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I . T h e D i s e a s e 

It would be appropriate to introduce the topic of the toxin of Clostridium 
botulinum with a brief discussion of the disease, which we know as 
botulism. Botulism is primarily a result of food poisoning that affects 
a great variety of animal species in all parts of the world. However, 
although human outbreaks are relatively rare, the dramatic and often 
tragic manifestations of botulism have left a deep impression in human 
history. The disease is a result of the ingestion of food contaminated with 
the preformed toxin produced by Clostridium botulinum, an anaerobic, 
sporeforming, gram-positive (in the early stage of growth) bacillus. This 
toxin is one of the most powerful neuroparalytic poisons. In the purified 
form, 1 fig of this substance contains about 200,000 minimal lethal doses 
(MLD) for a 20-gm white mouse. While the human MLD is not known, it 
is suspected that not much more than 1 /xg of the toxin may be fatal for 
man (Morton, 1961). 

Beside the high death rate among its victims, the disease is made more 
tragic by its sudden onset, swiftness of course, and the fact that because 
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the central nervous system does not seem to be affected, the victim re
tains consciousness to the last. While definite botulism symptoms exist, 
such as difficulty in swallowing and breathing, inability to focus one's 
eyes, and paralysis of the extremities, the disease is difficult to diagnose 
because at the onset the manifestations of botulism are often confused 
with symptoms of other diseases and because very few physicians are 
familiar with its diagnostic aspects. By the time the nature of the illness 
becomes apparent, it is usually too late for therapy. In botulism the only 
therapy known is the early administration of the type-specific antiserum, 
which means that not only must the nature of the disease be established 
but that the type of toxin (of which at present six serologically distinct 
entities are known) must be determined. These organisms producing the 
toxin are ubiquitously spread over all parts of the earth. Their natural hab
itat is in the soil in the form of spores which are extremely resistant to 
adverse conditions. Upon culturing, the spores develop into motile rods. 
Different types of CI. botulinum show distinctive cell morphology. Type 
A organisms are short and when sporulating present a spindle-like appear
ance. In other types, the spores are subterminal, noticeably distending the 
portion of the cell in this region. 

Although there is a prevalence of certain types of CI. botulinum food 
poisonings in various localities, this does not rule out the presence of 
spores of other types in the same locality (K. F. Meyer and Eddie, 1950). 
Surveys along the west as well as the east coast of the American continent 
disclosed the presence of toxigenic strains of CI. botulinum (through the 
examination of soil, shrimp, and fish) most frequently of types A and C, 
and occasionally of types B and E (Carroll et al., 1966; Ward et al.y 1967). 
Surveys in England and Scotland resulted in the isolation only of type B 
from many samples collected. Nevertheless, an outbreak which wiped out 
a whole family in Loch Maree, Scotland, in 1922, was derived from duck 
paste contaminated with type A toxin. Subsequent investigation by 
Leigh ton and Buxton (1926) and Heines (1942) demonstrated the pres
ence of botulinum spores of both types A and B in Scottish and English 
soils. According to Kravchenko and Shishulina (1966), examination of 
over 4000 samples of soil and waters from five geographic zones of the 
USSR revealed the presence of CI. botulinum types A, B, C, D, and E, 
with no correlation between type of outbreak and population density. 

In spite of the wide distribution of botulinum spores in nature, the prev
alence of one or the other type of botulinum poisoning in a given locality 
is apparently attributable to the dietary habits of its human inhabitants. 
While human outbreaks are fortunately not too numerous and usually 
small, the disease among small and large animals, as well as birds, is 
quite prevalent (Tables I and II). Thousands of migrating birds die yearly 
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as they rest and feed on the shallow lakes of bird sanctuaries in Colorado 
and Utah. Swans, chickens, and pheasants are also highly susceptible. 
The disease is a scourge of mink, and, in South Africa, botulism among 
cattle is of serious economic importance. 

T A B L E I 

H U M A N I N C I D E N C E , F A T A L I T Y R A T E S , A N D T Y P E OF B O T U L I S M " 

Country 
Out

breaks Cases Deaths 
Fatality 
rate(%) 

Type 

A B E ? 

United States 477 1281 833 65 .0 121 27 3 328 
( 1 8 9 9 - 1 9 4 9 ) 

Soviet Union 163 1283 4 5 9 35.8 (Mostly A ) 1 ? 
(1818 -1939 ) 

Germany 4 3 4 1294 179 13.8 (Mostly B ) — ? 
( 1 8 9 8 - 1 9 4 8 ) 

France 500 > 1 0 0 0 15 1.5 3 202 — 195 
( 1 9 4 0 - 1 9 4 4 ) 

1574 4858 1486 30.6 a
Reprinted by permission from Dolman, (1964) . 

T A B L E II 
H U M A N I N C I D E N C E , F A T A L I T Y R A T E S , A N D T Y P E OF B O T U L I S M " 

Country 
Out

Cases Deaths Fatality Type 
Country 

breaks rate(%) A B E F ? 

Japan 
( 1 9 3 0 - 1 9 6 4 ) 62 347 97 28 .0 — 1 46 — 15 

Canada 
( 1 9 1 9 - 1 9 6 4 ) 36 MO 62 56.4 6 3 12 — 15 

Denmark 
( 1 9 0 1 - 1 9 6 4 ) 12 34 14 41 .2 1 — 3 1 7 

Norway 
( 1 9 3 4 - 1 9 6 4 ) 13 63 1 1.6 — 8 1 — 4 

Sweden 
( 1 9 3 2 - 1 9 6 4 ) 7 16 2 12.5 — — 3 _ 4 

British Isles 
( 1 9 2 2 - 1 9 6 4 ) 11 21 7 6 76.2 3 1 - - 7 

141 591 192 32.5 10 13 65 1 52 a
 Reprinted by permission from Dolman (1964) . 
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I I . H i s t o r y 

The disease is not of recent origin, for it has been recorded in medical 
history over many centuries. The relation between the ingestion of sau
sage and fatal food poisoning had been established as long as 1000 years 
ago to the extent that Emperor Leo VI, who reigned in Byzantium in the 
years 886 to 911 A.D., forbade the preparation and eating of blood sausage 
(K. F. Meyer, 1928). Centuries later, in 1793 in Wurttemburg, because of 
an outbreak that affected thirteen persons, six of whom died, and which 
was traced to the consumption of blood sausage, the preparation of this 
food came under strict government regulation. In 1820 Justinus Kerner, 
a poet turned physician and medical officer for the Duchy of Wurt
temburg, published two monographs on data collected from 230 cases 
of sausage poisoning. Since it was still the predawn of the discovery 
of bacteria, Kerner attributed the disease to ptomaine or corpse acid. As a 
result of Kernels work, sausage poisoning syndrome was described in 
1870 by Muller who named this disease botulism. 

Another tragic outbreak 60 years later in the Belgian village of Elle-
zelles, attributed to ham eaten by the members of a musical society who 
had just performed at a funeral, aroused the interest of van Ermengem of 
the University of Ghent. From the remnants of the ham and from the liver 
of one of the victims van Ermengem isolated an anaerobic sporebearing 
bacillus whose culture filtrates when injected into laboratory animals pro
duced symptoms of paralysis and death typically observed in humans who 
have eaten the contaminated food. With Muller's description in mind, 
van Ermengem proposed to call the isolated organisms Bacillus botu
linum', we at present know it as Clostridium botulinum (van Ermengem, 
1897). 

Van Ermengem's report described the demonstration of a powerful 
neuroparalytic toxin which the organisms elaborated in the culture me
dium. According to him, the organisms themselves were harmless sapro
phytes and did not produce toxin in the body of the animal. He observed 
and recorded differences in the susceptibility of various animal species to 
the toxin and described the behavior of the toxin under various physical 
and chemical conditions. Finally, he recognized that the disease might be 
conveyed not only by sausage and preserved meats, but also by fish and 
other proteins of animal origin. The latter fact was soon substantiated in 
Russia where Konstansov (1914) isolated a sporebearing toxigenic an
aerobe from smoked sturgeon implicated in food poisoning in Astrakhan. 
He named the organism Bacillus ichthyism but conceded that it might be 
identical to B. botulinus. 

It is remarkable how an erroneous notion will persist in spite of the evi-
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dence to the contrary. Since the isolation and identification of the causa
tive agent of botulism by van Ermengem, the prevalent belief was that the 
disease is transmitted only by sausage or products containing animal pro
teins (Landmann, 1904; Wilbur and Ophiils, 1914). This notion was dis
pelled some three decades later by a statistical study compiled by K. F. 
Meyer and Eddie (1950) on 83 outbreaks of botulism in the United States. 
Most of the outbreaks were due to contaminated vegetables and fruits, 
half of them commercially canned. 

In all cases, whether the causative agent was found in meats, animal 
proteins, or vegetables, the disease syndrome appears as a paralysis af
fecting the eyes, the muscles of the neck and throat, and respiration; there 
was no apparent effect mediated by the central nervous system. In spite of 
the similarity of symptoms, the toxin of the organisms upon isolation did 
not always prove to be serologically the same. The toxins isolated from 
food by K. F. Meyer and Eddie (1950) were identified as serologically dis
tinguishable types A and B of CI. botulinum. These differences in serolog
ical reactivities had been established by Leuchs (1910) for types A and B, 
and by Bengston (1922) for CI. botulinum type C, of which there are two 
subtypes, C a and Cp, with the latter being described by Seddon (1922). Cp 
cross-reacted serologically with type D antitoxin isolated in the Union 
of South Africa and described by Theiler and Robinson (1927). An
other serological type of CI. botulinum, the toxin of which at that time 
could not be neutralized by any specific antisera, was isolated from stur
geon in Russia by Kushnir et al. (1937) and was later classified as type E 
by Gunnison et al. (1935). More recently, Moeller and Scheibel (1960) 
succeeded in demonstrating still another type of CI. botulinum, the toxin 
of which was isolated from homemade liver paste; it did not react with 
any of the known antisera (Table III). These authors concluded that they 
had discovered a new type of CI. botulinum and designated it type F. 

There appears to be a very interesting distribution in animal species 
selectivity of the various types of toxin. Until recently, the types isolated 
from human outbreaks in the United States were mainly types A and B, 
but several recent outbreaks showed that type E, which was known to be 
a causative agent of botulism in Japan, Russia, and far northern regions of 
Canada, had invaded this country and proved to be pathogenic for man 
(Dolman and Iida, 1963). Type C has long been recognized as the scourge 
of numerous species of birds (ducks, geese, pheasants) as well as small 
mammals (mink) and horses, but not humans. There have been a few re
ports of human intoxication with type C, but they have not been well doc
umented. Type D seems to be confined to cattle and sheep of South Af
rica with no human cases reported. The reasons for susceptibility of 
certain species to particular toxin types are still not entirely clear. 
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I I I . R e q u i r e m e n t s f o r G r o w t h a n d T o x i n P r o d u c t i o n 

The isolation of CI. botulinum as the causative agent of b o t u l i s m and 
demonstration of the toxin in the culture of these organisms by van Er
mengem stimulated numerous investigators to undertake studies of growth 
and toxin production. A variety of different media subjected to varying 
pH, temperature, and other growth conditions were employed. Surpris
ingly, media consisting of infusions of animal tissues, although capable of 
supporting abundant growth of the Clostridia, did not y i e ld as much t o x i n 
as was obtainable in other types of media (Prevot and Brygoo, 1953). 
Excellent growth and toxin production of CI. botulinum type A was ob
tained by Burrows (1932) in media consisting of casein hydrolyzate. 
Abrams et al. (1946) achieved high titers of toxicity of crude culture (3.7 
X 10

5
 MLD/mg N) with type A organism by growing it in mixtures of 2% 

tryptic digest of casein, 0.75% corn steep liquor, and tap water with 0.5% 
sterile dextrose added. Lewis and Hill (1947) described a medium in 
which they succeeded in producing high yields of toxin. This media con
sisted of commercial casein or 2% powdered skimmed milk and corn 
steep liquor (0.2-0.4% concentration of solids). The Hall strain of CI. 
botulinum type A grown in this media produced a titer as high as 1 X 10

6 

MLD/ml for mice. Similarly, Matveev (1959) employed a mixture of acid 
hydrolyzates of fish and cornmeal and reported formation of over a mil
lion MLD/ml in cultures. Meisel and Rybicka (1953) and Zelevinskaia et 
al. (1955) obtained comparable titers of type A toxin in media consisting 
of corn steep liquor, powdered milk, and glucose. The concentration of 
glucose appeared to be critical for toxin production. Lamanna and Glass-
man (1947) devised a medium in which toxicity produced by CI. botu
linum types A and B was as much as 1 X 10

6
 MLD/ml. This medium con

sisted of 1 % technical grade casein, 1 % alkaline-treated corn steep liquor 
(about 50% solids), and 0.5% of sterile glucose, the latter added after the 
medium was autoclaved. Over the years these media have undergone 
many modifications by leaving out or adding ingredients (Duff et al., 
1957a; Cardella et al., 1960). In general, however, all these media sup
ported production of good yields of toxin with titers of about 1 X 10

6 

MLD/ml for mice. We have obtained results which compare favorably 
with those previously reported by growing different strains of CI. botu
linum types A, B, C, and D in media composed of 7.5% corn steep liquor, 
1% calcium chloride, and 0.5% glycerol. For culturing these organisms 
we introduced a modification of a method employed for similar purpose 
by Sterne and Wentzel (1950). This modification consisted of immersing 
dialyzing tubing containing saline into the medium and then seeding the 
saline with organisms. The advantages of this method were twofold; be-
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sides yielding concentrations of toxin higher than that achieved in cul
tures without the dialysis tubing, the toxin obtained was free of proteins 
and other large molecular weight substances contained in the medium and 
much of the dialyzable products of bacterial metabolism (Boroff, 1955). 
On purification, toxin obtained by this method contained much less con
taminating material and was therefore of higher specific activity (Boroff et 
al., 1968). 

Clostridium botulinum can be grown and toxin produced in media con
sisting only of amino acids, glucose, salts, and vitamins. Early attempts by 
Burrows (1932, 1933) demonstrated the indispensable role of some of the 
amino acids. No growth or toxin production occurred in the absence of 
tryptophan. While arginine did not appear of importance for the growth of 
the organisms, cysteine, leucine, and proline were essential for growth of 
CI. botulinum type A and B. Similar studies by Elberg and Meyer (1939) 
showed that glycine, serine, alanine, arginine, lysine, histidine, and trypto
phan were essential for the growth and toxin production of their strains. 
These discrepancies might perhaps be attributable to strain differences or 
perhaps to the impurity of the amino acid preparations of that time. Such 
nutritional differences in strains of the same type of CI. botulinum were 
noted by Mager et al. (1954). 

Extensive work by Mager et al. (1954) established the basic require
ments for growth and toxigenicity of eight strains of CI. botulinum type A 
and record nephelometer estimates of culture density (Tables IV and V). 
Five of the eight strains required for optimum growth biotin, p-aminoben-
zoic acid, and thiamine. One strain also needed nicotinic acid and pyri-
doxine. Two nontoxigenic strains required biotin and /7-aminobenzoic 
acid. The essential amino acids were tryptophan, serine (or glycine), va
line, leucine, isoleucine, methionine, arginine, phenylalanine, tyrosine, 
cystine, and histidine (Kindler et al., 1956). Glucose, phosphate, and 
magnesium were also essential. One interesting observation (about which 
more will be said later) was that in defined medium ten times as much 
tryptophan was needed for toxin production as was required for optimum 
growth. We found that either tyrosine or phenylalanine may be left out of 
the medium if one or the other of these amino acids is present in higher 
amounts. At best, the synthetic media produce only about one-tenth of 
the toxin concentration obtainable with complete medium. The results of 
Mager et al. (1954) were confirmed in our laboratories and we also found 
that type D (South African strain) could be grown in a defined medium. 
Gullmar and Molin (1967) succeeded in growing CI. botulinum type E in a 
defined medium of somewhat modified amino acid composition with cho
line chloride added. The addition of the latter prevented the appearance of 
deformed cells as well as chain formation of the strain of type E of the 
organisms. 
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T A B L E I V 

A M I N O A C I D R E Q U I R E M E N T S O F CI. parabotulinum T Y P E A

A 

Nitrogen source 
Percent transmission 

after 24 hours

6 

19 amino ac ids

c 
23 

9 amino acids'* 32 

Amino acids omitted from mixture of 9 
L-Arginine 100 
DL-Phenylalanine 88 
L-Tyrosine 100 
DL-Val ine 90 
DL-Leucine 55 
DL-Isoleucine 76 
L-Tryptophan 94 
DL-Threonine 84 
DL-Methionine 80 
DL-Leucine and DL-isoleucine 100 

"Reprinted by permission from Mager et al. (1954) . Representative values for strains 
1-8. Basal medium with biotin, thiamine, and p-AB added. &

Growth of organisms estimated by measurement of turbidity at 4 5 0 m/x and expressed 
in terms of percent transmission. c

19 amino acids (mg/10 ml): L-arginine 30, DL-phenylalanine 20 , L-tyrosine 2.5, D L -
valine 20, DL-leucine 15, DL-isoleucine 5, L-tryptophan 0.5, DL-threonine 10, DL-methionine 
6, L-proline 4 .5 , L-hydroxyproline 1, L-histidine 2, DL-glutamic acid 10, DL-aspartic acid 9, 
DL-lysine 12, DL-alanine 4.2, DL-serine 10, L-cysteine 2.5, glycine 1. d

9 amino acids (mg/10 ml): L-arginine 30, DL-phenylalanine 20, L-tyrosine 2.5, D L -
valine 20 , DL-leucine 15, DL-isoleucine 5, L-tryptophan 0.5, DL-threonine 10, DL-methio
nine 6. 

