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PREFACE

Just as the investigation of the mechanism
of myxovirus haemagglutination has enhanced our |
knowledge of systems involved in myxovirus - host:
cell interaction, so the further study of
bacterial haemagglutinins may increase our under=

'standing of bacterial activities at cell surfaces.,

The author here reviews the literature on direct
bacterial haemagglutination with particular |

reference to conflicting reports regarding the

 haemagglutinin of Clostridium welchii and theories:
concerning its relationship to other products of
the organisme. In order to understand these
complex inter-relationships it has been necessary
to review our knowledge of such apparently
unrelated topics as blood group substances,
myxovirus haemagglutination, mucoprotein inhibi-
'tors and neuraminic acid complexes, neuraminidase,
'and the panagglutination (Thomsen-f'riedenreich)
 phenonenon,

The hsemagglutinin of Cl, welchii is charac-
terisedy its contested diffusibility studied and
its rble as a possible bacterial adhesive
mechanism investigated. The unitarian hypo=-
thesis of Wickham (1956b), that the Cl, welchii
haemagglutinin is identical with the neuraminie
dase and the enzyme of Cl, welchii that destroys
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blood group=A substance (A-enzyme), is tested.
The theory appears to be untenabley but Miss
Wickham's approach to the problem is developed
profitably..

The Cl. welghii haemagglutinin is found to

- have much in common with the myxovirus haemagglu-

tinin. Inhibitors of the Cl, welchiji haemagglu=
tinin are detected in substances known to contain
inhibitors of the myxovirus haemagglutinin., A
hitherto unrecognised inhibitor of the Cl. velchii
haemagglutinin is demonstrated in cooked=meat
broth and shown to be inactivated by Cl, welchii |

- eultures and by Vibrio cholerge filtrate contain-

ing neuraminidases The currently accepted
method for the demonstration of neuraminidase
activity, using myxovirus and red cells as
indicatory is ultimately dismissed as unsuitable
for the purposes of the present investigation in
wvhich interpretation of tests is fréquently
complicated by the coe=existence of bacterial
haemolysins and bacterial haemagglutinin. In ?
addition, a temperature-independent system which
blocks myxovirus receptors of red cells is
detected in Cl, welchid cultures. The limita-
tions oi tests employing red cells as indicator
become evident and a search is made for a

suitable substrate material with which to develop
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a biochemical assay procedure for direct measure-
ment of neuraminidase activity. A sensitive
assay procedure employing hen egg-white as sub-
strate is finally developed; strains of
Ll, welchll are then examined for neuraminidase
production by a test which is independent of the
red cell as indicator.

Tests of fractions obtained from individual
cultures of Cl, welchii afford further proof of

| the non=identity of the A-enzyme, the haemagglu=

tinin and the neuraminidase, but it is evident
that the haemagglutinin and the neuraminidase are
closely related, The difficulties involved in a
serological approach to the problem are now
outlined,

Preliminary findings of an investigation of
the panagglutination (Thomsen~Friedenreich)

- phenomenon are presented because this phenomenon

| may interfere in haemagglutination-inhibition

tests incorporating serum. Provisional evidence
of identity of the transforming prineciple with

neuraminidase is found, but there is important

- evidence that another mechanism of transformation

- involving an adsorption process is also operative

in certain Cl, welchij cultures, This finding
is discussed, separately from the main discussion,

with reference to coniusing reports in the recent
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literature concerning the panagglutination |
phenomenon and neuraminidase activity. !

The theory that the Cl. welchii haemaggluti~:
nin may be an altered form of its neuraminidase |

is subnmitted. The rble of neuraminidase in the

. econony of Cl, welchii is discussed and its

- initially directed my attention to this subject,

possible participation in mechanisms of pathogen=-
icity is considered.
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‘In a recent review of the literature on
i bacterial haemagglutination and haemolysis, Neter
i (1956) noted that the red blood cell has been of
| great use in microbiological studies during the
| past twenty years., Many of our laboratory tests
:which enploy the red cell as a convenient indica-

tor are still empirical, however, as we remain

' largely ignorant of the mechanisms which produce
i the visible phenocmena we have learned to recog-
'nise. Studies of the actions of bacteria and

! bacterial products at the red cell surface are

| likely to yield useful information because, in

; addition to increasing our knowledge of the
organism studied, they may shed light on the
nature of the cell surface and on the mechanisms
of its receptors. It is already evident that
phenomena observed at the red cell surface are

frequently similar to those occurring at the

' surfaces of epithelial and other cells so that
 theories based on such observations may have

| applications of wide biological interest., Thus,
in the virological field, the initial discoveries
of Hirst (19u1) and MeClelland and Hare (1941)
concerning haemagglutination by the influenza

virus led to intensive studies of the myxovirus

haemagglutinins and their substrates and contri-
ibuted much to our understanding of myxovirus-host

cell interactions.




There are several known mechanisms whereby
bacteria can bring about agglutination of red |
blood cells. Some involve sensitisation of the
red cells to antisera by prior exposure to
various agents including extracts of bacteria
which either adhere to the red cell surface or

 alter it engymically. Clumping of red cells by
these methods is referred to by Neter as ;ng;xgg&!
 bacterial haemagglutination. Direct bacterial
' haemagglutination, with which the work reported
here is mainly concerned, is defined by Neter as
the agglutination of red blood cells resulting

from the action of bacteria or bacterial products
'and is independent of the presence of normal or |
imnune serum. Direct bacterial huemagglutinins
'may be closely associated with the bacterial cell |
'and are then termed "cell-bound" or pon- !
' diffusible. Alternatively, a soluble haen-
iagglutinating substance may diffuse away from the
| bacterial cell into the surrounding medium and
:this is termed a diffusible haemagglutinin.

Bacterial haemagglutination was noted at the

beginning of this century by Kraus and Ludwig
(1902) and Flexner (1902) who deseribed haem-

agglutination caused by Staphylococcug pyorenes
and Vibrio cholerge and by Staphylococcus pyogeness

Psoudononas pyocyaneg and Salmonellg typhd
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| |
respectively. Uther early workers (Volk and
Lipschutz, 1903; Kayser, 1903) observed bacterial
haemagglutinationy their observations were sun=-
marised by Pearce and Winne (1904) who found
haemagglutinins in filtrates of cultures of
several organisms ineluding Salmon t 9
Se _ciiolerge= s Pgeudomonas pyocyanes, §Blﬂ§llﬁl
dysenteriase, Staphylococcus pyogenegs and :

St o : « Pearce and Winne thought

that bacterial haemagglutinins were causally

related in some cases to the developuent of |
thrombotic foel in the liver due to intravascular
agglutination of red cells. At this early stage,

'these workers clearly confirmed the existence of

!diffusible bacterial haemagglutinins, although
'the essential differences between direct and .
indirect bacterial haemagglutination were not
‘then recogniseds A few years later; a non-
;diffusible haemagglutinin of Egcherichia coli was |
‘described by Guyot (1908) and the history of the |
'subsequent development of this work was recently
outlined by Gillies (1959). Before proceeding
to a detailed study of diffusible bacterial
'haemagglutining it is advisable to review our
Eknowladge of non-diffusible haemagglutinins, as
considerable advances have been made since leter
(1956) expressed doubt at the concept of a cell-
| bound haemagglutinin and it is possible that the

various mechanisms may be intere-related.
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The commonest type of haemagglutinating
activity of Eggch, coli was finally characterised
by Duguid, Smith, Dempster and Edmunds (1955) who

found that it was due to the presence on the

' bacteria of non=-flagellar filamentous appendages

first observed by Houwink and van Iterson (1950),
occur in most strains of fgch, c¢oli, Aerobgcter
‘gloagae, She flexneri, Saluonells, Klebsiella,
'Eroteus and Serratia (Duguid et al., 1955; |
'Constable, 1956; Duguid and Gillies, 1956, 1957, \
1958)% Fimbriate bacilli adhere to various ‘

iwhioh they called "fimbriae"., These structures,

| substrates including red blood cells and cause

' between adjacent corpuseles. The haemagglutinin

haemagglutination by providing bacterial links

'is an integral part of the bacterial cell and is

'therefore non=-diffusible. It is most active in
‘the cold at 4oC,, haemagglutination being slightly
:waaker at 30 = L0eC, It is thermolabile and is

| inactivated within 1 hr at 80°C. (Gillies and

|
' Duguid, 1998). This type of haemagglutination is

usually inhibited by small concentrations of

' Demannose or a~methyl mannoside and is therefore

said to be mannose-gensitive. Exceptions are
found in Proteus (Gillies, 1959) and in some |

strains of Klebsiella and Serratig which possess

* gee Plate 1,



Plate 1. Electron micrograph showing typical
fimbriae.

Escherichia coli X 40, 000.

(Photograph by Dr. J.P. Duguid).




| atypical fimbriae (Duguidy 1959), but, in general,
| fimbriate bacteria possess a non-diffusible,
mannose~sensitive haemagglutinin or 'gdhesin'
; (Duguid and Collee, 1959). ‘
Duguid et al. (1955) observed non-diffusible |
|

haemagglutinating activity in some strains of |

paracolon bacilli, Bgcterium freundij, Bact.
cloacag, Alkaligenes faecalig, Salmonella typhl, |
Bs_paratyphi B, S enteritidis, Shirella flexnori,
She_sonned, Pseudomonas pyocyanea, Exoteus, |
' Bacillug cereus, Corynebacterium diphtheriag, |
S, hofnami, C. DyOgeness ar icg,

E. pgeudotuberculosis, Vibrio cholerge and i

' ocoe Fimbrise were denon- |

strated in some of these but the authors correctly
 forecast that it was unlikely that the cell-bound
'haemagglutinating activities of such diverse
specles were in all cases due to the same kind of
‘mechanisn, .

i Constable (1956) stressed that red cells are
‘econvenient agglutinable particles and he attached
no significance to the specificity of the fimbriali
%haemagglutination reaction as fimbriate organisms |

are known to agglutinate other cellular elements

‘such as yeast cells. The fimbrial haemagglutinin
certainly has affinity for apparently widely

‘heterogenesis materials but it is not devoid of



specificity in that it is usually remarkably
sensitive to mannose inhibition and also shows
congsistently varying degrees of affinity for red |
cells of different species. Thus it is possible |
that the haemagglutinin has affinity for a sub=- |
stance which is widelf distributed in nature.

Fimbriate organisms are able to mutate
' readily to a non-fimbriate phase and may oceur in

| the fimbriate phase only when there is a selective

,influanea. Although there may be some associa-
tion between fimbriae and fermentative capacity
(Maccacaro and Angelotti, 1955; Duguid, personal |

|
| . |
to be adhesive organs which, though not involved |

'communicaticn) finbriae are generally considered

;1n all adhesive mechanisms of fimbriate organisns,

' provide a means of attachment to a wide range of

|cells. Many saprophytic organisms can adhere to

mineral and organic solids by mechanisms unrela-

ted to fimbriae and it is reasonable to presume
that such organisms will benefit by growing in
contact with surfaces where nutrients may accunu-

late by adsorption (ZoBell, 1943) or where the

|
'action of soluble lytic bacterial products may be

economically concentrated (Duguid and Collee,
11959). Adhesive mechanisms may also be of use
in retaining a saprophytiec organism in a .

favourable environment, e.g. at the surface of
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. fluids by pellicle formation (Duguid and Gillies,
1957)y or in contact with cells which may leak :
nutrient substances. Thus fimbriae may be of
use in the nutrition of a commensal organism by |
enabling it to adhere to tissue cells in vivo or
by maintaining its contact with shed epithelial |
cells, As fimbriae may be disadvantageous to ‘

- an invasive pathogen and as it is evident that '

some invasive enterobacteria are permanently none-

fimbriatey, .8 ell g fimbriae

are not thought to be involved in cellesurface
attack and are most likely to be of advantage to |

an organism pursuing a commensal or saprophytic ‘

existence. Indeed, the optimal activity of the |
fimbrial haemagglutinin at temperatures well
below 37°C, makes it unlikely that this adhesive
mechanism subserves any pathogenic rfle in man
unless an enzymatic mechanism co=exists which may |
rapidly liberate haemagglutinin inhibitor in the ‘
:course of cell-surface attack, _
Although we have evidence in the myxoviruses
of adhesive mechanisms providing an initial means
‘of access for enzymes involved in cell=-surface ‘
decomposition, we have no proof that this type of
:mechanism occurs in fimbriate bacteria. However,

there are some examples of apparently non-diffu-

'sible haemagglutinins which may exploit similar



mechanisms., Some strains of Jsch, coli,
1ncluding\many that are haemolytic, possess a
nannose-resistant haemaéglutinin wvhich appears
to be non=diffusible but may be independent of
fimbriation and is active for only a few red cell
species (Duguid et als., 1955; Campbell, 1958).
As this hﬁemagglutinin is active in the cold at
' 4oC, but is spontaneously eluted from the red

' cells on warming them to 20 « 40eC.y it has been
'likened to the haemagglutinin of the influenza
virus coubining with receptor substance at the

' red cell surface and, on warmning, decomposing
'the receptor substance and disengaging itself
!(Duguid and Collee, 1959). It is doubtful if
‘this analogy is now valid as it is evident that
| the process of.agglutination and elution can be
| repeated frequently with the same test without
:gradual loss of agglutinability of the red cells
'involveds This would not oceur if receptor
destruction accounted for the elution of haemagg-
lutinin on warming, It is nevertheless clear
that more than one type of nonediffusible
bacterial haemagglutinin exist and Duguid and
' Gillies (1957) recognised two types which differ
'in structure and asctivity:

(i) fimbrial haemagglutinins and
(14i) anmorphous somatic haemagglutinins




| Recent work by Campbell and Duguid (personal

|
connunication) has shown that non=haemagglutina-

ting Salmonella pullorum and S. gallinarum are ,
usually fimbriate. It is possible that the !

haemagglutinating activity of fimbriate organismsi
may depend on the accessibility of certain active |

groups on the fimbriase and therefore the possess-;

' ion of fimbriae alone would not necessarily confe%
haemagglutinating activity on an organism. Ifr
this is the casey it may ultimately be possible

to dissociate the hsemagglutinating factor from
 fimbrise and the distinction between diffusible

and non-diffusible haemagglutinins would become
' less definite. Further work is necessafy in
Ithis field. -

Learned and Metecalf (1952) found that chemical

ige (gravisy

|
iextraction of Corynebacterium diphtherig
'Toronto strain) and Cs pseudodiphtheriticun |
' (hofmanni) yielded stable alcohole-soluble lipid |
 antigens ﬁhich agglutinated fowl red cells.
Antisera prepared in rabbits against these lipid
' antigens gave positive complement-fixation and
;haemagglutination—inhibition reactions. lNon= |
specific inhibitors of the haemagglutination
' reaction were assoclated with alpha~ and beta-

' lipoprotein fractions of normal and immune sera,

but syeeific inhibitor was associated with the ,
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!gamma globulin fractions of immune sera.
Several reported examples of haemagglutina-
tion due to none=diffusible haemagglutinins merit
further investigation, e.g.
(a) Clostridium septicum haemagglutinin of
Dafaalla and Soltys (1951) and

(b) Clogtridium welchii haemagglutinin of |
Gurturk (1952)3 haemagglutinin of Dafaalla and |

| Soltys (1953). |

Dafaalla and Soltys (1951) described a haeme ;
agglutinin of Clogtridium septicum which was
produced in cooked-meat broth and blood agar
cultures and readily agglutinated formalinised

red cells of ox, sheep and fowl, being less active
for red cells of horsey, rabbit and guineapig.
Haemagglutinin production in cookedemeat broth
cultures was maximal after 24 -« 48 hr and then |
fell with continued incubation until, after 10 |
days, there was virtually no activity. The pre-
sence of glucose in culture media appeared to ‘
reduce haemagglutinin yields. The haemagglutin1n|
was mainly associated with the bacterial cells,
spun supernatants of culture suspension being vire
tually inert. Dafaalla and Soltys used washed for-

malinised ox red cells and incorporated normal

serum in their tests gg it enhanced agglutination.
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This makes it doubtful if these authors observed
direct bacterial haemagglutination and it may be
that indireect mechanisms, e.g. panagglutination
(qev.) were involved, although precipitated toxin
preparations of Cl. septicum did not sensitise red
cells to antitoxic sera. The haemagglutinin was
inactivated by exposure to 60cC. for 30 min. but
resisted 2 hr exposures to 0.5 per cent. formalin,
0.5 per cent. phenol or 95 per cent. ethyl alcohol,
Cultures on blood agar plates lost their celle-
.bound haemagglutinin after suspension in saline
for 24 hr at pH k.5 but retained haemagglutinin
under similar circumstances at pH 7.0 and 9.0,
The authors considered that this demonstrated
Iinstability of the haemagglutinin in acid although
it may be that elution of cell-bound haemagglutinin
occurred. The agglutinating factor was inhibited |
specifically by Cl. septicum antibacterial and
also antitoxic sera although it was thought to be
non=-diffusible and not associated with the Cl,
septicum toxins. It was not inhibited by anti-
sera prepared against Cl, chauvoel, Cl, welchii
type D or Cl. oedemagtiens type B, nor by normal

rabbit serum,

The literature regarding haemagglutination
due to Cl, welchil is particularly controversialj
this is discussed in detail below as it seens

more'likely that the Cl, welechii haemagglutinin
is a diffusible haemagglutinin,



substances which diffuse into the surrounding |
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D le B al Haem

Certain bacteria produce haemagglutinating

medium and these diffusible haemagglutinins reacti

| with substrates at the red cell surface, altering

the red cells so that they lose their normal
mutually-repellent character, This may be the

result of enzymic alteration of the red cell

surfaces to an auto-adhesive state or, alterna-

| tively, the haemagglutinin may provide a multi- |

valent particulate or macromolecular linkage .

between red cells following its adsorption. As

- diffusible haemagglutinins become independent of |
- the bacterial cell they are unlikely to confer |

lasting adhesive properties on the bacteria

vhich produce them. Like other haemagglutinins,:
they may be adsorbed by cells other than red
cellsy e.ge ClO i haemagglutinin;
of Lamanna and Lowenthal (1951) which has affin-

ity for the cells of many animal tissues (Lowen-

| thal and Lamanna, 1953). The importance of

. observatlons concerning diffusible haemagglutin-

' ins in particular lies in the demonstrable

affinities which they may reveal for specific
substrates. These may provide clues of value
in elucidating the interactions of bacterial

products in the complex micro-environment at the
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cell surface and in defining the possible
mechanisms of cell-surface attack.

The first significant investigation of
diffusible bacterial haemagglutinins was done by

Keoghy North and Warburton (19%7) who found that |

saline suspensions of Bo el ’
Dord. parapertugsig and Bord, b 9
and the bacteria~free supernatants of these
suspensions after centrifugation, agglutinated

red cells of various species including man,

mouse and fowl., Fisher (19482) demonstrated
that the haemagglutinating activity of liquid

- cultures of Bord, pertussis inereased sharply

' the early stages of growth in liquid culture,

' with the bacterial cells but later diffuses into
- the mediunm. He extracted haemagglutinin fron

during the logarithmic phase of growth and as the
cell counts of the cultures increased further
their haemagglutinating activity decreased. As
the pH of Bord, pertussig cultures became more
alkaline the young cells liberated haemagglutinin
andy as ﬁutolysis continuedy the haemagglutina-
ting activity of the cultures decreased. Masry

(1952) confirmed these observations and showed |
that, when grown on solid medium and also during |
|

the Bord, pertusgis haemagglutinin is associated

cultures grown on solid medium by suspension in
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2l-gsodium chloride or li-sodium acetate and he !
was able to precipitate the haemagglutinin from !
these extracts with methanol in the colds Other
workers (Fukumi, Shimazaki, Kobayashi and Uchida,
1953) found that methanol precipitation 1nactiva-!

- ted much of the haemagglutinin and they favoured

precipitation with quarter-saturated ammonium

. sulphatee The haemagglutinin deteriorates
rapidly, even at low temperatures. It is

. completely inactivated within a few minutes at

| 600C,, within 72 hr at 37°C., and within 4 days

at room temperature. It was completely inacti-

vated after 39 days at 4oC, and after 60 days at
- =10eC. Glycerol, 50 per cent., retarded the |
rate of deterioration (Masry, 1952). These
| findings were similar to those of Fisher (1948a,
1949) who found that the Bord. pertugssis haem-
- agglutinin was inactivated within 30 min. at
560C. and could also be inactivated by agitation
(Pisher, 19%49). The haemagglutinating activity

; of the haemagglutinin occurs over a range of L =

| 500C. (Masry, 1952)s It is not dialysable

through dialysing cellophan (Thiele, 1950).

Masry found no correlation between capsulation

and haemagglutinin production. Bordetells |

 pertuggis haemagglutinin is actively adsorbed to
Seitz filters but only slightly adsorbed to
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Gradocol collodion membrane filters (Masry,
1952). It is readily adsorbed on to aluminium
phosphate at slightly acid pH (Warburton and
Fishaf,.1951) and is then more resistant to
destruction by heat of agitation, The haemag=
glutining but not the toxin, is also readily
adsorbed to fowl red cells or theif stromata
(Masryy 1952). Thiele thought that more than
one haemagglutinin existed, as'absorptian of
culture supernatants with one species of red
cell did not remove all of the haemagglutinating
activity for anotherlspecies, but this could
 better be explained on the basis of avéilability.
of specifiec red cell receptors. Bord. pertinssis
is non=fimbriate and the haemagglutinin does not
appear to confer enhanced adhesive properties on
the strains‘which produce it (Sutherland,
personal communication). The haemaggluﬁinin is
not spontaneously eluted from red cells after
adsorption to them and it seems that it does not
decompose its receptor as in haemagglutination

- by the myxoviruses. It can be inhibited by a
lipid extracted.from red cells and this may
represent the adtual red cell receptor substance
for the haemagglutinin which does not depend for
its activity on the presence of the influenza

virus receptor at the red cell surface (i'isher,

191u8b) .
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?

Antisera to the heemagglutinin were prepared
. by Masry (1952) by immunising rabbits with haem=

agglutinin in the form of extracts, bacterial

suspensions or as haemagglutinine-saturated red

cells. Active immunity to Bord. pertussis
could not be conferred by injections of haemagg- |

| lutinin, nor was it possible to confer passive
- immunity by injections of antisera to the haem-
. agglutinin in experimental snimals. Recently
isolated virulent strains of Jord, pertussis
usually produce good yields of haemagglutinin but
some are non-haemagglutinating and, although
prolonged subculture appeared to lead to paralleli
loss of virulence and haemagglutinin production
in haemagglutinating strains, it is clear that

| the haemagglutinin is not the protective antigen

- eoncerned in the production of effective vaccines
and it is distinct from the toxin (Pillemer,
1950; Standfast, 1951; Masry, 1952). Thiele
(1950) thought that the haemagglutinating
activity of Hord. pertussis cultures may be the

| result of some product of ceilular metabolism
which first appears as a transient characteristic
of the young cells and is later utilised or
destroyed in the later stages of growth,
Sutherland and Wilkinson (personal communication)

have recently shown that haemagglutinating strains
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of BDord. pertusgis, Dord. parapertuggig and
Bord, bronchigepticg produce a substance which
is strongly haemagglutinating in the reduced
state but loses its activity on exposure to
oxygen. This inactivation is reversible. The
substance is irreversibly inactivated by proteo-
lytic enzymess If all of the haemagglutinating_
activity of Bord. pertusgis cultures is determin-
ed by their content of this substance, a ready
explanation for the extreme lability of the
Bord. pertussis haemagglutinin is available.
Davisy Pittman and Griffitts (1950) found
that a diffusible haemagglutinin was produced by

27 of 28 strains of Hagemophilug gegyptiug. It
was not produced by strains of,ﬁ;_;ag;gggzgg,

He suig, ie para-influenzge and l. haemolyticug
examined, The haemagglutinin is relatively
stabley no loss occurring after 4 weeks at 37°C.
. It was not lost on subculture. The haemaggluti-
nin had optimal activity over the pH range 6.6 to
7+6« It resisted 56°C. for 1 - 2 days but was
destroyed within one minute in boiling water,
Although it could not be washed off the bacterial
cell, supernates and filtrates of spun cultures
contained haemagglutinin. It was not inhibited
by muein but was specifically inhibited by anti-

sera prepared by immunisation of rabbits which
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were inoculated intraveﬁoua;y with formalinised
suspensions of I, aegyptius cultures. The
haemagglutinin was not eluted from the agglutina-
ted red cells after 4 hr at 37°C. and red cells
were not rendered inagglutinable by prior
exposure to receptor-destroying enzyme. Thus
the myxovirus receptors of red cells do not appear
to be involved in this type of haemagglutination
but the haemagglutinin is much more stable than
that of Bord. pertugsis. oSmith (1954) examined
100 strains of lgemophilus spp. isolated from
the conjunctiva and, of thesey, 33 produced
haemagglutinine, He thought that haemagglutinae-
ting activity was frequently asscciated with
pathogenicity but that the haemagglutinin itself
was not the determining factor, as up to 50 per
cents of organisms isolated from clinical eye-
infections were non=haemagglutinating. This
appraisal of haemagglutinating activity in
cultures of ligemophilus as an index of pathogeni=-
city parallels current opinion on the correlation
of haemagglutinin production with virulence in
strains of Bord, pertusgis.

Griffitts (1948) also found that saline
suspensions of Shigella alkalegceng, Dordetella
bronchiseptica, Bord. pertussis, Vibrio cholerae
and Streptococcus pyogenes are capable of clumping
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human red cells, The haemagglutinin of

She alkglesceng was studied in more detail. It
can be separated from the bacterial cells by high=-
speed centrifugation after successive_freezing
and thawing of bacterial suspensions. It is
labiley being destroyed within 1 min. at 93°C.,
and it is active with human, monkey and hog red
cells. Although culture filtrates were none
haemagglutinating and disintegration of bacteria
yvielded only weakly haemagglutinating extracts,
the haemagglutinin could be washed off the
bacteria within 3 - 6 washings and appears to be
essentially diffusibles The haemagglutinating
activity was not dependent on temperature, occur-
ring over a range of 5 = 5°C, Storage of a
haemagglutinating culture at 5°C, for 6 weeks

| resulted in its subsequent loss of ability to

' produce haemagglutinin,

: Collier and Jacoeb (1955) described a

| diffusible haemagglutinin of Escherichig coli,
strain E 65, which could be washed off the
bacterial cells after 1 = 2 washings, The haen=
agglutinin was active with fowl red cells but was
not active with all human red cells., It was
destroyed within 30 min. at 63°C. but was stable
over the pH range 5.9 - 8,2 at room temperaturee.

It was inactivated in 3 days by 0.5 per cent.
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formalin. Colliery Sue Tsiew Wong and de
Miranda (195%) demonstrated inhibition of this
haemagglutinin to a greater or lesser degree

with human urines irrespective of their albumin
content, Inhibitors were also present in normal
fowl and human sera and these were increased in
their inhibitory activity by heating up to 100eC.
Prolonged heating, e.g. boiling for 15 = 20 min.,
removed the inhibitor. Inhibitors were also
found in extracts of spleen and brain of mice and
- guinea-pigs and in egg-white, but their inhibitonf
activities were not enhanced by heating. Collier
and de Miranda (195%) showed that mannose, which
is without effect on virus haemagglutination, hadI
a remarkably powerful inhibitory'effectlon the |
haemagglutinin. As mannose was found by Duguid
and Gillies (1957) to be a highly specific
inhibitor of the non=diffusible fimbrial haem=-
agglutinin, this observation of Collier and de
Miranda needs further investigation. Collier,
Tiggelman~-van Krugten and Tjong a Hung (195%)
found significant haemagglutinating activity in
53 of 105 strains of Esche coli isolated from
human faeces but only 2 of these produced a diffu-
sible haemagglutinin. This could be absorbed

by bacteria possessing non-diffusible haem=
agglutinating activity and by human, fowl and
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guinea=pig red cells but not by sheep red cells.
Diffusible haemagglutinins are also produced'

by meubers of the Clostridig. Lamanna (19u8)

and Lamanna and Lowenthal (1951) desecribed héemw

agglutinating activity associated with crystalline

and amorphous preparations of the toxin of

Clogtridium botulinum, types 4y B and Es Red

' cells of chicken, guinea-pig, rabbit, sheep and

man were agglutinated. Particularly with sheep
cells, the haemagglutinin was influenced by
temperature, optimal activity occuring at low
temperatures e«.ge 2 = 4oC, The type A
haemagglutinin was inhibited by type A

Cl. botulinum antitoxin. Lamanna and Jensen
(1952) showed thaf the haemagglutinin of

Cl, botulinum type C was inhibited by antiserun

' to type C but not by antisera to type A or B,

Sterne (1954%) found that the Cl. botulinum
haemagglutinins lacked complete type=specificity,
howvevery as type D haemagglutinin was inhibited

' by antisera to types C and D. Sterne also

 pun haemagglutinin with high concentrations of a

denonstrated partial inhibition of the Cl. botuli-

Cl. welchii and a Cl. oedematieng antiserum.
' The investigations of Lowenthal and Lamanna (1951)

and Lamanna and Lowenthal (1951) indicated that
the Cl. botulinum haemagglutinin differs from the
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toxin which is more susceptible to inactivation
by heat and formaldehyde but less stable at acid

' pH values of 3 and 2. The type A Cle botulinum

haemagglutinin was inactivated at 80°C, within .
10 min, and lost much of its activity after 1

hour's exposure to 1 per cent, formalin at room

| temperature, These findings were apparently

inconsistent with the reported homogeneity of

the crystalline toxin demonstrated by diffusion,

electrophoresis, ultracentrifugation and serologi=

' cal tests (Putnam, Lamanna and Sharp, 19u8),

However, it was clear that type B antitoxin
neutralised the haemagglutinin but not the toxin
of type A strains and type A antitoxin neutralised
the haemagglutinin but not the toxin of type B
strains, lioreover, type A antitoxin neutralised

| the haemagglutinin and toxin of type A culture

' supernatant disproportionately. Lowenthal and

Lamanna (1953) then showed that the haemaggluti-

'nating and toxic properties of Cl. botulinum

filtrates appeared to form a complex in acid
solutions but became dissociated in alkaline
golutions.

The Cl. botulinum haemagglutinin but not the

toxin is adsorbed to red cells and numerous animal
tissues other than red cells, Lowenthal and
Lamanna (1953) considered that haemagglutination
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by Cls. botulinup filtrates is an adsorption
phenonenon as the reaction has a negative temperas

ture coefficient and does not appear to follow

' the law of simple multiple proportions. These

workers thought that electrostatic attraction |
between the haemagglutinin molecules and the red |
cell surface was involved, They found that
adsorption of haemagglutinin by sheep red cell
stromata was greater in the presence of divalent
ions than monovalent ionsy; cations being better
than anions, and they noted that in this respect
the reaction differs from the otherwise analogous
mechanism proposed by Puck, Garen and Cline
(1951) for myxovirus-host cell attachment.
Lowenthal and Lamanna showed that no significant
changes took place in the surface chemistry of

the red cell following repeated adsorption and
elution of Cl, botulinumg haemagglutinin and that

' the receptor sites are not the same as those

involved in haemagglutination by the influenza
virusy red cells treated with Vibrio cholerae
filtrate still agglutinated with Cl, botulinum
haemagglutinin, and red cells treated with
Cl, botulinum haemagglutinin, subsequently eluted,
still agglutinated with influenza virus.

Gurtirk (1952) deseribed a haemagglutinin of

Clogtridiung welchil active with fowl red cells.
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His haemagglutination tests were done on a
microscope slide. IHe stressed the importance of|
the cultural conditions and employed a modified
Brewer's medium adjusted to pH 7.3 and omitting
glucose. Haemagglutinating activity was maximal

- after 2L hr incubation and was associated with

' tion was inhibited by type-specific antiserum and

' third injection, He noted that hacmagglutina-

the spun bacterlal deposit or "culture concent=-
rate" resuspended after centrifugation in the |
residual 0,5 « 1 nl. fluid, loreover, bacteria-i
free Seitz filtrates of haemagglutinating cultuweﬂ
possessed no haemagglutinin and the haemagglutinin
appeared to be non=diffusibles Production of |
haemagglutinin was inhibited by the addition of
glucose or caleium carbonate to the culture . '
mediume. Gurturk prepared antisera to complete

his range of available sera by inoculating |
rabbits subcutaneously with inereasing doses of }
24 hr liver broth cultures of Cl, welchij types |
E and F at 4 day intervals and he reported that

useful sera were obtained about 3 days after the

that the stronger the haemagglutinin, the greater
the amount of antiserum required to inhibit it.
Antisera to different types of Cl, welchldi
inhiblted heterologous haemagglutinin but Gdrturk

claimed that type speeificity was apparent at
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higher dilutions. For example, he found that
type C antiserum 1ph1bited haenagylutination
caused by types By Cy Dy and B at a titre of 1 in
10 but only type C haemagglutinin was inhibited
by the serum diluted to 1 in 20 and 1 in 4O,
Dafaalla and Soltys (1953) found that the
agglutinating factor in cultures of Cl, welchii,
types Ay By C and D was associated with the
bacterial cqll and not the diffusible products
of the organism. Vashed cultures from agar were
said to possess more haemagglutinin than those |
from fluid media, and the supernatant fluids from;
centrifuged broth cultures were almost inert. i
These workers grew Cl, welchii on 5 per cent. |
sheep blood agar plates for 48 hr and subsequentIJ
. suspended them in physiological saline solution, l
The suspensions were treated with formalin "to |
inactivate the haemolysin® and were then titrated
against fresh washed sheep red cells, Q;;_Eg;ggli
types B and D were more active than types A and
Ce DBoth antibacterial and antitoxic sera inhibi=
' ted agglutination, but the latter were more effec=
tives It was possible to distinguish type A from
types By C and D by haemagglutinationeinhibition
tests but no sharp differentiation could be made
between the other types. Attempts to make the

haemagglutination-inhibition test more specific
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by prior absorption of antisera with suspensions
of organisms were unsuccessful, nor was it found
possible to.remove anti-haemagglutinin by expo=-
sure of the antisera to red cells previously
treated with the homologous strain, The authors
concluded that the Cl, welchij haemagglutinin is
associated with the bacterial cell and is not
? sufficiently type=specific to be of use in typing
£l welchii strains.

