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ABSTRACT

The association of spirochaetes with chronic inflammatory
periodontal disease (CIPD) 1is widely documented but based
mainly on direct microscopic counts on the basis of their
distinctive morphoiogy. It has not yet been established
whether any of the morphotypes observed 1in plaque are
aetiological agents or merely opportunists which colonize as a
result of the disease process. However, their consistent
association with disease and their reduction after treatment
as well as their possession of possible virulence mechanisms
suggest a role for these organisms in the aetiology of CIPD.

A major obstacle in the study of oral spirochaetes has been
the 1inability to culture many of the morphotypes which have
been microscopically observed. This has led to the search for
alternative methods of identification and detection. The
objectives of this study were therefore to evaluate and
compare different methods for detecting T. denticola, a
principal CIPD-associated spirochaete, 1in pure and mixed
cultures and then to apply these methods to clinical plaque

samples.

The results indicated that ultrastructural studies could not
reliably contribute to species differentiation although
classification into morphotypes was achieved by measurement on
an image analyser. Ultrastructural studies also permitted the
description of spherical forms believed to be degenerative
forms of T. denticola. Many of the differences previously
suggested as indicative of species differentiation, were found
to be artefacts due to 1inappropriate fixation. Serological
detection methods demonstrated great diversity even though
the same antibodies were used, while DNA probes detected T.
denticola with similar frequency by two different
hybridization methods. Comparison of the different detection
methods using each first as a test, theéfa reference standard,
led to the conclusion that no one method could be proposed as

the most reliable for detecting T. denticola. However, 1n



situ DNA hybridization appeared promising and
potential to become a useful dijagnostic aid in CIPD.
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CHAPTER 1. REVIEW OF THE LITERATURE

1.1. MICROBIAL AETIOLOGY OF INFLAMMATORY PERIODONTAL
DISEASES.

Microbial plaque has been 1implicated as the primary
aetiologic factor in chronic inflammatory periodontal
disease (CIPD, Kelstrup and Theilade 1974, Listgarten
1988). Studies of experimental gingivitis in man and in
animal models have confirmed that a positive correlation
exists between plaque aécumu]ation and CIPD, and that
plaque control reverses the inflammatory process (Lde et
al. 1965, Theilade et al. 1966, Page and Schroeder 1976,
1982, Lindhe et al. 1973 ). It has also become evident,
at least 1in relation to chronic gingivitis, that plaque
mass rather than quality 1is the main correlate with
disease severity (Schei et al. 1959, Ramfjord et al.
1968, Abdellatif and Burt 1987). It was initially
postulated that CIPD occurred as a result of an overgrowth
of indigenous plaque microorganisms (Gibbons et al. 1963,
Socransky et al. 1963, Loée et al. 1965, Theilade et al.
1966). but, since many of the organisms observed in
periodontal health were also observed at diseased sites
(Slots 1977), the results indicated that shifts in
microbial populations rather than specific pathogens would
play a role in initiating disease. Failure to demonstrate
an overt pathogen gave rise to the non-specific plaque
hypothesis (NSPH, Loesche 1976), which generally assumes
that all plaque 1is capable of causing disease. If the
plaque mass is increased, irritants produced by the plaque
microbes are increased until gingival inflammation ensues.

However, the NSPH failed to explain why certain
individuals with longstanding plaque and gingivitis do not
develop periodontitis, while others with minimal plaque
had lower resistance to disease. Comparisons of healthy
and diseased sites, demonstrated an increase in Gram-
negative organisms in the latter (Hemmens and Harrison
1942, Rosebury et al. 1950, Schultz-Haudt, Bibby and



Bruce 1954 ). By 1977, the focus had shifted from supra-
to subgingival plaque and since sampling and cultural
methods had improved, more sophisticated studies were
possible in relation to the microbial aetiology of CIPD.
It was shown that subgingival plague composition differs,
not only between subjects, but also between sites within
the same mouth (Listgarten and Helldén 1978, Socransky et
al. 1992). The culture of plaque samples from single
diseased sites has lead to the association of certain
bacterial species with various forms of CIPD (Socransky et
al. 1988 a,b, Socransky and Haffajee 1992, Listgarten
1992).

While the NSPH focusses on quantitative changes, the
specific plaque hypothesis (SPH) focusses on qualitative
changes. Evidence for the specific plaque hypothesis has
been derived from studies of subgingival microflora
associated with health and disease, from evaluations of
the pathogenic potential of various members of the
periodontal microbiota as well as selective suppression of
the microflora by chemotherapy using both human and animal
models. These criteria have been used in association
studies, since no single pathogen has been isolated which
fulfills the criteria for Koch’s postulates, namely, that
a specific organism should be isolated in pure culture in
all lesions of the disease and a similar disease produced
in animals when inoculated with the causative organisnm,
resulting in the recovery of that same organism from the
lesions of the infected animals. These postulates have
proved inadequate for CIPD since cultural studies of CIPD
have revealed over 360 bacterial species (Moore 1987),
many of which are extremely difficult to cultivate,
creating problems with animal 1inoculations. Another
factor is that the disease produced 1in experimental
studies with animals need not necessarily be the same
disease observed in humans (Socransky 1979), nor does a
bacterium which is known to be pathogenic always cause
disease in selected hosts even though they may be of the
same species (Socransky and Haffajee 1992.) It s



therefore impracticable to compare virulence in different
host species, even though the same pathogen is used.
Alternatives for Koch’s postulates have therefore been
suggested (Socransky 1979), namely, that there be
association of the organism with disease followed by
elimination after treatment, and that host response,
animal pathogenicity and mechanisms of pathogenicity be
considered.

Association of a given organism with disease 1is
demonstrated by an increase 1in the proportion of that
organism at the site of 1infection and a decrease or
absence 1in health and after treatment. The marked
differences between plaques seen in health and disease,
and the establishment in the subgingival plaque of species
such as Porphyromonas gingivalis and Actinobacillus
actinomycetemcomitans (Aa), which are seldom if ever
detected 1in health or gingivitis, has 1led to the
hypothesis that severe periodontitis is <caused by
exogenous microorganisms (Genco et al. 1988). However,
this hypothesis fails to define a specific means of host
entry or colonization. Nor 1is the acquisition or mode of
transmission adequately explained. Although treatment
resulted in suppression or elimination of these species,
the authors failed to include the effect of treatment on
many of the indigenous species as well. Acceptance of an
exogenous infection hypothesis is an over-simplification
of a very complex situation. Re-evaluation of the
different hypotheses would indicate that they all contain
contradictions. Overlaps often occur regarding suspected
"periodontopathogens” in active and inactive sites. This
would negate both the SPH and the NSPH. Eradication of
"exogenous pathogens” would result in a microbial shift
from a disease-related to a health-associated microbiota,
thus incorporating both the SPH and the NSPH. To confuse
the issue even further, microscopic (Africa et al. 1985a
Reddy et al. 1986) and cultural studies (Africa et al.
unpublished data) of plaque from two groups of subjects
with heavy plague accumulations, showing no clinical



evidence of associated loss of attachment, demonstrated
disease—-associated microbial species. High percentages of
spirochaetes were indicated in these darkfield studies,
while the cultural studies demonstrated the presence of P.
gingivalis and Prevotella intermedia amongst their
predominant cultivable species. However, distinct
differences in the cultivable microflora accompanying
these species were observed when the periodontitis group
was compared with the two periodontitis-resistant groups.
This would indicate that the host response, along with
microbial interactions within the plaque microbiota,
determine disease progression and that neither the SPH nor
the NSPH per se could be applied in this case. It
therefore seems feasible to accept a compromise between
the two, as suggested by Theilade (1986), in order to
accommodate the microbial succession from health to
disease, in attempting toc establish the association of
specific species with CIPD.

Because a precise definition of disease activity has not
been established, studies of the microbial aetiology of
CIPD have failed to implicate any single plaque bacterial
species as the definitive causative species. The bacteria
discussed in the subsequent sections <can only be
associated with disease and have not been proven as single
pathogens fulfilling the criteria of Koch’s postulates.
The flora of sites sampled at a particular time may not
relate to that present at a time of initiation of an
episode of disease activity or quiescence. Results may
reflect previous episodes of disease activity and may have
no bearing on the current level of disease activity
(Listgarten 1986, 1992, Socransky and Haffajee 1992).



1.2. ASSOCIATION STUDIES

A discussion of microbial succession in the development of
CIPD is essential in understanding the changes which occur
in the periodontium during the progression from health to
disease. Ecological succession is the process whereby a
microbial population (e.g. plaque microbiota) undergoes a
continuous series of changes in composition as different
species colonize and become established at the expense of
others. The microbial population present at any given
time will determine the subsequent successional changes.

1.2.1. Plaque in health

The tooth surface harbours a microbial population which
not only 1lives 1in harmony with host tissues, but also
serves a protective function by occupying an ecological
niche which would otherwise be colonised by potentially
pathogenic bacteria (Hillman et al. 1985). Bacterial
species belonging to the genera Streptococcus and
Actinomyces rapidly colonize bacteria-free surfaces, thus
explaining their prevalence in dentitions which are well-
maintained (Listgarten 1988). The relatively aerobic
environment of the healthy gingival sulcus tends to
preclude the growth of obligate anaerobes and the
predominant cultivable flora includes members of the
genera Actinomyces, Peptococcus, Peptostreptococcus,
Staphylococcus, Streptococcus, Veillonella and Gram-
positive non-sporing rods such as Eubacterium (Theilade
et al. 1966; Listgarten et al. 1975; Listgarten 1976;

Slots 1977; Socransky et al. 1977; Listgarten and
Helldén 1978; Newman et al. 1978; Syed and Loesche
1978; Lindhe et al. 1980; Rosenberg, Evian and
Listgarten 1981, Frisken et al. 1987, Moore et al. 1987a,
Marsh and Martin 1992). Some anaerobic Gram-negative

organisms, for example, bacteroides, fusobacteria, vibrios
and spirochaetes are present 1in very low numbers or are

w e



non-cultivable (Socransky et al. 1977, Newman and
Socransky 1877, Listgarten and Helldén 1978, Kornman and
Loesche 1980, Evaldson et al. 1982, Loesche et al. 1985,
Savitt and Socransky 1984, Frisken et al. 1987, Tanner
1991).

Direct darkfield and phase contrast microscopic counts of
plaque from healthy sites also indicate that spirochaetes
(1-3 %) and motile rods (1-6 %) are present in Tlow
numbers, while coccoid cells (62-79%) predominate (Lindhe
et al. 1980, Singletary et al. 18982; Addy et al. 1983;
Africa et al. 1985b). Studies of healthy sites following
treatment also show similar low counts of these forms due
to their reduction or complete elimination, with a
concomitant increase 1in cocci (Listgarten et al. 1978;
Mousqueés et al. 1980; Loesche et al. 1981; Africa et
al. 1985b).

The association of microbial species with inflammatory
periodontal diseases will be discussed according to the
classification outlined in the World Workshop Proceedings
(1989).

1.2.2. Plaque in gingivitis

1.2.2.1 Chronic gingivitis

If plaque is allowed to accumulate, demonstrable
inflammation of the gingiva will occur in 2-4 days due to
the production of various noxious metabolites such as
endotoxins, mucopeptides, 1lipoteichoic acids, metabolic
end-products and proteolytic agents, and a range of other
enzymes such as hyaluronidase and chondroitinase, which
may penetrate the gingival tissues. In addition, plaque
accumulation may Dbe facilitated by the increased
production of gingival fluid which contains growth-
promoting factors for a wide range of bacteria. The
initial phase of gingivitis is characterised by



predominantly Gram-positive cocci, followed by filaments

and fusiform bacilli after 2-4 days. Neutrophil
transmigration through junctional and pocket epithelium is
enhanced, accompanied by perivascular collagen
destruction. After 4-7 days of plaque accumulation,

thinning and ultimately ulceration of the cuff epithelium
may occur, followed by infiltration of 1l1ymphocytes and
other mononuclear cells. Further loss of collagen from
the marginal gingiva may occur, accompanied by an
increase in vibrios and spirochaetes with a predominantly
PMN and plasma cell infiltrate apparent in the connective
tissues. The gingival sulcular and Jjunctional epithelia
proliferate and extend 1laterally into the connective
tissue. Bleeding on probing may now occur and a
relatively shallow gingival pocket may be evident. At this
stage, chronic gingivitis, can either be induced or
eliminated by plaque control (Nisengard et al. 1988).
With the development of gingivitis, quantitative as well
as qualitative changes occur 1in plaque. The earlier
stages of gingivitis reveal many Gram-positive species

such as Streptococcus mitior, Streptococcus mutans,
Streptococcus sanguis, Actinomyces viscosus,
Actinomyces naeslundii and Actinomyces israelii, but

these Gram-positive species give way to a microflora
predominated by Gram-negative organisms such as
Veillonella parvula, Fusobacterium nucleatum,
Capnocytophaga species, Porphyromonas species, Prevotella
species, Eikenella corrodens, Campy lobacter rectus
(formerly Wwolinella recta, Marsh and Martin 1892) and
spirochaetes (Theilade et al. 1966, Van Palenstein
Helderman 1975, Listgarten et al. 1975, Listgarten
1976, Loesche and Syed 1978, Slots et al. 1978, Syed
and Loesche 1978, white and Mayrand 1981, Mocore et al.
1982a, Eisemann et al. 1983, Savitt and Socransky 1984,
Lai et al. 1987, Moore et al. 1987). Bacteroides
gingivalis and Bacteroides intermedius, now designated
Porphyromonas gingivalis and Prevotella intermedia
respectively (Shah and Collins 1988, 1990), have
frequently been recovered from gingivitis associated with



female sex hormones in pregnant women and in women taking
oral contraceptives ( Kornman and Loesche 1980, Jensen et
al. 1981), while gingivitis associated with juvenile
insulin-dependent diabetes mellitus yielded abundant
growth of A. naeslundii, A. viscosus, Capnocytophaga, V.
parvula and F. nucleatum (Gusberti et al. 1983,
Mashimo et al. 1983). A more recent study by Moore et
al. (1987) demonstrated no major differences between the
microflora of naturally occurring and experimental
gingivitis, but certain bacterial species were found to be
more numerous in chronic gingivitis than healthy or

periodontitis samples, namely Eubacterium brachy,
Eubacterium D-11, Peptostreptococcus anaerobius,
Campylobacter concisus and Treponema socranskii subsp.
paredis. The “medium” spirochaetes frequently isolated
from gingivitis samples included Treponema pectinovorum,
T. denticola and T. vincentii, while the “small”
spirochaetes included T.socranskii, Treponema D and

Treponema F ( Moore et al. 1987).

1.2.2.2. Acute necrotizing ulcerative gingivitis (ANUG)

ANUG is an endogenous infection with which are associated
a number of factors including stress, poor oral hygiene
and smoking (Sabiston 1986). ANUG 1is characterized by
microscopic observation of "medium” spirochaetes sometimes
invading the superficial tissue ( Listgarten and Socransky

1964a, Listgarten 1965, Listgarten and Lewis 1967,
Loesche et al. 1982, Lander and Seymour 1985, Johnson
and Engel 1986). Cultural studies demonstrate increased

recovery of Fusobacterium, P.intermedia, Selenomonas and
spirochaetes (Loesche et al. 1982). Sabiston (1986)
hypothesized that ANUG 1is a cytomegalovirus infection,
since numerous correlations exist between virus infections
and ANUG, such as age range, a depression in cell-mediated
immunity and increased incidence in young male
homosexuals.



