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Clostridium botulinum B-aphis spores plated on medium containing 4% salt at pH 6.0 yielded colonies at a
frequency of ca. 1in 10°. A subculture of one of these colonies, designated strain Ba410, was compared with the
parent strain, B-aphis, for a variety of traits. After 7 days of incubation at 37°C, strain Ba410 grew in medium
containing 7% NaCl, whereas strain B-aphis could not grow in salt concentrations greater than 5%. The strains
also differed in cellular and colonial morphology. After exponential growth in the basal medium was completed,
lysis of both strains was pH dependent; in media containing salt, lysis of Ba410 cells was pH independent.
Strain Ba410 was more proteolytic than strain B-aphis in conditions of low pH and high salt, so that its toxin
could be detected by the mouse assay. In a medium containing alanine and cysteine, the germination rate of B-
aphis was 0.77% min~!, whereas that of Ba410 was 0.14% min~!'; 2% salt inhibited the germination of Ba410

but not B-aphis.

Current discussions of dietary sodium reduction in hu-
mans have attempted to balance the physiological benefit
against possible risks from the increased probability of
growth by food pathogens. The role of dietary sodium in
human health and the implications of sodium reduction in
muscle foods have been reviewed (23). The risks of potential
increases in the probability of pathogenesis are being investi-
gated in many laboratories. Because of the demand for rapid
answers to problems in specific foods, much of this work
concentrates on specific pathogens in a limited spectrum of
foods. Hauschild (11), for example, has reviewed the influ-
ence of nitrite, pH, and salt on the probability of botulinal
toxigenesis in cured-meat systems and has found that salt
reduction may be more compromising to product safety than
nitrite reduction.

In this laboratory, some basic studies have been conduct-
ed on the combined influence of salt and pH on the physiolo-
gy of Clostridium botulinum, and it has been found that these
factors interact in a complex fashion (19). Growth of C.
botulinum under suboptimal, but nonlimiting, combinations
of salt and pH has been attributed to the selection of tolerant
subpopulations (20). The purpose of this study was to isolate
a variant of C. botulinum capable of growth under such
adverse conditions, characterize it, and determine whether it
differed from the parent strain in a number of phenotypic
traits.

MATERIALS AND METHODS

Organisms. When strain B-aphis was plated on botulinum
assay medium (see below) containing 4% salt at pH 6.0, ca. 1
in 10° spores formed colonies. Several of these colonies were
subcultured, and one, designated Ba410, was subjected to
further study. This strain was confirmed as type B C.
botulinum by specific neutralization of its toxin with type B
antitoxin (Centers for Disease Control, Atlanta, Ga.). Stock
cultures were maintained in cooked-meat medium (Difco
Laboratories, Detroit, Mich.) at ambient temperature and
transferred every 6 months. Spores were prepared as previ-
ously described (16), suspended in sterile deionized water,
and stored in an anaerobic chamber at room temperature.

Media and culture conditions. The basal growth medium
was botulinum assay medium (BAM) (16); for plating, 2%

agar and 0.0001% resazurin were added. NaCl was added on
a weight-to-volume basis where noted before the adjustment
of pH with 1.0 N HCI. After autoclaving (121°C, 15 min), pH
values were within 0.1 unit of the target valve. Details of the
procedures used to study the influence of NaCl and pH on
growth and lysis have been published elsewhere (19). Data
presented in Fig. 1 and 2 are averages of duplicate cultures
inoculated with 10® spores per ml. Colonial and biochemical
characteristics were determined with modified McClung-
Toabe egg yolk agar (5).

All media were prereduced in an anaerobic chamber (Coy
Laboratories, Ann Arbor, Mich.) with an atmosphere of 5%
CO,-6% H»-89% N,. All procedures, except microscopy
and toxin testing, were carried out in the chamber. Incuba-
tions were carried out at 37°C unless otherwise noted.
Growth in broth cultures was determined by measuring the
absorbance at 610 nm with a colorimeter (Markson Scien-
tific, Phoenix, Ariz.). Colony counts were carried out on
plates that were found to be unchanged by an additional 48 h
of incubation.

Protease assay. Protease activity was quantified in dupli-
cate by the hydrolysis of casein and gelatin in a dual-
substrate plate diffusion assay (17), with Bacillus polymyxa
protease (type IX; Sigma Chemical Co., St. Louis, Mo.)
used as a standard. Hydrolysis zone sizes after 24 h of
incubation at 37°C were proportional to the logarithm of the
applied protease activities.