Katiteh (195%) investigated Cl, welchii
isolated from sheep and lambs dead of entero=
. toxaemia or lamb dysentery and found only L of 19
type B strains and 2 of 20 type C strains produced

" haemagglutinin. Five other laboratory strains

Cof Cl, welchii, representing type A, D(2), E and
Fy produced no haemagglutinine. His methods of

culture, haemagglutination and haemagglutination~
inhibition testing, followed those of Girtirk but
Katiteh could not classify his haemagglutinating
strains reliably by haemagglutinationeinhibition
tests with typeespecific antisera. VWickham
(1956a) noted that whereas Brttirk and Dafaalla
and Soltys investigated laboratory-maintained
strains, Katitch worked with strains wvhich were
predominantly freshly isolated and she showed
that animal passage of a haemagglutinating

£l, welchii strain resulted in selection of
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non=haenagglutinating forms.

Wickham (19%6a) studied haemagglutinin
production in 1% stock strains of Cl, welchil,
types A « Dy and found that culture fluid freed
from bacteria by centrifugation or Gradocol mem=
brane flltration gave essentially the same
haemagglutinin titfe as whole culture of Cl. wel-

' ghii. She therefore assumed, in contrast with

Gitrttirk (1952) and Dafaalla and Soltys (1953),
that at least part of the haemagglutinin was

- diffusible and she was able (Wickham, 1955) to

extract additional haemagglutinin from washed

' baellli with 2 M sodium chloride, or M sodium

chloride with O.1 }f sodium citrate. Wickham

 found that haemagglutinating Cl. welchii strains

varied in their haemagglutinin production and
that yields were dependent on the culture media
used, cultures on sheep bloocd agar producihg
most haemagglutinin. 'Haemagglutinin yields

were reduced when glucose, one per cent., was

'added to culture media and this was ascribed to

acid production as a-pH of 7.0 was necessary for
optimal haemagglutinin production, [Red cells
of éheep, ox, pigy fowl and man (Group A) were
agglutinated. Wickham's bnly consistent finding
with regard to haemagglutinin production by
various strains was that all hgemagglutinine-



' negative strains were freshly isolated. lore=
over, she found that hsemagglutinating strains
became negative after guineépig passage. . lo
difference in colony type or bacterial morphology,
nor variations in production of spores or capsules

' could be correlated with differences in haemagglu-

' tinin production by the various strains. (Cl,
welchii o and @ antitoxins inhibited haemolysis

but not haemagglutination, the potency of an
antiserum to inhibit the haemagglutinin being
related to the haemagglutinating capacity of the

| strain used in the production of the antiserum.
The haemagglutinin of Cl, welchii appeared to be i
' a group characteristicy, unrelated to toxigenic
\types, as it was not inhibited by normal serum
ior by antisera prepared against other clostridia
' but could be inhibited by various antisera prapa-l

| red against heterologous types of Cl. welchii.
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Function of diffusible bacterial haemagglutininsg

Although several diffusible bacterial haen-
agglutinins are now known, there has been relati-
vely little investigation into their possible
functions., Just as the speculation of Burnet
and his colleagues did much to accelerate further
research on the myxovirus haemagglutinins,
Wickham's attempt to define the relationship of
the Cl, welehii haemagglutinin to other soluble
products of the organism (Wickham, 19%6b) invited
further investigation in this important field.

Before reviewing Wickham's hypothesis, it is
convenient to consider the knowledge of direct
bacterial haemagglutinins summarised above and to
postulate four reasonable theo:ies regarding the
possible functions of diffusible bacterial
haemagglutinins:

(1) They may be produced initially as
cell=bound non-diffusible haemagglutinins invol-
ved in adhesive mechanisms and, as a consequence
of over-production, leakage or autolysis, becone
' released from the bacterial cell,

(ii) They may occur as bacterial cell
fragments, extracellular products of metabolism
of the bacterial cell or diffusible enzymes which,
by chance, have a molecular configuration resul=-

ting in the exposure of at least two reactive
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groups; these may cross-link with accessible
complementary groups on red cells.

(iii) They may be carrier molecules with
multivalent affinity providing access to cell
substrates for specifie bacterial toxins or
engymese . They would act at a cellular level by
agglutinating susceptible cells, or at a macro=
molecular level by causing aggregation and
concentration of available substrate material.

(iv) They may represent engymes similar to
the enzyme of Vibrio cholerge which destroys the
myxovirus receptors of red cells (receptor=-

' destroying enzyme or RDE). = Enzymes of this type
are believed to be concerned in cell=-surface
decomposition, attacking specific substances at
the red cell surface, but their exact rbéle

remains in doubt,

llore than one factor may be involved in
some mechanisms of direct bacterial haemaggluti-
nation. The surface of the red cell may be
altered on exposure to bacteria and bacterial
products by enzymatic activity uncovering new
receptor sites near the surface or by adsorption
of substances at the red cell surface. VWhile
the concept of adsorption is embodied in the
above theories, it is likely that if adsorption
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or exposure of new molecules occurs, larger
particles or aggregates may be required to
provide links between these before haemagglutina-
tion can take place. Thus, Burnet, quoted by
MeCrea (194%7), considered that the lecithinases
of Cl, welchii and Cl, oedematieng have a distinct
haemagglutinating effect on red cells which have
been treated with V. cholerge RDE although they
do not agglutinate normal red cells,
Haemagglutination is quite frequently noted
in Cl, welchij haemolysin tests at dilutions just
beyond the titre of the haemolysin. This pheno-
menon may be ascribed to mechanigms such as those
envisaged above but it has not been satisfactorily
explained. Oakley (personal communication) has |

observed haemagglutination in tests set up for

theta toxin assay enmploying horse red cells and
a reducing agent. Orlans and Jones (1958)
deseribed agglutination of red cells by filtrates
of Cl, yelchii cultures in haemolysin tests.
Haemagglutination was not restricted to any one
species of red cell but was found most commonly
with horse red cells and the authors attributed
this to the greater resistance of these cells to
lysis,. The haemagglutinating activity of
cultures increased after longer growth periods

(times unspecified) and did not appear to be
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assoclated with any one type or toxin., Though

| sometimes suppressed by Cl, welchii type A
antiserum, haemagglutination was more frequently
enhanced in the presence of this antiserum. This
suggests that the red cells may have been anti-
genically altered by the culture filtrate and
reacted atypically with the antiserum (panagglu-
tination, g.v,) but it seems that the leecithinase

was not specifically involved.

Mickham's hypothegis

Wickham (1956b) considered that leecithinase,
theta toxin and desoxyribonuclease did not
participate in haemagglutination. She demonstra-
ted that prbddction of haemagglutinin by Cl.
welchii was associated with three other properties
of the organism collectively degcribed by Chu

(19u8): (i) - Destruction of blood group
substgnce. Production by Cl. welchii of an

enzyme apparently destroying blood group-A
substance (A-enzyme) correlated with haemagglu-
tinin production. (i1) Destruction of virus

Teceptorg of erythrocytes. Haemagglutinating
strains of Cl, welchii produced an enzyme similar

to the receptor-destroying enzyme (RDE) of Vibrio
cholerae which destroys the myxovirus receptors

in red cells. (iii) Pagnggglutingtion. Actively
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"haemagglutinating cultures of Cle welchid not
only rendered human group-A erythrocﬁtes nore
susceptible to group~A antiserum but rendered
them susceptible also to group-B antiserum at the
same high dilution, presumably due to enz&me
action uncovering the non-group-specific T
receptor near the red-cell surface (Thomsen, 1927;
| Friedenreich, 1928). There was a strong
correlation between the production of these
engymes and of haemagglutiniﬁ iﬁ'gll_gg;gnml
- strains and Wickham noted that the RDE, the
haemagglutinin and the A-enzyme were inhiblited by
the same Cl, welchil antisera at approximately
the same dilution, The haemagglutinin was also
inhibited by a substance, assumed to be blood |
group=A substance, present in sterile cooked-meat'
broth, Wickham therefore suggested that all
three activities of Cl, welchii, i.e. haemaggluti-
nation, receptor.destructian and destruction of |
- blood group=A substance, aré due to the same
engyme and she implied that induction of panagglu-
tinability of red cells is yet another manifesta=
tion of the same engzgyme,

The purpose of the work to be reported has
been to define more completely the properties of
the Cl, welchii haemagglutinin, including its
contested diffusible character, to discover any
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‘; similarities it may have with other microbial

: haemagglutinins and to test Wickham's hypothesis
' which is outlined above, It is therefore
'necessary to review our knowledge concerning

! blood-group substances, receptor-destroying

| enzymes, haemagglutination by the myxoviruses,
!neuraminic acid and panagglutination.
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Blood group substances

The ABO classification of human bloods
(Landsteiner, 1900) defines four groups: A, B,
AB and 0, Anti-A or anti-B agglutinins occur
naturally in the serum and specifically aggluti=-
nate red cells bearing the A or B factors respec=
tively, The A and B factors, i.e., blood group
substances A and By are firmly bound to lipid
comnonents at the red cell surface and are there
water insoluble. Many individuals also gecrete
their blood group substances which then occur in
water-soluble form in their saliva, gastric
julce, urine, ete, Blood group 0 persons do not

possess either A or B substances but secrete a
substance formerly called 0 substance because it |
neutralises various reagents whieh-specifically
agglutinate group O red cells. Blood group A
and B individuals also secrete O substance and,

as this is not therefore a specific character of
blood group 0 persons, Morgan and Watkins (19u8)
re-named it lHegubstance. . Hesubstance ocecurs in
most red cells, tissue fluids and secretions and
may be a precursor of A or B substances (lHorgan,
1960). About 25 per cent. of all individuals do
not produce A, B or H substances in water=goluble
form and they are called "non-secretors",

Blood group substances were initially
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obtained in impure form by ethanol extraction of
red cells. Following the discovery of their
presence in tissue fluids and secretions of
secretors (Lehrs, 19303 Putkonen, 1930) they
were obtained by various methods including alco-
holic precipitation or phenolic extraction of
secretions and tissue digests. Hunman ovarian
cyst fluid (Morgan and van Heyningen, 1944) and
meconiun (Buchanan and Rapoport, 1951) were found
to be good sources of blood group substance.
There are various snimsl materials with blood
| group substance Ay B and H specificity, glandular
tissues and secretions such as gastric or intes-
' tinal mucosa and saliva of the pig, horse and
' cowy being particularly rich sources. It there-
fore follows that products incorporating these
raw materials, e.g. pepsing, commercial peptones
and gastric mucing frequently contain significant
amounts of material with blood group substance
activity. This is important as the occurrence
of blood group substances in bacteria including

Eschecold, and members of the Shigella, Salmonellg
and Proteus groups has been reported (Iseki, |

1952; 1Iseki, Okada and Hayashi, 1952; Okada and
Hayashi, 1953). Kabat (1996) has drawn attention
to the observations of Stock (1939) and MacLennan,
Mandl and Howes (1953) that contamination of
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organisms with blood group substances derived
from the culture media may occurs. Springer
(1955) avoided this pitfall by using synthetic

culture media to confirm the occurrence in some

bacteria of substance with Ay B or H activity.

Blood group substances are mucopolysacchari-
des possessing a polysaccharide component firmly
linked to an amino-acid=containing residue. They
all appear to contain four sugars (L-fucose,
D=galactose, D=glucosamine and Degalactosamine)
and eleven or twelve amino acids., !ild acid
hydrolysis produces gradual inactivation, but
heating with very mild alkali, e.ge 0.05 N sodium
carbonate, produces very rapid degradation.
Watkins and Morgan (1955) showed that enzymic
hydrolysis of blood group substances Ay B and H
can be specifically inhibited by a different
sugar for each of the blood group substances.

The sugar which inhibits the decomposition appears
:to be that which is normally liberated by the
action of the particular blood group substance-
destroying enzyme. Thus N-acetyl-gaiactosamine
inhibits enzyme destroying A substance (A-enzyme) .
De=galactose inhibits Beengzyme and L-fucose
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inhibits H-enzyme. These findings are consistent
with the findings of other workers (C8té and
Morgan, 19563 Kabat and Leskowitz, 1955, and
Kabat, 1998) and suggest that these sugars are
concerned in Ay B and H specificity.

Enzymes capable ol decomposing blood group
substances have been obtained from sources as far
apart as snail hepatopancreas (Freudenberg and
Eichel, 1935) and fig latex and papaya fruit
(Lawton, McLoughlin and Morgan, 1996). Enzymes
splitting blood group substances are also produced
by several micro=organisms. Much of the pioneer
work in this fleld involved studies of Cl. welchii
and this is reviewed in detail below but other
organisms which are known to decompose blood group
substances include: the myxobacterium of Horgan
and Thaysen (1933) and 8accharobacterium ovale of
Sickles and Shaw (1934), both investigated by
Landsteiner and Chase (1935a,b); a Gram-negative

coccus isolated from leaf-mould and investigated

by Chase (1938); Cl. tertiug (Iseki and Okada,
1951); Bac 3 s a variety of
B, cereus (Iseki and Tsunoda, 1952)3 ZIrichomorng

foetug (Watkins, 1953) and Lactobacillug
bifidus var. Penn (Springer, Rose and Gyorgy,
1954).  Further work has been done to develop
these findings by many workers, (e.g. Naylor and
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Baery 19593 Gilmore and Howe, 1959; and lorgan,
1960) and it is evident that this subject is of
wide biological significance.

Schiff and Weiler (1935 a,b) found enzymes
in normal faeces and saliva destroying blood
group substances, and Schiff (1935) demonstrated
enzymatic destruction of blood group substances
A and B by a faecal strain of Cl, ywelchii. Nine
of 16 strains of lchii, type Ay and 2 other
strains (types B and C) examined by Kostuch
(1938) decomposed blood group substances and this
activity could be inhibited by antisera prepared
against the cultures, Kostuch failed to demon-
strate that the decomposing factor was diffusible,
culture filtrates being relatively inactive. Ie
found no correlation between ability to decompose
blood group substances and virulence in the
strains he examined but noted that all of those
strains decomposing blood group substances fer-
mented glycerin. In 1939 Schiff described a
diffusible enzyme of Cl, welchii which destroyed
the blood group A substance, but not B substance,
in saliva and peptone. This enzyme was unstable
in acid at pH values below 6; it was oxygen-
labile but could be protected or re-activated by
ascorbic acid.

Morgan (1946) examined Cl, welchii, type A,
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culture filtrates and confirmed the presence of
enzymes which would rapidly inactivate the puri-
fied Ay B and H substances., His results indica-
ted that these activities were independent of the
other known diffusible products of the organism.
Stack and Morgan (1948) reported that separation
of the enzymic activities of A~ and Be~engzymes had
not been achieved. These workers in 19L49 found
culture filtrates from strains of Cl. welchii
representative of types Ay C and D to contain
about one tenth of the enzyme activity found for
average type B filtrates. Tests on culture
filtrates from a few strains of Cl, histolyticum,
L. onthracig, Staph. aureus, Ps. pyogvaneg and

Ve cholerae failed to reveal enzymes able to
inactivate blood group substances. The organismg
wvere grown on a peptone medium consisting of
Evans peptone 3 per cent.j; sodium p-glycerophose
phate 2.5 per cent.; supplemented before inocu-
lation with glucose 0.2 per cent. and thiolacetic
acid 0,008 per cent.

"Without glucose, enzyme yields were generale
ly one third less but without thiolacetate only
one gquarter of the enzyme production occurred.
Glucose caused no stimulation of enzyme production
unless thiolacetate was present, The addition of

0,01 = 0,20 per cent. of the test substrate



(mucoid purified from pig gastric mucin) caused no
adaptive response. As group substances are
present in the peptone used in the mediun, the
lack of adaptive response was confirmed by grow-
ing the same strain in the simplified mediun
described by Rogers (1945) with or_withdut the
addition of purified pig gastric nuein (A= and He
substances) ." |

Stack and Morgan (1949) confirmed Morgan's
work (194%6) in showing that the A~ and Be enzymes
are thermolabile in 1 hour at 56°C. in the absence
of substrate, but they can be qualitatively dif-
| ferentiated from the H-enzyme by heating at 55°C.
for'lo mins. owing to'the relative stability of
the‘H-anzyme in buffer (pH 7.0) at this tempera-
ture. "A preliminary incubation of the enzyne
substrate mixture at 55°C. or 60°C. for 10 minutes
prior to the usual 2-hour reaction period at 37°<C.
reveals that the A=enzyme is protected ét 550C, |
by its substrate, but not at 60°, while the He
enzyme is protected at 60°.," Stack and Morgan
also noted that if, after the usual enzyme-
substrate incubation for 2 hours at 37°C., a
further l.q mge of substrate be added, repeated
incubation results in complete inactivation of
additional Hesubstance by the Heengyme but the A-

enzyme cannot inactivate the added A substances
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completelyy presumably because it loses the
protection ol its substrate towards the end of
the first incubation period and is more labile.

An associated depolymerase acting on an unidenti-
fied substrate in hog gastric mucin was found in

' the active filtrates and the inactivation by
similar enzyme preparations of specific nmucoids
associated with the "Lewis" blood group charac-
ters, Le? and LeP (Mourant, 19463 Andresen, 1949,
was also recorded (Grubb and Morgan, 19u9). sSome
' of the properties of the enzymes which have been

investigated are summarised in table form belows

[ A=gnzyne |He=enzyme De-polymerasJ
pH optimum 5¢5 6.5 6.8
pH stability range| 5 = 11 | § = 11 546 = 7.6
Temp. optinmum (oC) |[U0 = %50 k0 = L5e 380
Inactivation Temp. :

(10 min.) (°C) 55° sos s6e
Growth optimum

(days) 3 . :

Stack and Morgan surmised that certain '

groupings on the enzymic complex which are speci=

fic for the A~ or B-substrate (or the depolymeri-

sing activity) may become denatured, leaving |

other groups unaffected and still able to bring

about the inactivation of the H serological

character,



Undegraded A=substance inhibits the aggluti-
nation of group-A red cells by human blood group
A antiserum and it also inhibits the haemolysis
of sheep red cells by rabbit immune (anti=-A)
- serum, The haemolysis=-inhibition test is con=-
sidered to measure the "rForssman" or heterophile
component of the A agglutinogen and is accepted
as measuring a different although closely related
serological property from that determined by the
isoagglutination=-inhibition technique (Aminoff,
Morgan and Watkins, 1950). Quantitative precipi-
tin tests are employed for more precise detefmina{
'tions of blood group substances (see Kabat, 1956) .
Extracts of seeds and other parts of many
plants cause agglutination of red cells. The
majority of these phytoagglutinins or lectins |
(Boyd and Shapleigh, 195%) agglutinate human red
cells of all blood groups, but extracts from some

plants are quite specific for red cells of certaini

groups, e.g. seed extracts of Dolichos biflorus |
'and Phageolus lunatug react with cells of groups

'A and AB but not with cells of groups B or 0.

' Some preparations can be made virtually specifiec
for sub-groups, and Boyd and Shapleigh suggest
that the specificity of the lectins is a matter
of varying degrees of aifinity for different
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antigens of one and the same molecule, Some of
the lectins can also act as specific precipitins
for blood group substances and, as the active
.prebipitin can be purified and considerably
concentrated by fractionation procedures, they
are of great use in detailed studies of human
blood groups. Cain (1957) has suggested that
ingestion of lectins in food may have deleterious
effects on the alimentary epithelium and consider-
ed that their neutralisation by the intestinal
secretion of blood grbup substances is a protec-

tive mechanism of advantage to secretors.
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Receptor-destroving enzyme

An enzyme of ¥V, cholerae which destroys the
influenza virus receptors of red cells was first
characterised in 1946 by Burnet, McCrea and Stone
and was called receptor-destroying enzyme (RDE),
The production by Cl, welchil of a similar
enzyme was first observed by MeCrea (194%7) who
concluded that modification of red cell agglutine-
ability by Cl, welchij toxins was caused by a non=-
dialysable, heat-labile factor which is extremely
sensitive to pH changes. It was readily adsorbed
on to red cells and thereafter eluted without
significant loss of activity. In the range of
Cl, welchii filtrates examined, he found a highly
significant correlation between lecithinase and
RDE activity but,y as the two enzymes differed in
heat=stability, optimum pH and adsorption charac=
teristics, he concluded that the RDE of Cl, welchij
is distinct from the lecithinase and the other
known toxins and enzymes of Cl, welchii. The
RDE was strongly inhibited by several Cl. welchii
type A antisera in approximate proportion to
their anti-lecithinase titres, but only slightly
inhibited by purified alpha antitoxin. Moreover,
RDE activity was found to be greatly accelerated
in acid solution to pH 5.3 and was suppressed in



alkaline solution, whilst lecithinase has a broad
optimum range between pH 5 « 8. The RDE was
rapidly destroyed by heat in alkaline solution

at 55 = 60°C, (esge within 10 mins. at 60°C, and
pH 7.5) whereas lecithinase was not significantly
affected by this treatment. MeCrea pointed out
that RDE can be absorbed from toxin solution
without absorbing lecithinase. Fluoride, cit-
rate, oxalate, and other ions suppressing calcium
did not inhibit Cl, welechij RDE but actually
facilitated its demonstration by minimising the
haemolytic action of lecithinase. licCrea
thought that although the RDE is not inhibited

by ions which suppress caleium this is not
eﬁtirely sound evidence for its non-identity
with lecithinase which is calcium-dependent
because the two systems are not strictly compar-
able in this respect, He considered that rapid
adsorption of RDE to the red cell surface might
nullify the effect of an inhibitor in the liquid
phases He had shown that, after an initial lag,
the release of acid-soluble phosphate from red
cell lipid by lecithinase proceeds normally in
saline without added calcium, presumably because
sufficient calcium is bound to the lipids He
maintained that lecithinase hydrolysis of lipids

in emulsion is not entirely suppressed even in
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the presence of citrate concentrations sufficient
ito prevent visible haemolysis in red cell systens.
For these reasons, he and his colleagues had
considered earlier that lecithinase produced

- receptor modification in the absence of calcium

| ions because its activity was retarded sufficient-
ly to inhibit haemolysis without suppressing ]

| 1ipid hydrolysis, but he subsequently considered

| this improbable when it became evident that the
lecithinase and RDE were separate enzymes.

' MeCrea postulated concomitant production of these

two enzymes by Cl, welchil to explain the correla-

' tion of their anti-enzymes in most of the anti-

toxic sera he investigated. He also considered

that there was competition between lecithinase

and RDE and, although he doubted if a similar
substrate was involved, he stated that the RDE
effect was accelerated under conditions which
selectively suppressed lecithinase. In contrast

with Wickham's findings, he noted no significant

alteration in the serum agglutination reactions

- of human red cells which had been incubated with
Ian active Cl, welechii strain until the red cells |
were no longer agglutinable by influenza virus.

| leCrea found no essential differences betweai
the characteristics of the RDE of Cl, yelchii and

those of Y. cholerge RDE deseribed by Stone (1947)s
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The two enzymes are similar in their relative
thermostability in acid solution and in their
'thermolability at 55 = 600C. in alkaline solution,
in having acid pH optima and in being rapidly
adsorbed to and quantitatively eluted from red
!calls. One point of difference is that the !
| vibrio engzyme is inhibited by citrate and activa-
ted by calcium ions, neither effect being found
'with the Cls welchii RDE. However, the action |
| of the Cls welchii engyme is complicated by the |
ipresenee of lecithinasey which as discussed

earlicer, may compete with the RDE at the cell

surface; hence conditions apparently favourable

to the RDE may in part be those least favourable

'to lecithinase, This would account for the
observed optimum activity of Cl. welchij RDE at
less than pH 6 and in the absence of calcium ionsJ

:The vibrio engyme, on the other hand, is not
‘produced concomitantly with lecithinase and is
jthought to indicate the truly optimum conditions

| for RDE activity.

i Engymes similar to the receptor-destroying
enzymes of V, cholerae and Cl, yelehiil have been
detected in cultures of several organisms includ-

: ae (Himmelweit, 1948);

!the pneumococcus (Chu, 1948; Ejby~Poulson, 195hap;

' Heimer and Meyer, 19963 Borecky, 1958 a,bj



' Laurell and Bronnestam, 19593 Madoff, Eylar and
' Weinstein, 1960)3; diphtheroid and aerobiec spore=-
:forming organisms (Burnet, 1951); Actinomyces
'albus (Bergamini, 1956); Cl, tertiun (Howe,
 MacLennan, Handl and Kabat, 1957); Pseudonmonas
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fluorescens, Ps. stugzeri, Ps. pyocyaneg and
s (Shilo, 1957)3 and alpha-
streptococei and Pasteurella pseudotuberculosis

(Laurell, 1959; Laurell and Brénnestam,; 1959).

All of these receptor=destroying enzymes have

affinity for neuraminie acid complexes from vhich |
|

they cleave neuraminic acid and they are there-
fore termed neuraninidases (Cottschalk, 1957).
Before the chemical decompositions produced by

neuraminidases were understood, studies of these

enzymes relied upon destruction of the influenza

virus receptors of red cells as an indication of

thelr activitye. In order to understand the

' significance of these studiesy it is necessary

:to outline our knowledge of the mechanism of -

haemagglutination by viruses of the influenza
group (myxoviruses) and to summarise recent

information concerning the important neuraminie

Iacid comnplexes for which they have affinitye.
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|
The linkage of influenza virus with its host‘
Icells is established through at least iLwoc types
| of bonding at the same site (Ackerman, 1958).
IQne bond involves a mucopolysaccharide receptor

r
l
|

substance containing neuraminic acid ahd this has

been extgnsively studied, Haemagglutination by
:tha nyxoviruses is brought about by adsorption of
 virus particles to red cells at receptor sites
containing Neacetyl neuraminiec acid. The
imyxoviruses possess neuraminidase activity and I
grelease neuraninic acid derivates from red cells
| and from mucoprotein 1nh151tprs of virus haemag-
 glutination which contain neuraminic acid and

compete for the virus particle, As a result of |

their neuraminidase aectivity, the myxoviruses

are normally eluted some time after adsorption at

the red~cell surface wvhen the virus receptors on

|

the red cells are destroyed; the virus can then

attack fresh receptor sites and the red cells are

eventually rendered inagglutinable, i.e. stripped|

of receptors, even for fresh virus subsequently

added. Briody (1948) and other workers found
that influenga virus which had been heated at
.550C, for 30 min, retained its haemagglutinating

activity but lost its ability to be eluted after
adsorption to the red cell, In additiony heat=



He suggested that an inhibitory mucoprotein must
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inactivated virus cannot destroy mucoprotein
inhibitors of virus haemagglutination. Its
haémagglutinating activity is therefore particu- i
larly sensitive to inhibition by these substzmaesi
and the heated virus is said to be in the
"indicator state". Work with heat-inactivated
(indicator) virus and unheated (active) virus

revealed that human serum may contain three

inhibitors of virus haemagglutination: \
(1) antibody, present in immune serums ;
(i1) non=gspecific inhibitor which inhibits
haemagglutination by active viruss
(iii) Francis inhibitor, described by irancisg
(1947) , which inhibits haemagglutination
by indicator virus, '
The nonespecific inhibitor content of a serun
is considerably lower than its Francis inhibitor
content but both of these mucoid inhibitors are
destroyed by exposure to ¥V, cholerge culture
filtrates containing RDE (Anderson, 19u8),
Gottschalk (1960) observed that, although all
mucoproteins containing neuraminic acid appear to|
be susceptible to neuraminidase, only some of |

them inhibit haemagglutination by influenza virus.

not ohly provide substrate material for neuranini=

dase in order to inhibit haemagglutination but
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'must also compete successfully with the red cell
receptor for the virus particle.
Burnet, McCrea and Stone (1947) showed that

the myxoviruses can be arranged in a gradient
according to their power to destroy the red cell

receptors available to themselves and to all

influenza viruses destroy receptors more actively
than the virus of Newcastle disease (NDV) which
'13 higher on the gradient than the weakly active
virus of mumps. A gradient of accessibility of

receptors at the red cell surface was therefore

| of ability to destroy various inhibitory nucins

some extenty the order of the viruses on the
inhibitor destruction gradient depends upon the
‘muein substrate on which the viruses are tested.
EMoreover, tests of destruction of receptors with
‘different viruses showed that all strains could

|
'remove all of the receptors if given sufficient

at the red cell surfacey of receptor sites for
which the viruses have differeﬁt affinities.,
The available evidence also suggests that the

haemagglutinating and receptore~destroying
'(neuraminidase) activities of the myxovirus

|
‘particle represent closely related but separate
|

was demonstrated (Stone, 19493 Hirst, 1950). To

times Thus, Hirst favoured the idea of a mosaic,

other myxoviruses lower on the gradient, e.g. the |

postulated. A similar but not identieal gradient

|
[
|
|

|
|
|
|
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steps in its attack on cell surface neuraminic
acid substrates, |




o

Neurapinic acld

Neuraninic acid does not occur naturally.
It is the parent compound of acylated derivatives
vhich are widely distributed and, having been
first obtained from various animal submaxillary
mueins, are known as the gialic acids. Five
sialic acids have been isolated. These differ
in the nature or position of their attached acyl
groups and were termed ovine, porcine, equine and
bovine I and II, but these substances are not
confined to the animal species from which they
vere first isolated. Different sialic acids
occur together in animal tissues and seras The
siallc acids occur as mucoproteins in blood,
mucinsg and milk and as mucolipids in certain
lipopolysaccharides. Sialic acid has been
detected in purified blood group substance but
its presence may be due to contamination.

Neuraninie acid derivates have been isolated

from certain bacteria, e.g. Lscherichig coli

(Barry and Goebel, 1957); leissepria meningitidig
(Watson, Marinetti and Scherp, 1958).

Neuraminic acid (prehemataminic acid) may
be regarded as an aldol condensation product
of pyruvic acid with either Deglucosamine or

Denmannosamine, and the most likely configuration
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for leacetyl neuraminic acidy according to Comb |

and Roseman (1960), iss

COOH
|
C=0 1
i
o
HO?H
CH,CONICH
3 '
HOCH
L
HCOH
]
H?OH
CH,0H

Human sialic acid appears to be solely of
| this type (synonyms: ovine sialic aecid, gynanminic
' acid, lactaminic acid, serolactaminic acid).

' Details of the sources and methods of isolation
|

of sialic acids with data on their characterisa=-

tion and identification have been summarised by

' various authors including Blix, Lindberg, Odin |
| .
' and Werner (1956)3 Gottschalk (1960); Whitehouse

|
' and Zilliken (1960) and Comb and Roseman (1960).
 Determination by colorimetric methods is widely

' practised because the sialic acids exhibit

' characteristic coiour reactions in acid nedia

with several reagents such as:

(1) p-dimethylaminobenzaldehyde (direct Ehrlich
test,
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(2) orecinol (Bial's reagent),

(3) diphenylamine (Dische's reagent),

(L) tryptophan in perchloric acid (Siebert,
Pfaff and Siebert, 19:8; Werner and Odin,
1952) y and

(5) thiobarbituric acid after oxidation with
sodium periodate (Warren, 1959).

The chemical assay of neuraminidase (RDE)
depends upon the demonstration of its enzymatiec
liberation of sialic acid from sialic-mucoprotein
complexes. Aminoff (1959) pointed out that
those methods which involve heating with an
acidic reagent liberate glycosidically bound
sialic acid from mucoproteins and therefore do
not distinguish between free and bound sialic
acids It is therefore necessary after incuba-
ting the enzyme-substrate mixture to ﬁrecipitate
any residual protein-bound sialic acid agd
remove it before assaying liberated sialic acid
by a method which would otherwise cause acid
hydrolysis of the residual bound substance.
While no colorimetric method of sialic acid
assay is entirely specific, the thiobarbituric
acid assay developed by Warren is claimed to be

considerably more specific and is certainly more
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sensitive than the others mentioned. It is of
great use in neuraminidase studies as it measures
only unbound (liberated or "free") sialic acid.
Bound sialic acid can be measured by Warren's
nethod if it is initially liberated by mild aecid
hydrolysis, e.g. treatment with 0,1} sulphuric
acid for 1 hour at 80°C, This is successful
provided that the sialic acid is bound by labile |
(e+g8s glycosidie) linkages, as in nmucolipids and
nany nucoproteins. Whitehouse and Zilliken
'pointed out however that the ester or peptide !
bonds which hold the neuraminic acid residues in |
certain bactérial neuraminopeptides are not
labile. Attempts to hydrolyse these usually
result in decomposition of the neuraminic acid |
present. Thus free sialic acid can be sensitive{
ly identified but it may be necessary to employ
 less sensitive methods to detect the bound
substance in bacteria.

A further possible complication in baoteria‘li
neuraminidase studies is that enzymes may be pro=-
duced which can destroy sialic acid (Heimer and
Meyer, 1956), Such an enzyme is produced by
Cl, welchii (Popenoe and Drew, 1957) and has been
characterised as an aldolase (Comb and Roseman,
1958)., It is clear that an assay of neuraminie

dase activity based on the liberation of free
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sialic acid from a mucoprotein substrate by a

culture filtrate must be performed under

conditions unfavourable to simultaneous destruc= =

tion of the liberated sialic acid by another

engyne,




- animals are also susceptible to panagglutination
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|
Panagglutination |

Many organisms produce engzymes or "trans-
forming principles" which alter or transforn the
antigenic character of human red cells, rendering
then 1w ble, i.e. agglutinable by all |
adult sera regardless of ABO specificity. This

phenomenon was first studied by Heubener (1926),

Thomsen (1927) and Friedenreich (1928) and was
attributed to the unmasking of an antigen near '
the red cell surface, the T antigen, which can |
then react with Te-agglutinins normally present inf
adult mammalian sera but absent from cord blood i
and blood of young infants (Lind and lcArthur, |
1947), The T-agglutinin content of animal serun
can be increased by immunisation with red cells ;
treated so that their T antigens are exposed

(Burnet and Anderson, 1947)., Red cells of

|

|
andy, in the presence of complement, T antibodies i
react with transformed guinea-pig red cells to | :
produce haemolysis after initial haemaggluﬁinatiaﬁ
(Stoney 1947), Transfusion of transformed red

cells causes shock and a syndrome similar to

paroxysmal haemoglobinuria in guinea-pigse.