Claffey et al. (1988) suggested that because ANUG is
associated with periodontal attachment loss, it should be
considered as a form of rapidly progressive periodontitis
rather than gingivitis.

1.2.83. Plaque 1in chronic adult periodontitis

1.2.3.1. Moderate adult periodontitis

This disease usually affects many teeth with no evidence
of rapid progression. The onset appears to be after age
thirty years. Amounts of microbial deposits are usually
consistent with the severity of the lesions. The flora of
the pockets include a mixture of Gram-negative bacteria
(Table 1.1).

Table 1.1 The Predominant Cultivable Microflora in
Moderate Adult Periodontitis

Microorganism References

P. gingivalis Moore et al. 1983,

P. intermedia Holdeman et al. 1985,
C. ochracea Loesche et al. 1985.

spirochaetes

Eubacterium sp. Moore et al. 1983

1.2.3.2. Severe adult periodontitis

This is an advanced form of periodontitis characterised by
severe bone 1loss. Amongst the most frequently isolated
organisms are Porphyromonas, Prevotella and anaerobic
vibrios (Table 1.2). P. gingivalis constitutes 20-30% of
the cultivable flora in 75% or more of periodontitis

~



Table 1.2.

The Predominant Cultivable Microflora in

Severe Adult periodontitis

Microorganism

References

P. gingivalis

P. intermedia

F. nucleatum

Aa

C. rectus

E. corrodens
"fusiform”
Bacteroides

Eubacterium

Campylobacter,
Se lenomonas,
Wolinella
species

Socransky et al. 1963, Gibbons et
al. 1963, van Palenstein-Helderman
1975, Williams et al. 1976, Slots
1977, Spiegel et al. 1979, Tanner
et al. 1979, Zambon et al. 1981,
Moore et al. 1983, Savitt and Soc-
ransky 1984, Africa et al. 1985c,
Slots et al. 1986, Dahlén et al.
1992.

Tanner et al. 1979, Zambon et al.
1981, Moore et al. 1982, Slots 1982
Dzink et al. 1983, 1985, Loesche
et al. 1985, Africa et al. 1985¢,
Slots et al. 1986, 1990a.

Rosebury et al.1950, Schulitz-Haudt
et al.1954, Lb6e et al. 1965,
Theilade et al. 1966, Slots 1977,
Slots et al. 1979, Tanner et al.
1979, Moore et al. 1982, 1983,
Savitt and Socransky 1984, Dzink
et al. 1985, 1987.

Tanner et al. 1979, Savitt and Soc-
ransky 1984, Dzink et al. 1985,
Slots et al. 1980, 1986, Slots and
Listgarten 1988, van Winkelhof et
al. 1989, Slots et al. 1990a.

Tanner et al. 1979, Savitt and Soc-
ransky 1984, Dzink et al. 1985,
Slots et al. 1986, Ohta et al7.1986,
Lai et al. 1987, Socransky et al.
1988b, Rodenburg et a’l. 1990.

Moore et al. 1982, 1983, 1987.
Gibbons et al. 1963, Socransky et

al. 1963, Slots 1977, Tanner et al.
1979, Africa et al. 1985c.




lesions in adults. Subjects with severe adult
periodontitis, harbouring high proportions  of P.
gingivalis were found to have no or few P. intermedia
and vice versa (Loesche et al. 1985). This is
suggestive of an inhibitory effect of these species over
each other.

In addition to cultural studies, direct microscopic
studies using both darkfield and phase contrast have
revealed significant differences between subgingival
microbial floras of healthy and diseased subjects.
Listgarten and Helldén (1978) demonstrated that in healthy
subjects, spirochaetes and motile rods were present in low
proportions ( 1.8 and 0.3 % respectively), while coccoid
cells predominated, at 74.3 % of the microscopic count.
In severe adult periodontitis-affected subjects
spirochaetes constituted 37.7 ¥ and motile rods 12.7 % of
the total microscopic count, with coccoid cells as low as
22.3 %.

Lindhe et al. (1980) compared two healthy sites, two sites
with established gingivitis and two sites with advanced
periodontitis in each of 22 subjects. The healthy sites
were found to harbour few organisms (2.1 % spirochaetes
and 2.9 % motile rods), while coccoid cells predominated
(76.0 %). The reverse was found in the diseased sites,
where spirochaetes predominated (57.2 %) with motile rods
at 15.3 % and coccoid cells at 16.4 %. Similar results
were reported by Singletary et al. (1982) , Addy et al
(1983) and Africa et al. (1985 a,b) with spirochaetes
dominating the diseased sites (15-37 %), followed by
motile rods (16-28 %). Coccoid cells predominated in
health (60-80%). Studies comparing the proportions of
subgingival spirochaetes, motile rods and coccoid cells
before and after treatment, indicate that as the condition
improves there is a shift from Gram-negative motile rods
and spirochaetes to presumably Gram-positive coccoid forms
(Listgarten et al. 1978; Mousqués et al. 1980;
Listgarten and Schifter 1982; Keyes and Rams 1983; Khoo



Lindhe
and Newman 1983;,Liljenberg and Dielsson 1983; Africa et

al. 1985b, Gusberti et al. 1988, Eckels et al. 1990,
Heijl et al. 1991, Oosterwaal et al. 1991).

1.2.4. Early onset periodontitis (EOP)

1.2.4.1 Prepubertal Periodontitis

Prepubertal periodontitis is extremely rare and can occur
immediately following eruption of the primary teeth.
Subjects are wusually aged between 5 and 8 years, and
generally under 12 years of age. Periodontal lesions may
be localised or generalised affecting the deciduous or
mixed dentition (Page et al. 1985). Destruction is more
severe in the 1localised form. Because the first
permanent molars and 1incisors erupt before the other
permanent teeth, they therefore become infected first
(Crossner et al. 1990). The predominant cultivable
subgingival species are listed in Table 1.3.

Table 1.3. The Predominant Cultivable Microflora in
Prepubertal Periodontitis.

Microorganism References

P. intermedia Frisken et al. 1987, Sweeny et al.
C. sputigena, Aa, 1987, DeLany and Kornman 1987,
Fusobacterium, Nisengard et al. 1988, Crossner et
Selenomonas, al. 1990,

Wolinella,
E. corrodens,
P. gingivalis

Idiopathic early onset chronic periodontitis occurs in two
forms, a localized form which affects the first molars and
incisors (localized Jjuvenile periodontitis - LJP) and a



generalized form (GJP) which is clinically similar to
rapidly progressing periodontitis (RPP) of adult origin
(Boughman et al. 1988). It has been suggested that the
generalized form is a more severe form of 1localized
juvenile periodontitis (Saxén and Murtomaa 1985). Each of
these will be considered separately.

1.2.4.2. localized Juvenile Periodontitis (LJP)

Studies of subgingival plaque from subjects with LJP have
reported the frequent isolation of a Gram-negative
anaerobic rod (Newman et al. 1976, Newman and Socransky
1977, Slots 1976), later identified as Actinobacillus
actinomycetemcomitans (Aa) by Newman et al. (1975) and
Tanner et al. (1979) and 1implicated as the main
aetiologic agent in LJP since it has been isolated from 97
% of LJP patients (Table 1.3) but 1is often not cultivated
from healthy sites. Moore et al. (1985) have reported
that Bacteroides MI is more specifically associated with
LJP than Aa. They suggested that although tissue
destruction correlated well with high levels of antibody
to Aa, this did not prove that Aa 1is the only cause or
the predominant species in LJP. They also disputed the
role assigned to Capnocytophaga in LJP, since species
belonging to this genus have increased frequency 1in
relation to healthy gingiva when compared with LJP. They
therefore concluded that there 1is no connection between
Capnocytophaga and LJP, an opinion shared by Slots and
Rosling (1983), although earlier publications 1listed
Capnocytophaga as one of the aetiologic agents in LJP
(Table 1.4).

1.2.4.3. Generalized Juvenile Periodontitis (GJP)

GJP presents a clinical picture similar to to LJP, except
that the bone 1loss is generalized and the predominant
cultivable organisms differ. P. gingivalis is the



Table 1.4. The Predominant Cultivable Microflora 1in
Juvenile Periodontitis

Form Microorganism References

LJP Aa Slots 1976, Slots et al. 1980
Slots and Rosling 1983,
Eisemann et al. 1983, Zambon
et al. 1983, Savitt and Soc-
ransky 1984, Mandell 1984,
Slots and Dahlén 1985, Genco
et al. 1985, Moore et al.1985,
Asikainin 1986, Mandell et al.
1987, Slots et al. 1990a.

Bacteroides M1 Moore et al. 1985

Capnocytophaga Slots 1976, Newman et al.
1976, Newman and Socransky
1977, Eisemann et al. 1983,
Savitt and Socransky 1984.

P. intermedia Okuda and Takazoe 1973,
Savitt and Socransky 1984.

B. loescheii Savitt and Socransky 1984.

E. corrodens Okuda and Takazoe 1973,
Savitt and Socransky 1984,
Mandell et al. 1987

F. nucleatum Savitt and Socransky 1984,
Veillonella Loesche et al. 1985.
spirochaetes

GJP P.gingivalis Wilson et al. 1975, Tanner
et al. 1979, Vandesteen et al.
1979, Loesche et al. 1985,
Newman and Zambon 1988.

E.corrodens Nisengard et al.1988.
P.intermedia

Capnocytophaga

Neisseria

spirochaetes Moore et al. 1982,

Loesche et al.1985.

Aa Tanner et al. 1979.




isolate most frequently recovered, constituting 13-20 % of
the total viable count (Table 1.4).

1.2.4.4. Rapidly Progressive Periodontitis (RPP)

The major subgingival species associated with RPP are
listed in Table 1.5.

Two forms of RPP have been reported ( Suzuki 1988). Type
A 1is characterised by generalised lesions and depressed
neutrophil chemotaxis. Subjects between the ages of 14
and 26 years with minimal plaque deposits are usually
affected. Type B 1is characterised by significant
gquantities of plaque and calculus and neutrophil
chemotaxis may be normal or depressed. Type B usually
occurs in the older age group (26-35 years).

Table 1.5. The Predominant Cultivable Microflora 1in
Rapidly Progressive Periodontitis.

Species References

P. gingivalis Tanner et al. 1979, Moore et al.

P. intermedia 1982, 1983, 1985, Africa et al.
F. nucleatum 1985c, Loesche et al. 1985,

E. corrodens Nisengard et al. 1988

C. rectus

E. brachy

E. timidum

L. minutus

small spirochaetes




1.2.5. Periodontitis associated with systemic disease.

RPP is also related to the following systemic diseases:
Papillon-Lefévre syndrome, HIV-positive syndrome and
insulin-dependent diabetes mellitus (IDDM), and these will
be considered separately under their respective headings.

1.2.5.1. Papillon-Lefévre Syndrome

Papillon-Lefévre syndrome-associated periodontitis is
rapidly progressing, often leading to premature 1loss of
the primary and mixed dentitions (Rateitschak-Pluss and
Schroeder 1984). The predominant cultivable microflora
are listed in Table 1.6.

1.2.5.2. HIV-associated Periodontitis

A rapidly progressing periodontitis of sudden onset has
been described in subjects with HIV infection and acquired
immune deficiency syndrome (AIDS, Silverman et al. 1985,
Andriolo et al. 1986, Winkler et al. 1989). Sometimes
complete loss of attachment is known to occur within a 3-6
month period (Slots and Rams 1991). The predominant
cultivable microorganisms are listed in Table 1.7. Direct
microscopy has demonstrated the presence of spirochaetes
and motile rods (Rams et al. 1991), while other unusual
subgingival species such as B. fragilis, E.aerofaciens,
Clostridium species and enterococci have also been
reported (Zambon et al. 1989, Rams et al. 1991).

1.2.5.3. Insulin-dependent diabetes mellitus (IDDM).

Subjects with Jjuvenile onset IDDM frequently have severe
periodontitis, beginning around puberty and reaching its
height around 19 years of age with severe bone loss. The
predominant cultivable flora are 1listed in Table 1.8.



Sastrowijoto et al. (1990) found no statistical
differences in plaque bacterial species between healthy
and diseased subjects.

Table 1.6. The Predominant Cultivable Microflora 1in
Papillon Lefévre Syndrome.

Microorganism References

Aa van Dyke et al. 1984, Preus et al.
1987.

Capnocytophaga Newman et al. 1977, van Dyke et al.

F. nucleatum, 1984, Tinanoff et al. 1986.

Fusobacterium sp.

P. gingivalis Newman et al. 1977
P. oralis

E. corrodens Tinanoff et al. 1986
Campy lobacter sp. Newman et ail. 1977

Se lenomonas sp.

P. intermedia van Dyke et al. 1984
H. aphrophilus
S. intermedius

1.2.6. Refractory Periodontitis.

This term describes periodontitis which does not respond
to conventional therapy, resulting in continued
periodontal breakdown ( Bragd et al. 1964, Haffajee et
al. 1988, van Dyke et al. 1988). The anaerobic
microorganisms most commonly isolated from active sites



are Jlisted 1in Table 1.9 while inactive sites are
characterised by aerobic bacteria such as Actinomyces and
S. sanguis ( Haffajee et al. 1988, Tanner 1988, Slots
1988). Also relevant are unusual isolates such as
enterobacteriaceae, Staphylococcus ( Slots 1988) and
Pseudomonas ( Tanner 1988).

Table 1.7. The Predominant Cultivable Microflora in HIV-
Associated Periodontitis.

Microorganism References

Aa Murray et al. 1989, Lucht et al.
1991,

P. intermedia Rams et al. 1991.

C. rectus

C. albicans Lucht et al. 1991
Fusobacterium sp.

F. nucleatum Zambon et al. 1989

P. gingivalis Murray et al. 1989, Zambon et al.
1989, Lucht et al. 1991.

Capnocytophaga Rams et al. 1991
P. micros

F. varium

F. necrophorum

Selenomonas Murray et al. 1989




Table 1.8. The Predominant Cultivable Microflora in
Insulin-Dependent Diabetes Mellitus.

Microorganism References

Aa Mashimo et al. 1983, Sastrowijoto et
al. 1989, Mandell et al. 1992.

Capnocytophaga Mashimo et al. 1983

C. rectus Mashimo et al. 1983,
Mandell et a’7. 1992

P. gingivalis Sastrowijoto et al. 1989, 1990

P. intermedia Sastrowijjoto et al. 1989, Mandell et
al. 1992

P. melaninogenica Mandell et al. 1992

B. gracilis,
E. corrodens,
F. nucleatum.

Summary

The above studies suggest that certain subgingival plaque
morphotypes predominate in different forms of chronic
periodontitis, and that shifts in microbial proportions
probably relate to health and to disease. There is no
proof of a causal relationship between the organisms
described above and CIPD. One can only suggest an
association. Because the subgingival microflora contains
at least 300 species of microofganisms, it may be



suggested that CIPD is a polymicrobial infection,
although shifts 1in the proportions of some species do
indeed relate to different forms of periodontitis.

Identification and monitoring of specific microorganisms
could aid in management and treatment by determining the
direct causative species, monitoring of treatment, and
deciding on recall intervals (Genco et al. 1988). Most
methods currently employed in microbiological assessment
have major shortcomings. Inconsistencies between cultural
microbiological data from cases with similar clinical
features are often encountered. These inconsistencies may
be attributed to differences in sampling, transport,
dispersion and culturing techniques, as well as:different
stages of the disease process ( Moore et al. 1982).
Differences in data from different research centres could
indicate, not only technical problems, but also problems
related to the classification of a given site as active or
inactive.

