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The purpose of this study was to examine the culture

supernatants of various strains of Clostridium botulinum

for characteristic extracellular enzymes which can facili-

tate their rapid identification.

A convenient, efficient, water-cooled flat gel elec-

trophoretic unit was utilized to concentrate and purify the

total proteins and extracellular enzymes present in the

supernatants of various strains of C. botulinum types A, B,

C, E and F. The protein-laden gels, after staining, offer

evidence for characterization of the strains and possible

taxonomic significance.

Variations in characteristic proteolytic isozymes,

lipases, lecithinases, iron-bound proteins and diaphorases

reinforce the separation and identification of C. botulinum

types A, B, C, E and F. The variations in numbers and

electrophoretic mobilities of the proteolytic isozymes



suggest a usefulness in differentiating types A and B.

This detectable proteolytic property is used to separate

type A and type B organisms from the other known types of

C. botulinum. In addition, the detection of a single NADH

dependent nitroblue tetrazolium reductase band is indica-

tion of a type A or B form. Two such diaphorase bands were

found in the supernatants of toxic type E and type F micro-

organisms. Under the conditions of these investigations

the non - toxic forms did not show diaphorase activity.

Dehydrogenases characteristic of citric acid cycle metab-

olism were not detectable in the supernatants using the

methods of these investigations.

Evidence accumulated using inhibitors and stimulants

suggest certain physiological roles for the diaphorases

found in the supernatants.

The NAD dependency of the diaphorases was established

following substitution of NADP into the assay systems.
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IN VITRO IDENTIFICATION OF CLOSTRIDIUM BOTULINUM

BY MEANS OF EXTRACELLULAR ENZYME TESTS

INTRODUCTION

Much significant data have been published on the

morphology, biochemical and serological characteristics of

the genus Clostridium. Unfortunately, certain similarities

in morphology, physiology and biochemical reactions have

caused type differentiation of Clostridium botulinum to be

based mainly on immunological responses in test animals.

The most outstanding characteristic of a strain of C.

botulinum is the toxin it produces. Studies on this toxin

have revealed no unusual chemical grouping or structure to

account for its extraordinary biological activity. The

conventional method for obtaining these toxins is the

isolation of toxin from culture media in which the micro-

organisms were grown and permitted to autolyze for six, eight

or more days (Boroff et al., 1952).

The importance of accurately and rapidly identifying

the various types of C. botulinum is obvious; however,

current methods and techniques are time consuming, expen-

sive and often inconvenient.

In recent years attempts to differentiate and resolve

problems in microbial classification have included tech-

niques of electrophoretic separation of total proteins and

multiple molecular forms of enzymes.
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The purpose of this study was to develop a method

of identification of Clostridium botulinum types A, B, C,

E and F by in vitro tests of their extracellular enzymes.

A simple and rapid method for the determination of extra-

cellular enzymes by flat gel electrophoretic purification

and concentration is described. The detection, isolation

and probable significance of a nicotinamide adenine dinu-

cleotide dependent diaphorase was studied.
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LITERATURE REVIEW

In 1870 Milner coined the term botulism to describe a

sausage-poisoning syndrome (Jordan, 1917). Botulism is a

relatively rare, and as yet not completely understood,

neuroparalytic disease usually related to the ingestion of

food containing preformed toxic metabolites of Clostridium

botulinum (Dolman, 1964a). Although botulism is rare in

human beings it is often a fatal disease (Foster et al.,

1965).

Approximately 75 years ago at Ellezelle, Belgium,

Van Ermengem found an anaerobic spore-bearing bacillus whose

culture filtrates, when injected into various species of

laboratory animals, produced characteristic and often fatal

paralyses. Van Ermengem proposed the nomenclature of

Bacillus botulinus for this newly isolated form (as cited

by Leighton, 1923).

An outbreak of botulism in 1904 at Darmstadt among

consumers of a wax-bean salad somewhat altered the prevail-

ing belief that the disease was provoked mainly by food-

stuff containing animal protein. From these beans Landmann

isolated a strain morphologically and culturally similar to

Van Ermengem's bacillus. Leuchs in 1910, using horse

antiserum, showed that, although the two isolated strains

were culturally and morphologically similar, their respec-

tive toxins were immunologically distinct (Reddish, 1921).
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Twenty years after Van Ermengem's classic report

appeared, the Society of American Bacteriologist Committee

on Classification of Bacterial Types recommended the adop-

tion of the generic term Clostridium for this anaerobic

bacillus to include "plectridial as well as clostridial

forms" (Winslow et al., 1917), so the name Clostridium

botulinum was acknowledged. The original isolated strains

which were designated as E (Ellezelles) and D (Darmstadt)

were reclassified (Gunnison and Meyer, 1929) and generally

accepted as a non-proteolytic type B and type A strain,

respectively (Tanner and Tanner, 1953).

Type A strains are found predominantly in the western

part of the United States and are more toxic than type B.

Type B is widely distributed in most soils of the world.

During the early 1920's the United States became the

chief center of botulism research, mainly because of the

rapidly expanding canning industry's concern for the lethal

hazards imposed by underprocessed foods (Tanner, 1933;

pack, 1949). Further stimulation in this area of research

resulted from an increasing awareness of various forms of

animal botulism. Bengston (1922) reported the isolation of

a type C strain from the larvae of the greenfly (Lucilia

caesar), and Theiler in 1927 reported the isolation of a

new type of clostridia, which was designated by Meyer and

Gunnison (1928) as type D.

Until a few years ago, outbreaks of botulism for which
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toxin types were determined were most frequently caused by

type A or B toxins and were associated with ingestion of

home-canned vegetables, fruit or meat products. Kurochkin

and Emelyanchik in 1934 reported three outbreaks of human

botulism near the Caspian Sea due to salted seal meat (as

cited by Dolman and Murakami, 1961). The implicated

organism was non-proteolytic, and resembled Clostridium

botulinum; however, the toxin produced was unneutralized by

any known type of botulinum antitoxin. Similar isolates

from sturgeon caught in the Sea of Azov (Dolman and Chang,

1953) were studied by Gunnison, Cummings and Meyer (1935),

and designated type E. Botulism due to type E toxin,

although recognized as having occurred in the United States

as early as 1932, was not recognized as a major problem

until 1963, when 22 cases of this type were reported

(Rogers et al., 1964).

