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INTRODUCTION

As the builder erectis & scaffolding prior to the actual
construction of a building, so the scientist, having laid the
foundation for his work, erects a "scaffold” built of new ideas
end ecritisms of old ones as'a gulde for his experimental work.
Such is the hypothesis vhich inspires all scientifie research.
Gay (1935) hes set forth the purpose of an hypothesis so ed-
mirably that the writer cannot refrein from quoting his re-
marks. %Working hypotheses are the soul of experimental so-
ience and without them one could scarcely proceed from one
experimsnf to the next. One attempts to explain a curious,
uﬁaxpactaﬁ, and chance observation in terms of what 1is elreedy
knovm, by ﬁnalugy; a hypothesis is created in proof or dis-
proof of which an experiment is suggested. The new facts
that ere likely to be elicited are of far greater inportance
that the corroboration or disproof of the hypothesis in the
testing of which the experiment was formulated. In other
words, the function of the hypothesis in research 1is to stim-
ulate the production of new facts rather than to help support
what seems to its originator a more permenent explanetion or
theory of thie nein esubject nt issue,”

Originally this study was designed to investigate the
virulence of Clostridium welchii. It ended far frnﬁ the orig-
inel goal, the result being s collection of severnl new facts
and new interﬁratations of old fects concerning the nntrition_

of C. wolchii.



There i3 a growing beliof that the development of such
nighly sveoifio nutritive requirements by parasitic bacteria
is 8 result of thelr continued existance in an &n?ifonmant
of profabricated enzymes end easily sscsimisble foodstuffs.
These orgaznisme sllov their own pﬁwurs of synthesis to deter=-
iorete and become trogroesaively mors dependent uron the host
esll for their nutritiée requirenents.

Perhaps then, muech of the peculiar disease provoking
rower of the pathogonie bacteria con be traced to thelr spec-
ific nutritive requirements. Whet better way to provide clues
to the mystery of pathogenicity then, than to study the nutri-
tion of these nffendars?

A good deal of experinentel ovidence must certeinly zoc-
umulate before an intelligent answer cer be given to this
guestion. In the mesntime, the profound truth of EKobert
Brideos' utterance in his "Testament of HDesuty™ should be pﬁn—
dered by avary studant of thz sciencg==-

"Thy task is {irst to leern VHAT 15, and
in pursusnt knowledge pure intellect will
find pure pleasure snd the only ground for
a philosophy eonformable to truth.®

In the foregoing rarsgraphs the wrlter hes sttenpted to
prasent the train of thought which hus motivated the experi-
mental work and governed the interprotetion of the results
of this work. At this point, 1t secns ressonszble to acgueint
the reuder with the plan that is followed in presenting thé

vi



matarisl conteinsd in this peper.

The seetion which irmedietely follows, entitled "Histore
iecal nnd Conoral Considerations”, i: intended to ellov the
readsr to becones iﬁniliar with the morphology endéd physiology
of C. walehii znd with the neture end formetion of its toxin.
The amctusl nutritionzl studias sre prescnted in the sequenco
in which they would nrermally cecur in the study of the nutri-
tive ronuirements of sny miecroorgznicm: nerely, the nitrogen
reguirements, the socessory growth fectors or bacterizl vit-
rmine needed hy the orgrnisem, the eerbon retuirecments, spd
the inorrsnic requirements. Then, es in any technioel peper,
follows the di-cussion nf the results and ths sunrery of the

accomrlishments sand the conclusions to be drsvm.
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HISTORICAL AND GENERAL CONSIDERATIONS

The foundation of all work on anaerobes was laid by
Pasteur in 1861 when he reported the isolation of Bacillus
butryicus, a nonpathogenic, spore bearing anaerobe.

Clostridium welchii was discovered in 1892 by Welch
and Nuttall., They named the newly isolated miﬁfabe Bac-
11lus asrogenes capsuletus. In the years that immediately
followed, the investigations of Welch and Flexner (1895),
and Herter (1907) clearly established C. welchii as a
bacteriological entity and demonstrated that this organism
is one of the major incitants of gas gangrene.

The organism was also a point of interest elsewhere.
In 1893, Fraenkel isolated this same microbe and called it
the "gas phlegmon bacillus"™ or Bazillus phlegmonis emphy-
sematosae, Again in 1898 Veillon and Zuber obtained pure
cultures of this bacterium tﬁ which they applied the name
B. perfringens,

Today in_English and Americen literature the organism
is usually referred to as C. welchii. German and French
workers, however, stlll designate this arg&ﬁism as B.
phlegmonis emphysematosae and B, perfringens respectively,
In the most recent edition (1939) of Bergey's "Manual of
Determinative Bacteriology" tha.arganiam is referred to as
Clostridium perfringens. With all deference to Bergey, the
author will, nevertheless, retain the designation of C.
welchii baaéusa of its widespread usage among bacteriologists
and because that name has come to st&nd for a distinct

bacterial entity.



The Nature of Clostridium welchii.

C. welchii is a normal inhabitant of the intestinal
tract of practically all higher animals. Beocause of this
it can usually be isolated from any =oil specimen. Thus,
the spores of ﬁ. welchil may be present on anything that
comes in contact with dust and dirt, Hence, cultures of
C. welchii can be obtained from dairy products, foods,
body surfaces of men and enimals, and even from normal
tissues,
Morphology: C. welchii is a short, plump, rod-shaped organ-
ism about 4 to 8 microns in length., The bacilli stain
Gram-positive in cultures 15 to 18 hours old, In older
cultures the rods appear with ragged indentations of the
edges. Many of the baellli show Gram-positive grenules
embaedded in & Gram-negative matrix., In addition a consid-
erable percentage of the elements are completely Gram-neg-
ative. C. welchil produces spores though not readily.
Spores are never found in a medium containing fermentable
carbohydrate. In order to induce the organism to form spores,
it must be 'cultivated in an alkaline medium rich in proteins.
The spores when observed still within the vegetative cell
are situated centrally or subterminally and are large enough
to cause the sides of the rod to bulge, (. welchii is abs-
olutely non-motile; flagella have never been seen even when
dark field illuminﬁtion.mathudé are used. Although capsules
are not evident under all staining conditions, fhar are

'
readily demonstrated if one subjects the baeilli to the



actlon of dilute sodium hydroxide solution (Robertson,
1916).

Anaerobiosis: C. welchii is not particularly sensitive

to oxygen when compared to the more strict anaerobes, of
which C. tetenl is an exemple. Zeissler (1928) reports
that welchil is capable of growing in en atmugphara of
which the oxygen tension is 40 mm, of mercury.

Growth and Appearance in Various Media:

1., Blood agar: The colonies on an agar plate containing

5 per cent rabbit blood are, at the end of twenty-four
hours incubation at S7°C., 1 to 5 mm., in diaemeter, dis-
ocrete, oircular, and evenly convex, Immediately surround-
ing the colony is a very disfinut zone of complete hemoly=-
sis. About this zone is a much wider area in which the
hemoglobin exhibits a definite alteration though the
majority of the cells appear to be unlaked. The whole
ocolony resembles somewhat that of a target; the colony
itself being the bullseye,

2. Plain broth: There is an even clouding with ultimate
sedimentation of the organisms,

3. Cooked Meat Medium: Abundant growth tekes place even

without strict anaerobic conditions prevailing. The meat
becomes pinkish in color but digestion is absent. Par-
enthetically it can be seid hers that due to difficulties
attendant to the sterilization of media of this nature,
the writer would hesitate to recommend a medium of this

type for routine cultivation of anmerobes, because unkilled



spores lurking in it will most certainly germinate upon
inoculation, and the ensuing results are too familiar to
bacteriologists to be explained.

4, Milk: In milk one observes the characteristlio "stormy
fermentation", The c¢lot firmly retracts and 1s shot through
with bubbles of gas produced fromfthe fermentation of lao-
tose., At times the clot is literally blasted out of the
whey due to the violence of the gas produced, Zinsser and
Bayne-Jones (1939) indicate that "stormy fermentation" of
milk i1s peculiar to C. welchii, but MeCoy, F red, Peterson
and H&sfings (1930) have shown that seversl species of
plectridia anmerobes isolated by them from decaying plant
tissues and from mud will produce stormy fermentation of
milk.

5. Biochemioml charascteristics: 1. Gelatin. C. welchii
produces a gelatin liguifying enzyme. According to Valbum
and Reymenn (1933), the production of this enzyme is con-
current with the production of toxin by the organism., This
observetion may account for the dlserepancies appearing in

the literature in regard to gelatin liquifaction by C.
welchii. 2. Carbohydrste fermertation: Acid and gas are

formed from glucose, lactose, sucrose, maltose, galactose,
levulose, and sometimes from glycerol and inulin, Mannitol,
dulcitol, and salicin are not fermented, Simonds (1915),

in his study on the cultural characters of C. welchii has,
on the basis of glycerol and inulin fermentation, proposed

four types of C. welchii, Kahn (1924), reporting the results



of a study ar§a large number of strains of Gf walchii,
accepta Siﬁunﬁ's proposal in the main but indicates that
there are intermediate types in which the fermentation of
these two carhohydrates is not clear-cut and hence bridges
over the gaps separating the four types.
THE TOXIN OF CLOSTRIDIUN VELCHII
To the remarkable pathogenic mction ?f C. welchil the
older workers ascribed many varied causes. Since the bac-
illus ferments carbohydrates with the formation of butyric
acid, it was ragérdaﬁ by Colemen (1915) as a tissue irritant
and debilitant. Stewart and West in 1916 maintained that
a true toxin was not responsible for the tissue chenges,
but that the effeat of the mecid was sufficient to cause the
leslions of gas gengrene. To Bull and Pritchett (1917 e,b,c,)
must go the credit of first olearly demonstrating that C.
welchli produces a true, antigenio, exotoxin. These workers
grew highly pathogeniec strains of C. welchii in 0.2 percent
glucose broth containing a bit of fresh, sterile, rabbit
or pigeon muscle, After 18 to 24 hours incubation the
culture was filtered and the filtrate obtained had the power
to kill laboratory animals, The animals so injected exhib-
ited the same symptoms that eppear in & typicel C. welchii
infection. Antitoxin which specificelly neutrelized the
toxin was prepared by hyperimmunizing rabbits and horses.
When Bull injected the toxin into the breast muscles
of a pigeon he observed edema and extensive necrosis of

the musoles. Death followed shortly, if the amount of the



toxin injeoted was lethal, Injected intravenously the
toxin produced death slso, but from the result of a speedy
and wideaﬁraaﬁ red blood cell destruction. Trom these re-
sults Bull conceived the toxin of C, welchll as conasisting
of two clementst (1) = hamntnxiu; and (2) a substance which
sausad loecal tissue injury. This latter element was called
a myotoxin by Henry (1922).

The main properties of the foxin were soon determined
end a variety of terms vere propossd for the various toxio
elements of whioh the toxin was composed., These heve besn
named sccording to their physiologleal sction. They include
the aforesmentionaed hemotoxin nf hemolysin, (Dull, 1917 E,
b, ¢; Celerek and Stetkiewicz, 19%6; Ford and Williama.?
1919; Henry, 1922; Kadiasch, 1925; Ouranolf, 1817; Buhnﬁiarf'
son and Semuels, 1930; Weinberg and lfasta, 1920; and ﬁuth.
1923) and myotoxin (ilonry, 1922) also celled oytolyain . |
(Fobertson, 1829). 1In aﬁditian, a neurotoxin hes been |
proposed (Weinberg and Barotte, (1929); a toxin purported
to have a ap?uifio-aﬂtion on blood vessels (Weinberg end
Combiesco,[9%50); "the acute lethal toxin" of Shiraishi
(1831); - rdorotic ﬁnﬂ-lﬂthul-tcxin" of Clenny (1936)
and a non-specific histamine-like substence found in the
growth products of C, welchii {Kendall end GSohmitt, 19263
Kendall end Gebauer, 1950; and Kojima, 1922). Thia sub-
stance is found in broth culturcs in which the original
fermentable suger was ebove the optimum for torxin product-

ion, It is hesi-stable, non-antigenic, and is not



neutralized by antitoxin. _

With the exception of the "pseudotoxin", none of the
alleged toxin elements have been senerated from the "crudem”
toxin, nor have their individusl properties been postulated.
Both Robertson (1929) and Gay (1935) infer existence of the
hemotoxin and the myotoxin as separste entities.

In the majority of these studiés the hemotoxin has
been under surveillance., In the discussion which follows
the terms toxin and hamctﬁiin are used interchangeably.

C. welchil toxin is destroyed if heated at a temperature
of 70°C. for 30 minutes (Bull, 1917 &, b, ¢, Henry, 1922,
and Wuth, 1923). Neil (1926) reveals that the hemotoxin

is destroyed if heated at 55°C. for 10 minutes. He reports
that toxin inasctivated thusly cannot be reactivated by re-
ducing agents.

Neil found thet C. welohii hemotoxin loses its activ-
ity upon exposure to alr. This is a true oxldation react-
ion in that the hemolytic activity can be restored upon
reduciion either by becteria or by sodium hydrosulfite.

A further perusal of Neil's paper reveals that the oxidized,
inactive hemolysin has the seme susceptability to heat as
does the reduced active hemotoxin, Neil's claims were
substantiated by Reed, Orr, and Campbell (1927). These
last-nemed workers also found that more hemotoxin is re-
quired to lyse oxygenated red cell suspensions than re-

duced red cell suspensions,



Wuth (1923) also studied the hemotoxin of C. welchii.
His observations in regard to some of its physical properties
are particularly interesting. He found the tosin was absorb-
ed on powdered fibrin, erythroeytes, and minced tissues from
various organs. According to Wuth, the hemotoxin is bound
by lecithin though not by ahnlaatarnl. This lipo-tropiec
attribute of the toxin is in accord with the exotoxins of
certain species of other bacteria (Eaton, 1938).

