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ABSTRACT

ScunemER, Morris D). (Quartermaster Food
and Container Institute for the Armed Forces,
U.S. Army, Chicago, ), NicmoLas GrEcz,
AND ABE Awernss. Sporulation of Clostridium
botulinum  types A, B, and B, Clostridium
perfringens, and Putrefactive Anaerobe 3679 in
dialysis sacs. J. Bacteriol. 85:126-133. 1963.—
Coneentrated cultures of spores of Clostridium
botulinum type A (33A, 37A), B (1B, 5iB), and
B (strain VH), C. perfringens (strain E), and
Putrefactive Anaerobe 3679 were prepared in
intussuscepted cellulose dialysis tubing. The
apparatus consisted of a telescoped cellulose bag
immersed into a suitable sporulation medium in a
large Pyrex tube. The mitial inoculum was a
heavy suspension in physiclogical saline solution
of either vegetative cells or heat-shocked spores.
The seed material was introduced into the intersor
of the dialysis bag. Maximal spore populations
were obtained within 10 to 12 days. Strains of .
botulinum type E and C. perfringens, known for
their poor sporulation in conventional cultures,
gave good spore erops in the dialysis bag. Some
crops were of the order of 10 and 10" viable
spores per liter of medium. The gpores produced
in the dialysis bag were conspicuously large,
particularly after incubation for 20 to 30 days.
Observations of the characteristics of spores
formed in telescoped bags indicate that two highly
resistant strains of C. bofwlinum, 33A and 418,
were apparently less resistant to gamma rays
than spores of the same strains produced in
identical media in conventional cultures.
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1 Approved for publication as paper no. 2222 by
the Armed Forces Food and Container Institute,
Quartermaster Researeh and Engineering Com-
mand, U.S. Army.

¢ Present address: Armour Research Foundation
of the Illinois Institute of Technology, Chicago.

Propagation of bacteria in cellophane tubes
immersed in an appropriate nutrient medium
results in vigorous growth and eoncentration of
macromolecular products and cells in a confined
environment (Gallup and Gezhardt, 1961).
Toxigenic strains of Clostridium botulinum and
O, tetant have been grown in dialysis sacs because
of the high titers of toxin produced in a restricted
volume in this system (Sterne and Wentzel, 1950;
Wentzel, Sterne, and Polson, 1950; Vinet and
Fredette, 1951; Fredette and Vinet, 1952;
Gerwing, Dolman, snd Arnoté, 1961). Media
enriched with corn-steep liquor especially stimu-
late abundant vegetative cell growth, including
the synthesis of high titers of botulinum toxins
(Lamanna, Eklund, and McElroy, 1946; Polson
and Sterne, 1646).

The formation of bacterial spores in dialysis-
gae cultures hag not previously been reported. In
this laboratory, it was observed that under certain
conditions large vields of spores may be obtained
from various species of clostridia, including some
which are known for their poor sporulation
properties. This paper describes the apparatus,
media, spore yields, and some propertics of spores
produced in dialysis-sac cultures.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains meluded
. botulinum 334, 37A, 411, and 51B, the sources
and radiation-resistance characteristics of which
were reported by Anellis and Koch (1962); C.
botulinum type B strain Dolman VH; Putrefactive
Anserobe (PAY 3679; and C. perfringens, strain Ey.

Media. The following media were tested for
their ability to support sporulation: (i) the corn
“steepwater” fluid medium of Sterne and Wentzel
(1950); {ii) the medium of Stewart (personal
commundcation) that contains 6.5% Trypticase
(BBL), 1.0% peptone, 0.25% NaCl, 0.25%
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K:HPO,, 0.29 methionine, and .02 thiamine
(pH 8), in whieh the stock medium, and the
methionine and thiamine were sterilized sepa-
rately and combined after sterilization; (i)

“ Wagenaar and Dack’s (personal communication)

broth containing 5.0% Trypticase and 0.59%
peptone (pIl 7.2); (iv) the broth of Costilow
{personol  cominunication) consisting of 49,
Trypticase and 0.019 thiamine (pH 7.0}; and
{v) a broth (pH 6.85) of Wagenaar and Dack
modified by enrichment with thioglycollate
supplement (BBL).

