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The strains of Clostridium perfringens are divided into five types, A to 
E, according to the major lethal exotoxins they produce. These are alpha, 
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beta, epsilon, and iota (a, (S, e, t) toxins (Table I). The classification sys
tem of CL perfringens based on the formation of lethal toxins was intro
duced by Wilsdon (1931). The system was accepted for practical pur
poses; due to the role of the toxins in pathogenesis, it established a 
correlation between CL perfringens types and diseases, and it allowed for 
rapid typing of strains by determining the lethality of their culture filtrates 
to mice in the presence of type-specific antisera. This is demonstrated in 
Table II. Other toxins produced in CL perfringens cultures usually occur 
at sublethal concentrations and therefore rarely interfere with the typing 
procedure. 

Bacterial toxins are of cellular origin, have large molecular weights, and 
are antigenic. Apart from these criteria, the term "bacterial toxin" is 
poorly defined. The term generally implies that the compound per se pro
duces characteristic lesions in animals, or that it contributes to pathogene
sis (Bonventre et al., 1967; Oakley, 1954; van Heyningen, 1950). In addi
tion to the major lethal toxins, several other extracellular antigens are 
produced by CL perfringens. The antigens that have been demonstrated 
with certainty and have often been referred to as toxins are the delta, the-
ta, kappa, lambda, mu, and nu (8, 0, K, X, JJL, V) antigens. A few of these 
antigens were termed toxins on the assumption that they play some ancil
lary role in pathogenesis, particularly in the development of gas gangrene 
(MacLennan, 1962). 

The 8- and 0-antigens are potent hemolysins and thus qualify as toxins. 
Theta-toxin also causes death when injected in large doses into mice 
(Roth and Pillemer, 1955). The lethality of 8-toxin has not been demon
strated with certainty. Kappa-antigen, a collagenase, causes necrotic and 
hemorrhagic lesions in animals. Large doses of the enzyme are lethal to 
mice (Habermann, 1960b; Oakley et al., 1948). The enzyme therefore 
could be regarded as a toxin. 

The X-, /JL- and ^-antigens are also enzymes with proteinase (X), hyalu
ronidase (/x), and desoxyribonuclease (v) activities. None of these three 
enzymes per se appears to have any lethal or other harmful effect on ani
mals. It is conceivable that by destruction of intercellular substances, the 
hyaluronidase may facilitate the spreading of bacterial cells and toxins in 
gas gangrene, but Evans (1943, 1945) found no effect of the /x-antigen on 
the course of the disease in experimentally infected guinea pigs. Haber
mann (1960b) was unable to find any toxic effect of the /x-antigen in mice 
and rats. It is conceivable that the X- and ^-antigens contribute to protein 
hydrolysis and caryolysis in advanced stages of CL perfringens dis
eases, but no contribution to pathogenesis has been reported. Neverthe
less, the X- and ^-antigens will be discussed here for the following rea
sons: (1) they are important criteria for a more detailed classification of 
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T A B L E I 

M A J O R L E T H A L T O X I N S P R O D U C E D BY 

CI. perfringens, T Y P E S A TO E 

Type Toxins 

A a 
B a, (3, e 
C a, /3 
D a, e 
E a, c 

T A B L E II 

N E U T R A L I Z A T I O N OF CI. perfringens C U L T U R E 

F I L T R A T E S W I T H T Y P E - S P E C I F I C A N T I S E R A 

Filtrate 

Result" with antiserum: 

Filtrate A B C D E 

A — — — — — 
B + - + + + 
C + - - + + 
D + - + - + 
E + + + + -a

+ — death; — = survival. 

CI. perfringens; (2) they aid in determining the origin of mutant strains 
that have lost the capacity to produce certain major toxins; and (3) it is 
possible that some toxic actions of these antigens may be demonstrated in 
the future. The ^-antigen is produced by all groups of CI. perfringens that 
were tested (Sterne and Warrack, 1964) and is therefore no criterion for 
classification. Moreover, a toxic effect of this enzyme is unlikely because 
there is essentially no substrate accessible outside of intact cells. 

The variety of diseases caused by CI. perfringens and the antigens pro
duced by the respective strains are listed in Table III. The table is based 
mainly on the detailed study of CI. perfringens antigens by Brooks et al. 
(1957) and varies only in some aspects from the latest summarizing table 
of Sterne and Warrack (1964). A brief discussion of the principal differ
ences is warranted. 

1. The type A strains are not subdivided in Table III into heat-sensi
tive, gas-gangrenous and heat-resistant, food-poisoning groups because 
heat-sensitive as well as heat-resistant strains are now known to cause 
food poisoning (Hauschild and Thatcher, 1967; Sutton and Hobbs, 1968), 
and certain /3-hemolytic type A strains are capable of causing food poi
soning as well as gas gangrene (Hauschild et al., 1967; Hauschild and 
Thatcher, 1968). 

2. A presumably lethal, nonnecrotic antigen, y-toxin, is not listed in 
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Table III. Production of such a toxin by strains of CL perfringens types B 
and C was inferred because the neutralizing values of some antisera 
against type B and C culture filtrates differed significantly between ne
crotic and lethal tests (Oakley, 1943). According to Oakley (1948, 1949), 
13 out of 15 type C antisera in mixture with culture filtrates of three type 
C strains of the German group (formerly type F) had the same neutraliz
ing values in the lethal and the necrotizing tests. However, the values of 
the two remaining antisera against each of the 3 filtrates were 2-4 times 
higher in the necrotizing test than in the lethal test. The findings were ex
plained by assuming that 13 of the antisera contained sufficient y-anti-
toxin to neutralize the y-toxin of the filtrates before complete neutraliza
tion of the /3-toxin, and that the two remaining sera had relatively little 
y-antitoxin. However, discrepancies in serum values between different 
tests can also be obtained when nonavid antitoxins are being used. At 
present, the existence of a y-toxin is still in doubt. Considering the meth
ods that are now available for protein separation, it is surprising that no 
serious attempts have been made to demonstrate the toxin directly. 

3. Another presumably lethal, nonnecrotic antigen, 77-toxin, is also 
omitted from Table III. The production of this toxin by one strain 
(Lechien) of CL perfringens type A was postulated by Ipsen and Davoli 
(1939) on the basis of unusual proportions in the combining power values 
of crude toxin preparations that were measured by neutralization of le
thal, hemolytic, and necrotizing activities. No evidence for 77-toxin was 
reported for any other type A strain, yet the lethal activity of the Lechien 
strain was completely neutralized by common type A antisera from differ
ent commercial sources. The evidence for the postulated 77-toxin seems 
hardly adequate to warrant its acceptance. 

4. For reasons stated above, ^-antigen is also omitted from Table III. 
In addition to the antigens listed in Table III, other antigens may aid in 

the classification of CL perfringens. Brooks (1961) found that urease was 
produced by most strains of the species, but none of the Iranian strains of 
type B, nor the strains in groups 1 to 3 of type C (Table III), produced this 
enzyme. 

The minor antigens may also aid in tracing the origin of mutant strains, 
often referred to as degraded strains (Oakley and Warrack, 1953). For 
instance, some type B and D strains are known to have lost the capability 
of producing e-toxin (Dalling and Ross, 1938), and some type C strains 
have become /3-deficient (Taylor, 1940). Mutant strains derived from a 
typical type B strain that was isolated from a case of lamb dysentery were 
found to produce a- and /3-toxins but no €-toxin. However, the origin of 
the mutants could be confirmed by the presence of X- and ^-antigens in 
their filtrates (Brooks et al., 1957). The Robinson strain of CL perfringens 
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(Buddie, 1954) produces a as the only lethal toxin, but it also forms 8-tox-
in, indicating that it is a type C strain that has lost the capacity to produce 
/3-toxin. 

