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PREFACE

Clostridium cedematiens (Clostridium novyi) is an emaercbic spore-

forming baeillus. The organism ig an importent pathogen.of sheep
and cattle, and can be responsible for gas gangrene in humans., Four
types designated 4, B, C and D are recognised on the basis of sero-

logicel neutralisation tests. (Cl. cedematiens is generally regarded

as being very difficult to hendle in the leboratory; thus, the recent
introduction of a commercially available fluorescent globulin for the
identification of this organism has encouraged workers to disregard
the necessity for confirmatory isolation and typing procedures.
Reliable techniques for the isolation and subculture of Cl. oede-!
matiens are an essential prerequisite for a study of the cceurrence
of this organism, end my initial work soon confirmed thet type B, C

and D streins of (l. cedematiens are difficult to subculture with

confidence on solid media. It became clear that much preliminery
laboratory work is necessary before a field investigetion could yield
meaningful date.

The writer considered that the irregular growth of this organism
on solid medie might be related to (i) failures in the ansercbic
environment; (ii) a requirement for a particularly complex nutri-
tional medium; or (iii) the viability of the inoculum; and each of
these veriables is carefully studied in the present work. The first

part describes a reappraisal of the techmique for setting up a modern
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aneerobic jar, Veriations in the technique are assessed, end it is
concluded that the irregular growth of these strains is not necessar-
ily related to feults in normael anserobic procedure.

A veriety of culture media are tested for the ability to support
regular growth of Cl, cedematiens. The aim of these experiments is
to determine whether the organism grows better on complex medie than
on relatively simple media; it is found that irregular growth occurs
on both types of media.

The viability of a number of different inccula ere studied in
order to test the assumption that an inoculum conteining spores should
be viable. The results of these experiments are compatible with the

view that consistent growth of Cl. ocedematiens on solid media may be

related to the spore content of the inoculum; however, it is likely
that other factors are involved, and a theory is developed that a low
redox potentiel in the microenvironment is also necessery for the
successful outgrowth of viable particles.

The epidemiological distribution of this organism can be assessed
only if adequate descriptions and technigues of identification are

eveilable. Thus, the characters of the Cl. oedematiens group are

confirmed and extended during the present work. These studies in-
clude (1) a eritical evaluation of the fluorescent staining procedure
(ii) a reappraisal of the fermentetion resctions of the group;

(1ii1) an assessment of the value of solid indicator media in the
identification of this organism; (iv) an intensive study of the sol-

uble products of Cl, oedematiens; and (v) the development of a
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practical system of typing with cultures grown in cooked-meat medium,

The soluble products of the organism are investigated in various
types of media, and particular attention is paid to the production of
the factors that are responsible for the pathogenic effects in-vivo.
Culture products of ClL. cedematiens are fractionated and it is found
thet the biological activities are readily separated by gel-filtration
procedures. A thin-lsyer chromatographic technique is developed in
an attempt to identify more precisely the factors thet affect egg~
yolk emulsion. A cytopathic effect that is produced by the soluble
products of Cl, ocedematiens is investigated, end is provisionally
attributed to the presence of the alpha antigen.

The experimental observations are discussed in relation to ouwr

present knowledge of Cl. oedematiens and future lines of research are

indicated,
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SUMMARY

1. The literature regerding Clostridium ocedematiens is critically
reviewed end the development of our present knowledge of this organism

is treced.

2, The cherecteristics of the orgenism and the distribution and
properties of the soluble antigens of the group are deseribed in
detail, with particular reference to systems of classification; it ds
pointed out thet the system of routine typing based on the scluble
antigens has not hitherto been critically assessed by independent

workers.

5+ The microscopic end staining charecters of (l. oedematiens ere
confirmed. The immunofluorescent steining technique is evaluated
with smears prepared from leboratory cultures snd from pathological
specimens, The role that the fluorescent technique should play in
future atudies. is indicated and the necessity for confirmetory cultu~

rel and typing procedures is emphasised.

4. Preparations of (l, cedematiens are examined in the eleciron

microscope; the organism is non-fimbriate and possesses numerous
peritrichous flagella that may aggregate to form & twisted, rope-like

structure.

5. The growth of Cl. cedematiens in various laboratery medis is
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assessed; faetors that affeet successful cultures in Brewer medium
are studied; oocked-meat broth medium prepered with fresh meat parti-

cles is recommended for this organism as a routine.

6. Problems associated with the isolation of Cl. oedematiens are

investigated with partiocular rsference to isolation on solid media and
to the prevention of spreading growth; e selective medium is develop-

ed and en isolation procedure is described.

7. The relative ease of growth of type A strains on solid medie is
demonstrated; difficulties associated with reliasble surface growth of

strains of types B, C and D are conlirmed.

8. The procedure for setting up & modern anaerobic jar is considered
in detail: particular attention is psid to (i) the initial vacuum
that is drawn in the Jar; (ii) the indicator of anaercbiosis;

(iii) the rate of production of anaercbiosis; (iv) the sources of
moisture production in the jar; and (v) the use of simple manometry
as an indication of catalyst setivity. It is concluded thet the
correct operation of the enaerobic jar does not guarantee regular

growth of Cl, oedematiens on solid media.

9. Many complex media are tested for the ability to support surface
growth of type B, C and D strains. The presence of carbon dioxide is
shomn to facilitate successful surface culture, but growth is unreli-

able even with this precaution.

10. An attempt is made to relate the irregular growth of these strains
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to the presence of sporea in the inoculum. Vigble counts of heated
and phenol-treated inocula are performed, and the viable counts of
different cultures are related to their spore content, The results

ere compatible with the theory that the viability of Cl. cedematiens

on solid media may be related to the presence of spores in the inocu-

lum.

1l. A culture procedure is described with iron filings that sllows
the prompt and reliable swrface growth of type B and D strains of the

orgenism,

12, Experiments are performed with indicator dyes to measure the redox
potential of different cullure media. A theory is developed thet a
low redox potential may be necessary for the outgrowth of viable par-

ticles.

13, The fermentation reactions of Cl. cedemetiens are critically

evaluated. Experiments that lead to the use of cooked-meat broth as
the basal medium in these tests are desceribed, and the fermentation
reactions of a limited number of strains of the organism are inten-
gively investigated. A consistent pattern of results emerges, and

the development and applications of the test system are indicated.

L. The methods for provisional typing of Cl. ocedematiens on solid

indicator media are assessed; the procedure is not recommended.

15. The soluble antigens of Cl. cedematiens are studied in detail with

particular reference to cocked-meat broth medium. It is concluded




that the so-called lecithovitellin reaction does not provide a com-

pletely satisfactory basis for a system of provisional iyping.

16, Heyward and Gray's haemolysin neutralisation test with human cells
a8 the substrate is developed, and 1ts incorporation in a system of

provisionsl typing is recommended.

17. The production of haemolytic and lecithovitellin factors is in-
vestigated in different media with strains of each type of Cl. cede~
matiens. A hasmolytic factor produced by type £ strains in media

that contaein meat particles is described; it eppears that o similay

factor is formed by these strains in the presence of egg-yolk emulsion

18. Thin-layer chromatographic analyses ere performed to identify the
soluble products of Cl, oedematiens that affect egg-yolk emulsion.
This simple technique conf'irms the findings of previous workers and

its promiging role in fulure studles is indiceted.

19. Production of the lethal factors of Cl. oedematiens is investiga-
ted, and particular attention is paid to the stebility of the alpha

antigen.

2. The soluble products of Cl, ocedematiens are fractionated by ammo-

nium sulphate precipitation end by gel-filtration techniques; the
recovery of biological activity is estimated. It is found that the
lethal activity of a type B culture is readily separated from the
haemolytic and lecithovitellin activities. A partially-purified

sample of the lethal factor is prepared and is used to produce an
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antiserurn that protects mice against a normally toxic challenge of
Cl, oedematiens. The possible application of purified antigenic

preperations in commercial vaccines is discussed.

21, The cytopethic activity of the soluble products of Cl. cedematiens
is studied in detail; a powerful cytopathic effect is provisionslly
attributed to the presence of the alpha antigen and may be exploited

in a gystem of provisional typing.

22, Immunodiffusion experiments are performed to investigete the pre~
cipitation lines that develop in double diffusion tests and in immuno-
electrophoretic systems with preparations of Cl. cedematiens. The
results indicate thet many of the lines occurring in such tests are
assoclated with antigens that are related to the bacterial cell; it

is emphasised thet caution is necesscry in their interpretation.

25+ The results obtained in the present studies are discussed in
relation to the existing knowledge of Cl, oedematisns; suggestions

are made f'or their application to fubture investigations,
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The definition of the Cl. oedematiens group

In 1894, Novy isolated an anaerobic bacillus from ocedematous
lesions in three guines-pigs that died after inoculation with milk
nuclein, He described the organism and called the new species

Becillus cedematis malieni II. Migula (1900, cited by Breed, Murray

and Smith, 1957) referred to the orgenism as Bacillus novyi. Similar
strains of the bacillus were probably reported in the following years
under a veriety of names, and Bergey et al. (1923, cited by Breed,
Murray end Smith) confirmed the nomenclature of lligula by naming the
organism B. novyi.

Weinberg and Séguin (1915) isolated a bacillus from fatal cases
of gas gangrene in war victims. They showed serologically that the
new isolate did not belong to the same group of orgenisms as Vibrion
septique (now C1. septieum), and because of the extensive oedema that
was produced in both netural snd ertificial infections, they called
the organism Bacillus ocedematiens. Bergey et al. (1923) referred to

Cl. cedematiens and Cl, novyl as distinct species, but Bergey et al.

(1939) quoted Cl. ocedematiens as & synonym of Cl. novyi. Thus, the

trivial name novyi is used in the United States, whereas cedematiens
has been retained in most other parts of the world.

Albiston (1927) investigeted Black disease of sheep in Victoria;
he isolated the causal organism and noted that it closely resembled

B. oedemgtiens. Turner and Davesne (1927) showed that serum prepered




against B. ocedematiens was completely protective against the patho-
genic effecﬁ of the Black disease bacillus, and they suggested that
the orgenism was e type of B. ocedematiens. Turner (1930), in a
detailed report of Black diseasse and the causel orgenism, emphasised
the velue of specifiic neutralisation teasts as the final arbiter in
identification.

Meanwhile in Germany, Zeissler and Rassfeld (1929) examined sheep
that had died of German Bradsot. They isolated an organism which

they called B. gigas and they distinguished it from B. oedematiens

on a morphological and a biochemical basis. Cross~protection tests
revealed no differences between the classical B. oedematiens and
B, gigas (Miessner, lieyn and Schoop, 1931, cited by Turmer and Eales,
1943), or between the Black disease bacillus and B, gigas (Zeissler,
1931; Turner and Eales, unpublished, cited by Turmer and Eales, 1%3).

Kraneveld and Djaencedin (1933) described a bacillus that they had|
isolated from cases of bacillery osteomyelitis of water buffalo in the
Dutch Indies; they noted that this organism gave similar results to
those given by B. gigas in fermentation tests, and suggested that the
two bacilli might be included in the same group es B, novyi and the
bacillus of Black disease. Kraneveld (193L) observed that the
bacillus that he isolated in 1933 "coincides morphologically and
culturally with B, gigas except that it lacks pathogenicity.”

Scott, Turner and Vawter (1934, cited by Oskley, Warrack and
Clerke, 1947) divided the organisms described et that time into thmee
groups as shown in Table I, on the basis of the source and size of the

organism, fermentation of glycerol and pathogenicity.
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This classification remained until 1947, when Oakley et al.
studied the antigenic components thet were present in toxic filtrates

of Cl, vedematiens, They identified six soluble antigens and they

showed that the distribution of these factors gave & more reliable
basis for typing the species than the previous criteria. They
defined three types (A, B and C) and their results supported the
conclusions of Scott et al. but provided "type-differentiating
criteria of greater stringency.”™ The suthors considered that
"Cl. oedematiens is best defined as that species of Cleostridium
possessing somatic (0) entigens OED I or II or both. It is an
obligate anserobe, usuaslly fermenting glucose and meltose, often
fermenting glycercl and not fermenting lactose, sucrose, mannitol and
salicin. The specles so defined is readily divisible into three
types based on toxin production .... which show marked internal
consistency and agree very well with those based on source, size,
cultural charascters and pathogeniecity."

The classification devised by Oszkley et al. has now been extended
to include type D streins (see below) and is in routine use, elthough
the soluble antigens of Cl. cedematiens have not been systematically

Studia&o




The origin of Cl, oedematiens type D

Vawter and Records (1925-26) isolated an obligate anzercbie
baeillus from cases of icterohaemoglobinuria of cattle in the United
States. They described the clinical signs of the disease and the

orgenism that they isolated, and they showed that it differed sero-

logically from Cl, welchii, Cl. septicum, Cl. chauvoei and
Cl, cedemetiens (presumably type A). The eauthors suggested that the

organism should be named Cl., haemolyticus bovis; Hall (1929, cited

by Breed, Murray and Smith, 1957) suggested the binomial neme

Bacillus haemolytious (later Cl. heemolyticum).
Records and Vawter (1945) described the organiem in detail, with

particular reference to its morphology, cultural characters, patho-

genicity and serology. Oskley et al. (1947) presented preliminery

evidence to suggest that Cl, haemolyticum is & member of the
Cl, ocdemstiens group; then Oakley and Warrack (1959) showed that

Cl, haemolyticum produces at least two soluble antigens, one of these

being shered with Cl. oedemetiens type B. They suggested that the

organism should be referred to as Cl. ocedematiens type D, and this

has become standard practice.

Thus, (1, oedematiens types &, B, C and D are now recognised.
The different types produce different permutetions of soluble antigeng
end can be identified from the results of suitable tests; type C

straeins are apperently non-toxigenie and do not produce any of the




major soluble antigens. The previous descriptions of Cl, cedemstiens

usually describe the diffusible products of the orgenism ss toxins.
The term 'toxin' is inaccurate as the individual products are not
necessarily toxic. It is more precise to neme these components
soluble antigens, because they are found in the culture supernste,

and because Oekley et al. showed that the products are antigenic.




General introduction

Cl. cedematiens is a pathogenic anaerobic bacillus that cen be
isolated from various inflections of man and animals; its hebitat is
probably the s0il (Breed, Murray and Smith, 1957). The species can
be divided into four types designated A, B, C and D, which are based
on the soluble antigens that ere present in culture filtrates of the
organism (Oakley et al., 1947; Oskley and Warrack, 1359).

Type A strains and occasionally type B strains are associated with
gas gangrene in humens; MacLennen (1962) stated that this species is
the second most important cause of gas gangrene after Cl. welchii.

Type B strains and occesionally type A strains of Cl., ocedematiens

cause Black disease in sheep and in cattle, Black disease (infec-
tious necrotic hepatitis) is en acute, infectious, fatal, tozaemic
disease characterised by the death of the animgl af'ter a very short
illness, marked subcutaneous ocedema, exudete in the serous cavities,
and one or more small, sharply demarcated necrotic areas in the liver.
Black disease was known to exist in fAustralis towards the end of the
19th century and was gradually recognised in other parts of the world
including Britain (Jamieson, Thompson and Brotherston, 1948). Most
sheep flocks that are now at risk are routinely vaccinated against
the disease.

Type C strains of 0l, oedematiens were isolated by Kreneveld and

Djeenoedin (1933) from bacillary osteomyelitis in water buffalo in




the Dutch Indies, This is an unusual sub-division of the species,
beceuse the type C strains apperently do not produce any of the
soluble antigens that are cheracteristic of the species; the strains
are non-pathogenic when incculated into small experimentel animals,
The natursl disease in buffalo presents as a mild or chronic lameness
with intermuseular and intremuscular abscesses, and necrobiosis of
the bone, sometimes with secondary complications (Kraneveld, 1934),

Cl, oedematiens type D (Cl, heemolyticum) causes bacillary haemo~
globinurie (infectious icterchsemoglobinuria) of cattle., This is e
repidly fatal infectiocus diseese characterised by a high fever,
haemoglobinuria and the presence of en infarct in the liver. The
disease is thought to have occurred in Nevada for many years and, in
1926, Vewber and Records isolated end identified the causal organism,
The disease was first reported in Britain by Soliys and Jennings
(1950) .

There have been many reports of the isoletion of Cl. oedemstiens
from seversl species of animels, and Keppie (1944) listed these in
chronological order. He obsérved that Scott, Turner and Vawlter
(1934) divided the species into three groups (see Teble I), which
were based on the origin and size of the organism, the fermentation
of glycerol, and the experimental pethogenicity and toxigenicity of
the strain. [Keppie's work confirmed that type A strains of
Cl. cedematiens are sualler than type B strains, end thet they ferment
glycerol; in general, the type B strains did not ferment glycerol.

He showed that the type A streins ar¢ easily cultivated on solid and




in liquid media, The type B strains grew poorly in his experience
and he suggested that they were more oxygen-sensitive than the type A
strains. The type C strains that Keppie used were as large as the
type B straing, but they would not grow on solid media unless enxiched
with ebout 30 per cent. of serum; the strains did not ferment
glycerol. He showed that the type A, B and C strains of (l. vedema-
ltiens possess a common scmatic '0O' antigen, but that they have &
variety of 'H' antigens. This confirmed the work of Turner and

Eales (1943) who observed that all of the strains of Cl. cedematiens

that they examined, ineluding representatives of each type, had cne or
two somatic entigens in common; however, Smith (1953) suggested that
the type D strain which shared = common antigen with the other types
may not have been authentic. These points are discussed in greater
detail later in this section.,

Probably the most significant and the most elegant contribution to
our knowledge of Cl, oedematiens was provided by Oskley et al. (1947).
These workers identified six antigenic components in toxic filirates

from Cl. oedematiens types 4, B and C; they demonstrated that each of

the soluble antigens possessed one or more biological activities,
They concluded that methods based on the properties of three of these
antigens gave more reproducible results than the previous criteria in
the identif'ication of the three types of Cl, oedemetiens, By a
similer procedure, Oskley and Warrack (1959) showed thet Cl. haemo-
lyticum produces two soluble antigens, and they suggested that the

organism should be referred to as Cl, oedematiens type D. The method
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of typing that wes suggested by Oekley and his colleagues has been
used to type the organisms thet have been isolated from cattle
(Marshell, 1959; Williams, 1964) and sheep (Williams, 1962).

A pecent aid to the identification of (l. cedematiens has been
the development of a commercial fluorescent-labelled antiserum.

Batty and Walker (1964) found that strains of Cl. oedematiens,

representing all of the types, fluoresced with an antisgerum prepared
against a type B strain. This technique has been used to demonstrate
Cl, cedematiens post mortem in cattle, sheep and pigs (Batty, Buntain
and Walker, 1963, 1964; Bourne and Kerry, 1965; Hart, 1965;
Corbould and Munday, 1966). Jamieson (194.9) found that in areas
where Black disease is present, meny normal sheep and cattle harbour
latent spores of Cl. oedematiens. Corbould (1966) observed that a
high percentage of ovine livers collected et slaughter contain

Cl, cedematiens; the orgenisme proliferate rapidly under suitable

conditions and are then readily detected by the immunofluorescent
technigue., He considered that supporting evidence should be aveil-
able before placing undue emphesis on the demonstration of Cl. cedema-
tiens in post-mortem material., Batty, Kerry and Valker (1967)
confirmed thet they had slways insisted that a diagnosis cannot be
made using the fluroescant.techniqua without considering asscciated
relevant factors such as the clinical history, the post-mortem find~-
ings and the state of decomposition of the carcase. The development
of the immunofluorescent technigue is of great value in the identifi-

cation of Cl, cedematiens, but in the absence of more detailed
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knowledge of the distribution of somatic antigens in clostridie, it is
premature to regard the procedure a8 infallible. Thus, it is still
essential to develop methods whereby this pathogen can be readily

isclated and grown reliably in artificial nmedia.

The culture of snaerobic bacteria,

with particular reference to Cl. oedematiens

(i) Envirommental considerations. In diseases that are caused by

certain anaerobic bacteria, the organisms grow readily in devitalised
tissue; it is generally regarded that if a suitably nutritious
environment is availeble, then the absence of oxygen is the critical
factor that influences the growth of anserobes. The reasons why
ansercbic conditiong must exiast before growth will occur are not fully
understood. It way be that ansercbic organisms form peroxide in the
presence of oxygen and they lack suitable enzymes, e.g. catelase, to
remove this toxic product (lcLeod and Gordon, 1923). Alternatively,
free oxygen mey irreversibly oxidise some of the enzymes of the meta-
bolic pathways of ancerobes. The presence of oxygen will affect the
oxidation-reduction potential (redox potential) of the enviromment.
It has been reported thaﬁ the vegetative cells of some species of
clostridia will not grow above a certain level of redox potential

(Reed and Orr, 1943; Barmes and Ingram, 1956), although the results
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are rather variable.

The redox potential mey alsc influence the germination of spores.
Knight and Fildes (1930) showed that if spores of B. tetani are sub-
Jjected to dif'ferent but constant levels of redox potential, then
germination of the speres, as judged by a staining technique, is
completely inhibited at potentials more positive than Eh = + 0,1lv
(pH 7.0 - 7.65), 1t should be borne in mind, however, that a variety
of spore germinstion factors have now been recognised and the presence|
of such factors may modify the apparent inhibition that redox poten-
tial mey exert on the germination of spores. The germination

requirements for spores of Cl. oedematiens have not been studied, and

it is not clear whether the spores of this orgaenism are particularly
demanding for certain germination factors. It is clear that the
in-vitro growth of Cl, cedematiens will not occur uniess suiteable
conditions exist in the culture medium; indeed, most workers have
observed that Cl, oedematiens is a particularly strict ansercbe, and
willis (1964, p. 80) states thaet type D strains of the organism are
probably the most fastidious anaerobes known. The terms 'fastidious'
or 'demanding' are best relsted to the anaserobic requirements of the
orgenism, for there is little evidence to support the view that the

growth requirements of Cl. oedematiens are particularly demending if

the physical conditions are suitable for growth. However, in many
cases the nutritional factors that are present in a medium also
contribute to the physical environment, and it may be difficult to

separate and assess the relative importance of the two functions.
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(ii) Practical applications. Various methods have been devised
for the cultivation of anaercbic bacterie; their development is
described by Smith (1955) and Willis (1964). All of these methods
are designed to exclude oxygen from the enviromment in which the
anaerobe is growing. The nature of the organism that cen be grown
depends on the degree of anserocbiosgis that is achieved; for example,
the less demanding anaercbes mey be grown in a micro-serophilic
environnent, whilst the 'fastidious' or truly obligate anaerobes can
be exposed only to the minimum of oxygen during subculture and subse-
quent growth.

Suitable conditions for the laboratory cultivation of anserobic
orgenisms may be eschieved by using a deep fluid medium, Rcbertson
(1915) developed cooked-meet broth (CHB) as & general purpose medium,
and it is still the most useful medium of its kind in anaerobic
bacteriology. CliB contains powerful reducing systems that have been
studied by Lepper and Martin (1929, 1930); although the medium is
complex and cannct be standardised, it supports the luxuriant growth
of many demending snaserobes,

Fluid media are used extensively in microbioclogy in order to study
the biochemical characters of bacteria; however, a pure culture of the
species must be used in such experiments, The initial procedures are
frequently eritiecel in thé isolation of & pure culture of a pathogen
from a mixed sample. If & mixed culture of bacteria is inoculated
into & fluid medium, then the resultant growth may not reflect the

ratio of the orgenisms that were present in the inoculum. Some
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strains grow more quickly than others in such a medium, and a slowly
growing pathogen may be ocutgrown by other organisms. Therefore, &
misleeding result may be obtained if a fluld medium is used for the
primery iseolation of an enaercbic pathogen. If the mixed culture is
plated out on an ager plate which is then incubated anaerobically, the
resulting groﬁth ghould indicate the relative numbers of different
species of bacteria that were present in the inoculum. Thus, it is
important that anaerobic bacteria can be cultured readily on ager
plates in order that pure cultures may be isclated and meintained,
though the spreading growth that is characteristic of certain clos-
tridial species on 20lid media may be a further complicating factoer
(geve).

The anaercbic incubation of plates was made possible by the intro-
duction of the ansercbic jar and its development (see Willis, 1964,
P. 5)« The recognised principle for the growth of anaerobic organ-
isms is that oxygen must be removed from the enviromment. The
anaserobic Jjar functions on the basis that hydrogen and oxygen combine
to form water in the presence of a suitable catalyst sco that free
oxygen is removed from the atmosphere., Several methods are available
for producing anserobic conditions in 2 sealed container (see Willis),
but the MeIntosh and Fildes anaerobic jar is probably the most
relieble. In the early models of the jar, the catalyst in a wire-
gauze capsule was artifidslly activated, either by heating the cata-~
lyst in a Bunsen burner flame before it was placed in the jar or by

passing an electrical current through a hesting element in the capsule|




15

Probably the most significant modification to the snsercbic jer has
been the introduction of the room~tempersture catalyst (Heller, 1954)
which consists of pellets of alumina coated with finely divided
palladium., This type of catalyst does not require heat-activetion.
Jars that utilise the room-temperature catalyst are commercially
produced by Beird and Tatlock Ltd. and are now widely used in anaero~
bic bactericlogy.

Although the present ansercbic jar has simplified the problem of
growing snserobic bacteria, it is well known that some orgenisms, e.g.

Cl, oedematiens types B, C and D, are difficult to grow on the surface

of plates. Smith (1955) suggests thet these demending strains can be
grown on blood egar plates that ere covered with a secondary thin
clear layer of nutrient agar after inoculation with the anaerobe.
Such plates are called 'sub-surface' plates and are designed to re&u01
the exposure of the organism to air., 4 similar principle is employed
when the anaerobe is grown in a 'pour-plete', in which sterile molten
agar is seeded with & fluid culture of the organism, then poured into
a sterile plate and allowed to solidify. Both 'pour-plates' and
'sub-surface' plates must be incubated in en snaerobic jar, presumably|
because the thin layer of ager does ﬁot prevent the diffusion of
oxygen into the medium. A disadvantage of both of these methods is
that the orgenism must withstand temperatures greater than sbout 48° ¢
whilst the agar is still molten.

The shake-culture or deep-ager culture is a well known method of

obtaining enaerobic conditions. The nature of the medium prevents
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the diffusion of oxygen into the deeper leyer so that shake-cultures
can be incubated under aerobic conditions. Shake-cultures were used:
in the early development of ansercbic bacterioclogy and they are still
very usgeful; however, it is difficult to justify the extreme view of
the ¥rench school of workers who use deep cultures in preference to
the ensercbic jar which they regard as cumbersome and expensive (see
Willis, 1964, p. 23). It mey be significent that few important
contributions to anserobic bacteriology have emerged from France
Guring the past two descades.

Brewer (1940) tried to incorporate the principle of the shake-cul-
ture with a more fluid medium. He used an infusion broth as the
basal medium and edded a small amount of agar, sodium thioglycollate
end dextrose. The ager prevenlts the development of convection ocur-~
rents and reduces the diffusion of oxygen into the medium; sodium
thioglycollate and glucose provide reducing conditions within the
medium., Reed and Orr (1941) used varietions of Brewer's medium in
order to study the biochemical reections of the gas gangrene anaerobes,
and Keppie (1944) found that Brewer's medium was the best medium thet
he tried for the growth of Cl. oedematiens. The addition of dextrosg
was originally suggeated by Brewer for its value "in promoting the
growth of many organisms and prolonging the anaerobiosis.® Since the
majority of clostridia including sll of the types of Cl, oedematiens
can ferment glucose, this carbohydrate may be regarded &z an enrich-
ment factor, bul the enrichment is ¢leerly non-specific. There is

little knowledge at present of the growth factors that are required byj
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Cl. oedematiens, end there is no obvious biochemical or metzbolic
character that can be exploited in a specific enrichment medium for
Cl. ocedematiens. [Therefore the isolation of the organism from patho-

logical material or soil is often difficult and slow.

The isolation of Cl., cedematiens

(i) Heat treatment. Willis (1964) suggests several techniques
that can be employed to facilitate the isolation of Cl. ovedematiens.
He states that the orgenism is highly sensitive to free oxygen and
must not be exposed ¥o air for longer than necessary; however, there

is no evidence that the non-viability of Ci, cedematiens in the

laboratory is caused by death of the organism as a result of extreme
oxygen sensitivity, rather than an environment that is unsuitable for
the growth of vegetative organisms or the germination of spores.

The production of spores by Cl., cedematiens can be exploited to

facilitate isolation of the organism, Willis (1964, p. 83) recom-
mends that pathological material may be heated at 80 - 100° ¢ for

10 = 15 min. before culture, the spores of Cl. oedematiens being

unaffected by this treatment. Turner (1930) showed that fully mature
spores of type B strains of Cl. cedematiens would resist heating at
100° ¢ for 10 min., but were destroyed after 15 min., Williams (1962)

suggested that "heating of contaminated cultures in ligquid media &t a
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temperature of 100° ¢ for periods of up to 3 hr can be of great value
in obteining pure cultures of Cl, oedematiens"™ (type B strains).
However, Records and Vawter (1945) stated that most sporulating forms
of type D strains of Cl. oedematiens are killed at 85° C, some survivq
90° ¢ for 15 min., but none survives 95° G; they concluded that the
spores of this type are less heat resistant than those of most other
angercbes, Thus, the heating of material before culture must be
carried out with reference to the organism that is suspected. Markeq
variation in the heat resistance of spores within a species may also
be observed in Cl. welchii, ef ., spores of classical type A strains and

spores of typical food-poisoning strains (Hobbs et al,, 1953), and

101, botulinum, cf, spores of types A and B strains and spores of type
E strains (Roberts and Ingram, 1965).

Smith {1955) racommends that the basal medium that is used to
culture heated material should contain starch; he suggests that the
starch inhibits the bacteriostatic setion of rancid long~chain fatty
acids to which haated'spores are especially susceptible. He also
recomuends that such cultures should be incubated at 25° C and that
carbon dioxide should be added to the atmosphere of the anaerobic Jjar.

If pethological materiel is heated before subculture it is pro-
bable that the resulting bacterial populetion is entirely derived from
spores. Such & populabion may have certain differences compared with
& populetion devived from vegetative organisms. For exemple,

Nishide and Nakagawara (1965) found that sporulation snd the produc-

tion of toxin were inversely related in 96-hr cultures of Cl, novyi.
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Non~-toxigenic strains that were apparently type C strains could be
produced by heat-selection from parent type A strains, and the authors
concluded that sporulsting potency is of prime importance in control~-
ling the mechanism of toxigenesis in Cl. novyi. Nishida and Imaizumi
(1966) investigated the toxigenicity of Cl. histolytiocum; they found
that the results obtained with this organism did not follow the generel
rule that they postulated in previous reports, but it seems adviseble
to consider the above obgervation if heating procedures are used in

order to isclate anserobic bacteria.

{ii) Selective sgents. In order to isolate anaercbic bacteris
from a mixed culture, the growth of many facultative anacrobes that
are present may be Qu@presaed by incorporating certain selective
agents into the medium, Willis (1964, p. 38) describes various sub-
stances that are used as selective agents for clostridia, but he adds
that "none of them is ideal.™ Nareyan (1966) tested & number of
agents that have been recommended for the specific isolation of anae-
robes; he investigated the selective effects of each agent individu-
elly and in certain combinations., He found that no selective agent
that he tried would specifically inhibit the growth of facultative
enserooes without affecting the growth of clostridia. Nerayan
concluded that it is difficult to choose & suitable medium that will
be selective for the growth of clestridia, although it might be easier
to do so if only one or two species of closiridie are taken into

account. Thus, the gelective agent and the amount that is
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incorporated into culture medis require careful consideration and, in
turn, the choice of & selective culture medium should be based on a

detailed knowledge of the characters of the organism.

The characters of Cl. ocedematiens

Although the method of typing suggested by Oakley et el. is the
most satisfactory at present, the classifiication and subdivision of a
bacterial species may eventually depend on the distribution of & wide
range of different charscters. 1In order to judge the significance of
these characters it is necessary to know as much as possible about

them; there is & great deal of information ebout Cl, oedematiens that

requires confirmation and systematic study.

(1) Microscopic appearances, Turner (1930) observed that the

Black disease bacillus is usually larger than the strains of

Cl, cedematiens that are associated with humen disease. Table I

shows that the size of the organism is one of the characters that
separate type A strains from type B and C strains in the early classi-
fication, Records and Vawter (1945) found that type D strains of

Cl, ocedematiens are about the same size as type A strains of the

orgenism, It is obvious that the size of a bacillus can only be used
as a typing character under defined conditions.

Cl, ocedematiens is generally regarded as being Gram-positive
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(Breed, Murray and Smith, 1957), although Turmer (1930) states that
type B strains are only Gram-positive if the decolourisation is con~
trolled, and Records and Vawter (1945) found that type D streins
become Gram-negative sfter 12 - 16 hr growth. Spray (1936, cited by
Reed and Orr, 1941) stressed that when steining clostridia with
Gram's stain, it is important to decolourise with alcohol in order to

avoid irreguler results.