Type E strains are mainly isolated from sea muds and

fish intestines (Dolman et al., 1950; Nakamura et al.,

1956). These forms grow and produce toxin at low tempera-

tures (Daman, 1957b; Johannsen, 1965). The toxin produced

is thermolabile (Pederson, 1955; Roberts and Ingram, 1965).

The majority of the known type E outbreaks, reported since

1935, have been traced to raw or inadequately cooked prod-

ucts of fish and sea mammals (Dolman and Chang, 1953;

Pederson, 1955; Nakamura, 1963; Kanzawa, 1963). The late

identification of type E strains has been ascribed to their
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unusually heat-labile spores.

An outbreak of human botulism, on the island of

Langeland, among consumers of a home-made liver paste led

to the isolation of a different strain of Clostridium

botulinum. Thus, a type F strain was isolated in 1960 by

Moeller and Scherbel and later confirmed by Dolman and

Murakami (1961). A second strain of type F was isolated

from fish by Craig and Pilcher (1966). The spores of the

prototype F strain are rather thermo-resistant; however,

they are very thinly distributed in nature. The late

identification is presumably due to the above mentioned

sparse distribution.

A compilation of the characteristics of the types of

Clostridium botulinum yields much information and shows

these forms not to be distinguishable biochemically or

culturally. The types of Clostridium botulinum may be

divided into two biochemical types, the one proteolytic

and the other saccharolytic or fermentative in character

whose members do not hydrolyze coagulated native proteins.

Types A and B are regarded generally as being proteolytic;

however, a few strains of type B are known to be non-

proteolytic (Frazier, 1958). Types C, D and E are non-

proteolytic and type F varies (Dolman, 1964b). Frazier

(1958) further described C. botulinum as a rod-shaped soil

bacterium, saprophytic, spore-forming, gas-forming and a

strict anaerobe. This Gram-positive bacillus is widely
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distributed in nature and is frequently found in both ter-

restrial and marine environments (Ward et al., 1967).

Under suitable conditions which will allow germination of

spores a heat labile toxin is elaborated which is the most

potent known (Frazier, 1958). After ingestion, the toxin

is absorbed causing symptoms simulating denervation.

Paralysis is due to the inhibition of the release of

acetylcholine at peripheral nerve endings (Ambache, 1949;

Brooks, 1954).

The vast majority of human botulism have been caused

by types A, B, E and F of the six known immunologically

distinct strains of C. botulinum. Petty (1965) noted that

on rare occasions the disease is contracted by means other

than ingestion of food containing toxins. Types C and D

were shown to affect wildfowl, cattle, horses, mink and

other animal species (Tanner, 1933; Dack, 1953).

Antitoxins prepared against C. botulinum types A, B,

C, D, E and F are effective in protecting animals against

the lethal nature of the toxins. However, unless adminis-

tered very early after intoxication they are not very

effective.

The basic procedure used in laboratories for the

detection of various types of C. botulinum consists of the

inoculation of the specimen to be tested into a liquid

enrichment medium, and after suitable incubation, testing

foi the immunologically specific toxins by animal injection



8

(Pederson, 1955; McClung, 1956; Ono, 1963). Obviously,

this is time consuming, expensive and often inconvenient.

The detection of the specific toxin in enrichment culture

filtrates is evidence of the presence of C. botulinum.

However, the ultimate proof sought by investigators is the

isolation of pure cultures and identification (Johnston,

Harmon and Kautter, 1964; Slocum, 1964).

Various methods involving morphological, serological

and biochemical studies have been employed by investigators

to detect, isolate and identify these microorganisms.

Several problems are encountered in these studies. In

many materials C. botulinum occurs in relatively small num-

bers requiring the use of enrichment methods for detection.

The disadvantage with this is that other more rapid growing

anaerobic bacteria may prevent or inhibit the outgrowth of

the various types of C. botulinum. These forms may also

destroy the toxin (Slocum, 1964). Among the lipolytic

clostridia, recent work has shown that there is a group of

clostridia in addition to Clostridium sporogenes, which

are similar to one or the other of the C. botulinum types

in every respect except for their lack of toxin production.

In addition, these non-toxic clostridia appear to be much

more widespread than the toxic C. botulinum.

A number of mutants of C. botulinum type E have been

reported by Dolman (1957a) which no longer produce toxin.

Hobbs, Roberts and Walker (1965) investigated strains of
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Dolman's OS variants and concluded that these organisms

differed in so many ways from C. botulinum that they were

unlikely to be genetic mutants. They suggested, however,

that if non-toxic mutants of C. botulinum were widespread

they were more likely to be the non-toxic clostridia which

have identical morphological and biochemical properties.

The first work on media which classified clostridia

into definite groups was proposed by McClung and Toabe

(1946) who gave an extensive description of clostridia

grown on various egg yolk-enriched media. It was shown

that serum and egg yolk could be used by a variety of

clostridia to produce opalescence, and that this opal-

escence was a result of the production of a specific

lecithinase, which was secreted by the organisms. Willis

and Hobbs (1958) were able to differentiate Clostridium

welchii, Clostridium aedematien, Clostridium sporogenes,

Clostridium haernolyticum, Clostridium bifermentans,

Clostridium sordellii and Clostridium botulinum on the

basis of their reaction on a modified egg yolk medium.

Willis and Hobbs (1959) found that with the addition of

a specific antiserum, lactose and an acid indicator to the

medium described by McClung and Toabe (1947) a presumptive

diagnosis of pure cultures of all Nagler-positive clos-

tridia was possible within 48 hours.

Recent workers have modified the egg yolk medium by

using liver veal agar as the base (Johnston, Harmon and
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Kautter, 1964; Chapman, Heather and Naylor, 1966; Craig

and Pilcher, 1966) instead of the trypticase peptone agar

used by McClung and Toabe (1947), or the beef infusion agar

used by Willis and Hobbs (1959).

The most outstanding characteristic of a strain of

C. botulinum is the toxin that it produces. The various

neurotoxins of C. botulinum are the most potent known

(Lamanna, 1959). Less than one tenth of a billionth of a

gram is sufficient to cause the death of a mouse (as cited by

Lamanna, 1959).

