
Plate 1: Dissembled adherence assay apparatus.

Plate 2: Colon placed in apparatus mucosa upwards.
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(i)

SUMMARY

Two separate areas of investigation were undertaken: i) The

cell surface components of Bacteroides fragilis were analysed with

various serological and other analytical techniques. ii) The

possibility of studying adherence of B. fragilis to colonic mucosa

in vitro was examined.

i) Antisera were raised to whole, live cells of a reference

strain (NCTC 9344) and two clinical isolates (GNAB 92 and GNAB 4)

of Bacteroides fragilis. Each antiserum was reacted in crossed

line immunoelectrophoresis (CLIE) with EDTA-heat-sonication

prepared outer membrane (OM) complex from 10 B. fragilis strains.

In addition, the antisera were reacted with these antigens in an

enzyme-linked immunosorbent assay (ELISA). In CLIE, the antisera

raised to the reference strain and one of the clinical isolates (GNAB

92) demonstrated a heat labile antigen which was common to all 10 of

the test strains.

Lipopolysaccharide (LPS) was prepared from both the clinical

isolates by aqueous phenol extraction. The LPS preparationscontained

three major precipitating antigens when reacted with their homologous

antisera in crossed immunoelectrophoresis (CIE). In both cases,

these three antigens were present as major components of the OM

complex. However, none of the three antigens were common to all

test strains. Each antiserum reacted significantly in ELISA with

all test OM complex preparations. Inhibition of ELISA showed that

carbohydrates were the predominant cross-reactive antigens in

ELISA/...
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ELISA and that in the case of the clinical isolate GNAB 4, most of

the cross-reactive antigenic activity was present in the homologous

LPS preparation.

Gel filtration of the LPS preparations was carried out in the

presence of sodium deoxycholate. All precipitating antigens were

of high molecular weight and were eluted at the void volume. These

antigens were considered not to represent LPS, which disaggregates

to form a lower molecular weight species in the presence of deoxycholate.

Lipopolysaccharides from the reference strain and the two clinical

isolates were run on SDS-polyacrylamide gels and stained with silver.

Each TjPS produced a similar pattern, consisting of a series of

regular spaced discrete bands which decreased in intensity as they

increased in molecular weight. Electroblot transfer from duplicate

SDS gels onto nitrocellulose membrane was performed, followed by

reaction with antisera raised to whole cells of two of the strains;

antigens were visualised with horse-radish peroxidase-anti-rabbit-IgG

conjugate and colour reagent. Results revealed that the two lowest

molecular weight bands of the LPS preparation (rough LPS) represented

common antigens. The results also provided further evidence that

LPS preparations were contaminated with other high molecular weight

carbohydrate antigens.

An antiserum was raised to the OM conplex of the reference

strain. This antiserum detected precipitating antigens common to

10 test strains. At least three of the common antigens were wholly

or partly protein in nature.

Lysozyme/...



(iii)

Lysozyme-EDTA spheroplasts were prepared from the reference

strain. Anaerobic conditions were found to be necessary for

successful conversion to spheroplasts. The spheroplast membranes

were separated into different fractions by sucrose density gradient

centrifugation and subsequently analysed on SDS-gels. The spheroplast

membrane fractions contained major polypeptides that were also present

in OM complex and in Sarkosyl-extracted outer membrane.

ii) The possibility of using the colonic mucosa of meat-fed

rats for in vitro adherence studies was investigated. The mucosa of

excised colon was examined by scanning electron microscopy (SEM):

the indigenous adherent bacterial flora was found to be associated

with patches of mucus, although much of the mucus layer was lost during

fixation. Bacteroides species identified in the adherent flora

represented those normally found in the human colon. Under the

conditions employed, gross changes in mucosal morphology were observed

(by SEM) a short time after removal from the animal, rendering the

tissue unsuitable for an adherence model. Improvements in the

methodology for future studies are discussed.
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GENERAL INTRODUCTION

Members of the genus Bacteroides are strictly anaerobic, Gram-

negative non-sporing bacteria; they form short rod-shaped or

coccobacillary cells. Bacteroides fragilis is one of over twenty

member species and is the most significant pathogen within the genus.

The normal habitat of B. fragilis and closely related species is the

human large bowel.

In the nineteenth century, Pasteur (1861) recognised that

certain bacteria involved in putrefaction grew only in the absence of

oxygen and he introduced the term anaerobe. In subsequent years,

the Gram-positive, spore-forming Clostridia such as the causative

organisms of tetanus, gas gangrene and botulism were the first

anaerobes identified as aetiological agents of human disease. The

first major link between Gram-negative non-sporing anaerobes and

infection was established by the work of Veillon and Zuber (1898) in

France. These workers isolated anaerobes from a variety of

infections and assigned a role to non-sporing anaerobes in peritonitis,

infections associated with the uterus and in periurethral suppuration

(Finegold, 1974).

In the following years, Gram-negative anaerobic bacilli were

isolated by several workers from a wide variety of clinical conditions.

However, these observations were not expanded upon and the importance

of these organisms was not fully appreciated throughout much of the

present century. A major reason for this lag was that techniques

for/...
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for isolating and growing anaerobes were not widely used. In the

1950's some workers, such as Gunn (1956), stressed the importance of

non-sporing anaerobes in infections. However, it was in the 1960's

that anaerobic bacteriology underwent a renaissance, with work by

Moore and Finegold in the U.S.A., Prevot in France, Drasar and

colleagues in Britain and Werner in Germany providing much of the

stimulus. With respect to the bacteroides group, the new interest

resulted in a detailed classification scheme for the genus, a fuller

appreciation of their prevalence as part of the indigenous human flora

and a better understanding of their role as opportunistic pathogens.

Whilst the rejuvenation of anaerobic bacteriology was occurring,

rapid advances were being made in our understanding of the detailed

structure of other Gram-negative bacteria such as the enterobacteria,

with particular attention being paid to cell surface structure. The

modern expansion of anaerobic bacteriology paved the way for investi¬

gations into bacteroides cell surfaces in the 1970's. This interest

was stimulated by considerations of the role of cell surface components

in pathogenicity and by hopes that the study of cell surface antigens

would provide a basis for useful sero-identification and classification

methods.

The main introduction to this thesis begins with sections

covering classification of the bacteroides, their distribution in the

normal flora of man and their role in infection. Analysis of the

cell surface of these bacteria has benefited from previous knowledge of

other Gram-negative bacteria and therefore general sections on Gram-

negative/. ..



negative cell surface structure and antigens are included. These

sections are followed by an account of investigations into bacteroides

cell surfaces and aspects of pathogenicity. The final section, which

is relevant to the adherence studies, briefly covers some aspects of

bacterial colonisation of host tissue surfaces.
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1. CLASSIFICATION AND IDENTIFICATION OF BACTEROIDES ORGANISMS

1.1 Classification.

Classification of the bacteroides group has developed slowly

since the early descriptions of these organisms and the most rapid

progress has been in recent years. Castellani and Chalmers (1919)

introduced the generic name Bacteroides to describe several species

of anaerobic non-spore-forming rods. Gram-positive organisms were

later excluded from the genus (Weiss and Rettger, 1937).

In 1898, Veillon and Zuber had named one of their Gram-negative

anaerobic isolates Bacillus fragilis and this was later renamed

Bacteroides fragilis. In 1933, Eggerth and Gagnon studied Gram-

negative anaerobic bacilli in faeces and named three species as

B. convexus, B. vulgatus and B. ovatus; B. convexus was later shown

to be identical with B. fragilis (Werner, 1969). Moore and

Holdeman (1973) included these three species together with

B. thetaiotaomicron and B. distasonis in a single species, 13. fragilis,

due to their similar biochemical characteristics and antibiotic

resistance. The species B. fragilis was divided into the following

five subspecies: B. fragilis ss. fragilis, ss. thetaiotaomicron,

ss. distasonis, ss. vulgatus and ss. ovatus. However, on the basis

of deoxyribonucleic acid homology studies, major differences between

the subspecies were found and it was proposed that they should be

reinstated to species rank (Cato and Johnson, 1976). These five

species/...
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species, together with several others, are now referred to as the

B. fragilis group, with B. fragilis (formerly B. fragilis ss.

fragilis) the type-species of the group*

The bacteroides organisms that produce black or brown pigmented

colonies when grown on media containing blood were first described

by Oliver and Wherry (1921), who called them Bacterium melaninogenicus.

In 1939, Roy and Kelly proposed the currently accepted name of

Bacteroides melaninogenicus. The species B. melaninogenicus has

shown considerable heterogeneity and Moore and Holdeman (1973)

recognised three subspecies: B. melaninogenicus ss. melaninogeni. cu s,

ss. intermedius and ss. asaccharolyticus. Also, the Lev Group I

of B. melaninogenicus originally isolated by Lev is now referred to

as B. melaninogenicus ss. levi. On the basis of a number of

properties, including DNA base ratio, B. melaninogenicus ss.

asaccharolyticus was later assigned to a separate species, B.

asaccharolyticus (Finegold and Barnes, 1977). Further DNA

homology studies indicated that oral isolates of B. asaccharolyticus

should form a new species, B. gingivalis (Coykendall et al., 1980).

The species B. oralis was originally isolated from the mouth

by Loesche et al. (1964). However, Shah and Collins (1981)

recently proposed that on the basis of DNA homology, strains

described as B. oralis should be assigned to four different species:
i

B. oralis, B. buccalis, B. denticola and B. pentosaceus.

Distinct/...
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Distinct species of bacteroides have been isolated from the

rumen of calves and these characteristically produce large quantities

of succinic acid from carbohydrates. The three species in this

group are B. succinogenes, B. amylophilus and B. ruminicola.

The nomenclature of most of the important pathogenic and

commensal bacteroides has been outlined above. These and other

species have been conveniently divided into three major groups by

Duerden et al. (1980) on the basis of antibiotic disk resistance

tests, bile salt inhibition and dye tolerance tests. The three

groups (fragilis, melaninogenicus/oralis and asaccharolyticus) are

shown in Table 1.

1.2 Identification.

Early identification of Gram-negative obligate anaerobes was

often confused and relied mainly on observation of microscopic and

colonial morphology. The first general agreement on taxonomy and

classification was recorded at the meeting of the International

Commission for Systematic Bacteriology sub-committee for Gram-

negative anaerobic rods in 1967. The principles were embodied in

the classification of Holdeman and Moore (1974) in the eight edition

of Bergey's Manual of Determinative Bacteriology. Biochemical

tests for identification developed by Prevot (1938, 1966) are still

widely used and are an important part of the identification scheme

set out in the Anaerobic Laboratory Manual (Holdeman et al., 1977).

This manual, together with the Wadsworth Anaerobic Bacteriology

Manual/...



TABLEI:GroupingofsomeofthespeciesofBacteroidesaccordingtoDuerdenetal.(1980) fragilisgroup

melaninogenicus/oralisgroup
asaccharolyticgroup

B.fragilis B.vulgatus B.distasonis B.thetaiotaomicron B.ovatus B.splanchnicus B.eggerthi B.uniformis

B.melaninogenicusss.melaninogenicus B.melaninogenicusss.intermedius B,melaninogenicusss.levi B.oralis B.bivius B.disiens B.ruminicola

B.asaccharolyticus B.gingivalis B.ureolyticus B.praeacutus B.putredinis B.pneumosintes B.nodosus

B.variabilis
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Manual (Sutter et al. , 1975) and the CDC Laboratory Manual (Dowell

and Hawkins, 1976), provides a scheme based on conventional

bacteriological methods for the identification of bacteroides to

species and subspecies level.

An identification method developed by Duerden et al. (1980)

also employs conventional tests. In this scheme, the antibiotic

resistance pattern of the strains to be identified is first

determined by disk tests. Also, tolerance to bile salt (sodium

taurocholate) and dyes (Victorian blue 4R and gentian violet) is

tested. On the basis of these tests, the organisms can be assigned

to the fragilis group, the rnelaninogenicus/oralis group or the

asaccharolytic group. The strains can be further identified to

species level on the basis of pigment production, indole production,

gelatin digestion, aesculin hydrolysis and fermentation of various

sugars. These conventional tests are, however, laborious and

time-consuming and are therefore often unsuitable for use in busy

diagnostic laboratories.

Gas liquid chromatography of the fatty-acid end-products of

protein or carbohydrate metabolism is useful in differentiating

Bacteroides species from Fusobacterium or Leptotrichia species.

However, it cannot be used to identify bacteroides to species or

subspecies level (Deacon et al., 1978).

Several commercially prepared test packages have been produced

for the identification of anaerobes, including the bacteroides.

These/...
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These kits are based on the conventional biochemical tests and are

satisfactory for identification of B. fragilis group organisms to

species level.

Serological tests have been used to identify bacteroides to

group and in some cases, to species level. Reliable tests of

this nature are particularly iirportant for rapid identification of

organisms in clinical specimens. The importance of serological

tests and the current state of development are fully covered in

Section 6.
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2. BACTEROIPES SPECIES IN THE NORMAL HUMAN FLORA.

Bacteroides occur in abundance at several sites as part of

the indigenous flora of the body; in particular they are found in

relation to the mucous membranes of the mouth, lower gastro¬

intestinal tract and vagina. The Bacteroides species found in

the three sites form distinct populations, with characteristic

species predominant in the different environments. This distinct

distribution of species in well illustrated in the work of Duerden

(1980a; b; c), as shown in Tables II a-c. The salient features

of these data and other studies are outlined below.

2.1 Bacteroides species in the gastro-intestinal tract.

The human colon is inhabited by an abundant indigenous

microbial population and bacteroides and other obligate anaerobes

are the predominant organisms found. The anaerobes are also found

in the distal ileum, but seldom at sites higher in the gastro¬

intestinal tract (Finegold, 1977). Bacteroides species have been

recovered in counts of 1011 organisms/g faeces (Finegold, 1977;

Drasar, 1967; Hill et al., 1971; Macy and Probst, 1979), thus

outnumbering Escherichia coli 1000 to 1. Holdeman et al., (1976)

showed that bacteroides accounted for 32% of the bacteria isolated

from faeces. Several studies have established that B. fragilis

group organisms are the predominant Bacteroides species in the

normal/...
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normal faecal flora (Moore and Holdeman, 1975; Finegold et al.,

1975; Macy and Probst, 1979; Duerden, 1980a). Duerden (Table

Ila) showed that B. vulgatus and B. thetaiotaomicron each comprised

22% of the B. fragilis group isolates, B. distasonis 18% and the

B. eggerthi / variabilis complex 14%. The type-species and major

pathogen of the group, B. fragilis, represented only 9% of the group

isolates. Moore and Holdeman (1975), Finegold et al. (1975) and

Macy and Probst (1979) also found that B. vulgatus and B.

thetaiotaomicron were present in considerably larger numbers than

B. fragilis. As shown in Table Ila, the second most prevalent

bacteroides group in faeces is the asaccharolytic group, including

B. asaccharolyticus. Very low numbers of the B. melaninogenicus/

oralis group organisms are isolated from faeces (Table Ila) and

Duerden (1980a) suggested that this indicates they are not part of

the normal flora of the lower gastro-intestinal tract and faeces.

It is apparent from the above studies that the human faecal

flora has been used as a marker of the normal flora of the lower

gastro-intestinal tract. However, the faecal flora is largely

representative of the colon luminal flora and it is recognised that

the composition of the flora adherent to the colonic mucosa may

differ from that in the lumen. Little is known about the adherent

flora because of the difficulties in sampling from healthy

individuals. In a study by Peach and Tabaqchali (1982) (see also

Section 8) the flora associated with biopsy specimens of colon and

sanples/...



12.

TABLE IIa: Identification of 197 faecal isolates from 20 subjects

Number of isolates

(and group total)

B. fragilis group (165)
B. fragilis 15
B. vulgatus 37
B. distasonis 30
B. thetaiotaomicron 36
B. uniformis 8

B. variabilis/eggerthi 24
B. splanchnicus 15

B. melaninogenicus/oralis group (7)
B. melaninogenicus ss. melaninogenicus 2

ss. intermedius 1

B. ruminicola 4

Asaccharolytic group (21)
B. asaccharolyticus 8
Non-pigmented non-saccharolytic spp. 13

Bacteroides spp. (unidentified) (4)

TOTAL 197

[from Duerden (1980a_) ]
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samples obtained during operations was examined. It was found

that the anaerobe to aerobe ratio was much lower than in faeces

indicating a major compositional difference in the flora.

However, as yet there has been no detailed identification of the

species comprising the adherent flora. The limited information

available on this subject in man and animals is discussed in

Section 8 of the introduction in this thesis.

The indigenous microflora is thought to contribute physio¬

logically to the host and the numerical dominance of bacteroides in

the colon suggests that they may have such a role. Finegold et al.

(1976) suggested that B. fragilis may have an important role in

vitamin K synthesis in the colon. Also, adherent bacteroides may

form an important part of the adherent bacterial 'barrier'

population which is thought to prevent colonisation and invasion of

the mucosa by overt pathogens. In support of this idea Miller

and Bonhoff (1963) showed that when indigenous bacteroides in the

intestine of mice were killed with antibiotics, the susceptibility

of the animals to experimental infections with salmonellae was

greatly increased.

2.2 Bacteroides species in the mouth.

The gingival crevice and dental plaque are the principal sites

of colonisation by Gram-negative anaerobic bacilli in the mouth.

(Socransky and Manganiello, 1971; Hardie and Bowden, 1974). In

several studies of the oral microflora, the presence of bacteroides

organisms/...
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organisms has been reported but often without detailed character¬

isation of species and subspecies. Bacteroides spp. were found

to form about 4% of the cultivable flora of dental plaque in normal

subjects (Gibbons et al., 1964) and B. melaninogenicus was found to

constitute 4.8% of the cultivable flora of the gingival crevice

(Gibbons, 1974); B. oralis is also isolated from this site

(Loesche et al., 1964). The most detailed study of oral bacteroides

was carried out by Duerden (1980bj. He examined 188 isolates of

Bacteroides species and the Fusobacterium group obtained from the

subgingival plaque of 20 healthy adults without periodontal disease

(Table lib). Organisms of the B. melaninogenicus/oralis group

constituted 68% of the isolates: the commonest species were B. oralis

(42%), B. melaninogenicus ss. melaninogenicus (26%) and ss. intermedius

(17%). B. oralis was isolated from all subjects and at least one

strain of B. melaninogenicus was isolated from 18 of the 20 subjects.

Only eight strains of the B. fragilis group were isolated and it was

suggested that these represented transient carriage.

2.3 Bacteroides species in the vagina.

It should be noted that the vagina is not a single environment

and the bacterial flora differs accordingly: the flora of the lower

vagina is related to that of the perineum and introitus and is

different from that of the cervix and fornices (Duerden, 1980 c).

This lower vaginal flora may be regarded as faecal contaminants

rather than normal inhabitants (Willis, 1977). Also, the composition

O f/o ..
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TABLE lib; Identification of 188 gingival isolates from 20 subjects

Number of isolates
Species ,

(and group total)

B. fragilis group (9)
B. fragilis 7

B. thetaiotaomicron 2

B. melaninogenicus/oralis group (128)
B. melaninogenicus ss. melaninogenicus 33

ss. intermedius 22

B. bivius 3

B. disiens 7

B. oralis 53
B. oralis group (unidentified) 4

B. ruminicola 6

Asaccharolytic group (10)
B. asaccharolyticus 1

Non-pigmented non-saccharolytic spp. 9

Fusobacterium group (39)
F. polymorphum 12

Fusobacterium spp. 17

L. buccalis 10

Bacteroides spp. (unidentified) (2)

TOTAL 188

[from Duerden (198OJb) ]



16.

of the vaginal flora may be affected by age, the menstrual cycle

and pregnancy (Willis, 1977).

Several studies have shown that bacteroides commonly form

part of the normal vaginal flora. In an early study, B.melanino-

genicus was isolated from the vagina of 80% of 35 normal women

(Burdon, 1928). Gorbach et al.- (1973) found that Bacteroides

species were the commonest anaerobes isolated from the cervix of

healthy women and that B. oralis and B„ fragilis group species were

the most frequent isolates, with B, capillosus and B, melaninogenicus

also recovered. The results of a study by Duerden (1980c) are

shown in Table lie. He recovered Bacteroides species from the

cervix and vaginal fornices of 65% of 20 normal healthy women.

This figure correlates with the carriage rate of 65% reported by

Sanders et al. (1975) and 57% found by Gorbach et al.(1973). As

shown in Table lie, the predominant Bacteroides species were members

of the B. melaninogenicus/oralis group which represented 78% of the

isolates. The commonest species in this group were the B. bivius/

disiens complex (42%), B. melaninogenicus ss. intermedius (22%) and

ss. melaninogenicus (16%). Very low numbersof B. fragilis group

organisms were recovered which contrasts somewhat with the results

of Gorbach et al. (1973) described above.

The investigations outlined in this section have generally

indicated a distinct distribution of Bacteroides species in the body.

B. fragilis group organisms predominate in the lower gastrointestinal

tract, with asaccharolytic species also present in significant

numbers/...
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TABLE lie; Identification of vaginal isolates from 13 subjects

Number of isolates
Species , , i_ i \(and group total)

B. fragilis group (6)
B. distasonis 1
B. vulgatus 3
B. thetaiotaomicron 1
B. splanchnicus 1

B. melaninogenicus/oralis group (88)
B. melaninogenicus ss. melaninogenicus 14

ss. intermedius 19
B. bivius 16

B. bivius/disiens 21

B. oralis group (unidentified) 1

B. oralis 10

B. ruminicola

Asaccharolytic group (16)
B. a saccharolyticus 9
Non-pigmented non-saccharolytic spp. 7

Bacteroides spp. (unidentified) (3)

TOTAL 113

[from Duerden (1980£)]
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numbers. The predominant bacteroides in the mouth and vagina

belong to the B. melaninogenicus/oralis group, but the importance

of the various species within the group differs in the two

environments.
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3. BACTEROIDES SPECIES IN INFECTION

3.1 Introduction.

In recent years there has been a general awakening to the

relevance of anaerobes in human infections. Development of simple,

effective technology for anaerobic cultivation, emphasis on careful

and rapid specimen handling and an increased awareness by clinicians

and microbiologists have contributed to the high frequency of

anaerobes recovered from a variety of infections.

The Bacteroidaceae, together with the anaerobic cocci, are

recognised as the most frequent cause of anaerobic bacterial disease

(Willis, 1977). The data presented in Table III indicate the

prominent position of the Bacteroides group among the pathogenic

anaerobes and their prevalence has been emphasised by several groups

of workers (Moore et al., 1969; Martin, 1974; Holland et al., 1977).

The following factors are usually associated with bacteroides

infections:

1. The infections are endogenous and their source is the normal

flora of the patient.

2. Infection is commonly initiated in the vicinity of the normal

habitat and is usually due to a breach.of the integrity of

the mucous membrane that is colonised.

3/..
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TABLE III: Common anaerobes from 450 cases of anaerobic infection

(adapted from Phillips etal., 1980)

Bacteroides
B. fragilis 200
B. asaccharolyticus 1 69
B. thetaiotaomicron 58
B. ovatus 22

B. vulgatus 15
B, bivius 14
B. mela ninog enicu s 14
B. oralis 1 2
Other 26
Unidentified 59
Total 589

Fusobacterium
F. nucleatum 44
F. necrophorum 10
Other 5
Unidentified 35
Total 94

Veillonella 8

Selenomonas 1

Peptostreptococcus anaerobius 83
sp 34

Peptococcus prevoti 71
a saccharolyticus 31
sp 4 2

Unidentified Gram-positive cocci 76

Eubacterium limosum 13
Other 6

sp 17
Propionibacterium 1
Actinomyces israeli . 1

Other 2

Bifidobacteria 3

Clostridium perfringens 43
Other 32

sp 41

sp = species

t
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3. Characteristics of infections include tissue damage, cell

necrosis and/or abscess formation and the production of

foul-smelling pus.

This section of the introduction offers only a brief account

of the involvement of bacteroides in infections. Several reviews

have appeared on the subject including those by Balows et al. (1974),

Gorbach and Bartlett (1974<a, 1974fc>), Finegold (1977) and Willis

(1974, 1977).

3.2 Importance of B. fragilis.

Bacteroides fragilis is consistently the commonest species

isolated from bacteroides infections. It should be noted that in

many reports prior to the late 1970's, clinical isolates were

identified as B. fragilis without further identification to subspecies

level. As discussed in Section 1, the five former subspecies have

now been raised to species rank and are collectively known as the

B. fragilis group. Therefore, in effect, the term B. fragilis has

often been used in the past to refer to what is now called the

B. fragilis group. B. fragilis now refers exclusively to the type-

species of the group (formerly B. fragilis ss. fragilis).

Although the above situation has led to some confusion, several

investigations have firmly established that B. fragilis is the most
i

common species of the B. jragilis group isolated from all types of

infection (Holdeman et al., 1977; Werner, 1974; Jones and Fuchs,

1976/...
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1976; Holland et al., 1977; Phillips et al., 1980). The data of

Phillips et al. and Holland et al. are shown in Tables III and IV

respectively. B. fragilis is associated with a wide range of

infections, but is most commonly isolated from intra-abdominal

sepsis, infections of the female genital tract and bacteraemia

(Lindberg et al., 1979). The other B. fragilis group species are

usually isolated from intra-abdominal infections and B. thetaiota-

omicron is next in clinical prevalence to B, fragilis.

B. thetaiotaomicron and B. vulgatus significantly outnumber

B. fragilis in the normal colonic flora; there has therefore been

considerable interest in finding virulence factors associated with

B. fragilis that might explain its greater pathogenic potential (see

Section 7).

3■3 Intra-abdominal infections.

These infections are usually a result of contamination of the

abdominal cavity with organisms from the large bowel and may be due

to any condition that interferes with the integrity of the lower

gastro-intestinal tract, including: appendicitis, diverticulitis,

inflammatory bowel disease, malignant disease, perforated ulcer,

accidental trauma and gastro-intestinal surgery (Willis, 1977).

Typically, the initial event is either localised or generalised

peritonitis; if the patient survives early peritonitis, localisation

of the infection leads to formation of abscesses. The most common

anaerobes isolated, either singly or together, are B. fragilis,

the/...
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TABLE IV: Species of the B. fragilis group isolated from 153

clinical specimens obtained between 1965-1974 (adapted

from Holland et al., 1977)

B. fragilis group species Number isolated

B. fragilis 44

B. thetaiotaomicron 27

B. distasonis 10

B. vulgatus 4

B. ovatus 1

No good fit 13

Total 99
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the anaerobic cocci and Clostridia (Gorbach and Bartlett, 1974a).

Also, a mixture of facultative and obligate anaerobes is usually

present. There is also considerable evidence that the obligate

anaerobes in mixed infections are important, if not instrumental,

in the pathogenic process (Gorbach, 1982).

Anorectal suppurative infections such as perianal and perirectal

abscesses are also usually mixed infections, with B, fragilis and

anaerobic streptococci (and sometimes B. melaninogenicus) most

often involved (Willis, 1977). Anti-anaerobe agents such as

metronidazole offer effective prophylaxis in preventing post-

gastrointestinal surgery sepsis.

3.4 Infections of the female genital tract.

Anaerobes have been shown to have a major role in a variety of

female genital tract infections. As in intra-abdominal sepsis,

B. fragilis is the commonest bacteroides isolate but there is a

much higher incidence of B. melaninogenicus infections. There are

also occasional isolations of B. oralis and B. capillosus (Gorbach

and Bartlett, 1974a/. Bacteroides have been isolated from some

vulvovaginal infections (Thadepalli et al., 1973; Willis, 1977) but

have their major importance in uterine and pelvic sepsis. Such

infections include endometritis and pyometra, pelvic abscess,

puerperal sepsis, septic abortion and post-operative infection

(Duerden, 1979). Most pelvic infections involve a mixed flora

which may often be complex. Gorbach and Bartlett (1974a/ have

stated/...
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stated that evidence favoursobligate anaerobes as the predominant

pathogens in most serious pelvic infections.

3.5 Bacteraemia■

Anaerobes appear to be responsible for 8 to 11 per cent of

bacteraemias (Gorbach and Bartlett, 1974b) and the predominant

isolates are bacteroides. Bacteroides bacteraemia is almost

invariably a complication of some pre-existing anaerobic sepsis,

most frequently abdominal and pelvic infections. B. fragilis is

responsible for most bacteroides bacteraemias (Felner and Dowell,

1971; Wilson et al., 1972; Chow and Guze, 1974). In these studies

species differentiation within the B. fragilis group was not carried

out, but the prevalence of B. fragilis in abdominal and pelvic

infections indicates that it was probably the most common isolate.

Mortality statistics for anaerobic bacteraemia are consistently

25 to 35 per cent (Gorbach and Bartlett, 1974b).

3.6 Oral infections.

B. melaninogenicus and the fusobacteria are the commonest

members of the Bacteroidaceae associated with infections of the

mouth, with some reports also of B. oralis infections (Bartlett and

Finegold, 1972). B. fragilis group organisms, which are not
i

normal commensals of the mouth, are seldom involved.

Acute ulcerative gingivitis (Vincent's stomatitis) is generally

regarded/...



regarded as a synergistic anaerobic infection involving Fusobac-

terium nucleatum and Borrelia vincenti; however there is evidence

that oral bacteroides, in particular B. melaninogenicus, are an

important component of the infection and may be the more specific

cause of gingival damage (Kaufman et al., 1972; Hardie, 1974).

B. melaninogenicus has also been described as a co-pathogen in some

actinomycotic abscesses (Hardie, 1974).

Putrid infections of the mouth are usually caused by bacteroides

or peptostreptococci and also may be mixed infections with anaerobes

and facultative anaerobes. Such infections, characterised by

putrid odour and frank pus, may be the result of dental manipulations,

accidental trauma or may be associated with gingival abscesses

(Finegold et al. , 1976).

Periodontal disease is a chronic inflammatory disease which

results in the destruction of the supporting structures of the

teeth (Kagan, 1980). The primary aetiology of the disease is

thought to be bacterial and both B. gingivalis and B. melaninogenicus

ss. intermedius are implicated. B. gingivalis in particular, is

one of the predominant species isolated from acute periodontal

disease (Slots, 1977). However, the relative contribution to

pathogenesis of the various bacterial species associated with peri¬

odontal disease remains to be uncovered.

i

3.7 Other infections.

Bacteroides infections of the lungs and pleura are commonly

diagnosed/...



diagnosed in America but there are few reports of such infections in

Great Britain (Collee, 1979). The predominant isolates have been

B. melaninogenicus and B, oralis (Bartlett et al., 1974). Successful

diagnosis of anaerobic infections of the lungs is probably due to

examination of specimens obtained by percutaneous transtracheal

aspiration or lung biopsy; such specimens are rarely examined in

Great Britain.

Bacteroides infections of the head and neck include chronic

otitis media, mastoiditis and chronic infections of the sinuses.

These infections may be caused by bacteroides from the oral cavity

and pharynx, but B, fragilis is also commonly isolated (Frederick and

Braude, 1963; Finegold, 1977).

Anaerobes are the bacteria responsible for most brain abscesses

and the organisms usually found are peptostreptococci, fusobacteria

and bacteroides (Finegold et al., 1976). B. fragilis is the

commonest bacteroides species isolated and B, melaninogenicus has

been recovered with lower frequency (Ingham et al., 1977a). These

two species have also been isolated from bone and joint infections;

such bacteroides infections are infrequent and are usually complica¬

tions of bacteraemia or result from extension of a soft tissue

infection.
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4. THE GRAM-NEGATIVE CELL ENVELOPE

4.1 General

The cell envelope of Gram-negative bacteria is a multilayered

structure as shown in Figure 1. Electron microscopy of thin

sections typically shows (working outwards from the cell):

1. The plasma or cytoplasmic membrane appearing as a unit

membrane of three layers.

2. A thin densely staining layer of peptidoglycan»

3. An outer membrane appearing as a second unit membrane.

The area between the inner and outer membranes in which the

peptidoglycan resides is referred to as the periplasmic space or

zone.

Often associated with the cell envelope are extracellular

structures such as a capsule, flagella and pili. The latter two

components have never been reported on B. fragilis and will not be

discussed here. However, some aspects of bacterial capsules are

considered in the last part of this section.