The apparatus consisted essentially of a tele-
scoped cellulose bag immersed into the sporula-
tion medium in a large Pyrex tube (Fig. 1).

Description of the culiure apparatus. Glass
culture tubes (Pyrex) with lips and medium-
weight walls were used in two gizes: small (400-
mm length by 50-mm outside diameter) and large
{500-mm length by 65-mm outside diameter). The
tubes were fitted with a no. 10 {smalil} or no. 13
{large) three-holed rubber stopper. The smallest
of the three holes was fitted with & straight Pyrex
tibe (6 mm in diameter and 450 or 550 mm long)
plugged with cotton, the lower open end of which
was Immersed in the mediom to about 25 mm
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from the bottom of the flask. A second hold in the
rubber stopper was fitted with a straight tube
(10 by 150 mm) which was cotton-plugged at its
top end. The open lower cnd extended to 100 to
150 mm above the surface of the medium inside
the culture flask. The 10-mm tube allowed release
of gas pressure built up during sparging of the
medium and cellular growth. A third hole was
fitted with a Pyrex tube (15 by 250 mm); its
cotton-plugged upper end (about 50 mm) was
bent at an angle of 45°. The lower end of this
fube extended to 25 to 50 mm above the level of
the medium in the flask. This lower or open end
of the 15-mm tube was inserted into the ring
space inside an intussuscepted cellulose dialysis
tuhe.

The telescoped tabe was formed as follows, A
750-mm length of tubing (E. H. Sargent & Co.,
Chicago, 111.) was softened in water, and one end
tied securely with a figure-eight kanot. The addi-
tion of & small amount of water facilitated tele-
scoping, the knotted end being inverted and
pushed through to the untied end of the cellulose
tube. The telescoped bag was tested for leaks. Tt
was then securely fixed to the I5-mm Pyrex tube
by three rubber bands. The telescoped bag thus

E5X500mm

F16. 1. Apparatus for concentrated culiure and sporulation of Clostridium spp.



128 SCHBNEIDER, GRECZ, AND ANELLIS

formed was about 875 mm in length and 65 mm
in diameter. It was straightened to eliminate
folds and to give the maximal dialyzing surface.
Final assembly and sterilization of apparatus.
The inner space of the intussuscepted bag was
wetted with 25 ml of physiological saline sclution,
and the open end of the 15-mm bent tube fitted
with a cotton plug. The three-hole rubber stopper
and the inverted dialysis-tube assembly were
inserted into the Pyrex culture flask, followed by
addition of 200 or 350 ml of appropriate medium
for the small and large flasks, respectively. Two
paper strips were placed between the lip of the
Pyrex tube and the rubber stopper, to preclude
cementing of the rubber stopper to the glass.
Kraft paper covered the top of the assembly to
prevent aceidental contamination of the interior
contents. The culture fiask was placed in a large-
sized wire basket at a 45° angle. This minimized
hoiling off of the medium during sterilization, as
well as allowing eseape of air bubbles trapped
ingide the telescoped bag. The apparatus was
sterilized at 121 C for 30 min. After autoclaving,
the paper inserts between the glass tube and
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rubber stopper were removed while the apparatus
was still hot,

Figure 2 shows three Pyrex eulture flasks con-
taining a 7-day growth of €. botulinum in
Wagenaar and Dack’s broth. Microbial growth
is restricted entirely to the saline fraction inside
the viscose bag.