In the past, Wilsdon's classification principle has always been adhered 
to, with the one exception that the strains of CI. perfringens isolated from 
cases of necrotic enteritis in North Germany were grouped as type F 
(Oakley, 1948, 1949; Zeissler and Rassfeld-Sternberg, 1948, 1949). Ac
cording to their major lethal toxins (a and (3), these strains should have 
been classified as type C. Type F was created because the strains of this 
group differed from common type C strains in colony appearance, elon
gated cell forms, formation of heat-resistant spores, and absence of sev
eral minor antigens. Brooks et al. (1957) pointed out that colony appear
ance and cell morphology are not acceptable criteria in the current 
classification system, and that heat resistance and minor antigens are only 

T A B L E III 
P A T H O G E N E S I S A N D A N T I G E N S O F CI. perfringens

a 

Major lethal 
antigens Minor antigens 

Type Group Disease a (3 e L 8 6 K k /JL H R

6 

A Gas gangrene in man and 1 
animals l-H h+ - H H - + 

Food poisoning in man J 
B 1 Lamb dysentery ] 

j j
 i _j |_ _| |_ _j |_ _j y_ _| i_ _i i Enterotoxemia of foals J 

2(1 ran) Enterotoxemia of sheep + + - H - - H - — — - H - - H - — — — 
and goats 

C 1 Enterotoxemia (struck) of - H - - H - H - - H - - H - — — — 
sheep 

2(Colorado) Enterotoxemia of calves - H - - H — ++ - H - — — — 
and lambs 

3 Enterotoxemia of piglets + + - H — — - H - + — + — 
4( Papua) Necrotic enteritis + + - H — ++ + — ++ — 

(pig-bel) of man 
5(German) Necrotic enteritis of - H - - H — — — — — - H -

man and fowl 
D Enterotoxemia of sheep, - H H — - H - - H - + ++ — 

lambs, goats and 
cattle 

E Isolated from sheep and - H h+ — - H - - H - ++ + — 
cattle; pathogenicity 
in doubt 

"Key: + + = produced by all or most strains; + = produced by less than 5 0 % of the 
strains; — = not produced. 6

Heat-resistant spores. 
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secondary criteria. Also, the strains producing a-toxin only are all 
grouped as type A, irrespective of their heat resistance. When a new 
group of CL perfringens type C was discovered that resembled the Ger
man strains both in its major toxins and in pathogenesis (Murrell and 
Roth, 1963), a separate type F seemed to be no longer tenable. The Ger
man strains were therefore reclassified as type C by Sterne and Warrack 
(1964). 

The toxins of CL perfringens have been thoroughly reviewed by Oak
ley (1943), van Heyningen (1950), and L. DS. Smith (1955). This chap
ter reviews some of the more recent findings on toxins of types B , C, D, 
and E , but excludes a detailed discussion of a-toxin, which is the subject 
of a preceding chapter by Dr. Ispolatovskaya (Chap. 3). The aspects of a-
toxin that will be discussed here will be confined to its relationship with 
other toxins of CL perfringens. 

I I . T o x i c i t y 

A. ASSAY 

The toxicity is measured by intravenous (IV) injection of mice with se
rially diluted toxin and is expressed as minimum lethal dose (MLD) or 
50% lethal dose (LD5 0) . The mice are held for up to 3 days after injection, 
but death usually occurs within 24 hours. 

B . BETA-TOXIN 

This toxin is extremely labile in liquid cultures and filtrates. Strains of 
types B and C grown in conventional culture produce 500-10,000 
MLD/ml of /3-toxin (Orlans and Jones, 1958; Taylor and Stewart, 1941). 
The highest yields reported (100,000 MLD/ml) were produced by a type 
C strain in a culture with continuous pH control (Pivnick et al., 1964). 
Since /3-toxin has never been purified, its toxicity per unit weight is un
known. 

C. EPSILON-TOXIN 

The original form of this antigen as it is released from the bacterial cell 
has little or no toxicity, but it is converted to a highly toxic form by a vari
ety of proteolytic enzymes (Turner and Rodwell, 1943), including en
zymes of CL perfringens (Shemanova and Zemlyanitskaya, 1967). Non-
activated and trypsin-activated e-antigens are frequently referred to as e-
prototoxin and e-toxin, respectively. A distinction between the two forms 
is difficult because the e-antigen exists in various states of activity be-
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tween its original, possibly inactive form, and its fully toxic form (Section 
IV, B). Furthermore, all preparations of e-prototoxin tested showed vary
ing degrees of toxicity. The term €-prototoxin, therefore, will not be used. 
Instead, the various forms of the toxin will be referred to synonymously 
as e-antigen and e-toxin. 

The toxicity of e-antigen is commonly expressed in lethal doses after 
conversion to its most toxic form with trypsin. Epsilon-toxin is produced 
by both types B and D strains. The highest yields (20,000-120,000 
MLD/ml) were obtained in type D cultures (Schuchardt et al, 1958; Piv-
nick etal, 1965). 

Verwoerd (1960) and R. O. Thomson (1962) both succeeded in prepar
ing crystalline e-toxin and determined the specific activities of the trypsin-
activated preparations as (2.2-5) x 10

6
 MLD/mg N and 3.4 X 10

6 

MLD/mgN, respectively. Stuart (1968) obtained 3 x 10
6
 MLD/mg N by 

activation of a purified but noncrystalline preparation of toxin. Compared 
with the most poisonous bacterial toxins, these values are still relatively 
low —crystalline botulinum A toxin contained 2.7 X 10

8
 LD5 ( )/mg N (Duff 

et al, 1957), and a fraction recently derived from such a preparation con
tained approximately 1 x 10

9
 LD5 ( )/mgN (DasGuptaand Boroff, 1967). 

D. IOTA-TOXIN 

Like e-toxin, the i-antigen becomes fully toxic only after treatment with 
proteolytic enzymes (Ross et al, 1949). Its toxicity is therefore expressed 
in lethal doses after trypsin treatment. Compared to /3- and e-toxins, the 
toxicity of i-toxin in liquid culture is low —the maximum yields were 55 
LD5 0/ml (Ross et al, 1949) and 150 LD5 ( )/ml (Craig and Miles, 1961). 
Pure t-toxin has not been prepared. 

E. DELTA-TOXIN 

A lethal action of 8-toxin has not been demonstrated with certainty, but 
such an action is at least indicated by the findings that the neutralizing 
values of some type B and C antisera were lower against 8-containing 
type C culture filtrates than against type B filtrates and that the values 
against type C filtrates were proportional to their 8-antitoxin contents 
(Oakley, 1943). 