An evaluation of the detection methods currently used in
association studies will highlight their advantages and
disadvantages and may attempt to explain the apparent
contradictions and inconsistencies indicated in the
literature.



Table 1.9. The Predominant Cultivable Microflora in
Refractory Periodontitis.

Microorganism References

P. forsythus Lai et al. 1987, Haffajee et al.
1988, Choi et al. 1990.

P. gingivalis Slots et al. 1985, 1986, 1988,
Walker and Gordon 1986, Haffajee et
al. 1988, van Dyke et al. 1988,
Choi et al.1990, Renvert et al.
1990

P. intermedia Slots et al. 1986, 1988, Walker and
Gordon 1986, Wennstrdom et al. 1987,
Haffajee et al. 1988, Choi et al.
1990, Slots et al. 1990a, Rodenburg
et al. 1990.

C. rectus Haffajee et al. 1988, Choi et al.
1990, Lai et al. 1991.

Aa Slots et al. 1986, 1988, Wennstrom
et al. 1987, Haffajee et al. 1988,
Slots et al. 1990a, Renvert et al.
1990, Rodenburg et al. 1990.

P. micros Haffajee et al. 1988, Rams and Slots
1990

F. nucleatum Haffajee et al. 1988, Choi et al.
1990

Staphylococcus Slots et ail. 1988, 1990 b,c.

Enterobacteriaceae
Pseudomonas
Candida




1.3 METHODS CURRENTLY USED IN THE MICROBIAL ASSESSMENT
OF CIPD.

1.3.1. Differential darkfield and phase contrast

microscopy

Differential darkfield (DDFM) and phase contrast
microscopy have been described as useful tools in the
diagnosis and treatment of CIPD (Listgarten and Helldén
1978. Slots et al. 1979, Listgarten and Levin 1981,
Singletary et al. 1982, Keyes and Rams 1983, Loesche
1988). They permit assessment of bacteria, such as
spirochaetes, which are difficult to culture (Slots 1979)
and serve as a rapid means of differentiation of
bacterial morphotypes (Wilson et al. 1985). Repeated
sample examination achieved higher reproducibility with
darkfield than cultural studies (Mombelli et al. 1989).
However, differentiation of species is not achieved
(Greenstein and Polson 1985), nor has any correlation
been observed between the morphotypes observed
microscopically and the bacterial species most frequently
isolated from diseased sites. Although diseased sites
may harbour high proportions of spirochaetes and motite
rods, cultured samples reveal non-motile forms such as P.
gingivalis and Aa as the predominating organisms. The
usefulness of this technique in microbiological assays
has been questioned (Wolff et al. 1985, Greenstein and
Polson 1985, Greenstein 1988), since it was unable to
reliably predict gingivitis (Listgarten et al. 1985) or
increasing pocket depths (Listgarten et al. 1984) nor was
it suitable for monitoring disease activity (Dunham et
al. 1985. Listgarten 1986b). The Jless experienced
darkfield microscopist 1is unable to distinguish between
coccoid forms of bacteria, non-bacterial debris or air
bubbles, and Brownian movement and true motility (Wilson
et al. 1985, Omar and Newman 1986). Difficulties were
also encounted when counting motile organisms which moved
in and out of the field as well as in and out of focus



(Leggot et al. 1983, Omar and Newman 1986). For
reproducible results, specimens should be examined within
1 hour of collection and dispersion methods could disrupt
the fragile Gram-negative organisms thereby 1interfering
with their motility (Omar and Newman 1986). Staining of
subgingival plaque samples to demonstrate spirochaetes
and other motile organisms could provide a useful
alternative to darkfield and phase-contrast microscopy
since preparation of smears can be delayed until 2 days
after sampling and can then be examined microscopically
for up to 1 year after preparation. Reproducibility of
counts were found to be > 90% and more accurate
assessment of motile organisms could be achieved by
demonstration of their flagella (Wilson et al. 1985;
MacFarlane et al. 1986; Drisko et al. 1986).

1.3.2. Cultural studies

Although culture is useful for identifying the
predominant cultivable bacteria at a disease site, and
may enable antimicrobial sensitivity testing (Loesche et
al. 1984, Dzink et al. 1985, Moore et al. 1985, 1988,
Slots et al. 1986, Dzink et al. 1988) it 1is time-
consuming. No one medium supports the growth of all the
>360 bacterial species now known to <colonize the
periodontal pocket, with the result that only about 35 %
of the known bacterial species have been differentiated
(Greenstein 1988). Use of selective media may reduce the
complexity of microbial analyses of plaque samples as
well as the cost of the analyses. However, this may
preclude the isolation of organisms which play a major
role in CIPD, while resulting in an abundant growth of a
species which may have no clinical significance (Moore
1987). Slots (1986) has therefore recommended that both
selective and non-selective media be 1incorporated 1in
cultural studies of subgingival plaque samples. This
could overcome the failure to culture many of the



morphological forms such as spirochaetes and motile rods
observed by darkfield microscopy (Manganiello et al.
1977; Slots 1979). Failure to isolate these species 1is
due, 1largely, to inoculation of 1inappropriate media.
Differences in the microflora at different stages of the
disease should also be considered. In addition.
difficulties exist 1in sampling and dispersion methods
(Moore et al. 1982), adhesion of bacteria to glasswear
(Manganiello et al. 19173, taxonomic uncertainties (Slots
1979. Moore 1987) and, time consumed in isolation and
identification procedures (Slots 1979; Moore 1985).
Cultural methods are technique sensitive and data
obtained using different media and culture methods are
therefore not comparable (Moore 1987). Continuing
investigations are needed until a standardized procedure
is established, thus permitting such a comparison.

1.3.3. Bacterial enzymes.

Microbial enzymes have been used to detect the presence
of suspected periodontal pathogens. Salivary enzyme
levels were seen to rise in untreated patients with CIPD
(Nakamura and Slots 1983) and fall after therapy (Zambon
et al. 1985). No specific bacteria were identified by
these enzymes until Loesche (1986) used N-benzoyl-DL-
arginine-2-naphthylamide (BANA) hydrolysis to identify
spirochaetes in plaque. Certain plague species such as 7.
denticola, P. gingivalis, B. forsythus and unspeciated
Capnocytophaga, have been found to produce trypsin-like
enzymes as indicated by their capacity to hydrolyze a

colourless substrate, BANA. However, many disease-
related species such as P. intermedia, Cc. rectus,
Capnocytophaga and Fusobacterium do not appear to

produce such enzymes and are therefore not detected by
this test (Tanner et al. 1985), nor 1is it possible to
determine which one (or more) of the above species 1is
indicated by BANA hydrolysis of a mixed sample

£



(Listgarten 1982). Another enzyme method (SK-013) for
detection of peptidase activity of T. denticola, P.
gingivalis and B. forsythus in subgingival plaque samples
was described by Ishihara et al. (1991) and Seida et al.
(1992). The reagent in SK-013 1is carbobenzoxy-glycyl-
glycyl-arginine—-3,5-dibromo-4-hydroxy-aniiine. This test
was found to be as sensitive as the BANA test (Seida et
al. 1992). While enzyme tests may or may not be
considered indicative of the presence and/or 1level of a
given plaque species, they are confirmatory of a degree
of anaerobiosis, and by implication, of the need for
subgingival plaque control. There is also the practical
point that they yield colour reactions which may help to
inform both dentist/hygienist and patient. In order for
these tests to be more specific and relevant to CIPD,
extensive testing of all sources of BANA and SK-013
hydrolysing activity of plaque should be carried out
(Loesche 1986, Greenstein 1988). The major advantage of
these methods is that they are inexpensive and rapid.
BANA tests incubated aerobically can be read in 4 hours,
while the SK-013 test can be read in 15 minutes.

1.3.4. Fluorescence microscopy.

Many studies have employed fluorescence microscopy to
detect individual species 1in subgingival plaque smears
(Babooial 1968, Mouton et al. 1980, Chan et al. 1981,
Syed et al. 1983, Slots et al. 1985, Zambon et al. 1985,
Drisko et al. 1986, Gmur 1988). The advantages of this
technique are that smears can be stained and examined at
one’'s convenience and Tlaboratory facilities at the
sampling location are not required, making it a suitable
technique for field work. However, only a small range of
specific organisms can currently be detected and there is
a possibility of false-positive or false-negative
labelling of bacteria even when using monoclonal
antibodies (Gmur 1988). Commercially prepared test Kits



(Fluoretec F and Fluoretec M, Pfizer 1Inc. New York,
U.S.A.) facilitated identification of 8. fragilis and
black pigmenting Porphyromonas and Prevotella groups, as
well as spirochaetes (Chan et al. 1981). The
spirochaetal fluorescence was explained as non-specific
binding of the conjugated antibodies to the spirochaetes
and Chan et al. (1981) proposed this as an alternative
method for the rapid detection of spirochaetes in
subgingival plaque.

1.3.5. Enzyme Linked Immunosorbent Assays (ELISA)

The ELISA technique has been used to monitor antibody
titres to P. gingivalis (Slots 1979; Mouton et al. 1981;
Taubman et al. 1982; Tolo and Schenck 1985; Ebersole et
al. 1986), Aa (Listgarten et al. 1981; Ebersole et al.
1982; Genco et al. 1985), P. intermedia (Chung et al.
1983) and treponemes (Steinberg and Gershoff 1968; Jacob
et al. 1982; Mangan et al. 1982; Tew et al. 1985; Lai et
al. 1986). However, it was observed that not all
subjects infected with these organisms demonstrated an
increase 1in local and serum immunoglobulin 1levels
(Taubman et al. 1982; Genco et al. 1985). Tew et al.
(1985), stated that spirochaetes appeared to suppress
immune reactions. Therefore, the relationship of elevated
antibody titres to disease activity remains unclear in
the case of spirochaetes. Subjects could have elevated
titres due to present or past infection. Alternatively,
detectable antibody could be indicative of a carrier
state (Genco et al. 1986, Kornman 1987).

1.3.6. DNA Probes.
DNA technology 1is fast gaining popularity in identifying

suspected periodontopathogens since it 1is rapid, specific
and sensitive (French et al.1986). Approximately 102



cells may be detected and mixed cultures of 5 X 10°
unrelated bacteria did not affect the sensitivity of the
test. DNA probes often detected species which were
culture negative (Savitt et al. 1988, Maiden et al. 1991)
and an added advantage of this method is that it is not
dependent on cell vitality. DNA probes for the
detection of Aa, P. gingivalis and P. intermedia have
become commercially available (Peros et al. 1988, Caton
1989). It is important that the probe be species-
specific, thereby showing minimal, if any, cross-
hybridization to DNA from other species. Using total
genomic probes, this was illustrated for P. gingivalis
and P. intermedia (French et al. 1986). Because of the
possibility of related plasmid sequences 1in different
species causing significant cross-hybridization , strains
should be tested for plasmids prior to using them as
sources of DNA for total genomic probes. Limitations of
this technique therefore include the Tlimited number of
commercially available probes (Listgarten 1992), cross-
reactivity to DNA of other species, self hybridization
and non-specific binding of the probe as well as decay of
the label (Dickinson 1986).

Summary

A1l of the above methods have their advantages and
Timitations. Application of a given technique is largely
dependent on the availability of required equipment and
technological skills. However, major advances have
occurred during the past decade and continued efforts are
being made to facilitate and standardize microbiological
diagnosis of CIPD. Although this review describes the
association of many species with different forms of
CIPD, the interaction and the role of bacterial products
in CIPD is vast and complex. Therefore the association of
a given organism with disease (even though it may be
constantly present) could be considered as being the
result rather than the cause of disease. However 1in



examining association studies, spirochaetes cannot be
ignored since they have been considered amongst the most
highly suspect of the plaque microflora, being
consistently observed 1in different forms of CIPD. A
separate section will therefore be allocated to their
association with disease, with particular reference to
their pathogenic potential.



1.4. SPIROCHAETES

1.4.1. Introduction.

Spirochaetes are Gram-negative organisms widely
distributed 1in nature, notably 1in water (Spirochaeta,
Leptospira), in the oral cavities, genitalia and

intestinal tracts of man and animals ( Treponema,
Borrelia, B8rachyspira and Serpulina), and digestive
tracts of molluscs and other marine life (Cristispira).

1.4.2. Classification

Spirochaetes are classified in the order Spirochaetales
in the class Schizomycetes. True bacteria are classified
in the order Eubacteriales. Because they belong to the
same class, one would expect to find both similarities
and differences in the two orders. As defined in
Bergey’s Manual (1987), the order Spirochaetales includes
2 families, Spirochaetaceae ( non-pathogenic to man) and
Treponemataceae (pathogenic to man). These are further
classified 1into 5 genera namely, Spirochaeta and
Cristispira, and Treponema, Borrelia and Leptospira
respectively. Some of the intestinal spirochaetes have
undergone taxonomic re-classification, but have thus far
not been accepted 1in Bergey’s Manual of Systematic
Bacteriology (1987). Hovind-Hougen et al. (1982)
proposed a new genus, Brachyspira, for intestinal
spirochaetes, while 7. hyodysenteriae and T. 7innocens
have been re-classified into a new genus, Serpula
(Stanton et al. (1991) and later changed to Serpulina
(Stanton 1992), due to the (previously unknown) existence
of a fungus, Serpula.

Spirochaetes have morphological features which
distinguish them from other bacteria (Hovind—-Hougen




1976a, Canale-Parola 1978, Holt 1978, Harwood and Canale-
Parola 1984, Johnson et al. 1984, Fiehn 1989):

(i) An outer sheath or slime layer which envelopes the
whole organism (Kawata 1957, Hovind-Hougen 1974a, Karimi
1979), now known to be composed of 50 % protein and 31 %
total 1lipid, of which 95 % is phosbho]ipid and 11 %
carbohydrate ( Masuda and Kawata 1982, Weinberg and Holt
1990).

(ii) A cell membrane having three layers, namely, outer
membrane, peptidoglycan layer and cytoplasmic membrane

( Anderson and Johnson, 1968, Hovind-Hougen 1976a,b,
Turner 1976).

(iii) Periplasmic flagella (sometimes referred to as
axial filaments), situated between the outer sheath and
the cytoplasmic membrane. They are attached to the
cytoplasmic cylinder by means of basal knobs and are
structurally and chemically similar to bacterial
flagella. Their number varies with species making it
difficult to use them as criteria for taxonomic studies
(Turner 1976). However,the periplasmic flagella possess
antigenic properties which may aid identification (Chang
and Faine, 1970, Chang et al. 1974).

(iv) Protoplasmic cylinder, surrounded by a cytoplasmic
membrane and containing many ribosomes, mesosomes,
vacuoles and nuclear material (Ritchie and E1linghause
1965, Johnson 1977).

Classification of spirochaetes is hindered by the current
inability to culture many of the species of the genera
Cristispira and Treponema. Since Borrelia and
Leptospira have been successfully cultured (Hovind-Hougen
1974c, Karimi et al. 1979) their morphological and
biological characters are reasonably well established,
although certain characteristics are still unclear due to



inability to adequately preserve all the components
evident in their ultrastructure.

This review will focus on the three genera, 1listed in
Bergey’'s Manual, most freguently associated with disease
in man: Borrelia, Leptospira and Treponema. The general
characteristics which differentiate them are described in
Table 1.10 and the succeeding section will discuss their
detailed morphology and their association with disease.