Seed materials. (i) Vegetative cells: 30-ml
cultures were transferred serially at 2-hr intervals
to obtain vigorous vegetative growth, and inocu-
lated into 350 ml of the appropriate medium.
Young cells (5 to 6 hr old) were centrifuged and
resuspended in 50 ml of sterile saline solution.
(it) Spore seed: spores were derived from crops
produced in viscose-bag eultures. The spores
were cither the entire unwashed saline-dialyzed
culture or thrice-washed spores resuspended in
final volume of 50 m! of saline. Spore suspensions
were in all instances (excepting €. botulinum
type E) heat-shocked at 80 C for 10 min to kill
residual vegetative cells and to activate the
spores to germination. The seed culture was
transferred aseptically to the intussuscepted

cellophane sac by means of & sterile 50-ml pipetie.
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Culture fubes confaining a 7-day growth of Clestridium botulinum in Wagenaar and Dack’s broth.
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Anaerobiosis. A mixture of 95% N; and 5%
CO; was passed through a cotton filter. The gas
mixture was bubbled through the medium by way
of the long tubing (6-mm diameter) for 5 min
before and 10 min after introduction of the seed
material into the viscose bag, to creafe anaerobic
conditions in the medium.

Control cultures. Conventional cultures of €.
botulinum 33A, 41B, and 51B were grown in 350
ml of appropriate medium in 500-ml Erlenmeyer
flasks, placed in desiccators. Oxygen was removed
by a pyrogallol-sodium earbonate solution. In
experiments involving €. botulinum 37A, Hrlen-
meyer flasks (4 liters) containing 3 liters of
Costilow’s broth were seeded with an entire
350-mi culture of cells 5 to 6 hr old. Anaerohiosis
was achieved by sparging the 3 liters of medium
with the 95 %, N»-5%, CO: mixture for 15 min each
before and after inoculation.

Harvesting  soline-dialyzed spore crops. The
fitted rubber stopper, together with the dialysis
gac, was lifted out of the medium. The eulture
assembly was held over o sterile petri dish, while
nearly three-fourths of the width of the telescoped
tube was clamped securely with a sterile surgical
hemostat just below the 156-mm glass tube. The
lower end of the dialysis bag was grasped by
hand with sterile aluminum foil. The sedimented
spores were thoroughly mixed, the bag was cut
with sterile scissors above the clamped hemostat,
and - the contents were poured into a sterile
centrifuge bottle. The empty bag was washed
with 20 ml of sterile phosphate buffer to recover
the total spore crop. Two 240-ml centrifuge
bottles were sufficient to harvest the spores from
ten dialysis-bag assemblies. The suspension was
centrifuged at 5 to 8 C at approximately 1,500
X g for at least 60 min, and washed three
times with gterile phosphate buffer (pH 7.0).
The spores were resuspended in 100 ml of buffer
and held at 5 C.

Estimation of viable spore numbers. The stock
spore suspensions were heat-shocked at 80 C
for 10 min, except for the heat-sensitive type E
C'. botulinum strain VI spores, which were heated
at 65 C for 15 min. Berial decimal dilutions were
made in neutral phosphate buffer; I-ml samples
of each dilution were inoculated in eaech of five
replicate tubes of Wynne’s (Wynne, Schmeiding,
and Daye, 1955) broth. Growth in the medium
was usually completed by 14 days, but cultures
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were kept under observation at 30 C for 6 weeks,
The most probable number of viable spores was
caloulated from the statistical tables of Fisher
and Yates {1953).

Toxtn assay. Botulinum toxin in dialyzed
supernatant fluids was assayed by duplicate
intraperitoneal injections into white mice (16
to 20 g). A positive reaction was indicated by
death of the mice within 4 days. The specific
types of toxin were confirmed by toxin-antitoxin
neutralization tests. Tenfold seriul dilutions were
made of the dialyzed supernatant fluids in a
gelatin-phosphate diluent (Naylor and Smith,
1946). Gelatin protein appears to 'minimize
mactivation of the toxin, reduce pyrogenic
reactions, and potentiate the effect of botulinum
toxin (Wentzel et al., 1950; Boor, Tresselt, and
Shantz, 1955).