In addition to the antigenically distinct toxins there

are certain cultural and biochemical characteristics that

strains within types of C. botulinum share. Certain cul-

tural and biochemical variations have been observed among

the different strains of the types of C. botulinum.

Although incomplete, much evidence on the metabolism

of Clostridium botulinum has been reported. Dozier et al.

(1924), working with Bacillus botulinum strain 38, reported

that glucose increased the biological value of nitrogen-

rich, buffered medium by stimulating early reproduction,

increasing the maximum number of viable organisms, and

maintaining a higher level of growth throughout the

experimental period.

Wagner et al. (1925) observed a considerable accumu-

lation of ammonia, amino acids and volatile acids in two

percent peptone cultures of C. botulinum. The volatile
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acids were identified as a mixture of butyric, valeric and

acetic acids. Anderson (1924) reported that the gaseous

products from a peptone broth culture included a mixture

of carbon dioxide, hydrogen and hydrogen sulfide.

Knight (1936) reported that the simplest medium which

would support the growth of C. botulinum contained glucose

and the amino acids, proline, alanine, leucine, lysine,

glycine and cystine together with traces of tryptophan and

of the "sporogenes" growth factor. He suggested that C.

botulinum may obtain its energy by means of the "Stickland

reaction," a coupled oxidation-reduction reaction between

pairs of different amino acids. This was verified by

Clifton (1939), who found that glycine and proline acted

as hydrogen acceptors, while alanine and leucine acted as

hydrogen donors in a manner similar to that reported by

Stickland (1934) for C. sporogenes.

Clifton (1940a), working with types A and B, noted

that one percent glucose in a yeast-extract beef-brain

broth culture was fermented directly, ethyl alcohol and

carbon dioxide being the chief products in addition to

small amounts of acetic acid, hydrogen and lactic acid.

He noted that alanine was oxidized by deamination to

acetic acid, carbon dioxide, and ammonia in the presence

of a suitable hydrogen acceptor such as glycine or proline.

These results suggested that pyruvic acid may be an inter-

mediate in alanine degradation as well as in the
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fermentation of glucose. He (Clifton, 1940b) observed

that strains of types A and B, grown previously in the

above glucose broth and, subsequently, suspended in phos-

phate buffer in a Warburg system flushed with hydrogen gas,

utilized pyruvate with almost equimolar quantities of ethyl

alcohol and acetic acid being produced. This suggested

that pyruvic acid was decarboxylated with the production of

equimolar quantities of the above by-products from the

dismutation of acetaldehyde.

Simmons and Costilow (1962) demonstrated the presence

of the Embden-Meyerhof Pathway in C. botulinum type A.

They found that the enzymes of this pathway were included

sequentially, gluco-kinase being the controlling enzyme.

The absence of glucose-6-phosphate dehydrogenase in addi-

tion to the presence of the enzymes of the EMP system

suggested that glucose was catabolized by this system.

In the past few years, considerable attention has

been focused on the heterogeneity of enzymes catalyzing

the same function. Evidence supporting the presence of

multiple forms of enzymes have been obtained from several

experimental approaches. These include electrophoretic

migration, resin chromatography, amino acid composition,

amino acid sequence physical properties, immunological

characteristics and catalytic properties (Kaplan, 1963).

A number of physical criteria have proven to be useful

parameters in elucidating the nature of the heterogeneity
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of enzymes; for example, ultracentrifugal analysis, temper-

ature stability, optical rotatory dispersion data, as well

as fluorescence and polarization of fluorescence analysis.

Kaplan (1963) pointed out that when a crude extract is

applied for electrophoretic examination or diethylamino-

ethyl (DEAE)-cellulose chromatography, more than one

migrating form of the enzyme usually can be detected.

Markert and Moller (1959) introduced the term "isozyme" to

identify the various electrophoretic forms of crystalline

enzymes.

A comparison of heart and breast muscle lactic

dehydrogenases of the chicken yielded different electro-

phoretic mobilities (Cahn et al., 1962). They showed these

enzymes to differ with respect to amino acid composition,

stability and their catalytic characteristics. They also

demonstrated by ultracentrifugal analysis that both enzymes

consist of four subunits. Electrophoresis of each enzyme

yielded at a given pH, five distinct lactic dehydrogenase

bands.

Stadtman (1963) reported that Escherichia coli pro-

duces three distinct aspartokinases that are subject to

differential regulation by feedback inhibition and repres-

sion by L-lysine, L-threonine, and DL-homoserine. This

suggests that the multiplicity of enzymes frequently

observed to catalyze the same biochemical reaction in a

single organism may indicate situations in which the
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product of the catalyzed reaction is a common precursor in

divergent metabolic pathways.

Interest in the catalytic flavoprotein stems from the

possibility that certain of them may be important links in

the transfer of electrons from metabolites and pyridine

nucleotides to the ultimate electron acceptor in biological

oxidation, molecular oxygen (Fruton and Simmonds, 1958).

The term diaphorase is used to designate an enzyme

which catalyzes the transport of hydrogen to dyes. Reduced

diphosphopyridine and triphosphopyridine diaphorases are

flavoprotein enzymes which catalyze the oxidation of DPNH

and TPNH, respectively (Shapiro, 1967).

Heinen et al. (1963) isolated a series of NADH

diaphorase complexes from cell free extracts of the H37 Ra

strain of Mycobacterium tuberculosis. They showed that

each complex could use more than one electron acceptor.

The complexes can be separated from each other; each

diaphorase within each complex has been shown to be dis-

tinct from any other diaphorase within the complex.

Bernofsky and Mills (1966) separated five diaphorases

from sonic extracts of Aerobacter aerogenes B199 by

diethylaminoethyl (DEAE)-cellulose chromatography. The

different enzymes were distinguishable by their activities

with reduced DPN and TPN in the presence of various elec-

tron acceptors and by their responses to inhibitors.

Avigad and Levin (1967) isolated and purified
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NADPH-diaphorase from extracts of Bacillus subtilis N. Y.