Cytoplasmic membrane. The cytoplasmic membrane, or inner

membrane, has the structure of a typical biological membrane,

comprising a phospholipid bilayer interspersed with proteins. In

addition to integral proteins built into the bilayer, other proteins

may/...
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OUTER MEMBRANE/'(1j
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INNER MEMBRANE

GRAM-NEGATIVE CELL ENVELOPE

Fig. 1; Schematic diagram of the Gram-negative cell
envelope (adapted from Costerton et al., 1974).
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may be associated with the inner or outer aspects of the membrane

(Costerton et al■, 1974). This membrane is of great functional

importance to the cell, housing the systems for active transport

of nutrients and energy coupling. It also provides the matrix for

the synthesis of major wall components such as lipopolysaccharide

and peptidoglycan (Kadner and Bassford, 1978), and is also important

in the processing and translocation of outer membrane proteins

(DiRienzo et al., 1978).

Periplasmic space. This area can be described as an enzyme-

containing compartment of the cell bounded on one side by the cyto¬

plasmic membrane and on the other side by the outer membrane

(Costerton et al., 1974). It contains a group of hydrolytic enzymes

involved in phosphate, nucleotide and sugar degradation as well as

binding proteins which are involved in transport of specific

metabolites across the cell wall. The extent to which such peri¬

plasmic components may be associated with the outer aspect of the

cytoplasmic membrane or the inner aspect of the outer membrane is

uncertain (Costerton et al., 1974; Rogers et al., 1980). The

periplasmic space also contains the various wall components in

transit to their structural locations.

Peptidoglycan-1ipoprotein complex. The peptidoglycan layer

of Gram-negative cells is generally 2-10 nm thick. Compared with

peptidoglycan from Gram-positive bacteria, there is much less

cross-linking between glycan strands resulting in a relatively open

molecular/...
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molecular structure (Rogers, 1970). This layer has an important

role in the maintenance of cellular shape and integrity.

In 1969, Braun and Rehn reported a lipoprotein covalently

linked to the peptidoglycan layer in E. coli. The complete

chemical structure of the molecule, which contains 58 amino acids

and 3 fatty acid residues, has been elucidated by Braun and co¬

workers (Braun, 1975). The lipoprotein has also been found to

exist free in the outer membrane unattached to peptidoglycan

(Hirashima et al., 1973). The total number of bound (peptidoglycan-

associated) and free lipoprotein molecules makes it numerically the

most abundant cellular protein in E. coli (DiRienzo et al., 1978).

It appears that the lipoprotein is associated with the outer

membrane bilayer by its fatty acid components and that the peptido-

glycan-bound form serves to anchor the outer membrane to the

peptidoglycan layer (DiRienzo et al., 1978). It is uncertain if

part of the lipoprotein is exposed at the cell surface, but in whole

cells of E. coli strains with defective LPS structures it does react

with anti-lipoprotein antibodies (Braun et al., 1976). Lipoprotein

has been found to exist in various species within the Entero-

bacteriaceae and seems to be heterogeneous from species to species.

A lipoprotein has also been purified from Pseudomonas aeruginosa

(Inouye, 1979).

4.2 The outer membrane.

This structure has an overall thickness of about 7.5-8.0 nm.

Its/...



Its basic structure is a lipid bilayer conposed of phospholipids

with lipopolysaccharide (LPS) at its outer aspect and it has a rich

protein content. This membrane has a primary role in controlling

the interaction of Gram-negative bacteria with their environment

and its structure and functions have been extensively studied in

the last fifteen years or so. Recent general reviews on the outer

membrane have included the book 'Bacterial outer membranes' edited

by Inouye (1979) and a review by Nikaido and Nakae (1979).

The following subsections briefly cover the isolation, structural

organisation and functions of the outer membrane and some aspects of

the LPS and protein components.

Isolation. An important feature of the design of methods

for isolation of outer membranes has been to obtain preparations

free of cytoplasmic membrane components.

In 1968 Miura and Mizushima introduced a method in which E. coli

spheroplasts were prepared by treatment of cells with lysozyme -

EDTA: after peptidoglycan hydrolysis by the lysozyme, outer membrane

remains associated with the spheroplasts. They were then

osmotically lysed and membranes were separated by equilibrium

sucrose density gradient centrifugation. Three bands were obtained

in the gradient: morphological and biochemical evidence indicated

that the lower more dense band consisted of outer membrane, the

upper band of cytoplasmic membrane and the middle band a mixture of

the two. The outer membrane was thought to band at a higher density

because/...
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because it contains much more carbohydrate and possibly more protein

than the inner membrane. Osborn et al. (1972) applied the

procedure to S. typhimurium and modified it such that loss of LPS

from the outer membrane was negligible. They confirmed by several

tests that the heaviest band obtained on the gradient was an outer

membrane preparation with only 2-3% contamination with cytoplasmic

membrane components. In the production of lysozyme-EDTA spheroplasts

some of the outer membrane is preferentially shed and may be directly

obtained by centrifugation after removal of spheroplasts (Mizushima

and Yamada, 1975).

Ames et al. (1974) separated membranes by the method of Osborn

et al.(1972) and examined the sucrose gradient fractions by sodium

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The

fractions corresponding to the heavy outer membrane showed a small

number of predominant polypeptide bands with a background of many

lesser staining bands. The cytoplasmic membrane fractions, however,

showed a very large number of bands, all of which stained to a more

uniform intensity. Sekizawa and Fukui (1973) obtained similar

results with the original Miura and Mizushima (1968) method.

Another method of preparation was developed for E. coli and

S. typhimurium by Schnaitman (1970a). Intact cells were directly

disrupted in a French pressure cell and the outer-membrane-peptido-

glycan complex was separated from the inner membrane by equilibrium

density gradient centrifugation.

Both/...



Both the Osborn and Schnaitman procedures have been successfully

used for isolation of outer membranes from such non-enteric

bacteria as Neisseria gonorrhoeae (Johnston and Gotschlich 1974;

Walstad et al., 1977) and Pseudomonas aeruginosa (Hancock and

Nikaido, 1978).

Purified outer membrane preparations have also been obtained

by methods based on selective solubilisation of cell envelopes

with detergents. Schnaitman (1971) treated cell envelopes of E. coli

2+
with the non-ionic detergent Triton X-100 in the presence of Mg

which resulted in the complete solubilisation of the inner membrane

whilst the outer membrane retained its structure. However,

significant amounts of phospholipid and LPS were lost. An ionic

detergent, sodium-lauryl sarcosinate (Sarkosyl) was found to

2+
produce a similar effect in the absence of added Mg (Filip et al.,

1973).

Mild methods based on the destabilising effect of EDTA on the

outer membrane have been used to isolate outer membrane vesicles

from whole cells. Such methods have most often been used to study

outer membrane antigens. Zollinger et al.(1972) treated cells of

Neisseria meningitidis with EDTA at 60° C for 30 min followed by

mild shearing by passage through a syringe needle. This process

separated outer membrane vesicles from the cells; apart from some

outer membrane disruption the cells appeared intact in thin sections.

The vesicles, or outer membrane complex, were collected by

centrifugation/...
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centrifugation and were found to be composed of protein, LPS, lipid

and capsular polysaccharide. Similar approaches have been used to

obtain outer membrane complex from P. aeruginosa (Sadoff and

Artenstein, 1974) and Bacteroides species (Kasper and Seiler, 1975;

Poxton and Brown, 1979)„ Zollinger et al. (1972) found also that

outer membrane vesicles are shed from N. meningitidis during growth

and can be collected from culture supernates.

In studies of N. gonorrhoeae, outer membrane complex has been

released from cells by shaking at 45° C with lithium acetate and

EDTA (Johnston, et al„, 1976) or with lithium acetate alone (Heckels,

1977).

Structural organisation. Studies, mostly carried out on EL_

coli and S. typhimurium, have shown that marked asymmetry exists

in the bilayer structure of the outer membrane. Lipopolysaccharide

appears to be located exclusively in the outer leaflet of the bilayer

and phospholipid predominantly in the inner leaflet (Nikaido and

Nakae, 1979). Freeze-fracture of cells allows visualisation of

the contours of membrane surfaces by electron microscopy; fracture

planes through the outer membrane bilayer can occur, exposing the

inner (hydrophobic) surfaces of the individual leaflets. Such

studies have revealed that the inner surface of the outer leaflet

is densely filled with particles which seem to represent protein-
i

LPS complexes (Nikaido and Nakae, 1979).

Incubation of cells with the chelating agent EDTA destabilises

the/...



the membrane and can cause release of predominantly LPS from E. coli

(Leive, 1965) and LPS-protein complexes from P„ aeruginosa (Rogers

2+
et al., 1969). The divalent cations such as Mg that are removed

by EDTA neutralise and form bridges between the anionic groups on

LPS and acidic proteins: in the absence of these cations strong

repulsive forces are probably set up between the anionic groups which

become stronger than the cohesive hydrophobic interactions in the

bilayer (Nikaido and Nakae, 1979). The formation of outward

swellings or blebs in the outer membrane have been reported in

several species and this may also be due in part to electrostatic

repulsion at the surface. Bleb formation may be a response to

certain limiting growth conditions as with E. coli or P. aeruginosa,

or may occur under apparently normal growth conditions as with

N. meningitidis (Devoe and Gilchrist, 1973).

Based on several investigations of a small number of entero-

bacteria, Nikaido and Nakae (1979) have estimated that 41% and 59%

of the outer membrane outer surface is covered by LPS and proteins

respectively and that 53% and 47% of the inner surface is covered

by phospholipids and protein respectively.

Outer membrane functions. The outer membrane is a selective

permeability barrier which excludes hydrophilic substances above a

certain size from the cell. It also prevents the entry of a wide

range of hydrophobic molecules and helps to retain active proteins

in the periplasmic space. This barrier function protects bacteria

which inhabit the gut from bile salts and is a major reason for the

marked/.„.
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marked resistance of Gram-negative bacteria to many antibiotics.

The membrane contains proteins which form non-specific pores for

diffusion of low molecular weight substrates across the membrane.

There are also proteins responsible for the specific uptake of

certain metabolites and adsorption of bacteriophages and colicins.

Lipopolysaccharide and outer membrane proteins are also important in

the interaction of commensal and pathogenic bacteria with the host.

4.3 Lipopolysaccharide.

Lipopolysaccharide (LPS) is a major structural component of

the Gram-negative outer membrane and has been extensively studied

since the 1940's. Lipopolysaccharides of medically important

bacteria and in particular members of the Enterobacteriaceae family,

have received most attention. The great interest in LPS developed

because of two major properties inherent in the molecule: the

capacity to exert a wide range of biological effects in man and

animals, collectively termed endotoxicity, and also possession of

important heat-stable (0-) somatic antigens. The molecule is also

a receptor for phages and bacteriocins.

The lipid portion of LPS, termed lipid A, is the endotoxic

component. It serves to anchor LPS through lipophilic interactions

in the outer leaflet of the outer membrane and contributes
i

structurally to the bilayer. The polysaccharide portion possesses

the O-antigenic determinants and may extend outwards as far as 150 nm

from/o...



from the cell surface (Shands, 1966). The study of lipopoly-

saccharides has been facilitated by the discovery of mutant strains

(rough or R-mutants) that only produce LPS with inconplete poly¬

saccharide moieties (R-form LPS) (Kabir et al., 1978). The intact

LPS produced by wild-type (smooth) strains is often referred to as

smooth or S-form LPS (Wilkinson, 1977).

Isolation. Lipopolysaccharide exists in the outer membrane as

part of an insoluble complex (Wilkinson, 1977) but has been extracted

in water-soluble form by various procedures. In early studies on

enterobacteria, a complex antigen with endotoxic activity was

extracted with trichloroacetic acid (TCA) (Boivin and Mesrobeanu,

1935): this extract consisted of protein-lipid-lipopolysaccharide

complexes. Other methods of extraction have included treatment of

cells with dimethyl sulphoxide (Adams, 1967) , aqueous ether (Ribi

et al., 1959), aqueous EDTA (Leive and Morrison, 1972) and aqueous

sodium chloride-sodium citrate (Raynauld et al,, 1973). Most of

these methods also isolate other outer membrane components and LPS

may be bound to protein as in the TCA extraction. In 1952

Westphal et al. introduced an extraction method which is effective

in obtaining LPS almost free of protein and which has become the

standard way to prepare purified intact LPS from bacteria. The

procedure consists of extracting dried bacteria with hot (65-68° C)

aqueous phenol: on codling the mixture separates into an upper

(aqueous) layer and a lower (phenol) layer. The aqueous phase

contains LPS, nucleic acid and other polysaccharides if the latter

are/...



are present in the bacteria. Lipopolysaccharide can be removed

from the mixture by high speed (100,000 g_) centrifucation. Lipo-

polysaccharides of certain species such as Xanthomonas campestris

and Yersinia enterocolitica are relatively hydrophobic and have been

found to remain in the phenolic layer (Wilkinson, 1977). R-form

LPS is more hydrophobic than the S-form molecule and is more

efficiently extracted with a phenol-chloroform-petroleum ether

(PCP) mixture at room.temperature (Galanos et_al,, 1969).

Chemistry and structure. The most complete structural analyses

have been carried out on lipopolysaccharides from Salmonella species

and E, coli. However, there is an accumulation of data on the

structure and chemistry of lipopolysaccharides from other genera

within and without the Enterobacteriaceae. Detailed reviews on

chemistry and structure of LPS include those by Luderitz et al.

(1966) and Wilkinson (1977).

Lipid A is covalently linked to the polysaccharide moiety,

which comprises two regions termed the core oligosaccharide and the

0-specific polysaccharide. The chemical structure of the LPS from

Salmonella typhimurium is shown in Figure 2.

Abe GlcNAc Gal Hep ©-©-EtN KDO-©-EtN
4 4 4 4 4 4

[Man *Flha ♦Galln->Glc-*Gal *Gic-»-Hep^Hep-*KDO-KDO-Lipid A

4 side chains—♦ *— core f "P'd A +
(O-Antigens)

Fig. 2: LPS from Salmonella typhimurium
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0-specific side chain. This region consists of repeating

oligosaccharides which often contain uncommon sugars and in which

the 0-antigenic determinants reside. R-form lipopolysaccharides

do not possess this region, having only lipid A and all or part of

the core oligosaccharide. The relationship between antigenic

specificity and chemical structure in the 0-specific region has been

worked out in detail for Salmonella species and also E. coli and

Shigella strains. The components commonly found in the 0-specific

side chain are hexoses, N-acetylated hexosamines, deoxyhexoses,

dideoxyhexoses and often ester-linked 0-acetyl groups. The number

of oligosaccharide repeat units varies from less than 10 to greater

than 30.

Core oligosaccharide. The core is structurally a more constant

unit than the 0-antigen: it has essentially the same structure in

all S-form lipopolysaccharides from Salmonella, but differences in

core structure exist between strains of E. coli and also between

Shigella strains (Wilkinson, 1977). The major sugar constituents

of the core in Salmonella and many other enterobacteria are glucose,

galactose, N-acetylglucosamine, peptose and the eight carbon sugar

2-keto-3-deoxyoctonic acid (KDO). Heptose and KDO are distinctive

components of enterobacterial LPS, but members of several genera

outside the Enterobacteriaceae lack one or both of these sugars.

Lipid A. The general stucture of lipid A is similar in a

range of Gram-negative strains (Kabir et al., 1978). It consists of

a/...
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a glucosamine disaccharide unit substituted with long-chain fatty-

acids and phosphates and sometimes ethanolamine. Variation in lipid

A structure between bacteria is often due to differences in fatty

acid composition.

4.4 Outer membrane (OM) proteins.

The majority of outer membrane proteins are exposed at the

outer surface of the membrane (Nikaido and Nakae, 1979) in keeping

with their various physiological functions. The technique of sodium

dodecvlsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) has

been a valuable tool in analysing the protein composition of the

outer membrane. Several SDS-PAGE analyses of E. coli OM proteins

have identified a small number of polypeptides present in large

quantities, representing major proteins, and a larger number of

polypeptides present in small amounts designated as minor proteins.

One class of major proteins in E. coli and S. typhimurium, the

matrix proteins, are characterised by their tight association with

the peptidoglycan layer. They form a hexagonal lattice layer on the

outside surface of the peptidoglycan in E. coli and extend upwards

through the outer membrane to the cell surface. These proteins

have a major role as passive diffusion pores for small hydrophilic

molecules (DiRienzo et al., 1978). Another major protein of E. coli,
i

tol G, is also exposed at the cell surface and has a role in F-pilus

mediated/...



mediated conjugation and as a phage receptor (DiRienzo et al.,

1978). About 10-20 minor proteins are also found in the outer

membrane and these have important functions such as specific uptake

of nutrients and as receptors for phages and colicins (Inouye, 1979).

Comparisons of the SDS-PAGE QM protein profiles have been used

to examine relationships between and within Gram-negative species,

particularly with regard to serogroups or serotypes. The technique

has also been used to characterise important protein cell surface

antigens and virulence factors (see later sections).

Schnaitman (1970b) compared the PAGE profiles of envelope

proteins from five Gram-negative species (Shigella sonnei , P. aeruginosa,

Proteus vulgaris, Xanthomonas sinensis and Neisseria catarrhalis)

with that of E. coli. There was considerable variation in the

profiles produced by different species but all the species possessed

only one or a few predominant proteins. The mobilities of some of

the major proteins were very similar in different species. Sadoff

and Artenstein (1974) analysed the outer membrane proteins of 7 LPS

immunotypes of P. aeruginosa by SDS-PAGE. The patterns, of major

protein bands were identical for 6 immunotypes and very similar in

the remaining immunotype. This work indicated a consistency in

the OM protein profiles in strains with diverse LPS antigens.

Similarly there was little difference in the OM protein profiles of

12 Salmonella strains representing 5 different serogroups (Sippel

et al., 1978). Poxton and Brown (1979) investigated eight species

of/...



of the Bacteroides genus and found that different strains within

a species had very similar SDS-PAGE OM protein patterns, whereas

the patterns produced by the different species were readily

differentiated.

Studies on the pathogenic Neisseria species have indicated

that in this genus, considerable diversity of PAGE profiles may

occur even within a species. Frasch and Gotschlich (1974) found

that whilst strains of group B meningococci had major OM proteins

of similar size, the overall PAGE patterns of different strains

were too diverse for recognition on this basis. However, 100

strains of group A meningococci had characteristic PAGE profiles,

showing 3 major proteins of identical molecular weight (Sippel and

Quan, 1977). Johnston et al. (1976) grouped 167 strains of

N. gonorrhoeae into 8 distinct groups based on differences in OM

protein PAGE profiles. The major difference between groups was

the subunit molecular weight of a major protein which was present

in all strains.

4.5 Capsular polysaccharides

General Many bacteria produce a layer external to the cell

envelope, termed the bacterial capsule. Capsules are highly

hydrated and are usually polysaccharide in nature.

The capsular polysaccharides (often referred to as exopoly-

saccharides) vary in their physical form and degree of association

with/...



with the cell. They may form a discrete layer in close association

with the cell surface, visible as halos surrounding the cells in the

light microscope by negative staining with India ink (Duguid, 1951).

However, many bacteria produce copious amounts of extracellular

slime that is not fixed to the cell surface and diffuses freely in

the culture medium (Luderitz et al., 1968). Capsular material may

not be visible by light microscopy, but can be detected by serological

methods, in which case it is often referred to as a microcapsule.

Slime is frequently produced by bacteria that simultaneously

produce discrete capsules. The capsule and slime from strains of

klebsiella were shown to be of identical chemical composition by

Wilkinson et al. (1954).

Exopolysaccharides are mostly polyanionic and the negative

charge is conferred by hexuronic acid, sialic acid and aminohexuronic

acid components; negatively-charged non-carbohydrate components

such as phosphate, pyruvic acid or succinic acid are also frequently

found.

Polyanionic material stains with ruthenium red, which is used

for visualisation of capsules in electron microscopy (EM) of thin

sections. However, the capsule dehydrates during preparation for

EM and typically, coarse electron-dense fibres are formed that

condense down onto the bacterial surface. Cross-linking of the
i

exopolysaccharide with divalent agents such as specific antibodies
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or lectins can reduce shrinkage during EM preparation (Costerton

et al., 1981).

Costerton and co-workers have introduced the term bacterial

glycocalyx to refer to any polysaccharide-containing component

outside the cell wall (Costerton et al., 1981). The term is

particularly applied to the extensive exopolysaccharide matrix

associated with many bacteria in their natural environment.

Production in vitro. Capsule production in vitro is influenced

by the growth conditions and composition of the growth medium.

Variation in these parameters often influences the thickness of the

capsule produced, although this may also vary between strains.

Good capsule production is favoured by a high ratio of carbohydrate

to nitrogen in the growth medium (Duguid and Wilkinson, 1953).

Factors such as growth temperature, ionic concentration and whether

the growth medium is solid or liquid also influence capsule

production. Therefore cultural conditions can be chosen that

restrict capsule production or alternatively, that greatly stimulate

production (Luderitz et al., 1968). Repeated subculture of

encapsulated bacteria may result in loss of production of capsule,

which is usually not necessary for normal growth in vitro.

Isolation. Methods developed for the isolation of capsular

polysaccharide usually involve removal of capsule from the cells by

agitation, ranging from gentle stirring to homogenisation in a

blender/...



blender. After removal of cells by centrifugation, the exopoly-

saccharide can be obtained by precipitation with organic solvents

such as ethanol or acetone. The cationic detergent cetavlon has

frequently been used to precipitate acidic exopolysaccharides out

of crude preparations: this method enables neutral and acidic

polysaccharide mixtures to be resolved (Luderitz et al., 1968) since

neutral compounds do not precipitate.

Exopolysaccharides can be either homopolysaccharides (containing

a single monosaccharide) or heteropolysaccharides (usually containing

2 to 6 monosaccharides in repeat units). Both types of polymer may

consist of linear molecules or may possess some degree of branching

(Sutherland, 1977). There is great variety in the chemistry and

structure of exopolysaccharides and this subject is covered in detail

in the review by Sutherland (1977). Neutral hexoses, 6-deoxyhexoses

amino sugars and uronic acids are common constituents of exopoly¬

saccharides as are non-sugar residues of phosphate, 0-acetyl, formyl,

pyruvyl and succinyl groups.

Functions. Bacterial exopolysaccharides have an important role

in the survival and persistence of organisms in their natural habitat

Bacteria have been observed to grow in glycocalyx-enclosed micro-

colonies in a number of natural environments, including man and

animals (Costerton et al., 1981). The cells of the microcolony

remain associated by means of the extensive exopolysaccharide matrix

which also often sticks them to surfaces, allowing successful

colonisation and persistence (see also Section 8). Capsules also

appear/...
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appear to protect cells against desiccation and antibacterial agents

such as surfactants, O-specific phages and bacteriocins (Luderitz

et al. , 1968; Costerton et_ al. , 1981).

The capsular polysaccharide constitutes an important virulence

factor for some pathogens by enabling them to resist phagocytosis.

This effect seems to be due, in part, to the negative charge and

hydrophilicity of capsular polysaccharides, which prevent a close

contact between the bacteria and the phagocyte (Jann and Jann, 1983).

Pathogenic organisms in which presence of capsule prevents phago¬

cytosis include E. coli, S. typhi, Haemophilus influenzae and

Pseudomonas aeruginosa (Mims, 1977). Capsules may also confer

resistance to the bactericidal action of complement, but both this

effect and the antiphagocytic effect are removed in the presence of

specific anti-capsular antibodies: these antibodies act as opsonins

for the phagocytes and for the complement system (Jann and Jann,

1983).

Group B meningococci and E. coli K1 are both major causes of

bacterial meningitis. Both contain a capsule consisting of polysialic

acid, and glycopeptides containing polysialic acid have been isolated

from normal human brain tissue. These glycopeptides were found to

be immunochemically similar to the capsular antigens: it was

suggested that this similarity resulted in immunological tolerance

to the invaders and therefore constituted a pathogenic factor in

meningitis (Finne et al., 1983).



48.

5. CELL SURFACE ANTIGENS OF GRAM-NEGATIVE BACTERIA.

All the major structures exposed at the surface of the Gram-

negative cell may have a role as antigens. These components

include appendages such as flagella and fimbriae, capsules, poly¬

saccharide side chains of LPS and outer membrane proteins.

Cell surface antigens of enterobacterial species have been the

most widely studied, although considerable interest has also been

shown in those of the other major pathogenic groups (e.g. Pseudo-

monas , Neisseria and Bacteroides species).

In this section, after a short description of some serological

techniques, the widely studied enterobacterial polysaccharide

antigens are discussed. This is followed by some aspects of outer

membrane protein antigens.

5.1 Serological techniques.

Reference to various serological techniques will be made in

this section and in section 6 of the Introduction and therefore a

very brief account of some of the widely used methods is useful

at this stage. Many of the techniques have been summarized in

more detail by 0rskov and 0rskov (1978).

Bacterial agglutination. This can be defined as clumping

of bacteria caused by a specific antiserum reacting with cell

surface/...
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surface conponents. The clumping occurs due to antibodies forming

bridges between the cells. For diagnostic purposes, agglutination

can be simply and rapidly carried out on a slide to identify a

bacterial isolate. However, agglutination in tubes or trays over

a longer incubation time is more reliable. The Kauffman-White

scheme for serotyping of salmonellae (see Section 5.2) is an

extensive classification based on agglutination reactions. Such

refined typing schemes require a set of highly specific test

antisera - that is, antisera directed against single or a limited

number of antigenic determinants. Such antisera can be prepared

by absorption with suitable antigens (see below).

Absorption of antisera. Absorption involves incubating an

antiserum with an antigen-in order to remove antibodies that react

with the antigen. Thus, absorption of an antiserum with one or

several cross-reactive antigens renders it more specific for the

homologous strain. In C-antigen typing of salmonellae, highly

absorbed antisera can be prepared that are directed against only

one O-antigenic determinant.

Indirect haemagglutination. The principle of this technique

is that erythrocytes can absorb certain polysaccharides onto their

surface, including lipopolysaccharides and capsular polysaccharides

((2rskov and 0rskov, 1978). Specific reactions of these absorbed

polysaccharide a.ntigens with antiserum is detected by agglutination

of the red cells.

Gel/.
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Gel precipitation. In one of the most widely used gel precipi¬

tation techniques (double diffusion), described by Ouchterlony (1958),

antigen(s) and antiserum are introduced into different wells of an

agar gel; they diffuse towards each other and visible bands of

antibody/antigen (Ab/Ag) precipitate form at the junction of their

diffusion fronts. Crude bacterial extracts or relatively pure

antigen preparations can be analysed by this method. Several wells

containing different antigens can be positioned round a single anti¬

serum well and the interaction of different Ab/Ag precipitates

yields information on cross-reactivity of the antigens; the

visualisation of cross-reactions is similar to immunoelectrophoresis

(see Fig. 3).

Immunoelectrophoresis. This is a powerful technique for

analysis of complex mixtures of antigens. Different antigenic

components of a bacterial extract can be placed in agarose gel and

separated in an electric field according to electrophoretic

mobility. After separation, the electric gradient is discontinued

and antiserum is introduced into an adjacent trough; immuno-

precipitates then form as in double diffusion (Figure 3).

origin

Fig. 3: Immunoelectrophoresis [Adapted from Davis et al.
(1973a)].
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A further development of immunoelectrophoresis, termed crossed

Immunoelectrophoresis (CIE), was introduced by Laurell (1966) and

is described in detail under 'Materials and Methods' in this thesis.

Counter-current iminunoelectrophoresis (CCIE) . This technique

has been particularly effective for the rapid detection of antibody

reactions with capsular polysaccharides. In a gel subject to an

electric field, acidic polysaccharides move towards the anode, while

precipitating antibodies move towards the cathode (0rskov and 0rskov,

1978). Antigen and antibody can therefore be filled into two wells

close to each other in the direction of the current, such that they

meet at high concentrations and precipitate in a narrow area between

the wells.

Immunofluorescence. This technique is of value in the rapid

identification of bacteria in infected material. Fluorescent groups,

e.g. fluorescein, are coupled to antibody molecules which retain their

specificity. When the labelled antibodies bind specifically to

cell surface antigens, the cells fluoresce brightly when viewed in

an ultra-violet light microscope.

Other important serological techniques include the enzyme-

linked immunosorbent assay (ELISA) and electroblot transfer, both

of which are described in the 'Materials and Methods' and 'Results'

in this thesis.

5.2 0-Antigens and enterobacterial common antigen.

O-Antigens/...



O-Antigens. The term O-antigen refers to the highly heat-

stable polysaccharide chain of the LPS molecule. As discussed

previously, this O-polysaccharide consists of a chain of repeating

oligosaccharide units that extend outward from the cell surface.

Antisera that are specific for O-antigen can be raised by immunizing

animals with boiled cells. Boiling usually removes or denatures

other cell surface antigens; however, some capsular antigens, for

example in Klebsiella or some E. coli strains, may be highly heat

resistant (/rskov and 0rskov, 1978).

In the Kauffmann-White scheme for classification of Salmonella,

O-specific antisera have been used in an agglutination test to

divide members of the genus into around 40 0-groups. The groups

are distinguished by differences in strongly reacting major 0-

determinants (Davis et al., 1973a). Additional sub-divisions withi

a group are made on the basis of minor O-determinants and further

differentiation into serotypes is on the basis of flagellar (H-)

antigens. Other enterobacterial genera such as Escherichia,

Shigella and Klebsiella have also been classified on the basis of

0-antigens.

The repeat units of O-polysaccharides contain sugars in

distinctive combinations and it is the constituents and structural

arrangement of the units that determines 0-antigenic specificity.

Detailed reviews on the chemical and structural basis for 0-antigeni

specificity include those by Luderitz et al. (1966, 1968) and Jann

and/...
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and Westpbal (1975); only some basic principles are discussed below.

Each individual determinant centres round a single sugar, termed

the immunodominant sugar, and extends along the polysaccharide over

regions of different lengths. It is the immunodominant sugar that

contributes most to serological specificity. The diagrams in

Figure 4 illustrate some principles of O-antigenic specificity.

Figure 4a shows that the immunodominant sugar may be terminal or

within the polysaccharide chain. Figure 4b shows the presence of

three distinct repeating determinants in an S. typhimurium 0-antigen.

Figure 4c illustrates how small differences in linkages between

sugars in a determinant result in different antigenic expression

and therefore totally unrelated specificities (Jann and Jann, 1977).

This shows that structurally very closely related polysaccharides

can differ antigenically.

The sugar abequose (Fig. 4b) is one of a group of dideoxyhexoses

found in salmonellae and some other enterobacterial O-antigens.

In salmonellae, these unusual compounds are the immunodominant

sugars in major group-defining determinants (Davis et al. , 1973a^).

Non-carbohydrate residues such as 0-acetyl can also be important

constituents of O-determinants, for exarrple 2-0-acetylabequose in

determinant 5 of S. typhimurium.

Rough (R) mutant LPS devoid of the polysaccharide side chain

loses its O-specificity, but a new R-specificity determined by

the/...
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Fig. 4; Diagrams of antigenic determinants on the 0-side
chains of LPS from a) Salmonella newington b)
S. typhimurium (each determinant is represented by
an 0-factor number) and c) S. typhi (12^), S.
typhimurium (1 ) and S. illinois (34).
(Adapted from Jann and Jann, 1977).
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the structure of the core region appears (Jann and Jann, 1977).

Enterobacterial common antigen. An antigen common to almost

all members of the Enterobacteriaceae family was described by Kunin

et al. in 1962. The antigen is referred to as enterobacterial

common antigen (ECA) and is localised in the outer membrane.

Experiments with ferritin-labelled anti-ECA antibodies have estab¬

lished that ECA is surface exposed (Rinno et al. , 1980; Acker et al.,

1982).

The ECA can be isolated by phenol/chloroform/petroleum

extraction of the aqueous phase obtained from a phenol water extract

(Mannel and Mayer, 1978). In wild-type enterobacterial strains,

the antigen exists in a haptenic or free form that is non-immunogenic.

The immunogenic form is restricted to a few R-mutants of E. coli or

Shigella (Kuhn et al., 1981), in which it is linked to the R-

lipopolysaccharide core (Kiss et al., 1978).

Chemical analysis has shown the ECA to be a linear polymer of

N-acetyl-D-glucosamine and N-acetyl-D-mannosaminuronic acid units,

partially esterified by palmitic and acetic acid (Mannel and Mayer,

1978).

5.3 Capsular antigens.

As discussed in section 4.5, bacterial capsules are usually

acidic polysaccharides and are therefore negatively charged. The

exposed/...



exposed extracellular location of capsular polysaccharides (CPs)

renders them important cell surface antigens.

In early agglutination studies of E. coli, capsules were found

to mask the O-antigens, interfering with their serological detection.