Radiation resistance of Clostridium botulinum
spores produced in dialysis sacs. Spore crops pro-
duced in conventional cultures were compared
with those produced in telescoped viseose fubes.
The broth of Wagenaar and Dack was used as the
sporulating medium in both instances. Approxi-
mately 10* viable spores, suspended in 1-ml vol-
umes of phosphate buffer and using ten replicate
tubes per dose, were irradiated with spent fuel
rods at the Argonne National Laboratory Gamma,
Irradiation Facility. The methods of irradiation
and evaluation of results were those described
by Anellis and Koeh (1962).

Rusurrs

Three formulations of Trypticase-containing
media promoted the formation of remarkable
numbers of spores of C. botulinum 37A. Further-
more, saline-dialysis sac cultures contained size-
able amounts of preformed botulipum toxin. A
corn “steepwater” medium of Sterne and Wentzel
(1950} resulted in the synthesis of a high titer of
botulinum toxin and, at the end of 21 days of
incubation, revealed large numbers of vegetative
cells and smaller numbers of spores (Table 1).
The broth of Wagenaar and Dack appeared to
yicld the highest spore crop of the media tested,
producing approximately 10° spores per ml of
the dialysis-sac culture in the bag within 10 days
of incubation (Table 2). Bio-assay of a number of
preparations of the crude, “spore-free” botulinum
toxin in the growth medium gave titers of 10,000
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to 100,000 mouse lethal doses per ml for strains
41B, 51B, and 33A.

Comparative sporulating abilety of C. botulinum
37A in conventional cultures and in telescoped
viscose tubes i o single medium. The data ob-
tained for €. bolulinum 37A grown in the medium
of Costilow are shown in Table 3. The number
of spores harvested after 5 to 24 days from the
dialysis bag was nearly 100-fold higher than the
pumber of spores produced by the conventional
method in this medium. This broth gave abun-
dant growth and produced 100,000 minimal
Tethal doges (MLD)/ml of botulinum toxin in 3
days of incubation. The toxin degraded to 1,000
MLD at the end of 24 days. This was apparently
due to the relatively high pH in the medium
(pH. 8.0 to 8.15), since it is known that botulinum
toxin is not stable in alkaline solutions (Bronfen-
trenner and Schlesinger, 1924). However, the
increase in alkalinity in the “spent” medium did
not interfere with the sporulation process.

Sporulation of C. botulinum Hype E, C. per-
fringens, ond Putrefactive Anaerobe 3679 in
dialysis sacs. Several spore-forming anaerobes
other than €. bofulinwm types A and B produced
good spore crops in dialysis sacs immersed into
the medium of Wagenaar and Dack fortified
with. 0.59, thioglycollate supplement (Table 4).
Noteworthy are the particularly abundant spore
crops for PA 3679, as well ag excellent spore crops
for type B, C. botulinuwm strain VH, and C. per-
fringens strain Fe. The latter two sirains are
generally known for their poor sporulation in

rapLe 1. Sporulation of Clostridium botulinum
3vA in vartous media af 30 C

Nondialyzable saline culture

Pays of
Medium incuba- MPN of viable
tion spores per liter Potency*
of mediuom
MLD/mi
Sterne and
Wentzel
1950)....... 21 7.4 X 108 1,000,000
Stewart. ...... 26 1.2 X 1#e 14,000
Waganasr and
Dack...... .. 33 G.8 X 1010 10,000
Costilow ..... 3 3.52 X 108 10,000
20 1.73 X 109 1,000
69 5.60 X 109" 1,000

* Of the “spore-free’” eulture-centrifugate from
within the dialysis saclk.
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TABLE 2. Sporulating ability of three sirains of
Clostridiwm botulinum in cellulose dialyzing tubes
immersed in the broth of Wagenaar and Dack™

MPN of viable spores in

. Days of culture mediom
Strain incuba-
tion Per ml of spore Per liter of

harvest medium

33A i0 7.37 X 10%F  L.76 X 100
33A 10 4.50 X 10%F  1.90 X 10%°
41B 3 2.71 X 107 4.34 > 10°
418 16 1.73 X 168 4.07 X 10°
415 10 1.73 x 105f  1.73 X 109
41B 4 2.71 X I0¢ 3.86 X 10®
41B 10 1.73 X 108t 6.19 X 10°
41B 19 7.37 X 107t 5.26 X 10°
5B 3 7.37 X 103 1.94 X 108
51B 10 2.81 X 10 6.0 X 10°
51B 7 7.37 X 107 1.10 X 10%°
518 10 1.14 X 19® 3.93 X 10°

* Broth contains 5% Trypticase 4 0.5% pep-
tone.