In order to obtain optimel hemolytic actlivity of C.
welchii toxin correct hydragaﬁdﬂancantratian is of utmost
impcrtanué. Neil's work indicates that the hemotoxin loses
its potency 1f it is exposed to a pH of 7.6 to 8.0.

He (Neil) indiocates that a pH of 7.0 is optimel though
Walbum (1933) in a more recent study has clearly shown that
6.6 is the optimum pH for the hemolytic motivity of C.
welchii toxin. |

A stable dried preparation of C. welchii toxin can be
prepared by precipitation with ammoniun sulfate, resolution
with water and reprécipitation with alcohol (Henry and Lacey,
1920; Kadisch, 1923; and Henry, 1922).

Weinberg (1923) has prepared a toxoid from C. welchii
toxin by heating the toxin for 48 hours in the presence of
0.13 to 0,30 per cent formalin. |

In a review of this nature 1t would be inadmissable to
omit the mesntion of several serologlecal studies that have
been made with the purpose of establishing the identity of

the aforementioned components or at least to exemplify the



complexicity of C. welchii toxin.

There exist several species of bacterla which closely
resenble C, welchii both physiologically and in the nature
of the toxin produced. These organisms differ from C.
welehlii in the faet that their pathological effects are
confined to enterotoxemias of domestic animals.

In 1923 Dalling isolate sn organism which is the et-
lologleal Tactor In lamb dysentery in Graat Eritien. This
organism exhibits minor physiological variations from C.
welchilil of eclassical gas gengrene. In addition, the spec-
ifie antitoxin of Dalling's baclllus neutralizes the toxin
of . welehii, though C. welchii antitoxin does not nsut-
alize its toxin, Another organism of this group, B. paludis,
was discovered by McEwen (1929). He obtained it from sheep
having a disease called Struck. DB. paludis bears a close
metabolio resemblance %o G. welchil and to Dalling's bac-
illus yet% exhibits a significant differance in taxin-aﬁti-
toxin relationa. The toxin of B. paludis is not neutralized
by the antitoxin ol C. welchii nor the toxin of ¢, welchii
by the antitoxin of B. paludis. MHcEwen asseris that his
organism differs from Dalling's bacillus in that 1t does
not produce a hemotoxin. Still adding to the complexicity
of the picture of the welchii-like organisms is the organ-
ism causing enterotoxemia of sheep in West Australia and
the "pulpy kidney" disease of sheep in New Zealand. The
causative organism, B. ovitoxicus, was discovered by

Bennetts in 1952, DBennetts considered his organism a new
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and distinet bacterial entity on the basis of the toxin
sp20ifielty exhibited by eross-protective experiments with
C. welehil, B, psludis, and Dalling's bacillus.

Two reports hove eppearad showing the toxin-antitoxin
rzlationships of this group of organisms., A tabuler sum-

mary of Wilsdon's (1821} roport aprears bLelow:

Organism Toxin type Toxin factors Antitoxin nsutralize
¢. walchil A W A

Dalling's B w, X, % %, B, C end D

B. paludls c Wy, & A, B, and C

B. ovitoxicus D W, X L, D

Vilsdon's report was followed shortly by the publicetion of
a similler investigation by CGlonny, Berr, LlewellynfsonEB,
Lelling and Ross (1933). Their paper revenls the existence
of toxin fractions 4 B, ¥ awd 8. To thess I'econ (1936)
andded the fectorc es yet kﬁcwn only in the originel strain
of Dalling's baeillus, Prigaa {1936, 1937) added the
feetor S as yot kmown only in the true C. wolehli. These
vorlous factors exert the following pﬁysia]ngicnl_af?ects.
@] =-=herolytie, lethal, and nearotiec
la *;*1Ethﬂ1, neerotic
¥ =~=lethal
15 ~==hlannlytlc
€ ==~lothal, necrotic
t ~==]athal
DNalling has reperted the dlstribution of these fectors

in the wvarious toxin types as follows:
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Toxin types Factors
x B v 3 € 7
A + - - — + =+
3B + + + T I
C + + + + -
D + - A — +

It would appsar that from the above teble that
Type B or Dalling's bacillus would protect agains{ the
toxins of Types B, ¢, and D. Montgomerie and Rowland
(1956) report what mey prove to be a fortunate discrep-
ancys They find that Type B antitoxin also protects
against Type A, or the toxin of tﬁﬂ trua G.IWelchii¢
The antitoxin of true C. welchii should according to '
the above tabley; neutralize only C. welchii toxin., It
does, howevery; neutralize Type D toxin which contains the
epsilon factor.s Such diserepancies among these toxin-
antitoxin ral&tiﬂnsh%ps remain to be explained.

A complete diccussion of the enterotoxemias of this
group of organisms,; and of the possible significaence of
their toxin-antitozin relationships to these disemses ls
beyond the scope of this review, For an aﬂmirabia digest
of the litereture on the serological relationships exist-
ing in this group, the reader is referred to a review of
this subject by Meloy snd MeClung (1938). Their review

is brief, yet edequate; and is accompanied by sn extensive

bibliography.
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In the great majority of papers decling with either the
physiological propsrties or the serological properties of
C. welchii toxin the existence of the so-called toxio fraot-
ions, though not established, 1s, at least, inferred. Fer-
haps this is not the place for speculation, but viewpoints
to the contrary should not, at the present anyhovw, be com-
pletely outlawed. Lendsteiner (1936), in his book, has
elearly shown thst the apadifiuity of immunolngiugllr act-

ive substances is dependant upon the atomic configuration

of the antigenic molecule. Eﬁhat, then, would prevent ons
from assuming that the toxin of C. welchil was & singular
substance endowed with a wvariety of_pharmnqalngiﬂal act-
ivities? Tollowing this line of reasoning, the serological
difTerences observed in toxin-antitoxin reactions of the
welehii group of organisms might be expleined as being due
$o variations in the atomic arrangement of certain "spec-
ifieity radicals”, or to the eddition of one or wore of

the radicals without the general structure of the toxin

noleculs being appreciebly disturbed.
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THE PROVUCTION OF C. WELCHIT TOXIN.

In reviewing the literature in regard to the pro-
duction of C. welchii toxin the writer does not aﬁtempt
to discuss the warious precautions to be Gbsar*;ed, the
care and maintenance of toxigenic strezins of C. welchii,
the preparation of mediums best suited for toxin product-
ion, ete. Rather the subject will be treaited in a chron-
ologlcal manner showing advences in the art of toxin pro-
duction and significant studies in whioh workers have en-
deavored to adjust the metebolism of C. welohii to optimal
toxinogenesis.

When Bull and Pritchett sstablished the Tact that C.
welchil produces & true toxin, the medium they used was
& meat infusiaﬁ broth containing 0.2 per cent glucose.
Inmediately before inoculation bit of sterile rebblt tissue
was added to insure the presence of certain necessary nut-
ritional substences and to maintsin supply the means of
voising the oxidation-reduction potential of the medium in
order that the orgenism, upon inoeculation, would be subjJect-
ed to conditions optimel for growth. Later DeKruif, fdems
and Ireland (1917) demonstrated that hashed autoclaved
veal could be substituted for the fresh tissus, Gay (1995bh)
states that the medium devised by DeKruif is the one in
general use in the United States todey (1935). This com-
ment being made some yeers after Walbum end Reymann (1933)
showed thet the presence of solid meat particles was ent-

irely superfluous to the production of toxin by C. welchii!
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Ko Jjima (1922, 1923) asctually made the first definite
attempta to determine the manner in which C. welchil pro-
duges 1ts toxin. .His work indicetes thet the addition of
rhenanthrenechinon and colloidal sulfur to the culture
medium medium are instrumentel in stimulating toxin pro-
duction by C. welehii. Walbum and Reymann (1933), however,
etate that they were unable to confirm Kojima's results.

The preparation of various enzymatic digests of mus-
cle and other organs and using the resultant product as a
base of a liquid medium has been gquite popular among var-
ious workers in this field, Hartley (1922) advocates the
use of tryptic digest broth with meat added to depth of ons
ineh in the bottom of the container, Weinberg and Ginsbourg
"(1927) have devised a medium whose base 1s a peptic digest
of liver and beef muscle., It is the much heralded 'VI!
madium which has in the past been a prime favorite among _
French bacteriologlsts for the purposes of toxin production.
feinberg &nﬂ_Ginsbaurg dispense their medium in tsll bottles.
This eliminates the necessity of a surface seal or other
moans of maintaining anaeroblic conditions. These workers
testify thet C. welchii growing in 'VI' medium will produoce
a toxin of which an intravenous dose of 0.25 ml. to 0.5 ml,
will kill e rabbit.

In 1923 Welbum and Reymann published a rapcrﬁ of a
eritical survey of the factors involved in foxin production,
Briefly, their results reveal that toxin is most stable at

a pH of 6.0 to 7.0, that the concentration of toxin reaches
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its maximum in 10-1l hours at 372, 15-18 hours at 30 C; thet
the heat-stable poison (histamine) is not rormed_tu any great
extent if the substrate contains not more than G.?E par cent
glucose. (The acute poison is formed in apprecieble amounts,
however, if the medium contains 2.25 per cent glucosel The
medium employed by Welbum and Reymann is ordinary veal in-
fuslon broth with 1.0 per cent peptone and 0.1 per cent glu=-
cose added. This medium is adjusted to = pH of 7.6-7, 8.
Calecium carbonate is admixed as an aid in neutralizing the
aclds formed in the dissimiletion of glucose. Anasrobic
conditions are maintained by covering the broth with & layer
of parafin oil, TUsing this wmedium these workers have obte-
ained toxins of which the m,l.d. is 0,015 to 0,013 ml.

Recently Reed, Orr, end Baker (1939) heve perfected a
modium which they recommend as bLeing excellent for toxino-
gcnesis by members of the gas gangrene group. It 1s essen-
tially a solution of 5 per cent galatin and 1 per cont pep-
tone, in whiech has been incorporated a number of inorganic
salts, The exparience of the writer is the same as that of
Reed, Orr and Paker, The strain of C. welohiil used in these
gxperimnents has consistently produced large wmounts of toxin
in this medium.

As has been mentioned sbove, fow projects have been
undertaken to ezplain the mechanism of the production of
tozin by C. welchii, The warious mediums deccribed have
tended toward simplification, but the reasons Tor introduc-

ing them are rather obscure. In the writer's opinion they
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represent, nevertheless, definite, thouch perhsps feebdble,
ettempts %o escape the empiricism that shrouds the genuine

bacterisl toxins.
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WHAT IS C. WELCHII TOXIN?

At the ﬁreaant time it is perhaps unwise to ask, "Vhat
is C. welchil toxin?" The toxins of the gas gangrene group
of orgenisms have not been the subject of such 1ntansive
researches as have the toxins of Corynebacterium diphtheriae
and Clostridium tetani, Eaton (1938) in reviewing the recent
chemical investigations of the bacterial toxins hesitates to
discuss the nature of the toxins of C. welchil and other
anaerobic bacteria of the gas gengrene group.

Is the toxin of G..Wﬁlﬂhii a poisonous by-product of
the metabolism of the baecterial cell, or does it play a
stellar role as an integral part of some enzyme system of
the cell? Eaton notes the possibllity that bacterial toxins
may be involved in some mannser with certain respiratory en-
zyme systems or oxidation-reduction procvesses, He oites
several investigations which tend to support this supposi-
tion on the basis of the close uhﬁmiual similarity of C. _
diphtheriae toxin and the cﬁmpaunda of the cytochrome series,
Such an implieation, of course, precludes similar analogies
with the toxins of the anaarnhéa; eytochrome never having
been shown to be present in anaerobic bacteria, MNeverthe-
less, this latter statement would not exclude the rossibility
of an anaercobe’s toxin enlisting as an integral part of e
redox system. The fact that C. welchii toxin (see Neil,
1926) 18 reversibly oxiﬁiﬁaﬁ-might tend to support this
supposition, Mueller (1940) indicates that the production

of toxin by C. diphtheriae is to a grest extent dependent
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upon the concentration @f iron in the substrate. His re-
view reveals that several investigators have shown that the
amount of iron necessary for optimel growth is considerably
nmore than thet required for the meximum production of toxin.
Though Kusller admits that his premise is not based upon
experimental evidence, he is of the opinion that certain
iron bearing enzymes or coenzymes sre responsible for some
function of the usual sequence of metabolic svents; and
when the iron content of the substrate is depleted below a
certain level, the organism in a successiul ettempt to el-
iminate & "bottle-neck" in its metabolism relies upon an
alternative enzyme system of which the toxin is a mﬂmbarf
This "new" system i1s then forced to carry the whole load,
and the toxin is manufactured in increased amounts., The
fact that this substance is poilsonous for humans is merely
an unfortunate seccident. Whether this hypothesls can be
applied to the toxins of aneeroble bacteria is problematical.
Is the toxin of C. welchil a complex mixture of elements
each with its own peculiar physiological effect, or is it a
singular substance endowed with the ability to create certain
effects on different tissues? The present situation in re-
gard to the actual nature of C. welchii toxin seems & blt
chaotic. The tendency of the earlier workers has been to
infer the existence of individual elements. MNothing eppears
in the literature which supports a uniterisn concept of C.
welchil toxin.

