated with
subgingival plaque, in particular, Porphyromonas
spp., Prevotella spp., Fusobacterium spp., haemolytic
streptococci, Actinomyces spp., Capnocytophaga spp.
and spirochaetes. The abscess should be treated by
drainage and irrigation with an antiseptic mouth-
wash, such as 0.2% chlorhexidine. An assessment
should be made in relation to the long-term prog-
nosis of the tooth, since on many occasions there is
advanced periodontal disease and loss of supporting
bone which are indications for extraction. Antibiotic
therapy is rarely required.

Acute dentoalveolar abscess

Acute dentoalveolar abscess is the most frequently
occurring orofacial bacterial infection. This condi-
tion represents the onset of a suppurative process at
the apex of the root of a tooth with necrotic pulp.
Pulp death usually occurs due to invasion of bac-
teria from advanced dental caries. However, occa-
sionally the pulp may have become necrotic due
to loss of its blood supply as a result of trauma to
the apical vessels, such as may occur during a blow
to the tooth. The majority of acute dentoalveolar
abscesses are preceded by a period of chronic infec-
tion and development of periapical granulation
tissue that may persist for many months or years.
Evidence of a long-standing inflammatory process
at the apices of the roots is seen radiographically as
an area of radiolucency at that site on radiographs
(Fig. 7.6). Interestingly, microscopic examination of
periapical granuloma, obtained in the absence of
acute symptoms, has revealed the presence of low
numbers of bacteria in the tissues, often within
macrophages. Bacteria probably gain access to the
apical tissue by one of three routes: direct spread
from the pulp chamber, through the periodontal
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Fig. 7.6 Intra-oral radiograph showing periapical radiolucency
due to bone loss associated with dentoalveolar infection
(arrows).

membrane on the root surface or by seeding from
local blood vessels (anachoresis). The mechanisms
that cause a chronic asymptomatic lesion to change
into an acute suppurative process are unknown, but
the occurrence of specific combinations of bacteria

or the sudden provision of nutrients via local tissue
damage is involved. The onset of acute inflamma-
tion produces the characteristic symptom of severe
pain. Other signs and symptoms will depend on
the individual case. However, clinical examination
often reveals a carious or discoloured tooth that is
tender to touch with localized swelling, erythema
and trismus (Fig. 7.7). The onset of raised body
temperature and malaise are a response to circu-
lating inflammatory cytokines, interleukins and
tumour necrosis factor, in response to bacterial
endotoxins.

Investigations using culture and molecular
methods have confirmed the polymicrobial nature
of this infection, which usually involves five or
six bacterial species. The most frequently recov-
ered facultatively anaerobic isolates are strepto-
cocci, in particular members of the anginosus group
of streptococci, Actinomyces spp., while the pre-
dominant strictly anaerobic isolates are anaerobic
streptococci, Veillonella, Prevotella, Porphyromonas
and Fusobacterium spp. Quantitative studies have
revealed the viable microbial flora of acute den-
tolveolar abscess to be between 10¢-108 colony
forming units (cfu)/ml of pus. The number and
proportions of strictly anaerobic species encoun-
tered in dentoalveolar abscesses are greater than
the number of facultatively anaerobic species.
Strict anaerobes are not only the predominant spe-
cies, often accounting for four or more of the six or
seven species encountered within the mixed micro-
flora, but they also comprise 80-90% of the overall

Fig. 7.7 Dentoalveolar abscess presenting as a fluctuant swelling in the buccal sulcus.
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cultivable microflora. Molecular approaches often
detect species that are difficult to grow by tradi-
tional culture techniques, and some novel species
have been found.

The majority of cases of dentoalveolar abscess
can be managed successfully by establishing surgi-
cal drainage alone. This should involve aspiration
of pus from the abscess in situations where a micro-
biology service is available for culture prior to inci-
sion of the soft tissues, extirpation of the pulp or
removal of the tooth. However, occasions do arise
when adequate drainage cannot be achieved, or the
patient has clinical signs of systemic upset. In these
circumstances, it may be necessary to provide anti-
microbial therapy. Selection of antimicrobial ther-
apy is based on published susceptibilities rather
than identification of the causative organisms and
determination of antimicrobial susceptibility in a
specific patient. A pus specimen from an individual
patient cannot be processed fast enough by tradi-
tional methods to be of value in making treatment
decisions since information is rarely available to
the clinician within the first 48 hours. Agents in the
penicillin group, principally amoxicillin and phe-
noxymethylpenicillin, are still the antimicrobials of
choice in the treatment of acute dental infections
while metronidazole or erythromycin should be
used as an alternative agent for patients with hyper-
sensitivity to penicillins. Clindamycin is used as
the antibiotic of first choice in some parts of the
world.

Immediate referral to a specialist is required
when a patient presents with symptoms of celluli-
tis, difficulty in swallowing, tachycardia, hypoten-
sion, raised temperature, lethargy or dehydration.
Specialist care may also become necessary when
standard outpatient treatment fails to result in symp-
tomatic improvement. Infection may spread into a
number of tissue spaces and this is influenced by
the local anatomy, in particular, muscle attachment
and their relationship to the position of the apices
of the tooth involved (Fig. 7.8, A and B). Spread into
the facial spaces of the neck may lead to difficulty
in swallowing. Hospitalization permits the provi-
sion of intravenous antibiotics and fluids. There is
also the ability to secure the airway with a tracheo-
stomy, if required. Rarely, infection from dentoal-
veolar infection in the maxilla may spread into the
facial air sinuses via the facial vein and cause cavern-
ous sinus thrombosis, a condition that is associated
with high mortality.

LUDWIG’S ANGINA

An inadequately treated dentoalveolar infection can
progress to cause widespread swelling of the tissue
spaces (submental, sublingual and submandibular)
in the head and neck with the spread of infection
though fascial spaces to the mediastinum, a situa-
tion referred to as Ludwig’s angina.

The tissues of the neck become markedly swollen
and tense leading to difficulty in breathing. Hence, the
use of the term ‘angina’, which literally means chok-
ing. Death from Ludwig’s angina still occurs, espe-
cially in developing countries, due to late intervention
or treatment failure. Airway management, involv-
ing intubation or tracheostomy, is usually required.
The bacterial species most frequently encountered in
Ludwig’s angina include Prevotella spp., Porphyromonas
spp., Fusobacterium spp. and anaerobic streptococci.
Occasionally, staphylococci, enterobacteria and coli-
forms have been recovered in cases of Ludwig’s angina.
Awareness of the potential presence of these bacterial
species is important to ensure appropriate antibiotic
therapy. Initial treatment must include broad spectrum
antibiotic therapy, such as a combination of ceftriax-
one and metronidazole, delivered intravenously.

OSTEOMYELITIS

Osteomyelitis is defined as inflammation of the med-
ullary bone within the maxilla or mandible with pos-
sible extension into the adjacent cortical bone and
overlying periosteum. This condition may be acute or
chronic and can be extremely difficult to treat effec-
tively. It is perhaps surprising that there are not more
cases of osteomyelitis in the jaws following tooth
extraction when the potential for members of the
oral microflora to gain access to the underlying bone
is considered. The good blood supply to the jaws is
probably responsible for such a small number of cases.
This concept is supported by the observation that the
rare cases of osteomyelitis that do occur are often
seen in situations where vascularity is reduced, such
as that following radiotherapy (see Ch. 11). In recent
years, osteomyelitis has been observed in patients
taking bisphosphonates for the treatment of osteo-
porosis or breast cancer. Treatment is based on local
debridement and topical antiseptic on exposed areas.
Clindamycin is a recommended antibiotic due to its
ability to achieve therapeutic levels within bone.
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Fig. 7.8 Pathways by which infection may spread from the periapical region. Muscle attachments and local anatomy (A) influence
whether the swelling presents intra-oral or extra-orally. (B) Extra-oral fluctuant swelling due to abscess on a lower second molar.

DRY SOCKET

This extremely painful condition, which is a localized
form of alveolar osteitis, occurs after approximately
3% of routine extractions and 20% of surgical extrac-
tions. Examination will reveal an empty socket at the
site of extraction in the preceding 2-3 days (Fig. 7.9).
The aetiology is not fully understood but involves
fibrinolysis of the blood clot, which may occur due to
opportunistic infection by strict anaerobes. However,

the causative role of bacteria has not been conclusively
established. Clinically, there is a pronounced halitosis
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Fig. 7.9 Dry socket following extraction of an upper first
premolar.
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which has implicated the presence of strict anaerobes
and led to the use of metronidazole in treatment.

PERI-IMPLANTITIS

Peri-implantitis is an emerging form of periodontitis
that is a direct consequence of the increasing use of
dental implants. Peri-implant disease refers to the gen-
eral category of pathological changes that can occur in
the hard and sofft tissues surrounding an implant. The
integration of an implant can be jeopardized by the
presence of inflammatory changes that causes loss of
the supportive bone (Fig. 7.10). However, most peri-
implant disease is plaque-induced and the spectrum
of bacterial species recovered in dentate patients is
comparable to that encountered in adult periodon-
titis, namely A. actinomycetemcomitans, P. gingivalis, P.
intermedia and E nucleatum (Ch. 6). Interestingly, but
perhaps not surprisingly, the microflora encountered
on healthy stable implants in edentulous individuals
is similar to that found on the mucosa and includes
Gram positive facultative streptococci.
Peri-implantitis has been shown to respond to
local mechanical and chemical means of reducing the

L3

Fig. 7.10 Intra-oral radiograph showing bone loss due to
peri-implantitis around a single tooth implant (arrows).

microflora in the immediate vicinity of the implant.
However, consideration has to be given to the pos-
sibility of causing physical damage to the surface of
the implant. Irrigation with an antiseptic, such as
0.2% chlorhexidine, has been found to be beneficial.
Alternatively, the provision of systemic antimicrobial
therapy, such as amoxicillin, metronidazole, ornida-
zole or tetracycline, has also been recommended.

PERICORONITIS

Inflammation of the soft tissues covering or imme-
diately adjacent to the crown of a partially erupted
tooth can cause extreme pain, particularly when the
opposing teeth cause additional trauma (Fig. 7.11).
This condition occurs fairly frequently in relation to
erupting lower third molar teeth in young adults, and
is due to infection in the space between the tooth and
overlying soft tissue. Strict anaerobes, in particular
P. intermedia, anaerobic streptococci and Fusobacterium
spp, are often present, and more contemporary
studies have also isolated Aggregatibacter (formerly
Actinobacillus) actinomycetecomitans and Tannerella
forsythia. Treatment is local irrigation, but if the
opposing tooth is non-functional then it should be
extracted. In severe cases it may be necessary to pre-
scribe metronidazole or amoxicillin.

BACTERIAL SIALADENITIS

Inflammation of the salivary glands is termed sialad-
enitis and this may arise due to either bacterial or
viral infection. Historically, suppurative sialadenitis
was regarded as an infection principally caused by
Staphylococcus aureus and the condition was a recog-
nised post-operative complication in hospitalized
patients undergoing general surgery. However, this
post-operative parotitis is now rare due to a better
understanding of maintaining fluid balance and
the reduced likelihood of S. aureus colonization of
the mouth due to improved oral hygiene measures.
Sialadentitis within the parotid gland is usually due
to the presence of underlying xerostomia, due to
Sjogren’s syndrome or previous radiotherapy, while
sialadenitis in the submandibular gland is most fre-
quently secondary to blockage of the duct by sali-
vary stone. The clinical presentation involves painful
swelling of the infected gland and discharge of pus
from the duct orifice (Fig. 7.12).
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Fig. 7.12 Discharge of pus from the right parotid salivary
gland duct.

Knowledge of the microbiology of suppurative
sialadenitis has become clearer due to the use of
improved sampling techniques. Ideally, pus should
be collected by aspiration of the duct orifice in order
to minimize the risk of sample contamination from
the oral microflora. If a swab technique is used, then
great care should be taken to avoid sample contami-
nation from the adjacent oral mucosa. Rarely, pus
may also spread extra-orally and a sample can be
obtained by external aspiration. Quantitative micro-
biological studies of suppurative parotitis have
revealed a viable flora of 105-108 cfu/ml involving
a wide spectrum of bacterial species, such as alpha-
haemolytic streptococci, Haemophilus spp., Eikenella
corrodens, Prevotella spp. and strictly anaerobic Gram
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positive cocci. On rare occasions, Mycobacterium
tuberculosis and atypical mycobacteria are encoun-
tered in parotitis.

Antimicrobial therapy should be prescribed with
amoxicillin the agent of choice and erythromycin
used in patients with a hypersensitivity to the pen-
icillins. If microbiological investigation reveals the
presence of strict anaerobes then the use of metron-
idazole could be considered.

Recurrent parotitis of childhood is a relatively
rare condition in which sufferers develop a purulent
discharge from one of the parotid glands about two
or three times a year. The microbiology of the infec-
tion is similar to that encountered in other forms of
suppurative sialadenitis. It has been suggested that
patients would benefit from long-term antibiotic
therapy, although most patients are managed ade-
quately with the provision of amoxicillin or erythro-
mycin as and when acute symptoms develop.

ANGULAR CHEILITIS

This condition represents an area of inflammation
that is localized to the angles of the mouth (Fig.
7.13). Angular cheilitis is usually bilateral, although
only one side of the mouth may be affected on occa-
sions. The inflammatory changes are associated
with the presence of Staphylococcus aureus, including
methicillin resistant Staphylococcus aureus (MRSA),
or Candida spp., either alone or in combination.
Streptococci are also recovered from approximately
a third of cases. As a generalization, staphylococci
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Fig. 7.13 Angular cheilitis presenting as erythema at both angles of the mouth.

are usually encountered in dentate individuals
while candida are found in patients with dentures
or an orthodontic appliance. The reservoir of staph-
ylococcal infection is often the anterior part of the
nose while the mouth is the source of the candida.
Treatment should involve not only the angles but
also the appropriate reservoir of infection. In the
case of staphylococdi, fusidic acid cream can be pre-
scribed, with one tube for the angles and a separate
tube for the nose. Miconazole cream is also useful in
cases where there is uncertainty about the microo-
ganism that may be present since this agent has
activity against candida and Gram positive cocci. An
antifungal agent should be given in cases involving
candida (Ch. 9).

CERVICOFACIAL ACTINOMYCOSIS

Actinomycosis is an example of an opportunis-
tic infection caused by members of the Actinomyces
genus. Although a range of Actinomyces species are
encountered in plaque, dentinal caries and den-
toalveolar abscess (Chs. 3, 5 and 6), cervicofacial
actinomycosis, which characteristically presents
as a submandibular swelling, is associated with A.
israelii in 90% of cases. Occasionally, A. bovis or A.
naeslundii may be isolated either alone or in com-
bination with A. actinomycetemcomitans, Haemophilus
spp., Propionibacterium spp. or Prevotella spp., any of
which may account for up to 25% of the microflora.
It has been proposed that the aetiology involves
the introduction of these bacterial species into the

deeper tissues following trauma or extraction of a
tooth. The characteristic swelling at the angle of the
mandible, which may be either localized or diffuse,
progresses slowly until multiple sinuses develop
within an indurated overlying skin (Fig. 7.14). Pus
expressed from the sinuses is thick and yellow with
granular particles consisting of calcified aggregates

Fig. 7.14 The clinical appearance of cervicofacial actinomycosis.

157



- Oral Microbiology

Fig. 7.15 A Gram-stained film of Actinomyces israelii (original
magnification x100). Note the branching filaments and the
tendency to form granular masses (arrows).

of Actinomyces filaments that are referred to as ‘sul-
phur granules’ Diagnosis is based on Gram staining
of these granules combined with an eosin counter
stain that produces a clubbing effect on the periph-
eral filaments (Fig. 7.15). Cultures should be incu-
bated anaerobically for up to 14 days; colonies of
A. israelii on blood agar are sometimes described as
being shaped like ‘molar teeth’ Although the sub-
mandibular region is by far the most frequently
affected area, cases of actinomycosis have also been
reported in the maxillary antrum, tongue and major
salivary glands. This infection induces a granu-
lomatous reaction in the surrounding tissues which
results in multiple pus-filled pockets within the tis-
sues. This particular aspect of actinomycosis has
implications for treatment since it is essential to
break these pockets down surgically to allow drain-
age. Amoxicillin is the antibiotic of choice although
erythromycin or clindamycin should be used if the
patient is hypersensitive to penicillins. Therapy may
have to be prolonged (4-6 weeks) due to failure to
achieve adequate drug levels in the granulation tissue.

STAPHYLOCOCCAL LYMPHADENITIS

Infections in the head and neck region can cause
enlargement and pain in the regional lymph nodes.
While this is a general observation in a number of
infections, there is a specific condition in which a
patient, usually a child, develops a localized pain-
ful swelling of the facial lymph node. This is due
to infection involving a Staphylococcus spp which
has spread from colonization within the nose.
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Flucloxacillin should be used systemically to treat
the lymphadenitis and topical fusidic acid should be
applied to the anterior part of the nose to eliminate
the source of infection.

FACIAL LACERATIONS

Superficial lacerations involving the face, neck and
scalp have the potential to become infected with
members of the commensal skin microflora, such
as Staphylococcus epidermidis and Propionbacterium
acnes. Soft tissue wounds should be treated within
24 hours by thorough cleaning prior to suturing.
Infection in lacerations is rare and there is seldom
a need to prescribe antibiotics. If infection develops
in a wound, a swab should be taken and sent for
culture. In these circumstances an antibiotic with
known activity against staphylococci, such as flu-
cloxacillin, can be provided empirically. Wounds
that cannot be closed by sutures or adhesive strips,
and/or which may become infected, benefit from
applications of a topical agent such as 2% mupiro-
cin ointment or 2% fusidic acid cream, which may
be applied two or three times daily. There is inter-
est in the use of semi-occlusive wound dressings to
improve wound healing and reduce scarring, which
is of particular aesthetic importance in the manage-
ment of facial wounds.

CHAPTER SUMMARY

Orofacial bacterial infections are usually opportu-
nistic polymicrobial conditions involving those spe-
cies that are also regarded as members of the host
commensal microflora, particularly strict anaerobes.
Wherever possible, samples should be obtained by
aspiration in order to minimize the risk of contami-
nation from saliva and other oral surfaces. Specimens
need to be transported to the laboratory promptly
for processing. The use of molecular microbiological
techniques has revealed that many unculturable bac-
terial species are often present. The reason why these
microorganisms become pathogenic is uncertain but
synergistic relationships between some species are
likely to be involved. The formation of such consor-
tia is likely to protect infecting microorganisms from
the host defences. Antibiotic resistance is relatively
rare in dental infections although reduced suscepti-
bility to penicillins due to beta-lactamase production,
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particularly by Gram negative strictly anaerobic
bacilli, is being encountered increasingly. Treatment
of such infections should be based on local mea-

sures to drain and clear infection. Antibiotic therapy
is rarely required and should only be given if symp-
toms of systemic involvement are present.
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ANTIMICROBIAL AGENTS

Antimicrobial agents are compounds which inhi-
bit the growth, or kill microorganisms. Some of
the early antimicrobial agents were derived from
microorganisms and were called antibiotics.
Nowadays antimicrobial agents are compounds
which are synthesized to target certain specific
functions in the microbial cell and are not derived
from microorganisms; they are, therefore, not
termed antibiotics but are referred to as antimi-
crobial agents.

Antimicrobial agents can be used for either treat-
ment or prevention of infectious disease but must be
used properly and accurately. The empirical overuse
of antibiotics has been accompanied by an enormous
increase in the emergence of microbial resistance; this
has made some antimicrobials useless for the treat-
ment of some common diseases. The use of antimicro-
bials in the prevention of disease is called prophylaxis
and is controversial. In many cases the use of prophy-
lactic antimicrobials in oral surgery is a matter of clini-
cal habit rather than based on sound evidence-based
clinical science. There are four occasions when pro-
phylactic antimicrobials are indicated and these are:

e When the risk of post-operative infection is high.

e When wounds are contaminated with soil or dirt
(e.g. after road traffic accidents) and there is a
risk of infection (e.g. Clostridium tetani).

e Where the consequences of infection are serious
or life threatening.

e When a person’s defences against infection are
compromised (see Ch. 11).

This chapter will concentrate on the first and third
indications for prophylactic antimicrobials where
oral operations are concerned.

WHEN DOES POST-OPERATIVE
INFECTION OCCUR?

The majority of post-operative infections occur at the
time of surgery. Secondary infection can occur fol-
lowing surgery (e.g. if a wound is disturbed or sutures
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are lost), but this is not usual. In a series of animal
experiments in the 1960s it was demonstrated that
post-operative infections are usually infected at the
time of surgery. The source of the post-operative
infection can either be endogenous or exogenous.
Endogenous infections are derived from the patient’s
own microflora and are introduced at the time of
the operation; they then proliferate and an infec-
tion results. The commonest time when endogenous
post-operative infection occurs is when the surgery
is done on a site already infected with the person'’s
own microflora. Ideally surgery should not be done
on areas that are not infected, but this is not always
possible. Exogenous wound infections arise from
microorganisms being introduced into the mouth
from a source outside the oral cavity, and are usually
caused by poor aseptic technique or by non-sterile
instruments. Exogenous wound infections can often
be prevented by careful preparation of the operation
site with judicious use of antiseptics.

There are two types of post-operative infection:
immediate or late. Immediate post-operative infec-
tions occur in the first 2-3 days following the oper-
ation. Late infections can occur weeks or months
after the operation and are due to microorganisms
remaining quiescent within the site and then being
reactivated. Late infections of this kind are particu-
larly associated with implants or surgically-placed
prostheses and are often called latent infections.

HOW DOES PRE-SURGICAL
ANTIMICROBIAL PROPHYLAXIS
WORK?

The mechanism of antimicrobial prophylaxis is still

controversial. Most antimicrobial agents work best

on actively dividing microorganisms which does not

usually apply to most immediate wound infections.

Successful antimicrobial prophylaxis does appear

to suppress microbial growth. A number of other

mechanisms could explain how prophylactic anti-

microbials work and include:

¢ Antimicrobials attaching to the surface of the
microorganisms and forming complexes that
increase phagocytosis.

e Antimicrobial/microorganism complexes
increasing opsonization.

¢ Antimicrobial/microorganism complexes
increasing complement activation by either the
classical or alternative pathways.

¢ Antimicrobials preventing microorganisms from
directly attaching to prostheses by blocking
binding sites.
The above explanations all have some experimental
evidence to support them, but it is all derived from
in vitro experiments. The lack of any direct experi-
mental evidence of the mechanism has led many
people to question whether antimicrobial prophy-
laxis is necessary at all, especially with oral surgical
operations where the incidence of post-operative
infection is very low.

PRE- OR POST-OPERATIVE
ANTIMICROBIALS OR BOTH?

Despite the evidence that infection occurs at the
time of operation many clinicians still give courses
of antimicrobial prophylaxis at times that are inap-
propriate and will miss the critical time when anti-
microbial protection is required. For example, a
common time to give antimicrobials is if an extrac-
tion cannot be achieved by simple forceps action
and a surgical operation is necessary. Often it is
many hours after the operation by the time the
antimicrobials are dispensed. All the available clini-
cal evidence has shown that giving antimicrobials
some time after the operation has no effect on the
outcome. There are now a large number of double-
blind clinical trials that have shown that only an
antimicrobial given before the operation, in suffi-
cient time for serum and tissue concentrations to
be maximal, will have a prophylactic effect on post-
surgical infection.

One important factor to consider when select-
ing the antimicrobial agent is that it should be able
to penetrate the tissues concerned and in particular
bone. Clindamycin, the cephalosporins and metron-
idazole all penetrate bone well, but amoxicillin does
not and is not licensed for use in this tissue.