F. THETA-TOXIN 

Original culture filtrates of CI perfringens rarely contain lethal 
amounts of 0-toxin (van Heyningen, 1941; Zwisler and Pranter, 1967), 
but the lethality of concentrated preparations of the toxin was demon-
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strated by Roth and Pillemer (1955) and Habermann (1959b). When 6-
toxin was injected IV into mice, the animals either died within 5 minutes 
or they survived (Habermann, 1960b). Roth and Pillemer (1955) found 
that the minimum lethal dose of purified 0-toxin was about 300 hemolytic 
units (HU) in the reduced form and 2500 HU in the oxidized form. The 
conversion factor of 1/300 suggests that the original type A culture filtrate 
of Roth and Pillemer contained about 10 MLD/ml of 0-toxin. The same 
amount of this toxin may be calculated for a type C culture that was main
tained at pH 7.5 (Pivnick et al, 1964). A preparation of 0-toxin that was 
pure by membrane- and immunoelectrophoretic standards (Habermann, 
1959a) contained approximately 3 x 10

4
 LD5 0/mgN (Habermann, 1960b). 

G . KAPPA-TOXIN 

This toxin is lethal to mice when it is injected in large amounts. Haber
mann (1960b) determined the specific activity of a purified preparation as 
about 15 MLD/mg N. Death is accompanied by hemorrhages in the lung 
(Oakley et al, 1948; Habermann, 1960b). 

I I I . P r o d u c t i o n a n d P u r i f i c a t i o n 

A. PRODUCTION 

1. GENERAL 

The toxins of CI perfringens accumulate in the culture fluid during the 
period of growth while the amounts of cell-bound toxin remain compara
tively small (Meisel et al, 1960; R. O. Thomson, 1963). The relative 
rates of production differ somewhat between individual toxins, but a 
rough coincidence between production and growth has been found for 
all toxins (Gale and van Heyningen, 1942; Raynaud et al, 1955). The 
mechanism and cellular site of toxin synthesis of CI perfringens have not 
been investigated, but it is unlikely that the synthesis is basically dif
ferent from that of other extracellular proteins (Hauschild, 1966). 

After the period of toxin synthesis, the activities of the e-, t-, 6-, and K-
toxins remain constant for at least several hours. In contrast, the activities 
of the a-, )8-, and 8-toxins decrease rapidly from their maximum values 
(Orlans and Jones, 1958; Pivnick et al, 1964), possibly by enzymatic 
hydrolysis. However, at pH levels above 8.0 the (3- and 8-toxins are rela
tively stable (Pivnick et al, 1964). 
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TABLE IV 
E F F E C T OF P H C O N T R O L ON T O X I G E N E S I S OF 

CL perfringens T Y P E S C A N D D 

Toxin 

Type C Type D 

Toxin 
pH control pH 

optimum 
pH control pH 

optimum Toxin N o Y e s 
pH 

optimum N o Y e s 
pH 

optimum 

a (MLD/ml ) 30 90 6.7 12 25 7 .0 -7 .2 
P (MLD/ml ) 6 X 1 0

3 
1 0 0 X 1 0

3 
7.5 0 0 

e (MLD/ml) 0 0 1 2 X 1 0

3 
7 0 X 1 0

3 
6 .7-7 .4 

8 (HU'Vml) 30 2 X 1 0

3 
7 .5 -8 .0 0 0 

0 ( H U / m l ) 1 X 1 0

3 
4 X 1 0

3 
7.5 8 60 7 .0 -7 .4 

K (KU

6
/ml ) 4 0 0 4 0 0 160 4 0 0 6 .7 -7 .4 

"Hemolytic units. 
^Arbitrary units. 

2. FACTORS INVOLVED IN TOXIGENESIS 

Growth is a prerequisite for toxin synthesis, but some factors (e.g., the 
carbohydrate and peptide sources and the pH of the culture) with little or 
no effect on growth have a profound effect on toxigenesis. 

Polymers of glucose —i.e., dextrin, starch, and glycogen —give rise to 
higher toxin yields than the monomer (Adams and Hendee, 1945; Jansen, 
1960b). Higher toxin yields were also obtained with peptides and pep
tones than with free amino acids (Jayko and Lichstein, 1959; Tsukamoto 
et al., 1963). The yields of e-, 0-, and K-toxins in cultures of CL perfrin
gens type D also increase with the molecular size of the peptides while 
the bacterial growth remains essentially the same (Hauschild, 1965b). 
The peptide requirement may be partially explained by the findings that 
peptides are taken up by CL perfringens cells prior to complete hydroly
sis, and that the incorporation of several amino acids into protein, in par
ticular extracellular protein, proceeds at a higher rate when they are sup
plied in peptide form rather than as free amino acids (Hauschild, 1965a). 

It was recognized early that the toxin yield in CL perfringens cultures 
could be increased by periodic pH adjustments (Taylor and Stewart, 
1941). Pivnick et al. (1964, 1965) used automatic pH control. Compared 
to cultures without pH control, the increases in toxin yields that they ob
tained were 3-, 20-, 70-, and 4-fold for a-, 8-, and 0-toxins in type C 
culture, respectively, and 2-, 6-, 8- and 2-fold for a-, e-, 0-, and K-toxins in 
type D culture, respectively (Table IV). The pH optimum differed some
what for individual toxins, but it ranged between pH 6.7 and 7.5. In un
controlled cultures, the pH dropped rapidly below 5.5 where essentially 
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no toxin formation occurred. In contrast to toxigenesis, the growth rate, 
and presumably the rate of cell protein synthesis, was essentially the same 
between pH 6.0 and 7.0, indicating that the pH may have a specific effect 
on the formation of extracellular protein (Pivnick et al., 1965). Subse
quent studies (Hauschild, 1966) showed that the uptake of

 1 4
C-labeled 

amino acids and peptides by CI. perfringens cells, and further incorpora
tion of

 1 4
C into cellular protein and other cell fractions was not affected by 

pH levels between 6.2 and 7.0. On the other hand, incorporation of
 1 4

C 
into extracellular protein was 2.5 to 3 times higher at pH 7.0 than at pH 
6.2. The selective effect of pH on the production of extracellular protein 
was thus confirmed. A plausible explanation for this effect seems to be 
that the release of protein from the intact cell is pH-dependent. 

The effects of carbohydrates and pH on toxigenesis are closely interre
lated (Hauschild and Pivnick, 1965) —the yields of a- and e-toxins in type 
D culture without pH control were about 10 times higher with dextrin 
than with glucose, but at pH 7.0, the yields were not affected by the car
bohydrate source. The low yields in glucose culture without pH control 
were explained by a combination of delayed toxin synthesis relative to 
growth and a rapid decrease in pH. 

B . PURIFICATION 

1. TOXIN SEPARATION 

Separation procedures for the a-, 0-, K-, and /^-antigens of CI. perfrin
gens type A were described by Habermann (1959a, 1960a) and Ispola
tovskaya et al. (1962). The e- and 0-toxins of type D were separated from 
each other and from the a- and K-toxins on a column of diethylamino-
ethylcellulose (DEAE). After adsorption of 0-toxin on sheep red blood 
cells, the a-, e-, and K-toxins could be separated in the same way 
(Hauschild, 1965c). 

2. EPSILON-TOXIN 

Orlans et al. (1960), Habeeb (1964a,b), and Stuart (1968) purified e-
toxin on a column of DEAE. Each preparation showed one precipitin line 
with type D antiserum, and a single band in the ultracentrifuge. However, 
the preparation of Orlans et al. (1960) showed hemolytic activity, which 
was probably due to the presence of 0-toxin; its specific toxicity was only 
about 10% of that of crystalline toxin. The purity of Habeeb's preparation 
is also questionable; its amino acid composition showed no resemblance 
to that of crystalline €-toxin, and preparations of the toxin prepared as 
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described by Habeeb (1964a,b) were later subfractionated into a major 
nonlethal portion and a minor portion that contained all the e-toxin 
(Hauschild, 1965c). The specific toxicity was not determined by Habeeb. 
The preparation of Stuart showed some resemblance to that of crystalline 
e-toxin in its amino acid composition (Section IV, B) and had essentially 
the same specific toxicity (Section II, C). 