Transformation of guinea=pig red cells by
pneunoccocei in vivo was effected by Ejby-Poulsen

(1954 asb)s Injection of pneumococcal culture
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 filtrates into guinea=pigs with high T-agglutinin
| serun levels produced a haemolytic anaemia. |
The characteristics of the factor concerned

in exposing the T antigens of red cells were '
summarised by Neter (19%56), It is thermolabile i
and filterable, It is most active in transfqrm—i
| ing red cells at 15 = 20°C, It is rapidly |

adsorbed to and subsequently eluted from the red |

cell surface and it is not re~adsorbed by trans-
formed red cells. It does not itself cause _
- haemagglutinationy nor do T-antibodies agglutinate
| the bacteria producing transforming prineciple. |
Teagglutinins are absorbed by transformed red |
cells but not by normal red cells, i
In addition to the diphtheroid organisms "M"
Cand "J" originally studied by Friedenreich, |

organisms known to produce transforming principles

inelude Y, gholerage (Stone, 19%.7% V. proteus,
Cl, welehii and the pneumococcus (Chu, 1948);
| Cl. tertium (Howe et al., 1957) and Irichomonas
| :zgggy,g (Watkins and Morgan, 1954), liost of ‘
these organisms are known to produce receptor- i
- destroying enzymes, lioreover, treatment of red |
- cells with the myxoviruses renders the red cells |
panagglutinable (Burnet, lMcCrea and Stoney 1946).
Thus this type of change is thought to be "almost
certainly due to the action of receptor-destroying
|



- howevery be considered a reliable index of RDE
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enzyme" (Stewart, Steele and Martin, 1959).
Induction of panagglutinability cannot,

- activity for several reasons. It has not been |

proved that RDE and the agent induecing panaggluti%
nability are identical. Chu (1948) demonstrated
induction of panagglutinability by cultures of
several organisms which did not simultaneously
produce receptor destruction. The optimal
activity of the transforming factor at 15 « 20C.
differs from that of the RDE which occurs at a
higher temperature, The available evidence
indicatesy nevertheless, that the two activities
may be different manifestations of the same type

of enzyme; receptor-destruction may involve a

greater decomposition of substrate than the i

' modification necessary for induction of panagglu-

| tinability. |

Much work remains to be done to correlate

| observations of several workers regarding panage

glutination produced by many different organisms.

' difficult because there are other mechanlsms of

'inducing panagglutination independent of the
Teagglutinins

l
Interpretation of results in this field is |
|
|
|
|

(a) Von Magnus (1936) produced T-independent
panagglutinability of red cells by treatment with |



a strain of actinomyces,
' (b) Hirst (1948) and Burnet (personal communica- |
| tion to Briody, 1948) observed that periodate |
‘1ons rendered red cells panagglutinable; OStewart
' (1949) and Moskowitz and Treffers (1950) shoved
Ithat this phenomenon was distinct from that
producing panagglutination of red cells treated
' by Y. cholerae culture filtrates,
i(c) Moskowitz and Treffers found, in addition,
- that Staph, gureus culture filtrates contained a
factor causing yet another type of panagglutina-
tion, independent of the periodate and T mechan-

' ismsy and they concluded that there is more than

one panagglutinin in serum,

- (d) stewart, Steele ahﬁ Martin (1959) then |

' showed that panagglutination could also be indu-
ced by adsorption to the red cell surface of

| bacterial polysaccharides. Red cells exposed to

|

i streptococcal culture supernatants adsorbed a |

variety of streptococcal antigens, and antibodies‘
to these were found to occur in normal human l

sera. |

(e) Finally, alteration of the gerum without

' transformation of the red cells is known to

. produce unusual haemagglutination reactions.

Such a ﬁhenomanon, "bacteriogenic haemagglutina-

' tion"y was noted by Davidsohn and Toharsky (1940,
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1942) who showed that diffusible products of a
corynebacterium and a pseudomonas organism sepa=
rately produced changes in human plasma and serum
iwhich result in panagglutination of normal red
' cells independently of T~agglutinins (see lietery
1 1956) .

Quite apart from bacterial activity however

physical treatment, e.z. brisk aeration of plasmaﬂ
nay lead to subsequently abnormal haemagglutina- |
' tion reactions with normal red cells (Foote,
personal communication). In additiony the
ipresence of cold agglutinins and incomplete Rh
iantibodies in serum may complicate investigations
!of the panagglutination phenomenon (see Kabat,

1 1956) «

| A recent report by Caselitz and Stein (1953)

' on the Thomsen agglutination phenomenon is of

Iinteraét but illustrates the confusion in this

| field. These authors found evidence of "T
ferment"” (transforming principle) in culture

| piltrates of Cl, welchii types A and F,

L1l gepticug and Cl, butyricup. Panagglutinabi-
lity was best jinduced by "sensitisation" of the

red cells with culture filtrate at 20C, for 2

hours. The red cells were then washed free of
the filtrate, mixed with serum and left at 2°C,
 for 20 hr for panagglutination to take place.
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'Thereafter, the tests were held for 1 hr at room
| temperature to exclude false positives due to

cold agglutination before being read, Regults
varied from one sample of human serum to gnother

;and from day to day with the same sample. Pane |

agglutination was diminished at room temperature

jand results were complicated by haemolysis at

37°C. The "ferments" of Cl, welchii and
' Cl, septicum showed marked differences in heat
| stability and rapidity of action and were thought
:to be different substances. The factors were {
readily obtained in liver broth cultures, slowly
iproduced in ascorbic acid broth and not produced
i in nutrient broth cultures, With the homologous
fserum as agglutinin, red cells of ox, horse, pig,

rabbit but not rat were sensitised, i.e. rendered

panagglutinable, by the clostridial filtrates. |
Attempts to demonstrate neutralisation of the T

ferments with anti-gase-gangrene serum were incon-

clusive. RDE activity was noted in the |

' Cl, butyricum cultures,

- The phenomenon originally described by |

|Thomsen was ascribed to enzymatic decomposition
' of the red cell surface, The phenomena observed
| by Caselitz and Stein are unlikely to be due to
actual enzyme activity at 2¢C.; the conditions
described favour adsorption mechanisms which may

have been involved.
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It is now apparent that an investigation of
any direct bacterial haemagglutinin nust take
into account many possible sources of error if
misleading interpretations are to be avoided.
Red cells may be agglutinated by many substances
including salts of heavy metals, inorganic acids
and bases, fatty acids, basic proteins and plant
and tissue extracts. The haemagglutinating

|
activity of lipid fractions of animal tissue '

cholesteral complexes, Lecithin-ergosterol

agglutinating sctivity (Stone, 1946), Difficul=

complexes in yeast extracts have similar haeme~

ties in interpretation are greatly increased whanl
serun is introduced into haemagglutination tests, |
as indirect mechanisms of haemagglutination,
ineluding panagglutination, may occurs In

addition, the presence in serum of blood group

substances and other nmucoproteins may invalidate

experiments designed to demonstrate specific |

| serological neutralisation of enzymes destroying

- blood group substances or virus receptors on red

| cells by antisera prepared against bacterial

haemagglutinin, Bacterial cultures contain many
biologically active substances which may compete
for related substrates, The hitherto accepted

methods of demonstrating RDE activity, for
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| example, using myxovirus to indicate loss of

agglutinability of the treated red cells are
open to the charge that blockage of virus
receptors at the red cell surface may simulate
true receptor destruction. The results of
experiments designed with these pitfalls in mind
may help to characterise the haemagglutinin of
Cl, welchii more precisely and indicate its
relationship to other products of the organism.




SECTION II

Materials & Methods
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MAT S ID__METHODS

Straing. The Cl, welchil strains inecluded a
laboratory stock strain (W) which had been sub-

- cultured in cooked-meat broth over many years.
Other stock strains representing types A - I
obtained from the National Collection of Type

. Cultures (N.C.T.C.) and numbered 6719, 3110, 3180.

8346, 8084 and 8081 respectively, are referred to

here by their appropriate type letter, "strain A"

referring to N.C.T.C. strain of Cl, welchil, type
Ay no. 6719, Stock strains obtained through the

courtesy of Dr A.T. Willis of the Bacteriology
Department y Leeds School of Medicine, are

| designated by a number and type letter preceded

| by the letter L; thus "L2A" denotes Leeds strain
2, type A.

Four reference strains of Cl, welchii type A
were obtained from Dr Detty Hobbs, iood Hygiene
Laboratory, Colindale: (i) F 2985/50, a non=
lhaemOlytic, heat=resistant strain oif Hobbs'
serological type 1, isolated in 1950 from cooked
:salt beef; (ii) F 1546/52, a non=haemolytic,
heat-resistant strain of Hobbs' serological type
ilO, isolated in 1952 from roast meat; (iii)

F 6599/59, a classical p-haemolytic strain,
‘untypable by Hobbs' sera 1 - 13, isolated post
mortem from a necrotic jejunum in 19593 and (iv)
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F 1.637/60, a B~haemolytic strain, untypable by

Hobbs' sera 1 « 13, isolated from faeces. Un-
typed strains of Cle welchij isolated in our
department are designated by numbers onlys: .
Strains 032, W3, 485 and 754 are p=haemolytic
Cl, welchiy isolated from specimens of pusj

' strains 300, 201, %02, 500 and 906 are P=haenoly-

tic strains isolated from faeces; strains 029

and 153 are typical foode-poisoning strains
isolated from faeces and food respectively during
two separate outbreaks of Cl. welchii food~
poisoning in Edinburgh. All of these strains

were subcultured many times in cooked-meat broth.

A numerical suifix, e.g. Ay, Ap, denotes a sub-

strain developed during subculture. The suffix
"GP'y as in A GP, indicates a guinea—pig-passagad:
strain, Cultures of strains were lyophilised i
when it was desired to retain their original |
characteristics but in many cases serial
subcultures in cooked-meat broth, with frequent
checks of purity on anaerobic blood agar plates,

| were made to encourage haemagglutinin production.

Culture medigs These included nutrient agar,

' nutrient broth, peptone water, horse blood agar

and horseflesh-digest medium (Mackie and
MeCartney, 1953). The peptone was Oxoid
Bacteriological Peptone (L37). Cooked=meat
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'broth was prepared as recommended by Mackie and
IMcCartney, except that nutrient broth was added
‘to the cooked meat instead oi peptone-infusion
ibroth; liquid parafiin was not added.

Red-cell suspensiong. Citrated human group-A

' blood was obtained each week from the Blood

Transfusion Department, Edinburgh Royal Infirmary,

and stored at heC. It was washed three times by

'centrifugation with physiologicai saline and the
'washed cells made up as a 1 per cent. suspension
'in saline. Blood showing haemolysis was discar-
ided and blood was not normally used after more
|than 1 week in the laboratory refrigerator.
:Experiments confirmed that different batches of

' blood kept in the refrigerator for varying times
up to 1 month did not lose their sensitivity to
the Cl. welchii haemagglutinin, Red-cell
suspensions prepared according to the method

' described by Dafaalla and Soltys (1951) could be
' kept for much longer than 1 week, but these were

not used for routine tests. Blood of human

groups B and O, and blood of various animals,
including guinea~pig, sheep, fowl, ox, horse,
rabbit and nousey was also used. With the

- exception of rabbit blood, which occasionally
tended to auto=agglutinate, these bloods formed
stable suspensions in physiological saline.
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Blood grouping antisera were obtained fron
the Edinburgh Blood Transfusion Department.

Virus sugpensions. Newcastle disease virus
(NDV) y strain Herts., and influenza virus (PR8)
wvere supplied in allantoic {luid by Dr. R.H.A.

' Swain of this department.

Buffers. Acetic acid and sodium acetate
(Walpoley, 191k), boric acid and borax (Holmes,
19%.3) 4 citric acid and sodium citrate (Lillie,
11948) , citric acid and sodium phosphate
(MeIlvaine, 1921), phosphate (Soremsen, 1909),
'and Tris-maleate (Gomori, 194.8) were used.
IAlcoholic stock solutions of citrate buffers
(Lilliey, 1948) were not used.

H e ong. Values vere checked on a
Pye 'Dynacap' pH meter.

Ultrasonic disintegratos. Bacterial suspen=-
sions were held in ice-cooled narrow tubes and
disintegration by the %+ in. (6 mm.) probe of an
MeS.Be~Mullard ultrasonic disintegrator was
‘allowed to proceed for 8 - 10 min. Adjustments
of depth of probe and tuning were necessary
during this period.

S0 of 1 « [lHorse
‘blood agar cultures (37°C. for .8 hr) were suspen=-
ded each in 10 ml, physiological saline. The

resultant suspension is referred to as "whole
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culture". Centrifugation at 3000 r.p.n. for 15
min, yielded a clear supernatant and a bacterial
deposit. The latter, resuspended in saline to
the original volume, is reierred to as "resuspen=-
'ded bacterial deposit". |
Doubling dilutions |

of culture suspension or supernatant in physio-~
logical saline were mixed with an equal amount of
'a 1 per cent. saline suspension of thrice~washed

red cells, The tests were left on the bench and

wvere read when the controls had settled (Salk,
19%4), Test-tubes, 5 x 5/8 in. (7,5 x 1.3 ems.)
'were used and 0.5 ul, amounts were titrated. |
Haemagglutinating upnit. Haemagglutinins were |
titrated and the dilution corresponding to the
last tube showing complete haemagglutination
(+ + +) was considered to contain 1 haemaggluti=
‘nating unit for the amount of red cells employed
:1n the test.

standard haemagglutinatihg dose of haemagglutinin
(Cl, welchii, PR8 virus or blood group=A antiserum,
2 « L haemagglutinating units) in 0.5 ml, of
saline was added to each of a series of doubling
dilutions of inhibitor in 0,5 ml. amounts of
salines, The mixtures were allowed teo stand fopr
15 mine at 20°C.; 0.5 ml. oi red-cell suspension
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was then addgd to each tube, thoroughly mixed and
left to settle., In assessing the inhibitor
content of culture fluids it was important to
heat these fluids prior to the test in order to
inactivate any haemagglutinin produced by the

culture.

Lroup=A substance. This was demonstrated by
testing the inhibitory activity for the blood

group=A isoagglutinin of doubling dilutions of
 heat=-inactivated medium containing 1 per cent.
' peptone (Oxoid, L37) before and after growth of
Cl. welghii in the medium, using the technique
described for haemagglutination-inhibition tests
'above. When culture.rractions ware to be tested
for the presence of the enzyme destroying blood
' group~A substance, 0,5 ml. of each fraction was
incubated at 37¢C, for 2 hr with 0,5 mnl., of a
1 per cent, solution of Oxoid peptone in 0,01 per
cent, thioglycollic acid in 0,05 }f Tris-naleate
bufier at pH 5.,9. Control tubes containing
saline in place of the peptone substrate, and
others containing saline in place of the culture
fraction, were included,

Hgemolysin tegstgs OSerial twoefold dilutions
of the material to be tested were made in 0.9 ml.

amounts of physiological saline containing calcium
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chloride 0.01 per cents, Volumes of 0.5 ml. of 1
per cent. washed human red cell suspansions wvere
then added. The mixtures were shaken, incubated
‘at 37°C, in a water bath for 1 hr and chilled
overnight at hWeC., before final observations of
the degree of hasemolysis (complete, almost
complete, definite, doubtful or negative) were
made for each tube in comparison with a negative

' control.

Lests of lgcithinase getivity. Serial
doubling dilutions of 0.5 ml. of the test sample |

'were made in 0.5 ml. aliquots of saline containe |

' ing calcium chloride 0,01l per cent, Volumes of

| 0e5 ml, Of egg=yolk suspension were then added,

' The mixtures were shaken, incubated for 1 hr at
37°Ce. in a water bath and then chilled overnight
at WweC, Turbidity produced by lecithinase is
readily apparent in these tests andy, for compara-
tive purposes, an arbitrary visual estimation of

Iturbidity was recorded as ++++, +++, ++, +, & and
« for each tube in comparison with a negative
control. Comparative lecithinase assays based
on these tests closely parallelled the results
obtained in the haemolysin tests. In some later
tests of lecithinase activity, egg-yolk broth
(Oxoid PM 6) was used instead of egg-yolk suspen=

sion as substrate; the egg=-yolk broth was a good
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indicator of lecithinase activity. Parallel
tests of lecithinase activity were performed on
some fractions by dropping aliquots (0.02 ml.) on |
:to the surface of an agar medium containing egg-
' yolk and measuring the zones of opacity produced
after incubation of these plates, as suggested by |
iShaldon, Moskowitz and Deverell (1959). The
'method gave results comparable with but not quite

as sensitive as the tube tests.

'inactivation. A modification of the test used
by Wickham (1996b) based on the !'quantitative
titration® deseribed by MeCrea (1947) was used,
Two strains of virus, Newcastle disease virus
(NDV) and influengza virus (PR8) were employed.
Doubling dilutions of Cl, welchiji culture material
'were prepared in 0.5 ml, physiological saline,

0.5 ml, of 1 per cent. washed red cell suspension
added to each tube and the series incubated under |
Iconditions of time and temperature described in
the text. Thereafter, the supernates were

' removed from the sedimented red cells which were
:mixed with 0,5 ml, of saline containing 5 - 10 |
 haemagglutinating doses of the appropriate virus
Ipreparation. The tests were allowed to settle

at room temperature.

Pgnagglutination tests. The techniques are
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' described in detail in Section III, 1n. (ii).
| Capsule studieg. Bacterial capsules were

' demonstrated by mlcroscopic examination of culturei

' suspensions in very thin wet films of India ink

5 were made

'on bacilli harvested from blood agar cultures as
| for the haemagglutination testss The bacilli

'were washed twice by centrifugation and resuspen=-

'sion in fresh saline and then fixed by addition
'of formaldehyde to about 0.25 per cent. After

overnight suspension in the formol-galine at LeC.,

the bacilli were washed twice by centrifugation
and resuspension in distilled water. A drop of
the final suspension was placed on a carbon=
stabilised collodion membrane and allowed to dry
in a desiccator overnight. The specimens were
shadowecast with gold-palladium alloy (60:.0) at
an angle of 15° and were then examined in the
electron microscope (Associated Electrical
Industries, EM 6) at 50 kv,

Concentration of protein solutions The

method of Palmstierna (1960) was used employing
a form of carboxymethyl cellulose ('Courulose'j;
British Celunese Ltd., Coventry)., Protein

solutions were held in cellophan sacs prepared

from dialysis tubing ('Visking'; Viskase, Ltd.,
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87a West Bow, Edinburgh) end compressed in beds
of Courulose at 4°C, until the desired reductions
in volume were obtained. |
Determination of Jlethal activity. Screening
tests for lethal uctivity were periormed by
intravenous injection of 0,1 = 0.4 ml., volumes
of appropriate dilutions of dialysed toxin in
physiological saline into batches of four white
mice of approx. 20 g. weight, Results were
recorded at 1“8 hr.
pitation. The methods

recommended by Dixon and Webb (1958) were
followed,
Colump chromatographye. Water-cooled jacketed

glass columns of 1 cm, internal diameter were
packed with de-aerated carboxymethyl (CM=)
cellulose or diethylaminoethyl (DEABE=) cellulose
suspended in the appropriate buifer solution.
The column was eluted with buffer solution carry-
ing an increasing molarity gradient of sodium
chloride. The eluting solution was delivered to
the colunn from a reservoir flask by a micropump
(*Miniflow'; LKB, Stockholm 12, Sweden) through
a 200 ml, mixing vessel the contents of which
were continuously agitated by an electrically=
operated magnetic stirrer. Iractions were

collected in tubes mounted on an automatic
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fraction collector (Locarte Co.y 244 Emperor's
Gatey London, S.W. 7)e¢ The molarity of the
effluent solution with respect to sodium chloride
at any stage in the elution procedure could be
calculated using the formula:

Log 10 (Cl - CV) =2“§ v + log (Cl - CO)
i -Y

Ory Cy = Cl % (Cl " Go)e v

where V = volume of mixing vessel

concentration of sodium chloride in

Q
)
It

reservoir

Co = initial concentration of sodium
chloride in mixing vessel

v = volume of effluent

concentration of sodium chloride in

it

effluent after volume v.
(see Alm, Williams and Tiselius, 1952).
Routine molarity values were more conveniently
determined by reference to a standard graph
based on the above formula.
Absorption spectrg. Unicam SP 500 and SP 600
spectrophotometers with 1 em. light paths were

used.

Yibrio cholerge filtrate. This was 'Duphar’
crude filtrate (N.V, Philips - Roxane, Amsterdan,

HOll&nd)c
Panereatine The crude product was supplied by
British Drug Houses Ltd., Pooley Dorset.
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Irypsin. Two preparations of crystallised
trypsin from bovine pancreas were used: Difco
"Trypsin 1:250" was held in a stock solution
containing 1 per cent. in 0.0l I hydrochloric
acide This was diluted 1 in 10 with 0,05 M
Tris-maleate buffer at pH 8.2 immediately before
use. Crystallised bovine pancreatic trypsin
(Light and Co., Colnbrook, England), with a
trypsin activity of 2000 units per mg., was also
used in a similar manner.

Lygozyme was prepared from egge-white in the
Department according to the method of Carter
(1929)« The erude crystalline product was
used at a concentration of 0.l per cent. in
0.09 M Tris-maleate buffer at pH 6,0,

Lipgse (Wheat germ: Worthington) was obtained
from Light and Co.y Colnbrook, England; It was
used at a concentration of 0,1 per cent. in
0,05 }§ Tris-maleate buffer at pH 7.5.

BEgg-yolk suspension. ﬁen egg yolks, separa-
ted from the whites, ﬁare pooled and mixed with
physiological saline to obtain a 20 per cent.
suspénsion by volume. The suspension was
filtered two times (with difficulty) through
Whatman no. 1 filfef paper and stored at 4°oC,

EBgg=yhite subgtrate solution. This was

prepared by homogenising 100 ml. of hen egg-white
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with %00 ml. physiological saline buffered with
0,005 i phosphate buffer at pH 7.2. HMixing was
achieved without undue frothing by stirring the

mixture with a magnetic stirrer for 2 hr in a

' beaker and occluding the access of air to the

- surface by placing the base of a second beaker

within the first beaker and in contact with the
surface of the mixture. The solution was then
centrifuged free of particulate debris and the
clear supernate stored at «40°C, The {inal

' product, analysed on my behalf by Dr I.W.

' Sutherland and Mr J. Caird, had a nitrogen content

of 3.2 mg. per ml, and a hexosamine content of
672 pge per ml.3 dry wt. = 32 mg./nl.
Hydrolysed egg yhite. Equal volumes of egg=-
white substrate solution and O.1 N sulphuric acid
vere mixed and incubated at 80°C, for 2 hr to

' liberate free sialic acid, This crude hydro-
' lysed material was estimated to contain 75 pge of

free sialic acid per ml, as measured by the

Warren assay and standardised against pure
Ne~acetyl neuraminic acid, It was stored at
-40°C, and was used as a positive standard in the

neuraminidase assay procedure.

This was done as recommended by Curtain and Pye

(1955)« DBovine submaxillary glands were
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obtained iumediately post mortem at the abattoir
and frozen solid before being taken to the
laboratory where they were dissected free of fat
and connective tissuey, mixed with crushed ice
and minced in a mincing machine. The material
was then homogenised in a Waring blender with
about twice its weight of distilled water,
centrifuged at 5000 g. for 20 min, and the
supernate taken, This was adjusted to pH L
with 5 }I acetic acid and the resulting precipi-
tate removed by centrifugation as before. The
supernate was next neutralised with 5 N sodium
hydroxide and dialysed against two changes of
excess distilled water for 48 hr. The dialysed

extract was then fractionated with methanol,

extrgete The dialysed extract was made 0.1 M
with respect to barium by adding solid barium
acetate. liethanol, pre-cooled to =h0°C,, was
then stirred into the solution to give an alcohol
concentration of 6% per cent. (v/v). Centrifuga-
tion in the cold at 2500 g. for 15 min. yielded

a precipitate which was subsequently dissolved in
a Oe¢l M solution of disodium ethylenediaminetetrar
acetic acid (EDTA) and dialysed for 60 hr against
three changes of excess distilled water. The

solution was then refractionated under identical
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conditions except that a methanol concentration
of 56 per cent. (v/v) was used on this occasion.

Blood group=A substance irom red cells was
obtained through the courtesy of Dr J. Koscielak
at Professor W.T.J. Morgan's department, The
Lister Institute, Chelsea Bridge, London. The
blood group=A activity of this material was
stated to amount to 10 - 20 per cent. of that of
the standard A substance obtained from ovarian
cyst material when compared in haemagglutination=
inhibition tests, and 15 per cent, as measured
by quantitative precipitation tests using antie-A
rabbit serum. The sample thus contained about
20 per cent. of pure blood group~A substance.
It was soluble in distilled water to a concentra=
tion of 0,3 per cent.

Sialic acid. A 30 mg, sample of Ne-acetyl
| neuraminic acid was generously supplied by Dr
Lars Svennerholm, University of Gothenberg,
Sweden. The material was more than 99 per cent.
pure and was used as a standard in the develop-
ment of the neuraminidase assay.

Neurgminidage agsave The procedure is
described in detail in Seetion III, 11. (iii).

Orcinol reactione The procedure of Long and
Staples (1959), based on the method of Bohm,
Dauber and Baumeister (1954), was followed. A
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1 ml, volume of the test sample was mixed with
' 1 mle of Bial's orcinol reagent (0,02 per cent.
| of ferric chloride and 0.2 per cent. of orcinol
in 8 ] hydrochloric acid), The mixture was
heated on a boiling-water bath for 15 nmin.,
cooled and extracted with % ml, of igo amyl
alcohol, After centrifuging, 3.5 ml. of the
upper violet organic phase was transferred to a
1 cm. glass cell, BEthanol (0,05 ml,) was mixed
- with the contents to avoid turbidity caused by
absorption of moisture., Extinetions were

- measured at wavelengths between 400 = 700 mpu.

A standard positive and a reagent blank were

simultaneously treated.

The procedure, developed by Warren (1959), used
the following solutions: (i) sodium metgperiodate,
0.2 } in 9 }f phosphoric acid; (ii) sodium |
arsenitey 10 per cent. in a solution of 0.5 M
sodium sulphate in 0.1 ¥ sulphuric acid; (iii)
2-thiobarbituric acidy 0.6 per cents in 0.5 M |
sodium sulphate.

A 0,2 ml, amount of the test sample was mixed
with 0,1 ml, of the periodate solution and held
at room temperature for 20 min. Arsenite
solutiony 1 ml., was then added with shaking

until a yellow=brown colour disappeared. The
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thiobarbituric acid solution (3 ml,) was finally
added sndy, after shaking, the tube was capped
with a glass bead and heated in a boilingewater
bath for 15 min. The heated mixture was subse-
quently cooled in cold water for 5 min. and then
extracted with 4.3 ml. of ecyclohexanone. Opti-
cal densities of the organic phase were routinely
determined spectrophotometrically at a wavelength
of 549 mp using 1 cm. glass cells rinsed out
with absolute alcohol., The procedure was also
periormed on 0,2 ml, of water for the blank
vessel and on 0.2 ml, of hydrolysed egg=white

solution of known free sialic acid content.

When it was desired to use the orcinol reaction
to measure liberated sialic acid in the presence
of residual protein-bound sialic acid, the latter
was precipitated by adding 0.5 ml, of a 4 per
cent, solution of phosphotungstic acid in 1 N
hydrochloric acid and the precipitate was removed
by centrifugation, . Addition of the chilled
phosphotungstic acid solution to neuraminidase
reaction mixtures and removal of protein by
centriiugation prior to the Warren assay proce-
dure was a convenient method of stopping the
enzyme reaction in critical tests (Popenoe and
Drew, 1957; Mayron, Robert, Winzler and Rafelson,
1961) .
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Commercial aptiserg. Cl, welchii type A and
' Cl, oedematiens type A diagnostic antitoxic sera
containing cresoly, 0.35 per cent., were supplied

commercially by The Wellcome Research Laboratories,

Beckenhamy England,

Chemical reagents. All salts used were of
analytic grade.
Glassware. Particular attention was paid to

the cleanliness of all glassware used. Tubes
were routinely cleaned by brushing out with cold
water and then boiling for 30 min. in soap ;
' solution ('Lux' soap flakes, held as a stock 15
per cent. (w/v) agueous solution which was
'diluted 1 in 30 for use)s The tubes were
thereaiter brushed out in tap-water and boiled
'in clean water for 30 mine They were next

rinsed three times in hot tap-water and then

held in running tap-water for 45 min. The
tubes were finally rinsed in 6 changes of cold
|tap-watar and two changes of distilled water
before being drained and dried in the hote-air

OVéne



SECTION III : Experimental observations




Demonstration of haemagglutinin. Experi-
ments with eight strains of Cl, welchii tested

in parallel using a microscope slide test
(Gdrttrk, 1952) , a porcelain tile test (Duguid
et ales 1955) and a tube test (Salk, 19u4) showed 1
!that tube tests gave the most consistent results. |
Agglutination of red cells by the Cl, welchil
ihaemagglutinin is much finer than the relatively |
coarse clumping described by Duguid et gl. as
‘typical of haemagglutination by fimbriate bacteria,

iTile tests were positive when a strongly haemagge-

lutinating bacterial deposit was used, but waaker

iconcentrations of haemagglutinin were only detect=

!centrifuged "eulture concentrates™ as described by‘

|Gurturk vere not always as sensitive as tube testsL

ied by tube tests., |IMicroscope slide tests using

|end-points were less clearly defined in haemagglutT

'inin titrations and results were not consistent. |
|

‘Strain L2A, for example, grown in GHrtirk's

medium and tested as centrifuged culture

!concentrate against a 1 per cent. suspension of |

fresh fowl red cells, gave weakly positive
microscope slide tests in dilutions up to 1 in 2h
vhereas tube tests were clearly positive with |

dilutions of the same culture material up to



1 in 64, Table 2

summarises results repre=-

| sentative of many experiments comparing the

three types of test in parallel on the haem=-

agglutinin content of 16 hr blood agar cultures

Iharvested in 10 ml, saline and concentrated to

1 ml, by centrifugation.

Table 2

Comparison of a tile test, slide test and

| tube test for the demonstration of Cl, welchii

 haemagglutinin in 16 hr horse blood agar culture

' concentrate active against human red cells.

Strain of Tile Slide Tube
Cl, welchid test test test
Ay - - -
B + +t o
Cc - -+ +-|'-+
D - - -
B + ++ +++
F - - -
W + T+ Tt
W3 - - -

- = no agglutination

+y ++y +++ = increasing degrees of agglutination.

The tile test and the slide test were not

used routinely as they seemed insensitive and

unreliable respectively.

The tube test gave

reproducible quantitative results.

In tube test
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titrations of serial doubling dilutions of

Cle welchij haemagglutinin, red cells settle in
patterns very similar to those observed by Salk
in virus haemagglutination tests. End=points
are quite definite. . Table 3 shows results

obtained with five representative strains of

Cl. welchil.
Table }

Results of three types of haemagglutination

test on 20 hr horse blood agar cultures of five

strains of Cl. welchii, each harvested in 10 ml.
physiological saline and tested against human red

cells,
Haemagglutination Test
Strain of .
Cl.welchii Tube test
Tile | 8lide C uted ,
Test | Test I 8 32 )
Ao - ++ 44 | b+ | + | -
B L e e - - @ | .=
E - ‘ - - - - -
W S+ At ot | bt | e [ | -

- = no agglutinationy 4 = doubtful positive;

+4 ++, +++ = increasing degrees of agglutination,
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on_of hse lutinin. Different
strains of Cl. welchii varied in the amount of
haenagglutinin produced and in the time at which
. production was maximal. Table 4 shows the
| haemagglutinin production in blood agar cultures
- of eight strains grown for 1, 2, 4, and 8 days.
Standard blood agar plates were inoculated as
uniformly as possible with standard loopfuls of
48 hr cooked-meat broth cultures of the strains
to be tested. Uninoculated plates of the same
batch of blood agar were also incubated. All
cultures were removed from the incubator,
harvested in 10 ml, saline and tested as culture
concentrate on the same day against human group-
O red cells of the same batch, Washings of the
incubated uninoculated plates were tested for
any non=specific haemagglutinating activity and
found to be negative.

The laboratory stock strain W produced

- large amounts of haemagglutinin. Titres were
actually in excess of 1 in 128 for 2% and 4“8 hr
blood agar culture concentrates and fell to 1
in 6% when 4 and 8 day cultures were tested.
The NeCeT+C. strains of types A = B gave moderate
to large amounts of haemagglutinin after 48 hr
culture on blood agar at 37°C.y but the type=F
strain produced only a trace amount after “ days.