1.4.3. Morphology.

1.4.3.1. Borrelia

Electron microscopy of negatively stained cells discloses
helical cells with sharply pointed ends, covered by a
surface Tlayer having no substructures (Kawata 1957,
Hovind-Hougen 1974c, Barbour and Heyes 1986). Their
wavelengths measure Dbetween 1.7-1.8 um and their
diameters 0.4-0.5 um. Between 15 to 20 periplasmic
flagella are inserted at each end of the cell, winding
around the protoplasmic cylinder and overlapping in the
middle (Kelly 1984; Barbour and Heyes 1986; Fiehn 1989).
The insertion points of their flagella are similar to
those found on Gram-positive bacteria, consisting of a
hook, a neck and a basal knob. The absence of a sheathed
shaft and cytoplasmic tubules are the main features
differentiating Treponema and Borrelia (Hovind-Hougen
1976b). Another differentiating feature 1is that Borrelia
stain readily with the Gram stain and can be observed
with conventional microscopy, unlike Leptospira and
Treponema (Kelly 1984). Ultrathin sections reveal a
triple-layered outer membrane, surrounded by an electron-
dense amorphous layer. The flagella are situated between
this unstructured Tlayer and the peptidoglycan layer. The
cytoplasm 1is surrounded by a triple-layered cytoplasmic
membrane (Hovind-Hougen 1974c, Karimi et al. 1979; Barbour

and Heyes 1986).
BI3L
LONDIN,
UNIV,

49



Table 1.10 Characteristics of The TREPONEMATACEAE

Genus Borrelia Leptospira Treponema

Appearance pointed ends hooked ends blunt,
tapered or
pointed ends

Spirals Joose, closely rigid,

irregular wound regular

number of

flagella 15-20 1 each end 1-8

Length (um) 4-30 5-18 6-15

Diameter (um) 0.4-0.5 0.1-0.2 0.15-0.25

Wavelength

(um) 1.7-1.8 0.5-0.6 0.9-1.8

MetaboTlism fermentative respiratory fermentative

Oxygen microaero- aerobic anaerobic

requirements philic

Carbon and

energy source carbohydrates 1long chain carbohydrate

Nitrogen
source

amino acids

fatty acids

ammon ium
salts,urea

amino acids

amino
or ammonium
salts

acids

References: Hovind-Hougen (1976a,b);Turner (1976),

and Faine (1984); Kelly

(1984),

Smibert (1984).

Johnson



1.4.3.2. Leptospira

Leptospira are thin, tightly coiled spirochaetes which,
when observed by darkfield illumination, appear as a
chain of small cocci (Jawetz et al. 1989). They do not
stain readily with aniline dyes as do Borrelia, but can
be demonstrated by silver impregnation techniques
(Czekalowski 1968). Negative staining using
phosphotungstic acid (PTA) easily differentiates
Leptospira from the other members of the Treponemataceae.
The ends of the organism are often bent, forming hooks.
A1l species examined demonstrate the presence of an outer
membrane or slime layer (Simpson and White 1961, Ritchie
and Ellinghause 1965, Ritchie 1976). It 1is believed
that only one flagellum 1is inserted at each end of the
protoplasmic cylinder and these have not been seen to
overlap in the centre (Simpson and White 1961; Hovind-
Hougen 1976a, Ritchie 1976, Fiehn 1989). Another
differentiating feature is that their periplasmic
flagella possess insertion organelles identical in
structure to those observed 1in Gram-negative bacteria
(Nauman et al 1969; De Pamphilis and Adler 1971; Birch-
Anderson et al. 1973; Hovind-Hougen 1976), while the
other members of the family possess insertion organelles
identical to those observed 1in Gram-positive bacteria.
Negative staining frequently reveals terminal granules
(Czekalowski and Eaves 1954 Simpson and White 1961
Ritchie 19767 Johnson and Faine 1987), but Babudieri
(1968) regards this as an artefact. Hovind-Hougen (1976)
demonstrated sectioned cells with a five-layered outer
envelope consisting of three electron-dense layers with
two 1intervening electron-lucent 1layers . The flagella
were inserted between the outer membrane and the
peptidoglycan layer which was in close apposition to the
cytoplasmic membrane.



1.4.3.3. Treponema

Treponema are anaerobic spirochaetes which are either
commensal or pathogenic in man and animals. Negative
staining of treponemal cells has demonstrated that some
species have a regularly structured layer surrounding the
outer membrane (Paster and Canale-Parola 1982), while
others are surrounded by an amorphous layer (Hovind-
Hougen 1976ab). Although the substructures appeared to
vary between species, they were seen to be similar for
all strains of one species using comparable methods of
preparation (Hovind-Hougen 1976ab). Pathogenic (hitherto
uncultivable) treponemes are distinguished from non-
pathogenic (cultivable) treponemes in that they have
pointed ends with three subterminal periplasmic flagella
inserted in a row, while the non-pathogenic treponemes
have blunt or tapered ends with 1-8 periplasmic flagella
haphazardly inserted at each end of the cell (Paster and
Canale-Parola 1982; Fiehn and Westergaard 1984; Smibert
et al. 1984). The periplasmic flagella are sheathed,
overlap in the middle of the organism and are identical
in structure to the flagella of Gram—positive organisms
(Hovind-Hougen 1974a,b, 1976a,b). Cells accidentally
damaged during preparation, or treated with sodium
desoxycholate or Myxobacter AL-1 protease 1 or Myxobacter
AL-1 protease II, were seen to have cytoplasmic tubules
which wound around the interior of the cytoplasm in much
the same way as the periplasmic flagella wound around the
exterior of the cytoplasm. It is possible to distinguish
between different species of Treponema using negative
staining (Listgarten and Socransky 1964b,1965; Fukumoto et
al. 1987; Sela et al. 1987). but not thin sectioning
electron microscopy techniques (Hovind-Hougen 1976;
Westergaard and Fiehn 1987; Fiehn 1989). Sectioned
cells show a triple-layered outer membrane which appears
symmetric in non-cultivable pathogenic treponemes, while



the cultivable treponemes possess an asymmetric outer
membrane with the outer layer more electron - dense than
the inner (Listgarten et al. 1963; Hovind-Hougen 1974a,b).
The cytoplasmic membrane appears asymmetric with the
outer layer wider and more electron-dense than the inner
layer. This is probably due to the close proximity of
the peptidoglycan layer to the outer layer. The
periplasmic flagella are situated between the outer
membrane and the cytoplasmic membrane. Cytoplasmic
tubules are observed close to the inner layer of the
cytoplasmic membrane and ribosomes and nuclear areas are
also observed 1in the <cytoplasm (Hovind-Hougen 1976b,
Smibert 1984; Fiehn 1989).

1.4.4. Association with disease

1.4.4.1. Borrelia

In man, Borrelia are transmitted by arthropods such as
ticks and lice, causing relapsing fever and Lyme disease
(Stoenner et al. 1982; Barbour et al. 1984, 1986; Goubau
1984) . Of the ten species described which cause
relapsing fever, B. recurrentis is transmitted by the
human body louse, the other nine species by ticks of the
genus Ornithodoros (Smibert 1976). Five species of
Borrelia causing relapsing fever have been cultivated in
vitro (Kelly 1971). Borrelia from different hosts and
vectors from different parts of the world have been
assigned different species names (Jawetz etal. 1989). The
causative species of American tick-borne relapsing fevers
are B.hermsii ( now known to be the same as B. parkeri,
and B. turicatae, Smibert 1976; Hyde and Johnson 1984)
and B. venezuelensis. For East African relapsing fever
the species are B. duttonii and B. crocidurae, while
B. persica has been 1identified as a cause of relapsing
fever in the Middle East, Greece and central Asia and B.



latyschewii and B. caucasia in Iran, Iraq, Afghanistan
and the Commonwealth of Independent States , former USSR,
(Barbour and Hayes 1986). These spirochaetes invade host
tissues producing an intense bacteraemia (Goubau 1984),

A more recent type of tick-born infection, Lyme disease,
involves the heart and nervous system (Steere et al.
1983) and exhibits skin and joint lesions (Burgdorfer et
al. 1982, Hyde and Johnson 1984, Johnson et al. 1984).
Lyme disease occurs 1in America, Europe and Australia and
is transmitted by small ixodid ticks, the most important
being Ixodes dammini, and I. ricinus carrying the
spirochaete B. burgdorferi (Steere et al. 1983; Barbour
et al. 1984; Johnson et al. 1984; Martinez-Diaz et al.
1984; Burgdorfer 1986; Uilenberg et al. 1988; Jawetze et
al. 1989). Evidence exists that B. burgdorferi may
cause demyelinating encephalopathy as a sequel to Lyme
disease (Reik et al. 1985; Kohler et al. 1986), thus
causing a multiple sclerosis-like syndrome (Benoit et al.
1986; Gay and Dick 1986). In fact, Gay and Dick (1986)
suggested that multiple sclerosis was actually caused by
a treponemal spirochaete, since 1immunofluorescence and
Western blot analyses demonstrated such a spirochaete 1in
the cerebral spinal fluid of subjects with active
multiple sclerosis.

1.4.4.2. lLeptospira

Leptospiroses are essentially animal infections. Humans
are usually indirectly infected following contact with
contaminated water or excreta of animal hosts. Different
strains of the serovar Leptospira interrogans are
associated with different types of disease. These are
listed in Table 1.11.

Leptospira remain viable 1in stagnant water for several
weeks and swimming , bathing in or drinking of such water



may result 1in human infection. Over the years
leptospirosis has been considered largely an occupational
disease, being more prevalent in males who are likely to
come 1in contact with contaminated water (eg. miners,
sewer workers, farmers, fishermen) or infected animals
(eg. veterinarians and pet owners). Rats were often
considered to be the primary source of human infection,
however, dogs, cats, cattle and swine have also been
implicated.

1.4.4.3. Treponema

1.4.4.3.1. The uncultivable treponemes.

Attempts to culture the pathogenic treponemes have been
largely unsuccessful. T. pallidum has been propagated
and maintained 1in the testicles of 1iving rabbits and
Syrian hamsters, but does not reproduce in maintenance
medium even though it can be kept viable for one week
under anaerobic conditions (Fitzgerald et al. 1976).
Because of difficulties 1in cultivating these organisms,
their identification depends upon features of the
diseases they produce, rather than upon morphological or
biochemical characteristics of the organisms themselves.
Indigenous spirochaetes can be implicated as opportunist
pathogens 1in acute infections 1including gingivitis,
intestinal spirochaetosis, stomatitis, Tung abscess,
tropical ulcers and phagedenic ulcers. Chronic
infections 1include syphilis (Treponema pallidum), yaws
(Treponema pertenue), pinta (Treponema carateum) and
venereal spirochaetosis of rabbits ( Treponema cuniculi).



Table 1.11. Association of L. interrogans with disease.

Disease Distribution Source of Leptospira
infection interrogans

serovar

Weil’s disease worldwide rat urine, icterohaem-
water orrhagiae

Infectious worldwide dog urine canicola

jaundice

Pretibial USA, Japan dog urine autumnalis

or Ft. Bragg
fever

Marsh fever
Seven-day
fever

Swineherd’s
Disease

Europe, USA
Africa

Japan,
Europe

Europe, USA
Australia

rodent,
water

rats, mice

swine, cattle

grippo-
typhosa

hebdomadis

mitis,
pomona

Differentiation of these organisms

is usually based on

the clinical and epidemiological features of disease and
whether based on l1ight or

morphological characteristics,

electron microscopy, have not served to distinguish one

species from another ( Hardy 1876).

Associations of different treponemal species with disease

have been confirmed by animal

experiments.

Mice, rats

and guinea pigs have not proved particularly susceptible

to infection with any of the pathogenic spirochaetes.

However,

primates appear to be susceptible and have been



infected with T. pallidum and 7. pertenue producing
characteristic lesions ( Turner and Hollander 1957). The
most successful animal experiments in the study of
treponematoses employed rabbits and hamsters, producing
characteristic infections, thereby aiding species
differentiation ( Hardy 1976, Sell et al. 1980).

Immunological studies of the pathogenic treponemes have
thus far produced neither specific nor convincing
results in differentiating them (Steinberg and Gershoff
1968, Mangan and Laughon 1982), nor have have any of the
non-oral species mentioned above been successfully
cultivated in artificial media.

1.4.4.3.2. The cultivable treponemes

The cultivable treponemes include T. reiteri, T.
phagedenis, T. refringens, and the oral spirochaetes
T.vincentii, T. denticola, T. oralis, T. pectinovorum and
T. socranskii. Cultivation of host-associated treponemes
is complex and time-consuming. Being oxygen-sensitive,
they require an oxidation-reduction potential of -150 mv
to -220 mv (Socransky et al. 1964; Smibert 1976), a Tlow

oxygen concentration (Loesche 1969, Fiehn and
Westergaard 1986) and a pH between 6.5 and 7.5 (Smibert
1976). Routine dispersal procedures used in cultural

studies tend to lyse the spirochaetes, resulting in lower

viable counts.

However, reduction in growth may also be attributed to a
lack of essential nutrients 1in culture media (Smibert
1976; Loesche 1988 ). If substrates such as galacturonic
and glucuronic acids are not incorporated into culture
media, for example, T. pectinovorum will not grow
(Smibert and Burmeister 1983), nor would T. denticola, T.
socranskii or T. vincentii grow without the addition of
rabbit serum, rumen fluid or ascitic fluid (Holdeman, Cato

J#



and Moore 1977; Loesche 1988). Some strains are dependent on

other oral bacteria for nutrients such as the coenzyme,
thiamine pyrophosphate thought to. be produced Dby
diphtheroids (Nevin et al. 1960; Hardy et al. 1964;
Socransky et al. 1964). Spirochaetes also depend on the
production of iso-butyrate and putrescine by fusobacteria
and succinate produced by Gram-positive rods (Marsh and
Martin 1992). Co-culture with P. intermedia, E. nodatum,
V. parvula and F. nucleatum confirmed the dependency of
T. denticola on other oral bacteria for its growth in
serum (ter Steeg et al. 1990). Very 1little 1is known
about the metabolism or pathogenic potential of oral
spirochaetes other than the above species of Treponema
because of current difficulties 1in relation to their
isolation and culture.