Verwoerd (1960) prepared crystalline e-toxin by successive precipita
tions with methanol. R. O. Thomson (1962) purified the toxin by succes
sive chromatography on DEAE and carboxymethylcellulose (CMC) and 
crystallized it by dialysis against polyethylene glycol. Determinations of 
the diffusion coefficient and the average molecular weight indicated that 
92.5% of the crystalline preparation consisted of e-toxin of uniform mo
lecular weight (R. O. Thomson, 1963). The specific toxicity agrees well 
with that of Verwoerd's preparation (Section II, C). 

3. THETA-TOXIN 

Roth and Pillemer (1955) purified 0-toxin by a series of methanol pre
cipitations. The preparation was free of K - and ^-antigens and contained 
only trace amounts of a-toxin. In the reduced state, it contained 2.3 X 10

6 

HU/mg N and 8 X 10
3
 MLD/mg N. Habermann (1959a) purified 0-toxin 

by a combination of methanol precipitation, column chromatography, and 
column electrophoresis. The preparation was pure by electrophoretic and 
immunoelectrophoretic standards. Its hemolytic activity was 3.4 X 10

6 

HU/mg N (Habermann, 1959a) and its toxicity about 3 X 10
4
 LD5«/mgN 

(Habermann, 1960b). 

4. KAPPA-TOXIN AND M U - A N T I G E N 

Bidwell and van Heyningen (1948) achieved a 200-fold purification of 
K-toxin by precipitation with ammonium sulfate, adsorption on calcium 
phosphate, and treatment with charcoal. The preparation was essentially 
free of a- and 0-toxins. Oakley et al. (1948) neutralized a- and 0-toxins 
with antisera free of K-antitoxin. Habermann (1959a) purified the K - and 
/x-antigens as described for the 0-toxin (Section III , B, 3). Neuraminidase 
was subsequently removed from the /x-antigen on a column of hydroxy-
apatite (Habermann, 1960a). Both the K and \x preparations were free of 
other known antigens and uniform by membrane and immunoelectro-
phoresis (Habermann, 1959a, 1960a). 

The t-toxin and X-antigen were partially purified by precipitation with 
various agents by Zemlyanitskaya and Samsonova (1966) and Bidwell 
(1950). 
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I V . N a t u r e 

A. GENERAL 

Without exception, the CI. perfringens toxins are proteins. This is dem
onstrated by their sensitivity to heat and proteolytic enzymes, their hy
drolysis to amino acids, and the enzymatic nature of some of the toxins. 
The toxins are synthesized and released from intact cells during growth 
and are therefore true exotoxins (Pollock, 1962). 

The following antigens were found to be enzymes: a, K, A, and /x. Only 
minute amounts of 0-toxin are required for lysis of erythrocytes (Roth and 
Pillemer, 1955; Habermann, 1959a), which suggests a catalytic action of 
the toxin. Other characteristics of 0-toxin are also consistent with an en
zymatic action —the hemolytic activity has well-defined temperature and 
pH optima (Roth and Pillemer, 1955) and shows a linear relationship to 
the protein concentration (Bernheimer, 1947). However, a specific sub
strate for the 0-toxin has not as yet been identified. Additional information 
about the nature of CI. perfringens toxins is limited to a few representa
tives—the e-, L-, and 0-toxins. 

B. EPSILON-TOXIN 

The findings to be discussed here deal with the nonactivated antigen. 
Compared to other CI. perfringens antigens, the e-toxin is characterized 
by a high isoelectric point. This is evidenced by rapid elution from anion 
exchange columns (Hauschild, 1965c; R. O. Thomson, 1963) and its elec
trophoretic mobility to the cathode at high pH levels (Orlans et al, 1960). 

Orlans et al (1960) determined the diffusion coefficient from the pre
cipitin band between e-toxin and globulin of D antiserum and calculated 
the molecular weight for e-toxin as 38,000. R. O. Thomson (1963) deter
mined the sedimentation and diffusion coefficients of crystallized toxin in 
the ultracentrifuge and calculated the molecular weight as 40,500. The 
value is in good agreement with that of Orlans et al. (1960). However, 
Habeeb (1964a) and Stuart (1968) found the molecular weight to be about 
24,000. 

In his thorough study of e-toxin, R. O. Thomson (1963) determined the 
frictional ratio flfQ as 1.68. This value indicates a relatively high axial ratio 
of the molecule, i.e., 9:1, assuming 30% hydration and regular ellipsoid 
shape (Oncley, 1941; Edsall, 1953). An analysis of the hydrolysis prod
ucts of e-toxin revealed 18 common amino acids, including methionine 
and cyst(e)ine. The most predominant constituents were aspartic acid, 
lysine, threonine, and glutamic acid. Stuart (1968) also found relatively 
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high proportions of these four amino acids in his toxin preparation but 
failed to detect any sulfur-containing amino acids. 

Despite the positive charge of the e-antigen, the ratios of dicarboxylic 
to basic amino acids in Thomson's and Stuart's assays were 1.4:1 and 
1.5:1, respectively. It is likely, therefore, that substantial proportions of 
the dicarboxylic acids in the protein hydrolyzate were derived from aspar-
agine and glutamine. 

The activation of e-toxin by proteolytic enzymes was discussed in Sec
tion II, C. The process is comparable to the activation of CL botulinum 
type E toxin (Gerwing et al., 1965; Sakaguchi et al., 1964). A typical 
trypsin activation curve for e-toxin with a steep rise in toxicity and a slow 
decrease from a maximum is shown in Fig. 1. The maximum increase in 
toxicity resulting from trypsin treatment is expressed as activation ratio: 

R = MLD of activated e /MLD of nonactivated e 

In type B and D cultures the activation ratio is at its highest level in the 
early stages of growth. The ratio then decreases as a result of partial acti
vation by extracellular CL perfringens enzymes. Activation ratios as high 
as 1000 have been reported (Hauschild, 1965c). 

Trypsin activation does not appreciably alter the combining power of e-
toxin (Oakley, 1943; Batty and Glenny, 1947) or the antigenicity of e-
toxoid (A. Thomson and Batty, 1953; L. DS. Smith and Matsuoka, 1954), 
and it does not affect the amount of precipitate formed in the e-
toxin-antitoxin reaction (Orlans et al., 1960) or the position of the precip
itin line in the double diffusion test (Schuchardt et al., 1958). These data 
indicate that e-toxin is activated without undergoing radical changes in its 
molecular structure. However, the sensitivity of e-antigen to heat is con
siderably increased by trypsin treatment (Oakley, 1943). 

The purification studies of R. O. Thomson (1963) and Hauschild 
(1965c) revealed a heterogeneity of nontreated toxin; the activation ratio 
decreased in successive fractions of the antigen eluted from anion ex
change columns. This finding was interpreted as a gradual conversion of 
e-antigen from a presumably nontoxic form to forms of increasing toxici
ty, with a concurrent decrease in positive charge (Hauschild, 1965c). A 
loss in positive charge as a result of activation was recently confirmed by 
Stuart (1968). R. O. Thomson (1963) suggested that the various interme
diate forms of e-antigen may be nontoxic per se, but that the ease with 
which these forms are converted to the toxic state in vivo increases with 
the progressive removal of certain groups of amino acids. This suggestion 
is supported by the observation that trypsin-activated e-toxin usually kills 
mice within 24 hours, while death may be delayed by an additional 24-48 
hours when nonactivated toxin is injected (Batty and Glenny, 1947). 