Detection of botulinal toxin. Culture supernatants were
obtained by centrifugation at 8,740 X g for 90 s in a
Microfuge B (Beckman Instruments, Inc., Fullerton, Calif.).
When protease assay results were <0.3 IU/ml, portions of
the supernatants were adjusted to pH 7 and trypsinized at
30°C for 1 h with 1:250 Bacto-Trypsin (Difco) at a final
concentration of 0.1%. Samples were tested for botulinal
toxin by injecting each of two Swiss white mice (weight, 15
to 20 g) intraperitoneally with 0.4 ml of the putative toxin.
The mice were observed for symptomatic botulinic death for
72 h. Samples scored as toxic in these experiments produced
symptomatic death of both mice within 24 h. Controls, which
included boiled (10 min) portions of every sample, type B
antitoxin-neutralized portions of selected samples, and 0.1%
trypsin, were also tested for toxicity to mice.



Germination kinetics. The CTB germination medium de-
scribed by Rowley and Feeherry (22) was modified by the
addition of 4.5 mM L-alanine (Sigma) (8) and contained 32
mM L-cysteine hydrochloride (Sigma), 11.9 mM sodium
bicarbonate (J. T. Baker Chemical Co., Phillipsburg, N.J.),
4.4 mM sodium thioglycolate (Difco), and 100 mM N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (Sig-
ma) (22). The medium was made in the anaerobic chamber
just before use by adding to the preweighed chemicals an
appropriate volume of prereduced glass-distilled water
which had been equilibrated to 37°C. The medium was
adjusted to pH 7.0 with 3 M NaOH before filtration (pore
size, 0.45 wm) sterilization.

Germination was followed as the loss of phase brightness
(8, 21). The spore suspension (100 pl; 10° to 10° spores per
ml) was heat activated (80°C, 30 min) in flint glass culture
tubes (10 by 75 mm); activation in polystyrene culture tubes
decreased germination. At time zero, 100 pl of double-
strength CTB, which had been pre-equilibrated to 37°C, was
added to the heat-activated spores. At specified times during
the incubation, 10-ul aliquots were spotted on microscope
slides preheated to 130°C on a heat block. Samples evaporat-
ed to dryness within 15 s. At the end of sampling, a drop of
sterile distilled water was added to each slide, a cover slip
was put in place, and the spores were examined microscopi-
cally under phase optics at X600 to x1,500 magnification. At

least 200 individual spores were examined for each sample.

Spores were characterized as ungerminated if they were’
phase bright or as germinated if they were phase dark or in
the transition from refractile to nonrefractile (32). The per-
centage of germinated spores at each sampling time was
plotted against time of incubation by mean least-squares
regression, and from the slope, the germination rate in
percent per minute was calculated. Results obtained from
the heat-fixed spores were comparable to results obtained by
immediately examining wet mounts (data not shown). These
experiments were done in triplicate. The data presented are
representative of a single experiment.

Stability. The stability of strain Ba410 was determined by
inoculating cells into BAM at pH 6.0 with 3% salt or at pH
7.0 with no salt added and by sequentially transferring 10 pl
into the same medium on days 2, 3, 4, 5, 8,9, 10, 11, 12, 15,
16, 17, 18, 19, and 22 of the experiment. Cultures resulting
from transfer 15 were streaked onto BAM agar containing 0
or 3% salt, and the colony morphology was determined after
48 h of incubation. The resultant cultures were also evaluat-
ed for salt sensitivity.

RESULTS

Morphology. The colonial morphologies of strains B-aphis
and Ba410 streaked onto BAM agar were different. In the
absence of salt, B-aphis colonies were up to 5 mm in
diameter after 7 days of incubation, flat with swirling rhizoid
edges, and transparent to translucent. Their appearance was
similar to that of toxigenic type E plated on blood agar (i.e.,
reference 24, plate 4b). When 3% NaCl was in the plating
medium, the colonies were small (1 to 2 mm in diameter),
circular, convex, and cream colored. Ba410 colonies were
intermediate in size, circular with uneven edges, and slightly
raised or umbonate, and they did not show a different
morphology in the presence of salt. Ba410 colonies had a
distribution of sizes and morphologies (i.e., ranging from
slightly raised to umbonate) on both media; B-aphis colonies
were much more uniform. On egg yolk agar, both strains had
similar flat, rhizoid colonies with a pearly layer and precipi-
tate edged with a clear zone, which is indicative of proteoly-

sis. The clear zone surrounding Ba410 colonies were larger
than those of the B-aphis colonies.