The capsules themselves were immunogenic in these studies, giving

rise to anti-capsular (K) antibodies.

Systematic immunoelectrophoretic (IE) analyses of E. coli 0 and

K antigens were developed by 0rskov and 0rskov (1972) and 0rskov et al.

(1971). In spite of the many 0 and K specificities in different

E. coli strains, only 4 typical IE patterns were obtained when a

large number of strains were tested against homologous antisera

(Fig. 5a). In pattern (i), the neutral-charge 0-antigen is seen

to the right of the well (cathodic movement due to endosmosis). The

acidic K polysaccharide has migrated towards the anode due to its

negative charge. These K antigens of high electrophoretic mobility

are found to be of low molecular weight (<50,000 daltons), to have

a high charge density and to form thin, patchy capsules. Pattern (ii)

in which the CP shows low electrophoretic mobility, is produced by

strains with thick, copious capsules. These CPs are found to be

of high molecular weight (>150000-200000daltons) and low charge

density.

Pattern (ii) is also produced by strains found to possess 2

distinct LPS molecules: one containing a neutral homopolysaccharide

(cathodic arc) and the other an acidic heteropolysaccharide (anodic

arc/...
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with different 0 and K antigens; (b) Repeat unit
of the K12 antigen; (c) Repeat unit of the K29 antigen.
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arc). The acidic LPS is found as a somatic antigen and also in a

high molecular weight extracellular form.

Strains exhibiting pattern (iii) possess a neutral LPS and no

K antigen. Antigenic pattern (iv) is representative of strains

without a K-antigen that possess an acidic O-antigenic side chain:

part of the acidic 0-side chain may be present in an extracellular

high molecular weight form. The E. coli strains exhibiting pattern

(iv) closely resemble Shigella dysenteriae and Shigella boydii.

The CPs of high electrophoretic mobility are found in many

0-groups. Their high negative charge is due to acidic sugar

components or phosphate substitution. Also, the sugars 2-keto-3-

deoxyoctonic acid (KDO) and N-acetyl neuraminic acid (NeuNAc)

frequently occur, both of which are relatively uncommon in poly¬

saccharides. Previously, KDO was only known to exist in the core

of LPS molecules. The repeat unit of the K12 antigen is shewn in

Figure 5b. Lipid moieties (phosphatidic acid) have also been

demonstrated in several of these CPs, linked to the terminal KDO

by a phosphodiester bridge. The K92 antigen of E. coli and the

CPs of Neisseria meningitidis groups B and C are homopolysaccharides

of NeuNAc and all contain phosphatidic acid moieties. The role of

these lipid groups is not known, but they may serve to associate

the CPs with the outer membrane (Jann and Jann, 1983).

k

High molecular weight (low electrophoretic mobility) acidic

polysaccharide antigens of B. coli are restricted to a few 0-groups.

The/...
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The properties of these K antigens resemble those of Klebsiella

species. The charge on these molecules is mainly due to hexuronic

acids, although pyruvyl groups may also be present (Jann and Jann,

1983). An example of a high molecular weight CP is K29, the

repeat unit of which is shown in Figure 5c.

K1 ebsiella species produce well-developed capsules and are

divided into over eighty serotypes based on capsular (K) antigens.

In contrast to the diversity of K-antigens produced by klebsiellae

there are relatively few O-antigenic specificites. Serogrouping

of Neisseria meningitidis strains is based on capsular polysaccharide

antigens as is the serotyping of Haemophilus influenzae.

The structural basis for immunological specificity of capsular

polysaccharides follows the same principles that apply to the 0-

antigens, as discussed above briefly, and in more detail by Jann and

Jann (1977). However, detailed knowledge of the antigenic

determinants of most capsular polysaccharides is lacking.

The K-antigens of E. coli have been reviewed in detail by Jann

and Jann (1983) and the capsular antigens of Gram-negative bacteria

were reviewed by Luderitz et al. (1968).

5.4 Outer membrane protein antigens.

Interest in common antigens within a bacterial group, genus or

species has led to studies on the antigenic properties of outer

membrane/...
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membrane (OM) proteins. Attention has turned to the OM proteins as

possible components of vaccines against Gram-negative infections:

the diversity of 0- and K-antigens within a genus or species, together

with the endotoxicity of LPS, often makes these components unsuitable

for this purpose. In some cases, OM protein antigens are important

in serological typing and also in throwing new light on taxonomic

relationships.

The OM proteins of Neisseria gonorrhoeae are important in the

serological grouping and typing of this organism. An enzyme-

linked immunosorbent assay (ELISA) was used to show that the antigenic

structure of the major OM protein I varied between strains and that

the organisms could be serotyped according to these differences

(Buchanan and Hildebrandt, 1981). Tam et al. (1-982) produced a
I

series of monoclonal antibodies that reacted with different antigenic

determinants on protein I species. Strains of gonococci were

divided into groups according to the different specificities of the

monoclonals.

In another study, gonococcal OM proteins were transferred from

polyacrylamide gels to nitrocellulose membrane and reacted with

monoclonal antibodies directed against OM protein III (Western or

immunoblot transfer). This technique showed that OM protein III

contained an antigenic moiety common to diverse strains of gonococci.

Also, the antibodies reacted with protein III in the outer membrane of

whole cells, indicating that the antigenic determinants were surface

exposed/...
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exposed (Swanson et al., 1982). Common antigenic determinants on

OM proteins from diverse gonococcal strains may be potentially useful

in development of a vaccine against gonorrhoea.

As previously discussed, Sippel and Quan (1977) showed that

there was marked similarity in the SDS-PAGE profiles of group A

meningococcal OM proteins. Zollinger and Mandrell (1980) showed

that whilst group A strains may share a common principal outer

membrane protein, they can be typed on the basis of antigenic

differences between other outer membrane proteins. Similarly,

group B meningococci have been subdivided into 15-18 serotypes on

the basis of their outer membrane proteins (Hoff and Frasch, 1979).

In considering suitable antigens for vaccination against

Pseudomonas aeruginosa, Hancock et al. (1982) reported that mono¬

clonal antibodies could detect OM protein antigens that were common

to strains from 17 different LPS-serotypes.

Antigenic cross-reactivity of major OM proteins from a wide

variety of Enterobacteriaceae species has been investigated by

SDS-PAGE/crossed Immunoelectrophoresis (CIE) (Hofstra et al., 1980)

and the SDS-PAGE gel immunoperoxidase (SGIP) technique (Hofstra and

Dankert, 1980). All test enterobacterial strains contained one

or more peptidoglycan-associated OM proteins that were cross-reactive

with the peptidoglycan-bound (matrix) protein of E. coli. The

strains also all contained one non-peptidoglycan-bound protein

cross-reactive with protein II of E. coli. These cross-reactions

did/...
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did not occur with strains of 5 non-Enterobacteriaceae species. The

results indicated that there are common OM protein antigens in the

family Enterobacteriaceae and that the common determinants were

independent of molecular weight variations of the corresponding

proteins in different strains.



6. THE CELL SURFACE OF BACTEROIDES SPECIES

Electron microscopy of thin sections of a range of Bacteroides

species has shown them to possess a typical Gram-negative cell wall

structure, often with capsular material present (Kasper and Seiler,

1975; Mansheim and Kasper, 1977; Woo et al., 1979; Okuda et al.,

1981; Poxton and Ip, 1981).

Studies on the bacteroides cell surface have mainly concentrated

on its antigenic properties. Potential benefits to be derived from

studying cell surface antigens include:

(I) Development of serological methods for the rapid identification

of bacteroides organisms in clinical specimens. A reliable

time-saving expedient such as an immunofluorescence assay

(IFA) or counter-current immunoelectrophoresis (CCIE) to

identify bacteroides in clinical material could provide the

clinician with prompt valuable information within only a few

hours of specimen submission. This would benefit clinical

assessment and management.

(II) Development of methods to detect antibodies to bacteroides in

the blood of infected patients. Alternatively, to be able

to detect bacteroides antigens in the blood. Such methods

could rapidly confirm clinical suspicion of the role of

these organisms in an infection, and back up cultural findings.

(III)/...
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(III) Serotyping schemes that could uncover the antigenic diversity

of the Bacteroides genus. The patterns produced could be

compared with the established taxonomic parameters. Also,

determining the role of certain serotypes in infection might

disclose a link between antigenic structure and virulence.

(IV) Insight into the structural arrangement of the cell envelope

by immunochemical investigation of cell surface components.

The cell surface antigens have mostly been studied either by

detailed chemical and immunochemical analysis of isolated outer

membrane components or by general schemes which establish the sero¬

logical relationships within the genus. Although each type of

study enhances the other, it is convenient to discuss them

independently and also to consider the B. fragilis group (BFG)

separately from the other Bacteroides groups.

A. THE B. FRAGILIS GROUP

6.1 Detailed Analysis of Outer Membrane Components.

Strategies for the investigation of the bacteroides outer

membrane have mainly been based on methods previously employed for

other Gram-negative bacteria. Lipopolysaccharide, capsule and

outer membrane proteins, already shown to be important surface
i

components of other Gram-negative bacteria, have received most

attention.

6.1a/...
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6.1a Lipopolysaccharides of the B. fragilis group.

Lipopolysaccharide (LPS) was first purified from a strain of

B. fragilis by Hofstad and Kristoffersen (1970), by aqueous phenol

extraction followed by ultracentri fugation. The purified substance

lacked heptose and 2-keto-3-deoxy-octonate (KDO), which are con¬

stituent sugars of most LPS molecules isolated from aerobic Gram-

negative bacteria. The extract contained glucosamine, galactosamine,

glucose, galactose, fucose, rhamnose and traces of mannose. The

same sugars were detected in isolated outer membranes of the same

B. fragilis strain (NCTC 9343), with the exception of glucosamine,

by Cherniak et al. (1979). Hofstad and Kristoffersen also showed

that the endotoxic potency of the extract was low.

Hofstad (1975) showed that purified LPS from 3 strains of

B. fragilis possessed the same sugars, but in different relative

amounts. The ability of these preparations to sensitize sheep

red blood cells to agglutination by specific antisera raised to B.

fragilis was demonstrated.

Hofstad (1976) also purified LPS from the water phase of an

aqueous phenol extract of B. fragilis NCTC 9343 by column chromato¬

graphy rather than ultracentrifugation. The method was designed to

eliminate contaminating glucans brought down by ultracentrifugation

and also to find out if precipitating antigens in LPS preparations

were 0-antigens, or perhaps contaminating carbohydrates distinct

from LPS. Antigenic material was separated from protein and

nucleic/...



nucleic acid by gel filtration of the water phase on a Bio-Gel

A-15M column. Further chromatography on DEAE-cellulose and hydroxy-

lapatite was performed: LPS was detected in eluted fractions by

its capacity to sensitize erythrocytes to haemagglutination (HA)

by B. fragilis antiserum, and also by its ability to inhibit this

reaction. Precipitating antigens with no erythrocyte-sensitizing

or HA-inhibiting capacity were successfully separated from non-

precipitating, erythrocyte-sensitizing, HA-inhibiting antigens with

endotoxic properties. It was concluded that LPS had been

purified from other carbohydrate antigens, the properties of which

were investigated further (Hofstad, 1981) (see 'Capsules of the

s group' section).

In a later study, it was shown that the non-O-antigenic

precipitating antigens detected in the water phase also contaminated

LPS that had been removed from the water phase by ultracentrifugation

(Hofstad, 1982). The LPS preparations were first treated with 1%

acetic acid and the acid-soluble polysaccharide component was

fractionated by gel filtration on Bio-gel P-60. Four distinct

precipitating antigens were detected in a high molecular weight

fraction eluted at the void volume: this fraction showed no

erythrocyte-sensitizing activity and was concluded to be non-O-

antigenic. Erythrocyte-sensitizing O-antigenic material was of

lower molecular weight and did not contain precipitating antigens.
t

The sugars found in each fraction are listed in Table V (Page 74).

Several/...



Several workers have demonstrated precipitating antigens in

B. fragilis LPS purified by aqueous phenol extraction of dried

cells followed by ultracentrifugation of the water phase (Kasper,

1976a_; Hofstad, 1977; Meisel-Mi kola jczyk et al. , 1981). The

above studies by Hofstad indicated that these precipitating antigens

are due to the co-purification of carbohydrates distinct from LPS.

Kasper and Seiler (1975) purified LPS from isolated outer

membranes from a strain of B. fragilis. The outer membranes were

removed from cells by treatment with ethylenediaminetetraacetate

(EDTA) and were purified by ultracentrifugation. They were

dispersed in an LPS disaggregating buffer (containing 0.5% sodium

deoxycholate) and chromatographed on a Sephadex G-100 column. Two

fractions were obtained - one at the void volume, containing

protein and carbohydrate, and a second containing largely carbo¬

hydrate of molecular weight around 1.2 x 10"* daltons. It was

suggested that this second peak, which contained precipitating

antigen, represented disaggregated LPS subunits.

In a further study, LPS was extracted from dried cells by

aqueous phenol extraction and ultracentrifugation and compared with

the 1.2 x 1011 dalton column-purified material. Both extracts had

the same sugar content and the same capacity to disaggregate in

deoxycholate buffer and to spontaneously reaggregate in its absence.

Lack of heptose and KDO and low endotoxicity of both preparations

confirmed the findings of Hofstad and Kristoffersen (1970).

Washing with organic solvents removed most of the lipid associated

with/...



with the molecule, suggesting that B. fragilis LPS possesses a

relatively small lipid moiety (Kasper, 1976a).

Poxton and Ip (1981) purified LPS from a strain of B. vulgatus

by aqueous phenol extraction and ultracentrifugation. The extract

yielded a single, double-peaked precipitin line in crossed-immuno-

electrophoresis (CIE) with antiserum raised against whole,

homologous cells.

6.1b Capsules of the B. fragilis group.

The various analyses of B. fragilis group cell surface carbo¬

hydrates other than LPS have not provided a coherent body of

results, the difficulty often being to relate the work of one group

to that of another.

(i) Investigation of capsules by microscopy. The two main

microscopic techniques used for detection of bacteroides capsules

have been examination of wet India ink mounts by light microscopy

and electron microscopy of thin sections of cells stained with

ruthenium red.

Kasper et al. (1977a_) investigated a number of BFG clinical

and faecal isolates for presence of capsule by the above techniques.

It was shown that all B. fragilis strains tested possessed a

dense capsule around 98% of cells, whereas apart from one B. vulgatus

isolate, other BFG strains were devoid of such a capsule. It

was/...



69.

was concluded that B. fragilis is a capsulate species, whereas other

B, fragilis group species are mostly non-capsulate. Babb and

Cummins (1978), however, showed presence of capsules on a range of

BFG species by wet India ink preparations, and noted that in most

cases, only about 10% or less of the organisms from any one culture

were capsulate. In a more detailed report, Lindberg et al. (1979)

screened nearly three hundred BFG clinical and faecal isolates for

encapsulation. They found 77% of B. fragilis isolates to be

capsulate and that 17% of all the other BFG strains also possessed

capsules. Poxton and Ip (1981) reported a capsulate strain of

B- vulgatus, and a capsulate strain of B. thetaiotaomicron has been

studied by Burt et al. (1978).

Comparison of the various studies is limited because of

variations in the site from which test strains were isolated (e.g.

blood, wound, faeces, etc.). This may have a direct influence on

encapsulation. However, there is much evidence against the

suggestion of Kasper et al. (1977a) that all B. fragilis isolates

are capsulate and that other B. fragilis group species are rarely

capsulate.

(ii) Isolation and immunochemistry of capsules. Kasper and

Seiler (1975) achieved fractionation of B. fragilis outer membranes

by column chromatography in 0.5% sodium deoxycholate, as discussed

above. The void volume material consisted largely of protein and

carbohydrate and appeared to be distinct from LPS', which eluted in

a separate peak. The void volume complex was treated with trypsin

and rechromatographed, leaving the carbohydrate almost free of

protein/...



protein (< 1%) (Kasper, 1976b). It was suggested that this high-

molecular-weight heteropolymer (8 x 10s daltons), composed of 50%

hexose, 25% hexosamine and 5% methyl pentose, was capsular poly¬

saccharide (CP). This purified polysaccharide was antigenic when

reacted with antisera to whole cells of several strains of B. fragilis,

but did not react with antisera raised to other B. fragilis group

species or to B. melaninogenicus antiserum.

In a further study antiserum was raised to the purified

capsule of one B. fragilis strain and reacted in an indirect

immunofluorescence assay (IFA) with over one hundred BFG laboratory

strains, clinical isolates and faecal isolates (Kasper et al., 1977a).

The assay was positive for all the B. fragilis strains and for only

one of the other BFG isolates tested (a B. thetaiotaomicron).

It was proposed that the capsule of B. fragilis may represent a

largely species-specific antigen. The IFA test was further used

to successfully identify B. fragilis cells in clinical specimens

(Kasper et al. , 1979a_).

A recent report by Kasper et al. (1983), however, stated that

complete separation of capsular polysaccharide and LPS had not

been achieved in 0.5% deoxycholate. Successful separation of

these components from the water phase of an aqueous phenol extract

was achieved on a Sephacryl S-300 column containing 3% sodium

deoxycholate. By ELISA-inhibition, it was shown that in contrast

to the previous reports of a species-specific capsular antigen,

the capsular polysaccharides of 2 B. fragilis strains were
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immunologically distinct. However, LPS from these 2 strains

possessed shared antigenic determinants. Nine monosaccharides .

were found in the CP of one strain and six in the other, indicating

a complex structure: it was suggested that this fraction may

represent more than one polysaccharide species. The sugar

compositions of CP and LPS isolated in this study are shown in

Table V (page 74). A unique feature of the CP from strain 9343 was

the presence of both D and L isomers of quinovosamine.

Carbohydrate antigens distinct from LPS have also been

purified from the water phase of an aqueous phenol extract of B.

fragilis NCTC 9343 cells (Hofstad, 1976; Hofstad, 1981). The

extract, which had not been ultracentrifuged to remove LPS was

fractionated on a column of Bio-Gel A-1.5m to separate antigens from

contaminating protein and nucleic acid. The antigenic material was

further fractionated on a column of DEAE-cellulose which retained

erythrocyte-sensitizing antigens (i.e. LPS), whereas other carbo¬

hydrate antigens passed through. This eluted carbohydrate contained

glucosamine, galactosamine, rhamnose, fucose, galactose, glucose and

another sugar (possibly arabinose). Three precipitin lines were

produced in immunoelectrophoresis against antiserum to whole cells

of the homologous strain, indicating the presence of three distinct

antigens. The extract was devoid of phosphorus and fatty acids and

failed to sensitize sheep erythrocytes to agglutination by NCTC
i

9343 antiserum, confirming that these were not O-antigens. The

relationship of the antigens to capsular polysaccharide was deemed

uncertain/...
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uncertain: the same extract from 2 other strains of B. fragilis

failed to cross-react with NCTC 9343 antiserum, indicating that

these were probably not the species-specific capsular antigens

described by Kasper et al. (1977a).

Poxton and Ip (1981), in their study of the immunochemistry of

B. vulgatus outer membrane antigens, isolated capsule from strain

NCTC 10583 by agitation of cells in a Waring blender. Capsule

was purified from the suspending buffer by acetone precipitation

followed by aqueous phenol extraction. The extract produced a single

precipitin line in CIE with antiserum to homologous whole cells.

This precipitin peak was also produced by isolated outer membranes

and was distinct from the peak produced by purified LPS. The line

was not produced by outer membranes from seven other B. vulgatus

strains against NCTC 10583 antiserum, indicating that this was not

a species-specific antigen.

6.1c Outer Membrane Proteins of the B. fragilis group.

Outer membrane proteins of bacteroides have been investigated

by polyacrylamide gel electrophoresis (PAGE). Strom et al. (1976)

examined polypeptide patterns produced by sonicates of whole cells

of several Bacteroidaceae species by discontinuous gradient PAGE.

The banding patterns showed that the technique could distinguish

species, subspecies and even strain differences.

The proteins present in EDTA-released outer membrane conplex

were analysed in SDS (sodium dodecyl sulphate)-PAGE by Kasper and

Seiler/...



Seller (1975). Nine strains of B. fragilis exhibited very

similar polypeptide patterns, whereas there were marked differences

between the patterns of B, fragilis, B. vulgatus, B. thetaiotaomicron

and B. distasonis. Immunodiffusion studies showed that some of

the outer membrane protein was antigenic.

Poxton and Brown (1979) examined the outer membrane proteins

of 40 strains representing 8 species of the B. fragilis group by

SDS-PAGE. Outer membranes were released from whole cells by EDTA-

treatment followed by mild sonication, prior to solubilisation in

SDS. The patterns appeared to be largely species-specific, with

no obvious bands common to the whole of the BFG. The band patterns

of one B. fragilis and one B. uniformis strain differed significantly

from other strains of these species, indicating that strains

indistinguishable by biochemical tests may vary in OM protein

composition. It was concluded that SDS-PAGE combined with a few

biochemical tests could rapidly identify BFG organisms to species

level.

Diedrich and Martin (1981) examined OM protein profiles of 5

BFG species by SDS-PAGE. Isolation of OM proteins from cells by

means of their Triton insolubility was stated to be a qualitative

and quantitative improvement on the EDTA-treatment methods of

Kasper and Seiler (1975) and Poxton and Brown (1979). They also

reported that band patterns may alter significantly in response to

growth in different culture media and suggested that such alterations

may affect sero-identification of BFG organisms.



Authors

Strain(s)

Separationprocedures
Namesofisolatedcomponents andsugarcomposition

Comments

KasperandSeller (1975).

ACTC23745
GelfiltrationofOMconplex (onSephadexG-100)in0.5% deoxycholate.

Highmolecular weightcapsular polysaccharide (HMWCP)

LPS

Latershownthat separationofCPandLPS wasincomplete

Kasper(1976aandb)

(p67,69)

hexose hexosamine methylpentose
hexose hexosamine methylpentose

HMWCP
(23745only)

LPS

(bothstrains)

Kasperetal.(1983)
ACTC23745 NCTC9343
Gelfiltrationofcrude aqueousphenolextract(on SephacrylS-300)in3% deoxycholate.

(p70)

L-fucose D-galactose D-glucose L-quinovosamine L-fucosamine L-rhamnosamine D-glucosamine
3amino-3,6 dideoxyhexose (+alanine)

L-rhamnose D-galactose D-glucose D-glucosamine
Almostconpleteseparation achieved,CPsantigenically distinct;LPSsanti¬ genicallyidentical.

llofstad(1976, 1981)

NCTC9343
Gelfiltrationofcrude aqueousphenolextract(on agarose).Thenchromatography onDEAE-celluloseand hydroxylapatite. (p65,71)

Carbohydrate precipitating antigens

O-antigen LPS

rhamnose fucose galactose glucose glucosamine galactosamine

-

llofstad(1982)
IPLE323

Aqueousphenolextraction, followedbyultracentrifugation. Afterhydrolysiswith1%acetic acid,LPSappliedtoBio-Gel P60column.
(p66)

HMWCarbohydrate
~ precipitating antigens

LPS

LPSwasnotaprecipitating antigen,butwasantigenic (asshownbyHAactivity)

-

rhamnose fucose galactose glucose glucosamine

rhamnose galactose glucose (glucosamine?)
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6.2 Serological Schemes.

Antigenic relationships within the genus Bacteroides have

often been investigated by empirical serological methods. In

such schemes, antisera have usually been raised to whole cells of

particular Bacteroides strains and tested for their reaction to

other strains of the same species and to strains of different

species. A variety of test systems have been employed for this

purpose, including tube agglutination, indirect haemagglutination

(HA), immunodiffusion in agar (ID), enzyme-linked immunosorbent

assay (ELISA) and immunofluorescence assay (IFA). Antigen

preparations have also varied greatly, ranging from well-defined

(e.g. purified LPS) to ill-defined (e.g. heated whole cells).

Beerens et al. (1971) raised antisera to formalinised whole

cells of 2 strains of B. fragilis and one strains each of B. vulgatus,

B. thetaiotaomicron, B. distasonis and B. ovatus. In ID tests,

ultrasonicates of cells of each strain produced 2 or 3 precipitin

lines with homologous antiserum. Only the 2 B, fragilis strains

produced cross-reacting lines. However, several minor cross-

reactions between the 5 species were observed in tube agglutination

tests. Over one hundred strains of the BPG were reacted with the

6 antisera by tube agglutination of boiled cells. The strains

were successfully divided into several serotypes, although some did

not react with any of the sera. Serotype did not correlate with

biotype, in that some serotypes had more than one species, and in

some cases, several species. The B. fragilis antisera reacted

mostly/...



mostly with B. fragilis strains, with B. thetaiotaomicron the

only cross-reacting species.

A serological classification scheme for the species B.

fragilis was produced by Lambe and Moroz (1976). They raised

antisera to 7 strains of B. fragilis and removed all cross-

reactions between the strains by absorbing each serum with whole

cells. None of the absorbed sera cross-reacted with 50 strains

of other BFG species or with strains from the other Bacteroides

groups. Whole cells of 98 B. fragilis clinical and faecal

isolates were reacted in tube agglutination tests with the 7 strain-

specific antisera. All the test isolates reacted with one or more

of the antisera, producing 21 serogroups, 7 of them composed of a

single common antigenic component and 14 containing more than one

component. Boiling of cells did not affect titres indicating the

importance of heat-stable antigens. This work differed from

previous studies (Beerens et al., 1971; Shinjo et al., 1971) in

that absorbed (i.e. more specific) antisera were used, all test

B. fragilis strains reacted with the antisera available and

virtually no cross-reactions occurred with other BPG species.

Serological relationships within the species B. fragilis

have also been investigated by Hofstad (1975, 1977), based on the

0-antigen of LPS. Antisera were raised to whole cells of 3

B. fragilis strains. Crude LPS isolated from each strain was

used/...



used to sensitize sheep erythrocytes to haemagglutination (HA)

by the 3 sera. A series of cross-absorptions and cross-reactions

were performed and it was established that the LPS of each strain

possessed O-antigenic determinants or specificities not shared by

the other strains, also that all 3 strains possessed common 0-

determinants and that any 2 of the strains shared determinants

not present in the third. All antigenicity was destroyed by

periodate treatment of the LPS (Hofstad, 1975). In an extended

scheme, LPS from 15 out of 20 B. fragilis strains reacted in HA

with the 3 sera (Hofstad, 1977). One strain each of B. coagulans

and B. hypermegas shared O-antigenic determinants with B. fragilis,

but LPS from a number of Bacteroides and Fusobacterium species,

including other BFG members, did not cross-react. These studies

revealed that B. fragilis LPS is multispecific in that the 0-

antigen may possess several distinct determinants. Also, strains

may share one or more of these determinants or alternatively may

not cross-react at all.

Abshire et al. (1979) detected heat-stable, non-protein

antigens in hot trichloroacetic acid (TCA) extracts of 10 strains

of B. fragilis. Precipitin lines were observed in ID tests

against antisera raised to formalinised whole cells of the 10

strains. In homologous reactions, some strains produced multiple

precipitins whereas others yielded only single lines. Hetero¬

logous reactions between the 10 strains were complex, with some

sera reacting strongly with several heterologous extracts and

others/...



others showing poor reaction to most heterologous antigens.

Strain-specific antigens and cross-reacting antigens of complete

and partial identity were reported. Several strains of other

BFG species did not react with the B. fragilis sera, except one

strain of B. vulgatus which reacted with 2 sera. Several

species of Fusobacterium also did not react.

Cherniak et al. (1979) purified outer membranes from 5 strains

of B. fragilis by EDTA-treatment of cells followed by high-speed

centrifugation. They examined cross-reactions of the outer

membranes of each strain with the 5 corresponding antisera raised

to formalinised whole cells. Gel diffusion tests yielded a

picture similar to that found by Abshire et al. (1979) with TCA

extracts. Homologous reactions produced one or several precipitin

lines and heterologous reactions were variable. With one

exception, all reactions were destroyed by periodate treatment of

outer membranes, and were not affected by proteolytic digestion.

The importance of carbohydrate antigens was thus indicated and

analysis showed the presence of glucose, galactose, fucose,

rhamnose, glucosamine, galactosamine and traces of mannose. Minor

qualitative and major quantitative variations in sugars existed

between the strains.

Elhag et al. (1977) and Elhag and Tabaqchali (1978ja, 1978b)

investigated serological relationships within the B. fragilis

group, with respect to the heat-stable O-antigens. They raised

antisera/...
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antisera to formalinised whole cells of 20 strains representing

the 5 major species of the BFG. Absorption of sera with cross-

reacting strains produced 20 strain-specific antisera. Boiled

cells from 322 BFG clinical isolates were reacted in tube

agglutination tests with the 20 sera. 41.3% of the clinical

isolates were assigned to a single 0-serotype, 20.5% reacted with

several antisera and the remainder reacted with none. The

variability of reactions made construction of a serotyping scheme

impossible. No correlation between serotype and biotype

existed, as also reported by Beerens et al. (1971).

Landay and Baldwin (1979) prepared antisera to whole cells

of a strain of B. fragilis and a strain of B. thetaiotaomicron.

Reactions with antigens from the homologous strains and another-

B. fragilis strain were investigated by immunodiffusion. Antigens

were prepared by shaking cells with glass beads and collecting the

supernate after centrifugation to remove the cells. The homologous

B. fragilis reactions yielded 5 precipitins, 4 representing heat-

stable antigens. The heterologous strains possessed one identical

and several partially identical antigens. Both B. fragilis

strains shared the heat-labile antigen with B. thetaiotaomicron.

Meisel-Mikolajczyk et al. (1981) purified LPS from 9 clinical

isolates of B. fragilis and 2 of B. thetaiotaomicron. They reacted

the LPS in ID tests with antisera raised to strains representing

6 serotypes of Beerens et al. (1971): LPS from 7 B. fragilis

strains reacted only with antisera raised to B. fragilis and LPS

from/...



from 2 strains reacted with none of the antisera. In each

positive reaction, either one or two precipitin lines were formed,

some showing no identity with those of other strains. These

results confirmed the diversity of B. fragilis O-antigens. The

2 B. thetaiotaomicron strains reacted only with an antiserum to

the same species, each yielding a single identical precipitin

line.

Poxton (1979) developed an ELISA system to study the serology

of Bacteroides species. Antisera were raised to live, whole cells

of strains representing each of the major BPG species* Outer

membrane (OM) complex was released by EDTA-treatment from cells of

17 characterised BFG strains. Reactions were carried out in

microtitre plate wells, to which the OM complexes had been bound.

All heterologous strains of the same type species reacted close

to the antibody titre obtained with the homologous strains. The

number of significant cross-reactions between species was small:

one B, thetaiotaomicron strain reacted with antisera to B. fragilis,

B. distasonis and B. vulgatus. However, cross-reactions between

species reached an end point several antiserum dilutions below the

titres of the homologous reactions, and were easily absorbed out

with whole cells. An extended scheme, in which reactions

involving all nine species of the BFG were studied, produced the

same picture of strong homologous reactions and few significant
i

cross-reactions between species (Poxton et al., 1982). These

studies detected species-specific antigens and therefore showed

correlation/...



correlation between serotype and biotype, unlike the findings of

others (Beerens et al., 1971; Elhag and Tabagchali, 1978b). It

was suggested that the extremely high antiserum dilutions used in

ELISA allowed detection of only very immunogenic molecules. Less

immunogenic components such as LPS, which may be very cross-

reactive, would not be detected.

The requirement for rapid diagnostic tools to detect

Bacteroides organisms in clinical specimens has led several groups

to study-immunofluorescence assays (IFA) as a means of sero-

identi fication.

Stauffer et al. (1975) raised antisera to whole cells of 31

strains of the Bacteroidaceae, 20 of which represented the 5

former B. fragilis subspecies. The others were strains of B.

melaninogenicus, B, asaccharolyticus and a Fusobacterium species.

The antisera were then used in an indirect IFA test on 30 clinical

specimens, from which isolation by cultural methods was also

carried out. There was good correlation between IFA reactions

and identification of isolates by biochemical tests. There were,

however, a few cross-reactions between the BFG species. Polyvalent

pools of the individual sera facilitated a more rapid procedure,

although polyvalent Fusobacterium antiserum stained organisms in

2 specimens from which only B. thetaiotaomicron was isolated. It

was noted that the in vivo morphology of the bacterial cells

detected in direct smears often mimicked that of cellular debris,

tissue cells and leukocytes.

Abshire/...