411 of the types of (l, oedemstiens form spores; these are
usuvally oval, sub-terminsl and they may distend the baecillus, Keppise
(1944) observed that type A, B and C strains sporulate in the presence
of glucose and that a smell proportion of free spores can be found in
most medis. Turner (1930) noted that the sporulation of type B
strains was much improved by the addition of 20 per cent. serum, but
that the sporulation ratio did not exceed 50 per cent., Records and
Vawber (1945) stated that Cl, oedematiens type D strains spore readily
at first on laboratory media but this property is gradually lost and
may disappear on prolonged subculture,

A1l of the types of (1. oedematiens bear numerous peritrichous
flagella which can be demonstrated by suiteble staining techniques,
although motility may only be cbserved under conditions that exclude
oxygen (see Wilson and Miles, 1964, p. 1073). These authors also
state that Cl., oedenatiens is non-capsulate; however, Keppie (1944)
suggested that certain strains of the orgenism may possess & thin
capsule.

The above description of the microscopic appearances of
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Cl. cedematiens supports the observation of Willis (1964, p. 80) that
there is nothing uniquely characteristic about the morphology of this

organiam.

(41) Culturel appearances. Fearly descriptions of Cl, oedematiens
reveal that the orgenism grows well in a nutritious liquid medium.
Turner (1930) stated that type B strains fail to grow in peptone
water medium, and thet enrichment of broth with glucose, serum or
meet perticles is nébeasany. Vewter and Hecords (1925~26) observed
that type D streins grow luxurisntly in peptic digest broth plus

rabbit liver, Autoasgglutination of most strains of Cl. oedemstiens

in liquid media is frequently reported (Vawter and Records, 1925=26;
Turner, 1930; Keppie, 194%4) and has complicated previous studies of
the agglutinating antigens of the orgenism. Vewter and Records
(1931) suggested that type D streins of Cl. cedematiens autoaggluti-
nate when the pH of the medium reaches 5.4 - 5.6 after 24 ~ 30 hr
ineubsation,

lany workers have used the shake-culture technique in order to

isolate and grow Cl. oedematiens (Turner, 1930; Records and Vawter,

1945), and most descriptions of type B and D strains of the organism
refer to the different colony types that occur in such media (see

Breed, Murrsy eand Smith, 1957). Although Cl. oedematiens grows

readily in sheke-cultures, the difficulties of growing type B, C and
D strains of the organism on solid media are well recognised.

Albiston (1927) stated that he was unable to grow the Black disease
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bacillus as a surfece culture, Turner (1930) observed that the type
B strains grow as a spreading film on blood ager and he did not
recommend the medium, Xeppie (1944 ) found that if plates were inocu=
lated directly with infected tissues they often failed to yield type
B strains, He also noted that type C strains grow only on glucose
blood ager plates that are enrviched with a further 30 per cent. of
serum. Records and Vewter (1945) stated that type D strains have
exacting cultural requirements and these authors imply that the non-
viability of inocula may frequently be a reason for failure to grow
and maintain the organism,

Williems (1962, 196i) used blood agar plates that contained 5 pex
cent, of sheep blood and 3 per cent., of agar for the isolation and
growth of Cl, cedematiens. He confirmed that the orgenism is very
Tastidious and that type B strains tend to spread on blood agar
plates. Ie stated that cultures of type D strains on solid media die
rapidly on exposure to air. Willis (1964, p. 80) observed that
"there is a tendency for the colonies of types A and B to spread over
the surface of the medium, The colonies of type D are often exceed-
ingly small, appearing as mere pin-points after 48 hr incubation.

Type B strains are more difficult to grow than type A streins whilst
strains of type D are probably the most fastidious enaerobes kncwn."”
Thue, it is generslly egreed that type B and D strains of (l, cedema-
tieng sre difficult to grow on solid media, perticularly al primary
isoletion, and thet type A and B strains are liable to spread on blood

ager plates., However, the work of Williams above suggesis that type
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B straing of the organism will grow on a relatively simple medium.

Cl, ocedematiens forms soluble antigens that produce characteristic
effects when the organism grows on certain solid media (q.v.).
Observations of these efflects can be used in the preliminary identifi-
cation and typing of the orgenism. It is olear that an essential
prerequisite of such a typing procedure is the development of a solid
indicator medium that supports good growth of all types of (l, oedeme-

tiens and limits spreading of the organism,

(441) Biochemical characters. The biochemicel characters of
¢l. oedematiens heve been extensively studied in the past, and there
are many conflicting reports., The pattern of results that hes
evolved is shown in Teble II which has been compiled from the results
quoted by Breed, Murray and Smith (1957).

Turner (1930) noted the wide discrepancies in the recorded results
of the fermentation reactions of Cl., oedematiens despite the use of
apparently pure cultures by various workers, IHe concluded that
there were too many variables involved in the tests, including (a) the
basel media and indicators, (b) the method of sterilisation and the
emount of heat to which the sugar was exposed, (¢) the chemical purity
of the carbohydrates, (d) the final concentration of the suger, and
(e) the method of obtaining enserobiosis., To this list may be added
the duration of incubation of the test medium.

Zeissler and Rassfeld (1929) found that B, gigas strains ferment

glucose and fructose but not maltose; galactose fermentation was




Table II

The various biochemical reactions of Cl. ocedematiens

Heaction of Cl. cedematiens of
TYFE
Test
A B c D
The fermentation of: Glucose - + NR +
lMaltose v v -
Fructose + + +
Gelactose NR + -
Glycerol v v 4%
Lactose - - -
Suerose - - -
Raffincse NR MR -
Arabinose NR R -
Xylose NR NR -
Inulin NR - -
Salicin - - -
Mamnnitol - - -
Duleitol NR - -
Mannose IR KR -
Dextrin NR NR -
The formation of: Indole - NR NE +
Hydrogen sulphide NR NR -
Methyl red test KR NR -
Voges~Froskauer reaction NR HNR -
Detection of nitrites from nitrates - NR -
Gelatin liquefaction - * +
Reaction in milk medium A; NC v A; 8C
Liguefaction of cosgulated albumen - - -
Liquefaotion of blood serum - NR -
Blackening and digestion of brain medium - NR -

+ = positive result; ~ = negative result; NR = not recorded;

v = varieble result; A = acid produced; NC = no coagulation;

SC = slow cosgulation, clot not digested.

"Records and Vawber (1945) state that glycerin was not fermented.

nu
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doubtful. Turner (1930) reported that type A strains of Cl, ocdema-
tiens strongly ferment glucose, meltose and glycerin; galactose was
weakly fermented and fructose fermentation was doubtful. Type B
streins of the organism ferment glucose, maltose, fructose and galac-
tose according to Turner.

Kraneveld and Djaenocedin (1933) examined 17 strains of B. giges
and 6 strains of an anaercbic bacillus that they isolated from osteo-
myelitis of buffalo, (type C strains). The English summary of their
peper states that "all strains showed to behave themselves in quite 2
similar menner opposite ten different cerbohydretes," although from
the text it appears that the type C strains ferment maltose. Keppile
(194%4) cbserved that some type B strains apparently ferment glycerol;
he alsc confirmed thet type C strains flerment glucose, masltose and
fructose,

Oekley et &l. (1347) tested the fermentation reactions of 52

strains of Cl, oedematiens that they typed as £ or B strains on the

basls of their soluble antigens. All of the strains fermented
glucose; in general, the type A strains also fermented maltose and
glycercl, but many of the type B strains fermented glycerol and only
a few of the latter failed to ferment maltose. Oakley el al, stress
that "the organism must grow well in the fermentation medium, or falaﬁ
negatives will be f'ound, as was often the case with type B strains.”
They analysed their results in terms of typical and atypical sirains
using the criteria of Scott gf al. According to Scott et al.,

however, the fermentation of glycerol differentiates type A strains
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from type B strains, end it does not appear that this criterion was
precisely applied by Oskley et al. Nevertheless, it is clear that
there is considerable variation and the authors concluded that "we
are therefore disinclined to rely on fermentation resctions alone for

igentifying end classifying Cl. oedematiens."

Jemieson (1949) observed that all of the type B strains of

Cl, oedematiens that he isolated did not affect glycerol. He pointed

out that those strains that were freshly isolated from Black disease
of sheep (Turner, 1930; Jamieson, 1949) feiled to ferment glycerol.
Apart from the fermentation reections, other biochemical charac-

ters of Cl, oedematiens have been sporadically studied. The demon-

gtration of the formation of indole from tryptophan is widely used as
an aid in the identifiication of & bacterial species. Heed and Orr
(1941) showed that type A streins of (1. oedematiens feil to produce
indole in & semi-solid basel medium, but Reed (1342) demonstrated
that the type A strains of the organism utilise indole as rapidly as
it is formed; f{urthermore, if indole is edded to the medium then it
disappears. Thus, fhe qualitetive detection of indole will depend
on the ratic of the rates of its formation and breskdown., Hecords

and Vawter (1945) reported that type D strains of ClL. ocedematiens

have a requirement for tryptophen in the culture medium; they noted
that these strains produce indole after 16 - 18 hr incubation, but
that the property of indole formation was decreased after prolonged
subculture. Willis (1964, p. 59) states that the indole test is not

of great value in dealing with the commonly occurring snserobes.
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Many bacterial species are able to produce hydrogen sulphide from
.a suitable substrate in a culture medium. The test can be poised at
various levels and Reed and Orr (1941) developed & technique that

would give a positive reaction with large or moderate yields of hydro-

gen sulphide; they observed that type A strains of (l., cedematiens

gave a positive result. Records and Vewter (1945) noted that type D
strains of the orgenism produce large amounts of hydrogen sulphide,
Willis (1964, p. 59) states that the majority of commonly occurring
anaerobes produce hydrogen sulphide, therefore the test is of linited
value in routine work.

Certain species of bacteria can reduce nitrates to nitrites, or
even further to ammonia or nitrogen. The detection of nitrites in a
suiteble medium is regarded as an indication of nitrate reduction,
Reed and Orr (1941) found that on the basis of this test, type A
strains of Cl. cedematiens fail to reduce nitrate; however, Reed
(1942) showed that the type A streins do reduce nitrate repidly and
that nitrite is not detectable, Records and Vawter (1945) reported
that nitrites are not produced from nitrates by type D strains of the
organism,

Records and Vawber also observed that the type D strains give a
negetive reaction in the methyl red test, and that they do not producj
acetylmethylecarbinecl.

It is generally agreed that all of the types of (Cl., ocedematiens

ligquefy gelatin but do not attack more complex protein substrates such

as milk, serum or meat particles. The orgenism is usually described
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as being saccharolytic and non-proteolytic. Several clostridia can
liquefy gelatin but have no effect on more complex protein substretes.
Grant end Alburn (1959) noted that in most proteolytic systems the
substrate is more readily attecked if it is denatured. They stated
that gelatin is severely denatured collagen eand that it lacks the
ordered structure of the parent collagen molecule; thus, gelatin is
attacked by a variety of endopeptidases of bacterisl and memmalien
origin? whereas the action of collagenase is a highly specific proteo-
lytic activity.

Several authors state that Cl, oedematiens does not grow in

nutrient gelatin unless the medium is enriched (Zeissler and Rassfeld,
1929; Willis and Hobbs, 1959). Turner (1930) made the curious

observation that (1, oedematiens type B strains will grow well in

nutrient gelatin and in glucose~gelatin, but that gelatin is liquefied
in the latter medium only. Records and Vawter (1945) noted that type
D streins of the organism liquefy gelatin and that prolonged subcul-
ture of a strein may reduce its potency in this respect.

The variable results thet have been recorded in biochemical tests
such as those described above may be partly relsted to differences in
culture media and procedures that are not standardised., It is clear

that C1l, cedematiens should not be classified and identified on fler-

mentation reactions alone, end that the other biochemical characters
are of little value at present. lHowever, a system of typing that is
based solely on the detection of soluble antigens may founder when

strains that do not produce key antigens are encountered. The type C
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category of so-called non-toxigenic strains of Cl. oedematiens is a

classicel exemple of this problem.

The entigens of Cl, cedemetiens

(1) The somatic and flagellar antigens

The 'H' and '0' antigens of Cl., oedematiens have been studied by

Kreuzer (1939, cited by Turner end Eales, 1943), by Turner and Eales
(1943) and by Keppie (1944). Turner and Eales investigated 5 type A
strains, 22 type B strains and 6 type C strains (classified af'ter

Seott et al,, 1934) as well as 2 strains of Cl. haemolyticum. They

obtained evidence that all of these strains share two '0' antigens in
various proportions, but they concluded that more work was necessary

to olarify the relstionship of Cl, haemolyticum to other members of

the Cl. oedematiens group. Smith (1953) suggested that one of the

streins of Cl. heemolyticum that Turner and Eales used was classified

incorrectly, and he stated that strains of Cl. heemolyticum and

Cl. ccdematiens possess no common somatic antigens; he later (Smith,

1955) described Cl. haemolyticum as a species distinot from (1, ocede-

matiens.

The inclusion of Cl. haemolytiown as Cl, oedematiens type D was

suggested by Oskley and Warrack (1959); these authors showed that the

me.jor soluble antigen that is produced by Cl. haemolyticum is
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serologically indistinguishable from one of the antigens that is

produced by type B strains of Cl. oedematiens. Further evidence was

provided by Batty end Walker (1964), who found that a fluorescent-
labelled antiserum that was prepared ageinst the vegetative antigens

of a type B strain of Cl, ocedematiens stains type D (Cl. haemolyticum)

strains. On the basis of these findings it is reasoneble to considex

Cl. heemolyticum as a type of Cl, ocedematiens.

Although type D strains of the orgenism apparently share somatic
aentigens with other members of the group, there is evidence (Kreuszer,
1939, cited by Turner and Eales, 1943; Turner and Bales, 1943) that
type D strains also possess one or two type-specific sometic antigens,
The fluorescent technique has so far been unable to distinguish type

D strains of Cl. oedematiens from the other types (Batty, Buntain and

Walker, 1964).

(ii) The charecterisation of the soluble antigens

Barly descriptions of Cl, oedematiens refer to several biological

ef'f'ects that are attributed to culture filtrates of the organism;
these eff'ects include lethal activity, a dermenecrotic reection
(Turner, 1930; Records and Vawter, 1945), haemolysis of red blood
cells and the production of opalescence in egg-yolk emulsion. The
significant contributions to our knowledge of the above effects were
discussed by Oskley et al. (1947) end by Oskley and Werrack (1959).

Qekley and his colleagues used an immunological apprecach in order
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to study the biological eff'ects of Cl. oedematiens culture filtrates.

They prepared antisera against all of the types of the organism, so
that soluble antigens that were present in different proportions pro-
duced specific antibodies in varying retios. Standard tests were
devised f'or the demonsiration of several biclogicel sctivities and the
end~point of each test was read as a "standard indicating effect."
Dilutions of the prepared antisera were then used to neutralise the

effects of culture filtrates of Cl. cedematiens in the standard tests

and the authors found that the results of the neutralisetion tests
varied according to the concentrations of the scluble antigens and thel
respective antibodies thet were present. Thus, the biological effects
of the soluble entigens were identified and qualitative and quuntita-
tive differences were reveasled. Seven antigens were detected in

culture filtrates of Cl, oedematiens by this technique (see Table III),

some of which produce a single demonsgtrable biological eff'ect, whilst
others possess more than one activity.

The basis of the neutralisation tests that were described by
Cakley and his colleagues is as follows. A single bacterial product
X mey produce severel demonstrable biologicel effects; for example,

& lecithinase X may be haemolytic and it mey or may not be lethal to

laboratory animals. These activities can be detected in appropriate
systems and it is well known that the sensitivities of the systems may
be different. However, if the single component X is not contaminated
with other biologicaelly active substances, then the results of assays

performed with the diff'erent systems will always be in a constant
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ratio for & 'pure' preparation of X. It follows that if different
neutralising antitoxins contain anti-X activity they will neutralise
preparations of X in proportion to the anti-X content of the sera.
But, if the sera are tested ageinst products that possess opalescent
factor Y or haemolysin Z in addition to X, then the results of assays
performed with these two systems will depart from the expected ratios.
In Uekley's work, discrepancies between the serum values in haemolytic
and lecithinase tests for example were attributed to the presence of
& second component having one activity but not the other. Oakley
et al. used several biological indicators in order to test many cul-
ture products and antitoxic serea thet were derived from all of the
types of Cl. ocedemetiens; thus they were able to characterise seven

entigens that are present in culture filtrates of Cl. oedemetiens.

The lethal ectivity (elpha and beta antigens). The alpha entigen

of Cl. cedematiens is present in culture filtrates of type 4 and B

gtrains and is the classical 'lethal toxin'; it is also dermonecrotic
%album and Reymann (1937) stated that the lethal factor of Cl. oedema-
tiens is highly lebile, has optimum stability at about pH 6.1, and is
insectivated by heating at 50° C for 30 min. or by precipitation with
alcohol and ammonium sulphate. ‘Coli~fermented broth' was the best
medium for production of the lethal factor and the addition of glucos
to the mediun markedly reduced the toxin yield.
Nishida and Nakagawara (1964) found that 'coli~fermented broth'

gave a poor yield of the lethal fector and they described a2 medium
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that contained phosphate, meat particles, peptone and a fermentable
substrate which gave a potent yield of the alpha entigen, The fer-
mentable substrate that is added te this medium appears to be eritical;
the authors found that the incorporation of maltose gave the best
yield of lethal factor; the yield was reduced with glucose, and the
addition of fructose geve a very low yield of the lethal entigen.

The lethal activity of Cl. oedemetiens filtrates is usuvally

determined by estimeting the minimum lethal dose (JLD) for mice.
However, 1ittle is known about the mode of action of the alpha antilgen
The physiological effects of crude culture filtrates of Cl. oedema-
tiens have been studied in different systems by Aub, Zameenik and
Nathenson, 1947; Krayer et al., 1947; Hiles and liiles, 1952; FElder
end liiles, 1957; Adkat and Dible, 19603 and Cotran, 1967. Aub

et al. ané Krayer et al. investigated the effect of Cl. cedemetiens

culture filtrates in dogs. ©FElder and liiles studied the action of
type B filtrate antigens on capillary permeability. These suthors
used a serological technique similar to that described by Oekley et al,
(1947) and showed that the alpha sntigen is the prineipel “permea=
bility factor" in the filtrate. They confirmed the observation of
Miles and Miles (1952) that Cl. cedemetiens culture filtrates induce
a peculiarly long-lasting increase in vascular permeability, but
Ilder and Miles alsc showed that substances other than the antigenic
toxins may cause misleading results in the tests that they used.
The latter workers infer that the preparation of pure samples of

single antigens would be desirable, and they conclude that the alpha
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antigen deserves further study as a unique tool for exploring the
nature of pathological inereases in capillary permeability.

There has been one attempt (Phillips and Batbty, 1963) to purify a
concentrated culture supernate of Cl. cedematiens. The alpha entigen
was not detectable after electrophoresis of the ecrude concentrate on
starch~gel, or af'ter passing the concentrate through cellulose columns,
A column of Sephadex G~100 was used in order to separate the elpha
antigen from an amylase that was also present in the starting materiel;
90 per cent. of the lethal activity was recovered and the eluted
produet was purified 80-fold on the basis of total nitrogen content.
The separation of other biological effects was not reported.

The lethal factor that is present in cultures of type D streins of
Cl. cedematiens is not the alphe antigen. Vawter and Records (1925~
26) demonstrated a profound fall in the erythrocyte count of cattle

thet were experimentally infected with (1. heemolyticum end aettributed
the lethal activity of such cultures to the presence of a "haemolytic
toxin," Oakley and Varrack (1959) showed serologically that cultures

of type D straeinsg of Cl. cedematiens contain no detectable alpha anti-

gen but thet a high concentration of the beta component is present.
They found thet the bete antigen is a lethal, neerotising, haemolytic
lecithinase and it now became clear why many asuthors had observed that

Cl. oedemetiens type A ©°¢ I entisera fzil to protect against the

pathogenic effects of typ;_D cultures.
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Factors that produce effects in egg-yolk preperations (bsta,

gemma, epsilon and thete antigens). Crook (12%2) first observed that

opalescence develops in a mixture of Cl., ocedematiens "toxin" and egg-

yolk emulsion that is incubated at 37° C; then MecPerlane (1342)
briefly reported the presence of & lecithinese in ococasional prepare-
tions of Ol. oedematiens. These findings were explained by Oakley
et al, (1947) and by Oskley and Warrack (1959) who showed that the

bete and gamma antigens of Cl. oedematiens are haemolytic lecithi-

nases. HacFarlane (1348, 1950a) demonstrated that both of these
antigens behave as lecithinase-C enzymes and split leeithin into
phosphoryl choline and a diglyceride.

The chemical composition of lecithin varies and is influenced by
its source, but in general lecithin can be regarded as a glycerol

molecule that is esterified through the hydroxyl groups.

Tﬂz-ﬁﬂ ?Hz-O-GO-ﬂ1
CH-0H GH~0-60~R2

| |

Gﬂg—Oﬂ CHz—O—P—O—eholine

glycerol lecithin « R, = saturated falty acid,

1
R2 = unsaturated fatty asecid.

Enzymes that are termed phospholipases [or lecithinases) hydrolyse
specific bonds in the lecithin molecule. Fhospholipase-A hydrolyses
lecithin to yield lysolecithin plus an unsaturated fatiy acid ion and

it is well known that lysolecithin is powerfully haemolytic,
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Phospholipase-B splits lysolecithin into non-haemolytic products
whilst phospholipase-D removes the choline moiety from lecithin, [The
beta and gamma antigens of Cl, oedematiens and the alphe antigen of
Cl. welchii all function &s phospholipase-C enzymes, but each factor
is immunologiocally distinct and ite activity is neutralised by speci-
fic antisera only.

I culture filtrates that contein the above antigens are incubated
with egg~yolk emulsion then an opalescence develops in the mixture;
this is known as a positive lecithovitellin (LV) reaction, and &
filtrate that is rich in enzyme activity may produce a precipitate or
curd in the emulsion, The physical explanation for the visible
manifestation of the LV reaction has not been fully explained; it
appears that the opalescence is dus mainly to the aggregation of
finely divided free fat, but a small paert is due to the liberation of
fat probably from lipoproteins (MacFarlane, Oskley and Anderson,
1941). It has been suggested by Van Ueyningen (p. 31, 1350) that
lecithin acts as & stabiliser for egg-yolk emulsion and that the
breakdown of lecithin liberates free fat. However, Van Heyningen
points out thet pheospholipase A derived from snake venom doez not
cause an opalescence Lo develop in egg~yolk amuision. Various agents
may give a positive LV reaction and the value of this test in clos-
tridial research lies in the specific neutralisation that can be
demonstrated with suitable antitoxic sera.

The detection of the epsilon antiéan provided an explanation for

the so-called "pearly-layer" eiiect that was desoribed by HNagler
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(1944, 1345). He observed that when type A streins of Cl, oecdema-
fiens are cultured on blood-egg~yolk-eger pletes, the colonies and
the underlying haemolytic zone are covered by an opague film with a
pearl-like lustre, Nagler found that certain other clostridis alsc
show the pesrly-layer effect but that type B, C and D strains of
Cl, oedematiena are not in this category. McClung, Heidenreich and
Toabe (1946) stated thet the pearly layer is produced on & medium
that does not contain blood end this was confirmed by Oskley et al.
(1947), who also showed thet culture filtrates of type A streins of
the organigm contain gamma and epsilon antigens, both of which ceause
opalescence in egg=yolk emulsion. These observations were clerified
when HacFarlane (19%8) identified two lipolytic enzymes in Cl. oede-
mebiens type £ culture filtrates, & lecithinsse (the gomms antigen)
and & lipase that splits off both satursted and unsetursted fatiy
acids either from the diglyceride that is produced by the action of
lecithinase on lecithin or possibly from leeithin itself. She
suggested that it seems reasonsble to suppose thait the sction of the
epsilon antigen is that of g lipase, forming e pearly layer of fatty
geid upon the colony,

Later, liacFerlane (1950a) found that type D culture filtrates of

0l. cedematiens mey contain, in addition to the major beta antigen,

traces of a lipagse whose action becomes apparent if' the incubation
period of the test is prolonged. Oakley and Varrack (13959) confirmed
thaet type D culture filtrates contain & fector that ceuses opalescencsd

in egg-yolk emulsion but is non-haemolytic; they suggested that it
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should be nemed the theta antigen and that it might be the lipase thaf
was desceribed by MacFarlane, Oakley and Warrack also state that
“type B most probably produces & lit{le theta, as type B antisera
often have antibody to it." It is interesting to note that only
type A strains produce & pearly layer on egg~yolk agar yet sccording
to the asbove description type B and D strains azlsc produce indications
of lipese activity. However, the lipase ccnoentration in type B and
D cultures may be rather low, The lipolytic activity of anaercbic
becteria on solid media is discussed by Willis (1960; 1964, p. 55).
OQakley and Warrack also suggested that there may be an antigenic

relationship between the beta antigen of Cl. cedematiens and the alphe

antigen of Cl, welchii, but they considered it imprcbable That a
close relationship exists.

It is clear that the visible manifestation of the LV resction in
tests with egg=yolk emulsion cannot differentiate between two enzymes
that apprarently cause the same effect. A more elegant test would

help to resolve the present confused situation.

Haemolysins (beta, pamma, delta snd zeta antigens). The haemo-

lytic activity of the beta and gamma antigens of Cl., cedematiens can

be attributed to the presence of lecithin in the red cell envelope;
lecithinase decomposes lecithin and the struectural integrity of the
cell is destroyed, Oskley et al. pointed out thet different species
of red cell seem to vary in their sensitivity towards these antigens

and that the lysis exhibits & so=called "hot~cold" effect.
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MacFerlane (1950b) showed by chemical measurement that the rates of
hydrolysis of phospholipid in intect red cells by enzymically equi-
potent amounts of different lecithinases cen very saccording to the
kind of lecithinase and the species of red cell, She observed that
heemolysis was always preceded by the decomposition of phospholipid
and concluded that these differences appear to be sufficient to
account for the known differences in sensitivity of various species
of red cell to hsemolysis by immunologically specifiic lecithinases.
MacFarlane also explained that the species of red cell affects the
manifestaticn of "hot-cold" lysis by the C1l, welchii elpha antigen,
and that certain species of cells are more susceptible to this pheno~
menon than others.

The marked he.emoiy'tic effect that is produced by cultures of type
D strains of Cl, cedematiens is reflected in the name that wes origi-
nally given to these streins (Cl, haemolyticum). Vawber and Records
(1925-26) found thet the pathogenicity of type D strains depends on
the presence of an 'unstable heemolytic toxin.' IHecords and Vawter
(194%5) then suggested that there were two toxic fractions in cultures
of Cl, haemolyticum; en unsteble, haemolytic component that appears al
8 = 10 hr end disappears after 30 - 36 hr, and & necrotising fraction
that persists for a week or longer. They stated that the pathogen-
icity of 'toxic cultures' af'ter injection into rebbits, guinea-pigs,
mice and cattle is dependent on & high concentration of haemolytic
'toxdin', Jesmin (1947) showed thet culture filtrates of type D

strains of Cl, cedematiens were lethal and heemolytic after storage
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for 6 mth at refrigerator temperature, and that there was little evi-
dence of the necrotising fraction when the lethal and haemolytic
activity were lost. Jasmin also demonstrated that these culture fil-
trates gave parallel results in tests that detect lethality in mice,
haemolyéis of rabbit erythrocytes, and opalescence in humen serum or
LV solution; the effects were neutralised by the addition of specific
antisera, and the neutralising retio of antigen to antibody was
similar in each system.

Bard snd licClung (1948) desoribed a series of experiments in which
they investigated the lethal, haemolytic and lecithinase activities

of Cl, oedemetiens cultures, They showed thet a orude lecithinase-B

preparation reduced the haemolytic activity of both type B and D cul-
ture produets. These authors presented evidence that lysolecithin

mey be an important haemolytic component of Cl. oedematiens cultures,

and they also suggested that some of the lethal activity of type B
and type D straing eppears to be attributable to the action of lyso-
lecithin, They sssumed thet lysolecithin could oeccur in the form of
an antigenic protein complex, but no serological evidence was presen-
ted., Oakley and Werrack (1959) pointed out that no guantitative
work wes reported by Bard and M«Clung, and that the lecithinase-B was
& crude preparation that may have contained other sctive material,
Esfis proteases.

The delta end zeta antigens of Cl. oedematiens were described by

Oskley et al. (194.7). The delta antigen was detected in type A fil-

trates from peptic digest media., These filtrates caused immediate
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heemolysis of horse cells at 37° C and the suthors state thet “"the
haemolysin (delta) is oxygen-labile and is to some extent neutrelised
by heterclogous sera. ..., serum values ageinst this haemolysin
(diluent phosphate buffer pH 6,5 + M/25 sodium thiolacetate, indicator
0.5 ml. 6 per cent. washed horse cells in saline) show no relationship
to the alphs, gamma or epsilon values ,.." No further inf'ormation
is given. The zeta antigen "though nol definitely oxygen-labile was
neutralised to some extent by heteroclogous sera, and .... is distinct
from the alpha, beta, gemma, delte and epsilon antigens.” It is

clear that the hesemolytic components of Cl. oedemetiens culture fil-

trates require further characterisation and definition,

Pactors that produce effects on other biologicel substrates.

Several other asctivities have been attributed to culture filtrates of
Gl ocedematiens but they are not as well characterised as those des-
eribed previously. lMcClean et al. (1943) showed that 7 of 15 streing

of Cl. cedematiens produced hyaluronidase when they were incubated in

the presence of hyaluronic acid. The positive strains were shown to
be type B strains by Keppie (1944) who elso demonstrated that no type
& straing tested by him produced the enzyme,

Evans (1947) reported that no enzyme that attacks hide powder

(collagenase) was demonstrable in cultures of Cl, oedematiens.

MacFarlane (1955) detected the enzyme tropomyosinase in culture

filirates of type B and D strains of Cl. oedematiens. Tropomyosinase

is en entigenic sulphydryl-activated enzyme that decomposes
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tropomyosin, iMacFarlane partially charscterised the enzyme end its

action and nemed it the eta antigen of Cl. oedemetiens.

It has also been observed that culture filtrates of (1, ocedema-
Liens produce e cytopathic effect in tissue culture cells (Pense and
Vicari, 1957; Veto, Backhausz end Horvath, 1957; Zemskov, 1964),
Veto et al. noted that "antitoxin solution can neutralise the toxins

specifically end in geocordance with the law of multiplicity."

Zemskov found that Cl, cedemetiens exhibifs a definite end specific
cytotoxic effect in & culture of trypsinised ohick-embryc tissue.
He suggested that the effect could be observed in 6 hr and that the
techmique is 60 times more sensitive than e pérallal titration in

white nmice.

The hysluronidase activity and the oytopathic effect of culture

filtrates of Cl, cedematiens are not generally included in schemes

that ref'er to the biological effects of the organism.
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Typing of Cl. oedematiens by the

detection of soluble antigens

When Oakley et al. (1947) demonstrated the distribution of the
soluble antigens and their biologicel effects in type A, B end C
strains of Ul. ocdemetiens many of the previous confusing observetiong
could be expleined. t was now obvious why Turner and Davesne (1927)
were able to neutralise the lethal activity of type B culture £il~-
trates with type A antisera, and it was posgsible to understaend why
Keppie (1944) found that type A entisera feiled to neutralise the
heemolytic activity of type B culbture [iltrates. The system devised
by QOskley and his colleagues provided e working basis for the identi-

fication of the individual antigens and the typirg of Cl. oedematiens,

but it demanded a wide range of antisera and & detailed Iknowledge of
thelir antitoxic components. Such antisers are not resdily evaileble,
and, although a deteiled procedure was necessary in order to under-
stend the complexities of the system, & less comprehensive analysis
mey be performed f'or the routine typing of the orpganism. Oskley et
al. proposed that methods based on the properties of the beta, gemma

and epsilen components of culture filtrates of Cl. cedematiens in

Brewer's medium are sufficient to differentiate type A, B and C_
strains of the organism. They stressed that fype-specific antisers
are essential for typing experiments because heferclogous antitoxins
produce equivocal results in neutralisation tests. COakley and

Viarrack (1959) showed that type U culture filtrates contain a strong
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beta component, and they suggested that the identification scheme
should include a neutralisation test that contained & high level of
enti-beta activity in order to neutralise the LV effect of such {fil-
trates. Oekley and Warrack differentiated type B from type D strains
by showing that the necrotising activity of a type D filtrate wes
completely neutralised by type D antisera thet contained ne detectable
anti-alphe component.