- The hemolysin of certain strains of staphylococol
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eppears to be quife similar to that of C. welchil., As is
the case with C. welchii, the hemolytic, necrotic, end
lethal toxins of the staphylocooci have not been sepzrated
nor have thelr individual propertics .been esteblished.
Glenny and Stevens (1935) have ﬂeseribed the properties
elpha and beta hemotoxins which, they maintain, exhibit
different affinities for rabbit red blood cells and for
buman red blood cells,

The foregoing questions conastituted the notivating
influence which resulted in ths following experimental
studies. It was thought that the developmont of the simp-
lost modium possible compatible with maximum toxin formation
would help answer the guestion, "What is C, welchil toxin?®

In those studies 1% will be seen thet the mode of
attack 1s along purely nutritional lines., The popular trend
in bacterial nﬁtrition is toward the development and per-
feotion of mediumns of known chemical composition, so that
eventually the fate of essentlial metabelites and the reason
for the formation 0f1varinua by-products attendant to the
geconomy of the cell mey be determined. This trend has heen
followed in this study. |

Before going on to discuss the experimental studies
‘done 1in connection with thils study, the writer should like,
at this point, to Justify his treatment of this review,

An attempt has been made to chart the orderly progress of
the science towards the determination of the nature of C.

waelchli toxin. The great bulk of papers dealing with C.
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welchii are in connection with problems of medical importance.
Since they primarily deal with the effect rather than the
cause, these papers have been ignored. The immensity of the
literature pertaining to the anaerobes is almost beyond com=-
rrehension. Though the writer feels that the survey of the
literature has been adequate, 1t is quite likely that omissi-
ons have occurred. At times the author has completely agreed
with the statement of Dr. Heller (1922)," The anaerobist work-
ing on bibliography is surely a oreature to be pitied, end

is not to be blamed for falling to follow the work of others

consclentiously and thoroughly."
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EXPERIMENTAL WORK

If one entertains an ldea to study the nutrition of
a partiocular species cf bacteria, two routes of approach
to the matter are open to him. One of these ways might be
called the "enalytioal method". Here one would select =z
medium whose exact composition was unknown and upon which
the organism in question grows luxuriantly. Then by pain-
staking fractionation of the wvarious ingredients of the
medium he would ultimately arrive at a point where all of
the essential nutrients of the organism hed been isolated
and identified. Thus; the recombining of these essential
nutrients would constitute a medium of known chemical com-
position., It would then be comparatively easy to ascer-
tain the fate of these substances in the metabolism of the
cell, .

To the second method the term "synthetic method®
might be aprlied. Following this line of attack one could
by trial and error employ various combinations of nutrient
-substances known to be effective for other bacteria, and
ultimately he would arrive at the seme destination as one
who employed the "analytic method"™.

"In the experimental data that is presented in this
seotion it will be seen that a combination of the two meth-

ods has besn ussd.
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GENZERAL TEGHHIG _ _
Cultures: 1In all of the experiments that are to be
descoribed, a single strain of C,. ﬁelchii has been used,
This culture was obtained thru lir. Bdgar H. Bealm of the
Creighton University School of Medicine. Upon receipt,
it bore the label #SR-12; that designation has been re-
tained throughout, This strain of C. welchii has all the
morphological and cultural characteristics as reported for
C. welchil by Bergey (1939). The organism is highly vir-
ulent, if wvirulence is to be measured by the ability to
produce large amounts of toxin.,  When 1.0 ml. of an ﬂuf-
ively growing culture of SR=12 is injected into the thigh _
of a 300 gram guinea pig, death will occur within 48 hours.
Upon post mortem the typlcel pathological changes are ob- _
served at the site of inoculation. The muscles are sodden,
friable, pale pink in color, and have a disagrésahla sour
odor., There is no evidence of putrefactive proteolysis.
The organism is easily isolated from the lesion,

Anserobic methods; Rosenthal's (1937) "ohrom-sulfurio

acid" method for producing sneeroble conditions is used
throughout this study. The chemical reactions which illus-
trate the menner by which anaerobic conditions are produced
by this method follow:

(1) Cr+ HsS04 — CrS04+ He

(2) CrS04+ 0g°Cra(S04)3 _
The jars in whiéh the anserobic conditions thus produced

were designed and made by the suthor. Ordinary fruit Jars
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of a quart of a gallon capacity were equipped with a ﬁuit-
able 1lid which was fitted with a device that allows the
excess hydrogen gas that is generated to "bleed" out and
yet maintain a positive pressure of hydrogen suffiocient to
pfsvent any air from leaking into the jar. For simplicity's
saké the complete set-up, when "charged" and ready for use
will be referred to as an "R" jar,

In order to prepare an "R" jar one places 3 grams of
chromium metal, 50 ml., of 15 per cent HpSO4 &nd 1 gram of
CaCl0z for each liter capacity into the Jjar. A small amount
of iron filings will cetalyze the reaction causing it to
prooeed faster. The tubes or plates that are to be inoub-
ated are placed in the Jar on a suitable acid-prood stand;
the_lid is firmly pleced on the Jjar; and it is then ra&ﬂy '
to be inocubated. Of course, the usual precautions in regard
to hrﬂrﬁgen and sulfuric acid must be observed, This meth-
od has the advantage in that plates may be inverted during
inoubation since there is no vauuﬁm at any stage in the
process.

Very recently Mueller and Miller (1941) have reported
on a mndifiuﬁtion of Rosenthal's chrom-sulfurioc acid method.
By a remarkable coincidence their modification, incluﬁingr
the specifications of their jar, are almost identical with
the method and jar devised by the euthor,

Miles (1940) criticizes the Rosenthal method saying
that he found it to be not as efficient as the MeIntosh and
Fildes (1916) method. Miles bases his assumptions on the
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facts that the presence of impurities in the nﬁromium re-
sult in the formaetion of substances toxic for anaerobes,
and that the cost of chromium prevents routine use of the
Rosenthal method. The writer using the "R" Jjar has cult-
ivated all of the more fastidious anserobes and has never
ahsarvaﬂ any evidences of hauterinaﬁﬁsis. As to the ocost
of the two methods the jars desoribed above can be const-
ructed at a ocost of about fifty cents emch. Five hundred
"R" Jars were prepared using a total of four pounds of
chromium; the cost of the chromium was $6.80., A complete
MeIntosh and Fildes jar retails for $20.00,

Measursment of Growth: Several methods for the quant-

itative estimation of the growth of bacteria in a liquid
medium are available to the bacterial nutritionist. O0Of

these the visual.inspaﬂtinn of the culture tubes for turb-
idity is perhaps the most popular, thﬁugh it.is subject to
considerable error. More accurate indices of grawth can be
ascertained by direct count of baocteria and by direct weigh- |
ing of the mass of bacterial growth. Indirectly the index
and bacterial growth can be obtalned by determining the nitrogen
content of the mass of bacterial growth. These last-named
methods are time consuming end where a large number of de-
terminations are being made tha.tim& factor is of consider-
gble importance., The use of the photoelectriec eell for
making turbidity measurements has recently been popularized,
and a majority of workers in bantarial nutrition use some

form of the photoelectric colorimeter to determine the
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effadtivepess of various mediums and growth factor pre-
parations. The photoelectric measurement of turbidity
eliminates the human factor to a great extent and presents
a rapld and simple meens of determining bacterial turbid-
itiea. The great disadvantage lies in the faect that the
eell is axcaé&ingly sensitive and all possible variables
must be eliminated before reprﬁﬁuoibla results can be
obtained.

In & majority of the experiments the amount of growth
was estimated es turbidity. These turbidities were deter-
mined by the Klatt-ﬁummgraﬁn photoelectric uulorimﬂtar.
Tha details of this iﬁatrumsnt are deseribed by Summerson
(1L935). To the writer's knowledge no other worker has
used this device so it was necessary ta-davalnp'a technie
that would parmit rapid determination of turbidities and
at the same time be sufficiently acourate so that duplicate
results might be obtained.

It was found that the greatest accuracy is achieved
when the liquid phase of a suspension of baoteria is ocolor-
less. Hence, the bacteria were removed from the culture
medium by centrifugation at 3500 r.p.m. for 30 minutes,
The mass of bacteria were resuspended in 10 ml. of water
and the centrifugetion was repeated, Agein the bacteria
were resuspended in 10 ml. of water snd the turbidity ;B
estimated as follows: |

A blue (no. 54) filter is placed on the colorimeter,
a special colorimeter tube is filled with 10 ml, of
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distilled water and the Zero point of the colorimeter is
arrived at by edjusting the apprnpriate_cnnﬂrﬁis. The zero
point attained 1s when the gcala reading and the pointer
both reglster zero.

| Next, to one of the special colorimeter tubes is add-
ed the bacteriasl suspension., The pointer is returned to
the zero point by manipulating the scaia knob and the read-
ing is mgdé directly from the scale. |

A scale reading of 0 to 20 represents poor growth, 26

to 50 moderate growth, 51 to 75 good growth, and above 75
heavy growth.

Estimation of toxin concentration: The concentration

of toxin was aatimatéﬁrﬁg.tha hemolytic activity of the
toxin, As is noted above, the technic of determining turb=-
idities entails aaliactinn of the bacteria by centrifugation
This procedure rendering the broth relatively free of haﬂt-
eria, the supernatant oen be tested for toxic activity.

The remavalunf the bacteria by centrifugation also is asd-
vantageous in that the toxie activity is not diminished by
such traatmant.t Filtration does result in a loss of toxio
aotivity end is also slow and expensive.

Techniq: Serial dilutions of the toxin were made rang-
ing from 1:10 to 1:1280. The dilutent was 0.85 per cent
saline solution buffered at a pH of 6.6 (Walbum, 1933, has
found that the hemolytic ﬁetivity of C. welochil toxin is
greatest af tﬁ#ﬁpﬁ}. The wvolume of the toxin dilution in
each tube was 0.5 ml. After the dilutions of toxin were
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made, 0.5 ml. of a 2 per cent suspension of rabbit red blood
cells wers a&d;d.. This-suﬁpanaian was prepared from oxalat-
ed (1 ml. of 1,1 per cent potassium oxalate for each 5.0 ml,
of blood) rabbit blood drawn the day the titration was made.
The blood cells were washed twice in buffered saline solu=-
tion and packed by centrifugation at 3500 r.p.m. for 30
minutes. The 2 per cent suspension is then made from these
packed cells. The mixtures of cells and toxin were shaken
and inoubated for one hour at &7°C. The end point was taken
as the highasﬁ dilution of toxin uausiné complets hemolysis
. of the blood eells in 0,5 ml, of 2 2 per cent suspension of
rabbit erythrocytes. |

In general the.'hacterinlagical technics have followed
the sams geﬁaral pattern throughout this study. As the
experimental work progressed, howsver, certain variafinns
and iswvations occurred from time to time. In order to

avold smbiguity then, the technies used in each individuel

experiment will be deseribed ssparately.
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EXPERIMENT ONE

THE SOURCE OF ESSENTTIAL NUTRIENTS FOR C. WELCHII

In 1939 Reed, Orr, and Baker reported on the preperation
of a medium that would aunaistantlylsupport the prcduﬁtion of
large amounts of C, welechii toxin, The ingredients of this
medium and their respeotive concentrations are: NaCl, 2.0
grems; MgSOy+7Hy0, 0,02 grems; NaghPO,-12 HyO, 5.76 grems
KH PO , 0,24 grams; gelatin, Difco, 50 grams; peptone, Difco,
10 grams; glucose, 2 grams; water, 1000 ml. PH 18 7.7, The
medium 1s eutoclaved at 121°C, for 15 minutes, Reed, et al.
state that the phosphate content has little influence on the
production of toxin prnvi&aﬂ'that'it is prasent.ip.surfiuient
amounts to prevent a drop in pH below 6,2-6,0 in 18 to 24 hours,
This medium was chosen as a reference medium add all results
achieved with test mediums and growth factor preparations
are compared with the "ROB" medium, Tha strain of C, welchii
No. SR-1l2 when grown in "ROB" medium will ﬁonsiatantly produce
toxin in such concentrations that it will hemolyse a unit of
red cells in dilutions of 1:160 or better,

' In order to investigate the stimuleting effects of sub-
stances other than peptone, the above-named experiment was
done.

Basio medium: Gelatin, Difoo, 50 grams; NaCl, 2,0 grams;

Mgs0, 7*Hg0, 0.02 grams; KH PO, 5.45 grams; 5 M NaOH, a suff-
icient amount to bring the pH to 7.8; water, 700 ml., The med-

ium was tubed 15 X 125 mm, test tubes in 7 ml. emounts and

sterilized at 121°C., for 15 minutes., Just before inoculation
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0.1 ml. of a 20 per cent solution of glucose, and 100 gemmas
of thioglycollic acid contained in 0,1l ml. were added to each
tube, .

Test substances: Solutions of Bacto-peptone, pifna
jéaat extract, Wheatamin extract, and liver extract, Lilly .
were made up s0 that 1.0 ml., contained 1 mgm. of the subastance.
The solutions were sterilized by filtration through a chrom-
ijum-plated Seitz filter. Various amounts of the materials
were added sterilely to the tubea in the emounts as indica-
ted in Table I. The volume in all tubes was brought to 10
ml. and they were incubated overnight in the 37° themostat
in order tn_inaur& sterility.

| Inoculum: 0,1 ml. of a twice-washed twentr-fﬁur hour

culture of SR-12 growth in "ROB" medium.