Abshire et al. (1977) raised antisera to whole cells of 7

strains of B. fragilis and pooled the sera for indirect IFA

evaluation. Twenty-four defined strains of B. fragilis were

reacted in IFA and all gave positive fluorescence at titres ranging

from 32 to 2,048. Boiling of cells for 1 or 2 h prior to

staining did not affect IFA titres, indicating the role of heat-

stable antigens in the reaction. Several species of bacteria

outwith the Bacteroidaceae were tested and gave negative IFA

reactions. Of the heterologous Bacteroides species tested, only

one strain each of B, distasonis and B. vulgatus reacted positively,

but at lower dilutions than the IFA staining titre for B. fragilis

strains. A species of F. necrophorum gave a strong reaction,

which could be removed by absorption with cells of the same strain.

It was suggested that the system could be used to identify

specifically B. fragilis organisms in clinical material.

A commercial fluorescent antibody test kit (Fluorotec) has

been developed for rapid identification of B. fragilis group and

B. melaninogenicus group (BMG) organisms. The kit, which has

been evaluated by 2 groups (Holland et al., 1979; Labbe et al.,

1980) consists of 2 polyvalent FITC-labelled antibody pools - one

directed against BFG members and the other against BMG members.

No details about preparation of the antisera have been published.

Holland et al. (1979) reported that the BFG conjugate detected

100% of B. fragilis and B. thetaiotaomicron stock cultures tested,

whereas only 22% of test B. vulgatus, B. distasonis and B. ovatus

strains/...



strains were positive. Of 45 clinical specimens from which BFG

organisms were cultured, 98% were IFA positive. Of the 146

clinical specimens tested by Labbe et al. (1980), correlation

between culture and IFA for the BFG occurred in 87% of cases. It

was concluded that the Fluorotec reagent was a reliable tool with

only a small margin of error.

Antiserum raised to the purified species-specific capsular

polysaccharide of B„ fragilis and a pooled BFG antiserum were

tested in an indirect IFA on 43 clinical specimens (Kasper et al.,

1979a_). The capsular antiserum was specific for B. fragilis,

and IFA results with both sera correlated well with cultural

findings and gas liquid chromatographic analysis for short-chain

fatty acids. The capsular antiserum was more specific for B.

fragilis than was the pooled antiserum for BFG organisms, in that

it gave less false-positive reactions. Both sera were very

sensitive in IFA, with no false-negative results occurring. It

was proposed that the antisera could be used together in a

diagnostic IFA system.

Grzelak-Puczynska and Meisel-Mikolajczyk (1981) reported a

direct IFA for detection of BFG organisms in clinical material.

Antisera were raised to 6 serotypes of the BFG. Each antiserum

was fluorescein-conjugated and tested in a direct IFA on clinical

specimens from 32 patients, mostly after abdominal surgery. In

all but 2 cases where BFG organisms were identified by culture

and/...
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and biochemical tests, IFA on clinical specimens was positive.

Schwan et al. (1982) investigated indirect IFA reactions

within the species B. fragilis with antisera raised against whole

cells of 9 B. fragilis strains. Formalin-treated, heat-treated

(100° C for 30 min) and autoclaved cells were tested in IFA. The

nine antisera reacted with most of the heterologous strains, with

formalin-treated cells reacting to the same titre or a slightly

higher titre than boiled cells. Strain-specific and cross-

reacting heat-stable and heat-labile antigens were demonstrated.

Also, a non-homogeneous fluorescence, where only a proportion of

cells stained, was noted in many heterologous reactions.

Absorption experiments between selected strains indicated that

heat-labile antigens were associated with the non-homogeneous'

staining. When sera from 2 patients with B. fragilis infections

were tested, they also produced non-homogeneous fluorescence.

An indirect immunoperoxidase (IP) slide method for rapid

identification of B. fragilis was evaluated by Hsu et al., (1979).

Antiserum was raised to a single strain of B, fragilis and

reacted in the IP test with 44 B. fragilis clinical and reference

strains. Ninety-one percent of the test strains reacted positively,

and IP-negative strains were shown to belong to a different DNA

homology group from the positive strains. No cross-reactions

were produced by 35 strains of other Bacteroides species. The

technique was proposed as a suitable alternative to IFA for

diagnostic/...
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diagnostic use: each IP slide is permanent, there is no need for

the U.V. microscope, and little non-specific staining occurs.

Some attention has been paid to the development of methods

for detecting antibody to B. fragilis in the sera of infected

patients. Okubadejo et al. (1978) described a counter-

immunoelectrophoresis (CIEP) method employed for this purpose.

Sera were taken from a healthy control group and from patients

with suspected bacteroides infections. All sera were reacted in

CIEP with antigens prepared by sonication of whole cells of 2 B.

fragilis strains. Less than 2% of the control group sera were

CIEP positive, whereas 56% of the sera from infected patients were

positive. However, of the 44% of infected patients whose sera

were CIEP negative, 61% yielded B. fragilis isolated from lesions.

It was concluded that CIEP could be used for detection of serum

antibodies to B, fragilis, but that negative results were

inconclusive, perhaps because of the limited antigenic spectrum of

the B. fragilis sonicates.

A complement fixation (CF) test was employed by Ross and

Gilmour (1978) to detect successfully a high or rising antibody

titre to B. fragilis in paired sera from patients with infections

after abdominal surgery. B. fragilis had been isolated from the

lesions. However, the study did not identify the strains used

as CF antigen, or the clinical isolates, to subspecies level.

A method has been investigated for the detection of B. fragilis

LPS/...



LPS in serum, utilising an antibody-inhibition ELISA system

(Rissing et al., 1981). Rabbit antiserum was raised to a strain

°f B. fragilis (CDC 5462) and microtitre plates were coated with

purified LPS from the same strain. Test sera were prepared by

adding varying amounts of CDC 5462 LPS to undiluted human sera.

The LPS in test sera was detected by incubating the human sera

with the rabbit CDC 5462 antiserum prior to reacting the rabbit

antiserum in ELISA with the plate-bound LPS. It was found that

the degree of ELISA inhibition was directly related to the serum

level of LPS. In studies with the sera of rats that had been

infected with B. fragilis, the system was found to lack significant

sensitivity or specificity for clinical application.

B. OTHER BACTEROIDES GROUPS.

6.3 Detailed analysis of surface components and serological schemes.

The number of studies on cell surface components or antigens

of groups other than the BFG is limited.

Mansheim et al. (1979) characterised the cell surface antigens

of B. asaccharolyticus; most of the strains studied were oral

isolates and would now be called B. gingivalis. A capsular poly¬

saccharide was demonstrated by ruthenium red staining on all
i

isolates. By the method applied to B. fragilis by Kasper and

Seiler (1975), OM complex was obtained and applied to a gel

filtration/...



filtration column in the presence of deoxycholate (see also Section

6.1b, p 69). As with B. fragilis, a high molecular weight

carbohydrate, and also protein, eluted at the void volume and a

peak of lower molecular weight consisting of LPS was also produced.

Antiserum was raised to the high molecular weight carbohydrate and

this antiserum reacted with 23 test strains of B. asaccharolyticus

in indirect IFA. Strains of B, melaninogenicus ss. melaninogenicus

and ss. intermedius were all IFA negative. The LPS fraction, like

that of B. fragilis, lacked KDO and heptose. It also lacked

3-hydroxymiristic acid and had very low endotoxic potency.

In a later study, Mansheim and Coleman (1980) compared oral

(i.e. B. gingivalis) and non-oral strains of B. asaccharolyticus.

They showed distinct differences in polyacrylamide gel polypeptide

profiles of OM complex. There were also differences in capsular

morphology although all test strains possessed the species-specific

antigen(s) detected by IFA.

Lipopolysaccharides were extracted by the aqueous phenol

method followed by ultracentrifugation from oral strains of B.

melaninogenicus (Hofstad, 1968). The strains were isolated from

the gingival mucosa of adults suffering from periodontal disease;

they were probably therefore either B. gingivalis or B. melaninogenicus

ss. intermedius. As in the study described by Mansheim et al.

(1979) , the LPS lacked KDO and heptose. The sugar components found

were glucose, rhamnose, xylose, glucosamine and galactosamine. The

LPS preparations were shown to be antigenic and to contain both type-
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specific and group-reactive determinants (Hofstad, 1969). In a

later study, Hofstad et al. (1977) showed that LPS could also be

obtained from B. melaninogenicus, B. fragilis and B. oralis by TCA

and EDTA extraction, but negligible amounts were obtained by the

phenol-chloroform-petroleum extraction method.

An ELISA system, already described in Section 6.2 p 80, has

been used to study serological relationships between Bacteroides

species (Poxton, 1979; Poxton et al., 1982). In ELISA, OM complex

from species of the B. melaninogenicus group (BMG) did not cross-

react with antisera raised to BFG or asaccharolyticus group (AG)

species. Several cross-reactions between species within the BMG

occurred; however the cross-reactions reached an end point several

dilutions below the titres of homologous reactions. Some minor

cross-reactions did occur between species of the BMG and the AG.

Marx et al. (1982) isolated a Bacteroidaceae* cross-reacting

antigen (BCA) from diverse species within the Fusobacterium and

Bacteroides genera. The antigen was isolated from the aqueous

phase of an aqueous phenol extract and was identified as an acidic

polysaccharide distinct from LPS. It was shown that the 28 strains

examined synthesised either BCA or LPS. All members of the Bj_

fragilis group tested produced LPS and no BCA.

The commercial Fluorotec immunofluorescence kit (described
i

in Section 6.2 p 82) was found to be reliable in detecting organisms

* The family Bacteroidaceae comprises the genera Bacteroides,
Fusobacterium and Leptotrichia,



of the BMG in clinical specimens although some false positives

occurred (Holland et al., 1977). In the evaluation by Labbe et al.

(1980), correlation between culture of BMG organisms from specimens

and detection by the kit occurred in 81% of cases.

Other investigations of bacteroides cell surface conponents

in relation to pathogenicity are described in the next section.
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7. PATHOGENICITY OF BACTEROIDES SPECIES

Research into the pathogenicity of the bacteroides group has

followed several directions. The marked prevalence of B. fragilis

in infections has focused considerable attention on this one species.

However, much interest has also been shown in the oral bacteroides

strains implicated in the aetiology of periodontal disease.

Approaches to the study of pathogenicity have included develop¬

ment of animal models of infection and also identification of

bacterial virulence factors. Interaction of bacteroides with

phagocytic cells in vitro has also received some attention.

Bacteroides organisms are usually isolated from infections

involving a mixed bacterial population: the contributions of the

different organisms to pathogenesis is often uncertain and this

problem has also been investigated.

This section of the introduction is concerned with the major areas

of interest outlined above.

7.1 Pathogenicity of Bacteroides fragilis: importanceof capsular

polysaccharide.

As discussed previously (under 'Capsules of the B. fragilis

group'), B. fragilis is usually an encapsulated organism. The

study by Lindberg et al. (1979) of 300 B. fragilis group (BFG)

isolates showed that many B, fragilis isolates (77%) were capsulate

whereas/...



91.

whereas a lesser proportion of other BFG isolates (17%) were

capsulate.

The prevalence of capsulate B. fragilis strains has prompted

investigation of the capsule as a possible virulence factor.

Onderdonk et al. (1977) used a rat model of intra-abdominal abscess

(Weinstein et al. , 1974) to compare the pathogenic potential of

encapsulated B. fragilis and unencapsulated strains of other BFG

species (B. distasonis, B. vulgatus, B. thetaiotaomicron).

Implantation of B. fragilis strains into the peritoneum resulted in

intra-abdominal abscess formation in most recipients. The unencap¬

sulated BFG strains seldom produced this effect unless implanted

together with facultative organisms (E. coli or enterococci).

Capsular material from a strain of B. fragilis was purified by the

method of Rasper (1976aO, and implantation of this component in the

absence of viable bacteria caused abscess formation. Heat-killed

B. fragilis organisms also caused abscesses to form. In the same

rat model, it was shown that animals infected with B. fragilis

produced high levels of circulating antibody directed against capsular

polysaccharide. Antibody formation could be induced by implantation

of live or heat-killed organisms, heterologous B. fragilis strains

and various outer membrane complex components that contained

capsular antigen (Rasper et al., 1977bj.

Rats that were immunised with capsular polysaccharide were

protected from intra-abdominal abscess formation and bacteraemia

when challenged with B. fragilis (Rasper et al., 1979t>).

Interestingly/...



Interestingly, protection against abscesses was found to be T-cell

dependent whereas circulating antibody protected against bacteraemia

(Onderdonk et al., 1982). Similarly, in a murine model of intra¬

abdominal abscess formation, immunisation with capsule was also

protective against B. fragilis induced abscesses (Shapiro et al.,

1982). As in the above rat studies, protection appeared to be

largely due to a cell-mediated response.

Capsulate B. fragilis strains were found to adhere significantly

better to rat peritoneal mesothelium than noncapsulate strains of

other BFG species (Onderdonk et al., 1978). The adherence assay

involved attaching plexiglas plates containing 8 mm holes to the

peritoneal mesothelium of anaesthetised rats; cell suspensions were

incubated in the 8mmwells for 30 minutes. After incubation, a

punch biopsy of the tissue in each well was removed; the tissue was

washed and viable counts were done on tissue homogenates. Prior

immunisation with capsular polysaccharide did not reduce the level

of adherenceof B. fragilis. However, pre-incubation of the

mesothelium with capsular polysaccharide did result in a substantial

reduction in adherence.

A.nother important pathogen, Bacteroides asaccharolyticus

also appears to possess a species-specific capsular polysaccharide

(Mansheim et al., 1978) and it has been suggested that it represents

a virulence factor in this species (Mansheim et al., 1979).

7.2 Serum killing and phagocytosis of bacteroides organisms.

Engulfment and killing of bacteria by phagocytic cells is a

primary/...
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primary host defence mechanism against infection. Phagocytosis

is greatly enhanced by opsonisation of the bacteria with immuno¬

globulins and/or complement. Also, serum components may themselves

be bactericidal. Several studies have examined in vitro killing

of bacteroides by serum and by phagocytes.

Interaction of B. fragilis group strains with normal human

serum (NHS) and human polymorphonuclear leukocytes (PMNs) was

studied by Casciato et al. (1975). They reported heat-labile

serum factors that were directly cidal for several test strains and

also promoted phagocytosis and subsequent killing of all test strains

by PMNs. Whilst serum alone was bactericidal for most strains of

faecal origin, it was only effective against one (a B. thetaiota-

omicron) of five blood culture isolates. The four serum-resistant

isolates, which were killed by serum plus PMNs, were B. fragilis

strains. In a further study, seventy-one strains of B. fragilis

group species were tested for susceptibility to serum killing.

Strains of B. fragilis were found to be clearly more resistant to

serum killing than strains of the other BFG species (Casciato

et al., 1979).

Immunoglobulins and components of the alternative complement

pathway in normal human serum were found to participate in

opsonisation of B. fragilis and B. thetaiotaomicron (Bjornson and

Bjornson, 1978). In this study, both immunoglobulins and complement

were required to promote phagocytosis and intracellular killing.

The immunoglobulin opsonins were found to be of the IgM class and

to/...



to be directed against cell-surface antigens that were apparently

strain-specific and present in outer membrane complex. Both the

B. fragilis and B. thetaiotaomicron strains used were capsulate, but

the nature of the strain-specific antigens was unclear (Bjornson

et al., 1980). Unlike the above findings of Bjornson and Bjornson

(1978), Tofte et al.(1980) found that strains of B. fragilis, B.

thetaiotaomicron, B. vulgatus and B. melaninogenicus ss. melanino-

genicus were opsonised by complement via the alternative pathway

alone, without immunoglobulins. However, they showed that opson-

isation involving immunoglobulins and the classical complement

pathway produced optimal phagocytosis and phagocytic killing. B.

fragilis was the only encapsulated strain used, and was equally well

opsonised and phagocytosed as the other strains.

In another study, mice were experimentally infected with B.

fragilis: the resultant immune sera were analysed for their ability

to opsonise in vitro ingestion of B, fragilis by mouse peritoneal

macrophages (Ellis and Barrett, 1982). Immune serum and normal

mouse serum both exhibited opsonic activity, although phagocytosis

was significantly more effective in the presence of immune serum.

Either antibody or complement effectively opsonised B. fragilis but

together they acted synergistically. That this combined effect

was via the classical complement pathway was not confirmed but the

result was similar to that obtained in the system of Tofte et al.

(1980) (see above). Ellis and Barrett (1982) also showed that a

stock strain of B. fragilis was more readily phagocytosed than a

recent/...
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recent clinical isolate in the presence of normal mouse serum.

This suggested a possible anti-opsonic-phagocytic property associated

with the clinical isolate. Whilst it was suggested that the

property may be a greater degree of encapsulation, this was not

investigated.

7.3 Pathogenic synergy.

In the development of animal models of anaerobic sepsis, it has

become apparent that pathogenic synergy may occur between the

different organisms in mixed infections. Several studies have

shown synergy between Bacteroides species and other anaerobic or

facultative bacteria. Demonstration of synergy has usually been

achieved by showing increased virulence of mixed bacterial inocula

compared with inocula containing pure cultures of the component

strains.

Marked pathogenic synergy between B. fragilis and E, coli was

demonstrated in experimental skin wound infections in guinea-pigs

(Kelly, 1978). Small infective doses of pure E. coli or pure B.

fragilis failed to produce inflammation when introduced into the

wounds. However, a mixed inoculation of the two strains produced

striking inflammation with formation of pus.

Hite et al. (1949) produced experimental abdominal infections

in mice and showed that a variety of non-sporing anaerobes, including

bacteroides, exhibited synergistic activity in combination with each

other and with aerobic bacteria. Soeransky and Gibbons (1965)
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inoculated mixtures of oral or intestinal bacteria into the groin of

guinea-pigs and infections were established. When B. melaninogenicus

was eliminated from the inocula, the remaining bacteria in the

mixtures failed to cause infection. However, addition of pure B.

melaninogenicus cultures back into the mixtures restored infectivity.

Most strains of B. melaninogenicus that were studied failed to

produce infection when inoculated in pure culture.

In a model of liver abscess formation in mice, Hill et al. (1974)

injected intraperitoneally single or mixed inocula of B. fragilis,

Fusobacterium species and Peptostreptococcus species. Whilst liver

abscesses did occur after injection of single strains, the severity

of the lesions and the number of test animals with abscesses were

significantly greater with mixed cultures: this synergy was most

pronounced when Fusobacterium necrophorum was mixed with Fusobacterium

nucleatum, B. melaninogenicus and B. fragilis.

The rat model of intra-abdominal abscess formation described by

Weinstein et al. (1974) has improved our understanding of some aspects

of mixed infections of the abdomen, including pathogenic synergy.

In the original method a standardised inoculum of the colonic contents

of meat-fed rats was introduced into the peritoneal cavity of male

Wistar rats. The rats succumbed to a two stage disease, firstly

involving acute peritonitis (with a 37% mortality rate) and secondly,

'development in the survivors of intra-abdominal abscesses (Weinstein

et al., 1975). A further study showed that although many anaerobic

and facultative species were present in the initial complex inoculum,

only/...



only a few species predominated throughout infection (Onderdonk

et al. , 1974). Similar numbers of E. coli, enterococci and B.

fragilis group (BFG) species (not identified) were always present

during the peritonitis stage, which was usually accompanied by E.

coli bacteraemia. However, the major isolates from abscess contents

were BFG and Fusobacterium species with E. coli and enterococci

present in much lower numbers. In an interesting follow-up study

an antibiotic effective against facultative bacteria (gentamycin)

was administered concommitantly with the infective inoculum and

peritonitis was effectively prevented; however, abscess formation

still occurred. In contrast, administration of an antibiotic

(clindamycin) effective against anaerobes did not prevent peritonitis

but inhibited abscess formation in the survivors (Weinstein et al.,

1975). The results of the above studies indicated that coliforms

were probably responsible for peritonitis whereas the Gram-negative

anaerobes caused abscess formation. It was also noted that the

major organisms isolated from the infections reflected those commonly

isolated from similar sepsis in humans.

The possibility of pathogenic synergy in the above rat model was

investigated (Onderdonk et al., 1976). The four major pathogens

(Eo coli, enterococci, B. fragilis group organisms and Fusobacterium

varium) were implanted into the peritoneal cavity singly and in all

possible dual combinations. Degree of pathogenesis was evaluated

by mortality rate and incidence of intra-abdominal abscesses.

Mortality was restricted to recipients of E. coli either alone or in

combination with another organism. This finding implicated coliforms

in/...



in the acute lethality of the rat model. Abscesses failed to form

with any single strain or with E. coli plus enterococci» However,

94% of animals receiving a combination of an anaerobic and a

facultative organism developed abscesses. The results indicated

that intra-abdominal abscess formation is related to synergy between

anaerobic and facultative species. It is worthy of note that the

B. fragilis group organism used in the above study was not identified

to species level and was not investigated for encapsulation. In

a later study (described previously in Section 7.1) Onderdonk et al.

(1977) showed that capsulate strains of the species B. fragilis

caused abscess formation on their own whereas the other B, fragilis

group species generally required E. coli or enterococci to produce

abscesses.

The mechanism of synergy between bacteroides and other bacteria

has not been fully elucidated. However, Ingham et al. (1977b, 1981)

showed that presence of B. melaninogenicus*and B. fragilis impaired

in vitro intracellular killing (but not phagocytosis) of Proteus

mirabilis and other aerobic bacteria. The presence of normal human

serum appeared to be necessary for phagocytic killing since

inhibition of killing was due to interaction of the anaerobes with

heat-labile and heat-stable serum components (Ingham et al., 1981).

Recently, Connelly and Tabaqchali (1983) reported that the
i

inhibiting factor of B. fragilis in the above system is the capsular

polysaccharide: capsule and LPS were purified by the method of

Rasper/...
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Kasper and Seiler (1975) and capsular polysaccharide inhibited

phagocytosis*of Proteus mirabilis whereas LPS did not. Further¬

more, the capsular polysaccharide inhibited the cidal effect of

serum on a serum-sensitive strain of P. mirabilis.

The inhibitory factor associated with B. melaninogenicus is

heat-stable (115° C for 20 min) and cell-associated (Ingham et al., 1979).

This factor could also be capsular polysaccharide, since Okuda and

Takazoe (1973) showed that capsular material from a pathogenic

strain of B. melaninogenicus prevented phagocytosis and phagocytic

killing of Staphylococcus aureus.

Tofte et al. (1980) found that B. fragilis or B. melaninogen¬

icus reduced'phagocytosis of E. coli in vitro by competing for

opsonins and suggested that this may be a mechanism of synergy

in vivo.

The inhibitory effect of B. fragilis on phagocytosis of

facultative organisms in vitro prompted Reznikov et al. (1982) to

investigate the effect in vivo. However, they found that B, fragilis

produced no inhibition of the clearance of E. coli from the

peritoneal cavities of mice.

7.4 Pathogenicity of oral bacteroides.

Investigations into the pathogenicity of oral bacteroides have

most often been concerned with the role of these organisms in

periodontal/...
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et al. (1981), where only intracellular killing was inhibited.
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periodontal disease. Several mechanisms by which B. gingivalis

and B. melaninogenicus may contribute to the disease process have

been suggested.

The pathogenic potential of these species has been demonstrated

in animals: B. gingivalis is overtly pathogenic when injected

subcutaneously into guinea-pigs (Mayrand et al., 1980) and B.

melaninogenicus appears to be an important component of experimental

mixed infections in guinea-pigs (Socransky and Gibbons, 1965) (see

'pathogenic synergy' above).

Strains of B. melaninogenicus have been shown to produce the

tissue-destroying enzyme collagenase (Gibbons and MacDonald, 1961).

Also, there is correlation between production of collagenase by B.

gingivalis and pathogenicity in the experimental guinea-pig model

(Mayrand et al., 1980). Collagen is a major structural component

of the periodontium and much enzyme activity could contribute to

tissue destruction.

Bone resorption is a major consequence of periodontitis and it

has been shown that endotoxin purified from B. melaninogenicus

causes resorption in foetal rat bone tissue culture (Bausmann et al.,

1970). Patters et al. (1982) showed that significant levels of

B. gingivalis antigens are present in the plaque, calculus and

cementum of periodontally involved teeth. They suggested that

these soluble bacterial components may contribute to pathogenesis,

for example by causing bone resorption.

Oral/...
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Oral strains of B. melaninogenicus have been shown to inhibit

in vitro growth of several other bacterial species (Murray and

Rosenblatt, 1976). Possible mechanisms of inhibition include

production of bactericidal fatty-acids and bacteriocins or

depletion of essential nutrients and these mechanisms may contribute

to successful competition in vivo.

Attention has also been given to the importance of adherence

in the colonisation of oral bacteroides. Okuda and Takazoe (1974)

showed that 29 out of 59 B. melaninogenicus strains, isolated from

human gingival crevices, could agglutinate erythrocytes from a

variety of animal species. Fimbrial structures were detected on

the haemagglutinating (HA) strains but were not detected on HA

negative strains. The strains under study were not identified to

subspecies level and therefore probably included B. gingivalis

(formerly oral B, melaninogenicus subspecies asaccharolyticus).

In a later investigation, Okuda et al. (1981) showed that all their

study strains of B. gingivalis, B, asaccharolyticus and B, melanino¬

genicus subspecies possessed numerous pilus-like fibres and capsular

structures. All the strains of B. gingivalis tested possessed

strong HA activity with erythrocytes from 13 animal species and also

strong binding to buccal epithelial cells. Strains of Bc asaccharo-

lyticus (all isolated from non-oral infections or other sites) showed

weak HA activity and did not adhere to buccal epithelial cells.

The B. melaninogenicus strains (oral and non-oral isolates) only

showed strong HA activity with rabbit erythrocytes. Also oral

strains/...
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strains of B. melaninogenicus ss. intermedius were the only B.

melaninogenicus test strains to show some adherence to buccal

epithelial cells. It was suggested that the marked differences in

adherence properties of the different species and subspecies was

attributable to differences in the types of pili or was due to

observed differences in capsular morphology between the strains.

Preparations of pili from B. gingivalis had HA activity, whereas

capsular polysaccharide (extracted with alkali) and LPS showed no

HA activity. This finding strongly implicated pili in the

adherence process. Also, serum and saliva both inhibited adherence

of B. gingivalis to buccal epithelial cells.

A study similar to the above work of Okuda et al. (1981) had

been previously undertaken by Slots and Gibbons (1978). In tests

with human erythrocytes, the latter workers also demonstrated the

marked HA activity of B. gingivalis strains (their terminology -

B. melaninogenicus ss. asaccharolyticus oral strains); strains

representing B. melaninogenicus ss. intermedius and ss. melaninogenicus

were HA negative. However, as found by Okuda et al., all test

species and subspecies possessed pili. Slots and Gibbons also

showed that B. gingivalis and B. melaninogenicus strains attached to

human crevicular epithelial cells (obtained from periodontal pockets)

and to several species of Gram-positive bacteria including species

of Actinomyces and Streptococcus commonly found in the mouth. The

authors suggested that adherence to Gram-positive organisms present

i n/.<■.
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in dental plaque may be important in colonisation of B. gingivalis

and B. melaninogenicus.
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8. SOME ASPECTS OF BACTERIAL ADHERENCE TO TISSUE SURFACES

8.1 General

The ability to adhere to a target tissue in the host has been

widely studied as an important virulence factor for several species

of pathogenic bacteria. Examples include the attachment of

Neisseria gonorrhoeae to human urogenital epithelia; pathogenic

E. coli and Vibrio cholerae to intestinal mucosa; Bordetella

pertussis and Pseudomonas aeruginosa to respiratory tract surfaces.

Interest has also been shown in the role of adherence in the

colonisation and maintainance of the indigenous bacterial flora in

the oral cavity and the gastrointestinal and female genital tracts.

Both aspects of adherence are relevant to Bacteroides organisms, as

they constitute a major component of the indigenous flora and are

also opportunistic pathogens. Costerton and Cheng (1982) have

commented that the mechanisms by which indigenous bacteria adhere

and protect themselves may also be important in establishing an

opportunistic infection at a different site.

Many aspect of bacterial adherence to human and animal tissues

have been investigated. It is therefore necessary to be very

selective in this section and to give priority to general information

of relevance to the bacteroides group. The number of studies

specifically on adherence of bacteroides is limited and these were

discussed in Section 7. Diverse aspects of bacterial adherence to

surfaces/...
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surfaces have been covered in the book 'Microbial adhesion to

surfaces' (Ed. Berkeley et al., 1980). The process of attachment of

a bacterium to a host mucosal surface involves both bacterial

structural components and host derived structures. A variety of

adherence mechanisms are now recognised and these depend on the

nature of the host tissue and on the particular bacterium. The

interactions are generally complex, often involving more than one

adherence mechanism and being influenced by multiple factors in

the microenvironment. Factors that are important in bacterial

adherence to mucosal surfaces include:

1. Specific recognition of ligands (adhesins) on the bacterial

cell surface by receptors on the epithelial cell surface.

In some cases, the nature of the components involved in such

receptor-ligand interactions is understood.

2. The involvement of the bacterial glycocalyx in adherence.

3. The presence of mucus gel at host mucosal surfaces.

Aspects of the above three points will be included in the

remainder of this section.

8.2 Bacterial surface components involved in adherence.

Pili. It has been clearly established that pili (or fimbriae)

are involved in the attachment of certain bacteria to host cells,

the/...
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the most studied examples being N. gonorrhoeae and E. coli. The

pili of N. gonorrhoeae appear to have a role in overcoming

electrostatic repulsion between the negatively charged surfaces of
WoXt

the mammalian and bacterial cells (Wai^d, 1980). The tips of

the pili interact specifically with host cell receptors and this

initial attachment overcomes electrostatic repulsion and allows

further close range attractive forces to occur between the cells.

The type 1 fimbriae of E. coli appear to mediate attachment

to mammalian cells by specific interaction with mannose-containing

glycoproteins at the cell surface (Bagg, 1982). A well-defined

virulence factor of enterotoxigenic E. coli (ETEC) in piglets is

the K88 surface antigen. This protein antigen exists as a thick

external coating of fine, undulate fimbriae and mediates specific

adhesion of the bacteria to the piglet anterior small intestine

(Bagg, 1982). An analogue of K88 is the K99 antigen associated

with ETEC strains in calves and lambs (0rskov et al., 1975). An

antigen with similar adhesive properties, termed colonisation

factor antigen, has been described in human ETEC strains (Evans

et al., 1978).

The role of fimbriae in adherence of some Bacteroides species

was discussed in Section 7. No pili or similar fibrillar structures

have been described on B. fragilis group organisms and therefore do

not constitute an adherence mechanism in these species.

Outer/...
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Outer membrane. The role of the Gram-negative bacterial

outer membrane in adherence to host cells is relatively unclear.

The lipopolysaccharides of ETEC strains and other Gram-negative

bacteria give the organisms a hydrophilic character (Wadstrom et al.,

1980) and the outer membrane of N. gonorrhoeae has been shown to
WoSfc

exhibit hydrophobic regions (ttcmui, 1980). Such hydrophilic or

hydrophobic regions probably contribute to non-specific interactions

with the appropriate groups on host cell surfaces. The outer

membrane protein II of N. gonorrhoeae has an important role in

binding the bacteria to host cells and appears to interact

specifically with host cell-surface carbohydrate receptors (Heckels,

1982).

The bacterial glycocalyx. As discussed previously, the term

'bacterial glycocalyx' describes any polysaccharide-containing

component outside the bacterial cell wall.

Costerton and co-workers regard the growth of bacteria in

glycocalyx-enclosed microcolonies as a universal mode of survival

in a wide range of natural habitats (Costerton et al., 1981). In

competitive natural environments, the glycocalyx appears to protect

microcolonies from various antibacterial agents and physical trauma

and also sticks the bacteria to surfaces and to each other. Such

glycocalyx-enveloped bacteria have been observed associated with

human and animal epithelial surfaces. Uroepithelial cells obtained

from the urine of healthy women were found by transmission electron

microscopy/...
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microscopy (TEM) to be colonised by morphologically heterogeneous

bacteria,, The bacteria were adherent to each other and to the

epithelial cells by a ruthenium red-positive fibrous matrix

(Marrie et al., 1980). Direct TEM examination of post-mortem

lung material from cystic fibrosis patients showed distinct glyco-

calyx-enclosed microcolonies of P. aeruginosa in infected alveoli

(Lam et al., 1980).