In BAM broth culture, strain Ba410 cells were short (4.2-
pm) rods, regardless of the salt content of the medium. B-
aphis cells were, on the average, 7.8 pm long and, in the
presence of salt, formed rods typically 32 pm and, in some
cases, greater than 300 pm long. Aseptate filamentous (in
excess of 600 wm in length) forms of strain Ba410 were
observed in unrelated experiments.

Salt tolerance. Spores of strain B-aphis inoculated into
BAM containing up to 5% salt produced turbid cultures
within a week (Table 1). Growth of spores from Ba410 were
not completely inhibited until salt levels of 8% were reached.

When the incubation time was extended to 4 weeks,
additional B-aphis growth was observed in five tubes with
>5% salt. This may have occurred because of the large
inoculum used. It may have contained salt-tolerant spores at
levels so low as to require several weeks for the attainment
of measurable turbidity.

Samples incubated for 7 days were assayed for toxin.
Botulinal toxin was detected in all untrypsinized samples
from growth-positive tubes of Ba410. Only one of the five
cultures of B-aphis in the 5% NaCl medium was positive for
toxin, but toxin could be detected in the other four cultures
after trypsinization. The identity of the lethal agent was
confirmed as type B botulinal toxin by appropriate antitoxin-
neutralized controls. Neither 7% NaCl nor trypsin was toxic
for mice. .

Influence of medium pH and salt on culture characteristics.
B-aphis cells inoculated into 20 formulations of BAM at salt
concentrations of 0 to 4% and pH values of 7.0 to 5.0 usually
produced turbidity within 24 h (Fig. 1). Cultures in media
with 4% salt, however, had longer lag periods. Growth in
media with an initial pH of 5.0 was delayed in the absence of
salt and was completely inhibited by salt concentrations
=22%. Lysis (quantitated as the loss of optical density, but
confirmed microscopically) of postexponential-phase cul-
tures was pH dependent. Cultures in media with initial pH
values of 5.5 or 6.0 exhibited less lysis and a slower lysis rate
than cultures with initial pH values of 6.5 or 7.0. The pH
dependency of lysis was not influenced by the salt content of
the media. The combined effect of pH and salt was such that
as the pH decreased, the optical density versus time curves
became broader with lower maxima. As the salt concentra-
tion increased, the curves indicated decreased turbidity and
were displaced to the right on the temporal axis.

The growth portions of the Ba410 optical density versus
time curves (Fig. 2) were similar to those of strain B-aphis,
but the lysis of cultures grown in the presence of NaCl
differed. Although the cultures grown in the absence of salt

TABLE 1. Salt sensitivity of C. botulinum strains”

No. of positive tubes per total tested at the

Strain Ir}cubalion following percentages of NaCl:
time (wk)
4 5 6 7 8 9
B-aphis 1 5/5 5/ SIS 05 05 05 05
4 s/s 5/5 5/5 35 25 05 05
Ba410 1 s/5 5/5 5/ S5 35 0/5 05

4 5/S 55 SIS 55 45 0/5 05

a Sensitivity was determined by inoculation of five tubes of BAM at each
salt level with 10° heat-activated spores per ml and incubation at 37°C.
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FIG. 1. Influence of pH and salt on optical density of C. botulinum B-aphis. A total of 10 pl of an 18-h culture was inoculated into BAM
with an initial pH of 7.0 (O), 6.5 (A), 6.0 (0), 5.5 (©), or 5.0 (*) to give an inoculated level of ca. 10° cells per ml. Absorbance was determined

at times indicated during anaerobic incubation at 30°C.

exhibited the expected pattern of pH-dependent lysis, post-
exponential cultures in media which contained salt under-
went rapid and complete lysis, irrespective of the medium
pH.
The data in Fig. 1 and 2 were reproducible; results from a
duplicate experiment were similar, except that no growth
occurrred at pH 5.5 with 4% salt. Data on the toxicities,
protease activities, maximum culture densities, and lytic
characteristics of the cultures from the second trial are
presented in Table 2. Of the 17 B-aphis cultures, 5 required
trypsinization to detect the toxin. The requirement for
trypsinization became evident at progressively higher pH
values when media with progressively higher salt levels were
examined. This requirement was related to low protease
activities in cultures from media with a high salt content and
low pH. Some samples with similar protease levels in the
assay at pH 7 (i.e., B-aphis, 0% NaCl, and pH 5.5 and 5.0)
differed in their requirement for an exogenous protease.
Protease activity has been shown to drop with pH (7).
Therefore, the protease in the sample with a lower pH would
be less active in situ than under assay conditions. Protease
activities of Ba410 cultures grown in the presence of salt
were markedly higher than the activities of corresponding B-
aphis cultures. None of the Ba410 cultures required trypsini-
zation to detect toxin.