F I G . 1. Activation of e-toxin with trypsin. The reaction mixture contained 1 ml CI per
fringens type D culture filtrate, 8.5 ml 0.065 M potassium phosphate (pH 7.5), and 0.5 ml 
5% trypsin (1:250) in the same buffer. Temperature, 37°C (Pivnick et al, 1965). 

C. IOTA-TOXIN 

The toxicity of young type E cultures can be increased up to 100-fold 
by activating the i-toxin with trypsin (Craig and Miles, 1961). Like e-tox
in, the t-toxin is also activated by enzymes of the culture fluid (Ross et al, 
1949). The activation ratio of type E cultures therefore decreases with 
age. In contrast to e-toxin, activation of i-toxin with trypsin appears to 
cause a simultaneous increase in combining power (Ross et al., 1949). 

D. THETA-TOXIN 

The hemolytic activity of 0-toxin is reversibly inactivated by oxidants, 
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including oxygen. The activity can be restored by the reducing agents cys
teine, sulfite, and thioglycolate. There are several indications that reacti
vation restores functional sulfhydryl groups: (1) cysteine and sulfites are 
capable of reducing disulfide bonds of proteins (Boyer, 1959); (2) both 0-
toxin and sulfhydryl-dependent enzymes (papain, urease) are inhibited by 
iodoacetic acid and p-chloromercuribenzoate (Boyer, 1959; Roth and Pil
lemer, 1955); (3) sulfhydryl requirement was inferred for streptolysin O 
(Herbert and Todd, 1941), a hemolysin closely related to 0-toxin. 

Van Heyningen (1941) showed that the adsorption of toxin on red 
blood cells depended on the reduced state of the toxin molecule. Roth and 
Pillemer (1955) showed the same requirement for the adsorption of 6-
toxin on red cell stroma. If we assume that the action of 0-toxin depends 
on sulfhydryl groups, it is reasonable to suggest that these groups may be 
instrumental in binding the toxin to a specific receptor on the red cell 
membrane. This suggestion is consistent with the observed protection of 
various sulfhydryl enzymes from sulfhydryl reagents by their respective 
substrates (Boyer, 1959). 

Theta-toxin has several characteristics in common with some other 
hemolytic toxins —tetanolysin, pneumolysin, and streptolysin O. Each of 
these four hemolysins is neutralized by antisera against the other three, 
their activity is inhibited by cholesterol and other sterols, and they are 
reversibly inactivated by oxidizing agents. The interrelationship of these 
four toxins may be explained by assuming common prosthetic groups 
(van Heyningen, 1954). 

V . A c t i o n 

A. GENERAL 

The necrotic and lethal actions are summarized in Table V. The other 
known actions are diversified and will be discussed for each individual 
antigen. 

B. BETA-TOXIN 

Despite its crucial role in the pathogenesis of CL perfringens types B 
and C, little is known about this toxin. When injected into animals, it 
causes profound changes in blood pressure that may lead to heart failure 
(Kellaway and Trethewie, 1941). In vitro, /3-toxin produces changes in 
the cytoplasm and nuclei of guinea pig monocytes that are followed by 
cell lysis (Allan, 1963). 
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T A B L E V 
A C T I O N OF S O L U B L E CI. perfringens A N T I G E N S 

Action 

Antigen Necrotic Lethal Nature Substrate Biological systems affected 

p + + ? 7 Monocytes 
e + + 7 ? Kidney cells 

Blood vesse ls 
i + + 7 7 Blood capillaries 
8 - 7 Hemolys in 7 Erythrocytes 
e - + Hemolysin 7 Erythrocytes; mast 

cells; heart 
K + + Collagenase Collagen; gelatin Muscle scaffolding 
A - - Proteinase Variety of proteins 7 

- - Hyaluronidase Hyaluronic acid Intercellular cemeting 
polysaccharides 

C . EPSILON-TOXIN 

This toxin is essentially associated with diseases caused by CI. perfrin
gens type D in sheep and other animals. The diseases are commonly char
acterized by extensive damage to the kidneys. Attempts to determine the 
action of e-toxin have therefore been concentrated on studies of the kid
neys. Pronounced changes in kidney functions, often preceding clinical 
disease symptoms, have been produced in sheep and rabbits by IV injec
tion of e-toxin; these include decreased urinary output, acidification of the 
urine, glycosuria, accumulation of erythrocytes and kidney epithelial cells 
in the urine (Sotirov, 1962), reductions in renal blood flow (Sotirov, 
1964b), decreased activity of kidney enzymes (Sotirov and Bozhkov, 
1965), and changes in the type composition of kidney proteins (Sotirov, 
1965). Stuart (1968) found that primary sheep kidney cells in monolayer 
tissue culture were killed by treatment with e-toxin. Epsilon-antitoxin 
neutralized the effect of the toxin on the kidney cells. 

Epsilon-toxin also causes changes in the blood system of sheep and 
rabbits —hyperglycemia (Gordon et al., 1940; Sotirov, 1967), increased 
activity of certain blood enzymes (Trifonov and Todorov, 1965), con
striction of peripheral blood vessels, and, possibly, as a consequence, a 
rise in blood pressure (Sotirov, 1964a). 

Bullen and Batty (1956) determined the effect of toxin on the perme
ability of the mouse intestine by introducing a tracer protein 
(staphylococcal a-antitoxin) with and without e-toxin into the stomach of 
mice and measuring the accumulation of antitoxin in the blood. The up
take of antitoxin into the blood stream was significantly increased by e -
toxin. The same authors (1957) showed that the uptake of diphtheria anti-
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toxin from the small intestine of sheep into the blood stream was consid
erably higher in animals infected experimentally with CL perfringens type 
D than in normal animals. It appears therefore that e-toxin affects the 
permeability of the small intestine, which, in turn, may allow the toxin to 
enter the blood stream at an increased rate. At the same time, e-toxin in 
the intestine causes increased peristaltic movement and diarrhea (Bullen 
and Batty, 1956; Todorov and Trifonov, 1962), which may be regarded as 
a protective mechanism. 

Griner and Carlson (1961) determined the effect of e-toxin on the vas
cular permeability in the brain of lambs by injecting them IV with

 1 3 1
I -

labeled albumin in the presence or absence of e-toxin. The vascular per
meability was measured as

 1 3 1
I distribution ratio, i.e., as radioactivity of 

the brain tissue/radioactivity of the blood plasma. The ratio was found to 
be 40-100 times higher in animals receiving e-toxin than in the control 
animals. Griner (1961) suggested the following sequence of events in fatal 
C. perfringens type D enterotoxemia: (1) an increase in vascular perme
ability allowing rapid uptake of e-toxin from the intestine, (2) accumula
tion of e-toxin in tissues, particularly in the brain, (3) formation of edema, 
and (4) necrosis of the nervous tissue. This sequence is consistent with 
the permeability studies of Bullen and Batty (1956, 1957) and with the 
occurrence of convulsive seizure as the principal sign of type D entero
toxemia. 