In TEM studies of sections of bovine rumen epithelium,

extensive glycocalyces were observed around adherent bacteria,

mediating adherence to the epithelium (Cheng et al., 1977; McCowan

et al. , 1978). These fibrous carbohydrate coats appeared to hold

the bacteria together in microcolonies, and to associate the micro-

colonies with the host epithelial glycocalyx (McCowan et al., 1978).

The lactobacilli that colonise the forestomach of mice and

the crop of chickens are surrounded by a discernible glycocalyx

(Costerton et al., 1981). Adherence of these organisms to the crop

epithelium of gnotobiotic chickens can be markedly reduced by

p.eriodate treatment of the bacteria and is competitively inhibited

by the lectin concanavalin A (Fuller and Brooker, 1974).

The K99 proteinaceous surface antigen of enterotoxigenic

E. coli causing infection in calves mediates adherence of the

organisms to calf intestine, as discussed above. However, it

appears that in K99 negative mutants, polysaccharide capsular

antigen can also mediate attachment and afford a high degree of

colonisation/...
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colonisation (Walker and Nagy, 1982). Possession of both the

K99 antigen and capsular polysaccharide by an ETEC strain allows it

to colonise more effectively than possession of only one of the

components.

The bacterial glycocalyx appears then, to have an important

role in adherence of organisms to epithelial surfaces. The

nature of this interaction with host cell receptors or mucus is,

however, poorly understood. A review of the functions of the

bacterial glycocalyx has been given by Costerton et al. (1981).

8.3 Bacterial association with gastrointestinal epithelia and the

role of mucus in attachment.

Consideration of bacterial association with mucus-covered

intestinal epithelia is of particular relevance to B. fragilis

group organisms, as they constitute a large part of the indigenous

colonic microflora of man. In examining the nature of bacterial

adherence to intestinal epithelium, the influence of the mucus

layer must be recognised.

The mucus materials of mucosal surfaces are of two types:

the first consists of glycoproteins and glycolipids which are

synthesised by the epithelial cells and which form an integrated

glycocalyx at the cell surface; the second typ^e, known as mucus

gel, is secreted by specialised cells (goblet cells) of the mucosa.

Mucus gel consists of large glycoprotein molecules, linked to

various/...
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arious degrees, by disulphide bridges between peptide chains

(Freter, 1982). The mucus gel forms a continuous blanket over

the epithelium, most notably in the respiratory and intestinal

systems: it is moved over the tissue surface by ciliary action

or peristalsis. This 'blanket' may attain a thickness of 400 ym

in the intestine, as measured in hydrated systems by light

microscopy (Costerton and Cheng, 1982).

The role of the mucus gel as a barrier to bacterial binding

or conversely as a specific binding surface has not been fully

elucidated. However, there is considerable evidence to show that

organisms of the indigenous intestinal flora are found associated

with the mucus layer in large numbers. The gel may act as a

matrix for bacterial colonisation through non-specific interactions,

or the glycoprotein constituents may contain specific receptors

for certain bacteria (Freter, 1980). Hartley et al. (1979)

examined biopsies of human colon obtained during colonoscopy from

17 patients. The biopsy material was washed once in saline and

examined by scanning electron microscopy (SEM). Bacteria were

seen associated in large numbers with sheets of mucus that had not

been washed off. However, lesser numbers of bacteria were also

associated with the exposed epithelial cell surface. Biopsy

specimens were also shaken in six changes of physiological saline

and then homogenised. The homogenate was found to contain

considerable numbers of E. coli indicating their close association

with/...
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with the gut wall. One to three E. coli 0-types were isolated

from each specimen, with one 0-type always predominant and

apparently present along the whole length of the bowel. Isolation

of anaerobes was not attempted. In another study, Peach and

Tabaqchali (1982) also obtained specimens of normal colonic mucosa

and prepared sections for histological examination. Large numbers

of bacteria were observed in the mucus layer. Bacteria were

isolated from tissue specimens that had been vigorously washed

twice and then macerated: the colon specimens yielded 106 — 107

bacteria per gram of tissue and proximal and distal sites of the

colon were quantitatively similar. The anaerobe to aerobe ratio

was found to be much less than in faeces and the faecal flora

contained a richer variety of bacteria than- the adherent flora.

The results therefore indicated notable differences in the faecal

flora and adherent flora of the colon.

Nelson and Mata (1970) obtained biopsy specimens from various

sites of the human gastrointestinal mucosa. Histological sections

showed bacteria, often in microcolonies, associated with the mucus

layer in the jejunum, appendix and colon. The colonic mucus

appeared to contain the greatest number of bacteria, which were in

order of frequency: Gram-positive rods, Gram-negative cocci and

Gram-negative rods. Bacteria were successfully cultured from

tissue homogenates of some jejunal specimens and all the appendix

and colon specimens. Homogenates of gastric and duodenal tissue

yielded/...
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yielded no bacteria in culture, unless the patient had a gastro¬

intestinal disease. In a previous study, Plaut et al.(1967)

examined human jejunal biopsies and jejunal lumen fluid. The

predominant microflora cultured from lumen fluid and homogenates

of washed biopsy material consisted of anaerobic streptococci and

lactobacilli. In thin sections of the jejunal mucosa, Gram-

positive cocci and rods were observed adhering to the mucus layer.

The adherent intestinal flora has also been investigated in

mice. Mouse ileum mucosa viewed by SEM showed very large numbers

of bacteria and protozoa associated with a 50-70 urn thick mucus

layer (Costerton and Cheng, 1982). Very few bacteria were

associated with the tissue surface. These authors cautioned that

the mucus blanket with its associated micro-organisms may be

removed during preparation for SEM: in the above study, the mucus

was stabilised by reaction with antibodies to its protein component.

Colonisation of mouse caecal and colonic epithelia have also been

studied by histological thin sections (Savage et al., 1968; Davis

et al. , 1973). In the days following birth, the caecal and

colonic epithelia of mice were colonised by enterococci and coliforms,

which existed as microcolonies associated with the mucus layer.

There then followed colonisation by anaerobic fusiform bacteria

which increased rapidly in numbers, forming thick layers in the

mucus. These organisms were found to remain in this situation

throughout the life of the normal animal. Spiral-shaped anaerobes

were/...
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were also found to form a stable population in the mucus layer.

An indigenous bacterial flora is also found associated with the

stomach and small intestinal epithelia of mice, comprising

predominantly lactobacilli and anaerobic streptococci (Dubos et al.,

1965). A flora adherent to the healthy human stomach and duodenal

epithelia was not demonstrated by Nelson and Mata (1970) and the

thick layers of fusiforms in mouse colonic mucus have not been

observed in human specimens. These observations indicate

considerable differences in the adherent floras of the two species.

A limited number of investigations have shown bacteria and

protozoa intimately associated with intestinal epithelial cells.

Such organisms exist at the tissue-mucus interface and appear to

depend on specialised hold-fast mechanisms rather than microcolony

formation for their persistence (Costerton and Cheng, 1982).

Segmented filamentous bacteria in the small intestine of mice and

rats and spirochaetes in the colon of rhesus monkeys can be found

intimately associated with the epithelial cell membrane. In both

cases, the association causes displacement of microvilli and

invagination of the epithelial cell membrane (Inman and Takeuchi,

1982).

The nature of bacterial adherence to intestinal epithelia is

clearly only one of several factors influencing the complex microbial

ecology of the gut; others include dietary factors, host defense

mechanisms, interactions between micro-organisms and the role of

the/...
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the bacteria in host physiological processes. This subject has

been reviewed by Savage (1977).
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1. GENERAL

Bacterial strains

The strains were obtained from the National Collection of Type

Cultures (NCTC) or from the laboratory stock cultures of the

Department of Bacteriology, University of Edinburgh Medical School

(GNAB* series) (Table VI) and were characterised by the procedures

of Duerden et al. (1980).

Table VI Test strains and their source

Strain

NCTC 9344

GNAB 4

GNAB 85

GNAB 86

GNAB 87

GNAB 88

GNAB 90

GNAB 92

GNAB 97

GNAB 98

Source

National Collection of Type Cultures

Wound swab

Rectal ulcer swab

Abscess

Wound swab

Wound swab

High vaginal swab

Wound swab

Wound swab

Wound swab

* Gram-negative anaerobic bacillus.

Chemicals, biochemicals and enzymes

All chemicals and biochemicals used were of pure commercial

grade; they were purchased from B.D.H. Chemicals Ltd., Poole,

England/...
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England or from Sigma (London) Chemical Company Ltd. , Poole, England.
Analytical methods. Protein was estimated by the method of
Lowry and carbohydrate by the method of Dubois et al. (1956).

Bacterial culture

Lyophilised stock strains were reconstituted into 10 ml amounts

of pre-reduced Robertson's cooked meat broth (modified by Watt, 1973)

and were incubated for 48 h at 37° C by the standard anaerobic

procedure of Collee et al. (1972). The organisms were subcultured

by transferring 1 ml of cooked meat broth culture per 100 ml of pre-

reduced proteose peptone-yeast extract (PPY) medium, which was

supplemented with 0o04% (w/v) Na^CO^, 0.075% (w/v) L-cysteine-HCl,
0.1% (w/v) menadione and 0.5% (w/v) haemin (Holbrook et al., 1977).

Cultures in PPY medium were incubated anaerobically for 18-20 h at

37° C. The volume of medium was scaled up or down accordingly.

The medium was pre-reduced either by incubating overnight anaerobically

or by placing in a boiling bath for 10 min.

Preparation of outer membrane complex

This procedure was modified slightly from that of Poxton (1979).

The bacteria were grown for 18-20 h in one or more litres of PPY

and were harvested and washed twice in phosphate-buffered saline

(PBS) (50 mM phosphate buffer pH 7.4 containing 0.15 M NaCl) by

centrifugation for 10 min at 12000 £. The pellets were resuspended

in PBS (volume 1/50 that of original culture) containing 10 mM EDTA,

incubated at 45° C for 2 h, and treated in an ultrasonic bath (Model

6441A, Dawe Instruments Ltd., Western Avenue, London W3 0SD, U.K.)

for 50 sec. The treated cells were removed by centrifugation at

12000/...
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12000 £ for 10 min leaving the outer membrane (OM) complex in the

supernate. The OM complex solutions were concentrated in an ultra¬

filtration cell with a PM-10 membrane (Amicon Corp., Lexington,

Mass.) and stored at -20° C.

Electron microscopy - thin sections of whole cells and outer

membrane complex.

Ruthenium red-stained thin sections for electron microscopy were

prepared from whole bacterial cells, EDTA-heat-sonication treated

cells and from OM complex. The bacteria were cultured in 10 ml

pre-reduced PPY medium for 16 h at 37° C and were harvested by

centrifugation at 4000 g for 15 min. Outer membrane complex was

sedimented by centrifugation at 100000 £ for 1 h. The following

were added to each pellet: 1 ml Ruthenium red stain (1.5 mg ml 1)
dissolved in distilled water; 1 ml of 3.6% (v/v) gluteraldehyde in

distilled water and 1 ml of 0.2 M sodium cacodvlate buffer pH 6.5.

The pellet was gently resuspended and left for 1 h at 0° C, and was

then washed by centri fugation (4000 £ for 15 min) three times in

0.07 M sodium cacodylate buffer pH 6.5. The pellets were resuspended
-1

again in 1 ml Ruthenium red (1.5 mg ml ), 1 ml 4% (w/v) osmium

tetroxide, 1 ml of 0.2 M sodium cacodylate buffer pH 6.5 and

incubated at 21° C for 3 h. The pellets were washed once more in

0.07 M sodium cacodylate buffer before dehydration. To dehydrate,

the pellets were passed successively through: 25% (v/v) ethanol;

50% (v/v) ethanol; 75% (v/v) ethanol; 90% (v/v) ethanol each for

10 min and then finally in absolute ethanol for 2 periodsof 1 h.

The/...
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The volume of the ethanol used throughout the dehydration procedure

was equivalent to ten times the original volume of the pellet.

After dehydration, propylene oxide was added and left for two 10 min

periods. The pellets were then placed in propylene oxide/Epon

Araldite mixture 1:1 (v/v).

Specimens were then embedded in fresh Epon Araldite and

maintained at 45° C for 24 h; the temperature was then raised to

60° C for a further 48 h. Sections were cut and placed on Rhodium-

coated copper grids ready for further staining. Staining proceeded

by placing the sections in a saturated solution of uranyl acetate

in 75% (v/v) ethanol and leaving in the dark for 30 min. The grids

were washed once more in 75% (v/v) ethanol in distilled water, then

with distilled water, stained with Reynold's lead citrate and

washed in 0.02 M NaOH. The grids were finally washed three times

in distilled water and blotted dry before viewing in a Hitatchi

HU 12A electron microscope.

Lipopolysaccharide (LPS) extraction.

Lipopolysaccharide was extracted from freeze-dried bacteria

by the aqueous-phenol procedure of Westphal and Luderitz (1954).

Freeze-dried bacteria were suspended in distilled water to

approximately 10% (w/v) and heated to 65° C. An equal volume of
i

90% (w/v) phenol in water at 65° C was added and the mixture was

stirred at 65° C for 10 min. The mixture was cooled in ice to

allow/...
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allow phase separation and was centrifuged for 20 min at 2700 g_ in

a swing-out rotor. The upper aqueous phase was dialysed overnight

against running tap water to remove phenol. The solution was

rotary evaporated to reduce the volume and was clarified by

centrifugation at 15000 g_ for 15 min. The LPS was then isolated

by centri fugation at 100,000 g_ for 3 h. The pellet was resuspended

in a small volume of distilled water and washed by centrifugation

at 100000 <g for 3 h. The clear gel-like pellet was then freeze-

dried.

Preparation of capsular polysaccharide.

Blood agar plates, prepared from Columbia agar base (Oxoid)

containing 5% (v/v) human blood, were flood-inoculated with a 20 h

PPY culture and incubated anaerobically at 37° C for 3 days. The

bacteria were gently scraped from the agar with a glass slide

covered with adhesive tape and were suspended in PBS containing

0.1% (v/v) formaldehyde. The suspension was mixed vigorously in

a Sorvall omnimixer for 30 sec. The cells were removed by

centri fugation at 12000 g_ for 10 min, leaving the capsular material

in solution. Cold acetone (a volume four times that of the

supernate) was added and the solution was left overnight at -18° C

to precipitate the capsular material. The settled precipitate was

washed once in acetone and left until the remaining traces of

acetone had evaporated. The precipitate was resuspended in

distilled water and dialysed for two successive periodsof 2 h in
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2 litres of distilled water and was then freeze-dried.

Phenol extraction of capsular polysaccharide.

The freeze-dried crude capsular material was resuspended in

distilled water and an equal volume of 90% (w/v) phenol in distilled

water was addedo The mixture was stirred at room temperature for

15 min and was then centrifuged for 20 min at 2700 g in a swing-

out rotor. The upper aqueous phase was dialysed free of phenol

against running tap water overnight and lyophilised.

Preparation of antisera against live, untreated bacteria.

This procedure was essentially the same as that of. Poxton

(1979). The antisera were raised in New Zealand White rabbits.

The bacteria were grown overnight in 10 ml of PPY medium and washed

three times in sterile PBS. The rabbits received 1 ml intravenous

injections containing 109 organisms (in PBS) according to the

following schedule: weeks 1 and 2, daily injections for 3 days;

week 3, no injection; week 4, one injection; week 5, test bleed

(5 ml) and 2 or 3 days later the rabbits were exsanguinated by

cardiac puncture.

Preparation of antisera against OM complex.
i

Antisera against OM complex were also raised in New Zealand

White rabbits. Outer membrane complex in PBS was homogenised with

an/...



121.

an equal volume of Freund's complete adjuvant (Calbiochem-Behring

Corp., supplied by C.P. Laboratories Ltd., P.O. Box 22, Bishops

Stortford, Herts.) and rabbits each received two 0.5 ml subcutaneous

injections of this preparation. Three weeks later each rabbit

received four booster injections (each 0.5 ml) of OM complex in

Freund's incomplete adjuvant. Each injection dose contained

2-3 mg of protein and all injections were given subcutaneously at

sites above the shoulders. A test bleed was made on the 5th

week and 2 or 3 days later the rabbits were exsanguinated by

cardiac puncture.

Enzyme-linked immunosorbent assay (ELISA)

This method was modified slightly from that of Poxton (1979).

Outer membrane complex (50 pi) at a concentration of 30 pg protein

ml ^ in 50 mM carbonate buffer pH 9.6, containing 0.02% (w/v)

sodium azide, was added to the wells of a microtitre plate (flat-

well plate supplied by Sterilin Ltd., Teddington, Middlesex, U.K.).

The plate was wrapped in foil and incubated at 37° C for 4 h and

then left at 4° C overnight. The plate was washed thoroughly

three times with 0.15 M NaCl containing 0.05% (v/v) Tween 20.

Antiserum was serially diluted in PBS containing 0.05% (v/v)

Tween 20 and 0.02% (w/v) sodium azide and then 50 pi were added

to the antigen-coated wells. The plate was incubated at room

temperature for 4 h and was then rewashed as before. Anti-rabbit

IgG/...
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IgG conjugated to alkaline phosphatase (Miles Laboratory (UK) Ltd.

Stoke Poges, Slough, Bucks., U.K.) was diluted in the same buffer

as the antiserum and 50 pi were added to each well. The plate

was incubated overnight at room temperature and was then washed

again. The enzyme substrate p-nitrophenylphosphate (Sigma), at

-1
1 rag ml dissolved in 50 mM carbonate buffer pH 9„8 containing

1 rrM MgCl^, was added to each well (50 pi). After incubation for
1 h at room temperature colour intensity was read in a Titertek

Multiskan spectrophotometer (Organon Teknika, Teknika House,

Cromwell Road, St. Neots, Huntingdon, Cambs., England) at 405 nm.

The end point of the antiserum titration was the first dilution wi

an A405 value of less than 1.6. The amount of anti-rabbit IgG

conjugate used was titrated by the method of Poxton (1979).

ELISA-inhibition.

The procedure was as described for ELISA except that the

antiserum was pre-incubated with the potential inhibitor. Anti¬

serum (50 pi) at a concentration of twice or four times titre was

incubated with an equal volume of doubling dilutions of inhibitor

for 45 min at 37° Co This pre-incubated antiserum (50 pi) was

added to the plate wells instead of untreated antiserum.
Initial concentration of inhibitor was 2 mg ml protein
(OM complex) or 400 ug ml-1 carbohydrate (LPS).

Crossed immunoelectropboresis (CIE).

The procedure was essentially the same as the micro-crossed

immunoelectrophoresis technique described by Weeke (1973).

CIE/...
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CIE antigens. Outer membrane complex antigens in PBS were

adjusted to a concentration suitable for production of clear CIE

-1 -1
results (normally 2 rag ml or 3 mg ml protein). Carbohydrate

concentration in purified LPS or capsule was similarly adjusted.

Triton X-100 was added to a final concentration of 1% (v/v).

First dimension. The agarose gel for CIE contained 1% (w/v)

agarose (BDH electrophoresis grade), 1% Triton X-100 and 25% (v/v)

CIE buffer (barbital-glycine/Tris buffer, pH 8.8 as described by

Weeke (1973)]. Agarose solution (15 ml) which had been melted

and then cooled to 52° C was poured onto a glass plate (80 mm x

80 mm) and allowed to set. Four wells were then cut in the agarose

with the aid of a template (Fig. 6a) and samples of antigen (16 ul)

were placed in each well. Filter paper (Whatman 3 M4) wicks were

applied and the antigens electrophoresed at 12.5 V/cm for 2 h at

4° C.

Second dimension. The first dimension gel was placed on

the template (Fig. 6a) and the four strips of agarose containing

electrophoresed samples were cut from the gel. Each strip was

transferred to 50 mm x 50 nun GelBond Film (FMC Corporation, Marine

Colloids Division, Rockland, Maine, U.S.A.) (Fig. 6b). A further

3 ml of agarose plus a maximum volume of 0.5 ml neat antiserum was

cast onto the remaining part of the GelBond. Alternatively, where

increased clarity in the final CIE result was required, a 1 cm

strip of agarose (0.875 ml) without antiserum was cast between the

first/...
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0
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I

0

+

Fig. 6a: Template used to prepare the first dimension
CIE gel.

2nd dimension

1st dimension 0

+
A

+

Fig. 6b: Template to illustrate the casting of the
second dimension gel.
(Broken line shows position of intermediate gel,
if cast.)



1 2 5.

first and second dimensions. Gels were electrophoresed at 12 V/cm

for 16-20 h at 4° C with the first dimension at the cathodic side.

Pressing, washing and stainingo After electrophoresis the

gels were overlaid with a thin protective covering of filter paper

(Whatman No. 1). They were then covered with a 2-3 cm layer of

blotting paper and a slight pressure was sustained for 10-15 min by

placing a thick glass plate and some books on top. After pressing

the filter paper was removed and the gels were washed twice for

15 min in 0.1 M NaCl followed by one 15 min wash in distilled water.

The gels were then pressed again as above. The filter paper was

removed and the gels were dried in an incubator or by a stream of

hot air. They were stained for 10 min in a solution containing:

5% (w/v) Coomassie Brilliant Blue R-250; 45% (v/v) ethanol; 10%

(v/v) glacial acetic acid and 45% (v/v) distilled water. The gels

were destained in a solution containing: 45% (v/v) ethanol; 45%

(v/v) distilled water and 10% (v/v) glacial acetic acid.

Intermediate gel CIE.

This method was essentially the same as for CIE. As

described above, a blank 1 cm agarose strip may be incorporated

between the first and second dimensions in CIE: heterologous anti¬

serum may be incorporated into the agarose strip to detect cross-

reacting antibodies and this technique is referred to as inter¬

mediate gel CIE (Axelsen, 1973).

Crossed/...
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Crossed line immunoelectrophoresis (CLIE).

The conditions for CLIE were as described for intermediate

gel CIE except that the intermediate gel contained antigen

preparations instead of heterologous antisera. This technique

detects common determinants in the antigens run in the first

dimension and the antigens contained in the intermediate gel

(Kr/11, 1973)„

Theoretical models of CLIE and intermediate gel CIE.

The following description of model situations in CLIE and

intermediate gel CIE has been adapted from an analysis by Closs

et al. (1975). The simplest model is of a reference system in

which one precipitin line is formed (Fig. 7a) due to the reaction of

a reference antigen AgA and the corresponding reference antiserum

AbA. By incorporating another antigen, AgX, into the intermediate

gel (CLIE), cross-reaction of AgX with the reference antibody and

its relationship to AgA can be investigated. Alternatively, anti¬

serum against AgX (AbX) may be incorporated into the intermediate

gel of the reference system (intermediate gel CIE) to demonstrate

that cross-reactions exist.

Figure 7b shows the CLIE pattern of complete identity formed

when AbA cannot differentiate between AgA and AgX. The horizontal

precipitin line formed by the reaction between AbA and AgX fuses

completely with the reference peak and the peak may be moved upwards.

In/...
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AbA AbA

a
A

AbX AgX

Q AgA g AgA

Fig. 7: Theoretical models of CLIE and intermediate gel CIE.
See text for descriptions. Ag = antigen, Ab = antibody.
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In this situation, AbX may contain high concentrations of antibodies

against AgA and causes the reference peak to move downwards (Fig.

7c): if AbX contains lower concentrations of antibodies against AgA,

the effect is less pronounced (Fig. 7e).

The typical pattern of partial identity in CLIE is illustrated

in Figure 7d. Fusion of the reference peak with the horizontal

line indicates that at least two determinants on AgA and AgX are

similar. However, the presence of spurs indicates that at least

two determinants are specific for AgA. In this situation AbX may

have the same effect as that shown in Figure 7e.

Circumstances may arise where AbX reacts with AgA in inter¬

mediate gel CIE, but no cross-reaction is detected in CLIE because

AgX is not present in sufficient quantity to cause precipitation.

Another situation that may occur in CLIE is where the line formed by

AgX joins up with the reference peak but the horizontal line continues

through the base of the peak (Fig. 7f). Provided that the tails of

the peak have completely disappeared then the picture represents

complete identity of the antigens (Kr^ll, 1973).

Rocket immunoelectrophoresis.

GelBond film of width 50 mm was cut to the required length and

agarose gel was poured onto the lower half. Wells were cut in the

gel (Fig. 8) and 5 pi of antigen were applied to each well.

Antiserum-containing agarose was then cast onto the upper half of

the GelBond. Electrophoresis was carried out as for CIE second

dimension.



1 29.

+
A

Fig. 8: Template for rocket immunoelectrophoresis

Treatment of outer membrane complex with denaturing agents.

Separate samples of outer membrane complex at a concentration

of 0.5-1.0 mg protein ml ^ were heated to 121° C for 15 min or

treated with 0.1 M sodium periodate in sodium acetate buffer (pH 5)

at 20° C overnight. Excess periodate was consumed by the addition

of ethylene glycol and samples were dialysed against 0o15 M-NaCl in

0o05 M-phosphate buffer pH 7.4 (PBS)„ Control (untreated) OM

complex was taken through the stages of periodate treatment except

that periodate was omitted. Separate samples of OM complex were

also treated with pronase (BDH) and trypsin (Sigma) both at a

concentration of 0.1 mg ml^overnight at 37° C. All control and

treated samples were concentrated in the ultrafiltration cell with

a PM-10 membrane and stored at -20° C.

Sodium/..
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Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

(SDS-PAGE).

This procedure was adapted from the method of Laemmli (1970).

Slab gels (170 x 140 mm) composed of 10% (w/v) acrylamide separating

gel with a 10 mm 4% (w/v) stacking gel were used to run up to 18

samples simultaneously, in a Raven slab gel apparatus (Haverhill,

Suffolk, U.K.). The acrylamide stock solution was made according

to the method of Weber and Osborne (1969). Acrylamide (22.2 g)

and methylenebisacrylamide (0.6 g) were dissolved in distilled water

to give 100 ml of stock solution. Separating gel [10% acrylamide

(w/v)] was cast by mixing: 22.5 ml of 0.7 M Tris HC1 buffer pH 8.8

containing 0.2% (w/v) SDS, with 20.25 ml of acrylamide stock

solution. The mixture was de-aerated in a Buchner flask and

-1
2.25 ml ammonium persulphate solution (15 rag ml ) and 0.065 ml NNN

'N' tetramethylethylene diamine* added. The gel was then poured

between glass plates and a layer of water-saturated butan-2-ol was

layered onto the surface during polymerisation. The 4% stacking

gel was then made up as follows: 5 ml of 0.25 M Tris HC1 buffer

pH 6.8 containing 0.2% (w/v) SDS; 2.0 ml acrylamide stock solution;

2.5 ml distilled water; 0.5 ml ammonium persulphate solution
_ i

(15 mg ml ) and 0.02 ml TEMED. Water-saturated butanol was removed

from the surface of the polymerised separating gel and the stacking

gel was poured on. A well-forming comb was placed in position in

the stacking gel, which was then allowed to polymerise.

Samples/...
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Samples were solubilised in a 0.0625 M Tris-HCl buffer pH 6.8
i£Mv)$t>S

containing^10% (v/v) glycerol, 1% (v/v) 2-mercaptoethanol and 0.001%
(w/v) bromophenol blue,, In all cases,.solubilisation was performed

by heating at 100° C for 3 min. Samples were then carefully

pipetted into the wells and were electrophoresed at 60 V (approx.

20 mA) until they entered the separating gel. The voltage was then

increased to 150 V (40-45 mA maximum) until the bromophenol blue

had run the required distance (usually 7-10 cm).

Gels were stained for protein with Coomassie Brilliant Blue

overnight and destained by the method described by Poxton and

Sutherland (1976). Lipopolysaccharide and capsule preparations

were stained with silver by a modification of the method described

by Tsai and Frasch (1982). Thoroughly clean glass or plastic

dishes were used throughout the silver staining procedurec The

gel was fixed in 40% (v/v) ethanol-5% (v/v) acetic acid solution

overnight. All subsequent steps were performed with gentle

agitation. The fixing solution was replaced by 0.7% (w/v)

periodic acid in 40% ethanol-5% acetic acid for 1 h to oxidise

the carbohydrates. Three 30 min washes were then performed in

distilled water to remove unreacted periodic acid. The water was

drained off, freshly prepared staining solution was added and the

gel was stained for 15 min. Staining solution was prepared by

adding 1.4 ml of ammonia solution (0.88 s.g.) to 21 ml of 0.36%

(w/v) NaOH: with vigorous stirring, 4ml of 19.4% (w/v) silver nitrate

was slowly added and the volume was made up to 100 ml with distilled

water/...
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water. After staining, the gel was placed in another container

(to prevent sticking) and washed for two 5 min periods in distilled

water. The water was replaced with freshly prepared formaldehyde

developer, which consisted of 0.019% (v/v) formaldehyde solution

containing 15% (v/v) methanol and 0.005% (w/v) citric acid.

Development was stopped as soon as the background of the gel

darkened, by washing in three changes of distilled water over a

1 h period.

Immunoblot transfer from polyacrylamide gels.

Electrophoretic transfer of proteins or carbohydrates from

polyacrylamide gels to nitrocellulose paper was carried out by a

modification of the method described by Towbin et al. (1979).

The nitrocellulose membrane (Trans-Blot Transfer Medium obtained

from Bio-Rad Laboratories Ltd., caxton Way, Watford, Hertfordshire,

U.K.) was wetted by floating on electrophoresis buffer. The gel

and nitrocellulose membrane were then sandwiched together between

TM
two Scotch-Brite pads and two plastic grids. This assembly was

slotted upright into an electrophoresis tank with the gel at the

cathodic side: a diagram of the corrqplete apparatus is shown in

Figure 9. Electrophoretic transfer was carried out in a buffer

(pH 8=0-8.2) containing 25 mM Tris, 192 mM glycine and 25% (v/v)

methanol at approx. 12 V (35-40 mA) for 12-16 h. For detection of

transferred antigens, the nitrocellulose membrane was taken through

the following procedure (all steps were carried out with gentle

agitation/..=



133.

3

Fig. 9; Electroblot transfer apparatus (cross-section).

1. Electrophoresis tank. 2. Electrode buffer.
3. Perspex plates with open grill. 4. Scotchbrite
pads. 5. Polyacrylamide gel. 6. Nitrocellulose
paper. 7. Platinum electrodes.
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agitation at room tenperature) . Firstly, a 10 min wash was

carried out in Tris-buffered saline (TBS)(20 mM Tris, 500 mM NaCl,

pH 7.5). The membrane was then placed in blocking solution (3%

(w/v) gelatin in TBS) for 45 min (this blocked unbound sites on the

nitrocellulose). After blocking, the membrane was placed in anti¬

body buffer (1% gelatin in TBS) containing specific rabbit anti¬

serum (1 in 100 dilution) for 3 h. After a brief rinse in distilled

water the membrane was transferred to TBS containing 0.025% (v/v)

Tween-20 for two 10 min washes and then placed in conjugate solution

for 1 h. The conjugate solution was a 1 in 3000 dilution in

antibody buffer of goat anti-rabbit IaG-horseradi sh peroxidase

conjugate (Bio-Rad). There followed a brief wash in distilled

water and then two further 10 min washes in Tween-20 TBS. The

final step was to place the membrane in colour development solution.

The solution was made up by adding 60 mg of HRP Colour Development

Reagent (Bio-Rad) to 20 ml of ice cold methanol shortly before use.

This mixture was added to 100 ml TBS to which 60 pi ice cold 30%

hydrogen peroxide had been added immediately prior to use. To

stop colour development, the membrane was placed in two changes of

distilled water.

Gel filtration chromatography of lipopolysaccharide.

This method was similar to that described by Kasper et al.
i

(1983) for chromatography of crude aqueous phenol extracts.

Sephacryl/...
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Sephacryl S-300 (Pharmacia Fine Chemicals, Uppsala, Sweden) was

packed in a Pharmacia K-16/70 column (70 cm x 1.6 cm) and

equilibrated in a 3% (w/v) deoxycholate buffer pH 9.5 (0.05 M

glycine, 0.001 M EDTA, 3% (w/v) sodium deoxycholate). The void

volume was determined by running Blue Dextran 2000 (Pharmacia)

through the column. Lipopolysaccharide was purified from an

aqueous phenol extract by ultracentrifugation, and freeze-dried.

The freeze-dried material (5 mg) was resuspended in 1 ml of the

deoxycholate buffer described above: the pH was raised to approx.

11.5 with 5 M NaOH and back-titrated to pH 9.5 with 4 M HC1.

This solubilised sanple was then applied to the column and sixty

10-drop fractions were collected. Antigenic activity was

detected in alternate .fractions by rocket immunoelectrophoresis.