Incubation: 18 hours at 37°C. in an "R" jer,

Results: The results of this experiment are shown in
table I.
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Table I
| The Effect of Various substances on the growth of C. welchii

B AR=12 Hemclytic
Tube Assay Colorimeter reading activity
1 Basal N 20 1:10
2 " , 101 ganma P./ml, 28 - 1:20
'3 m 100 gemmes P. /mi. 35 1:20
4 n o, 1. 0 mem, P/ml. 3 43 : . 1:20
_5I | " 510 Mg P/ﬁl._ I. ,_. 7Y S 1:40
6 . " » 10 gemmas W.E. /ml. 44 . 1:10
7 ", 100 gammes W.E./ml. s 1:10
*3'_' ", 1.0 mem, ﬁ.m./m:@_.': 82 1:40
o "s 10.0 :f-mg;ri“:r.W_.E.fml. 1g2 5 ~1:80
10 . ", 10,0 Eamm&s.__L.E.(’ml_. :44 1:10
11", 100.0 ggmmas_i.,ﬂ_.}ml;“aa 1:20
12 " s 1.0.mgm, L.E./ml, . 74 1:80
13 * , 10,0 mgm, L.E./ml, 95 1180
14 ", 10 gemmas Y.E./ml. 4 120
15 . '" 100 genmas Y.E. /ml. 54 1:20

16 ", 1,0 mem. Y.E./ml. 93 | 1:40 -
17 ", 10,0 mgm. Y.E./ml. 330 1180

18 = X,R,0,B, medium 100 1:160

P-Bacto-Peptone; W.E.= Wheatamin Extractj L.E.=Liver

extract, Lilly; Y.E. =Yeast extract, Difco.

The results of this experiment reveal three significant
facts. First, it can be seen (tube 1, table 1) that C. welw

chii is capable of growing and producing toxin in a medium

*llanufactured by'the DePree Company, Holland, Liichigan
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consisting essentially of 5 per cent gelatin and 0.2 per ocent
glucose. It might be argued that a sufficient amount of the
necessary growth factors to enghle C. welchii to grow was
.ﬂagrieﬂ over with the inoculum. That the technic of washing
the organisms prior to inoculation removes all such substances,
however, is bourne out in subsequent experiments in which hy-
drolysates of ocasein and gelatin were used. The inference
gained from this findiné is that gelatin itself contains en=-
ough of these accessory growth factors to promote the develop~
ment., of C, welchil, Second, it is seen that Difco yeast ex-
tract, ﬁhaatamiﬁ Extract, liver extract, and Bacto-pepione

are effective in stimilating the growth of C. walnhii in the
order named, The third and most signifiocant observation to

be made from this experiment is that although better growth

is obtained with mediums containing yeest extract and Wheat-
amin Extract, the amount of toxin produced in these substrates
in no way approaches thﬂ ﬁmbunt.preﬁuceﬂ by C. welchil grow-
ing in R.0,B. medium. In addition. one notes (tube 6, table 1)
that where the ingrédiants_af the medium are edded separately
but in sueh a manner tlhiat thie ultimate constitution of the
medium is identicsl with that of R.0.B. medium, the growth
and the amount of'tu;tn produced are inferior to the R.0.B.
medium, The actual ranéaﬁ.fef thaaa last-mentioned discrep=-
aﬁaias is found in the experiments on the "Inurganic require-
| ments".

This reason did not come apparent to the author until

much later, however. At the time this experiment was per-
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formed, it was thought that the source of nitrogen might
influence growth and toxin production ﬂunsidarablr;. T_l\.ougﬁ
the resulis obtained do not corroborate this hypothesis they
do bring out interesting points.
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~ EXPERIMENT TWO
THE EFFECT OF VARIOUS SQURCES OF NITROGEN ON THE GROWTH AND
TOXIN FPRODUCTION OF C. VELCHII NO. SR-12.
Acid hydrolysate of Gelatin as a source of nitrogen.

An acid hydrolysate of Difco gelatin was prepared according
to a modification of a method suggested by Mueller and Miller
(1941 b). 300 grams of gelatin were dissolved in omne liter
of 20 per cent sulfuric acid. The resulting black tarry mix-
ture was then heated in the autoclave for four hours at
twenty pounds pressure., The hydrolysis of the gelatin was
complete, for bluret tests on the solution were negative.
The hydrolysate was cooled and the sulfate was quantitaively
removed by precipitation as barium sulfate through the add-
ition of 450 grems of anhydrous Ba(OH)g. The resulting pre-
cipitate was filtered off by means of a Buchner funnel. The
filtrate was then decolorized by the addition of approximate-
ly 100 grams of norit. The filtrate obtained from the treat-
ment with activated carbon was a clear, light-yellow liquid.
This liquid was concentrated under reduced pressure at a
temperature of less than 50 C. This operation took about
thirty-six hours with the equipment at the writer's disposal.
The concentrate was a thick, sticky mixture containing erystals
of various amino aocids. Upon the addition of water, the con-
centrate goes into solution easily.

Basal medium. Acid hydrolysate of gelatin, 8.0 grams,
corresponding to 50 grams of gelatin; NaCl, 2.0 grams; MgS0,
*7Hg0, 0.2 grams; KHoPO4, 5.45 grams; § M. NaOH, sufficient
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to hripg the pH to 7.8, usually takes about 7.3 nl. Wafar.
700 ml, Tube in 15X125 mm. test tubes and autoclave a 15
pounds pressure for 15 minutes, Before inoculating, thio-
glycollic ééid, in a concentration of 100 gammas per ml. of
medium, was added to inauré gacﬁ reducing uonditian.of the
broth and thereby reduce the lag period of C. welchii. 1In
aﬂ&ifinn the broth was enriched with 0.2 psr cent dextrose.

Test mediume. Each tasf medium was prepared from a
tube of basal medium. Next, varying amounts of substances
known to contain accessory growth factors for C. welchii
were added as indicated in table IXI. The volume in cach
tube wes brought% up to 10 ml, by adding an arpropriate amo-
unt of sterile distilled water, All tubes were then place@
in the 37°C. inocubator overnight in order to insure sterilu.
ity.

Inoculum., The emount of inoculum consisted of 0.1 ml.
of a suspension of a twenty-four hour culture of C, welohii,
Iv was prepared in the following manner: The organism was
grown in R.0.B. medium and after the incubationary period,
the mass of bacteriel growth was thrown to the bottom of the
tube by centrifugelizing at 3500 r,p.m. for 30 minutes. The
bacterie were resuspended and washed twice in sterile dis-
tilled water, This suspension was then diluted unfil the
turbidity was just perceptible. _ |

Incubation. The incubation was carried out in the 37°C.

incubator and the inoubationary period lasted for 15 hours.
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Results. The raéults are listed in table 2.
| TABLE 2

Acid hrﬂ.rolysad gelatin as a source of nitrogen for Clostridium

‘welehii

nee sy Ol IEUIS
1 Basal | 8 0

2. ™ , 10,0 micrograms P/ml. 7 0

8 "™ ,300 " - P/ml.. 12 0

4 " , 1,0 mgnm. P/ml. 12 0

5 " , 100 mgm. P/ml. . 88 | 1:80
6 " 4 10,0 microgrems W.E. fml. 5 0
7" 4, 100 " W.E./ml. 5 0

8 "o 1.0 mgm. et W.E.;/ml. B2 0

e " , 10.0 mgm. We.E./ml. o5 h 1:40
10 " | 10.0 micrograms L.E./ml. g4 0
1 " 3000 L.EJ/ml.. @y 1:20
2 " , 1.0 mgm. L.E./ml. 4 ~ 1:80
15 ", 10.0 mem. L.E./ml. gp 1:80
& ", E.D;B. medium | 106 | 1:160

 %¥The hemolytic sotivity of uninooculated controls was
zero in all cases.

Auﬂording to the results as portrayed in table 2, wa
ohaerve that an acid hydrolysate of gelatin is not as an
effective source of nitrogen ss gelstin is, However, the
added substences, peptone, Wheatamin Extract, and Liver ex-

traoct exhibit about the seme relative stimulative ability as
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they did in Experiment 1. The point of interest in the
above table, though, i1s that these substences weren't very
effective until their respective concentrations reachediper
cent (10 mgm. per ml. of the test medium), This points to

_ rossible emino acid deficiency in the geletin acid hydroly-
sate of gelatin that was allleviated by the presence of the
missing substance in the added stimulatory factors. The
growth of C. welchii in the test mediums desoribed was in
most cases insufficient to warrant an appreciable amount of
toxin production., However, when the growth-stimulating sub-
stances were present in nﬁncantraticns of 1 per cent, good
growth though poor toxin production occurred. From the data
presented one might infer that an acid hydrolysate of gelatin
was not as good a source of fdad as the parent substance.,
However, in the writer's opinion this is not the cese, The
reasons for such an assumption will be brought out in subse-
gquent disoussions concomitant to certain experiments to be
desoribed shortly. |

The question again arises as to why the discrepanoy be=-
tween growth and toxin production as compared to the R. 0. B.
medium (tube 14, table 1), As noted before, the answer will
be found in experimental data to be presented later in this
paper., _

Gelatin is rather unique as a protein because it does
not yileld any aromatic amino acids upon hydrolysis. Although
the literature does not reveal any informastion as to the
amino acid rﬁqﬁiramants of C. welchil, it was thought prob-
able that the aromatic amino acids such as tryptophans might
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* be important in the production of toxin or at least in the
growth of the organism. |

Experiments involving the amino scid requirements of
C. botulinum (Burrows, lﬁﬁé} and C. sporogenes. (Knight and
Fildes 1933) have been done, and the reports emphasize the
need of tryptophane and oystine by these organisms, .

It being possible that such may epply to C. welchii, as
well, the growth of the organism was observed in a medium
containing 1 per cent enzymatioc hydrolyzed casein. Such a
preparation provides the ﬁrganism with a source of all_"esa-
ential" amino acids, including tryptophane end oystine.,

E..Enzymatiu hydrolysate of casein as a source of nitrogen

fnf'ﬂ{ welchii, A preparation labeled "Amino Acids, Stearns”

was used as the source of amino acids in this experiment. It
was obtained through tﬁa courtesy of Dr., Richard Johnson, of
the Fredrick Stearns and Company, Detroit, Michigen. These
amino acids &fa the result of an enzymatio h&ﬂrnlyaata of
casein, in which the idantitr'of the amino acids of the cas-
ein moleculs is preserved intact. |

_ Basal medium, Enzymatic ﬁydralysata of ocasein, 10.0
grams; NaCl, 2.0 grams; MgSO4°*7Hp0, 0,02 grams; KHpPO4, 5.45
grams; 5 M. NaOH, a sufficient emount to adjust the pH uf.th&
medium to 7.8. Tubed in 7.0 ml. emounts in 15X125 mm, test
tubes, and autoclaved at 15 pounds pressure for 15 minutes,

Test Mediums. As in previous experiments, each test

medium wes prepared from a tubse of the basal medium. 0.1 ml,

v i .
of 20 per cent gluause;lﬂﬂﬂ gammas of thioglycollic acid
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were added to each tube and the test substances were added
as indicated in Table 4,

Inoculum: The inoculum was 0,1 ml. oﬂ a suspension of
SR-12 prepared in the manner praviouslr described.

Incubation: 15 hours at 37°C. in an "R" jar.

Results:

TABLE 3

Enzyme hydrolysed casein as a source of Hitrogeﬁ Tor Clost=

ridium welchii,

Tube Assay _ Colorimeter Hemnlytlc
L a'hna____._anﬂmﬁ_

1 ‘Basal 0 _ﬂz -

2 Basal, 10 gemmas P/ml. 14 1120

5 " 100 gammas P/ml, 16 1:40

4 v 1 mgm;-rfml.. 28 - - 1-4nf

5 " 10 m@m.Ple..._ ._ " 40 L 1.QDEF

6 w10 gammas W, Ef/ml. 16 ._ :. __-1:$ﬁ.

7 " 100 gammas W. E./ml. 31 '_1=éﬁ._
8 n 1.0 mgm. W. E./ml, .'53. : | 1:%0 ]
9 " 10.0 mgm. W. E./ml. 103 1:80
10 " 10 gammas L. E./ml. 4 140
11 " 100 gammes L. E./ml. g5 1140
12 " 1.0 mgm. L. E./ml. 6o C 1ie0
13 " 10,0 mgm. L. Bo/ml. 119 1:80 |
14 R.0.B. medium 134 - | 1}iaa;*-

_The hemolytic setivity of the uninoculated euﬁﬁfalﬁ;wag :

LR

zaro in all cases. ' R

P=Bacto-peptone; W.E.=—Wheateamin Extract; L.E. *—Li?ar extract,
Lilly.
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The results of this experiment as summerized in table 3
indicate thaf an enzymatic hydrolysate of casein provides
an adequate supply of nitrogen-containing compounds for the
development of €. welchii. ﬁhgn compared with gelatin and
an acid hydrolysate of gelatin, the enzymatic hytGrolysate
is of equal value as regards tn'aupplying the cell with
sufficlent nitrogenous "building blocks" for the synthesis
of its protoplasm and for toxin production.