Growth was initiated and toxin was produced only when the pH of the 
medium, before seeding, was adjusted to neutrality or slightly above (pH 
7-7.3). Reports in the literature on the temperature of incubation required 
for CI. botulinum vary greatly both within and across types. Early findings 
with freshly isolated organisms appear to yield good growth and toxin at 
temperatures ranging from 18 to 30°C (Romer, 1900; Schumacher, 1913; 
Dickson, 1918; Graham and Brueckner, 1919). Other authors obtained 
best results at temperatures ranging from 30 to 38°C (Duff et al., 1957a; 
Cardella et al., 1960; Boroff, 1955). It is generally agreed, however, that 
CI. botulinum type E grows best at 25 to 28°C. 

I V . P u r i f i c a t i o n o f t h e T o x i n 

The ease with which the cultures of CI. botulinum were grown and 
toxin produced stimulated, in turn, attempts to isolate and purify the 
toxin. Brieger and Kempner (1897) obtained the toxin from cultures of CI. 
botulinum type A by calcium chloride precipitation. The redissolved pre-
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T A B L E V 

E F F E C T OF V I T A M I N S O N G R O W T H O F CI. botulinum T Y P E A

A 

Transmission

6
 after hours 

Vitamins added to 
Nitrogen source basal medium 20 

of incubation: 

38 46 84 

C. H. (Di fco)

c
, 2 .5% w/v Vitamins ( 1 6 )

d 
55 32 45 82 

Vitamins (6)

e 
90 34 37 60 

Vitamins ( 5 / 92 90 87 85 
Biotin, thiamine, p - A B 71 34 37 61 
Biotin, thiamine 92 72 60 40 
Biotin, p -AB 92 90 90 84 
Biotin, calcium pantothenate 98 90 86 84 
Thiamine, p - A B 100 100 100 100 
Biotin 98 85 82 82 

C H S

0
 Biotin 97 70 

Biotin, thiamine 96 — — 65 
Biotin, thiamine, p - A B 35 - - 87 

Amino acid mixture

71
 Biotin 90 85 

Biotin, thiamine 94 — — 80 
Biotin, thiamine, p -AB 37 — — 82 
Biotin, p -AB 92 - 84 

"Reprinted by permission from Mager et al (1954). 
^Growth of organisms estimated by measurement of turbidity at 450 m/x and expressed 

in terms of percent transmission. C
C . H. (Difco) = Casamino acids Difco "vitamin free." rf
Sixteen vitamins (/xg/10 ml): biotin 0 .005, thiamine 4, folic acid 0 .1 , choline 25, calcium 

pantothenate 10, pyridoxine 5, pyridoxamine 5, pyridoxal hydrochloride 5, pyridoxal phos
phate 5, nicotinic acid 10, nicotinamide 10, riboflavin 5, inositol 400 , citrovorum factor 0 .1 , 
p - A B 0 .1 , B 12 0.5. e

S i x vitamins (Atg/10 ml): biotin 0 .005, thiamine 4, folic acid 0 .1 , choline 25, calcium 
pantothenate 10, pyridoxine 5. 

T i v e vitamins (/btg/10 ml): p - A B 0.1 , nicotinamide 10, riboflavin 5, yeast nucleic acid 200, 
biotin 0 .005. 

^CHS = sulfuric acid hydrolyzate of casein, Norit adsorbed (17.5 mg N / 1 0 ml). 
''Amino acid mixture (mg/10 ml): L-arginine 30, DL-phenylalanine 20 , L-tyrosine 2.5, 

DL-valine 20, DL-leucine 15, DL-isoleucine 5, L-tryptophan 0.5, DL-threonine 10, D L -
methionine 6. 

cipitate was, however, no more toxic than the original culture filtrate. 
Subsequent attempts by other investigators to purify the toxin by the 
same or similar means seem not to have improved the toxin yield. Tani 
(1933) and Sommer(1936) isolated a much higher potency toxin by using 
hydrochloric acid precipitation. Their purified toxin contained 10

8
 MLD 

for mice per gram of wet precipitate. The recovery was about 50% of the 
original amount of toxin in the culture. An even better titer could be ob-
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tained by reprecipitating the toxin dissolved in acetate buffer with 1.0 N 
HC1. This method yielded a toxin with 40 times the specific activity ob
tained in the first precipitate. A far greater degree of purification was 
achieved by Lamanna et al. (1946). These investigators employed Som-
mer's method to precipitate the toxin in a culture grown in casein hydroly-
zate, glucose, and corn steep liquor by acidification to pH 3.5. The precip
itate was dissolved in a small amount of distilled water and again 
precipitated with ammonium sulfate. To the dissolved precipitate was 
added chloroform, and the mixture was shaken in an atmosphere of car
bon dioxide. The mixture separated into three layers. The top, clear layer 
contained the toxin. On repeated fractionation with ammonium sulfate, a 
product was obtained which contained 240 X 10

6
 MLD/mg N for mice. 

This product, acidified to pH 3.5 and dialyzed in the cold against 0.1 M 
(NH4)2S04, crystallized when the concentration of the salt in the dialyz-
ing sack reached 15%. The redissolved crystals were as toxic as the 
mother liquor. This crystallization has been successful so far only with 
type A toxin. Some basic data concerning this preparation are summa
rized in Table VI. 

A somewhat different method of purification and crystallization of 
botulinum toxin type A was employed by Abrams et al. (1946). The Hall 

T A B L E V I 

S O M E B A S I C D A T A FOR P U R I F I E D CI. botulinum T Y P E A T O X I N " 

Batch of toxin 

Observation C 4 2 E Crystalline 

Nature of materials Amorphous C 3 8 
Electrophoretic data

6
 (pH 4.44, acetate 

buffer) 
Number of components 1 1 
Mobility ( V D = 10

5
 cm

3
/V / second) 3.2 3.4 

M L D / m g N

c 
120.7 x 10

4 

-L D 5 0/ m g N

d 
198.5 x 10

6 
239.9 x 10

6 

Mg N / M L D 8.3 x 10"

9 
— 

Mg N / L D 5 0

e 
5 x 10~

9 
4.2 x 10~

! 

Adamkiewicz test (tryptophan) Positive Positive 
Molisch test Negat ive Negat ive 

"Reprinted by permission from Lamanna et al. (1946) . 
"Data obtained by Lt. G. Kegeles . C
M L D is defined as the smallest amount of material injected IP which will kill 6 out of 6 

18- to 20-gm white mice within 4 days. d
L D 50 calculated by R. A . Tiede (1935) by the method of Bliss. e
Pickett et al. (1945) have reported the isolation of tetanus toxin giving 2 .3 -5 .7 X 10~

8 

mg N2/ m o u s e M L D . This is the most potent toxic material known to us that has been 
previously reported. 
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strain of CI. botulinum was used in toxin preparation. The medium con
sisted of 2% tryptic digest of casein, 0.75% corn steep liquor, and 0.5% 
dextrose. The cultures were grown for 4 days at 33-34°C. The toxin was 
purified by extracting the whole culture acidified to pH 3.5 with 1% so
dium acetate solution. This was followed by fractionation of the toxin 
with ethyl alcohol at 4°C. The final product was crystallized with the aid 
of 10-30% ( N H 4) 2S 0 4 (saturated), the toxin forming into small needlelike 
crystals. This toxin was found to contain 220 x 10

6
 MLD/mg N and was 

not noticeably different from the toxin obtained by Lamanna et al. (1946). 
Lamanna and Glassman (1947) also cultivated CI. botulinum type B, and 
by a series of acid precipitations obtained material containing 160 X 10

6 

LD5o/mg N, a value not much below that for type A toxin. The type B 
toxin was, however, not crystallized. 

A somewhat simpler method for the production and purification of 
types A and B toxins was described by Duff et al. (1957 a,b). The orga
nisms were grown in media consisting of 2.0% pancreatic digest of casein, 
0.5% autolyzed yeast, and 0.5% glucose at pH 7.2. On the fourth day of 
incubation at 35°C, the toxin in the culture filtrate was precipitated by 
acidification to pH 3.5. The toxin was extracted from the precipitate with 
0.075 M or 0.05 M CaCl2 and reprecipitated from the extract by acidifica
tion to pH 3.7. The precipitate was dissolved in phosphate buffer at pH 
6.8 and again precipitated, but this time with 15% ethanol at 1°C. This 
fraction could be crystallized by dialysis against ammonium sulfate. The 
crystalline toxin had a specific activity of 269 x 10

6
 (mouse, IP) LD5 ( )/mg 

N for type A toxin and 262 x 10
6
 for type B toxin. On the basis of the data 

obtained from the behavior of the purified toxins in the ultracentrifuge at 
pH 5.5-6.0, where only one component for each of the types was ob
served, Duff et al. (1957 a,b) concluded that the purified fractions of types 
A and B toxin were homogeneous. 

Boroff et al. (1952) partially purified type C toxin. The toxin was pro
duced in veal liver infusion broth with the strain of organisms isolated in 
an outbreak of botulism in horses. The organisms were first mistakenly 
identified as type D because of their strong serological reactions with this 
type of antiserum, but they were later found to be type Cp which cross 
reacts with antitype D serum. The basic medium was supplemented with 
1 % glucose; the pH was adjusted to 7. Cultures were incubated at 33°C 
for 48 hours, and the toxin of the whole culture was extracted with 1 M 
NaCl. Two seemingly distinct toxic fractions were obtained and desig
nated N and S. Fraction S was 47 X and fraction N 6.7 X the specific ac
tivity of the original culture supernate. Toxin N, which appeared to be in a 
colloidal form, could be solubilized by the action of ultrasonic vibration; 
the toxin released into solution in all respects resembled the toxic fraction 



1. B O T U L I N U M T O X I N 13 

S. Both fractions could be neutralized by homologous as well as type D 
antisera. Toxin N did not precipitate, however, upon the addition of anti
serum to fraction S (Table VII). Brygoo (1953a) used metaphosphoric 
acid to precipitate the toxin obtained from type C organisms by sodium 
chloride extraction, which upon purification yielded 6 X 10

7
 LD5 0/mg N. 

The same results were obtained by Raynaud et al. (1955), who, after re
moving the toxin from the extracted culture of the same strain of CI. botu
linum with metaphosphoric acid, fractionated the precipitate with mono-
and diphosphates. With the starting material containing 1 X 10

5
 MLD/ml, 

these authors reported a concentrate of type C toxin of 3 x 10
7
 MLD/mg 

of protein nitrogen. 

T A B L E V I I 

T O X I C I T Y OF C U L T U R E B R O T H FROM 4 8 - H O U R C U L T U R E OF CI. botulinum A N D 

V A R I O U S F R A C T I O N S OF T H E S E O R G A N I S M S " 

Toxicity M g o f N L D 50 per mg Increase in tox
Fraction per ml Total toxicity per per ml o f N icity per mg of N 

Toxic culture broth 2 x 10

4 
1000 m l 2 x 10

7 
5.7 3.5 x 10

3 
_ 

Crude extract 2 x 10

6 
100 m l 2 x 10

8 
6.5 3 x 10

5 
— 

Toxin S 1 x 10

6 
50 ml 5 x 10

7 
0.14 1.4 x 10

7 
47 x 

Toxin N 1 x 10

6 
50 ml 5 x 10

7 
0.70 2 x 10

6 
6.7 X 

"Reprinted by permission from Boroff et al. (1952) . 

Cardella et al. (1958) described purification of the toxin of CI. botu
linum type C a grown in a medium consisting of 4.0% proteose peptone, 
2% casein digest (N-Z-Amine-type B), 2% yeast extract, and 1% glu
cose. The cultures were grown for 5 days at 33°C. At the end of the incu
bation period, the toxicity of the culture filtrate was 800,000 (mouse, IP) 
LD5 0/ml. Purification of the toxin was accomplished either by the method 
of Duff et al. (1957a,b) employed in types A and B purification or by ini
tially isolating the crude toxin from the culture by 40% ammonium sul
fate precipitation, followed by calcium chloride extraction of the aqueous 
solution of the precipitate, and, finally, precipitation with 25% ethanol at 
-5°C. The toxicity of the final product was 22 X 10

6
 LD5 0/mgN. 

On purification of CI. botulinum type C obtained from cultures grown 
in veal infusion medium in cellophane sacks, Vinet (1966) obtained a 
toxic fraction which he designated heavy toxin. This fraction could be 
dissociated into a toxic protein (light toxin) and ribonucleic acid. The nu-
cleoprotein precipitated on dialysis against distilled water adjusted to pH 
5.55-6.5. The precipitate was soluble in 0.2 M phosphate buffer, pH 6.5, 
but not in 0.2 M citrate-hydrochloric acid buffer, pH 2. In the latter buffer 
this toxin dissociated into insoluble nontoxic ribonucleic acid and toxic 
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protein soluble at pH 2. The two components recombined at pH 2 upon 
addition of 8.5% NaCl acid buffer. Similarly purified toxins of types A, 
B, and D also precipitated on dialysis against distilled water, but at pH 
5.0-5.55. The analysis of the heavy toxin of types A, B, and D revealed 
the presence of ribonucleic acid in all respects similar to that obtained 
from type C botulinum toxin. The author points out that the significance 
of this observation is the indication that in the organisms the toxin may 
be in the form of a nucleoprotein. That nucleic acid, however, plays no 
part in the activity of the toxin was previously proven by both Buehler 
et al. (1947) and Schantz (1964). 

Purification studies of type D toxin were carried out by Wentzel et al. 
(1950). The cultures were grown in cellophane dialyzing sacks containing 
saline and immersed in corn steep medium. To the contents of the sack, 
freed of the organisms by centrifugation, was added ammonium sulfate to 
40% saturation at pH 5.8. The slight precipitate, which appeared upon 
addition of the salt, contained most of the activity of the culture. Repeated 
reprecipitation of the material resulted in an electrophoretically homoge
neous substance. The toxicity of this preparation, as reported by the au
thors, was 4 x 10

12
 MLD/mg N, or 20,000 times the toxicity of Laman-

na's preparation of crystalline type A toxin. Such a high toxicity of type D 
toxin was never again obtained either by Wentzel et al. (1950) nor by any 
other workers. Cardella et al. (1960) partially purified type D toxin, the 
specific activity of which was approximately 5 x 10

8
 LD5 0/mg N. Rou

tinely, the titers achieved on purification of type D toxin are in the range 
obtained with types A and C (Duff et al., 1957a; Cardella et al., 1960) 
where the toxin yield in either casein hydrolyzate or corn steep liquor 
medium reaches 1-3 x 10

6
 MLD/ml. 

Attempts at purification of type E toxin resulted in a very interesting 
phenomenon (Sakaguchi and Sakaguchi, 1959). Cultures of CI. botulinum 
type E invariably produce very low concentrations of toxin (about 1 x 10

3 

or less MLD/ml), but when these organisms were grown in a mixed cul
ture wi th some proteolytic Clostridia, the tox in y ie ld was from 100 to 1000 
times higher. Duff et al. (1957b) had shown that by adding trypsin to the 
culture filtrate and incubating the mixture for 60 minutes at 37°C, they 
could achieve the same results. The conclusion reached was that the toxin 
in the culture of type E was in the form of a precursor which was activated 
by the addition of the proteolytic enzyme. The activation phenomenon 
will be further discussed below. 

Gordon et al. (1957) purified the toxin from cultures of CI. botulinum 
type E grown in 2% proteose pepticase, 2% yeast extract, and 1% dex
trose and incubated at about pH 7 for 5 days at 30°C. The toxicity of the 
culture supernate fluid after incubation was about 5000 (mouse, IP) 
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LD5o/ml. Activation with trypsin increased the toxicity to 200,000 L D 50 
/ml. The toxin in the culture filtrate was removed by ethanol precipitation 
in the cold followed by extraction with 1.0 M CaCl2. Two more ethanol 
precipitations of the activated toxin resulted in the increase in specific ac
tivity of the purified toxin to 8 X 10

7
 LD5 0/mg N. 

Purification of the type E toxin was also described by Gerwing et al. 
(1964) who isolated the toxin from culture filtrates of the organisms with 
60% saturated ammonium sulfate. The precipitate obtained on standing 
for 24-48 hours in the cold contained all the toxicity of the original cul
ture. Further purification was achieved by chromatography of the precipi
tate dissolved in 0.01 M acetate buffer, pH 5.55, on DEAE-cellulose col
umns. The toxin in the eluate was deemed homogeneous. As calculated 
from ultracentrifuge data, this protein was of remarkably low molecular 
weight (18,600). Essentially the same method used in the purification of 
types A and B toxins yielded toxins of molecular weight 12,200 for type 
A (Gerwing et al, 1965a) and 9000-10,000 for type B (Gerwing et al, 
1966). 

V . N a t u r e o f t h e C r y s t a l l i n e T o x i n T y p e A 

During World War II the remarkable potency of botulinum toxin at
tracted the attention of the military as to the possibility of its use in biolog
ical warfare. This interest stimulated vigorous studies of the toxin by a 
group of investigators, resulting in the isolation of a crystalline prepara
tion of a then unheard of activity (Abrams et al., 1946; Lamanna et al, 
1946). Since the ultraviolet absorption maximum of the toxin was at 278 
m^i, and since both Biuret and Millon tests were positive, it was con
cluded that the crystals were protein. The molecular weight of the crystal
line toxin was established by Putnam et al. (1946) from the sedimentation 
and diffusion characteristics of the crystals dissolved in 0.1 M sodium 
acetate at pH 4.38. In the ultracentrifuge the toxin sedimented as a single 
boundary with a s2 0,w of 17.3. The diffusion constant £>2 0,w was shown to 
be 0.63. Calculated from £ > 2 0, w and s2 0,w values, the molecular weight of 
the substance appeared to be 900,000. 