Preparation of membrane fractions from spheroplasts.

This procedure was modified from that of Osborn et al. (1972).

One litre of pre-reduced PPY medium supplemented with 0.04% (w/v)

Na2C°3f ®-075% (w/v) cysteine-HCl and 0.5% (w/v) haemin was
inoculated with 50 ml of PPY culture and was incubated anaerobically

at 37° C until the absorbance at 600 nm was about 0.40 (about 4 h).

The cells were sedimented by centrifugation at 25000 g_ for 10 min

at 4° C. All subsequent operations were performed in an anaerobic

cabinet (Forma Anaerobic System Model 1028, supplied by Raven

Scientific Ltd., Sturmer End, Haverhill, Suffolk, U.K.). The

supernatant was decanted and the centrifuge bottles were wiped

carefully/...
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carefully to remove residual medium. The cell pellets were rapidly

resuspended in 35 ml of pre-reduced, cold 0.75 M sucrose-10 mM Tris

HC1 buffer, pH 7.8. Lysozyme (1.5 ml) at a concentration of

-1
2 mg ml was added immediately and the mixture was incubated in ice

for 2 min. The suspension was slowly diluted with 70 ml of pre-

reduced, cold 1.5 nM EDTA (Na+) pH 7.5 which was added at a

constant rate over a period of 10 min by means of a pipette.

Conversion to spheroplasts was monitored by phase contrast microscopy.

After spheroplasting was complete, the suspension was removed from

the anaerobic cabinet. The spheroplasts were lysed by the use

of a French Press (American Instrument Co., Silver Spring, Maryland,

U.S.A.) at a pressure of 2500 to 3000 p.s.i. and the lysates were

centrifuged at 25000 g_ for 10 min to remove any intact cells. The

membranes were sedimented by centrifugation at 100,000 g_ for 1 h

at 4° C and were resuspended in 2 ml of cold 25% sucrose (w/v)

containing 5 mM EDTA (pH 7.5).

Step gradients were prepared by layering 2 ml each of 50, 45,

40, 35 and 301 (w/w) sucrose containing 5 nM EDTA, pH 7.5 over a

cushion of 55% sucrose (1 ml). One millilitre of the solution

which contained the membranes was layered on top of each gradient.

Centri fugation was carried out at 38000 rpm (Beckmann SVJ40 rotor)

for 16 h at 4° C. Fractions were obtained by collecting 3 drops

per fraction from a hole punctured at the bottom of the tube by a

25 gauge needle.
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2. DEVELOPMENT OF A METHOD TO STUDY IN VITRO ADHERENCE OF

B. FRAGILIS TO THE RAT COLON EPITHELIUM.

The possibility of using the rat colon to set up an in vitro

model of adherence of B. fragilis to the colonic mucosa was

investigated. Before establishing an in vitro assay system

certain preliminary investigations were undertaken:

1. Brief investigation of the bacteriology of the rat colon.

2. Radiolabel ling of B. fragilis GNAB 4.

3. Design of an apparatus in which to carry out adherence

experiments.

In all investigations requiring colons, the colons were

obtained by the procedure outlined below.

Removal of colons.

Male hooded rats were obtained at three weeks old and fed a

diet of raw mince and vegetables. Colons were removed from

animals six months to one year old weighing 250-350 g. The rats

were killed by a blow to the head and the colon from the caecum to

the rectum was rapidly removed and immersed in Dulbecco's

phosphate buffered saline (D.PBS). The colon was then processed

immediately after removal.

Brief/...
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Brief investigation of the bacteriology of the rat colon.

1. Quantitation of bacteria adherent to the colonic mucosa and

in faeces.

Excised colon was cut open longitudinally with sharp scissors.

Faecal pellets were removed with forceps and other faecal debris

were brushed off with a smooth cylindrical metal probe. The colon

was then washed by agitation in three changes of 50% (v/v) pre-

reduced nutrient broth for three periods of 10 min. Washing was

carried out in 100 ml flat bottles on a Rotatest horizontal rotator

(Luckham Limited, Victoria Gardens, Burgess Hill, Sussex, England)

at a speed of 80 rpm. After washing, the colon was laid out flat

with the mucosa upwards and residual nutrient broth was removed by.

brushing with the probe. These steps were considered sufficient to

remove non-adherent bacteria from the mucosal surface. The colon

was weighed and placed in a plastic bag containing 10 ml of pre-

reduced 50% (v/v) nutrient broth. One gram of faeces was placed

in a separate bag also containing 50% (v/v) nutrient broth. The

contents of each bag were disrupted in a Colworth stomacher (A.J.

Seward, UAC House, Blackfriars Road, London) for 90 sec. The

fluid from each bag was then diluted in pre-reduced 50% (v/v)

nutrient broth as shown in Figure 10. Two sets of duplicate

spread-plates were prepared from each dilution on blood agar

(Columbia agar base (Oxoid) containing 5% (v/v) human blood)« One

set of duplicate plates were incubated aerobically and the other

set/...
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Colon or faeces placed in plastic
bag (containing 10 ml NB)

Stomacher for 90 sec.

0.1 ml

-2 -4 -6
10 ,10 10 v dilutions (each bottle contained 9.9 ml

NB)

4x0.1ml \ 4x0.1ml

(from colon) \(from faeces)

2 x PRBA

2 x BA

2 x PRBA

2 x BA

37°C 37°C

(PRBA anaerobic)

(BA aerobic)

(PRBA anaerobic)

(BA aerobic)

Fig. 10: Procedure for quantitation of bacteria adherent to the
rat colon or in faeces. NB = 50% (v/v) nutrient broth,
PRBA = pre-reduced blood agar, BA = blood agar.
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set anaerobically at 37° C (Figure 10). Colonies were counted on

anaerobic plates after 72 h and on aerobic plates after 24 h.

2. Distribution of adherent bacteria along the length of the colon.

Excised colon was cut open, cleaned and washed as described

in the above section,, It was taken through the same process except

that prior to stomacher treatment it was cut transversely into three

sections of equal length - a proximal, a middle and a distal portion.

Each section was then processed individually and dilutions and

plating out were as described in the last section. No plates were

incubated aerobically, but blood agar plates selective for

bacteroides(containing 75 pg/ml kanamycin and 2.5 pg/ml vancomycin)

were put up anaerobically at 37° C together with non-selective

blood agar plates.

3. Identification of Bacteroides species isolated from rat colon

mucosa and faeces.

A small number of typical bacteroides colonies isolated from

the colonic mucosa and faeces were subcultured onto pre-reduced

blood agar and incubated anaerobically at 37° C for 48 h. Where

a pure culture was obtained, a single colony of each strain was

subcultured into pre-reduced Robertson's cooked meat broth and

anaerobic incubation for 48 h was repeated. Strains were then

identified by the biochemical, bile and dye tolerance and antibiotic-

disk resistance tests described by Duerden et al. (1980).

Radio/.o.
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Radiolabelling of B. fragilis GNAB 4.

Radioactive labelling of bacteria was considered to be a

convenient means of detection in an adherence assay. It was

envisaged that radiolabelled bacteria could be detected on the

mucosa of intact pieces of colon in a suitable radiation counter.

To avoid quenching of radioactive emissions from the bacteria by

the colonic tissue, a y-tay emitting radioisotope, 5'chromium

(51Cr), was chosen in preference to more frequently used g-emitters.

5'Chromium was obtained as sodium chromate in aqueous solution

containing 0.9% NaCl from Amersham International pic, Amersham

U.K.

Uptake of 51Cr by B. fragili_s GNAB 4 was studied under various

conditions. Cells were harvested from a 16 h culture in PPY by

Centrifugation at 5000 <3 for 15 min and washed once in D.PBS.

Bacteria (109) and 51Cr (100 yCi) in a total volume of 0.2 ml

D.PBS were incubated either aerobically or anaerobically at room

temperature or at 37° C. After incubation periods of 1 h, 2 h

and 4 h bacteria were removed by centrifugation in a Beckman

Microfuge B (Beckman-RIIC Ltd., Turnpike Road, Cressex Industrial

Estate, High Wycombe, Bucks., England). The bacteria were washed

four times in D.PBS by centri fugation and the washed pellet was

finally resuspended in 0.2 ml D.PBS.. Radioactivity in bacterial

suspensions and wash supernates was measured in an ICN Gamma set

500 gamma counter (ICN Pharmaceuticals NV, Tracerlab Instruments

Division, 277 Antwerpse Steenweg, B-2800 Mechelen, Belgium). The

results/...
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Time (h)

Fig. 11; Uptake of 5'chromium by Bacteroides fragilis GNAB 4
under aerobic and anaerobic conditions at 37° C.

Uptake at room temperature was below 103 counts
100 sec



results obtained are shown in Figure 11. The best uptake of 5'Cr

was under anaerobic conditions at 37° C. The radioactivity taken

up under these conditions after 4 h was 31% of the total amount

available. Uptake at room temperature under aerobic conditions

was negligible. Radioactivity counts in wash supernates indicated

that three washes were sufficient to remove free 51Cr from the

bacterial suspensions.

Design of an apparatus for adherence experiments.

The apparatus designed to provide a quantitative adherence

system is shown dissembled in Plate 1. It consisted of two

stainless steel plates that could be screwed together, the upper

plate having 10 6 mm diameter holes machined in it. Colon was

placed mucosa upwards on the bottom plate and the upper plate was

screwed onto the top (Plate 2). The screws were tightened

sufficiently to allow a seal to occur between the mucosa and the

bottom edge of each hole, thus forming ten sealed wells. Bacterial

suspension could then be pipetted into each well and the apparatus

incubated under suitable conditions. In order to wash the mucosa

after incubation, the well capacity was extended by inserting cut

disposable plastic pipette tips into each well (Plate 3). The

tips were cut to a size that did not allow them to be inserted

down as far as the mucosa.

Adherence assay procedure.



Plate 1: Dissembled adherence assay apparatus.



Plate 3: Pipette tips placed in each well for washing.
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Radiolabelling of bacteria.

Approximately 1010 bacteria from an overnight PPY culture

were washed once in D.PBS and then incubated with 300 yCi of 51Cr

in 2.5 ml D.PBS for 4 h anaerobically at 37° C. Bacteria were

removed by centrifugation in the Beckman Microfuge and washed three

times in Hank's solution (Oxoid). The bacteria were then

resuspended in Hank's solution and adjusted to a concentration of
_ 1

5 x 109 cells ml . This suspension was then kept under

anaerobic conditions at room temperature while the colon was

removed and processed.

Preparation of Colon.

The colon was removed, cut open, cleaned and washed essentially

as described above (see 'brief investigation of the bacteriology

of the rat colon'). However, it was only washed for two periods

of 5 min in D.PBS. The colon was then laid out flat and residual

D.PBS was very gently brushed from the surface. The colon was then

transferred to the bottom plate of the pre-warmed adherence apparatus

and the top plate was screwed down.

Incubation and washing.

Bacterial suspension (0.1 ml) containing 5 x 10® radiolabelled

bacteria was pipetted into each well of the apparatus which was

then transferred immediately to a pre-warmed anaerobic jar and

incubated/...
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incubated anaerobically at 37° C for 45 min.

After incubation, bacterial suspension was carefully removed

from the wells with a syringe and the mucosa in each well was then

washed. In a preliminary experiment where pipette tips were not

used to extend well capacity, Hank's solution (0.2 ml) was squirted

gently from a syringe into each well and carefully removed. This

process was repeated three times. In subsequent experiments, where

pipette tips were inserted into the wells, the washing procedure

was as follows: 0.5 ml of Hank's solution was added to each well,

pipetted up and down twice and removed. This process was repeated

three times. In pipetting up and down the pipette was kept 1 cm.

or more above the mucosa to avoid creating excessive turbulence at

the surface.

After washing the apparatus was dissembled. The ten 6 mm

diameter areas of mucosa that had been in the wells were distinct

against the surrounding tissue which was partially dehydrated by

this stage. A scalpel was used to cut the colon into ten strips,

each containing one of the well-associated circular areas. The

colon strips were transferred to plastic tubes and radioactivity was

measured in the gamma counter. The original radiolabelled bacterial

suspension and some of the mucosal washes were also measured for

radioactivity.

Scanning electron microscopy (SEM) of colon mucosa.

Preparation of specimens for SEM was essentially as described

by/..o
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by Murakami (1974). Strips of colon (approx. 0.7 cm2) were

immersed in 3% (v/v) glutaraldehyde in 0.1 M phosphate buffer

(pH 7.2) for 1-3 days at room temperature. The segments were next

placed in a solution containing 2% (w/v) arginine hydrochloride,

2% (w/v) glycine, 2% (w/v) sodium glutamate and 2% (w/v) sucrose in

distilled water (pH 6.2) for 16 h. Specimens were then washed in

three 15 min changes of distilled water and placed in 2% (w/v)

aqueous tannic acid (pH 4.0) for 24 h. Washing was repeated as

before and specimens were immersed in 2% (w/v) aqueous osmium

tetroxide for 6 h. The specimens were then washed thoroughly in

distilled water, dehydrated in graded acetones, dried in a Balzer

critical point drier (Balzer's High Vacuum Ltd., Northbridge Road,

Berkhamsted, Herts.) and sputter coated (Polaron sputter coater)

with 15 nm of a gold/palladium mixture (Polaron, 60/62 Greenhill

Crescent, Holywell Industrial Estate, Watford, Hertfordshire).

The specimens were viewed in a Jeol T-300 scanning electron microscope

at an accelerating voltage of 25 kV.
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1. ELECTRON MICROSCOPY OF THIN SECTIONS OF B. FRAGILIS

11 Whol e cell s.

All thin sections were stained with ruthenium red for visualisation

of extracellular polyanionic material. Electron micrographs (EMs)

B. fragilis NCTC 9344, GNAB 4 and GNAB 92 are shown in Figures

l2a-c. The strains exhibited a typical Gram-negative cell envelope,

with an inner cytoplasmic membrane, a periplasmic space and an outer

membrane. However, the peptidoglycan layer was not obvious on most

of the cells; this was possibly due to a close association with

either the cytoplasmic or the outer membrane.

Extracellular, ruthenium red-positive material had a similar

appearance on all 3 strains. It was closely associated with the

outer membrane and was uniformly distributed around the cell. More

diffuse extracellular strands were also seen in the EMs of 9344 and

GNAB 4, but these were sparsely distributed.

1.2 EDTA-45°C-sonication treated cells and outer membrane complex.

The appearance of EDTA-45°C-sonication treated cells of strain

GNAB 92 is shown in Figure 13a. The cells appeared intact, with

most of them retaining the integrity of the outer membrane. However,

it was noticeable that many of the cells were devoid of capsular

material (cells A and B in Figure 13a). Occasionally, small breaks

in the outer membrane were observed (arrow, cell A) but these were

relatively/...



relatively infrequent. The absence of capsule from many of the

cells suggested that removal of outer membrane vesicles also resulted

in loss of capsular material and that the integrity of the outer

membrane was quickly re-established.

The appearance of outer membrane (OM) complex from strain

GNAB 92 (Fig. 13b) was of variable-sized vesicles bounded by a single

trilamellar membrane. Also, short linear strips of membrane were

seen (arrows). Some vesicles retained a capsular fuzz on the surface

[arrow (F) ] , although this was not obvious on most of them.



149.

Fig. 12a) and b): Electron micrographs of ruthenium red-stained
thin sections of a) B. fragilis NCTC 9344
(x 120000) and b) B. fragilis GNAB 4 (x 120000).

CM = cytoplasmic membrane, OM = outer membrane,
PG = peptidoglycan, DF = diffuse fibres.
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Fig. 12c); Ruthenium red-stained thin section of B. fragilis
GNAB 92 (x105,000)
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a)

Fig. 13 Electron micrograph, of ruthenium red-stained thin
sections of a) EDTA-45°C-sonication treated cells
of B. fragilis GNAB 92 (x 120000) and b) Outer
membrane complex from B. fragilis GNAB 92 (x 120000).
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2. EXAMINATION OF CELLS BY WET INDIA INK NEGATIVE-STAINING

A drop from an overnight PPY culture of strains NCTC 9344,

GNAB 4 and GNAB 92 was mixed with a drop of India ink on a micro¬

scope slide; the suspensions were pressed firmly under cover-slips

and examined in the light microscope. This technique allows

visualisation of capsules as clear 'halos' between the cells and

the ink particles (Duguid, 1951).

By this method, the B. fragilis cells grown in PPY exhibited

very limited capsule formation. There appeared to be no cells in

the 9344 and GNAB 92 suspensions that had well-developed capsules:

there was however a very narrow clear zone around many of the

cells, suggesting the presence of a very thin capsule layer. In

the GNAB 4 suspension, approximately 10% of the cells had larger

capsules which were most often seen associated with clumps of

cells. The remaining GNAB 4 cells were similar in appearance to

9344 and GNAB 92 cells.

When GNAB 4 was harvested from PPY culture by centrifugation,

the organisms were difficult to pack and a soft, slimy pellet was

produced on each occasion. The pellets produced by strains 9344

and GNAB 92 were packed more firmly and had no associated slime.

As reported above, a proportion of the GNAB 4 cells exhibited

well-developed capsules by the India ink method, but the copious

slime was not detected by this method.
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3. REACTIONS OF B. FRAGILIS CELL SURFACE ANTIGENS WITH ANTISERA

RAISED TO WHOLE CELLS.

Antisera were raised in rabbits to whole, live cells of 3 B.

fragilis strains - NCTC 9344 (reference strain), GNAB 92 and

GNAB 4 (clinical isolates). The NCTC 9344 antiserum was obtained

from a single rabbit; GNAB 92 antiserum was prepared by pooling

antisera from 2 rabbits, and GNAB 4 antiserum was prepared by

pooling antisera from 3 rabbits.

Outer membrane (OM) complex was obtained by the EDTA-45°C-

sonication method from 10 strains of B. fragllis (see Table VI,

p. 115). Lipopolysaccharide (LPS) preparations were obtained from

the 3 strains to which the antisera were raised and a capsule

preparation was also obtained from the strain GNAB 4. Homologous

and heterologous antigens in these extracts were investigated in

reactions with the antisera raised to whole cells. Antibody/

antigen reactions were studied by crossed and crossed line immuno-

electrophoresis (CIE and CLIE), enzyme-linked immunosorbent assay

(ELISA) and electroblot transfer from polyacrylamide gels.

3.1 Crossed immunoelectrophoresis (CIE) and crossed line Immuno¬

electrophoresis (CLIE).

Crossed immunoelectrophoresis of OM complex and LPS from B.

fragilis strains NCTC 9344, GNAB 92 and GNAB 4 was performed against

homologous/...
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homologous antisera. The presence of cross-reacting precipitating

antigens in heterologous strains was detected by inclusion of

heterologous OM complex in an intermediate gel (CLIE). Where

different heterologous strains produced a similar pattern in CLIE,

only certain reactions representative of each pattern are shown.

3.1a Reactions with NCTC 9344 antiserum. The homologous

reaction with NCTC 9344 OM complex produced several precipitin

peaks (Fig. 14a) and those that were subsequently proved to be

cross-reacting antigens are numbered. Crossed line immunoelectro-

phoresis was performed by including OM complexes from the nine

heterologous test strains in intermediate gels. The results

obtained with OM complexes from GNAB 85, GNAB 86 and GNAB 90 in

intermediate gels are shown in Figures 14b, 14c and 14d respectively.

Appearance of a horizontal precipitin line indicated a reaction

between the 9344 antiserum and a heterologous antigen and the

joining of such a line with a homologous precipitin peak indicated

a cross-reaction between the antigens. Cross-reaction of the GNAB

85 complex with antigen 1 can be seen in Figure 1b. This strain

also cross-reacted with a faint precipitate that was not visible in

the control reaction but which became apparent in CLIE reactions.

This antigen was numbered 3 (Fig. 14b). The OM complex from GNAB

86 also cross-reacted with antigen 1 (Fig. 14c) and with antigen 2,

from which the tails of the precipitin peak disappeared. This

strain also cross-reacted with another antigen (arrows, Fig. 14c):

some/...
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some of the precipitates in the control (Fig. 14a) were faint or

poorly defined and it is unclear which of these were involved in

this cross-reaction with strain GNAB 86. In Figure 14d it can be

seen that the OM preparation from GNAB 90 cross-reacted with

antigens 1 and 2. The 9 heterologous test strains varied in their

cross-reactions with antigen 2 and with the fainter precipitates,

but all strains possessed an antigen that cross-reacted with

antigen 1; this indicated the presence of a B. fragilis common

antigen.

Periodate treatment of the 9344 OM complex had a relatively

small effect on the homologous picture (Fig. 14e), with the loss of

some faint precipitates and some small peaks located in the inter¬

mediate gel. Antigens 1 and 2 were relatively unaffected: when

the periodate treated 9344 OM complex was run as in Fig. 14e, but

with GNAB 90 OM complex in the intermediate gel (i.e. CLIE),

normal cross-reaction with periodate-treated antigen 1 occurred.

Heating (121° C for 15 min) the homologous OM complex destroyed

most of the antigens, leaving only some poorly defined reactions:

it was unclear which of the antigens these remaining reactions

represented.

The damage to antigen 1 by heat and its resistance to periodate

suggested that it may be a protein. The homologous OM complex

was therefore treated with pronase and trypsin overnight at 37° C

and run in CIE (Fig. 15). This was a different OM complex

preparation from that used in Figure 14 and the reactions were

g enerally/...
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CIE and CLIE reactions of NCTC 9344 antiserum;
(a) CIE of 9344 OM complex, (b) CLIE of 9344 OM
complex with GNAB 85 OM complex in the intermediate
gel, (c) CLIE with GNAB 86 OM complex in the inter¬
mediate gel, (d) CLIE with GNAB 90 OM complex in
the intermediate gel, (e) CIE of periodate-treated
9344 OM complex, (f) CIE of 9344 LPS (diagram).
16 yl 9344 OM complex (48 yg protein) or LPS (6 yg
carbohydrate) run in first dimension against 500 yl
antiserum. Intermediate gels contain 450 yg protei;



157.

generally fainter (the overnight incubation at 37° C may have

contributed to this): therefore the amount of antiserum used in

CIE was increased slightly. Antigen 1 is indicated in the control

reaction (Fig. 15a) and in the reaction of pronase/trypsin treated

OM complex (Fig. 15b).

(b)

Figure 15: CIE of NCTC 9344 antiserum against (a) homologous
OM complex, incubated at 37° C overnight and (b)
homologous OM complex, incubated with pronase and
trypsin at 37° C overnight. 16 pi OM complex
(48 pg protein) run against 550 pi antiserum.

The antigen 1 peak changed its shape after treatment and there was

also a decrease in the sharpness of the precipitate, which

indicates a decrease in affinity of antibodies for the antigen.

This result showed that antigen 1 is wholly or partly protein in

nature.

Purified/...
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Purified 9344 LPS did not react strongly with the homologous

antiserum, but did produce faint precipitates representing at

least two distinct antigens (Fig. 14f). The position of these

precipitates indicated that one of the LPS antigens probably

corresponds to antigen 3 (Fig. 14b).

3.1b Reactions wi th GNAB 92 antiserum. The homologous

reaction with GNAB 92 OM complex is shown in Figure 16a. Outer

membrane complexes from the 9 heterologous test strains were

included in intermediate gels and examples of the CLIE patterns

obtained (with GNAB 87 and GNAB 98) are shown in Figures 16b and

16c. A cross-reaction with the antigen marked X in Figure 16a

occurred (arrow). The antigen X peak joined up with the horizontal

precipitin line and was positioned higher in the gel than in the

control. The OM antigens from the other 7 heterologous strains

also cross-reacted with antigen X, indicating that this was a

common antigen. Most of the strains only showed cross-reaction

with this single antigen.

Periodate treatment of the GNAB 92 OM complex destroyed all

the major antigens, including antigen X. Several antigens were

resistant to heat (Fig. 16d), although antigen X was destroyed.

When beat or periodate treated heterologous OM complex (from

strains 9344 and GNAB 4) was incorporated in the intermediate

gel for CLIE, no cross-reacting horizontal precipitin line was

produced: this confirmed that at least the cross-reacting

determinants/...
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Figure 16: CIE and CLIE reactions of GNAB 92 antiserum;
(a) CIE of GNAB 92 OM complex, (b) CLIE of GNAB
92 OM complex with GNAB 87 OM complex in the inter¬
mediate gel, (c) CLIE with GNAB 98 OM complex in
the intermediate gel, (d) CIE of heated (121° C
for 15 min) GNAB 92 OM complex, (e) CIE of GNAB 92
LPS. 16 pi GNAB 92 LPS (48 pg protein) or LPS (4 pg
carbohydrate) run in first dimension against 375 pi
antiserum. Intermediate gels contained 150 pg
protein.
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determinants of antigen X were heat and periodate labile. Treat¬

ment of the homologous OM complex with pronase and trypsin had

very little effect on the homologous CIE picture, although the

mobility of antigen X increased slightly towards the anode.

The results indicated that there are several distinct carbo¬

hydrate antigens associated with the GNAB 92 OM complex. Also,

a heat labile, periodate sensitive common antigen (X), possibly

a glycoprotein, exists.

Purified GNAB 92 LPS produced 3 distinct antigens in CIE (Fig.

16e). When LPS was incorporated into the intermediate gel of the

homologous OM complex reaction, it cross-reacted with the three

antigens marked 'L' in Figure 16a.

3.1c Reactions with GNAB 4 antiserum. The homologous reaction

with GNAB 4 OM complex yielded several precipitates (Fig. 17a).

In contrast to the results obtained with the 9344 and GNAB 92

antisera, CLIEs with GNAB 4 antiserum did not demonstrate a common

antigen in the ten test strains. The OM complex from strain GNAB

86 cross-reacted with antigen A (Fig. 17b) as did strain GNAB 97.

Strains 9344 (Fig. 17c) and GNAB 87 cross-reacted with antigen C.

Strain GNAB 98 was the only strain to cross-react with antigen B.

Cross-reactions of OM complexes from strains GNAB 85, GNAB 88,

GNAB 90 and GNAB 92 could not be demonstrated by CLIE, even when

levels of 600 pg protein were Included in the intermediate gel.

Periodate treatment destroyed most of the antigenic activity of

the/...
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(a)

(c)

Figure 17: CIE and CLIE reactions of GNAB 4 antiserum;
(a) CIE of GNAB 4 OM complex, (b) CLIE of GNAB

4 OM complex with GNAB 86 OM complex in the inter¬
mediate gel, (c) CLIE with NCTC 9344 OM complex
in the intermediate gel, (d) CIE of heated (121° C
for 15 min) GNAB 4 OM complex, (e) CIE of GNAB 4
LPS. 1 6 yl GNAB 4 OM complex (32 yg protein) or
LPS (6 yg carbohydrate) run against 375 yl antiserum.
Intermediate gels contain 150 yg protein.
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the GNAB 4 OM conplex and at least three of the antigens were

resistant to heat (Fig. 17d).

Purified GNAB 4 LPS was run against homologous antiserum (Fig.

17e) and two heat resistant antigens corresponding to antigens A

and C were detected. A faint third antigen was also seen (arrow,

Fig. 17e). A CLIE reaction was also perforiried with GNAB 4 LPS in

the intermediate gel of the homologous OM complex reaction (Fig.

18a). The CLIE reaction confirmed that antigens A and C were present

in LPS (lines 1 and 2) and further detected the presence of antigen

B (line 3) and a fourth antigen (line 4).

Capsule preparation was obtained from strain GNAB 4 grown on

blood agar plates and purified by acetone precipitation followed by

phenol extraction. This preparation was then run against homologous

antiserum in CIE (Fig. 18b) and several antigen peaks were produced,

all of which were resistant to heat. When GNAB 4 LPS was placed in

the intermediate gel of this reaction, the CLIE pattern indicated

that all but one of the capsule antigens were present in LPS (Fig.

18c; arrow indicates non-cross-reacting antigen). This reaction

also indicated that capsular antigens with different electrophoreti.c

mobilities possessed the same antigenic specificity.

The results indicated that GNAB 4 antiserum reacted with several

carbohydrate antigens in the homologous OM complex. Four precipi¬

tating antigens were present in the LPS preparation, 3 of which were

cross-reacting antigens (A, B and C) in the OM complex. The capsule

preparation was similar immunologically to the LPS preparation.
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(a)
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Figure 18: CLIE and CIE reactions of carbohydrate antigens
from strain GNAB 4. All antigens run against
homologous antiserum; (a) CLIE of OM complex from
GNAB 4 with GNAB 4 LPS in the intermediate gel,
(b) CIE of GNAB 4 capsule preparation, (c) CLIE
of GNAB 4 capsule preparation with GNAB 4 LPS in
the intermediate gel. 1 6 pi OM complex (32 ug
protein) or capsule preparation (10 ug carbohydrate)
run against 375 ul [(a) and (c)] or 500 pi [(b)]
antiserum.
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3.Id Relationship between the common antigens 1 and X

The antisera to NCTC 9344 and GNAB 92 had demonstrated a common

antigen in the 10 test strains (antigen 1 and antigen X). They

were both heat-labile but their sensitivity to periodate differed.

Also, pronase and trypsin treatment decreased the antigenicity of

antigen 1 but only altered the electrophoretic mobility of antigen

X. In an attempt to determine if they possessed the same antigenic

determinants, CIEs with antiserum-containing intermediate gels were

run. Antigen from GNAB 92 was run through an intermediate gel

containing 9344 antiserum into GNAB 92 antiserum (Fig. 19b). When

compared to the control CIE without antiserum in the intermediate

gel (Fig. 19a), precipitin line X is seen to have precipitated in the

intermediate gel. In the converse experiment, 9344 antigen run

through GNAB 92 antiserum, a similar effect was seen with line 1

(Figs. 19c and 19d). This demonstrated that there were antibodies

to the common antigens in both heterologous antisera, suggesting

circumstantially that these common antigens shared determinants.

[Discussion of this section - p.213]
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Figure 19: Intermediate gel CIE. (a) and (b); GNAB 92 OM
complex run against homologous antiserum with (a)
no antiserum in the intermediate gel (control),
(b) 125 yl 9344 antiserum in the intermediate gel.
(c) and (d) ; 9344 OM corrplex run against homologous
antiserum with (c) no antiserum in the intermediate
gel (control), (d) 250 yl GNAB 92 antiserum in the
intermediate gel. 16 yl (4 8 yg protein) OM complex
run against 375 yl GNAB 92 antiserum or 500 yl 9344
antiserum.
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3.2 Enzyme-linked immunosorbent assay (ELISA)

The test antisera were reacted in ELISA with OM complex from

each of the ten test strains (Table VII). In only three instances

did a heterologous reaction fall below an eighth of the homologous

titre, thus indicating strong ELISA reactions of the three antisera

with all heterologous strains.

Inhibition of ELISA. Inhibition studies were performed to

investigate the nature of the antigens that reacted in ELISA.

Potential inhibitors of the ELISA reactions were a) homologous

untreated (i.e. positive inhibition control), b) heat treated and

c) periodate treated OM complexes. Antisera were incubated with

doubling dilutions of potential inhibitors prior to addition to the

ELISA plate wells, as illustrated in Fig. 20. In all experiments,

each of the uninhibited reactions (as in Table VII) was included as

a control. Absorbance readings in the inhibited reactions were

expressed as a percentage of the normal uninhibited ELISA reaction.

As in the CLIE reactions, general trends occurred and each trend is

illustrated by a specific example.

3.2a Inhibition of NCTC 9344 antiserum reactions. The extent to

which heat or periodate treatment reduced the capacity of NCTC 9344

OM complex to inhibit the ELISA reactions of NCTC 9344 antiserum

varied, depending on the test antigen. However, three trends

occurred in the results and examples of each trend are shown in

figures 21a-21c. Inhibition of the reaction with GNAB 87 OM

complex/...



TABLE VII: Reactions of B. fragilis OM complex antigens with
the three test antisera raised to whole cells.

Antigen prepared
from strain No:

Titre of given Ag when titrated against
antiserum raised against:

NCTC 9344 GNAB 4 GNAB 92

NCTC 9344 12800(T) 6400 3200

GNAB 4 3200 25600(T) 6400
II 85 3200 6400 6400
If 86 6400 6400 6400
II 87 3200 6400 6400
II 88 1600 1600 800
II 90 12800 3200 6400
II 92 6400 6400 25600(T)
If 97 6400 3200 320C
if 98 12800 1600 6400

T = Titre, the end point of the antiserum titration (first
dilution with an A450 value of less than 1.6).