It is likely that the observed damage to kidney cells and the increased 
vascular permeability are both primary effects of the e-toxin, but the 
cause of death is still open to debate. Future work should be directed to 
studying the biochemical action of the toxin. 

D . IOTA-TOXIN 

In addition to its necrotic and lethal activities, the only action of this 
toxin that has been studied is its effect on the permeability of capillary 
blood vessels (Craig and Miles, 1961). A drastic increase in capillary 
permeability was demonstrated by IV injection of guinea pigs with pon-
tamine dye and, at the same time, subcutaneous (SC) injection of i-toxin. 
As a result, blue areas developed in the skin around the subcutaneous 
injection site. 

E . DELTA-TOXIN 

This toxin lyses sheep, goat, cattle, and swine red blood cells. In con
trast to 0-toxin, it is not lytic to horse, rabbit, and human blood cells 
(Oakley and Warrack, 1953; Brooks e t a i , 1957). 
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F . THETA-TOXIN. 

This toxin is lytic to a wide variety of erythrocytes (sheep, goat, cattle, 
swine, horse, rabbit, chicken, human, and others). Its action is distinctly 
different from that of a-toxin; the hemolytic activities of the two toxins 
are not additive (van Heyningen, 1941) and membranes of human eryth
rocytes lysed with 0-toxin differ in appearance from those lysed with a-
toxin (Habermann and Pohlmann, 1959). In addition to its hemolytic ac
tivity, 0-toxin destroys mast cells of the rat mesentery and causes lung 
edema in rats (Habermann, 1960b). 

Bernheimer and Cantoni (1945) demonstrated a toxic action of the 0-
antigen on isolated frog hearts. This action is comparable to that of strep
tolysin O. Roth and Pillemer (1955) considered the cardiotoxic effect to 
be the immediate cause of death which would explain the short interval 
between toxin injection and death (Section II, F ) . However, when rats 
were given IV injections of 0-toxin, the animals stopped breathing a few 
minutes later while their hearts were still beating (Habermann, 1960b). It 
is more likely, therefore, that the animals choked to death as a result of 
hemolysis and the consequent development of lung edema (Habermann, 
1960b). Intravascular hemolysis was demonstrated by Habermann 
(1960b) in rats after IV injection of 0-toxin. 

G . KAPPA-TOXIN 

This toxin disintegrates whole muscles to discrete muscle cells by enzy
matic hydrolysis of collagen, a major component of the reticulin scaffold
ing (Aikat and Dible, 1956). The enzyme has a high degree of specificity; 
it only attacks collagen and collagen derivatives (Bidwell and van Heynin
gen, 1948). Large doses (about 0.2 mg) of K-toxin injected IV into mice 
are lethal and produce hemorrhagic lung edema (Oakley et al., 1948; 
Habermann, 1960b). 

H. LAMBDA-ANTIGEN 

Like K-toxin, X-antigen is a proteolytic enzyme. It hydrolyzes a wide 
variety of proteins but does not attack collagen (Bidwell, 1950). 

I. Mu-ANTIGEN 

This term is synonymous with "spreading factor" and hyaluronidase. 
The /^-antigen partially hydrolyzes hyaluronic acid, a tissue-cementing 
mucopolysaccharide that consists of N-acetylglucosamine and glucuronic 
acid in approximately equimolar amounts. 



4- Clostridium perfringens TOXINS TYPES B, C, D, AND E 177 

Hyaluronidase is the spreading factor of necrotic toxins in the skin 
(Oakley and Warrack, 1953). It is conceivable that the enzyme may also 
enhance the spreading of toxins in pathogenesis. However, Evans (1943, 
1945) found no effect of the /x-antigen on the development of experimen
tal gas gangrene in guinea pigs. Habermann (1960b) tested the effect of 
concentrated ^-preparations on mice and rats (IV), on isolated frog 
hearts, and on mast cells of the rat mesentery but failed to find any damag
ing effect. Some of the biological systems affected by CL perfringens tox
ins are summarized in Table V. 

V I . I m m u n o l o g y 

The importance of toxin-antitoxin reactions in the identification of CL 
perfringens toxins and strains was discussed in Section I. Toxin-antitoxin 
reactions in immunodiffusion and immunoelectrophoresis are valuable 
aids in molecular weight determinations and purity tests of toxins (Orlans 
etaL, 1960; R. O.Thomson, 1963). 

Antisera containing high proportions of /3- or e-antitoxin may be used to 
assay type B, C, and D toxins in culture filtrates by flocculation. Batty 
and Glenny (1947) and R. O. Thomson (1963) demonstrated close agree
ment between flocculation and lethal doses of type D filtrates, and Orlans 
and Jones (1958) and Orlans et al. (1960) showed that the main precipitin 
lines in immunodiffusion of crude type B, C, and D toxins against various 
antisera coincided with the precipitin lines of purified /3- or e-toxin. 

Up to ten precipitin lines have been demonstrated for CL perfringens 
antisera against their homologous antigens (Orlans and Jones, 1958; 
Habeeb, 1963a). Ellner and Bohan (1962) found considerable variation 
among strains of the same types of CL perfringens, both in number and 
position of precipitin lines obtained in immunodiffusion tests. However, 
strains of different types had several precipitin lines in common. It may be 
possible to differentiate types of CL perfringens by immunodiffusion, but 
such a technique would require antisera against a very limited number of 
antigens. 

Toxins of CL perfringens treated with formaldehyde retain their com
bining power as well as their antigenicity, with one notable exception — 
formaldehyde treatment of trypsin-activated e-toxin results in a rapid loss 
of combining power while the antigenicity is retained (Schuchardt et al., 
1958). Habeeb (1963b) reported similar results; treatment of activated e-
toxin with guanidine destroyed both the toxicity and the combining power 
of the antigen, but loss of antigenicity was relatively slight. 

The protection of animals from CL perfringens infections by immuniza
tion with toxoids is well documented (Jansen, 1961; Montgomerie, 1961). 
Common methods of vaccine production involve detoxification of culture 



178 A. H. W. HAUSCHILD 

filtrates or whole cultures with formaldehyde and precipitation of the tox
oids with alum (potassium aluminum sulfate). Lambs may also be pro
tected by immunizing the pregnant ewes (Moon and Bergeland, 1965). It 
appears that the immune response in lambs to CI. perfringens type D tox
oid can be improved by trypsin activation of the €-antigen prior to detoxi
fication with formaldehyde (L. DS. Smith and Matsuoka, 1954; Schu-
chardt etal., 1958). 

V I I . P a t h o g e n e s i s 

A . GENERAL 

Clostridium perfringens cells are part of the normal intestinal flora of 
animals and man (H. W. Smith and Crabb, 1961). Most of the strains be
long to type A , but other types, especially type D, have been demon
strated in normal animals (Borthwick, 1937; Bullen, 1952). 

Mansson and Smith (1962) reported increases in the numbers of CI. 
perfringens cells in pig intestines from 250/gm to 10

6
/gm when the ani

mals were placed on a high protein diet. It appears that the accumulation 
of CI. perfringens cells in animal intestines resulting from dietary change 
is a predisposing factor in the cause of CI. perfringens enterotoxemias. 
Outbreaks of pulpy kidney disease, also known as overeating disease, fre
quently occur when young lambs receive an abundance of milk or when 
older animals are transferred from pasture to a carbohydrate-rich diet 
(Montgomerie, 1961). Nairn and Bamford (1967) reported that sudden 
deaths in broiler chickens caused by CI. perfringens type C occurred only 
in flocks fed a particular diet. The experimental production of diseases by 
the introduction of CI. perfringens cells into the intestinal tract depends 
also on an abundant supply of nutrients, in particular, carbohydrates 
(Bullen and Scarisbrick, 1957;Jansen, 1960b). 