1.4.5. Oral Treponema and CIPD

1.4.5.1. Association with disease

Numerous darkfield, phase contrast, electron microscope
and cultural studies have attempted to determine the role
of spirochaetes in CIPD. The presence of spirochaetes in
dental plaque has aroused great interest ever since they
were first reported by Antonie van Leeuwenhoek in 1683
(Tal, 1980). Their prevalence 1in gingivitis and
periodontitis gave rise to the affirmation ( Kritschevsky
and Séguin 1924) that these diseases were a form of
spirochaetosis, a view today negated by the association
of so many different plaque species with CIPD. However,
the consistent finding of spirochaetes in oral diseases
still holds true and many of the observations in earlier
studies (Kritschevsky and Séguin 1924) were not taken
seriously until many years later. An example being the
concept of microbial succession. The earlier studies



encompassed many valuable approaches in attempting to
define the role played by spirochaetes in CIPD, but
these attempts were hampered by 1limitations regarding
cultivation of the oral spirochaetes. Although
Kritschevsky and Séguin (1924) had succeeded in isolating
three oral spirochaetal species, methods of isolation and
identification were not as sophisticated as they are
today with the result that many of the spirochaetes were
lost in culture thus hampering studies of their virulence
factors. An interesting concept, and one that is sadly
lacking 1in current research, is the interaction of
spirochaetes with other plaque bacteria in the initiation
of disease. Certain spirochaetes, although commensal on
their own , were found to produce lesions similar to
those of pyorrhoeic secretions when subcutaneousiy
injected into guinea pigs and rabbits in co-culture with
a fusiform bacillus (Kritschevsky and Séguin 1924). It
was therefore concluded that the virulence of the
spirochaetes was increased through their association with
the fusiform bacilli. This is an interesting
observation, since cultural studies of subgingival plaque
from 2 periodontitis-resistant groups, having similar
microscopic spirochaetal counts as a group of
periodontitis subjects, were found to harbour many of the
Gram-negative species associated with CIPD, including P.
gingivalis and P. intermedia, but lacked three species of
Fusobacterium (F. gonidiaformans, F. naviforme and F.
varium) present 1in the plaque from the periodontitis
group (Africa et al. unpublished data). It is tempting
to suggest that if spirochaetes are indeed involved 1in
the aetiology of CIPD, their virulence 1is dependent on
the co-habiting microbial species and that absence of the
relevant species retards their pathogenicity, thereby
producing a state of quiescence, a factor to be
considered when attempting to explain the 1lack of
progression of disease 1in these resistant groups.
Further evidence for spirochaetal dependency on other



plague species has been reviewed above (ter Steeg et al.
1990, Marsh and Martin 1992).

Significant differences have been observed 1in the
proportions of spirochaetes, motile rods and coccoid
cells in diseased and non-diseased subjects. Spirochaetes
are usually absent or present in very 1low numbers in
plague from non-diseased sites where coccoid cells are
seen to predominate (Theilade et al. 1966, Lindhe et
al. 1980, Addy et al. 1983, Keyes et al. 1983, Moore
et al. 1984, Africa et al. 1985b, Loesche et al. 1985,
Muller and Flores de Jacoby 1985, Offenbacher et al.
1985, Mikx et a7l. 1986a). Their numbers 1increase 1in
chronic gingivitis (Schultz-Haudt et al. 1954, Loe et al.
1965, Listgarten and Helldén 1978, Lindhe et a7. 1980,
Loesche et al. 1982, Mikx et al. 1984, 1986, Africa et
al. 1985a, Ashley et al. 1988) and chronic periodontitis,
where they constitute a large proportion of the
differential morphotype count (Listgarten and Helldén
1978, Mousqués et al. 1980, Armitage et al. 1982,
Singletary et al. 1982, Addy et al. 1983, Tanner et
al. 1984, Africa et al. 1985Db, Loesche et al. 1985,
Offenbacher et al. 1985, Wilson et al. 1985, Moore 1987,
Maller and Flores de Jacoby 1987, Sela et al. 1987,
Fukumoto et al. 1987, Eckles et al. 1990, Miuller et al.
1990, Omar et al. 1990, Heijl et al. 1991, Oosterwaal et

al. 1991). Reports regarding the proportions of
spirochaetes 1in LJP vary . While some reported that
spirochaete counts were lower than in adult

periodontitis ( Newman et al. 1976, Liljenberg and Lindhe
1980, Loesche and Laughon 1982, Okuda et al. 1984,
Miller and Flores de Jacoby 1985), others observed
proportions similar to those in adult periodontitis
(savitt and Socransky 1984; Slots and Rosling 1983;
Loesche et al. 1985). Increased spirochaetes have also
been reported around implants (Rams et al. 1983, 1984;
Holt et al. 1986; Mombelli et al. 1987), 1in refractory
(Gusberti et al. 1988), "HIv-associated (Rams et al.



(Carrasi et al. 1989) and IDDM-associated periodontitis
(Mashimo et al. 1983).

Studies comparing the proportions of subgingival
spirochaetes, motile rods and coccoid cells before and
after treatment yielded similar results. Following
therapy, reduction of spirochaetes resulted in a
microflora similar to that observed in health,
accompanied by clinical improvement (Listgarten et al.
1978; Khoo and Newman 1983; Lindhe et al. 1983; Addy and
Langeroudi 1984; Magnusson et al. 1984; Sanders et al.
1986; Gusberti et al. 1988; Eckles et al. 1990; Heijl et
al. 1991; Oosterwaal et al. 1991), while following
failure of treatment, spirochaetes were observed to be
amongst the first organisms to re-colonize (Listgarten et
al. 1978; Mousques et al. 1980; LUndstrom et al. 1984 ;
Magnhusson et al. 1984; Slots et al. 1985; Eckles et al.
1990; Soder et al. 1990). In all of these studies, a
negative correlation of spirochaetes and coccoid cells
was consistently observed when comparing diseased and
non-diseased sites. None of the direct microscopy
studies provided any data regarding a defined species,
although attempts were made to classify them on the basis
of size into small, medium and targe (Listgarten and
Socransky 1965). The first evidence of a defined
treponemal species in studies monitoring the presence of
spirochaetes before and after conventional periodontal
therapy, was provided by Simonson et al. (1992). Using a
quantitative immunoassay, their results indicated that T.
denticola decreased significantly following conventional
therapy and served as a prognostic marker of disease

recurrence.

Cultural studies indicate that of the three morphologic
forms of oral spirochaete observed microscopically, only
small and 1intermediate treponemes can be cultivated
(Smibert 1981; Smibert and Bermeister 1983; Cheng and
Chan 1984; Fiehn and Westergaard 1984,1986; Cheng et al.



1985; Fiehn and Frandsen 1984; Moore et al. 1983,
1984,1985,1991; Sela et al. 1987; Lemcke et al. 1988;
Suzuki et al. 1988; Umeda et al. 1988; Mikx et al.
1990), and therefore knowledge of the pathogenic
potential of oral spirochaetes is limited to these two
morphologic forms. Of the cultured small spirochaetes,
T. denticola. T. socranskii, T. pectinovorum and an
unspeciated spirochaete designated treponeme D . are
significantly associated with diseased sites (Moore et
al. 1983, 1984,1985; Smibert et al. 1984; Salvador et al.
1987; Simonson et al.1988a,c; Riviere et al. 1991a ).
Treponeme D has now been identified as a subspecies of T.
socranskii (Moore et al. 1991). Simonson et al. (1988b)
used monoclonal antibodies to demonstrate a quantitative
relationship between 7. denticola and diseased versus
non-diseased sites.

Recently, a group of spirochaetes referred to as
pathogen-related oral spirochaetes (PROS) were described
by Riviere et al. (1991a). These spirochaetes were
morphologically similar to the other oral spirochaetes
and T. pallidum and reacted with monoclonal antibodies
previously thought to react only with 7. pallidum and T.
pertenue (Lukehart et al. 1982, 1985; Baker-Zander and
Lukehart 1983). PROS were rarely observed in apparently
healthy sites of subjects studied, but were more
frequently detected than T. denticola serovars, in
subjects with ANUG or periodontitis (Riviere et al. 1991
a,b). Since PROS were not detected with monoclonal
antibodies to T. denticola, and since T. denticola was
not detected with antibodies to 7. pallidum, the authors
concluded that PROS constituted a different group of
hitherto undetected oral spirochaetes related to, but not
synonymous with, 7. pallidum.

Following the discovery of PROS in subjects with ANUG and
periodontitis, studies have indicated that serum
immunoglobulins are present in these subjects, which bind



pathogen-specific antigens on 7. pallidum, while these
specificities were not observed 1in healthy subjects
(Riviere et al. 1991a,c).

Even though a positive association exists between
elevated proportions of spirochaetes and certain forms of
CIPD, no such significant correlation has been observed
between serum antibody titres to oral spirochaetes and
proportions of spirochaetes determined microscopically
(Mangan et al. 1982; Lai et al. 1986), nor have any
consistent results been obtained 1in relation to serum
antibody levels from patients with moderate and advanced
periodontitis. Significantly elevated IgG antibody
titres to 7. denticola and T. socranskii have been
observed in subjects with advanced periodontitis (Jacob
et al. 1982, Tew et al. 1985, Lai et al. 1986), and
elevated IgA titres in patients with moderate to
advanced periodontitis (Mangan et al. 1982; Lai et al.
1986). Steinberg and Gershoff (1968), reported no IgA
nor IgM antibodies to 7. microdentium in subjects with
severe periodontitis, while subjects with moderate
periodontitis had a higher IgA titre than that observed
in health. The above results suggest that high
spirochaete antigen overloads may lead to immune
suppression , thus enabling the spirochaetes to escape
the normal host defence mechanisms and predominate 1in
plaque (Loesche 1988). Also, failure to demonstrate IgG
antibody titres to T. denticola or any of the oral
spirochaetes in subjects with ANUG or periodontitis would
not necessarily exclude IgG antibodies to PROS.

The perennial association of spirochaetes with CIPD has
suggested a role for these microorganisms in the
aetiology of CIPD. One should therefore consider their
virulence mechanisms 1in order to implicate them as
possible pathogenic plaque species. The following
section will describe the general initiation of a
bacterial infection with special reference to the oral



spirochaetes and how they satisfy the criteria of
suspected pathogens.

1.4.5.2. Virulence Mechanisms of Oral Treponemes.

Although both terms pathogenicity and virulence relate to
the ability of a microorganism to produce disease,
pathogenicity refers to species and virulence refers to
degrees of pathogenicity of strains within species.
Microbial virulence 1is 1investigated by comparing the
properties of virulent and avirulent strains. In vitro
studies of enzymes, antigens, metabolic and biological
properties indicate virulence markers which may be
responsible for inhibiting host defence mechanisms or
tissue damage. These results could often be misieading
since many bacteria from infected animals have been shown
to differ chemically and biologically from those grown 1in
vitro. This could be explained by differences in growth
conditions and phenotypic changes. However, there are
some bacterial virulence determinants which were
originally examined in vivo and then reproduced in vitro
by approximate changes in cultural conditions (Smith
1976). Because CIPD 1is a polymicrobial infection, the
term “pathogenic microbiota” is preferred instead of
“periodontal pathogen” when discussing pathogenicity of
plague bacteria. In order for bacteria to be considered
pathogenic, one should examine their ability to :

(1) colonize the appropriate entry site and 1initiate
infection

(2) multiply within the host’s tissues

(3) resist and overcome the host’s defence mechanisms

(4) damage the host’s tissues

The oral treponemes will now be examined in relation to
the above criteria, for their pathogenic potential 1in
initiating a bacterial infection.



Host entry

Most microbial infections start on the mucous membranes
of the respiratory, alimentary and urogenital tracts.
Here host-parasite interactions facilitate survival by
means of adhesion to the mucous surface, resistance to
antimicrobial materials present 1in surface secretions,
competition with commensals for nutrition and space on
the mucous surface, and finally penetration of the mucous
surface either directly, by disrupting the intercellular
attachment (as in the case of spirochaetal infections),
or indirectly, by phagocytosis into cells which are able
to transport them to different areas of the body.

1.4.5.2.1. Adhesion and colonization

In order for pathogenic microbiota to initiate infection,
they must be able to adhere to and colonize a particular
site. For adhesion to lead to colonization , bacteria
must be able to resist the host defence mechanisms such
as phagocytosis and the protective antimicrobial factors
which would otherwise destroy them. Many of the
suspected pathogenic Gram-negative plaque bacteria have
surface structures necessary for attachment, 1including
pili, capsules and 1lipopolysaccharides. The outer layer
of bacteria is often referred to as a capsule (uniform
consistency) or a slime layer (il11- defined and 1oosely
formed). Capsules are composed of either carbohydrate or
protein, depending on the conditions under which they
were grown. The oral spirochaetes possess an outer sheath
or slime layer which envelopes the complete cell. In T.
denticola, this layer is composed of 50 % protein and 31
% total 1lipid, of which 95 % and 11 % are phospholipid
and carbohydrate respectively (Masuda and Kawata 1982;
Weinberg and Holt 1980). The adhesive properties of T.
denticola to hydroxyapatite (Cimasoni, Songand McBride 1987),
human gingival epithelial cells (Olsen 1984; Reijntjens



et al. 1986), fibroblasts (Weinberg and Holt 1990),
fibronectin (Dawson and Ellen 1990; Haapasalo et al.
1992), fibrinogen and laminin (Haapasalo et al 1992), as
well as erythrocytes (Mikx and Keulers 1992), have been
demonstrated. The putative 7. denticola adhesin was
characterised as being a surface-bound 53 kDa protein
(Cockayne et al. 1989, Umemoto et al. 19839, Haapasalo et
al. 1992), while Weinberg and Holt (1990) described outer
sheath surface proteins of 64 kDa and 54-58 kDa,
depending on the strain examined. These proteins were
considered to be major degradation components of high
molecular mass oligomers (Haapasalo et al. 1992). Olsen
(1984) demonstrated mucopolysaccharides on the cell
surface of T. denticola, thought to be responsible for
its adhesion to the tooth surface. Ruthenium red
staining of spirochaetes in the superficial plaque layer
demonstrated similar results (Vrahopoulos et al. 1992).
Because it is this outer layer that is in direct contact
with the environment, it 1is largely responsible for the
uitimate survival of the producer bacterial cell.
Capsules are known to provide immunologic specificity and
protection against phagocytosis.

Electron microscopy studies demonstrated that
spirochaetes are localised mainly on the outer surface
layer of plaque in contact with pocket epithelium (Soames
and Davies 1975; Listgarten 1976; Newman 1976). This
localisation may relate to a drop in Eh from 250mv to -

141mv following accumulation of plaque in the gingival
pocket (Kenney and Ash 1969, Mettraux et al. 1984).
Bleeding enhances the supply of nutrients such as

haemin, vitamin K and a-2 globulin necessary for the
survival of spirochaetes and other anaerobes (Loesche
1976, Marsh and Martin 1992). The spirochaetes would
therefore migrate towards this source and establish
themselves at the surface of the advancing front of the
plaque 1in the gingival sulcus and periodontal pocket
(Listgarten et al. 1975), while the non-motile,



facultative organisms which need to adhere to solid
surfaces would multiply and establish themselves along
the tooth surface (Gibbons and van Houte 1973).
Emigrating leucocytes would therefore encounter the
spirochaetes before reaching other plaque organisms.

1.4.5.2.2. Overcoming host defence mechanisms

Spirochaetes have been reported to inhibit 1lysosome
release (Taichman et al. 1982), thereby inhibiting PMN
degranulation and other 1immune reactions to spirochaetes
and other plagque microorganisms in the pocket ( Hurlen et
al. 1984). Besides 1interfering with PMN function,
spirochaetes are also able to suppress proliferation of
fibroblasts ( Boehringer et al. 1984), endothelial cells
(Taichman et al. 1984) and Tlymphocyte responsiveness
(Taichman et al. 1982, Shenker et al. 1984). The ability
of spirochaetes to overcome host defence mechanisms may
also place the host at risk to opportunistic infections
and could be relevant to the progression of CIPD.