A recently isolated strain (::3) similarly
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produced negligible amounts of haemagglutinin,

L

Table

Haenagglutinin content of culture concen=-

trates obtained from blood agar cultures of

eight strains of Cl, welchil incubated for 1, 2,

‘L and & da}"So

Amhmwu 2InjyIno Jo e3y

m *segeTd
- | = | = - | - | - | = | = - | - TOIUO0D
pejeTndouTUn
wlew|lg]l ¥lwlwl-®lhinla ] »ls) - Ea
eaad b e R B e e el el et et e B s M
e + |+t T T |+++ bl - - o - - g
R R IS R EE T S B SUR S | R PPERFY R |
I e s B R B - T |+ - - - m a
-lrlr - | =- vll T |4+ |rrs - T |+ 0
R B e I B E s [ MR Ea ol S Sray FAVRCE prArirs 2
LA R R I R B | I B - |l =17 i
9T/T|8/T |/ T|9T/T|8/T |W/T||9T/T|8/T|W/T{PT/T|8/T|%/T
peqnIIpP PeguTIP pejuyTp PanTIP TTUSToR 15
8 i e T _ nﬂdwpﬂ
__
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Guinea=pig passage of haemagglutinating
strains caused a marked reduction in their
ability to pfoduce haemagglutinin in immediately
subsequent cultures. For example, 2 ml. of a
48 hr blood agar culture suspension of strain
L2A with a haemagglutinin titre of 1 in 128 was
' injected intramuscularly into the thigh of a
guinea=pig. After 48 hr the strain was recover-
ed from the oedematous limb and from the heart
blood of the moribund animal., Haemagglutinin
titres of 48 hr blood agar cultures of the
passaged organism were 1 in 8 for the strain
- recovered from the oedema fluid and 1 in 2 for
' the strain recovered from the heart blood,

Freshly isolated strains of Cl, welchii
never produced haemagglutinin., Over 100 new
strains were obtained from human faeces and
several more from wounds and other lesions; all
- were found inactive when tested in 48 hr blood
agar cultures within a day or two of isolation.
The ability to produce haemsgglutinin developed
in some of these strains after 4 - 5 months!

- cultivation involving several subcultures in
cooked=meat broth. For example, strain hLhj3
produced no haemagglutinin when originally

' isolated from an ear swab in February, 1958.
First evidence of haemagglutinin production by
' this strain was noted in a 48 hr cooked~meat



91

broth subculture prepared in mid-June, 1958.
Although a limited investigation of stock
strains of Cl, yelchii obtained from two other
laboratories confirmed the general impression
' that haemagglutinin production was typically
- associated with strains which had been subculture
' ed in the laboratory for some time, exauples of
old non-haemagglutinating strains were noted.
All of six stock strains, types A (3), C (1) and
D (2), obtained from Dr A.T. Willis of Leeds
University ledical School, produced haemagglutin-
'in in %8 hr blood agar cultures but minimal
 amounts were produced by strainsg L1i and L9D.
One of two stock Behaemolytic type-A strains
obtained from Dr Betty C. Hobbs of the Food
Hygiene Laboratory, Colindale, produced haem-
' agglutinin, flowever, gultures of another
'typical type=A strain were virtually non-haen=
agglutinating and two typical food-poisoning
strainsy both of which had been subcultured nany
‘times in cooked-meat broth for several years,

:produced no haemagglutinin (Table 5 ).
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Table 5

Haemagglutinin production in 4“8 hr horse

blood agar cultures of various stock laboratory

strains of Cl, welchii.

Haemagglutination with suspension

diYuted 1 in
Strain
2| + | 8| 16( 32| 6%}128]|256]|512
LI1IA 4+ - ; - - o - - -
L2A i Eesi b R dEaad Enn s ER=d 3 -
L3A Attt ]| - | e | e | -] -
L7C | | | e | e | | |
L8D t+4| ta| 404 w10 ] ere] 24 244 +44] -
L9D | 4 - - - - - i
6 37/60 #lwl sl elafel sl sl »
F6599/59 | +++|+++|++H ++| « | « | « | = | =
F1546/52 sl wjl el sleolwlolealas
F2985/50 | & | =) «| «| <] | =] =| -

Llay L2A, L3A, L7C, L8Dy L9D - Leeds strains
M637/60, F6599/59 -« Colindale type-~A strains

F15u6/52, F2985/50 = Colindale food=poisoning
strains.

= no agglutination
4 = doubtful positive
+y ++, +++ = increasing degrees of agglutination.




73

tion. When Cl, welchii was grown for L8 hr in

- the media commonly used, blood agar cultures

[_nied [l _naensg

jyielded the largest amount of haemagglutinin,
both in centrifuged bacillary deposits and in

' bacteria-free supernates of culture suspensions.
Cultures on normaly boiled or lysed blood agar
media did not give significantly different
yields, Nutrient agar and nutrient broth cul-
tures produced less haemagglutinin and the
latter were frequently haemolytic. Cooked=meat
broth cultures at .8 hr gave varying amounts of
haemagglutinin but usually less than blood agar
cultures. For the naximun yield, most strains
required either 18 - 72 hr growth on blood agar
or 4+ « 5 days' growth in cooked=-meat broth.
Cultures in Ellner's (1956) sporulation medium
produced large amounts of haemagglutinin which,
after centrifugation of the cultures, was almost
entirely associated with the bacteria=-free super-
natant fluid. For example, bacteria-free wash-
ings from a 1% hr blood agar culture of strain W
had a haemagglutinin titre of 1 in 32 compared
with a titre of 1 in 128 for a centrifuged 15 hr
Ellner culture supernate of the same strain,

The resuspended washed bacterial deposit from the
Ellner culture was non-=haemagglutinating whereas

washed bacterial suspensions obtained from blood
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:agar cultures (see Methods) retained considerable

| haemagglutinating activity (g.vs) .

Haemagglutin production in nutrient broth
cultures was not enhanced by the addition of
red cells or red cell stromata to the medium,.
Addition to nutrient broth of the supernatant
fluid from sterile cooked-meat broth was foﬁnd

to suppress the haemolytic activity of cultures

grown for 1 « 3 days in this medium, but did not
increase their haemagglutinating activity.
Haemggglutination was also initially suppressed

in low dilutions of those cultures containing

' significant amounts of cooked=meat broth supere

' natant, but this effect disappeared after the

third day of culture (Table 6 ).

The addition of increasing amounts of cooked=
meat to a series of tubes of sterile cboked-meat
broth supernatant caused proportionate reduction |
in the haemaggliutinin content of cultures
subsequently grown in these media for 20 hr.

This suggests that en inhibitor of the haemagglute
inin is contributed to cooked-meat broth from the

neat, and this inhibitor appeard to be inactivated
on prolonged incubation with Cl, welchii. |

Haemagglutinating activity was markedly
reduced in cultures grown on blood agar ¢ontaining

either calcium chloride, 0.1 per cent., or glucose,

Ocl = 1.0 per cent, This occurred even when
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caleium inhibitors were incorporated in the
diluents of the haemagglutination tests to supp=
ress the enhanced haemolytic activity of these
culturess A typical experiment showed a foure
fold reduction in haemagglutinin production when
glucosey; O.1 per cent., was added to blood agar.
Virtually no haemagglutinating activity was
observed in a similar culture of the same strain
grown on blood agar containing calcium chloride,
0.1 per cent.

' The haemolytic effect of some 2\ hr Ellner
broth cultures of haemagglutinating strains
largely masked their haemagglutinin activity
which Qas.evidant, however, at one or two doubling
Idilu.t:l.ons beyond the haemolysin titre. These
| eultures showed gradual loss of haemolysin when
. :teéted'after further incubation, Haemagglutinin
activity vwas maintained and, after 3 or 4 days,
was apparent also at the low dilutions previously
associated with haemolysis (Table .7 ).

These results suggest that lecithinase
activity may interfere with haemagglutinin acti-
vity at the red cell surface. Some cultures
with marked haemolysin activity showed a subsequ~
ent loss of lysin without at any time giving
haemggglutination so that it is unlikely that the
‘haemagglutinin is merely a degradation product of
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the haemolysin. This was particularly evident

with an Ellner culture of a guinea=-pig passaged |
| strain (A/GP), Haemolytic activity was demonste
' rable with this culture up to 138 hr, but haeme

| agglutinating activity was never demoustrable
when tested for at 22, %4, 90, 138 and 160 hours.
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Haemagglutinin and haemolysin production of
jelch

Table
blood agar plates at W hr to

and tested as whole culture against human
(All Ellner cultures were subcultur-

check growth and purity. Strains 153 and F showed

relatively poor growth.)

thirteen strains of Cl.

mediun
red cells.
ed on anasrobic
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f;gg&. Physiological saline was used routinely
|
Eas the diluent for haemagglutinin titrations.

‘Addition of 0,01 per cent. calcium chloride ,

iO.l per cent. Versene or 0,08 per cent. sodium
iazide did not affect the haemagglutinin titre j
!only slight inhibition ocecurred when 0.5 per cent.
'sodium oxalate, citrate or phosphate was added

to suppress alpha=haemolysin ,

|
!
E Table 8 (overleaf) shows the results of an
iexperiment in which the effects of some of these
substances were studied vhen used in the diluent
:of parallel tests of a haemagglutinating strain
!(w) grown on blood agar and in glucose broth
and tested against sheep red cells., The sheep
‘red cells were added to each titration as a
Isuspension in the diluent under test,

|
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8
The influence of various substances on the

Table

haemagglutinating and haemolytic activity of blood

gselch

agar and glucose broth cultures of Cl

tested in parallel against sheep red cells,
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Sodium citrate, 2 per cent. in saline,
reduced the haemagglutinin titre. The pH of
this solution was 8,4 and the inhibitior was
- considered to be a pH effect. (q.ve)

Formaldehydey 0.5 per cent,, in the saline
' diluent reduced the haemagglutinin titre slightly |
- but not the haemolysin titre, The use of the
' supernatant of sterile cookedemeat broth as
' diluent suppressed both haemagglutination and |
haemolysis, These results suggest that, while
' haemolysis can mask haemagglutinin activity, haen=
agglutinin is not produced in significant amount
in glucose broth cultures and the haemagglutina-
Ition phenomenon is not significantly sensitive to

chelating agents,

test, In tube tests Cl, welchii haemagglutinin |
acted equally well in the cold (%°C,) and at room

' temperature (20°C.), Tile tests at 37°C, showed |
nacroscopic agglutination appearing within 3 =« 4
‘min, and becoming maximal in 10 « 15 min, At
20°C, the resction was slowery and at 4weC, it
required twice as long as at 37°C, Tube tests
at 37¢C, were frequently complicated by irregular
elution of the haemagglutinin and haemolysis,

iffe the The haemagglutie
nating activities of whole culture, bacterial

deposit and culture supernatant were separately



tested at pH values ranging from 2.2 to 9.k,
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Tests at values below Y.6 were unreliable owing to

changes in the red cells, but distinet haemagglu-

tination occurred in mixtures ranging from pH 5.6

to 9.4,

Tube tests of whole culture of strain

L2A diluted in Tris-maleate buffered saline showed

a broad range of optimal activity from pH 6.0 to

7. 5 (Table

9)e

lable 9
The effect of pH on the activity of Cl.

:ggégg;& haemagglutinin in whole culture against

human group-A red cells.

Haemagglutination with culture

pH of diluted 1 in
test
L 8 16 32 6%
5eb +t4 +4++ +4++ 4 =
6.0 it +++ +++ +++ -
6.8 ot ++ i +4++ -
75 +++ ++ +4+ +++ 4
8.2 it +++ +++ & -
Saline ot 4 +4+ et -
control
- = no agglutinations
4 = doubtful positives;

+y g+

increasing degrees of agglutination.
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Tube tests of culture supernatant of strain
A showed maximum titres at pH 5.6 and 6.8
(eitrate~phosphate buffers), but these titres
vere not significantly superior to those obtained
in unbuffered saline (Table 10 ).

Table 10
The effect of pH on the activity of

Cl, welchil haemagglutinin in culture supernatant
fluid against human group-A red cells.

Haemagglutination with

g? supernatant dilgted 1lin

test
| 8 16 32 6L

el 4t - - - -

5eb St +i+ 44 - -

568 +++ 4+ - - -

Holr 4+ i ot - @

6.8 -+t s +A+ - -

762 i+ ++ - & &

7.7 i +++ - | o -

ggﬁ%?gl +++ i+ -+ “ -

no agglutinations

+y ++y +++ = increasing degrees of agglutination

In tile tests of 3 day whole blood agar culture
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suspension of strain L2A at 20°C,, using Trige
maleate buffers, haemagglutination of human red
cells occurred most rapidly at pH 6.8 (Table 11).
These tests were done 'blind' and in duplicate

to elininate observer errory, but results were

unequivoeal,

Table 11
Effect of pH on the rate of development of

haemagglutination in duplicate tile tests of
Cl, welechii haemagglutinin in whole culture
against human group~A red cells at 20C,

Time pH of test saline
controls
(mine) )
5.6 640 6.8 2:51 B,2
l - | - - - - - - - - - -
3 Lol B B - - - - - - - - -
6 dlwl & |w +l+ldldlada] +| +
7% 414l + |3 4| o+ | +r|a A |2 | |
9 d & +d |+ 4| v vd|F |+ |+ | |
11 4 4] +d [+ dbde | bt | dd |+ | R+ || et
15 4 || b | b | | e ] S+ |

= = no agglutination

4 = doubtful positive

+y +&y ++, ++4, +++ = increasing degrees of
agglutination.
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Range of cells agglutinated, The haem-
agglutinin was strongly and equally active with

human red cells of all ABO groups. The red cells
of rabbity guinea-pig, fowl, sheep, oxy mouse and
horse were found decreasingly sensitive in this
ordery, those of mouse and horse being relatively
insensitive. Bovine (ox) red cells varied in
sensitivity, some samples reacting almost as
strongly as human red cellsy but in general they
were not particularly sensitive to the haemagglu-
tinin, Typical results are illustrated by the
experiment summarised in Table 12 in which

relatively insensitive ox cells were encountered,

Table 12
—————
A comparison of the sensitivity of red cells

to the haemagglutinin of 1 strain A
(.B-hr harvested blood agar culture supernatant).

Culture supernatant
Species of luted 1 in

red cell
L 8 16 | 32 ] 64 128
Human group~A ot I A ++ | & -
Human group=B did | b | b | -

L
]

Human group=0 tot | A | v | e

Rabbit et | b | bt ++ 4 -
Guinea=-pig +44 | 4 ++ 4 - -
Fowl it | bt 4 - - -
sheep ++4+ | +++ + - - -
Ox * - - - - -
House et - - = - &~
Horse ++ | & - - o -

- = no agglutination

4 = doubtful positive

+y ++, +++ = increasing degrees of agglutination.
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| Bovine red cells became much more sensitive
if treated with formaldehyde by the method of |
Dafaalla and Soltys (1951). For example, harves+
ted 48 hr blood agar culture of strain W produced
haemagglutination in dilutions up to 1 in 8 when
- tested with formalinised ox cellé vhereas agglut-
ination only occurred at a 1 in 2 dilution when |
| untreated ox cells were used. The incorporationi
of rabbit serum in the tests as recommended by
' Dafaalla and Soltys did not enhance agglutination
and, as the presence of serum added further com=
plications in the interpretation of results (g,v.)
it was not routinely used. Human red cells were
not rendered more sensitive when treated with tanf
nic acid as described by Boyden (1951), but gave
stable suspensions of exceptionally high sensitivs
ity when treated with V, cholerae filtrate (RDE) i
until no longer agglutinable by influenza PR3 |
virus (Table 13) . Guinea-pig leucocytes were |

agglutinated by the haemagglutinin, '

Stability. The haemagglutinating activity

| of whole culture or centrifuged culture supernate
| ant diminished slowly and irregularly on standing
| for several days at “weC,,y 20°C,, or 37°C.

| Transient increases in activity of clear culture

supernatants were occasionally detected during



- 108

The eifect of RDE~treatment of human groupe«A
red cells on their sensitivity to Cl, welghil

haemagglutinin derived from three different

strains,
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storage at 20°C, and h4woC, The haemagglutinin in
culture supernatant was not inactivated by incuba=
tion at 37°C, for 24 hr at pH values ranging from
546 to 8.2, but the activity of unbuffered bacte-
rial suspensions and culture supernatants was
destroyed after 30 « 45 min. at 55°C., after 5 -
10 min, at 60°C. or after 1 min, at 100°C,
Buffered preparations of whole culture of strain
L2A (Tris-maleate buffers) showed least rapid
inactivation at an alkaline pH (Tablell ).

Table 1y
The effect of pH on heat-inactivation tines
of haemagglutinin in whole culture of Cl. welchii
strain L2A.

Haemagglutination
after heating
Minutes of
heating
at 59°C. at pH SaVEETared
saline
5.6 16,0 |6.8 | 7.5 { 8,2 | controls
0 t4t |t | e | e | et i
10 - +4+ | +4++ |+ | +++ —
20 M R PR TR [T L
30 - = - + ++ 4+
%0 - o - L A .
50 - - - a & é

no agglutination
doubtful positive
increasing degrees of agglutination.

]
nun

+y t+y +i+
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The haemagglutinating activity of culture
supernatant was not reduced by oxygenation and
was not enhanced when tests were performed under
reducing conditions. These results indicate
that the haemagglutinin is thermolabile but not
oxygen=gensitives

The haemagglutinating activity of bacterial
deposit was destroyed by treatment for 18 hr at
20°C, with chloroform, 1 per cent. phenol, or 1
per cent. formaldehyde, but not with 95 per cent.
ethanol. The effect of formaldehyde was investi=
gated in detail. Incubation of whole culture at
37°C. with 2 per cent, formaldehyde for 4 hr or
0.12 per cent. formaldehyde for 2%+ hr inactivated
the haemagglutinin, Addition of 0.2 = 0.5 per
cent. formaldehyde to the saline diluent used in
the tests reduced the titre slightly but 1 per
cent. formaldehyde reduced it fourfold. An equal
volume of 2 per cent, formaldehyde in saline was
added to tubes containing red cells already
agglutinated by Cl, welchii and the cells were
dispersed by shakingj they re-settled in negative
patterns, Thus the haemagglutinin can be inacti-
'vated by formaldehyde in sufficient concentration,
and it appears to be susceptible to inactivation
even after haemagglutination has occurred.

Haemagglutinin was not inhibited or destroyed
when mixed and incubated with the whole culture of
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ia non-haemagglutinating Cl, welchil strain prior
to the addition of red cells. It was unaffected |
by treatment with lysozyme or lipase, partly inace
Etivated by pancreatin at pH 8.2 in 2 hr at 370 C.,
‘and almost completely destroyed by trypsin under
these conditions,. It therefore seems that al-
though the haemagglutinin is susceptible to
‘'enzymic action, the inactivity of cultures of none
‘haemagglutinating strains is not due to the pre-
!sence of haemagglutinineinactivating factors in
ithese cultures.

i D us . Blood agar cultures of
strain A vere examined at different times and the
amount of diffusible haemagglutinin compared with
‘that which remained associated with the bacterial
!deposit. The cultures were harvested in 10 ml,
!of saline and centrifuged to obtain clear super-

|
natant and bacterial deposit. The latter was re-

| |
'suspended in 1 ml. of saline, i.e. one tenth the

;volume of the supernatant fluid, and the haemaggl=-
utinin titres of both determined. The results
(Table 15) indicate that significant haemagglute-

!inin production occurs in cultures after 12 hr

|
‘incubation at 37¢ C. Diffusible haemagglutinin

|
production was most evident at %Wl hr.
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Table 12

Diffusible and non-diffusible haemagglutinin

associated with centrifuged supernatant (8) and

tenfold concentrated bacillary deposit (BD)

obtained by harvesting blood agar cultures of

Cl lchij strain A at different times.
Fraction
L _tested | Haemagglutination observed
Age of Culture at a dilution of 1 in
culture | Supernate
(hr) or
Baeillary| 2 L 8 16 (32| 6™
081t
S - - - - = -
7
12
3 ‘ - - - - -
17
' BD +++ | et | et R ++ 4
8 it | b | e i+ |- -
Ll
BD 44 | P+ | b+ | +4 -
8 ++4+ |+t B - - -
65
BD +4t | e | ++ ++
S +++ | v+ | 4+ b ) - -
89
BD el B Bl B B -

Key as in previous Table,
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This pattern was less clearly demonstrated
with strain C. A virtually non-=haemagglutinating
strain (032) showed minimal activity demonstrable
with the concentrated bacillary deposit only.
Parallel capsulation studies using India ink wet
films (Cruickshank et al., 1960) showed no rela=
tionship between capsule formation and haemagglu=-

tinin production (Table 16 ).

Table 16

Capsule formation and haemagglutinin produc-

tion by blood agar cultures of three strains of
Cl. yelchid.

. o c
ixe ot Strain of Cl, yelchiji
culture _
(hr) A c 032
17 ++ CC + @ - C
%l +++ CCC + C 4 CC
65 ++ CCC ++ ¢ + CC
89 ++ CCC T B + CC
- = no haemagglutinin
4 = doubtful positive

+y ++, +++ = increasing amounts of haemagglutinin
minimal capsule formation

inereasing degrees of capsule
formation.

C
8, CC, CCC

In general, bacteria=free supernatant of

ceotrifuged 20 hr culture was almost as strongly
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. haemagglutinating as whole=culture suspension ,
The resuspended bacterial deposit retained con-
siderable activity and this could be further re-
duced by successive washings involving repeated
centrifugation and resuspension in fresh saline.,
From 7 to 10 washings with 10 ml. amounts of
saline were usually necessary to remove all act=-
ivity from the bacterial cells (original haem=-
agglutinin titre of cell suspension about 1 in

32 )« Fige 1 illustrates an experiment in which

the haemagglutinin titres of whole culture, sup-
ernatant and resuspended bacterial deposit wvere
initially equal. As haemagglutinin was washed
from the bacterial cells it was demonstrated in
decreasing amounts in the bacteria-free centri-

fuged supernatants of the successive washings.

ultrgsonic disintegration . Ultrasonic

. treatment of culture supernatant did not alter
its haemagglutinating effect, but ultrasonic
disintegration of the unwashed bacterial
deposit greatly increased its haemagglutinating
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.

04,
w4,

.

Bacterial Deposit

Supernatants

\

RECIPROCAL OF HAEMAGGLUTININ TITRE

4 L \
. | \§
Whole 1 2 3 & 5 6 T 8 9 10
culture NUMBER OF WASHINGS
Fig. 1. Successive loss of Cl. welchii haemagglutinin from bacterial

deposit following repeated washing by centrifugation and resuspension

in fresh saline.
(Modified from Collee, 1961).
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activity. This effect was not obtained by simple
prolonged shaking of the bacterial deposit in sal-
' ine even if this was performed in an atmosphere. |
of hydrogen lest aeration produced inactivation
of haemagglutinin. Ultrasonic disintegration of
bacterial deposit which had been washed almost
free oi detectable haemagglutinin by 7 changes of
saliney, was found to release a large amount of
haemagglutining this presumably had been contain«
ed intracellularly., Disintegration of the bacte~
rial deposit of a non-haemagglutinating strain did
not yield haemagglutinin. The following two |
Tables (17 and 18) summarise results of experiments
upon which the above observations are based,
Ultrasonic disintegration of bacterial
depogit provided a means of obtaining more
concentrated haemagglutinin relatively free from |
diffusible haemolysins. Table 19 shows the
results of an experiment in which an 18 hr. "Oxoid"
cooked=meat broth culture of strain A was tested
against human red cells, When the whole culture |
or its centrifuged supernatant was usedy haemolysis
was troublesomes The haemagglutinating activityT
of the resuspended bacterial deposit was rather
weak. Ultrasonic disintegration of the whole
culture did not affect its haemolytic activity,
but disintegrated bacterial deposit was none
haemolytic and powerfully haemagglutinating.
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Table 17

Results of three separate experiments to show

the effect of ultrasonic treatment in liberating

haemagglutinin from bacterial deposit, Haemagglu-

tinin was not liberated by shaking and could not

be obtained by ultrasonic treatment of bacterial

deposit of a haemagglutinin-negative strain,

Diluted 1 in

Material tested
L | 8 | 16| 32| 6%]128

Whole culture 4 | bt |t | - - -

Culture supernatant ottt | - | - | -

Culture supernatant .
after ultrasonic oot | bt |t | - = -
treatument.

Resuspended bacterial
deposit

Resuspended bacterial
deposit after ultra- Aot | ot | et | | e |
sonic treatment

Whole culture b |t i | - - -

whole culture after
shaking (MICKLE 5 min,)|+++|+++|+++]| = | = | o
in air.

Whole eulture after =5

shaking in hydrogen i kg I 2 LB W

Whole eulture after

44| ] | | ]| -
ultrasonic treatment

Whole culture of haem=
agglutinin-negative & | - w |lo |»
strain 032

Whole culture of
strain 032 after & |o & e e i
ultrasonic treatment

Key: see Table 18,
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Table 18
The release of cell=bound haenagglutinin by

ultrasonic treatuent of resuspended bacillary
deposit (RED) from which almost all detectable
superficial haemagglutinin had been renoved by

washingc

Diluted 1 in
Haterial
tested *1
21 % | 8| 16} 32] 6411281256
| Simiuane [ sofseoeefoeefoee] + | - |-
i Resugpended
! baci ; ] el et lert et ]| 4 | - )

{ deposit (RBD)

Hmmwasnedxl sclocd st s Y wtnl wia

RBD washed x ‘.1. i e + - ™~ - - e

AiDwashed X 7] 4+t = ! = | « | = § « | » | »

RBD washed x 7
then disinte-
grated ultra=
sonically

dra +oef el veblereliee] o | -

L - S

- = no agglutination

™
n

doubtful positive

+y ++4 +++ = increasing degrees of agglutination.
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Table 19
—_——

The release of cell-bound haemagglutinin

free fron diffusible haemolysin by ultrasonic

treatment of bacillary deposits

Materi al Diluted 1 in
.. 214 |8 f16)32)6ulre8 256#512
Whole culture L JL L L L wfa Pe 'l e

§i
 { nd

Culture supernatant L {L L L

Resuspended bacillary

detlett it | = | = =] = | = | =

deposit

After ultrasonic disintegration
Whole culture T S0 T A 1 R QR
‘Culture supermatent | L {L |z Ju Jz |} |-« ]=

Resuspended bacillary
deposit

4+l & | =

5
+
+

A cd Eaa o T S

L

complete lysis

i

1 partial lysis

:+’ +Hy td = %gcreasing degrees of haemagglutinae-
On,

4 = doubtful haemagglutination

-

no haemagglutination
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Filtragtion gtudies. Filtration of culture

supernatant through sintered glass filters (grade |
| 39 pores 20=30u) did not significantly reduce the

haemagglutinin content, but subsequent filtration
through a grade 5 filter, pofes up to 2u, narkeds
ly reduced ity filtration was very slows Table

20 summarises results of a typical experiment.

Table 20
The effect of filtration through different

grades of sintered glass filters on the haen-

agglutinating activity of culture supernatant.

Material Diluted 1 in
tested
L 8 16 32 6L

Culture supernatant Tt | rd b B -

After filtration
through grade=3
sintered glass
filter.

+++ 44+ +4 - )

Ager giltratign
through grade=- o
sintered glass Y
filter.

++4 +++ = increasing degrees of haemagglutination
4 = doubtful haemagglutination

« = no haemagglutination

Seitz asbestos filters absorbed the haem=
agglutinin completely and added a further
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complication by shedding material which was
shown to cause coarse clumping of red cells,
Thus, Seitg=filtered saline diluted 1 in 2 with
physiological saline agglutinated red cells
moderately (++). The same Seitz-filtered saline
was more actively haemagglutinating (+++ at a
dilution of 1 in 2) after agitation, The
supernatant iluid after centrifugation was non-
haemagglutinating but the concentrated daﬁosit
obtained from about 8 ml. and resuspended in
about 1 ml, of fluid was actively haemagglutina=-
ting (+++) in dilutions up to 1 in 8,

Filtration of actively haemggglutinating
whole=culture suspensions through cellulose
acetate membrane filters (Oxoid) very markedly
reduced their haemagglutinin content. The
haemagglutinin was not diffusible through
cellophan when dialysed against excess physio-
logical saline at room temperature or against
distilled water at hWeC, overnight.

The results of preliminary ultracentrifuge
studies indicate that the haemagglutinin may be
associated with particles of the order of size
of 10 = 20 my,



122

|

It is therefore clear that the Cl, welchil

| haemagglutinin remains active when in solution

' and free from the bacterial cell. This evidence |

- bacterial deposits but not in the bacteria-free
- supernates of cultures of Cl. welchii grown in

supports Wickham's contention that the substance

is at least partly diffusibles The presence of
an inhibitor of the haemagglutinin in cooked-meati
broth may explain the fact that Dafaalla and Soltfs
(1953) could detect haemagglutinin in concentrated

this medium . Dafaalla and Soltys therefore re- |
|

garded the haemagglutinin as non=-diffusible « The |
rapid absorption of haemagglutinin by Seitz as- |

| bestos accounts for the lack of haemagglutinating

activity of the culture filtrates examined by

| GHrtUrk (1952) who assumed that the haemagglutinin

was non-diffusible., However, as 'diffusible’
haemagglutinin occurs late in cultures, at a

stage well beyond the exponential phase of growth,
it is most probable that the haemagglutinin is not
truly diffusible and is liberated as a result of
autolysis of the bacterial cell . The release of
additional haemagglutinin by disintegration of
washed bacterial cells, and the occurrence of

large ylelds of diffusible haemagglutinin in

; sporing cultures in Ellner medium 4 tend to con=

firm this vievw .
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Electron microscopy. Careful examination

of washed bacterial deposits from non-haemagglute
inating and actively haemagglutinating cultures
by the electron microscope showed the absence of
fimbrige. Many fields were searched and typical
bacilli are illustrated (Plate 2). The appear-
ances are those of a capsulate organismy the
shrunken capsule obscuring the marginal line of
the cell-wall,

The occurrence of peripheral artefacts is
noteworthy. Bacteria surrounded by these
apparently mucinous strands were common in
preparations of haenmagglutinating and non-
haemagglutinating strains. They seem to be
projections of capsular material, the main
proportion of which is contracted around the
bacillus during dehydration, In their continuity:
with the capsule, their frequent terminal
bifurcation, their tendency to confluence,
irregular breadth and haphazard arrangement, these
projections are readily distinguishable from true
finbriae (Plate 1),

Electron microscopy of the concentrated

'supernatant fluid obtained from 48 hr Ellner

cultures of strain L2A (hsemagglutinin titre 1
in 1024%) and a non=haemagglutinating freshly
isolated control strain was kindly performed by



Plate 2. Clostridium welchii : a dividing cell
from a 48-hr culture of a haemagglutinating strain.
The absence of fimbriae and the presence of
peripheral strands of capsular material are typical.
Electron micrograph X 29, 000.
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Dr A.P. Waterson of Cambridge University. Dr
‘Waterson reported that the material from the
'haemagglutinating culture contained numerous

'small particles about 500 & (50 mp) in diameter
'with no structure to be resolved but which might
‘have a sub-unit arrangement. This small material
éwas missing in the haemagglutinin-negative control

fSpecimen.

Adhesion experiments. The haemagglutinin
‘associated with the bacilli in cultures of

Cl, welchij does not appear to enable them to
i ¥
iadhere to cell surfaces. Haemagglutinating

land non-haemagglutinating bacilli were examined
s

iin vet films by phase=contrast microscopy for

adhesion to various kinds of cells. It was
ccasionally possible to demonstrate adhesion
Ff Cl, welchii to red cells but this was the
pxception rather than the rule,
Adhesion tests using cultures of varying ages;
and a wide range of cells including human red
cells of all ABO groups, human buccal epi=-

thelium, red cells of various animals, guinea-

pig epithelial cells from trachea and small and
|large gut and guinea-pig leucocytes, have

'shown no significantly consistent attachment of
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| haemagglutinating Cl, welchii to these cells,
'Adhesion was similarly negative in the case of

' Capdida albicans cells and plant root hairs.
Haemagglutinating bacilli injected intranmuscularly

into a guinea=pig showed no obvious tendency to

adhere to the cells of the resulting exudate. It
was found, however, that Cl, yelchii organisms

' eould agglutinate and adhere to particles of

Seitz asbestosy, Fuller's Barth and charcoal.

This phenomenon was first observed with haeme

agglutinating strains but was shown also by non=-

haemagglutinating strains and is not caused by
the haemagglutinin,

Adgorption and elution. Charcoal, Seitz
 asbestosy calcium phosphate gel and kieselguhr
;readily adsorbed the haemagglutinin which was
also rapidly adsorbed, within minutes at 4°C. or
!2000., on to susceptible red cells. It was not
' so readily adsorbed by horse red cells, which are|
'relatively insensitive to the haemagglutinin, I
| Absorption of a haemagglutinating culture super- |

'nate with human red cells removed agglutinin

simultaneously for human, ox, sheep and fowl red
' cells, When the centrifuged red cell deposits |
' obtained from 10 ml, of 1 per cent. washed suspen%
' sions of red cells of man, ox, sheep or fowl werei
separately resuspended in 2.2 ml., aliquots of |

' haemagglutinating culture supernate and
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subsequently removed by centrifugation after 30
mines at bench temperature, haemagglutinating
lactivity of the culture supernate was lost in

' each case for all of the range of red cells

tested (Table 21).