Germination of B-aphis and Ba410 spores. Although it was
easy to obtain high numbers of clean B-aphis spores, yields
of Ba410 spores were consistently 30 to 50% lower. In
addition, the Ba410 preparations contained more exosporan-
gial material, ghost cells, and debris and were difficult to
clean. This made characterization of phase brightness tech-
nically difficult. Even though germination of B-aphis spores
could be followed under X600 magnification, it was fre-

quently necessary to use X1,000 magnification and higher to
characterize Ba410 spores.

B-aphis spores germinated rapidly and completely in me-
dia containing alanine and cysteine as germinants (Fig. 3a).
Germination was linear (r = 0.99), with a rate of 0.77%
min~? for the first 60 min of incubation. A total of 88% of the
spores germinated within 6 h of incubation, and 97% germi-
nated after 24 h of incubation at 37°C. When spores were
germinated in media containing 2% salt, only a slight influ-
ence was observed. The germination rate was again 0.77%
min~1, but the data were not as linear (r = 0.94). The extent
of germination at 6 and 24 h was slightly lower, with 84%
germination after 24 h.

Germination of Ba410 spores (Fig. 3b) was linear (r =
0.99) for at least 6 h of incubation but proceeded at a slower
rate (0.14% min~!) than B-aphis spores. After 24 h of
incubation, only 46% of the spores were phase dark. Germi-
nation in the presence of 2% salt was inhibited. Since
scattering of the data during the early period of germination
resulted in a low regression coefficient (0.43), the slope of
the germination curve was not quantitatively useful. Howev-
er, 35% of the spores germinated within 24 h. Neither strain
showed an increase in the number of germinated spores
during 24 h of incubation in CTB, from which cysteine and
alanine were omitted.

Stability. Ba410 cells sequentially passaged through BAM
under selective pressure (i.e., pH 6.0, 3% salt) maintained
their salt tolerance at 7% and their characteristic colony
morphology, which, as previously noted, was the same on
media with or without NaCl. Cells transferred through BAM
at pH 7.0 in the absence of salt reverted to the parental
colonial morphology and could grow only at NaCl concen-
trations =5%.
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FIG. 3. Germination of C. botulinum B-aphis (a) and Ba410 (b)
spores in CTB with (@) or without (O) 2% sodium chloride.

DISCUSSION

pH-dependent lysis appears to be the norm for C. botuli-
. num. Bonventre and Kempe (2) have demonstrated that lysis
of strain JTD-IV is greater at pH 7.0 and 6.0 than at 5.5 and is
under carbon source control (1). Lysis of strain 62A has a pH
dependency (19) similar to that of strain B-aphis (Fig. 1). The
partially purified autolysin from C. botulinum type A has N-
acetylmuramyl-L-alanine amidase and hexosaminidase activ-
ities (25) and is active over a pH range of 6 to 8, with a
maximum at pH 6.8 (13). The lysis of strain Ba410 at lower
pH values in the presence of salt appears to be unusual.
When strains Ba410, B-aphis, 62A, 17409, 2968, and 3121
were cultured in BAM containing 3% salt at pH 6.0 (data not
shown), Ba410 was the only strain to undergo complete
lysis. Salt apparently played some regulatory role in Ba410
lysis at low pH, since in the absence of salt, Ba410 exhibited
a normal pH-dependent lysis pattern. The mechanisms for
the positive effect of salt on Ba410 lysis at low pH may be
indirect. For example, trypsin and nagarase have been
shown to stimulate autolysin activity (13). A similar role may
be played by Ba410 proteases, which are present at high
levels in low pH media containing salt.