Another factor which convinced these investigators of the homogeneity 
of the isolated toxin was the behavior of the toxin in a quantitative 
toxin-antitoxin precipitation reaction. It was found that at the equiva
lence zone —the zone at which the concentration of the antigen (the toxin) 
and the antibody (the specific antiserum) react to precipitate out of solu
tion to leave neither the antigen nor the antibody in the supernate —the 
ratio of the concentration of the two reactants appeared constant. This 
was taken to indicate a single antigen-antibody system and, thus, homo-
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geneity. Later, the same authors (Lamanna et al., 1946) found that while 
both toxin and antitoxin were completely removed from the solution at 
the equivalence zone, in the zone of antigen excess and at different tem
peratures there was a considerable variation in the amounts of precipitate 
formed. The seeming purity and homogeneity of crystalline toxin stimu
lated further studies of its chemistry. The amino acid composition of type 
A toxin was established by Buehler et al. (1947) by microbial bioassay of 
acid hydrolyzates of crystalline toxin and, wherever possible, by chemical 
means. By these methods, 19 known amino acids were identified with 
surprisingly high values of aspartic acid, tyrosine, and threonine residues 
(Buehler et al., 1947). The amino acid composition and the methods by 
which they were assayed are detailed in Table VIII . The total nitrogen 
content was calculated as 16.29%. No lipids, polysaccharides, or unusual 
amino acids which would explain the toxin's remarkable potency were 
found associated with the toxin. Recently, amino acid analysis of one 
batch of crystalline botulinum toxin type A was performed by Stefanye et 
al. (1964) with the use of an amino acid analyzer. These workers con
cluded that their results substantially agreed with those reported by Bueh
ler et al. (1947), except for the nitrogen, sulfur, and phosphorous concen
tration which were 16.08%, 0.69%, and 0.05%, respectively. Boroff and 
DasGupta (unpublished data) also performed similar analyses on several 
different crystalline toxin preparations and found that while the results of 
amino acid analysis of some of the crystalline preparations were in good 
agreement, others showed dissimilarities in amino acid contents from 
those recorded by Stefanye et al. (1964). This appears to imply that differ
ences in chemical composition may exist between different crystalline 
preparations. 

From additional evidence supplied by Putnam et al. (1946) that in the 
ultracentrifuge at pH 4.38 this toxin sedimented as one component, the 
authors came to the conclusion that crystalline toxin was a homogeneous 
protein. The admixture of nucleic acids demonstrated in the course of pu
rification could be removed practically completely without any observa
ble decrease in toxicity. On further examination the homogeneity and the 
molecular weight determined for the toxin were not supported by other 
evidence. It was discovered that the toxin possessed an additional activity 
in that it agglutinated suspensions of erythrocytes of various animal spe
cies (Lamanna and Putnam, 1948). These hemagglutinins could be sepa
rated from the toxin by adsorption on erythrocytes without in any way 
impairing the activity of the toxin (Lamanna and Lowenthal, 1951; Low-
enthal and Lamanna, 1951). These results led the authors to conclude that 
hemagglutination and toxicity may be associated with separate particles 
and that under certain conditions the hemagglutinin and toxin form stable 
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complexes or combinations acting as homogeneous materials. The subject 
of hemagglutinins will be discussed more fully below. The observation of 
Putnam et al. (1946) on the behavior of the toxin in the ultracentrifuge 
where the crystalline toxin at acid pH 4.8 sedimented as one component 
was reexamined by Wagman and Bateman (1951, 1953) and Wagman 
(1954, 1963) at pH 6-9.2 in various buffers. 

By bringing the toxin preparation to pH 7.2 and the buffer to ionic 
strength of 0.13, they were able to show by ultracentrifugation that the 
toxin exists in the form of two polydispersed components. Partial separa
tion of the slowly sedimenting component was achieved with the aid of a 
preparative rotor. This component was judged to be about 20% of the 
original toxin and was free from hemagglutinins. Its molecular weight was 
estimated as 71,000 and s2 0,w was 4.7. The toxicity of this component per 
milligram of nitrogen was at least as great as that of the parent substance. 
This toxin was tentatively identified as the ultimate toxic unit of botu
linum type A toxin (Wagman and Bateman, 1953). 

Additional studies by Wagman (1954) showed that in buffers of pH 
range 6.5-8 and ionic strength of 0.13 and above, crystalline toxin 
dissociated into a slowly sedimenting component with a £2o ,w of 6.5 and 
a molecular weight from 40,000-100,000. The extent of dissociation in
creased with the increase of ionic strength. In phosphate buffer at pH 7.5 
and ionic strength of 1.0, the fraction consisting of the faster-sedimenting, 
relatively intact particles is precipitated, leaving only the slowly sedi
menting fraction in solution. This low molecular weight fraction had a 
specific toxicity two to three times that of the original sample. Raising 
the pH to 9.2 irreversibly dissociated crystalline toxin with no loss of 
toxicity. Of the two components, one had a sedimentation constant of 
7 S and molecular weight of 158,000 and the other a component of 14 S 
(Wagman, 1963). On the basis of tyrosine content, the slow compo
nent (4.5%) appeared dissimilar from crystalline toxin (10.9%). While 
crystalline toxin was resistant to peptic digestion, the 7 S component 
was readily hydrolyzed by the enzyme into fractions of decreasing 
^2o,w values with some toxicity loss. The peptic digest dialyzed against five 
volumes of 0.05 M acetate buffer, pH 3.8, for 14 hours in the cold yielded 
a toxic filtrate. The toxin in the filtrate was estimated to have a molecular 
weight of about 3800. No specific toxicity could be calculated because of 
the very low toxicity of the filtrate. On the basis of these observations, 
Wagman suggests that molecules of intact toxin contain toxic and non
toxic subunits which can be separated without loss of toxicity. The dialyz-
able fractions of the toxin were deemed to be the toxic peptide fragments 
which prior to cleavage were situated between the free amino terminal 
ends of the chains. It was assumed that these also were the fragments 
which escape through the intestinal wall into the circulation. 
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That the toxin of CI. botulinum type A need not be of small molecular 
weight has been demonstrated by May and Whaler (1958) who discov
ered the presence of the toxin in the lymph of orally intoxicated rats. 
Heckly et al. (1960) investigated this toxin and found that its particle size 
was equal to that of proteins. In a glycerol density gradient separation of 
the toxin in the lymph, the toxin tended to separate in the same way as the 
bulk of the protein in the lymph. Figure 1 shows two such separations. 
Evidence obtained by the latter investigators from the ultracentrifuge data 
suggested the toxin to be of mean s20,w

 v
^

ue
 about 7 S. This was consist

ent with the value of the toxic moiety described by Wagman (1954), from 
which the molecular weight of the component could be calculated as 
larger than 100,000 but smaller than that of crystalline toxin with s2 0,w °f 
17.3 and molecular weight of 900,000. 

The unlikelihood of a protein of even 100,000 molecular weight to be 
one peptide chain, as well as Wagman's report (1954) of the dissociation 
of crystalline toxin into small molecular weight subunits, prompted at
tempts to dissociate the toxin by means other than ultracentrifugation. 
Schantz et al. (1960) employed a 0.9 x 10 cm column of DEAE-cellulose 
in an attempt to fractionate the crystalline toxin by ion exchange chroma
tography. In this investigation, they used potassium phosphate buffer pH 
6.5 and stepwise gradients of potassium chloride, whereby a number of 
peaks were eluted. The toxicity of the eluate was, however, no greater 

0-60% 0-30% 

I I I I L 

0 1 2 3 4 
Cm down from meniscus 

F I G . 1. Fractionation of toxic lymph after 4 hours centrifugation at 3 9 , 4 6 0 rpm through 
density gradients. The lymph was collected from rats that had received 10 ml of a partially 
purified botulinum type A toxin containing 5 x 10

6
 mouse L D 50 per milliliter. The gradients 

were 1 0 - 2 0 - 4 0 - 6 0 % and 5 - 1 0 - 2 0 - 3 0 % glycerol. The fractions, 0.4 ml each, were collected 
at the rate of 0.2 ml per minute. Reprinted from Heckly et al. (1960) . 
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T A B L E IX 

T O X I C I T Y A N D F L U O R E S C E N C E OF F R A C T I O N S OF B O T U L I N U M T O X I N 

E L U T E D FROM D E A E - C E L L U L O S E C O L U M N

0 

Ionic strength of eluant 

Protein 
recovered

6 

(mg) 
Specific toxicity

0 

(LDso/ml) 

Specific fluorescence

0 

(fluorescent 
units/mg) 

0.08 0 . 1 3

d 
2.5 X 10

7 
1.1 x 10

4 

0.16 1.24 3.0 X 10

7 
6.6 x 10

3 

0.32 1.63 1.5 x 10

7 
6.1 x 10

3 

0.64 0.28 0.6 x 10

7 
6.8 x 10

3 

Original 5.85 2.3 x 10

7 
4.3 x 10

3 

"Reprinted by permission from Schantz et al. (1960). 6
B y ultraviolet absorption at 277 and 260 m/x. c
F r o m peak tube. d
This value is of questionable accuracy because optical densities were not much greater 

than the blanks. 

than that of the starting material (Table IX). They also measured the dif
fusion rate of the crystalline toxin in agar gel and found that they could 
separate toxin from hemagglutinating agents and that toxin migrated 
much faster than did hemagglutinin. Based on the diffusion rate, the mo
lecular weight of the toxin was estimated to be between 10,000 and 
20,000 (Schantz and Lauffer, 1962). We have already mentioned that 
Wagman (1963) observed a dialyzable toxin with an estimated molecular 
weight of 3800 by treating the crystalline toxin with alkali at pH 9 and 
then hydrolyzing it with pepsin. Toxin concentration in the dialyzate was 
very low and proved to be unstable. Another procedure which appeared 
to yield low molecular weight material from the toxin was described by 
Riesen (1966), who dissociated toxin by treating it with 0.1 N HC1, 
followed by chromatography on G-75 Sephadex. He later replaced 
hydrochloric acid with various dissociating agents such as guanidine, de
tergents, and mineral acids capable of affecting secondary bonds. Some of 
these substances dissociated the toxin into subunits, some of which had 
greater specific activity than the original starting material. The s2o,w values 
of the proteins in the eluted peaks were 16, 15.4, and 10.5, respectively. 
Sheff (1964) obtained by column chromatography a fraction of botulinum 
toxin which, while containing 10

4
 mouse MLD/ml, did not have a measur

able optical density at 278 m//,. From this, Sheff concluded that the spe
cific activity of the toxin must be very high. 

In our study of the crystalline toxin we observed that when it was 
tested against its specific rabbit antiserum in the Ouchterlony gel double 
diffusion test, it invariably gave two distinct precipitation lines. Detoxifi
cation of the preparation by photooxidation caused the disappearance of 
the faster-diffusing precipitation line (Fig. 2). This could be interpreted to 
mean either that the toxin had two different antigen determinants each 
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F I G . 2 . Effects of photooxidation and treatment with 2-hydroxy-5-nitrobenzyl bromine 
on antigenecity of crystalline botulinum toxin. Central well —crystalline toxin. Lateral wells. 
1, noncrystalline antiserum; 2 , antiserum prepared with photooxidized crystalline toxin; 3 , 
antiserum prepared with 2-hydroxy-5-nitrobenzyl bromine-treated toxin; 4, normal rabbit 
serum control. 

capable of inducing formation of a separate antibody, or that the crystal
line toxin was not homogeneous in that it contained at least two different 
serologically reactive antigens. The latter possibility was supported by 
much of the evidence compiled by various investigators (see above). In 
addition, upon electrophoresis, either in agar or on cellulose acetate 
strips, the toxin again showed two components which at alkaline pH mi
grated in opposite directions, with the toxic component moving toward 
the cathode and the hemagglutinin-containing component to the anode. 
With crystalline toxin as starting material (generously supplied to us by 
Dr. E. J. Schantz, Fort Detrick, Frederick, Maryland) we attempted to 
fractionate the toxin on chromatographic columns. Good results were 
obtained on DEAE-Sephadex column at pH 7.2 (tris-HCl buffer) and 
upon the application of CI" gradient (DasGupta et al, 1966). The well-
separated peak which was eluted first contained most of the toxicity of the 
starting material but only 20% of its protein. The peak eluting later con
tained the hemagglutinins of the crystalline toxin and only about 0.01 % of 
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its toxicity. The first toxic component was designated a and the second /3 
(Fig. 3). Ultracentrifugal analysis of the two components by the sedimen
tation equilibrium method (Yphantis, 1964) suggested that component a 
was homogeneous. From sedimentation velocities of a and /3, the sedi
mentation constant of former was calculated as 7 S and that of the latter 
as 13 S. These values were in agreement with the values ascribed to the 
two components by Wagman (1963) who observed two components upon 
ultracentrifugation of the crystalline toxin at pH 9. The molecular weight 
of a derived by ultracentrifugal methods was 128,000. Determination of 

20 4 0 6 0 8 0 100 120 140 160 180 

Tube number 

F I G . 3. Chromatography of crystalline toxin of CI botulinum Type A on 
D E A E - S e p h a d e x A-50. Top: Fractionation of crystalline toxin. Middle: Re-chromatogra
phy of a portion of pooled a-fraction obtained from first run. Bottom: Re-chromatography of 
a portion of pooled /3-fraction obtained from first run. Reprinted from DasGupta et al 
( 1 9 6 6 ) . 
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B. Serum albumin (6.5-7.0 x I 0

4
) 

Lactate dehydrogenase (1.3-1.4 x I 0

5
) 

^ A l d o l a s e (1.4-1.5 x l O

5
 ) 

V ^ . C a t a l a s e (2 .3 -2 .5 x I 0

5
) 

-Galactosidase (5.4 x l O

5
) 

100 

8 0 j i i i i I 

( 5 x l 0

5
) 

Crystalline toxin 

Toxin fraction 

" \ Blue dextran 
/ 4 ~ 2 x l 0

6
) 

J i _ i 

Molecu la r weight 

F I G . 4. Molecular weight of protein as determined by gel filtration of Sephadex G-200 . 
Ve, the elution volume, is plotted against the log of the molecular weight. The column 
(2.5 cm X 50 cm) was equilibrated and eluted with 0.05 M tris-HCl buffer (pH 7.5) contain
ing 0.1 M KC1. Molecular weights of proteins (in parentheses) in this experiment are accord
ing to Andrews (1955), except for jQ-galactosidase, which is from Craven et al. (1965). a and 
(3 components were from tubes with the highest concentrations of these components ob
tained after re-chromatography. Reprinted from DasGupta et al. (1966) . 

the molecular weights of a and ft by the gel filtration method of Andrews 
(1965) resulted in molecular weight values reasonably close to those ob
tained in the ultracentrifuge, with a = 150,000 and p = 500,000 
(DasGupta et aly 1966) (Fig. 4). 

Antisera prepared in rabbits with formalized toxoid of a component 
neutralized the toxicity of both a and /3, indicating that the toxin in both 
was identical. In the Ouchterlony gel double diffusion test, this antiserum 
reacted with crystalline toxin and showed only one precipitation line iden
tical with the faster-diffusing line observed when the whole toxin was 
tested against its specific antiserum. Similarly, prepared antiserum against 
(3 component inhibited only the hemagglutinins, and in the gel diffusion 
test, the antiserum reacted with either its homologous antigen or with 
crystalline toxin. The reaction yielded one diffused precipitation line 
which was identical to the slower-moving line of the crystalline toxin. This 
strengthened the belief that components of crystalline toxin were not 
products of dissociation of a larger aggregate into its subunits, but that 
this highly purified crystalline material was in reality a mixture of two or 
more components. By the same column chromatographic procedures, 
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using toxin obtained from culture filtrates of CI. botulinum type A, or pur
ified by either the method of Duff et al. (1957b) or by precipitation of the 
toxin by 50% saturated ammonium sulfate, the elution of several peaks, 
one of which was toxic and another hemagglutinating, resulted. As men
tioned above, the observations of Heckly et al. (1960) showed that the 
toxin in the lymph of orally intoxicated animals was of relatively high 
molecular weight, estimated to be about 7 S. Zacks et al. (1962), studying 
the sites of attachment of the toxin of CI. botulinum type B in vivo, dem
onstrated the presence of the toxin adsorbed on ferritin granules at the 
myoneural junction of a muscle fiber. With the aid of an electron micro
scope they measured the distance between the granules and came to the 
conclusion that the average dimension of the toxin molecule was between 
100 and 150 A in diameter. 

Ackers (1964) derived a formula which describes the molecular sieve 
action of a G-200 Sephadex column. With the aid of this equation and by 
substituting experimentally obtained elution values, one can arrive at the 
Stokes radii of the molecule under study. Employing this procedure, the 
radius of the toxic a component was found (DasGupta and Boroff, 1968) 
to be 47.9 A, i.e., 96 A in diameter, or nearly the same as suggested by 
Zacks et al. (1962) for the crude type B toxin. This is also consistent 
with the sedimentation constant ascribed to the toxin found in the lymph 
by Heckly et al. (1960). Thus, the puzzling question of what physiological 
size botulinum toxin assumes to reach the circulation is answered by the 
fact that the toxin need not dissociate further than the molecular size and 
molecular weight of the a fraction. How a molecule of such dimension 
passes through the intestinal wall is, of course, another problem and will 
be discussed in later paragraphs. 