INHIBITIONOFINDIRECTELISA
□
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Fig.20;InhibitionofindirectELISA. (1)Microtitrewellcoatedwithantigen. (2)Serumthathasbeenpre-incubatedwiththepotentiallyinhibiting antigenisadded.Onlyunboundantibodyattachestoantigenbound totheplate.
(3)Anti-rabbitIgGconjugatedtoalkalinephosphataseisadded.This bindstotheantibody.

(4)Alkalinephosphatasesubstrate(p-nitrophenylphosphate)reactswith theenzymeproducingcolour.
(DiagramsuppliedbyDr.I.R.Poxton)
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complex produced results (Fig. 21a) representative of those obtained

with five other strains (GNAB 4, 85, 87, 90 and 98). The weak

inhibition by periodate treated antigens showed that carbohydrates

were the major antigens in these reactions. The position of the curve

showing inhibition by heated OM complex indicated that both heat-

resistant and heat-labile antigens took part in the reactions.

Inhibition of the homologous (9344) and GNAB 92 reactions exhibited

a second trend (Fig. 21b): inhibition by heated antigens was similar

to that found in the first trend, but periodate treated antigens

inhibited to a greater extent than in the first trend. The third

trend occurred in the reactions with strains GNAB 88 and GNAB 97

(Fig. 21c) and showed that heat-labile antigens were of greater

importance than in the reactions with other strains. The results

suggested that reactions showing the second and third trends may

have involved important protein antigens as well as carbohydrates.

3.2b Inhibition of GNAB 92 antiserum reactions. Two general trends

were found in the reactions with GNAB 92 antiserum. The result of the

reactions with OM complex from strain GNAB 98 (Fig. 22a) is an

example of the pattern obtained with seven other strains, including

the homologous strain. In the GNAB 98 reaction, negligible

inhibition occurred with periodate-treated inhibitor. In four of

the reactions showing this trend, some inhibition occurred at the two

lowest inhibitor dilutions, but this became negligible on further

dilution. The position of the curve showing inhibition by heated

antigens indicated that heat resistant antigens were very important

in/...
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Dilution of inhibitor (1 in 2°)

Inhibition of ELISA reactions of NCTC 9344 antiserum

by untreated hQ) , heated (O) and periodate treated Q
homologous OM complex. (a) Reactions with GNAB 87 OM
complex, (b) reactions with GNAB 92 OM complex and
(c) reactions with GNAB 97 OM complex. 100% absorbance
was that obtained in the control reaction, i.e. no
inhibitor added to antiserum.
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Dilution of inhibitor (1 in 2 )

Fig. 22: Inhibition of ELISA reactions of GNAB 92 antiserum
by untreated (O) / heated (9) and periodate treated O
homologous OM complex. (a) Reactions with GNAB 98 OM
complex and (b) reactions with GNAB 88 OM complex.
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in ELISA, while heat labile antigens were involved to a lesser

extent. It is unclear why the heated antigens inhibited ELISA less

than untreated antigens at low dilutions and more at high dilutions,

but this was a consistent finding in the eight reactions. These

results indicated that in eight out of the ten ELISA reactions of

GNAB 92 antiserum, carbohydrates were the major antigens.

A second trend occurred in the reactions with strains GNAB 88

(Fig. 22b) and GNAB 97. Heat labile, periodate resistant antigens

had a significant role in ELISA, suggesting importance of protein

as well as carbohydrate antigens.

3.2c Inhibition of GNAB 4 antiserum reactions. Figure 23a shows

the results obtained in the reactions with OM complex from strain

GNAB 86. This trend occurred in the reactions with nine strains,

including the homologous strain. The strong inhibition by heated

antigens indicated that carbohydrates were the predominant antigens

in ELISA. Only the reaction with GNAB 97 (Fig. 23b) differed,

but still showed that the most important antigens were carbohydrate.

Inhibition of GNAB 4 antiserum reactions with OM complex was

also carried out with the homologous LPS preparation, with untreated

homologous OM complex providing a positive inhibition control. In

the homologous reactions, the degree of inhibition by GNAB 4 LPS

was slightly over half that obtained with GNAB 4 OM complex (Fig.

24a). Two trends were observed in the nine heterologous reactions.

The/...
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The first trend, represented by the reactions of GNAB 86 OM complex

(Fig. 24b), was obtained with four other strains (9344, GNAB 85, 87

and 92): in these reactions, the LPS preparation strongly inhibited

ELISA, with the degree of inhibition only slightly less than that

obtained with OM complex. The trend exhibited by the remaining

four strains, as shown in the reactions of GNAB 98 (Fig. 24c),

indicated that LPS significantly inhibited the reactions, but not as

strongly as in the reactions of the five other heterologous strains

(compare Figs. 24b and 24c). These results showed that important

cross-reacting antigens in ELISA were present in the LPS preparation.

[Discussion of this section - p. 215]
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(a) (b)

Dilution of inhibitor (1 in 2 )

Fig. 23; Inhibition of ELISA reactions of GNAB 4 antiserum
by untreated (O) r heated (#) and periodate treated
O homologous OM complex. (a) Reactions with

GNAB 86 OM complex and (b) reactions with GNAB 97
OM complex.
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Inhibition of ELISA reactions of GNAB 4 antiserum by
untreated homologous OM complex (0) and homologous
LPS (■). (a) Reactions with homologous (GNAB 4) OM
complex, (b) reactions with GNAB 86 OM complex and
(c) reactions with GNAB 98 OM conplex.
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3.3 Analysis of lipopolysaccharides by SDS-PAGE and electroblot

transfer.

Lipopolysaccharide preparations from B. fragilis strains

NCTC 9344, GNAB 92 and GNAB 4 were run in SDS-PAGE. The phenol

extracted capsule preparation from strain GNAB 4 was also run.

The gel was loaded with 20 pg (based on carbohydrate assay)

of each sample a.nd stained with silver; the final development

proceeding for no more than 5 min. A significantly shorter

development resulted in clearer definition of the heavier staining

bands but the finer bands were not visible. Conversely a longer

development time increased the sensitivity but results were

difficult to read. Each LPS preparation gave a similar pattern,

as shown in Figure 25. At the front of each track there was an

almost clear area where stain had not penetrated and just behind

this there was a series of regularly spaced discrete low molecular

weight bands which decreased in staining intensity as they approached

the middle of the gel. This is best seen in track 1 (NCTC 9344

LPS). At the top half of each track there were three high molecular

weight diffuse-staining bands. On closer examination the middle

diffuse band in track 2 (GNAB 92 LPS) can be seen to be conposed of

a series of closely-spaced discrete bands (arrowed).

The presence of multiple, regularly spaced bands has been

interpreted in studies of other species (see Discussion) as LPS

molecules possessing increasing numbers of 0-antigen repeating

units/...
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units. The heavily stained low molecular weight component

represents rough LPS (i.e. lipid A and core) and each band of

increasing molecular weight represents the addition of one more

repeating unit (these have been indicated on Fig. 25, track 1 as

R^, R + 1, R + 2, R+3, etc.). This interpretation probably also
applies to the LPS of B. fragilis. The possible nature of the

diffuse-staining high molecular weight bands is'commented upon in

the discussion (p.217).

In order to obtain an estimation of the protein in the LPS

preparations the amount of sample on the gels was increased from

20 pg to 50 pg (carbohydrate) and stained with Coomassie Blue.

(The Lowry protein estimation was found to be of little use on

LPS preparations from bacteroides due to the interference from

amino sugars and other unidentified components. Apparent high

protein levels give no Coomassie Blue bands on gels). After

staining with Coomassie Blue (Fig. 26) a grey-blue region was

visible at the front which corresponded to the clear area in the

silver stain and just behind this there was a blue-stained curved

band which may have been protein. In the 9344 LPS only., 2 other

faint bands ran just behind the curved band. Other very light,

poorly defined staining in the gel suggested association of small

amounts of protein with some of the carbohydrate components.

The capsule preparation from GNAB 4 (track 4, Fig. 25) was

composed almost entirely of high molecular weight diffuse material,

with only 2 faint lower molecular weight bands occurring.
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12 3 4

Figure 25: SDS-polyacrylamide gel of LPS (20 \ig) from B. fragilis
NCTC 9344 (track 1), GNAB 92 (track 2) and GNAB 4
(track 3) stained with silver after periodic acid
oxidation. S represents possible smooth LPS and R is
rough LPS. R + 1, 2, etc. represents rough LPS with
increasing numbers of repeating units. Capsule
preparation (20 pg) from GNAB 4 was run in track 4.
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Figure 26: SDS-polyacrylamide gel of LPS (50 yg) from B. fragilis
NCTC 9344 (track 1), GNAB 92 (track 2) and GNAB 4
(track 3) stained with Coomassie Blue.
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Electroblot transfer was performed from two duplicate gels

which contained 20 pg of each sanple. One blot was probed with

B. fragilis GNAB 4 antiserum (Fig. 27) and the other with B. fragilis

GNAB 92 antiserum (Fig. 28). In Fig. 27 the GNAB 4 antiserum

reacted strongly with both high and low molecular weight bands in

the homologous LPS reaction (track 3) and also in the reaction with

9344 LPS (track 1). However, with GNAB 92 LPS only the two lowest

molecular weight bands reacted strongly (track 2). The homologous

capsule preparation contained high molecular weight antigens and one

faint antigen of low molecular weight. In Fig. 28 the homologous

LPS reaction (track 2) demonstrated a strong reaction between both

high and low molecular weight components, but with the two heterologous

LPS reactions only the two lowest molecular weight bands reacted.

(GNAB 4 capsule was not included in this blot).

In the reactions with both antisera, the 2 strongly reacting

low molecular weight bands (arrows, Figs. 27 and 28), contained

antigenic determinants common to the 3 strains.

[Discussion of this section - p.216]
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m.

Figure 27: Electroblot of LPS (20 yg) from NCTC 9344 (track 1),
GNAB 92 (track 2) and GNAB 4 (track 3) and of
GNAB 4 capsule preparation (track 4); samples had
been separated on an SDS gel (as in Figure 25) and
transferred to nitrocellulose membrane. The blot
was probed with GNAB 4 whole cell antiserum,
followed by anti-rabbit IgG and HRP colour develop¬
ment (BioRad) . Faint reactions are arrowed. (*-) .
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1 2 3

Figure 28: Electroblot of LPS (20 yg) from NCTC 9344 (track 1),
GNAB 92 (track 2) and GNAB 4 (track 3). The blot
was probed with GNAB 92 whole cell antiserum,
followed by anti-rabbit IgG and HRP colour develop¬
ment (BioRad). Faint reactions are arrowed(-•-) .
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4. GEL FILTRATION CHROMATOGRAPHY OF LIPOPOLYSACCHARIDE.

Lipopolysaccharide preparation (3 mg dry weight) from B. fragilis

GNAB 92 was solubilised in 3% sodium deoxycholate (NaD) buffer and

chromatographed on a Sephacryl S-300 column equilibrated in 3% NaD

buffer. Fractions were analysed for antigenic activity against

homologous antiserum by rocket immunoelectrophoresis as shown in

Figure 29. Three precipitating antigens were eluted at the void

volume (fraction 20) and in several subsequent fractions, reaching

maximum concentration at fraction 24. Decreasing amounts of antigen

were detected up to fraction 36, after which no precipitating antigens

occurred. Chromatography was repeated on the LPS from B. fragilis

GNAB 4 and similarly, at least 3 precipitating antigens (against

homologous antiserum) eluted at the void volume (fraction 20) and

were detected in subsequent fractions up to fraction 30.

Very little, if any, resolution of the precipitating antigens

was observed by this method and the results indicated that the

precipitating antigens in LPS preparations are of high molecular

weight (probably 10s daltons or greater).

[Discussion of this section - p.218]
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20 22 24 26 etc. 40

Vo

Fig. 29: Chromatography of LPS (3 mg) from B. fragilis GNAB 92
on Sephacryl S-300: analysis of fractions by rocket
immunoelectrophoresis. Five microtitres of alternate
10-drop (0.5 ml) fractions (nos. 18-60) were electrophoresed
against antiserum (0.5 ml per 12 samples) raised to whole
cells of the homologous strain. V0 = void volume. (No
precipitates detected in fractions 42-60).
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5. REACTIONS OF B. PRAGILIS CELL SURFACE ANTIGENS WITH ANTISERUM

RAISED TO OUTER MEMBRANE COMPLEX.

Antiserum (pooled from 2 rabbits) was raised to the EDTA-45° C-

sonication released OM complex of B. fragilis NCTC 9344. The

reactions of this antiserum with OM complex from the 9 heterologous

test strains were tested in ELISA. Three strains reacted to half

titre (T/2), 3 strains to T/4 and 3 strains to T/8, indicating strong

heterologous reactions in all cases.

The CIE reaction with homologous OM preparation yielded a

complex picture (Figure 30a). Cross-reaction with each heterologous

OM complex was also investigated by CIE. All test strains produced

several peaks with the OM complex antiserum and 4 examples of the

reactions are shown in Figures 31a-d. The antigens that were readily

distinguishable as common antigens were those numbered 1, 2 and 3 in

Figure 31d. The homologous reaction was also run with GNAB 92 OM

complex in the intermediate gel and the CLIE pattern (not illustrated)

showed which of the homologous antigens corresponded to 1 , 2 and 3;

these are indicated in Figure 30a.

All of the major homologous peaks disappeared after heating the

OM complex, suggesting that the antigens were mostly proteins.

Therefore, the homologous OM complex was treated with pronase and

trypsin for 5 h and 10 h (see Methods for conditions) and run in CIE

(Figs./...
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(a)

(b)

.

I ^

(c)

Figure 30: CIE of antiserum raised to NCTC 9344 OM complex,
run against (a) homologous OM complex (incubated
at 37° C for 10 h), (b) homologous OM complex,
incubated with pronase and trypsin at 37° C for
5 h, (c) as in (b) except incubated for 10 h.
16 yl OM complex (32 ug protein) run against 250 pi
antiserum.
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Figure 31: CIE of antiserum raised to NCTC 9344 OM complex,
run against OM complex from; (a) GNAB 85,
(b) GNAB 87, (c) GNAB 90, (d) GNAB 92. 16 yl
(32 yg protein) OM complex run against 250 yl
antiserum.
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(Figs. 30b and 30c). After 10 h, at least five of the homologous

antigens, including antigen 3, had been destroyed. The antigenic

determinants of antigen 2 were not affected by the enzymes, but the

mobility of the whole molecule was reduced. After 5 h, a transition

stage had taken place, with some of the antigen 2 molecules altered

to a slower moving form producing a double peak (arrow, Fig. 30b).

In the untreated OM complex (Fig. 30a) antigen 1 formed a peak with

a faster moving anodic front. Enzyme treatment converted much of

the antigen forming the peak into the faster moving form, changing the

overall shape of the precipitate. Heterologous (GNAB 92) OM complex

was also treated with pronase and trypsin and antigens 1, 2 and 3

were affected in the same way as the homologous antigens (results

not shown). The results indicated that major antigens common to

all test strains were probably protein in nature.

Intermediate gel CIE was carried out to examine the relation¬

ship between the antiserum raised to whole cells of 9344 and the

antiserum raised to OM complex. The control reaction (OM complex

against OM complex antiserum) is shown in Figure 32a. When whole

cell antiserum was included in the intermediate gel (Fig. 32b) ,

antigen 1 was brought down into the intermediate gel, indicating

the presence of antibodies against antigen 1 in both antisera.

The tails of peaks 2 and 3 extended further into the intermediate

gel than in the control, indicating a very weak reaction with the

whole cell antiserum (i.e. low specific antibody levels). The same

was/...
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was true of some of the minor, slow moving antigens. The small

precipitates seen low in the intermediate gel in Figure 32b (arrow)

represent antigens that only reacted with the whole cell antiserum.

The membrane vesicles present in 9344 OM complex were collected

by ultracentrifugation (100,000 g_) and compared in CLIE with the

remaining supernatant. All the major antigens were detected in

the membrane fraction, including antigens 1, 2 and 3, indicating

that the major cross-reacting antigens were membrane bound. Whilst

several antigens were detected in the supernatant, antigens 1,2 and

3 were not present.

(a) (b)

Figure 32: Intermediate gel CIE: antiserum raised to NCTC 9344
OM complex run against homologous OM complex with
(a) No antiserum in the intermediate gel (control)
and (b) 125 yl of antiserum raised to whole cells of
NCTC 9344 in the intermediate gel. 1 6 pi (32 ug

protein) OM complex run against 250 pi antiserum.
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6. ANALYSIS OF VARIOUS MEMBRANE FRACTIONS FROM B. FRAGILIS NCTC 9344

6.1 Preparation of membranes from spheroplasts.

Lysozyme-EDTA spheroplasts were obtained from strain NCTC 9344

as described in 'Materials and Methods', p135. The procedure was

performed under both anaerobic and aerobic conditions. When

lysozyme-EDTA treatment was carried out in the anaerobic cabinet

with pre-reduced reagents, 90% or more of the cells were converted

to spheroplasts. This conversion was complete a few minutes after

the addition of EDTA. In contrast, very little spheroplast formation

took place under aerobic conditions (approx. 10%) and did not increase

with time (up to 30 min after EDTA addition). The spheroplasts were

lysed in the French press and membranes were collected by centrifugation.

Sucrose density gradient centrifugation was then performed on the

membranes. After centrifugation, three bands were visible in the

gradient, separated from each other by only a few millimetres. The

lowest (heaviest) band was very faint, but the middle and upper bands

were broad and opaque. Fractions, each consisting of 3 drops, were

obtained from the bottom of the gradient tubes and were assayed for

protein (absorbance at 280 nm, Fig. 33). A broad shoulder (area A1,

Fig. 33) represented the heaviest material obtained from the gradient

and this was followed by peaks A and B. The faint lowest band on

the gradient was seen to start eluting from the tube at fractions 11

and 12: these fractions correspond to the beginning of the shoulder

(A1) and therefore A1 represents the lowest membrane band, A the

next/...
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Fig. 33: Absorption at 280 nm of fractions collected from
sucrose gradient centrifugation of the total membrane
fraction, obtained from lysozyme-EDTA spheroplasts.
The fractions which comprised area Aland peaks A and
B were pooled as described in the text. Spheroplasts
were prepared from B. fragilis NCTC 9344 ( A
- - - - % sucrose).

280 nm,
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next band and B the upper band. The fractions comprising A1

(11-15), peak A (17-22) and Peak B (24-29) were pooled and membranes

were obtained from the pooled fractions by centrifugation at

100/000 <3 for 1 h. They were resuspended in a small volume of

water and frozen.

6.2 Analysis of membrane fractions by SDS-PAGE.

The following membrane preparations from B. fragilis NCTC 9344

were analysed by SDS-PAGE: the three membrane fractions (A1, A and

B) obtained from spheroplasts; outer membrane preparation obtained

by the Sarkosyl method*; outer membrane obtained by centrifugation

(100,000 g) from EDTA-45°C-sonication released OM conplex. The

results are shown in Figure 34. The three spheroplast membrane

fractions had very similar PAGE profiles, with few noticeable

differences. One band in the peak B fraction (arrow, track 3) was

absent from or present at very low concentration in Peak A and

fraction A1 (tracks 4 and 5). Another difference was that Peak A

and fraction A1 were slightly more enriched in certain bands: this

was most noticeable in the bands numbered 1 and 2 and less so in the

bands marked 3 and 4. Peak A and fraction A1 exhibited identical

profiles indicating that they probably represent the same material.

Bands 1, 2 and 3 were the major polypeptides in the Sarkosyl

extract (track 1) and had molecular weights of 62000, 44 000, and

41 000 daltons respectively. Bands 1, 2 and 4 constituted major

bands in the EDTA OM conplex (track 2).

The/...

*Sarkosyl extract provided by Dr. I.R. Poxton.
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Fig. 34; SDS-polyacrylamide gel of membrane preparations from
B. fragilis NCTC 9344 stained with Coomassie Blue.
Track 1, Sarkosyl extract; track 2, ultracentrifuged
OM complex; tracks 3 to 5, spheroplast membrane
fractions B, A and A1 respectively.
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The OM conplex membranes shared many common bands with the

spheroplast membrane fractions and in overall appearance, the profile

of the Sarkosyl extract was least like the other samples. Comparing

the Sarkosyl outer membrane with the OM conplex, it was seen that the

Sarkosyl extract contained fewer bands and was more enriched in

certain polypeptides (e.g. the major bands 1-3).

[Discussion of this section - p. 227]

i
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7. BACTERIAL ADHERENCE TO THE RAT COLONIC MUCOSA

7.1 Numbers of anaerobes and aerobes associated with washed colon

and faeces.

Counts of anaerobes and aerobes (facultative) were carried out

on the faeces and washed colons of 2 animals (counts 1 and 2) and

the results are shown in Table VIII*. After washing, the colonic

mucosa still had significant numbers of bacteria associated with it.

There were significantly greater numbers of both anaerobes and aerobes

in faeces than on the colon; however, a quantitative comparison of

such different samples has little meaning. Averaged over counts 1

and 2, the ratio of anaerobes to aerobes on the colon was 520:1 and

in faeces, 789: 1 .

7.2 Distribution of indigenous anaerobes adherent to the colon.

The numbers of colony forming units (cfu) associated with each

section of the colon are shown in Table IX. Each result was an

average of the numbers obtained on duplicate plates. The results

obtained with the selective and non-selective plates taken together

indicate that a slightly greater number of bacteria were isolated

from the proximal section; however, differences in numbers along

the colon length were insignificant. Comparison of the numbers

isolated on selective and non-selective plates show that the

bacteroides/...

NB The anaerobes from faeces and colon were counted on plates
receiving 10 6 and 10~4 dilutions respectively (see Fig. 10).
At these dilutions, facultative bacteria had been diluted out
and the counts represented obligate anaerobes only.
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TABLE VIII; Numbers of bacteria (cfu) isolated from washed colon
and faeces (expressed as cfu g ^ colon* or faeces).

Colon Faeces

Count 1 Count 2 Count 1 Count 2

Aerobic 1.2 x 106 • 00 X o ■r 8.4 x 106 8.8 x 106

Anaerobic 5.8 x 107 1 x 107 6 x 109 7.6 x 109

* Total weights of colons 1 and 2 were 1.35 g and 1.7 g respectively.

TABLE IX: Numbers of anaerobes (cfu) isolated from different areas
of washed colon (expressed as cfu per colon section).

Colon Section

Proximal Middle Distal

♦Blood agar+
va ncomycin/ka namycin

Blood agar

4.3 x 105

7 x 10s

9 x 10*

4 x 106

2.8 x 105

4 x 106

♦Selective medium for bacteroides/fusobacterium group.
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bacteroides/fusobacterium group represented about 5% of the total

adherent anaerobes. In this experiment, the total number of cfu

isolated on blood agar from the entire colon was 1.5 x 10'. In a

separate experiment, another colon was treated in the same way

(see methods) except that it was not cut into three sections: the

total number of cfu obtained was 1.7 x 107 which correlates closely

with the figure of 1.5 x 107.

7.3 Bacteroides species adherent to the colon.

A small number of bacteroides colonies were isolated from

washed colon and identified to species level. Of 10 isolates, there

were 5 B. distasonis, 3 B. thetaiotaomicron, 1 B. fragilis and one

that was also B. fragilis group but did not fit the biochemical key

for species identification. There is no quantitative significance

in such a limited study, but the results indicated that bacteroides

species found adherent to the colonic mucosa of meat-fed rats are

typical of those isolated from the human gastro-intestinal tract.

Also, this demonstration of B. fragilis group organisms adherent to

the rat colonic mucosa supported the idea that this is a suitable

surface on which to study the attachment of these bacteria.

7-4 Inherent variability in the adherence assay.

The primary experiment was designed to determine how much
i

variation in binding would occur from well to well in an adherence

assay (see Materials and Methods, p. 144). All wells received

0.1 ml/..o
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0.1 ml (5 x 108 bacteria) from one suspension of radiolabelled B.

fragilis GNAB 4. The radioactivity associated with each 28 mm2

area of colon (i.e. each well) was expressed as a percentage of the

total radioactivity present in 0.1 ml of bacterial suspension: the

figure calculated was referred to as percentage association. To

test the significance of observed trends the assay was performed

three times.

Percentage association in each of the assays is shown in

Figure 35. The results indicated that considerable variation

between wells occurred. This variation took the form of a tendency

towards increased binding from the proximal to the distal end in

assays 1 and 2. No such trend was observed in assay 3. In both

assay 1 and 3 a leak was present in well 10, which was therefore

not used.

7.5 Comparison of in vitro mucosal association of B. fragilis

GNAB 4 and a B. distasonis isolate from the rat colon.

In view of the variation in association between wells,

comparison of the binding of different species of bacteria was

restricted to only 2 species in one assay. Restricting a comparison

to 2 variables allowed each species to be tested five times against

the other, with the different species placed in alternating wells.

Species A could be added to wells 1, 3, 5, 7 and 9 and species B

to wells 2, 4, 6, 8 and 10. It was considered that the use of

alternating/...
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alternating wells would allow detection of major differences between

the species, even though background variation due to other factors

might exist.

The results obtained with 13. fragilis GNAB 4 and the B.

distasonis isolate are shown in Figure 36. Both strains showed a

trend of increased association from the proximal end to the distal

end, as also observed with B. fragilis in the previous experiments

(Fig. 35). The B._ distasonis isolate from the rat colon showed

greater association with the mucosa than B. fragilis along the total

length of colon examined. Both wells 1 and 10 leaked slightly and

counts from these areas of the mucosa were ignored.

At this stage, it was decided to investigate the nature of

the observed in vitro association by scanning electron microscopy.

7.6 Scanning electron microscopy (SEM) ._

Examination of colon specimens by SEM was invaluable in

assessing many aspects of the procedure. Specimens were fixed in

glutaraldehyde as follows:

a. Segments of colon were removed from the extreme proximal and

distal ends and were fixed, unwashed, less than 3 min after

removal from the animal.

b. Segments were also removed from each end after the initial

2x5 min wash (i.e. approximately 12-15 min after removal).

c. Several segments were cut and fixed after the adherence assay

had/...
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6 "

23 456789

Well number

Fig. 3 6 i In vitro association with the colonic mucosa of
B. fragilis GNAB 4 and a B. distasonis isolate
from the rat colon. Clear bars = B. fragilis,
shaded bars = B. distasonis. P = proximal,
D = distal.

i
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had been performed (with unlabelled B. fragilis GNAB 4). Areas

that were washed finally either once, twice or three times

were examined. Also, some areas were taken through the

procedure, without the addition of B. fragilis.

Changes in the integrity of the colonic mucosa. Figure 37

shows the appearance of the mucosa when it was fixed less than 3 min

after excision. The surface was essentially flat at low magnifica¬

tion and some remains of the mucus blanket (M) were present. However

large areas of the mucosal surface were devoid of mucus indicating

that most of it was lost in fixation and preparation of the specimen.

The equivalent specimen from the distal colon was similar in

appearance. The specimens that were fixed after preliminary washing

exhibited a dramatic change in colon morphology (Fig. 38). The

epithelial cells were seen to balloon outwards, with the microvilli

prominently extended. This general swelling also exaggerated the

crypts and contours of the mucosal surface when compared to the flat

surface seen in Figure 37. Some of the cells were extruded from

the mucosa (arrows, Fig. 38) and this process continued to occur,

so that considerable numbers of cells lay on the mucosal surface by

the end of the assay procedure. The above observations indicated

that the assay was carried out on a surface that had altered

morphologically, due to a deterioration in the condition of the

individual epithelial cells.

Normal bacterial association with the mucosa. Observation by

SEM of the unwashed, rapidly fixed specimens allowed the association

of/...



Figure:37:ScanningEMofproximalcolonfixedrapidlyafterexcision(x760.Barequals100pm) E=epitheliumM=mucus



Figure38:ScanningEMofproximalcolonfixedafter2x5minwashesinD.PBS(x740.Barequals100urn) Arrowsindicateextrudedcells.
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of indigenous bacteria with the mucosa to be studied. However,

many organisms may have been lost with the mucus blanket. Most of

the epithelial surface was devoid of bacteria indicating that

specific interaction of commensal bacteria with epithelial cells is

not a significant mode of adherence. It is also noteworthy that

strands of mucus such as that shown in Figure 37 (when examined at

higher magnification) were often only sparsely populated with bacteria.

By carefully scanning large areas, however, microcolonies of bacteria

associated with a mucus matrix could be observed. Examples of

these 'clusters' of bacteria are shown in Figures 39 and 40. The

bacteria were largely confined to the small area of mucus and the

surrounding exposed epithelium was relatively free of organisms.

The microcolon!es consisted predominantly of rod-shaped bacteria,

which may have represented a mixed or a relatively homogeneous

population. Spherical objects were seen in association with the

rods, but the identity of these as bacterial cocci is not certain.

These distinct microcolonies were found in the distal specimen and

could not be demonstrated in the proximal region. However, areas

of mucus in the proximal region could be found with lesser numbers

of associated bacteria. Figure 41 shows mucus extending down into

a crypt, with a variety of organisms closely associated. Rods of

varying morphology and spirochetes were observed, with cocci

possibly also present. A large flagellate organism was also seen,

but this organism may not have been mucus-associated.

In/...



Figure39:ScanningEMofamucuspatchonthecolonicmucosacontaininglargenumbersofindigenous bacteria(x7600.Barequals10ym)E=epitheliumM=mucus



Figure40:ScanningEMofbacteriaassociatedwithmucusonthecolonicmucosa(x7600.Barequals 10pm)E=epitheliumM=mucus



Figure41;
ScanningEMoforganismsassociatedwithmucusinamucosalcrypt(x7500.Barequals 10ym)EC=epithelialcell.M=mucus.R=rods.SP=spirochetes. FL=flagellate.



In vitro association of B. fragilis with the mucosa. Segments

of colon containing the areas of mucosa that had been incubated with

B. fragilis GNAB 4 were examined by SEM. The normal flora was

very sparse in these washed specimens and the bacteroides cells were

readily identified by their characteristic morphology after growth

in PPY medium. The epithelial surface was virtually free of

bacteria and the bacteroides cells were mainly confined to crypts

or other depressions in the mucosal surface. Small numbers were

also seen associated with patches of mucus. Figures 42 and 43 show

considerable numbers of B. fragilis cells distributed within crypts.

In Figure 43 several of the bacteria appeared to be associated with

mucus. The B. fragilis suspensions typically contained single rods,

pairs and chains: the characteristic chain formation can be seen in

Figure 43 (arrow). No significant numbers of B_. fragilis cells were

seen in remaining patches of mucus and there was no evidence that

they were adhering preferentially to any other surface. The distrib¬

ution of the bacteria suggested that physical protection afforded by

the crypts prevented their removal by the final washing process.

There was little difference in the appearance of the specimens that

had been finally washed once, twice or three times, except that

bacteria were found with greater frequency in the crypts of those

washed only once. The ballooning of the epithelial cells and

extreme projection of the microvilli was clearly seen in all

specimens. ,

[Discussion of this section - p. 232]



Figure42:ScanningEMofB.fragiliscellsonthecolonicmucosaafterinvitroincubation (x7500.Barequals10jjm)EC=epithelialcell.



Figure43:ScanningEMofB.fragiliscellsonthecolonicmucosaafterinvitroincubation (x7500.Barequals10ym).ArrowindicatestypicalchainofB.fragiliscells.
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1. THE CAPSULE OF B. FRAGILIS.

The polysaccharide capsule of B, fragilis is considered to be

an important virulence factor for the organism (Onderdonk et al.,

1977; 1978). However, the capsule remains structurally and immuno-

chemically ill-defined.

In the present investigation, a thin layer of polyanionic

extracellular material was demonstrated surrounding B. fragilis

cells in electron micrographs. Other sparse extracellular strands,

representing more diffuse material, were also seen.

All cells that were examined microscopically for capsule

formation were grown in PPY medium. The composition of the growth

medium often influences the degree of'capsule formation by bacteria

and is therefore an important consideration when comparing the

observations of different workers. In previous studies (Kasper,

1976; Kasper et al., 1980), cells were grown in thioglycollate

broth or on blood agar plates and possessed thicker, more densely

staining capsules in electron micrographs than were observed in the

present study. Also, Kasper et al. (1983) reported that inclusion

of foetal calf serum in the medium enhances capsule formation by

B. fragilis. Reid (personal communication) finds that B. fragilis

produces an extensive glycocalyx (seen in electron micrographs) when

grown in a chemically defined medium with a high carbon to nitrogen

ratio. The same strains grown in non-defined media, produce thin

capsules of the type shown in this thesis. To find out whether the

extensive/...