Most interest in botulinal proteases stems from their
important role in activating the progenitor toxin (3, 14).
Thus, studies of the C. botulinum proteolytic system have
concentrated on substrate specificity, pH optima, tempera-
ture optima, etc. The classification, purification, and charac-
terization of botulinal proteases have been reviewed by
Tjaberg (27). Crude extracts from botulinal supernatants
contain polypeptides, dipeptidase, aminopolypeptidase (7),
amidase, esterase (4), and proteinase (4, 7) activities. At
least two distinct proteases have been purified (28). The
proteases have maximum activity near pH 7, and activity
drops rapidly as conditions become acidic (7, 28).

It was apparent from streaks on egg yolk agar that strain
Ba410 had higher proteolytic activity than B-aphis. Quantita-
tive assay of the endoproteases produced by both strains
under variable salt and pH levels (Table 2) confirmed this.
Because the supernatants were assayed at neutral pH, the
data were indicative of the amount of protease produced.
For strain B-aphis, more protease activity was found in
cultures with low salt concentration, and there was little pH

effect. Strain Ba410 protease activity decreased with de-
creasing pH in the absence of salt. However, very high
protease levels, comparable to those produced by other
strains in cooked-meat medium (18), were found in BAM
which contained salt. Because very little is known about the
regulation of botulinal proteases, the cause of these high
protease activities is obscure. Although proteolytic type B
strains are known to be more salt resistant than nonproteoly-
tic type B strains (15), such a tentative linkage of salt
tolerance to protease activity would have to be confirmed by
further investigation.

The increased proteolytic activity of Ba410 cultures al-
lowed detection of toxin in every culture. The results for B-
aphis cultures were analogous to those for cultures grown in
media with variable pH and glucose levels (18). Although
strain B-aphis is phenotypically proteolytic, at low pH or
high salt levels or both, there was insufficient protease
activity for the detection of toxin. Trypsinization, which
increases toxicity more than does a comparable activity of
botulinal proteases (29), resulted in the detection of addition-
al toxic samples. These data again suggest that when no a
priori assumptions about the influence of experimental varia-
bles on the expression of protease activity can be made,
negative samples should be trypsinized and reassayed to
reduce the probability of obtaining false-negative results in
the mouse toxin test.

Although phase darkening is a late event in germination
(22, 31), it is a widely used marker. The rapid germination
response of strain B-aphis was comparable to that observed
for cysteine-triggered germination of strain 62A (22), as well
as Clostridium sporogenes PA3679h (26) and alanine-trig-
gered germination of C. botulinum 128385A (8). Although
phosphate has been proposed as a requisite cogerminant (30)
and lactate is required for alanine-triggered germination of
hypochlorite-injured spores from some crops (8-10), both B-
aphis and Ba410 germinated well in CTB, which did not
contain phosphate or lactate. Although 2% sodium chloride
did not affect the B-aphis germination rate, it consistently
caused a slight decrease in the extent of germination. In
contrast, the germination rate of Ba410 spores was much
lower than the rates reported for other strains. The Ba410
germination rate was drastically reduced by 2% salt, but the
effect of salt on the (already low) extent of germination was
much less. Qualitatively similar results were obtained with
several spore crops from both strains. The observation that
2% salt affected germination was unexpected. Studies with
C. sporogenes PA3679 indicate that 3 to 6% salt blocks cell
division and that higher concentrations are required to
prevent germination (6). The apparent contradiction may be
due to the fact that in the earlier study gross effects were
examined rather than rate effects, because overgrowth of the
cultures by vegetative cells prevented the observation of
individual spores at low salt concentrations, or because of
differences between C. botulinum and C. sporogenes. It is
also possible that in the presence of salt, factors supplied by
complex media, but not by CTB, are required for germina-
tion. It is not clear why slow germination in the presence of
salt would be advantageous to spores of a salt-tolerant strain
of C. botulinum.

Both the genesis and instability of strain Ba410 can be
explained by selection of either preexistent ‘“‘commensal
contaminants’ (12) or genetic variants from the original B-
aphis culture. These two hypotheses have been discussed
with regard to apparent transformation in opaque sporulating
(hypotoxigenic) and toxigenic cultures of C. botulinum types
A, B, C (24), and E (12, 24). Both mechanisms explain the



isolation of salt-tolerant strains equally well. However, a
commensal contaminant would have to remain associated
with the culture through successive transfers under selective
pressure to be available for subsequent growth under nonse-
lective conditions (i.e., ‘‘reversion’’). This is difficult to
visualize. Because single point mutations occur as frequent-
ly in the reverse direction as in the forward direction, genetic
variation would be a more plausible explanation for the
reversion phenomenon. In either case, if only a few parental
type cells were present, their faster growth in the absence of
salt would cause them to dominate the culture after multiple
transfers under permissive conditions. Further experimenta-
tion is necessary to distinguish between these mechanisms of
population variability.