1.4.5.2.3. Multiplication in vivo

Having established themselves, the spirochaetes must be
able to multiply within the host. Factors such as
temperature, nutrients and atmospheric conditions needed,
should be supplied by the tissues or through bacterial
interaction. In the gingival crevice there 1is much
evidence for symbiosis amongst plaque bacteria.
Prevotella and Porphyromonas are dependent on haemin and
vitamin K for growth. The haemin is provided by bleeding
into the gingival crevice while vitamin K 1is synthesized
by Veillonella, anaerobic streptococci and diphtheroids.
Diphtheroids also produce succinate necessary for the
growth of co-inhabiting spirochaetes. Fusobacteria are
dependent on amino acids from desquamated epithelial



cells and retained food, and in turn produce isobutyrate
and putrescine which are necessary for the survival of
Treponema. An increase in microorganisms results in high
concentrations of endotoxin, mucopeptides , lipoteichoic
acids, metabolic products, and proteolytic activity in
the subgingival area (Nisengard et al. 1988; Holt and
Ebersole 1991). After colonization and initiation of
infection, pathogenicity can be described in terms of
toxigenicity and invasiveness.

1.4.5.2.4, Damage of the host’s tissues.

Spirochaetes are able to damage periodontal tissue
directly by production of surface components such as
endotoxins and histolytic enzymes (Laughon et al. 1982,
Fiehn 1986b, Ohta et al 1986, Mikx and de Jong 1987, Mikx
1991). Indirect damage may result from initiation of
excessive inflammation or tissue reaction in response to
toxins, products of tissue breakdown or due to specific
hypersensitivity of the protective host inflammatory
response to bacterial plaque antigens.

Peptidoglycan

The outer envelope of spirochaetes consists of 2 layers,
namely the outer membrane and the peptidoglycan layer
which enclose the periplasmic space. The purpose of the
peptidogliycan layer is to maintain cell shape. Cell lysis
will therefore not only yield membrane fragments but
fragments of peptidoglycan as well which interacts with
host tissue, resulting in a range of Dbiological
activities including activation of complement (Greenblatt
et al. 1978) and immunosuppression (Dziarski 1978).
Peptidoglycan 1is also considered to be involved in
stimulating bone resorption (Nisengard et al. 1988).
Spirochaetal peptidogliycan may therefore constitute an
important virulence factor in CIPD.



Endotoxins

True endotoxins are derived only from Gram—-negative
bacteria and normally exist within the bacterium as
integral components of the bacterial cell wall in the
form of the unique glycolipid, lipopolysaccharide (LPS).
Endotoxin can be released from cells during active growth
as well as by cell 1lysis. Normal macrophages are not
cytotoxic but following exposure to LPS, can selectively
release lysosomal enzymes. So also can polymorphonuclear
leucocytes and lymphocytes (Koga et al. 1985). Most of
the LPS-related injury in tissues, in fact, seems to be
due to constituents of PMN lysosomes which, not only may
digest connective tissue components, but also 1increase
vascular permeability and activate other mediators of
inflammation (kinins). LPS is also thought to be able to
induce B-lymphocyte differentiation, resulting 1in the
production of 1immunoglobulin-synthesizing cells, mainly
IgG and IgM (Blomlof et ai7l. 1980). It can also reduce
adhesion of periodontal 1igament fibroblasts and
stimulate bone resorption in vitro (Sveen and Skaug
1980; Blomlof et al. 1980; Bick et al. 1981; Nair et al.
1983; Iino and Hopps 1984; Millar et al. 1986; Wilson et
al. 1986; Koga et al. 1985). Glycolipid endotoxins have
been isolated from various oral spirochaetes including T.
vincentii, T. buccale, T. microdentium (Mergenhagen et
al. 1961; Selvig et al. 1971).

Because of the immunologic and physiologic effects that
LPS have on the host-parasite relationship in CIPD, they
should be considered as highly significant.

Enzymes

Many Gram-negative bacteria contain proteolytic and

hydrolytic enzymes 1in their periplasmic space and in
addition they produce extracellular enzymes. Plaque



bacterial enzymes are many, with a resultant variety in
capacity to damage the host tissues or modulate the
behaviour of other strains; for example, they alter
bacterial attachment, interfere with host defence
systems by inactivating important proteinase inhibitors
(Nilsson et al. 1985; Slots and Dahlén 1985).

Certain plaque bacteria such as Capnocytophaga, T.
denticola and P. gingivalis produce collagenolytic
proteases referred to as trypsin-like enzyme (Hausmann et
al. 1967; Slots 1981; Laughon et al. 1982; Yoshimura et
al. 1984; Ono et al. 1987). This trypsin-like enzyme is
able to break down intrinsic protease inhibitors such as
a-antitrypsin and could therefore interfere with the
control of normal proteolytic processes on human mucosal
surfaces (Matheson et al. 1979; Travis and Salvesen
1983). Trypsin-like enzymes are also suggested to
activate latent tissue collagenase (Uitto et al. 1986).
T. denticola and T. vincentii have both been found to
produce collagenolytic proteases (Makinen et al. 1986;
Ohta et al. 1986; Makinen et al. 1988). The trypsin-like
enzyme produced by P.gingivalis differs from the T.
denticola enzyme (Yoshimura et al. 1984) in that it is a
true protease capable of degrading albumin, azocoll and
gelatin and 1is stimulated by reducing agents such as
dithiothreitol, whereas the T.denticola enzyme is
apparently not a true protease and does not degrade
albumin, gelatin, azocol or casein (Ohta et al. 1986). It
is also unaffected by dithiothreitol. However, both
enzymes are cell-bound and are released by cell 1lysis
(Loesche et al. 1987).

Other cell-bound spirochaetal enzymes such as
chymotrypsin-1like proteases, acid phosphatases and
peptidases have been demonstrated in small spirochaetes
(Table 1.12) and may contribute to the pathogenesis of
CIPD by directly penetrating and degrading basement
membrane collagen (Fiehn 1986b, Grenier et al. 1990).
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Extraceliular spirochaetal enzymes such as
mucopolysaccharidases (eg. hyaluronidase and chondroitin
sulphatase) are able to exert their effects by diffusing
into the tissues and breaking down the intercellular
acidic mucopolysaccharides of the epithelium without
there being any direct bacterial penetration of the host
tissues (Fiehn 1986b, Reijntjens et al. 1986).

Fiehn (1986b) demonstrated <chondroitin sulphatase
activity from small spirochaetes. Hyaluronidases are
produced by the gingival tissues (Goggins et al. 1968) as
well as by oral spirochaetes (Table 1.12). and are
present in most salivas but increased in subjects with
poor oral hygiene and gingivitis, as well as
periodentitis (van Palenstein Helderman 1975).

Glycosidase activity was sometimes observed with T.
denticola (Mikx 1991) but not with 7. vincentii nor T.
pectinovorum (Fiehn 1986b, Mikx 1991).

Collagenolytic activity also requires gelatinase and
other proteases (Uitto 1987).

Gelatinase may originate from both the plaque bacteria
and human leucocytes and is potent in degrading basement
membrane collagen (Uitto 1983, 1987). Spirochaetes are
known gelatinase producers (Uitto et al. 1986). The
ability of spirochaetes to degrade basement membrane
collagen could well be related to their abiltity to
penetrate host tissues.

Elastase 1is believed to participate 1in collagen
degradation by solubilizing the polymeric collagen fibres
into individual tropocollagen molecules (Uitto 1987).
Elastase activity was demonstrated in spirochaetes
thereby offering another explanation of their involvement
in tissue destruction (Uitto et al. 1986).
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Table 1.12. Spirochaetal enzymes involved in tissue
destruction
Enzyme References
trypsin-like protease Ohta et al. 1986,
Fiehn 1986,

Uitto et al. 1986,
Loesche et al. 1987.

chymotrypsin-1ike protease Laughon et al. 1982,
Uitto et al. 1988,
Grenier et al. 1990.

esterases Ohta et al. 1986,
Mikx 1991.
acid phosphatase Laughon et al. 1982,

Fiehn 1986.

peptidases Laughon et al. 1982,
Fiehn 1986, Chen et al.
1988, Makinen et al. 1986,

Mikx 1991.
phosphoamidases Laughon et al. 1982,

Fiehn 1986.
elastases Uitto et al. 1986.
phospholipase C Siboo et al. 1988.
hyaluronidase Fiehn 1986.
chondroitinsulphatase Fiehn 1986.
gelatinase Uitto et al. 1986.
glycosidase Mikx 1991.

Acid and alkaline phosphatases are localized within the
periplasmic region (Neu and Heppel 1965. Cheng and
Costerton 1973) and were demonstrated in small
spirochaetes (Fiehn 1986). Frank and Vogel (1978)



suggested that bacterial acid and alkaline phosphatases
may cause alveolar bone breakdown.

The oral treponemes show esterase activity (Mikx 1991)
and esterases, 1in conjunction with phospholipase, may
play a role in tissue destruction. Phospholipase may
provide prostaglandin precursors and help initiate
prostaglandin-mediated bone resorption (Goodson et al.
1974, Bulkacz et al. 1981).

A variety of potentially cytotoxic metabolites are
synthesized by oral spirochaetes. They inciude hydrogen
sulphide, indole, low molecular weight organic acids and
ammonia (Fiehn 1989). Volatile sulphur compounds may
increase the permeability of the oral mucosa (Tonzetich
and MacBride 1981) and reduce <collagen and non-
collagenous protein synthesis.

Superficial penetration of gingival epithelium by
spirochaetes has been demonstrated by electron
microscopy in ANUG (Listgarten 1965, 1976, Mikx et al.
1982,1984, 1990, Courtois et al. 1983, Riviere et al.
1991a), LJP (Carranza et al. 1983), acute pericoronitis
(Weinberg et al. 1986) and advanced periodontitis (Frank
1980, Saglie et al. 1982, Allenspach-Petrzilka and
Guggenheim 1983, Manor et al. 1984), although
significantly so only in ANUG.

The demonstration of pathogen-related oral spirochaetes
(PROS) 1in 1intact epithelium and connective tissue in
subjects with ANUG (Riviere et al. 1991a) prompted the
investigation into the invasive properties of the oral
spirochaetes. It is well documented that 7. pallidum
has the ability to invade host tissue (Azar et al. 1970,
Lauderdale and Goldman 1972, Sykes et al. 1974, Sell et
al. 1980, Thomas et al. 1988, Riviere et al. 1989).
Using an 7in vitro model of invasiveness established with
T. pallidum, Riviere et al. (1991b), demonstrated the



ability of PROS to transmigrate a tissue barrier. Once
the spirochaetes had penetrated and migrated through the
tissue barrier, they were immunocytochemically detected,
using monoclional antibodies to 7. pallidum and T.
denticola. Only the anti-T. pallidum reactive
spirochaetes (PROS) were observed 1in the exit-side
chambers of the model, indicating that neither T.
denticola nor any of the other cultivable oral
spirochaetes tested, demonstrated these invasive
properties. Riviere et al (1991b) therefore concluded
that the spirochaetes observed in the above electron
microscopy studies probably belonged to the PROS group.
However, this does not negate the pathogenic potential of
any of the cultivable oral treponemes, since they have
the ability to exert destructive mechanisms without being

invasive.

Summary

The role of spirochaetes in CIPD has thus far not been
clearly established. Whether they are directly involved
in the aetiology of CIPD or whether they occur as a
result of the disease process is still not clear (Moore
et al. 1983, MacFarlane et al. 1988, Loesche 1988, Fiehn
1989). They have been observed in high proportions in
subjects with periodontitis as well as in subjects who
appear to be resistant to periodontitis (Africa et al.
1985a;b).

Factors which could 1implicate spirochaetes 1in the
aetiology of CIPD may be summarised as follows:

Their proportions are increased in disease and
conversely reduced or eliminated after treatment. They
are motile, which facilitates their 1location in a
favourable econiche where they are able to overcome host
defence mechanisms and produce potentially toxic
substances which may play a role in the destruction of
periodontal soft tissue ground substances.



Improved isolation and identification procedures, along
with ongoing taxonomy studies, will permit more extensive
research into these microorganisms and thereby establish
their role in the complicated aetiology of CIPD.

1.5. SUMMARY AND OBJECTIVES

Dental plaque 1is known to harbour more than 300 bacterial
species. Various techniques have been developed for
sampling, 1isolating and identifying them, particularly
the facultative and obligate anaerobes. Different
microbial populations and particular species are
associated with different forms of CIPD, and significant
differences have been demonstrated between the
microfloras of healthy and diseased sites within the same
mouth.

The environment of plaque associated with health and
gingivitis tends to preclude the growth of obligate
anaerobes. Facultative Gram-positive species predominate
in normal sulci, while Gram-negative anaerobes appear to
constitute a major proportion of the subgingival flora in
sites with marked inflammation, probably due to the
reduced oxygen levels in the periodontal pocket as well
as to shifts in available nutrients. Even 1in advanced
periodontitis, fewer spirochaetes and motile rods are
observed 1in supragingival than in subgingival plaque.
Amongst the most frequently isolated species in
periodontitis were members of the genera Porphyromonas,
Prevotella, Bacteroides, Wolinella, Vibrio,
Campy lobacter, Fusobacterium, Eubacterium, and
Capnocytophaga.
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One of the problems 1in attempting to determine the
causative species of CIPD is that of trying to
correlate microscopy with cultural studies. Thirty to
fifty per cent of the organisms observed by darkfield
microscopy are not cultivable (Moore 1987). 1In addition,
culture and identification methods are time-consuming and

expensive.

Species such as spirochaetes which may be relevant to the
aetiology of CIPD are often not routinely detected due
to the design of protocols which favour detection of
selected species only. The methods used in most cultural
studies do not employ media for the cultivation of
spirochaetes. Only a few species of spirochaetes have
been cultivated in artificial media, namely, T.
denticola, T. macrodentium, T. oralis, T. socranskii, T.

pectinovorum and T. vincentii.

The argument exists that spirochaetes are not involved in
the initiation of CIPD but, 1ike many other plaque
organisms, are opportunists in that they multiply in the
periodontal pocket as a result of the availability of
serum components and the 1low Eh produced by other
anaerobic and facultative bacteria on which they are
dependent for survival. This however, does not exclude
the possibility that they may be involved 1in the
aetiology of CIPD. Their proteolytic activity may have a
direct effect on junctional epithelium. In addition they
interfere with host defence mechanisms thus facilitating
penetration of host connective tissue 1in ANUG. Some
species also demonstrate direct invasive properties.
Thus far the relevance of spirochaetes to CIPD has been
based mainly on studies before and after treatment as
well as on association with various forms of CIPD.
Because they are amongst the first organisms to be
significantly reduced with treatment and amongst the
first to become countable in disease they should not be
ignored. Since spirochaetes have also been observed in



subjects resistant to periodontitis , it may be suggested
that these spirochaetes belong to species which differ
from those associated with periodontitis.

Difficulties which exist 1in their cultivation and
taxonomic classification create the need for alternative
methods of identification. Many of the detection methods
currently employed 1in clinical 1laboratories have been
designed by specialised personnel using sophisticated
equipment, thereby limiting their application as a chair-
side identification procedure.

The objectives of this study were therefore:

(1) To characterise spirochaetal morphotypes by
measurement, using electron microscopy and image analysis

(11) To detect T. denticola in pure and mixed cultures
using polyclonal and monoclonal antibodies in
immunofluorescence, immunoenzyme, dot-ELISA and immuno-
electron microscopy assays

(iii) To detect 7. denticola in DNA/DNA hybridization
assays using dot-blot and in situ microscopic techniques

(iv) To compare all of the above methods with the BANA
test to evaluate their sensitivity and specificity 1in
detecting 7. denticola.

(v) Finally, to select simple but specific methods of
identification of the oral treponemes for use by the
clinician, without the need for specialised
instrumentation. Such a method would serve as a useful
adjunct to the diagnosis and treatment of CIPD.