The macrolides also do not have good bone pen-
etration. Amoxicillin is by far the most commonly
given prophylactic antimicrobial and to reach
appropriate prophylactic concentrations in bone,
for example, it is necessary to give high doses. This
is not the case with clindamycin, the cephalosporins
and metronidazole where standard adult doses give
high and prophylactic concentrations in bone. Most
antimicrobial agents that penetrate bone do so rap-
idly in the oral skeletal structures usually attaining
maximal concentrations within one hour.
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ANTIMICROBIAL PROPHYLAXIS FOR
ORAL SURGERY

One branch of surgery where the chances of post-
operative infection could be high is oral surgery, as
this is inevitably done in sites where many millions
of potential infectious agents could be present. In
practice, the rates of post-operative infection in oral
surgery are extremely low. Most simple soft-tissue
surgery within the oral cavity does not require any
antimicrobial prophylaxis. The current consensus of
opinion is that the rate of post-operative infectious
complications is so low that antimicrobial prophy-
laxis cannot be justified and would not affect the out-
come. For example, in simple periodontal surgery,
where numerous potential pathogens are present
(Ch. 6), the elimination of pocket stagnation does
not require antimicrobial prophylaxis, although it is
often given. Antimicrobials given before deep root
planing or extensive scaling probably have some
effect on healing, but the difference between those
given prophylaxis and those without is not statisti-
cally significant.

THIRD MOLAR SURGERY

The use of prophylactic antimicrobials for the
removal of third molars has always been controver-
sial. Until quite recently, third molars were removed
whether they gave symptoms or not. The extrac-
tion of unerupted third molars often involves the
removal of bone and, as a consequence, pain, swell-
ing and trismus (restriction of mouth opening) can
occur. Post-operative infection is rare following third
molar surgery, but the swelling associated with this
procedure is often mistaken for infection. It is a com-
mon practice to give antimicrobial agents before and
after third molar surgery and there is a strong cadre
of surgeons who still perpetuate this practice. There
have been nine double-blind randomized trials of
a variety of prophylactic antimicrobial agents given
before and after third molar surgery. All of these tri-
als have come to the same conclusion that antimi-
crobial agents have no statistically significant effect
on swelling, pain, trismus or post-operative infec-
tion. One trial also measured the effect of prophylac-
tic antimicrobials on C-reactive protein and alpha-1
trypsin serum levels which could be indicators of
inflammation or infection. The antimicrobials were
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found to have no effect on the serum concentrations
of these markers. This evidence would strongly sup-
port the contention that antimicrobials should not
be given prophylactically for third molar removal.

JOINT REPLACEMENTS

The replacement of joints such as hips and knees
with artificial prostheses is now common ortho-
paedic practice. Some orthopaedic surgeons believe
that the bacteria that enter the bloodstream follow-
ing dental procedures can pose a threat of early or
late infections in the prosthesis. The consequences
of infection in an orthopaedic prosthesis can be
extremely serious. An infected hip prosthesis would
require another surgical replacement operation and
has an approximately 25% chance of being success-
ful. This means that a person with an infected hip
has only a 25% chance of being able to satisfactorily
walk again. Some orthopaedic surgeons insist that
persons with implanted prostheses have prophylac-
tic antimicrobials before all dental treatment. The
prophylactic antimicrobial recommended is usually
amoxicillin which is ironic, because this probably
does not penetrate joints, has no proven prophylac-
tic action in this site and is not licensed for this pur-
pose. A risk assessment and review of the literature
reveals a paucity of proven cases where infected joint
replacement prostheses have been linked with den-
tal treatment. The use of prophylactic antimicrobi-
als for dental patients with implanted orthopaedic
prostheses, therefore, is not recommended or justi-
fied scientifically.

DENTAL IMPLANTS

The pioneering work of Brinemark devised tech-
niques for the placement of dental implants that
integrated with bone. The use of such implants has
revolutionised prosthetic dentistry and many thou-
sands of dental implants are placed successfully each
year. The surgical placement of dental implants is
an elective operation done under aseptic conditions
and, therefore, should not require antimicrobial use,
but many surgeons around the world insist that they
are given before and after implant placement. There
have now been at least nine substantial double-blind
placebo controlled randomized trials on the use of
prophylactic antimicrobials and implant placement.
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One review of these trials called the use of prophy-
lactic antimicrobials for the placement of implants
‘at best equivocal, but probably not of use’. It would
again appear that the use of antimicrobial agents for
the placement of implants is not justified.

ORAL SURGERY WHERE THE
CONSEQUENCES OF POST-OPERATIVE
INFECTION ARE POTENTIALLY SERIOUS

One potential post-operative infection follow-
ing dental procedures that could be serious and
life-threatening is infective endocarditis. The link
between this infection and dentistry is highly con-
troversial, as is the use of antimicrobial prophy-
laxis to prevent this condition. It is pertinent first
to review what causes infective endocarditis and its
consequences.

Infective endocarditis

Infective endocarditis is an infection of the endothe-
lium (lining) of the heart. If the blood flow through
the heart is disrupted either by congenital, or
acquired disease then it can clot. This is due to the
flow being slowed where there is eddy or whirl-
ing of the flow. One common cause of slowing of

blood flow is narrowing of the valve exits, where the
blood is pumped from a narrow area into a larger
area (the so called Venturi effect). Again the blood is
slowed and clots form deposits on the undersides of
the valves. These clots are often called ‘vegetations,
because they resemble vegetationous growths. If bac-
teria enter the blood stream (bacteraemia) and enter
the heart they can attach to these vegetations and
start to grow. They grow extremely slowly on these
vegetations often taking between 12 and 18 hours to
double in number and form biofilms (Fig. 8.1; Ch. 5).
Eventually they can cause inflammation of the
heart lining (called the endothelium) and infective
endocarditis can ensue. One source of the infective
agents has been postulated to be streptococci from
the mouth which are released into the blood stream
during dental procedures.

Infective endocarditis is an extremely dangerous
condition, but fortunately it is rare with only 1000
patients developing the disease in the UK each year.
Even when prolonged intravenous antibiotics are
given promptly to kill the infecting agent, endocardi-
tis still has a high mortality rate of between 25-40%.
The disease is quite difficult to diagnose from its ini-
tial signs and symptoms which are influenza-like
symptoms, night sweats and lassitude which gradu-
ally progress. The diagnosis is usually made on the
basis of a culture of blood which yields the infective

Fig. 8.1 SEM showing streptococci colonizing a heart valve from a case of fatal endocarditis.
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agents. If the patient recovers, the heart valves may
need replacement and the vegetations need removal.
This requires open-heart surgery which carries a sig-
nificant mortality risk. Replacement of the heart
valves unfortunately means that the patient may
have a 25% chance of getting infective endocarditis
again. During the period when the patient has infec-
tive endocarditis small portions of the vegetations
may break off and block peripheral blood vessels;
this is particularly serious if it is in the brain.

The microorganisms which cause infective endo-
carditis are listed in Table 8.1. The principal bacteria
that cause this disease are now staphylococci (prob-
ably derived from the skin), but until recently oral
streptococci were the main cause. The rise in the
number of people developing infective endocarditis
due to staphylococci is probably due to the use of
unsterile needles by intravenous drug addicts.

Oral streptococci have long been associated in
the development of infective endocarditis. This
is because many dental procedures such as scal-
ing, extractions and gingival manipulations have
been shown to release oral bacteria, and in particu-
lar streptococci, into the bloodstream (i.e. cause a
bacteraemia). The principal oral streptococci associ-
ated with infective endocarditis are Streptococcus san-
guinis, but S. gordonii and S. oralis are also frequently
isolated. Although these bacteria are readily found
in the mouths of patients with infective endocarditis
(Ch. 4), they can also be recovered from elsewhere

Table 8.1 Microorganisms isolated from cases of human

infective endocarditis

Microorganism % Isolation
Frequency

Staphylococci 44

Oral streptococci* 36

Enterococci 12

Aggregatibacter (Actinobacillus) 3

actinomycetemcomitans

Coxiella burnettii 2

Candida spp 1

Other microorganisms including 2

viruses

*Most common species isolated are S. sanguinis and S. oralis
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in the body, for example, on the genitalia and in the
upper respiratory tract. It is, therefore, by no means
certain that the mouth is always the portal of entry
for these bacteria on their way to the heart.

The exact mechanism by which oral streptococci
cause infective endocarditis is still a matter of debate.
Undoubtedly oral streptococci enter the blood
stream and circulate to the heart and attach to the
vegetations, but this is probably not the main route
of infection. It has been postulated that on entering
the blood stream oral streptococci are ‘shocked’ by
the change in their environment. This ‘shock’ may
cause the exposure on their cell surface of specific
adhesins (Ch. 4). These adhesins are not normally
exposed on the surface of the streptococci that pos-
sess them and because of this have been given the
term cryptitopes. At least two specific adhesins have
been identified: a thamnose-rich glycoprotein with
a collagen-like domain and another protein which
has not been fully characterized. The rhamnose-rich
protein binds the oral streptococci to platelets and
induces their aggregation, for this reason it is often
given the acronym PAAP (platelet aggregating pro-
tein). It is the complexes of platelets and strepto-
cocci which bind to the vegetations on the heart and
cause infective endocarditis. Not all strains of oral
streptococci possess PAAP, but its presence is prob-
ably not essential for the pathogenesis of infective
endocarditis, as other oral streptococcal strains with-
out this factor can cause the disease. In addition to
PAAP, the presence of glucan-forming enzymes, the
glucosyltransferases (Ch. 4), have been implicated
in the adherence of oral streptococci to vegetations,
but it is not clear if this is an essential requirement
for infective endocarditis to occur.

Antimicrobial prophylaxis against
infective endocarditis

The prevention of infective endocarditis is of para-
mount importance as the disease is so serious and
potentially life threatening. One possible preventa-
tive method is to give antimicrobials before certain
types of dental treatment with the intention of pre-
venting the infection. Animal studies, particularly in
the rabbit, have been used to simulate the disease.
If large doses of antimicrobials are given before the
susceptible rabbit is inoculated then 90% of the ani-
mals can be protected against infective endocardi-
tis. The protection is not 100% effective in animals
and this is also true for humans where infective
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endocarditis is not completely prevented by admin-
istration of prophylactic antimicrobials. There is also
some doubt in humans as to the exact dose of anti-
microbial agent required, for example, 3 g amoxicil-
lin (given orally) is used in the UK while in the USA
the doseis2 g.

There are over 44 inter-related conditions that
can be associated with a susceptibility to infective
endocarditis but some of these are rare. Thus there
is confusion as to which patients should receive
antimicrobial prophylaxis. Also there is doubt as
to whether antimicrobial prophylaxis works at all,
as the animal studies do not completely simulate
human infective endocarditis. For this reason, expert
groups have met around the world and issued guide-
lines as to which patients should receive antimi-
crobial prophylaxis and for which types of dental
treatment.

There have also been large numbers of authorities
that are questioning whether antimicrobial prophy-
laxis should be given at all before dental treatment
for patients susceptible to infective endocarditis.

The largest review summating all the evidence
has been done by the National Institute for Clinical
Excellence (NICE) in the UK in 2008. Using all the
data they had available from studies around the

FURTHER READING

world they concluded that there were four groups
of patients that are particularly susceptible to infec-
tive endocarditis: these were those with acquired
valvular damage, structural congenital heart dis-
ease, valve replacements and cardiomyopathy. These
four groups alone could justify antimicrobial pro-
phylaxis. NICE also looked at the effects of antimi-
crobial prophylaxis on bacteraemias and concluded
that the effect was impossible to measure. NICE
therefore recommended from March 2008 that no
further antimicrobial prophylaxis should be given
before any dental treatment in any group of patients
susceptible to infective endocarditis in the UK.

CHAPTER SUMMARY

Antimicrobial prophylaxis is not justified for
patients who have received hip replacements, before
implant placement, minor oral surgery or third
molar removal. The UK has also recommended that
antimicrobial prophylaxis is not given before dental
treatment for patients susceptible to infective endo-
carditis. In situations where antibiotics are appro-
priate, they should be selected carefully and should
penetrate the target tissues.
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Candida species are fungi that are frequently encoun-
tered in the mouth of healthy individuals and as
such can be considered to be normal residents of the

9

oral microflora. The actual incidence of oral candidal
carriage is estimated to be between 35 and 55% of
healthy individuals, depending on the population
group studied. Other fungi, such as Saccharomyces
spp., Geotrichum spp. and Cryptococcus spp. are also
encountered (Table 9.1), but their occurrences are
rare and these are not generally implicated with oral
infection. While Candida species are normally harm-
less commensals, when conditions in the mouth alter
to one that favours proliferation of Candida, a shift to
a pathogenic state can occur. As such, Candida infec-
tion is invariably an opportunistic one dependent
upon some form of underlying host predisposition.
Infection with Candida is described in the literature
as a candidosis (candidoses, pl) or candidiasis (can-
didiases, pl). Both terms are widely used, although
candidosis is often preferred due to its consistent
use of the ‘osis’ stem with the terminology for other
fungal infections. The term Candida originates from
the Latin word candid, meaning white.

PATHOGENIC CANDIDA SPECIES

The genus Candida contains over 200 different spe-
cies that are ubiquitously distributed. However, only a
few of these have been implicated in human infection.
The most prevalent Candida species recovered from the
human mouth, in both commensal state and cases of
oral candidosis, is Candida albicans. It is estimated that
this species accounts for over 80% of all oral yeast iso-
lates. In terms of oral prevalence, C. albicans is followed
by C. glabrata, C. krusei, C. tropicalis, C. guilliermondii,
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Table 9.1 Fungal species recovered from the human
mouth.

Candida species Other fungal species

(rare)

Candida albicans Paracoccidioides brasiliensis

Candida glabrata Aspergillus spp.

Candida tropicalis Cryptococcus neoformans

Candida krusei Histoplasma capsulatum

Candida lusitaniae Mucor spp.

Candida dubliniensis Saccharomyces spp.
Candida kefyr Geotrichum spp.
Candida guilliermondii Rhizopus spp.
Candida parapsilosis

C. kefyr and C. parapsilosis. In more recent years there
has been a greater recognition of the importance of
the non-albicans Candida species in human disease.
Candida glabrata and C. krusei are species that have
received attention due to their enhanced resistance
to certain antifungal agents. Candida dubliniensis is a
recently identified pathogenic species, first described
in 1995 when it was co-isolated with C. albicans from
cases of oral candidosis in HIV-infected individuals.

CANDIDA VIRULENCE FACTORS

The transition of Candida from a harmless commen-
sal to a pathogenic organism is complex and may
relate to subtle environmental changes that lead to the
expression of a range of virulence factors (Table 9.2).
It is likely that it is the combined effect of both host
and candidal factors that ultimately contribute to the
development of oral candidosis.

Adherence

One of the key virulence factors of Candida spp. is the
ability to adhere to host surfaces. In the oral cavity,
this allows the organism to avoid removal through
the effects of salivary flow and swallowing. Adherence
can be to oral epithelial tissue or to biomaterials of
prosthetic devices such as dentures, that have been
introduced into the mouth. Attachment to such oral
surfaces can be specific or non-specific, the latter
involving electrostatic or hydrophobic interactions,
together with the simple physical entrapment of the
microorganism at specific locations in the mouth.
The cell surface molecules on Candida that are
involved in its specific adherence are described as
adhesins (Ch. 4). The host cell component that
these adhesins interact with, are referred to as recep-
tors. A wide range of adhesins have been identified

Virulence factor

o Relative cell surface hydrophobicity

Table 9.2 Putative virulence factors associated with Candida albicans.

Effect

Adherence Promotes retention in the mouth

¢ Non-specific adherence process

e Expression of cell surface adhesin molecules

Evasion of host defences

o Facilitates specific adherence mechanisms

Promotes retention in the mouth

¢ High frequency phenotypic switching

¢ Antigenic modification through frequent cell surface changes

¢ Hyphal development

o Reduces likelihood of phagocytosis; allows phagocytosed yeast
to escape phagocyte

e Secreted aspartyl proteinase production

e Secretory IgA destruction

¢ Binding of complement molecules

Invasion and destruction of host tissue

¢ Hyphal development

¢ Antigenic masking

Enhances pathogenicity

® Promotes invasion of oral epithelium

e Secreted aspartyl proteinase production

o Host cell and extracellular matrix damage

¢ Phospholipase production

e Damage to host cells
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for C. albicans and include mannoproteins, fibrillar
adhesins that bind to fucosyl receptors and proteins
that bind to complement receptors on host cells.
Candidal adherence is a complex and multifacto-
rial process, dependent on both host and candidal
characteristics.

Morphology

Candida have the ability to grow in several morpho-
logical states including budding yeast cells, pseudo-
hyphae (elongated chains of yeast cells), and also
true filamentous hyphae (Fig. 9.1). Pseudohyphae
and hyphae are distinguishable as the former
contains constrictions at the septa of the fila-
ments. Once attached to host surfaces the ability
of Candida and in particular C. albicans to switch
from its yeast morphology to a filamentous form
may promote penetration of the epithelium and
increase resistance of cells to phagocytosis by host
immune cells.

Candida glabrata is notable for its inabil-
ity to form filaments while other non-albicans
Candida species can develop pseudohyphae. True
hyphal development is an attribute reserved for
C. albicans and the closely related C. dubliniensis.
A number of genes have been shown to positively
control hyphal production in C. albicans includ-
ing HGC1 which encodes for a cytoplasmic pro-
tein (hyphae-specific G1 cyclin) without which
the hyphal morphology will not occur. Studies
examining mutants of C. albicans unable to
express HGC1 show that non-filamentous strains
are less virulent.

Fig. 9.1 Fluorescent microscopy image of Candida albicans as
a mixture of yeast and filamentous growth forms.
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Phenotypic switching

The candidal phenomenon of high frequency switch-
ing is related to cell morphology and reflected in
vitro as reversible changes in colony morphology
induced by exposure to various environmental stim-
uli. Switching has multiple effects on the Candida
cells and is associated with altered gene expression
which affects surface antigenicity, adhesiveness,
drug susceptibility, and resistance to phagocytosis
by polymorphonuclear leukocytes. A high switch-
ing mode is a strain-dependent trait and can clearly
influence strain virulence.

Hydrolytic enzymes

Destruction of host tissues by Candida may be facili-
tated by the release of hydrolytic enzymes into the
local environment and secreted aspartyl proteinases
(SAPs) and phospholipases are the enzymes most
frequently implicated with C. albicans.

Secreted aspartyl proteinases (SAPs)

At present, 10 different genes have been identified
that encode for candidal SAPs. Expression of these
genes can be induced under different conditions and
three (SAP4, SAP5 and SAPG) appear to be expressed
during hyphal development. All SAPs exhibit a num-
ber of common characteristics including an activity
restricted to a largely acidic environment and inhi-
bition by pepstatin A (a hexa-peptide originally iso-
lated from Actinomycete species). The exact role of
these enzymes in virulence remains unclear, how-
ever their ability to degrade host extracellular matrix
proteins would be an obvious pathogenic factor as
would the destruction of host proteins involved in
defence against infection.

Phospholipases (PLs)

In addition to SAPs, enzymes categorized as phos-
pholipases (PLs) are often considered to be fac-
tors in Candida pathogenicity. Phospholipases are
enzymes that hydrolyse phospholipids into fatty
acids. Four classes of phospholipases (A, B, C, and
D) have been defined depending upon the type of
ester bond cleaved. The production of all classes of
phospholipase has been described for Candida spe-
cies and their production could contribute to host
cell membrane damage which could promote cell
lysis or expose receptors to facilitate adherence.
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SUMMARY

Several Candida species are recognized as important
opportunistic pathogens of humans and the ability to
cause disease is dependent upon the delicate balance
that exists between the host defence processes and

the expression of virulence factors by the infecting
Candida. No single predominant virulence factor for
Candida is recognized although there are a number

of factors that have been implicated in promoting the
infection process. These include attributes involved in

the adhesion of Candida to oral surfaces (e.g. relative

cell surface hydrophobicity and the presence of specific
adhesin molecules), the ability to resist host immune
defence mechanisms (e.g. high frequency phenotypic
switching and morphological transition) and the release of
hydrolytic enzymes (e.g. secreted aspartyl proteinases and
phospholipases) that can induce damage to host cells.

ORAL CANDIDOSIS

Candidosis is a ‘disease of the diseased’ which high-
lights the importance of host-related factors on the
development of oral candidosis. This is most clearly
exemplified by the high incidence of oral candidosis
in Human Immunodeficiency Virus (HIV)-positive
individuals and Acquired Immunodeficiency Syn-
drome (AIDS) sufferers. However, transition from
healthy oral carriage to a diseased state can be trig-
gered by less extreme changes within the oral envi-
ronment and numerous other factors have been
implicated (Table 9.3).

Oral candidosis is not a single entity, and four
distinct primary oral candidoses are frequently
described, based on their clinical presentation
(Fig.9.2).

Pseudomembranous candidosis

Pseudomembranous candidosis (Fig. 9.2A) is char-
acterized by the presence of white plaque-like
lesions on the oral mucosa and has traditionally
been most frequently found in the mouths of neo-
nates and in the elderly. Pseudomembranes occur
on the surface of the labial and buccal mucosa,
hard and soft palate, and tongue. The lesions can
be removed by gentle scraping to reveal the under-
lying erythematous mucosa and this is a diagnostic
clinical feature of the infection. When viewed by

Table 9.3 Host related factors associated with oral
candidosis.

Suggested host factor

Local host factors

e Denture wearing

e Steroid inhaler use

e Reduced salivary flow

e Carbohydrate rich diet

Systemic host factors

e Extremes of age

e Endocrine disorders e.g. diabetes

* Immunosuppression

e Receipt of broad spectrum antibiotics

o Nutritional deficiencies

light microscopy, the removed pseudomembranes
are seen to consist of desquamated epithelial cells
and fungal elements. Pseudomembranous candi-
dosis is often described as ‘oral thrush’ and is gen-
erally regarded as an acute infection resulting from
an underlying host predisposition. Management
and correction of any host related factor generally
results in resolution of the condition. However,
in recent years and with the advent of HIV infec-
tion and the increasing incidence of AIDS, a more
chronic variant of pseudomembranous candido-
sis has been reported that can persist for several
months if not years. Furthermore, in such immu-
nocompromised individuals, progression of the
oral infection to an oesophageal involvement is
often evident and this can lead to added complica-
tions such as difficulties in swallowing and chest
pain. The increasing prevalence of steroid inhaler
use, particularly in young adults as part of the man-
agement of asthma, has been associated with fre-
quent cases of pseudomembranous candidosis in
the soft palate.

Acute erythematous candidosis

Acute erythematous candidosis (Fig. 9.2B) is charac-
terized by the presence of painful reddened patches
on the oral mucosa, typically on the dorsum of the
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Fig. 9.2 Clinically distinct forms of oral candidosis

(A) pseudomembranous candidosis (thrush), (B) acute
erythematous candidosis, (C) chronic hyperplastic candidosis,
(D) chronic erythematous candidosis, and (E) chronic
mucocutaneous candidosis.
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tongue. The condition is most frequently associated
with the administration of a broad spectrum anti-
biotic, particularly if the patient also uses a steroid
inhaler. It is believed that the antibiotic decreases
the bacterial community within the oral microflora,
allowing Candida numbers to increase. Cessation of
antibiotic treatment will generally result in resolu-
tion of the lesion. The relationship between anti-
biotic therapy and this form of oral candidosis has
resulted in the use of an alternative description,
namely, ‘antibiotic sore mouth’.