Further, it will be noticed that the hémnlytin activity
of the tﬁxin produced was not as great in any instance as
that which was produced in the "ROB"™ medium (tube 14, table
3). This question has been raised before; a ﬁnasihla ex~
planation with aouampanying.exparimental evidence will be
presented later, _

The experimental data presented in tebles 1, 2, and 3
agrees with the beliefs of Walbum end Reymenn (1933) who
worked with C. welchlii, and mueilar (1940) working with
the diphtheria bacillus. These workers are of the opinion
that complex nitrogenous substances in the form of proteins,
proteoses, or peptone are unnecessary for the growth of or
toxin production by these organisms.

It is true that the added substances (peptone, eto)
wefa all vﬁrw complex in structure., However, 1t can be
seen thet growth occurred when very smell esmounts of these
substances were added. In the writer's opinion the amount
of nitrogen supplied by these auﬁstannas was too limited to

be of much velus considering that a reasonabls amount of



40

growth oeccurred,

It is unfortunate that these experiments could not
have been followed up with an investigation of the individ-
ugl amino aold requirements of C. welchii. The writer feels
juatified in not doing so; howaver, because all ﬁosnihle
variables must be removed before studies of this nature are
to be of any significancs., The most obvious of these would
be, of course, the source of the accessory growth factors
of this orgenism. The experiment that lmmsdiately follows
deals with this problem. In thié connection, it was poss-
ible to establish that tryptophane is an effective aid in
stimulating the growth of C. welchii. In order to view the
effect of tryptophane on the growth of the organism, the
reader is referred to the tebles accompanying Experiment III
in wﬁiah the experimental data collsoted is portrayed.

In recent years some esvidenoe has accumulated which may
throw some light on the question of the amino aeid require-
ments of the genus Clostridium. Although no speoific inf-
ormation is available which applies to C. welchii, Burrows
(1933) hes made a rather complete study of the emino acid
requirements of C. botulinum. He concluded that, of the
amino aclds, cysteine, proline, and leucine were essential
for the growth of C. botulinum, Lysina.an& glyeine, though
not essential, were active in promoting the growth of this
organism. In a later communicetion, Burrows (1934) re- |
ported that eystine and tryptophans, together or separately,

exerted a marked stimuleting aoction on C. botulinum when



they were included in a medium composed of dextrose and
acid hrﬂrnlysates of casein or gelatin.

Quastel and Stephenson (1926) have offered a possible
explanation as to the reason why members of the Clostridia
thrive better in the presence of amino acids having a
fulfhyﬂrrl grouping (-SH-). These workers maintain that
this grndﬁing is readily oxidized to the disulfide linkage
(-8-8-). Henoce, through the ageney of the oxidation of
substances conteining a sulfhydryl grouping (cysteine,
methionine, eto@), the redox pntentiql of the substrate
would be adjasted to a point which would favor the prolif-
eration of the obligate anaerobes.

In 1934, Stiokland reported the results of studies of
the chemicel reactions by whieh C. sporogenes obtains its
energy. He offers experimental evidence to show that two ,
amino acids may combine to form an oxidant-reductant team,
Thus, one of them will act as a hydrogen donor, the other
as a hydrogen aoceptor, and the interreaction between them
provides source of energy for the organism.

The role of the amino acids in the metabolism of these
anaerobes that are predominately saccharolytic has not, as
yet, been the subject of such intensive research, Weizmann
end Rosenfeld (193?] have established, however, that aspar-
agin is an essential metabolite for C. aeatabutrliuum._
These workers are of the upiﬁion that this substance plays
a dual role in the metabolism of this organism. They suggest

that asparagin acts in conjunction with biotin, biotin stim-



ulating the propagetion of the bacteria while asparagin
promotes the propagation by providing an efficient nitrogen
supply. In addition, asparagin may function in a redox sys-
tem by acting as a hydrogen acceptor in the oxidation of
hydroxybutyrio acid. '

It is, at present, hardly permissible to speculate on
the role of the amino acids in the matﬁhnlism of C. welchii,
The writer presents the above facts merely to indicate the
progress aluﬁg thaéa lines with other closely related anaer-
obic bacteria, and to indicate that an analogous situation

may prevall with regard to C. welchii,



o _ . EXPERIMENT THREE | |
The Acoessory Growth Factors of Clostridium welchii.

Soms bacteria, partioularly pathogenic organisms, re=-
quire accessory growth factors or baoterial ?itaming in
their metabolic processes Just as do higher animels. In
1912 TWGrﬁ, successfully cultivated Johne's bacillus by
using extraots of the timothy bacillus which he considered
as the wild ancestor of the baeillus of Johne's disease.
The train of fhmught initiated by Twort is best reported
in his own words. "The bacillus of pseudo-tuberculous
enteritis has lived a pathogenic life from such remote ages
that it has lost the origineal power of synthesis of 1ts
wild anﬁeator-whataVEr baeillus that may have been and can
no lbngar build up ell its necessary foodstuffs outside the
animal body." Thus the reason for the need of growth fact-
ors by parasitic bacteria. It 1s interestiing to note that
though Twor%t's hypothesis was not pursued for thirty yaafs
1%t might be thought of as the master préﬁis& that governs
the activity in the study of bacterial nutrition wﬁiuh has
gained such impetous in recent years.

The mass of literature on recent developments 1ﬁ bact-
erlal nutrition is so voluminous that it is quite impossible
to review it hﬁxa. Excellsnt reviews of the suhjant are
available to the reader, and he is therefore referred to
ﬁnight (1936), Koser and Saunders (1938), Fildes (1940),
and Mueller (1940).

A% the time this study was started, nothing, to the



writer's knowledge had been published onﬁoﬁrning the growth
factor requirements of G. waichii. Siﬂca it was found that
this organism has nutritionalfraquirements other than sources
of carbon, nitrogen, and inorganioc salts, en attempt was
made to establish the nature of these substances.

A number of substances that had been found to be aotive
as accessory growth feotors for other hauterig were atlrirst
exemined to see if they were also needed by C. welchii.,

The substances used were Pantothenic acid (Caloium pantoth-
enate, Merck), Thiamin, Riboflevin, Pyridoxine (Vitamin Bg)
and Nicotinle acid. With the exception of the last-named,
all were obtained in the pure form from Merck and Company.

Fourteen separate axyerimenta were attemptad in an eff-
ort %o establish these substances as possible growth access-
ory factors for Cl, welehii. In no instance when these com-
pounds were supplied to the orgenism alone or in various
combinations with one another did any stimulation of growth
occur of the maénituﬁe that might sanction their being call-
ed growth faoctors for C. welchli. Although a great amount
of experimental evidence was asccumulated that merely proved
a negative hypothesis, the writer feels that, though it did
result in inducing the work that 1s presented immediately
following, to present it here would result in confusion
rather than snlighténmﬂnt. Hence, at this point we can ocat-
egorically remark that pantothenie ameid, thiasmin, riboflavin,
pyridoxine, and nicotinic acid alone or in combination with
one another do not stimulate the growth of C. welchii,
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In 1937 Wood, Tatum and Peterson desoribed the extraction
end concentration of a growth factor which wﬁa shown to be
active for several speuieé of propionic acid bacteria. Later,
Brovn, ﬁbaﬂ, end Werkman (1938, 1939) showed that this same
substance was also active in stimulating the growth of var-
ious members of the butyric-acid-butyl-alcohol préduning
group of bacterlia, This growth factor cslled the "acidic
ether-soluble factor" by Wood, et. al. is obtained by extr-
acting Difco yeast extract thet has been acidified, with
ether. The rasﬁlting material when concentrated is sble to
stimulate the growth of the above-nemed groups of bacteria
in vair small emounts. A detailed desoription of the extr-
aotion, and concentration of this factor will be given under
the seotion on "Technic”, | _

Among the butyrie auiﬂ-bgtri aleohol anserobes that Brown,
Wood, and Werkman used in their study was Clostridium aceto=-
butylioum, an organism used in the commercisl production of
butyl elcohol, and C. butylicum. Both of these orgenisme
were shown to need the acldic ether-soluble factor. hhan,
however, McDaniel, Woolley, and Peterson (1939) effected a
partial purification of this factor, the stimulative activity
for C. butylicum waes increased but was decreesed for C. aoce=-
.tabutyliuum. At least the writer essumes that this was the
case éince no mention is made of increased activity of the
more active substance for C. acetobutylioum. In 1940 McDanlel,

Peterson, and MeCoy demonstrated that biotin (Bios IIB, Vita-

min H) was the only accessory growth factor required by C.
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hutrliuﬁq? whereas they state that no combination of known
growth factors would stimulate the growth of C. acetobuty-
licum, This last mentioned report is slightly in error,
however, because Weizmann and Rosenfeld (1939) reported on
the need of biotin by C. acetobutylicum (Weizmann). This
fact is oconfirmed by the work of Oxford, Lampen, end Peter-
son (1940). |

Perhaps the r&éﬂar is wondering how this discuésion is
concerned with C. welchii. It is a well known fact that
C. welchii produces large amounts of butyrioc acid during
the ﬂiss%yilatinn nf giuunse; -Its physiologlical properties
are quite similar to those of the butyric acid-butyl alcohol
group of anaerohss, ﬁgrtinularly'ﬂ. acetobutylicum, as wit-
nessed by McCoy, Fred, Peterson, and Hastings (1930).

. With these feots in mind, it oocurred to the writer that
perhaps this acidic ether-soluble yeast factor would stimu-
late the growth of C. welchii, This proved to be the case,
as is demonstrated in Figure 1 and in table 4.

The Extraction and Partial Purification of a Growth
Factor for C. welchii. 1; Technic of extraction. 100 grams

of Difoo yeast extract were mixed with sufficient 10 N.H550,
to make a thin paste. This was then mixed with plaster of
Paris until a dry crumbly powder was obtained that did not
got upon stending. The powder was then placed in an ext-
ractor with ether for a period of 48 hours, At the end of
this'timﬂ the ether was evaporated off leaving 5.2 grams of

a brown resinous materisl., This was taken up in 100 ml, of
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ﬁatar,.nautfaliz&d, aend staiilizaﬂ at 10 1lbs, pressure for
10 minutes, This treatment duéa not effect the activity of
the substance as was shown by MeDaniel, Woolley, and Peter-
son (1939).

During the first opératinns with this substance, it was
used as the aéuaoua suspension resulting from the ether eva-
poration. Although it was mctive in stimulating the growth
of C. welchli in #hia state, little or no toxin was evidsnt
as indicated by the hemolytic activity of the broth cultures,
It has been mentioned previously that Wuth (1923) demonstrated
that phospholipides had the power to bind the toxin of C.
welchil, thus epprecieble reducing its antivit}. In this
case, 1t was reasuﬁed that this might be the cause.nf the
epparent lack of toxin, and accordingly, tﬁa aqueuua.aﬁap-
ension was treated with two wvolumes of acetone, which result-
ed in the formation of a white preoipitate. The acetone-
water mixture was plaﬁaﬁ in tﬁa refrigerator over-night, and
on the following day the precipitete was removed by centri-
fugation. The anefnne was removed by evaporation under re-
dﬁuaﬁ pressure at a temperature of 50°C., and the remaining
liquid was brought up to its original volume with ﬂistillad
- water.

This latter preparation gave indications of being slight-
ly less aotive towards stimulating the growth of G{ wolohil
but the liquid phase of the culture medium was definitely
hemolytie. This was induhitahly'&ua to the removal of ace-
tone-insoluble substances which interfer with the activity
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of the toxin.

The stimulation of growth of C. welchii by the scidio

ether-soluble factor. l. Technie. The medium used in this

experiment had the following composition:
Casein hxﬁrolysata................;........;..1.5%
Tryptoﬁhana...................................U.ﬂzﬁﬁ
Nacl....,....,..........,.....................U;GE%
Mgﬁué.........................................ﬂ.ﬂﬂﬂ%-
Fe$04'?.Haﬂ............,............}.........U.GQE%
The medium was ad justed to a pH of 7.8 by the addition of
5.40 grams of KHéPﬂé and 7.25 ml of 5 M., NaOH per liter of
medium. The medium was distributed in 15X125 Pyrex test
tubes in 7 ml. quentities. IT was sterilized in the auto-
clave at 15 pounds pressure for 15 minutes. Before inoc-
uleting the medium 0.1 ml. of a 20 per cent sterile solu-
tion of dextrose and l.milligrnm of thioglycolic acid were
added to each tube. The acidic ether-soluble factor was
added in the amounts indicated in Fig. 1. In this connaét*
ion it will be noted that the concentration of .the acidic
ether sﬂ;uhl& factor is expressed in units, a unit beipg
the amount of substance extracted from 1_gram of yeast.

This designation was applied by Brown, Wood, and Verkman

and is retained here.
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TABLE 4

The growth-stimulating effects of the acidic ethser-soluble
factor on the growth of C. welchii.

Humber Assay Colorimater Hemolytic
reading activity
1 Basel medium 0 0
2 " " , ET,0,0,lunit 76 1:40
S " " ., " ,05" 86 1:80
4 " ", M 5, 1.0 . 112 1:80

ETEU =aclidic sther-solubls extract.
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Fig. 1. Effect of increasing concentrations of the
acidic ether-soluble factor on the growth of
Clostridium welchii (strain SR-12).
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The inoculun cunaiéted of 0.1 mk, of a twice-washed
suspension of SR-12 prapﬁreﬁ in the manner previously des-
cribed.

The cultures were incubated in en “H“;jaf.fof 15 hours
at 37°C. DRI -

Resultss: Fig. l'pdftféya'ﬁha effect of 1nnraéaing con=-
centrations of the aaidinithaf;ﬁaiuhla factor ﬁn.thé growth
of C. welchii, As might be expected, the growth.of the
organism lncreases as the factor is supplied in 1nﬁraasing
emounts until two units of the substances are present.