The in vivo production of toxins by CI. perfringens is associated with its 
growth in the intestines. Large amounts of toxin as well as large numbers 
of CI. perfringens cells can usually be demonstrated in the intestinal fluid 
of the diseased animals. The toxins are taken up from the intestine by cap
illaries. In type B and D infections, this process appears to be enhanced 
by the action of e-toxin on vascular permeability (Bullen and Batty, 1957). 
Invasion of organs other than the intestines by CI. perfringens cells oc
curs only at advanced stages of pathogenesis or after death (Roberts, 
1959). 

The combined effects of ft- and e-toxins are responsible for toxemias 
caused by CI. perfringens type B; the toxins responsible for diseases 
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caused by type C and D are /3-toxin and e-toxin, respectively. Type E has 
been isolated from calves that apparently had died of enterotoxemia 
(Bosworth, 1 9 4 3 ) , from a case of enterotoxemia in a lamb (Ross et al., 
1 9 4 9 ) , and from the udders of ewes with lambs showing dysentery (Ross 
et al., 1 9 4 9 ) . However, the pathogenicity of type E strains is still in doubt. 
The diseases caused by CI. perfringens have been thoroughly reviewed 
by Roberts ( 1 9 5 9 ) . 

B. T Y P E B 

1. LAMB DYSENTERY AND ENTEROTOXEMIA OF FOALS 

Before the development of effective vaccines, lamb dysentery caused 
heavy losses of neonatal lambs in Britain (Dalling, 1 9 3 4 ; Dalling and 
Ross, 1 9 3 8 ) . The main symptoms of the disease are bleating (indicating 
intense pain), cessation of sucking, and blood-stained feces. Death usually 
occurs within 1 2 to 4 8 hours after the first signs of pain. The lesions are 
confined to the intestines and range from hyperemia to deep ulceration. 

Enterotoxemia of foals, a rare disease, resembles lamb dysentery both 
in clinical signs and postmortem findings (Montgomerie and Rowlands, 
1 9 3 7 ; Mason and Robinson, 1 9 3 8 ) . The strains of CI. perfringens isolated 
from cases of both diseases are characterized by the formation of a-, f3-, 
e - , 6-, and /JL-antigens. 

2 . ENTEROTOXEMIA OF SHEEP AND GOATS 

Strains of a different kind were isolated in Iran from cases of enterotox
emia in sheep and goats (Brooks and Entessar, 1 9 5 7 ) . The strains differ 
from common type B strains in the formation of K-toxin and the lack of \ -
and p.-antigens. 

3 . ENTEROTOXEMIA OF CALVES 

Hepple ( 1 9 5 2 ) described cases of enterotoxemia in young calves char
acterized by severe diarrhea and necrotic enteritis. Type B was isolated, 
but —with the exception of the (3- and e-toxins —the soluble antigens were 
not determined. Frank ( 1 9 5 6 ) described similar cases, but it is questiona
ble whether or not type B strains were involved (Montgomerie, 1 9 6 1 ) . 

C. T Y P E C 

1. ENTEROTOXEMIA (STRUCK) OF SHEEP 

Clostridium perfringens type C is the cause of struck, an acute, fatal 
disease of sheep (McEwen, 1 9 3 0 ; McEwen and Roberts, 1 9 3 1 ) . Clinical 
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signs are rarely seen because the disease may take its course within a few 
hours. Death is preceded by convulsions. At the time of death the animals 
may have no ulcerations of the intestines and no CL perfringens cells out
side the intestines. Strains isolated from cases of struck produce a-, 8-, 
0-, and K-antigens. As in other diseases caused by type C , the principal 
enterotoxemic agent is /3-toxin. 

2. ENTEROTOXEMIA OF CALVES AND LAMBS 

These diseases have been described in the United States (Griner and 
Bracken, 1953; Griner and Johnson, 1954) and resemble lamb dysentery. 
However, they can be differentiated from the latter disease by determin
ing the soluble antigens of the CL perfringens isolates a-, ft-, and K-
toxins. A severe outbreak of enterotoxemia in lambs caused by CL per
fringens type C was recently reported in England (Findlay and Buntain, 
1968). Beta-toxin was demonstrated in the intestinal contents of the af
fected animals, but additional soluble antigens were not identified. 

3. ENTEROTOXEMIA OF PIGLETS 

The disease affects newborn piglets and has been reported in several 
countries (Barnes and Moon, 1964; Field and Goodwin, 1959). The 
common signs are anorexia, diarrhea with feces containing blood and 
shreds of mucosa, and hypoglycemia; the mortality rate is high (Hogh, 
1967b). The antigens produced by CL perfringens isolates are essentially 
the same as those of the preceding group that cause enterotoxemia in 
calves and lambs —a-, 0-, and K-toxins. Only 1 out of 32 strains that 
were tested produced the pi -antigen (Brooks et aL, 1957; Hogh, 1967a). It 
is possible, therefore, that the strains of the two groups may be identical. 

4. NECROTIC ENTERITIS (P IG-BEL) OF M A N 

This disease has not been reviewed previously and will therefore be 
discussed in more detail. It erupts frequently in the highlands of New 
Guinea and coincides with traditional pig-feasting activities where large 
quantities of pork are consumed (Murrell et aL, 1966b). The disease is 
characterized by abdominal cramps, diarrhea, and acute inflammation of 
the small intestine with areas of necrosis and gangrene, particularly in the 
jejunum, and by a high mortality rate (Murrell and Roth, 1963). The fol
lowing findings (Murrell et aL, 1966a,b; Egerton, 1966) implicate CL per
fringens type C and specifically the /3-toxin as the cause of the disease: (1) 
CL perfringens type C was frequently isolated from resected bowels and 
feces of pig-bel patients; (2) a rise and subsequent fall in /3-antitoxin levels 
was found in the blood serum of individual patients; (3) the /3-antitoxin 
levels were significantly higher in pig-bel patients than in healthy individ-
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uals; (4) the mortality rate was reduced significantly and the recovery 
improved by treating pig-bel patients with /3-antitoxin; (5) fatal necrotic 
enteritis was reproduced in guinea pigs with type C strains isolated from 
pig-bel cases. 

The type C isolates produce a-, 0-, and JJL-antigens. Three out of 11 
isolates also produced traces of K-toxin (Egerton and Walker, 1964). 

Murrell et al. (1966b) were unable to isolate CI. perfringens type C 
from the intestines of local pigs or from processed pork, although the pro
cessing temperatures were sufficiently low to allow survival of heat-sensi
tive spores, and subsequent handling was conducive to reinfection. It is 
possible that a few type C cells were masked by type A cells, but the neg
ative finding points to a close relationship between pig-bel and other en-
terotoxemic diseases that result from sudden dietary changes and over
eating (Section VII , A). The origin of the type C strains isolated from pig-
bel cases is still unknown. 