They observed that NADPH was directly oxidized in the

presence of various electron acceptors such as ferri-

cyanide and tetrazolium salts. The above suggest that

this flavoprotein can serve as a useful tool for NADP
+

regeneration in coupled enzyme reactions.
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MATERIALS AND METHODS

Microorganisms Used

The microorganisms were obtained from the following

sources:

Quartermaster Food and C. botulinum type A strains

Development Command, 33A and 5A and type B

Natick, Massachusetts strain 115B

National Canners C. botulinum type A strains

Association, 64-89A and 73A and

Washington, D.C. type B strains 32B, 113B

and 213B

National Collection of C. botulinum type C strain

Industrial Bacteria 4218 and type E strains VH,

(NCIB), Torry Research 4244, 4248, 4251, 4261,

Station, Aberdeen, 4263, 4284, 4286, 4290,

Scotland 4297, 4299; the non-toxic

strains 4262, 4265, 4266,

4267, 4268, 4269, 4271,

4272, 4277, 4279 and 4285

Food and Drug Laboratories, C. botulinum"type E-like"

Washington, D.C. strains 833, GB-3, 066

and 70



Communicable Disease C. botulinum type E strains

Center, Atlanta, Georgia KA92 and KA94

Culture Collection, Oregon C. botulinum type F strain

State University,

Corvallis, Oregon

American Type Culture

Collection

C. pasteurianum

C. perfringens

C. tetani

C. butyricum

C. bifermentans

C. acetobutylicum

C. sporogenes

Culture Media and Growth Conditions

17

Yeast-Extract Medium

Yeast-Extract Difco

Bacto-Peptone Difco

Glucose

All strains of C. botulinum and other species of

Clostridium investigated were grown in a liquid medium

consisting of 2% yeast extract, 2% peptone and 1% glucose.

The medium was adjusted to pH 7.0-7.3. The mixture was

divided into 99 ml quantities and autoclaved at 15 pounds

steam pressure (121 C) for 20 minutes. Immediately upon

cooling, each 99 ml of medium was inoculated with a
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5% inoculum from an 18 hour activated culture and incubated

at 30 C anaerobically for 48 hours.

TPG Medium

Trypticase Baltimore Biological Laboratory

Bacto-Peptone Difco

Glucose

The preparation of trypticase-proteose-glucose medium

(TPG medium) from the above ingredients had the following

composition: 5% trypticase, 0.5% peptone, 1% glucose, in

distilled water. The pH was adjusted to 7.0-7.3, and then

the medium was sterilized for 20 minutes at 15 pounds

steam pressure (121 C). A comparison of the influence of

a different medium on extracellular enzyme production was

facilitated by this medium.

Robertson's Cooked Meat Medium

Robertson's cooked meat medium was prepared by adding

three grams of raw ground beef to 10 ml of TPG medium in

each 30 ml screw cap tube and autoclaving for 10 minutes

at 15 pounds pressure (121 C). This medium was used to

store all stock cultures.

Blood-Agar

Bacto-Blood-agar base Difco

Defibrinated sheep blood

The blood-agar base was rehydrated by suspending
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40 grams in one liter of cold distilled water. The sus-

pension was boiled to dissolve the medium completely and

autoclaved for 15 minutes. The sterilized medium was

cooled to 45 C and 10% defibrinated blood was added.

Plates were poured immediately and stored at 4 C. Each

culture was checked for purity by this method and by Gram

staining.

Trypticase Sucrose Egg Yolk Agar (TSA)

Trypticase Baltimore Biological Laboratory

Sodium chloride "Baker Analyzed" reagent grade

Bacto-agar base Difco

Sucrose

Neutral red

Fresh eggs

The above reagents were used in the preparation of

the TSA medium, which had the following composition:

2% trypticase, 0.5% NaC1, 1% sucrose, 0.003% neutral red

indicator and 1.5% agar in distilled water. The trypticase

agar base was prepared by dissolving the agar in the

trypticase solution, and adjusting to pH 7.0. The mixture

was autoclaved at 15 pounds steam pressure for 20 minutes.

The egg yolk was separated from the egg white and mixed

with an equal volume of sterile 0.85% saline. The trypti-

case sucrose agar medium was cooled to 45-50 C, and then

the egg yolk suspension was added to a final concentration
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of 10%. Plates were poured immediately. This medium was

used to distinguish and identify type E forms.

Sugar Fermentations

The biochemical fermentations were determined on

glucose, maltose, sucrose, fructose, sorbitol, glycerol,

lactose, mannitol, salicin and dulcitol. The base con-

tained 5% trypticase, 0.5% peptone, 1% sugar, and the

indicator phenol red in distilled water. The tubes were

sterilized for 15 minutes at 15 pounds steam pressure.

Toxicity Tests

The mouse toxicity testing involved the use of the

following:

Type A botulism antitoxin, equine serum, 10 units

per ml.

Type B botulism antitoxin, rabbit serum, 28 units

per ml.

Type C botulism antitoxin, equine serum, 10 units

per ml.

Type E botulism antitoxin, equine serum, 10 units

per ml.

The organisms were grown in TPG broth tubes for three

or four days. The incubated cultures were then centrifuged

between 6000 and 8000 revolutions per minute for 15 to 20

minutes. Five-tenths ml of the stock antitoxin preparation
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was injected intraperitoneally into each of four 17-20

day-old mice for each toxic specimen tested. A minimum of

30 minutes was allowed to pass before the mice were in-

jected with the toxin. The toxin-containing medium was

diluted 1:5 and 1:20 with physiological saline. One half

milliliter aliquots from each of the dilutions of the toxin

were injected intraperitoneally into two protected and two

unprotected mice for each dilution. The mice were

observed for 24 hours and those showing progressive evi-

dence of respiratory paralysis before death were assumed

to have died from botulism.

Isolation and Cultural Procedures

Cultures were usually received in a lyophilized con-

dition. To promote faster growth, TPG broth tubes were

boiled for 10 minutes to drive off the oxygen, and when

cooled, inoculated with the culture. The cultures were

incubated anaerobically for 72 hours at 30 C.

After observable growth, the cultures were Gram-

stained and examined microscopically for contaminants.