Jamieson (1949) used the LV test in order to type Cl. oedematiens

strains that he isolated from Black disease in sheep, but the final
criterion of identification of the beta antigen is not cleer from his
degeription. He found that thepe freshly-isolaeted type B strains
gave a poor LV reaction after growth in Brewer's medium and veriations
of leeithinase production in different media proved troublesome. Iie
tested a variety of media and concluded that the differences observed
were mainly due to growth conditions and not to strain veriation.

Williems (1962, 196)) demonstrated the presence of preformed LV
and necrotising sctivity in ground-up liver lesions and peritoneal
fluid of sheep and cattle that were naturally inflected with (l. cede-
mgtiens. In LV neutralisetion tests he identified the beta antigen
in 57 of 69 liver lesion macerates.

The cheracteristic effects that are produced by & culture of
Cl. oedematiens on egg~-yolk agar plates were deseribed by Hayward
(1941), Negler (1945) and HcClung, Heidenreich and Toabe (1946).
Cekley et al. (1947) suggested that although the LV tube test is

satisfactory, it is more convenient to type Cl, ocedemaliens on cgg=
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yolk«VF agar plates, and it does not appear that these authors had
any difficulty in growing type B strains of the orgenism on this
medium, Willis and Hobbs (1958) found that type B, ¢ end D strains
of Cl. cedematiens fail to grow on egg-yolk agar unless 0.l per cent.
of sodium thioglyeollate is added; they later (1959) described a
selective indicator mediun for clostridia that contained lactose,
egg-yolk, milk, neomycin sulphate and sgar, and confirmed the diffi-
culty of growing Cl. ocedematiens strains.

1t is clear from the ebove description that different permutationg
of the soluble antigens ere present in culture filtrates of type A, B
and D streins of (l, oedemetbiens, and that the four types are recog-
nised by the characteristic biological effects that are produced by
the entigens. The present method of typing the orgenism relies
meinly upon the demenstration and neutralisation of LV activity in
culture filtrates; this system apparently gives satisfectory resulis

but has not been critically evaluated.




MATERIALS AND METHODS
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Strains. Preliminary experiments in the present work were per-

formed with 11 strains of Cl. oedematiens from the collection of

Dr Nancy J. Hayward and held in this leboratory for some years.

These strains were derived from various sources, and LV neutralisation
tests with CMB cultures of each strain suggested that they were type A
strains.

Twenty strains of Cl. ocedemstiens representing at least ome strain

of each type of the organism were kindly provided by Mr J. R. Hepple
formerly of Glexo Leboratories Ltd. A number eof these strains origie
nated from the I/,C.7.0; others were isolated at the Aberystwyth
Veterinary Investigetion Centre (see Appendix I). The streins ob-
teined from Hepple are designated by & number and the type letter pre-
ceded by the letters GR.

Ten streins of Cl. oedematiens were isolated in the present work

frém infected enimal tissues kindly provided by Dr J. 4, A. Watt of
the Edinburgh Veterinary Investigation Centre. These strains are
referred to by the letter R followed by one or two numbers; the first
number represents the specimen and the second number is the isolatle;
thus, R3/1 and R3/2 are two isolates obteined from the third liver
specimen,

411 of the above sirains were lyophilised as scon as their purity
was confirmed; thereafter, the streins were subcultured in cooked-
meat broth. Frequent checks of purity were made on sercbic and anae-
robic blood agar plates; each strain was tested periodically with the

imnunofluorescent staining procedure, and in haemolytic and LV
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neutralisation tests with appropriate antisera,

Anserobic Jjar procedure. Anaerobic jers with a room-temperature

catalyst (Baird and Tatlock) were employed. The procedure for set-
ting up these Jjars varied during the present work, and the routine
thet was finally adopted is given in Appendix 2. A liquid indica-
tor of anaerobiosis wes usually included in each jar during incubatiaong
Culture medie were incubated as & routine at 370 C with 10 per

cent. of carbon dioxide added to the anserobic environment.

Culture media. Cocked-meat broth wes used as a routine in most

of these studies; nutrient broth (Oxoid) replaced peptone infusion
broth in the preparation of this medium (Cruickshenk, 1965, p. 755).
Other media prepared from Oxoid constituents included reinforced clos—
tridial medium andlnutriant broth; blood agar medium was prepared
from blood ager base (Oxoid) with added citrated humen, defibrinated
horse or defibrinated sheep blood. Blood ager plates with 20 per
cent. of added human blood were used extensively in the present stud&ﬁ.
Stendard meat infusion broth, horse flesh digest medium and peptone
water were prepared aos described by Cruickshank (1965); sheep liver
infusion broth was prepared with 500 g.of fresh defatted sheep liver
in place of the lean meat. Brewer medium (Brewer, 1940) was used in
seversl experiments and modifications to this medium are described in
the text. Heated ('chocolate') blood agar was prepared by heating

blood agar medium at 80° ¢ for 10 min. before pouring the plates.
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Sugar solutions were prepared as 10 per cent. solutions and sterilised
by Tyndallisation; an appropriete volume of esch solution was added
to the sterile basal medium in order to give a final concentretion of

1l per cent., of the added substrate.

Celcium gelatin saline ('eagsal'). This solution was used exten-
sively as a diluent in the present work; it consists of 227.5 ml. of
1 per cent. calcium chloride, 45g.0f sodiwn chloride, 200 ml, of 5 per
cent. gelatin and 5g.of phencl; these ingredients are made up to 5
litres with distilled water and sterilised by autoclaving at 10 1b

pressure for 10 min. (Brooks, Sterne and Warrack, 1957).

Buffers. Michaelis buffer (barbitel sodiwn/sodium acetate/hydro-~
chloric seid, pil 6.8, see Documente Geigy, 1962, p. 314) was used in
most of the present work., Other buffers were prepared as described

by Cruickshaenk (1965).

Red cell suspensions. Citrated human group-U blood wes cbiained

from the Blood Transfusion Depertment, Edinburgh Royal Infirmary, and
was stored at 4° C. A sample of the blood was washed three times by
centrifugation with physiclogical saline and the washed cells were
made up &8s & 2 per cent. (v/v) suspension in cagsal. The cell sus-
pensions may be stored for sbout L. days ot 4° ¢ before lysis of the
red cells oceurs. Suspensions of defibrinated horse blcod (Wellcome

Leboratories) and defibrinated sheep blood (0xoid) were prepered in a
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similar menner.

Heemolysin (HL) tests. Serial doubling dilutions of 0.5 ml. of

the test material were made in 3 x % in, tubes with 0.5 ml. of
Michaelis buffer (pH 6.8), One volume (0.5 ml.) of the red cell sus-
pension was added and the mixtures were sheken and then incubated in
s water bath at 570 C; readings were made after 1 hr, then the tubes
were chilled overnight at 4° C before finsl estimates of haemolysis
were made, The end~point of the titrations was generally regarded as
25 per cent. haemolysis of the test mixtures; & control tube was pre-
pared by a k-fold dilution of a completely lysed test mixture and &
visual comparison of the test series was made. A negative control
tube was included for comparison in each test. In some tests, per-
spex VHO plates were used to hold the reaction mixtures, This method
of testing conserves material but the end-point of the test is diffi-
cult to assess; it was concluded that given sufficient material, the
tube test is preferable to the plate test.

The inclusion of different buffers in the test system, such as
acetate buffer, phosphate buffer (0.2 ¥ and 0,02 M) and phosphate-
buffered saline had little effect on the haemolytic titre of culture

products of Cl, cedematiens with human cells; it was observed that

ageing red cells are more fragile than fresh cells in phosphate bufifer
The haemolytic titre of cultures of the organism is reduced as the
substrate concentration inereased from 1 - 10 per cent; a 2 per cent.

suspension of red cells was chosen for the present studies.




52

Tests to demonstrate oxygen-lebile hsemclytic activity. Attempts

to detect the oxygen-labile haemolysin in cultures of Cl. cedematiens

were performed as desoribed by Gadalla (1965). Culture supernates
were oxidised with fresh hydrogen peroxide solution and subsequent
reduction was with a neutral solution of thioglycollic ecid. In
later tests, the cultures were oxidised for 1 hr at 37° C with a final
concentration of 0,1 per cent. of hydrogen peroxide solution (100 vdls)
reduction was for 30 min. at 37° C with a 0.2 M solution of sodiun
thioglycellate (1 ml, to 2 ml, culbure). Cultures of type A strains
of the organism were grown in coocked-meat broth, cooked-meat broth
plus glucose, nutrient broth and glucose broth, and these were tested
ageinst humen cells; tests were also done with horse and sheep red

cells.

Lecithovitellin (LV) suspensions. The lecithovitellin substrate

wes either a commereizlly available egg~yolk emulsion (Oxoid) or a
suspension prepared from a fresh egg yolk in borate~buffered saline;
the latter emulsion was clarified by filtration through Whatmen's No.l
filter paper, sterilised by Seitz filtration and held at -2?0 C until

required for use. The emulsion was held as & routine at 220,

Titration of factors that cause opalescence in egz-yolk emulsion

(described in the present work as LV factors or LV activity). Serial
doubling dilutions of 0.5 ml. of the test material were made in 0.5 ml,

of lichaelis buffer (pH 6.8); one volume (0.5 ml,) of LV solution wes
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added. The mixtures were shaken and then incubated for 1 hr at 5?0 Gy
readings were teken and then the mixtures were chilled overnight at
4° ¢ before final readings were mede. The end-point was regarded as
& slight opalescence when compared with a negative control tube,
Preliminery experiments indicated that a more clear-cut end point was
cbtained in titretions of LV factors with fresh egg-~volk emulsion than
with the commercial product; im addition, a 10 per cent. solution of
the substrate was rathér more sensitive then undiluted emuwlsion. In
most of the tests the substrate was prepared from fresh egg yolk and
was diluted with cagsal to give a 10 per cent. solution (but see Crodk,
19.2) . .

The procedure described by Oakley et al. (1947) with l-ml. volumes
of undiluted test materials end undiluted LV solution was also used;
these tests confirmed that type B strains of the organism occasionally

fail to give & positive LV reaction (q.v.).

Neubralisation of haemolytic and LV activities. The test proce-

dure developed during the present studies employed one volume (0.5 mlq
of & 1 in 2 dilution of the culture or culture supernate in lichaelis
buffer; the antitoxin (usually 0.02 ml,) was added to the toxin, to

avoid the Danys& phenomenon., After 30 min. to allow neutralisation,
0.5 ml, of the substrate was added to the test mixtures and the tests
were incubated for 1 hr at'37° C and then chilled overnight at LP Ca

The results were estimeted visually from + (25 per cent. lysis) to 3+

{complete lysis).
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Tests to ﬂamonatrate-the neutralisation of LV activity with com~
mereial Cl. ocedematiens diagnostic antisera gave cross-neutralisation
reactions with cultures of type A and B strains of the organism; it
was necessary to dilute the antisera 1 in 10 (as recommended by the
manufacturers) in order to obtain the expected neutralisation pattern.
Tests to demonstrate the neutralisation of haemolytic activity of cul-
tures of Cl, oedematiens gave the appropriate results with 0,02 ml,

of commercial antisers.

Thin~layer chromatography. Concentirated bacterial culture pro-

dgpta_(usually 0u5-ml. volumes) were held at 37° ¢ for 16 hr with
1-nl. volumes of undiluted egg-yolk emulsion. The total lipid was
extracted from the reection mixture with 25 ml, of chloroform/methandl
(2 : 1 v/v) plus 5 ml, of 0.017 N sulphurie acid., The organic phase
was removed and concentrated by evaporating to dryness in vacuo; the
extracted 1lipid was then resuspended in & small volume of chloroform.
Glass plates (9 x 27 x & in.) were coated with a thin layer of silica
gel G (Kieselgel C nach 8tahl, E. Merck AG, supplied by Anderman and
Co. Ltd,, London) about 1/32 in. in depth and spresd by means of a
metal spreading device obteined from Dr, G. S, Boyd. The {thin-layer
plates were sctivated in an oven for 60 min, at 100° C, then eabout
G.04h ml. of the lipid extract was loaded at one end of the plates in
the form of a spot. After a few minutes to sllow eir drying the
plates were placed vertically in a chamber containing a suitable sol~

vent, The solvent advances up the silice gel and carries fractions
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of the lipid mixture with it; the distance moved by eech class of
lipid dgpenda upon the charge of the molecule and the solvent system
thet is used, Thus, the lipid mixture is fractionated into compon-
ents that are located at different levels on the chromatograph.
Iodine vapour was used as the locating agant'in the present work; the
plates were allowed to dry in air after removal from the solvent cham-
ber and then were held for periods of 5 -~ 10 min. in a sealed Jjar that

contained iodine cryatals,

Demonstration of lethal activity. The soluble lethal factors in

culture products were estimated by intravenous injection of 0.l-ml.
yolumes of suitable dilutions of the material in saline into male
white mice that weighed approximately 20 g. The results were recor-
ded af'ter 48 hr, Ocecasiocnally, the intraperitoneal route was employed
Tests to demonstrate neutralisation of the soluble lethel factors were
performed by allowing the antiserum to neutralise the test material
for 30 min, before injection of 0,1 ml, of the mixture into mice.

The mice were restrained in a small, cylindricsl wire cage during
the injeetion procedure, and warm water was used as a vasodilator;
injections were made into the tail vein with a l-ml. tuberculin qyxhgj

with & Luer fitting and 256 x & (No. 20) Gillette needles,

Demonstration of dermonecrotic activity., Intradermsl injections

of 0,2 ml., of the test material were made into shaven guinsa-pig skin;

& Qepileting paste (Cruickshank, 1965, p. 1011) was the most effective

-
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method of removing the hair, The animals were observed daily and

visible lesions were usually well-developed after 48 - 72 hr.

Antitoxic sera. (i) Experimental sera. Three experimental

Cl. ocedematiens antlsera were used in the present work: EX1552,

EX1546 and EX132l. These serz were kindly gifted to Dr Collee by
Dr &. Harriet Warrack end their verious antitoxic potencies were known)
(see table IV).

(ii) Commercisl sers. Diegnostic Cl. oedematiens entisers were

obtained from the Wellcome Leborztories; details of the antitoxic
pomponenta of these antisera were kindly provided by lr H.B.G. Epps
(see teble IV).

(iii) Sera pre d in this study. Two antitoxic seras were pre-
pared in rabbits in the present work; the antigens were (a) a crude

culture concentrate of a type B atrain of Cl. oedematiens, and (b) a

partislly-purified fraction obtained after gel-filtration of a type B
concentrate, The soluble products were detoxified with formalin
(0. per cent. of formaldehyde) for 48 hr at 37° ¢. The antisers
were prepared in male white rabbits (approx. 3.5 kg.). A sample of
control serum wes removed from the marginal ear vein of each rabbit,
then 1 ml, of toxoid was injected intravenously; after 5 min., 1.6 ml
of & mixture of equal volumes of toxolid and Freund's incomplete adju-
vent were injected subcutaneously. Twelve dsys later, 20 ml, of
blood were removed from the ear vein of each rebbit eand s booster dose

of 1 ml. of toxin emulsified with adjuvant was edministered by the
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Table IV

Detalils of the antitoxic sera that were

used in the present studies

: Antitoxic activity in units per ml,
Cl. oedematiens against the soluble antigens of
antiserum Cl. cedematiens
elpha beta gamma
EX 1552 450 < 10 495
EX 1546 315 280 z 10
EX 1321 < De1 4.800 < 10
Commercial
#a == -
type A 100 -~ 150 2 700 - 1000
Commercial
type B : 510 400 /

/ = not stated .
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suboutaneous route, Eight days alter the booster injection, 40 ml.
of blood were removed froum each of the rabbits. The bloed was col-
lected in l~o0%z vials coated internally with a thin layer of paraffin-
wax; af'ter standing overnight at 49 C the serum can be readily re-

moved.

The preparation of concentrated culture products, Strains of

¢l. oedemations were grown for an appropriate period in 500-ml. amounts
of different culture media (see text). The bacterial cells were re-
noved by centrifugation at 6800 g for 60 min. in a M.S.E. ground
centrifuge. In my initiel studies, the protein content of the culturg
supernate was precipitated by adding varying amounts of emmonium sul-
phate (see Dixon and Webb, 1964, p. 40); precipitation was allowed to
occur at kb ¢ then the precipitate was removed by centrifugation (see
above), dissolved in the minimum volume of distilled water and die-
lysed extensively in cellophan sacs (Visking) egainst distilled water
et 4.° C to remove the ammonium sulphate, The solution was concen-
treted by placing the cellophan sacs in plastic pails and adding poly-
ethylene glyeol (¥.W, 6000, Koch~Light Leboratories Ltd); the concen-
trated solution was Pinally dialysed for a short period in the cold
against distilled water or a buffer solution., The pH was not con~
trolled during these procedures; pH measurements indicated that the
pH was sbout 5.8 after the addition of ammonium sulphate.

In later work, the culture supernate was concentrated directly

with polyethylene glycol, omitting the precipitation step. The final
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pH of most of the concentrated products was sbout 6.0. 4An antibac-

terial agent was of'ten added to the concentrated products; sodium

azide (0.02 per cent.) end Hibitane (chlorhexidine, I.C,I., 0.002 per \
cent.) were used. In several cases, the concentrated products were

filtered with a membrane filter; this resulted in a slight loss of
biological activity., The concentrated products were held as a routine

at 4° C or deep-frozen at -27° C.

Gel-filtration studies. Sephadex (-200 and Sephadex G-100 were

used in gel-fractionation experiments during the present studies.
The column bed waes prepered as indiceted by the menufacturers (Fhar-
macie G.B, Ltd, London), Phosphate-buffered saline (pH 6.8, 0.02 i)
wes generally used as the eluting fluid and was fed to the column by
gravity from a double reservoir system that minlmised changes in the
hydrostatie pressure head during the experiment. The eluted material
was passed through a Uvicord monitoring epparatus (LKB Produkter) and
the fractions were collected in 5 x § in. tubes in a Locarte frection
collector. The protein content of the eluete was recorded as a con-
tinuous trace, and fraction changes were elso indicated. Appropriste
fractions were tested for biclogical activity. In some experiments,
the individual fractions were pooled and concentrated with polyethykuﬂ

glycol to give partially-purified products.

Protein estimations. The protein content of various sclutions

was estimated by measuring optical extinctions at 260 and 280 mp in a
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SP500 spectrophotometer (Unicam Instruments Ltd). Silica cuvettes
with light paths of 1 cm., or 0.2 cm. were used. The protein content
of the solution was estimated from the two rezdings by reference tc a

standard nomogram.

Counting methods. Total counts of baeteria were performed in a

Helber becterial counting chamber (ilawksley Ltd) with & Thoma ruling
and 0.02 mn., depth; &t least 400 bacteria were counted and the count
was repeated at least once. Counts were made with phase-contrast
micreoscopy and the numbér of spores was estimated during the total
count, The spore content of cultures‘was checked by preparing
stained smears in which the free spores were more readily visible.

It was found that Ashby's modification of the malachite green stain
for spores (Cruickshank, 1965, p. 657) was the most satisfactory stain
that was used.

Viable counts were performed with the shake~culture, pour-plate or
spread-plate methods., Dilutionsg of the bacterial culture were pre-
pared with the supernate of pre~steamed tubes of cooked-meat broth as
the diluent. An appropriate volume of eech dilution was added to the
culture medium and the number of colonies that appeared were counted

after incubation.

Inmunofluorescent staining. A commercially available Cl, oedema-

tiens fluorescent globulin (VWellcome Leborstories) was employed; the

staining procedure was similar to that recommended by the manufacturers
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with the following modifications: a) gentle heat-fixation was used
instead of acetome~fixation, and b) the smears were not blotted;

exceas buffer was allowed to drain from the slide and then the sur-
rounding area was dried before mounting., The smears were ersmined
with & Leitz microscope with a UV light source and with derk-backgromi
illumination.

Electronmicroscopic observetions were made on bacilli from (i)
fluid cultures thaet were fixed with glutarsldehyde (see Cruickshenk,
1965, p. 639), and (ii) cultures on blood sgar plates. The specimens
from solid medis were prepared by placing a drop of distilled water
on the grid, then transferring o fraction of a colony to the distilled
water with the tip of & platinum bacteriologicel loop; the prepara-
tion was not fixed, The grids were allowed to dry in a desiccator
overnight, and then the specimens were shadow-cast with gold-palladium
alloy (60 : 40) at an angle of 15°, They were examined in the elec-

tron microscope (4ssociated Ilectrical Industries, type EM6).

Ultrasonic disintegrates. Bacterial suspensions were held in
small ice-cocled glass tubes; disintegretion by the 6-mm, probe of a
M,S.E.~Mullard ultresonic disintegrator was allowed to proceed for

ih min,

Imununodiffusion procedures. Double diffusion experiments in

vlates were performed as desoribed by Cruickshank (1965, p. %8); the

o
precipitation bands were allowed to develop at room temperature (187¢c)
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or at 4° C. The immunoelectrophoresis procedure is deseribed by
Cruickshenk (1965, p. 952). Phosphate bufferl(pﬂ 6.8, 0.154) was
diluted 10-fold with distilled water and was used in the electrophor-
egis system. The slides were coated twice with the supporting
mediums the first layer of agar was sllowed to dry before the second
layer was applied. [Electrophoresis of the antigen was performed for
90 = 120 min, at a constant voltege of 250 V. The precipitin bands
in these experiments were usually stained with naphthalene black, and
it was observed thet more lines may be visible af'ter the staining

procedure .

Tissue culture experiments. lMonolayers of chick-embryo fibro-

blasts were prepared from 1l - 12-day-old chick embryos (see Appendix
3). In my early experiments, 5 x 10° cells per ml. were used to
seed each tube but the cells did not grow out satisfectorily. Later,
1=z 106 cells per ml, were used to prepare each monoleyer; these
cells grew out within 2 - 3 days and formed a complete cell sheet.
The ceytopathic activity of test materials was azssessed by adding
0.1 ml, of appropriate dilutions to the monolgyers; dimmediately
before this, 0.9 ml., of fresh medium was added to each tube. The
nonolayers were rolled at 57° C, and the cytopathic effect was usually
obvious after overnight incubation.

It was observed during the present studies that the chick fibro-

blasts become granular and slightly shrunken after exposure to cagsel;

this may be due to the presence of & small concentretion of phenol in

g
i
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cagsal, Subsequently, seline or phosphete~buffered saline (pH 7.1
0,021) was used as the diluent in these experiments,

BHK end MK cells used in the present work were kindly provided by
the Virology Unit of this departuent. BHK cells (MacPherson and
Stoker, 1962) were obtained from the Animal Disease Institute, More-
Gun, Edinburgh, and were propagated in Eagle's medium. MK cells werg
obtained from the MRC Laboretory, Holly Hill, London, and were propa-

gated in '199' medium.

Redox indicator dyes. The following indicator dyes were used in

the redox experiments: 2 : 6 dichlorophenol indophenol, Gthionine,
methylene blue, Nile blue, phenosafranine, and neutral red, Data
concerning the percentage oxidation and colours of these dyes at
different levels of redox potential were obteined from Hewitt (1950,

PD. 25 = 34')-

Abbreviations. The following ebbreviations are used in the text:
BHEK = baby hamster kidney; BIL = Baird and Tatlock Ltd; CB = coockeds
meat broth; ClB/G = cocked-meat broth plus 1 per cent. of glucose;
CPE = cytopathic effect; DOA = desoxycholate citrate agar; Lh =
oxidation-reduction petential; g. = grammes; g = acceleration due to
gravity; HDB = horse flesh digest broth; Hg = mercury; HL = haemo-
lysin; IDP = infusion broth; LV = lecithovitellin; MK = monkey kid-
ney; NB = nutrient broth; NB/G = nuirient broth plus 1 per cent.
glucose; PBS = phosphate-buffered saline; RCM = reinforced clostri~

dial medium; and TLC = thin-layer chromatography.
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The ansercbic jar procedure

The degree of evacuation

My preliminary observetions repidly confirmed that strains of

Cl. vedematiens of types B, C and D do not grow readily on solid media,

Previous descriptions heve stressed that the organism is a demanding
anaerobe aﬂd & reappraisal of the anaercbic Jjar procedure was indi-
catied.

The present model of the Baird and Tatlock (BTL) anaercbic jar is
supplied with a leaflet that recommends evacuation of the jar to a
pressure of aporoximately 100 mm., Hg before hydrogen is admitted.
Other authorities have difflerent views; Willis (1964, p. 10) states
that "the jar is evacuated to a negative pressure of 300 mm. of
mercury," and Cruickshank (1965, p. 798) describes a similar procedurd
for jars that contain Wright's capsule implying that this is suitable
for the BTL jer. Thus, the latter referecnces suggest that 2/5 of the
air should be exhausted from the jar and the manufacturers recommend
that 6/7 of the air should be removed. It is conceivable that a
surface inoculwn of a demending enserobe may be influenced by exposure
to oxygen during the period of gaseous reaction pricr te development
of eneerobiosis, and it was necessary to evéluate the effect of the
degree of evecuation on the anaerobic environment that is produced

and also to assess its influence on the growth of Cl. oedematiens.
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The accepted method of setting up an anaercbic jar is as follows.
The jar is evacuated to a pressure of sbout 100 mm. Hg and then filled
with hydrogen that is run through water in a Woulff bottle so that the
flow of gas is visible. If the cetalyst is active, hydrogen will
continue to flow into the Jar as the reaction witﬁ oxygen takes place
end this is indicated by gas bubbling in the “Woulff bottle. The
internal pressure changés that occur in & ges-tight jar equipped with
an active catalyst af"ter the admission of hydrogen can be demonstrated
on & suitable manometer; in the present work, this system was prefer-
red to the use of a wash-~bottle which may introduce infection into the
Jar and adds to the moisture content of the admitted gas.

Catalyst activity is readily evident in a jer that is filled with
hydrogen af'ter evacustion to 100 mm. Hg; an internal vecuun develops
as the hydrogen and oxygen combine and a negetive pressure can be
recorded within minutes on a mercury menometer, Considerable pres-
sure changes éra\inrolved if only 2/5 of the air is removed from the
jar as & greater volume of oxygen is available for combination with
hydrogen, and the internal vacuum of such jars can be registered on e
'Speedivac! vacuun gauge; this instrument is usuelly insensitive to
the smaller negative pressure that results from the reaction of hydro-
gen with oxygen in a jar thaet is initially evacuated to 100 mm. Hg.

Experiments showed thet considersble pressure variations occur in
jars containing mixtures of hydrogen and oxygen over a 5 day period.
A negative pressure develops even in jars that de not contein a cata-

lyst in & sachet; it is possible that the metal surface of these jers
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mey assist the combination of hydrogen with oxygen. Results of a
typical experiment in which 2 equivalent jars were used with and
without a catelyst are given in table V., The jars were evacuated
te 100 mm. of mercury then equilibrated with hydrogen, The jars were
held at 37° ¢ and the pressure within each jar was recorded over 5
days on & simple mercury menometer.

The positive pressure initially recorded within the jers reflects
the pressure of the gas supply via the rubber bladder. The internal
pressure of the jar containing a catalyst decreased by 10 mm. within
15 min; no change was observed in the other jar for at least 90 min.
These observations were confirmed in & series of tests over a period
of several months. It was found thet the initial positive pressure
in the jer may very from O - 30 mm. of mercury depending on the expan-
sion of the hydrogen bladder; in genersl, 10 - 15 min, after the
admission of hydrogen a decrease in pressure of st least 10 mm. of
mercury occurs if' the catalyst is active, The internal pressure of
a jar mey still be negative after incubating cultures of Cl, oedema-

tiens, but in many cases a positive pressure is recorded, This is

of'ten related to the evolution of ges from fermentable substrates in
fluid media, but it can also occur in the absence of such obvious
sources and may be partly caused by gaseous expansion resulting from

the heat of the incubator.

of & demonstrsble vacuum within an anserobic jar can be used &g evi- ‘

It is clear that with suiteble precesutions the rapid development

dence of catalyst activity. The significance of the detsiled results
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Table V

Internal pressure changes that occur within empty

BTL Jjars set up with and without a catalyst;

(the jars were evacuated to 100 mm. of mercury
then filled with hydrogen &t 15 mm. Hg above

atmospheric pressure).

Pime (hr) Jar ieggzzggyzg ::?ovedj Jar Iieggzzziyz; ﬁ;?sent)
Y + 15 + 15
* + 15 +5
3 + 15 0
1 + 15 -5
1z +15 - 7.5
2 + 12,5 - 7.5
/ f + 10 & 5

22 -5 - 10
48 - 11 -8
72 - 25 - 12,5
96 - 30 w 12,5
120 - 50 - 25

¥
"

positive pressure;

negative pressure.
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of these experiments is discussed later (see Discussion).

The evacuation procedure and the growth of Cl, cedemastiens. The

effect of the degree of evacuation of the anaercbic jar on the growth
of Cl, oedematiens on ager plates wes extensively studied during the
present work, The organism grew irregularly in jars that were
evacuated to each of the levels described and the results of many
experiments indiéafe that the degree of evacuation has no obvious
ef'fect on the subsequent growth of these strains. An indicator of
anaerobiosis (q.v.) was present in each jar during these trials and
the Jjer enviromment was apparently enaercbic. It was therefore con-
cluded that additional factors account for the fastidious nature of

Cl, ocedematiens.

The indicator of anserobiosis

The most ef'fective method of checking that ensercbic incubation
hes occurred is to include an indicator of anaercbiosis in the jar.
The external semi-solid indicator supplied with the BTL jar is of
limited velue; it may function efficiently once or twice but I have
experienced many difficulties with this indicator and preferred to
use en internsl liquid indicstor during the present work. The
obvious disadvantage of the internal indicator is that if is not

visible during incubation.
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Host anasercbic indicators incorporate methylene b}un, & dye that
is reduced and decolourised in the absence of oxygen or by heating.
The alkaline-glucose-methylene blue indicator (see Cruickshenk 1365,
P. 798) is satisfactory but soon becomes irreversibly oxidiseé on
exposure to air; when this cccurs the solution cannot be completely -
reduced and remains coloured, It is therefore essential to heat the
anzerobic indicator bef'ore it is placed in the jar and to prepere a
fresh solution if necessary.

In the present work a simple indicator was used that consists of
methylene blue and a redueing egent. Equal volumes of an aqueous
0.015 per cent. solution of methylene blue and a 10 per cent. soluticn
of sodium thioglyecollate were mixed and the resulting solution is
completely decolourised after heating for 2 = 3 min. in a boiling
water bath or af'ter anserobic incubation. The indicator becomes
dark blue when oxidised and old solutions eventually become irrever-
sibly pale blue and should be discarded. Subsequent work showed
that the sensitivity of this indicator may be related to the bateh of
sodiun thioglycollate that is used and the emount of heating to which
it is exposed; it mey be necessaery to decrease the concentration of
thioglycollate. The indicator functioned satisfactorily in the
present experiments but further testing is clearly needed before it
could be accepted for routine use.

The methylene blue~-thioglycollate (MBT) indicator was used to
estimate the delay before anaerobiosis is attained in the BI'L jar.

The results of these experiments suggested that an anaerobic
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environment occurs slightly sooner if 6/7 of the air is evacuated fraJ
the jar; 4if the jar is gas~tight, anserobic conditions are produced
within 2 = 3 hr of the admission of hydrogen whether 2/5 or 6/7 of

the air ig removed from the jar.

The room-temperature catalyst end the formation of

moisture in & BTL Jjer

The ceatelyst in the BTL jar is active at temperatures above 0® C3
it is ipactivated by contact with chlorine, sulphur dioxide, hydrogen
sulphide, carbon monoxide and by exposure to water or any other solu-
tion (see Instruction leaflet). It wes observed in the present work

that if large volumes of fluid cultures of Cl. ocedematiens are incuba-

ted in anaerobic jars the catalyst becomes inactive after 2 or 3
incubations. Presumably, excessive amounts of gases such as hydrogen
sulphide are produced in such cultures znd it is essential to check
that the catalyst is active at each incubation.

Strenuous atbtempts have been made in this study to aveid the
formation of moisture in the anserobic jar. A humid environuent in
the jar may contribute to catalyst inactivity and it may enhance the

spreading growth of Cl. oedematiens (q.v.). The moisture in an

anaerobic jer may be derived from the following sources:
(i) the catalytic rcaction of hydrogen with oxygen,

(ii) pessing the hydrogen through a wash bottle,
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(iii) extraction of water from plates during evacuation and

incubation,

The amount of water resulting from the catalytic reaction of
hydrogen with oxygen is less then 1 ml. with each of the two evacua~
tion procedures; somwe of the water condenses on the cool metal sur-
face of the jar in the vicinity of the catalyst, The problems
associated with the introduction of hydrogen via & wash bottle can be
avoided by using e manometer fo indicate catalyst activity.