CHAPTER 2. MORPHOLOGY AND ULTRASTRUCTURE OF ORAL
TREPONEMES.

2.1. INTRODUCTION

Light microscopy studies have demonstrated the presence of
large, intermediate and small spirochaetes in subgingival
plaque as associated with various forms of CIPD (see
section 1). However, limitations 1in examining plaque

samples by 1light, phase and darkfield microscopy included

differences, between examiners, in morphotype
classification due to spirochaetal size in relation to
the 1limit of resolution (Listgarten and Lewis, 1967).

This gave rise to the use of high resolution electron

microscopy for determining size and structural detail.

Some of the earlier studies of oral spirochaetes (Hampp et
al. 1948; Hampp 1950; Listgarten and Socransky 1964 a),
employed shadow casting to demonstrate morphological
characteristics of spirochaetes. This was followed by
other studies which included negative staining techniques
(Bladen and Hampp 1964, Listgarten and Socransky 1964b,
1965, Westergaard and Fiehn 1987), as well as ultrathin
sections (Listgarten et al. 1963, Listgarten and Socransky
1964, Johnson et al. 1973, Hovind-Hougen 1974aly Umemoto and -
Namikawa 1980). All of the above demonstrated distinct
variations 1in the 1interpretation of basic structural
detail, although agreement on the major structural

components was achieved to some degree.

Study of the ultrastructure of the freponemes is important
since it 1s not possible to describe realistically the
characteristics of any microbe without including the
structural components of the cell itself. If there is to
be a generalisation of common anatomical features for
taéonomic differentiation, some correlative data is needed
for meaningful interpretation. It is possible that the

differences revealed in previously published




ultrastructural studies reflect differences in the
preparative methods and not actual variations 1in the

treponemal cells themselves.

Section 1.4. describes the basic morphology of the
treponemal cell and this will be referred to only briefly
in this section. Examination of ultrathin sections clearly
revealed that spirochaetes are procaryotic, having three
structural features which distinguish them from other
bacteria: the substructure of the outer sheath, the
characteristic shape of the protoplasmic cylinder, and
their periplasmic flagella. Although the outer membranes
of most Gram-negative bacteria are relatively durable, thus
facilitating adequate preservation for ultrastructural
examination, spirochaetes are far more fragile, and many
problems exist 1in adequately preserving all of their
structural components. The outer sheath, 1in particular, is
very unstable and therefore very sensitive to handling and
environmental changes.

The use of negative staining 1in electron microscopy,
enabled a more precise classification of oral spirochaetes
into small, intermediate and Targe categories by
measurement of the protoplasmic cylinder, length,
wavelength, amplitude and number of periplasmic flagella
(Listgarten and Socransky 1965, Listgarten and Lewis 1967,
Hovind-Hougen1974a,b, Westergaard and Fiehn 1987, Fiehn and
Westegaard 1990). All of the above measurements were
obtained manually from electron micrographs. Although the
human eye is able to extract important detail from an image
of interest, it has 1imited capability when accurate,
calibrated measurements are required. Because such tasks
are tiring, errors often occur and even employing a second
examiner may introduce further error, however consistent
each may be. Image analysers are able to overcome such
error and rapid, accurate results can be obtained with less
effort.
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Manual and semi-automatic methods of 1image analysis
basically calculate area by counting the number of grid
points falling on the feature of interest. They differ in
that semi-automatic methods employ a computer to calculate

the parameters of interest. In automatic methods of
analysis, an electronic sensor detects the features of
interest. The sequence of functions 1in performing an

analysis with an automatic image analyser is summarised 1in
Fig. 2.1. Briefly, the image of interest is formed on the
TV monitor. It is then converted to an electronic signal
from which the desired features are isolated and detected.
The detected signal is then analysed on a digital computer
to obtain the required measurements. Finally, the
measurements are processed by the computer to produce
results in the desired form for printout.

This chapter will focus on differences in ultrastructural
morphological detail of spirochaetes obtained with the use
of different fixation procedures, thus emphasizing the
Timitations of ultrathin sections in morphological species
classification and the results obtained will be compared
with negative staining of whole, unfixed Treponema cells.
A method will be described for accurately measuring the
oral spirochaetes using an automatic image analyser and the
application of this method for identification of oral

spirochaetes will be discussed.



Formation of image

4

Image converted into an electronic signal

!

Grey image enhanced

l

Image to be measured detected

'

Modification of binary image

'

Detected signal analysed

l

Data analysis processed for printout

Fig. 2.1. Schematic diagram of the sequence of functions

of an automatic image analysis system.



2.2. MATERIALS AND METHODS

2.2.1. General morphology

2.2.1.1. Ultrathin sections

Fixation

For preparation of fixatives and buffers, please refer to
Appendix 2 ..

Method A.

The original method of Kellenberger et al. (1958) was
employed with one slight modification. Treponemes were
grown 1in trypticase-yeast extract-glucose- volatile fatty
acids-serum medium (TYGVS, courtesy of Dr. B. Laughon,
University of Michigan, Ann Arbor, U.S.A.) for 5 days at
35°C. Thirty ml1 of treponemal culture was mixed with 3 mi
of fixative (1% osmium tetroxide in veronal acetate buffer,
pH 6.1) and centrifuged at 4000 rpm for 5 minutes. The
pellet was resuspended in 1 ml of fixative with 0.1 ml of
tryptone 1liquid medium added. Fixation was allowed to
continue at room temperature (RT) for 18-22 hours. After a
brief washing in 8 m1 veronal acetate buffer the cells were
post-fixed in 2 ml uranyl acetate (0.5 % in veronal acetate
buffer) at RT for 2 hours. This method differed from the
original 1in that the pellet was directly treated with
uranyl acetate and not resuspended in agar (Kellenberger et

al. 1958) because the agar interfered with resin
penetration, resulting in difficulty when cutting
sections. The cells were dehydrated in acetone for 15

minutes in each of 25, 50 and 75 % and then 30 minutes in
each of 90 and 100 % acetone.



Method B.

A modification of the method of Umemoto and Namikawa (1980)
was applied. Spirochaetes were harvested by centrifugation
at 8000 rpm for 15 minutes then washed 3 X in cold saline
before fixation 1in 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer (pH 7.4) for 3 hours at 4°C, followed by
post-fixation in 1% osmium tetroxide (0804), buffered in
the primary buffer, for 18 hours at 4°C. After 2 washes
in cacodylate buffer, the pellet was treated with urany]l
acetate for 2 hours at 4°C. Two washes in cold saline were
followed by dehydration in 25, 50, 75 and 100 % acetone for
20 minutes each.

For demonstration of the nature of the outer sheath, 0.2 %
ruthenium red was added to the primary and secondary
fixatives for 2 hours and the uranyl acetate ommitted.

Method C. (Karnovsky 1965)

Cells were washed as described above and the pellets fixed
in 2% paraformaldehyde/ 1% glutaraldehyde buffered with
0.2M sodium cacodylate (pH 7.4) for 3 hours, followed by
post-fixation in 1% 0sO,4 for 18 hours at 4°C. Dehydration
in graded acetone followed (20, 50, 70, 90, 100 %) for 10
minutes each. An acetone/propylene oxide mixture (50:50)
was applied for 30 minutes, followed by propylene
oxide/araldite (50:50) for 1 hour before embedding.

To establish the effect of temperature on primary and
secondary fixation, methods B and C were repeated with all
manipulations performed at RT instead of 4°C. The time for
primary fixation was reduced to 1% hours 1instead of 3
hours.
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Embedding

After dehydration, the pellets were pre-embedded in an
epoxy resin (Araldite CY212) at 48°C overnight and
transferred to Araldite 11 (Appendix 2 A) for
polymerization at 60°C for 48 hours.

Ultrathin sectioning
Ultrathin silver sections were obtained using a Diatome

diamond knife and Ultracut E microtome (Reichert-Jung,

Cambridge Instruments, U_K.). Sections were collected from

water onto 200 mesh copper grids (Agar Scientific, U.K.)

and stained with 0.4 % lead citrate for 5 minutes. Where
sections had not been treated with uranyl acetate prior to
embedding, staining with uranyl acetate (0.4 % 1in

absolute alcohol) for 5 minutes was also performed.

2.2.1.2. Negative staining

Treponema cultures were centrifuged for 10 minutes at 4000
rem and resuspended in sterile saline. One drop of each
suspension was transferred to a formvar-carbon coated grid
(Agar S164), allowed to dry, then negatively stained using
3 % phosphotungstic acid (PTA pH 6.8 ) or 1 % ammonium
molybdate (pH 7.2). Plaque samples were also collected
into sterile saline and stained by the same methods. The
grids were then systematically examined in the transmission
electron microscope (JEOL CX 110' ) at 80 kV. Fifty
spirochaetes or 50 fields (whichever occurred first) were

photographed at X 5000 magnification.
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2.2.2. Image analysis

Contact prints of the negatives (Polaron 0318) were used to
measure spirochaetal length, wavelength, amplitude and
diameter using the Quantimet Q520 1image analysis (IA)
system (Leica, Cambridge, U.K.).

Hardware

The system included a personal computer (Olivetti 240), a
four bit plane image processor, a colour monitor, a
digitablet and a Chalnicon video scanner. Operator
messages, control information and results were displayed on
a separate monitor and finally printed out on the printer
(Epson 150).

Software

The software allowed rapid interactive operation (through
MS-DOS) of a wide range of facilities as well as the
ability to create programmes 1in QBASIC for specific
application. The Quantimet 520 control software used the
personal computer to communicate the operator 1interface to
the 1image analysis processor. The system was controlled
through QUIC (Quantitative Interactive Control) by means of

a mouse interactive menu system.

Calibration

The appropriate working distance and magnification were
determined for the macrolens. A1l parameters measured
within the Quantimet 520 are expressed in pixels and pixel
data converted into recognized units via the calibration
factor. For example, if the calibration factor s
millimeters per pixel, the final result will be a product
of pixel length X mm/pixel. Calibration was achieved by



comparing an object of known size with a scale generated
electronically on the Q520 as follows. A micrometer rule
was placed on the macroviewer stage and the focus and
illumination adjusted to provide a good 1image on the TV
monitor. The pixel scale was set at 60 mm by adjusting the
micrometer so that 6 cm fitted accurately into the blue
measurement frame. The value was entered into the computer
and the calibration factor (0.170) calculated.

Formation of image

Once calibrated, the IA system was ready for use. Electron
micrographs were placed beneath a clean, glass plate and an
image of the spirochaete to be measured, was obtained on
the TV monitor. Once the image had been converted into an
electronic form, the electronic image was enhanced, making
it more suitable for detection and subsequent analysis.

Detection

Detection involved identification and separation of the
grey phase (for analysis) from the rest of the image,
thereby excluding unwanted artefacts. Detection and
measurements were within two defined boundaries called
frames. The edge of the picture to be examined was
determined by the red image frame. This frame was usually
set larger than the 1largest feature to be measured and
nothing outside this frame was detected. Situated within
the image frame was the smaller blue frame callied the
measurement frame. Only features falling within this frame
area were measured, whether or not the entire image 1lay
within the image frame. Grey level thresholds (25-27) were
selected and all pixels in the image with a grey value
above the selected value were detected and transferred into
a binary image.



Binary image processing

Visual interpretation of binary image data was facilitated
by the colour 1image display. Having set the detector
threshold, a binary image was transferred to the working
plane (plane 1). Each of the planes used has 1its own
colour and in the system used for the present study, bit
plane 1 yields a red detection image.

Editing

The human eye, unlike the 1image analyser, 1is able to
distinguish between wanted and unwanted detail such as
dirt, scratches and any other irrelevant objects. It was
therefore sometimes necessary to edit or modify features
manually before processing. This was achieved by use of
the Q520 digitablet. By using the cursor control, it was
possible to complete features which had been imperfectly
detected, to separate features which were touching, or to
delete unwanted features.

Once binary 1images had been edited, the product of the
initial image and the edited image was transferred to the
logical plane (plane 3, violet colour) using a pre-
determined boolean algebra sequence within the QUIC menu.
Measurement of the edited feature was then performed on the
binary image.

Measurement

Because the system was unable to perform all of the
measurements simultaneously, the following method was
adopted:

Length (L) was measured from point a to point b
(Fig.2.2.a). Wavelength (WL) and amplitude (AMP) were
measured within the yellow area demonstrated (Fig. 2.2.b)
as the length between points ¢ and d and the height between



points d and e respectively. Diameter (DIA) was measured
as the height 1in the yellow area (Fig. 2.2.c). All
readings obtained were converted from millimetres (mm) to
micrometers (um) and divided by the magnification of the
micrograph.

Accuracy

Fourteen spirochaetes on electron micrographs were measured
on the IA as well as manually, using a ruler and
mathematical divider. The results were compared for
accuracy.

Precision

The precision of the system was assessed by measuring
selected spirochaetes of three known species (7. denticola,
T. socranskii and T. vincentii) at the start of each set of
analyses and the measurements compared. These spirochaetes
served as standard controls for calibration of the
instrument.

2.2.3. Statistics

Stepwise selection analysis and principal components
analyses were done to determine which of the parameters
were most reliable for morphotype classification.

One way analysis of variance (ANOVA) was performed to test
whether variations and means could be assumed to be
identical within morphotypes.

Regression analysijs was done to determine whether a
correlation occurred between morphotypes and <clinical
variables.



2.2.4. Examination of clinical samples.

2.2.4.1. Subject selection.

Forty subgingival plaque samples from 13 females and 7
males from a population residing 1in Klipfontein, South
Africa were examined. This population was selected for
study since previous studies have reported high proportions
of spirochaetes 1in their plaque 1in the absence of
significant chronic periodontitis (Africa et al. 1985a)
which 1indicated a comparison of these spirochaetes with
spirochaetes described 1in other groups (sections 1.2 and
2.1).

2.2.4.2. Sample collection and clinical evaluation

Supragingival plaque was removed and subgingival plaque
samples collected with a Gracey curette (courtesy of Prof.
J. Reddy, University of Durban-Westville, Durban, S.A.)
from the distal aspect of a central incisor and the mesial
aspect of a first premolar in each mouth. The samples were
collected into sterile saline, fixed in 2 % glutaradehyde,
followed by a wash 1in cacodylate buffer (0.2M) and
resuspended in phosphate-buffered saline (PBS). They were
then transported via airfreight (at room temperature) to
London where they were prepared for EM examination. There
was a delay of four days between the collection of samples
and their arrival in the U.K.

After sampling, the clinical status of each subject was
determined. Approximal pocket probing depths (PD) were
measured in mm with a Michigan periodontal probe from the
base of the pocket to the gingival margin.

Plaque and gingival indices were recorded by the methods of
Loé (1967).



Plaque Index (P1 I) was scored from O - 3 as follows:
0 = no plaque in the gingival area

1 plaque adhering to free gingival margin area

of tooth, not visible to the naked eye
2 = moderate plaque accumulation, visible
3 = abundance of plaque on the tooth surface

Gingival index (GI) was scored as follows:
0 normal gingiva
1 = mild inflammation, slight change in colour,

slight oedema but no bleeding on probing
2 = moderate inflammation, redness, oedema,
glazing, bleeding on probing
3 = severe inflammation, marked redness and oedema
with ulceration and a tendency to spontaneous
bleeding
Loss of attachment (LA) was measured with the same
periodontal probe from the cement-enamel junction to the
base of the pocket.

A1l the clinical measurements were done by Prof. J. Reddy.
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2.3. RESULTS
2.3.1. General morphology
2.3.1.1. Ultrathin sections

Method A.