V I . N a t u r e o f T o x i n s o f O t h e r T y p e s 

The procedures devised by us for the isolation of the toxic moiety from 
the crystalline preparations of type A botulinum toxin were also applied 
to toxins of other types obtained from culture filtrates of the respective 
organisms. Types B, C, and D were studied, and though only a from types 
A and B toxin have been separated in the state of purity and homogeneity 
comparable to a from crystalline toxin, there are strong indications that 
types C and D, once the proper conditions for chromatography are found, 
will also yield a similar component. Indeed, procedures for the production 
of a high specific activity fraction for the toxin of CI. botulinum type C 
were described by Syuto (1965). The starting material with a toxicity 1 X 
10

6
 (mouse IP) MLD per milliliter was obtained by him from culture fil

trates of organisms grown in a medium composed of 2 % bactocasein, 1 % 
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yeast extract, 1% glucose, 0.5% sodium chloride, and 0.5% thioglycol-
late. The toxin was purified by repeated absorptions and elutions from 
zinc gel and fractionated with ammonium sulfate. The purified toxin was 
chromatographed on DEAE-cellulose with pH 8 phosphate buffer and 
eluted with a stepwise and continuous gradient of sodium chloride. The 
elution profile showed the presence of a number of peaks with one peak 
not clearly separated but possessing toxicity of 2.86 X 10

7
 MLD/mg. This 

component closely resembles the a component of type A toxin described 
above in its chromatographic behavior. 

The toxin of CI. botulinum type E is produced by the organism in the 
form of a precursor which can be activated by addition of trypsin (Duff et 
al., 1956) to 10-100 times its original toxicity. Kitamura et al. (1967) 
showed that the s20,w of the precursor was 12.3 at pH 6. At pH 7 and 
above with starch electrophoresis or sucrose gradient centrifugation, two 
components could be demonstrated, both with a s20,w °f 7.3; the authors 
designated these a and /3. In an electrophoretic field, a moved toward the 
anode and (3 toward the cathode (Fig. 5), behavior reminiscent of the two 
components of crystalline type A toxin (DasGupta et al., 1966). Compo
nent a from type E toxin could be activated to the same extent as the pre
cursor. Component /3 was not toxic. 

In a series of publications Gerwing and her associates described the 
isolation from culture filtrates of CI. botulinum types A, B, and E of what 
they believed to be the toxin of relatively small molecular weight 

3 0 0 T 

E 2 0 0 1 

o 

Section number (cm) Origin 

F I G . 5. Starch electrophoresis of 12 S precursor at pH 8. S a m p l e - 4 mg; trough s i ze -2 x 
1.5 x 40 cm; b u f f e r - 0 . 0 5 M veronal, pH 8.0; current and other c o n d i t i o n s - 6 m A , 2 0 0 V , 
for 24 hours at 6 ° C ; e x t r a c t i o n - e a c h 1 cm segment with 1.0 ml of 0.05 M veronal, pH 8.0. 
Reprinted from Kitamura et al (1967). 
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(9000-18,000) (Gerwing et al, 1964, 1965a, 1966). These filtrates were 
harvested at the time when the toxin in the culture was of maximum con
centration and were precipitated with ammonium sulfate in the cold. The 
precipitates were freed from the salt by extensive dialysis and redissolved 
in 0.067 M phosphate citrate buffer, pH 5.6. These solutions were chro-
matographed on a DEAE-cellulose column, equilibrated, and eluted with 
the same buffer. In each case, the toxins were eluted in one peak. The fact 
that each toxin appeared as one component and the finding that on ultra-
centrifugation in a synthetic boundary cell only one boundary was ob
served with a 5 2 0, W value of either slightly more than one for types A and 
E, and less than one for type B, were taken to mean that the toxin was of 
small molecular weight. These investigators did not state whether the 
component seen during centrifugation of the toxin was actually toxic. 
Attempts to obtain this toxin in our laboratory as well as in those of others 
by the method described by this group, indeed, resulted in the elution 
from DEAE-cellulose column at pH 5.6 of a single toxic peak. However, 
when this material was rechromatographed on a similar column, but at pH 
8 with tris-HCl buffer and a continuous gradient of sodium chloride, at 
least three peaks emerged (Boroff et al, 1968). One of them was toxic and 
another agglutinated red blood cells. On gel filtration from Sephadex G-
100 columns the material obtained at pH 5.6 was eluted as two distinct 
components. The first peak emerged in the void volume, indicating a pro
tein of high molecular weight. This peak contained most of the toxicity of 
the starting material. The second peak emerged at the position of cyto
chrome c and thus was approximately of 12,000 molecular weight. The 
toxicity of this peak was only 0.01 of the large peak. The eluate in tubes 
preceding the second peak contained gradually diminishing concentra
tions of the toxin which was not enhanced by the appearance of the sec
ond peak. 

From the ultracentrifuge data, the molecular weight for type A toxin 
was calculated as 10,000, for type B about 9,000, and for type E 18,000. 
The specific activities of these toxins were, however, no greater than 
those reported by other investigators. In one of the reports (Van Alstyne 
et al, 1966), the result of the amino acid analysis of the low molecular 
weight type A toxin was compared with the amino acid composition of 
crystalline toxin obtained by Buehler et al (1947) (Table X). The authors 
concluded that except for small differences there was a remarkable simi
larity in the overall ratios among the individual amino acids. What was 
completely overlooked was that the concentrations of at least seven of the 
corresponding amino acids in their toxin and the crystalline toxin were 
significantly different. In addition, if the low molecular weight toxin was 
pure, it should not have been compared with crystalline toxin which had 
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already been shown to be inhomogeneous, containing, besides the toxin, a 
hemagglutinin which was demonstrated to be a distinctly different protein 
(DasGupta et al, 1966). Whatever these authors analyzed, one cannot 
question the amino acid composition reported for this fraction, nor can it 
be denied that the 128,000-150,000 molecular weight toxin isolated by us 
may consist of smaller toxic subunits. In the light of present knowledge of 
biologically active proteins, the molecular weight of a does not permit the 
belief that a molecule of such magnitude is likely to be a single polypep
tide chain. Be that as it may, Gerwing and her co-workers have not yet 
supplied convincing evidence that they have succeeded in isolating these 
subunits (Boroff et al, 1968). 

It appears increasingly clear that in spite of differences in morphology 
and cultural characteristics of the various CI botulinum organisms, and 
the stability of corresponding types of botulinum toxins, the essential na
ture of the toxic proteins on purification seems to be the same. The final 
proof must wait until the amino acid compositions of several of these tox
ins are analyzed and compared. 

V I I . S p o r e T o x i n 

The remarkable heat resistance of spores in general and botulinum 
spores in particular are well known. These spores have been reported to 
withstand temperatures as high as 121°C (Dickson et al, 1922, 1925). 
According to Omeliansky (1916), spores can survive temperatures of 
—190°C and even —253°C. That freezing of spores did not destroy toxige-
nicity of the organisms which subsequently germinated from these spores 
was demonstrated by Tanner and Oglesby (1936). Straka and James 
(1935) found that canned foods seeded with washed and heat detoxified 
spores and kept frozen for long periods, showed the presence of toxin but 
not viable organisms. They therefore concluded that the toxin was of 
spore origin and was liberated after spore autolysis. Segal (1940), on the 
basis of similar observations, came to the same conclusion. The serologi
cal type of CI botulinum seems to be related to spore resistance against 
various physical and chemical factors. Type A is considered more resist
ant than types B, C, and D. Type E appears to be the least heat resistant 
(Matveev, 1959). 

The question of the presence of toxin within botulinum spores was dis
cussed by Coleman and Meyer (1922) and Schoenholz and Meyer (1924), 
and, more recently, by Keppie (1951) who found that typical botulinum 
intoxication could be produced by either feeding or injecting the heat-
treated spores. That the toxin was within the spore was assumed from the 
exposure of the spore to 80°C for about 30 minutes, because this treat-
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ment should have inactivated any toxin adhering to the outer surfaces of 
the spores. These authors postulated that the toxin must have come from 
within the spores and that it was protected from inactivation by heat in the 
spores. The release of the toxin was attributed to the autolysis of the 
spores. It is of interest that subcutaneous injections of spores into guinea 
pigs produced symptoms only if the spores were introduced into previ
ously necrotized areas (Keppie, 1951). Grecz and Lin (1966), studying 
heat resistance of the spore toxin of CI. botulinum type A strain 33 A, 
reported that this toxin withstood heating to 90°C, while the toxin in the 
culture supernate of these organisms (free toxin) or extracted from the 
cells (vegetative toxin) was inactivated within 15 seconds. In two reports, 
one delivered at the Symposium on Botulism in Moscow, 1966, and the 
second in Hakkone, Japan, 1967, they further discussed this subject. 
Grecz and Lin (1966) stated that spores suspended in phosphate buffer, 
pH 7, in the cold released toxin into the buffer during prolonged storage, 
and that this toxin was as heat sensitive as free toxin. The toxin in the 
spores remained heat resistant and the degree of heat resistance paralleled 
this property of the spores (Grecz et al., 1967). The amount of toxin per 
spore was calculated by Grecz to be about 0.01 of what could be obtained 
from a vegetative cell. The basis for this statement is not clear from the 
report. However, 10

6
 spores contained 1 MLD for an 18-20 gm mouse on 

intraperitoneal injection. To date, the toxin found by these authors is 
mostly in type A spores. Type B spores showed the presence of toxin 
only if fragmented. Type E spores were not toxic in any state (So and 
Grecz, 1968). 

Grecz et al. (1967) also investigated the effect of irradiation on vegeta
tive toxin as compared with spore toxin. The vegetative toxin preparation 
consisted of organisms, spores, and debris which were collected from the 
culture of strain 33 A by centrifugation. This sediment was washed three 
times in phosphate buffer. Since the spores in the preparation, in the opin
ion of the authors, contributed only 1 % of the toxicity, this was consid
ered negligible. The spores from a similar culture were obtained and freed 
from the vegetative toxin by the method described by Grecz et al. (1962). 
The residual toxicity of the preparation after irradiation with gamma rays 
was tested by intraperitoneal inoculation of mice. From the published 
data, it appears that the authors obtained a linear relationship between 
irradiation dose and destruction of the toxin in the whole culture (cell, 
spore, and debris suspension) and the washed spores. Viability of the irra
diated spores disappeared much faster than toxicity, indicating that the 
effects of irradiation on toxicity is not of the same nature as the effects 
upon spore viability. 

The data from radiation experiments were used in the determination of 
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the molecular weight of both the toxin from the cells and the spores by the 
method developed by Lea (1956) based on the target theory for the inacti-
vation of microorganisms by ionizing radiation. In this method, the num
ber of radiation hits required to inactivate biologically active substances, 
substituted into a formula derived for this purpose by Pollard (1963), will 
yield an estimate of the molecular weight of the substance. The molecular 
weight for the free toxin was calculated as 0.67 X 10

6
 and for the spore 

toxin as 1.28 X 10
6
. From this, the authors concluded that the toxin in 

spores is a dimer which dissociates upon liberation. Their calculated 
value for the molecular weight of free toxin was considered in good agree
ment with the 900,000 molecular weight of crystalline toxin reported by 
Buehler et al (1947). It is rather remarkable that irradiation values ob
tained with the suspension of organisms, spores, and debris and sus
pended in distilled water should be considered reliable data. In his 1965 
publication, Grecz admitted that he is aware of the limitation of the target 
theory and the unreliability of the conclusions reached from target calcu
lation. In addition, the author did not determine the nature and amounts of 
irradiation-protective substance that might be present in the spores to 
make a reliable estimate of the number of hits it took to inactivate the 
toxin 63%, the irradiation dose needed for inclusion into the formula. 
Furthermore, the molecular weight of the toxin moiety in the crystalline 
preparations is 150,000 and not 900,000. The latter is ascribed to the 
mixture of the toxin with the hemagglutinin which invariably crystallizes 
with it. 

On the other hand, both reports discussed above are preliminary com
munications and it is possible that these authors have more information 
which has not been made public. In any case, much additional study and 
experience must accrue before the above data can be accepted with assur
ance. The investigation of the toxin within the spores, its nature, and its 
relation to botulinum intoxication is an important problem and warrants 
serious study. 

V I I I . H e m a g g l u t i n i n s o f Clostridium botulinum 

Before we proceed further with the chemistry of botulinum toxins, we 
shall briefly discuss its companion, the hemagglutinin. Lamanna and Put
nam (1948) observed that purified and crystallized type A botulinum 
toxin was able to agglutinate suspensions of chicken red blood cells. 
Types B and E, but not the type C strains tested, also possessed this prop
erty. The development of a standard method for quantitative assay of 
hemagglutinating activity of the toxin permitted the study of the relation
ship between the toxicity of the types and their hemagglutinating activity 
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(Lowenthal and Lamanna, 1951). Toxins of various types of CI. botu
linum differed in sensitivity to a number of physical and chemical agents 
such as heat, cold, and storage. In addition, type B antiserum had no ef
fect upon the toxicity of type A toxin but inhibited its hemagglutinating 
activity. Furthermore, adsorption of the toxin by chicken red blood cells 
removed the hemagglutinins from the crystalline toxin solution without 
diminishing its toxicity. The hemagglutinins could be eluted from the 
treated erythrocytes. In Oudin tests with type A antiserum the eluted 
hemagglutinins gave one precipitation band while the whole toxin gave 
two (Lamanna and Lowenthal, 1951). These authors, on the basis of this 
observation, concluded that in spite of the apparent homogeneity of the 
crystalline toxin suggested by Putnam et al. (1946), the toxin and hemag
glutinin must be two different proteins which under certain conditions 
form a stable complex. Some years later, while observing the behavior of 
the crystalline toxin in gel double diffusion test when crystalline toxin was 
reacted with its specific antiserum, we came to the same conclusion. In
variably, two distinct precipitation lines appeared. When crystalline toxin 
was dissociated into a and /3 components (by methods already discussed 
above) and these two components were tested together or separately by 
the same Ouchterlony technique (Fig. 6), a component migrated faster 
than (3 and formed a thin, sharp precipitation line with crystalline toxin, 
while j3 was much slower and precipitated as a diffused arch. The mixture 
of a and (3 behaved almost identically to the crystalline toxin. The f3 com
ponent was not homogeneous when chromatographed on DEAE-cellu
lose column at pH 8 with 0.15 M tris-HCl buffer and eluted with a gra
dient of sodium chloride. At least three peaks appeared and all three had 
strong hemagglutin activity (DasGupta and Boroff, 1968). By Andrews' 
method (1965) the molecular weights of the three subfractions of /3, desig
nated as j8l5 /32, and j83 (Fig. 7), appeared to be 290,000, 500,000, and 
900,000, respectively. Rechromatography of each of the components on 
DEAE-cellulose column with 0.15 M Tris-HCl buffer, pH 8, dissociated 
each of the components into four peaks, the first eluting in the position of 
a and the others in the same positions of Z^, /32, and /33. In the ultracentri
fuge, the crystalline toxin resolved into a component with a 7 S value, 
which corresponded to the molecular weight of a, and three other compo
nents, with S values at 13, 16, and 23, corresponding to the molecular 
weights of the dissociated (3U f32, and f33 fractions (Boroff et al., 1966). 
From these molecular weights and from their common biological activity, 
these hemagglutinin components appeared to be one entity in different 
states of aggregation. The hemagglutinin was slightly toxic with about 
0 .01% of the toxicity of the crystalline toxin. This toxicity was shown 
to be due to contamination with traces of a 
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F I G . 6. Ouchterlony gel double diffusion reaction of crystalline botulinum toxin type A, 
chromatographically isolated toxic component a, and hemagglutinating component ft with 
the anticrystalline toxin rabbit serum. Central well —anticrystalline rabbit serum; well 1 — 
crystalline toxin; well 2 —component a; well 3—component ft; well 4 —mixture of a and ft. 
Reprinted from Boroff et al. (1966). 

Lamanna and Lowenthal (1951) found that type C botulinum toxin did 
not possess hemagglutinins. This was established by assay with chicken 
erythrocytes. We investigated all strains and types of toxin available to us 
for this activity and found that while some strains failed to agglutinate 
mouse or rabbit erythrocytes, they agglutinated human red blood cells. 
Besides the differences in hemagglutination reactivity, depending upon 
the species of animals from which the cells originated, there were also 
differences among toxins obtained from different strains of the same type 
of organisms in relation to this property. The hemagglutinins are ex
tremely stable and their titer remains unchanged even on prolonged stor
age though the toxicity of the preparation decreases. And finally, hemag-
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glutinins are npt as serologically specific as the toxin (a component). The 
type B hemagglutinin was inhibited by type A antiserum and type C by 
type D antiserum. The role of this substance in situ is still unknown. 