Chronic hyperplastic candidosis

Chronic hyperplastic candidosis (CHC; Fig. 9.2C)
is a relatively rare form of oral candidosis with
its highest prevalence seen in middle aged men
who are tobacco smokers. The condition is gener-
ally asymptomatic and if left untreated some cases
(5-10%) go on to exhibit dysplasia and subse-
quent development of oral cancer at the lesional
site. Unlike other forms of oral candidosis, CHC
is characterized by the invasion of the oral epithe-
lium by hyphal forms of Candida. The condition
can occur at any site on the oral mucosa but is most
frequently encountered as bilateral white patches in
the buccal commissure regions. The lesions cannot
be removed by gentle scraping without bleeding
and two lesional types have been described based
on clinical appearance. Homogeneous lesions are
smooth and white which contrasts with heteroge-
neous lesions where areas of erythema can be seen
giving a nodular or speckled appearance to the
infected site. Some studies suggest that it is the het-
erogeneous form of the lesion that is more prone
to malignant transformation.

Chronic erythematous candidosis

The most frequently encountered form of oral can-
didosis is chronic erythematous or ‘Candida asso-
ciated denture stomatitis’ (Fig. 9.2D). As its name
implies, this infection presents as reddening of the
mucosa beneath the fitting surface of a denture. Up
to 65% of denture wearers have clinical signs of this
condition, although the sufferer is usually unaware
of infection. This condition can develop under any
acrylic denture or intra-oral appliance, but is almost
invariably seen in the palate rather than on the
mandibular mucosa. Inadequate oral hygiene or the
presence of a poorly fitting denture are both strongly
associated with chronic erythematous candidosis.

Other secondary forms of oral
candidosis

In addition to the primary forms of oral candidosis
described above, other Candida-associated lesions
are recognized and include conditions such as angu-
lar cheilitis, median rhomboid glossitis, and chronic
mucocutaneous candidosis.

Angular cheilitis

Angular cheilitis characteristically presents as ery-
thematous lesions at the corners of the mouth (Fig.
7.13). The condition is frequently associated with
another form of oral candidosis, typically chronic
erythematous candidosis. While Candida can be
recovered from the lesional sites, the exact role of this
organism in the infection can be difficult to ascertain
as frequently bacterial species such as Staphylococcus
aureus or streptococci are also present.

Median rhomboid glossitis

Median rhomboid glossitis is seen as a symmet-
rical shaped area in the midline of the dorsum of
the tongue. The condition is chronic and represents
atrophy of the filiform papillae. Recovery of Candida
from this area is high, and the condition would
appear to be strongly associated with both smoking
and the use of inhaled steroids.

Chronic mucocutaneous candidosis

Chronic mucocutaneous candidosis (CMC) is a
condition that comprises a group of candidal infec-
tions largely confined to the skin, mucous mem-
branes (Figure 9.2E) and nails of an individual. A
number of relatively rare congenital conditions are
associated with CMC and the key predisposing fac-
tor would appear to centre on an impaired cellular
immunity against Candida.

It remains unclear as to why individuals present
with these different infections, which are all seem-
ingly caused by the same fungus. Host determinants
are important with the different infections varying in
prevalence amongst distinct patient groups. What is
also evident is that C. albicans is an extremely hetero-
geneous species whose strains differ markedly, both
phenotypically and genotypically. Thus, candidal
strain variation could be a factor in determining
which type of infection develops, whether the host
actually manages to clear the colonizing strain or
whether the strain is retained as a commensal. It is
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highly conceivable that strain variation could pro-
mote pathogenesis through elevated expression of
virulence determinants and by affecting the nature
of the hosts’ immune response.

SUMMARY

Oral candidosis is not a single disease presentation and
four clinically distinct forms are often described. These
include the acute infections of pseudomembranous
candidosis and acute erythematous candidosis with
chronic infections represented by chronic erythematous
candidosis and chronic hyperplastic candidosis. In more
recent years and with the advent of the AIDS epidemic,
chronic forms of pseudomembranous candidosis are more
frequently encountered. Each infection has a distinct
clinical presentation and associated host predisposing
factors. The role of the infecting organism in determining
the type of infection that occurs remains unclear.

HOST RESPONSE TO ORAL
CANDIDOSIS

Appropriate host immunity is essential in the pre-
vention of oral candidosis. Innate immunity is first
encountered in the oral cavity in the form of anti-
microbial peptides (AMPs), also referred to as host
defence peptides (HDPs; Ch. 2) found in saliva or
released by oral epithelial cells. Release of these mol-
ecules from epithelial cells is believed to be triggered
when Candida binds to a particular group of recep-
tors on epithelial cell surfaces. These receptors are
often referred to as pattern-recognition receptors,
and toll-like receptors (TLRs) are a major class of
these. In humans, TLR2 and TLR4 are responsible for
recognising fungal pathogens resulting in activation
of intracellular pathways leading to cytokine pro-
duction, activation of the innate immune response
and release of AMPs.

Examples of AMPs include lactoferrin, o- and
B- defensins, histatins, lysozyme, secretory immu-
noglobulin A, mucins, sialoperoxidase and transfer-
rin (Ch. 2). The main function of these molecules
is to either kill the colonising Candida or limit its
adherence to oral surfaces. Histatins are largely spe-
cific to the mouth and have an anti-candidal activity.
Reduced histatin levels have been linked with ele-
vated Candida colonization of the oral mucosa.
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Also of importance in early host defence is the
phagocytotic clearing of C. albicans by polymorpho-
nuclear cells (PMNs) and monocytes. Stimulation
of macrophages may arise through direct contact
with a range of candidal cell-wall component mol-
ecules. After phagocytosis, killing of C. albicans is
believed to involve reactive oxygen and nitrogen
intermediates. The phagocyte-dependent protec-
tion of the host can be promoted or impaired by
the release of cytokines by T-helper (Th) cells. The
importance of an appropriate Th response in pro-
tecting against oral candidosis is best exemplified
by the high incidence of oral candidosis in HIV-
positive individuals in whom a decline in T-cell
activity occurs. The type of Th response gener-
ated can be influenced by the effect of the infect-
ing organism on antigen-presenting cells (APCs)
such as dentritic cells (DCs) that perform a sen-
tinel role within the oral mucosa. After contact
with Candida, or its products, DCs migrate into the
draining lymph node where they mature and direct
CD4+ T cells to develop into either Th1 or Th2 cells
through Candida antigen presentation and cytokine
production. A Th1 type response is considered to
be protective, while a Th2 response is believed to
lead to Candida-related pathology.

Evidence suggests that the environment of ini-
tial DC stimulation may be important in ultimately
determining the type of Th response. Studies in mice
indicate that early release of proinflammatory cytok-
ines such as interferon-y (IFN-y) and tumour necrosis
factor-o. (TNF-a) by macrophages, and interleukin-12
(IL-12) by DCs are important in directing Th cell
maturation towards the Th1 type. In contrast, release
of IL-4 and IL-10 would appear important for Th2
cell development. Different C. albicans strains could
influence this process by stimulating tissues to pro-
duce particular cytokine profiles, or affecting the DC
phenotype and thus the influence of DCs on naive
Th cell maturation. There is evidence suggesting
that the latter occurs with the different morphologi-
cal forms of C. albicans, as DCs have been shown
to discriminate between yeast and hyphal forms of
C. albicans, which respectively promote Th1 and Th2
responses. Recent studies have also proposed a role
for regulatory T cells (CD4°CD25" T lymphocytes;
Treg) in the immune response to C. albicans with
the possibility that 1L-10 and transforming growth
factor B (TGFB)-mediated responses stimulate the
production of Treg cells which suppress the nor-
mally protective Th1 responses.
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Antibody driven (humoral immunity) protec-
tion against oral candidosis is first encountered by
the action of secretory IgA which is considered to be
an important inhibitor of the adhesion of Candida
(and indeed other oral microbes) to oral surfaces.
Serum antibodies probably constitute a secondary
defence line and become important once either tis-
sue penetration or systemic infection occurs.

SUMMARY

Host defence against oral candidosis initially involves

a complex combination of non-specific antimicrobial
molecules found in saliva and gingival crevicular fluid,
the phagocytic clearing activity of polymorphonuclear
and monocytic cells, and classical cell mediated defence
mechanisms. In the event of tissue penetration, antibody
based protection will become more prominent. A
deficiency in the functioning of any of these defence
mechanisms has the effect of predisposing an individual
to Candida infection.

DIAGNOSIS OF ORAL CANDIDOSIS

Diagnosis of oral candidosis can often be made on
the nature of the clinical presenting features although
microbiological specimens should be taken if possi-
ble in order to both identify and quantify any Candida
that may be present and provide isolates for anti-
fungal sensitivity testing. Identification of infecting
strains is important since the emergence of species

with reduced sensitivity to frequently administered
antifungals is becoming increasingly evident.

Isolation of Candida from the oral
cavity

Oral samples can be obtained by a variety of meth-
ods (Table 9.4) with the most common approaches
being swab, imprint culture, oral rinse and culture
of whole saliva. Each method has its merits as well
as its drawbacks and the most appropriate method
is largely governed by the presentation of the lesion.
Where an accessible and defined lesion is evident, a
direct sampling approach such as the use of a swab
or an imprint is often preferred as this will provide
information of the organisms present at the lesion
itself. In cases where there are no obvious lesions or
in instances where the lesion is difficult to access, an
indirect sample based on culturing saliva specimens
or an oral rinse is more acceptable.

In the case of chronic hyperplastic candidosis,
a biopsy of the lesion is necessary for subsequent
detection of invading Candida by histological stain-
ing using either the periodic acid Schiff or Gomori’s
methenamine silver stains.

Quantitative estimation of fungal load at the
lesion has been justified as a means of differenti-
ating between commensal carriage and pathogenic
existence of oral Candida, with higher loads consid-
ered likely in the latter. On this basis, the imprint
culture and the oral rinse offer advantages over the
other approaches.

Isolation method Advantages

Table 9.4 Methods of recovering Candida from the oral cavity.

Disadvantages

Culture of whole saliva

Sensitive; viable organisms isolated

Problems may occur with collection of
sample; not site specific

Concentrated oral rinse

Quantitative; viable cells isolated

Some patients have difficulty in using rinse;
not site specific

Swab

Simple to use; viable cells isolated; site specific

Difficult to standardise

Smear

Simple to use; not reliant on culture

Viable cells not determined; species identity
not readily confirmed

Imprint culture

Quantitative; viable cells isolated; site specific

Some sites difficult to sample

Biopsy

Essential for chronic hyperplastic candidosis

Invasive; not appropriate for other forms of
candidosis
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Oral samples for detection of Candida are gen-
erally cultured on Sabouraud Dextrose Agar (SDA)
which will support the growth of all oral Candida
species with the added benefit of suppressing bacte-
rial growth due to its relatively low pH. Occasionally
microbiologists will incorporate antibiotics into
SDA to further increase its selectivity. In recent years,
other differential media e.g. CHROMagar® Candida
(Fig. 9.3), have been developed that allow identifi-
cation of certain Candida species based on colony
appearance and colour following primary culture.
The advantage of such media is that the presence of
multiple Candida species in a single infection can
be determined which can be important in selecting
subsequent treatment options.

Presumptive identification of yeasts based on
primary culture media can be confirmed through
a variety of supplemental tests traditionally based
on morphological and physiological characteristics
of the isolates. As previously mentioned, C. albicans
and C. dubliniensis are the only species that produce
true hyphal growth and this trait can be exploited
for identification through the use of the ‘germ-tube
test’. In this test, the organism is subcultured in horse
serum at 37°C for 2-4 hours, after which time the
culture is examined by light microscopy for the pres-
ence of germ-tubes (Fig. 9.4).

Candida albicans and C. dubliniensis can also be
identified from other species based on their ability
to produce morphological features known as chla-
mydospores. Chlamydospores are refractile, spher-

C. glabrata

\I

ical structures generated at the termini of hyphae
following culture of isolates on a nutritionally
poor medium such as cornmeal agar. Isolates are
inoculated in a cross-hatch pattern on the agar and
overlaid with a sterile coverslip. Agars are incu-
bated for 24-48 hours at 37°C and then exam-
ined microscopically for chlamydospore presence
(Fig. 9.5).

Biochemical identification of Candida species
is largely based on carbohydrate utilization and a
range of commercial systems are now available to
facilitate such tests. Isolate identification is deter-
mined by the profile of carbohydrates that can be
utilized by the test organism. Traditional testing
would have involved culture of test isolates on a
basal agar lacking a carbon source. Carbohydrate
solutions would then be placed within wells of the
seeded agar or upon filter paper discs located on
the agar surface. Growth in the vicinity of the car-
bon source would indicate utilization. Commercial
systems such as the API 32C system are based on the
same principle but test carbohydrates are housed
in plastic wells located on a test strip. Growth in
each well is read by changes in turbidity or colour
changes in certain kit systems. Numerical codes
obtained from the test results are used to identify
the test organism based on database comparison.

Increasingly, molecular-based identification meth-
ods are used within diagnostic laboratories and there
are a number of reports using species-specific poly-
merase chain reaction (PCR) approaches for Candida

C. albicans

Fig. 9.3 Mixed Candida species differentiated by culture on CHROMagar® Candida. Candida albicans appear as green colonies,
non C. albicans species frequently present with purple or alternative colouration.
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Fig. 9.4 Germ tube production (arrowed) by C. albicans cultured in horse serum at 37°C for 2-4 hours.

Fig. 9.5 Chlamydospores (arrowed) produced by Candida albicans on cornmeal tween 20 agar.

identification. Several target genes have been repo-
rted for Candida species discrimination, although
those most frequently amplified are the sequences
of the ribosomal RNA operon. Identification can
be obtained based on PCR product sizes obtained
following gel electrophoresis resolution, or PCR

product sequence variation determined either by
direct sequencing or through the use of restriction
fragment analysis following cutting of PCR sequences
with restriction endonucleases. Molecular-based tech-
nology can also be used to identify strains of Candida
species although the use of techniques such as Pulsed
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Field Gel Electrophoresis (PFGE), Random Amplified
Polymorphic DNA (RAPD) analysis and REP (repeat
sequence amplification) PCR are largely reserved for
epidemiological investigations in research of oral
candidosis.

SUMMARY

In recent years greater emphasis has been placed on the
reliable identification of Candida species from human
clinical samples. Key to this has been the recognition that
a range of different species are associated with human
infection and, importantly, may vary in both pathogenic
potential and susceptibility to administered antifungal
agents. Since Candida are frequent components of

the resident microflora in health, appropriate sampling
methods are required to assist in ascertaining the exact
location of the organisms in the mouth together with their
number. There are a wide variety of phenotypic methods
available for identifying isolated Candida including the use
of differential agar media, morphological culture tests and
biochemical screening panels. These methods have recently
been supplemented with more sophisticated molecular
tests involving analysis of the DNA of isolated organisms.

MANAGEMENT OF ORAL
CANDIDOSIS

In view of the fact that oral candidosis is an oppor-
tunistic infection, identification and elimination of
any underlying host predisposing factor (Table 9.3)
is the key to patient management. Consideration
of the patient’s medical history is highly significant
in developing a management regime for a sufferer
of oral candidosis. Predisposing factors need to be
identified and resolved wherever possible. Such
goals are achievable in many instances, for exam-
ple, improving the oral hygiene in denture wearers
who have chronic erythematous candidosis is para-
mount to management of this condition. Cessation
of smoking for sufferers of CHC or median thom-
boid glossitis should also be targeted together with
educating asthmatics who use steroid inhalers
about the importance of rinsing their mouths after
administration of the inhaler. Haematological tests
may reveal inadequate levels of vitamins and min-
erals and such situations can be readily addressed
through management of diet and/or the use of sup-
plements. Undiagnosed or poorly controlled dia-
betes is a recognised predisposing factor to oral
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candidosis and therefore assessment of blood glu-
cose may be required.

In some cases, however, the predisposing fac-
tors cannot be resolved, such as with individuals
who are immunosuppressed through the receipt
of an immunosuppressant drug required for the
treatment of a cancer, or to avoid organ rejection
following transplant surgery.

ANTIFUNGAL INTERVENTION

In comparison with antibiotics, the development
of antifungal agents has been relatively slow. This
can be attributed to several factors including the
inherent problems in developing an effective agent
that acts upon a eukaryotic fungal cell type with-
out toxicity to eukaryotic host cells. In addition,
it is only relatively recently that diagnostic pro-
cedures have highlighted the significant role of
fungi in disease and their increasing occurrence,
largely due to medical interventions leading to host
susceptibility.

The classification of antifungal drugs is currently
based on their target of activity (Table 9.5) and the
use of these agents often varies with the type of oral
candidosis and condition of the patient (Table 9.6).
Resistance to antifungal drugs is an increasingly rec-
ognized phenomenon and can be defined clinically
as the persistence of signs and symptoms of the infec-
tion despite adequate delivery of a normally appro-
priate and tolerable level of the drug. Depending on
the drug and the yeast species, the mechanism of
antifungal resistance can either be intrinsic (present
without previous exposure to the antifungal) or
inherent, where resistance develops in a previously
susceptible organism following exposure.

Polyene antifungals

Polyene antifungals are fungicidal due to their ability to
interact with the ergosterol component within the fun-
gal cell membrane to generate pores within the mem-
branes causing cell leakage and loss of cytoplasmic
content. The principal polyene antifungals are ampho-
tericin B and nystatin and these agents are generally
regarded to have the broadest spectrum of antifungal
activity. These agents are frequently used topically and
can be administered in a variety of oral formulations
in the treatment of oral candidosis including suspen-
sions, lozenges and pastilles. Polyenes are very poorly



Table 9.5 Antifungals used in the management of candidosis.

Antifungal Mode of action Administration
Polyenes Disruption of fungal cell membrane

o Nystatin topical

¢ Amphotericin topical
Azoles Inhibition of ergosterol synthesis

o fluconazole systemic

® miconazole topical

® ketoconazole

topical/systemic

e clotrimazole topical

e itraconazole systemic
e voriconazole systemic
® posaconazole systemic

5-flucytosine Inhibition of DNA and protein synthesis

systemic, often in combined therapy with amphotericin

Echinocandins Inhibition of B 1, 3 D-glucan synthesis

intravenous

e caspofungin

¢ micofungin

e anidulafungin

Table 9.6 Recommended antifungal therapy for primary
forms of oral candidosis.

PMC AEC CEC CHC

Topical delivery

Nystatin Yes
Amphotericin Yes
Miconazole Yes
Clotrimazole Yes

Systemic delivery

Ketoconazole Yes Yes Yes
Fluconazole Yes Yes Yes
ltraconazole Yes Yes Yes

PMC, pseudomembranous candidosis; AEC, acute erythematous
candidosis;

CEC, chronic erythematous candidosis; CHC, chronic hyperplastic
candidosis;

Nystatin is available as both an ointment and oral suspension
Amphotericin is available as a lozenge

Miconazole is available as an oral gel and cream

Clotrimazole is available as a cream and pessary

Other antifungals are available and these may be more frequently
used in hospitalized patients

absorbed through the gut and as such their use is rel-
atively limited. In cases of serious invasive Candida
infections, intravenous administration of amphoteri-
cin B is often the preferred treatment option for hos-
pitalized patients.

Azole antifungals

Azole antifungals inhibit the biosynthesis of ergos-
terol by interference with the fungal enzyme, lanos-
terol demethylase. A key function of this enzyme
is to convert lanosterol to ergosterol and inhibi-
tion leads to a depletion of the sterol in the fungal
cell membrane. Azole antifungals have a fungistatic
rather than fungicidal activity against Candida spe-
cies and, consequently, it is important to simulta-
neously address underlying host conditions during
azole therapy to provide the best chance of disease
resolution. The two azole agents that have been
used most frequently to treat oral candidosis are
fluconazole and itraconazole. The major benefit of
the drugs is that they can be given orally and are
well absorbed from the gut. Fluconazole is espe-
cially effective since it is secreted in saliva and the
salivary levels are almost equal to those achieved in
the blood. In contrast, itraconazole is a lipid based
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drug that achieves excellent tissue levels. Emergence
of Candida resistance against the azoles has been
described and can be either inherent or acquired.
Several mechanisms of azole resistance are known
and include (a) overproduction or an alteration
in the demethylase enzyme targeted by azoles; (b)
removal of the azole drug from the cytoplasm via
multidrug transporters; or (c) compensation by
other sterol synthesis enzymes involved in mem-
brane synthesis.

5-Flucytosine (5-FC)

The antifungal 5-FC was originally synthesized in
1957 when the drug was used as a cytosine analogue
treatment in leukaemic patients. Several years later
the antifungal properties of 5-FC became evident.
The drug enters the fungal cell through a cytosine
permease and is then converted by the fungus into
5-fluorouracil. This nucleoside analogue becomes
incorporated into RNA molecules and that serves to
interfere with the synthesis of DNA and the manufac-
ture of proteins within the fungal cell. Human cells
are not affected due to the lack of cytosine permease
in the cell membrane.

Future strategies for anti-candidal
therapy

In recent years, several new antifungals have been
developed that act upon cell wall targets. The synthesis
of B1,3 D-glucan is one such target as this represents
a key component in the fungal cell wall. The basis of
the activity is through interference with the enzyme
B1,3 D-glucan synthetase. The antifungals demon-
strating this mechanism of action are referred to as the
echinocandins and three such drugs (caspofungin,
micofungin, and anidulafungin) demonstrate activ-
ity against Candida species. Another cell wall compo-
nent that offers an attractive antifungal target is chitin
which is a polysaccharide absent from host cells but
which is an essential component of fungal cell walls
where it offers structural support. Nikkomycins rep-
resent a class of drug that inhibits the enzyme chitin
synthase and while good activity is evident against cer-
tain fungal species which have cell walls rich in chi-
tin e.g. Histoplasma capsulatum and Blastomyces species,
current drug forms appear to have limited or modest
action against Candida species. A number of studies
do however indicate synergistic activity of nikkomycin
with azole drugs against Candida.
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SUMMARY

Management of oral candidosis has to involve the
identification and control of any host factor that may
be predisposing to the infection. In addition, a range
of antifungal agents are available to directly combat
the infecting Candida. The variety and number of these
agents is low when compared with traditional antibiotics
against bacteria which is in part due to the difficulty in
developing an antifungal agent that is effective against
its targeted organism and is devoid of toxic effects
against host cells. Suitable antifungal strategies include
either directly targeting the ergosterol component in
the fungal cell membrane (polyene antifungals) or the
enzymes involved in its biosynthesis (azole antifungals).
More recently, constituents of the fungal cell wall such
as chitin (target site of nikkomycin antifungals) and
glucan (echinocandin group antifungals) have received
attention, although the use of these agents is currently
limited with regard to oral candidosis.

CHAPTER SUMMARY

Several species of the fungal genus Candida, are fre-
quently encountered as harmless members of the
normal oral microflora of humans. In instances
where debilitation of the host occurs, these organ-
isms can cause infection which may manifest in
several forms of oral candidosis, each with distinct
clinical presentations.

Candida albicans is the species most frequently
isolated from the oral cavity and while it also repre-
sents the principal species associated with oral can-
didosis, several other species have more recently also
been shown to cause oral infection.

Candida albicans expresses a number of putative
virulence factors that contribute to its pathogenic-
ity. The ability to switch from a yeast morphology
to a filamentous hyphal one has been linked with
both protection against host immune defences and
the invasion of the oral epithelium by the organism.
In addition, a number of hydrolytic enzymes includ-
ing secreted aspartyl proteinases and phospholi-
pases are implicated in causing damage to host cells
and host defence molecules. The expression of these
virulence factors alone is probably not sufficient to
cause infection and needs to be coupled with a low-
ering of host defence mechanisms in order for there
to be subsequent infection.
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In recent years, significant advances have been made
in developing methods aimed at identifying Candida
species. These advances correlate with the increasing
incidence of all forms of candidosis as the propor-
tion of debilitated and immunosuppresed people has
increased. The reasons for such increases in human can-
didoses have largely been attributed to the wider use of
invasive surgical procedures, immunosuppressive ther-
apies and the spread of HIV and AIDS infection.