The hsemagglutinating activity of aliquots
of a culture supernate of Cl, welchii, strain L2A,
before and after absorption of haemagglutinin by

red cells of various species.

| Culture supernatant
| UNABSORBED|TESTED AGAINST % |
RED CELLS OF| L] B 5T 6nliE]

MAN bt | bt | e | | et
0X b | b | bt | b |
SHELEP +rt| | b ] - -
FOWL a0l £ 5 2 B

ABSORBED Absorbed
: WITH TESTED AGAINST| Culture supernatant
| RED CELLS|RED CELLS OF 1 1
- T e

MAN MAT
0X
SHEEP
FOWL

()4 MAN
0OX
SHEEP
FOWL

O O O A rn

SHEEP MAN
OX
SHEEP
FOWL

| I
L 3 O A
LI B A |
1111
1 1t

FOWL MAN +4+|
0). 4
SHEEP -
FOWL ++e|

t 4+
$ 102
E1 1




| haemagglutinin showed little subsequent release
of haemagglutinin into saline or Tris-maleate
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Control tests with saline washings from the |
original washed red cells showed that no inhibituq
was released from these red cells in this experi-:

ment, The red cells employed tc absorb the

buffered saline over a pH range of 5.6 to 7.5
during 30 min, at 37°C, although fowl red cells,

which had not absorbed haemagglutinin as conmplete-
ly as the other cells tested, yielded some of
their adsorbed haemagglutinin more readily,

When fowl red cells with adsorbed haem= |

agglutinin were washed once in the cold to sepa=-

| rate them from free haemagglutinin and then mixed

' is not merely to render cells auto=agglutinable

| by destruction of surface components,

with normal human red cells, some clumping of the |
human eells was seen with the phase=-contrast !
microscope; in addition, human red cells becamne I
adherent to clumps of fowl red cells, forming !
nixed clumps with theme This suggests that
bivalent adhesive haemagglutinin had remained
bound to the surface of the fowl red eells and
that the action of the Cl, welchij haemagglutinin

Red cells agglutinated by Cl, welchii haeme
agglutinin and subsequently shaken and held at

| 37°C, tended to settle in a negative pattern, but

| when the cells were again dispersed and returned
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to the bench at 20°C, they settled in their
original agglutinated pattern, sometimes showing
|a slight rise in haemagglutinin titre. Thié
agglutination and elution procedure could be re=
peated several times with the same test over the

course of 2 days. The cells always tended to
show negative patterns at 37¢C., but re-agglutina-
ted on removal to bench temperature, although
there was then a gradual and successive reduction

in titre (Table 22).

Table 22 |
The effect of alternatechanges of incubation
tenperature on the haem Jutination pattern
observed in a serial dilution test aggfafea prior
'fo each change of temperaturle.

Tenperature R ell |
2 Tduring | Culture diluted 1 in b
ay
seRtiine | v | 8 | 16| 32| 6u]128 sai!nmg
1 20 +ot| | | | - - -
3? = ++| 4 < = aa e
20 dbt | bt | | A bt - -
7 - - - - - - -
go Fid| bt | | bt e - -
3? - - - - - - -
1l=2 20 | ] | | - - -
(over-
night)
2 37 - - - - - - -
20 4| ++4+) + - - - -
37 - - - - - - -
20 w | ] | - e - -
3? - - - - - - -

= no agglutination;
4 = doubtful positives
+4 ++, +++ = inecreasing degrees of agglutination.
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tion of the h lu

The Cl, welechil haemagglutinin was not
inhibited by any of a wide range of carbohydrates
'in 1-2 per cent. solution; these included |
!D-glucnsa, sucrose, maltose, dulcitol, mannitol,
' starchy Demannose, Deglucosamine hydrochloride, ‘
and L-fucose, Aqueous extracts of the heated i
:bacillary deposits of haemagglutinating and non- |
haemagglutinating strains of Cl, welchii contain-i
ed no significant inhibitors of haemagglutination
either by Cl., welchii haemagglutinin or by blood
‘group=A antiserum.

Cooked-ne (%) hibito The
iinhibition of tha,g;&_gglénal haenagglutinin by
‘sterile supernatant from cookedemeat broth was
reported by Wickham (1956b), but she did not
investigate the inhibitor involved and presumed
‘that it was blood group=-A substance derived fron ‘
the peptone in the broth, Dilutions of cooked= |
neat broth supernatant up to 1 in 6% inhibited 1
| unit or more of haenagglutinin (0.5 ml, amounts,
see Methods) in the present study. The inhibitori
content of sterile cookad-meat broth suparnatant
was not diminished by prolonged centrifugation at |
3000 repollss by filtration through sintered glass i
or Seitz filters, by heat at 100eC. in the |
steamer for 1 hr or at 120°C. in the autoclave

for 20 min. It was not dialysable through
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lceIIOphan against several changes of a large
excess of distilled water at LhoC, for 2 days.

' Its activity was not altered in the presence of
| Tris-maleate buffers over the pH range 5.6 to
7.5 in haemagglutination-inhibition tests, nor
!was it destroyed on treatment of the diluted

| broth with trypsin, or with potassium periodate
ior carbon dioxide as performed in virus haem-

agglutination=inhibitor inactivations (Andrewes
‘guLJ;L,, 1959) . A repeated attempt with pot-

' assium periodate confirmed that the inhibitor was |

‘not inactivated by this treatment,
| The inhibitor could be precipitated by
‘acetone. An equal volune of acetone was added
ito 11 ml, sterile cooked=nmeat broth supernatant
‘at 20°C, and the resultant preeipitate concen=-
‘trated by centrifugation. The precipitate was
ithen resuspended in 5 ml. saline and steamed to
remove traces of acetone, The acetone~treated
broth supernatant was freeze~-dried and subsequent-
Ily resuspended in 5 ml, distilled water. The
inhibitory activities of the resuspended precipi-
tate and the acetone-treated broth were then cone
pared. Table 23 shows that the acetone precipie
tate retained much of the inhibitory activity
;hich was virtually absent from the acetone-

treated broth,.
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Table 23

The activity of Cl, welchii haemagglutinin

(2 haemagglutinating doses) against human group=A

red cells in the presence of an inhibitory sub-

stance present in cooked-meat broth (C.M.B.)

supernate and precipitable by acetone.

Material
tested

Haemagglutination observed
in presence of material
diluted 1 in

L | 8 | 16| 32| 6u|128|256

Untreated sterile
C -.H.QBO Bﬁpematﬁ

Seitz-filtered
C.M.B. supernate

- s - - - i | +4++

Acetone~treated
C.M.,B. supernate
(concentrated x 5)

| bt | b | | e

Aqueous solution
of
Acetone-insoluble
precipitate from

C.M.B. supernate
(concentrated x 2)

b=
]

no agglutination (inhibitor present)
doubtful agglutination

+, ++ = increasing degrees of agglutination

+++ = complete agglutination (inhibitor absent)
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The inhibitor was not readily absorbed by

chareoaly normal red cells of man or sheep, or
|
bacillary deposit of a haemagglutinating or none

haenagglutinating culture of Cl, welehij at WwoC,
| When the cookedepmeat broth inhibitor, here-

after designated "inhibitor C",y was added to

norunal red cells whnich were then washed bhefore

exposure to haemagglutinin, the red cells renained
'agglutinable, This shows that the inhibitor does
not become fiymly bound to normal red cells. HRed
cells which have been agglutinated by Cl. welahdd
haenagglutinin and then diaparéed'and wvashed

|jw.tth saline, nornally always ree-agglutinate on'

'settling at 200C, Vhen such Cl. velohijeagglutie
nated red cells were washed in saline and re-
sugpended in st_erila broth fron cooked-neat nediuvmg
they did not later re-agglutinate. VWhen they
vere then washed free of inhibitor and suspended
in fresh saline they agglutinated atypically or
settled in gpparently negative patterns. This
may have been due to partial reterntion of inhibitor
at the altered red cell surface.

Peptone juhibitor As An active inhibitor,
inhibitor A, of hunan group=A red cell isoagglutie
nation by blood groupei antiserum occurs in pepe= |
tone (Sehiff, 1939)s The peptone=containing
!supamatant of cooked=meat broth therefore inhibits

blood group-i igoagplutinationy and Wickhan (1956b)
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thought that the isoagglutination inhibitor (A)
of peptone was the same as the haemagglutination
inhibitor (C) of cooked=meat broth. The results
of the present investigation suggest that the two
inhibitors are not identical.

'Results of many experiments indicated that, although
'sterile cooked=meat broth supernatant strongly
‘inhibited both the Cl, welchii haemagglutinin and
‘the blood group-A isoagglutinin, a 1 per cent.
'solution of peptone itself inhibited the
‘_;;_Hg;gn;z haemagglutinin very slightly but
Iinhibited the blood group~A isoagglutinin stronghw
On the other hand, a simple saline extract of |
cooked-neat, obtained by autoclaving approximately|
1 g. of the cooked-meat used for cooked-meat broth
in 15 ml, of saline, contained a powerful inhibi-
‘tor (C) of Cl. welchiji haemagglutinin but little |
inhibitor (A) of the blood group-A isoagglutinin, !
For example, in a particular experiment final
‘dilutions of the saline extract of cooked-meat |
from 1 in 6 to 1 in 24 completely inhibited 4
haemagglutinating units of Cl, welchii haemagglu= |
tinin, but these dilutions had no inhibitory
effect on % haemagglutinating units of blood
group=A antiserum, Sim;lar dilutions of 1 per
cent. peptone in saline did not inhibit Cl. welchii

haemagglutinin, but, even at a dilution of 1 in 96
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‘the peptone solution strongly inhibited 4 haem=
‘agglutinating units of blood group-A antiserum.
'A 1 per cent. solution of commercial meat extract
!(“Lab Lemco") lacked any inhibitory activity.

‘ Substances known to inhibit haamagglutination
by nyxoviruses were found to inhibit the g;dlehlgy
ihaamagglutinin but they did not inhibit the blood
‘group~A isoagglutinin, Table 24 summarises the
!rasults of experiments in which three haemaggluti-
:nating systemsy Cl, welchiil haemagglutinin, blood

igrou.p-A antiserum and influenza virus PR8, were

‘tested separately against human group-A red cells |
in the presence of several inhibitory substances.
ESaline extract of cooked meat strongly inhibited
éinfluﬁnza virus, Newcastle disease virus and
;ga_yglgggi haemagglutinins whereas the peptone
solution inhibited them only very slightly. Egg-
white muein inhibited influenza virus and
&;,_Eggggil haemagglutinin, but not the blood

|
group~A iscagglutinin,
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Table 2L
The differential inhibitory effect of four

substances tested in solution against three haem=

agglutinating systems employing human groupeA red

cells,
HAEMAGGLUTININ
In the
blood :
preggnce Cl, welgchii| group=A |influenua

haen~ iso= virus |

agglutinin|agglutinin|  PR8

Saline " » =
Cooked=neat III III III

broth supernate

1 per cent.
peptone water : Il ’

Saline extract
of cooked meat 111 b 111
egg=white III - III

solution

« = no inhibitory activity

'™
]

minimal inhibitory activity
III

powerful inhibitory activity

A heated extract of human saliva (blood
group=0) actively inhibited the Cl. welchii haeme
agglutinin but not the blood group=A isoagglutinin,
Finally, a specimen of semiepurified blood group-A



the blood=-group=A isoagglutinin in dilutions of

- blood=group-A active material, whereas there was
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substance obtained through the courtesy of Dr J. |
Koscielak at Dr W.T.J. Morgan's laboratory, the
Lister Institute, London, was used to show speci=~

fic inhibition of 4 haemagglutinating units of

a 0,3 per cent, solution up to 1 in 128 of the

no inhibition of 4 haemagglutinating units of
Cl, welehij haemagglutinin even at a 1 in 2
dilution of the blood=group-A active solution,

inhibitor destruction

Anhibitor C bregkdown. When 2 ml. of crude
filtrate of V, cholerge containing RDE was incu=

bated at 37¢C. for 20 hr with 10 ml. cooked-meat

| broth supernatant and the Y, cholerae filtrate
' thereaftsr inactivated by heat, the inhibitor C |

content of the broth supernatant was destroyed. |

' The broth's content of the peptone inhibitor A |

. agglutination by Newcastle disease virus, Con-

was not reduced by this treatment but there was

- reduction of its inhibitory effect against haem=

trol testsy held at heC, during the incubation
period and subsequently inactivated along with
the othersy showed no loss of either inhibitor
A or C,
Cle welchij was similarly capable of destroy=-
' ing inhibitor C,  The centrifuged supernatant
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|

;fluids from cooked=meat broth cultures showed
:loss of inhibitor C during growth of the culture
:and this could be demonstrated in several ways.
For instance, Table 25 shows the results of an
experiment in which six tubes of pooled sterile
;cooked-meat broth supernatant were each inocula-
‘ted with a standard loopful of a young cooked=
‘meat broth culture of a different strain of

Cl, welehii., After growth for 18 hr at 37C.,
the cultures were centrifuged, the supernatants
heated for 10 min. in the steamer to inactivate
|any haemagglutinin, and the inhibitor C content
‘thereafter determined by adding graded doses of
‘each heated supernatant to a series of tubes
!eontaining 16 haemagglutinating units of

iCI, yelehid haemagglutinin, The mixtures were
' shaken and allowed to stand on the bench for 1 hr
iberore hunan group=0 red cells were added. The
|occurrence of haemagglutination in any tube
indicated that inhibitor had been destroyed. An
uninoculated tube of cooked=meat broth super=-

‘natant was incubated and treated in parallel with
‘the tests and showed full inhibitory activity.
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Table 25_

The activity of equal doses of Cl, welchii

haemagglutinin in the presence of graded doses

of heat-inactivated 18 hr culture supernatants of

gix different strains of Cl, welehii.

Amount of Heated culture :
Cul't:ur: . supernate added to test ieCe
““Pgtf"“ (0,02 ml, drops) inhibitor
destruction
FEpin X 2 3 k-8 6.8 10
A Sbd bbb bkt b b b4 $4+4 ++4+ complete
C 44 bbb b bR 44 +44 44 444 complete
B bt e b b bt b 44 444 complete
W PRSP e UG O S T O 4 almost
complete
Lu3 bt b b 44 444 b 444 444 complete
Uninocu~
lated - - - - - - - - nil
control
f = = no agglutination
4 = doubtful positive

4, ++4 +++ = increasing degrees of agglutination

/ = test lost

In another series of experiments the heated
culture supernatants of 48 hr cooked=meat broth
cultures of many strains of Cl, welchij were used
as diluent for parallel serial doubling dilution
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tests of a standard Cl, welchii haemagglutinin
|(Table 26 )y This vas alsensitive method for
detecting residual inhibitor when destruction of
inhibitor C by these cultures was considerable
but incomplete.

Table 26

Varying degrees of destruction of inhibitor
ted b %E

C_indfeal y the %ctivitx of a standard
CI, welchii Eggﬁggg utinin diluted in the heat-
inactivated cooked=neat broth culture
supernates of 13 strains of Cl. welchii.

i Standard
DILUENT Cl, welchii haemagglutinin
[~ Culture diluted 1 in
i supernate " 8 16 32 6y | 128 |
! 13 T et b o 4 -
032 4okt ot e A - -
W 44 4t LR i S - -
/SR TR T N T O
¢ Tt e o o2 4 - -
D s 4+ + i - ®
E +++ +4+ ++ - o -
B St ++ + - - -
A e e 4 - - -
153 R 4 + - - -
029 R 4 * - - -
F e 4 4 - - -
Sterile
cooked=
neat ++ s = ® o »
broth
| supernate
Saline it +++ +++ | bt & -

aemagglutination occurri
between these limits is

proportional to the dsfree
of inhibitor destruction

- = no agglutination; & = doubtful positive;
+, 4+, +++ = increasing degrees of agglutination.
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The bacterial deposit from 10 ml. glucose
‘broth overnight cultures of most strains of
Cl, welchij, irrespective of haemagglutinin pro-
!duction, was capablelof destroying the inhibitor
:C in 5 ml, cooked=meat broth supernatant in 20 hr
'at 37°C. The bacterial deposits of strain F
;and two non=haemagglutinating food«poisoning
strains (153 and 029) were relatively inactive.
;In a typical experiment (Table 27 ) the cooked=

‘meat broth supernatant was centrifuged free of
‘bacteria after incubation for 20 hr and was then
‘1nact1vated by heating at 60°C., for 30 min.
Thereafter, each treated supernatant was serially
diluted in saline and a standard dose of 2
haemagglutinating units of Cl, welchii haemagglu-
itinin added to each tube. The mixtures were
ishaken andy after 15 min. at bench teuperature,

red cell suspension was added to each tube.
| Destruction .of inhibitor C by Cl. welchii

Ewas also demonstrated using Newcastle disease |
;virus as haemagglutinin. Table 28 shows the |
results of an experiment in which a laboratory |
stock strain before and after guinea~pig passage
(A and Agp) was tested for ability to destroy

ﬁnhibitor C. The two strains were cultured for

|
20 hr in nutrient broth and the cultures centri-
fugeds The bacterial deposits were washed once |

in saline and then resuspended in saline.
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Tabl . Destruction of inhibitor C content

of cooked-meat broth supernate by glucose broth

culture deposits of eight strains of Cl. welchii.

Cooked-meat broth
supernate treated
with glucose broth
culture deposit of

Haemagglutination produced
by Cl. welehii haem-
agglutinin added to treated
cooked=neat broth supernate
diluted 1 in:

strain
2 L 8 16 32 | 6L
A - + it | drd | de |
c it | drr | b | b | e | et
13 e o IR e I I o
032 S B B e B
754 - it | it | bt | b | b
L2A ++ | +++ ++ | +++ | +++ | +4++
W - e i I B
153 -l -l -1 =|-1-
Untreated cooked-
meat broth - - - - - -
supernate

+y ++, +++ = increasing degrees of haemagglutina-

tion,

(i.e., decreasing degrees of

inhibition) .

nin,

complete inhibition of haemaggluti-
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Table 28
f————

Haemagglutinating activity of equivalent

doses of Newcastle disease virus diluted in

treated cooked=meat broth supernatese

Virus suspension

1 dleGe
Diluent inhi
v |8 |16] 32| 6u{128[256 T
Sterile azazﬁc, el B L o s I absent
saline agess;;‘% ddd |ttt [t bt [ rd] 4] = absent
CMB supernate Virus suspension
treated for 18hy diluted 1 i i.e,
- inhibitor
with at °Co| & | 8 | 26| 32| 641128256
Sterile b | #]|® e jmliel w] & | poeseny
saline 37 ol lwle]le] o] = present
nutrient
b roth 37 L i - - - - - PI‘QSUI]t
Bmdﬂpo;it A Bl lnlé e o] e prose
f strain 37 44 |44 |44 (452 444 4 | = | inactivated
g&:;m + h ++ & L - - - - Pmsant
of strai + o] o] » |, 814808y
; 37 pid B Bh inactivated |
BaOtoit & & e leadel =T » present
Kr Stradnl 37 | sas|sss|ses]sss|sed] +4 = |Snectivated
gult. . L ¢ | b ]o|o]|=] | = present
of atraiq 37 5 | ad e | o AT &Laa”] SSaHEy
A gp inactivated|

= = no agglutination
& = doubtful positive
+p ++y +++ = increasing degrees of agglutination
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Aliquots (1 ml.) of sterile pooled cooked-meat
broth supernatant were mixed either with culture
supernate or resuspended bacterial deposit and
| the mixtures were incubated aerobically at 37°C. |

'for 18 hr. - A duplicate series of tests was heldi

|
'meanvhile at 4w°oC, and tubes containing mixtures

|of pooled cooked-meat broth supernatant and

' saline only, were included at both temperatures
as controls., After incubation, 0,2 ml, amounts
of the treated broth supernatants were used as
diluent in parallel titrations of a standard dose
of Newcastle disease virus., Virtually complete

|destruction of inhibitor C by the bacterial

'deposits was demonstrated; the inhibitor Ce-
5destroying activity of the passaged strain was
‘not reduced and appeared to be slightly enhanced.
'The culture supernates were much less active.
'There was no inhibitor C destruction in the tests
!held at 4°C., suggesting that inhibitor C destruc=~

‘tion is enzymatice
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Inhibitor A destruction. The ability of a
strain to destroy inhibitor A was assessed by
incubating the bacterial deposit of an overnight
glucose broth culture with 5 ml, 1 per cent.
‘peptone at 37°C. and thereafter determining the
residual inhibitor A content by isoagglutination-
inhibition tests. Another method of demonstrat=
ing inhibitor A destruction was to grow cultures i
for 48 hr in 1 per cent. peptone water and there=-
after assess the inhibitor A content of the |
centrifuged culture supernates. It was important
to note that cultures of haemagglutinating'strains!
of Cl, welehii render red cells panagglutinable |
and thet the technique employed by Wickham (l956b{
to demonstrate déétruction of blood groupe=A
substance (inhibitor A) did not appear to allow
;for the posgibility that induction of panagglutin-
;ability rather than destruction of the A inhibitor
:gave the positive results in her tests. In the
present work it was found that the agent inducing
%panagglutinability associated with the haemagglu=-

binin is easily inactivated by heat = broth
cultures were therefore heated and centrifuged
free of precipitate before testing for their
inhibitor content.

Table 29 shows the inhibitor A activity of

heat-inactivated supernatants of 48 hr cultures

of 12 strains of Cl, welchii. In this experiment,
|



.blood group~A antiserum in the presence of heat-

1.5

each culture supernatant was used as diluent for

parallel titrations of blood group=A antiserum so !

that small amounts of residual inhibitor could be |

detected.

cated destruction of inhibitor.

Table 22

Agglutination of human group=-A red cells by

The occurrence of agglutination indi=-

nactivated peptone water culture supernates.

blood group=-A antiserum ie€s
Diluent diluted 1 in inhibitor |
8 Ji6] 321 6 A
[ Sbk L bt b e | 4 absent
Sterile 1 per cent,
watexr ) 3 u . . Joweant
Sterile 1 per cent,
peptone water after ”
incubation and ¥ i - - e
he
Heat-inactivated
48 hr peptone water |
culture supernate
{.of strain
A 44 [ +ed | = - - reduced
B +44 +4 + o> - raduced
C EI O N - - reduced.
D SRR o O - reduced
E +44+ | + - - - reduced
P 3 - - - - present
W FRNSEI + - - reduced
1 & s e slightly
' L3 +* reduced
153 L - - - - present
029 # - - - - present
754 o G - - - present
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| The ability of a strain to destroy inhibitor
|
'C was unrelated to its ability to destroy inhibi-

tor A and it was also unrelated to its current

actual or potential haemagglutinin production.

‘Table 30 summarises representative results of
many experiments in which haemagglutinating and
Inon-haemagglutinaﬁing strains of Cl. welchii
vere examined for their ability to destroy
inhibitors A and C, The ability of different
strains to destroy inhibitor A seemed to be
related to their capacity for production of
‘haemagglutinin, but these activities did not
‘appear to be due to thé suie factor because they
were not always encountered together in the same
culture medium. Glucose broth cultures of
‘haemagglutinating strains yielded non=haemagglutie
nating bacterial deposit which was active in

destroying inhibitor A and, similarly, peptone
‘water cultures were non-haemagglutinating although!
‘the inhibitor A content of the medium was destroy-
ied during growth.
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Table 30
Haemagglutinating (HA) , inhibitor C destroy-

ing (CD) and blood group substance A destroying
(AD) activities of eight strains of Cl, welchiis

Activity
Strain of _
Cl. yelchil - D AD
A - ++ i
L2A +++ et =
W +4++ * i
c + + 44 +
13 ' + e *
F - ) -
153 . . .
032 - +++ &
- = no activity
4 = doubtful positive

+y ++y +++ = increasing degrees of activity
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Inhibitor C destruction as indicated by loss
of inhibitor of Cl, welchii haemagglutinin and
virus haemagglutinin was compared simultaneously
with inhibitor A destruction in the following
iexperiment. Bacterial deposits from 10 ml,
Eamounts of 20 hr glucose broth cultures were each
'resuspended in 5 ml, sterile pooled cooked=meat
ibroth supernate and the mixtures incubated
!aerobically at 37¢C. for 20 hr, Tubes of
uninoculated cooked-meat broth supernate and
‘tubes of broth supernate containing 1 ml. of

Y, cholerge filtrate were held as controls at

4oC, and 37°C. during this period. The mixztures

wvere thereafter held at 60°C, for 30 min. to
inactivate any contained haemagglutinin and three
'sets of serial dilutions of each were then pre-

pared in saline. Standard doses (1 - 2 haem=

‘agglutinating units) of Newcastle disease virus,

- |Cle welchii haemagglutinin or blood group-A anti-
'serun were added to each of the three sets of
Itests and thoroughly mixed, After 15 min., at
‘bench temperaturey 0.5 ml, aliquots of 1 per cent.
group~A red cells were added and, after shaking,
ithe tests were allowed to settle, The results
indicated the degree of destruction of inhibitors
C and A in each case and this was compared with
the known potential haemagglutinin production of
each strain tested (Table 31 ). These results
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are consistent with the observations previously
‘made concerning the relationship between inhibiton

:c destruction, inhibitor A destruction and haeme

' agglutinin production by Cl, welchii cultures,
In addition, there is an indication that the

inhibition of the Cl, welghij haemagglutinin does
not entirely parallel that of the virus haemagglu=
| .
:tinin although the two appear to be closely

related,s Thus, although inhibitor C may repre-
sent an inhibitor complex with slightly different
‘affinities for the two haemagglutinins, on the

:present available evidence it cannot be regarded
‘as a single substance. Inhibitor C is presun-
iably a substance of animal origin containing
;neuraminic acid in bound form. The presence of
‘neuraminic acid residues in cookedemeat broth
has been confirmed in the present work (see p.
18%) and further investigation of this interest-
ing inhibitor is indicated.




Initial attempts to demonstrate RDE activity
associated with haemagglutinating activity in
Cl, welchii cultures met-with many difficulties.
Well-defined results such as those recorded by
Wiekham (1956b) in Cl, welchii RDE experiments
were not readily reproduced with haemagglutinating
strains, Haemolysis was especially troublesone !
with freshly isolated strains in these tests,
When cooked-meat broth cultures were used, the
|possible presence of inhibitor C, which had been
shown to inhibit myxovirus haemagglutinin as well
as Cl, welchii haemagglutinin, added a further

complication, Nevertheless it was possible to
‘demonstrate an RDE effect by treatment of red

‘cells with cooked=meat broth culture supernates;
!Table 32 shows the haemagglutinating é.ctivit:y of
isome h=day cooked-meat broth culture supernates,

‘and Table 33 shows the RDE effect demonstrable |

‘when 02 mls amounts of the same supernates were
'serially diluted in saline containing 1 per cent.
'sodium citrate and incubated at 37°C, for % hr
with 0,2 ml, aliquots of a 1 per cent., suspension
of human group=-0 red cells, Thereafter, the
supernatant fluids were pipetted from the deposit-
Ied red cells which were then resuspended in O.% ml,
aliquots of saline containing ten haemagglutinating
units of influenza virus PR8., Haemagglutination
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Table 32
The hacnagglutinating activity of centrie-

|
- : i
fuged supernatants of hweday cookedemeat broth |

| eultures of twelve strains of M '

against human group=0 red cells.

Culture supornatant diluted 1 in

Strain '
- 2 L 8] 16| 32] 6% 128} 256
A R Eaas B IR N BN P
B e Eany Eas: BEECN IR “ - o
Cc lvid} ¢ | « | = R R
D bt aerel ¢4 4 Jeo jo ] » | -
B w9l 24f Al @ (o | o] o =
F & - - - - - - =
W gl ppd] b b | AP E] w
029 w«f o o] @« o @] |-
7% o Joalelelel=1-1-
032 e f o j ol ® j= e ==
153 t w o) @ Jo fofw]w
L3 vl 4 - - - - - -

Uninoculated

control ol Bl Sl Tl il Bl S S
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Table 33

The RDE effect produced by Weday cooked-neat

broth culture supernates of twelve strains of

£le velchil after incubation for 4 hr at 37°C,
vith hunan group=0 red cells (1) sodium citrate

'in saline diluent) to which 10 HA units of

influenza PRB virus were subsequently added.

lled cells treated with cuiture
Strain —

b 8 16 32 | 6%11281256

A (ree) L (vet) | (+or)] +ot | vrr]vir foee

B (+++) f(+ee)] (=) o feerfreefere

C +¥*_r~—‘ - deete | bbb ] bbb

D (#+4) [ (+4+)] = TR B B PR

B (+++) - - vt il v e

P e B Bl B e B Rt
W (eer) ] (e+)] (e4)] (++) | vee]siefrre
029 el B A B B R PR
75% - S IR A R B B
032 e | vEe ] e | e | ere]dre e
153 - it 3 it el e B e

13 L L L L LiLyjie=
Uniggggigted e B U B B P E

+

+

-

+

*

+ =1
pnuun

no ggglutination, i.e. RDE effect present.
doubtful agg1utindtion

inereasing degrees of haenagglutination
conplete lysis
indicate possible extent of residual

I Cls welehdd haemagglutinin activity.
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patterns were read after 2 hr at bench tempera-~
ture.

In some cases,y persisting haemagglutination
due to Cl, welchij haemagglutinin masked any RDE
effect, e.g. strains A and W (Table 33), but in
many cases the RDE effect was produced at one or
two dilutions beyond the haemagglutinin titre.

An RDE effect was produced by some cultures of
non-haemagglutinating strains, but haemolysis was
frequently marked in tests of these cultures,
When RDE tests were periormed as previously des-
cribed but held overnight at bench temperature
instead of incubating for 4 hr at 37°C.,, haemoly~-
sis was less troublesome and an apparent RDE
eifect was very much more evident (Table 34).

In all such tests a tube of sterile uninoculated
cooked=meat broth was included as a control to
ensure that inhibitor C did not remain to produce
false negative patterns.

Haemolysis was also suppressed, andan appa=-
rent RDE effect was more evident, when dilutions
of 18 hr cooked=meat broth culture supernates were
mixed with aliquots of human group=-0 red cells
suspended (1 per cent. v/v) in saline containing
. 2 per cent. sodium citrate. These mixtures were
incubated for 3 hr at 37°C. and the supernatant
fluids thereafter removed from the deposited red

cells which were resuspended in 2 per cent.sodium
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Table 3.4

The RDE effect produced by heday cooked«meat

broth culture supernates of twelve strains of

L1, welchii after overnight contact at room tempe=-

rature with human group-0 red cells (saline diluent)

to which; after washing, 10 HA units of influenza

virus PR8 vwere subsequently addeds

Red cells treated with culture
Btwein supernate diluted 1 in

2 4 8 16 | 32 | 64 | 128 |256

A (444) [(444) [ (o29) [Cooa) [(a4) | (4) - -

B (44a) [ (o44) [(o44) [Coea) [ (244) | (2) - -
C (L) (‘L) i - s ++ +4+4 | A
D (L) |(+44)}(4a4) | (+4) - - +t | 44+
B (L) | (+) - - - L & |44+
F + el EEC o 1 BT T T A e R
w (L) ( ++-|-) ( +++) (+++) (++«|-) (+++) (-H+) B
029 R o = T o O S (R B S S
o4 - - - +od | At | b | e | e
032 (L) - - +4 | ot | e | et | e
153 (%) - - - * a4 | 440 | 4ae
) (L) - il - - ++ +++ +44 | 44+
Untm e R = O T S e [ S [

- = no agglutination
i = doubtful agglutination
+y +4y4++ = increasing degrees of haemagglutination
L = complete lysis

() indicate possible extent of residusl Cl, welchii
haemagglutinin activity,
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‘eitrate in saline and held at 4eC, overnight.
‘The supernatant fluid was then removed and fresh
citrate=galine added to the deposited cells which |
‘were again allowed to settle at WeC, Finally, ;
!the gsupernatant fluid was removed and the red |
;cells resuspended in 0,8 ml, aliquots of saline |
|containing 10 haemagglutinating units of Newcastlei
disease virus (Table 35 )e Cl. welchij-aggluti-
nated red cells prepared in this way did not
remain agglutinable and showed apparently well-
idefined RDE effects with cultures of non=haemaggl
itinating as well as haemagglutinating strains;
control tests of the heat-inactivated culture
|supernates used in ?his experiment showed that in |
‘most cases inhibitor C had been destroyed, and in |
:all cases inhibitor C had been removed by the
;changes of suspending fluid prior to the addition

of virus.

The tests describedy which demonstrated an
‘apparent RDE effect, were developed from similar

‘tests which are in routine laboratory uses These

1't:e.t.;t:.'ai are open to the charge, however, that an
RDE effect could be produced by any substance i
which blocks access to the myxovirus receptor
'sites at the red cell surface; as this does not
!necessarily involve receptor destruection, it is
incorrect to consider that the above evidence

|confirms the presence of a receptor-destroying
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Table 35
RDE effect produced by supernate of 48 hy

|
| cookedwnoat broth cultures of 12 strains of |

Cls yelchii when incubated for 3 hr at 37¢C. with |

group 0 red eells in the pregence of sodiun

citrate (see text).

Red cells treated with

Reeiprocal . eulture supernate
of diluted 1 in
Strain | haenagglutinin
titre

LW 8 16 32 6‘!- 128

i A 32 w | - - | = | |4

1 B 32 o | w] «| «] « |4+s

C fe o] «] «w] «] ¢ |#es

D 2 - - w o | dr] et

B 2 “ | @] o] = | tee]vee

F - + | vo] vee] o] vee] 4o

W 32 w] @] o] o] = |4ee

L3 L e I A A e R

029 - w | o] @1 & |ees]ers

153 2 o af o |+ | vre]ree

032 - - - - - | her] e

75k g “ | @ | = | e |

Uninoculated

cocked=neat et ] e |

broth supernate

= = no activityin presence of
Newcastle disease virus,

+y +4+y +++ = Aincreasing degrees of activity
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enzyme in the cultures which produced an apparent
RDE effect. For this reason, the mechanism of
'the RDE effect was further studied. |
i B of temperat on rent RDE effect,
The RDE effects produced by culture super-
nates of 21 hr cooked=meat broth cultures of strmﬁ
!A before and after guinea=pig passage were tested!
'at 20°C, and at 4°C, Human group=A red cells |
'were exposed to dilutions of the culture super-
nates for 2 hr ‘at the respective temperatures and,
after washing once with saline, were resuspended
;in saline containing ten haemagglutinating units

‘of Newcastle disease wirus. All of the reagents

‘used in the tests at uweC, were held at that

|
‘temperature before starting the experiment.
'Although a parallel haemagglutination-inhibition
|

‘test using NDV showed inhibitor C destruction to

'be more complete in culture supernate of Agp than

in that of A, the RDE effect produced by A was
greater than that with Agp. The results of the |
RDE tests (Table 36 ) showed that the apparent

RDE effect was slightly but not significantly
influenced by the different temperatures. This
unexpected finding was investigated in detail
using a l=day blood agar culture of strain A
harvested in 8 ml. sodium citrate buffer at pH 5.6,
Dilutions were made in the citrate buffer and

parallel tests of haemagglutinating and "RDE"
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Table 36
The RDE effect produced by treatment of

human group=A red cells with 2l-hr cooked-meat

broth culture supernates in 2 hr at 20°C. and 4heC.