Fixation by method A yielded good preservation of the outer
sheath (0S) and cytoplasmic membrane (CM, Fig. 2.3 a).
Both membranes appeared asymmetric. When counterstained
with lead citrate, the nuclear material appeared unstained
(N), while the remaining cytoplasm showed intense staining,
making it very difficult to differentiate its components.
Although overall preservation was good, the cells appeared
"charred"”, possibly due to overfixation.

If the 2 hour uranyl acetate wash was excluded from the
fixation procedure and the sections were grid-stained with
uranyl acetate (in alcohol) and lead citrate, the outer
sheath appeared symmetric (Fig. 2.3 b) as did the
cytoplasmic membrane. Neither of the membranes were as

well defined as in "a". Nor was the staining as intense.

The introduction of propylene oxide in the final
dehydration, resulted in fragmentation of the outer sheath,
while the cytoplasmic membrane was welil preserved (Fig. 2.3
c). The cytoplasm appeared extremely smooth and some cells
demonstrated a rope-like constriction of nuclear material

(R).

The exclusion of tryptone from the fixation procedure
resulted 1in compiete fragmentation of outer sheath and
cytoplasmic membrane (Fig. 2.3 d). Cytoplasmic tubules
(CT) were evident. The c¢cytoplasm appeared grainy and
preservation poor compared with a, b and c. It appears



that the tryptone does indeed play a protective role in the
preservation of spirochaetes with 0sOy4.

Method B.

Primary fixation in glutaraldehyde, followed by post-
fixation in 0sO4 and uranyl acetate, resulted in clear
definition of outer sheath, peptidoglycan layer,
cytoplasmic membrane and periplasmic flagella (Fig. 2.4 a).
Coiling was well preserved and the membranes well defined.
The cytoplasm was densely stained after grid-staining with
lead citrate. Fragmentation of the outer sheath sometimes

occurred (arrow).

When this same g]utara]dehyde/OsO4 procedure was performed
at 4°C, ultrastructure was completely different (Fig. 2.4
b). The outer sheath appeared rather 1loose-fitting,
although intact , compared with (a) where the outer sheath
was in close apposition to the cytoplasmic membrane. The
loose outer sheath permitted resolution of the periplasmic
flagella (PF) and their 1insertion points (IP). This was
not always evident 1in preparations where the outer sheath
fitted snugly. Sometimes cytoplasmic tubules (CT) were
evident in the cytoplasm beneath the periplasmic flagella.
This was the only preparation in which periplasmic flagella
were consistently demonstrated.

Method C.

Three-hour fixation with Karnovsky’s fixative, followed by
overnight fixation with 0sO4, resulted in good preservation
of the cytoplasmic membrane, while the outer sheath was
poorly demonstrated and sometimes even absent (Fig.2.5 a)

Reduction of primary fixation to half the time (1% hours),
with propylene oxide 1in the final stage of dehydration,
resulted in very poor definition of both membranes as well



as cytoplasm (Fig.2.5 b). There was limited resolution of
cytoplasmic detail, and when alcohol was used for
dehydration instead of acetone (Fig. 2.5 ¢), no
appreciable difference was observed.

In summary, it would appear that by altering the fixation
method used, major differences in the ultfastructure could
be demonstrated. The outer sheath could appear 1loosely
bound, tightly wrapped around the cytoplasmic membrane or
very poorly demonstrated (sometimes even absent). The
periplasmic flagella were either clearly demonstrated or
absent, depending on how deeply into the section the
spirochaete was cut, or whether the axistyle (i.e. the site
of attachment and arrangement of the periplasmic flagella
in relation to the protoplasmic <cylinder) had been
adequately preserved.

Using Kellenberger’s fixative, both outer sheath and
cytoplasmic membranes were well preserved, while
examination of the cytoplasm revealed poor preservation of
the nuclear material against a very grainy cytoplasmic

background.

Primary fixation with glutaraldehyde, followed by post-
fixation with 0sO, and wuranyl acetate, yielded good
preservation of outer sheath, periplasmic flagella and
cytoplasmic membrane, but cytoplasmic contents were not

well-defined.

Only the cytoplasmic membrane was adequately preserved with
primary fixation in Karnovsky’s fixative, with poor
preservation of outer sheath and periplasmic flagella. The
protoplasmic cylinder also lacked structural detail.

Differences in the buffers and fixatives used, temperature
and duration of fixation all influenced the results. No
differences were observed when alcohol or acetone were used

for dehydration.




The above results demonstrated variations in the
ultrastructural appearances of a single serovar of T.
denticola due to differences in fixation of the same
culture.

2.3.1.2. Negative stain

Since fixation and dehydration procedures were seen to
affect the results obtained on examination of ultrathin
sections, structural detail of unfixed treponemal cells was
examined with the aid of a negative stain.

Fig. 2.6 demonstrates the principal structural features of
an unspeciated oral spirochaete (from one of the
Klipfontein subjects) negatively stained with PTA,
revealing the three basic structures, namely, the outer
envelope (apparently consisting of polygonal-structured
subunits), protoplasmic cylinder, and periplasmic flagella.
The periplasmic flagella originate at each end of the
protoplasmic cylinder and are not continuous along the
entire length of the cell. Although the periplasmic
flagella are clearly evident in this micrograph, not all
preparations yielded satisfactory resolution. Some cells
were positively stained and when the periplasmic flagella
were resolved, discrepancies sometimes occurred such as
Fig. 2.7 where 2 periplasmic flagella originated at one
end of a cell and 1 originated at the other, overlapping in
the middle ( 2:3:1 arrangement), while another cell of the
same culture revealed a 2:4:2 arrangement. Periplasmic
flagella were therefore excluded as a criterion for the
identification of morphotypes. It was apparent that where
the cells were positively stained, no structural detail was
evident and that disruption of the outer envelope,
resulting in "bleb™ formation, often facilitated
penetration of the stain thus yielding clear
differentiation of periplasmic flagella and protopiasm
(Fig.2.6).



It has been suggested that the results of one negative
stain should always be compared with the results from a
second stain, since different aspects of specimen
morphology are revealed with different stains (Hayat 1989).
PTA was compared with ammonium molybdate, and although PTA
produced better contrast (Fig. 2.6), the ammonium molybdate
preparations were much cleaner (Fig.2.7). They were also
more stable on storage for long periods (up to 1 year) than
PTA preparations and yielded fewer positively stained
cells. Positive staining occurred to some extent with PTA
after fixation in glutaraldehyde (Fig.2.17), thereby
reducing the number of preparations with exclusively
negatively stained cells.

Not only did the negative stain resolve spirochaetal
components, it also permitted characterization on the basis
of size measurement, which will be discussed in detail in
the section on 1image analysis which follows the next

section.

Examination of pure cultures of Treponema (obtained from
the American Type Culture Collection) frequently revealed
the presence of spherical forms which were either attached
to spirochaetes or in free form. Because of the frequency
with which these structures occurred, they have been
allotted a separate section for their . description and

discussion.

2.3.1.3. Atypical morphology - spherical forms

Examination of treponemal cultures by darkfield microscopy
as well as by transmission electron microscopy, revealed
the presence of many sphericail forms. The observaton of
these forms in a culture of 7. denticola will be described.



These spherical forms occurred either attached to a single
cell (Fig.2.8 a) or in "nests"” surrounded by clusters of
spirochaetes (Fig.2.8 b). Sometimes they appeared to be
composed of tiny granules (G), other times they appeared
smooth (S). In order to closely examine these, ultrathin
sections were prepared, stained and examined in the TEM.
Ultrathin sections revealed spheres surrounded by a
continuous membrane, not unlike the outer sheath observed
surrounding the spirochaetes.(Fig.2.9 a,b).

When these spheres were attached to spirochaetes, the
spirochaetes were often arranged in “plaited” or "twisted"”
rope-like forms, surrounded by a common outer sheath which
appeared to be continuous with the outer sheath surrounding
the sphere (Fig.2.9 a,b). To demonstrate the nature of
this outer membrane, it was stained with ruthenium red,
since this stain demonstrates extracellular coats and thin
fibrils in bacterial attachments not usually resolved with
routine fixation (Fletcher and Floodgate 1973). Ruthenium
red staining demonstrated the presence of an external
amorphous layer associated with the outer sheath of T.
denticola (Fig.2.10) and assumed to be acid
mucopolysaccharide in nature since ruthenium red acts by
enhancing the electron density of acid mucopolysaccharides
and other polyanionic macromolecules.

A second membrane, resembling the spirochaetal cytoplasmic
membrane (arrows Fig. 2.9b), was also observed within the
sphere inside of which was an amorphous mass, lacking in
structural detail. These spheres were either attached to
(Fig.2.11a) or contained within (Fig.2.11b, Fig.2.12a) a
larger structure surrounded by a continuous membrane.
These structures appeared 1in many shapes and sizes (Fig.
2.12b) and are believed to be cross-sections of the twisted
spirochaetes observed in Figs.2.13a,b). A negatively
stained preparation of the twisted rope-like structures
unattached to a spherical form is demonstrated in
Fig.2.13a, and is probably the precursor to Fig.2.13b which



demonstrates these twisted, looped spirochaetes
circumvoluting to form the free structure demonstrated in
Fig.2.14a. This 1is represented in cross—-section in Figs.
2.14b and 2.15a. A protoplasmic cylinder 1losing its
internal structure and finally extruding its contents is
demonstrated in Figs. 2.15b-d. Degenerate spirochaetes and
spirochaetal debris such as fragments of fibrillar material
and ghost cells are demonstrated in Fig. 2.16.

A crude study of a single culture of 7. denticola was,
after 50 hours incubatibn, divided into 2 parts and one
part frozen (culture A), while the other was re-incubated
for 2 weeks under anaerobic conditions at 35°C (culture B).
Microscopic examination of both the frozen and re-incubated
cultures demonstrated numerous spherical forms 1in the
latter, while these were absent from the frozen culture.
The same volume (0.1 ml) of each <culture was then
subcultured into 15 ml of freshly prepared TYGVS medium and
incubated 1in an anaerobic jar for 5 days at 35°C.
Macroscopic examination of the growth obtained, revealed
that culture A demonstrated around +++ growth, while
culture B demonstrated poor growth around +. Re—incubation
for a further 4 days yielded no further growth in culture
B, while a few spherical forms had started to appear in
culture A.

2.3.2. Examination of clinical samples
2.3.2.1 Image analysis

Electron micrographs of 431 negatively stained spirochaetes
from the Klipfontein group (S.Africa) were subjected to
image analysis and their measurements recorded. Having
established a method for measuring spirochaetes with the
IA, classification of the spirochaetes observed 1in the
Klipfontein samples, was attempted.



Ciassification of morphotypes was achieved by primary
separation into 12 discrete groups on the basis of their
diameter measurements. A total of 431 spirochaetes were
measured. A one- way analysis of variance was performed to
test whether variations and means could be assumed to be
identical within morphotypes (Table 2.1). Significant
differences were observed for all the selected variables at
the 1% (DIA, WL, AMP) and 5% (L) levels. The DIA showed
the highest significance and, as shown in the multiple
range test (Fig. 2.18), each of the variables showed an
overlap with the exception of the DIA, where each of the
groups differed significantly.

Table 2.1. Analysis of Variance for DIA, WL, AMP and L

Measurement n Mean SEM F ratio p value
DIA (um) 431 0.162 0.004 999.9 <0.0001%**
WL (um) 395 1.624 0.035 11.8 <0.01**
AMP (um) 395 0.487 0.010 13.3 <0.01%*
L (um) 233 9.927 0.261 3.8 <0.05%*

number of spirochaetes measured

significant at the 5% level
%%

significant at the 1% level

The stepwise selection analysis selected DIA and WL as the
most reliable variables for classification into morphotypes
(Table 2.2.)
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Fig. 2.3. Fixation of Treponema by the method of
Kellenberger et al. (1958).

a: Fixation in 1 % 0sO, 1in veronal acetate buffer pH
6.1 for 18-22 hours, followed by post-fixation in uranyl
acetate for 2 hours and\dehydration in acetone. Outer
sheath (0S) and cytoplasmic membrane (CM) were well
preserved. Both membranes appear asymmetric and when
counterstained with 1lead citrate, the nuclear material
(N) appeared unstained. Magnification x 67,500.

b: When post-fixation with uranyl acetate was omitted,
both the 0S and CM appeared symmetric and were not as

well defined as in "a". Magnification x 70,000.

c: Some cells 1in "b" demonstrated a "rope-like"
constriction of the nuclear material (R). Magnification
x 108,000.

d: Fragmentation of both O0OS and CM occurred when
tryptone was excluded from the fixation procedure.
Magnification x 106,000.









Fig. 2.5. Fixation by Karnovsky’s method. Primary
fixation in 2 % paraformaldehyde/ 1 % glutaraldehyde in
0.2 M cacodylate buffer (pH 7.4) for 3 hours, followed by
overnight fixation in 0sO, at 4°C.

a: .Cytoplasmic membrane (CM) and outer sheath (0S) were
poorly demonstrated. Magnification x 265,000.

b: Reduction of primary fixation to half the time
resulted in fragmentation of the outer sheath (arrows)
and poor definition of both cytoplasmic membrane (CM) and
cytoplasm (C). Magnification x 240,000.

c: wWhen alcohol was USed instead of acetone for
dehydration , distortion of the outer sheath (0S) often
occurred. Magnification x 255,000.
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Fig. 2.7. Two cells from the same culture of T,
denticola negatively stained with ammonium molybdate (pH
7.2). .

a: Cell showing 2:3:1 arrangement with 2 periplasmic
flagella originating at one end, 1 at the other end, and
3 overlapping in the middle. Magnification x 20,000.

b: Cell showing 2:4:2 arrangement with 2 periplasmic
flagella originating at each end and 4 overlapping in the
- middle. Magnification x 28,500.






Fig. 2.8. Demonstration of spherical bodies in a culture
of T. denticola. Cells negatively stained with 2 %
ammonium molybdate (pH 7.2).

a: A spherical body attached to a single spirochaetal
cell. Magnification x 17,000.

b: Clusters of spirochaetes with "nests" of spherical
bodies some of which appeared granular (G), while others
appeared smooth (S). Periplasmic flagella (PF) were
often observed inside of these spherical bodies.
Magnification x 14,000.






Fig. 2.9 a,b. Ultrathin sections of spherical bodies.

The outer sheath (0S) of the spherical body appeared to
be continuous with the 0S8 of the spirochaetal cell
(arrows). A second membrane resembling the CM was
evident within the spherical body. An amorphous mass was
observed inside of this CM,
Magnification a: x 56,000

b: x 125,000
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Fig. 2.11. Spherical bodies attached to (a) or contained
within (b) larger structures within which many
protoplasmic cylinders were arranged all along the
continuous O0S. Released periplasmic.flage11a (PF) were
also observed.

Magnification: x 56,000
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Fig.2.12. Ultrathin sections of spherical bodies.

a: An ultrathin section of twisted spirochaetes (T)
attached to a spherical body assumed to be the same
structure observed in the negative stain in Fig. 2.13.
Magnification x 28,000.

b: Spherical bodies 1in different shapes and sizes, all
of which contain spirochaetal protoplasmic cylinders (P)
arranged along the inside of the outer sheath (0S) and
cellular debris, including periplasmic flagella (PF).
Magnification x 31,000. "















































































































































































































































































































































































































































































































































































































































































