The curve (Fig. 1) obtained when photometer readings
were plotted against concentrations of the scidic ether-
soluble factor is similar to a curve obtained by Porter
and Pelczar (1941) when they studied the effects of in-
creasing concentrations of biotin on the growth of certain
strains of staphylococei. This fact, gives rise to a poss-
ible clue as to the identity of the amcidic ether-soluble
factor. In eddition, the resistance of this fautof treatmert
with aecid and alkali;lits stability toward autooclaving, and
its solubility in water and acetone tend to suggest that
this substance might contain biotin inasmuch as blotin
exhibits these selfsame properties.

With this fregmentary evidence at hand experiments wdre
set up iﬁ an attempt to determine whether or not biotin
could replece the scldic ether-soluble factor as an accessony

growth factor for C. welchii,
The effect of blotin on the growth of C. welchil.
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Technid: The basal medium used in this experiment was
the same as that described in seotion II of Experiment IIT
with the exception that tryptophane was omitted.

The blotin wes added in the concentrations indicated in
Fige. 2.

The inoculum consisted of a twice-washed suspension of
a twenty-four culture of SR-12 prepaored in the menner prev-
iously described.

The cultures were incubated in "R" Jjars for 18 hours at
the temperature of 37 C. In this experiment tho growthe
index was dotermined quantitatively as the bacterisl nitr-
ogen content of the nass of bacterisl growth., TFor details
of this procedure the rsader is referred to the experimental
section on "The Inorgenie rsquirements of C. welchii," which
imnediatoly follows, _

Results: The results of this experiment are presented
graphicelly in Fig. 2. They indicate that biotin does stim-
ulate the growth of C. welchii in amounts as small as 0.01
garnme per ml., of the medium. This would indicate that bio-
%in or at least some substence similiar to biotin, is con-
tained in the acidic ether-soluble factor, and that this

~substance is responsible for the growth-stimulating proper-
ties of this factor. Further, these results indicate that
the optimal amount of biutiﬁ'ia in the neighborhood of
0.05 gamma per ml. of medium. The fact that biotin in

emounts in excess of this figure do not appreciably increase
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the growth of this orgenism might possibly be due to a lack.
of some other necessary nufriant; the accumulation of harm-
ful by-products:of metabolism, or to other limiting factors.
Since several preliminary experiments revealed that
certain other growth stimulating factors, known tg be active
for other bacterias did not effect the gfnwth of C. welchii
by themselves, it was thought that these substances might
exert some growth-stimulating effect when combined in a
medium containing biotin. An experiment fashioned elong
these lines was accordingly set up. For the results of
this experiment, the reader is referred to the one which
immediately follows. |

The growth-gtimulating effects of other substances on

the growth of U. welchii in a medium containing biotin.

Technic: The basal medium used in this experiment was
the same as that described in section II of Experiment III
with the exception thgt tryptophane was omitted.

The growth-stimulating substances were made ﬁp_in ster-
ile solutions and added to the basal medium-as indicated in
table 5 in the following uoncentratinnaﬁ biotin, 0.01 gamma
per mdl. of medium; thiemin, 0.1 gamma per ml. of medium;
riboflavin, 1.0 gamma per ml.; vitemin B, 1.0 gamma per ml.;
nicotinic acid, 2 gemmas per ml.; pantothenic acid, 0.0l
gamma per ml, Tryptophane was added to the extent that the
final concentration was 50 gammas per 10 ml. of medium,

The inoculum consisted of a twice-washed suspension of
a 24 huﬁr culture of SR-1l2 prepared in the manner previous-

1y described.

The cultures were incubated in "R" Jjars for 18 hours
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at a temperature of 37 C.
Results: The results of this experiment reveal two

facts concerning the nutrition of €. welchii. First,
the need of tryptophane by this orgenism is clearly es-
tablished (compare numbers 2 and 3, table 5). In this
respect C. welchii resembles other pathogenic esnaerobes
in that 1%t requires this emino acid, however, it does not
correlate with other butyric acid forming enasrcbes which
have been shown not %o require this amino acid (Brown,
Wood, and Werkman, 1939). In this connection it may be
that C. welchii, living a more parasitic existence, has
lost its power tn-synthaaiZE_this aminoe acid and thus

must avall 1tseif of an exogenous source of tryptophane.

TABLE 5

Growth of C. welchil in various test media

. Hemolytic
Hum=- : : Bacterial N activity of
ber Composition of medium (mgms, per 10 ml.) %toxin

1 Base, 0.00 , 0
2 v, bi, " 0.05 o
3 n , bi.,Tr | ' 0.57 0
4 wm 4 bl,Tr,Bg | S 0.40 0
5 © 4 bi,Tr,Bg,Bs 44 o
6 " , bi,Tr,Bg,Bs,By 44 0
7 " .. hi,Tr;BE,Ba,Bl,Hﬁ 0.%2 0
8 " , bi,Tr,Bg,Bs,By,NA,PA 0.28 0
9 ' ROB-medium | 0.75 1:160

bi-biotin, Tr-tryptophene, Bg-vitamin Bg+Bz=Tibollavin.
By=thiemin., NA-nicot nic ecid. PA=pantothenic ecid.
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Secondly, 4t 1s shown quite conclusively that vitamin Bg,
riboflavin, thiamin, nicotinic aocid, and pantothenic aoid
do not stimulate the growth of C, welchii when they are
8dded to a médium containing biotin.

In this particular experiment the bacteria-free oculture
mediums (numbers 1-8) exhibited no hemolytic aotivity.

The reason for this is not clear, since the organism was
able to produce fairly large ﬁmnunts of toxin in a medium
prepared in exactly fha same manner, but containing the
acidic ether-soluble factor instead of a biotin concentrate.

An attempt was made, however, to determine wherein the
great trouble lay, and a short Bariaé of experiments was
set up with this view in mind. |

The two possibilities as to the seat of this ﬂisnrap&nur
were the basal medium and the biotin preparation. Therefore,
a’éancantrata containing biotin was prepared from molasses
according to a modification of the procedure of K8gl and
T8nnis (1936). In aeddition, a bassl mediumIWBs ﬁraparaﬂ
containing 6 par_aéﬁf of gelatin (rendered iron-free) in-
stead of hydrolysed 0asein;‘all dthar ingredients remained
the seame.

The inoculum was prepared according to the prooedure
described elsevhers, and the cultures were incubated under
anaerobic conditions for 18 hours of 37°C.

A representative protocol of this series of experiments

appears in table 6,



- 66

TABLE 6
Comparison of toxin production by C. welchii in various
_ media,
Composition of Hemolytic activity
_Number medium - of toxin.
1. Hyd. cas., 0.1 gemms 0
biotin #1 per ml.
8. Hyd. casl, biotin #2 0
0.1 ml. 1:10 4il. per ml,
3. Gelatin, 0.1 gamma 1:80
biotin #1 per ml. - =
4, Gelatin, biotin #2 (as 1:160
above).

Hyd. cas,.=basal medium containing 1.5 per cent acid
hydrolysed sasein, Gelatin basal medium containing
5 per cent iron-free gelatin. Biotin #l=biotin con-
centrate obtained from S. M. A. Corporation assayed
to contain 100 gammas per ml, Biotin #2=biotin ocon-
centrate prepared from molasses, unassayed.

From the results presented in tﬁble 6, 1t is evident
that the basasl medium prepared from acid hydrolyzed cas=-
eln contained some substance which either destroyed the
toxin or supressed its formation. Whatever the nature
- of this substance, it was probably introduced into the
medium unwittingly since a similiarly prepared batch of
med fum ﬂffurﬁed the production of a fair amount of hemo-

toxin.
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EXPERIMENT FOUR
THE HFFECT OF VARIOUS CARBOHYDRATES ON THE FRODUCTION OF
TOXIN BY C. WELCHII.

Anaerobio bacteria are usually acknowledged as being
elther proteolyiec or saccharolytio according to their pre-
dominate phrainlogical activity. In this connection, C.
welchil is a.saﬂuhﬁrnlytiu anaerobe since it is not capable
of attacking protains in the sense that a protealjtiu ana=-
erobe such as C. sporogenes is.

As has been noted before (page4), C. welchii ferments
all the common disaccharides and monosaccharides, The or-
ganism 1s able to effect a rapid dissimilation of glucose
which results in the fnrmﬂtidn of lactic and butyric acids
and carbon dioxide and hydrogen. Hence, the source of
carbon usually supplied to the organism is in the form of
glucose,

- When toxin production is the goal to be attained, the
concentration of glucose in the substrate is a mést import-
~ant factor. When large amounts of dissimiable carbon are
available, the urganism.prududaé large amounts of butyric
acld and the "pseudo~-toxin" or histamine with a concomitant
decrease in toxin formation. However, 1t 1s a well attested
fact that the growth of C. welchil is in direct proportion
with the amount of assimiable carbon present, providing,
of course that nitrogenous compounds, inorganic substances,
etc., remain constant. This experiment was designed for

the purpose of observing the effects of other fermentable
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carbohydrates on toxin production by C. welchii., The
substanoces examined and their effect on growth and toxin
production are presented in table 7.

This particular experiment was suggested by a state-~
ment of Mueller's (1940). He found that upon substituting
neltose for glucose in medium used in the production of _
diphtheria toxin that the titre of the toxin was increased.
According to Mueller this is due to the slower rate of
fermentation of maltose by C. diphtherise.

Technie: The basal medium used in this experiment was
tha t cdntaining the enzymatic hyﬁrnlraaté of casein as
dewceribed in the seotion on "Technie" in Experiment Two.
The necessary accessory growth factors were supplied by
0.5 unit of the acidic ether-soluble factor. The carbo-
hydrates were added from sterile snlutioﬁﬁiﬁﬂnunts that
the finel concentration would be 0,2 per cent.

The test mediums were inoculated with 0.1 ml, of a
twice-washed suspension of a twenty-four hour culture of
SR-12 grown in ROB medium,

The ocultures were incubated in "R" jars at 37°C. for
a period of 18 hours.

Results: The results of the effect of wvarious carbo-
hydrates on the production of toxin by C. welchii are

presented in table 6.
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TABLE 7
Effect of various carbohydrates on the production of toxin

by C. welchii

Colorimeter Hemolytic
Substance reading activity*®
- Glucose : : 77 1:160
Levulose - 70 i:lﬁﬂ
Suorose 35 | 1:40
Haltose 70 1:160
Lactose ; 62. : . 1:80
Inulin 20 0
Glycogen 54. 1:40
yanniiol 28 . 0
Duleitol 19 0
-Salicin A . 24 | . 0
E.G:alﬁium.laatata 12 0

kﬁii'uninuculatad controls were not hemolytic.

The data presented in table 7 bears out the well known
fact that C. welchii grows best when in the presence of
easily fermentable carbohydratesa. Thus,%grnws best when
glucose, levulose, maltose, lactose, and sucrose are supplied
in that order. When those compounds which 1t ferments slow-
ly, or not at all, mannitol, duleitol, inulin, and saliecin,
afa present; the organism grows poorly and accordingly pro- |
duces very small emounts af toxin,

From the results as set forth in table 7 it is elso
evident that the concentration of the toxin formed was

greatest in thnéa cases where growth was more sbundant.
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Hence, one might suppose that toxin production 1; a direct
function of the metabolic amctivities of the cail. That 1is
to say, perhaps toxin enjoys a stellar rnlg es an integral
part of some enzyme system of the organism, and thus as the
bacteria inorease in number, the amount of toxin will also
increase. Whatever the case may be, one can, according to
the data presented, say the heaviest growth onuurrad in
those media containing fermentable carbohydrate; and when
the bacteria-free culture medium was examined for the pre-
sence of toxin, the hemolytic antiﬁity was greatest in those
self~-same tubes,

Time did not permit a more detalled study of the relation
of carbohydrates to the production of toxin by C. welchii.
It may be that further studies directed along these lines
would reveal the nature and optiﬁal concentration of the
source of carbon best suited for the production of C. weluhii

toxin.
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EXPERTIENT FIVE

The Inorgenic Hequirements of (. welchid.

Bacteria, like other forms of living matter, have
certain inorganic ragquirements that must be supplied tc_
the cell before growth will take place. Until recently,
not a great deal of attention has been paid to these re-
quirements except in special, isolated instances. The
reason for this apparent neglect is possibly due to the
faot that because bacteria require only very small amounts
of these substances they are supplied unwittingly as con-
taminations in the ingredients of tho common laboratory
media,.

However, in connection with those beecteria which form
genuine toxins, the inorgenic constituents of the sub-
strate have been shown to play a most importanf part in
the nutrition of the orgenism. Most of the.wark of this
nature has been done on C, diphtherise (Welbum, 1921;
Looke and Main, 1931; Sheff eand Sohelff, 1935; end Pappen=-
heimer and Johnson, 1937), For a review of the literature
on the inorganic requirements of the diphtheris bacillus
the readsr should consult these papers. As for the in-
organic requirements of C, welchli as they are related to
its formation of toxin, but & single paper has come to
the author's asttentioir, This is the paper of Locke and
Main (1931) mentioned above, These workers studied the
effects of iron, in various forms, copper, oystine, pyro-
phosphate, blood and liver extract on the formation of

toxin by C. welchii., Their results indicate that ferrous
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ions atimulafa_tha formation of toxin to the greatest
degree,. while copper ions have relatively no effect.
Ferric iron was shown to have little or no effect on
toxin formation as was ferrocyanide ion. Ferrioyanide

ion and blood were shown to be definitely antagonistio to
toxin Tormation. In the writer's opinion the results with
liver extract must be ruled out since this substance und=-
oubtedly supplied substances other than iron-containing
coupounds whioh stimulated the growth of the organism.