Red cells treated
with culture supernate
Temperature
o diluted 1 in
of
strain
214%18 |16 | 32 | 6% |
|
A - L] - - - ‘
200C, e
Agp - | = | - 4 e B
|
- |
A - on - - 4 o |
%oC. |
Agp -l el 44| +++ ]| +4++| +4++ i

(Ten haemagglutinating doses of
Newcastle disease virus added.)

+4 ++, +++ = increasing degrees of haemaggluti-
nation.

4

]

doubtful positive.

no agglutination,
(i.e+ RDE effect produced).
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Iactivity done on centrifuged supernate, resuspen=-
'ded bacterial deposit and ultrasonically disinte=
‘gratad bacterial deposit at various temperatures,
‘using an extended incubation time of 18 hr. The
!results obtained with the disintegrated material
‘are representative and show that the receptor-
‘inactivating effect for NDV was not temperature
‘dependent and was not confined to the limits of
Tthe haemagylutinin's activity (Table 37 ). '
These observations were fully confirmed by the
results of later experiments (g.v.). Washings
from an uninoculated anaerobically-incubated blood

agar plate caused no receptor-blocking effect,
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Table 27

The receptor-inactivating activities of

disintegrated bacterial deposit harvested from a

L4-day blood agar culture of strain A in citrate

buffer at pH 5.6 and tested against human group=-A

red cells at different temperatures. (Receptor-

inactivating readings after exposure for 18 hr at |

the stated temperature) « = Newcastle disease virus
subsequently added
as haemagglutinin,

Resuspended disintegrated bacterial deposit

of at a allution of 1 in

18 hr L 8 16 | 32 | 64 |128]256|512 J1024]2004

150, [(+44) [(+44) [(344) [Co4) [ (o) = | = [wrsoes |44

2000, (e f(een) | )| ) | = | = | = | = [sse]oes

=« = no haemagglutination
& = doubtful positive
+g ++5 +++ = increasing degrees of haemagglutination
() indicate HA attributable to Cl, welchii
haemagglutinin activity tested at the

appropriate temperature.
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| A f pH on re or= ting effe tJ
'The receptor-blocking effect was particularly |
sensitive to pH and this was apparent at roon
temperature or in the cold, but it was less
!evidant in tests performed at 37°C. Table 38

_shows the haemagglutinating activity of the

.centrifugad supernate of a 48 hr blood agar
‘culture tested at different pH values against
human group~A red cells (citrate-phosphate
‘buffers)., The appropriate buffer was used as
ldiluent in these tests and as suspending agent

éfor the red cells used in each test. When the
red cells had settled and haemagglutination !
ipatterns had been noted after 2 hr at bench
itemparature,the supernatants in each tube were
discarded and aliquots of saline containing 10
haemagglutinating units of Newcastle disease virus
were added. After shaking the tests to resuspend
the red cellsy these were left in turn for a |

further 2 hr to settle at bench temperature. The

results, (Table 39), show a well-defined receptor=
=block1ng effect at pH values from 5.4 to 6,4, |
Very similar patterns were produced in a duplicate |
series of tests in which the dilutions of culture
supernate were prepared and red cells added at

bench temperature but immediately thereafter |
centrifuged out of the mixtures in a refrigerated |

centrifuge¥ The supernates were discarded and 10

% see Table L0.
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Pgble 38

The haemagglutinating activity of 48 hr culture

supernate of strain A at different pH values

against human group=A red cells,

Culture supernate diluted
pH 1 in
of
test
L 8 16 | 32(6% {128 [256 |512 [102y
5¢6 44 |+t ] ]+ |2 e | |- -
5.8 bt | At 4 P SR = - w o
6.t b | bt ++ 1 4 = - - o o |
6.8 bt |ttt 44+ ] 2 jo o | o | = -
7e2 ettt = |- e - - - -
77 4+ | 4 - - e - - o= -
(S:gi%ggl ettt it e o e |« |- "
- = no activity
& = doubtful positive

increasing degrees of activity
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Table ﬁ

Receptor-inactivation produced by dilutions

of 48 hr culture supernate of strain A after

contact for 2 hr at 20°C. with human group=A

red cells. (Newcastle disease virus used as haem-

agglutinin) .

Red cells treated with
culture supernate diluted
at | 1 in

| 8 | 16| 32| 64|128]256| 512|102k

Sl @] = | o | o | tee] rrr] vrd] der| e

Geb] = | (£) ]| = | @ | +td]rtt| +et| 44| v+

548 | @ | o= | & |ttt bt vt bbb | e

Gols] =] = | @ | @ | 4| drt| ver] vee] e

6.8] 9| @9 |(+) | + |+t |ver] or) vee ]| e

7e2| ()] (#) | = b Tt | | | e+

247 (++4)| (&) | & | + [4++]++s]| vdt| v+

-~ = no haemagglutination
i = doubtful positive

+, ++y+++ = increasing degrees of haemaggluti-
nation,

() indicate HA attributable to
Cl, welehii haemagglutinin
activity tested at the appropriate
tenperature.
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Table %0
Heceptor-inactivation produced by dilutions

of 48 hr culture supermnate of strain A after

transient exposure to red cells at 20°C. (sece

toxt)s (Newcestle disease virus used as haemagglutinin)

Hed cells treated with culture
supernate diluted 1 in

at
pH

b 8 16 | 32 6%|128(296 |512 [102%
Sels - - | od oot |eeb | e | +ee | 2o
56 - - ob| wre [vrr [Sre | vre [0 | vee
5-8 - e - | i (e b et e | e
6ol - - R e R B R I

6e8 |(+ee)]| (+4)| (+4) | #44 |44+ |4os | 24 |24 | 4+

72 |(ee+)] (&) d | et [ |l | b | Pt | bt

77 |(+++)] (&) & | ¢4 e |vee|ved | vre | vbe

no haenegglutination

t
i

doubtful positive

+g *++, +++ = increasing degrees of
haenagglutination

() 4indicate llA attributable to

_g:_]._,_fwlqh%; haenagglutinin
activity tested at the
appropriate temperature.
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|

haemagglutinating units of Neweastle disgase viru§
added to each tube as abovey, the tests being
allowed to settle at room temperature. The
'similar patterns observed in these tests to those
Iof the tests held for some time at bench tempera=- |
' ture, suggest that a relatively temperature-
.1ndapendent adsorption mechanism may account for
‘some of the receptor blocking effeet. In a third
'series, the culture supernate-red cell mixtures i
‘were held at 37¢C. for 2 hr before the supernates
‘were discarded and the Newcastle disease virus
added. These tests were allowed to settle |
'ithareafter at room temperature. The results
i(Table 11) were much less well-defined and
‘initially indicated receptor inactivation naximal
;at pH 7.2+ When these tests were shaken and read
after a further 2 hr at bench temperature, there
:appeared to be a maximal effect in the pH range
5.6 = 6.,4s Interpretation of these results is
difficulty they illustrate the disadvantages of |
the red ecell as an indicator in the presence of
several substances which may be inter=acting
simultaneously. MeCrea (1947) pointed out that an
assessment of RDE activity under these conditions
nust take into account the presence of lecithinase

which may compete for a related receptor site.

Thusy conditions which are best for the demonstra=-

tion of RDE may be those which are least conducive |
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Table 11

Receptor-inactivation produced by dilutions

of 48 hr culture supernate of strain A after

contact for 2 hr at 37°C, with human group-A red

cells at different pH values.
(Newcastle disease virus used as haemagglutinin),

Red cells treated with
culture supernate diluted 1 in

at
pH

wl 8116 32 | 6% | 128 | 256 | 5121024
Jelt o | | | e | e | e || e

5e6| «| = + b | bt | b | ddd | ]| et

58| «| = | ++ Es 44 |+ |+ | ]

bodi| =| =| =] + ++ | 4+ | e | ] e

6.8 «| «| «| 44| +++ | 44+ | +++ | #re]| 1+

7e2| =| = - - 4 TP 1 +PE | YR P

7.?' -] - 4 + ++ 4 | Frd | | et

!
1]

no activity

b=
1]

doubtful positive

+y ++y +++ = increasing degrees of activity
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to lecithinase activity. The possibility that
some of the haemagglutinin patterns are due to
residual Cl, welchil haemagglutinin activity,
whereas other positive haemagglutinations indicate
failure of receptor inactivation, renders any
interpretation of these results speculative,
especially as elution of the Cl. welchii haem=-
agglutinin and the indicator virus may also occur.
In the absence of any clear indication as to the
nature of the agent causing the apparent RDE
effect this is provisionally referred to as
receptor-inactivating substance.

It was now evident that sensitivity to pH
was more likely to influence the results of 'RDE!
tests than was temperature. This was confirmed
by the following experiment. A 20 hr blood agar
culture of strain 906 was harvested and diluted
serially in physiological saline. Three series
of dilutions were made and these were held at ueoC,,
20°C, and 37°C. respectively for 1 hr. Aliquots
of 1 per cent. human group-A red cell suspension
in saline, at the appropriate temperature, were
then added and, after shaking, the tubes were
held at these temperatures for a further 2 hr
when haemagglutination was found to be absent
from all tests. The supernates were then
removed from the deposited red cells and 5 haem=~
agglutinating units of Newcastle disease virus
added to each tube, at the appropriate temperature.
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Table 42 shows that the receptor-inactivation was
minimal and that the effect was not temperature-
dependent. When the same experiment was
repeated using citrate~phosphate buffer at pH 6
as the suspending agent for the culture, a much
clearer receptore-inactivating effect was evident,
but again this was not influenced by the
temperature of the tests. A haemagglutinating
strain, L2A, tested in parallel in this latter
experiment, produced similar results complicated
by the appearance in the initial dilutions of
haemagglutination patterns attributable to the
residual effect of the Cl, welchil haemagglutinin
produced by this strain.

These results indicated that the receptor-
inactivation effect was not due to the haemagglu~
tinin, but it could be argued that a receptor-
inactivation effect was a more sensitive manifesta-
tion of the presence of the haemagglutinin and
could be demonstrated at dilutions beyond the hae-
magglutinin effect. To investigate this possibi-
lity, the following experiments were performed.

When older (48 hr) blood agar cultures were
testedy, a good receptor-inactivation effect could
be obtained with saline alone as the diluent and
harvesting 1fluid, Table 4.3 shows the haem-
agglutinating activity and receptor-inactivating

activity of culture supernates from 48 hr blood
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Table 1Lg

Receptor-inactivation produced by treatment

of human group~A red cells for 1 hr at different

temperatures by cultures harvested in saline and

in citrate phosphate buffer,

(Newocastle disease virus used as haemagglutinin),

Y -
Culture |Temp, °"1tff°igilut96
harvested| of |Strain
in |test _
L 8 16 | 32 |64 (128|256
Il—nco 906 " L ++ | b || /
Saline 20°C,| 906 - & ++ |44 [ed +44] /
37°C.| 906 - ++4 | 44 |aaa faae] 2as] /
L°C, | 906 - - R e EEra Eae
20°C,| 906 - - R B I e prn
M
citrate- |37°C.| 906 - - + |44 rid] roa ] wae
phosphat _
buffer |[4°Ce | L2A (444) 1(4aa) | (a9a)| = | = | = |49+
P 6 ,
20°C,| L2a (4+44) |(#44)| (44)| = | = | = |44+
37°C.] L2a (+) | (%) @ 1w Lol & e

= = no haemagglutination

L = doubtful positive

+y ++y +++ = increasing degrees of haemagglutinstion
indicate haemagglutination attributable to

Cl, welchii haemagglutinin.
/ = test not done

()
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Table 43

The haemagglutinating and receptore=inactiva=

ting activities of supernates obtained from 48 hr

blood agar cultures of three strains of

Cl, welchii tested at different temperatures

against human group=-A red cells for 2 hr.
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fagar cultures harvested in saline and tested
against 1 per cent. suspension of human group«=A
red cells in saline, using saline as dilueht, at
hoCsy 20°C, and 37°C. 1In each case, the haemag-
glutination tests were read after standing at the
indicated temperature for 2 hr, The saline
|dilutions of the supernates tested at 4°C, were
held in the refrigerator for 30 min. before
chilled suspensions of red cells at h4oC, were
addeds After the readingswere noted at 2 hr,
the supernates in each tube were discarded and the
}deposited red cells resuspended in aliquots of
'saline containing 5 haemagglutinating units of

iNewcastle disease virus, The tests were shaken

'and allowed to settle. The 37°C. and 200C, tests

| |
‘were both held at 20°C. during this part of the

I

‘experiment, The WoC, tests were held throughout

at 4oC, and chilled virus suspension was added.

'The non~haemagglutinating strain 485 showed a

receptor-inactivating affeét vhich was clearly
not influenced by temperature. With strains B
and L2A there was a significant receptor-inactiva-
ting effect demonstrable in the tests at ueC., buti
this was slightly enhanced at 20°C, and signifie |
cantly enhanced at 37°C. The results of this
experiment were not replicable when the supernate
of a 20 hr glucose broth culture of strain L2A

was used. Bxcessive haemolysis invalidated tests
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|of the glucose broth culture at 37°Cs but tests
at 20°C. and L4o(C, showed no receptor-inactivation.
The blood agar supernates used in the previous |
'experiment were treated with the deposited washed
red cells from 10 ml, of a 1 per cent. suspension
of group=A red cells by mixing and centrifuging |
fthe nixtures at 20°C.; the procedure took 20 min.i
The absorbed supernates were then tested for
haemagglutinating and receptor-inactivating
activity.ét room temperature. Table L4 shows
‘that, after absorption by this method, the haeme ‘
agglutinin was removed completely from culture ‘
supernate B and almost completely removed from '
culture supernate L2A. Nevertheless, the
receptor-inactivating activity was slightly en-
hanced in all cases., This indicates that there
is a temperature-independent receptor-ingectivating
'substance in cultures of Cl, welchij which may
simulate a receptor-destroying effect; the
receptor-inactivating substance was best demonst- |
rated in the presence of citrate and was present
in older cultures. It appears to be different
from the haemagglutinin and occurs in cultures
of haemagglutinating and non-haemagglutinating ‘
strains. '
Several difficulties and possible sources of |
error in the interpretation of tests which employ
red cells as indicators of RDE (neuraminidase)
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Table L4

Haemagglutinating and receptor-inactivating

activities of Cl, welchii culture supernates

against human group~A red cells before and after

'absorption with human group-A red cells.

haemagglutinin receplor-inactiveation
titre (20°C,) titre (20°C,.)
Strein
before af'ter before af'ter
absorption |absorption | absorption |absorption
485 NIL NIL 6l 128
B 8 NIL 128 >256
L2A 16 2 6L [N
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activity had now been demonstrateds The aims of

:the work reported in the following section were
'therefore (1) to develop a more reliable biochami-:-
'cal test for neuraminidase activity and (ii) to |
' perform enzyme assays on semi-purified fractions
of Cle welchij cultures so that the relationship |
;of neuraninidase to haemagglutinin in Cl, welchii !
‘cultures could be defined. '
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The biochemical determination of

‘1solat1an from sheep submaxillary glands of an

' electrophoretically homogeneous mucoprotein whieh |

|inhibited influenza virus haemagglutinin was re-
ported by McCrea (1953). A similar inhibitory
nucoprotein was isolated from bovine submaxillary
glands by Curtain and Pye (1955). Using the

methods developed by the latter workers, mucopro=-

tain containing neuraminic acid was extracted from

Ibovine submaxillary glands (see Methods). The
'product was excellent substrate for the develop=
Iment and assessment of neuraminidase assay tech-
niques, but the yield of purified substrate
obtained after treatment of the submaxillary
gland tissue dissected from two cows was small
(20 = 50 ml. of substrate solution); bovine
subnaxillary mucoprotein was therefore regarded
as expensive in terms of time and labour and
unlikely to be available for multiple tests. The
mucoprotein was extracted from the glands of six
cows in all so that preliminary development of
the tests could continue while a search was made
for a more readily available substrate material.
2. Bgg-white. Chicken egg=-white contains
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;savaral different mucoproteins of which two have
Sbeen reported to contain neuraminic acid complexes
(Werner and 0din, 19523 Gottschalk, 19563

Rhodes, Bennett and Feeney, 1960). The work of
Feéney, Anderson, Azari, Bennett and Rhodes (1960)

indicated that the neuraminic acid in egg=-white

is in the Neacetyl formj; this all occurs bound
to protein and can be liberated by Cl. welchii i
neuraminidase. Thus, egg=white promised to
provide a readily available source of substrate |
' for neuraminidase studies. Eggewhite was sepa-
rated from fresh eggs and homogenised with phos-
'phate buffer under conditions which minimised
frothing (see Methods). The blended egg~-white
was stored frogzen and was used in most of the

routine neuraminidase assays.

Determination of neuraminic acid content

of substrates.

i A 0,1 ml. |
amount of auﬁstrate solution was added to 0.9 nl,
iWater and nixed with 1 ml, Bial's orecinol reagent.
The absorption spectrum of the orcinol reaction
Iproducts extracted in amyl alcohol (see Methods)
is illustrated in fig. 2.

When the protein-bound neuraminic acid of
0.25 nml. bovine submaxillary mucoprotein was
liberated by incubation with 0.5 ml. of an Ellner
cﬁlture supernéte of Cl, welchii strain L2A, the
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absorption spectrum of the product in Varren's
thiobarbituric acid assay shoved maximal extinc-
tions at about 550 mp (fig. 2). The absorptions
recorded in the range 500 = 600 mp for the Bial
orcinol and Warren thiobarbituric acid assays of
these products are very similar to those obtained
vhen 99 per cent. pure sialic acid (N-acetyl
neuraninic acid) was submitted to the same
procedures.,

When bovine submaxillary mucoprotein was
used as substrate in experiments designed to
characterise Cl, welchii neuraminidase, however,
Warren's thiobarbituric acid assay gave erratic
results. This was subsequently considered to be

due to the fact that Warren's method gives no

' ecolour with the di- and trie-acetyl neuraminic

acid predominant in bovine submaxillary mucin

' (Blix, 1961 - personal communication).

2. Egg=-yhite muein. CGraphs of the absorption

spectra of the Bial oreinol reaction products
obtained with the eggewhite substrate and acid=
hydrolysed egg=white showed illedefined maxima at
580 my (fig. 3)e The Svennerholm (1957) modi-
fication of the Bial reaction yielded a product
wvith a very poorly defined extinction peak

at 580 mp; both of these tests were

relatively insensitive. Graphs oi the results
obtained following the thiobarbituric acid
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OPTICAL DENSITY

0.6
Warren product of bovine
0.5 | submaxillary mucoprotein after
treatment with Cl. welchii
0.4 neuraminidase
0.3
0.2
0.1
A L _
420 460 500 540 580 620 660 700
Orcinol reaction product
0.2 of bovine submaxillary
skl 3 mucoprotein,
0.1
L 1 1 L ' 1 1 )
420 460 500 540 580 620 660 700
0.2
Orcinol reaction
= product of pure
sialic acid (0,04 mg.)
0.1
Warren product of pure sialic acid
(0.0125 mg.)
1 1 1 1 1 A L ]
420 460 500 540 580 620 660 700
WAVELENGTH (mp)
Fig. 2. Absorption spectra of chromogens (orcinol and Warren) in untreated

and Cl. welchii-treated bovine submaxillary mucoprotein compared with the
spectra obtained with pure N-acetyl neuraminic acid.
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Protein-bound fraction of

b-' .

b egg-white substrate (1 ml.)
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o
Protein-free fraction of acid-
hydrolysed egg-white (0.5 ml.)

L 1 1 i 1 1
420 460 500 540 580 620
WAVELENGTH (mp)
Fig. 3. Absorption spectra of chromogens (orcinol reaction) in the

precipitated fraction of untreated egg-white substrate and in the
supernatant fraction of acid-hydrolysed egg-white after precipitation of
protein in each case with phosphotungstic acid.
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reaction with hydrolysed egg=~white, Cl. welchii
neuraminidase=~treated egg=white and pure sialie
acidy confirm Warren's claim that his method is

much more sensitive and more specific (fig. W).

Investigation ol detectable sialie acid
in Cl, welchii and culture media

Samples (1 ml.) of u8=hr blood agar cultures
of strains L2A and By each harvested in 5 nl.
saline, were subjected to the orcinol reaction,
Graphs of the absorption spectra of the products
vere compared wvith a graph of the absorption
spectrum oif the oreinol reaction product obtained
with-bovine submaxillary mucoprotein which con=-
tains protein-~bound sialic acid (Fig. 5). There

'is no evidence of the presence of proteine-bound
or free sialic acid in the Cl. yelchij culture
products.

‘ The Varren thiobarbituric acid reaction re-
vealed no free sialic acid when tests were perfor-
med directly on 48=hr nutrient broth culture
supernates or disintegrated bacterial deposits of

Q;J_gg;gnii. | The bacteria obtained irom four
LB8=hour blood agar cultures of strain L2A were
harvested in 10 ml. saline and centrifuged. The
supernate was retained and the bacterial deposit

resuspended in % ml. of saline. A 2 ml. volume
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Fig. 4. The upper graph shows absorption spectra of Warren

products of acid-hydrolysed egg-white (unbroken line) and pure
sialic acid (dotted line). The lower graph shows absorption
spectra of Warren products of egg-white substrate treated with
Cl. welchii, freshly isolated strain 402 (unbroken line) and
stock laboratory strain L2A (broken line), compared with the
spectrum obtained with pure sialic acid (dotted line).
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Fig. 5. The absorption spectra of the Bial (orcinol) products

obtained with harvested blood agar cultures of Cl. welchii, strains
L2A (circles, broken line) and B (triangles, unbroken line)
compared with the spectrum of the Bial product of bovine
submaxillary mucoprotein (BSM: dotted).
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of this dense suspension was treated with the
ultrasonic disintegrator. Samples of the super=
nate, intact bacterial deposit and disintegrated
suspension were then hydrolysed by adding equal
volumes of 0.2 Il sulphuric acid and heating at
800C, for 1 hr. ©No sialic acid was detectable
in the resulting solutions by the Warren proce-~
dure, Treatment of a disintegrated suspension
of Cl, welchii with Cl, welchii neuraminidase did
not release detectable sialic acid., These find- |
ings do not necessarily exclude the presence of
sialic acid in some undetectable forn in,g;&_gglzl
'ghii, but constitute good evidence that the organ-
ism does not produce any substance likely to inter-
fere directly in the neuraminidase assay procedure,
Traces of sialic acid were detectable in
'neat samples of sterile nutrient broth and Ellner
medium., Sialic acid residues were certainly
detectable in sterile cooked=meat broth, especi-
:ally after acid hydrolysis. With the possible
exception of cooked=meat broth, the detectable
sialic acid contributed by the media investigated
wvas minimal andy allowing for the dilution of the
culture medium component and the excess of subst=
rate involved in the neuraninidase assay proce-
dure, it would not be detectable under the condi-
tions of the test. 'Time 0' (unincubated)
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mixtures of culture product, buffer and substrate
were, of course, routinely included in all enzyme
assays and it was evidenf that no significant

interference occurred, even when cooked=meat broth

cultures were used as the source of neuraminidase.
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lnzyne Assay

Release of Neacetyl neuraminic acid by
products of Cl, welchij was determined by two
nethods after incubation with one of the
substrates. As the Blal orcinol reaction
measures total sialic acid, i.e. bound as well
as {ree sialic acid, the protein-bound component
was initially removed from the test sample by
precipitation with phosphotungstic acid, as
described in the Methods section., The orecinol
reaction was used predominantly in association
with bovine submaxillary mucoprotein substrate
in the earlier stages of this investigation and
was useful in confirming results obtained later
with the more sensitive Warren assay method,
The Warren thiobarbituric acid assay was
enployed directly to indicate the presence of
free sialic acide The standard assay procedure
ultimately adopted and used in most experiments
was as follows:

Standard enzyme assaye A mixture of 0.2 ml,
of the enzyme preparation to be tested and 0.3 ml,
Oel My pH 5,1 Tris-maleate buffer was added to
0.5 ml. egg=white substrate solution. The tube
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|

was incubated for 30 mine. or 60 min. as indicated;
'in the text. A 0,2 ml. quantity of the mixture
was then assayed directly by the Warren procedure
(see Methods) for free neuraminic acid. A saMpl!
iof the mixture was also assayed at time 0Oy and a T
'water blank and standard preparation of known free
!sialic acid content carried through the sane
procedure simultaneously.

A refinement of this technique recommended |
by Dr Gunnar Blix (personal communication) and
employed by Mayron, Robert, Winzler and Rafelson

(1961) was to stop the enzyme reaction and remove
|
protein from the mixture by adding cold phospho-

tungstic acid. The details of this procedure are
‘noted in the Methods section; it was successfully
‘employed in a detailed investigation of the rate

of Cl., welchii neuraminidase activity (q.v.). .

|
|
It was necessary to confirm that the nature i
_of the activity revealed by the enzyme assay which!
.employed egg~white as substrate was consistent |
with the known facts concerning Cl, welchii
neuraninidase activity. The agent releasing
neuraninic acid from the egg-white substrate was
therefore characterised with regard to the

influence of temperature on the rate of reaction, |
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its activity in the presence of different amounts
of substrate, the activity of increasing amounts
of enzyme on standard amounts of substrate, the |
pH optimum and the influence of pH on its thermo-i
stability. |
Rate of activity. Release of neuraminiec
acid was marked within a few minutes at 37°C. and!
was virtually linear with time up to cleavage of ‘
more than 80 per cent. of the available substrata!
(fige6 )e There was reduced but significant
activity within 5 = 15 min. at 16°C, Enzyme=-
' substrate nixtures held at & « 5°C, showed no
significant release of neuraminic acid during 1 -

|

|

|

|
2 hr buty unless held frozen, transient rises in !
;temperature during handling of such chilled i
mixtures on the bench allowed some activity to
' take place.

fe 0 e of sub . The

' release of neuraminic acid from increasing
amounts of egg-white substrate (0 = 1,5 ml.) by
0.5 nle. aliquots of 48 hr nutrient broth cultures
of a laboratory stock strain (L2A) and a fresh
isolate (500) was studied. Mixtures of culture
'and substrate solution were incubated at constant
volume in the presence of acetate buffer at pH 5.1
‘for 1 hr at 37°C.; 0.2 ml. amounts were there-
after assayed by the thiobarbituric acid method

for free neuraminic acid. The results (fig. 7 )
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Fig. 6. Release of Warren chromogen from egg-white substrate by
dialysed Ellner culture of Cl. welchii, strain -L2A, as a function of time;
standard assay procedure. Reaction stopped with chilled phosphotungstic
acid after various incubation times at 37 C.
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Fig. 7. Release of Warren chromogen by a freshly isolated strain of

Cl. welchii (unbroken line) and a laboratory stock strain (broken line) as
a function of egg-white substrate concentration,
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indicate that enzyme saturation occurred at 0.8
mls, substrate solution in each case.

] t o e 0 . The release

' of neuraminic acid from constant amounts (0.5 ml.)|
of egg~white substrate by increasing amounts of

an active Ellner culture supernate of strain L2A i
on incubation at 37°C., pH 5.1, for 30 min. is
illustrated in fig. 8.

Effect of pH on activity. Acid conditions
enhanced and alkaline conditions reduced the
release of neuraminic acid from eggewhite sub-
'strate by cultures of Cls welchil at 37°C.

Fig. 9 shows that, when tested over a pH range |
of 5.1 = 8,5, optimal activity occurred at pH 5.1
= §ubs |

' !
'releasing neuraninic acid from egg-white substrate
‘was inactivated by heat at 60°C, for 10 min. in
all tests over a pH range of 5.1 = 8.5 (Tris~ i
‘maleate buffers). VWhen exposed to 55°C. for 10
min., inactivation was maximal at alkaline pH
values and least at acid pH (5.,1) (Table 45 ).
Control tests showed that this was not attributable
merely to better activity of residual enzyme at
its optimal pH.

There was no evidence of significant lability
of the enzyme when held for 2 hr at 37°C. in the

presence of Trise-maleate buffers over the pH
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Fig. 8.

.05 0.1 0.15

Concentration of enzyme (ml., of undiluted 48-hr
Ellner culture of Cl. welchii, strain L2A).

Release of Warren chromogen from egg-white substrate

by Cl. welchii enzyme as a function of enzyme concentration.
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Fig. 9. Effect of pH of test on release of Warren chromogen
from 0.4 ml. of egg-white substrate by Cl. welchii enzyme in
0.2 ml. of Ellner culture concentrate. - (Reaction at 379C. for
15 min. in presence of 0.4 ml. of 0.05 M Tris-maleate buffer).
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| Iable .5, Effect of pH on thermolability of

Cl. welchii enzyme releasing sialic acid from

egg=white,

Enzyme preparation
heated at 55°C, Residual activity
for 10 min. at (milli-units of
pHs neuraminidase per ml.)
5ol 180
6.0 150
649 150
7.6 130
7.8 50
8.5 45




| 195 |

‘range 5.1 to 8.5 in the absence of substrate.
:The enzyme preserved its activity when stored as
frozen culture at =40oC, for at least 1 months;
'samples held in the refrigerator at WwoC, retained
itheir activity satisfactorily for some weeks.

The activity of the enzyme was not enhanced
under reducing conditions. - The enzyme was not
lost on dialysis in a cellophan bag against
distilled water at L4oC. Approximately 30 per
:cant. of activity was lost on Seitz filtration.

I The above results confirmed that the activity
'demonstrated by the thiobarbiturie acid assay of
'the products obtained from the interaction of

Cl. welchli cultures with egg-white substrate was
;neuraminidase activity. The characteristics of
!the agent in Cl, welchij cultures which released
‘neuraninic acid from egg-white substrate are thosei
which have been described for Cl, welchii neura-
minidase.

leurgninidgge activity. Activity is expres-
sed as units of enzyme, 1 unit being defined as

that amount of enzyme which will cleave 1 p mole

of Negcetyl neuraminic acid from an excess of egge=
|white substrate in 30 min. under the conditions of

‘the standard assay (lMolecular weight of Neacetyl |

neuraminic acid : 309). |
The absorptions obtained at wavelengths of

549 and 570 mp with the products of the Warren and
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Bial assays respectively performed on measured
iamounts of pure Neacetyl neuraminic acid are
ishown (fig. 10), Colour production was linear,
'in each casey with concentration of N-acetyl
|neuraminic acid.

| When increasing quantities of an Ellner
|eulture supernate of Cl, welchij strain L2A, rich
in neuraminidase, were incubated with 0,5 ml.
amounts of eggewhite substrate solution in the
' presence of Tris-maleate buffer at pH 5.1, the
content of free Neacetyl neuraminic acid did not |

' exceed 0,013 mgm. in the 0,2 ml, samples subjected

!to the Warren assay. The amount of available
EN-acetyl neuraminic acid in 0.5 ml, of the egge
'white substrate is thus equivalent to (0,013 x S)I
!0.065 mgm. and the standard assay procedure is |
'quantitative for Cl, welchij neuraminidase over E
the range 0 = 250 milli units per ml, of culture,
iThis degree of sensgitivity was considered very ‘
suitable for the investigation envisaged in
‘which Cl, welchil cultures were to be screened |
Ifor neuraminidase activity. ‘
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.01 «D25 .05 . 075

AMOUNT OF N-ACETYL NEURAMINIC ACID (mg.)
IN TEST SAMPLE

Fig. 10, Absorptions obtained at wavelengths of 549 and 570 mp
with the products of the Warren (thiobarbituric acid) and Bial (orcinol)
assays respectively performed on measured amounts of pure N-acetyl
neuraminic acid,
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The production of neuraminidase by
£l. yelchid and its relationship to the
haemagglutinin and other diffusible products

(1) Influence of cultural conditions. In
initial studies with bovine submaxillary nuco-

protein as substrate, the relatively insensitive
Bial assay revealed no detectable neuraminidase
production by old stock strains or freshly
isolated strains of Cl, welchii when cultured for
20 « 48 hr on blood agar and harvested with saline
as for routine haemagglutination testss Cultures
grown for 48 hr in glucose broth were similarly
devoid of detectable neuraminidase, as were cul-
tures in the fluid medium recommended by Popenoe

' and Drew (1957). The Bial assay method in con-
junetion with the submaxillary mucoprotein subst-
' rate was sufficiently sensitive to detect signifi-
cant neuraminidase activity in a commercial pre-
paration of V, cholerae filtrate and also in four-
fold concentrates of harvested 48 hr blood agar
cultures and Bllner cultures of old stock and
freshly isolated strains oif Cl. welchii.