The cultures were streaked on blood agar plates and TSA

plates. Thoroughly dry plates were used to limit growth-

spreading and film formation. This was achieved by

inverting the plates and placing them in a 40 C incubator

for about 15 minutes. The streaked plates were then

incubated both aerobically (to check for contaminants)
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and anaerobically in a 30 C incubator for 48 hours. The

anaerobic cultures were again Gram-stained as a final

check for contaminants. Mice toxicity tests and sugar

fermentation tests were conducted. The pure cultures were

inoculated into tubes of Robertson's cooked meat medium

for storage and later usage. Essentially the same proce-

dures as above were used just prior to all experiments to

insure pure working cultures.

Preparation of Supernatant

Two ml of each strain of Clostridium were taken from

stock cultures and inoculated into 18 ml of yeast-extract

medium in 30 ml screw cap tubes. These cultures were

incubated anaerobically for 24 hours at 30 C.

From the activated cultures mentioned above, one ml was

inoculated into 99 ml of yeast extract medium and incubated

anaerobically for 48 hours at 30 C.

Centrifugation at 6000 revolutions per minute facili-

tated decanting and separation of the supernatant from the

cells. The supernatant was dialyzed against a 20% poly-

ethylene glycol solution, 4000 molecular weight, at 4 C.

A ten-fold concentration of the supernatant (10 ml) was

obtained after 12-14 hours of dialysis. The concentrated

supernatant was stored in 30 ml screw cap tubes at 4 C

for later usage.
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Flat Gel Electrophoresis

Polyacrylamide gels (7.5%) were prepared by the method

of Ornstein (1964) and Davis (1964) in an electrophoretic

unit developed especially for flat gel electrophoresis.

Thirty-four ml of a 1:1 mixture of small-pore solutions

1 and 2 were poured into a trough between two epoxy walls.

The ingredients constituting the small-pore solutions were

as follows:

Small-Pore Solution #1

1 part A

2 parts B

1 part distilled water

(pH 8.6 - 9.0)

(A) 1 N HC1 48 ml

2-Amino-2-(hydroxymethyl)

1, 3 propanediol (Tris) Eastman 26.6 g

N, N, N', N'-Tetra-
methylethylenediamine Eastman 0.23 ml

distilled water to 100 ml
(pH 8.9)

(B) Acrylamide Eastman 30 g

N, N'-Methylenebis-
acrylamide Eastman 0.8 g

distilled water to 100 ml

Small-Pore Solution #2

Ammonium persulfate 0.14 g

distilled water to 100 ml
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The small-pore solution in the trough was overlaid with

2 ml of distilled water. The small-pore gels were allowed

to polymerize for 30 minutes. Upon gel formation, the

unreacted monomer solution and water were poured off. A

large-pore solution, as described by Ornstein (1964) and

Davis (1964), was used to rinse and 6 ml to form a layer

on top of the small-pore gel. A 15-watt daylight fluores-

cent lamp was set for 20 minutes above the vertical column

and about 5 inches away from the surface. Upon photopoly-

merization of the large-pore gel, the water layer was

removed. The dimensions of the formed gel were 3 mm in

width, 7.3 cm in height and 18 cm in length.

The upper and lower buffer reservoirs were filled

with appropriate volumes of a 1:10 diluted tris-glycine

buffer. Three drops of a 0.001% bromophenol blue solution

was added to the buffer in the upper reservoir as a track-

ing dye. The buffer solution consisted of 6 grams of tris,

28.8 grams of glycine and distilled water to one liter.

During electrophoresis cold water was circulated through

the unit to prevent overheating of the gel.

The concentrated supernatant (0.5-1.0 ml) was diluted

with 40% sucrose in a ratio of 1:1 and gently floated on

the surface of the large-pore gel. The current was

adjusted to about 50 milliamperes. Electrophoresis was

continued until the dye front had migrated to about one cm

from the bottom of the small-pore gel. Upon completion,
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the protein-laden gels were removed from the trough by

gently separating the two halves of the electrophoretic

unit. The power supply and the unit for flat gel electro-

phoresis is shown in Figure 1.

Polyacrylamide Gel Analysis

Total Protein

The electrophoresed protein-laden gels were fixed for

20 minutes in 12.5% trichloroacetic acid (TCA). After

fixation the gels were stained for 3 hours in a 1% aqueous

solution of coomassie blue (Colab) in a 1:20 ratio with

12.5% TCA.

Iron-Bound Protein

The iron-bound protein stain was prepared and used as

suggested by Canalcol in the following manner:

Stock Solution A

Sodium Acetate tri-hydrate
Acetic Acid (glacial)
Distilled water to make

Stock Solution B

96 g
42 g
600 ml

2, 4 Dinitrose -1, 3 napthalenediol 150 g
Absolute ethanol to make 60 ml

Stock Solution C

Hydroquinone
Absolute ethanol to make

24 g
240 ml

1Canalco Industries, 4935 Cordell Avenue,
Bethesda 14, Maryland.



Figure 1. Apparatus used in flat gel electrophoresis.
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The following working solution was prepared just prior to

use:

20 parts Stock Solution A
1 part Stock Solution B
1 part Stock Solution C

The gels were placed in test tubes containing sufficient

working solution to be completely covered and then in-

cubated at room temperature. Maximum color density was

usually observed after 30-40 minutes incubation.

Oxidative Enzymes

The gels were assayed for malic, succinic, isocitric

and lactic dehydrogenases by the lactic dehydrogenase

method developed by J. M. Allen (Canalco Industries),

modified as follows: 7.5 ml of 0.05 M tris-HC1 buffer;

3.0 ml of 0.5 M substrate; 3.5 ml of nitroblue tetrazolium

(Sigma), 2 mg/ml; 2.5 mg of either NAD(Sigma) or NADP

(Sigma); and 0.15 ml of phenazine methosulfate (Sigma),

2 mg/ml. This method of enzyme analysis was based on the

exposure of the protein-laden gels to buffered enzyme

systems. The gels were incubated at 37 C. The buffer

and substrate were adjusted to the pH of the specific

enzyme system, as reported by Dyer (1967). All enzyme

systems except succinic dehydrogenase were adjusted to

pH 7.5. The succinic dehydrogenase system was adjusted

to pH 9.0.
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Extracellular Enzymes

The electrophoresed gels were sliced and layered on

a microscopic slide and then flooded with 1.5 ml of the

proper substrate embedded in agar gel. The slides were

then incubated in a moist chamber for 10-15 minutes at

37 C. The bands could then be observed either directly or

following proper treatment.