I X . A c t i v a t i o n P h e n o m e n o n 

Increased awareness of the hazard of type E botulism and the phenom
enon of toxin activation stimulated interest in the mechanism of the acti
vation, molecular weight, and chemistry of this toxin. One such study was 
carried out by Fiock et al. (1961) who added trypsin to a whole culture of 
type E organisms. The treated culture was incubated for 2 hours at 37°C. 
After incubation toxicity of the culture was about 3 X 10

4
 LD5 0/ml. The 

organism, toxin, and debris were removed from the culture by the addi
tion of ammonium sulfate, and the toxin was extracted with calcium chlo
ride. After further purification with ethanol in the cold, the toxicity of the 
preparation reached 4.5 x 10

7
 LD5 0/mg N. This toxin in the ultracentri-

F I G . 7. Chromatography of four different batches of CI. botulinum type A toxin isolated 
and crystallized at four different times over a period of years. DEAE-ce l lu lose columns 
( 1 x 3 0 cm) were equilibrated with 0.15 M tr i s -HCl buffer (pH 8). After 4.5 mg of toxin were 
applied, columns were eluted with the starting buffer until linear gradient elutions were 
started at the point indicated by the arrow. Fraction size was 2.8 ml per tube; 0.1 was the 
instrument setting for fluorescence intensity measurement. The linear gradient was gener
ated by allowing 130 ml of 0.15 M tr is-HCl buffer (pH 8) containing 0.5 M C\~ to flow into a 
mixing chamber containing 130 ml of the starting buffer. Elution was complete with 2 6 0 ml 
of salt gradient. Reprinted from DasGupta and Boroff (1968). 

. . i r*—E i i i I - rJ. n . • i . i l l 

20 4 0 60 80 100 120 20 4 0 60 80 100 120 
Tube number 
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fuge resolved into two components of s20,w 12.5 and 4.7. The faster-mov
ing boundary was the major component. Toxicity of the two components 
were not further determined. The activated isolated type E toxin after 
conversion into a toxoid was antigenic and induced formation of protec
tive antibodies in immunized animals. 

Attempts to study the mechanism of type E precursor toxin activities 
was undertaken by two different groups of investigators — in Canada by 
Gerwing, Dolman, and their co-workers and by Sakaguchi and Sakaguchi 
in Japan. The latter workers termed a substance precursor if activation by 
trypsin resulted in an increase of the toxicity of the toxic product; by acti
vation they meant that the increase in toxicity was produced by enzyme 
action. Sakaguchi and Sakaguchi (1959) found that bacterial cells from 
young cultures of CI. botulinum type E contained precursor. This precur
sor could be activated by the action of 1.0% trypsin at pH 6 at 37°C in 
60-120 minutes. The precursor was extracted from the organisms with 1 
M acetate buffer, pH 6. The material in the buffer after dialysis could be 
activated to give, in some cases, about 800-fold increase in toxicity. This 
is contrary to the view of Duff et al. (1956) (Tables XI and XII), who 
reported that more toxin could be obtained from the cell-free supernate 
than from the organism. It is possible that both investigators are correct, 
since the amount of toxin extractable from organisms depends upon the 
strain of type E used and the age of the culture. Chemical analysis of the 
precursor revealed the presence of a considerable amount of ribonucleic 
acid which disappeared upon activation of the toxin. Furthermore, the 
previously acidic precursor, which in starch electrophoresis moved to
ward the anode, on activation became either neutral or slightly alkaline 
and moved toward the cathode. These results were interpreted to mean 
that activation by trypsin was either due to the release of ribonucleic acid 
or a negatively charged masking group that keeps the toxin in inactive 
form. In a later paper, however, Sakaguchi et al. (1964) reexamined the 
role of nucleic acid in precursor obtained from organisms and concluded 
that RN A can be removed from the precursor before and after activation 
without a change in toxicity. This was also pointed out by Gerwing et al. 
(1961). On gel filtration through Sephadex G-200, both the precursor and 
activated toxin eluted in the void volume, indicating that both have a 
molecular weight greater than 200,000. No small fragments which could 
conceivably be the masking groups were encountered. On ultracentrif-
ugation in buffers at pH 6, Sakaguchi and Sakaguchi (1966) obtained a 
precursor s20,w value of 11.5; following activation when the specific activ
ity of the preparation rose from 4 x 10

5
 to 8.2 x 10

7
 LD5 0/mg N, there was 

no detectable change in the sedimentation constant. Neither was the 
amino acid composition of the precursor changed upon activation. When 
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T A B L E XI 

E F F E C T OF T R Y P S I N O N T H E T O X I C I T Y O F Clostridium 

botulinum T Y P E S A A N D B C U L T U R E F I L T R A T E S " 

Sample

6 
J T D - I V 

Toxin titer 
( M L D / m l )

c 

B-201 

12-hour filtrate 1 x 10

4 
2 x 10

2 

12-hour filtrate + trypsin 2 x 10

5 
1 x 10

4 

96-hour filtrate 2 x 10

6 

-
96-hour filtrate + trypsin 1 x 10

6 

-
"Reprinted by permission from Bonventre and Kempe (1959). 6
A11 samples incubated at 3 7 ° C for 2 hours. 
Ca lcu la ted by mouse assay according to the method of Wadsworth (1947). 

T A B L E XII 

E F F E C T OF PROTEOLYTIC E N Z Y M E S O N T H E T O X I C I T Y OF A N 

8 - H O U R C U L T U R E F I L T R A T E OF Clostridium botulinum 
T Y P E A S T R A I N J T D - I V " 

Toxin titer 
(MLD/ml ) 

Length of incubation 
with e n z y m e

6
 Pepsin-treated Trypsin-treated 

(hours) filtrate (pH 4.0) filtrate (pH 6.0) 
0 1 x 10

3 
1 x 10

3 

V2 — 2 x 10

4 

1V4 — 2 x 10

4 

2 1 x 10

5 
5 x 10

4 

12 4 x 10

4 
1 x 10

3 

"Reprinted by permission from Bonventre and Kempe (1959). 6
Eight-hour filtrates incubated with enzyme at 3 7 ° C . 

the pH of the buffer used was 7 and above, the precursor in the ultracen
trifuge, on electrophoresis, and in a sucrose density gradient dissociated 
into two components, Ea and Ep. Both components had an s20tW of 7.3. Ea 
was toxic and could be further activated by trypsin. E^ was not toxic and 
could not be activated. That E a and were antigentically different was 
shown by means of the Ouchterlony gel double diffusion test. 

Gerwing et al. disagreed with the interpretation of Sakaguchi et al. 
(1964) about the nature of the precursor, the postulated mechanism of the 
activation phenomenon (Gerwing et al, 1961), and even with the term 
"precursor" (Gerwing et al, 1964). These workers reported the isolation 
and partial purification of a low potency toxin from CI. botulinum type E. 
This toxin could be further purified by chromatography on DEAE-cellu
lose at pH 6.5 in acetate buffer. One of the eluted fractions was toxic and 
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could be activated from 5.8 x 10
5
 to 1.0 X 10

6
 MLD/mg N by addi

tion of trypsin. On further chromatography, the toxicity of the eluted 
peaks reached 9.3 x 10

6
 to 2.3 X 10

7
 MLD/mg N. Since no RNA was 

found in the toxic fractions, these workers concluded that Sakaguchi's 
theory of nucleic acid masking the active sites of the toxin was invalid 
(Gerwing et al, 1961). The nonactivated toxin formed two boundaries, 
^2o,w 5.6 and 1.1, upon ultracentrifugation, the activated toxin failed to 
show a boundary (Gerwing et al, 1962). Trypsin-activated toxin also 
passed through dialysis casing, but the inactive toxin did not. The authors 
were convinced that the activation process consisted of splitting the large 
molecule of the inactive toxin into smaller toxic subunits and that this 
accounted for the augmentation of activity (Gerwing et al, 1962). In a 
later publication, Gerwing et al (1964) reported that by modifying the 
purification and column chromatography procedures, they obtained what 
they claimed to be a homogeneous small molecular weight toxin with s20,w 
of 1.70 from which they calculated the molecular weight to be about 
18,000. The toxicity of this fraction was 7.5 X 10

6
 mouse MLD/mg N. On 

activation with trypsin, the toxicity of this fraction increased to 2.8 X 10
8 

MLD/mg N. Amino acid analysis showed that the activation process in
volves the loss of 18 amino acids and a change in N-terminal amino acids 
from lysine to arginine. The molecular weight of this toxin was thought to 
be 10,000-12,000 (Gerwing et al, 1965b). 

Because the purification and characterization of the small molecular 
weight toxin by Gerwing et al has been questioned (Stefanye et al, 1964; 
Boroff et al, 1968), it would be wise for the time being to reserve judg
ment as to the correctness of the interpretation of the phenomenon of acti
vation by Gerwing et al One aspect, however, on which all investigators 
working on this problem agree is that the toxin of CI botulinum type E 
can be activated by proteolytic enzymes. This observation raises both 
practical and theoretical considerations as to the danger of botulinum in
toxication with foods containing what appears to be very small amounts 
of type E toxin. This question is of considerable importance in view of 
several recent outbreaks of botulinum food poisoning due to this type of 
toxin. Bonventre and Kempe (1959) demonstrated a significant increase 
in the toxicity of 8- and 12-hour culture filtrates of type A and B when 
treated with trypsin. Similar activation was also noted by Holdeman and 
Smith (1965) with log phase cultures of type F but not with 72-hour-old 
cultures. 

The mechanism of activation will need more research and information 
to yield a clearer understanding not only of activation phenomenon but 
also, perhaps, of toxin synthesis by the organisms. 
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X . E f f e c t o f P r o t e o l y t i c E n z y m e s o n t h e T o x i n 

While the action of trypsin as an activator of partially purified type E 
toxin as well as of the toxins present in young cultures of types A, B, and 
F has been established, the effects of proteolytic enzymes in general is 
still subject to controversy. Several investigators (Duff et al, 1957a; 
Gerwing et al, 1962, 1965b; Iida, 1964; Skulberg and Hausken, 1965) 
maintain that proteolytic enzymes, such as pepsin, trypsin, and gastric 
juices, do not destroy botulinum toxin, while others (Dolman, 1957, 
1964; Lamanna et al, 1946) maintain that the toxin is rapidly destroyed 
by pepsin and chymotrypsin but not trypsin. Halliwell (1954), examining 
proteolytic enzyme resistance of type A crystalline botulinum toxin, ob
served that the toxin was destroyed by trypsin, was slightly affected by 
pepsin, and was not at all affected by papain. E. A. Meyer and Lamanna 
(1959) subjected crystalline toxin to the action of pepsin, trypsin, chymo
trypsin, papain, ficin, amino transferase type B, and glutamine transferase 
of Bacillus subtilis and concluded that all enzymes, except pepsin and 
papain, inactivated the toxin. Our experience with pepsin and trypsin on 
crystalline toxin type A was that trypsin at pH of about 7 rapidly inacti
vated our preparation, while pepsin reduced trichloroacetic acid-precipi-
table material by 50% in 24 hours following incubation at 37° C but did 
not diminish the toxin titer. Only after 74 hours of incubation was there 
a noticeable drop in toxicity (unpublished data). Savin (1966) studied the 
effects of a number of proteases of animal and fungal origin on botulinum 
toxins types A, B, C, and E at various pH. He concluded that the activity 
of the enzymes used (pepsin, trypsin, chymotrypsin, and pancreatin of 
animal origin) and fungal enzymes from Aspergillus terricolae and oryzae 
and Actinomyces streptomycini were most pronounced at pH 5.0. After 
2 hours of incubation with the enzyme, the toxin's activity increased, but 
followed by a decrease after 5 hours of incubation. 

Since potentiation by, as well as the resistance of the toxins to, pro
teases are important elements in the understanding of the lethality of 
type E toxin usually found in contaminated foods in very low titers, fur
ther studies on this subject might well be in order. 

X I . S p e c i f i c C h e m i c a l G r o u p i n g s I n v o l v e d i n T o x i c i t y 

Purification and crystallization of type A toxin offers an opportunity for 
further studies of this substance and its remarkable lethality has stimu
lated an interest in the toxin's chemical structure. The molecular weight 
of 900,000 ascribed to the toxin was too forbidding. At the time type A 
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toxin was crystallized (1946-1947), very few methods existed which 
would have permitted a detailed investigation of the relationship between 
structures intimately concerned with the activities of the molecule. At
tempts to determine the involvement of specific amino acids of the protein 
were made at Fort Detrick. Schantz and Spero (1957) reported on the 
effects of ketene on the crystalline toxin, noting that when the crystalline 
toxin was exposed to this substance a rapid inactivation which followed 
first-order kinetics took place (Fig. 8). The reaction was accompanied by 
a slow but continuous acetylation of free amino groups. 

The groups in proteins with which ketene usually react are free amino, 
phenolic hydroxyl, and sulfhydryl groups. In order to test the role of sulf-
hydryl groups, the authors reacted the toxin with /?-chloromercuribenzoic 
acid and iodosobenzoic acid at about 100 moles per mole of toxin. About 
32% toxin inactivation was achieved with the former reagent. Iodosoben
zoic acid had no effect on the toxin. This appeared to have ruled out in
volvement of sulfhydryl groups. The rapid inactivation of the toxin by 
ketene suggested a primary reaction with amino groups. The reduction in 
free amino groups was continuous throughout the inactivation, whereas 
there was no measurable O-acetylation until a considerable detoxifica
tion took place. It was hypothesized that the essential groups are the 
most reactive to ketene, that they are few in number, and that either a-
amino groups or a few of the e-amino groups are involved (Schantz and 
Spero, 1957). They however, indicate that cautious use of their data is in 
order. They point out that if a very small number of phenolic hydroxyl 

Exposure t ime (seconds) 

F I G . 8. The effect of ketene on the toxicity of botulinum toxin type A. The gas was intro
duced over the surface of 0.25-ml samples of toxin in 2 cm diameter vials. Reprinted from 
Schantz and Spero (1957). 
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F I G . 9. The inactivation of botulinum toxin type A by nitrous acid. Toxicity data are plot
ted logarithmically against time. Open circles, experiment 1; closed circles, experiment 2. 
Reprinted from Schantz and Spero (1957). 

groups are essential in each molecule, O-acetylation of these groups might 
go undetected in their chemical determination. 

In another study, Spero and Schantz (1957) further pursued the hy
pothesis of the critical role of free amino groups in the toxicity of botu
linum toxin. The toxin was treated with nitrous acid. This reaction, when 
carried out in the presence of excess nitrite, has been proposed (Little 
and Caldwell, 1943) as a means of distinguishing between free amino and 
phenolic hydroxyl groups on the basis that the reaction with tyrosine 
either as the free amino acid or in proteins containing phenolic hydroxyl 
groups is slow and of the first order whereas the deamination of amino 
groups proceeds much more rapidly and is of the second order. Botulinum 
toxin was inactivated by nitrous acid in a first-order reaction. It was also 
shown that under these conditions deamination of simple amino acids 
such as alanine is also of first order. Consequently, the first-order kinetics 
observed for the inactivation of botulinum toxin with nitrous acid in the 
presence of excess nitrite are consistent with the kinetics of deamination 
of simple amino acids. 

These studies weakened the proposal that reaction with nitrous acid 
distinguishes between free amino and phenolic hydroxyl groups, since 
both reactions can follow first-order kinetics. The only valid criterion was, 
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therefore, the rate of the reaction. This, by itself, is insufficient to affix 
reactivity to a specific group. The reaction does, however, have some 
merit in this regard for there is a significant difference between the rate of 
deamination and the rate of substitution into the tyrosine ring. The rate 
of inactivation of the toxin by nitrous acid (half of the activity lost within 
35 minutes) was considered to be comparable to the rate of deamination 
of simple amino acids and rapid as compared with the half-life of tyrosine 
in the substitution reaction. These data, coupled with the evidence from 
the reaction of the toxin with ketene, indicated to these authors the es
sential nature of the amino groups of the toxin. 

Stefanye et al. (1964) investigated the effects of a series of guanidinium 
salts on the toxicity of botulinum toxin and the mechanism through which 
denaturation by these salts occurs. The authors observed that some salts 
in low concentrations inactivated the toxin, while others even in high con
centration had no effect (Table XIII). Guanidinium salts are thought to 
affect the conformation of the protein molecule. Why some of the guanidi
nium salts inactivated the toxin while others did not was not made clear in 
this report. 