Results of subsequent work with the more
sensitive procedure ultimately adopted as the
standard neuraninidase assay method showed that
neuraninidase production was best in 48 hr
cultures on horse blood agar or in cooked=meat

broth. Cultures grown on cellophan-covered
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blood agar plates were also rich in neuraminidase:
and could be harvested free from non-dialysable
substances present in the medium. Good yields
of neuraminidase were obtained from cultures in
nutrient broth or Ellner medium, The neuramini—I
dase content of a 48 hr culture in nutrient broth
containing 10 per cent. of serum was low, lowver
in horse digest broth and minimal in 1 per cent. |
| glucose broth. An enhanced yield of neuranmini-
dase was obtained from a 20 hr culture grown in |
nutrient broth to which 12 per cent. (v/v)
sterile egg-white had been added, but the neura- |

minidase content was reduced after further

incubation for 2. hr to less than that present
in the simple 48 hr nutrient broth control
culture, Cultures in cooked-meat broth and |
nutrient broth, the medium generally used for
neuraminidase production, contained slightly more!
neuraminidase at 48 hr than at 2. hr, |
Neuraminidase production varied among strakv:
but freshly isolated strains and old stock
strains of Cl, welchii were included in those
round to produce large amounts of neuraninidase.
For example, the neuraminidase activity of an
' 18 hr nutrient broth culture of stock strain L2A
'was less than that of freshly isolated strain 402

| but greater than that of freshly isolated strain
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' 40l:; In another experiment, the neuramninidase
activity of 20 hr nutrient broth cultures of

five freshly isolated strains of Cl, welchii
varied from the relatively low figure of 80 |
nilli-units per ml. to the relatively high igure
of 200 milli-~units per ml, [Iione of the *reshly |
isolated strains produced haemagglutinin,

All of the old stock strains which produced i

| haemagglutinin also produced neuraminidase. |
. Although freshly isolated strains produced |
i neuraminidase in the absence of haemagglutinin, !
i no strain was ever encountered which produced ‘
i haemaggiutinin in the absence of detectable

neuraninidase. There wasy howevery, no apparent

qﬁantitative correlatioh between production of !
haemagglutinin and neuraminidase. For example, |
! Table 16 shows the results of an experiment in

| which the neuraminidase and haemagglutinating
activities o® washings obtained from 48 hr blood
agar cultures of several stock strains of

Cl, welchii were compared. Strain F 6599/59
produced much neuraminidase and much haemagglu-
tininy strain L7C produced a similar amount of
neuraninidase but much more haemagglutining

strain L9D produced a similar amount of neuramini-
dase but much less haemagglutining strain L8D

produced much less neuraminidase but nore
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Table Eé' A comparison of the hsemagglutinating

and neuraminidase activities of .8«hr cultures of

ten strains of Cl, welchii.

Reciprocal of Neuraninidase
Strain haemagglutinin activity
titre (milli-units per nl,)

L7C 256 150
¥ 6599/59 32 150
L8D 16 70
B 8 10
L1A 8 140
L9D i 10
F 4637/60 L 10
A3 NIL 120
F NIL HIL
300 NIL 185




202

haemagglutining and strain A on this occasion I
produced no haemagglutinin but yielded a signisi-
cant amount of neuraminidase. :
(11) Dirfugibility of neurgminidase. Neuramini-
dase activity of broth cultures of Cl, welchii
was associated with the centriruged bacteria-free
supernatant fluids and not with thair washed
bacterial deposits. Although digsintegration of
the bacterial deposit of a haemagglﬁtinating
culture released much haemagglutining disintegra=-
tion of washed bacterial deposit from a none
haemagglutinating neuraminidase-rich culture did
not release neuraminidase; but some neuraminidase
activity was associated with those disintegrated
bacterial deposits wiiich were powerfully haem-

agglutinating., For example, a 48 hr nutrient !
|

. broth culture of strain L2A yielded a washed

bacterial deposit which, after disintegration

and resuspension, had a haemagglutinin titre of

' 1 in 6% and a neuraminidase content of 30 millie

units per ml, Concentrated thrice=-washed |
bacterial deposit obtained from three %8 hr blood
agar cultures of the same strain had, after |
disintegration, a haemagglutinin titre of 1 in |

2048 and a neuraminidase content of 70 millie
units per ml,
Seitz filtration of a haemagglutinating
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neuraninidase=positive culture supernatant redu- |
ced its neuraminidase activity by only 30 per
cent.y although this completely removed its '
haenmagglutinating activity. |
These findings indicate that the haemagglu-
tinin is not identical with the neuramihidase
of Cl, welechii, but there is evidence of a
'one~way' correlation in the occurrence of these |

two factors. |

(111) rractionation of Cl, welchii cultures

In a preliminary experiment, 300 ml., of centri-
fuged supernate from pooled 18 hr Ellner culturesl
of stock strain L2A were concentrated tenfold on |
courulose at koC,, dialysed thereafter in cello~ |
phan against tapwater at “eC. for 2L hr and
against distilled water at 4eC, for a further 2. |
hr, and then precipitated in fractions at 18¢C., |
(initial pH: 7.3) by stepwise addition of solid

ammonium sulphate. The successive precipitates

were recovered by céntri?ugation and resuspension
in 10 ml, amounts of distilled water. These
fractions were then dialysed overnight against a |
large excess of distilled water at LoC. to remove
the ammonium sulphate before investigating their
haemagglutining lecithinase and neuraminidase
content, The results (Table 47 ) showed that
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The results of ammonium sulphate
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this was a useful method for the initial separa=

tion and concentration of these factors.
' Subsequent experiments involved fractionation
of 500-1000 ml, amounts of centriruged supernatas!

|
obtained from nutrient broth cultures of a freshl

isolated strain (300) and a laboratory stock

strain (L2A). Solid ammonium sulphate was added |

| in amounts calculated to give a series of preci- |
pitates at 0'= 40, 10 - 50, 60 = 70 and 70 = 80
per cent. ammonium sulphate saturation (Dixon, |
1953)« These precipitates were separately :

collected by centrifugation (6,500 g for 30 min.

at 4°C,) at each stage. The precipitates wvere
| resuspended in 20 = 25 nml, agmounts of distilled
wvater and dialysed in cellophan sacs for 1 -« 2

! days against a large excess of distilled water
at LeC, The distiiied water wgs changed 2 - 3
times and dialysis was enhanced by agitation

\ produced by an aerating pump. The protein con=-

Itent of the fractions was then assessed spectro- |
photometrically and the haemagglutinating, é

| lecithinase and neuraminidsse activities of each i

' were determined, |

! Ammonium sulphate treatment of 1000 ml, of

:the centrifuged supernate from a 20 hr nutrient |

|broth culture of strain 300, freshly isolated
from faeces, yielded virtually no precipitate at

L0 per cent., ammonium sulphate saturation within
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30 min, at 18eC, rive fractions were subsequent:

ly obtained and investigated in detail, These
included the original supernate 'O' and the
precipitates obtained at 0 « 50, 50 « 60y 60 =
70 and 70 - 80 per cent. ammonium sulphate
saturationy labelled fractions 1, 2, 3 and b
respectively (TableX8 ). Lecithinase activity
was most concentrated in fraction 1 but demon=-
strable in fractions 1, 2 and 3. Neuraminidase
activity was most concentrated in fractions 2
and 3. Haemagglutinating activity was absent,
with the exception of a doubtful positive trace
in fraction 2. Toxicity tests in mice showed
that fraction 1 was lethal on intravenous injec-
tion or doses down to 0,05 ml., whereas fraction
3 which was rich in neuraminidase produged no
effect in doses up to O,k ml,

Fractions obtained after ammonium sulphate
precipitation of 500 nl, of a supernate obtained
by centrifugation of pooled 3-day nutrient broth
cultures of stock strain L2A were similarly
investigated but each precipitation step was
allowed to take place in the cold for several

T

hours; the procedure occupied 3 dayse In this

case the original culture supernate showed slight

!haemagglutinating activity, slight lecithinase

activity and moderate neuraminidase activity.
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The relative content of lecithinase,
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haenagglutinin and neuraminidase in four frac-
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[ I
fPrecipitates were obtained at ammonium sulphate |‘
saturation levels of 0 « %0, 40 « 50, 50 = 60, |
60 =« 704 70 - 80 an& 80 « 100 per cent., and the

' resultant fractions were labelled 1 = 6 raSpectivé-
ly, Table 49 ghows that fraction 1 had no

haemagglutining much lecithinase and a little

neuramninidase. rraction 2 had much haemaggluti-
'niny, a moderate amount of lecithinase and a
irelatively large amount of neuraminidase. |
!Fraction 3 had much haamagglutinin, slight leci- |
thinase activity and good neuraminidase activity.

i
!Fractian L had virtually no haemagglutinin or i
Ilecithinase but significant neuraminidase {
‘ activity. |
These results show that neuraminidase can
iexist quite independently of detectable haem- |
‘agglutinin, and that neuraminidase activity does
inot necessarily parallel lecithinase activity.
‘Lecithinase can occur in the presence of neura-
‘minidase without produeing haemagglutinating !
|act1vity; but haemagglutinin has never been
;demonstrated in the absence of neuraminidase

activity from the original whole culture.

(b) Chromatography. Initial attempts to
fractionate Cl, welchil culture supernates with

| caleium phosphate and with carboxymethyl cellu-

! lose in columns were unsueccessfuly but the use
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The relative content of lecithinase,

1

haemagglutinin and neuramninidase in six fractions

obtained from a 3=day nutrient broth culture of
a stock laboratory strain of Cl. welchiij.
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' of columns containing diethylaminoethyl (DEAE)

cellulose prodﬁced promising results,

A column, 7.5 cme x 1 em., of DEAE-cellulose
was equilibrated with 0,02 M phosphate buffer at
pH 7.2 and then loaded with 10 ml, of a
concentrated W8 hr Ellner culture supernate of

strain L2A which had been dialysed against the

' same buffer for 48 hr at W°C, The column was

thereafter eluted with the phosphate buffer and a
increasing molarity gradient of sodium chloride
from 0 = 2 Y (see Methods). Haemagglutinin was
eluted over the molarity range 0,8 = 1.0 (Table
50) coinecident with release of protein from the
column. The fractions which possessed
haemagglutinating activity showed receptor-
1nactivﬁt1ng and neuraminidase activity in
proportion to their haemagglutinin content.
A-engyme activity was also associated with the.
haemagglutinating fractions.

When the active fractions were pooled,
reconcentrated and eluted again from another

DEAE-~cellulose column under the same conditions

' as before, haemagglutinin, neuraminidase and

receptor=inactivating agent were again released
virtually simultaneously,
Attempts to obtain more effective separation

of these substances by using longer columns were
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A comparison of the activities

present in seven fractions eluted from a DEAE-

cellulose column loaded with material obtained

from a 4B8<hr Ellner culture of Cl, welchii,

strain L2A,

Fraction Rzgiﬁﬁz:fl oggzigizcgg R:i::i:? Relative

mmber | agglutinin| ORI | mirddase | COPENYS
titre agont content

10 nil nil L -
12 rdl I + i
1L nil 6l +44 i
16 128 2048 4444 -+
18 32 256 ok
20 5 32 ++4 +
2L nil nil & /

*y 9

R

4

]

/

test not done.

doubtful positive.

increasing degrees of activity.

no activity demonstrable.
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at first frustrated by release of nonespecific

haemagglutinating material from the cellulose,
This complication was avoided by pre-eluting the

| column with strong sodium chloride solution and

by prolonged washing o# the column with phosphate
buefers |
Figes 11 illustrates the results of an experis

ment in which 15 nl, of a concentrated supernate |
obtained from a 48 hr Ellner culture of strain
L2A was eluted from a 10 em., DEAE-cellulose
column under the conditions described above and
the fractions were investigated for protein
content, lecithinase activity, neuraminidase and |
haemagglutinin, Lecithinase was released before
the main yields of haemagglutinin and neuranminie- ‘
dase which were again in close association, but ‘
a peak of neuraminidase activity was detected in
fractions relatively devoid of haemagglutinin,

Two peaks of neuraminidase activity were

also encountered in fractions obtained on a !

| subsequent experiment when 8 ml, of tenrold

concentrated supernatant of a 72 hr nutrient

broth culture o strain L2A was eluted from a

14,5 em. column of DEAE=-cellulose., As on the |
previous occasion, the intervening fraction
showing low neuraminidase activity contained the

maximum amount of protein.
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Fig. 11. A semi-diagrammatic representation of the relative

protein, lecithinase, neuraminidase and haemagglutinin content
of fractions eluted from a DEAE-cellulose column loaded with
material from a 48-hr Ellner culture of Cl. welchii, strain
LZA.
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(¢) Combined fractiongtion. The above re-
sults indicated that preecipitation was extremely

fine at k0 = 50 per cent. ammonium sulphate satu-

' ration. It was thus found possible to fraction=-

ate 1000 ml, of erude 48 hr nutrient broth culture

' supernate of strain L2A into five fractions, of

which the third fraction (precipitated overnight
at koC, at 50 = 60 per cent. ammonium sulphate
saturation and centrifuged in the cold thereafter

'at 2000 g for 30 min.) contained most of the

“haemagglutinin, neuraminidase and lecithinase

' (Table 51) This fraction was dialysed exhauste

ively against 0,02 } phosphate buffer, pH 7.2y
at 4oC, It was then centrifuged free of deposit

and 8 ml, loaded on to a DEAE~-cellulose column,

12 eme x 1 cmey which had been eluted for 2h hr
with the same phosphate buffer. Elution with

' phosphate buffer thereafter with an increasing

sodiun chloride molarity gradient yielded
fractions in which there was partial separation of
A=enzyme from haemagglutinin, and haemagglutinin
from lecithinase. Haemagglutinin and neura-
ninidase were again eluted in fairly close
association¥*, Receptor-inactivating agent was
released in association with neuraminidase but

vas detectable in subsequent fractions showing no

‘apparent neuraminidase activity (q.ve.).

® gee 1'ig. 1l2.
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The results of ammonium sulphate

fractionation of a 48=hr nutrient broth culture

supernate oﬁ_géé;gg;ggéé, strain L2A, showing

the relative content, in each fraction, of
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Fig. 12, Composite diagram showing results of column

chromatography of fraction 3 (Table 51). The haemagglutinin,
neuraminidase and lecithinase components are closely associated.
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|

These results confirm that the enzyme ‘
destroying the A substarnce o peptone (A-enzyme)J
neuraminidase of Cl, welchii. Haemagglutinatiné
activity has again been demonstrated in the |

is not identical with the haemagglutinin or the

absence o lecithinase, but it is evident that
lecithinase, neuraminidase and haemagglutinin

appear to occur in close association in

- Cl, welchij cultures. Neuraminidase and

haemagglutinin are particularly closely related
and it seems that the receptor inactivating ‘
|

agent is also closely related to neuraminidase,
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Studies on the interaction of the haemagglutinin

neuraninidase, receptor-inactivating agent
and lecithinase of Cl, welchid.

absorption of the haemagglutinin, neuranminidase,
receptor-inactivating agent and lecithinase from
a concentrated culture supernate by human group=A
red cells was studied under different conditions
of temperature and pH. Aliquots (% ml.) of

- tenfold concentrated 3-day nutrient broth culture
of strain L2A were each mixed with the centrifu-
ged red cell deposits obtained from 10 nl.
amounts of a 1 per cent. red cell suspension in
saline in the presence of 0,9 ml., of 0,05 M Tris<
: maleate buffer at the pH and temperature indica-
ted and held for 5 min, Thereafter, the
mixtures were centrifuged and the activities of
the supernates compared with the activities of
the original uwnabsorbed concentrate. The red
cell deposits were, in turn, resuspended in

' 345 ml, amounts of saline buffered with 0.5 ml.

| of Tris-maleate at pH 8.5, held for 15 nin. at
16°C., and then centrifuged to obtain the eluates.
As it was desired to avoid any possible inhibitors
of activity at the red cell surface, calecium
sequestering agents were not added during these

procedures., It is difficult to obtain clean
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results in experiments of this kind involving
haemolytic systems, but the results (Table 52)
show quite clearly that haemagglutinin was

- absorbed under all conditions tested, optimally
at acid pH in the cold, whereas lecithinase,
neuraminidase and receptor-inactivating agent
were apparently not so readily absorbed. Haen=
agglutinin was not subsequently eluted from the
red cells but small amounts of neuraminidase,
receptor-inactivating agent and lecithinase
occurred in the eluates.

When a larger amount of red cells was used:
absorption of the receptore-inactivating agent was.
easily demonstrable. Absorption of % mle of a
centrifuged Ellner culture supernate of strain
L2A with 1 ml, packed washed human group-A red
cells at 4°C, removed the receptor;inactivating
agent almost completely. The mixture was held
for only 1 min., but the centrifugation procedure
occupied a further 10 - 15 min. before the absor-
bed supernate was removed for testing. Absorp=
tion occurred equally well at pH 5.1 and 8.5,
Absorption of neuraminidase under these conditions
was less complete. The samples from which
receptor-inactivating agent was removed retained
considerable neuraminidase activity.

These findings show that huemagglutinin has
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The influence of pH and temperature

on the absorption of various diffusible products
of Cl, welchii by human group=A red cells under

certain conditions (see text),
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a greater affinity for the red cell surface than
the other factors investigated. Although the
receptor=inactivating agent behaves in many ways
like the neuraminidase, it does not appear to be
identical with active neuraminidase.

(i1)
nase getivity, Human red cells (blood group-A)
vere strongly agglutinated with Cl, welghii haem=
agglutinin and then exposed to Cl, welchii leci-
thinase to determine if the haemagglutinin, which

is generally produced by relatively avirulent
stock strains, may protect cells against lecithi-
nase aetivity. A 3 ml, anount of a 2 per cent.
suspension of red cells was mixed with 3 mls of

a disintegrated bacterial suspension of strain
L2A containing 1024 haemagglutinating units per
ml. at 17°C., and held for 30 min. A control
sample of the red cell suspension waé similarly
treated with saline in place of haemagglutinin,
The red cells in each case were then resuspended
by shaking and 0.5 ml, aliquots added in parallel
to two series of doubling dilutions of a haem=-
agglutininenegative lecithinase=rich fraction
obtained from a culture of Cl, welehii strain
L2A by ammonium sulphate fractionation. The
diluent was caleium chloride 0,001 per cent. in

physiological saline. The tests were shaken,
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incubated for 1 hr at 37°C. and held overnight at
LeC, The results (Table 53 ) showed definite
haemolysis of the haemagglutinine-treated red
cells in dilutions of the lecithinase fraction up |
to 1 in 16, but the control red cells showed |
definite lysis in dilutions of the lecithinase
' fraction up to 1 in 64, As these findings may
be explained on the basis of protection of red
cells against access of haemolysin by prior
agglutination, the following experiment was
Iperformed.

A 2 ml, amount of the lecithinase fraction
was mixed with 2 ml, of haemagglutinin and held
at 17°C, for 30 min. A control mixture contain-
ed the lecithinase fraction and saline, Both
vere then serially diluted each in two series of
parallel doubling dilutions in saline containing
calecium chloride 0,001 per cent. To one of each
series was added 0.9 ml, aliquots of a solution
containing lecithoevitellin (LV), and to the
othery 0.5 ml, aliquots of human group~iA red
cells in a 1 per cent, suspension in physiologi- |
cal saline. All of the tests were shaken, |
incubated at 37°C. for 1 hr and thereafter held
at keC, overnight, The results of these tests
(Table 54 ) show no inhibition of the lecithinase
by the haemagglutinine. Indeed, there is a
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Table 93« The effect or prior admixture with

haamaggldtinin on the haemolytic activity of

lecithinase agpinst human red cells.

Haemolysis produced by
reagent mixture

Reagent diluted 1 in:

mixture

| 8] 16| 32| 6% | 128 | 256

Lecithinase plus
saléne Cl C| AC|] AC| D D -

Lecithinase plus
haenagglutinin cfcf ¢ Cc|{D| D -

C = complete lysis; AC = almost complete lysis
D = definite lysis; <~ = no haemolysis detectable
Tgble 5he The effect of prior aduixture with

haemagglutinin on lecithinase activity with egg-

yolk suspension as substrate.

Opalescence produced by
reagent mixture

e diluted 1 in:
|18 8 |16]| 32 61| 128 | 256
Lecithinase ppon ++| 2 o @ = -

plus saline

Lecithinase

plus +++ dedde + i = - £
_haemagglutinin
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slight potentiation of the lecithinase in both of
the tests to which haemagglutinin was added,
(111) The influence of the haemagelutinin o
peuraminidase getjvity. This cannot be ascer-
tained with certainty as haemagglutinin is assoc~

iated so closely with neuraminidase activity.

When 0.3 mle of a powepfully haemagglutinating
disintegrated suspension of strain L2A was incue-
bated for 30 min., with 0,2 ml., of a neuraminidase-
rich fraction mixed with 0.2 ml., egg~white sub- |
strate and Oe3 ml, Tris-maleate buffer at pH J.l,
no inhibition of neuraminidase activity occurred. |
Control tests showed that the haemagglutinating
suspension itaeslf possessed considerable neura-
minidase activity and the result is therefore of
little significance.

(iv)

Xeceptop-inagctivating agent. The lecithinase

fraction used in (ii) above was found to produce

no receptore-inactivating effect. When human
group~A red cells were exposed to doubling
dilutions of this fraction for 2 hr at 18eC, they
remained fully agglutinable by Newcastle disease
virus,

(v) nhil B _of pagglutinin and peuyamil
dase by antiserum. Inhibition of 8 « 10 haen=
agglutinating units of Cl, welchii haemagglutinin
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in 0,5 ml, amounts of saline was produced by

Oe5 ml, aliquots of commercial Cl, welchii
type=A antiserum in initial dilutions of anti=-
serum up to 1 in 128,  Nonespecific inhibition
was demonstrable with normal rabbit serum in
dilutions up to 1 in 32 and commercial

' Cl, ocedenatieng type-~A antiserum in dilutions up
to 1 in 8, The commercial Cl, welchii anti-
serum also inhibited the neuraminidase. Control
tests using normal rabbit serum and Cl. oedema-
tieng antiserum showed no inhibition; on the
contrary, tests incorporating these sera showed
exceptionally high readings for liberated sialie
acid. These {indings illustrate a further
complication in the serological approach to this
study and suggest that protein=bound sialic acid
in animal sera is a more accessible substrate
for Cl, welchij neuraminidase than the bound
sialic acid occurring in egg=-white,



A detailed investigation of the factor in
eultures of,g14_3313311 which induces panaggluti- |
'nability of red cells was not envisaged in the

:present study. As there is much confusion in
'the literature concerning the nature of the
factor responsible for the Thomsen-friedenreich
panagglutination phenomenony, and as no particular
technique or standard organism has been univer-

sally accepted for its demonstration, it is

probable that further confusion will arise until

' the mechanism of the Thomsen-iriedenreich reactioné
'is fully investigated. Current interest in |
mechanisms of panagglutination and their possible
:participation in elinical syndromes justiiies a
ibriet report of some of the significant charac-
‘teristics of the paﬁagglutination reactions
observed during the present work. The terms
'transformation' and 'transiorming principle' now
have several different connotations in micro-
biology but are used here to denote the altera-
tion of the red cell and the factor producing

that alteration associated with the Thomsen-

I'riedenreich panagglutination phenomenon.
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The transforming principle of Cl. welchid,
' like the haemagglutinin, is essentially diffu-
sible. Residual activity was almost completely
removed from washed centrifuged bacterial deposits
by repeated washing with physiological salinej
this produced a parallel decrease in haemaggluti-
nating and transforming activity. Both activi-
‘ties were thereaiter restored and greatly
enhanced when the repeatedly washed bacterial
deposit was disintegrated ultrasonically.

Transformation was demonstrated by mixing
aliquots of a 1 per cent. suspension of human
group=A red cells in physiological saline and the
Ig;‘_yg;ghii culture material,y holding at 18 -
20°C, for 2 hr and thereafter adding 2 drops of
the mixture to 1 drop of blood group-B antiserum
or Cl, yelchij antiserum on a porcelain tile
wvhich was gently rocked., Agglutination of the
red cells caused by any Cle welchij haemagglutinin |
present was usually minimal and is not clearly
'demonstrable by the tile test althoughy, in the
absence of a control test, it may be mistaken for
a weak panagglutination reaction by an inexperien=-

ced observer. Clumping of red cells associated

with panagglutination is coarse and easily
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recognised.

Human group-A red cells were rendered
apparently panagglutinable aiter exposure to
certain Cl. welchij cultures for about 15 min.
prior to adding blood group-8 antiserum. This
'rapid transformation' occurred at 4°C, as well
as at 18°C, and more consistently at these lower
temperatures than at 37°C, If the red cells,
culture material and serum were all added
simultaneously, the development of this panagglu-
tination reaction was delayed and reduced in
degrees These findings indicated that rapid
transformation may be associated with an adsorp-
tion mechanism.

Zone effects were frequently encountered in
tests in which the first two or three of a series
of doubling dilutions of a powerfully transforming
culture showed no demonstrable modification of
the red cells although strong ihduction of pane
agglutinability was demonstrable at higher
dilutions. This suggested that there may be
competition for or inhibition of transforming
factors or receptor sites at the lower dilutions
of crude culture material,

Rapid transforming activity was particularly
associated with haemagglutinating cultures. The

‘dilution at which transformation was demonstrable
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'was always higher than that at which haemaggluti-
nin could be detected; thus, sub-haemagglutina-
ting doses of a haemagglutinating culture
conferred panagglutinability. Transforming
activity was less readily demonstrated with non-
haemagglutinating cultures of Cl, welchil. Red
cells mixed with centrifuged saline-harvested
blood agar culture supernates of freshly isolated
(non=haemagglutinating) strains of Cl, welgchii
showed no development of panagglutinability when
the mixtures were made and held at 4oC.j; there
was slow development of panagglutinability
(within 5 hr) in mixtures held at 20 = 22°C,,

and more rapid development of panaggglutinability
(within 30 min.) at 37°C. When 0.5 ml. of
packed washed human group=A red cells was used to
‘absorb 2.5 ml. of a fourfold concentrated and
dialysed Ellner culture supernate of a non-
'haemagglutinating strain, the red cells vere
'rendered panagglutinable. The procedure
occupied 20 min., at 20°C, and, as considerable
haemolysis had occurred, a further 30 min. at
20°C, elapsed while the red cells were washed
twice with physiological saline prior to testing
for panagglutinability. When this experiment
was repeated at hwoC. throughout, the red cells

were not rendered immediately panagglutinable;
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these red cells became panagglutinable after
standing overnight at 18e¢C,

' dnfluence of pil.

Rapid transiorming activity of Cl, welchii
saline-harvested blood agar culture was easily
demonstrable over the pH range 6.0 = 7,5, It
was slightly reduced at pH 5.6 and definitely
diminished at pH 8.,2. Optimal activity occurred
within the pH range 6.8 = 7.5, i.e. the red cells

'were sensitised within 15 min. of adding
Cl, welechii culture and were thereafter strongly
'agglutinated within 10 -« 15 min, of adding

| antiseruns.

'Inactivation and inhibition studigs.

| The rapid transforming activity of Cl.yelehil
'was thermolabile at 60°C. within 10 min. at acid
pH values but there was some slight protective
Ieffect against heat-inactivation under alkaline
!conditions. The présence of sterile supernate
from cooked-meat broth (containing inhibitor C)
Icertainly slowed the development of the rapid

| panagglutination reaction but did not inhibit it
completely., The addition of 1 per cent. peptone
solution (inhibitor A) rendered the agglutination
less coarse but did not inhibit the reaction.
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iractiongtion studies.

In the combined fractionation studies of
Q;;_nglgh;i culture products reported earlier,
the elution of the transforming prineiple from a
DEAE-cellulose column was also investigated by
‘testing the red cells for panagglutinability after
overnight exposure to serial dilutions of the
various fractions at 18 = 20°C, The results
(Table 55 ) show that transforming activity
occurred in fractions removed from the column
exactly in parallel with the receptor-inactivating
'agent. The pattern of elution of neuraminidase
was very similar although weak transformation and
receptor inactivation were produced by fractions
devoid of detectable neuraminidase activity.
‘Transforming activity did not exactly parallel
haemagglutinating activity asy for example,
fraction 9 contained more haemagglutinin but less
transforming prineiple than fraction 10, A=
enzyme activity was not correlated with transform-
ing activity.
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HAEMAGGLUTINATION RECEPTOR- INACTIVATION PANAGGLUTINABILITY Relative
FRACTION | produced by dilutions of | in: | produced by dilutions of lin: | induced by dilutions of lin: |A-ENZYME
content
4 B 16 32 64 128 256 SI2 4 8 K 32 64 128 256 512 4 B B 32 64 120 256 512
5 e HH H HH A | - = = — - --- /
b SRS 2 Sl 2 HHHH A [ - - - - = - - = H
7 HH - e s (HHH | + - - - - - - = H
8 At = == = A I HH e e +
9 LLL#H === [ L LL“HHHH| LLLHHH- - H
10 L 4 +HtH - - — - L A(HHH— — - + L 4 +H HHHH HHHH H +
Il Hoaos = =0 s i = HIH) + — HHEHE | H B+ - - - -
R | —-=====-= HE L |+ - - - - - -
= HER R S Ol s = S | HH - - - = = =
4 | ----- == = | L HHHH | - - - - - = - -
+, H,Ht = increasing degrees of "Negative” readings in this Positive readings here denote | |+ H.Ht =
aqglutination of red cells column indicate significont red cells rendered increasing
-+ = doubtful positive myxovirus (NDV) receptor - panagglutinable. amounts of
— =no agglutination inactivation. A-enzyme
L = test result obscured by Brackets surround results activity.
complete haemolysis attributable to residual effect /= test not
A =partial haemolysis of Cl.welchii haemagglutinin done
Table 55, A comparison of the content of haemagglutinin,

receptor-inactivating agent,
A-enzyme in various fractions of a Cl.
eluted from a DEAE-

welchii

cellulose column,

transforming principle and
culture
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It seems likely that two different mechanisms
of transformation participate in these systems.
One appears to involve sensitisation of the red
cell by an adsorption process and this induces
panagglutinability within about 15 min. at room
temperature or in the cold. It is associated
with the presence of the Cl, welchii haemagglu-
tinin and it may be that red cellsbrought
together by haemagglutinin have their normal
mutually repellent character sufficiently altered
to render their surfaces susceptible to non-
specifie agglutining or conglutinins in sera.
Blockage of acidic sialic acid radicals at the
red cell surface by adsorption of haemagglutinin
or neuraminidase is likely to alter the reactivityl
of the red cell surface. As the haemagglutinin
‘has been shown to be closely associated with
residual neuraminidase activity, prolonged
‘exposure under suitable conditions may unmask T=
‘antigens so that red cells rapidly altered by the |
adsorption process could later become truly trans-
formed by enzymatic activity. Results of
prelininary studies suggest, however, that
‘engynatically induced transformation of the red
cell surface is blocked in the presence of a high
concentration of haemagglutinin, For example,
‘an Ellner culture supernate of strain L2A
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possessing strong haemagglutinating and neuramini-
dase activity produced rapid transformation of red
cells at “°C, and 18°C., but only weak transforma-
tion of red cells at 37°C. The red cells did not
become more strongly panagglutinable on exposure
to this culture supernate for 1 hr at 37°C. Red
cells similarly exposed at 37°C, to non-haemagglu-
‘tinating, weakly neuraminidase=positive cultures,
on the other hand, gradually became strongly pan=-
agglutinable within 30 min. Blockage of neura=-
minidase by high concentrations of haemagglutinin |
may explain the zone phenomena encountered in
serial dilution tests of transforming activity of
Cl. welchii cultures.

These findings indicate that rapid transfor-
mation, an adsorption phenomenon associated with
the Cl, ywelehij hoemagglutining is not demonstrable
at room temperature with freshly isolated (non-
‘haemagglutinating) strains although these strains |
‘produce neuramninidase which is almost certainly
responsible for the less rapidly apparent

Thomsen-Friedenreich phenomenon.
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DISCUSSION

'The experimental method must not let too many machines
get between it and the whole, and must £ind some way of
pktiing Wb Cragusits Sirgleally FeRovel for expevimsntal
purposes back into the whole, The comparative method is
frequently in position to restrain the generalizﬁtiona
deduced from the experimental procedures, and to keep the
experimenter from steering away from the goal which is an
understanding of the totality,'
Theobald Smith (1934).

Although studies of red cells in test tubes
may yield valuable information, it must be
accepted that tests of red cell reactions in
physiological saline may be very unphysiological.
In addition, some tests demonstrating certain
phenomena with rad cells as substrate exploit
mechanisms which in vivo are unlikely to take
place at or in red cells; they may, for exanple,
be more likely to involve epithelial cells.
Investigations into the action of purified
mierobial products on purified substrate material
may yield much more apparently valid information,
but in this case it can be argued that many
biological processes are dynamically inter-related

and do not occur naturally in isolation. It is
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therefore necessary to be cautious in assessing
the significance of the results of such studies
and the warning of Theobald Smith was aptly
reiterated in this context by .G. Macfarlane
(1955) »

The primary aim of the present work has been
to resolve some of the confusion regarding the
identity of certain diffusible products of
Clostridium welchil associated with the haemagglu-
‘tinin, to examine their interaction at the red
‘cell surface and to elucidate some of the
iphenomana recorded by previous workers in this
and related fields. In the course of the
investigation many other phenomena of interest
fhave been observed. It has seemed necessary to
iattempt to find explanations for several ol those
‘which were considered of particular practical
importance ior the further development of this
work., The findings will be discussed initially |
lwiith regard to their signiiicance in defiining the |
Lactors of Cl, welchii causing haemagglutination,
Idestruction of blood group=A substancey myxovirus
ireceptor destruction and induction of red cell
'panagglutinability. The experimental evidence
is now adequate to justify modification of
‘existing hypotheses concerning these phenomenas

There is much less adequate experimental data
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available with which to develop theories regarding
the interaction of these factors at cell surfaces
or to evaluate their importance in possible |
mechanisms of pathogenicity in viyo. [For example,
although it is reasonable to presume that neura-
minidase activity may be of survival value to an
organism involved in processes of mammalian
'tissue decomposition, we remain uncertain if this
product 1s elaborated by the organism in its
pathogenic r8le and in its natural environnment.
There isy however, a fair amount of circumstantial
'evidence upon which to base some guarded specula=-
ftion concerning mechanisms of cell surface attack
by Cl. welehil and this will be submitted in the
'latter part oif the discussion when the further
‘development of this work is considered,

While the processes involved in the produc-
‘tion of gas=gangrene are of great interest, it is
limportant to bear in mind that our ignorance of
the host=parasite relationship with reference to
Cl, welchii is reflected in many facets. It is
evident in our lack of understanding of the
apparent immunity oif intestinal epithelium to
attack by commensal Cl. welchii, in our lack of
knowledge regarding the host growth control
exerted by Cl, welchii when this organism is

introduced into the gut of germ=iree animals (see
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Levy 1961), in our uncertainty regarding entero-
toxaemic conditions caused by Cl, welchii in
livestock and in our ignorance oif the actual
'mechanism oi Cl, welchii food=-poisoning in marn.