An important aspect of patient management of
oral candidosis is to address any underlying host pre-
disposing factor. This may take the form of advising
patients on aspects of their oral hygiene or denture
cleansing, administration of appropriate therapeu-

FURTHER READING

tics or correcting any nutritional deficiencies. In
many cases, however, antifungal therapy will have to
be used, particularly when any underlying host fac-
tors cannot be identified or modulated.

It is not surprising that there has also been much
emphasis in recent years on the development of anti-
fungal agents used in the management of candidosis.
Such development has again been, in part, a response
to the increasing incidence of candidosis and is
also a reflection of the increasing detection of non-
Candida albicans Candida species in human infection.
Such species, while often considered to be inherently
less pathogenic than C. albicans, frequently exhibit
greater resistance to certain antifungal agents.

Additional resources on the clinical aspects of oral
candidosis include the works of Samaranayake
& MacFarlane (1990), Oral candidosis, Wright,
London, United Kingdom; and the reference book
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It has been estimated that 90% of adults harbour
viruses that have been acquired as a result of infection
during earlier life. Many viruses have the property of
latency and may reside in the tissues asymptomati-
cally for the remainder of the patient’s life. The oral
tissues are a frequent site for symptomatic primary
infection and also reactivation of latent viruses. The
presence of these viruses often becomes apparent at
times when the host immune defence is compro-
mised. This may range from short episodes of local-
ized symptoms in otherwise healthy individuals to
widespread prolonged problems in HIV positive
patients.
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Viruses, which are some of the smallest microor-
ganisms (100-300 nm), consist of a core (genome)
containing either DNA or RNA surrounded by a pro-
tein shell (capsid) (Fig. 10.1), can cause a range of
important human diseases. Certain viruses also pos-
sess an outer lipoprotein coat derived from infected
host cells. Viruses are obligate intracellular parasites
in that they require the protein synthesizing appa-
ratus (ribosomes) of the host cell. Viral replication
is a complex process but comprises a number of
recognized steps including, adsorption/penetration
into the host cell, uncoating, transcription, synthesis
of viral components, assembly and finally, release of
new virions (Fig. 10.2).

ANTIVIRAL AGENTS

Knowledge of the different steps in viral replication
has been the principle basis for the development
of the antiviral drugs that are presently available.
Relatively few antiviral agents have been developed
when compared to the number of antibacterial
drugs that are available. The intracellular nature of
infection and the ability of viruses to establish latent
forms have contributed to the difficulty in designing
effective antiviral drugs.

The development of aciclovir was a milestone in
antiviral therapy, representing the first true specific
antiviral agent, recognized by the award of the Nobel
Prize for Medicine. Aciclovir is a nucleoside ana-
logue drug that has activity against members of the
herpes group of viruses, in particular herpes simplex
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Fig. 10.1 Photomicrograph of HSV-1 showing central capsid
and surrounding envelope (original magnification x100,000).
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Fig. 10.2 Stages of viral infection and replication within a host
cell.

virus type 1 (HSV-1) and herpes simplex virus type
2 (HSV-2). Viral enzymes, within HSV-infected cells,
phosphorylate aciclovir to monophosphate and
the agent becomes cell bound. Subsequent further
phosphorylation to aciclovir triphosphate produces
an analogue to deoxyguanosine triphosphate that
inhibits viral DNA synthesis and prevents further
viral replication.

Since aciclovir acts by blocking viral replication,
a decision to provide the drug should be made at an
early stage, preferably within 48 hours of the onset
of acute symptoms in herpes simplex or varicella
zoster infections. Antiviral therapy started later than

this time is unlikely to produce any significant clini-
cal benefit, and therefore is not justified unless the
patient is otherwise medically compromised.
Aciclovir may be applied topically or given sys-
temically in severe infection. Other antiviral agents
used for orofacial herpes simplex and varicella
zoster infections include valaciclovir (which is given
systemically and has a longer intracellular half-life
than aciclovir), penciclovir (available only in topi-
cal form) and famciclovir (the oral pro-drug of
penciclovir). These agents act essentially in the same
way as aciclovir. Docosanol, an agent that alters the
cell membrane to prevent viral entry, is also avail-
able for topical application for orofacial herpes sim-
plex infections. Ganciclovir and foscarnet are two
other antiviral agents that are used in specialist units
for treatment of infections due to cytomegalovirus.

LABORATORY DIAGNOSIS

A variety of laboratory methods have been devel-
oped for the detection, isolation and identification
of viruses within clinical samples (Table 10.1). These
techniques involve microscopy, culture, serology
and nucleic acid amplification. However, the most
appropriate method of sampling depends on the
nature of the suspected infection.

Electron microscopy can be used to provide a pro-
visional identification based on the morphological
appearance of viral particles but this approach has
low specificity and requires additional tests. Routine
light microscopy can be used in conjunction with
immunofluoresence and monoclonal antibodies to
detect the presence of specific viruses (Fig. 10.3). This
is a relatively rapid method giving a result within 30
minutes but the technique is not widely available.

Viruses can be grown in tissue culture usually
involving baby hamster or monkey kidney fibro-
blasts. A swab of the lesion should be placed in
viral transport medium, which contains at least
two antibiotics, usually penicillin and streptomy-
cin, to prevent bacterial growth, combined with
an antifungal, such as amphotericin, to eliminate
any fungal contamination. The transport medium
should also contain serum and a buffer to main-
tain virus viability. The specimen should be sent
to the laboratory promptly although it will not
be processed for 24 hours to allow the antimi-
crobials mentioned above time to have an effect.
The first stage of processing is inoculation into a
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Table 10.1 Special investigations used in the diagnosis of orofacial viral infection.

Widely available

Investigation For Against

Electron microscopy of vesicular fluid | Easy sample Insensitive
Rapid result Not specific

Light microscopy of lesional smear Easy sample of smear Not specific

Can be specific
Widely available

Rapid result
Light microscopy of lesional smear Easy sample Not routinely available
with immunofluorescence Rapid result
Specific
Culture of swab of lesion Easy sample Result may not be available for up to

10 days

Antibody titre in venous blood

Requires paired venous samples

Two haematological samples required.
Result not available for at least two weeks

PCR amplification of vesicular fluid or
swab of lesion

Easy sample
Rapid result

Not widely available

Fig. 10.3 Immunofluorescence of a smear showing presence
of HSV-1.

monolayer of tissue culture. The presence of virus
is determined in the laboratory by detection of a
cytopathic effect, which is seen as the development
of multinucleate giant cells (Fig. 10.4). This may
take up to 10 days although the cytopathic effect
occurs more rapidly in the presence of high num-
bers of virus particles.

Alternatively, diagnosis may be confirmed ret-
rospectively by the detection of a four-fold rise in
antibody titre between acute and convalescent sera
taken from the patient. However, this technique has
limited clinical benefit in diagnosis due to the pro-
longed time involved in obtaining a result. Molecular
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methods are being used increasingly to detect virus
DNA or mRNA and in the future it is likely that these
will provide a rapid diagnosis.

HERPES VIRUSES

The name herpes comes from the Greek word ‘her-
pein’ which means to creep (chronic, recurrent).
While more than 100 herpes viruses have been iso-
lated in nature, only eight herpes viruses have been
described in humans and these are classified accord-
ing to their biological properties into three sub-
families: Alphaherpesvirinae, Betaherpesvirinae and
Gammaherpesvirinae (Table 10.2), all of which may
be encountered in orofacial tissues.

Herpes simplex type 1 (HSV-1)
Primary infection

Primary infection with HSV-1 usually occurs dur-
ing the first few years of life and serum markers of
infection with the virus are found almost universally
in the population in the Western world by 15 years
of age. Oral clinical symptoms are characterized by
the development of generalized oral discomfort and
widespread gingivostomatitis. These features are rel-
atively mild and often mistakenly diagnosed as an
episode of ‘teething’ in young children. However, it
has been estimated that clinical changes are severe



Fig. 10.4 (A) Monolayer of baby hamster kidney fibroblasts inoculated with swab specimen at day 1. (B) Same monolayer at day
7 showing cytopathic effect as destruction of architecture and development of multinucleate cells.
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Table 10.2 Nomenclature of human herpes viruses (Herpesviridae).

Name Trivial name Acronym
Alphaherpesvirinae

Human herpesvirus 1 Herpes simplex virus 1 HSV-1
Human herpesvirus 2 Herpes simplex virus 2 HSV-2
Human herpesvirus 3 Varicella zoster virus \7AY,
Betaherpesvirinae

Human herpesvirus 5 Cytomegalovirus HCMV
Human herpesvirus 6 HHV-6
Gammaherpesvirinae

Human herpesvirus 4 Epstein-Barr virus EBV
Human herpesvirus 7 HHV-7
Human herpesvirus 8 Kaposi's sarcoma herpesvirus HHV-8

in up to 10% of cases and manifest as blood-crusted
lips (Fig. 10.5), gingival swelling, multiple oral
ulcers, lymphadenopathy and pyrexia. Regardless of
the severity of the primary infection, all signs and
symptoms resolve within 10 days. The signs and
symptoms of primary herpetic gingivitis are often
sufficiently characteristic that a diagnosis can be
made on the findings of clinical presentation alone.
However, diagnosis of HSV-1 infection is most eas-
ily made by isolation of the virus. Large numbers of
virus are present not only on the ulcerated mucosa
but also within the saliva.

Treatment is supportive although a decision must
be made on the need to provide the patient with
antiviral therapy. The agent of choice is aciclovir,

preferably as a suspension, since the tablet form is
difficult to swallow in the presence of widespread
oral ulceration. Aciclovir (200 mg) should be given
five times daily for 5 days. Children under the age
of 2 years should receive a half-dose, while those
over 2 years of age should receive the adult dose.
Regardless of the use of an antiviral agent, HSV-1 is
not eliminated from the body following resolution
of the acute symptoms and the virus remains within
the tissues in a latent form, and can reactivate.

Secondary infection

Up to 40% of HSV-1 positive individuals suffer
from recurrent episodes of secondary infection.
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Fig. 10.5 Blood encrusted lips and oral ulceration of primary
HSV-1 infection.

Reactivation of latent HSV-1 is related to either
a breakdown in local immunosurveillance or
an alteration in local inflammatory mediators.

Traditionally, it has been thought that reactivated
HSV-1 migrates from the trigeminal ganglion to
the peripheral tissues of the lips or face. While this
is true, it is becoming increasingly apparent that
HSV also resides more locally in neural and other
tissues.

Reactivation of HSV-1 characteristically produces
herpes labialis, known more commonly as a cold
sore or fever blister (Fig. 10.6). The symptoms of
herpes labialis characteristically begin with a tingle
or burning sensation (prodrome) in a localized
region of the lips at the vermillion border. However,
approximately 25% of episodes have no prodromal
stage and the lesion initiates as vesicles. Within 48
hours the vesicles rupture to leave an erosion, which
subsequently crusts over and eventually heals within
7-10 days. The clinical appearance is so characteris-
tic that diagnosis is based on this alone. However, if
necessary, the presence of HSV can be confirmed by
isolation of virus in tissue culture or the use of immu-
nofluorescence on a smear of the lesion. Factors that
predispose to the development of herpes labialis in
susceptible individuals include sunlight, trauma,
stress, fever, menstruation and immunosuppression.
A sunscreen applied to the lips can also be effective
in reducing the frequency of sunlight-induced recur-
rences. The topical application of aciclovir or pen-
ciclovir can reduce the duration of the outbreak.
Individuals with severe or frequent recurrences can
benefit from the prophylactic use of systemic aciclo-
vir (200 mg two or three times daily).

Fig. 10.6 Recurrent herpes labialis (cold sore) due to reactivation of HSV-1.
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Fig. 10.7 Localized cluster of ulcers in the palate due to reactivation of HSV-1.

Reactivation of HSV-1 can also produce recur-
rent intra-oral ulceration. In a similar way to her-
pes labialis, the patient with an intra-oral lesion is
usually aware of prodromal tingling. The mucosa of
the hard palate (Fig. 10.7) is the site most frequently
involved. It is also recognised that HSV-1 is asymp-
tomatic and shed periodically in the saliva of up to
70% of the population at least once a month. Such
shedding represents a risk of spread of the virus and
in part explains the widespread nature of HSV-1 in
the community. Reactivation of HSV-1 has also been
implicated as an aetiological factor in periodontal
disease and erythema multiforme.

Herpes simplex type 2 (HSV-2)

It has traditionally been taught that HSV-2 is only
encountered in the genital region. However, it is
becoming increasingly apparent that on rare occa-
sions HSV-2 can cause oral lesions clinically iden-
tical to those of secondary HSV-1 infection. This
observation is probably due more to the frequent
transmission of virus as a result of direct contact dur-
ing orogenital sexual practices but may, in part, also
reflect the more widespread use of typing methods
for suspected orofacial herpetic infections. The pres-
ence of HSV-2 can be confirmed by viral culture or,
if available, direct immunofluoresence on a smear.
Aciclovir is the agent of first choice for treatment of
HSV-2 infection. While at present HSV-2 is associ-
ated with an increased risk of cervical cancer, a simi-
lar association has not been shown for oral cancer.

Varicella zoster virus (VZV)

Primary infection

Varicella zoster virus (VZV), the third member of the
herpes group of viruses, spreads by droplet infection
and the primary infection occurs most frequently
in childhood causing chickenpox. The skin rash of
chickenpox appears 2-3 weeks after infection and
may occasionally be accompanied by the develop-
ment of vesicles in the palate and faucial region,
which rapidly rupture to produce small ulcers (2-4
mm). The diagnosis is made from the history and
characteristic appearance of the cutaneous lesions.
Culture of the virus is difficult and, therefore, if a
microbiological diagnosis is required this needs to
employ electron microscopy, immunofluorescence
or serology. Treatment is supportive although aciclo-
vir in high dose, valaciclovir or famciclovir may be
used if the patient is immunocompromised.

Secondary infection

Reactivation of latent VZV in sensory nerve ganglia pro-
duces the clinical condition of herpes zoster, which is
more commonly described as shingles. Herpes zoster
is characterized by the onset of a unilateral area of
severe pain which is accompanied within a few days
by the development of vesiculobullous lesions (Fig.
10.8). The trigeminal nerve is affected in about 15%
of cases of herpes zoster and involvement is limited to
one division of the nerve. Although the diagnosis can
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Fig. 10.8 Unilateral ulceration in the palate due to reactivation of HZV (shingles).

be made on the basis of clinical presentation alone,
confirmation of herpes zoster can be made by isola-
tion of VZV in cell culture or immunofluorescence on
a smear. Antiviral treatment should be instituted as
early as possible, preferably within the first 48 hours
of symptoms, and should constitute either famciclo-
vir 250 mg every 8 hours (or 750 mg once daily) for
10 days, or valaciclovir 1 g every 8 hours for 10 days.
Post-herpetic neuralgia may be a subsequent problem
in these patients, and this is why it is recommended
that antiviral therapy should be provided for at least
10 days to reduce the likelihood of this extremely
painful condition.

Epstein-Barr virus (EBV)

The fourth member of the herpes group is Epstein—
Barr virus (EBV), named after the two virologists who
first observed it. EBV has been subsequently associated
with a number of infections that affect the orofacial
region, including infectious mononucleosis, Burkitt's
lymphoma, oral hairy leukoplakia, nasopharyngeal
carcinoma and post-transplant lymphoproliferative
disease. The virus is prevalent in the population with
approximately 70% of adults carrying the virus by the
age of 30 years. Like HSV, this virus is also periodi-
cally and asymptomatically shed in the saliva.

Infectious mononucleosis

Infectious mononucleosis, also known as glandu-
lar fever, is an acute infectious disease that is spread
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most frequently during kissing. The onset of a pain-
ful throat and submandibular lymphadenopathy
is accompanied by fine petechial haemorrhages in
the hard and soft palate. A white pseudomembrane
may develop on the tonsils. Diagnosis is supported
by demonstration of a lymphocytosis and atypical
mononuclear cells (Downey cells) in a blood film
or, alternatively, by detection of heterophile anti-
bodies (‘Monospot test’), EBV specific antibody
using immunofluorescence methods or EBV DNA
by PCR.

Hairy leukoplakia

Hairy leukoplakia was first described in the mouths
of gay men with AIDS in California, and has subse-
quently become recognized as a specific oral mani-
festation of HIV infection or immunosuppression.
Characteristically, hairy leukoplakia presents as
a corrugated white lesion on the lateral border of
the tongue, although it has also been described on
the dorsum of the tongue and the buccal mucosa.
EBV has been demonstrated in lesional tissue by in
situ hybridization with appropriate DNA probes.
Although the exact role of EBV in hairy leukopla-
kia is still uncertain, temporary clinical resolution
of the condition can occur following provision of
high doses of aciclovir. Imprint cultures of hairy
leukoplakia often yield candidal species, but it is
likely that this represents opportunistic secondary
infection.
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Burkitt’s lymphoma and nasopharyngeal
carcinoma

EBV is regarded as an oncogenic virus and is associ-
ated with Burkitt's lymphoma, an aggressive tumour
of the jaws seen in areas where malaria is also prev-
alent, and nasopharyngeal carcinoma, especially in
China and South-East Asia.

Human cytomegalovirus (HCMV)

While HCMV, the fifth herpes group virus, is wide-
spread in the community it has only rarely been
associated with the presence of oral symptoms
similar to those seen in infectious mononucleosis.
It can be detected by direct immunofluoresence.
HCMYV is a potential pathogen in the develop-
ing foetus and immunodeficient individuals.
Ganciclovir and foscarnet are two antiviral agents
used in management of serious HCMV infection.

Human herpes virus 6 (HHV-6)

Human herpes virus 6 is found in latent form in
lymphoid tissue but is also asymptomatically shed
in the saliva of most adults. The virus is implicated
in infectious mononucleosis-like symptoms and
skin rashes (roseola infantum). It has also been
suggested that HHV 6 is the cause of erythematous
papules in the soft palate and uvula (Nagayama's
spots) seen in these children.

Human herpes virus 7 (HHV-7)

Human herpes virus 7 has been found in saliva
but its role in human disease is unknown at
present.

Human herpes virus 8 (HHV-8)

Human herpes virus 8 has been encountered in all
forms of Kaposi's sarcoma and is believed to be the
aetiological agent of this condition. Kaposi's sar-
coma is a proliferation of endothelial cells pro-
ducing a mass, particularly in association with
HIV infection but occasionally in other immuno-
suppressed patients. Small lesions can be excised,
treated with low-dose radiotherapy or by the injec-
tion of chemotherapeutic drugs, such as vinblastine.
Larger lesions may require the use of systemic che-
motherapy. HHV-8 has also been associated with
sarcoidosis.

COXSACKIE VIRUSES

The coxsackie viruses are enteroviruses that affect
the gut and are named after the village in New York
where they were first detected. Several subspecies of
type A and type B are now recognized and some may
cause orofacial infection. These viruses are highly
infectious and are widespread in the community
due to transmission by the faecal-oral route or by
nasal/pharyngeal secretions.

Hand, foot and mouth disease

Hand, foot and mouth disease is usually caused by
Coxsackie virus subspecies A16, but may also be due
to infection with types A4, A5, A9 and A10. As the
name of the condition implies, the distribution of
lesions involves macular and vesicular eruptions on
the hands, feet and mucosa of the pharynx, soft pal-
ate, buccal sulcus or tongue. The cutaneous lesions
of hand, foot and mouth disease are transient, last-
ing only 1-3 days, and are unlikely to cause any
significant symptoms. The diagnosis of hand, foot
and mouth disease is usually made on the basis of
the characteristic clinical signs. Viral culture for cox-
sackie infections is not widely available, and therefore
if confirmatory diagnosis is required this has to be
based on demonstration of an increase in convales-
cent antibody levels. Antimicrobial treatment is rarely
required.

Herpangina

Herpangina is due to infection by either Coxsackie
virus subspecies A2, A4, A5, A6 or A8. This condi-
tion occurs predominantly in children, and presents
as sudden onset of fever and sore throat with subse-
quent development of papular, vesicular lesions on
the oral mucosa and pharyngeal mucosa. Severity of
symptoms is variable, but clinical resolution usually
occurs within 7-10 days, even in the absence of treat-
ment. The diagnosis of herpangina is usually made
on the basis of the characteristic clinical signs and
symptoms. Viral culture for Coxsackie infections is
not widely available and, therefore, if required, con-
firmatory diagnosis is based on demonstration of an
increase in convalescent antibody levels. Treatment
consists of bed rest and the use of an antiseptic
mouthwash, such as 0.2% chlorhexidine gluconate
two or three times daily. Patients should be encour-
aged to maintain adequate fluid intake.
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HUMAN PAPILLOMA VIRUSES (HPV)

More than 80 serological types of human papilloma
virus have been described, some of which have been
encountered in benign conditions while others have
been implicated in the aetiology of cancer at various
body sites.

Verruca vulgaris

HPV types 2 and 4 are frequently encountered in
mucosal warts (Fig. 10.9). Development of orofacial
lesions may be associated with transmission from
warts on the hands. Alternatively, the oral lesions
may arise from orogenital contact, where HPV types
6, 11 and 16 are more prevalent. The labial and lin-
gual mucosa are the most common sites for oral
warts which present as small localized growths. The
clinical appearance is characteristic but most lesions
are removed and, therefore, histopathological find-
ings can confirm the diagnosis. Histologically, the
structure of the lesion is similar to papilloma but
there are large clear cells (koliocytes) in the prickle
cell layer. Immunostaining may be used to detect
presence of papilloma virus. Excision is usually cura-
tive and recurrence is uncommon except in immu-
nocompromised individuals.

In recent years, there has been increasing inter-
est in the potential role of HPV 16 in the aetiology
of oropharyngeal carcinoma as a result of oral sex-
ual practices. Further evidence of the involvement of
HPV 16 in this situation would support vaccination

against this virus. The recognised association of this
virus in cervical cancer has led to the proposal that
all females are vaccinated against HPV 16 at the age
of 12 years.

Focal epithelial hyperplasia (Heck’s
disease)

Heck’s disease is a benign condition first described
in Native Americans and the Inuit but also now seen
in other populations. An infectious aetiology due to
human papilloma viruses (HPV types 13 and 32) has
been shown by both epidemiological and molecular
studies. The lesions appear as discrete or clustered,
smooth-topped pink papules most frequently on
the buccal mucosa, labial mucosa, tongue and gin-
givae. The diagnosis is made on ultrastructural stud-
ies that show 50 nm viral particles of the HPV within
biopsy material.

PARAMYXOVIRUSES

The paramyxoviruses are enveloped RNA viruses
that comprise four groups: parainfluenza virus,
mumps virus, measles virus and respiratory syncyt-
ical virus.

Mumps

Mumps (endemic parotitis) is traditionally asso-
ciated with painful swelling of the major salivary
glands. Diagnosis can usually be made on the basis

Fig. 10.9 Localized mucosal lesion caused by HPV infection.
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of clinical symptoms; mumps can be differentiated
from suppurative sialadenitis by the absence of a
purulent discharge from the salivary duct orifice.
However, if there is doubt then serological investi-
gation to demonstrate the presence of specific IgM
antibody can be used. In addition, a sample of saliva,
collected by cannulation of the parotid duct, can be
examined by electron microscopy or tissue culture
to demonstrate the presence of virus. Treatment is
supportive and it should be remembered that antibi-
otic therapy is not required.