This experiment was underteken for two reasons. First,
it was thauéit that a more detailed study of the ﬁuantita-
tive relationships of iron and copper iﬁ connection with
the nutrition of C. welohii would be desirable, The seoc-
ond reason evolved from en observation mede from the exp-
erimentel data of Experiment One. It was found.that when
the ingredients of "ROB" medium were sdded separately in-
gtead of being cowmbined and sterilized as is done in the
original recipe, 1.1 ths amount of growth qaé_aqﬁal to
that of the ROB maﬁium,'whila tqiin production wes consider-
ably less.. Upon invas?igﬁtiun, the iron content of the lat-
ter medium was found to be considerably less than that of
the former. This reasoning was prompted by a similisr sit-
uation whidﬁ confronted fappenhaim&r and Johnson (1956).

Technic: In order to study the effects of iron on the
nutrition of a particular organism it is first necessary
to go through the tedious process of freeing the ingred-

ients of the medium of iron. This was done amccording to
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the method desoribed by Mueller (1941). This proocedure
conslsts essentlally of adsorbing the iron on a floc¢ of
calcoium phosphate prepared by mixing the substance to be
freedof iron with ocalcium chloride and phosphate ions.
The emount of iron present in any aubatanca.is tested color-
imetrically, following the method desoribed by Muallaf
(loes cit.) The medium used in this experiment had the
following constitution: _

1. Acid hrﬂrul?sad casein...l.5%

2, Tryptophanesscusssssess«0,025%

3. Mgsn&'?ﬁaﬂ........--.....0.002%

4o WoCleseovsssesnensoscanees0:.2%

5. M/25 phosphate buffer (5.45 grems of

KHEPUE per liter with sufficient 5M
NaOH added to bring the pH to 7.8).

The medium was tubed in 7.0 ml, emounts and sterilized a{
15 pounds pressure for 15 minutes., After sterilization
and just before inoculation the following substankaa were
added to each tube: glucose, 0.1l md. of a 20 per cent
solution, thioglycolic acid, 100 gammas end 0.5 ml. of a
crude concentrate of biotin (acidic ether-soluble extract).
The various test substances in amounts indicated in the
tables were added from sterils solutions. Before inoou-
lation 0.1:of 20 per cent sterile dextrose was added to
each tube; thioglycolic acid was added to the extent of
100 gammas per ml. of medium, and the amounts of the wvar-

ious substances indicated in the tables were added from
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sterile solutions. The final volume of each tube was
brought up to 10 ml., by adding the necessary amount of
sterile, distilled water, All tubss were incubated for
24 hours to insure sterility. . |

The inoculum oconsisted of 0.1 ml. of a twice-washed
suspension of a 24 hour culture of SR-12 grown in "ROB"
madium.

~The cultures were inocubated in "R" Jars for 18 hours
at 57 C.

In this particuler case it was found necessary to sban-
don the use of turbidity readings as an index of bactaerial
growth. This was because on certain occasions precigitatas.
occurred in the test mediums which caused the introduotion
of considerable error in the turbidity reeding, Instead,
the nitrogen content of the mass of bacterisl growth was
used as an index and a micro-Kjdehal method was employed
to meesure the nitrogen.

The procedure of ﬁ&shina-tha cells was assenfiallr that
deseribed by Mueller {1935). The cells were "spun down"
in an angle centrifuge et E500 r.p.m. for 15 ninutes, _
This is a shorter lengih of time then recommended by lueller,
but sedimentetion is more rapid in this type of centrifuge
than in the common type of machine. The cells wers washed
in 0.05 per cent acetic scid, recentrifuged, and the super-

netent fluld wes removed with a capillary pipette.
The micro-Kjeldahl technio for the determination of nit-

rogen was that of Sobel, Yuskin and Cohen (1937) as adapted
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for the determination of bacterial nitrogen by Porter and
Palozar (1941). For details of the technic these original
articles should be consulted.

The effect of iron on the production of toxin by C.

welchil. Locke and WMain showed that the hemolysin content
of a medium to which had been sdded 0.0023 per cent ferrous
ion was of 1,7 times that of the control medium. The add-
ition of ferric ion was shown by these workers to exeri no
effect on the production of toxin by C. welchii. Since
these workers did nqt make quantitative estimations the
iron content of their medium or ettempt to determine the
optimal concentration of iron compatible with maximum tox-
in production it was deemed worthwhile to direect this study

towards these endsa.
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TABLE 8
Effect of ferrous and ferric iron on the vroduction of
toxin by C. welchii,

Num- Micrograms of Bacterial N (micro- Hemolytic
ber Iron added to Kjeldahl), mgm, per ectivity

basal medium. 10 ml. medium of toxin¥
1 0.1 Fe 0.16 1:40
2 1.0 Fe - 0.20 1:160
3 10.0 Fe 0.23 1:160
4 50.0 Fe 0,82 1:40
5 100.0 Fe " 0.39 1:20
.”6 0.1 Fe 0.14 1:40
7 1.0 Fe 0.19 1:160
8 10.0 Fe 0.22 1:80
9 50.0 Fe | 0.27 1:20
10 100.0 Fe 0.34 1:20
11 ROB medium 0.75 1:160

#411 uninoculated controls were negative.

According fn the résults prﬂsénte& in table 8, the
optimum emount of iron for meximum toxin production is
between one and ten miurugrama ver ml. of medium, As the
amuuﬁt of iron added increased up'tu 100 gammas of iron
per.ml. of medium the growth of the organism definitely
inﬂréaaad as iﬁ&inataﬁ in the table., However, in this
case, inoreased growth was accompanied by a decrease in
toxin production.

The results obtained when ferric iron was added to

the basal medium are aimiliar to those when ferrous iron
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was_prﬂgent. This does not substantiate Locke and Fain's
results, but 1t may be that the strong reducing conditions
under which the cultures were grovn may have reduced the
ferric ions to the ferrous state.

The Effect of Coprer on the Production of Toxin by C.

- welchii, Small amounts of copper seen to be essentlal in
the metebolism of all cells, The function this element
performs is unknown. In regarﬁ to the effect of copprer
on the formation of toxins by bacteria, & considerable
amount of work has been done in connection with the diph-
th;ria bauilius. With specifie reference to 0., welchii,
however, 1little hes heen done on the effect of copper on
the growth an& toxin production.

Locke and Kain carried on several experimenis along
these lines, aﬁﬁ their rasulta.inﬁiuata that copper, added
to the extent of 0.0008 per ﬂeﬁﬁ of the medium employed |
did not 1nf1ueﬁue growth or toxin production. Preliminary
experiments along these lines gave indications of the con-
trary, however, and several experiments were set up. in an
attempt to establish the optimum amount of copper compat-
ible with maximum growth and toxin production by C. welchii.

Technic: The medium, and test solutions used were pre-~
pared in the same manner as described in the section deal-
ing with the effects of iron in relation to growth by C.
welchii.

The growth of the bacteria was estimated according to

the nitrogen content of the mass of bacterial growth, and
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the concentration of the toxin was estimated as its hemol-
ytic sctivity. |

Results: The deta which indicates the wmenner in which
the growth of aond toxin production by C. welchii is infl-
uenced by copper and cnppér in the presence of iron is pre-~
sented in table &. In generasl these results indicate that
copper alone does not particularly stimulate the growth of
the organism though it does influﬂnua toxin production to
a considerable degree (compare tubes 2 and iﬁ, table]0.

TABLE ¢

Effect of Coprer on Growih and Toxin FProduction by C.

welchii.
Num- NMicTograms of copper Bacterial N (micro- Hemolytio
ber per ml. of medium K jeldahl) in mgms. activity
per 10 ml, medium of toxin¥

1 0.1 0.05 1:20
2 1.0 0.2 1:80
3 10,0 | 0.00 0
4 50,0 | 0.00 0
5 100.0 0.00 0

¥All uninoculated controls were non-hemolytiec. _
When iron and copper were both present in the medium,

more vigorous growth took place, as well as an inorease in
the production of toxin., 4gain the results (table 10) in-
dicate that the presence of 10 micrograms or more of cOoIp 8T
pre ml. of medium is enough to Inhibit the growth of C.
welchii. Parenthetieally, it might be said that perhaps 10
mierograms of cupric ion represents the critical concentra=-
tion, since Locke and Main's results indicate that the add-
ition of app;oximataly 8 micrograms of cupric ion occasion-

ed & very slight inorsase in the hemolytic activity of the
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treated culiures over the controls. Varying the amount of

ivon in the presence of copper apparently has no effeoct on

eithsr growth or the zmount of toxin formed, within, of

course, the llmits indicated, It is intercsting to compare

growth and concentration of toxin obtained in the medium de-

'vised by Resd Orr, snd Baker (table 10) with medium contain-

TABLE 10

Effect of copper and copper and iron on the growth of and

toxin production by G. walchii,

Number Composition of medium Bacterial N Hemolytic

(micro-Kjeldahl) activity
mgm, per 10 ml. of toxim¥

Fe Cu medium

1 0.1 gamma per ml, 0.1 gamma 0.21 1:160
2 0.1 w10 "™ ging 1:160
3 Gl " 10.0 0.00 0

4 0.1 " 50.0 0.00 0

5 1.0 " 0.1 | 0.18 1:160
8 1.0 " 1.0 0.24 1:160
7 1.0 " 10.0 0,00 0

g8 - 1.0 " 50,0 0.00 0

9 10.0 " 0.1 0.05(2)  (0) .
10 10.0 b 1,0 0.24 1:160
11 10.0 " 10.0 0,00 0O

12 10.0 " 50,0 0.00 0 .
13 ROB medium 0.87 1:320

¥ 411 uninoculated controls were non-hemolytioc

ing the acid-hydrolyzed casein, for example, tube &, tablelD,



70

In the Tirst instence, the "ROB" modium supported elmost
four times as much growth, but the concentration ol the
toxin wes only twice we high., I the ingredients of the
stul-synthetic medium could be edjusted to support a more
vigorous growith undoubtedly an extrewely high concentration
of tnxiﬁ would be found.,

- The elffect of bound iron on the growth end toxin prod-

~uection by G. welchii. It having been shown that iron pro=-
foundly affects the production of toxin by C.welchii, it was
reasoned that an investigation of the effects of iron-con-
taining compounds-such as the organism might come 1n.uun$&at
with in nature-on the formstion of toxin. A sample of re-
orystallized hemin was purchased from the Eastman Kodak
Company, anﬂ_tha effeots of this subgtanaﬁ on the metabolism
of C. welchii were accordingly investigated. (Hemin 1s the
chloride of heme, the ferrous-porphyrin compound thet is the
prosthetic group of hemoglobin., It is similiar injstruutura
to the cytrochrnﬁa geries of compounds.)

Table 11 shows the effect produced on C. we;ohii in re-
gard to growth and toxin praduetiuﬁ. Ths growth, measu:eﬂ
as the nitrngan content of the baoterial mass of growth, was
in no instanceé of the seme magnitude as that ocourring when
inorganic iron was added to the medium (see table 10).
Neither did the amounts of hemin added appear to be compat-
ible with efficient toxin production. It 1s interesting to

note that 50 microgrems, or more, of hemin per ml, of the
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medium were sufficient to inhibit the growth of C. welchii.
This psrticular part of the experiment wes repeatedly done,
but the rssults were always the same, No explenation can
be given for this phenomenon inasmuch as neutral solutions
sterilized by filtration through a'ﬁhraﬁium-plat&ﬁ Seitz
filter, were added Yo the base medium,

TABLE 11
The effect of "bound iron" on the growth of and toxin pro=-

duction by C. walnﬁii.

Num- Miorograms of hemin Bacterial N (micro- Hemolytic
ber per ml. of medium KJjeldshl), mgms. activity
: per 10 ml. medium of toxin ¥

1 0,1 0.15 1:40
2 1.0 0.16 1:40
3 10.0 0.19 1:40
4 50.0 0.00 0
5 - 100.0 0.00 0

#2711 uninooulated controls werc non-hemolytic 1

Comparison of the hemolytic activity and the lethal

power of C. welchii toxin. In all of the experiments which

have been described, the concentration of the toxin has been
estimated asccording to its hemolytic sotivity. However, 1%
is the fact that C, weloshil toxin is lethal which causes it
to be nf.madiual importance, and fof this reason it seemed
advisable to compare the hemolytic and lethal quelities of
geveral preparations of C. welchil toxin,
The techniec of determining the minimum lethal dose

(m.l1.d.) was as follows: mice weighing from 17 to 20 grams
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were selected for the test and were injscted intremuscularly
with varying amounts of the bacteria-free culture medium to
be teated. The least amount of toxin killing the mouse in
24 hours was recorded as the m.l.d. The mice seclected as
controls were Iinjected with 1,0 ml, of a uuljura filtrate
that had been heated at 70°C, for 30 minutes,

A representative protocol of these determinations is
presented in table 12,

TABLE 12

dnmpariaan of hemolytic ectivity and killing power of the

toxin of 0. walchil produced 1in wvarious media.