The extraction of moisture from ager plates was studied by incor-
porating drying agents such as caleium chloride end silicae gel in the
Jars. Containers of calcium chloride were weighed before and after
incubation with plates; it was observed thet the orystals of calciunm
chloride became liquid during incubation in the presence of normal
agar plates, and that if the ager concentration was doubled the water
formation was reduced by almost 50 per cent. It was possible to
show by weighing the agar plates that the drying agent was ectually
extracting weter from the plates, end it was noted that e much smeller
amount of moisture wes lost from the plates in the absence of cealcium
chloride, Later experiments suggested that the water loss from the
plates depends upon the initial agar concentration and the degree of
pre~drying of the plates. It was also observed that more moisture
condenses on the under-surface of the lids of plates neer the top of
an anaerobic jar, end that these plates are perticularly lieble to
show spreading growth.

It seems that the extrection of water from the plates by &
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powerful hygroscopic agent in situ parzdoxicelly results in the
presence of more moisture at the ager surface and & greater humidity
in the atmosphere of the jer. I concluded that the drying of plates
with caleium chloride during or prior to anserobic incubstion is of
no adventage; it does not prevent spreading of Cl. oedematiens, end
it appears to extraet a considerable amount of water from plates which
in several experiments were heavily contaminated. The aective drying

of plates is best achieved by pre-heating (g.v.).
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The leboratory culture of Cl. cedematiens

Explanatory note. The growth of Ci, cedematiens was studied in a

wide range of culture media during the present work. The orgenism
was'grOWn at 370 C as & routine in these experiments although type A
strains grew equally well at 30° C and at 450 Csa Streins of the
other types grew at 30° ¢ but feiled to grow at 45° ¢ in Brewer

medium (q.v.) incubated under sercbic conditions.

The isolation of Cl, oedematiens

The isolation of a pure culture of Cl, osdematiens from patho-

logical material may be laborious end time-consuming. Heat-~treatment
of specimens or growth on a selective medium, e.g. Willis and Hobbs
medium, is often recommended and both techniques were used in the
present work.

Attempts were made to isolate Cl. oedematiens from sheep thet had
died of suspected Black disease; a typical necrotic lesion is usually
present in the liver of such an animal. The lesion was remeved
aseptically and impression smears were made from the cut surfaces,
The tissue was then macerated with a small volume of sferile saline o1
nutrient broth, Impression smears prepered from the lesion usually

revealed an apparently pure population of Cl. cedematiens; cmears

prepared from the macerate showed several different types of organism,
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If Cl, cedematiens is present in the lesion, the crgenisms fluoresce
well with a commercially-prepered fluorescent entiserum (q.v.).
Af'ter CGram-staining, the organisms appesr stouter than organisms from
artificial culture and oval, subterminal spores may be present.,

If portions of the lesion or the macerate are subcultured into
UMB or onto human blood egar plates, Cl. oedematiens is often out-
grown by other organisms that are present in the liver-substance.
The majority of succesgsful isolations in the present work followed:
differentiel heating of the inoculum or subculture on a selective

medium. Cl. oedematiens grows more rapidly in liquid media than on

solid media and this faet should be borne in mind if prompt type-
identification is necessary. The organism was isolated after hesting
spocinens at 80° C for 10 min, and at 100° ¢ for 5 min. However, if
type D strains are suspected in the material, heating at a lower tem-
perature, ©.8. 65° C, may De necessary.

It is clearly advantageous to isolate a pathogenic orgenism on a
s0lid medium, but this may not be essy if the organism grows slowly
and spreads readily. In the present work, only type A strains of

Cl, cedematiens grew on ¥illis and Hobbs medium and growth invariebly

occurred as a spreading film; thus, the value of this selective indi-
cator medium with Cl. oedematiens is limited. Willis and Hobbs
mediun incorporates 250Jpg. per ml, of neomycin sulphate as & selec~
tive agent; Cruickshank (1965, p. 322) recommends that only 70 - 100
Jag. per ml. of neomyein should be used in media for clostridia,

Tests with increasing amounts of neomyein sulphate in culture media
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showed that the growth of type A strains of Cl. ocdematiens was

inhibited in the presence of the antibiotic at a concentration of
50 pg. per ml; strains of Uypes B and D were inhibited on solid
media by 25’pg. neomyein per ml., CThere was some evidence to suggest
that neomyein sulphate is more inhibitory alone than if it is combined|

with other selective agents. Type A strains of Cl. ogdenmatiens were

alsc inhibited on solid media in the presence of penicillin (1.5 units)
tetracycline (10 )15.), chloramphenicol (10 ug.) end erythromyein
(10 pgs) . .

A selective medium thet was designed to restrict spreading growbh
was developed in the present study. The medium contained nutrient
agar bese with added agar (4 = 6 per cent. W/V), human bloed (20 per
cent, V/V), sulphadimidine (1 in 4000), neomycin sulphate (10 g« per
ml,), and crystal violet (1 in 100,000). The plates were incubated
for 48 ~ 72 hr so that the individual colonies became sufficiently
large for subculture. Subsequent work suggested that the crystel
violet concentration in the above medium should be reduced to 1 in
500,000 or 1 in 750,000 to prevent & slight inhibition of the growth
of Cl. cedematiens., Sodium azide (0,02 per cent. V/V) was also used
as & selective agent for Cl. cedematiens, but restricted haemolysis
of strains of types B and D was observed in the presence of this agent

with plates thel contain humen blood.
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Preliminary identification of Cl. oedematiens

Provisional typing tests with half-antitoxin egg-yolk ager plates
gave veriable results in the present study. On cccasions, the
Nagler reaction was clear-cut after 48 hr incubation with & clessical
neutralisation in the presence of antitoxin, More often, however,
the results were disappointing. Strains of types B, C and D usually
failed to grow on the medium; spreading often occurred that masked
the neutrelisation pattern; and on several occasions growth was
inhibited in the presence of antitoxin. The enriched egg=yolk
medium of HeCang end Tosbe (1947) did not give consistent results,
and & mediwn that incorporated 10 per cent, of egg-yolk emulsion and
5 per cent. of blood was the most satisfactory medium that contained
egg~yolk, The neutralisation pattern with type A strains on this
medium is similar to that in fig. 6 (p. 82d) with human blood ager.
It should be borne in mind that the hasemolytic or LV faectors that may
produce an effect in the well of indicator plates can be derived from
the liguid inoculum; the efflect is not necessarily associated with
bacterial growth on the plate.

The results of the present study suggest that the typing of

Cl, oesdematiens by direct culture on indicator plates gives inconsis-

tent results and is not recommended. Tube tests of CMB culture
supernates are greatly superior (g.v.). LV tube tests were also
performed on portions of the liver macerate from infected sheep.

These gave negative results although Cl. oedematiens was subsequently

isolated from the tissues.
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Growth of Cl. ocedemetiens in fluid media

A number of fluid media were tested for their ability Lo support

the growth of Cl, oedematiens. All types of the organism grew con-

sistently well in cooked-meat broth (CMB) and this medium was used
routinely in most of the work. Strains of types A, B and C often
autoagglutinate after overnight growth in CMB and a flocculent deposit
settles on top of the meat particles. Cultures of strain GRID do not
autoagglutinate during incubation but may settle after the tubes have
stood on the bench for some time. 1% appears that autoagglutination
is a stable property of Cl. ocedemetiens because the strains auto-
agglutinate consistently and in different {luid media,
The meat particles of CiiB are not digested during the growth of

Cl, oedemstiens; slight reddening of the particles may ocour as a

result of saccharolytic ectivity. Gas is usually formed in the
depths of the medium during the growth of all strains in CMB.

Type A strains of Cl., cedematiens grow irregularly in tubes that

contain 10 ml. of nutrient broth; the other types have not grown in
tubes of this medium during the present study. The addition of
glucose or sodium thioglycollate to nutrient broth allows consistent
growth of type A strains only. During the latfer part of this work,
sheep liver infusion broth was prepared and tubes of this highly
nutritious medium usually support good growth of all types of Cl, oeder
natiens.

Streins of types A, B and D grow readily in pre-steamed 100-ml.

volumes of CMB, horse-digest broth, infusion broth and nutrient broth,
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elthough growth may be deleyed until 48 hr in the latter me@ium. The

type C strain of Cl. oedematiens has proved particulerly difficult to

grow in fluid media and CMB gives the most consistent results.
These observations suggest that a suiteble physico~chemical

enviromment is essentlal for the growth of Cl. cedematiens in fluid

media, end thet this iz in part provided by meat particles, reducing

substances or large volumes of freshly steamed media.

Growth of Cl, cedematiens in semi-solid medie

Brewer (1940) suggested that anserobic organisms were overlooked
in meny leboretories because of procedural difficulties and he des-
cribed a medium that was suitable for the aerobic incubation of

ansercbic organisms.

(1) The egar concentration in Brewer medium, Brewer incorporated

0,05 per cent. of agar in his medium and this presumsbly reduces con-
veetion currents and delays aeration of the medium from the surface.
I found that a medium that contains 0,05 per cent. of agar is semi-
s0lid, and that the ager comes out of suspension to farm & deposit at
the bottonm of uninoculated tubes that stand on the bench for several
days. The medium becomes in effect a& ligquid medium and it may not
support the growth of a demending anserocbe. Cl. oedematiens often
shows 2 distinet zones of growth in Brewer medium, an upper zone of

diffuse growth and a lower zone of discrete colonies. I concluded
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that the ager tends to form a deposit during incubation and that this
influences the colonial morphology of a culture.

If Che ager concentration is increased to 0.1 per cent. the medium
becomes almost solid and no deposit forms on staending; this amount
of agar was the most satisfactory in the present work, Later results
suggested that the optimum concentration of agar in the mediun mey be
related to the creation of a suitable local enviromment for growth of
Cl. cedematiens and these observetions merit furtber study.

If ager is omitted from Brewer mediwa then only type A strains of

Gl, oedemetiens grow reedily.

(11) Sodium thioglycollate in Brewer medium., Brewer incorporated
0.1l per cent. of sodium Thioglycollate in his medium in an attempt to
create a suitable redox potential for the growth of anaerobic bacleris,
Sodium thioglyccllate may become toxic to micro-organisms particularly
if it is not fresh (Willis, 1964), therefore iype 4 sirains of

Cl. oedematiens were Lested for inhibition of growth in the presence

of increasing concentrations of thioglyccilate. It was found that
1.0 and 0.5 per cent, of thicglycollate markedly inhibited the growth
of 3 of 4 test strains, and 0.1 per cent. caused slight inhibition of
growth; lower concentrations of thioglycollate had no obvious effect.
The results were correlated with measurements of the depth of the zone
of coloured methylene blue &t the surface of the medium and it was
founé that the higher concenitrations of thicglycollate effectively

delay oxidation of the medium. Type A strains were used in these
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tests because they grew well in the test media; thioglycollate was
incorporated in solid wedia for the growth of other types in later

work (q.v.) .

(1ii) Other factors that affect growth in Brewer medium. Type 4

strains of Cl. cedematiens grow well in Brewer medium with nubrient
broth as the peptome base; strains of the other types require a more
nutritious base, 2.8 2 per cent. of proteose peptone. Brewer medium
that has stood on the bench for several weeks still supports growth
of the organism if it is steamed for 20 min. pricr to inoculation.

It should be borne in mind that the depth of Brewer medium in the tubj
must exceed 7 cm, in order that growth may be initiated from a small
inoculum (Brewer, 1340; Hayward and Gray, 1946)., Brewer suggested
that a suitable internal enviromnment for the growth of anaercbic
organisms is produced in tubes of his medium despite incubation of the
tubes in an aerobic extermal environment. In The presenl work, only
type A strains of (l, oedematiens grew consistently in Brewer mediun
that was incubated aercbically; the other types grew more reliably
with anserobic incubation and The addition of 10 per cent. of carbon

dioxide to the atmosphers.

Growth of Cl. cedematiens on solid media

(i) Control of spreading growth., Spreading growth of surface




a1

cultures is well-recognised in clostridial work end ihe problen was
frequently encountered during the present study. Spreading growth
is undesirable because (i) it is difficult to isolate & pure culture
of the organism on solid media, (ii) the Nagler reaction on egg-yolk
agar plates is affected, and (1ii) the visible neutralisation of the
Nagler effect with specific antisere is masked by spreading growth.

Lvery strain of Cl., oedematiens has grown as a spreading film at

some stage of this investigation, but it was noted that streins of
types A and D do not spread as readily &s the other strains., Spread-
ing growth appears to be related to a humid environment, yet the
inclusion of calcium chloride in the anaerobie jar is of no advantage
(see p. 72). Various substances have been added to culture media
in order to suppress the spreading growth of different organisms, e.g.
sodium azide with chloral hydrete (Wetzler, Mershall and Cardelle,
1956), sulphonamides (Holman, 1957) and sctivated charcoal (Alwen and
Smith, 1967); these agents were not entirely satisfectory in the
present work., Prolonged drying of normal ager plates is not consis~
tently effective es spreading wes observed on plates that were dried
for 35 min, at 60° C.

The most successful method of preventing spreading growth of

Cl, cedematiens in the present study was to increase the agar concen- |
|

tration of the medium (Haywerd and Miles, 1943) in conjunction with
prolonged drying of the plates. The maximun concentration of agar
that can be poured readily is 6 per cent, (New Zesland ager W/V), and

it is difficult to prepare plates of this medium thet have a smooth
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surfaces Satisfactory plates can be prepared if the agar content is

reduced to 4 per cent., but spreading growth of Cl. cedematiens may

occur on this medium end it is necessary to dry the 4 per cent. agaer
plates for 30 min, &t 60° ¢ to ve reasonably certain of obtaining
diserete colonies. However, in parellel tests, some strains of

Gl, ocedematiens failed $0 grow on 4 per cent. agar plates yet grew as

a spreading film on 1.5 per cent, agar plates. Presumably, the
diffusion of nutrients is diminished from the concentrated ager plate
and the advantage of obtaining discrete colonies must be set against
the possible diaaﬁwantage_pf restricted growth, This is a difficult

choice,

(ii) Growth of type A streins. Type A streins of (Cl. cedematiensg

grow consistently well on simple, solid media providing that the
atmosphere of incubation is truly anaerobic., These strains form
discrete, raised, opegue colonies, 1 mm, in diemeter after overnight
| incubation on blood agar plates; the diameter of the colonies in-
creases to 2 - 3 mm. after 48 hr incubastion (figs. 1 and 2, p. 82 .
The colonial morphology varies depending on the strain, the medium
and the environmental conditions; type A strains often tend to spread
(fig. 3, p. 82b), end large, mucoid, creamy colonies are formed in
the presence of 1 per cent. of glucose.

Two zones of haemolysis are produced on 10 per cent. horse blood
agar plates; there is a narrow inner zone of befarhaemolysis and an

outer zone of partial haemolysis that extends beyond the edge of the




The colonial morphology of Cl. oedematiens

on blood agar plates

FIG. 1. - Type A strain 223. X B

FIG. 2. - Type A strain GRIA. X 3.



The colonial morphology of Cl. oedematiens

on blood agar plates

FIG. 3. -~ Type A strain GR2A. X 8.

FIG. 4. - Type B strain GRZB. X 3,



The colonial morphology of Cl. oedematiens

on blood agar plates

FIG. 5. - Type D strain GRI1D. X% 3



Neutralisation of the haémolytic activity

of Cl. oedematiens

FIG. 6.

- Strain GR2A after 48 hr anaerobic

incubation on a 10 per cent. human blood

agar plate; the right half of the medium

is spread with 50 anti-gamma units of

homologous antitoxin EX1552. x 1.
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colony. The pattern of haemolysis varies according to the species of
'blood that is used; on human blood agar plates the beta~haemolysis is
more extensive, and on sheep blood sgar the lysis is markedly reduced.
The haemolytic zones may be partially neutralised by covering half of
the medium with homologous entitoxin. Strain GR2A was grown for

48 hr on human blood agar to dgmonstrate the two zones of lysis

(fig. 6, p. 82d); half of the medium was spread with 50 anti-gamma

units of Cl. oedematiens type A antitoxin; the outer zone of haemo-

lysis is clearly inhibited by the entitoxin and the inmer zone of
lysis is slightly reduced in width.

When Cl. cedematiens type A strains grow as a spreading film on

blood agar the pattern of lysis is obscured and the whole plate is
haemolysed to a degree that depends upon the species of blood, If
the agar content of the medium is increassed to 3 or 4 per cent., the
zones of haemolysis are restricted.

Type A strains of Cl. oedemstiens have grown on most laboratory

medie in the present work including blood ager, egg-yolk agar, choco-
late agar end RCH eger; smaller and fewer colonies were obtained on
nutrient esgar, serum agar and plasma sgar, and the strains failed to
grov on MacConkey ager or DCA medium, A weak Nagler resction is
pro&ucad on serum agar, but the zone of turbidity and the pearly layer
Iare seen more readily on egg-yolk agar; homologous antitoxin neutre-
lises the zone of turbidity omly. Type A strains often spread on
egpg=yolk ager and produce a diffuse turbidity in the medium; under

these conditions the pearly layer may not be visible and antitoxin
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fails to inhibilt the generalised turbidity.

(iii) Growth of type B, C and D strains. Type B, C and D strains

of Cl, oedematiens grew inconsistently on solid medie during the
present study, Initially, it seemed that the problem of subculturing
these strains might be releted to particularly stringent nutritional
requirements; many different permutztions of solid media were asses-
sed during this work with parallel tests from time to time in deep
ager cultures. Additions to e basal medium of nutrient agar (oxoid)
have included varying concentrations of glucose, egg-yolk emulsion,
sodium thicglycollete, bloocd of different species, peptone, yeast ex-
tract, casein-hydrolysed amino ecids, sodium hydrosulphite, cobalt
nitrate, liver extract, inositol, ascorbic acid, ammonium sulphate,
sodiun nitrate, pyruvic ecid end fumaric acid, Promising fesults
were obtained with certain combinations of constituents in a complex
mediuvm (see tables VI & VII ), but a quantitative assessment of growth
is impossible when spreading occurs., On many oceasions the strains

grev readily on 10 per cent, human blood agar plates and it was con-

cluded that e complex medium is not essential for the subculture of

these strains of Cl. cedematiens; a complex medium does not suppori

growth more consistently than e simple medium thet contains added
blood.

The following observations regarding the growth of Gl, oedematiegg

on solid medis are based on tests performed throughout the present

study.
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Vi

Table

The growth of type B, C and D strains of

Cl. oedematiens on different solid mediea

Degree or type of growth obtained with
an inoculum derived from
Strain of
G1. 2 br CMB/G 28 day CNB
oedematiens
on on on on on
Medium I* § Medium IT* | Medium III* {Medium II |Medium III
GR1B Spreading § 1 colony ++ - +
GRZB ++ - s - ++
GR1C - - 4 colonies - 4
GR1D + - Ao - +

Hy th, At

-

*edium I

Medium IX

Medium IIT

i

]

n

increasing amounts of growth;

no growth;

30 per cent. human blood agar;

10 per cent. human blood agar plus

10 per cent. egg-yclk emulsion;

liedium II plus 0.1 per cent.
sodiun thioglycollate.
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Table VII

The growth of type B, C and D strains of

Cl. oedematiens on different solid media

Degree or type of growth obtained with an

Stf;i? o inoculum derived from 24 hr CWB/G on
Ledemabions | yoasyun 14 | Medium TT* | Mediwm IIT* | Mediun IV® | Hedium v*
GR1B 2 colonies| 3 colonies | Spreading |3 colonies -
GRZB + 4 Spreading + -
GR1C - - Spreading - -
GR1D 7 colonies| 3 colonies § 7 colonies 4 -

i, + = lncreasing amounts of' growth;
- = no growth;
*Medivm I = 10 per cent. human blood egar;
Medium IT = Medium I plus 1 per cent. glucose
and 5 per cent., egg-yolk emulsion;
Medium III = 30 per cent. human blood plus 1 per cent.
glucose and 5 per cent. egg-yolk
emilsion;
Mediun IV = Medium III plus 0.1 per cent., sodium
thioglycollate;
Medium V = Medium III plus 0.5 per cent. sodium

thioglycollate,
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a) Humen blood appears to support the growth of type B, C and D

strains of Cl, cedematiens more consistently than horse or sheep blood

Larger colonies are formed if 30 per cent. of blood is incorporated
in the medium, but this may encourage spreading growth. Chocolate
agar plates prepared from 10 per cent. of humen blood often supported
'satisfaetony growth of these strains; no visible effects, e.g.

clearing or bleaching, were produced by the organism on this mediunm.

b) Freshly-poured medium is desirable but not essential for the

growth of Cl, oedematiens; strains of types B and D grew on plates

previouvsly held at ko ¢ for 7 days.

¢) The addition of 0.1 per cent. of sterile sodium thioglycollate
solution to the medium may assist the growth of these streins, end
membrane-iiltered thioglycollate solution appears to be more satis-
factory than autoclaved solutions, The results given in table VII
indicate that 0.1 per cent. of sodium thioglycollate does not affect

the growth of type B end D strains of Cl, oedemetiens; the addition

of 0.5 per cent. of thioglycollate to the medium appears to inhibit
these strains. The findings follow the pattern of the cbservations

obteined in tests with type A streins of the organism (see p. 79).

d) The addition of 10 per cent. of carbon dioxide to the anaerobic

environment is usually beneficial. Type A strains may form a mixture

of mucoid and non-mucoid colonies in the presence of carbon dioxide
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end this gives the impression of & mixed culture.

e) The results of a limited number of attempts to grow Cl. ocedema-
tiens beneath a cleer nutrient sgaxr overlay were not satisfactory.
Contaminant growth on the overlay ceused difficulties that were redu~
ced but not alwaeys overcome by the addition of inhibitory agents to

the overlay.

f) Type B, C and D strains of the organism required at leest 48 hif
f'or adeguete growth on the medie that were used in this study. Diny
colonies of type B and D strains surrounded by a large zone of haemo-
lysis may be present on blood ager after overnight incubation and the
colonies may increase in size and number if incubation is continued.
Large colonies ate formed on a sultable medium after uninterrupted
ineubation for 72 hr, Spreading growth usually appesrs after 24 hr
incubation, and it is unwise to discard plates until at leest 48 hr

after inoculation.

g) Type B strains and the type C strain spread reedily on solid
media. Type B strains usually grow as a flat spreading film, but
they may form discrete, raised, grey colonies with an irreguler out-
line (fig. b, p. 82b)., The type C strain grew as & spreading film
on almost every occasion, but the film was not flat; raised, grey,
irregular growth was produced and motile colonies were well shown

with this strain (see frontispiece), MNotile colonies were observed
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to a lesser degree with type A and B streins. The type D strains
that were used in this study formed reised, almost circular colonies
(fig. 5, p. 82c) that veried in size according to the nature of the
medium; occasionally, spreading growth was observed.

h} Type B strains and especially type D strains of Cl. oeﬁematienA

produce large zones of haemolysis on blood ager plates; the haemo~
lytic zomes are lerger then those produced by type A strains, bubt the
pattern of haemolysis is similar, The type C strain is generally
regerded as being non-haemolytic, but a faiqt haemolysis was occasion-

ally observed with this strain on blood ager plates.

i) Egg-yolk ager usually fails to support adequate growth of type
B, C and D strains of (1, oedematiens. If growth does occur, the
Uype D strains produce & larger zone of turbidity than type B strains;
the zone diemeter varies with different type B strains. A peerly

layer is not produced by either of the types.

J) The addition of 1 per cent. of glucose to the medium may effect
the development of the effects that are described sbove. The haemo~
lytic zones of type B and D strains were absent on & batch of glucose/
horse blood ager plates, although type A strains were haemolytic on
the same medium; also the pearly leyer was not present with certain
type 4 strains on plates that contained glucose and egg-yolk solution,

These observations were not investigated further.
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k) Some of the results in this series of experiments suggested
that growth on so0lid medie was obteined more consistently in the older
model of anaerobic jer that conteins a catalyst activated by pessing
an electricel current through e heating element in the capsule,
Subsequent work did not confirm this observation although in several
cases it eppeared thet feilures in growth could only be attributed to

conditions thet were epparently insuffieiently anaerobic.

The viebility of the inoculum

At this point in the study it appeared that the problem of sub~
culturing Cl. oedematiens waes not related to a failure of anaerobiosig
or to a requirement for a2 particularly complex medium; other factors
that might be significant were therefore considered. FExperimental
results suggested thet the source of the inoculum is & eritical factor
in the subculture of type B, C and D strains on solid medie. It
seemed that in generel,these streins can be subcultured more readily
from C¥B than from CMB plus 1 per cent. of glucose (c¥B/G). Cultures
grovm in CMB and then held for several weeks on the bench often
yielded successful subcultures on solid media. An obvious difference
between the verious inocula might be the ratio of spores to vegetative
orgenisms and the significance of this factor was investigated more
fully,

In order to assess the potential viability of different cultures
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it was necessary to perflorm viable counts. Freliminary experiments
indicated that the Miles and lisra (1938) technigque is not suiteble
flor viable counts of Cl. ocedemaetiens because strains of types B, C
and D fail to grow consistently on solid media and because spreeding
growth of'ten occurs, The pour-plate and shake~culture procedures

were applied to serial dilutions of a test culture of Cl, oedematiens

and gave comparsble results, "he pour-plate techmique is the more
accurate method as it is difficult tc count a large number of colonies
in shake-cultures; in addition, gas is of'ten produced in shake=
cultures and the medium may be completely disrupted. An advantage
of shake~cultures however is that the cultures can be incubated aero-
bically whereas pour-plates require enaerobic incubation in BIL Jjars;
& number of anaerobic Jars are thus necessary if several counts of
each dilution are made, The spread-plate technique was also used in
the present work. The method of'ten gave a higher viable count than
perallel deep sgar techniques; this mey be due to insctivation of
viable perticles at the lemperature of molten agar.

In order to gain experience of enumeration techniques for Cl. oceder
metiens & growth curve experiment was performed with a type A strain
in 150 ml, of CMB/G medium., Viable counts were performed every 2 hr
from 2 = 12 hr and from 24 - 28 hr with the pour-plate technique.

The results suggested that the lag phase of this culture lasted for
at least 12 hr; there was & substantial inerease in the visble count
between 12 and 24 hr and at 24 hr the culture appeared to have reached

the stationary phase of growth. The viable count was not measured
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between 12 and 24 hr and e complete growth curve was not constructed.

Srowth from heated inocula. The effect of pasteurising the

inocculum was studied by growing a strain of eech type of the orgenism
in CMB for 18 hr, end then holding a sample of the cultures at 80 -
85° ¢ for 20 min; plates of HCM medie were spreed with 0.03 ml. of
the heated and unheated culture and incubated far_72 hr, The type A
strain grew considerably better than the other strains and the type C
strain feiled to grow. Stroing of types A and B grew from the heated
end the unheated inocula, but the type D strain grew from the unheated
inoculumlonly. The resullts also indicated thet the type B strain
grew more readily from the heated inoculum, It seemed reasonable to
conclude that the viable particles in the heated inocule were probably
spores, and that the type D strain failed to grow after heating
because the spores of this type are more susceptible to heat-treatment
On the basis of these results, and bearing in mind that the vegetative

cells of Cl. oedematisnsg ere by repute highly sensitive to air or

oxygen, it is conceivable thet the growth of Cl, ocedematiens on solid
media may be initisted solely from spores; thus, the problem associ~
eted with subculturing the orgenism on solid medie might be related
to the degree of sporulaetion in the incculum. In order to test this
hypothesis, viable counts were performed on an 18-hr CMB culture end
& 4-day CMB culture of straein GR1A; samples of each culture were
counted after heating for 20 mim. at 80° ¢ end for 5 min. at 100° C.

The cultures were diluted in pre-steamed nutrient broth and 0.0 ml.
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of each @ilution was spread on the surface of plates that contained
ROM enriched with agar to 3 per cent, and 20 per cent, of humen blood.
The counts were performed in duplicete and the plates were incubated
for 18 hr, The initial results were promising (see table VIN),

It is interesting to compere the viable counts of an 18~hr culture
after heating, The sample that was heated at 100° ¢ for 5 min.,
then diluted 4-fold, grew 25 & spreading film over the whole plate;
the semple that was heated at 80° ¢ for 20 min. contained only A
vieble particles. These results suggest that spreading growth mey
be initiated from a limited number of wiable particles.

Spreading growth occurred on meny of the pletes in spite of the
increased ager content; the degree of growth cennot be assessed
quantitatively on these plates. The numerical vesults indicete that
the 4-day culture contained about 10 times more viable particles than
the 18-hr culture; heating the inoculum at 80° ¢ or 100° ¢ did not
markedly reduce the visble count. The results {ollowing heating
should be interpreted w;th caution, because the heeling procedure
not only inactivates vegetative organisms dbut mey élso activate spores|
so that the viable count may be artificially ineressed. |

The results confirmed guantitatively that heated inocula of a type
A strain are almost as visble as unhested inccula, but the error
associated with heat-activetion of spores must be considered. A
treatment was required that would inactivate vegetative organisms
without affecting the spores: exposure of the culture to 10 per cent.

of phenol was chosen.
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The viability of e phenol~treated incculum. 4An overnight CMB

culture of strain GR1A was used as the test culture and a total count
was performed in a standard Thoma counting chamber., Samples of the
culture were treated for 3 hr with an equal volume of sterile saline
or 10 per cent. phenol solution; the cells were thorough}y washed
and viable counts were performed in sheke~cultures and on spread-
plates of ROM eger (see teble 1X).

Teble IX shows that 1 in 75 of the total number of cells in the
culture is viable on the spread-plates, and 1 in 8 of the visble par-
ticles is phenol-resistant. If spores slone are viable on solid
nedia, then the calculated degree of sporulation in the overnight CiB
culture should be 1 - 2 per cent; more than 10 per cent. of the
spores resist the phenol treatment. Alternatively, if both vegeta-
tive cells gnd spores are viable on solid media, and assunming thet the
vegotative forms are inaectiveted by phenol without activetion of
spores, the degree of sporulation in the culture should be more than
10 pef cent, These deductions ere based on the simplest explanation
of the above figures and do not apply if different proportions of the

viable particles are aifected by phenol.

The gorrelation between spore counts and vieble counts, It is

difficult to design a suitable experiment to prove that vegetative
organisms do not initiate growth on solid media. The following
results represent further atbenpts to correlate the spore content of

different cultures with the viable counts. Strains of Cl. oedemagygﬁ
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Table IX

The viability of strain GR1A of Cl, oedematiens

before and after phenol-treatment

Vieble counts cbtained with inocula from

i e Untreated Saline~diluted Phenol-treafed
Cotink culture suspension suspension
Shaken Spread Sheken Spread Shaken Spread
2 ] 5 i -
10? 1.1 3.0 1.2 3.8 1.1 4.9
X x x x b 4 %
iy 10” 107 10° 10” 10% 10*
per ml,
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types A and B were grown in 100-ml. amounts of medium end samples of
the cultures were withdrawn at intervals. The totel count wes eati-
mated in a standard counting chamber with phase contrast microscopy;
the percentage of phase~bright spores wes calculated and this was
compared with observations on parallel smears stained by Gram's method
and Ashby's modified spore stain (see Cruickshank, 1965, p. 657).
Triplicate vieble counts were performed on the cultures with the pour-
plate technicue and occasionally the spread-plate method; the medium
congisted of RCM agar plus 5 per cent. of human blood to assist colony
differentiation, ‘ The results of these experiments are summarised in
table X..

The results given in table X  indicate that type A streins of

Cl, oedematiens sporulate more readily than type B strains. An over-

night CUB culture of strein GR1A contained 1 - 2 per cent. of spores
and similar cultures of strains R3/2 and GRLB conteined less than 1
per cent, of spores. Predictebly, the degree of sporulation increas-
ed as the culture'aged. The addition of glucese to unbufi'ered CiB
markedly reduced the sporulation of strain GRLA. The viable count of
strain GR1A in CUB showed a good correlation with the estimated spore
content of the culture; in the presence of glucgse the viable count
of this strain was greatly reduced although the total cell count wes
higher than that of the corresponding ClB culture.

The viable counts of overnight CiB cultures of strains R3/2 and
GRIB were extraordinarily low. There was & significant increase in

the viable count and the degree of sporulation of strein R3/2 between
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Table X

The total counts, spore counts and viable counts

of different cultures of Cl. oedematiens

Spore " .

Culture | Totel | FROTE COMME | o iinape | VieDle Viable

(per cent.) count count

and Count - (by phase-
age per ml. [Phase|Grem|°P°7®| contrast) |, PST Ml per ml,
) stedn| " 7. [(pour-plete)|(spread-plate)

lscag 1.0x107 {15 | 2 2 | 2.0 x10%] 2.7 x 10° 2,1 x 10°
“day GRLA 1o x120°|66 |65 | 60 | 4.5 x20°] 1,8 x 108 J
mcg/?m 2.8 210°00.2 ] 1 ]0.2| 1 x20°| 7.4 x 20% .
% gfg/ng* 2.8 x 10° ko.02{<1 | <1 [<5.6 x 10*| 8.2 x 10° "
180;::; RY2 1y x108)<1 f<1 | <1 |<n.7 x 10%] 2.8 x 20 "

L ggg R3/2 1.5 x 107 28 29 3 L3 % 106 Gy 104 2.8 x 10

T8y /2 11a x107|un |52 57| %.8x10°) 24 xadt -
£ Ené RY/2" | Mot aoms | = 49 | 6h - 1.7 x 10* -
J ;Mg R3/2 | Not aone | - | 62| & & 1.7 x 10* =
7+ ALR/2 not aone | - |58 | 6 - |18z -
B Re @I laexaodlon | o = fcasx10®] 35210 -

*This culture wes spun gently, then a smear was mede from the cell deposit
and steinzd with Ashby's modified spore stain; an occasional spore was
observed among & large number of vegetative organisums.