Measles

Measles, a common disease of childhood, is spread
by droplet infection and is highly infectious. The
MMR (mumps, measles and rubella) vaccine pro-
vides immunity but in areas of low uptake or non-
availability of the vaccine, measles still presents
a serious illness due to potentially life threaten-
ing bronchopneumonia or encephalomyelitis. In
Saharan Africa, the virus has also been implicated in
gross destruction of the orofacial tissues (noma) in
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malnourished individuals (Ch. 6). In more typical
milder cases, the characteristic skin rash and fever
may be accompanied by transient small discrete
macules in the buccal mucosa (Koplik’s spots).
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facial tissues. Evidence of infection with herpes simplex
type 1 (HSV-1), which causes primary herpetic gingi-
vostomatitis, is found in the majority (80-90%) of the
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The term ‘medically compromised’ is often misused.
The definition of a medically compromised patient
is one who by virtue of their medical condition, or its
treatment, is susceptible to infection and other seri-
ous complications. Conditions which cause patients

to be medically compromised can either be congeni-
tal or acquired. Medical compromise can be due to
a whole variety of factors, some of which are illus-
trated in Table 11.1. The term ‘immunocompro-
mised’ refers specifically to congenital or acquired
alterations of the immune system, which may render
an individual susceptible to infection. The number of
immunocompromised individuals is increasing rap-
idly, mostly because of the AIDS pandemic, but also
through intervention therapy (drugs which deliber-
ately modify the immune system). A good example
of the latter is deliberate suppression of the immune
system with drugs to prevent rejection during and fol-
lowing solid organ transplantation. The oral micro-
flora in immunocompromised patients is changed
either by colonization with exogenous microorgan-
isms which are not normally found in the mouth, or
by the occurrence of opportunistic infection. It used
to be believed that any person who was immunocom-
promised had to be given prophylactic antibiotics
to prevent infection after surgery. This is not neces-
sary unless there is a proven degree of impairment
of immune defences which renders them suscep-
tible to infection. The extent to which an immuno-
compromised patient is susceptible to infection can
be measured by a variety of blood tests to assess the
function of their immune system. These include
simple tests on the number and proportion of their
immunological cells (predominantly white cells),
their function, or their degree of abnormality. Only
where there is a proven loss of functional protective
immunity is there a necessity to give prophylactic
antimicrobials before surgery (Ch. 8).
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Disorder Example

Table 11.1 Orofacial infections that may occur in medically compromised patients

Orofacial infection

Endocrine disorders Diabetes mellitus

Oral fungal infections

Respiratory disorders Asthma

Oral fungal infections

Neurological disorders Epilepsy

Gingival hyperplasia and periodontal disease

Neoplastic disease Oral carcinoma

Dental caries and mucositis following radiotherapy

Chronic infection Tuberculosis

Oral tuberculosis

Immunological disorders HIV and AIDS

Oral viral and fungal infections

Haematinic deficiencies Anaemia

Angular cheilitis and oral fungal infections

The status of the teeth and oral soft tissues is
often a reflection of systemic health. Thus, opportu-
nistic orofacial infection may be the presenting ini-
tial feature of systemic disease. In this chapter, the
types of orofacial infection that are seen in medi-
cally compromised patients as a result of the pres-
ence of underlying disease or as a result treatment
will be considered.

OSTEORADIONECROSIS

Cancer in the oral region is treated usually by sur-
gery, radiotherapy, chemotherapy or a combination
of all three. Radiotherapy destroys the rapidly divid-
ing cancer cells, but it also destroys surrounding
bone. This bone is highly susceptible to secondary
radiation as it absorbs a great deal of energy. Bone
is affected by radiation in three ways; there is a
decrease in the number of cells (hypocellularity) and
reduction in blood vessels (hypovascularity) and, as
a consequence, less oxygen in the tissue (hypoxia).
As the bone heals after irradiation, fibrous tissue is
generated instead of bone, especially in the mandi-
ble. The effects of radiation therapy are not transitory
and the hypovascularity increases with time. A sim-
ple operation on tissues which have been irradiated,
such as a tooth extraction, can result in spontaneous
death of the surrounding bone (necrosis). Death of
the bone after irradiation can be progressive and is
called osteoradionecrosis and has been associated
with oral ulceration caused by ill-fitting dentures,
scaling of the teeth, facial bone fractures and root
canal therapy. In the past, the radiation therapy was
not so highly focussed (collimated) on the malig-
nant tissue and the surrounding normal structures

were also often affected. In these conditions, the inci-
dence of osteoradionecrosis in oral bone varied from
17-37%. With careful collimation, shielding of sur-
rounding tissues, use of small but effective repeated
radiation doses (fractionation), the incidence of
osteoradionecrosis has been reduced to 2-5%.

Osteoradionecrosis is likely to arise due to a
combination of radiation, trauma and infection.
However, extensive animal studies support a view
that the microorganisms are contaminants and
cause secondary infection of pre-existing necro-
sis. Interestingly, molecular techniques applied to
necrotic tissue obtained from cases of osteoradi-
onecrosis have detected a predominantly anaero-
bic microflora, including Porphyromonas spp. and
Prevotella spp.. Osteoradionecrosis is a difficult con-
dition to treat despite the provision of an antibac-
terial agent, such as metronidazole or clindamycin,
combined with surgery.

POST-IRRADIATION MUCOSITIS

Another of the consequences of irradiation of the
oral region is non-specific inflammation of the oral
mucosa, often called mucositis (Fig 11.1). This can
be extensive and cause considerable pain with diffi-
culties in feeding. Symptoms may be severe enough
to influence the patient to abandon the radiation
treatment. At first it was thought that radiation
mucositis was due to infection by Candida spp.,
and other yeasts. However, provision of antifungal
therapy has no effect, suggesting that yeasts are not
causing the condition. More extensive sampling of
the mucosa has shown that the microflora associ-
ated with mucositis is mainly composed of Gram
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Fig. 11.1 Post-irradiation mucositis on the lingual mucosa.

negative aerobic and facultatively anaerobic bacte-
ria such as Escherichia coli, pseudomonads, Klebsiella
spp, and Acinetobacter spp.. Irradiation mucositis can
be largely alleviated by selective decontamination of
the oral cavity before and during irradiation therapy
by applying topically a combination of non-absorb-
able antimicrobials onto the tissues to be protected.
The usual combinations of antimicrobials are poly-
mixin and tobramycin, and an antifungal is added
to prevent yeast overgrowth. Two antimicrobials are
used in order to prevent the selection of resistance
in Gram negative bacteria. This combination can be
used to ameliorate the effects of the mucositis.

BISPHOSPHONATE-ASSOCIATED
OSTEONECROSIS

known, but it is likely that this may be similar to
the hypovascularity seen in osteoradionecrosis. One
other suggestion is that bisphosphonate-associated
osteonecrosis is due to anaerobic infection of the
bone, but this is unlikely to be the primary cause as
it is not cured by antimicrobials or surgery. The risk
of this condition developing is small and has been
estimated to be about 1:100,000 in those taking bis-
phosphonates. The risk of the condition develop-
ing however increases with the length of time the
bisphosphonates are taken. This condition may
become a serious problem in the future as a total
of 70 million people were taking bisphosphonates
worldwide in 2008.

STAPHYLOCOCCAL MUCOSITIS

Bisphosphonates are drugs used in the treatment
of osteoporosis, a condition in which calcium is
gradually lost from bone. Osteoporosis is a serious
condition in which there can be spinal compres-
sion, long bone fracture and bone pain. The bis-
phosphonates are pyrophosphate analogues that
can prevent osteoporosis by inhibiting osteoclast
activity. Unfortunately some patients who take bis-
phosphonates can suffer from a failure of bone to
heal especially after extractions. The bone around
the socket dies and may remain exposed to the oral
cavity and get secondarily infected particularly with
anaerobes. The exact cause of this condition is not
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Recent surveys of data from oral samples processed
in microbiology laboratories have shown that
Staphylococcus spp. are frequently isolated. The pre-
dominant species isolated is Staphylococcus aureus
with a minority of these being methicillin-resistant
(MRSA). Many of these isolations have been obtained
from patients who are debilitated, or are terminally
ill. In addition, staphylococci have been isolated
from orofacial granulomatosis, in particular within
fissures of swollen lips (Fig. 11.2). The present-
ing features of orofacial granulomatosis are identi-
cal to those of Crohn’s disease, which is a chronic
inflammatory condition of the gut. There is debate



Fig. 11.2 Lip swelling in orofacial granulomatosis with mid-
line split secondarily infected with Staphylococcus aureus.

as to how frequently staphylococci infect or colonize
the mouth. Recently, it has been proposed that there
is a discrete condition called staphylococcal mucosi-
tis which occurs in debilitated individuals.

PYOSTOMATITIS VEGETANS

This condition is associated with the presence of
active inflammatory bowel disease, in particular,
ulcerative colitis or Crohn'’s disease. The oral mucosa
is diffusely inflamed, with fissured ulcers separating
papillary projections (Fig. 11.3). Histological exami-
nation reveals suprabasal separation of the epithe-
lium with the formation of eosinophilic abscesses.
The severity of pyostomatitis vegetans often mirrors
the bowel disease activity. Interestingly, the provision
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Fig. 11.3 Pyostomatitis vegetans presenting as mucosa
erythema. This patient also had secondary infection of the
mucosa with methicillin-resistant Staphylococcus aureus
(MRSA).
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of metronidazole can relieve oral symptoms. Healing
occurs when the underlying inflammatory bowel
disorder is brought under control.

CANCRUM ORIS (NOMA,
GANGRENOUS STOMATITIS)

This is a severe form of necrotizing periodontal dis-
ease, and is seen occasionally in developing countries,
in particular, sub-Saharan Africa (Ch. 6). The sufferer
is characteristically less than 10 years of age, malnour-
ished and has a history of a recent viral infection, such
as measles (Ch. 10). The initial lesion spreads into the
cheek, face and neck causing extensive tissue loss.
Treatment is with a combination of antibiotics, such
as benzylpenicillin with metronidazole, but each com-
bination should include agents active against both
Gram negative and Gram positive microorganisms.

NECROTIZING FASCIITIS

Necrotizing fasciitis is a serious rapidly progressive
infection that can result in death, particularly in
immunocompromised individuals. The majority of
cases of necrotizing fasciitis that occur in the cervi-
cal region of the neck are of dental origin, in partic-
ular, subsequent to an acute dentoalveolar abscess.
Microbiological studies of this rare condition have
implicated members of the anginosus group of stre-
ptococci as the most frequent pathogens, often in
combination with strict anaerobes such as Prevotella
spp.. Management involves provision of antibiotic
therapy intravenously and surgical debridement;
hyperbaric oxygen is also used.

STROKE AND PARKINSON'S DISEASE

Loss of control of oral musculature can occur fol-
lowing cerobrovascular accidents (strokes) and in
conditions such as Parkinson’s disease. Loss of the
oral musculature can result in changes in the oral
microflora, but the reasons for this are not clear.
The microflora becomes predominantly Gram neg-
ative with Enterobacter spp. and Acinetobacter spp.
predominating. This change in the oral microflora
is clinically significant as often the patient cannot
swallow properly; oral microorganisms can also be
aspirated into the lungs and cause pneumonia.
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XEROSTOMIA

Xerostomia means literally dry mouth and can be
caused by a variety of conditions or treatments
(Table 11.2). One of the consequences of xerostomia
is overgrowth of dental plaque, with acidogenic oral
streptococci and lactobacilli predominating within
the biofilm. This can induce a dramatic increase in
dental caries if teeth are present. Xerostomia predis-
poses to the development of mucositis and opportu-
nistic Candida infections of the oral mucosa.

GINGIVAL HYPERPLASIA AND
IMMUNOSUPPRESSIVE AGENTS

Following organ transplantation it is necessary
to take immunosuppressive agents to prevent the
immune system causing rejection of the transplant.
One of the curious consequences of taking these
antirejection agents is that the gingivae enlarge due
to overgrowth of fibrous tissue (Fig. 11.4). The gin-
gival overgrowth is worse if the oral hygiene of the

Table 11.2 Causes of xerostomia

Drug therapy (in particular antidepressants)

Sjégren’s syndrome (immunological destruction of salivary
tissues)

Damage to salivary glands following radiotherapy

Undiagnosed or poorly controlled diabetes

Dehydration

Congential absence of salivary glands

Fig. 11.4 Hyperplastic gingivae induced by ciclosporin therapy.
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mouth is poor. No plaque bacteria have been asso-
ciated with this condition, which was thought to
be directly due to the systemic action of the immu-
nosuppressive agents. If the patient is treated with
low doses of macrolide antimicrobials (e.g. azithro-
mycin), then the overgrowth can be prevented or
reduced. This evidence supports the contention
that gingival hyperplasia is an infective inflamma-
tory process but the infecting bacteria have still to
be identified.

SUMMARY

A range of non-infective disorders and health conditions
can cause changes in the oral environment that in turn
predispose to localized orofacial infections. Such situations
include alterations in the host defence as a result of the
underlying illness or as a result of treatment. The principle
problems usually arise due to opportunistic infections
caused by commensal members of the oral microflora.

HUMAN IMMUNODEFICIENCY VIRUS
(HIV) AND AIDS

The impact of HIV on the world’s population is
immense. AIDS, the acquired immune deficiency
syndrome, now accounts for millions of deaths each
year, especially in African countries. HIV infection is
thought to affect at least 40 million people world-
wide and it has been suggested that HIV infects a
new person every 5 minutes. AIDS is a huge prob-
lem for both developed and developing countries.

The human immunodeficiency virus (HIV) was first
described in the early 1980s and is classified as part
of the Lentoviridae (subfamily Retroviridae). The virus
has a core complex of double-stranded RNA together
with an enzyme called reverse transcriptase (Fig. 11.5).
Surrounding the core are matrix proteins and a coat
of complex glycoprotein. The coat glycoprotein con-
tains a receptor protein, gp120, which is thought to be
involved in attachment of the virus to CD4+ lympho-
cytes. The virus is approximately 100-120 nm in size
and delta-icosohedral in symmetry.

The virus has a strange life cycle (Fig. 11.6). It
infects predominantly CD4+ lymphocytes, but
can also infect macrophages, through the interac-
tion of gp120 with co-receptors on the host cells.
Following entry into the cell, the viral RNA genome
is converted to complementary double-stranded
DNA using the HIV enzyme, reverse transcriptase.
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Fig. 11.5 Diagrammatic representation of the human
immunodeficiency virus.

This new HIV-derived DNA is integrated into the
host cell nucleus and is transcribed using the host
cell's enzymes, leading to the formation of the
components necessary to form new virus. New HIV
is assembled at the host cell membrane at special-
ized sites which allows budding of the new virus and
its eventual release into the blood stream. The pro-
cess of HIV replication results in death of the lym-
phocyte when the virus is released.

The process of conversion of RNA into DNA by
HIV is very wasteful and often is not successfully

Release of H]V
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plasma membrane

[
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including ‘new’ RNA

Transcription
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Fig. 11.6 The life cycle of HIV in CD4+ lymphocytes.
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completed resulting in incomplete formation of
HIV. Part of this may be due to mutations occurring
which do not allow the virus to reproduce. This is in
part responsible for the low transmission rate of the
virus, which is around 4% if infected blood is trans-
mitted to an uninfected person. The high rate of
mutation also allows HIV to respond to attempted
therapy by mutating to become resistant. One of the
earliest attempts at preventive therapy was by the use
of azothymidine (AZT), a DNA analogue. Within
one month of the first use of AZT, HIV mutants were
reported that were resistant to the drug.

AIDS results from a depletion of CD4* lympho-
cytes (T-helper cells) so there is no functional immu-
nity, particularly to infection. T-helper cells mediate
both humoral and cellular immunity, and are able
to direct the host response to different infectious
agents to give predominantly either humoral or cell
mediated immunity. The loss of CD4* lymphocytes
results in an inadequate host response to a range of
frank or opportunistic pathogens.

A huge variety of infections, lesions, signs and
symptoms are associated with HIV infection and
some of the oral manifestations are listed in Table
11.3. It is important to realise that AIDS is a syn-
drome, which is a collection of potential signs and
symptoms which may occur. In contrast, a disease is
a collection of signs and symptoms that always go
together.

HIV enters bloodstream

e

CD4 locus on virus attaches
to surface glycoprotein
on CD4+ lymphocyte gp120

Penetration of lymphocyte
by endocytosis

|

Uncoating

Reverse transcription
of RNA to DNA

Translation of
Provirus DNA
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Table 11.3 Lesions associated with HIV infection

Group 1 Group 2 Group 3

Lesions strongly associated Lesions less commonly associated Lesions sometimes associated
with HIV with HIV with HIV

Candidosis: Bacterial infections: Bacterial infections:

Erythematous Mycobacterium tuberculosis Actinomyces israelii
Pseudomembranous Mycobacterium avium-intracellulare Escherichia coli

Klebsiella pneumoniae

Hairy leukoplakia

Periodontal disease

Linear gingival erythema
Necrotizing periodontal diseases
Kaposi‘s sarcoma

Melanotic hyperpigmentation
Necrotizing stomatitis

Non-specific ulceration

Cat scratch disease
Drug reactions

Fungal infections:
Cryptococcus, Geotrichium
Mucor, Aspergillus

Non-Hodgkins lymphoma

Salivary gland disease
Thrombocytopenic purpura

Viral infections:

Herpes simplex type 1, Human papilloma
virus, Varicella zoster virus

HIV can easily penetrate the blood-brain barrier
and one of the early signs of AIDS may be mental
deterioration of the patient due to infection of the
brain. Such neurological deterioration can be misdi-
agnosed as dementia.

HIV can be found in a wide range of body flu-
ids including blood, saliva, sputum, semen, vagi-
nal secretion, peri-anal secretion and breast milk.
The virus can be grown in tissue culture, but this
is not the usual method used for HIV detection.
The main test used for detection of HIV uses the
antibody produced in response to infection by the
virus. The HIV antibody test is relatively simple
utilizing an enzyme linked immunosorbent assay
(ELISA). The detection of this virus relies on HIV
generating an antibody response, which can take
between 22 days and 11 months. There are periods,
therefore, when the virus has infected lymphocytes
and macrophages and is not being released into
the blood stream. In this time period the person
infected would give a negative antibody test, but
still be infectious.

In the early stages of infection, HIV releases a pro-
tein, present in its core, called p24. This protein can
be detected sometimes within one week of infec-
tion, but always within one month. This is a direct

196

test which confirms the presence or absence of the
virus, but it is more complex and expensive than the
detection of antibody.

The screening of individuals for HIV is subject to
varying legislation in different countries and involves
civil liberties. In some countries no precise records are
keptof HIVinfection rates as the number of individuals
infected is not registered. In such circumstances, the
prevalence of the disease can only be estimated from
the number of those who seek treatment, develop
AIDS, or indirectly by screening blood donations.
Testing for HIV infection is a highly emotive issue
which, because of the seriousness of its consequences,
both socially and personally, has to be done carefully
and sensitively. One of the most difficult situations
is the testing of patients who have been treated by
HIV-infected healthcare workers, where there could
have been blood contamination; these are often
called ‘exposure prone procedures’. In order to assess
whether HIV or other infection has been transmitted,
all the patients who have been treated by the health-
care worker are contacted and offered counselling, or
HIV tests. The value of such retrospective surveys has
been questioned, as the risk of transmission is often
low and not worth the anxiety generated in the pop-
ulation who are offered the counselling or the tests.



There have been very few proven transmissions of
HIV by healthcare workers, the most notable being
an orthopaedic surgeon in France and a dentist in
Florida (Dr Acer - see later).

The value of such retrospective surveys is also
scientifically questionable as the test may be taken
when no HIV markers are detectable and false neg-
ative results will be obtained. The risk of trans-
mission of HIV by healthcare workers is very low,
unless a significant amount of blood is transferred
directly into the recipient’s blood stream. Even if
this occurs the risk of transmission is thought to be
only 0.4%.

One of the most significant advances in the treat-
ment of HIV is the use of highly active antiretrovi-
ral therapy (often given the acronym HAART). The
use of a combination of a DNA analogue and two
protease inhibitors has been found to stop HIV rep-
lication. The agents penetrate the HIV infected cell
and the DNA analogue integrates into the elongat-
ing DNA chain stopping further replication. Some
of the proteins necessary for the assembly of new
HIV are made in chains and are separated and made
functional by HIV-generated proteases. Protease
inhibitors stop the newly synthesised HIV proteins
from becoming functional by inhibiting the HIV
proteases. A combination of a DNA analogue and
two proteases are necessary to inhibit HIV replica-
tion. It is important to stress that this is not a cure
for HIV infection; the person remains infected but
does not progress to develop AIDS.

The use of HAART therapy is not without its
problems. Such anti-HIV therapy has significant
side effects and must be continued for the life of
the infected person without any interruption. Such
treatment regimens present an enormous health eco-
nomic problem which can be an insuperable barrier
in poorer countries of the world.

Anti-HIV therapy can also be used to prevent the
transmission of HIV. If a healthcare worker suffers
a significant injury and exposure to HIV-infected
blood, then the prompt use of anti-HIV therapy can
prevent infection. The therapy has to be instituted as
soon as possible and always within 4 hours; it needs
to be continued for 4-6 weeks. This use of anti-HIV
therapy is often described as post-exposure prophy-
laxis (PEP) and is very effective at preventing trans-
mission of the virus.

The dental management of HIV infected individ-
uals is no different to any non-infected person. The
aim is to get rid of any incipient sepsis and to ensure
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good periodontal health. Patients on HAART can
be managed in general dental practice, even though
they may be on a large number of other antimicro-
bial agents.

The only instance of transmission of HIV after
dental procedures is associated with a Florida den-
tist called Dr Acer. He managed to infect at least
six of his patients with HIV including a young lady
called Kimberly Bergalis, for whom he extracted
two teeth under local anaesthetic. The death of
Kimberly Bergalis from AIDS raised enormous
questions, among which was whether HIV could
be transmitted by dental operations. There was
intensive investigation of Dr Acer’s mode of prac-
tice, but this failed to reveal how the transfer of
infection had occurred. Epidemiological surveys
of dental procedures in nearly two decades since
the death of Kimberly Bergalis have failed to dem-
onstrate any other putative transmissions through
dental procedures. HIV does not normally get into
the mouth in large enough numbers to cause infec-
tion. It can be detected in the mouth where it has
entered by gingival bleeding or injury, but the
numbers present would be insufficient to cause
cross infection. The Dr Acer case is still unresolved.
However, one alleged explanation is that Dr Acer
may have mixed his own blood with local anaes-
thetic solutions given to his patients in an act of
homicide.

SUMMARY

Acquired immune deficiency syndrome (AIDS) represents
a cell-mediated immunodeficiency, principally T
lymphocytes, due to infection by an RNA retrovirus
known as the human immunodeficiency virus (HIV). Once
infected an individual may remain HIV positive for many
years, particularly since the development of antiretroviral
drugs, before progressing to AIDS. The conditions

that define AIDS include a reduced CD4+ lymphocyte
count accompanied by a number of orofacial signs

and symptoms, including candidosis, hairy leukoplakia,
Kaposi's sarcoma and herpetic ulceration. Since oral
manifestations of HIV infection are relatively common,
changes in the mouth may be the first indication of
infection. Although it is unlikely that HIV is spread in saliva,
it is relevant to dentistry due to the potential for contact
with blood during the provision of dental treatment.
Universal infection control procedures are required on all
instruments (Ch.12). At the present time, an HIV-positive
dental healthcare worker should not provide treatment to
patients. All dental students must show evidence of being
HIV negative on entry to dental school.

197



- Oral Microbiology

TRANSMISSIBLE SPONGIFORM
ENCEPHALOPATHIES

The last 25 years has been quite remarkable for
the discovery of novel microorganisms. There can
be none more remarkable than prions, the agents
thought to be responsible for the transmissible
spongiform encephalopathies (TSE). Prions are
thought to be responsible for a variety of unusual,
lethal neurological conditions, which are listed in
Table 11.4. All of the TSE produce the same range
of pathological changes, which include progressive
and often rapid loss of voluntary and autonomic
function (non-voluntary), resulting in loss of vital
processes (e.g. breathing) and eventual death. The
signs and symptoms may vary, as does the rapidity
of the degeneration, but the result is always death.
The most common forms of TSE are those called
Creutzfeldt-Jakob disease (CJD).