It is known that proteolytic enzymic activity
occurring in the intestine can inactivate

Cl, welchii lecithinase (Goudie, 1959). Lecithi~
nase interferes with energy=-producing oxidizing
systems present in the mitochondria of cells

' (M.G. Hacfarlane and Dattay 1954) and may exert

'absorption from the gut of young animals. Des=

a toxic depressive effect on growth following

‘truction of our alimentary epithelium may be
countered by rapid epithelial regeneration and
;minimised by the presenbe of protective mucus and
ithe occurrence of regular peristalsis. The
protection afiorded by antitoxins and toxolds
against the Cl, welchil enterotoxaemias in
animals indicates that direct toxic effects
underlie these conditions. It may be that the
simple mechanics oif unusually active growth of a
large inoculum of Cls welchii organisms, protected
from the gastrie acid barrier by the protein in
which they are ingested, produce the symptoms
associated with Cl, welchii food-poisoning.
fThese are all reasonable comments relevant to the

problems outlined above. Nevertheless, the
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hosteparasite relationship begins and is often
determined at the cell surfacej hypotheses
regarding celle-surface attack by Cl. welchii nmay
be of value in stimulating ifurther research in
this important field.

The haemagglutinin of Cl, welehii has been
characterised as a factor possessing affinity for
'a wide range of red cells and active over a wide
!pH range (5.5 = 9.%) and temperature range (4° =
'37°C.)s It is partly diffusible. Free haem=
llagglutinin is probably liberated as a result of
autolysis since it appears in ageing cultures
and much of the haemagglutinin remains associated
with the intact washed bacterial cell, . The
haemagglutinin is unlike an engyme in being
active at w°C. and in the presence of 0,5 per cent.
formaldehyde. lMoreovery it is not readily
ieluted from its substrate at 37¢C. If it is an
enzyme, as Wickham suggests, its haemagglutinating
activity does not seem to depend on the completion
of its enzymatic activity. The results of the
adhesion experiments contirm that the bacilli are
not involved as links between the red cells in
‘haemagglutination by bacillary deposit. The
bacilli probably cause haemagglutination by
further liberation of diffusible haemagglutinin.
It seems that susceptible red cells rapidly
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adsorb nultivalent haemagglutinin particles, even
'in the coldy and these provide rather delicate
molecular linkages between them. These linkages
‘tend to be disrupted when the tempéraﬂne is raised
to 37°Csy but there is no evidence that this is
due to enzymatic decomposition of the haemaggluti-
nin receptor at the red cell surface. It may be
that the molecular configuration of the haen-
agglutinin or its receptor substance is reversibly
‘altered on heating to 37¢C. or that thermal
agitation at this temperature interferes with
haemagglutination,

The theory postulated by Wickham that the
haemagglutinin and the enzyme destroying blood
'group-A substance (A=engzyme) are the same, was
partly based upon her assumption that their
nutual inhibition by cooked-meaf broth is due to
a single inhibitor, namely blood group=A substance:
(inhibitor A)s Among the different strains of
!g;,_ng;ghli investigated in the present study,
ability to produce haemagglutinin and ability to
'destroy inhibitor A wvere apparently related, but
‘the activities of the two factors were susceptible
to different inhibitorsy the C and A inhibitors
derived from cooked meat and peptone respectively.
Semi-purified blood group-A substancey a povwerful
inhibitor of blood group-A isoagglutination, did
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‘not inhibit the haemagglutinin. Horeover,
cultural conditions that suppressed haemagglutinin
Iproduction did not suppress A=enzyme production.
The haemagglutinin is distinguishable from A-
engyme in being active with red cells of all ABO
groups, in being much more stable than the A=~
Ienzyme described by Schiff (1939), in having pH
iOptima different from that of the A~enzyme
;characterised by Stack and Morgan (1949), and in
'being eluted from DEAE-cellulose in a slightly
'different manner. For example, one fraction
lwaa obtained which showed strong A-enzyme activity
in the absence of haemagglutinating activity
vhereas another fraction rich in haemagglutinin
:posgessed only very weak A=enzyme activity.
| It is also elear that the haemagglutinin and
ithe neuraminidase (RDE) of C are not
‘identical., The haemagglutinin differs from the
€1, welchii RDE desceribed by MeCrea (19%7) in
.having an opfimum pH of 6.8y in being less thermo-
sfable in acid than in alkaline conditions and in
'being unable to be eluted spontaneously from red
cells at 37°C, If the huemagglutinin and RDE
were identical, as Wickham suggested, the two
factors would share a common substrate at the red

cell surface. McCrea considered the RDE of

Yibrio cholerae virtually identical with the
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' Cl. welchii RDE and therefore active against the

| same substrate, My finding that red cells

stripped of myxovirus receptors by V, cholerae

RDE are highly sensitive to Cl, welchil haem=-

' agglutinin indicates that the substrate éf
influenza virus and ¥V, cholerge RDE at the red
cell surface is not identical with that of the

Cl, welehil haemagglutinin., If V. cholorae RDE
and Cl, welechii RDE are identical, then this

suggests that Cl, welchii RDE and Cl. welchid
haemagglutinin are not ldentical, but the

parallelism noted in the present work between

inhibition of the myxovirus and Cl. welehid

' haemagglutinins implies that their substrates are

Iclosely relateds This, in turn, suggests that

ithe substrates of the hauemagglutinin and the RDE

'of Cl, welgchii are either identical or closely |

Erelated. |
The neuraminidase assay procedure developed

' in the present investigation confirmed that

|M neuraminidase can exist in the absence

of haemagglutinating activity. Non=haemaggluti-

nating freshly isolated strains consistently

' produced neuraminidase. These strains also

?produced lecithinase so that, despite Burnet's

reported observation (McCrea, 1947) that lecithi=-

nase causes agglutination of red cells treated
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with ¥V, cholerge filtrate, the co-existence of
lecithinase and neuraminidase in Cl, welchii
cultures does not account for the Cl, welchii
haemagglutinin, The fractionation studies have
.also demonstrated that the neuraminidase and the
haemagglutinin are not identical, but the two
factors are eluted simultaneously when they occur
together. Although neuraminidase can exist in
the absence of haemagglutinin, haemagglutinin has
never under any circumstances been demonstrated
in a culture which lacks neuraminidase. luco~
protein inhibitors of the haemagglutinin contain
the substrate of neuraminidase, and treatment of
nucoprotein inhibitors with V., cholerae filtrate
containing neuraminidase inactivates the inhibitor
of the Cl, welehii haemagglutinin. Antisera
which inhibit the haemagglutinin specifically
also inhibit the neuraminidase. My finding that
the haemagglutinin was not produced by any of more
than 100 freshly isolated strains of Cl, welchii
confirms the experiences of Katitch (1954) and
Wickham (1956a) and suggests that, in its haen=-
agglutinating form, it is not a naturally occur-
ring product of the organism. It may be signif-
icant that the maximum yields of haemagglutinin
occurred in ageing and sporing cultures, and it

is probable that the haemagglutinin may represent
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a degraded form of one or more enzymes normally
active on cell=surface polysaccharides. The
avallable evidence indicates that the haemaggluti-
nin may be an altered form of neuraminidase which
has lost its ability to decompose its substrate
and become spontaneously eluted from the red cell
surface although it still retains affinity for
the receptor substance,

There is no doubt that the haemagglutinin is
much more readily adsorbed than neuraminidase to
'susceptible red cells and, if one can assume that
it is neuraminidase which is responsible for
enzymatic induection of panagglutinability, there
is some evidence that haemagglutinin may block
access for ensymatically active neuraminidase at
the receptor sites. The haemagglutinin is also
adsorbed to a greater extent than neuraminidase
on to Seitz filter pads., A reasonable hypothesis
based on the experimental findings is that haem=
agglutinin may exist as non=homogeneous aggregates
or particles of neuraminidase which have multi-
‘valent affinity for substrate but, because of
some variation in molecular configuration or as a
_result of the size of the complex, cannot complete
the enzymatic decomposition of the receptor
material to which they become adsorbed.

The finding of a recepbor-inactivating agent
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in Cl. welehii cultures is of interest, especially
as this factor is not temperature dependent. The
results of the fractionation studies indicate

that this is most probably a form of neuraminidase
and that it can block myxovirus receptor sites in
the cold without necessarily destroying the
receptor substance enzymatically. It may be

that receptor-inactivation is merely a more
sensitive index of the presence of neuraminidase
than the enzyme assay, but there are some discre-
pancies in the present work if this theory is
correct. It seems quite possible that altered
neuraninidase may exist in relatively small
inactive complexes of a size which would not allow
of hagmagglutinating activity. This would ex-
plain the occurrence of minimal receptor-
inactivating activity in fractions devoid of
‘demonstrable neuraminidase and haemagglutinating
activity.

Mayron, Robert, Winzler and Rafelson (1961)
have recently demonstrated that it is possible to
obtain neuraminidase free of haemagglutinating
activity from influenza virus preparations.

These authors suggest that the neuraminidase and
haemagglutinin sites on the virus may be diiferent
but closely related entities, ' If this can be
confirmed it is evident that some of the concepts
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of myxovirus=host cell interaction will require
slight modificationy but the findings with

Cl, welehii in the present study suggest that it
'may be worth while to consider the alternative
'that haemagglutinin is an altered form of
neuraminidase,

There are several objections to Wickham's
'view that Cl, welchii cultures induce panagglutina-
bility of red cells by destruction of specific
blood group substance at their surfaces and that
the enzyme destroying blood group~A substance is
the Cl, welchiji RDE. Wickham's theory would
require that all three enzymes of Cl, welehii
active against blood group substances A, B and
0 (H), possessed receptur-de.stroying' and pane
Iagglutinating activity. MeCrea characterised a
single enzyme as the Cl, welchiji RDE, and this did
not appear to induce panagglutinability, More=
over, Stack and Morgan (1949) found no enzyme able
to inactivate blood group substances in culture
filtrates of ¥V, gcholerags In addition, red cells
rendered panagglutinable, presumably by RDE
activity (Bui'net, McCrea and Stone, 19%:6) but not
necessarily so (Stewart, Steele and Martin, 1959),
do not lose their group-specific antigens (Bird,
1954); and the nonegroup-specific T receptor

involved in panagglutination is not related to
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the ABO antigens (Sanger and Race, 1958).
iBurnet, MeCrea and Stone noted that panagglutine
ability is produced by Friedenreich's strain M
(diphtheroid) without loss of virus receptors.
Indeed, it seems unlikely that the Cl, welchii
A=enzyme could induce panagglutinability in the
‘manner suggested by Wickham, because this enzyne
was found by Morgan (1947) to be incapable of
destroying the natural blood group=A substance of
intact red cells although it is active on the
'isolated substance and on its relatively denatured
polysaccharide residue (inhibitor A) in peptone.
Blood group-A substance actually appears to be
locked into the lipid or ganglioside of the red
‘cell and is there neither soluble nor accessible
to attack by bacterial enzymes which can decomposa'
‘the isolated substance. Thus, there is a con-
siderable amount of evidence that the A-enzyme of
Cl, welchii is not the transforming principle,
;the neuraminidase or the haemagglutinin of the
iorganism.
It will be evident, nevertheless, that some

Ior the facts quoted to support this argument do
not appear to be consistent with my earlier
assumptions (i) that the neuraminidases of

El. yelghii and V. gholerae are virtually identi=-

cal and (ii) that enzymatic transformation of red
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cellsy i,e, induction of panagglutinability, is
almost certainly caused by neuraminidase. The
results of the fractionation studies have resolved
any doubt that the A-enzyme, the haemagglutinin
and the neuraminidase of Cl, welchii are
different, but it is advisable to comment at thisl
point that more information is required before |
the demonstration of inactivation oif blood group-A
activity of peptone by the A-enzyme of Cl.welehii
is finally accepted as proof of the presence of
the enzyne which destroys blood group~A substances
The results of my preliminary studies on the
Thomsen=i'riedenreich phenomenon now indicate a
possible reason for the conflicting reports in
the literature regarding the induction of pan-
agglutinability by different organismsj the
- adsorption ahd enzynatic processes involved in
the two mechanisms of induction of panagglutine
ability discovered in Cl, welchij cultures merit
further investigation so that unnecessary
coniusion in this field is avoided.
The r8le of neuraminidase in the economy of
Cl, welchij is not known. The enzyme can be
inhibited by suramin (Collee, unpublished result)
and this substance has been shown to inhibit a
lysozyme=~like ehzyme involved in bacterial cell

separation processes (Lominski, Cameron and
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Wylie, 1958) resulting in the production of long
' chains by various organisms including Cl, welchii

iwhen they are grown in the presence of suramin
i(Lominski and Gray, 1960). ' In the present
investigation, however, it has not been possible
to demonstrate the presence of sialic acid

' residues in Cl, welchii and, although this may
be because sialic acid is incorporated in a form
undetectable by the methods used, it is doubtful

if neuraminidase plays any part in cell separa-

tion processes. No neuraminidase production was

demonstrated by any of the typical food=poisoning
strains of Cl, welchil examined., These strains
| grow as rapidly as classical strains of
' Cle welchii type=A in vitro (Collee, Knowlden and
!Hobbs, 1961) and do not typically occur in chain
iformation. The facts therefore indicate that
' the production of extracellular neuraminidase is
' not essential for the normal metabolism of the
' organism in laboratory media.

In the early stages of this work it was
thought that the Cl, welchii haemagglutinin night
be associated with a bacterial adhesive mechanism
and that the haemagglutinin may be involved in
Cl, welchii food=poisoning in which an affinity
of these strains for epithelial surfaces was

considered as a possible preliminary to cell
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surface attack by neuraminidase. The results oi

the experiments show that neither haemagglutina-

ting nor neuraminidase activities are characterige

tic of typical food~poisoning strains and that
the haemagglutinin does not confer adhesive
properties on the bacteria,

Gottschalk (1960) thought that the wide

distribution of neuraminidase among micro-

- organisms inhabiting the respiratory and intesti-

nal tracts suggests that the engzyme has been

- evolved as part of a mechanism which ensures that

the organism is not separated from its environ-
ment by nmuein and is therefore a survival
enhancement factor. Consideration of the wide
oécurrenca of sialic acids in animal mucoproteins
and ground substance prompted Dewitt and Rowe
(1961) to. postulate that one or more oi the
bacterial enzymes concerned in the metabolism of

sialic acid complexes might be capable of action

against mammalian substrates and thus be associ-

ated with mechanisms of virulence.

If some of the mechanisms of pathogenicity
of C1l, welchii are to be ascribed to its neurani-
nidase, it is tempting to speculate how this

' enzyme, which appears to be non-toxiec on intra=-

' venous injection in mice, may contribute to the

' initiation and symptomatology of infections due
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to Cl, welchii, type A, in man.  M.G. Macfarlane
(1955) considered that the effects of injection

~of Cl, welehij toxin into animals, e.g. Oedena,

haemorrhage, local necrosis and shock, as well as
the clinical signs of gas=gangrene, can reasonablx
be attributed to the effect of lecithinase on ;
cell membrane permeability. She pointed out, |
however, that in general it has not been demonst= |

reted that these effects are initiated or accom=

' panied by decomposition of lecithin (Oakley, 1943,

| 195%3; Zameenik, Nathanson and Aub, 19%.7).

Oakley, Warrack and Clarke (1947) thought that
something besides the enzymic attack on lecithin
was iniolved in the haemolysis of different types
of red cells, | . |
The mode of action of Cl, welchii lecithinase
in producing toxaemia in vivo is still in doubt,
although much is known abou; this toxin to
support the many hypotheses which have been
suggested. Evans (19%3a, b; 19n5; 1947)
showed that, in infections due to Cl. welchii
type Ay the lecithinase is the most important
lethal factor and anti-lecithinase (alpha antie-
toxin) is of prime importance in protection
against the lethal effect oi Cl., welchii. e
found that there was a general correlation

between production of lecithinase in vitro by
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' strains of Cl. welchii type A, and their ability
" to kill guinea=-pigs, but some feeble lecithinase

producers were virulent and some active lecithin-

ase producers were avirulent., This state of

- affairs has been reviewed and discussed extensive=

| ly by van Heyningen (1955) who considered that

the significant poison formed in a Cl, welchii
infected nmuscle may not be lecithinase; the

'nmuscle poison' may be an unrecognised product

- of the organism or something formed by the action

| of the organism or its products on constituents

of muscle. van Heyningen recognised five
possibilities, of which the three suggestions

relevant to the present discussion are:

' (1) The hypothetical muscle poison is produced

independently of the lecithinase. (ii) The
action of the lecithinase results in the produc~
tion of the muscle poison. (iii) The toxaenia
is due both to the lecithinase and the muscle
poison.

MeCrea (19%7) found that there was a highly

significant correlation, in the range of

Cl, welechii toxin preparations exaulned by him,

between their lecithinase and cell=-nodifying
activity., The cellemodifying factor had the

' characteristics of the Cl, welchii neuraminidase,

and the results of the present work confirm that
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MeCrea correlated the lecithinase and neuramini-

dase activities of his preparations, The cell-
modifying activity was inhibited by high dilutions

of several Cl, welchii antisera in approximate

' proportion to their anti-lecithinase titre.

McCrea subsequently demonstrated that cell-
modifying activity was only slightly inhibited by |

a purified anti~lecithinase antiserum and he

' postulated that the celle=modifying factor

(neuraninidase) and lecithinase are normally
produced in parallel by Cl. welehii so that |

 antibodies to both enzymes tend to occur in

by different species of clostridia indicate that

similar proportions in most Cl, welchii antisera.
M.G. Macfarlane (1959) has pointed out that

comparative studies of the lecithinases produced

toxicity is not inherent in lecithinases of a
particular biochemical type. She held that an
important factor related to toxiecity of lecithin= |

ase may be the resultant of the rate of action of

| the enzyme and the rate of repair of the cell

surface and that this is dependent primarily on
the relationship between the enzyme and the
substrate in_situ in the cell., The Cl, welchii

lecithinase is more active against red cells of

' sheep and man than red cells of the horse. The

- haemagglutinin shows a similar pattern of
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affinity and it appears to be closely related to
the neuraminidase. It therefore seems relevant

to ask if the closeness of fit (and therefore
perhaps the degree of toxieity) oi the
Cl, welchii lecithinase is partly dependent on
the praéence of neuraminidase. If my observatiom
that the haemagglutinin seems to block the access
of neuraminidase at the red cell surface is valid,
the degree of toxicity of the lecithinase may be
considered to be not only dependent on the
presence of neuraminidase but also upon the
absence of haemagglutinin, Haemagglutinating
strains of Cl, welchii occur after prolonged
laboratory subculture and are then much reduced
in their virulence. At present it seems reason=-
able to believe that, by attacking surface compo=-
nents of cells, neuraminidase may render them more
susceptible to lecithinasej but much work remains
to be done before it can be assumed that van
Heyningen's third preposition holds the truth.

In some cases of classical type A
Cl, welchij infection in man, notably in septic-
aemlc cases following septiec abortion, intravas-
cular haemolysis may occur before toxaemia is
manifest (Hill, 1950), whereas intravascular
haemolysis was not a feature of cases of severe

gas=-gangrene investigated by MacLennan and
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i R.G. Macfarlane (1945). van Heyningen (1959)
pointed out that the absence of intravascular
haemolysis in such cases indicates that there
could hardly be a lethal quantity of toxin in
circulation, because (and here he presumably
argued by analogy with animal experiments) the
anount of toxin necessary to produce huaemolysis

- on intravenous injection is less than the lethal

 dose.  However, as 1t was inconceivable that

' Cl, welehii growing profusely in damaged muscle
should not produce a considerable amount of
toxin, he considered how the evidence of several

- workers in this field might account for the

! apparent loss of detectable toxin in wound

| exudates or extracts of infected tissue. van

 Heyningen was unable to resolve the econflicting

|data but hé significantly stressed that the only

| hope of saving life in cases of gas-gangrene
lies in surgical removal oi the affected tissue.

;He concluded that a source of poison was removed

'at operation and that the poison did not seem to
be the lecithinase,

| A reasonable hypothesis which might resolve

'many apparently contradictory reports is that

'neuraminidase production by Cl, welchii in vivo

could alter tissue so that lecithinase is uore

rapidly fixed than in vitro experiments suggest.
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This view is consistent with the finding of
R.G. Macfarlsne and MacLennan (19%5) that toxin

was adsorbed on living tissues but was found to
be readily recoverable after injection into dead
tissue; neuraminidase activity in the warm muscle
of a living animal is likely to be much greater
than in the dead animal. A further consequence
of neuraminidase production in the living host
may be the exposure of deep antigens, a process
analogous to the ThomseneFriedenreich reaction
which has been demonstrated in the present work.
There is already experimental evidence, reviewed
in the introduction to this thesis (pp. 59 =~ 60),
to suggest that sensitisation induced by absorp-
tion of such altered tissue products or transfor=-
med red cells may precipitate a dangerous reaction
in vivo. For example, T antibodies may react
with transformed red cells to agglutinate then
and subsequently lyse them in the presence of
complement (Stone, 1947); transfusion of trans-
formed red cells produces a shock syndrome in the
experimental animal (Neter, 1956). It is also
possible that elution of neuraminidase from red
cells in the circulation would release the

enzyme to attack capillary endothelium and inter=-
cellular material at sites distant from the focus

of infection and thus render these sites particue
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larly susceptible to circulating lecithinase.
This type of mechanism may well play a part at
some stage of a severe Cl, welchii infection.
Results obtained by Bullen and Cushnie
(1962) indicate that in experimental gas-gangrene
an inverse relationship may exist between the
invasiveness of a strain of Cl, welechii and the
protection afiorded against it by antiserum.
Antiserum gave good protection in a host where
invasiveness was poors in a host wvhere invasive-
ness was pronounced, antiserum did not give good
protection unless circumstances simultaneously
favoured limitation of growth of the organism.
The factor or factors determining invasiveness
are unknown and are likely to be affected in part
by local conditions in vivo which influence the
growth of the organism. Bullen gt _al, (1961)
considered, for example, that an oxygenated
environment or a falrly high eH was essential for

the growth=inhibiting effect of antiserum on

Cl, welchii growing in embryonated eggs. Anti-
serum did not produce bacteriostasis when
Cl, welchii was growing under more markedly redu=-

cing conditions.

In discussing the relationship of the diffu-
sible products of the organism to its invasiveness,
Bullen et al. (1962) remarked upon the large numbsr
of highly virulent strains which entirely lack
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ability to produce diffusible factors like colla-
genase and hyaluronidase. It is evident that
other workers are currently attempting to find a
more satisfactory explanation for the mechanism
by which Cl. welchiji initiates infection in man,
Fredette, Forget, and Vinet (1962) attributed the
aggressiveness of Cl, welehiji cultures to the
presence of a hitherto unheeded antigen, unhappily
termed "bursting factor" (Fredette and Frappier,
19%6) , which produces gross swelling when injected
intramuscularly into the thigh of a guinea-pig.
It is non-toxic but confers aggressive properties
on washed Cl, welghil bacilli. Although the
factor is said to have been characterised and to
differ from collagenase, further characterisation
1s obviously required. Fredette gt al. (1962)
did not examine their cultures for neuraminidase,
but the properties of neuraminidase and "bursting
factor" appear to be different. Whether neura-
minidase plays any part in conferring invasive
properties on Cl, welchii is still unknown. It
would now be of interest to investigate this
possibility and to determine if any relationship
exists between "bursting factor" and neuraminidase.
It is advisable to temper the above specula=
tion with the observation that Cl, welchii as a
species does not appear to depend for its survival

on mechanisms of pathogenicity. With the
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exception of food-poisoning strains of Cl. welghii,
all of the strains examined in the present inves-
-tigation shoved some neuraminidase activity.
Some strains were much more active than others in
this respect, The general occurrence of such
an enzyme system in an essentially commensal or
saprophytic organism suggests that the priwary
rdéle of neuraminidase in the life processes of
Cly, welehiil is nutritional and has evolved as a
factor of advantage to an organism concerned with
the decomposition of dead animal tissue containing
neuraminic acid complexes. These observations,
however, require little amendment to be applied
with equal truth to the lecithinase of Cl. welchii,
and this engzyme certainly seems to be involved
when the organism, albeit inadvertently, assumes
its pathogenic réle in man.

In the further elucidation of the inter-
relationships of the diffusible products of
Cl, welchii, more precise fractionation and sero-
logical methods will necessarily play important
parts. The solution of the problems initially
encountered in the present study has required
much more time and energy than originally antici-
pated, and it has been necessary to develop tech=
nigues and investigate many incidental problems
concurrently; insurance against misinterpretation

of phenomena observed in these complex systems
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demanded a comparative method involving multiple
testss OSome of the most helpful findings are
those which have revealed possible sources of
error in the serological approach to this subJéct.
These include the occurrence and nature of none-
specific inhibitors of the Cl, welchii haenm-
agglutinin in culture media and sera, the
accessibility of serum proteine~bound sialic acid
complexes to the neuraminidase, the occurrence of
a temperature-independent myxovirus receptore-
inactivating system, and the presence of two
transforming mechanisms in cultures of Cl, welchii
which make the interpretation of serum haemnagglu=
tination=-inhibition tests extremely difficult,
Meanwhile; speclalists in other disciplines have
developed procedures which may be used to confirm
some of the speculations based on the present
findings, Cassidy, Jourdian and Roseman (1962)
have now published a preliminary report on the
purification and properties of the Cl, welchii
neuraminidase. It should therefore soon be
possible to test the above theories using purified
products and employing gel diffusion systems and
immunoelectrophoresis. Adequate information may
then be available to indicate the probable value
of neutralisation tests in tissue preparations

and in the experimental animal.



Foreknowledge of the position of several
pitfalls in a path is in part a deterrent to
explore further but may be accepted as a
challenge to proceed.

The hypothesis developed in the latter part
of this discussion will be tested bearing in mind
the caution and encouragement of Miles (1959):

'"The variety of biochemical structures in nature is not
vast enough to warrant our reading a deep significance
into every correspondence between a parasite engyme and
& host substrate, or between a host enzyme and a parasite
substrate,

¢« » o s o To be aware of a fallacy, however, does not
mean that we should be afraid of manoeuvring ourselves

into positions where we might commit it,'
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SUMMARY

The literature concerning direct bacterial
haemagglutination is reviewed with particular
reference to diffusible bacterial haemagglu-
tinins,.

Theories regarding the nature and function

of diffusible bacterial haemagglutinins are
developed.

Wickham's hypothesis that the Clostridiunm
yelchij haemagglutinin is identical with the
neuraminidase and the enzyme (A-enzyme) which |
destroys blood group~A substance is
summarised.

The literature is reviewed relating to:

(1) blood group substances, their detection
and decomposition; (ii) receptor-destroying |
enzyme (neuraminidase), its characteristics
and its production by various micro-organisms;
(iii) haemagglutination by the myxoviruses
and its inhibition by mucoproteins containing
neuraninic acid residues; (iv) neuraminic
acid, its structure and occurrence; (v)

the biochemical determination of neuramini-
dase activity; and (vi) panagglutination,
the Thomsen=i'riedenreich phenomenon, its
relationship to neuraminidase activity, and

other mechanisms of inducing panagglutin-
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ability of red cells.

Probable sources of error in the interpreta-
tion of experiments involving direct bacterial
haenagglutinins are considered.

Methods for the demonstration of the

Cl, welchii haemagglutinin are investigated.
Titration of the haemagglutinin in tube tests
yielded the most informative and most consis-
tent results,

The Cl, welchii haemagglutinin is characteri-
sed in detail., It possesses affinity for a
wide range of red cells and is active over a
wide range of pH (5.5 = 9.,4) and temperature
(o =« 37°C.). It is thermolabile in 30 = 45
min., at 59°C., and is most rapidly inactiva-
ted at an acid pH.

Agglutination of normal human red cells by
the haemagglutinin is most evident in tests
at pH 6.8 and 20°C., Removal of the myxo-
virus receptors of human red cells with

Vibrio cholerae neuraminidase renders the
cells exceptionally sensitive to the

Cl, welchii haemagglutinin,

The haemagglutinin is detectable in the
supernatant fluid and in the bacillary

deposit of centrifuged broth cultures;

large amounts are liberated from washed
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bacilli by ultrasonic disintegration. The
haemagglutinin is thus partly diffusible and
partly cell=bound,

The cell-bound haemagglutinin is not a
mechanism of bacillary adhesion to animal
tissue cells but, after liberation in the
form of multivalent particlesy it becomes
adsorbed to the surfaces of red cells and
alters their normal mutually repellent
character. The haemagglutinin is not
spontaneously eluted after adsorption to the

red cell surface,
A heat-stable inhibitor (C) of the haemagglu=

tinin has been demongtrated in cooked-neat
broth and differentiated from the inhibitor
(A) of blood group~A isoagglutination, blood
group-A substance, which occurs in commercial
peptone.,

Myxovirus haemagglutination is also inhibited
by inhibitor C which can be inactivated by
incubation with ¥V, cholerge filtrate containe
ing neuraminidase, Inhibitors C and A can
be inactivated by Cl. welchii cultures, but
the activities against the two inhibitors are
not correlated and the ability of a strain to
destroy inhibitor C is unrelated to its
capacity for haemagglutinin production.
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13, There is a general relationship between
ability of a strain to produce haemagglutinin
and ability to destroy the blood group=A
conponent of peptoney, but the results clearly
demonstrate that the Cl, welchij haemagglu-
tinin is not the same as the enzyme destroy-
ing blood group~A substance.

1k, The presence of a pH-sensitive, temperature-
independent myxovirus receptor-inactivating
system is demonstrated in Cl, welchii cultures.
The factor responsible is not the lecithinase
or the haemagglutinin. Although the
receptor=-inactivating agent behaves in many
ways like the neuraminidase, it does not
appear to be identical with active neuramini-
dase.

15. A biochemical test for the direct measurement
of neuraminidase using egg=-white as substrate
has been developed. The enzyme of
Cl, welchij which splits sialic acid from .
egg=white is shown to have the characteris-
tics of the neuraminidase.

16, No sialic acid is detectable by normal
methods in Cl, welchii cells, Traces of
sialic acid are detected in Ellner medium
and nutrient broth and a significant amount
in cooked-meat broth,

17. The characteristics of the neuraminidase of
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L1, welechij differ from those of the haen-

agglutinin. Fractionation procedures
confirm that the neuraminidase and the
hiemagglutinin are not identical but seem
to be related; both are different from the
enzyme destroying blood group=~A substance.
The absorption of haemagglutinin, receptor-

inactivating agent, neuraminidase and

lecithinase by human red cells is studied.
The haemagglutinin is most readily absorbed
but it does not appear to interfere with
lecithinase activity.

The haemagglutinin can be inhibited specifi-
cally by Cl, wyelchii antiserum and non=-
specifically by inhibitors whiech occur in
saliva, egg-white and serum. The neuramini=-
dase can be inhibited specifically by

Cl, ywelchii antiserum; the uninhibited
enzyme may attack serum mucoproteins and
liberate free sialic acid from normal or
heterologous serum,

The transforming principle of Cl, welchii
responsible for the enzymatic induction of
panagglutinability of red cells is almost
certainly the neuraminidase. A second
transforming system is detected in haen-
agglutinating cultures and this involves a
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tenperature=independent adsorption mechanisme.
The second transforming agent may be the |
haemagglutinin and there is some evidence

that it may interfere with access of neura-
minidase to its substrate at the red cell
surface. _

The haemsgglutinin does not appear to be a :
naturally occurring product of Cl, welchii.

It was not produced by any of more than 100
freshly isolated strains. Good yields are
obtained from W8=hr blood agar cultures of
laboratory stock strains which have been
subcultured for many monthsj best yields

of diffusible haemagglutinin are obtained
from sporing cultures in Ellner's medium.

The haemagglutinin may be an aggregated or

degraded form of neuraminidase which possesses

multivalent affinity for its substrate but

has lost the ability to complete its enzymatic
activity at the red cell surface.

The results of the present investigation are
discussed., They support the opinion that
the haemagglutinin is essentially diffusible,
but also provide an explanation for the
earlier report that the Cl. welchii haen=
agglutinin is cell-=bound. The results are
not consistent with the unitarian hypothesis
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that the haemagglutinin, neuraminidase and
A=enzyme are identical, Neither haem=
agglutinin nor neuraminidase is produced by
typical foodepolsoning strains of

Sl velohid.

The significance of the findings concerning |
panagglutination and the Thomsan-Friedenreich!
phenomenon is discussed., These merit

further investigation in view of the present |
confusion in the literature,

The r8le of neuraminidase 15 the hoste
parasite rélationships of Cl, welehii is
considereds The enzyme does not appear to

be essential to the life processes of the
organism in vitro. It is not lethal on
intravenous injection into mice,

The literature concerning the relationship

of the lecithinase of Cl, welchii to the
profound toxaemia generally associated with
wound infections caused by this organism is
discussed with reference to the theory that

an additional toxic factor may be involved.

A reaction to the sustained absorption of
antigenically altered tissue products
produced by neuraminidase activity is
considered as a possible component in the

mechanisn of shock associated with severe
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Ll, welchil infections.
The probable participation of neuraminidase

as an aggressive factor attacking protective
nucoproteins of cell-surfaces and constitu-

ents of ground substance, and rendering

- substrate at those sites more vulnerable

to lecithinase, is envisaged. The
hypothesis is submitted as worthy of
investigation in the further development
of this work.
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