+RS/2 culture was incubated for 7 days then held on the bench for 1l days;
readings were made after 1, 7 and 11 days.

- = not done.
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1 end L days, bu¥ the ratio between the vieble count snd the estimated
spore content of the culture is 1 to 150. The degree of sporulation
of this strain increases after prolonged incubation and standing; thel
viable count does not elter during this period. The implications of

these results are discussed below (see Discussion).

Studies on the initistion of growth of Cl. cedematiens .

in relation to the redox potential of the medium

Preliminary studies‘were mede of the initiel redox potential in
various medis that support the growth of thie demanding orgenism. A
number of oxidation-reduction votential indicator dves (see Methods)
were prepared in 0.1 per cent. (w/v) solutions znd were sterilised by
membrane filtration., A small volume (0.5 ml,) of each dye was zdded
to different media. and the degree of decolourisation of the dye was
regerded as an indication of the redox potential in the medium (see
Hewitt, 1950, pp. 23 = 24), Control experiments showed that the

growth of Cl. ocedemastiens was not inhibited 2t the dye concentretion

described above,

It appears thsat the addition of reducing agents such as sodium
thioglycollate (0.1 per cent.) or sscorbic acid (0.1 per eent.) to
nutrient agar shake-cultures does not lower the Eh of the medium
below that obtained with freshly prepere? vials of nutrient ager slone}

however, the depth of colour at the top of the vial (i.,e. oxidised
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dye) is less in the presence of the reducing agents., Sodium hydro-
sulphite (0,1 per cent.) is e more effective reducing egent than thio-
glycollate or ascorbic acid according to the results of similar experis
ments, but later work showed that hydrosulphite mey inhibit the growth

of C1, cedematiens. The most effective reducing agent in the present

work was 6 in, of heated iron wire in the form of a coil; the results
of experiments with the indicator dyes suggested that the Eh in the
vieinity of the coil was less than «0,15V. KOM agar hes an Lh thet
approaches ~U,1lV; this value is slightly lower then thet oblained
with nutrient cger as RCM asger contains seversl reducing egenis.

Type A streins of (l. cedematiens grow well in all of the ebove

media. The Eh of a glucose-agar sheke-culiure is =0,05V initially;
after overnight culture of strain GRIA in this medium the Eh falls te
=0,35V, then 48 hr later the Eh has risen to ~0.2V.

Type B, C and U strains of Cl. cedematiens may grow in lhe lower

half of nutrient ager shake~cultures after 48 hr incubetion provided
that a moderately large inoculum (0.5 ml,) is used; growth is &
little heavier, occurs earlier and extends nearer (o the suriace oif
the vial in ithe presence of added reducing agents. These strains
grow better in ROM agar then in nutrient agar, and it mey be signifi-
cant thet the Lh of RCM agar is rether lower than that of nutrient
agar.,

Cl., oedematiens grew consistently well in CiB during the present

studies. Experiments with indicator éyes suggest that an Eh of at

leest -0.15V is atteined in pre-steamed tubes of this medium; alter
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18 hr anserobic incubation of uninoculated tubes the Bh fell to -~0.35V
At this point in the project, all of the resources of the lzbora-
tory were directed towards attempts to improve the reliebility of
surface growth of type B eénd D strains on solid media. The reliable
growth that was obtained in CMB led to the incorporation of meat per-

ticles into agar plates; a type B strain of (1. ocedematiens grew as

a spreading film in close azssociation with the meat perticles of this
medium. I% wes considered that the particulate matter might be con-
tributing either actively or passively to the initietion of growth of
the organism, Passive participation, for example a particle adsorp-
tion effect, wes investigeted by spreading inert meterial such as
powdered glass end carbon particles onfo the surface of the medium;
neither of these substances enhanced the growth properties of the
medium, The powerful reducing systems that are present in the meat
particlzs mey assist in the initietion of growth of the organism on
agar plates, and this was investigsted by spreading iron filings onto
the surface of the medium, It was found that after incubstion of thg
orgenism on humen blood agar plates with iron filings, growth is amuch
heavier and more rapid than on control plates without the iron. A
large number of colonies are present in close relation to the iron
filings efter overnight incubation, and growth extends over the whole
plete after prolonged incubation,

Murther work has indicated that other metals such as zine,
chromium, and menganese Go not have similar properties in this respect;

nickel and platinised asbestos have a similar but much less marked
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effect after overnight incubation of the plates (Coleshill, 1948).
The effect appears to be confined to type B end D streins of Cl. oede~
matiens, and the incorporstion of ircn f£ilings on a suitsble medium
ensures relisble subc_ulture of these organisms, Further studies are
in progress to elucidate the above observations, and the :_T.mplicntions

of these findings are considered below (see Discussion).




The characters of' Cl. oedematiens

iicroscopic morphology and steining charscteristics

The microscopic morphology of Cl. oedematiens varies depending on

the culture medium in which the strain is grown., 1In general, the
bacilli have straight sides and rounded ends; strains of types A and
'D are shorter than type B and C strains; ¢Gype B and D bacilli are
stouter then the others. The cells of type A and B strains occur
singly or in pairs, but type B strains mey form longer cheins of bac-
i11i, The type C strein usually shows long filamentous forms and
type D streins tend to be rather pleomorphic (fig. 7, p.10%).

In the present study, acetone wes used as the decolourising agent

in Gram steining., Smears of Cl, ocedematiens prepared from cultures

and stained by Gram's method are almost invariably Gram-negative, al-
though Gram-positive forus sre sometimes seen. Grame-positive bacilli
are frequently seen in direct smears from pathological material, and
Gram-positive granules are often present in Gram-negative bacilli in
these smears.

Spores are readily demonstratea in suiteble smears of Cl. ocedeme-
tieng, OGram-positive forespores are often present in Gram-negative
bacilli, and oval, unstained, meture spores can usually be recognised
after Gram staining; however, meny becilli stain irregulerly and

contain unstained areas that may be difficult to differentiate from




FIG. 7. - The microscopic morphology of

Cl. oedematiens strain GRID grown

for 24 hr in cooked-meat broth.

X 1200.
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spores. A specific spore stain such as the modified Ziehl-Neelsen
acid-flest stain or fAshby's modification of ithe malachite green stain
(see Cruickshank, 1965, p. 657) gives more relisble results. Both
of these technigues produce true staining of spores thaet occcur within
the bacilli., The central portion of a free spore is elmost inveri-
ably unsteined and there is a halo of stein round the periphery;
these relavively unstained spores may also occur as endospores and
they then appear larger than stained endospores. It is assumed that
the relatively unsteined spores are mature spores. [Fhase~contrast
microscopy of wet films reveals phase-bright spores within phase-dark
cells, IFree spores are regdily vigible by phase-contrast microscopy,
but various srtefacts often simulate spores.

The spores of (l, ocdematiens are usually oval, subterminal and

do not bulge the bacillus; exceptions to this desceription are occas~
ionally seen., Type A strains of the organism sporulate more readily
then the other types, particularly on solid media, However, a 72~hr
culture in CMB of each of the strains tested usually conteins spores.
Good spore crops were obteined on occasions from culbures in media
with added plasme end in modified CiB (Nakagaware and Nishidﬁ, 1963),
but markedly increased spore yields were not a consistent feature of
cultures grovm in subsequent batches of these media,

The baeilli of Cl. cedematiens in smears prepered from CHB/G cul-

tures conbein reddish-brown granules after staining by Albert's methody
The granules are clearly not volutin granules and it seems that they

might represent stores of reserve glycogen that stains with the iodine
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compcnent of Albert's stain, Subsequent work confirmed that the
granules stein with Cram's iodine. Several baeilli in each microg-~
copic field usually centain a granule although more than one granule
may be present in each cell., The granule is large, of'ten terminal
and does not bulge the-eell; & granule and a spore may be present in
the same organism. The production of' granules doces not appear to be
specifically related to culture in the presence of added fermentable
substrate; gremiles were present on occasions in cells from overnight

CVB cultures of all strains of Cl. cedematiens.

Intracellular lipid granules were demonstrated with Sudan black
(see Cruickshank, 1965, p. 661) in strains of Cl. oedematiens during
the present work. The granules are small and up to 4 granules may
be present in each bacillus., The reserve granules described ebove
may account in part for the irregular staining thet is frequently seen
with Cl. ocedematiens.

The present investigation confirmed that strains of (Cl. cedemetiers
do not possess a capsule. A wet India ink film examined with phasge-
contrast microscopy is the most satisfactory method of demonstrating
the presence of a capsule; & suitable wet film shows that Cl, cede-
matiens does not form e capsule during culture in a liquid medium with
or without added carbohydrate, Dry India ink films end wet films
thot contain insufficient India ink may produce artefacts that simu-
late a micro~capsule. India ink controls are essential; in the
present work a capsulate bacillus was present in one prepsration of

Indis ink,
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The immunofluorescent staining procedure

A direct immunofluorescent staining technique was used with

gl. oedemstiens during the present work, Smears were prepared from

pathological specimens and from cultures in artificisal media, and
were stained with a commercially available fluorescent anti~Cl. ocede-
matiens globulin (Wellcome Laboratories).

The actual steining procedure is simple to perform, but the recom-
mended method of fixation of the smears with commercial acetone was
inadequate. Subsequent work showed that gentle heat-fixotion gave
superior results and this was used as a routine in later work. [HHeat-
fixation is guicker than acetone-fixation and does not eppear to
affect the subsequent staining of the smear. Two importent points of]
technigue are noted in the instruction leaflet provided with the com-
mercisl stain: (i) that the stain should not dry on the slide, and
(ii) that o reliasble and correctly operated optical system is essen~
tial. Zarly batches of the fluorescent globulin became turbid and
granular; they were heavily contaminated despite aseptic precautions
during use., The changes in the stein did not detract from the stain~
ing potential, but caused anxiety regerding the shelf-life of the
stain and also interfered with microscopy (see below, p.180).

The following general observations regarding the fluorescent pro-
cedure were obtained after intensive investigations during the present
study. Smears prepered for fluorescent staining should be thin and

well-cmulsified; if the smear is too thick, & fluorescent haze is
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present during microscopy that mey obscure the organisms.: The smear
should not be blotted during the staining procedure. The degree of
fluorescence obtained in a prepearation depends on the age of the cul-

ture, the nature of the culture medium and the type of Cl. oedematieng

that is present. Smears prepared fréom overnight cultures of Cl.
oeaemafiens fluoresce betier than smears from older cultures; there
is much fluorescent debris in the latter smears. Direct smears fron
pathological meterial, and organisms cultured in CMB flluoresce consis-
tently well; smears prepared from solid medie are more varigble, but
it should be borne in-mind that the latter cultures were incubated
for 48 hr, Cultures in CMB/G often produce swollen cells particular-
1y with type A strains; these forms usuelly stein well with the fluo-
rescent globulin, The smaller more classical forms of Cl. oedematiens
fluoresce better than the longer and filamentous forms; banded bacilli
yere obgerved on several occasions., Consistently gpod staining
results were obtained with strains of types A and B; smears of iype

C end D streins frequently contained poorly-stained or unstained bac-
illi that were readily visible with the dark-background condenser if
the light source was chenged from ultre-violet to white light. A

smear prepered from & type B strain of Cl., oedemstiens and stained

with the fluorescent globulin is shown in fig. 8 (p. 1078).

Appearance in the eleclron-microscope

The electron-microscopic eppearances of Cl, cedematiens are shown




FIG. 8. - A type B strain of Cl. oedematiens

stained with fluorescent globulin,

% L2501
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in figs., 9 - 12 (p. 108a~d). It is cleer that the bacilli possess
long, peritrichous flagella and do not have fimbriase. The flegella
are closely adherent in nany of the specimens and of'ten appear as a
rope or as a hanlk of wool. There is an aggregation of small irregu-
lar particles round the periphery of the bacilli in many of the speci-
mens prepered from golid media. These mey represent artefacts
associated with the medium as they were not present in grids prepared
from liquid media. It is possible that the aggregation of flagella
may be responsible for the phenomena of auto~agglutination and motile

colonies that are observed in culture media,

|Ferzentation reections

The descriptions of earlier workers meke it clear that differences
exist in the biochemical properties of the 4 types of Cl. cedemstiens.
The reported fermentation reasctions of the organism are not consistent
and a oritical comperative investigation does not seem to have been
made.

My initial problem was to find a basal medium in which the fermen-

tation resctions of the organism could be tested. (Cl, oedematiens

does not grow in a simple peptone water medium and the addition of a
fermentsble substrate or sn iron nail did not adequately enhance the
growth properties of the medium., After many unsuccessful attempts to
£ind & suitable liquid besal medium, a modified Brewer medium thet

contained 0,1 per cent. of ager was chosen., This medium was not




Electronmicroscopic studies

FIG. 9. - Cl. oedematiens strain GR2B. X 12000



Electronmicroscopic studies

FIG. 10: - Cl. oedematiens strain. R3/2. X 16,000,




Electronmicroscopic studies

FIG. 11. - Cl. oedematiens strain R3/2. X 8000.




Electronmicroscopic studies

FIG. 12. - Cl. oedematiens strain GRI1D. X 16,000.
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completely satisfactory because strains of types B, C and D failed to
grow on occasions; however, it was the best medium thet was tested.

The formation of acid and gas from fermentable substrates is usu~-
ally detected by incorporating e pH indicebor and e Durham tube in the
medium., In tests with anaerobic orgenisma fthe indicato; ngy be re~
duced and decolourised by powerful reducing substances thet are pro-
duced during bacterial growth. In addition, meny anaerobic orgenisms
form gas from peptone. During the present work, gas production was not
regarded critically; the pH of cultures in Brewer medium was checked
by spot tests on a white tile with bromothymol blue.

Preliminery experiments showed that 5 type /A strains of Cl, oede~
matiens fermented glucose, maltose and glycerol after 24 hr incubation
in Brewer medium; the strains grew better in the presence of these
sugars, Lactose, sucroge, fructose and salicin were not fermented
and these substrates did not stimulate growth., The observations were
extended to include strains GRLA, GR2A, GRIB, GR2B, GRIC and GRID and

the following sugers:

a) lonosaccharides:
(i) Pentoses - XVLOSE,

(ii) Hexoses =~ GLUCOSE, FRUCTOSE, MANNOSE
and GALACTOSE;

b) Disesccharides:
SUCROSE, MALTOSE and LACTOSE;
¢) Polysaccharide:

DEXTRIN;
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d) Suger alcohols:

GLYCEROL, MANNITOL, DULCITOL, SOKBITOL
and INOSITOL;

e) Glycoside:

SALICIN.

The tests were incubated aercbically at 570 0 and the results are
summarised in teble XI. The experiment was repeated at 30° C and
obgervations with strain GRLC at 300 C are included in table i1

because the series at 370 ¢ became contaminated.

It was found thet type A strains of (1. oedematiens grow better
than the other strains in the sugar-free medie; all of the strains
produced a slight fall in pH when grown in the control tubes, Table
XX shows that:

(i) the substrate may not be fermented after 24 hr incubation;
testing et L8 hr gives more reliable results but it mey be necessary
to incubate the tests for 7 days to detect late positive reactions;

(11) acid was produced from glucose, maltose and glycerol by the
type A streins; a large amount of gas was formed in the presence of
mannose end dulcitol;

(iii) the type B strains produced acid from glucose and mannose;
growth of these strains was improved in the presence of most of the
carbohydrates;

(iv) the type C strain grown et 30° C produced acid from glucose
and mennose; and

(v) the type D strain fermented glucose; this strein failed to
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grow in the presence of sucrose, salicin and mennitol.

Tests performed at 300 C gave similar results to those described
above, except that strain GRIB fermented glucose, mannose, maltose and
inositol, end strain GR1D fermented inositol in addition to glucose.
es was produced at 300 C by type A strains in the presence of xylose,
glucose, mammose, maltose and dextrin; more ges was formed at 30° c
than &t 37° C.

It was obgerved thet cultures in Brewer medium became less turbid

between 24 and 48 hr at 37° C; this wes particularly evident with

type A strains; slight clearing occurred st 30° C with all strains

iexcept ER1C,
[
[

i Tests with fresh isolates. If sugar fermentation reactions are
|

to prove useful in the provisional typing of Cl. oedematiens, clear-
cut results should be obtained with freshly-isolated strains of the

organism, Ten strains of Cl. oedematiens were isolated from sheep

thet died of suspected Black disease; the strains were identified by
the immunofluorescent technigue and were assumed to be type B sirains
(but see p. 200). The orgenisms were tested for the ebility to fer-

ment fructose, glycerol, maltose and mannose, as these sugers may be

significent in the type-differentiation of Cl. oedematiens. The
strains did not érow well after 3 days' incubation in the test medium,
and 1y of 40 cultures failed to grow., Glycerol and maltose were not
fermented and the results with fructose and mannose were variable.

The results showed that the test procedure in Brewer medium is of
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1little value when dealing with freshly~-isolated strains of this demnand

ing orgenism.

Fermentation tests in modified cocked=-meat broth medium. It

seemed reasonable to assume that the indifferent growth of Cl, oede~
matiens in the basel medium was contributing to the variabie results
in fermentetion reactions. It has already been shown that the organ-
ism grew most reliably in CMB, and I decided to use CiB as the basal
medium for fermentation tests. To compare the influence of inherent
fermentable substences in #he medium, an uninoculated control and &
substraete~free conirecl were included in each test. Strains were
grown in 100-ml, amounfs of CMB with and without added substrate. A
sample was withdrewn esepticelly from esch culture and the opacily
was measured by comparison with Brown's opecity test tubes. The
bacteriel cells were removed by centrifugation and the pH of the clean
supernate wes measured with & Pye Dynscap pH meter that had an auto-
matic temperature compensator and a Pye Ingold combined glass and
reference electrode, The results of tests with one strain of each
type and selected substrates are recorded in table XII. It should
be noted that the pH measurements in these experiments were combined
with readings of biological activity in the culture supernates.
Some of the results in table XIT are the same as those given in tables
on pp.128-9 and separately recorded here for convenience.

The results of these experiments showed thet the pH of uninocula-

ted CMB may fell by 0.4 unit during enserobic incubation; the addition

T
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of carbohydrates does not affect the pil of the medium. The pi of
CMB medium inoculated with Cl. oedematiens falls by 0.5 - 1,0 unit
depending on the strain. If the added substrate is fermented by the
orgenism, the pl usually falls during incubation by a further 1.0 umity
although it may be necessary to prolong incubation for up to 5 days in
order to detect this, Stinulation of growth is usually essociated
with fermentetion of the substrate.

In order to assess the CMB fermentation test as & practicel
routine procedure, 6 of the 10 fresh isolates were screened with the
CMB tests described sbove. The results after 7 days' incubation ere
given in table XIII. All of the strains fermented glucose, maltose,
mannose and inogitol; 3 of 6 streins fermented fructose. Tests with
3 strains in the presence of fructose and 5 of 6 strains with glycerocl
geve results that are difficult to interpret.

The tests that gave the doubtful reactions in tables XII and XIII
were repeated. It was found thet strain GR1C fermented mannose
af'ter 5 days' incubation, and strains GR1D and GRZD fermented inositol
after 7 deys. Tests with 14-ml. smounts of CMB medium in tubes gave
gimilar results to those recorded sbove. Straein R3/3 fermented fruc-
tose in the tube tests, but the pH values in tests of this strain
with glycerol and in tests of strain Ri/1 with fructose and glycerol
were 5,8 - 6,0,

The results of fermentation tests in Brewer medium and in CMB
confirm that §l. ocedemetiens grows consistently in CiB. The produc-
| tion of acid from fermentable substrates is usually clear-cut in CiB
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but variable and doubtful results mey occur. It does not appear that
the delayed or doubtful results are associated with inadequate growth
of the orgenism in the basal medium, The results of tests with a

limited number of strains of Cl, oedematiens in the present study are

compared with the recognised fermentation reactions of (1, ocedematiens

(Breed, Nurray and Smith, 1957) in table XIV.

Other biochemical resctions of Cl, osdematiens

(1) Gelstinase sctivity. It is gonerally regarded that all

strains of Cl, cedematiens liquefy gelatin. In the present work,

only type A streins of Cl. ocedematiens grew in glucose~gelatin medium
| and gelatin was liquefied afﬁer overnight incubation. CGelatinase
production by strains of types B and D of the orgenism was demonstra-
ted in & medium consisting of sheep liver infusion broth plus 10 per
cent, of gelatin., After ovefnight incubation, good growth of these
strains wes obtained and the gelatin was liquefied., Gelatinase pro-
duetion by the type C strain has nné been confirmed in the present
study beceause this strein failed to grow in the basal medium with
added gelatin, These observations show thet if a suitable basal
medium is used, strains of types A, B and D of Cl. oedematiens liquefy

gelatin.

(ii) Indole formation. Variable results were oblained in tests
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Table XIV

The fermentation reactions of Cl. ocedematiens

Results obtained in fermentation reactions
with Cl. oedematiens of type
SUGAR A B c D
Bergey|Rutter | Bergey [Rutter | Bergey |Rutter | Bergey |Rutter
Glucose ES 4 + - KR + + +
lMaltose v + v + NR - - -
Lectose - - - - NR - - -
Sucrose - ~ ~ - NR - 3 -
Xylose NR - fm - NR - = =
Fructose + - + v NR - + +
Galactose NR - + - NR - - -
Mannose NR - NR + NR + NR +
Salicin - - - - NR - - -
Glycercl v + v -+ NR - + -
Dextrin NR = NR - NR - NR -
Mernitol - - - - NR - - -
Duleitol NR - - . NR > - =
Inositol NR - NR + NR + NR +
Sorbitol NR - NR - NR - NR -
Reffinose | MR | MR | MR | mm R O| MR - | m
Arebinose NR NR NR NR NR R - NR
Inulin NR Ni - NR NR NR - NR
Rhamnose NR NR - NR NR NE AR IR

+ = positive result;
doubtful result;
not recorded;

b=
MR =
Bergey

=

Breed, Murray

]
1]

<
n

and Smith (1957).

negative result;
variable result;
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for indole production during the present work. (l. oedematiens does

not grow in peptone water medium and Brewer medium wes usually used
as the basal medium. Indole was not detected after 48 hr incubation
at 3?° C, but 2 of 5 type A strains geve strong positive reactions
after 5 days' incubation; the colour feded repidly on gtanﬁing and
disappeered after 5 min., A type D strain and 1 of 2 type B strains
geve & positive indole reaction after 8 days' incubation at 300 Ca
Strein GRLC produced indole after 24 hr incubetion in media with added|
meat particles; traces of indole were detectable in CMB cultures of
this strain, and the resction was very strong in cultures of HDB plus
meat particles. [Tests of the uninoculated control medie gave nega~
tive results, and cultures of strain GRIC in nutrient broth emriched
with 5 per cent. of peptone were also negative., On the basis of
these observations it appears that strains of ell types of Cl. oedema~

tiens may produce indole under suitable conditions,

(i41) Hydrogen sulphide production. ﬁy&rﬁgen sulphide formation
wes detected by retaining lead acetate-impregnated paper strips above
CiB cultures during incubstion. Hydrcgeﬁ sulphide production was
demonstreble with streins of types A, B and ¢ by this method, but some

strains gave negative results in the test.
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The soluble antigens of Ci. oedemetiens

Oakley and his colleagues (1947, 1559) showed that at least seven

soluble antigens exist in culture filtrates of (L. ocedemetiens. On

the basis of their results, these workers identified four types of the
organism, and they implied that the LV reaction attributable to the
gamma or bete antigens affords a sufficient besis for the provisional
typing of unknown strains. 1In their critical work, Oakley et al.
used concentrated culture filtrates of Cl. oedematiens prepared irom
1 = 4~litre amounts of & digest medium; for routine typing they cul-

tured the organism in Brewer medium and on egg-yolk agar plates.

The LV reaction of Cl. vedematiens

In my preliminary experiments with {ype A strains grown in Brewer
medium, the LV test was unsatisfactory; seversl strains gave & nega-
tive resction and a mediun that contains 0.1 per cent, of zgar presents
practical difficulties in the test, It should be borme in mind thet
type B, C and D strains of the orgenism sometimes fail to grow in
Brewer medium, CIB is the medium of choice for the routine culture

of Cl. oedematiens and it was necessary to evaluate the method of

typing deseribed by Oekley et al. in relation to this medium.

Overnight CiB cultures of type A strains of Cl. oedematiens con-

sistently give a positive LV reasction; the reaction is readily
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neutrelised by an appreopriate volume of homologous entiserum that
contains enti-gamma activity.

CEB cultures of type B strains of Cl. oedemetiens often give a

negative LV reaction; some apparently negative reactions mey become
positive if the incubation period of the test is inoreased frow 1 to
4 hr, The LV reaction of type B cultures is readily neutralised by

Gl cedematieha antisera in relation to their anti~beta content.

Type D streins of Cl. oedematiens usually produce a potent LV

factor in CMB cultures; the reaction is neutralised by antisera that
contain a suificiently high level of anti~beta activity.
ClB cultures of the type C strain always geve a negative LV reac~

tion in the present work,

Factors that affect the LV resction

Initial experiments indicated that the LV setivity of concentrated
cultures of type A and D strains was detectable in tests peri'ormed
over & pH range of 2.6 to 9.4, with en optimum pH for activity et 4.6
and 5.6 respectively. A curd was often produced on the surface of
the test mixtures, and the depth of curd was maximal between pH 3.6
and 7.6.

Keppie (1944) noted that type B strains of Cl. ocedemstiens of'ten
produce & negative LV reaction; he suggested that glucose should be
present in the culture medium if these strains are to produce a

detecteble LV factor. 1In the present work, results obtained with
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the addition of 1 per cent. of glucose %o C¥B did not confirm Keppie's
observation. Tests with CMB/G culture supernates of type A strains,
however, showed that an LV fector is produced in this medium that is
not neutralised by the same emount of homeologous antiserum that neut-
relises the LV reaction of the same strains when cultured in CLB.
The LV factor in CiB/C culture is of low potency, and it was consider-
ed that it might represent the epsilon antigen; it should be noted
however, that the resction occurs at 370 C, énd Oakley et al. (1347)
stated thet the epsilon effect with LV solution usually occurs after
cooling the reasction mixture at ho Ca

The above resﬁlta suggested the LV test with strains of Cl, ocede~
matiens cultured in CMB or CMB/G is not entirely satisfactory for the
rapid, routine typing of the orgenism and it was necessary to investi-
gate the other reactions of CiB culture filtrates. Hayward eand Gray
(1946) described a haemolysin (HL) neutralisation test with human
cells as the subsirate for the identification of type A strains of

Cl. cedematiens; they noted that ClB cultures of the organism con-

tained a haemolytic factor that was not neutralised in the test and
they concluded that (B medium was not sultable for the tesi system.
Oakley et al. (1947) stated that LV tests with the scluble products of

Cl. cedematiens are much more sensitive than HL teasts with horse cells

as the substrate, Clearly, more information is necessary regarding

the haemolytic activity of cultures of Cl., osdematiens.
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The haemolytic setivity of Cl. ocedematiens

Preliminary experiments indicated that human and horse erythro-
cytes do not lyse when held in isotonic solution within the pH renge
5.6 - 8,6, and that the cells are more stable in cagsal diluent than
in saline. A concentrated type A culture of the orgenism showed
maximun HL activity in tests performed at pH 5.6 to €.8; & concentra-
ted type U culture showed = similar pH optimum with human cells, and
there was a marked hot~cold effect at pH 8.6.

Three species of red cell were employed as the substrate in titra-
tions of heemolytic activity with concentrated culture supernates of
Cl. oedematiens; the results of these tests are given in table XV

Table XV indicates that human cells are considerably more sensi-
tive than horse or sheep cells to lysis by the soluble products of all

types of CL., cedematiens. Horse cells are slightly more sensitive

than sheep cells to type A cultures, but the reverse holds for type B
and D cultures. Sheep cells are most susceptible te 'hot-cold'
lysis, and type A cultures produce less of a 'hot-cold' effect than
type B and D cultures. HL tests with horse and sheep cells may not
give clear-cut results after 1 hr at 370 C; red cells of these
species dc not settle as rapidly as human cells and there is a merked
'hot-cold' effect with cultures of type B and D strains.

The results of the previous experiments suggest that human cells
are a satisfactory substrate for the haemolysins of all types of (Cl.

oedematiens. In several tests there was evidence of haemagglutina=-
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Table XV

The HL titres of different culture concentrates

of Cl, oedematiens with three species of red cell

Concentrated Haemolytic sctivity demonstrable ageinst
culture frection different red cells with fraction
from in dilution up to 1l in *

Cl., oedematiens
of strain Human cells Horse cells Sheep cells
GR1A 320 s 640 160 : 160 10 : 80
GR2A 80 : 160 10 ¢ 20 <10 ¢ 10
GR1B 320 ; 1280 < 10 : 40 20 : 160
GRLD 1280 : 10,240 20 : 2560 10 : 5120

*The first reading was taken immediately after the
incubetion period of 1 hr at 370 C: the second
reading refers to observations made after overnight

cooling at 4° C.
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tion of human cells by cultures of type B and D strains; the haemag-
glutination appeared to be neutrelised by corresponding entisera.

The significance of this observation was not further investigated.

Applicetions to routine typing

HL neutralisation tests with the soluble products of cultures
grown in CMB and tested sgainst human cells gave encouraging results.
A comparative experiment was performed with 19 strains of Cl, oedamar
Liens and the results are given in table VI, With this test systenm,
the HL neutralisation test provides & more sensitive and consistent

method of typing Cl. oedematiens than the LV test, although type &

strains of the orgenism produce & haemolytic factor in CMB that is not
nevtralised after cooling the test mixtures, On the besgis of these
results, strain GR5B is a type A strain, and strein GRIB may be a type
D strain., The results obteined with sirain GR1D suggest that the HL
test is a more sensitive indication of' the beta antigen than the LV
reaction, and it is clearly unwise to differentiate strains of {ypesB
and. D solely on the relative amounts of the beta antigen that can be
detected,

HL and LV neutralisation tests were then used for the provisional

typing of 10 freshly-isolated streins of Cl. ocedematiens. All of the

HL tests end 6 of 10 LV tests performed on overnight CMB cultures of

these strains gave positive results; the reactions were neutralised
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by entisera that contained anti-beta activity. These resulis confim
that the HL test gives consistently positive results in the test sys-
tem developed in the present work; with a similar test dose of mater-
ial derived from type B strains, the LV test frequently gives negativg

results.