Prions can enter the body through contaminated
surgical instruments, surgical grafts, hormones,
blood or through the food chain. The mechanism
and exact site of entry of prions through the food
chain is not precisely known, but is thought to be in
the first part of the small intestine. Once in the body,
the prions migrate to the brain either through the
lymphoid system, or by passage along nerves. Once
in the brain, whether they cause disease appears to
depend on whether another protein is present which
has the acronym PRPs. It is the interaction of prion
proteins (PRP) and the PRPs that triggers the path-
ological change. The pathological process, which is
still not fully understood, causes gross destruction
of brain tissue and can lead to vacuolation (‘holes’
in the brain, hence spongiform neuropathies; see
Fig. 11.7). Another possible change is replacement
of brain tissue with amyloid (a globulin-like mate-
rial; Fig. 11.8A). Susceptibility to prion disease is
thought to be congenital or acquired, but requires
the presence of the PRPs protein in the host. The

Table 11.4 Prion-induced diseases

Kuru

Creutzfeldt-Jakob disease (CJD)

Variant Creutzfeldt—Jakob disease (vCJD)

Fatal familial insomnia

Gertmann-Straussler-Scheinker syndrome

198

) i TR IR ] N
' Ao wig 4512
P ) 1] . i
W ‘ - : e ) b
LY 1 e .
o 5 { 7 e »
g ' Wi's ]
e e e ¥ iz ly £
;“’\ » A L NN >
- X '.: n K Y 13 ‘F'_-'
> b ’ = ;
S J ' ‘
1 ) -
%
, 4 ~7
2 1L S Iy
Ve gy el T gl : . wi. &
9 00, o . q_ﬁ g R
N L 3 2 o\ .
i 8 A N
& > ' 3 * 4 «
& -
) & .:a\ bolel M A ) 6 : ¥
2@y ol ) ! # 7 Rl E s

Fig. 11.7 Section of human brain showing typical
degeneration caused by prion disease.

destruction of the brain appears not to be an immu-
nological process, so it is unlikely that there will be
a vaccine against prion disease.

Prions are quite remarkable proteins that exist in
two forms, the alpha helical form which is thought
to be the cause of disease and as a beta-pleated sheet.
When prions are found in the brain they are in the
alpha helical form and it is this change in conforma-
tion that is thought to allow binding to PRPs¢ and
the initiation of disease.

There are four forms of CJD-sporadic, variant,
genetic and iatrogenic. The most common form of
CJD is the sporadic form and, fortunately, this is rare.
Sporadic CJD has been found in every country in the
world where it has been sought. Approximately sixty
deaths each year occur in the UK from sporadic CJD
and similar numbers of people die annually in the
USA, Australia and Canada. This form of CJD occurs
in vegans and people who have not been exposed
to meat. It is thought to be due to a spontaneous
change in a protein in the brain which initiates CJD
onset but this is theoretical and as yet unproven.

During the epidemic of ‘mad cow’ disease in the
1990s in the UK a new variant of CJD was identi-
fied. Sporadic CJD tends to affect people in their
sixth and seventh decades of life and takes a few
months to be fatal. In mid-1995, a new variant of
CJD which affected people in their 20s was recogn-
ised in the UK. This was initially called new variant
CJD, but this was later shortened to variant CJD with
the acronym vCJD. Not only did this new clinical
type of CJD affect younger individuals than previ-
ous forms of CJD but it also had a longer clinical
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Fig. 11.8 (A) Section of human brain stained to show amyloid tissue (arrowed) caused by prion disease. (B) Same section of
human brain as shown in (A) but stained brown to show the presence of prions. Note that the prions are concentrated mainly

around the amyloid deposits.

course, with affected persons taking about a year to
die. After extensive research, it was concluded that
vCJD arose as a result of the consumption of prion-
infected beef products.

Genetic forms of CJD are very rare and due to an
abnormal gene; it is not caught but tends to affect
families. This form of CJD can be found in families
which have not been affected before.

Iatrogenic transmission, which is caused by treat-
ment of prion disease, sent shock waves through
microbiological circles. It was first reported following
neurosurgery to remove a central brain tumour. The
neurosurgeon removed the tumour successfully, but
the patient was subsequently found to be also suffer-
ing from CJD. The instruments used in the operation
were sent to the central sterile services in the hospi-
tal where they were decontaminated using the usual
processes and re-used. Four patients on whom the
instruments were re-used also developed CJD.

Prions are resistant to strong disinfectants, heat,
autoclaving and enzyme activity. This means that
the emphasis in infection control of prions has to be
on effective cleaning of the instruments prior to ster-
ilization. The normal processes of cleaning and ster-
ilization had failed to remove the prions from the
instruments used in the first operation and this had
allowed transmission of the disease. This happened
because prions stick tenaciously to stainless steel
instruments and are not fully removed by normal
cleaning methods. These properties of prions have
practical implications for the cleaning, sterilization
and re-use of dental instruments.

CJD is still a rare condition, with only 1245
deaths being reported between 1990 and November
2007. By far the most common form of CJD is the
sporadic form with variant CJD being approximately
eight times less. Figures are not available before 1990
but the disease was first described separately by two
German neurologists in the early 1920s. Ironically,
reviews of the early cases of CJD described by both
Creutzfeldt and Jakob show that they were not the
prion type disease but other neurological disease,
but the name has remained. Best estimates of the
prevalence of this disease suggest that it is respon-
sible for one death in every million, so it is rare. The
incubation period of CJD is unknown as is the num-
ber of people who may be affected by it in the future.
The incidence of CJD rose substantially in the mid-
1990s during the epidemic of bovine spongiform
encephalopathy (BSE) in the UK following the con-
sumption of contaminated beef products. In turn,
CJD probably arose from a genetic change in the
scrapie protein. Scrapie is a form of prion disease
that affects sheep. The practice of feeding meat to
herbivorous cows which was widespread in the
early 1990s probably facilitated the change in the
prion. The changes to the prion that caused BSE also
seemed to allow it to infect man.

There are no simple tests for the identification
of prions in a particular body location. Prions are
detected by taking samples from the location and
seeing what pathological effects they have on an
experimental animal; this process can take as long
as six months. Prion disease can also be detected
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post mortem by the pathological effects it has on
neurological tissue. The presence of prions can also
be detected in tissue by certain histological stains
derived from animal prions (Fig. 11.8B). These are,
however, all indirect methods and require tissue to
detect the prion presence. This makes the accurate
detection of prions in specific locations in living
people difficult without biopsies.

The presence or numbers of prions in the mouth is
still a subject of debate. One group have successfully
transmitted CJD using gums and tooth pulps from
hamsters infected with a sheep or scrapie prion. This
experiment used sheep-derived prions which do not
completely mimic human prions, but it still raised
the possibility of CJD transmission by oral tissues.
This piece of work together with the lack of knowl-
edge of the number of prions necessary to cause an
infection had serious consequences for dental prac-
tice. It was advised at that time that instruments
used on patients had to be disposable, incinerated
after use, or buried in deep land-fill sites. This advice
has now been rescinded as it has been found that a
large number of prions may be necessary for infec-
tion. In addition, post mortem examinations of gin-
gival tissue and dental pulps from people who have
died of CJD have failed to detect prions in any of
the few samples examined. It is likely, therefore, that
prions do not get into the mouth or oral tissues in
large quantities. However, there is no doubt that
prion-related disease has changed clinical practice
for ever, particularly in relation to decontamination.
There has been particular attention on the problem
of adequately decontaminating endodontic instru-
ments and matrix bands, both of which come into
direct contact with neural tissue of the dental pulp
and gingivae, respectively. It has been proposed that
such dental instruments be considered as single-use
items and disposed of after use.

SUMMARY

Prions are self-replicating low molecular weight proteins
(PrP) that are the cause of rare and fatal transmissible
spongiform encephalopathies (TSE), the most important
being variant Creutzfeldt—Jacob disease (vCJD). The
relevance of the possible presence of prions in dental
tissues and provision of dental healthcare is uncertain.
However, in view of the difficulty in inactivating and
removing prions from equipment, there have been
recommendations for single usage of some types of
dental instruments.
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HEPATITIS B

This virus can be found in the blood of patients who
are infected. It consists of a double-layered coat which
contains an important glycoprotein called hepati-
tis B surface antigen (HBsAg), which is often used
to detect whether or not a patient has been exposed
to the virus. Inside the coat is another glycoprotein
called the hepatitis core antigen (HBcAg). There
is another antigen from the virus called hepatitis B
e antigen (HBeAg) which is used to assess whether
a patient has active disease. The period taken from
inoculation of this virus to the development of symp-
toms is long and can be up to 8 weeks. The majority
of patients (over 60%) who contract hepatitis carry it
asymptomatically and eventually overcome the dis-
ease. Even though they may be asymptomatic, HBsAg
and HBeAg can be detected in their blood. Patients
who develop symptoms may become chronic carri-
ers, develop cirrhosis or have acute illness and, in a
minority of cases, die. There are no precise figures as
to how many people carry hepatitis B worldwide but
in some countries as many as 5% are known to have
been exposed to this virus. Patients who have hepa-
titis will release intact hepatitis B into saliva where it
could potentially be a source of cross infection. It has
been estimated that 0.0001 ml of blood could trans-
mit the disease. The primary route of transmission of
hepatitis B is sexual, but blood to blood transmission
in unvaccinated persons has a 40% transmission rate.
An effective vaccine against this disease is available.

HEPATITIS C

Hepatitis C is another virus which is transmitted
primarily by the sexual route. There is some contro-
versy as to whether this virus could be transmitted
by dental procedures and although as much as 0.1
to 5% of the population may carry it, depending
on the individual country, no transmission from
the mouth has ever been definitively described.
The virus is detected by serology by detection of
antibodies to the virus (HCV antibodies) and
confirmed by direct detection of the virus using
the polymerase chain reaction (Ch. 10). No com-
pletely effective vaccine against this disease has
been developed.

Recent work on a large number of dental person-
nel who may have been exposed to the hepatitis C



virus from inoculation injuries have shown that the
risk of transmission is in the region of 3%.

SUMMARY

Hepatitis B virus (HBV) is a double-shelled DNA virus that
can be spread by extremely small volumes of blood and,
as such, is a potential risk during the provision of dental
treatment. Markers of infection include intact virion
(Dane particle), surface antigen (HBsAg) and a breakdown
product of core antigen termed e antigen (HBeAg).

An effective vaccine against HBV is available and dental
students on entry to dental school must show evidence of
protection by adequate antibody titres. Similarly, dental
healthcare workers should maintain an adequate level

of protection. Dental healthcare workers who are found
to have HBeAg should not provide dental treatment.
Hepatitis C virus (HCV) is an enveloped RNA virus that is
mainly spread in blood. The risk of transmission of HCV
during dental treatment is unknown but unlikely. The
presence of HCV is detected on the basis of serological
markers of the virus. An effective vaccine is not available
at the present time. Dental students have to show
evidence of being HCV negative at entry to dental school.
Dental healthcare workers who are found to become
infected with HCV must not provide treatment.

TUBERCULOSIS

Tuberculosis (TB) is one of the most prevalent
infectious diseases in the world. There are nearly
two million deaths and eight million new cases of
TB each year; it has been estimated that one third of
the world’s population is latently infected with TB,
and this can reactivate in later years or following
immunosuppression (e.g. following HIV-infection).
Although the incidence of tuberculosis declined
during the 20th century in Western countries, it has
increased in recent years due to changing migra-
tion patterns from the developing to the developed
world, and co-infection with HIV. Although princi-
pally caused by the acid fast bacillus, Mycobacterium
tuberculosis, other species such as M. bovis, M. africa-
num and M. kansasii can also cause disease. Infection
is spread in droplets of sputum from patients with
active pulmonary tuberculosis. In some patients
infection also produces lesions within the oral cav-
ity. The classical intra-oral presentation is of an ulcer
on the dorsal surface of the tongue but lesions may
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affect any site. The ulcers are irregular with raised
borders and may resemble deep fungal infection or
squamous cell carcinoma.

A mucosal biopsy should be taken to demonstrate
the characteristic granulomatous inflammation
with well-formed granulomata, Langhans giant cells
and necrosis. Ziehl-Neelsen stain may be used to
detect tubercle bacilli. Microbiological culture of
suspected clinical material may also be useful to
establish the diagnosis of tuberculosis. It is impor-
tant to inform the microbiologist that tuberculosis is
suspected because specialized media (Lowenstein-
Jensen’s) and prolonged incubation (2-3 weeks)
is required for recovery of the organism. Molecular
microbiological methods are being used increasingly
to establish the diagnosis. A Mantoux (tuberculin)
skin test will be positive as a result of previous infec-
tion in patients who have not received prior BCG
immunization. Previous infection may occasionally
be seen as incidental radio-opacities on radiographs
due to calcification within lymph nodes.

Oral lesions will resolve when systemic chemo-
therapy consisting of rifampicin, isoniazid, pyrazi-
namide and ethambutol is administered. Typically,
combinations of these drugs are given initially for
2 months after which time the therapy is reduced
to isoniazid and rifampicin for a further 4 months.
Longer and different regimens are required for
the management of patients found to have resis-
tant strains of Mycobacterium tuberculosis. Strains of
M. tuberculosis that are resistant to the majority of
the drugs that are used to treat this infection are
referred to as multi-drug (MDR) or extensive (or
extreme) drug resistant (XDR) strains. In the future,
there may be difficulty in treating this condition.
Vaccination with BCG is only partially effective in
preventing TB.

GONORRHOEA

Gonorrhoea is caused by Neisseria gonorrhoeae and is
a sexually transmitted disease that principally affects
the genital mucosa, although it may also produce
a range of non-specific oral changes including ery-
thema, vesicule formation and pseudomembrane
development, as a result of orogenital contact. These
symptoms are usually preceded by generalized oral
burning or itching and submandibular lymphade-
nopathy, which make speaking and swallowing dif-
ficult. In view of the vague symptoms, diagnosis can
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only be made by examination of a smear of a lesion,
which will show Gram negative pairs of cocci (diplo-
cocci) within neutrophils. Culture of a swab on choc-
olate agar or Thayer-Martin agar will yield typical
translucent oxidase-positive colonies. Identification
of N. gonorrhoeae can be confirmed by carbohydrate
utilization or fluorescent antibody tests. Treatment
has historically involved a single dose of intramus-
cular penicillin or high-dose oral amoxicillin. The 3
gram sachet of amoxicillin was originally developed
for the treatment of gonorrhoea. However, the emer-
gence of resistance to amoxicillin has resulted in the
need to use alternative antibiotics, such as ceftriax-
one or ciprofloxacin. Clinical trials are also being
undertaken to assess the efficacy of a single dose of
1 g or 2 g azithromycin.

SYPHILIS

absorbed (FTAabs) tests should be undertaken. The
most effective treatment of syphilis is intramuscu-
lar procaine penicillin. However, patients should
be followed up for at least 2 years, and serological
examination repeated during this time.

SUMMARY

A range of human infections may rarely either

primarily infect the orofacial tissues or have secondary
manifestations of infection at these sites. Examples of these
are tuberculosis, gonorrhoea and syphilis. Appropriate
diagnostic tests should be arranged in a patient with
orofacial signs and symptoms of such infectious diseases.

CHAPTER SUMMARY

Syphilis, which is caused by the spirochaete
Treponema pallidum, has four distinct stages, the first
three of which (primary, secondary and tertiary)
can affect the orofacial tissues. In addition, since
T. pallidum is one of the few microorganisms that
can cross the placenta, this condition may mani-
fest as congenital disease in childhood. Primary
syphilis characteristically develops on the genita-
lia but can also present initially as a highly infec-
tious indurated red painless ulcer on the lip or oral
mucosa. Secondary syphilis appears approximately
six weeks after the primary infection and, in addi-
tion to generalized symptoms, may produce oral
lesions described as snail track ulcers. Finally, if
unsuccessfully treated, syphilis can become latent
and produce tertiary lesions many years after ini-
tial infection that manifest as an area of ulceration
(gumma) in the palate or leukoplakia affecting the
dorsal surface of the tongue.

A provisional diagnosis of syphilis may be made
by use of dark-field microscopy to demonstrate
numerous structures consistent in size and form
with T. pallidum in a smear taken from either pri-
mary or secondary lesions. The causative spiro-
chaetes cannot be cultured routinely in vitro and
therefore serological investigations are used to
diagnose syphilis from the late stage of primary
infection onwards. T. pallidum haemagglutina-
tion (TPHA) and fluorescent treponema antibody
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Changes in general health and the treatment
of disease can alter the composition of the oral
microflora. A good example of this is the treat-
ment of head and neck cancer which can cause
Gram negative enteropathogens to colonize the
mouth and cause destructive changes in bone fol-
lowing extractions. Drugs such as bisphosphonates
can also cause similar effects on the jaw bones.
Bacteria which are part of the normal commensal
oral microflora can cause infection and destruc-
tion of facial tissue in conditions such as cancrum
oris, particularly if they are not treated and there
is associated malnourishment. Hepatic infections
such a hepatitis B can result in the release of large
quantities of viruses into the saliva which could be
potentially transmitted to health care workers. In
contrast, hepatitis C probably does not get into the
oral cavity to cause an infectious risk. Similarly,
on present evidence, prions, the agents thought
to be responsible for CJD and other transmissi-
ble spongiform encephalopathies, probably are
not transmissible through saliva, but may be pres-
ent in other oral tissues necessitating some dental
instruments being single use items and disposed
of after use. Sexually transmissible diseases such
as syphilis and gonorrhoea can cause oral lesions,
as can tuberculosis, and are potentially transmissi-
ble through saliva. Thus, effective infection control
strategies are needed (Ch. 12).
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Chapter ‘ 12 ‘

INFECTION CONTROL

The term infection control is defined as all the pro-
cesses and precautions that can be taken to control
the spread of infection. The type of processes and
precautions that are used in infection control are
described as high, medium or low level. The classifi-
cation of infection control procedures are based on
the risk of transmission of the diseases that are being
encountered and the procedures being done. High
level infection control is where a patient is isolated
from all contact with professional or family mem-
bers and every procedure is done with appropriate
barriers in place. High level disinfection is employed
when patients contract highly infectious disease such
as the haemorrhagic fevers which if transmitted are
fatal. Medium level infection control is where bar-
rier protection is used, but the risk of contracting
the disease is not high but still possible. Low level
infection control measures are used where the risk
of transmission is low and only normal cleanliness
is required.

There are problems in categorizing which level of
infection control is appropriate for dentistry. Many of
the patients who attend dental surgeries may asymp-
tomatically carry potentially infectious diseases but
they do not know they are infected (e.g. hepatitis
B or C). The risk of transmission could be high in
dentistry if there is blood to blood contact through,
for example, an inoculation (sharps) injury. In addi-
tion, the major fluids encountered in dentistry are
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blood and saliva and these could potentially trans-
mit infectious disease. The risk for most of the surgi-
cal procedures done in dentistry, therefore, is in the
medium category. Since most dental patients who
asymptomatically carry disease are unaware of their
infectious status it is wise to treat everyone with
the same precautions; these are often described as
Standard or Universal Precautions.

WHICH INFECTIOUS DISEASES ARE
TRANSMITTED BY DENTISTRY?

The number of proven cases of infectious diseases
that have been transmitted by dental personnel,
treatment or patients is very limited and the dis-
eases are listed in Table 12.1. The pathogens include
Mycobacterium tuberculosis (the causative organism
of the majority of cases of tuberculosis in humans),
methicillin resistant Staphylococcus aureus (MRSA),
Pseudomonas spp., and the hand, foot and mouth
virus (Ch. 10), and their transmission has resulted
in serious, but not life-threatening infections. The
list also includes infections caused by Legionella spp.
and hepatitis B virus which have resulted in death of

Table 12.1 Proven cases of infection transmitted by
dentistry.

Infectious agent Route of infection

HIV Use of infected instruments
or direct injection of blood

Hepatitis B virus Sharps injury

Contact of infected material
with skin or eyes

Herpes simplex type 1
virus

Coxsackie viruses Contact with skin

Inhalation of contaminated
dental unit water supplies

Legionella spp.

Pseudomonads Contact with contaminated
(e.g. Pseudomonas dental unit water supplies
aeruginosa)

MRSA (Methicillin
resistant Staphylococcus
aureus)

Contact with skin

Mycobacterium
tuberculosis

Inhalation of infected droplets

dental personnel. The most infectious agent that is
constantly present in the oral cavity of at least 30%
of the population is herpes simplex type 1 (Ch. 10).
This virus has not caused death, but it has been
responsible for blindness, usually in dental person-
nel who do not wear protective spectacles. Some
authors have reviewed the low number of transmis-
sions of infection in dentistry and have questioned
whether many of the precautions used are necessary
or justified, based on a risk assessment. Whether
infection control measures in dentistry are neces-
sary cannot now be answered as it would be impos-
sible to revert to anything but standard precautions.
Public pressure and ethical responsibility would pre-
vent any diminution in the standard of precautions
or to test a reduced level of protection. In addition,
most regulatory authorities now demand standard
precautions are taken in dentistry and have used
litigation to ensure that it is done.

PERSONAL PROTECTION

Personal protection is an important part of infection
control. Important elements of personal protection
in dentistry are immunization, protection of hands,
eye and face, protective clothing and management
and avoidance of inoculation (sharps) injuries.

Immunization

The protection of dental personnel by immuni-
zation before they engage in dental procedures is
an important part of infection control. Nowadays,
many regulatory authorities require that dentists,
nurses, hygienists and therapists are not carrying any
potentially infectious disease before they undertake
or assist with any dental procedures. Freedom from
infectious disease and satisfactory records of immu-
nization should be a contractual prerequisite before
dental personnel are employed. The vaccinations
required are listed in Table 12.2 and many of these
are done routinely in adolescence. The exception to
this is hepatitis B vaccination which needs to be sat-
isfactorily completed before any exposure to surgical
procedures is done.

Hand protection

Hands of dental personnel are potentially one of the
most vulnerable areas of the body to infectious dis-
ease and also may be a potential vector for infection.
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Table 12.2 Recommended vaccinations for all dental
personnel.

Vaccine Route Length of protection

Diphtheria IM* Probably life-long

Hepatitis B IM At least 5 years but
probably life-long

Pertussis M Probably life-long

(Whooping

Cough)

Poliomyelitis M Probably life-long

Rubella M Probably life-long

Tetanus IM At least 10 years but
probably life-long

Tuberculosis IM Probably less than life-long

(BCG) in most recipients

*IM = intramuscular

The maintenance of an intact layer of epithelium,
although difficult to achieve, is an important part of
protection. The problem is that procedures such as
handwashing in soap and water, and covering hands
with gloves, can have a serious and deleterious effect

Fig. 12.1 The systematic handwashing technique of Ayliffe.
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on the integrity and pliability of the skin. Both glove
wearing and handwashing can have a hyperosmotic
effect on the hands and cause the skin to crack and
lose its pliability, thereby rendering it susceptible to
microbial ingression. Handcreams used after every
session restore essential oils to the skin and help
retain pliability.

Handwashing has to be done systematically ensur-
ing that all surfaces are washed and rinsed. The tech-
nique devised by Ayliffe (Fig. 12.1) ensures that all
surfaces are washed and rinsed. If the hands are not
visibly contaminated after patient treatment then the
use of combined alcohol and disinfectant handrubs
are recommended. These handrubs are applied using
a systematic technique and have been found to be as
effective as handwashing with soap and water. The
advantage of handrubs is that they are less injurious
to the integrity of hand skin and many contain emol-
lients that help protect the skin from drying.