Photooxidation is a useful method in the study of inactivation of var
ious enzymes and viruses and is used in correlating the activity with 
chemical structure of the protein. Photooxidation by visible light in the 

T A B L E X I I I 

I N A C T I V A T I O N OF B O T U L I N U M T O X I N BY G U A N I D I N I U M S A L T S " 

Anion of guanidinium salt Concentration for 5 0 % inhibition (M) 

Benzoate 0.1 
raesoTartrate < 1 
Phthalate < 1 
Thiocyanate 0.75 
Monohydrogenphosphate ( H P 0 4

2
 ) 0.8

ft 

Fluoride 0.9 
Glutarate 0.9 
Acetate 0.9 
Malonate 0.9 
Citrate 1.25 
Fumarate 1.4 
Chloride 2.0 
D,L-Tartrate 2.25 
Mai ate 3.3 
Succinate 3.3 
Oxalate > 3 * 
Dihydrogenphosphate ( H 2P 0 4~ ) >3 .6" 
Sulfate >4

b 

Urea 6 

"Reprinted by permission from Stefanye et al. (1963). 
Saturated solution. 
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T A B L E X I V 

I N F L U E N C E OF P H O T O O X I D A T I O N OF B O T U L I N U M T Y P E A O N T O X I C I T Y 

0 2 uptake/5.25 mg 
of toxin 

(mm

3
) 

Mole of Oo/mole 
of toxin'' 

Irradiation 
time 

(minutes) 
Toxicity, 
( L D5 0/ m l ) 

Decrease in toxicity 
(%) 

0 0 0 55.5 x 10

6 
0.00 

3 23 5 6.5 x 10" 88.3 
5 39 10 0.8 x 10

s 
98.6 

8 62 13 0.33 x 10

6 
99.4 

12 93 19 0.033 x 10

6 
99 .94 

30 232 42 5.5 x 10

2 
99.999 

"Reprinted by permission from Weil, et al., (1957). 
^Calculated on the basis of 900 ,000 as the molecular weight of the toxin. 

presence of methylene blue or other electron acceptor dyes modifies cer
tain amino acids without cleaving peptide bonds (Weil et al, 1957). Weil 
studied the effects of photooxidation on the biological activity of crystal
line toxin type A. The toxin preparation—at pH 7 in 0.4 M phosphate 
buffer in the presence of methylene blue— was exposed to visible light for 
various time intervals. The decrease of toxicity was rapid and dramatic 
(Table XIV). Detoxification was accompanied by only a slight reduction 
in the capacity of the toxin to fix complement and precipitate with specific 
antiserum. No analytical data were reported relating the changes in the 
amino acid composition to the loss of toxicity, but on the basis of previous 
experience with enzymes, and because of the rapidity of the reaction, 
Weil et al (1957) speculated that the toxicity loss might be due to a modi
fication of the histidine present. Photooxidation at neutral or near-neutral 
pH's affects, besides histidine, tyrosine, tryptophan, methionine, and cys
teine residues. Sluyterman (1962) demonstrated that photooxidation of 
free amino acids is pH dependent and that at pH 3.8 and lower only tryp
tophan, methionine, and cysteine are modified. DasGupta and Boroff 
(1965) were able to show that this increased specificity of photooxidation 
holds true for amino acid residues in proteins. Following this observation, 
when preparations of crystalline toxin type A, which are quite stable in 
the pH range 1-8, were photooxidized at pH 3.8 in the presence of meth
ylene blue (Boroff and DasGupta, 1964) there was a 99% decrease in tox
icity within 120 minutes. Amino acid analysis for tryptophan showed dis
appearance of 3 3 % of this amino acid (Fig. 10). About 14 moles of 
methionine, however, were also modified. No definite conclusion as to the 
role of tryptophan could be reached because of the concomitant disap
pearance of methionine during photooxidation. Hydrogen peroxide under 
certain conditions modifies methionine preferentially. Hydrogen peroxide 
applied by the procedure described by Neumann et al (1962) did not re
duce the activity of toxin preparations but oxidized 42 moles of the methi
onine residues. This observation led to the conclusion that the hydrogen 
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peroxide-oxidized methionine residues played no part in toxicity. The 
complement fixation observed by Weil et al (1957) with treated samples 
could be ascribed to the presence of hemagglutinins which were not af
fected by the process and which subsequently reacted with the antibodies 
in the anti-crystalline toxin serum. 

A reagent, 2-hydroxy-5-nitrobenzyl bromide (HNBB), which preferen
tially modifies tryptophan and, to a lesser extent, cysteine residues 
(Koshland et al, 1964), reacts with crystalline toxin to reduce toxicity by 
99% in 30 minutes; it modified 17.8 out of 77.2 moles of tryptophan per 
mole of toxin (Table XV; Fig. 11). This treatment, as in photooxidation, 
resulted in the loss of the ability of the toxin to stimulate protective anti
body formation (Boroff and DasGupta, 1966). HNBB also reduced the 
number of precipitation lines to one from the usual two obtained when 
crystalline toxin reacts with its specific antiserum in the Ouchterlony gel 
double diffusion tests. The treated preparation did not lose the ability to 
precipitate the antiserum. It was shown, however, that the latter reaction 
was due to the (3 component (the hemagglutinin), which apparently was 
not affected by either HNBB or photooxidation and retained its serologi
cal activity. It was thus postulated that tryptophan residues in the type A 
botulinum toxin were either located in or were contributing to the forma
tion of reactive sites involved in the maintenance of toxicity as well as in 
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the formation of antigenic determinants responsible for the formation of 
neutralizing and protective antibodies. 

Support for this hypothesis was obtained when it was noted that the 
toxin fluoresces in the wavelength characteristic of tryptophan (350 m/x) 
when activated by ultraviolet light (285 HI/JL). That the toxin fluoresces is 
not itself remarkable. All proteins fluoresce due to the presence of the 
three aromatic amino acids tryptophan, tyrosine, and phenylalanine. 
Tryptophan, however, supplies the greatest part of the fluorescence. The 
significant finding was that all reagents and procedures which destroyed 
fluorescence also affected toxicity (Boroff and Fitzgerald, 1958; Boroff, 
1959). The converse, however, did not hold true because toxicity could 
be destroyed without affecting fluorescence. This was shown by Schantz 
et al. (1960) when they added 6 M urea to a solution of crystalline toxin 
and observed a loss of toxicity without a corresponding loss of fluores
cence. This they interpreted to mean that the hypothesis linking trypto
phan to toxicity was not valid. This conclusion is not wholly warranted. 
Urea modifies the conformation of a protein molecule by breaking hydro
gen bonds. Since a reactive site of a protein may depend upon its confor
mation, the disturbance of the tertiary structure of the toxin may result in 
toxicity loss, and since urea does not modify tryptophan residues, fluores
cence may not be diminished. This may be the case with botulinum toxin. 

The observation made by Kindler et al. (1956) that in chemically de-

M o l e s H N B B / m o l e t ryptophan 

F I G . 11. Effects of 2-hydroxy-5-nitrobenzyl bromide on toxicity and tryptophan residues 
of the toxin of CI. botulinum type A. Tryptophan assay by Spies and Chambers method; tox
icity assays by intravenous injection in mice. Reprinted from Boroff and DasGupta (1966). 
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T A B L E X V 

A M I N O A C I D M O D I F I C A T I O N ON T R E A T M E N T OF T O X I N OF CI. botulinum T Y P E A 

W I T H 2 - H Y D R O X Y - 5 - N I T R O B E N Z Y L B R O M I D E

0 

Moles amino acid per 
mole toxin

c
 Difference** 

Amino acid

b 
Control Reaction 

from control 
(%) 

Lysine 468.7 465.7 - 0 . 6 2 
Histidine 61.7 63.7 + 3.20 

Arginine 237.6 231.0 - 2 . 7 
Aspartic acid 1517.1 1523.1 + 0.39 
Threonine 430.3 428 .9 - 0 . 3 2 

Serine 415 .2 423.3 + 1.95 
Glutamic acid 710 .0 717.1 + 1.0 

Proline 236.1 237.0 + 0.38 
Glycine 349.4 344.6 - 1.30 
Alanine 319.1 322.7 + 1.12 
Valine 424 .2 434 .4 + 2.4 
Isoleucine 760 .0 763.7 + 0.48 
Tyrosine 439 .9 443 .4 + 0.79 
Phenylalanine 360.0 364.1 + 1.09 
Leucine

6 
708 .0 708.0 — 

Cysteine + cys t ine

/
 as 

cysteic acid 71.7 55.4 - 2 2 . 7 
Methionine sulfone

/ 
74.5 74.0 - 0 . 6 6 

"Reprinted by permission from Stefanye, et al. (1964). 
T h e figures for concentration of amino acids are not to be taken as absolute values, but 

as we are concerned with values of these amino acids in reaction and control, they are of 
importance as relative concentration. c

Molecular weight of toxin as 900000 . d
T h e error in the automatic analyzer is ± 3 %. 

T h e relative molar quantities of amino acids were calculated by assuming that /xmoles 
of leucine correspond to 708 residues per molecule. This value of leucine is from Buehler 
et al. (1947). 

'Data from performic acid oxidation. 

fined medium CI. botulinum needs ten times as much L-tryptophan to 
become toxigenic than is needed for maximum growth is interesting. 
While the actual incorporation of this amino acid into the toxin has not yet 
been proven, its requirement for toxin formation is intriguing. 

The role of tryptophan in the reactive site of botulinum toxin was chal
lenged by Gerwing et al. (1965b), who contended that on amino acid anal
ysis of their low molecular weight botulinum toxin they could not 
demonstrate the presence of tryptophan; also, since treatment of the toxin 
with /?-chloromercuribenzoic acid destroyed its activity, they (Gerwing et 
al., 1965b) concluded that cysteine is more likely to be of importance in 
the reactive sites of the toxin. That cysteine may participate in the forma-
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tion of the reactive sites cannot at the present time be readily ruled out. 
Schantz et al. (1960) reported a 30% reduction of toxicity after treatment 
of crystalline toxin with PCMB and iodoacetate while we, using the same 
reagents, observed no such reduction. Nevertheless, the two procedures 
which were used by us to modify tryptophan (photooxidation and treat
ment with HNBB) affect cysteine as well as tryptophan, although cys
teine reacts at a much slower rate. The loss of toxicity, however, is rela
tively rapid (Boroff and DasGupta, 1964, 1966). Nonetheless, 
participation of cysteine in the formation of reactive sites cannot yet be 
ruled out, nor can possible tryptophan involvement. In our hands, the low 
molecular weight substance, described by Gerwing et al. as the toxin, 
fluoresced at the wavelength characteristic of tryptophan, as did compo
nent a. So did the samples of supposedly low molecular weight toxin Dr. 
Gerwing sent to us. Therefore, the absence of tryptophan residues as 
claimed by Gerwing et al. is not substantiated (Boroff et al., 1968). The 
current concept of a reactive site envisages a number of amino acids in 
various places in the peptide chain brought into proximity by intramolecu
lar forces. Thus it is possible that both tryptophan and cysteine, and per
haps some amino groups of additional amino acids (Spero and Schantz, 
1957), are a part of this reaction site. 

X I I . S i t e o f A c t i o n 

Neurological symptoms invariably observed in botulinum intoxication 
directed attention to various functional disturbances in the peripheral 
nervous system (Schubel, 1921). The particular sites of intoxication 
were described by Dickson and Shevky (1923) and Edmunds and Long 
(1923) who pointed out the similarity between the sites of action of 
the botulinum toxin and those of acetylcholine. They further showed 
that motor paralysis observed in intoxication was not due to a block
age of impulses along the nerve trunk but was the result of the action of 
the toxin on the nerve end organs (myoneural junction). This was 
later confirmed by Guyton and MacDonald (1947) and Ambache (1949). 
These authors demonstrated that botulinum toxin produces a complete 
paralysis of the cholinergic nerve fibers at the point of release of acetyl
choline. There are two sets of cholinergic transmission points in the auto
nomic system, the synaptic ganglia and the parasympathetic motor end 
plates peripherally located in the junction between the nerve and cell 
fibers. Both types of transmission sites are affected by botulinum toxin. 
The adrenergic (sympathetic) nervous system appears to be unaffected. 
In the whole animal, death occurs from suffocation following paralysis of 
such respiratory organs as the diaphragm. Stover et al. (1953) also dem-
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onstrated the effect of the toxin upon motor end plates at cholinergic sites 
and concluded that the action of the toxin was to inhibit acetylcholine 
formation. 

Localization of the action of the toxin at cholinergic synapses permits 
examination of the nerve block for pre- or postsynaptic effect of the 
toxin. Irrespective of whether the stimulus was electric or chemical, the 
direct application of acetylcholine to the muscle fiber produced normal 
impulse conduction in peripheral nerves and postsynaptic excitability of 
the muscle fibers after poisoning (Ambache, 1949; Brooks, 1954). The 
latter revealed the difference between botulinum toxin and curare poison
ing. The toxin's presynaptic action was established by the presence of a 
full complement of acetylcholine in the vesicles of the nerve endings in 
intoxicated animals; only the release of the acetylcholine was inhibited 
(Brooks, 1954, 1956; Burgen et al, 1949). That neither synthesis nor the 
nature of the transmitter was impaired was evident from the observation 
that on electrical stimulation a normal amount of acetylcholine was re
leased (Brooks, 1954). Since the toxin had no effect upon cholinesterase 
(Ambache, 1949; Burgen et al, 1949) and since muscle fibers belonging 
to one motor unit fail one at a time (Brooks, 1954; Burgen et al, 1949), it 
appears that the toxin acts upon individual motor nerve terminals. The 
action is gradual and continues to the diminution of the end-plate potential 
to an irreducible quantity unit called miniature end potential. 

The best explanation at present for the suppression of acetylcholine 
release is that the toxin acts on the acetylcholine release mechanism. The 
mechanism of this suppression is still obscure. That the toxin has no effect 
upon acetylcholine is confirmed by the observation that nonneural acetyl
choline release from Lactobacillus plantarum is unaffected by the toxin 
(Stevenson, 1958). The events leading to paralysis of the mechanism of 
synaptic transmission are probably of a chemical nature. The evidence for 
this is the high temperature coefficient demonstrated by a significant re
duction in the latency which accompanied increase in temperature of a 
nerve-muscle preparation exposed to toxin in vitro. 

Visualization of the toxin at the myoneural junction by electron micros
copy was attempted by Zacks et al. (1962) who by attaching ferritin gran
ules on botulinum type B toxin succeeded in demonstrating the granules 
in synapses of the nerve endings and the muscle cells. The controls in
jected with the ferritin alone or with ferritin adsorbed to unrelated protein 
exhibited only occasional granules in these loci. Zacks and Sheff (1968) 
also described in vitro experiments with fractionated and crude fluores
cence-labeled botulinum toxin. The toxin was incubated with sections of 
various tissues. After thorough washing, the preparations were examined 
in the ultraviolet microscope. It is of interest that only unfractionated 



1. B O T U L I N U M TOXIN 47 

crystalline toxin was found to bind with brain and spinal cord tissues. The 
dissociated toxin moieties of 70,000-150,000 molecular weight were not 
found in these tissues but were found adsorbed to sarcolemma and struc
tures resembling end plates in size, shape, and location on skeletal mus
cles. 

While the mechanism of the inhibition of the release of acetylcholine is 
unknown, it is nevertheless generally accepted that the action of botu
linum toxin is on the peripheral nerve endings. What is not yet established 
is whether the toxin affects other parts of the nervous system and other 
organs. Kupaev (1938) expressed the view that the primary loci of toxin 
fixation are the connective tissues and the tissues of the reticuloend
othelial system. From there the toxin spreads to other organs and the 
endothelium of the vasculated nervous system. Steinberg (1959) thought 
that botulinum toxin affected the central nervous system and penetrated 
the blood-brain barrier by changing the permeability of the blood 
vessels. The effect of the toxin on smooth muscles of blood vessels 
was demonstrated by Winbury (1959) who noted that these muscles are 
not enervated by the cholinergic nerve system. Other investigators found 
the toxin in the brains of both experimentally injected animals and human 
victims of botulism. Lazarick et al. (1937) and Matveev and Bulatova 
(1948) searched for the toxin in the brain by extracting tissue homoge-
nates. Since they found no toxin in the supernates of these homogenates, 
Matveev postulated that the toxin is fixed in the tissues. This view was 
supported by Michailov (1956a,b) who found botulinum toxin in the cen
tral nervous system and by the similar observation of Polley et al. (1964) 
who also studied the effects of botulinum toxin on the central nervous sys
tem. Finally, Vicks et al. (1966) and Simpson et al. (1967), the former 
studying the action of the toxin on the central nervous system in monkeys 
and the latter in cats and rabbits, described signs of cortical depression in 
intoxicated animals manifested by the leveling and disappearance of brain 
waves as measured by electroencephalography. Subsequent attempts by 
Simpson (1968), in which he repeated his experiments using purified prep
arations obtained from the crystalline toxin type A (a and /3 fractions), 
failed to confirm these effects. 

Shapiro and Nikolenko (1937) and Coleman (1924) were of the opinion 
that toxin found in the brain originated in brain capillaries. Zacks et al. 
(1962) also failed to find toxin in the brain or to show that brain tissue 
fixed toxin. By fluorescent antibody techniques, he demonstrated that 
fixation occurred only at the peripheral nerve endings. However, the clini
cal manifestations of botulism and the evidence advanced by investigators 
cited above do not yet allow the total rejection of the central nervous sys
tem as a site of toxin action. 
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X I I I . M o d e o f A c t i o n o f B o t u l i n u m T o x i n 

Though it is firmly established that botulinum toxin is a highly effective 
agent in blocking neural transmission at cholinergic synapses (Ambache, 
1949; Burgen et al., 1949; Brooks, 1954; Thesleff, 1960) where it inter
feres with the presynaptic release of acetylcholine (Burgen et al., 1949; 
Brooks, 1954, 1956), the mechanism of this inhibition has not yet been 
established. It was pointed out above that modification of tryptophan 
residues in the toxin was invariably followed by the disappearance 
of toxicity. The relation of tryptophan to toxicity directed attention 
to substances similar to tryptophan which would be involved in nerve 
function and be present in the body. A substance which fulfilled these 
requirements is serotonin. Indeed, when serotonin was injected intra
venously into animals 30-60 minutes before toxin administration, these 
mice survived significantly longer than a group that received no sero
tonin injection (Tables XVI and XVII). Serotonin, according to Wooley 
(1958) is a transporter of calcium ion through cell membranes. The 
work of del Castillo and Starke (1952) and Katz and Miledi (1965) has 
shown that the number of quanta of acetylcholine released per nerve 
impulse is a function of the extracellular concentration of calcium ions. 
Simpson and Tapp (1967) reported that acetylcholine release was directly 
dependent upon the calcium-to-magnesium ratio. With these observa
tions in view, we suggested that botulinum toxin in some way antagonizes 
calcium ion transport by serotonin. Under depletion of calcium ion, the 
end plate does not release acetylcholine and the muscle fiber fails to con
tract. This hypothesis is supported by TheslefFs finding (1960) that the 
end plate potential could be temporarily restored by doubling the concen
trations of calcium ion bathing the intoxicated nerve muscle preparation. 
Addition of serotonin to the physiological bath produced no effect upon 
the preparations (Simpson et al., 1967). 