HL and LV factors of cultures grown in different media

At this point in the investigation it seemed that neither the HL
test nor the LV test is entirely satisfactory for the provisional
typing of CMB cultures of Cl. cedematiens; the heemolytic activities
of type A cultures may not be neutrelised in the HL test with homolo~
gous antiserum, and type B cultures of the organism often fail to
produce a positive LV reaction. The following experiments were per-

formed to investigate the HL and LV factors produced by Cl, oedemati

in various mediz end the neutralisation of these effects with appro-
priate antisera. Centrifuged supernates were prepared from cultures

of Cl. oedemgtiens grown in 100~-ml, amounts of different media for

periods of 1 - 5 days. Titrations of HL and LV activities were per-
formed on the supernates together with pH readings and estimates of

growth; the results of these tests ere given in tables XVII and XVIII{

Results with s type A strain., 1In general, the titres obtained

in HL and LV tests with nutrient broth cultures of type A strains of
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Table XVII

The M and LV titres of a type A strain

of Cl. oedematiens in different media

DAY 1 DAY 2 DAY 3
Strain | Degreel Coldt{Degree Cold+ [Degree Cold +
#Medimm of Cl. of titre} of titre{ of titre
: cedema- growthi ol |______ lerowth|pH owth ipH
tiens opa=- _ Opa~- opa-
#oity) S T MY Boity s
NB pii 7.5 | @A | <1 |72 k2| 2 l6.7helg] 1 le7he | 8
NB plus
1% of:
glucose 4 151 4| 41 >6 [5.0] 21 4] 26 [5.0] 2| 4
Maltose <Y ['T.31c2 <2 <X (74312 ica) <1 [7.2J]c2/l<2
fructose s S 0 L 1 (6.5] 81 4] 1 (6.6] 8| 8
glyeerol <1 | 6.7<2 [<2] >6 {5.0] 4] 4| >6 |5.0] 2| 2
HDB H 6.8 2 | 6.1]128116] 3 [6.1{32] 8] 4 |[6.3)16] @
HDB plus
1% of:
glucose L5 81 A »6 |5.3] 4] 41 26 (5.1 4] 24
maltoge 3 | 5.4641168 >6 [5.2] 8] 4] >6 (5.2 8| 4
fructose 2 | 6.00 129 16 2 {6,1]32 8 2 {6,1116] 2
glycerol L | 5.3 8] 4 >6 |5.3 4] 4] >6 [5.3 2] 2
CMB. pH 6.7 216.432] 4 2 6315 8| 2 [6.2 8] ¢
CMB plus
14 of:
glucose >6 150 41 4 >6 4.9 41 21 >6 (4.9 Lf<2
maltose 6 1 s5.43211d >6 |29 4 2] >6 |29 4] 2
fructose 116,932 9 1 (6.2 8 8 1 (6.2 8f 4
glyeerol 5 5.3 81 A > 6 |52 4 4 >6 |5.9 2] 2
lactose 1] 6.1 32 4 2 16,2115 L 1 |61 81 4
suerose 2| 6,364 4 2/3|6.16] 24 2 |6 8] 2

*NB = nutrient broth; HDB = horge digest broth with added meat particles:
CMB = gooked-meat broth,

+=readings after overnight cooling at 4° Cj .
*¥] . 6 represent inereassing amounts of growth as judged by visual eomparison
with Brown's opacity test tubes.
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Cl. cedematiens are lower than the titres obtained with cultures growm
in the presence of added meat particles. [The yield of HL activity in
cultures grown in nutrient broth is a little higher than the yield of
IV activity, end the asctivities remain fairly constant during 5 days’
incubation, In cultures with added meat, the HL activity is more
potent than the LV sctivity but falls off more rapidly; it should be
borne in mind that low yields of factors giving the HL and LV reactiomng
uway be obtained with cultures grown in some batches of CiB, The
absence of carbon dioxide from the anaercbic enviromuent does not
effect the ylelds of these soluble products.

In the presence of certain fermentable substrates such &s glucose
end glycerol the yields are low ana remein so, but the HL and LV acti-
vities of the 48 hr culture suparnateé grown 1in the presence of these
substrates are not neutralised by a volume of antiserum that neutra=-
liges the same activities in sugar-free cullure supernates, In cul-
tures with added maltose, which is elsc fermented by type 4 strains,
the initiel HL activity fells off rapidly; the activity present on

day 1 was not neutralised by a type & antiserum.

Results with a type B sfrain. Strain GRIB produced & low level

of HL activity, but falled to produce detectable LV activily in any of]
the media thet were tested; the HL activity was readily nesutralised
by & homologous antiserum, The low level of HL activity and the
apparent absence of LV activity was not parallelled by the lethal

sctivity of the 012 culture; on the contrary, there was potent lethal

activity (q.v.).
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Results with a type C strain. CMB culture supernates of strain

GR1C have no recognised biological activity. However, strong HL
activity in the absence of LV activity wes detected in overnight cul-
tures of this strain grown in NB end in nutrient broth plus 5 per
cent. of peptone, The HL reaction showed nc hot-cold effect; its
potency diminished rapidly after storage of the supernate at 40 C and
af'ter prolonged incubation of the culture; +the resction was neutra-
lised by a volume of experiméntal type A antiserum that contained 50
enti-gamma units. The titre obtained in the HL test was unaltered
after treatment with a solution containing 2 vol. hydrogen peroxide,
therefore the HL activity does not appear to be truly oxygen~labile,
Further studies of this haemolysin were frustrated because the type C

strain usually fails to grow in the ebsence of meat particles.

Results with a type D strain. Cultures of sirein GRID contain

potent HL and LV activities that may not develop unbil adequate growth
occurs in the medium. HL ectivity is usually‘conaidsrably lower
after culture in the presence of an added fermentable substrate.

The HL and LV activities of sugar-free cultures and cultures with
added glucose and inositol were neutralised by Cl. oedematiens type B

and type D experimental antisera.

Conclusions. The results of this series of experiments suggest
that in the presence of mest particles the HI activity of a type A

strain of Cl. oedemetiens is more labile than the LV activity; Dboth
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activities are equally labile with & type D strain of the organism,

The HL, and LV activities of Cl. ocedematiens are diminished when cul-

ture is performed in the presence of added fermentable substrates, and
in such medie the activities of type A strains mey not be neutralised
by homologous antisera. There is some evidence that the HL and LV
faclors may be reduced in potency as the cultures pecome more acid.

During these experiments it wes also observed that an opelescence
develops efter cooling in LV tests with supernates from cultures of
strain GHIC grown in CMB plus glucose and inosgitol. Bubsequent work
with cultures grown in sheep-liver infusion broth showed that the
production and neutralisation of' HL and LV factors by all types of the
organism mey be rather varieble; the type C strain produced strong
hzemelytic ‘aetivity without LV activity in sheep-liver infusion broth,
and the HL reections of type B and D strains were not neutralised by
the homplogous exzperimentsl antisera.

The sbove results indicate that the production of HL and LV fac
in cultures of Cl. ocedematiens varies markedly depending on the cul
medium that is used. These observations may help to explain the
occasionel inconsistencies in behaviour of homeclogous antisera in
neutralisetion tests (see Discussion). The system of provisional
typing suggested by Oakley et al. (1947) is successful with CiB cul-~
tures of the organism; bub, in order to avoid equivocal resulis with |
cultures of type B strains it is preferasble to include in adﬁition to
the LV test system, & HL neutralisation test with humen cells as the

substrate. It is clear that the acddition of fermentable carbohydratl
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to cultures destined [or analysis of their socluble products may carry
disadvantages in relation to the production of heemolytic and LV fac-
tors that are not neutralised by homologous entisera. The additioﬁ
of glucose to CMB is not essential for the growth of Cl, oedematiens,

and it may be better to avoid this addition in routine work.

The HL reection of type & cultures of Cl. cedematiens

If the HL nsutralisstion test is to be recommended as a standard

procedure with CME cultures of Cl. cedemstiens, we require more know-

ledge regerding the HL factors that are produced in this nmediun by
type A strains of the orgenism, The iL and LV factors that these
strains produce in NB are readily neutralised by 10 anti-gemma units
of & typé A experinmental antiserum. The LV reactiﬁn of the same
strains in CiB is completely meutralised by the same amount of anti-
toxin, and the HL activity of & 5-fold dilution of the HL test dose ié
completely neutralised by 10 anti-gamma units., If 0.5 ml. of undilu=-
ted CMB culture is used as the test dose in HL neutralisation tests,
the HL activity is not neutralised by 250 anti-gamme units of anti-
toxin; 1lysis in these tests occurs after 10 min. incubation et 3?° C,
and may be delayed for up to 40 min, in the presence of antiserum.
If the test dose of the culture is dilutec 1 in 2, the I reaction
may be partially neutralised by 20 or 50 anti-gamme units after 1 hr

at 370 C, but lysis occurs after cooling at 40 Ce Thus, it seems
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that the haemolytic activity of the test dose is largely attribubtable
to & neutralisable (gamma) fraotion, but a week heemolytic component
exists that is apparently not neutraliged by the experimental anti-
serum; the effect of this latter component can be readily diluted out
Horse and sheep cells gave similar results to human cells in the HL
neutralisation tests.

Further work suggested thet the haemolytic activity of CliB cul-
tures can be partially neubralised after prolonged incubation or af'ter
centrifugation of the cultures. Accordingly, 100-ml. amounts of
identicul media with or without added meat particles were inoculated
with & type A strain of (1. oedematiens. Samples of each culfure
were removed at intervals &nd the culture or supernste obtained after
centrifugetion was titrated for hezewmolytic end LV sctivity; neutra-
lisation tests were performed with 10 anti-gamma units of experimental
entiserum and the results are shown in teble XIX. It appears that a
heemolytic factor is formed in the presence of meat particles that
cammot be neutralised by the smount of antitoxin employed in the tesis;
nutrient broth cultures that are more potent than the CB cultures in
terms of haemolytic activity are readily neutralised in the test gys-~
tem., Centrifugetion of the cultures mey reduce the titres slightly,
and it may allow complete or partisl neutralisation of the heemolytic
effect; there is no evidence that the heemolytic activity of older
cultures can be neutralised more easily then that of overnight cul-
tures.

An obvious conclusion at this stage was that the ‘non-neutrelisable’
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heemolytic factor might be the delta antigen; however, it was not
possible to demonstrate that CHMB cultures of type A strains of

Cl, oedematiens contain a truly oxygen~labile haemolysin. The haemo-

lytic titre of these cultures was often reduced af'ter treatment with
hydrogen peroxide, but the residual haemolytic activity did not in-
crease after reduction with sodium thioglveollate, In addition, the
haemolytic reaction was not meubralised by combining homologous anti-
serun with enti-streptolysin serum., Of course, the ebove observationg
do not exclude the presence of the delta entigen in these cultures,

Interesting results were obtained in en investigation of the heat
stebility of the heemeolytic and LV activities in CMB cultures of type
A strains of the organism, The titres obtained in haemolytic and LV
tests were slightly reduced efter holding cultures at 56° C for 60
min. Heating at 60° C reduced the haemolytic sctivity more than the
LV activity; after heating cultures at 60° ¢ for 60 min. haemolytic
sctivity was not detecteble but & weak LV reaction remained. It
would be of interest to determine whether the epsilon antigen is the
heat stable LV factor in these cultures.

The partial neutralisation of hsemolytic activity in culture

supernates of (l. oedematiens suggested that & haemolytic factor might

be associated with the bacterial cell, and tests were performed with
washed becterial cell suspensions before and after disruption of the
cells by wltrasonic treatment. The results of these tests showed
that a trece of haemolytic activity may be associeted with disinte-

grated bacterial cells but the sctivity is too low to account for the
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non-neutralisable haemoliytic factor in CiB.
The present results suggest that the heemolytic activity of CMB

cultures of type A strains of Cl. cedematiens is due to the gamma

antigen plus & hasemolytic factor that is associated with the meat
particles of the medium. If this is so, it wey be possible to adsorb
the gémma antigen during treatment of a culture with egg-yolk emulsicn
and the haemolytic factor might then be detectable in the HL test sys~

tem. A concentrated CMB culture of a type A strein of (l. oedematiens

wes mixed with egg-yolk emulsion and incubated at 370 ¢ for 30 mim;
af'ter centrifugation of the mixture, the supernate was tested for
haemolytic activity egainst human cells; it was found that the haemo-
lytic activity incressed during the above treatment., Similar tests
with unconcentrated cultures showed thet the egg-yolk trestment remo-
ved all of the haemolytlic -activity that waes present.

Type A strains of the orgenism were then cultured in medis with
added egg~yolk emulsion; HL titrations and neutralisetion tests were
performed on the cultures (see table XX ), The results of these
experiments suggest thet & haemolytic factor is formed (i) when a con-

centrated culture of a type A strain of Cl. cedematiens is incubated

in the presence.of egg-yolk emulsion, and (ii) when type A strains of
the organism are cultured in the presence of the egg~yolk emulsion,
The haemolytic factor is not neutralised by an experimental homologous
antiserum. The haemolytic activity of the NB + egg-yolk emulsion
culture was not neutralised after titration of the culture and subse-

quent addition of & fixed volume of antiserum to each dilution; thus,
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Table XX

The HL titre snd HL neutrslisation

in cultures with added egg~yolic emuision

Neutralisation of HL activity with
with 10 anti-gamma units
Strain GR1A Hi, of Cl. cedematiens type & antiserum
sultusred at a dilution of the test dose of
titre 1 in
Soy @
il 2 10
CiB 10 : 40 = + 3+
CMB + EY 40 : 80 o -y -
NB: f 8rié &' * swe
NB + EY 52 3 64 -3 - -3 -

®ClB = cooked-meat broth: EY
B = nutrient broth;

first reading ofter incubation at 370 Cs
second reading after overnight cooling &t 40 Cs

egg~yolk emulsion;

+ = neutralisation; = = no neutralisation.
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it appaars'that the experimental antiserum possesses no neutralising
antibodies for this hesemolytic factor (but see below).
Similar tests were performed with concentreted cultures preparcd

from type B, C and D strains of Ol, cedematiens. The haemolytic

activity of these strains does not increase, and may be reduced after
treatment with egg-yolk emulsion and after culture in the presence of

this substrate.

HL and LV neutralisstion tests with olher antisers

The occasional incomplete neutrslisation patterns obtained in
tests with cultures of type & strains of (l. cedematiens and the
homologous experimental sntiserum ere described above. It appears
that & haemolytic factor in eddition to the gamma antigen may be
formed in the presence of meat particles, snd that this factor is not
neutralised by the experimentel eantiserum. However, in subsequent
neutrelisation tests, the heemclytic activity of CMB cultures of type
A strains of the organism was completely neutralised by & commercial

Cl. ocdematiens antiserun that contained about 8 anti-gamma units in

the neubtralising dose of antiserum, In addltion, this antiserum
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partially reutralised the haemolytic activity of a type A strain
cultured in CMB with added egg-yolk emulsion. These results suggest
that neutralising components exist in the commereisl antiserum for
heemolytic factors that are produced in CHB when type 4 strains of
the organism are cultured in this medium. Clearly, it would now be
veluable to perform tests similer to those described by Oekley et al.
(1947) in order to determine whether any relationship exists between
the haemolytic factor described above and the delta antigen of these

streins of Cl. oedematiens (Oskley et al., 1947).

Evidence was obtained in the present work thet the hsemolytic

end LV activities of Cl, ocedemstiens may be partially neutralised by

heterologous antisera., Apparent cross-neutralisation effects may
occur if the antisera are not species~ or type-specific, and it mey
be necesspry to dilute the amtisera in order to obtalin Uhe appropriaie
neutralisation patterns. 1In the present studies, however, the haemo-
lytic activity of a diluted type 4 culture concentrate was partially
neutralised by an antiserum thet wes prepared in a rabbit ageinst a
type B culture concentrate; the rabbit was not previously exposed
to injections of the cther antigens of Cl. oedematiens, Thus, there
may be a partial neutralisation by heterologous antisera of the
heemolytic and LV activities of diluted test materials. These
observations should be borme in mind when a neulralisation test

system is designed.
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The present studies have indicated that methods suggested for the

provisional typing of Cl, oedemetiens are rather delicately poised,
and that veriations in the test system nmey affect the results obtained,
It appears that the HL test with human red cells as the substrate is
rather more sensitive than LV tests with the same test materials.

In the present work, HL and LV neutralisation tests were alweys per-

formed in parallel with CMB cultures of Cl. oedemstiens, and this pro-

cedure is recommended for the provisional typing of unknown strains of

the organism.

Thin-layer chromatography experiments

Explanatory note. If culture products of Cl. cedematiens are

incubated with egg~yolk emulsion at 570 C, & visible reaction usually
oceurs; this may appear as an opalescence, a turbidity or a curd that
rises to the surfece of the mixture. Oakley and his colleagues (17,
1959) and MacFarlane (1948, 1950a) showed that culture filtrates of

Cl. oedematiens possess lecithinase~C activity and thet, in additionm,

type A straing have lipase activity. It is usually considered that

the lecithinase of Cl, oedematiens is responsible for the development

of turbidity eround colonies on egg-yolk agar and that the lipese

causes & pearly layer to de&elop on the surface of the colonies.
Recent advances in lipid chemistry ensble mixtures of lipids to

be analysed simply and rapidly, and the different classes of lipid

are readily separated. Whilst the present work was in progress,
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Serimgeour, Keaneand Alder (1967) utilised thin-leyer chromatography
to differentiate the end products extracted from reaction mixtures of
egg~yolk emulsion with cultures of Stephylococcus sureus or Clostri-

diun welehii., COultures of Staph. aureus possess lipase setivity,

and Cl. welchil produces a lecithinase-C enzyme; both crganisms give
& similar opacity when growm in media thet contain egg-yolk. Serim-~
geour et al. demonstrated a decrease in the triglyceride or phospho-
lipid content of the reaction mixtures described egbove if the culture
possessed lipese or lecithinase zctivity respectively. This tech~
nigue has an obvious applicationlto the elucidation of the lecithinase

and lipase activities of Cl, oedematiens; it was hoped that the

‘procedure might be of value in identifying the hesemolytic component

that appears when type 4 strains are incubated with egg-yolk emulsion.

Procedure. The sclvent system in my early experiments was &
mixture of chloroform and glacial acetic acid (95 : 5 v/v). This
solvent separates the so-called neutral lipids; oomplex lipids such
as phospholipids do not move from the origin., The distance travelled
by individual components of the mixture cen be expressed as a frection
(#¥) of the distance moved by the solvent front. An RF velue can
thus be obtained for each lipid component in that particular systenm,
end the R¥ values given by Serimgeour et 2l. are shown in table XXI.

In the present wﬁrk, concentrated culture preoducts of Cl. ocedema=
Liens were incubated overnight at 370 ¢ with egg~-yolk emulsion; the

total lipid fraction was extracted from the reaction mixtures (see
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Table XXI

The RF values of certain neutral

lipids in a defined solvent

see Scerimgeour et al,, 1967)
&

RF value
in chloroform/
Class of lipid glacisal ecetic
acid (95:5)
Cholesteryl esters 1.0
Triglycerides 0.95
Fatty acids 0.55
Diglycerides 0.50
Cholesterol 0.49

Phospholipid _ 0.00
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liethods) and investigated by thin-layer chromatography. Experiments
with chloroform/glacial acetic acid (95 : 5) as the solvent gave the
following results (see fig. 13; Pellhia) efter locating the separated
components of the mixtures with iodiné vapour., On the basis of the
HY values guoted in table XXI it seemed reasonable to gonclude that the
type £ concentrete conteined & lipese that was brealking down triglycer
ides. The type B concentrate slightly reduced the phospholipid spot;
the type D concentrate almost obliterated the phospholipid spot end a
new spot appeared at RF value 0.34. Tests with a type 4 concentrate
grown in NB geve & similer indication of lipase esctivity, but concen~-
trates prepered from CMB/G and NB/G produced no apparent change in th
1ipid content of the egg-yolk emulsion, although the CUB/G reaction
mixture contained a surface curd.

It seemed at this point that only lipese activity could be detec-
ted in test mixtures containing concentrated products of type A
strains. Clearly, it was necessery to investigate the action of cul~
ture concentrates of the organism on the phospholipid fraction of egg-
yolk emulsion. A solvent consisting of chloroform, methanol, acetic
acid snd water (65 : 25 : 8 : 4) was chosen for these experiments,
This system does not separate the neutrael lipids which run with the
advancing solvent front; however, the solvent separates certain com-
plex lipids including lecithin.

Tests with 0.1l-ml, amounts of culture concentrates and 1.0 ml, of
egg-yolk emulsion did not give consistently éositive results, and

O+5 ml, of concentrate was used in the subsequent reaction mixtures.
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RF VALUE SOLVENT FRONT
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1 = egg-yolk emulsion control;
2 = egg-yolk emulsion plus CMB concentrate
of Cl. oedematiens type A strain;
3 = egg-yolk emulsion plus IB concentrate
of Cl. oedematiens type B strain;
4 = egg-yolk emulsion plus IB concentrate
of Cl., oedematiens type D strain.
FIG. 13. - A diagram of the results obtained in

thin-layer chromatographic analyses of test
reaction mixtures with chloroform/glacial
acetic acid solvent.
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With the chloroform, methanol, acetic acid and water solvent, culture
concentrates of type B and D strains removed & spot that wes assumed
to represent lecithin; the same spot was markedly reduced in the

presence of type A culture concentrates prepared from CUB and NB, and

slightly reduced by CMB/G and NB/G concentrates of the type 4 strain,

Provigional identification of some of the spots was the next step,
and semi-standerd preparations were kindly provided by Dr. G. 5, Boyd.
These included lecithin, triglyceride (olive 0il), cholesterol, chol-
esterol ester (cholesterol laurate), fatty acid (lauric acid), mono-
glyceride (glycerol monostearate) and phospholipid. FPreliminary
experiments revealed that impurities were pregent in most of these
standards; further purification was not attempted.

Comparative experiments were performed with some of the standerds

and with reaction mixtures of (1., cedematiens of typesh ond D (see fig

U & 15, pe 458 & b). The results of these experiments suggest that
the egg-yolk emulsion contains lecithin, cephalin, triglycerides, cho-
lestercl and cholesterol esters. Incubation of egg-yolk emulsion with
the concentrated type A product reduced the triglyceride spot, end
incubstion with a type D product removed the lecithin spot at EF U.4l.
I was uneble to identify the spol that increased in size after treat-
ing the egg-yolk emulsion with & type A concentrate. Ixperiments
with the cholestercl and fatty acid standards showed that these com-
ponents are not easily distinguished on the basis of RF values; in
addition, diglycerides have a similar RF value to cholesterol in the

chloroform/acetic acid solvent, It seems reasonable to suggest that
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RF range’ solvent front

0-88—0-98 @)
0-70—0-83

0-46—0-6/4 - o = G

= cholesterol;
= cholesterol ester;

egg~-yolk emulsion control;

B W N
I

= egg-yolk emulsion plus CMB concentrate
of Cl. oedematiens type A strain;

5 = triglyceride (olive o0il).

*The REF values varied in these experiments;
however, the pattern of results was consistent,
and the spots were provisionally identified by
reference to standard preparations,

FIG. 14. - A diagram of the results obtained in thin-
layer chromatographic analyses of (i) standard
preparations, and (ii) a test reaction mixture
with chloroform/glacial acetic acid solvent.
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RF VALUE SOLVENT  FRONT

'64-‘ O——cephalin——_o

4| = Olmhm__o

R O
I 2 3
=i Lecithin;
2 = egg-yolk emulsion control;

= egg-yolk emulsion plus IB concentrate
of Cl. oedematiens type D strain.

FIG., 15. - A diagram of the results obtained in thin-
layer chromatographic analyses of (i) standards,
and (ii) a test reaction mixture with chloroform/
methanol /acetic acid/water solvent.
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the enlarged spot may represent a coalescence of two spots: (i) cho-

lesterol that is already present in the emulsion end (ii) diglyceride
that result from the lipase activity of the culture concentrate.
Scrimgeour et al, interpreted a similar spot as being free fatty scid
apparently on the basis of the RI' value,

It should be borne in mind that the experiments described above
cen be regarded as semi-quaétitative only; in this limited series of
tests the following effects have been provisionslly identified in mix-

tures of concentrated cultures of Cl, cedematiens with egg~yolk emul-

sion.(see table XXII).

The results in table XXIT indicate that the visible reaction that

is produced by culture concentrates of Cl. ocedematiens in egg~yolk
emulsion aﬁpears to be associated with the breakdown cf lecithin.

The effects of the type A ClB concentrate and the type D 1B concen-
trate are almost completely neutralised in tests with homologous anti-
sera; the chromatographic results of the partially neulralised
mixtures show & reduction in the breakdown of triglycerides and leci~-
thin; thus, neutrelising antibodies for each resction appeer to be
present in the respective antisera.

In addition to the effects noted in table XXII, the following
changes have been tentatively identified in some of the egg-yolk reac~
tion mixtures: (i) a decrease in cephalin in the presence of type B
and D IB culture concentrates; and (ii) an increase in diglycerides
with type B and D culture copcantratas.

No biochemically recognised haemolytic factor wes detected in
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Table XXII

The effect of concentrated cultures of

Cl. ocedematiens on egg=yolk emulsion

Ci. Culture medium Vieible effect TLC deftection of
oedematiens from which on breakdown of
of concentrate egg-yolk Z g

type was prepered® enulsion triglyoerids {Logithin

A CrB curd ++ ot s

NB curd ++ it +

CMB/G curd + - B

NB/G precipitate tr, - +

I:B - o -

B CHB curd ++ - i

iB curd ++ - 4t

D CliB curd +++ - b

1B curd +++ - 4+

®CHB = cooked-meat broth; NB = nutrient broth;
G = plus 1 per cent. of glucose; IB = infusion broth;
+, ++, +++ = increasing amounis of activity;

4 = doubtful reaction;

tr. = trace detected;

- = pegetive reaction .
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reaction mixtures of egg~yolk emulsion with type A culture concen-
trates in the present work other than the lecithinase enzyme described

by Oakley and his colleagues (1947).

The soluble lethal factors in Cl, oedematiens cultures

Oskley end his colleagues demonstrated that the lethal factor in

cultures of type A and B streins of (1. cedemetiens is the elphe anti-

| gen, and. that the beta antigen is responsible for the lethal activity
of type D cultures of the orgenism, There is little information
regarding the optimum conditions for the production of these soluble
products, and the following experiments were necessary to obtein
potently active sterting materials for fractionation studies (g.v.).
The results of some of the tests are summerised in table XXIT, and the
following conelusions were drawn from the comperative data.

(i) Soluble products of cultures of type & strains of Cl, oedema~
‘tiens ere less lethal in mouse MLD tests than cultures of type B
strains., On several occasions a freguently subcultured type & strain
produced no detectable lethal factor in CMB; e loss of lethality was
not observed with cullures of type B sfrains. Cultures of strain
GR1C ere not lethal in mice, In the present work, cultures of two
type D strains of Cl, oedematiens were not lethal following intraven-
ous inoculation into mice.

(ii) Type A strains of the organism produce & low level of lethal
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Table XXIII

The biological esctivities of

Cl. cedem tiens in different media

HDB
+ =

1]

horse digest broth;
first reading after 1 hr incgbation at 37° ¢; second reading

Soratn of | . " T
Gl. Meéiwn* | Day | HL titre |LV titre | ° o % | of
oedematiens pid lMedium
GR1A CMB 1 16 : 32 | 4 ¢+ 8 L 6.3

2 2 :+ 8 2 s 4 2 6.2
5 <232 [K2:1<2 2 6.2
GR1A CHB/G 1 4 ¢ 8 2 3 L <2 5ol
2 20 2 2 sk 2 4.8
5 2 s L 2 1 4 <2 L.8
GR1A CMB 1 8:32 | 83416 8 7.0
(Nishida & 2 <22 2k 8 543
Nakagawara, | 5 E L2t 2 2 b 4 5
196k.)

GR1A 1B 1 Lt 8 |<23<2 8 6.0
2 2k <248 8 6.0
5 T L 16 6.0
GR1B 1B 1 i 16 : 64 | 4 : 8 L0 549
2 [<2 12 <2 31<2 80 642
5 <2 142 K2 142 40 6.
GR1B CMB 1 L+ 8 |<2:< 80 6.2
2 L : 8 <2 4 <2 80 6k
5 | <232 [<2 3«2 80 6.5
CR1B CMB/G p i L s 4 K2 <2 8 6.5
2 Lt 8 [<2 <8 8 5.9
5 2 s 4 |[<23<2 7 5.0
GR1B HDB 5 § 16 ¢ 32 <2 : &4 8 6o
GRZB 13 i |<2¢16 23 2 400 Y4
GR1D CMB 1 16 : 16 | 4 & b <2 645
2 {128 : 128} 4 : 8 <2 641
5 1 32:32 | 4k <2 6.2

*CIB = coocked-meat broth; IB = infusion brothj

¢ = plus 1 per cent. of glucose;

after cooling overnight at &~ C;
% = test dose of 0.1 ml. injected into mice.
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activity in CWB and in IB; culbures grown in the modified CMB medium
recommended by Nishida and Nekagawsra (1964) did not contain potent
lethal activity in the present investigetion. CUB medium wes more
satisfactory than IB for the production of adequate gmounts of haemo-
lytie, LV and lethal setivities,

(iii) Type B strains of Cl, cedematiens produce large amounts of

the lethal factor in cultures grown in IB and ClB; the yield in IB
is usuvally greater than in CMB; cultures in HDB do not yield potent
lethal activity. There is a marked strain variation in the potency
of the lethal factor; and the lethal setivity in cultures of type B
strains of the organism bears no relation to the level of HL and LV
activities.

(iv) The lethal ectivity in cultures with 1 per cent. of added
glucose is markedly reduced compared with the suger-free medium; the
results obtained with the modified CIMB of Nishida and Nakagewere
(1964) suggest thet the lethal factor is not particularly sensitive
to ecid pH values.

(v) The lethal potency of & culture does not alter markedly during
prolonged incubation provided that initielly there is setisfactory
growth in the medium,.

(vi) Subsequent tests with culture products of sirain GR1D showed
that if the test materisl is lethal, then potent haemolytic and IV
activities are present (see table X¥IV). The lethal activity of the
concentreted product was neutralised by an experimentel homologous

antiserum,
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Table XXIV

The levels of biologicel activities in &

culture of Cl, oedematiens of type D

Lethal effect

Strain -

Nature of i %] of 0.1 ml.
Oegi m%iens Medium Sast Batoyiys HL Gitre LV titre dose i/v
Pl R in mice

GR1D 1B culture 320:320 | 32:6k -

supernate 320:320 32:60 -

concentrated : "

supernate 512035120 | 320:640 ®

Epirst reading after 1 hr et 37° Cs

second reeding after cooling overnight at T C;

*g 0.1 ml. dose of dilutions of the concentrate
up to 1 in 10 was lethal,
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Studies on the lethal factor of Cl, cedematiens type B

(1) Effect of pH. Veolumes of & concentrated type B culture
diluted to contain 160 mouse LD were allowed to stend with equal
volumes of Michaelis buffer at different pH velues from 2.3 ~ 9.3.
After 24 hr exposure to the buffer, 0,1 ml, of each mixture (equiva~-
lent to & mouse LD) was injected intravenously into mice, The eultu#
material that was held at pH 2.3 was no longer lethal, but semples

exposed to pHl values from 3.6 - 9.3 retained their lethal ectivity.

(ii) Effect of hesting. Preliminery experiments suggested thet

the lethel factor in cultures of type B strains of Cl. cedematiens is
rether heat-labile. The lethal titres (table XXV) obtained efter
heating & culture at different temperatures confirm that the lethal

factor is particularly susceptible to moderate heating.

(iii) Toxoiding with formelin. The lethel activity of a concen-

trated culture of & type B strain of Cl. cedemsatiens was lost after

exposure to 0,064 per cent, of formaldehyde for 18 hr at 37° Cc; at
roon temperature (18° C), 42 hr exposure to 0.12 per cent. of formale
dehyde was necessery to render the same concentrate non-lethal, Sub-
sequent work showed that the non-lethal, formalin-treated concentrates
were antigenic in rabbits, indicating that the lethal factor was

toxoided during treatment with formalin.




Table XXV

The effect of heat on the soluble lethal factor

in a culture of Cl, ocedematiens (FH €.8)

Strein of
gl

oedematiens

Growth
Medium

%
Lethal titre
in mice

“ethal titre after heating o semple
of the culture for 30 min. at

47.5° ¢ 50.5° ¢

R3/2
(type B)

16 <2

*Pest dose of 0.1 ml, injected
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only. The CFE of different cultures, and neutralisation tests with
anbitoxic sera are shown in figs, 16 - 22,

The results described above suggest that the lethal and cytopathic
activities of cultures of type 4 and B strains of Cl. oedemetiens may
be due to the same factor -~ the alphe antigen. In order to confirm
this cbservation it is necessary to demonstrate that in suitable testg
the ¥wo activities are neutralised by different antisera asccording to
the anti-alpha content of the sera. In the present work a concentra-
ted IB culture of étrain GR1B was used as the test melerial. The
LD50 dose of the concentrate in mice was a dilution of 1 in 1150 cal-
culated by the Reed and Muench {1938) technique; by the same method,
the CP50 dose was 1 in 1254 after 24 hr rolling of the monolayers, and
1 in 1320 after 48 hr rolling. Clearly, the CP50 dose after over-
night rolling of the fibroblasts is slightly more sensitive than the
mouse LD50 test read efter 48 hr., On the basis of these results, &
dilution of 1 in 12 of the concentrate containing approximetely 100
LD50 or CP50 in each test system wes used as the level of test in the
subsequent neutralisation studies.

Dilutions of Cl. ocedematiens type A, B and D antisera were pre-

pared st differences of 20 per cent; equal volumes of concentrate and
antitoxin dilutions were mixed, and after allowing a period of 30 min,
for neutralisation a test dose of each mixture was inoculated into the
two indicator gystems. The results of the neutralisation tests are
shovn in teble XIVI.

The type D antiserum failed to neutralise the lethal and cytopathid




The cytopathic effect of Cl. oedematiens

FIG. 16. - Control monolayer of chick-

embryo fibroblasts. X 60.



The cytopathic effect of Cl. oedematiens

FIG. 17. - The cytopathic effect of a concentrated
type B culture (left); mneutralisation with
a type B antiserum (right). X 60.

S A
£ e S

FIG. 18. - Neutralisation with a type A antiserum
(left); failure of neutralisation with a
type D antiserum (right). X 60.



oedematiens

The cytopathic effect of CI,

neutralisation with
X 60.

L

- The cytopathic effect of a partially-purified

type B concentrate (left)
a type B antiserum (right).