Gloves

Gloves are an essential part of infection control in
dentistry. They provide a physical barrier which pro-
tects the hands from the ingress of microorganisms
and should be worn for all dental procedures. They
are a single use item and a new pair should be used
for each patient. Most gloves are made out of natural
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Fig. 12.2 Irritant contact dermatitis caused by failure to
remove a ring prior to glove washing and glove wearing.

latex rubber and contain low molecular weight pro-
teins that can be immunologically active. These low-
molecular-weight proteins can penetrate the skin
and induce inflammation; this condition is called
irritant contact dermatitis. All rings and watches
should be removed prior to handwashing or don-
ning gloves otherwise irritant contact dermatitis can
ensue (Fig. 12.2). Poor handwashing technique with
soap and water can also cause irritant contact derma-
titis and this condition can be cured by changing the

make of gloves and careful attention to handwash-
ing. Topical steroids may help alleviate the condi-
tion in more severe irritant contact dermatitis cases.
In one major survey of hand problems in dental
personnel, approximately 20% were shown to suffer
intermittently from irritant contact dermatitis.

Immunological reactions to latex proteins are
more serious and can be life-threatening if they prog-
ress to anaphylaxis. Sensitivity to latex proteins is
fortunately still rare, but in the USA it has been esti-
mated that 40% of medical personnel have detect-
able antibodies to latex proteins. Immunological
contact dermatitis is immediate and the inflam-
mation spreads well beyond the glove wearing area
(Fig. 12.3); it is not controlled by handwashing
and always requires steroid or other systemic ther-
apy. Concern about latex proteins is now so serious
that latex gloves are slowly being phased out from
healthcare procedures in Europe.

Many gloves contain donning agents which help
them to be put on dry hands. One agent that has
been extensively used as a donning agent is starch
but it should not be used because it causes latex
allergens to be dispersed in the atmosphere when
the gloves are donned. If allowed to contaminate
wounds, starch can cause granulomas (excessive
fibrous tissue) to form and it can prevent veneers
from adhering properly to teeth.

Fig. 12.3 Immunological contact dermatitis caused by glove wearing. Note the inflammation spreads beyond the glove wearing

area (courtesy of the University of Ehlingham).
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Eye and face protection

Eye protection is mandatory for all dental operators.
The eye can be contaminated by patients coughing
pooled saliva and blood from the floor of the mouth
into the face of the operators (this is called ‘splat-
ter’). Eyes can also be contaminated from aerosols
generated from the mouth when high speed instru-
ments are used with coolants (Fig. 12.4). Since 30%
of patients will have significant numbers of herpes
simplex type 1 virus in the mouth, the risk of infec-
tion is high. Herpetic infections of the eye have a
significant chance of causing blindness and this has
happened to a number of dental personnel in the
UK. Protective or prescription glasses should always
be worn; these require washing and drying after use.
An alternative form of eye protection is a visor and
often these have a mask incorporated in them.

The type of mask worn in dentistry does not
confer microbiological protection. Motile bacte-
ria can penetrate masks once masks are wet. They
are a single-use item and should be thrown away
after use. Masks are a protection against splatter,
but only initially protect against aerosols. The best
protection against aerosols is high-vacuum suction
which should be switched on before any coolants
are used. The role of aerosols in the transmission of

infection in dentistry is still unproven, but it is well
established that many diseases such as tuberculosis,
Legionnaire’s disease and infectious mononucleosis
are spread by this route.

Surgery clothing

There is a wide variety of surgery clothing avail-
able. There is no doubt that clothing does become
contaminated during operative procedures. Surgery
clothing should be capable of being washed at tem-
peratures of greater than 60°C as this kills many
potentially pathogenic microorganisms. The debate
about whether surgery clothing should have long
or short sleeves is still unresolved. Many argue that
long sleeves protect the arms from microorganisms.
Others argue that bare arms can be washed and this
is more hygienic. The choice of long or short sleeves
awaits resolution and at the moment is still a matter
of personal preference.

Inoculation injuries

Inoculation injuries (often called sharps or needle-
stick injuries) have a high potential for the transmis-
sion of serious infection as they can involve blood
to blood contact. They must be avoided by careful

Fig. 12.4 Aerosol generated by high speed dental handpiece.
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Injury
v

Make wound bleed

v

Wash thoroughly and cover

v

Assess hepatitis B status of injured person
Assess HIV status of patient

v

Consider vaccination against hepatitis and
highly active retroviral prophylaxis

v

Consider taking a serum sample from
injured person for reference

v

Audit and prevent reoccurrence

Fig. 12.5 Management of an innoculation injury.

needle resheathing techniques and safe disposal of
sharps. The two occasions when they are most likely
to occur are during the resheathing of local anaes-
thetic equipment and the removal and decontam-
ination of used dental instruments. A schema for
dealing with sharps injuries is shown in Fig. 12.5.
After immediate first aid the injured person should
be assessed and hepatitis B and/or HIV prophylaxis
should be considered. An audit of the reasons for
the sharps injury should always be done and surgery
protocols modified to prevent it happening again.

SURGERY DESIGN

In order to reduce the risk of cross infection most
surgeries incorporate three distinct areas or zones:
an operator’s zone, an assistant zone and a decon-
tamination zone. The first two zones should have
wash hand basins in them which should not be
used for decontamination. All equipment should be
capable of simple disinfection and easily kept clean.
Surgeries should be tidy and uncluttered.

SURGERY DISINFECTION

Disinfection is the removal or killing of some micro-
organisms but not usually spores. Disinfection is
reserved for four distinct places; these are (a) surfaces,

(b) drains and spittoons, (c) dental unit water
supplies, and (d) impressions and appliances.

Surface disinfection

The most important element of surface disinfection
is cleaning. Surfaces should be thoroughly cleaned
ideally with a combination of a detergent and a dis-
infectant. Although a large number of types of sur-
face disinfectant are available, it is how they are
used that is probably more important than their
disinfectant action. The aim of surface disinfection
is to remove the maximum number of microorgan-
isms by dilution and cleaning; when this is com-
plete then the disinfectant will kill the remainder.
Disinfectant should be applied to surfaces, wiped off
using a lot of energy and the process repeated. This
is a progressive dilution technique with each appli-
cation of disinfectant further reducing the number
of microorganisms present.

Drains and spittoons

These are heavily contaminated areas as they col-
lect saliva, blood and other material. These areas
are prone to the formation of tenacious biofilms on
the surfaces of their tubes. Biofilms are formed on
the inner surfaces of tubing and are held together by
extracellular slime-like materials secreted by the con-
stituent microorganisms (Ch. 5). Microorganisms
in biofilms are highly tolerant of disinfectants and
very difficult to remove. A combination of a bacteri-
cidal disinfectant and a detergent should be used on
drains and spittoons and this should be done after
every session to prevent biofilm accumulation.

Dental unit water systems

Water delivered from dental unit water systems
(DUWS) is not sterile and can contain high numbers
ofbacteria (sometimes exceeding one million colony
forming units/ml), including opportunistic patho-
gens such as Legionella pneumophila, Mycobacterium
spp., Pseudomonas aeruginosa and Candida spp.. The
source water is often tap or deionized water, and this
should have low microbial counts. The high micro-
bial load in the outflowing water is due to the rapid
development of biofilms (Ch. 5) on the inner sur-
faces of tubing in dental unit water systems (Fig.
12.6), from which large numbers of microorgan-
isms are shed into the water. The water in DUWS
is static for long periods of time, and is constantly
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Fig. 12.6 Scanning electron micrograph of a biofilm formed
on the inner surface of tubing in a dental unit.

heated to a temperature of between 22°C (room
temperature) and 37°C (body temperature), which
also encourages microbial growth. DUWS can also
be contaminated with microorganisms derived from
the mouth by back-siphonage. The latter occurs
because when the turbine drill is deactivated, to pre-
vent splashing the patient, a small amount of water
contaminated with saliva is sucked-back into the
turbine tubing; this inoculates the dental unit water
with oral microbes, which can be passed on to sub-
sequent patients.

Contamination of dental unit water supplies has
been responsible for the death of a dentist in the
USA from legionellosis, and also for amoebic eye
infections and infections due to Pseudomonas aerugi-
nosa in immunocompromised patients. Evidence of
occupational exposure to such pathogens has come
from the finding that dentists have higher antibody
titres to L. pneumophila than other employment
groups. Contamination has also been implicated as
a cause of late onset asthma in dental personnel from
endotoxins released from the Gram negative bacteria
present in aerosols of dental unit water (Fig. 12.4).
Guidelines are being introduced to set standards for
the maximum microbial load delivered by water
from dental units. In the USA, this is 200 CFU/ml,
and other countries are setting equivalent stan-
dards. To achieve these levels, DUWS need purging
with disinfectants that are effective not only against
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microorganisms in the liquid phase, but which are
also active against established biofilms, as these are
inherently more tolerant of antimicrobial agents
(Ch. 5). Products containing hydrogen peroxide
and silver ions have been found to be particularly
effective. Care has to be taken to ensure that any
disinfectant is used according to the manufactur-
er’s instructions (e.g. frequency of application and
concentration), and is compatible with the materi-
als used in the construction of the particular dental
unit.

Disinfection of appliances
and impressions

Before leaving the surgery, appliances and impres-
sions should be washed to remove debris and then
disinfected by immersion. Spraying of disinfectants
onto the surface is ineffective. A number of immer-
sion disinfectants are now available which cause
minimal changes to impression materials.

DECONTAMINATION OF
INSTRUMENTS

The word decontamination is often misused; it is
defined as the treatment of an instrument to make
it fit for re-use. Decontamination therefore involves
both cleaning and sterilization of the instrument
and its safe storage.

Critical and non-critical instruments

Only instruments that are to be used in surgical areas
where they will become contaminated need steril-
ization; these are called critical instruments. When
critical instruments are purchased, the manufac-
turer must provide a statement of how they are to be
cleaned and sterilized. Often critical instruments are
difficult if not impossible to sterilize and disposal
of them is the best option; a good example of this is
saliva ejectors. Equipment such as patient spectacles
and bib chains are not heavily contaminated and so
are not critical instruments and are best disinfected
by washing.

Unless critical instruments are cleaned they can-
not be sterilized. This presents a particular problem
because none of the methods used in dentistry can
be guaranteed to remove prion contamination, but
may reduce it. All the methods used for cleaning
must be validated (shown to work), and be regularly
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checked. There are three methods currently used for
instrument cleaning in dentistry; they are manual
washing, ultrasonics and washer/disinfectors.

Manual cleaning

This is by far the commonest method of cleaning
instruments, but it is not recommended. Inherently
itis dangerous as there is always the danger of sharp's
injuries and it is not reliable. Studies have shown
that manual cleaning is inefficient with a high likeli-
hood of residual material remaining.

Ultrasonic cleaning

This method of cleaning involves placing the instru-
ments into a bath containing detergent and using an
ultrasonic generator to clean the instruments. The
ultrasonic generator creates vacuums within the lig-
uid which collapse on the surface of the instruments
and release energy. The energy dislodges material
adherent to the instrument. Ultrasonic baths have
to be properly commissioned and periodically vali-
dated if they are to be effective. The correct deter-
gent has to be used in the bath and the instruments
must be separated so the liquid can flow round
them. The bath also has to be used for the manu-
facturer's recommended length of time without
interruption. Ultrasonic baths need periodic testing
and the easiest test to use is the foil ablation test
in which pieces of foil are placed in the bath and
are destroyed by the ultrasonics. Another test that
is recommended for ultrasonic baths is a residual
protein test. This test employs a test soil which is
placed on an instrument; the test checks for removal
of the protein. The reader is recommended to text-
books and guidelines on infection control that are
cited in the Further Reading section at the end of
this chapter. Ultrasonics are effective if used prop-
erly and checked regularly.

Washer/disinfectors

These machines are designed to clean and disin-
fect instruments to a high and reproducible stan-
dard. They first rinse the instruments in cold water
which removes most of the debris. The machine
then washes the instrument in hot water and deter-
gent, rinses them and then heats the instruments to
a temperature between 80-90°C for 1-3 minutes.
The instruments are then dried. The length of the
cycles of these machines is between 20-60 minutes.

They also require a good standard of water which
can be produced by cleaning mains supplies with
ion exchange resins or by reverse osmosis. Washer
disinfectors need monitoring daily to check that
the manufacturer’'s parameters for the machine are
met. They need periodic residual protein tests as
described for ultrasonic machines.

STERILIZATION OF INSTRUMENTS

An instrument has to be clean before sterilization,
otherwise residual material can protect microorgan-
isms in biofilms retained on the surface and they can
remain viable. Sterilization is defined as the complete
killing of all forms of life including prions. In prac-
tice, sterility is probably never achieved as the type of
process used does not kill or inactivate prions.

In dentistry, the commonest process used for ster-
ilization is the autoclave which uses the latent heat of
steam to achieve its killing of microorganisms. Water
is heated under pressure beyond its boiling point
and circulates around the instruments in a pres-
sure-resistant chamber. The steam condenses on the
instruments until they are heated to the temperature
of the steam. This temperature is then held until the
instruments are sterile. The temperature-time com-
binations that are necessary for sterility in autoclaves
are shown in Table 12.3. The efficiency of killing in
an autoclave is partly dependent on the amount of
air that is driven out of the chamber. The more air
that is driven out of the autoclave chamber, the more
efficient the penetration of steam. The penetration of
the steam is important when instruments with small
diameter tubes in them are being sterilized (e.g. den-
tal handpieces). The most common form of auto-
clave is called a type N where the air is pushed out
of the chamber by the steam; this type of autoclave is
only suitable for solid instruments. Type S autoclaves
pump the air out and a large amount of residual air
is removed; these autoclaves are suitable for some

Table 12.3 Recommended temperature, time and
pressure combinations for sterilization.

Temperature (°C) Time (min) Pressure (bar)
134 3 2
115 30 1

121 15 1
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instruments with tubes as specified by the manu-
facturer. Type B autoclaves repeatedly pump out the
air from the chamber and the amount of residual
air remaining is small; these autoclaves are recom-
mended for any instrument. The autoclaves recom-
mended for dental instruments are type B or S.
Autoclaves need periodic testing and this is best
done by thermocouples. In some countries the man-
datory testing of autoclaves is done by assessing
the killing of a heat-resistant bacterium, Geobacillus
stearothermophillus. The spores are contained on strips
in the autoclave for one cycle and then incubated; if
the autoclave works then no growth should occur.

Storage of instruments

Once sterilized, instruments are best stored in dry cas-
settes, bags or pouches. They can remain sterile if kept
airtight and dry for considerable periods of time.

WASTE DISPOSAL

Clinical waste is material which has been exposed
to blood, saliva, tissue or other bodily fluids. It has

FURTHER READING

to be disposed of separately from other non-clinical
waste by incineration or by burial in deep land-fill
sites. Different countries have varying regulations for
the disposal of this material. Sharps must be kept in
rigid containers until disposal.

CHAPTER SUMMARY

Infection control in dentistry is important and stan-
dard precautions must be used for all patients. Care
must be taken with personal protection, disinfection,
decontamination and disposal of waste. Personnel
must be successfully vaccinated against infectious
disease and avoid sharp’s injuries. Protective spec-
tacles, masks and surgery clothing capable of being
washed at above 60°C should be worn. Instruments
need complete cleaning preferably in validated
washer disinfectors then steam sterilized in appro-
priate autoclaves. Disinfection is best reserved for
surfaces, drains, impressions and appliances and
dental unit water supplies.

Waste, particularly from clinics, must be sepa-
rated from other material and disposed of according
to local regulations.

Martin MV, Fulford MR, Preston AJ 2008
Infection control for the dental team.
Quintessence Publications.

Walker JT, Dickinson J, Sutton JM, Raven
ND, Marsh PD 2007 Cleanability

203:395-401.
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gingival crevicular fluid (GCF), 8, 10,
78, 118, 119
antimicrobial factors, 20
flow, 12-13
as microbial habitat, 12-14
microbial nutrients, 11, 13, 16
gingival hyperplasia, 194
gingivitis, 119-20
acute streptococcal, 127
diabetes-associated, 127
herpetic, 127, 182-3
necrotizing ulcerative (NUG), 123-4
pregnancy, 127
prevention, 137, 139, 140
glandular fever, 186, 208
glossitis, median rhomboid, 171
gloves, protective, 206-7
glucan-binding proteins, 142
glucanases, 140
glucans, 32, 67, 68, 78, 83, 117
glucose oxidase, 140
glucosyltransferases (GIFs), 61, 64,
67-8, 78, 83, 115, 142, 164
glycocalyx (plaque matrix), 75, 83-4
glycosidases, 16, 65, 147
glycylprolyl peptidase, 131
gonorrhoea, 202
Gram negative cocci, 36, 42
dental plaque, 94
Gram negative rods, 36-40, 43
dental plaque, 93, 94, 95, 97
facultatively anaerobic/capnophilic,
36-7
obligately anaerobic, 37-40
Gram positive cocci, 30-3, 42, 156
dental plaque, 92, 94
Gram positive rods, dental plaque, 91,
92,93, 94, 95
Gram staining, 27, 53, 148-9, 158
Granulicatella, 55, 56, 59
Granulicatella adiacens, 33, 55
granulomatosis, orofacial, 192-3
growth of microorganisms in oral
cavity, 14-22
gumma, 202

HAART, 197

habitats, microbial, 5, 8-25
gingival crevicular fluid, 12-14
mucosal surfaces, 8-9



saliva, 11-12
teeth, 9-10
Haemophilus, 36, 55, 56, 58, 80,
156, 157
Haemeophilus influenzae, 6
Haemophilus parahaemolyticus, 36
Haemophilus parainfluenzae, 36, 55, 124
hairy leukoplakia, 186, 196
halitosis, 22, 56, 58, 70-1, 123
dry socket, 154
hand, foot and mouth disease, 41,
187, 205
hand protection, 205-6
handrubs, 206
handwashing, 206, 207
Heck's disease, 188
Helicobacter pylori, 6, 39
hepatitis B, 200-1
in saliva, 42
transmission, 205
vaccination, 205, 206
hepatitis C, 201
hepatitis viruses, 42
herpangina, 41, 187
herpes labialis, 184
herpes simplex infections, antiviral
therapy, 181
herpes simplex typel (HSV-1), 41, 127,
182-5
eye infections, 208
primary infection, 182-3, 184
secondary infection, 183-5
transmission, 205
herpes simplex type2 (HSV-2), 183, 185
herpes viruses, 182
classification, 182, 183
infections, 182, 183-7
and periodontal disease, 128
herpetic gingivitis, 127, 182-3
highly active antiretroviral therapy
(HAART), 197
histatins, 12, 13, 19, 172
Histoplasma capsulatum, 167, 178
HIV/AIDS, 194-7
associated lesions, 196
candidosis and, 169, 172
HIV detection, 196
HIV in saliva, 42
and periodontal disease, 127-8, 131
testing for, 197
transmission to/from healthcare
workers, 197, 205
treatment, 197
viral infections, 180, 186, 187, 196
homeostasis, microbial, 22, 49
dental plaque, 100-1
homology, 26
host defence (antimicrobial) peptides,
19-20, 172

host defences, 13-14, 17-21
mucosal surfaces, 17, 20
non-specific (innate immunity), 18-20
specific (adaptive immunity), 20-1
tooth surface, 18
human B-defensins (HBDs), 19-20
human cytomegalovirus (HCMV), 41,
128, 136, 181, 183, 187
human herpes virus6 (HHV-6), 183,
187
human herpes virus7 (HHV-7), 183,
187
human herpes virus8 (HHV-8), 183,
187
human immunodeficiency virus see HIV
human papilloma virus (HPV), 41-2,
188
hyaluronidase, 131
hydrogen peroxide, 98
hydroxyapatite, 81, 82

identification, microbial, 24, 25,
27-9, 53
IgA protease, 32, 33, 46, 80
immunity
adaptive, 20-1
innate, 18-20
immunization
dental caries, 31, 142-3
dental personnel, 205, 206
immunocompromised patients, 190
oral microflora, 190
orofacial infections, 186, 193, 194
susceptibility to infection, 190
see also HIV/AIDS
immunofluorescence, viral infection,
181, 182
immunoglobulins, 12, 13-14, 20, 172
immunosuppressive agents, 194
implants, dental
peri-implantitis, 155
use of prophylactic antimicrobials,
162-3
impressions, disinfection, 210
infants
nursing-bottle caries, 110
pre-term, periodontal disease as risk
factor, 5, 136
resident microflora, 45-6, 47, 49
infection control, 6, 204-12
decontamination of instruments,
210-11
personal protection, 205-9
prion disease, 199, 200
surgery design, 209
surgery disinfection, 209-10
waste disposal, 212
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infections
bacterial, 146-59
antimicrobial susceptibility, 149-50
dentoalveolar, 151-3
endodontic, 151
inter-relationship, 146-8
laboratory diagnosis, 148-9
management, 150-8
fungal, 3, 5, 40, 166-79
opportunistic, 2, 5, 6, 146
post-operative, 160-1
transmission by dentistry, 205
viral, 180-9
see also names of specific infections
infectious mononucleosis, 186, 208
infective endocarditis, 30, 31, 136,
163-4
antimicrobial prophylaxis, 164-5
inflammatory bowel disease, 193
inflammatory mediators, 127, 130,
135, 136
inhalers, steroid, 169, 171, 176
inhibitors, 139
inoculation (sharp’s; needlestick) inju-
ries, 204, 205, 208-9
insomnia, fatal familial, 198
instruments
decontamination, 199, 200, 210-11
storage, 212
intracellular polysaccharides (IPS), 115,
117, 139
intubation, effect on microbial
community, 16
iron, 19
isoniazid, 202
itraconazole, 177, 178

J

Johnsonii, 39
joint replacement patients, 162
Jonquetella anthropi, 40

K

Kaposi’s sarcoma, 187, 196
ketoconazole, 177, 178
Kingella, 37

Klebsiella, 50, 192
Klebsiella pneumoniae, 196
Koplik's spots, 189

kuru, 198

L

lacerations, facial, 158
Lachnospiraceae, 40
lactic acid, 36, 65, 66, 106

217



Index

lactic dehydrogenase, 115
lactobacilli, 14, 16, 35, 47, 50, 55,
56, 58
acid production, 66
dental caries, 107, 108, 110, 111,
112, 116
dental plaque, 91, 93, 95
metabolism, 64, 67
periodontal disease, 126
root canal, 113
Lactobacillus acidophilus, 35
Lactobacillus casei, 35, 91, 115
Lactobacillus fermentum, 35
Lactobacillus gasseri, 35
Lactobacillus oris, 35
Lactobacillus paracasei, 35
Lactobacillus plantarum, 35, 91
Lactobacillus thamnosus, 35, 112
Lactobacillus salivarius, 35
Lactobacillus uli see Olsenella uli
lactoferrin, 12, 13, 19, 172
lactose, 64
Langerhans cells, 13
latex proteins, sensitivity to, 207
lectins, 60, 61, 81, 83
Legionella, 205
Legionella pneumophila, 209, 210
Legionnaires’ disease, 208
Leptotrichia, 48, 58, 124
Leptotrichia buccalis, 39, 112
Leptotrichia hofstadii, 39
Leptotrichia shahii, 39
Leptotrichia wadei, 39
leukotoxins, 130-1
lipoteichoic acid (LTA), 61
lips
as microbial habitat, 9
resident microflora, 54-5
longitudinal studies, 105-6
Ludwig's angina, 153
Lycasin, 141
lymphadenitis, staphylococcal, 158
lymphocytes, intra-epithelial, 13
lys-gingipain (Kgp), 69, 130, 131
lysozyme, 11, 12, 13, 18, 20, 172

macrolides, 194
macrophages, 13, 14
malodour, oral (halitosis), 22, 56, 58,
70-1, 123, 154
masks, 208
measles, 189
virus, 42
medically compromised patients
orofacial infections, 190-203
see also HIV/AIDS; immunocompro-
mised patients