Proteases: 5 ml of 10% sterilized reconstituted skim

milk were added to 5 ml of a 1.5% ion agar No. 2 (Difco)

prepared in physiological saline. The preparation was

added to the slide at a temperature of 45 ± 3 C.

Gelatinases: 1.0 g of gelatin (Difco) and 1.0 g of

ion agar No. 2 were dissolved in 100 ml of physiological

saline. The mixture was heated to dissolve the agar and

applied to the slide when cooled to 45 ± 3 C. Following

incubation, the slide was developed by immersion in a

solution of mercury chloride prepared as follows:

1.5 g of HgC12,2 ml of concentrated HC1 and 10 ml of

water. The slides were incubated at room temperature.

Lipases: 0.8 g of ion agar No. 2 was dissolved in

30 ml of physiological saline. Two milliliters of

tributyrin and 1.3 ml of thymol-sulfonphthalein (3 mg/ml)

were added to the above mixture.

Lecithinases: Diluted egg yolk 1:1 with physiological

saline solution. Added 5% of the above solution to a 1.5%

ion agar No. 2 solution at 45 ± 3 C.
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Alkaline Phosphatases: The system suggested by

Burstone (1962) was prepared as follows: 10 mg of sodium

alphanaphthyl acid phosphate (Sigma), 20 mg Fast Blue RR

(Eastman) and 0.3 ml of a 10 magnesium chloride solution

were added to 40 ml of 0.1 M tris-HC1 buffer, pH 8.5. The

gels were immersed in this mixture and incubated at 37 C.

Acid Phosphatases: The assay system consisted of the

same components as those given for the alkaline phos-

phatase system. However, the pH was adjusted to 5.0.

Aromatic Esterases: The method suggested by Burstone

(1962) was modified as follows: 40 ml of 0.1 M tris-HC1

buffer, pH 7.0: 1 ml of r% alpha naphthylacetate (Sigma)

in acetone; 20 mg Fast Blue RR. The reagents were mixed

immediately before use. The gels were immersed in this

mixture and incubated at 37 C.

Negative controls were conducted by running in

parallel the assay system minus the substrate. Commer-

cially purified enzymes were employed in positive controls.

Purification, Identification and Isolation of NAD

Dependent Diaphorase

One milliliter aliquots of the concentrated super-

natants from each strain of C. botulinum types A, B, C, E

and F (as well as other clostridium species) were electro-

phoresed. Following electrophoresis, the gels were

immersed in a mixture of 7.5 ml of 0.05 M tris-buffer
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at pH 7.4, 3.5 ml of nitroblue tetrazolium (Sigma) 2 mg/ml,

2 mg of NAD (Sigma) and 0.15 ml of a 2 mg/ml solution of

phenazine methosulfate (Sigma). After incubation at 37 C

for 10-15 minutes bands of diaphorase activity could be

observed directly. Various experiments were conducted to

facilitate identification of the diaphorase activity

observed.

To demonstrate that the observed reductase was not a

component of the respiratory (electron transport) system

normal inhibitors of the respiratory chain were added to

the assay system. Potassium cyanide and sodium azide

(0-0.06 M) were added in the assay systems.

To determine the nature of the prosthetic group,

p-chloromercuribenzoate was added to the assay system.

To determine the influence of increasing and decreas-

ing oxygen tension on the production of diaphorase, potas-

sium nitrate and sodium thioglycollate were added to the

growth medium, respectively. A range of 0-0.1% thio-

glycollate was used in these studies. The oxidizing

agent, potassium nitrate, was increased from 0-1.0%.
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RESULTS AND DISCUSSION

In this work, culture media supporting the growth of

strains of C. botulinum types A, B, C, E and F were exam-

ined for characteristic extracellular enzymes which can

be useful in rapid identification. The metabolic state of

microorganisms may influence the number and types of pro-

teins which can be electrophoretically separated. There-

fore, the strains of C. botulinum and other species of

Clostridium were grown under essentially the same cul-

tural conditions.

Total Proteins

After 48 hours incubation, culture media supporting

growth of each strain of types A, B, C, E and F demon-

strated total protein patterns which were reproducible.

The patterns were essentially the same following storage

of the supernatant for two weeks at 4 C. However, the

different strains of a given type did not show the same

number of bands (Figure 2).

Media which had supported growth of type B organisms

showed 18 to 21 protein bands upon electrophoresis. Type

A culture media demonstrated a similar number, several of

which were common to protein bands produced by type B

(Figure 3). A comparison of the total protein patterns

of the five types is shown in Figure 4.



Figure 2. Total protein stained gels showing patterns
of strains of C. botulinum type E.

Left to right, NC1B 4267E, NC1B 4284E,
NC1B 4290E and FD833.
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Figure 3. Total protein stained gels showing
comparative patterns of strains
33A and 115B (type A, type B).



33A 1158



Figure 4. Total protein stained gels of
C. botulinum types A, B, C, E and F.

Left to right, 33A, 115B, NC1B 4218C,
NC1B 4268 (non-toxic E), VH (toxic E)
and type F.
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Non-toxic "E-like" forms showed similar patterns to

those of toxic forms with the exception being the number

of observable bands. The number of bands for some strains

was identical to that shown by type E.

An explanation of discrepancies occurring in protein

patterns of strains of the same type may be found in the

preparation of the supernatant, electrophoresis manipula-

tion or in the staining method. Variations in intensity

of the stained bands are probably caused by a variation in

the concentration of each protein fraction, as well as the

absence of common protein fractions.

Assays and comparisons of the protein patterns of the

various strains utilized in these studies were facilitated

by flat gel electrophoresis. This method of electro-

phoresis accomplished purification and concentration of

the protein and extracellular enzymes. Certain obvious

advantages over disc electrophoresis were demonstrated by

this technique. It was more convenient and allowed more

samples to be run on the same gel for better and improved

comparisons. This flat gel electrophoretic unit is water

cooled; therefore, artifacts and abnormal results caused

by hot spots occurring during the process are prevented.