5. NECROTIC ENTERITIS OF M A N AND F O W L 

The disease in man, also known as darmbrand, is relatively rare. The 
only outbreaks that were thoroughly investigated occurred in North 
Germany (Zeissler and Rassfeld-Sternberg, 1948, 1949). The outbreaks 
followed consumption of canned meat contaminated with heat-resistant 
CI. perfringens type C spores. In addition to the spores, it appears that the 
sudden engorgement of rich food is a major factor in the etiology of the 
disease (Pietzonka and Rassfeld-Sternberg, 1950). The characteristic 
signs of darmbrand are severe abdominal pain, vomiting, diarrhea, ne
crotic inflammation of the small intestine (particularly of the jejunum), 

.and a high mortality rate (Zeissler and Rassfeld-Sternberg, 1949). Heat-
resistant type C strains producing a- and /3-toxins, but none of the minor 
antigens listed in Table III, were isolated from necrotic areas of the je
junum (Oakley, 1948, 1949) and from canned meat implicated in a human 
food poisoning outbreak (Hain, 1949). Zeissler and Rassfeld-Sternberg 
(1949) produced necrotic enteritis experimentally by injecting cultures of 
type C isolates from cases of human darmbrand into the small intestine of 
guinea pigs. 

Foster (1966) isolated heat-resistant CI. perfringens type C strains 
from cases of human necrotic enteritis in Uganda. Isolation of type C 
strains from similar cases of necrotic enteritis were reported by Renwick 
et al. (1966) and Wright and Stanfield (1967), but the heat resistance or 
the composition of the soluble antigens of the isolates were not deter
mined. 

An enterotoxemia of domestic fowl characterized by hemorrhagic ne
crosis of the intestines and degeneration of the liver was described by Par-
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ish (1961a). The CL perfringens strains isolated from infected intestines 
resembled the isolates from cases of necrotic enteritis in man; they pro
duced a- and /3-toxins only, and their spores survived heating at 100°C for 
2 hours (Parish, 1961b). The disease could be reproduced experimentally 
in cockerels by feeding whole cultures of the isolates, provided some inor
ganic salts and opium were introduced simultaneously. Parish (1961c) 
suggested that some dysfunction of the alimentary tract may be a predis
posing factor in the disease. 

D . T Y P E D 

1. ENTEROTOXEMIA (OVEREATING DISEASE) OF SHEEP, GOATS, AND 
CATTLE 

Clostridium perfringens type D occurs frequently in the intestine of 
normal animals (Bullen, 1952). Measurable amounts of €-antitoxin have 
also been found in the blood serum of normal, nonvaccinated sheep, in
dicating that CL perfringens produces e-toxin without necessarily causing 
disease (A. Thomson and Batty, 1953; Griner, 1961). 

Contributory causes of overeating diseases are the sudden supply of 
rich diets, the passage of undigested food from the rumen (Bullen and 
Scarisbrick, 1957), the consequent multiplication and toxigenesis of CL 
perfringens type D in the intestines, and the passage of e-toxin into the 
capillaries. Epsilon-toxin is rapidly activated by proteolytic enzymes of 
the intestinal fluid (Niilo, 1965) so that the antigen enters the blood 
stream in a highly toxic state. 

Type D enterotoxemia occurs most frequently in sheep (pulpy kidney 
disease). The disease in sheep is acute, and clinical signs (prostration and 
convulsions preceding death) are rarely seen (Jansen, 1960a). Affected 
animals have swollen hyperemic kidneys, lung edema, and excess peri
cardial fluid. The kidneys become pulpy a few hours after death (Jansen, 
1960a). The diseases in goats (Oxer, 1956) and cattle (Griner et aL, 1956; 
Thompson and Liardet, 1966) are similar, but the kidneys do not become 
pulpy in cattle (Mumford, 1961). Type D enterotoxemia has been pro
duced experimentally in sheep (Bullen and Scarisbrick, 1957; Jansen, 
1960b) and in cattle (Niilo et aL, 1963). 

2. T Y P E D INFECTION OF HUMANS 

Clostridium perfringens type D has only occasionally been implicated 
in human diseases. It was found in a fatal case of intestinal obstruction 
(Gleeson-White and Bullen, 1955) and in a nonfatal case of violent 
attacks of diarrhea (Kohn and Warrack, 1955). 
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V I I I . T o x i n A s s a y s 

A. MAJOR LETHAL TOXINS 

The j8-, €-, and i-toxins are assayed by mouse titrations (Section II, A). 
The presence of a-toxin in type B, C, and D cultures is usually irrelevant 
in the assay of total lethal toxin; in type E cultures, a-toxin is neutralized 
with type A antiserum. 

The lethality of young type B cultures results, essentially, from /3-toxin 
only. The j8- and e-toxins of type B cultures can also be assayed in the 
presence of type D and type C antiserum, respectively. 

Iota-toxin may be assayed by its action on the permeability of blood 
capillaries (Section V, D). The diameter of the blue areas around the 
subcutaneous injection site (Section V, D) increases linearly with the 
logio of the toxin concentration (Craig and Miles, 1961). 

B. HEMOLYTIC TOXINS 

Theta-toxin is activated with thioglycolate or other reducing agents 
(van Heyningen, 1941) and is assayed by measuring lysis of washed sheep 
erythrocytes in the presence of sodium citrate. The citrate effectively 
binds calcium ions and thus blocks the activity of a-toxin (Pivnick et al, 
1964). In 8-containing type C filtrates, 0-toxin is assayed by replacing 
sheep red blood cells with horse, rabbit or human cells. 

Delta-toxin is assayed by measuring lysis of sheep or ox red blood cells. 
Both a- and 0-toxin are neutralized by type A antiserum (Pivnick et al., 
1964). 

C. KAPPA-TOXIN 

Only the simpler assay procedures will be discussed here. 

1. COLLAGEN PAPER M E T H O D (DELAUNAY et al, 1949) 

Collagen paper is prepared from horse or beef tendon, and small pieces 
are incubated with solutions of K-toxin. Kappa activity is measured and 
expressed as the highest dilution at which the pieces disintegrate. 

2. AZOCOLL M E T H O D (OAKLEY et al., 1946) 

Azocoll is a hide powder coupled with an azo dye. When incubated 
with /c-toxin, the dye is released into solution as a result of protein hydrol
ysis. 
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3. GELATIN-AGAR PLATE M E T H O D 

Filter paper disks are soaked with K-toxin and placed on the surface of 
gelatin-agar plates. The plates are incubated and developed with acid 
mercuric chloride. The diameter of the zones around the disks may then 
be related to the toxin concentration (Pivnick et al., 1964). 

The collagen paper method is specific for K-toxin. Azocoll and gelatin 
are also attacked by \-antigen. The presence of X-antigen, therefore, ne
cessitates the use of type B antiserum for neutralization in the azocoll and 
gelatin-agar plate methods. 

D. LAMBDA-ANTIGEN 

This antigen may be assayed both by the azocoll method and the 
gelatin-agar plate method. Kappa-toxin is neutralized by type C anti
serum. 

E. M U - A N T I G E N 

The most precise method for the assay of hyaluronidase is the titration 
of the free aldehyde groups of the hydrolysis products of hyaluronic acid 
(Rogers, 1948). If potassium ferric cyanide is used as an oxidant 
(Habermann, 1959a), the oxidation of aldehyde groups can be measured 
directly by determining the decrease in optical density at 425 mfx. Hyalu
ronidase activity can also be measured by determining the reduction in 
viscosity that occurs during incubation of the enzyme with hyaluronic 
acid (Swyer and Emmens, 1947). 
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