218

Megasphaera, 36, 124
menthol, 22
metabolism, microbial, 63-71
carbohydrate metabolism, 63-8
inhibitors, 71
nitrogen metabolism, 69-70
oral malodour, 70-1
oxygen metabolism, 70
Methanobrevibacter oralis, 151
methanogens, 39
methicillin-resistant Staphylococcus
aureus (MRSA), 156, 192,
193, 205
metronidazole, 87, 124, 125, 141, 150,
153, 154, 155, 156, 191, 193
prophylactic use, 161
micafungin, 177, 178
miconazole, 177, 178
miconazole cream, 157
microbiota (microflora), 5
micrococci, 6, 33
microscopy, 53
confocal, 53, 75, 88, 90
electron, 53, 88, 181, 182
viral infections, 181, 182
milk, 17
minimum inhibitory concentration
(MIC), 149
modulins, 131
Mogibacterium, 35
Mogibacterium pumilum, 35
Mogibacterium timidium, 35, 121
Mogibacterium vescum, 35
molecular techniques, 29, 54
biofilms, 75-6
Candida identification, 176
diagnosis of infection, 149, 182
periodontal disease, 123
Moraxella catharrhalis, 36
mouth
host defences, 13-14
microbial ecology, 4-5
as microbial habitat, 8-23
significance of, 1
mouthwashes
antimicrobial/antiplaque agents, 21,
22,71,87,139, 140, 141
infection management, 151
mucin glycoproteins1 and 2 (MG1 and
MG2), 18
mucins, 11, 13, 17, 18, 20, 172
Mucor, 40, 167, 196
mucosa, sampling, 51
mucosal surfaces
desquamation, 18
host defences, 17, 20
as microbial habitat, 8-9
mucositis, staphylococcal, 192-3
mucus coat, 60

multiple sugar metabolism system
(Msm), 64-5

mumps, 188-9

virus, 42

mupirocin ointment, 158

mutacin, 98

mutan, 32

mycobacteria, 209

atypical, 156

Mycobacterium africanum, 201

Mycobacterium avium-intracellulare, 196

Mycobacterium bovis, 201

Mycobacterium kansasii, 201

Mpycobacterium tuberculosis, 156, 196,
201, 202, 205

Mycoplasma buccale, 41

Mpycoplasma hominis, 41

Mycoplasma orale, 41

Mycoplasma pneumoniae, 41

Mpycoplasma salivarum, 41

mycoplasmas, 41

myelosuppression, effect on oral
microflora, 50

Nagayama's spots, 187

necrotizing fasciitis, 193

necrotizing stomatitis, 196

necrotizing ulcerative gingivitis (NUG),

123-4

necrotizing ulcerative periodontitis,
123,124, 131

needlestick injuries see inoculation
injuries

Neisseria, 36, 47, 53, 55, 56, 58,
59, 67

dental plaque, 80, 83, 87, 91, 92, 93,

95,97

Neisseria flavescens, 36
Neisseria gonorrhoeae, 202
Neisseria mucosa, 36
Neisseria pharyngis, 36
Neisseria subflava, 36
neutrophils, 13, 14
newborn see infants
niches, 5, 46
nikoomycins, 178
nitrate, dietary, 17
nitrogen metabolism, 69-70
noma (cancrum oris), 128, 189, 193
nomenclature, 25
non-Hodgkins lymphoma, 196
nursing-bottle caries, 110
nutrients, microbial
endogenous, 16
exogenous (dietary), 16-17
nystatin, 177, 178



o

oligonucleotide probes, 27, 28, 29, 40,
53,75
Olsenella, 35
Olsenella profusa, 112, 151
Olsenella uli, 35
omidazole, 151
opportunistic pathogens/infections, 2,
5, 6, 146
oral diseases
costs of, 3
microbial ecology and, 4-5
scale, 3-4
oral health and general health, 1
oral hygiene
denture wearers, 176
plaque control, 137
oral microflora
disease-related changes, 2-3, 4
and general health, 5-6
immunocompromised patients, 190
indigenous (commensal), 5
resident see resident microflora
ornidazole, 155
osteomyelitis, 153
osteonecrosis, bisphosphonate-
associated, 192
osteoradionecrosis, 191
oxygen metabolism, 70

P

palate

as microbial habitat, 9

pH, 15

resident microflora, 54, 55
Palatinit, 141
papilloma virus see human papilloma

virus

Paracoccidioides brasiliensis, 167
paramyxoviruses, 188-9
Parascardovia denticolens, 35
Parkinson'’s disease, 193
parotitis, 155-6

endemic (mumps), 188-9
Parvimonas

dental caries, 112

periodontal disease, 126

root canal, 113
Parvimonas dentalis, 113
Parvimonas endodontalis, 113
Parvimonas micra, 33, 71, 97, 113, 118,

121

pathogens, 5

bacterial, 146

opportunistic, 2, 5, 6

true (overt), 5
pattern-recognition receptors, 172

PCR (polymerase chain reaction), 29,
41
pellicle, acquired, 11, 18, 60, 61
formation, 78-9
penciclovir, 127, 181, 184, 185, 186
penicillins, 22, 202
dentoalveolar abscess, 153
resistance to, 149-50
peptides
antimicrobial (host defence),
19-20, 172
competence-stimulating, 86, 87
Peptostreptococcus, 33
Peptostreptococcus micros see Parvimonas
micra
Peptostreptococcus stomatis, 33, 121
pericoronitis, 155
peri-implantitis, 155
periodontal abscess, 151
periodontal disease, 1, 2, 3, 9
aetiology, 118-19, 133-5
classification, 119
ecological plaque hypothesis, 118-19
epidemiology, 3
general health effects, 5-6, 136-7
genetic/ethnicity factors, 21
HIV-associated, 127-8, 131, 196
microbiology, 119-28
necrotizing, 123-4, 196
pathogenic mechanisms, 128-32
pathogenic synergism, 132-3
plaque and, 117-37
plaque control, 117-18, 137, 139,
140, 141
plaque microbial involvement,
118-19
predictors of disease activity, 135-6
preventive measures, 137, 139,
140, 141
vaccination, 143
redox potential in, 15
periodontal ligament, 9, 130
periodontal pockets, 9, 10, 13, 137
periodontitis, 119
aggressive, 119, 124-7
plaque control, 137
chronic, 119, 120-3, 124
early onset see periodontitis, aggressive
localized (generalized) juvenile see
periodontitis, aggressive
necrotizing ulcerative, 123, 124, 131
peri-implant, 155
peroxidases, 70
pH
oral cavity, 15
plaque, 12, 15-16
saliva, 15
phenoxymethylpenicillin, 150, 153
phosphoenolpyruvate (PEP), 65, 139
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phosphoenolpyruvate-mediated
phosphotransferase (PEP-PTS)
transport system, 64, 65
phosphoglycate, 139
phospholipases (PLs), Candida, 168
photodynamic therapy, 143
phylogenetic (evolutionary) trees,
26, 29
pioneer species/community, 46-7
plant extracts, 22, 141
plaque, dental, 2, 8, 9, 74-102
animals, 95
antimicrobial tolerance, 75, 77, 87-8
approximal, 90, 91-2
calcified (calculus), 74, 96
cell—cell signalling, 86-7
climax community, 90
composition, 59
dentures, 92-5
detachment of microorganisms
from, 85
development, 15
and disease, 104-6
control measures, 137-43
dental caries, 104, 106-17
hypotheses, 104
periodontal disease, 104, 117-37
study design, 104-5
fissures, 88, 90-1, 92
fluid, 95-6
formation, 78-85
consequences, 85-8
gene expression in, 85-6
gene transfer, 87
gingival crevices, 74, 75, 88, 90, 92
in situ models, 54, 77
matrix (glycocalyx), 75, 83-4
mature, 83-5, 88-90
as microbial community, 99-100
microbial homeostasis, 100-1
microbial interactions, 86-7, 96-9
antagonistic, 96, 98-9
synergistic, 86-7, 96-8
pathogens in, 6
co-adherence, 6
and periodontal disease, 104, 117-37
pH, 12, 15-16, 85
properties, 76
and redox potential, 15
sampling, 52
platelet aggregating protein (PAAP),
164
pneumonia, aspiration, 136
polyenes, 177
polymerase chain reaction (PCR), 29, 41,
176
polymixin, 192
polyphosphonates, 96
polysaccharide production, 66-8
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Porphyromonas, 37, 38, 56, 71, 191
dental caries, 112
dentoalveolar abscess, 152
Ludwig's angina, 153
periodontal disease, 128, 151
root canal, 113
Porphyromonas catoniae, 38
Porphyromonas endodontalis, 38, 113,
123, 124, 147-8
Porphyromonas gingivalis, 14, 16, 21, 37,
38, 46, 47, 55, 60, 86, 136
adhesion, 81, 82
antimicrobial agents, 143
dental plaque, 94
metabolism, 69-70
periodontal disease, 117, 119, 121-124,
127, 130-134, 155
root canal, 113, 151
tolerance to antimicrobials, 87
vaccine, 143
posaconazole, 177
pregnancy
gingivitis, 127
oral microflora, 49
Prevotella, 37, 55, 56, 58, 59, 71, 148,
191, 193
actinomycosis, 157
antibiotic resistance/susceptibility,
149
dental caries, 112
dental plaque, 92, 93, 97
dentoalveolar abscess, 152
Ludwig’s angina, 153
non-pigmented, 47, 48
parotitis, 156
periodontal disease, 118, 119, 151
Prevotella baroniae, 38
Prevotella bergensis, 38
Prevotella buccae, 38
Prevotella buccalis, 38
Prevotella dentalis, 38, 113
Prevotella denticola, 37, 48
Prevotella enoeca, 38
Prevotella intermedia, 14, 37, 48, 49, 55,
56, 60, 86,97, 136, 147-8
pericoronitis, 155
periodontal disease, 121, 122, 124,
126, 127,128, 155
root canal, 113
Prevotella loescheii, 37, 81, 82, 85, 121
Prevotella maculosa, 38
Prevotella marshii, 38
Prevotella melaninogenica, 37, 47, 48, 55,
56, 58, 119
adhesion, 81
dental plaque, 92
root canal, 113
Prevotella multiformis, 38
Prevotella multisaccharivorax, 38
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Prevotella nigrescens, 37-8, 61, 92, 112,
119, 122

Prevotella oralis, 38, 147-8
Prevotella oris, 38
Prevotella oulora, 3
Prevotella pallens, 37
Prevotella salivae, 38
Prevotella shahii, 38
Prevotella tannerae, 38
Prevotella veroralis, 38
Prevotella zoogleoformans, 38
prions, 198-200, 210, 211
probiotics, 99, 142
proline-rich peptides (PRPs), 78, 81
Propionibacterium, 35, 91, 95, 157

dental caries, 110, 112

root canal, 113
Propionibacterium acnes, 35, 158
Propionibacterium propionicus, 158
proteases, 69, 70, 147
protozoa, resident microflora, 42
pseudomonads, 192, 205
Pseudomonas aeroginosa, 6, 18, 50, 63,

209, 210

biofilm, 76, 77

as opportunistic pathogen, 76
Pseudoramibacter, 34-5
puberty, oral microflora, 49
pulp, dental, 9

bacterial invasion, 112-13
pus, sampling, 148-9
pyostomatitis vegetans, 193
pyrazinamide, 202
pyrophosphates, 96

Q

quorum sensing, 86

radiation treatment, 110, 140, 191-2
receptors
adherence, 60
adhesin interactions, 79-82
pattern-recognition, 172
toll-like (TLRs), 172
redox agents, 143
redox potential (Eh), 14-15
replacement therapy, 62, 99, 142
reporter genes, 76
resident microflora, 1-2, 5, 20-1,
24-44
acquisition, 45-9
ageing and, 49-50
bacterial genera, 42-3
classification and identification, 25-30
colonization resistance, 62-3

composition, methods of determin-
ing, 50-4
distribution
in body, 2
in oral cavity, 54-60
fungi, 40-1
Gram negative cocci, 36, 42
Gram negative rods, 36-40, 43
Gram positive cocci, 30-3, 42
Gram positive rods and filaments, 26,
34-5, 43
infants, 46-7
metabolism, 63-71
microbiological succession, 46,
47-8
mycoplasmas, 41
pioneer community, 46-7
protozoa, 42
viruses, 41-2
restriction fragment length polymor-
phisms (RFLPs), 27
Rhizopus, 167
Rhodotorula, 41
ribosomal RNA sequencing, 26, 29, 54,
123, 124, 149
ribotyping, 27, 48, 53
rifampicin, 202
root canals
bacterial invasion, 112-13
microflora, 151
root planing, 141, 162
root surface caries, 9, 106, 111-12
roseola infantum, 187
Rothia, 35, 47, 59, 93, 112
Rothia dentocariosa, 35, 58, 67, 92,
111, 112
Rothia mucilaginosa, 35, 56, 58, 67

S

Sabouraud Dextrose Agar (SDA), 174
Saccharomyces, 41, 166, 167
saliva, 11
in acquisition of microflora, 45-6
age-related changes, 50
antimicrobial factors, 18-20
composition, 11-12
as diagnostic fluid, 1
effect of drug medication, 5
flow rate, 11, 18, 50, 110
as microbial habitat, 11-12
microbial nutrients, 11, 16
pH, 11, 15
proteins/glycoproteins, 11, 18-20,
78,96
resident microflora, 58-9
role in microbial colonization, 18
sampling, 50-1
saliva ejectors, 210



salivaricin, 62, 99
salivary antibodies, 20
salivary peroxidase, 20
samples/sampling
bacterial infections, 148-9
Candida, 173-4
cultivation, 52-3
from in situ models, 53-4
periodontal pockets, 118
taking of, 50-2
transport, 52, 148
viruses, 181
viral infection, 181-2
sanguicin, 98
Scardovia inopinata, 35
scrapie, 200
secreted aspartyl proteinases (SAPs),
Candida, 168
secretory leucocyte proteinase inhibitor
(SLPI), 20
Selenomonas, 39, 48, 83, 92
periodontal disease, 118, 119, 124, 126
Selenomonas sputigena, 120, 124
septicaemia, 148
serology, 26
serotype, 25
serovars (serotypes), 27
sharp’s injuries see inoculation injuries
shingles, 185
sialoperoxidase, 12, 13, 19, 172
Simonsiella, 37, 55
Sjogren’s syndrome, 110
Slackia, 35
Slackia exigua, 35, 124
smoking
cessation, 176
effects of, 5, 50, 171
Solobacterium, 35
Solobacterium moorei, 35, 56
species, 24-5, 26-7
spirochaetes, 37, 39-40, 49, 55, 56
dental plaque, 92
periodontal disease, 119, 123-4, 125,
126, 127, 151
spiromycin, 151
spittoons, 209
spongiform encephalopathies, 198-200
staphylococdi, 6, 33
angular cheilitis, 156-7
dental plaque, 91, 95
infective endocarditis, 164
lymphadenitis, 158
mucositis, 192-3
periodontal disease, 127, 128
Staphylococcus aureus, 18, 50, 155, 156,
192-3
dental plaque, 94, 95
methicillin-resistant, 156, 192-3, 205
Staphylococcus epidermidis, 95, 158

starches, metabolism, 63, 64
statherin, 78, 81
sterilization
instruments, 210, 211-12
prion disease, 199, 210, 211
steroid inhalers, 169, 171, 176
Stickland reaction, 69
Stomatococcus mucilaginosus see Rothia
mucilaginosa
strain typing, 25, 26-7
streptococci
adhesion, 82
anaerobic, 21, 151, 153, 155
anginosus group, 26, 32, 59, 115
dental caries, 107, 111
dental plaque, 91, 92, 93, 95
dentoalveolar abscess, 152, 193
angular cheilitis, 156
dental plaque, 91, 93, 94, 95
dentoalveolar abscess, 152
haemolytic, 151, 156
in infants, 46-7
infective endocarditis, 164
Lancefield group A, 33, 62, 99, 127
Ludwig’s angina, 153
metabolism, 65, 66
mitis group, 26, 56, 59, 98, 115
dental caries, 107, 111
dental plaque, 80, 91, 92, 94, 95,
97,98
mutans, 17, 26, 30-2, 50, 56, 59, 70
adhesion, 82
antimicrobial agents, 140, 141,
142, 143
dental caries, 107-11, 114-17
dental plaque, 80, 91, 93, 94, 95, 97
effects of fluoride, 138-9
transfer, 46
nutritionally-variant, 33
pericoronitis, 155
periodontal disease, 119, 122, 128,
132, 151
acute gingivitis, 127
probiotic, 62
resident microflora, 26, 30-3, 55,
56, 58
salivarius group, 26, 56, 115
dental caries, 107
dental plaque, 95, 97
vaccine, 142
Streptococcus adiacens see Granulicatella
adiacens
Streptococcus anginosus, 26, 32, 47, 58
Streptococcus australis, 26, 33
Streptococcus constellatus, 26, 32, 55,
122,124
metabolism, 64, 65
Streptococcus criceti, 26, 30, 31, 60
Streptococcus cristatus, 26, 30, 33, 55
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Streptococcus defectivus see Abiotrophia
defectiva
Streptococcus downei, 26
Streptococcus ferus, 26
Streptococcus gordonii, 17, 26, 30, 47, 86,
113, 115
adhesion, 81, 82
dental plaque, 85-6
infective endocarditis, 164
metabolism, 64, 68
periodontal disease, 122
Streptococcus infantis, 26, 33, 55
Streptococcus intermedius, 26, 32, 122
Streptococcus macacae, 26, 95
Streptococcus milleri, 32
Streptococcus mitis, 16, 19, 26, 32, 33,
46-7, 49, 55, 56, 58
adherence, 60
dental caries, 111
dental plaque, 80, 92
metabolism, 64
periodontal disease, 122
Streptococcus mutans, 14, 15, 16, 19, 26,
30-1, 58, 62, 98
adhesion, 81, 82
dental caries, 106, 109, 110, 112,
114, 115
dental plaque, 80, 83, 92, 97, 98
metabolism, 64-5, 66, 67, 69
Streptococcus oligofermentans, 26, 33
Streptococcus oralis, 26, 32-3, 46, 55, 56,
58, 115, 164
adhesion, 81
dental plaque, 80, 97
metabolism, 65
periodontal disease, 122
Streptococcus parasanguinis, 26, 30,
33, 82
Streptococcus peroris, 26, 33
Streptococcus pneumoniae, 33
Streptococcus pyogenes, 33, 62, 99, 127
Streptococcus ratti, 26, 30, 32, 60, 95
Streptococcus salivarius, 26, 32, 46, 56,
58,59, 62,99
dental caries, 116
dental plaque, 80, 93, 97
fibrils, 61
metabolism, 66, 69
replacement therapy, 99, 142
transfer, 46
Streptococcus sanguinis, 14, 17, 19,
26, 30, 32, 47, 50, 56, 58,
98, 164
adhesion, 81, 82
dental caries, 108, 111, 116
dental plaque, 80, 92, 93, 97, 98
metabolism, 65, 66, 67, 69
tolerance to antimicrobials, 87
Streptococcus sinensis, 26, 33
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Streptococcus sobrinus, 26, 31, 32, 58,
68, 143
adhesion, 81
dental caries, 109
dental plaque, 92
tolerance to antimicrobials, 87
Streptococcus vestibularis, 26, 32, 55
stroke, 193
substantivity, 139
succession, microbiological, 46, 83
allogenic, 47-8
autogenic, 48
sucrose, 63-4, 66-7
sugar substitutes, 17, 141-2
sulphate-reducing bacteria, 39
superoxidase dismutase, 70
surgery
antimicrobial prophylaxis, 161-2
wound infection, 160-1
surgery design, 209
surgery disinfection, 209-10
swabs, 148, 173
swallowing
difficulty in, 153
removal of microorganisms, 18
sweeteners, 17, 141-2
synergistes, 40
synergistic interactions, 86-7, 96-8
pathogenic, 100, 146
periodontal disease, 132-3
syphilis, 202

T

Tannerella, 124
Tannerella forsythia, 21, 39, 47, 94,
136, 155
periodontal disease, 121, 122, 124, 131
tartar see calculus
taxonomy, 24-5, 30
teeth
eruption, effect on microflora,
47,48
host defences, 18
as microbial habitat, 9-10
resident microflora, 59
retention, 3
structure, 9
surfaces, 9, 10
temperature, oral cavity, 14
tetracycline, 125, 141, 155
third molar surgery, 162
thrush, 169, 170, 178
thymol, 22, 140
tissue inhibitors of metalloproteinases
(TIMPs), 20
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tissue tropisms, 59, 81, 128
tobacco see smoking
tobramycin, 77, 192
toll-like receptors (TLRs), 172
tongue
as microbial habitat, 9
periodontal pathogens on, 133
resident microflora, 55-8
toothpastes
antimicrobial/antiplaque agents, 21,
71, 87,139, 140, 141
fluoridated, 138, 139
tracheostomy, 153
transferrin, 172
transmissible spongiform
encephalopathies (TSE), 198-
200
transmission of organisms, 46
by dentistry, 205
transplant patients, gingival hyperplasia,
194
trench mouth see necrotizing ulcerative
gingivitis
Treponema, 28, 29, 39-40, 71
periodontal disease, 121, 123-4, 128,
132
Treponema amylovorum, 40
Treponema denticola, 21, 40, 70, 92
periodontal disease, 119, 121,
122,131
root canal, 151
Treponema lecithinolyticum, 40, 92, 119
Treponema maltophilum, 40, 92, 119
Treponema medium, 40
Treponema pallidum, 202
Treponema parvum, 40
Treponema pectinavorum, 40
Treponema putidum, 40
Treponema socranskii, 40, 123, 124
Treponema vincentii, 40, 92, 119
Trichomonas tenax (T.buccalis/T.elongate), 42
Triclosan, 22, 140
trismus, 148, 152
tuberculosis, 201-2, 208
twins, microflora, 21
type strain, 26-7

U

ulcerative colitis, 193
ultrasonic cleaning, 211
unculturable organisms, 29, 40, 56
in dental infections, 149
dental plaque, 94
periodontal disease, 119, 123
urease, 69

\")

vaccinations, dental personnel, 205, 206
vaccine
dental caries, 31, 142-3
periodontal disease, 143
valaciclovir, 181, 185, 186
varicella zoster virus (VZV), 181, 183,
185-6
varnishes, 140
Veillonella, 36, 47, 48, 55, 56, 59, 83
dental caries, 110, 111, 113, 116
dental plaque, 91, 93, 94, 95, 97
dentoalveolar abscess, 152
periodontal disease, 124
root canal, 113
Veillonella atypica, 36
Veillonella denticariosi, 36
Veillonella dispar, 36
Veillonella parvula, 36, 56, 61, 122
Veillonella rogosae, 36
verruca vulgaris, 188
vinblastine, 187
Vincent's disease see necrotizing ulcer-
ative gingivitis
viral infections, 180-9
laboratory diagnosis, 181-2
and periodontal disease, 128
viruses, resident microflora, 41-2
voriconazole, 177

w

warts, mucosal, 188
washers/disinfectors, 211
waste disposal, 212

water, dental units, 209-10
Wolinella, 39, 126

Wolinella succinogenes, 39, 47
wound infection, 158, 160-1

X

xerostomia, 107, 110, 155, 194
xylitol, 17, 141-2

Y

yeasts, 50, 56, 58
dental plaque, 95
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zinc ions, 140
zinc salts, 96
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