Tum Type of Medium Hemolytie Killing

ber activity power (m.l.d,)
1 Non-synthetice* ~1:180 0.5 ml.
2 Semi-aynthetic ¥ * 1:80 0.1
3 Semi-synthetic * +# 0o >80 ® \
4 Control .0 00 «

* Madium of Reed, Orr, and Baker
* % gee Experiment 5, table 8, no.d
r+# 8ee Experiment 3,

From the results presented in table 12 one might suppose
thet since the homolytic activity and the lethal effeots of
C. welchii toxin do not parallel, the use of the hemolytic
activity as an index of toxic strength does not give a trus
picture of the actual toxieity of the oculture medium., How=-

ever, in cases where a large number of test media are being

examined to note the effect of a single ingredient of the
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medium on the growth and toxin production of C. welchii, one
is justified in employing such en index for two reasons:
first, the determination 6f the hemolytioc activity of the
toxin QGes give an acecurate 1nﬂax of the relative toxie
qualitiss of the teat medium; second, the titration of the
hemolytic aotivity is cheaper end less time-consuming than
determination of the m.l.d. or the Ly dose of toxin as det-
armined by ths Haﬁnn flonculﬁticn technie. |

_ It 1s interesting to note that the killing power of the
toxin produced in the semi-synthetic medium was five times

as great as thet produced in the non-synthetic medium (com-
pare numbers 1 end 2, table 12), Superficially, these re-
sults might lead one to concur in the belief that C. welohil
toxin represents a mixture toxic elements. On the other
hand, the evidence submitted by Glenny, et el. {1951], and
by MacFarland, ﬂakler; end Anderson (1941) which infers that-
C. welchii toxin iz a singular substance 1s quita convineing
These last-named workers have shown that the use of Phosphate
buffers (which were used in these experiments) in the toxin
and cell suspension diluent seriously interfers with the
hemolytic activity of the toxin. A further hint which would
tend to support the "singuler" theory is obtained by lnspect-
ing the resultis praaantad in number 3, %able 12. Here, in

a ﬁadium in which C. welchii grows readily, neither hemolytioc
‘activity nor killing power of the toxin is detectable, In
other words, when the "hemotoxin" ' is not formed neither is

the "lethal" ftoxin.
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DISCUSSION

In reviewing the literature on the tuxin&gau&sis of C.
welchil, one is struck by the fact that a majority of workers
are hesitant to use a medium of relatively simple constiitu-
tion. However, Valbum and Reymann (195%) and Reed, Orr, and
Baker (1939) heve shown that C. welchii will produce potent
toxin in a medium devoid of solid meat particles., Tihen the
toxin thus formed is to be employed as an antigen for the _
production &f antitaiin, such maﬂia are indeed satisfactory.
But it seems apparent to the writer that in experimental
procedures designed for the purpose of establishing the
identity of the toxin end its role in the metabolism of the
organism, a simple medium of definite chemicasl composition
ought to be used.

In the experimental work described in the preceding
seotion, evidence that C. welchli will produce its toxin in
such a medium is afforded by the fact that an ﬂmpla!amﬂunt
of toxin was produced by the organism when grown in a medium
consisting essentially of hydrolysed casein, glucose, inor=
ganic salts, and the necessery accessory growth factors.

As a matter of'faat, the amount of toxin formed when estim=-
ated es the m.l.d., was found to be conslderably greater

than the emount formed in & non-synthetic medium, This be-
ing the case, the writer feels that the belief that C. welchii
requires peptone, proteose, or other nampls; nitrogenous ocom=-
pounds in order to produce its toxin is no longer tenable.

With regard to the specific nmutritive requirements of
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C. welchil, it is rogrettable to admwit that studles on the

excet amino meid requircments of this organisa could not be
a#tamptcd. Although it was sstablished thet the growth of

. welchii is conslderably enhanced by the aﬁﬁitiun.of try=-
ptophane, furiher ezperiments directed toward establishing

the ldentity of the amino acids essential for the growth of
C. welchii should be attempted.

According to the experimental evidence available at
present, glucose is undoubtedly the best and most logical
source of ocarbon for the organiesm when toxin production is
the desired end. C, welchii owes its pathogeniocity to the
fact that it is &ble to produce its toxin when it is rosid=-
ing in the tissuss of ita host. Glucose is present in blood
and the tissue fluids in amounts in the neighborhood of 100
mgns, per cent, this amount being in accord with the much-
observed fact that the maximum emount of glucoss for optimal
toxin production by C. welchii is 0,2 per cent.

The question of the accessory growth factors ﬂﬁaﬂaﬂ by
C. welchii has been dealt with.to the extent that it can cat-
egorically be said that this organism must have available an
exogenous source of biotin in ordsr that growth may take
place. In addition, i1t is quits possible that C. waluhii
has need of at least one other accessory growih factor, in-
semuch as the organism always grew more luxuriantly on the _
mediun of Reed, Orr, and Basker, which, as pointed out befors,
congists mainly of gelatin, peptone, glucose, and various in-

organie salts, Needless to say, the nature of this substance,
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if it does exis®, is entirely unknown,

One can, at this time, only speculate as to the part
played by biotin in the nutrition of C. welchii. Because it
is active in such small amﬂunts? biotin undoubtedly forms a
part of some snzyme or coenzyme, Our present knowledge of
the Tunction of the accessory growth factors as a whole is
quite empirical, and until the biochemists are able to form-
ulate the nature end sction of the basic enzyme systems _
which are conoerned in the anahuliu activities of the cell,
the bacteriolagists can scarcely do better than to speculate
as to the nutritionel role of the bacterial aoccessory growth
factors. _ '

In the section on the experimental work, it was pointed
out that very little appears in the literature ooncerning the
inorganic requirements of C. welchil end their effeot upon
toxin production., Repeated references were made however to
the very impressive paper of Locke and Nain llﬂﬁl].l To the
- writer's knowledge, this paper is the only one in which the
effects of various inorganic substances on toxin production
by C. welchil were studied in detail. The observation by
these workers that ferrous iron stimulates the growth of
and toxin formation by C. welchii has been uunfirmgﬂ. In
addition, it was shown that, within certain limits, the
amount of toxin produced is inversely proportional to the
amount of lonized iron present in the substrate. In other

words, the organism grows poorly in an iron-deficlent medium,



77

but when the iron content of the medium exceeds 100 gammas
per ml, of the medium, the C. welchii grows readily; but
1little or no toxin is formed, The presence of cupric ioms
in very limited amounts appsars to stimulate the growth of
C. welchii as well as toxin production.

Tha effects "bound iron" on the growth and toxin pro-
duction were studied, Iﬁ this cnﬁnaatiun, it is interesting
to note that hemin has a dafinite antagonistic effect upon C.
welchii. The culture medium conteining 50 gammas of hamin_per
ml, of medium would not support the growth of the orgenism.
Although it was not determined whether the organisms were
destroyed or merely prevented from proliferating, it viould
be interssting to view results of additional pursuits slong
these lines. Such studies might reveal the possibllity of
hemin as a therapeutic agent for gas gangrene,

If one further considers the role of ionized iron in the _
mechanism which results in.the formation of toxin by C. welchit,
it might be of walue to compare the iron content of the contents
of the intestinal tract with that of the tissue fluids. Tha
normal haﬁitat of C. welehii for all practical purposes ocan
be considered to be the intestinal trsct. Hers, the nrganiﬁm
does not produce its toxin, but cultures of C. welchii iso-
lated from feces and introduced into muscular tissue are cap-
able of ineciting gas gangrene, Can it be that the amount of
iron in the intestinal contents (mhown to be about 550 gammas
per gram of dry feces by Shohl, 1939) is sufficiently large

to supress toxin formation, while the iron present in the
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tissue fluids represents the optimal emount for toxin pro=-
duction? This latter figure has been shovn to be about 2
gammas per ml, of tissue fluid {mbura, et. al,, ;95?}. of
course, such reaaaning should not be considered to be the
ultimate answer to the gquestion.of toxin formetion in the tis-
sues since numerous disurepéneiaa are known to exist.

Two theories of the furmaﬁian and function of C. welechiil
toxin have been proposed; one by Dernby and Walbum (1923) con=-
cerning the formation of diphtheris toxin whick Walbum, in a
later communication (1933), suggests equally appiias to the
formation of C. welchii toxin; the other that of Locke and
Méin (1931).

In brief, Dernby and Walbum are of the opinion that toxin
is not a secretory pfodunt of the cell, but rather is formed
extracellularly as a result of the degradative sctivity on
prﬁtaina in the suhstratalhy certain proteolytic enzymes.

With specific mention to C. welchii, Walbum bases his argu-
ment on the fact that the activity of the gelatinase produced
by C. welohii increases with the potency of the toxin.

Lnﬁka and Main formulate an enzymic concept of C. welohil
toxin., To them the toxin of C. welchil appears as a sort of
respiratory substance heving ferrous iron as the predominant
uﬁtalyat. This type of substance, they say, resembles the
respiratory enzymes of the dehydrogenase type and the proteo-
ases of the pH 4 pepain type, which are not inactivated by
~ sodium eyanide or cysteine, but are (with the possible except~

ion of dehydrogenase) inactivated by the cupric ion.
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The writer neither subscribes to nor denounces these pro-
posals. They are presented merely to indicate the present
atatus of t%ﬂ'tnxin of C. welohii.

Very recently there has appeared in thg literature a paper
concerning a new property of C. welchii., MaoFarland, et al.,
(1941) have reported the results of investigations concerning ‘
the lipoprotein-splitting property of thestoxin of C. welchii.
Their results reveal that thils toxin is cepable of hydrolyzing
the 1ipoymteina of certain humen serums and also lecitho-vite-
1lin obtained from egg yolk. This property could be quantita-
tively supressed by the addition of antiserum, and, in addition,
these workers present evidence to show that this toxin oen not
hemolyze red blood c¢ells in the absence of ionized caloium.

It 1s pointed out in this paper that the hemolytic activity of
the toxin and tﬁa lipoprotein-splitting property are both mani-
festations of the same enzyme reaction. Thus, the strome of the
red cell being weskened, or destroyed, through the sgency of the
agency of the action of this enzyme on its constituent lipopro-
teins allows the hemoglobin contained within to be relessed

into the surrounding menstrum.

Thus, with this evidence at hand, and if a bit of ideology
will be adjudged permissible, the writer should like to present
his concept of the formation end function of C. welohii toxin.

It 15 assumed that the toxin of C. welchil is a singular
substance, secreted by the cell for the purpusa.of reducing
substances, other than carbohydrates, into less complex mole=-

cules, and thus obtaining from these last-named substances,
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a source of energy. Following this line of reasoning, one
might_auppqsa that the 1iﬁuafact1an of gelatin and the split-
ting of lipoproteins are due to the action of the same hydrol-
ytic enzyme. The variety nf‘physinlogiaal effects ascribed to
the toxin, could easily be prpﬂuuad by its direct degradative
action on the various tissues, and the products produced by
such action,

In support of this hypothesis, it can be said that when
an ample source of energy is avaiiabla in the form of an easy
fermented substance such as glucose, no toxin is formedy To
the contrary, it may be argued that C. welchli is able to pro-
duce its toxin in a synthetic medium containing no complex sub-
stances such as proteins. However, though such a medlum supplies
all the essential nutrients necessary for the organism to mult-
iply eand to maintain its normal metabolic activitlies, it must
be remembered that these conditions represent an unnatural en-
vironment for wvirulent, toxin-producing strains of .C. walchii.
In all probability, prolonged cultivation of the organism 1#
this type of medium would result in a "loss of virulence",
bacause the organism, having no further use for its hydrolytic
enzyme, would cease to manufacture it.

Though nutritional studies of the toxigenic bacteria,
as have heen described, may aid in the eventual establishment
of the identity of a partiocular baoterilal toxin, their real
value lies in the fact that they provide a rational basis for
investigations directed toward the-dﬁ#alapmant of specifie
chemotherapeutic agents., A paper by Fildes (1940) provides
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the inspiration for the above stetement., In it he states that
8 knowledge of the "essential metabolites of bacteria" (an
essential metabolite being deseribed as a substance or chemical
group which tekes an essential pert in a chain of syntheses
necessary for bacterial growth) is a distinet sdvantage in re-
search in chemotherapy inasmuch as these anti-bacterial sub-
stances function by intgrfering with an essential metabolite

and thus inhibit growth,



SUMMARY

An investigation of the nutritive requirements of C.
welchii in relation to toxin formetion by this organism
ahuwed_ﬁhat:

l. C. welohii is able to produce its toxin in e semi-
synthetic medium composed of hydrolyzed casein, glucose, in-
organic aa}ts and the necessary accessory growth factors,

2+ When solutions of emino acids, i.e., hydrolysates of
casein or gelatin, form the source of nitrogenous "building
materials™ in a medium, C, welchii is able to proliferate and
produce its toxin. This information would indicate thet more
complex nitrogenous materials are unneoessary for toxim pro-
duction.

5. Biotin is an accessory growth factor of C. welchii,

4, Oertain substances which are growth factors for other
species of bacteria do not stimulate the grnwth of C. welchii,
These ineclude riboflavin, thiamin, pyridoxin {vitam;n B6),
nicotinie acid, pantothenic acid.

5. The production of toxin by C. welchii is influenced
to a considerable degrees by the concentration of innizad-;rnn
and copper in the subastrate, and that under the experimental
conditions set forth, hemin exerts an antagonistiec effect upon
the orgenism. - _

6. C. welchii may reguire additional accessory growth
factors of other nutrients necessary for maximum growth to
ooccur, as is evidenced by the fact that a non-synthetio medium
supported a more luxuriant growth than did the semi-synthetic

medium,
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