1 Crops of spores washed three times and re-
suspended in neutral phosphate buffer to 100-mi
volume.

TABLE 3. Comparative sporulating ability of Clos-
tridium boiulinum §7A in conventional
culture (C) and in cellulose dialysis
tubes (8) in Costilow's broth at 30 CF

MPN of viable spores in
culture mediuwm

Days of
gu_}— incuba- TotencyT
ure tion
Per ml of Per liter of
spore harvest medimm

MLD/ml
4 4.36 X 108 1,000
2.71 % 108 | 7.10 X 108 | 100,000
1 1.73 X 168 1,000
5 4,50 x 107 | 9.0 X 10° 10,000
450 » 108 ¢ 4.50 X 10° 1,000
2.71 > 108 i 1.83 X 10#¢ 10,000
2.71 X 105 | 2.71 X 106¢ 100
1.14 > 108 | 2.28 X 10%¢ 1,000

Lomownrouna
—
o

* Contains 4%, Trypticase, 0.01% thiamine.
1 Of “spore-free™ toxic eulture.

conventional cultures. For example, optimal
conditions for growth of C. perfringens require
the presence of a fermentabie carbobydrate, but
spores form sparingly and only in the absence
of a fermentable carbohydrate (Jordan and Bur-
rows, 1947). Tt is of significance that C. per-
fringens grew luxuriantly in the dialysis-sac sys-
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TABLE 4. Sporulation in dialysis sacs of Clostridium botulinum 834, C. botulinum type B, C. perfringens
and Putrefactive Anaerobe 8679 at 30 C '

Culture Days of

MPN of viable spares Range of o
ge of “spen

Incubation "p Ty spore harvest  Per Jiter of medium* medium (pH)
g. I’;om?inum 33A. . 11 1.73 X 108 2.71 ¥ 10w 6.3 331

Cbotulinuwm 33A. . L. 12 1.73 X 108 6.1 9 . 7
G botuinoum T 17 X 10 6.45-6.71 (10}

Expt 1

Heated (65 C for 16 min)...... 11 1.73 ¢ 10¢ 2.60 x 108 G.5 (2)

Raw.. .. ... .. ... ... 11 1.14 X 108

Heated (80 C for 10 min). .. ... 11 1.14 X 108

Expt 2

Heated {65 C for 15 min}. . . 15 2.71 X 107} 7.7

. i 7.73 X 108 -

Heated (80 C for 10 min}.. ..., 15 4.50 X 10* 0-8300.48 10
C. pe;n'fm-ngens ................... ¥ 7.37 X 108 9.11 X 108 6.50-6.78 (3)
C. 'per{rmgens ................... 15 7.87 X 107 2.34 X ¢ 6.42-6.60 (9)
PA 36:9 ......................... 15 2.71 X 10 3.87 X 10u 6.50-6.70 (2)
PABGTY. ...l 13 1.73 X 109 6.17 x 10t 6.7-6.9 (9)

* Modified Wagenaar and Dack’s medium: 5% Trypticase, 0.5% peptone, and 0.5% thiogiycollate

supplement (BBL).

t Crops of gpores washed three times and resuspended in neutr
t G > : =l phosphate buffer to 100-
t Figure in parentheses is number of eulture flasks. P P 1t volume:

tem and formed abundant spore crops in the
presence of a fermentable carbohydrate. The
saccharolytic tendeney of the strains of C. botu-
Hnum type E and €. perfringens was indicated
by a slight deerease in pH of the “spent” medium.