1195

FIG.

.
?

- Neutralisation with a type A antiserum (left)
failure of neutralisation with a type D antiserum

20,

FIG.

X 60.

(right).



The cytopathic effect of Cl. oedematiens

FIG. 21. - Control monolayer of chick-embryo
fibroblasts (left); the cytopathic
effect of a concentrated type D
culture (right). X 60.

6"’%‘&5
09 %

FIG. 22. - The cytopathic effect of a culture
supernate of strain GRIA. X 60.



Teble XXVI

Neutralisation of the lethal and evtopathie

effects of Cl. oedematieng type B

Neutralisation obtained with a test dose of a

type B econcentrate in the presence of

Test
systent type A antiserum diluted 1 in
60 73 49 109 132 156
Mouse o+ + + = A 3
lethality + + + + = 2
+» + + + Fe @
CPE with - + + - - -
chiek * + + = = e
fibroblasts + + * = - o
Ex + + + o =
Neutralisatiotn obtained with a test dose of a
type B concentrate in the presence of
type B antiserum diluvted 1 in
240 294, 357 435 503 625
Mouse e + + — = =
lethality - + + = - -
+ + + - - -
CPE with + + + - - -
chick + + + - » -
fibroblasts + + + = - e
+ + + - - -
Neutralisation obtained with a test doge of a
type B concentrate in the presence of
type D antigerum diluted 1 in
10
Mouse -
lethality =
CPE with "
chiek -
fibroblasts -

+ = neutralisation;

- = no neutralisation;

#3 mice and 4 tissue culture tubes were used

for each dilution of antiserum.
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effects of the type B cencentrate. The type B antiserun clearly
neutraelised both effects at the same dilution of antiserum; the type
A antiserumn neutrelised both effects but with slight discrepancies
within 20 per cent, of the same dilution of antiserum. With the type
A entiserum, the CPE was not neutralised in 3 of 4 tissue culture
tubes by a dilution of the serum that suppressed the lethal effect in
2 of 3 mice, This may reflect the relative sensitivities of the two
systems or it may be thet other factors in the test dose were not sup=~
pressed by the heterologous antiserum. It seems reasoneble to con-
clude that within the limits of experimental error, the results

support the view that the lethal alpha antigen of Cl, oedematiens

cultures produces the well-merked CPE thet I have described above
(see Discussion).

Experiments were also performed to further characterise the CPE DH
|Cl. cedematiens, Cytopathic activity is detectable in cultures of
types A and B of the orgenism; in order to obtein clesr-cut positive
results, particularly with cultures of type A strains, it may be necesy
sary to use 0.1 ml. of the culture as the test dose. TFor routine
tests with cultures of ClL. ocedematiens the tissue culture medium
should be rencwed just before the test materiel is edded; Eagle's
maintenance medium wes satisfactory in tests with chick fibroblasts
during the present work.

The sensitivity of two other cell lines to the cytopathic agent
was tested; it was found that chick fibroblests, monkey-kidney cells

and BHEK cells sre almost equally susceptible to the cytopathic factor
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in cultures of types A and B strains of Cl, oedematiens.

Potent preparations of the cytopathic agent cause a recognisable
effect in chick fibroblast cells within 2 hr rolling at 37° ¢, end
80 per cent. of the cells are affected within 4 hr. . If the monoleyerd
are exposed to the agent for 5 min, then washed thoroughly, & slight
CPE is su?sequently observed; exposure for 15 min, followed by
washing causes a marked CFE. With less active preparations, the
monolayer can be exposed to the test material for at least 70 min.
without adsorption of the cytopathic agent. 'The CPE of potent
meterial is neutrelised by antiserum added up to 30 min, after expo-
sure of the monolayer to the ¢yltopathic agent. Thus, it appears that
the cytopethic factor in potent material is repidly edsorbed onto the
tissue culture cells, but the adsorption can be reversed by the addi-
tion of a suitable antiserum.

The cytopathic factor in type D culture concentrates of Cl. cede~
matiens affects chick fibroblast cells; BHE cells do not appear to
be susceptible. A correletion appears to exist between the lethal
and cytopathic titres of type O concentrates, and the effects are
neutralised by 2 homologous antiserum. Cultures of type D streins
were neither lethal nor oytopathic in the present work, The CPL of
the culture concentrates is difficult to quantitate and comparative
experiments are not easy. It is possible that the potent beta acti-

vity of a type D concentrate of Cl. oedematiens may produce & CFE

(see Discussion).




Other biological activities detectable in cultures of Cl. ocedemetiens

(1) Hyeluronidase. The hyaluronidase activity of culture super-

nates of Cl, oedematiens was tested with a modification of the method

described by Oakley and VWarrack (1951). The test employed bovine
synovial fluid as the substrate and is a meodification of the ACRA test
(see Gadalla and Collee, 1968), Hyaluronidase activity wes present
in CMB and CHB/G cultures of type B strains (2 of 2 tested) and one

type D strein of Cl, cedematiens that was tested; type A strains (2
of 2 tested) and strain GRIC gave negative results in the test. The
level of hyaluronidase sctivity in the above cultures was not assayed,

but the activity was clearly demonstrable.

(ii) Neuraminidase. The neuraminidase essay developed by Collee
and Barr (1968) was used., The test detects free sielic acid that is
liberated from mucoprotein-bound-complexes in & suitable substrate
after incubstion with test materisls that contain neuraminidase.
Neuraminidase activity was not detected in cultures of Cl, cedematiens

during the present work,

(iii) Dermonecrotic sctivity. The dermonecrotic effect of cul~

tures of Cl, oedematiens was not investigated eritically during the

present work. Dermonecrotic asctivity was demonstrated in & shaven
guinea~-pig skin, but in the easrly experiments the guinea-pig often

died as a result of several injections of potent materiel. It was
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observed that the injection of cagsal intradermally caused & marked
oedematous reasction. There is a considerable variation in the dia-
meter of the reaction zone that is produced by dermonecrotic material
depending on the test animal, but a gradation occurs. within the same
animal, The results of these experiments supgested that the dermo-
necrotic test with a type B culture concentrate is considerably more
sensitive than the LD50 dose or the CP50 effect of the same test

material,

The frectionation of culture products of Cl, oedematiens

It is clear that the major soluble antigens of Cl. oedematiens

have more then one biological activity, and that seversl antigens may
possess the same biological activity. Ideniification of the differ-
ent factors would be simpler if the antigens were readily purified,
and the antigenic preparations would then be of greal value in the
production of re1a$ivély monospecific antisera. lodern fractionation
techniques are applicable to the sepsration of the biologicel activi-
ties of culture produets, and it is often possible to achieve some
degree of purification during the preparation of the starting meterisl,
Clearly, it is necesssry to have optimally ective starting materials,
and the following studies were performed to obtain suitebly potent
preparations for gel-filtration procedures.

Cultures of Cl. oedemetiens possess haemolytic, LV end lethal
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activities that are readily demonstrable. The lecithinase~C enzyme
in culture products of the ocrganism provides an explanation for some
of the haemolytic end LV activities, but the nature of the lethal
antigen has not yet been established. 1In the present study the
haemolytic, LV and lethal activities of culture products were assayed
to indicate the degree of purification that was obtained in each of
the various procedures. The design of the fractionation techniques

assumed that the soluble antigens are large protein-like molecules,

(1) Fractional precipitation. Frectional preeipitation with

salts is oftten the initial step in the purifieation of enzymes;
ammonium sulphate is the salt of choice because it is extremely sol-
uble in water, and it has no harmful effects on most enzymes. The
results of initisl fractionation experiments with ammonium sulphate-

precipitated CMB cultures of Cl. ocedematiens suggested that most of

the biological activity was present in the fraction that precipitated
at 20 = 60 per cent. ammonium sulphate saturation; more detailed
precipitations were then performed. It was observed during these
experiments that a precipitate often appears during the dialysis step
to remove ammonium sulphate from the re-dissolved precipitated frac-
tion; the dialysed solution can be clarified by filtration, but the
precipitate contains elmost as much biological asctivity as the solu-
tion,

The results of haemolytic and LV titrations with 500-ml. CMB

cultures of type A strains of (1, oedematiens suggested that individual
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heemelytic and LV factors were pfesent; ﬁhe LV activity of these
cultures increased between 1 and 5 days' incubation and the haemolytig
activity decreased in the same period. Experiments performed with
concentrated fractions prepared from CMB cultures of. type A strains
indicated that the biolegical activities may be seperated in fractiong
that precipitate at different percentage saturations of ammonium sul=-
phate (see table XXVII).

On several occasions, 500-ml. CMB cultures of type A strains con-
tained no deteotable lethel factor; in the cultures mentioned above,
the overnight culture was lethal but the 5-day culture possessed no
lethel ectivity. The lethal elpha antigen is the most significent
component of Cl. oedematiens cultures, and although the separation of
haemolytic from LV ectivity in type A cultures is of inferest, I
turned my attention to type B cultures which ere more potently lethal
than type A cultures.

Fractionsl precipitation of a CMB culture of & type B strain of
Cl. cedematiens showed thet lethal sctivity was detectable in frac-
tions precipitated at 20, 40, 60 and 80 per cent, seturation with
emmonium sulphate; haemolytic sctivity was elso present in each fracq
tion with maximum activity in the 4O - 60 per cent. fraction; end IV
activity wes detectable in only the 40 ~ 60 per cent, frection. 1In
order to estimate the recovery of biological asctivity efter salt
precipitetion, s fractionstion experiment wes performed with strain
GR1B grown in CMB and in IB, The titres of the concentrated frac-

tions are given in teble [ViILand the results are treated in teble XXIX
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Table XXVIT

The ammonium sulphate fractionation of

a type A CMB culture of (1. ocedematiens

Strain of Percentage saturation HL titre®
Cl. range of (NHI&) 0 (b cells) LV titre®
cedemaetiens precipiteting ac!fion Aoz
GR1A 0 - 40 80 : 160 160 : 320
40 - 60 80 : 320 80 : 80
60 - 80 80 : 160 <10 :<10

#first resding after 1 hr at 37° C;

second reading after ccoling at W 0 overnight,
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Table XXVIIT

Ammonium sulphate fractionation of

cultures of Cl. ocedematiens strain GRLB

Jﬁercenta.ge
saturation "
Culture range of HL titre™ IV titre® Lezl::::.‘i.ty
medium (MHY.) S0 (human cells) 5= Rkew
precipi%a‘b&ng :
fraction
ooe <10 : 10 <10 :<<10 40
Cooked=- 0 - 40 10 : 2 10 : 20 160
meat
bivoth 40 - 60 30 3 39 40 : 80 640
60 - 80 <10 :<10 <10 :<10 40
e <10 : 10 <10 :<10 160
o T, 0 = 40 10 : 40 <10 : 10 >80
broth 50 - 60 80 : 320 40 : 80 &40
60 - 80 20 : 160 20 : 20 80

*Pirst reading after 1 hr incubation at 37° ¢;

X o P
second reading after cooling at 4 C overnight.

®rest dose of 0.1 ml. injected.
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as an enzyme fractionation experiment (see Dixon and VWebb, 196k, p.
32). The protein recovered in the three concentrated fractions of
CHMB or IB was 38 per cernt. and 27 per cent. respectively; the yield
of haemolysin was about 40 per cent; and about 20 per cent, of the
lethal aotivity‘was recovered. The purification factors celeculated
on the basig of specific activily of the fractions ere rsther low.
At this point, preliminary experiments suggested that the bioclogi-

cal activities of Cl., cedematiens were separable by gel-filtration.

Thus, it seemed reasonable to concentrate the culture supernate in
order Lo provide active starting meterials, and then to fractionete
the product on Sephadex columns. Polyethylene glycol (PEG) was used
as the concantr%ting agent and the results of a typical concentration
procedure are given in table XXX. (Clearly, no purification is invol-
ved in this teeénique; the protein recovery is about 65 per cent.,
and 45 -~ 55 per cont, of the biological activity is retained. Subse-~
quent work with type A and type D cultures of the organism suggested
that the recovery of biological activity after concentrations with
iG may epproach 100 per cent.

On the basis of the above results, the ammonium sulphate precipi-
tation step does not appeer to be justified with these cultures, and
direct culture concentration followed hy gel-filtration was used in

the latter part of this work,

(11) Gel-filiration. Cel-filtration studies were performed on

columns of Sephadex gel during the present work. Initial experiments
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were carried out with a glass column (60 x 0.9 em.) with & water-
cooling jacket; the column was packed wiﬁh Sephadex G-100, FPhosphaly
buffer or PBS (pH 6.8, 0.02M with respect to phosphate) was used in
most of the work; buffers such as tris-meleate buffer and Michaelis
buffer geve UV sbsorption pesks on the protein recorder and their use
in this part of the study was discontinued.

In the early experiments, concentrated ammonium sulphate-precipi-

tated fractions prepered from cultures of Cl, oedemstiens were used ag

the starting materiels, The result of & typicel column experiment
with & concentrated fraction prepared from & CMB culture of a type 4
strain of the organism is given in fig. 23 (p.168a). The protein
trece of the eluate from Sephadex columne in most of the experiments
wae similar; the fractions separated into an initiel narvow pesk of
protein material followed by a second diffuse pesk; the Biological
activities appeared predominantly before the second protein peak,
In general, the lethal factor was eluted slightly faster than the
hzemolytic and LV components. A lerger volume of the starting mate-
risl was then applied to the ecolumn; +he protein trace in this experir
ment formed a single, large diffuse peak and the biological activities
were present in the same fractions of the eluate. It appears that
the column was overloaded with material during this experiment.

The results of similer gel-filtration experiments with concentra-
ted fractions prepared from type B and D strains of Cl, cedematiens
are given in figs. 2, and 25 (p. 168b and c). The haemolytic and

LV activities in both of the sluates are closely related; however,




FIG. 23, - The distribution of bioclogical activities in fractions
eluted from & column of Sephadex G-100 loaded with
concentrated culture prepared from e type A strain of

Cl, oedematiens.

= protein content;

o—a = haemolytic activity;

*r— —— -2 = factor producing opalescence
in egg-yolk emulsion.

* = Arbitrery estimate of level of activity in test material,



OOy

90 ¢t

%0

RELATIVE

POTENCY

-—
- -
-

e w

LETHAL

i

©)
~

v 082

v
iV

NOI Ld¥OS8V

o

O

e

3O9V1IN3IDH3d

30}

20F

1Op

120

110

90

80
NUMBER

FRACTION




FIG. 2. = The distribution of biological asctivities in fractions
eluted from a column of Sephadex G-100 loaded with
concentrated culture prepared from a type B strain of

(l, cedemgtiens.

—— = protein content;
o—0 = heemolytic activity;
- --—---9 = factor produecing opalescence

in egg~yolk emulsion;

C-imeme-C = cytopathic activity.

* = Arbitrary estimete of level of activity in test material,
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FIG, 25, = The dletribution of blological activities in fractions
eluted from & colunn of Serhsdex G-100 loaded with

concentrated eulture prepared from a type D strain of
L. cedematiens.

= protein content;

o—0 = haemolytic activity;

*r————— = factor producing opalescence
in egg~yolk emulsion.

¥ = Arbitrery estimate of level of sctivity in test materisl.
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there appears to be a slight separation of the cytopathic activity
and the haemolytic activity in fig. 2.

As the separation of biological activities with Sephadex G~-100 in
the above column was not setisfactory, a similar‘column of Sephadex
G~200 was prepared. The results obtained with this column were
gimilar to those described above; fthere was & slight separation of
the lethal and haemolytic activities; the recovery of biological
activity was L5 per cent. of that applied end the purification factor
was 1.5, Subsequent experiments with buffers at pH 5.0 and 8.0 did
not enhance separstion of the biological sctivities.

The results above suggested that Sephadex gel wes capable of
separating the soluble products of Cl. vedemstiens, and it seewed that
& longer column might give belter resolution of the biological activi-
ties. In the following work a lerger column (100 x 2,7 cm.) packed
with Sephadex G~-200 was employed; the column did not heve & cooling
Jjacket, Problems essociated with settling of the gel in the column
were encountered; in the early experiments the flow rate gradually
decreased and the protein trace was greatly extended., A gravity-
feed reservoir was used in the present work and the hydrostatic head
(meesured from the surface of the reservoir to the level of the outlet
above the fraction collector) should not exceed 15 cm. if a satisfac-
tory flow rate is to be maintained.

The separation of biologicel activities with the larger column of
Sephadex G-200 was considerebly betler than in previous experiments,

The results of a typical fractionation experiment are shown in fig. 26




FIG. 26. - The distribution of biological activities in fractions
eluted from a column of Sephadex G-200 loaded with
concentrated culture prepared from a type B strain of

Cl, oedematiens.

o————0 = heemolytic activity;

*————— = factor producing opalescence
in egg=~yolk emulsion,

Note: (i) Lethal activity wes detected in fraction 173 thet
presumably represents the "tail' of the =lpha
entigen;

(ii) The titrations of haemolytic and LV activity
were performed in perspex plates; inaccuracies
associated with this technique (see text) may
sccount for the apparent partial sepa.ration‘ of

the activities.
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(p.1699. The protein traces in these experiments agein show a
double peak, but the traces are more elongated than those in figs.
23-25 (pp. 168a = ¢ ). The lethal activity appears just after
the void volume and the initial protein peek; haemolytic and LV actid
vities are eluted much later during the early part of the second pro-
tein pealk, but there is a partial overlap of biological asctivities in
the centre of f'ig. 26, Eluted fractions that contained lethal or
haemolytic activity were pooled and reconcentrated. The recovery of
haemolytic and LV activity in the reconcentrated fractions was 25 per
cent. of the total applied to the column; 2-fold purification was
effected. Only 6 per cent. of the lethel factor wes recovered, and
the degree of purification wes less than 1 in terms of the specific
activity. Appropriate neutralisation tests indicated that the alpha
and the beta antigens were responsible for the respective biological
activities.

It appears from these results that the lethal factor of Cl. ocede-
metiens is more labile then the haemolytic factor, This observation
may be related to a steadily deoreasing flow rate during the experi-
ment and the slow passage of soluble products through an unjacketed
column. Subsequent results obtained with columns with more rapid
flow rates showed that 34 per cent. of the lethal factor was recover-
ed in one experiment; purification was almost 3-fold in terms of the
specific sctivity.

The preparction of starting material that was potently lethal was

echieved et the expense of haemolytic and LV activities, which are
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usuaelly rather weak in infusion broth oultﬁrea. Further dilution
occurred during the fractionation procedure and on several occasions
haenolytic activity without aspparent LV activity wes detected in the
eluted fractioﬂs; Experiments withla concentrated type D culture of
the organism indicated that the haamolytie and LV activities of this
organisﬁ eluted in identical fractions; the haemolytic titre of the
reconcentreted partisliy-purified fraction was 8-fold greater than the
LV titre. It was caloulated that the haemolytie activity detected
in experiments-with type B cultures occupies a similer position in the
elution volume to that of the beta antigen of type D oultures. It
was therefore concluded thet the sbsence of LV activity in the above
experiments reflects the relative sensitivities of the indicator sys-
tems,

On the basis of the above results it appears that the lethal acti~

vity in cultures of type B strains of' Cl. oedemeatiens can be seperated

from the heemolytic and LV ectivities with 2 suiteble colum of Sephe
dex G-200, Small columns do not give satisfectory resclution of the
biological activities. The yield of the biological aoﬁivities is
rather low and thus the degree of purification is comparatively poor;
this mey be related to the lability of the soluble products and the
need for more efficient protective measures is indicated during the

fractionation procedures.
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The production of antisera

A preliminary attempt was made to compare the antigenicity of

crude and partially-purified fractions of Cl. cedematiens. The anti-

sere were prepared in rabbits (see lMethods) and were tested for their
protective capacity in mouse lethality neutralisation tests.

The biological activities of the two antigenic preparetions are
given in table XXXL +{he anti-lethal antibody levels in the respective
sera are shown in table XEXII.

It should be borne in mind thet the results given in table XXXII
were obtained in experiments that employed doubling dilutions of the
test materisls; the velues merely represent an indication of the
level of zctivity. Clearly, the neutralising power of these antisers
is low compared with the experimentel and commercisl anbtisera;  how-
ever, the levels were produced after only two injections of the anti-
gen; the rabbits were not hyperimmunised., It is significant that
the partially purified antigenic preparation stimulated a reasonably
potent anti-lethal component, bearing in mind the low protein content

and the low level of lethal sctivity in Fraction I.

Immunodiffusion studies

Ellner end Green (1963) used an agar-gel diffusion system in
studies of the precipitating soluble antigens produced by a number of

clogtridia. The soluble antigens of the species that they examined




Teble XXXI

The biologieal activities of the antigens

used for the preduction of antisera

Protein activie activity LY getivity
Antigen : eontent y | (mouse 7p | (haemolytic (Lv unit;:
mg. per ml, : mite per per ml,
per ml.) .
Fraction I 0.7 200 < 20 < 20
Fraction TT 17.3 24,000 160 20
(erude '
fraction)
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Table XXXII

The antibody levels produced in the rabbit

Antibody levels (anti-mouse ID per ml, of
antiserun) present in the antisera on day
Antigen
0 (econtrol) 8 20
Fraction I < 150 300 (2)* 3000 (20)#
Fraction II < 75 3000 (20)#* 12000 (75)*
(erude
fraction)

#*The figure in brackets refers to the approximate level of
anti-alpha units in each antiserum, calculated on the basis
that 1 anti-alpha unit of 1, oedematieng experimental
antiserum EX1546 neutralises 160 mouse 1D,
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were very heterogeneous and reciprocal and non~reciprocal cross-
reactions occurred. These workers speculated whether the eross-
reactions thet they observed with type A and B strains of Cl, cedema~-
tiens might be related to the alpha, bete or gamm; soluble antigens
described by Oakley et al. (1347). Gel-diffusion tests with culture

products of Cl. osdemetiens were performed during the present studies

in order to determine the components that sre involved in some of
these reesctions.

My early experiments were with emmonium sulphate~precipitated
frections derived from CHB cultures of type A strains of Cl. cedemp-
liens; several precipitetion lines were cbtained in tests with homo-
logous or heterologous antisera (figs. 27 and 28, pp. 175a and b).
Further work showed that the fraction precipitated at 40 - 60 per cemiy
galt saturation gave the greatest number of lines in these tests, and
the 0 - 40 per cent, fraction gave no visible lines, Tests with con-
centrated culture products obtained from strains of other types of the
organisn gave similar results (see figs. 29 end 30, pp. 175¢ and d).
Partially-purified culture fractions prepared in gel-iiltration ex-
periments gave fewer precipitation bands than the parent meterial,
and ecross-reactions with heterclogous antisera still occurred.

It is possible that certain constituents of culture media afe
antigenic and may be responsible for some of the cross-reactions des-
eribed shove; however, no precipitation bands were observed in tests
with concentrated, uninoculated culture media, It seemed probable

that most of the oross~reactions were caused by bacterial cell




Note. 1In the following figures, the reactants were prepared from
cultures of Cl. oedematiens that were precipitated at different
levels of ssturation of ammonium sulphete. Thus, GR1A 0/60 is
the product of strain GR1LA precipitated by the addition of ammonium

sulphate to 60 per cent. saturation,
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Immunodiffusion experiments

FIG. 27. - Centre well: C(Cl. oedematiens type A antiserum;

Outer wells: 1 and 2 = GRIA 0/60,
3 and 4 GR2A 0/60,
5 and 6 GR1A 60/100.



FIG.

b

Immunodiffusion experiments

28.

Centre well:

OQuter wells:

GR1A 0/60;

l and 2 = Cl. oedematiens
type B antiserum,

3 and 4 = Cl. oedematiens
type A antiserum,

5 and 6 = Cl. oedematiens
type D antiserum.
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Immunodi ffusion experiments

FIG. 29. - Centre well: Cl. oedematiens type B antiserum;

Outer wells: 1 and 2 = GR1D 0/100,
3 and 4 = GR2B 0/60,
5 and 6 GR2A 0/60.
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Immunodi ffusion experiments

FIG. 30. - Centre well: Cl. oedematiens type D antiserum;

Outer wells: 1 and 2 = GR2A 0/60,
3 and 4 = GRID 0/100,
5 and 6 = GR2B 0/60.
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antigens that are present in each type of the orgenism. Twice-
washed and resuspended bacterial cells obtained from an infusion broth)

culture of a type B strein of Cl. oedematiens gave at least fiive lineg

in tests with a homologous antiserum; it was found thet most of the
lines that develop with concentrated products prepared from type A and
B streins of the organism ere identical with lines that appear with
the bacterial cells. The cell suspension also gave two lines with a
type D serum and three lines with a {ype A serum thal were identical
with lines obtained in tests with the homologous (type B) serum.
Washed cell suspensions obtained from CuMB culiures ususlly give Lfewer
lines in gel-diffusion tests than the concentrated product that is
prepared from the same cultures. FPrevious results indicate that
thrice-washed bacterial cells possess traces of hsemolytic activiivy
demonstrable only after ulbtrasonic disintegration of' the cells; thus,
it is unlikely that the precipitetion lines that develop with the
bacterial cell suspensions are ceused by biologically active soluble
products.
These results confirm the findings of Ellner and Green that

several cross-reactions occur in tests of the precipilating antibodies

£ Cl. cedematiens; it appears that most of theae croas=reactions
are caused by antigens that readily become soluble and ere associated
with the bacterial cells. This observation is consistent with our
previous knowledge of the serology of this group of organisms. IThe
number of precipitetion lines that develop in these tests depends to

some extent on the culture medium, but it is clear that a typa'B




177

strain gives the greatest number of lines with homologous and with
heterologous entisera. At least one type-specific line was obtained
in each case with a type A and type D culture tested egainst the res-
pective antiserum, A concentrated product dsrivéa from strain GR1C
in CMB gave one or sometimes two lines in tests with heterologous
antisera; the bacterial cell suspension obtained from this culture
gave no precipitation lines in similar tests.

The writer {hen decided to use the immunoelectrophoretic procedure

to detect the precipitating antigens of Cl, ocedemstiens, es this tech-

nique is more sensitive than double diffusion tests iﬁ agar plates.
Preliminary experiments suggested thet a phosphate buffer of low
molarity (see liethods) was setisfactary in the electrophoretic aystem;
rung were performed at & constant voltage of 250V for 90 -~ 120 min.

It was found thet a suspension of becterial cells of sgirain CGRIB
gromm in infusion broth gave eight precipitation lines with a comuer-
cial homologous antiserum; five lines migrated towards the anode and
three moved towards the cathode. The cell suspension gave five lines
in tests with a commercial Gype A antiaefum an%rat least three of

these were shared with the type B serum.

Note: The immuncelectrophoretic results suggest that some of the

antigens associated with the bacterial cells of (l, cedematiens might

be separated on charged DEAE columns; and it would also be of inter-
est to develop the precipitetion lines af'ter electrophoresis of the

antigen with the fluorescent labelled globulin., Further lmuuno-
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diffusion investigations mey elucidate the relationship of the cellu-

lar antigens within the Cl, oedematiens group, and it is possible that

some of the antigens may be releted to the cellular antigens of other
clostridisl species; this informetion may be of velue to the texono-
| mist. However, it is clear that considerable caution must be exer-
cised in the provisional iderntification of the preecipitation lines,

and it seemed that this approach wes unlikely to yield further signi-

ficant information during the presert study.
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The reported occurrence of Clostridium oedemstiens depends largely

on the suceess of techniques for the isolation and identification of
this demanding organism; The work of Oakley end his colleagues
(1947, 1959) provided a serological basis for the recognition of four
distinet types of (l. oedematiens, but the knowledge hes not been
fully utilised in the field., This is almost certainly related to the
difficulties of lsolating and subculturing the organism, and the prob-
lems that were encountered early in the present study mede it clear
that more laboratory work with this organism is essential before fur-
ther field studies cen yield accurate data. There are numerous
reports of the isclation of this demending ansercbe in deep-ager cul~
tures (Turner, 1930; Smith and Jasmin, 1956), end Williams (1962,
196k) commented on the frequent failures of isolation of type B and D
streins on solid media. Although the deep-agar culture technique is
now superseded in anaerobic bacteriology, the suecess that accompanieﬁ
this procedure should not be too readily discounted.

The introduction of the fluorescent staining technique for Cl.
oedemetiens was followed by several descriptions of the presence of
this organism in smeers prepared from various orgens in cattle, sheep
end pigs; in only two of these reports was the organism isolated
from the infected materisl, Corbould (1966) encountered considersble
difficulty: "a few isolates" were obtained from 82 ovine livers that
contained Cl, ocedematiens demonstrable with the fluorescent technique,

Bourne and Kerry (1965) isolated an organism from cases of sudden
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death in pigs that was identified as Cl. cedematiens on the basis of

the fluorescent stain; the strain was not typed and the authors then
stated without further evidence that "the post-mortem findings do not
suggest that it is type B."™ The fluorescent globﬁlin is apparently

species~specific, but the recent temdency to use the fluorescent

procedure as the sole criterion for identification of Cl, ocedematiens

is not Justified. Tsolabion and type identification of the organism
are subsequently necessary in order to evaluate the specificity of the
commercial product and to characterise the orgenism that is involved.
Thus, the writer was obliged to accept the challenge of investigating
the problems associated with the isolation, subculbure and identifica-
tion of this apparently fastidious snserobe.

In spite of my reservations concerning the fluorescent technique,

the procedure has en obvious application to studies of (l. cedematiens

|

and was investigated extensively during the present work. The tech-
nigue geve good results, although certain technical problems merit
further investigation. A report of my initial impression of the
fluorescent procedure was sent to the lellcome Laboratories; the
report eriticised the keeping quality of the stain and noted that a
varisble degree of fluorescence of'ten occurred in the same suear.
Batty (personal communicaetion) agreed that the manufacturers relied
too heavily on the bacteriecidal effect of fluorescein isothiccyanate
and thiomersal; the thiomersel spparently gave rise to the granular
precipitate that was observed in the stain. The sterilisation pro-

cedure for the product had already been changed and subsecuent batches
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of the stain gave no further trouble. Batty pointed out thet the
manufacturers prepare the antigen from "very short-growth cultures”
in order to get a monespecific antiserum, and agreed that the degree
of fluorescence seems to depend largely on the u{-_;e‘ of the culture
that is used to prepare the smear.

The success of the procedure with strains of all types of the
organism confirms the observetions of Turner and Lales (1943) that
species~specific somatic antigens are present throughout the group.
The irreguler steining of organisms teken from older cultures end
from cultures in different growth media may reflect the absence of
these common antigens or Gtheir inaccessibility to the lebelled globu~
lin, In spite of these criticisms, the writer believes that {he
fluorescent technique has an important place in studies of Cl. oede-
matiens.

Berly in the present work, it became clear that type A strains of
Gl, ocedematiens grew consistently well on solid medie incubeted enae-
robically, but that strains of the other types usually failed %o
grow; there seemed to be little point in ettempling to isolate the
organisiu from nebural sources until more reliable methods were devel-
oped for culture on solid media,

At Pirst, it seemed thet the failures of growth associated with
type B, C and D strains might be related to failures of the anaercbic
environuent; accordingly, the early part of this investigation invol~

ved a reappraisel of the anaerobic technique. (L. cedematiens oi'ten

grows as & spreading film on solid media, and the spreading effect
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appears to be related to the humidity of the environment. In order
to eliminate the moisture that is contributed to the Jar environment
by passing hydrogen gas through liquid in & wash-bottle before admis~
sion to the jer, some time was spent perfecting the use of simple
manometry as an indication of catelyst sctivity. It was found that
the repid development of a secondary vacuwn in the enserobic jer is &
setisfactory indication thet the room-temperature ocatalyst is active,
but an increasing negetive pressure was observed in anserobic Jars
over & period of 120 hr, suggesting that the catalytic resction bet=
ween hydrogen and oxygen may occur rather slowly, It should be borne
in mind that a smell volume of eir is admitted to the jar esch time
the menometer is used and this mey allow successive reactions leading
to an increasing vacuum, nevertheless it seemed necessery to consider
the rate of production of anaerobiosis in the BTL jar, The results
of experiments performed with an indicator of anasercbiosis suggest that
an ansercbic environment is produced in the BTL jer within 2 - 3 hf,
however, this may not be a oritical demonstretion of the ebsence of
oxygen at a2 level that may yetl affect the viable particles. Parallel
experiments showed thet inconsistent surface growth of Cl. oecdematien
occurs in jars from which 2/5 or 6/7 of the air is evacuated.initi;;;j,

and a prolonged series of tests indicated thet the degree of evacuz
does not regularly affect the initiation of surface growth. 1t wes
conciuded that the irregular growth of these strains is not necesearﬂq
related to feults in the normal enserobie procedure. Despite these |

observetions, apparently superior results were often obtained in the
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electrically-operated BIL jar and this may be related to the repid
development of a suiteble microenviromment within this type of jar
(qave)s

The sensitivity of anaerobic bacteria to oxygen hes led various
workers to exclude air from the environment during the subeulture of
these orgenisms; Drasar (1967) claimed thet he obtained better re-
covery of certain anaercbes by this method. Recent studies in this
laboratory suggest that the subculture of Cl., cedematiens in an envir-
onment of carbon dioxide does not give more reliable recovery than
subculture in the presence of oxygen, although the method desizned
by Draser was considerably more exacting.