The time required to accomplish purification and

isolation of enzymes and other components presents a

problem that may be offset by adaptation of an elution

device and scanning unit to this flat gel electrophoretic
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cell. Several days may be eliminated from the time re-

quired to accomplish purification by diethylaminoethyl-

cellulose chromatography and similar methods. This method

is also used to purify traces of enzymes and other frac-

tions from small volumes. Another advantage is found in

the case of exclusion by varying the pore size in the

polyacrylamide gel.

The flat gel electrophoretic unit used in these

studies permitted the use of larger volumes of a sample

than can be run on the disc electrophoretic cell. In-

creased resolution is possible by re-electrophoresis of

a strip of the flat gel under different buffer pH condi-

tions.

The dimensions of the polyacrylamide flat gels used

made it possible to conduct a greater number of assays on

a given electrophoresed sample. These gels were easily

cut into small strips and subjected to different assay

systems. When several samples were run on one gel,

observations and results were more accurately compared.

Purification and concentration of extracellular

enzymes by flat gel electrophoresis permits detection of

multiple molecular forms in a few minutes rather than

hours as formerly required by the plating technique. The

presence and detection of isozymes by electrophoresis

may be explained on size and charge differences of the

enzymes. It has been suggested that forms of an enzyme
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with different charges may be important in the localization

of a given enzyme and its function in different parts of

the cell (Kaplan, 1963). Other possible explanations for

their presence include their being artifacts of the super-

natant following preparation and method of analysis.

Multiple molecular forms may arise as a result of accidents

of synthesis within the cell caused by mutagenic agents.

The influence of one or more duplicate genes on different

alleles can also cause the synthesis of molecular heterog-

enous enzymes. Multiple molecular forms or isozymes may

be synthesized by these organisms to avoid complications

which otherwise can arise in feedback repression and

inhibition regulation of the first step in divergent

metabolic pathways. Additional work must be done on the

nature of the nonidentity of these different forms of an

enzyme to appreciate their significance in the environment.

Iron-Bound Proteins

Data presented in Table I show that all strains of

C. botulinum types A, B, C, E and F utilized in these

studies possessed iron-bound proteins in their super-

natants. The number of bands varied from one to three.

Ferredoxins were demonstrated by flat gel electro-

phoresis in the supernatant from all strains of C.

botulinum by iron-bound protein staining and by comparing

the positions of the iron-bound protein to that of a
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ferredoxin control (Sigma). The area containing the ferre-

doxin was similar to that in which the reduced nitroblue

tetrazolium was oxidized upon exposure of the gel to the

dehydrogenase staining systems (Figure 5).

Ferredoxin has the unique property of being the most

electronegative electron carrier yet found in the oxida-

tion-reduction chain in bacteria (Valentine, 1964). Hence,

it probably functions in regenerative systems required to

maintain a steady state of equilibrium. Evidence of its

relative electronegativity was seen by its greater mobility

during electrophoresis. Their physiological roles in the

extracellular environment are probably the same as inside

the cell, that of electron carriers.

Oxidative Enzymes

Tests for malic, succinic, isocitric and lactic

dehydrogenases indicated their absence in the supernatants

(Table I). The absence of the above mentioned enzymes in

the extracellular environment strongly suggests that they

are strictly intracellular forms. If they are released

into the environment, then they are likely to be rapidly

inactivated or destroyed.

Although malic, lactic, isocitric and succinic dehy-

drogenases were not found in the electrophoresed culture

media, positive results have been recorded from cellular

extract studies (Dyer, 1967).



Figure 5. Enzyme stained gel of strain 115B
(type B) showing iron-bound protein
and oxidized ferredoxin pattern,
left to right.
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The clear areas or bands which were observable after

staining the gels for dehydrogenases were identified as

ferredoxins. Evidence for identification was accumulated

from controls run with commercially purified ferredoxin

and iron-bound staining procedures.

Extracellular Enzymes

All strains of C. botulinum types A and B showed

proteolytic activities. Three protease bands and four

gelatinase bands were characteristically found in the

electrophoresed gels of these two types. Three of the

four gelatinase bands showed the same electrophoretic

mobilities as those found in the protease study. However,

the fourth band appeared to have less electrophoretic

mobility (Figures 6 and 7). In Figure 8, the proteolytic

band patterns from 115B and 64-89A are demonstrated.

Neither protease or gelatinase activity could be

detected in the supernatants of the types C, E and F used

in these studies. These forms are fermentative in nature

and therefore the observed data were not surprising. These

negative results do not mean that under different condi-

tions these strains could not display proteolytic activity.

In Figure 9, the five types are displayed showing their

characteristic reactions in milk agar slides.

The data in Table I shows that all strains of C.

botulinum used in these studies demonstrated positive



Figure 6. Gel showing multiple molecular protease
pattern of strain 115B (type B).
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Figure 7. Gel showing multiple molecular
gelatinase pattern of strain 115B
(type B).





Figure 8. Gels showing multiple molecular
proteolytic patterns of types A and B.
Top left to right, 64-89A protease
64-89A gelatinase; bottom left to
right, 115B gelatinase and 115B
protease.
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Figure 9. Gels showing proteolytic reactions
of strains 5A, 32B, NC1B 4218C,
NC1B 4244E and type F.
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lipase and lecithinase activities in their supernatants.

Microscopic slides showing characteristic lecithinase

activity of the strains are seen in Figure 10. Positive

esterase activity was also shown by all forms.

Tests on the electrophoresed media showed that

alkaline and acid phosphatases were absent.

The presence of extracellular enzymes suggests

methods of preparing usable and diffusable components

from the large molecules and compounds found in the cul-

ture medium or environment. For any nutrient to be of

value to the cell it must enter that cell and be usable,

hence the obvious need for extracellular enzymes. The

absence of certain extracellular enzymes may suggest a

more primitive form of existence. The failure of micro-

organisms to elaborate certain extracellular enzymes may

also indicate that the organisms or cells do not require

those specific subunits. However, under different biotic

and environmental conditions these forms may then produce

the newly required enzymes.