Spores of C. botulinum strain VH produced in

telescoped saes did not appear to become more
resistant to heating than those produced in con-
ventional culture. ’
- Morphology of C. botulinum and spores in
dialysis sacs. Cultures of C. botulinum in dialysis
sacs showed unusual microscopic morphology
not observed in conventional cultures, such as
chaing of sporangia containing well-formed
spores; “dumb-bell” type sporangia; and con-
spicuously large spores, particularly after a long
incubation time (20 days or longer).

Certain strains of C. botulinwm, such as 33A
and 51B, appear to possess distinguishing mor-
phological features of uniformly large (33A) and
small (51B) spore sizes.

The small spores of 51B in conventional cul-
tures were difficult to observe by simple stains.
Bpores of this strain produced in dialysis sacs
were relatively large and easily recognizable by
erystal violet stain.

The spores seemed to be surrounded by wide
semiclear zonhes at their surfaces, after staining
with nigrosin. The spores alse aggregated into

TABLE 5. Radialion resislance of Clostridium
botultnum spores formed in viscose dialysis sacs*

Radiation resistance

Spore strain Eﬁgjt N
' D value Avg D Dﬁz:’]ﬂ’
Mrad Mrad o
In dizlysis sacs
33A 1 .283 0.248 14.G
33A 2 ¢.212
41B 1 0.266
41B 2 0.256 0.261 1.8
In eonventional cultures
33A 1 0.338 0.334 1.1
33A 2 0.330
41B 1 (.301
41B 2 0.334 (.318 5.2

* Approximately 10* viable spores, previousiy
heat-shoeked at 80 C for 10 min, in 1-ml volume of
phosphate buffer {(pH 7).

clumps after heating at 80 C for 10 min, sug-
gesting, perhaps, that nondialyzable substances
in the bag were coagulated or that some sticky
material may have been adhering to the spore
surfaces.

Radiation resistance. In view of the morpho-
logical differences exhibited by spores prepared
by the two methods, it was of interest to compare
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their relative radiation resistances. The pro-
cedure used for this study wag that described by
Anellis and Koeh (1962).

D values, i.e., the doses required to kill 90%,
of the population, were determined in duplicate
experiments for 10-day-old spores of . bofu-
Linum 33A and 41B, two of the most radiation-
resistant organisms of their respective types
{Anellig and Koch, 1962). The data (Table 5)
indicate that both straing of spores produced in
the dialysis sae exhibifed a somewhat reduced
resistance to radiation as compared with con-
ventionally produced spores; the resistance of
33A decreased by 269, and that of 41B by 1849,
The reasons for the reduced resistance of the
dialysis-hag harvests are not yeb clear.

Discussion

Abundant spores of clostridia can be produced
in cellophane casing immersed in an appropriate
nutrient medium. The teechnique reduces the
hazard involved in handling large volumes of
toxigenic €. bofulinum cultures, and eliminates
laborious centrifugations required for harvesting
of spores by the conventional method. Further-
more, the technique is suitable for the production
of spores of some clostridia known for their poor
sporulation in conventional cultures, such as
¢ botulinum type E and C. perfringens.

The events leading to the formation of bac-
terial spores in the dialysis-sac system are not yob
understood. The properties of the dialysis mem-
brane suggest af least four factors which may be
involved in sporogenesis in this enviromment:
(i) selective supply of low molecular size (mol
wi <13,000) nutrient compounds through the
ultrafine pores (0.0024 to 0.003 ) of the dialysis
membrane; (i) accumuiation of maezromolecular
metabolic products which may contain some
agent(s) essential for the triggering of abundant
sporogenesis; (i) removal of low molecular
weight metabolic waste products from the con-
fined growth environment, which might normally
interfere with sporogenesis; and (iv) the equi-
librium rates involved in diffusion of materials
across the dialysis membrane and, perhaps, af-
feeting the chemical equilibria of metabolic
processes within the bag.

Tn any event, the dialysis-hag technique seems
o offer a challenging system for the study of
physiologieal and chemical changes during sporu-
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lation oceurring in the complete absence of any
contact with the macromolecuar constituents of
complex nutrient media.
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