At least 30-60 minutes had to elapse between serotonin and toxin 
administration before serotonin action became manifest; it is possible 
that an active derivative of serotonin had to be produced in this case. 
This could explain the failure of serotonin to act in vitro, as well as the 
lag period. That this lag was not due to simple vasoconstriction, which 
serotonin produces in some animals, and that the prolongation of sur
vival time is not a result of retention of the toxin in the circulation, 
was shown by administration of vasopressin followed by serotonin 
and toxin. No change in survival time was noted (Boroff and Fleck, 
1967). A number of other serotonin derivatives had a similar action, but 
not as pronounced and in varying degrees. There is, however, no direct 
evidence to support our hypothesis that the toxin competes with sero-
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T A B L E X V I 
E F F E C T S OF T I M E I N T E R V A L B E T W E E N S E R O T O N I N A N D B O T U L I N U M T O X I N 

A D M I N I S T R A T I O N O N T H E S U R V I V A L T I M E OF M I C E " 

Interval between Survival time 
serotonin and toxin (minutes) 

administration

6 
Range Average M L D ' 

Immediately after 16-18 17 8 X 10

5 

serotonin 
30 minutes later 32 -36 .5 35 1.2 x 10

5 

60 minutes later 3 9 - 4 5 42 6.0 x 10

4 

Toxin alone 2 4 - 2 7 25 3.6 x 10

5 

"Reprinted by permission from Boroff and Fleck (1967). 
''Crystalline botulinum toxin Type A was injected IV, 0.1 ml/mouse, and serotonin IP, 

1.0 mg/mouse. Toxin concentration was calculated from standard curve of the relation of 
toxin concentration to survival time. Six mice were used in each group. C

M L D , minimal lethal dose for 20-gm albino mice. 

T A B L E X V I I 
D O S E R E S P O N S E OF M I C E I N J E C T E D W I T H S E R O T O N I N TO B O T U L I N U M T O X I N " 

Survival time 
(minutes) 

Serotonin concentrate

6 
Equivalent in 

(mg/mouse) Range Average M L D

C 

1 5 9 - 6 4 62.5 8 x 10

3 

0.5 5 0 - 5 5 53.5 1.8 x 10

4 

0.1 4 4 - 4 7 45 .0 4.2 x 10

4 

0.05 4 2 - 4 6 44 .0 7.4 x 10

4 

0.005 3 3 - 3 7 35.0 1.3 x 10

5 

Toxin alone 3 2 - 3 7 36.0 1.2 x 10

5 

"Reprinted by permission from Boroff and Fleck (1967) . 
''Serotonin was injected IP and followed 30 minutes later by IV injection of 0.1 ml of crys

talline toxin of C. botulinum Type A. Six mice were used in each group. f
M L D , minimal lethal doses for 20-gm albino mice. 

tonin or some of its derivatives for a combining site on the nerve cell. 
Such a working hypothesis, however, is useful as an approach to the study 
of the chemistry and mode of action of the toxin on the sensitive tissues. 

X I V . B o t u l i s m a s a n I n f e c t i o n 

The view first expressed by van Ermengen that botulism is a disease 
due primarily to the ingestion of spoiled foods containing preformed toxin 
and that the organisms, unless they find themselves in special conditions 
in which they can produce toxin, are harmless saprophytes is still ac-
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cepted. Study of culture characteristics and toxigenicity of CI. botulinum 
convinced van Ermengen that the optimum temperature for growth and 
toxin production was in the range of 25-30°C, and that at body tempera
ture the organisms appeared as filamentous and produced very little toxin. 
This convinced van Ermengen that CI. botulinum or its spores could nei
ther germinate nor proliferate in the body. This belief persisted for almost 
two decades during which many attempts to induce the growth of the or
ganisms and spores, introduced by various routes, in warm-blooded ani
mals failed (Armstrong et al., 1919; Bullock and Cramer, 1917). Studies 
by other investigators yielded evidence that this may not be the case. Iso
lation of many new strains of the organism in laboratories of different 
countries showed that good growth and much toxin could be obtained 
with many strains grown at 37°C (Dubovsky and Meyer, 1922). Dickson 
and Burke (1918) by intravenous injection of spores succeeded in isolat
ing viable organisms from various organs of the experimental animals. 
Similarly, Orr (1922) using spores freed from toxin and vegetative orga
nisms obtained by heating the culture at 80°C for 60 minutes produced 
typical symptoms of botulism in the infected animals. Although similar 
results were obtained by Geiger et al. (1922), the analysis of their findings 
convinced these authors that the ingestion of the massive numbers of 
toxin-free spores needed to produce an infection was too great to be nor
mally present in contaminated food. However, Schoenholz and Meyer 
(1923) fed heated canned peas and corn containing spores of CI. botu
linum to guinea pigs to produce typical botulinum intoxication. They at
tributed their success in producing the disease to the protective action of 
the vegetable matter which permitted the spores to germinate in the intes
tines of the animals. 

At present, Russian investigators are the chief proponents of the view 
that botulism is a toxicoinfectious process. Of note is the work of Miner-
vin and his collaborators (Minervin and Kotliarvoskaya, 1937; Minervin 
and Zilberman, 1937) who described the isolation of viable CI. botulinum 
and toxin from organs of animals fed food containing organisms and 
spores. Matveev (1938) also reported a symptomless botulinum infection 
which he induced in several species of animals by subcutaneous injection 
of heated spores and organisms. Ten to 30 days later, by either surgical 
trauma or by the intravenous injection of solutions of ferric chloride, 
Matveev succeeded in exacerbating typical botulinum in these animals. 
His explanation for this phenomenon was that injection of spores and 
killed organisms induced formation of small amounts of antibodies which 
in turn were sufficient to control and inhibit spore germination and conse
quently toxin formation. Surgical or chemical trauma by lowering the 
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animal's resistance removed this inhibition permitting growth and prolif
eration of the Clostridia. 

Minervin (1966) suggested that one of the typical manifestations of 
botulism, constipation, may at times favor the proliferation of CI. botu
linum in the gastrointestinal tract of the victim and supplement the al
ready ingested toxin by de novo toxin formation. His theory does not re
quire the actual invasion by the organisms of other organs. According to 
him, one of the conditions for the development of the infectious process is 
the presence of a small "sensitizing" amount of toxin in the spore-con
taminated food. 

Lamanna and Carr (1967) are not in accord with the toxicoinfectious 
theory of botulism because of the lack of evidence that CI. botulinum has 
the power to invade and establish itself in the intestine. Neither is the pro
longed persistence of the toxin in the blood accepted as evidence of de 
novo toxin formation. Many proteins injected into the blood stream may 
be demonstrated there for a long time afterward. Minervin's claim (1966) 
that the changes in the phagocytic index is evidence for the persistence of 
toxin in the body also met with much criticism. The phagocytic index is of 
limited value because of its lack of specificity, and it often gives contradic
tory results (Matveev, 1948); according to Freeman (1961) this index is 
irrelevant to the disease. The arguments against the toxicoinfectious na
ture of botulism are weakened, however, by observations made in the 
course of the disease. These observations fail to explain the presence of 
organisms and spores in the organs of animals fed with cultures of the 
organisms, sacrificed before death, and immediately autopsied 
(Schvedov, 1959). Furthermore, the toxicoinfectious theory of botulism 
offers an explanation for the prolonged incubation periods occasionally 
noted between ingestion of the contaminated food and the appearance of 
symptoms, and also for the cases which, after being discharged as cured, 
are readmitted with grave exacerbation of the disease (Matveev, 1938). 

It is not too rare for those working with botulinum intoxication to ob
serve animals apparently recovering from the disease to be found very 
sick or dead the next morning. Our experience was with mallard ducks 
(Anas platyrhynchos platyrhynchos) and least terns (Sterne ablifrons 
antillarum) during an epidemic of botulism among aquatic birds described 
by Reilly and Boroff (1967) where a number of birds with proven botulism 
poisoning were salvaged. After receiving injections of specific type C 
botulinum antiserum, the birds appeared to recover. A number of these 
birds became sick again and subsequently died. On autopsy, organisms 
and toxins of CI. botulinum were recovered from their organs. 

While incompleteness of records from various laboratories, the diver-
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sity of methods used, and the conflicting results obtained in the efforts to 
test the toxicoinfectious nature of botulism give rise to much controversy, 
it is premature to dismiss this theory. The importance of understanding 
the pathogenesis of the disease is self evident and clearly warrants further 
studies of this question. 

X V . T o x i n a s A n t i g e n 

Botulinum toxin makes an excellent antigen for antitoxin production. 
As little as 0.001 mg of the crystalline type A toxin in the form of toxoid 
will induce antibody formation in a mouse which will solidly protect 
the animal from many such doses of the active toxin (Hottle and Abrams, 
1947). The untreated toxin cannot be used for this purpose because 
injections of several sublethal doses even before they reach the total 
of 1 MLD will kill the animal; this phenomenon is explained by Matveev 
(1959) as due to the sensitizing property of botulinum toxin and the 
lowering of the animal's resistance to it. In spite of the small amount 
of the toxin required for the antitoxin formation, victims of botulism do 
not develop antibodies (Dickson, 1926-1927). Weinberg and Goy (1924) 
were the first ones to attempt to immunize horses with formalin-detoxi
fied botulinum toxins types A and B, either subcutaneously or per os, 
and obtained high titer protective antisera by the former method. Thera
peutic botulinum antitoxins were prepared by Elisuisky and Towarov 
(1938) who demonstrated that a potent antigenic toxoid could be pro
duced by the addition of 1-1.5% formalin and incubation of the mixture 
for 5 days at 39.5°C. The first toxoid for human immunization was also 
reported from Russia by Velikanov (1934). 

Most of the effective toxoids were obtained by detoxification with the 
aid of various concentrations of formalin which, while apparently com
pletely inhibiting toxicity, did not impair the antigenicity of the prepara
tion. All earlier toxoids were prepared from crude culture filtrates freed 
from the organisms and debris by various means. Purification of the tox
ins permitted preparation of toxoid freed from irrelevant antigens without 
in any way impairing protective antibody formation. On a weight basis, 
toxoided crystalline toxin was 2400 times more antigenic than crude ma
terial (Hottle and Abrams, 1947). Nigg et al. (1947) investigated condi
tions leading to formation of potent toxoids. The culture medium em
ployed by these workers was a tryptic digest of casein, corn steep liquor, 
and dextrose. The pH of the medium was adjusted to 7.5. In the selection 
of toxins for toxoid production, attention was paid to the flocculating po
tency of the toxins rather than the toxicity. It was found that the best floc
culating values (Lf) were obtained when 4 - 5 % pepticase was present in 
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the medium. It was also noted that the optimum pH at which detoxifica
tion could be accomplished without a decrease in antigenicity was be
tween 5.6 and 5.8. The concentration of formalin was 0.8% for type A 
and 0.6% for type B toxin. For immunization, these toxoids were ad
sorbed on 7-8 mg/ml aluminum phosphate. The flocculation reaction for 
the estimation of the antigenic potency of botulinum toxin, according to 
Lamanna and Glassman (1947), is not of great value. In their opinion, this 
reaction only indicates loss of solubility. Indeed, some of the types of 
botulinum toxin, namely type E, when activated from protoxin state lose 
their ability to flocculate with specific antisera. The ability to induce anti
body formation is not, however, lessened (Sugiyama etal., 1967). 

The modern method for toxoid production from five known types of 
botulinum toxin was developed at Fort Detrick where toxins from the cul
tures of these organisms were obtained by alcohol or ammonium sulfate 
precipitation, extraction with calcium chloride, repeated reprecipitation 
with alcohol in the cold, and subsequent resolution into an appropriate 
buffer system (Duff et al., 1957 a,b; Fiock et al., 1963). The toxins were 
converted into toxoid by the addition of 0.06% formalin and incubated at 
37-38°C at pH 5.5-6.5 for 15-25 days. The fluid toxoids were adsorbed 
on aluminum phosphate by the method described by Holt (1950), 1 ml of 
formal toxoid containing 7 mg of the adsorbent. The antigenic response to 
these toxoids was determined by serum neutralization and testing of the 
mixture in mice. The effect of schedules of primary antitoxin responses 
was described by Fiock et al. (1963). The percentage of individuals hav
ing demonstrable titer following an initial series of injections depended 
upon the immunization schedule. Injections at 0, 2, and 12 weeks pro
duced the greatest response (Table XVIII). Marked booster responses 
were obtained in all cases irrespective of primary immunization sched
ules. A 12-month interval between the last toxoid injection and booster 
administration appeared to be more effective than shorter intervals. Evi
dence was obtained that types A and B titers were maintained at satisfac
tory levels for as long as 2 years after primary immunization. The same 
authors (Fiock et al., 1963) also investigated the effects of combined diva
lent AB toxoid as well as pentavalent toxoids containing partially purified 
formalin-inactivated toxin of types A, B, C, D, and E also adsorbed on 
aluminum phosphate. Good antibody response to all antigens was found 
12 weeks after the initial injection. Fifty-two weeks later there were still 
demonstrable circulating antibodies in the sera of some individuals. A 
booster injection of the pentavalent toxoid raised the titers of these anti
bodies above the level usually obtained after primary immunization. The 
toxoid prepared at Fort Detrick seldom produced untoward reaction in 
the immunized individuals. The antibody titers obtained with pentavalent 
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T A B L E X V I I I 

A N T I T O X I C R E S P O N S E O F M A N TO P E N T A V A L E N T T O X O I D A B C D E - 1

q 

Percent with Portion (units/ml of serum) 
Bleeding measurable 

time Type titers Median Range 

12 weeks A 65 0.05 < 0 . 0 2 - 0.3 
after first B 82 0.03 < 0 . 0 0 5 - 0.2 
injection C 88 0.2 < 0 . 0 2 - 1.2 

D 47 < 0 . 1 6 < 0 . 1 6 - 1.9 
E 94 0.3 < 0 . 0 1 2 5 - 2.0 

8 weeks after A 100 0.6 0.03 - 6.4 
booster B 94 0.1 < 0 .005 - 1.3 

C 100 1.2 0.1 -13 .3 
D 100 4.0 0.5 - 5 1 . 2 
E 100 8.0 0.3 -80 .3 

"Reprinted by permission from Fiock et al. (1963). 

Groups of 30 persons were immunized with pentavalent toxoids 6, 7, and 8 on a 0 - 2 - 1 2 -
week schedule; a 0.5-milliliter booster was given 52 weeks after the initial injection. All 
individuals were bled 14 and 52 weeks after the initial injection and 8 weeks after the 
booster. Antitoxin titers were determined for each type on each serum. 

toxoids for each of the types of toxin were, however, not as high as that 
obtained with individual type toxoids. A mixture of botulinum, tetanal, 
and diphtheria toxoid neither enhanced nor diminished titer of antibodies 
to each of the constituents of the mixture (Rice et al, 1947), but addition 
of pneumococcus polysaccharides tended to diminish antibody response. 

The best schedule for man is 0, 8 or 0, 10 weeks, with the booster injec
tion 52 weeks later. This schedule results in production of high protective 
antibody titers in the serum. In cases where establishment of active im
munity is desired, two injections of the toxoid, either adsorbed on alumi
num sulfate or mixed with equal volume of Freund's adjuvant, appear to 
be sufficient. In our experiments, animals immunized by this method ac
quired resistance to as much as 100,000 mouse MLD. Another schedule 
for immunization which results in a high antibody titer has been suggested 
by Williams and Chase (1967). Their method consists of an initial injec
tion with unadsorbed toxoid followed by a rest period until no more circu
lating antibody is demonstrable. The injection is then repeated, but this 
time an adjuvant is added. According to them, this procedure will result in 
high antibody titers. 

An interesting observation was made by Zhuk (1964) who noticed that 
injection of type A toxoid increased the concentration of toxin injected 
immediately after to that required to kill an untreated mouse. This obser-
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vation indicated a possible existence of a competition between the toxin 
and the toxoid for the same combining sites on the nerve cell. This phe
nomenon warrants further investigation because it suggests the possibility 
that the sites on the toxin molecule responsible for attachment to the vic
tim's target and the toxic sites on the molecule are not the same. 

X V I . E f f e c t s o f C h e m i c a l a n d P h y s i c a l A g e n t s o n t h e T o x i n o f 

CI. botulinum 

Due to its importance in food poisoning, it was natural that the stability 
of the toxin upon exposure to various chemical and physical conditions be 
a topic of numerous studies throughout the world, yielding voluminous 
literature on the subject. Early in these studies, it became abundantly 
clear that resistance of the toxin to a particular agent is dependent upon 
the serological type of the toxin, temperature, pH, as well as the presence 
or absence of one or another element in the medium in which the stability 
of the toxin is tested. 