212.

extensive glycocalyx observed by Reid is immunochemically distinct

from the thin fibrillar layer requires further investigation.

In vitro passage of B. fragilis has been reported to result in

loss of the original capsular polysaccharide(s) and to switch on

synthesis of an extracellular glucan (Kasper et al. , 1980). However,

several passages on blood agar were required to produce this effect

and true capsules were produced again after animal passage. In the

present study, in vitro passage was minimized as much as possible.

Freeze-dried ampoules of the original pure cultures of the GNAB

strains were used to inoculate cooked meat broth, from which the PPY

was then inoculated. The same procedure was followed for strain

NCTC 9344, but the previous history of this strain with respect to

passage is uncertain.

The relationship of the capsular components seen in the electron

micrographs to the cell surface carbohydrate antigens detected in

the present studies is discussed later.
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2. REACTIONS OF CELL SURFACE ANTIGENS WITH ANTISERA RAISED TO WHOLE

CELLS.

2.1 Crossed inununoelectrophoresis and crossed line Immunoelectrophoresis

The techniques of CIE and CLIE have been useful in showing the

array of antigens that exist at the cell surface of B. fragilis. By

these methods, certain cross-reactions between strains have been

examined and the antigens present in extracted LPS have been investi¬

gated in relation to OM complex antigens. Most previous studies of

the cross-reacting precipitating antigens of B, fragilis have used

immunodiffusion methods. Immunodiffusion has been applied to the

analysis of various extracts of B. fragilis and has shown complex

patterns of cross-reaction (Abshire et al., 1979; Cherniak et al.,

1979; Meisel-Mikolajczyk et al., 1981). It had been concluded that

considerable antigenic heterogeneity exists between strains of B._

fragilis. In the present study, although variations in cross-reacting

patterns were observed, two of the test antisera (NCTC 9344 and GNAB

92) each detected heat-labile, precipitating antigens common to all

strains tested. Such heat-labile common precipitating antigens have

not previously been reported but Schwann et al. (1981) have demonstrated

a heat-labile surface antigen associated with non-homogeneous immuno¬

fluorescence staining. The reactions of the GNAB 4 antiserum were

similar to those observed by previous workers in that no common

antigen was demonstrated, heterologous strains cross-reacted with any

one of three carbohydrate antigens and no cross-reactions could be

demonstrated/...
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demonstrated in some strains. The reason why the GNAB 4 antiserum

did not detect the single common antigen may be because of the slime

that this organism produces in PPY cultures; this slime, which may

represent loosely bound capsular material, could mask the common

antigen at the cell surface.

The heat-labile common antigens (1 and X) behaved differently

after periodate and pronase/trypsin treatment; however, circumstantial

evidence suggested that they carry the same antigenic determinant.

Further investigation of these antigens was not pursued in the present

study, partly because attention became focussed on the common heat-

stable carbohydrate antigens detected in ELISA (see later discussion).

Also, it was considered that major technical difficulties would be

met in trying to purify and characterise these heat-labile antigens.

However, investigations using monoclonal antibodies raised to B.

fragilis outer membrane components are currently under way in this

laboratory; it is possible that the common heat-labile antigens

will be further investigated by this means.

Three or four carbohydrate precipitating antigens were detected

in LPS preparations. The antigens were immunologically distinct,

indicating that LPS prepared from B. fragilis by aqueous phenol

extraction and ultracentrifugation is contaminated with other non-LPS

antigens. Based on CIE alone, it was not possible to tell which of

the precipitating antigens actually represented the true LPS;

however, later evidence from SDS-PAGE and gel filtration experiments

indicated/...



215.

indicated that none of them represented LPS (see later discussion).

2.2 Enzyme-linked immunosorbent assay.

An enzyme-linked immunosorbent assay (ELISA) has been used to

detect largely species-specific reactions of B. fragilis antisera

with OM complex from heterologous strains (Poxton, 1979). Sodium

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of

OM complex has shown marked similarities in the polypeptide profiles

of different B. fragilis strains (Poxton and Brown, 1979; Kasper and

Seiler, 1975), suggesting that proteins could act as species-specific

antigens in ELISA. Alternatively, the species-specific carbohydrate

antigen(s) isolated from OM complex (Kasper and Seiler, 1975; Kasper,

1976b) and aqueous phenol extract (Kasper et al. , 1983) may be the

major cross-reacting antigen(s) in ELISA. The nature of the antigens

reacting in ELISA was investigated in the present study by ELISA

inhibition. The results indicated that the predominant cross-

reacting antigens were in most cases periodate sensitive and heat

resistant and were therefore carbohydrates. The extent to which

protein (heat-labile, periodate resistant) antigens appeared to be

involved in ELISA reactions depended on the individual cross-reacting

strain. Although protein antigens were of some significance in ELISA

for at least two cross-reacting strains (GNAB 88 and GNAB 97), carbo¬

hydrate antigens still contributed significantly to these reactions.

There was clearly limited correlation between the CIE/CLIE and

the ELISA results. In the reactions of GNAB 4 antiserum, CIE and

CLIE/...
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CLIE showed the GNAB 4 OM corrplex and LPS preparation to contain

several carbohydrate antigens: whilst some heterologous strains

possessed one of these antigens, none of the antigens were common to

all test strains. In contrast, ELISA detected carbohydrate antigen(s)

common to all test strains and the common antigenic activity was

present in GNAB 4 LPS preparation. Similarly, the carbohydrate

precipitating antigens of strain GNAB 92 did not cross-react in CLIE

with any of the other test strains, yet ELISA detected common carbo¬

hydrate antigen(s). The explanation for these discrepancies is

discussed later, in the light of the SDS-PAGE/electroblot transfer

and gel filtration experiments.

2.3 SDS-PAGE and electroblot transfer.

The silver-stained SDS-polyacrylamj.de gels of LPS from the

three strains of B. fragilis showed similarities to those previously

reported for E. coli, Salmonella typbimurium, Neisseria meningitidis

and Bordetella pertussis (Tsai and Frasch, 1982; Mybal et_ al_. , 1983).

They were also similar to the SDS gel profiles revealed by auto¬

radiography of LPS from E. coli and S. typhimurium (Goldman and

Leive, 1980; Pavla and Makela, 1980). The LPS profiles were

characterised by a large quantity of low molecular weight (rough) LPS

and bands of increasing molecular weight representing molecules of

increasing 0-side chain length. The material at the absolute front

of the gel, which did not stain well, may represent the lipid A

component which does not stain with silver (Tsai and Frasch, 1982).

The/...
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The diffuse-staining high molecular weight bands have not been

so apparent in PAGE analyses of the enterobacterial LPS preparations.

The middle of the three high molecular weight bands (labelled Sin

Fig. 25 track 2) may be a series of smooth LPS molecules. It is

probable that other diffuse bands represent contaminating non-LPS

carbohydrates; either capsular polysaccharide or the high molecular

weight carbohydrates described by Hofstad (1982). In support of

this view, the capsule preparation from strain GNAB 4 consisted of

predominantly high molecular weight diffuse components.

Electroblot transfer of the three LPS preparations and subsequent

detection of antigens by antisera raised to whole cells of the two

clinical isolates revealed that the only conponents which reacted

significantly with both antisera were the two lowest molecular weight

bands (R and R + 1) although faint reactions were visible with some

of the higher molecular weight discrete LPS bands. The homologous

reactions also detected the high molecular weight components. Some

of the high molecular weight bands of strain NCTC 9344 also reacted

with the GNAB 4 antiserum. These observations demonstrate that

the probable core region of the LPS is an antigen common to the three

strains of B. fragilis and may represent a B. fragilis common

antigen. If it is assumed that the middle high molecular weight

band (S in Fig. 25) represents smooth LPS then a likely explanation

for only the rough and semi-rough LPS reacting with antiserum is
i

either because of a concentration effect i.e. there are only sufficient

core determinants present in the first two bands to be detected or

the/...
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the presence of many repeating units mask the core. The high

molecular weight carbohydrates a re not species-specific antigens but

may be shared by more than one strain. The finding of common LPS

antigens in B. fragilis strains is in agreement with the work of

Kasper et al. (1983) who have found LPS from two strains of B. fragilis

to have an extremely similar chemical composition and to be identical

antigenically by use of inhibition of an enzyme-linked immunosorbent

assay.

2.4 Gel filtration of lipopolysaccharides.

Gel filtration of LPS on a Sephacryl S-300 column in the presence

of deoxycholate was based on the method described by Kasper et al.

(1983). By this method, Kasper and co-workers fractionated a crude

aqueous phenol extract from B. fragilis into two major components:

one peak of high molecular weight carbohydrate that eluted at the void

volume and another peak of lower molecular weight carbohydrate material.

The high molecular weight peak was reported to represent capsular poly¬

saccharide and the second peak consisted of LPS that had been disag¬

gregated in the presence of deoxycholate.

In the present study, CIE showed that LPS preparations from

strains GNAB 4 and GNAB 92 contained several distinct precipitating

carbohydrate antigens. Gel filtration in the presence of deoxycholate

was therefore carried out to attempt to resolve the different antigens.

However, rocket immunoelectrophoresis showed that all precipitating

antigens/...
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antigens eluted at or near the void volume and no resolution

occurred. This indicated that the precipitating antigens seen in

CIE were all of high molecular weight and corresponded to the capsular

polysaccharide isolated by Rasper et al. (1983). The second peak of

disaggregated LPS was not detected by rocket Immunoelectrophoresis.

This suggested that under the conditions used in CIE and rocket IE,

LPS does not precipitate with antibody. Rocket IE was run without

Triton X-100 in the agarose gel, but LPS was still not detected.

However, the presence of deoxycholate would also be likely to inhibit

precipitation. Therefore, to confirm that LPS is not a precipitating

antigen it will be necessary to run CIE and rocket IE without Triton

and deoxycholate in the agarose. Hoff and Frasch (1979) showed that the

LPS of Neisseria meningitidis only precipitated in CIE when Triton was

absent. However, Hofstad (1976; 1981) reported that B. fragilis

erythrocyte-sensitizing antigen (O-antigen) was distinct from carbo¬

hydrate precipitating antigens: in his study, no Triton was present

in the gels.

In a recent extension of the present work by Dr. I.R. Poxton and

Mr. R. Brown in this laboratory, the disaggregated LPS peak was

detected in the following way: a drop of each fraction obtained from

the Sephacryl column was spotted onto nitrocellulose paper and

reacted with homologous antiserum; specific reactions were detected

by colour development as described in this thesis for the electroblot
i

transfer technique. Strong antigenic activity occurred in the

fractions that contained the precipitating antigens (i.e. the void

volume/...



volume peak). However, a second major peak of antigenic activity

occurred in several later fractions. It is proposed that the second

peak of antigenic material represented disaggregated LPS. The

fractions from both GNAB 4 and GNAB 92 preparations were also reacted

with each of the three whole cell antisera used throughout this study:

the disaggregated LPS peak of both strains reacted with both hetero¬

logous antisera whereas the void volume material did not.

2.5 Carbohydrate antigens of B. fragilis: summary and concluding

remarks.

At this stage of the Discussion it is useful to summarise the

information presented on B. fragilis carbohydrate antigens and to relat

the findings to those of other workers. The following information

was obtained in the present study:

1. Ten test strains of B. fragilis cross-reacted in ELISA and

the cross-reactions were primarily due to carbohydrate

antigen(s) present in the OM complex. The cross-reacting

antigenic activity was found to be present in an LPS preparation.

2. Crossed immunoelectrophoresis showed that both OM conplex and

LPS preparations contained three or more distinct carbohydrate

precipitating antigens. As assessed by CLIE, none of these

carbohydrates represented a cross-reacting antigen common to
i

all heterologous test strains.

3. Gel filtration chromatography in the presence of deoxycholate

indicated/...
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indicated that all the precipitating antigens in LPS prep¬

arations were of high molecular weight and that lower molecular

weight disaggregated LPS was not detected as a precipitating

antigen. Recent work in this laboratory by Poxton and Brown

showed that the disaggregated LPS is antigenic, that it is

cross-reacting between three strains and that the high molecular

weight antigens are not cross-reacting between the three strains.

4. Electroblot transfer of LPS from polyacrylamide gels showed two

rough LPS mol ecules contained an antigen common to three test

strains (the same strains that cross-reacted through disaggregated

LPS). High molecular weight (apparently non-LPS) antigens were

also detected by PAGE, but these were not common to the three

strains.

Hofstad (1981) detected three non-LPS carbohydrate precipitating

antigens in a crude aqueous phenol extract of B. fragilis NCTC 9343.

In a further study (Hofstad, 1982), it was found that these precipitating

antigens contaminated LPS that had been isolated from the crude extract

by ultracentrifugation. The LPS itself was not detected as a

precipitating antigen, but by inhibition of indirect haemagglutination.

It is proposed that the precipitating carbohydrate antigens detected

in the present study are equivalent to those detected by Hofstad in

strain NCTC 9343. As yet, however, the precipitating antigens

demonstrated by Hofstad have not been correlated with the polysaccharides

described/...
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described by Kasper et al. (1983).

In the present investigations, the above-mentioned contaminating

precipitating antigens eluted at the void volume of the Sephacryl

S-300 column. Under similar conditions, Kasper et al. (1983)

described their void volume material as capsular polysaccharide. This

therefore indicates that the high molecular weight precipitating

antigens detected in LPS from strains GNAB 4 and GNAB 92 correspond

to components of or the whole of the capsular polysaccharide(s) (CP)

described by these workers. They also showed that the CPs of two

strains were chemically complex; one containing nine different

monosaccharides and the other containing six. The complexity of

structure supports the results in this thesis which show the CP to

consist of at least three distinct antigenic molecules. Kasper et al.

(1983) also showed that the CPs of their two strains were chemically

different and antigenically distinct (in ELISA). The corresponding

antigens in this thesis also differed antigenically between strains.

Based on the above correlation, it is probable that the precipitating

non-O-antigenic carbohydrate antigens described by Hofstad (1981;

1982) also represent the capsular polysaccharide(s) isolated by Kasper

et al. (1983).

In contrast to the CPs from their two test strains, Kasper and

co-workers found that the LPS peaks from the gel filtration column

had the same chemical composition and showed antigenic identity (in

ELISA). In the present study, rough LPS molecules contained antigens

common/...
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common to three strains. Follow-up experiments have indicated that

the common antigenic activity between the three strains is present

in the disaggregated LPS peaks from the gel filtration column.

For some years now, based on the work of Kasper (1976b) and

Kasper et al. (1977a_) the capsular polysaccharide of B, fragilis has

been regarded as a species-specific antigen. Kasper et al. (1983)

acknowledge that new evidence suggests that the species-specific

antigen was present in contaminating LPS (see Introduction, p.70 ).

There is strong evidence in the present study to support this

suggestion.

Based on some of the above considerations, the following

hypothesis is proposed:

The cross-reactions detected between strains of B. fragilis

in ELISA are predominantly due to a common antigen present on LPS

and the antigen is probably part of the core oligosaccharide region.

This common antigenic activity in LPS represents the species-specific

antigen previously detected by Kasper and co-workers and referred

to as capsular polysaccharide. No common antigen is present in

capsular polysaccharide. Also, this substance is composed of at

least three distinct high molecular weight antigens and should

therefore be referred to as capsular polysaccharides or cell surface

polysaccharides.

To confirm the hypothesis, the following experiments require to

be carried out.

1./...



Lipopolysaccharides from a large number of B. fragilis strains

should be run in the SDS-PAGE/electroblot transfer system.

This would confirm that the LPS antigen is common to a wide

range of B. fragilis strains. Similar analysis of strains

representing other Bacteroides species would indicate whether

the common LPS antigen is the species-specific antigen

previously detected by Kasper (1976b; 1977cO or whether it is

present in other bacteroides.

It will be necessary to pool the fractions comprising the void

volume'peak eluted from the gel filtration column and also to

pool the fractions comprising the disaggregated LPS peak.

The carbohydrate can then be removed from the deoxychclate

buffer by precipitation with ethanol, according to the method

of Kasper and Seiler (1975). The high molecular weight void

volume fractions and the disaggregated LPS fraction may then

be assessed independently for their capacity to inhibit the

ELISA reactions of a large number of 13. fragilis strains.

This would confirm that the common carbohydrate antigen

detected in ELISA is the LPS antigen.

The void volume fraction and the LPS fraction from the column

may also be run ind^endently in the SDS-PAGE/electroblot

transfer system. This would confirm that the high molecular

weight carbohydrate fraction corresponds to the diffuse

components seen in PAGE and also that the antigenic activity

of the LPS fraction is largely due to the low molecular

weight rough LPS.
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3. REACTIONS OF CELL SURFACE ANTIGENS WITH ANTISERUM RAISED TO

OM COMPLEX.

The antiserum raised against outer membrane conplex detected

several B. fragilis common antigens. Three of the antigens were

readily distinguishable in all CIE reactions and treatment with

pronase and trypsin destroyed one of the three and altered the

electrophoretic mobility of the other two. This indicated that the

molecules carrying the common determinants were wholly or partly

protein in nature: it is possible that they represent glycoprotein

corrponents and this has not yet been ascertained.

As previously described in Section 3 of the Results, all

heterologous reactions with whole cell antisera were demonstrated

by CLIE: this was because the heterologous antigens, when run in

CIE (i.e. in the first dimension), did not react strongly enough to

produce clear precipitin peaks. However, heterologous CIE reactions

with the OM complex antiserum were strong, as shown in Figure 31.

The major common antigens were shown to be membrane bound,

but their accessibility at the cell surface is not known. The

presence of antibodies to antigen 1 in the whole cell antiserum

does not necessarily indicate cell surface exposure, since break¬

down of the immunising cells probably results in contact of non-

surface exposed antigens with the immune system. Absorption of
i

the OM conplex antiserum with whole cells might establish the

location/...



location of these antigens, although capsular material could mask

antigens at the outer membrane surface.

Antibodies raised to one of the common antigens could be a

useful serological tool for the identification of B. fragilis.

However, the possibility of cross-reactions with closely related

species will have to be investigated. The usefulness of such an

antiserum for rapid identification by immunofluorescence depends on

the above considerations about surface exposure. It has been

suggested that SDS-PAGE of the OM proteins of Bacteroides species

would provide a useful adjunct to biochemical tests for distinguishing

between species (Poxton and Brown, 1979; Strom et al., 1976).

Whilst analysis of PAGE profiles supports this idea, care would have

to be taken in observing such complex patterns. The rapid detection

of a single species-specific OM protein (e.g. by ELISA) with a

specific antiserum or monoclonal antibodies would provide a simpler

means of identification. An OM protein antigen common to strains of

B. vulgatus has already been described by Poxton and Ip (1981).

Coating of ELISA plate wells with a B. fragilis species-

specific antigen could also provide a ready-to-use system to detect

the presence of antibodies in patients' sera against B. fragilis.



4. ANALYSIS OF MEMBRANE FRACTIONS FROM B. PRAOTLTS

For successful preparation of spheroplasts from B. fragilis

with EDTA and lysozyme, anaerobic conditions were required. It

is difficult to explain why conversion to spheroplasts did not

proceed successfully under aerobic conditions. The critical step

in spheroplast formation is the enzymatic digestion of the rigid

peptidoglycan layer in the cell wall by lysozyme: breakdown of

this layer results in loss of cellular shape and formation of

spherical cells, bounded by the cytoplasmic membrane and much of

the outer membrane. It is possible that the outer membrane was

not effectively destabilised by the EDTA in an aerobic environment

and therefore lysozyme could not subsequently penetrate this

barrier to reach the peptidog1yean. It seems, then, that under

anaerobic conditions, chelation of divalent cations reduces the

integrity of the B, fragilis outer membrane (which is also normally

the case for other Gram-negative organisms under aerobic conditions)

however, chelation did not appear to destabilise the B. fragilis

outer membrane under aerobic conditions.

Compared with several other anaerobes, B. fragilis is

relatively oxygen tolerant and can survive for a prolonged period

in an aerobic environment. However, it is possible that oxygen

has a toxic effect on the outer membrane structure and consequently

fixes it in some way. Anaerobes lack the enzyihe superoxide

dismutase and therefore accumulate the toxic ion superoxide '

which/...



228.

which could affect the outer membrane. Studies on facultative

bacteria have shown that log-phase cells are required for successful

spheroplast formation and the B. fragilis cells in aerobic conditions

are equivalent to stationary phase aerobes.

In the present study, a preliminary analysis of spheroplast

membrane fractions is presented and further expansion of this work

is required. There is evidence to indicate that a third major

membrane fraction was not collected from the sucrose gradients.

Recently, research colleagues (Dr. I.R. Foxton and Mr. R. Brown)

carried out the same procedure with B. fragilis GRAB 92 and collected

fractions from the whole sucrose gradient for analysis. Peaks

corresponding to peaks A and B were obtained, but a third peak (C)

was also eluted after B. The peak C membrane fraction had

equilibrated at a sucrose concentration of 34%. In the present study

fractions were not collected from that region. The experiment

with strain NCTC 9344 should therefore be repeated and fractions

collected from the whole gradient, as it is probable that Peak C will

be detected in this strain.

In previous studies with facultative bacteria, sucrose density

gradient centrifugation has been used to separate outer membrane (OM)

from cytoplasmic membrane (CM) (e.g. Miura and Mizushima, 1968;

Osborn et al., 1972). Typically, the bands obtained on the gradients

are as follows; a heavy band, representing an OM-enriched fraction;

a middle band containing significant quantities of both OM and CM;

one/...
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one or two light bands representing a CM-enriched fraction. It

is therefore suggested that in the present study, the heavy band

(peak A and A1), represents an OM-enriched fraction and that peak

B may be a mixture of OM and CM. The lighter peak C material

detected in the experiment with strain GNAB 92 may have been the

CM-enriched fraction. Poxton and Brown showed in the study with

GNAB 92 that peaks A, B and C were qualitatively very similar in

SDS-PAGE, but that there were significant quantitative differences

in several polypeptides, supporting the idea that OM and CM were

separated.

In their work with S. typhimurium, Osborn et al. (1972)

measured purity of OM and CM fractions by detecting the presence of

membrane markers; these included enzymes associated with the

cytoplasmic membrane and the LPS associated with the outer membrane.

Little is known about membrane-associated enzymes in B. fragilis,

but in a future study, LPS will probably provide a useful outer

membrane marker; serological detection of LPS will be convenient

for this purpose.

It is hoped that the separation of spheroplast membranes

will be used to obtain purified outer membrane for further studies

on cell surface antigens.

Diedrich and Martin (1982) prepared outer membrane proteins

from B. fragilis by virtue of their Triton insolubility. They used

SDS-PAGE analysis to compare this method with the EDTA-45°C-sonication

method/...
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method used in the present study and the similar EDTA-60°C-shearing

method described by Kasper and Seiler (1975). The results showed that

the Triton method gave a much greater yield of apparent outer

membrane than the other methods. They also reported that the EDTA-

45°C-sonication released OM complex was not qualitatively

representative of the proteins present in the outer membrane. It

was found that only 18% of the OM complex protein could be ultra-

centrifuged at 200 000 g_, indicating that the remaining 82% was not

membrane-bound. This is debatable since EDTA solubilises membrane

components.

Whole uncentrifuged OM complex has been used throughout the

present study as a source of cell surface antigens. Where carbo¬

hydrate antigens have been investigated, the criticisms by Diedrich

and Martin are of little relevance as many of these antigens are

soluble. However, in further investigations of outer membrane

proteins, their findings should be taken into account. In support

of the use of whole OM complex, it was found in this thesis that

most of the antigens detected in CIE by the OM complex antiserum

were membrane-bound (see Results, p188). Also, Hofstra and Dankert

(1980) reported that an EDTA-sonication method produced OM

preparations that were very similar to Triton preparations for several

species of Enterobacteriaceae. However, in future studies on OM

proteins, it might be an improvement in experimental design to work

with ultracentrifuged OM complex.

By/...
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By the Triton method, Diedrich and Martin (1982) detected a

major polypeptide of apparent molecular weight 4.3 x 10daltons

which may correspond to the 4.4 x lO1* dalton polypeptide detected

in the OM complex, the Sarkosyl extract and the spheroplast membrane

fractions.

It would be desirable to compare the OM complex membranes,

the OM complex supernate, the Triton extract, the Sarkosyl extract

and the sucrose gradient separated spheroplast membranes together in

PAGE and to assess the suitability of the different extracts for

future cell surface antigen studies.
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5. BACTERIAL ADHERENCE TO THE RAT COLONIC MUCOSA

Scanning electron microscopy studies.

In developing a model for adherence to the colonic mucosa, it

was decided that the use of a fresh, relatively intact mucosal

surface would provide the most suitable in vitro system for study.

An adherence assay based on this idea was developed, using the

small steel apparatus described in 'Materials and Methods'.

Detection of radioactivity on colon segments after incubation with

radiolabelled B. fragilis indicated that some 'association' was

taking place. At this stage, however, the physical state of the

mucosal surface and the nature of the B. fragilis interaction were

not known. These factors were investigated by scanning electron

microscopy (SEM) . The most significant finding in SEM was the

dramatic change in mucosal morphology after only a short time out

of the animal. Specimens that were fixed without washing and as

soon as possible after removal from the animal exhibited a relativ

flat epithelial surface. However, in specimens that were washed

(approx. 12 min) and then fixed, the epithelial cells ballooned

outwards, changing the surface morphology of the mucosa. Whilst

it had been envisaged that the epithelial cells might lose viabili

the marked effect on mucosal morphology was not foreseen.

The changes in epithelial cell morphology could possibly have

been delayed by keeping the tissue in a rich medium at all times,

instead/...



instead of a balanced salt solution. In addition, the vigorous

washing process may have contributed to the changes. Also, experience

of other workers (A. Speekenbrink, personal communication) has shown

that acareihlly controlled, suitable gaseous environment is necessary

at all times to maintain mucosal integrity.

The unwashed rapidly fixed specimens, while possessing good

mucosal integrity, had lost much of the mucus blanket. However,

some large sheets and patches of mucus were distributed around the

surface. Costerton and Cheng (1982) have found that stabilisation

of the mucus blanket with specific antibodies helps to maintain this

layer in SEM's of intestinal surfaces: in the mouse ileum, large

numbers of micro-organisms were embedded in the mucus matrix. In

the present study, bacteria were not seen over large areas of the

exposed epithelial surface, suggesting that many bacteria may have been

lost with the mucus. Sporadic microcolonies of bacteria were,

however, observed interacting with a mucus matrix. There was little

evidence of such indigenous bacteria in intimate association with

the epithelial surface. In SEM studies of human colon specimens,

Hartley et al. (1979) observed large numbers of bacteria associated

with sheets of mucus; in contrast to the present study, however,

they also saw lesser numbers of rod-shaped bacteria closely

associated with the exposed epithelium.

The indigenous flora adherent to the rat colonic mucosa were

predominantly rod-shaped bacteria, although cocci were harder to

distinguish/...



distinguish from other spherical objects. Several spiral-shaped

bacteria were also observed in mucus extending into a crypt in

the proximal region. Davis et al. (1973b) reported spiral-shaped

bacteria of differing morphologies associated in large numbers

within crypts in the mucosa of rat caeca. Their observations by

light and transmission electron microscopy indicated a close

contact with the mucosal cells. The present study shows that

spiral-shaped bacteria are also normally resident in the proximal

colon, but these were only demonstrated in the mucus and not in

close contact with mucosal cells.

The in vitro adherence assay

After incubation with the colonic mucosa, B. fragilis 'GNAB 4

cells were seen in significant numbers in the crypts and exhibited

little association with the surface of epithelial cells. The

crypts probably protected the bacteria from physical removal by the

final washing process. As discussed above, Davis et al. (1S73t>)

observed large numbers of mostly spiral-shaped bacteria in crypts

of the rat caecal mucosa. However, in the system described here

the changes in mucosal morphology appeared to exaggerate the size

and accessibility of the crypts. Also, incubation of B. fragilis

cells vertically above the mucosa indicates that the bacteria

could readily 'fall into* crypts and remain sheltered without
i

specifically adhering. These considerations, together with the

observations of the normal colonic mucosa by SBM, indicate that the

in/...
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in vitro accumulation of B_. fragilis cells in crypts cannot be

considered to represent an important in vivo mechanism of mucosal

association for bacteroides. However, the observed association

of B. fragilis cells with mucus may represent the in vivo situation.

It is unclear whether most of the mucus layer was lost during

washing procedures or only in the fixation step for SEM. If the

latter situation was the case, then many B. fragilis cells adhering

to mucus would have been lost during preparation of specimens for

SEM.

The adherence system described here clearly required

considerable improvements, some of which are suggested below:

1. The colonic tissue should be immersed in a rich culture medium

throughout the assay. All steps should be carried out in an

anaerobic cabinet to provide a suitable gaseous environment

and the medium should be pre-reduced. The low Eh would

simulate the anaerobic environment of the colon lumen. These

improvements would possibly delay the changes in morphology

of the epithelial cells.

2. Preliminary washing with agitation should be removed from the

procedure. Although this step helps to remove debris from

the mucosal surface, it probably also contributes to the

morphological changes in the mucosa due to a) time spent on

the process and b) the excessive turbulence created.

Vigorous washing may also contribute to mucus loss. Initial

washing/...
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washing could therefore be reduced to one gentle rinse in

tissue culture medium.

3. The steel apparatus evaluated in this study presented several

difficulties throughout the procedure. The small area of

exposed mucosa in each well and the shallowness of the wells

required that considerable care was taken in adding or

removing solutions from the wells. The final washing

process, involving insertion of pipette tips into the wells,

was particularly time-consuming. Also, the steel plates

prevented overall irrigation of the tissue.

An alternative method would be to cut the colon into segments

of equal size immediately after excision and place the

segments mucosa upwards in the wells of a tissue culture plate.

All washing and incubation steps could then be carried out

in these wells.

A major feature of some of the above improvements is that the

experiments would be performed more rapidly; consequently the

mucosa would require maintenance in vitro for less time.

The potential for future studies based on this method is

uncertain, since the above-mentioned improvements have not been

implemented and assessed. However, based on the experience of the

present study, the feasibility of an in vitro model should be

considered in the light of more suitable in vivo approaches. Design

of/...
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of in vivo experiments that involve contact of the test bacteria

with the mucosa in situ would remove the problem of maintaining

the mucosa out of the animal. Feeding gnotobiotic rats with single

or mixed bacterial cultures, monitoring subsequent colonisation and

clearance by radioactive labelling and studying mucosal colonisation

mechanisms by SEM is a possible future approach.

The indigenous adherent flora.

Rats fed meat instead of the more usual grain diet acquire an

intestinal bacterial flora similar to that of humans (Weinstein

et al. , 1974). However, many aspects of the ecology of the normal

colonic flora of meat-fed rats have not been investigated.

The present study showed that large numbers of anaerobic and

facultative bacteria can be isolated from the rat colonic mucosa

and that approximately 5% of the adherent anaerobes were members of

the bacteroides/fusobacterium group. Weinstein et al. (1974) found

that although aerobes outnumbered anaerobes in the caecal contents

of grain-fed rats, the converse situation occurred in meat-fed rats.

In the present study anaerobes outnumbered aerobes by nearly 800:1

in faeces and by about 500: 1 on the mucosa. In humans eating a

typical Western diet, the anaerobe to aerobe ratio in faeces is

usually around 1000:1 (Attebery et al., 1974) which is similar to

the above figure for meat-fed rats. However, the anaerobe to

aerobe ratio on the rat colonic mucosa reported here was much greater

than/...



than that found in human studies. Croucher et al. (1982) reported

that the anaerobe to aerobe ratio on human colonic mucosa was >10:1.

However, Peach and Tabaqchali (1982) found that the ratio in humans

was usually very low and rarely exceeded 5:1.

The limited number of adherent bacteroides isolates that were

identified in the present study were members of the B. fragilis

group commonly encountered in human faeces. A more extended study

would be required to show the frequency of isolation of the

different species within the group.

The preliminary SEM study of the rat colonic mucosa indicated

that more extensive SEM investigations will provide useful

information on bacterial association with the rat colonic mucosa.

Stabilisation of the mucus blanket will be an important consideration

in such future studies.

Further knowledge of the complex interactions between

indigenous bacteria and the host are fundamental to our under¬

standing of the role of these bacteria in health and disease.

Investigations on the colonic mucosal flora of humans have been very

limited in number because of the difficulty in obtaining suitable

specimens: the colonic mucosa of meat-fed rats may represent a

realistic alternative.
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