The controversy as to why ansercbic orgenisms fail to grow in the
presence of oxygen is still unsettled., Gordon, Holman and McLeod
(1953) reviewed an earlier suggestion (McLeod and Gordon, 1923) that
the intolerance of ensercbes to oxygen is due to the formetion of
hydrogen peroxide. These suthors observed that "the production of
traces of hydrogen peroxide when reducing systems are oxidised with
oxygen is well known," and they presented evidence that centrifuged
deposits of anserobic becteria that were freed from traces of medium
and metebolites give positive reactions for peroxide efter oxygenation|
They also suggested thet proteolytic activity may increase the concen-
tration of substences that are capable of mesking the presence of
hydrogen peroxide. Catelese is one enzyme that splits hydrogen
peroxide a.nd it is well known that many anaerobic bacterie are cata-

lase-negative, Holman (1955) suggested that ansercbic bacteria grow




18

nearer to the surface of shake cultures if & preparation of catalase
is added to the upper leyer of the medium. Mateles and Zuber (1963)
pointed out that the catalsse used by Holman was impure and may have
contained a number of reducing agents; these workérs were unzble to
confirm Holman's observetions with a purified preparation of crystal-
line catalase. MNechanisms in addition to catelase are now thought to
exist for the breskdown of peroxides (see Whittenmbury, 1964), snd the
difficulties associated with the design of criticel experiments are
reflected by our present superficiel knowledge almost 50 years alter
the original suggestion that peroxide toxicity is involved.

Willis (1965, p. 83) attempts to relate the presence of oxygen Lo

the problem of subculturing Cl. cedematiens; he states that the

organism is s0 sensitive to free oxygen that it dies unless special
precautions are taken during subculture. The present writer accepts
that the formation of peroxides may inactivate vegetative cells, bub
considers thet bacterial spores are likely {o be resisftant to oxygen;
thus, an inoculum on solid medium should be viable if conditions are
suitable Por the germination and outgrowth of spores. The following
experiments were designed to investigate whether the initiation of
growth of Cl. oedematiens is related to the presence of spores in the
inoéulum. This theory was supported by the following observations:
(i) type A streins of Cl. oedematiens grow readily on a variety of
solid media and preliminary observations suggested that these strains
sporulate more readily then strains of the other types; (ii) growth

of type A and B strains was obtained on solid media after heating the
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inocula; end (4ii) heavier growth of type B strains was obtained on
plates that were heated after inoculation. The latter observation
indicates that heat activetion of the spores occurs. It was else
noted that a spreading film of growth on s0lid mediuvm gives an impres-
sion of profuse growth, althod%h it may be derived from only & few
viable particles,

Experiments were then performed to relate the spore content of
cultures to their viability; it was found that overnight cultures of
type B strains of the organism invariably contain no visible spores;
sporulation occurs with prolonged incubation, and viable counts per-
formed on these cultures show & significant increase between 1 and 4
days, The ratio of the estimated spore count to the viable count was
gbout 1 to 150 and this implies that 2 large number of spores fail to
germinate. It is necessary to be cautious in interpreting estimates
of the number of spores present in these culbures; for example, when
dealing with bacterial populations of the order of 106, a spore esti-
mate of "less than one per cent." may represent 0 - (9 x 103) spores
in the culture. The presence of spores thus appears to be related tc
the viebility manifested in deep agar cultures and on spreadFPlaxe‘
eultures, bubt it seems that other factors are also involved. Stained
smears of cultures of type U snd D strains confirmed that these sireing
do not sporulate readily after overnight inoubation, and as a corollary
to these observations, it is possible that the absence of spores may
account for the non~viability of these strains on solid media.

There is ample evidence thet some anaercbic bacteria require the
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medium to be pertially reduced before proliferation can occur (see
Hewitt, 1950, p. 115). 1In the present work, all strains of Cl. cede-
ma.tigné grew consistently well in tubes of cocked-meat broth nedium,
but failed to grow in tubes of nutrient broth or p;a:ptone water medium,
Cocked-meat broth and nutrient broth are identical except that cooked-
meat broth contains meat particles, and it seems that one or more
factors present in meat particles allows the initiation of growth of
this demanding orgenism. It is well known thet meat particles lower
the redox potentiel of a broth medium; experimental results in the
present work with redox indicator dyes show reasonsble agreement with
the observetions of Lepper end Martin (1930) who found thet the Eh in
cocked~meat broth approaches -200mV, However, the pitfalls associ-
eted with the estimation of redox potentials by means of indicator
dyes were borne in mind, The addition of reducing agents such as
glucose or sodium thioglycollate to tubes of nubrient broth dees not
allow the consistent growth of type B, C and D streins of Cl, cedema~
tiens, end it may be significant that observetions with the indicetor
dyes suggest that these reducing agents do not lower the Eh of nubri-
ent agar sheke-cultures to the level obtained in cooked-meat broth,
In conjunction with the sbove investigations, experiments have
continued in an effort to obtain consistent growth of type B, C and D
streins of (l., cedematiens on solid medie. It was found that the
addition of iron filings to the surface of human blood ager plates
gives more profuse, much more relieble end more rapid growth of these

strains than is obtained on control plates. It appears that the
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effect is specific for Cl. oedenmatiens end does not ocecur with

Cl, tetani, another demanding anserobe. Metallic iron is oxidised
L:i;a. loses two electrons) to the ferrous ion at & redox potentisl of
~40nV, and it is possible that the availebility of eleetrons at this
low redox potential is critical for the outgrowth of viable particles.
Heated ('chocolate') blood agar is the most satisfactory medium for
growth of Cl. oedemetiens in the absence of iren filings, and the
relative success of this medium is presumsbly attributable to the
release of one or more factors from the disrupted blood cells; these
probably include iron and reducing agents. Although catalase maey
play a part in metabolic processes that involve available oxygen, it
may be unnecessary t;a introduce theories concerning this enzyme into
congiderations of the initietion of growth of Cl, oedematiens. If
we accept that the vegetative cells of this orgenism are readily
insctivated on exposure to oxygen, the growth obtained on routinely
used solid media in an anaercbic jar may primarily depend on the
presence of spores and the consistent development of a suitable redox
potential around the viable perticles. This involves considerations
of the spore content of the inoculum, the efficiency of the anaerobic
procedure, and the local Eh of swface cultures.

The above cbservations are speculative. The present results
merely indicate thet the presence of spores appears Lo be associzted
with the viebility of Ul. oedematiens, and that reliable growth of
type B and D streins occurs in the presence of iron filings. liuch

more work is required to determine whether the surface growth of
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Cl, oedematiens is derived from spores alone, and whether the out-~

growth of viable particles of type B and D strains 1s related to a
low redox potential. It would now be of interest to determine
whether viable counts on solid media with iron fililnga epproximate
more closely to the spore content of cultures. A simple gynthetic
medium would be useful in future studies, and experiments with single
cell or spore isolates transferred o liquid media that are pcised at
different levels of Eh may be of value. Whatever the explanation of
the iron filings phenomenon, the effect can now be utilised to oblain
relatively relisble surface growth of type B and D strains of Cl. oeds
metiens and this will facilitaete the isolation of pure cultures.

Tt became clear during the present investigation that & straight-
forward description of & recommended method. for the isolation of (1,
cedematiens is not recorded in the modern literature. As a guide for
future workers, an isolation procedure (fig. 51) has been compiled on
the basis of previous reports and the writer's own experience., The
procedure was used successfully in the present studies, end it is now
being evaluated in field trials (Bagadi, personal communication);
the outcome of further studies is ewsited with interest.

A number of cultursl procedures are described in fig. 31 and the
organism should be isolated by at least one of these. Differentizal
heating is of congidersble value in reducing the viability of comn-
taminating organisms; the samples should be heated in sealed, thin-
welled glass ampoules, end two different heating schedules are recom-

mended as spores of type D strains mey be inactivated at the higher

Ll




LIVER LESION:

I Remove aseptically with adjacent tissue.

11 a) make impression smears, stein with Gram's method and the
fluorescent globulin technique;
b) make an impression culture on selective blood agar plates®;
¢) extract a pipette core of tissue into Brewer medium and into
CiB; incubate anaerobically for 6 hr then subculture onto

selective blood agar®.

K 1 T Macerate a ﬁortion of the lesion with CMB, then
a) make smears of the macerate (sece II above);
b) subculture into CMB and onto selective blood agar plates®;
¢) heat 0.5 ml. of the maceraste in sealed glass ampoules for
15 min. at 65° C, and for 4 min. at 100° ¢; subculture
from each ampoule into CMB and onto selective blood agar

plates®.

IV  *Incubate the plates ansercbically at 37° C with 10 per cent. of

carbon dioxide added to the enviromment for at least 48 hr.

FIG. 31, - A scheme for the isolation of

Cl. oedematiens from infected material.
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temperature, The selective solid medium deseribed on P. 75 is not
specific for Cl, oedematiens, and growth of the organism is not guar-
enteed on this mediwm; 1t may be necessery to modify the medium in
the 1light of our developing knowledge; for example, the inclusion of
iron filings on the surface of the medium should now be considered.
The classification of isolates provisionally identified by the

fluorescent staining technique is best achieved by analysing culture
products of the orgenism for the presence of biological activities
that are characteristic of the alpha, bete or gauma antigens.
Strains may be encountered in ﬁhe field, however, that fail %o pro-
duce detectable amounts of the major soluble antigens; presumably,
these strains will be identified as type C strains in {the above system,
but if other tests are available it might be possible to assess lhe
relaetionship of these streins to poorly toxigenic sirains of types A
and B, At present, our knowledge of the characlers of the (1. ocede-
matiens group is poorly defined, end a re~examination of the cultural
and biochemical properties of the organism was indicated. The fer-
mentation reactions of the group were selected as being most likely
to yield meaningful results with the different biotypes.

Preliminary experiments indicated thet Cl, oedemetiens fails to
grow consisbently in most of the recognised fermentation media.
After extensive triasls with variations of media, cocked-meat broth
was chosen as the basal mediun for these tests. Cooked-meat broth
contains a small amount of fermenteble substrate and this presumebly

accounts for the fall of pH thet occurs during incubation of test
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strains in the control medium. The choice of a basal medium that
conteins inherent fermentable meterial can be criticised; however,
suiteble controls were included in each series of tests and the
medium had the advantage of supporting reliable growth on every
occasion,

Delayed fermentation reactions occurred in this medium and may be
attributable to a diauxie effect; there may be preferential utilisa-
tion of fermentable materisl in the medium followed by a delsy during
which suitable enzyme systems are produced to degrade the added sub-
strate, 1In addition, 'doubtful reactions' were obtained with some
of the freshly-isolated type B stralus in Tests with glycerol and to
a lesser extent with fructose; in the;a tests, the final pH of the
medium is ebout U,5 unit below thet of the subsirate-free control.
Most of the tests were repeated and similsr results were obtained
after 10 days' incubation. It eppears that the doubtful reactions
are consistent with individual streins, and slthough it is conceivable
that inhibitory factors are produced during degradation of the sub-
strates, it seems more likely that these strains lack enzymes required
for the complete utilisation of the carbohydrates.

Large volumes (100 ml,) of coocked-meat broth were used in the
present fermentation reactions so thet there was sufficient meteriel
i for serial tests during prolonged incubastion. Tests performed in
5 x % in. tubes of the basel medium gave equally satisfactory results
and are easier 4o handle; the pH of the culture supernates should be

determined after 2 and 5 days' incubation of the fest cullures.




i ik

Time did not pernit a more complete characterisation of the fer-

mentation reactions of Cl. ocedematiens during this section of the

work, Teats performed in Brewer medium during the early part of the
present investigation gave unsatisfactory resulta,'and the object of
my experiments was to develop a reproducible method for testing the
fermentation reactions of this group of organiﬁms. A limited number
of strains and substrates were intensively studied end the results
suggest that coocked-meat broth is & suitable basal medium for these
tests; it should now be possible to exploit the procedure that has
been developed in e wider range of tests. Recent studies indicate

that type A strains of Cl, ocedemetiens mey give delayed fermentation

resctions with meannose. This substrate wes not tested in earlier
experiments with these strains in coocked-meat broth, but it should
be borne in mind that glucose and mannose are closely related aldo-
hexoses.

Oekley et al. (1947) stated that A5 type A strains end 1 type B
strains of Cl. oedematiens showed considerable variation in the fer-
mentation of maltose and glycerol. These authors noted that lrregu-
lar growth of type B strains occurred in the fermentetion medium that
they used. Screening tests with a large number of strains of this
organism and & variety of substrates are now necessary in order to
assess the consistency of the results in cooked-meat medium. The

fermentation reactions of Cl, oedemetiens do not give sufficiently

repid results to be of value in a routine system of typing, but the

writer suggests that they are a useful adjunct to the present system
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that is based on detection of the soluble antigens., In addition, a
knowledge of the fermentable substrates may be of value in the design
of enrichment media for this organism,.

The present studies of the soluble products of Cl. osdemetiens
also exploited the reliable growth that was obteined in tubes of
cocked-meat broth. Although yields of certain of the biologically
active components of this orgenism are greater in infusion broth or
horseflesh digest broth, cultures in ﬁookedymeat broth relisbly pro-
duce detectable amounts of the soluble antigens which are important
in the typing procedure.

Two problems associated with the use of coocked-meat broth medium
in a routine system of typing were identified in the present work.
The first of these is that occesional negative LV reactions occur
with type B straeins in this medium; it is significant that Keppie
(1944) end Jamieson (1949) reported similar findings. Prolonged
incubation of the test mixtures at 37° C may cause apperently negative
resctions to becOmé positive, vut this does not appear to be a gener-
ally recognised procedure, |

Oekley et al. (1947) showed that the beta antigen of Gl. cedena- |
tiens is & haemolytic lecithinase, and the writer proceeded to
examine the heemolytic ectivity of cooked-meat broth cultures with &
view to incorporsting this test in a routine system of typing. It
was found that haemolysin tests with human cells give consistently
positive results with cultures of type B strains of the organism that

do not give a positive LV reaction. The haemolytic reaction appeers
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to be attributeble to the bete entigen, and it seems that the HL test
provides & more sensitive index of the presence of this product than
does the LV test. The writer suggests that the HL neutrelisation
test with human cells should be employed with the LV neutrelisation
test as the first stege in the provisionsl typing of unknowm strains
of this orgaenism. Red cells of horse and sheep can be considered as
alternative indicators of haemolysis in this test system, but they
are less sensitive than human cells and give a markedly 'hot-cold'
reaction; they are not recommended if human cells are availeble.

Tests were also performed in the present studies to investigate
the production of factors that are responsible for the haemolytic and
LV reactions in a number of different media. These tests confirmed
that with a type B strain, the LV factor is not detectable in a vari-
ety of different media, although a haemolytic reaction with human
cells can be demonstrated after overnight incubation., In tesis with
gtrains of types A and D, it was found that in general, the haemolytid
and LV activities are reduced if culture is performed in the presence
of fermentable substrates; type A streins with maltose and type D
strains with fructose are exceptions to this observation. The
present tests suggest that veristions in the production of haemolytic
and LV factors ere associated with the strein end with the medium;
this informetion wes valuable in the latter part of the work, when
potent culture products were required for frectionation studies.

The second problem associated with the eholce of cooked-meal

o

medium in the present system of provisional typing was that in most of
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the tests the haemolytic effect produced by cultures of type L strai
against human cells was not neutralised by the experimental homologou
antiserum, This observation is consistent with the results described
by Haywerd end Gray (1946). Neutralisation tests with commercisal
entiserum showed that the haemolytic activity of these cultures is
neutralised by a suitable antiserum, thus, the HL neutralisaetion test
is sufficient for the provisional identification of unknown strains.
However, until further information regarding this factor is available
& combination of the HL and LV neutralisation tests is recommended.

Further studies indicated that the 'non~neutralisable' hasemolytic
factor is associated with the growth of type A streins in the presence
of meat particles. 4 similear but more potent effect is obtained
after culture in nutrient broth with added egg-yolk emulsion,

The rapid and complete nature of the haemolytic reaction suggested
that traces of lysolecithin might be present in cooked-meat broth
cultures and in the egg=yolk reection mixtures. It has not been
possible to identify lysolecithin in these nixbures with the thine
layer chromatoéraphic technique end further information is clearly
necessary. The minor heemolytic components of this organism are
poorly characterised and deserve further attention; ealthough they do
not appear to be significant in terms of pethogenicity they may com=-
plicate the interpretation of EL neutralisation tests.

The present work demonstrates that it is impossible to identify
the minor bioclogically active components in culture products without

well documented antisera. A common difficulty in neuirelisation
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tests is that trace amounts of minor components mey eppeer to be
underneutralised in an otherwise accepteble pettern of results. Thig
mey be avoided by (i) incressing the amount of neutrolising antitoxin,
or (ii) appropriate dilution of the test sample, but the writer en-
dorses the statement of Oz2kley et al. (2947) that "The more informa-
tion there is available ebout the serum values of the sera used, ....
the more certainly can they be used for typing."

Fully documented antisera are not readily available; their
preparation is an exacting end time-consuming exercise. A solution
may now be provided by the use of thin-layer chromatographic tech-
nigues for the identification of different factors that affect ogg-
yolk emulsion., Although this procedure mey not have an immediate
application in a system of routine typing, its value in the charac-
terisation of culture products is obvious. For example, in the
present studies, thin-layer techniques suggest that the lipase activis
ty of type A strains grown in cooked-meat broth plus glucose, and
presuned to be asscciated with the epsilon antigen, is not responsible
for the aspperent underneutralisation of the LV resction. The effect
appears to occur in medis with added fermenteble substrates and may
be related to the fall in pH that ocours in such media.

Lecithinase and lipase activities were identified in the present
studies by thin-layer chrometographic anelyses of reaction mixtures

of egg~yolk emulsion with culture products of Gi, ocedematiens.

This simple technique confirms the careful work of MecFarlame (1948,

1950a), although of course the lecithinese ensyme was not characterised
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in the present studies. The breakdown of cephalin was provisionally
demonstrated in one of the reaction mixtures, and it is of interest
to note that the leeithinase-C enzyme of Cl. welchii is now thought
to be capable of splitting eephalin in the preaenoe. of lecithin (see
Rossiter, 1967).

The writer was hopeful that the thin-layer technique might iden-
tify the haemolytic factor thet oceurs in reaction mixtures of egg-
yolk emulsion with type A strains of the organism. At present, no
biochenically recognised haemolytic factor other than lecithinase has
been identified in these mixtures. Further studies will include
attempts to detect trace emounts of lysolecithin, and it may be
advisable to test the spot provisionally identified as diglycerides
for haemolytic aetivity.

ALlthough the lecithinase and lipase activities in cultures of

type A and B strains of Cl. oedemstiens are important in provisional

typing systems, the alpha antigen is the pathogenic component of'
these cultures. This factor has been recogniged as a soluble product
for meny years, but as yet, we have little knowledge of its nature or
its mode of setion, Elder and Miles (1957) showed that the alpha
antigen is a permeability factor in vivo and that its action is
rather prolongeda

The present results confirm that the lethal factor is rather heat+
labile and is rapidly inactivated at pH 6.8 over a narrow temperature
range; it appears to withstand exposure at room temperature to

buffer solutions at pH values from 3.6 to 9.4, although the lethal
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activity was not estimated quantitatively in these experiments.
Culture in the presence of- glucose markedly reduces the amount of the
lethal factor produced. There iz little evidence to suggest that

the biological esctivities of cultures of Cl, cedematiens increase with

prolonged incubation provided that adequate growth occurs initielly.
The results of gel-filtration studies in the present work indicate
that the elphe antigen can be readily separated from the haemolytic

and LV activities in culture products of Cl. cedematiens. The reco-

very of biological activity was very variasble during these fractiona~
tion studies, snd it is probable that considerable toxoiding occurred.
It is now possible to prepare a relatively pure sample of the lethal
factor and this might be utilised in suitable experimental systems to
determine the mode of action of this potent substance. Mice injected
intravenously with preparationslthat contain the lethal factor usually
die within 48 hr, but occasionally survive for 72 - 96 hr. The
a.n:i.gzals become sedated, and death occurs quietly with no signs of
distress or of nervous involvement. The elinical gigns are similar
%o those reported to cecur in naturally infected sheep. The illness
is more protracted in cases of gas gangrene in humens (lacLennen,
1962); type i strains of the orgenisw are usually involved in this
syndrome end it may be significant that these streins produce less of
the lethal factor than type B streins in culture media.

The effects observed after the injection of preparations contain-
ing the alpha entigen contrast sherply with the haemolylic efTect thef

cceurs in mice injected with preparations from type D strains of the
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organism, The extremities of these animals become dark and there is
& bloody discharge from the natural orifices. At necropsy, there is
& generalised internal haemolysis and the appearance is consistent
with the sdministration of & highly potent ha.emoly't:.;n.c factor. 1In
the present studies, injection of 0,1 ml, of the undiluted culture
products of type D strains was not lethal to mice and experiments with
concentrated culture products suggest that there is e minimun level
of bete aetivity below which the test materisl is not lethal.

Several commercisl organisations have recently introduced multi-~
component vaccines that offer protection ageinst a range of clostri-~
dial diseases including Black disease. In one of these products,
the Bleck disease component is toxoided and purified by emmonium sul-
phate precipitation, but the present results indicate that this is
not an efficient method of purification, Such preparations almost
certainly contain a large amount of extraneous antigenic material,
and it is unlikely that the recipient's response to the protective
antigens is maximal. In the present work, a partially purified

lethal fesctor was prepared from a type B culture of Cl, oedematiens

by gel-filtration end was then injected into & rabbit. Antibodies
were produced in the rabbit that neubralised a normally toxic chal-
lenge of Cl. oedematiens in mice; thus, it seems that the purified
fraction contained the alpha antigen. Highly purified antigens are
worthy of consideration in multicomponent veeccine preparetions, and
the writer considers that the alpha antigen of Cl, oedematiens is the

most likely constituent of the vaccine to yield satisfactory results
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in this respect.

Culture products of type A strains of Cl. cedemetiens frequently
contained no detectable lethel factor efter prolonged subculture of
the strain in leboratory media. Type B strains of. the orgenism
remained potently lethel during the present work, Turner (1930)
mentioned that he isolated a highly virulent but relatively atoxic
strain of Cl. cedsmatiens af'ter repeated passage of a type B atrain
through VF ager; the strain was not characterised. Turner also
suggested that naturally virulent and poorly toxigenic strains were
occasionally encountered in the field.

Smith, Cleus and Matsuoke (1956) described variant streins of
Cl, heemolyticum that they isolated from the livers of apparently
healthy cettle; these strains produced weak haemolytic, LV and lethal
activities in culture media; the haemolytic and LV activiiies were
neutrelised by "antitoxin to Cl., cedemetiens type B" but not by
"gntitoxin to (1, ocedematiens type A"; the levels of antitoxic acti-
vity were not stated. In addition, these strains were late fermen-
ters of maltose in Brewer medium, and produced indole in an undefined
(but presumably Brewer) mediws. The writer does not accept the claim
of Smith et al. that these strains are veriants of Cl, haemolyticum;
the authors appear to use indole production to differentiate their
strains from type B strains of (l. oedematiens and this cannot be
justified, Corbould (1966) stated that strains of Cl. cedematiens
isolated from normal sheep livers and identified with the fluorescent

technique appeared to be type B strains of low pathogenicity, but no
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further informetion iz given,

Streing of Cl. gedematiens isolated from infected sheep livers in
the present work included two streins (Rl and R3/4) that were provi-
sionally identified as type B strains on the basis of HL and LV
neutrelisetion tests. Subsequent experiments to confirm the presemce
of the alpha antigen in culture products of these strains gave unex~
pected results. Intravenous injections of 0,1 ml, of cooked-meat
broth oulture supernates into mice were not lethal; the same amount
of test material from strain Rl was not cytopathic in chick-embryo
fibroblasts, and 0.1 ml. of R3/k oculbure supernate gave a cytopathic
effect only after 48 hr, Both of these strains fermented maltose.

A more intensive investigetion of these strains is now envisaged;

the nature of the cyto;pe;thio effect observed with strain R3/4 auggestz*
that small amounts of the alpha antigen may be produced by this strain,
Three potently lethal type B isolates were obtained from the same
lesion as strain R3/k; strain Rl was the only isolate from the first
liver specimen end it is possible that & toxigenic type B isclate was
missed. It would now be of interest to determine whether these
apparently feebly toxigenic strains are pathogenie. It 1s possible
that such streins represent only a part of the bacterial population
of the lesion, and tha® their reported pathogenic effect is related

to failures to isolate & potently toxigenic sirein.
The cytopethic activity of culture products of Cl. cedematiens

has been investigated and partially characterised during the present
work, The alpha antigen of Cl, oedemetiens appears Lo produce a

well-defined cytopathic effect in chick-embryc fibroblast monclayers.
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The tissue culture cells become rounded and highly refrectile, and
this may reflect the permeability effect observed in vivo. [The cyto-
pathic test is a slightly more sensitive indication of the alpha anti-
gen than mouse lethality tests, and the effect is re;a.dily demonstrable
in culture supernates of the orgenism,

The lethal and cytopethic factors in a culture concentrate derived
from & type B strain of the organism were completely neutralised by
the same dilution of a homologous antiserum; the two effects were
neutralised to within 20 per cent., dilutions of a type A antiserum.
The discrepancy noted with the latter antiserum might be explained on
the basis that hysluronidase in type B cultures has a synergistic
effect with the alpha antigen; appropriate mixtures of type A and
type D antisers should completely neutralise the cytopathic effect of
type B cultures if this is so. Further studies with several concen-
treted products and different entisera are necessery to confirm beyond
doubt that the alpha antigen is the cytopathic agent in these cultures
of Cl, cedematiens; the present results strongly suggest that this
essumption is correct.

The cytopathic effect of type D culture concentrates is distin-~
gu;.shabla from the effect described sbove and appears to be related to
the lethal factor of these strains. The writer considers that potent
bete activity mey be responsible for the cytopathic effect of type D
streins of the organism, although the presence of hyaluronidase in
these cultures should be borne in mind., The cytopathic activity of

these strains wes not further investigated in the present work as the
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effect is not sufficiently well defined to be of vaelue in a system of
routine typing.

L system of typing based on the presence of the alpha, beta and
gamma. antigens is sufficient for the identification of unknown streins
of Cl, oedemetiens, and the writer recommends the following procedure.
A pure culture of the strain in coocked-meet broth is tested in HL and
LV neutrelisation tests with type A and B antisera; the results of
these tests differentiate tyve A streins from type B and D strains.
Type C strains should give mnegative HL and LV tests. Further tesis
to differentiate type B strains from type U strains depend on the
demonstration and neutralisation of effects that are characterisiic
of the alpha antigen; the production of this factor by type A straina‘
should elso be confirmed. Ideally, these tests should include mouse
lethality tests, dermonecrotic tests and the cytopathic test with
chick-embryo fibroblests; the writer prefers the cytopathic test but
in practice the choice is influenced by the facilities of the labora-
tory and the experience of the worker. The lethal and cytopathic
effects of type B strains are neutralised by both type A and type B
antisera, end the nature of the oytopathic effect indicates the
presence of the elpha antigen. The lethel and cytopathic effects of
type D streins are less potent than those of type B strains, and are
unaf'fected by type A antisera; these effects are neutralised by
homologous antisere, and may be neutralised by type B antisera thal
possess sufficient anti-beta activity. In addition, mice gying of a

type D toxaemia show considerable signs of haemolysis. Further
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information about the isolates mey be provided by their pattern of
fermentation recctions, and cooked-meat broth is the basal medium of
choice in these tests.

Results obfained in the present work suggest tha.at the problem of
surface growth of Cl, cedematiens may be related to the presence of
spores in the inoculum end to the development of a low redox potential
in the microenvironment, Vhatever the correct explanation, surface
cultures of type B and D strainalea.n now be obtained regulavly on
medie with iron filings., The development of & defined synthetic
medium has applications not only to studies of factors that iniluence
the growth of this organism but also to investigations of the soluble
antigens, end work is continuing along these lines. The soluble
entigens can now be characterised more precisely, gmd a combination
of these in-vitro studies with in-vivo investigations of the patho-
genesis of diseases associated with this orgenism should greatly ex-
tend our understanding of (1, cedemstiens as a pathogen of man and
animals. Procedures are thus available for the develepment of this
outstanding model of microbial pathogenicity, end it is hoped thaet
studies of some of these aspects may assist in the elucidation of

releted problems in other fields.
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Appendix 1

Strains of Cl, oedematiens obtained from Mr J, R, Hepple.

(1) Strains of NCTC origin:

GR1A NCTC 538 Batoh I
GR3A NCTC 6737
GRLA NCTC 6735
GR1C NCTC 9747 (OBB A)
GRID NCTC 8350
GR2D NCTC 8145

(i3) Strains from Aberystwyth Veterinary Investigetion Centre:

Glaxo colleection number

GR24 $277/6% (B)
GRZB 5281/6)
GREB 8277/64 (A)
*CRIB s277/6k ()
GR10B 5284.,/6l;
GR11B S286/6L,
GR12B §291/6.;
CR13B - 5292/64

*Results in the present studies confirm Hepple's view

(personel communication) thet this is a type D sirain.
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(1ii) Strains from Glaxo collection:

GR1B L THE
GR3B k758
GRAB 4798
"GR5B 480E
GR7B 513E

*Results in the present studies indicate that this
is a type A strain.
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Appendix 2

Sugpested procedure for operating the BTL ansercbic jer:

1. Comnect inlet H (closed) to pump and inlet V (open) to gauge.

2, Start pump and slowly open inlet H,

3. Lvacuate to -660 mm. Hg (25 in. Hg).

L4, Close inlet H; disconnect pump line; stop pump.

5. Connect a bladder of carbon diocxide to inlet H and run in until
gauge registers - 600 mm. Hg. (Omit this step if €0, is not
required.}

6. Close inlet H; change to hydrogen bladder; run in H, until
gauge shows zero.

7. Close both inlets; 1leave jar on bench.

AFTER 10 KINUTES:
8. Either admit more H2 vie Woulff bottle, OR PREFERABLY check with

manometer that & secondary vacuum of at leest 10 mm, Hg hes
been produced. Adnit more Hz'
9, Close inlets. Disconnect hydrogen bladder. Check gas cylinders

are closed.

10, Ixcubate jar.

To avoid failures, the following useful checks may be made:
The needle inlet velves require periodic cleaning and greasing with

high-vacuum grease.




216

The gesket sheuld not be greased but should be kept clean end dry.

The catalyst should not be in contact with water., Keep new cata~
lysts in a dry place.

Store unused jars in a warm dry place,

Wash out a jar occesionally; rinse with spirit; dry open. Do not
inelude the 1id in the washing process but keep it particularly
clean. Teake care to dry out the side~arm and remew the rubber

connection on the side-srm when necessary.
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Appendix 3

Preparation of Trypsinised Embryonic "Carcass" (10-13-day-old chick

embryos)s

1. Sterilise shell over air sac with alcohol.

2. Remove shell over air sac.

3. Peel off shell membrane.

4. Make & cruciform cut in CA medium,

5. Cut amniotic membrane.

6. Hook embryo round neck and transfer to Petri dish.

7+ Decepitate -~ remove stomach, crop and intestines - cut off legs.

8. Chop up remaining tissue with scissors and scalpels.

9. Vash twice in Henk's balenced salt solution (BSS) (50 ml. each
time) .

10. Ad4 50 ml. 0.25 per cent. trypsin (Difeo 1 : 250) in Hank's BSS
forewarmed to 37° C, pH 7.2 - 7.8.

11, Place on magnetic stirrer in "hot room" ( 37° ¢) or place in 37° ¢
water-bath, Leave for 20 - 30 min, Shake from time to time
if placed in water bath.

12, Using a wide bore pipette, suck up and down for 5 min.

13. Leave for 1 min. to allow larger pieces of tlssue to settle.

1. Trensfer supernatant to tubes or universal containers.

15, Spin gently for 5 min.
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16. Resuspend in 3 ml. growth medium.
17. Count cells in haemocytometer.
18, Dilute to 1 x l{)6 cells/ml.

19, Transfer 1 ml. to tubes.

Growth Medium

Bagle's medium - 90 ml,

Calf serum - 10 ml.
LA Naﬂc03 - 2,5m,
Penicillin = 100 units
Streptomyein -~ 100 ng.

Maintenance Medium

Bagle's medium = 98 ml,

Celf serum - 2 ml.
L5 NaHC{)3 - b wl,
FPenicillin - 100 units
Streptomycin - 100 ug.