As early as 1924, Schoenholz and Meyer, in their study of the effects of 
direct sunlight, diffuse light, and heat on potency of botulinum toxin in 
various culture media and vegetable products, came to the conclusion that 
exposure to direct sunlight destroyed types A and B toxin within 120 
hours, the time depending upon the concentration of the toxin. If the tox
ins were protected against air, the destruction proceeded at a significantly 
slower rate. Furthermore, the rate of inactivation was also dependent 
upon the nature of the substance in which the toxin was dissolved and 
upon the pH of the medium. A low pH (3.5-6.8) favored preservation of 
the toxin while alkaline pH favored a more rapid inactivation. Between 
pH 10-11 all toxins were rapidly detoxified. Spero (1958) found that puri
fied type A toxin, at 15°C and pH 10 was stable, but above this pH the 
rate of inactivation increased by a factor of 4 X 10

4
 over one pH unit. In 

another study, Starin (1927), examining the persistence of botulinum 
toxin in canned foods, reported that factors usually found in putrifying 
food did not ordinarily affect the toxin of CI. botulinum types A and B. 
Storage of the type A toxin, according to Minervin and Morganov (1941), 
in the cold for 8 months decreased its potency for mice 3 3-fold, for guinea 
pigs the decrease was only 13-fold. The reason for such a disparity has 
not yet been discovered. Roskvas (1939) noted a change in the heated 
toxin in its ability to induce anaphylactic shock in guinea pigs. 

In general, thermostability of types A, B, and E toxins depends upon 
the substance in which the toxin is dissolved (Sommer, 1936). But all 
toxin types studied by Sommer and by other investigators (Chertkova, 
1938) showed that boiling for 1 minute completely destroyed toxicity and 
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that heating at 75-80°C for 5-10 minutes produced the same results. Scott 
(1950) stated that the destruction rate was 100 times faster at 80° than at 
75°C. Generally, the toxin, whether in crude or purified preparations, is 
stored refrigerated to preserve the toxicity. We have noted that storage of 
toxin at ambient temperatures away from strong light for a few days not 
only preserves its potency but often increases when injected IV. It has 
become a practice with us to determine toxic activity after permitting the 
toxin to reach room temperature after taking it out of the refrigerator. At 
times the increase in toxicity is significant. We do not yet have the expla
nation for this phenomenon except to speculate that conformation of the 
toxin molecule may change with the rise in temperature, exposing more 
reactive sites. 

Effects of various substances on toxin solutions were studied by Wen
tzel et al. (1950), who added gelatin to phosphate buffer and demonstrated 
that toxin diluted in this solution was more toxic for mice than toxin di
luted in phosphate buffer alone. A protective action of various proteins 
added to toxin was also described by Boor et al. (1955). Littauer (1951), 
however, found that addition of gelatin to toxin inactivated the toxin by 
10% at room temperature and by 2 5 % at 8°C. Brygoo (1953b) tested the 
stability of all toxin types except type E in tap water. At room tempera
ture, the toxicity did not diminish readily. There was an 80% loss for type 
A toxin in 48 hours, for types B and D in 2-3 days, and type E in 3-4 
days. Twenty percent toxicity was still present after 7 days in the water-
diluted type C toxin. These observations are of importance because the 
persistence of botulinum toxin in water and its resistance to daylight 
points out the possibility of prolonged contamination of water supplies. 
Brygoo (1953b) demonstrated, however, that in water purified toxin is 
extremely sensitive to free chlorine, bromine, or iodine. Antibiotics had 
no effect on the toxin (Bellinger et al., 1951). 

Since the usual route of intoxication is by mouth and through the gas
trointestinal tract, the effect of gastric juices on the toxin was also of inter
est and was the subject of much investigation. As early as 1924, Bronfen-
brenner and Schlesinger attempted to determine the effect of the gastric 
enzymes pepsin and trypsin on botulinum toxin type A. The toxin was 
inactivated by the enzymes, but the enzyme concentration (10% for each) 
was too great to make the obtained results significant. Similar results were 
obtained by Kogan and Matiash (1939), who reported that 4 volumes of 
gastric juice inactivated 1 volume of type A toxin. However, even after 
boiling, gastric juices had the same effect, suggesting a nonspecific action 
by the substances. Smaller volumes of the juice had no effect upon the 
toxin. That pepsin did not affect the activity of toxin preparation was also 
reported by Chistiakov and Rodopulo (1943). The same investigators 
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reported that trypsin likewise had no effect on the toxin. The action of 
proteolytic enzymes on crystalline preparations was investigated by Hal-
liwell (1954), who came to the conclusion that pepsin had no effect upon 
type A toxin since the toxicity of the test preparation was only slightly 
lowered. Trypsin rapidly inactivated the toxin. Our experience with the 
effects of proteolytic enzymes on crystalline toxin type A support Halli-
well's conclusion. We have noted, however, that trypsin not only inacti
vated the toxin but also hydrolyzed the molecules into smaller fragments. 
Pepsin, after about 48 hours of incubation at 37°C with crystalline toxin at 
pH 2.0, did not significantly decrease its activity but reduced concentra
tion of trichloroacetic acid-precipitable material by 50%. While trypsin 
rapidly hydrolized crystalline toxin (Halliwell, 1954; Meyer and La
manna, 1959), pepsin did not (Wayman, 1963). The latter enzyme at
tacked the low molecular weight component he obtained by dissociating 
the crystalline material in the ultracentrifuge. Types C and D toxins, 
according to Prevot and Brygoo (1953), resisted proteolytic enzymes 
in the pH range from 3.5 to 7.8 for as long as 6 months if stored in the 
cold. Type E toxin stability was investigated by Kushnir et al (1937), 
who found it comparable to other toxin types. 

While some general facts about the stability of botulinum toxin have 
been described, there are still many contradictions which make the whole 
subject unclear. The question of stability of the toxin as related to various 
factors is an important subject for studies because of its practical and the
oretical implications in medicine, sanitation, and food preservation, as 
well as in the understanding of the chemistry of this substance. 

X V I I . Is B o t u l i n u m T o x i n a n E x o t o x i n 

The textbook version of the nature of botulinum toxin still classes it on 
the basis of its high potency and antigenicity with the exotoxins. This is a 
classic definition that implies that the toxin is formed by the organism dur
ing its life and growth period and is secreted through its surface mem
branes into the surrounding medium. Indeed, formation and presence of a 
toxin in the organisms when the medium still contained very little toxin 
was demonstrated by Matveev (1948), who obtained considerable 
amount of toxin at this growth period from the organisms CI botulinum 
lysed by different means. Matveev further observed that during the period 
of fastest growth of the organisms there was little demonstrable toxin in 
the medium. The period of intensive growth lasted 3-4 days and was re
placed by a plateau, followed by rapid lysis and an increase of the toxin 
titers in the filtrates. The bacteria, which during their growth appeared 
gram-positive, were now mostly gram-negative. Raynaud and Second 
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(1949), using 1 M NaCl containing 0.1 N NaAc, extracted washed orga
nisms of CI. botulinum types A and B and obtained a considerable amount 
of toxin. Boroff et al. (1952) by the same method of extraction obtained 
from CI. botulinum type Q * , grown for 48 hours, toxin in two forms, one 
soluble and the other bound to bacterial debris and insoluble at pH 7. 
Sonic oscillation in the presence of catalase solubilized the colloidal toxin. 
Tests proved the two toxins identical. The hypothesis which was offered 
to interpret these findings was that the toxin which was formed intracellu
lar^ was released only upon the death and autolysis of the organism. 
Boroff (1955) measured the rate of appearance of the toxin in the media in 
which the organisms were grown and correlated it with the increase in the 
protein concentration which was determined by the micro Kjeldhal 
method. The toxin titers and protein concentrations in the medium in
creased in parallel while, simultaneously, the protein concentration ob
tained from not yet completely lysed organisms decreased proportionally. 
Addition of a filtrate from an old culture to a 48-hour culture, still mostly 
gram-positive, visibly increased the rate of autolysis and toxin concentra
tion as compared with an identical but untreated control culture. These 
results were in accord with those described by Matveev (1948) and sup
ported the theory of intracellular toxin formation and the appearance of 
the toxin in the medium only upon the death and autolysis of the orga
nisms. This modifies the concept of the exotoxin nature of the toxin, since 
the classic definition of exotoxin is a substance released during the life of 
the organism. Similar views were expressed by Bonventre and Kempe 
(1959). 

It is, however, uncertain whether the locus of toxin formation is within 
or on the surface of the organisms. We have observed (unpublished data) 
that the autolysis of the organisms proceeds from the outside toward the 
inside of the bacteria. The young organisms, which are gram-positive, first 
lose their gram-positivity and can be stained with the counterstain. In ad
dition, they become progressively thinner until they disintegrate into 
gram-negative debris. Quite often, one can observe in a microscopic field 
a mother-daughter organism not yet separated; the one in the process of 
autolysis is gram-negative and much thinner than the gram-positive cell. 
Another observation is that upon washing the cells with saline, the previ
ously predominately gram-positive bacteria become gram-negative. Con
currently, the toxin appears in the washings. Subsequent washings con
tinue to be toxic. This may, perhaps, be interpreted as evidence of the 
presence of toxin on the surface of the organism. Furthermore, extraction 
of the toxin with 1 M NaCl results in the appearance of toxin in the ex-
tractant with no recognizable ghost cells remaining. It is difficult to con
ceive that toxin found in the organisms, with a sedimentation coefficient 
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Of 5 2 0, w 15.3, can pass, in this dimension, through the cell membrane. That 
the toxin does appear in the culture medium as a high molecular weight 
substance was also shown by Schantz and Spero (1967). It is therefore 
obvious that the cell must be disrupted for the toxin to be liberated. 

X V I I I . R o l e o f t h e T o x i n i n CI. Botulinum 

The role played by the toxin in the metabolism of organisms is still ob
scure. CI. botulinum may be rendered nontoxigenic without any observa
ble effect upon its growth rate. The failure to produce toxin may be due to 
relatively minor modification of the medium, such as addition of only 5 
fig/ml of L-tryptophan instead of 50 /xg/ml, the amount needed to render 
the culture toxigenic. This will result in growth as dense as that obtained 
with the larger amount of this amino acid, but with practically no toxin 
formation (Kindler et al., 1956). Loss of toxigenicity might have an effect 
on the colony morphology of the organisms (Dolman, 1957), although 
Hobbs et al. (1965) and Hobbs and Anderson (1966) found no relation 
between the morphology of the colonies and toxigenicity, and Holdeman 
(1966) found five morphologically different mutants of CI. botulinum type 
E, all toxic. 

While much has been learned about the toxin of CI. botulinum since its 
discovery by van Ermengem, we do not know why the toxin is produced 
by the organisms, since it apparently does not serve any discernible meta
bolic purpose. The organisms will grow and multiply whether the toxin is 
or is not present or whether it is produced in large or small amounts. One 
could ponder the purpose of toxin formation as an agent of dissemination 
of the bacillus. The animal or bird which ingests the toxin and spores will 
move on to die in some other place where it will either serve as food for 
other animals or putrify, permitting the ingested spore to germinate and 
form other spores. These spores will then contaminate the soil and lie 
dormant until this process is repeated. That this indeed may be the se
quence of events was observed during a botulism epidemic among pheas
ants studied by Boroff and Reilly (1961). The reconstructed events were 
as follows: A bird was killed by some predator and part of its carcass was 
left in the underbrush where it putrified. The soil of the pheasant breeding 
place was found to be contaminated with type C botulinum spores. These 
spores found their way into and germinated in the putrescent carcass 
which in turn offered an excellent breeding medium for flies. The maggots 
formed served as food for other pheasants. Organisms, spores, and toxin 
were found in and on the maggots. The pheasants which ate the maggots 
died of typical botulism poisoning and their carcasses continued to propa
gate the epidemic and disseminate the spores. We can only speculate 
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whether or not this is the purpose of the toxin. Evidence to the contrary is 
that many toxigenic strains of CI. botulinum do not sporulate to the de
gree that atoxic strains do. 

X I X . L a b o r a t o r y D e t e c t i o n o f B o t u l i n u m T o x i n 

Numerous tests have been suggested for the detection and diagnosis 
of botulinum toxin. Since the rapid establishment of the type of the toxin 
affecting the victim is of critical importance, it is obvious that the usual 
clinical tests, consisting of culturing the organisms if the contaminated 
food is available and injecting samples into laboratory animals, following 
the requirements of Koch's postulate, is entirely too slow to be of use. 

One of the suggested tests is complement fixation, using the usual tech
niques for this test with specific antitoxic or antibacterial sera and either 
the food suspected of contamination with botulinum toxin or blood sera of 
persons with presumptive diagnosis of the disease. There are many draw
backs to this test. When the test is directed to identification of the toxin 
and its serological type, antitoxic serum must be free from antibacterial 
antibodies. To obtain a positive reaction, the toxin must be in relatively 
high concentration, which is not the usual case with the serum of intoxi
cated individuals. In addition, normal sera also occasionally give a posi
tive reading in complement fixation tests. The test may, however, be 
made useful in the identification of the toxin in infected food extracts if 
this food is available. But even so, for the successful performance of this 
test well-trained personnel and good laboratory facilities are essential. 
These elements are not always available in the field. The tube precipita
tion test may also be useful if the concentration of the toxin in the test 
samples is high enough which, unfortunately, is seldom the case. Again, 
the same reservations operate here as in complement fixation tests. In 
addition, all serological tests suffer from the same defect. Most toxin anti
sera produced contain hemagglutinating antibodies because most toxins 
so far used in toxoid production contain hemagglutinins. The hemaggluti
nins, which are antigenic, are not as type specific as are the toxins, so that 
unless the antisera used are free from agglutinating antibodies the results 
of the precipitation and complement fixation reactions may be misleading. 

Savin (1955) described an inhibitory action of botulinum toxin on 
phagocytosis and stated that this inhibition is blocked by specific anti
serum. This property of botulinum toxin was utilized by Minervin et al. 
(1955) as a diagnostic test where the decrease in the phagocytic index of 
normal leukocytes, incubated with a suspension of staphylococci in the 
presence of sera of either laboratory animals or humans, was considered a 
positive indication of botulinum intoxication. Savin (1955) studied the 
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possibility of detection and indentification of botulinum toxin in contami
nated foods by means of this reaction. Koftunovich (1956) attempted the 
experimental identification of the botulinum toxins types A and B by this 
method. The tests were performed with saline solutions of 100, 10, 1,0.1, 
and 0.01 mouse MLD of these toxins. Ten and 100 MLD gave positive 
suppression of phagocytic index in 7 out of 11 tests and with 1 MLD, 8 
out of 20 tests. Further toxin dilutions gave equivocal results. In addition, 
the reaction was sensitive to nonspecific factors such as pH and tempera
ture (Chernetskaia, 1959). 

We have attempted to determine whether a rapid and accurate toxin 
identification can be obtained with the blood of experimentally intoxi
cated animals bled at various intervals by cardiac puncture and the blood 
reinjected intravenously into normal and antiserum-protected mice 
(Boroff and Fleck, 1965). This method is useful provided there is at least 
1 mouse MLD per 0.1 ml of the blood. There is no difficulty in obtaining 
such a concentration in experimental animals. No experiments with hu
man blood were of course possible. At present very little data are avail
able on the amount of toxin found in intoxicated humans. The test is, 
however, very simple. The blood to be tested and the protective anti
serum may be injected either intravenously or intraperitoneally. If the 
concentration of toxin is large (1000 MLD/ml) the mouse will die in 2-3 
hours. Survival of mice protected with specific antiserum will indicate the 
type of toxin present. This test can be carried out in any laboratory with
out any specially trained staff or equipment. Whether this test is useful in 
human outbreaks is not yet known and remains to be established during 
such an outbreak. 

Another in vitro test has been described as extremely sensitive in detec
tion of botulinum toxin and establishment of its types. Marshall and 
Quinn (1967) reported that the activity of acetylcholinesterase in the hy
drolysis of the substrate indophenyl acetate can be inhibited at least to 
about 25 % by as little as 10"

3
 of a mouse MLD of toxin. Addition of spe

cific antiserum to the test mixture will either prevent or reverse the inhibi
tion. No confirmation of their results has yet come from any other labora
tories. On the contrary, Sumyk and Yocum (1968) in a note report that 
they could not repeat the results claimed by Marshall and Quinn (1967). 
Thus the wish for an in vitro diagnostic test for the toxin of CI. botulinum 
is yet to be fulfilled. 

X X . C o n c l u s i o n s 

While much has already been learned about the disease botulism, its 
etiological agent, its ecology, and the toxin it produces, vast areas still 
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remain to be explored. It is true that the disease has never assumed epi
demic proportions among humans. The potential, however, is present and 
must always be kept in mind. Although existing preventive measures are 
relatively simple, they are impracticable. The therapeutic measures are 
inadequate as well as uncertain. Economically, botulism is a very impor
tant disease, not only because many thousands of animals and birds die 
yearly due to botulism, but also because a small human outbreak like the 
one in Michigan in 1963, where only two people died, resulted in a multi-
million dollar loss to the fish canning industry. Much study and effort 
will be required to improve our knowledge of preventive, therapeutic, 
and diagnostic measures. 

The recognition of the site of action of the toxin of CI. botulinum as the 
end plate organs of the cholinergic nervous system does not yet fully an
swer the questions of the mode of action of the toxin and whether or not 
other organs or tissues are also affected. Neither is the chemistry of this 
most powerful toxin clearly understood, although much progress in this 
parameter has been made in recent years. Still, a great deal more needs to 
be known about this subject. The rewards may be not only the under
standing of the mechanism of the release of acetylcholine but also the 
metabolism of the nerve cell, which may perhaps lead to the development 
of better means of prevention and therapy than presently available and 
thus rid the world of a potentially extremely dangerous disease. 
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