Diaphorase

All strains of C. botulinum types A and B as well as

the toxic forms of types E and F showed diaphorase activ-

ities after incubation in the proper assay system for

10 to 15 minutes at 37 C. Negative results were recorded

for the type C, "E-like" forms and other Clostridium

species.



Figure 10. Gels showing lecithinase activity
of strains 64-89A and 32B.
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Each strain of toxic types A and B showed a single

band (Figure 11) while the toxic strains of types E and F

displayed two bands (Figure 12). The electrophoretic

mobility of the bands found in types A and B were essen-

tially the same. One of the two bands which are observable

in the toxic strains of type E and type F demonstrated the

same electrophoretic mobility as that of types A and B.

The experimental results supply evidence that the observ-

able diaphorase activity of C. botulinum is NAD dependent

and not associated with the electron transport system of

the respiratory chain, directly. Negative results were

realized when NADP was substituted for NAD in the assay

system (Table I). An increase in the NAD concentration from

zero to five mg in the assay system resulted in decreasing

the time interval required for detection. When NAD was

omitted completely from the assay system negative results

were obtained. The addition of normal inhibitors of the

respiratory chain (10-4M KCN and sodium azide) to the

assay system did not cause any apparent attenuation of

the diaphorase activity. The time interval required for

detection was equal for experiment and control prepara-

tions.

Following addition of p-chloromercuribenzoate at a

concentration of 10
-4M to the assay system a complete

inhibition of diaphorase activity was noted. Since this

compound combines with sulfhydryl groups and inactivates



Figure 11. Gel of strain 115B showing single
band of NAD dependent diaphorase
activity.





Figure 12. Gels of strains NC1B 4244E and type F
demonstrating double bands of NAD-
diaphorase and non-toxic FD833E
showing an absence of diaphorase;
left to right, respectively.
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enzymes it is very probable that the diaphorase activity

is dependent upon compounds or fragments having SH groups.

It, therefore, is likely that sulfur-containing amino acids

are essential components of this enzyme.

An increase in the concentration of sodium thioglycol-

late (reducing agent) from 0 to 0.1% in the culture medium,

adjusted to an initial optical density of 0.20, resulted

in an apparent diminution of the diaphorase production

and/or sensitivity. The cultures were allowed to attain

an O.D. of 1.20. The cultures grown in 0.02% sodium

thioglycollate showed a very pronounced band after only

10 minutes incubation in the assay system. A weak or

slight band was noted in those grown at 0.06% after 10-15

minutes. The culture grown in 0.1% sodium thioglycollate

failed to produce any diaphorase band after 1.5 hours of

incubation.

Increasing concentrations of potassium nitrate

(oxidizing agent) stimulated the production of diaphorase

and/or its sensitivity. The concentration of potassium

nitrate encompassed a range from 0 to 1.0%. All strains

of C. botulinum types A, B, toxic E and F showed diaphorase

activity with a definite increase in band intensities as

the concentration increased.

Examination of electrophoresed gels of supernatants

from C. tetani, C. sporogenes, C. butyricum, C. pasteuri-

anum, C. acetobutylicum, C. perfringens and C. bifermentans
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showed an absence of diaphorase activity. This does not

mean that under different conditions these forms could not

produce diaphorase.

The origin and function of this NAD dependent diapho-

rase remains obscure. However, as a result of the apparent

influences of increasing the concentrations of potassium

nitrate and sodium thioglycollate one can speculate on the

physiological role of diaphorase in the environment. It

may function in maintaining a steady state alkaline con-

dition by removing hydrogens released in the medium.

Since these microorganisms are anaerobes and require a

reduced atmosphere the presence of these enzymes may be

explained. The enzyme may be an individual dehydrogenase

whose true electron acceptor is yet unknown. It may also

be part of a soluble NADH dehydrogenase system used for

biosynthesis. The presence of this enzyme in the environ-

ment prior to the major occurrence of toxin in the culture

medium may suggest a role in the biosynthesis of toxin.

It may supply the energy for activation of the toxin in

the environment. Before its physiological roles can be

ascertained fully, additional work will need to be done

following purification.

The results showed that total protein and enzyme

systems of C. botulinum, when identified by flat gel

electrophoresis, may have definite potential in identify-

ing the strains and/or types. Obviously, more strains
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of the C. botulinum types and additional enzyme systems

must be examined before any definite conclusions for

future application can be made.
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SUMMARY

Culture supernatants of strains of Clostridium

botulinum types A, B, C, E and F were subjected to flat

gel electrophoresis. Following electrophoresis the poly-

acrylamide gels were examined for total protein and enzyme

patterns.

Enzyme staining of the protein-laden gels showed

single and multiple molecular forms of proteases, leci-

thinases, lipases, gelatinases, iron-bound proteins and

NAD diaphorases. Malic, isocitric, succinic and lactic

dehydrogenases were absent in the culture media. Tests

showed alkaline and acid phosphatases as well as NADP diapho-

rases were absent from the supernatants. The observed

total protein patterns and extracellular enzyme patterns

supplied evidence of possible taxonomic significance.

A quick and accurate comparison of samples was facil-

itated by this flat gel electrophoretic technique which

allowed several samples to be electrophoresed on one gel

at the same time

An NAD dependent diaphorase was purified and identi-

fied by assay methods following electrophoresis in strains

of C. botulinum types A, B, E and F. Single bands were

observed in types A and B after staining. Double bands

were seen for the toxic E forms as well as for the type

F examined. The non-toxic "E-like" forms did not display
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any diaphorase activity.

Evidence gathered from the studies of inhibitors and

stimulators on the NAD dependent diaphorase suggested a

possible role in biosynthesis of the toxins by different

strains of C. botulinum. Treatment with cyanide and aide

did not cause any apparent loss of activity or sensitivity,

thus indicating that this enzyme is not a part of the

regular respiratory electron transport chain.

The production and/or sensitivity of the NAD dependent

diaphorase was reduced following growth of the cultures in

increasing concentrations of sodium thioglycollate. In-

creasing concentrations of potassium nitrate effected an

increase in production or sensitivity. Treatment with

p-chloromercuribenzoate demonstrated the presence of

sulfhydryl groups which were essential for diaphorase

activity.
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