ACKNOWLEDGMENTS

I thank Lucy Conway for her expert technical assistance and
Mike Haas for his critical reading of the manuscript and helpful
discussions.

LITERATURE CITED

1. Bonventre, P. F., and L. L. Kempe. 1959. Physiology of toxin
production by Clostridium botulinum types A and B. II. Effect
of carbohydrate source on growth, autolysis, and toxin produc-
tion. Appl. Microbiol. 7:372-374.

2. Bonventre, P. F., and L. L. Kempe. 1959. Physiology of toxin
production by Clostridium botulinum types A and B. II1. Effect
of pH and temperature during incubation on growth, autolysis,
and toxin production. Appl. Microbiol. 7:374-377.

3. Bonventre, P. F., and L. L. Kempe. 1960. Physiology of toxin
production by Clostridium botulinum types A and B. 1V.
Activation of the toxin. J. Bacteriol. 79:24-32.

4. DasGupta, B. R., and H. Sugiyama. 1972. Isolation and charac-
terization of a protease from Clostridium botulinum type B.
Biochim. Biophys. Acta 268:719-729.

5. Dowell, V. R., and T. M. Hawkins. 1979. Laboratory methods in
anaerobic bacteriology, CDC Laboratory Manual, p. 54. De-
partment of Health, Education and Welfare Publication no.
(CDC) 79-8272. Department of Health, Education and Welfare,
Atlanta, Ga.

6. Duncan, C. L., and E. M. Foster. 1968. Effect of sodium nitrite,
sodium chloride, and sodium nitrate on germination and out-
growth of anaerobic spores. Appl. Microbiol. 16:406—411.

7. Elberg, S. S., and K. F. Meyer. 1939. The extracellular proteo-
lytic system of Clostridium parabotulinum. J. Bacteriol. 37:541-
565.

8. Foegeding, P. M., and F. F. Busta. 1983. Hypochlorite injury of
Clostridium botulinum spores alters germination responses.
Appl. Environ. Microbiol. 45:1360-1368.

9. Foegeding, P. M., and F. F. Busta. 1983. Proposed role of lactate
in germination of hypochlorite-treated Clostridium botulinum
spores. Appl. Environ. Microbiol. 45:1369-1373.

10. Foegeding, P. M., and F. F. Busta. 1983. Differing L-alanine
germination requirements of hypochlorite-treated Clostridium
botulinum spores from two crops. Appl. Environ. Microbiol.
45:1415-1417.

11. Hauschild, A. H. W. 1982. Assessment of botulism hazards from
cured meat products. Food Technol. 36:95-104.

12. Hobbs, G., T. A. Roberts, and P. D. Walker. 1965. Some
observations on OS variants of Clostridium botulinum type E. J.
Appl. Bacteriol. 28:147-152.

13. Kawata, T., and K. Takumi. 1971. Autolytic enzyme system of
Clostridium botulinum. 1. Partial purification and characteriza-

14.

15.

16.

17.
18.

19.

20.

21
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

tion of an autolysin of Clostridium botulinum type A. Jpn. J.
Microbiol. 15:1-10.

Lamanna, C., and G. Sakaguchi. 1971. Botulinal toxins and the
problem of nomenclature of simple toxins. Bacteriol. Rev.
35:242-249.

Lynt, R. K., D. A. Kautter, and H. M. Solomon. 1982. Differ-
ences and similarities among proteolytic and nonproteolytic
strains of Clostridium botulinum types A, B, E, and F: a review.
J. Food Prot. 45:466-474.

Montville, T. J. 1981. Effect of plating medium on heat activa-
tion requirement of Clostridium botulinum spores. Appl. Envi-
ron. Microbiol. 42:734-736.

Montville, T. J. 1983. Dual-substrate plate diffusion assay for
proteases. Appl. Environ. Microbiol. 45:200-204.

Montville, T. J. 1983. Dependence of Clostridium botulinum gas
and protease production on culture conditions. Appl. Environ.
Microbiol. 45:571-575.

Montville, T. J. 1983. Interaction of pH and NaCl on culture
density of Clostridium botulinum 62A. Appl. Environ. Micro-
biol. 46:961-963.

Montville, T. J. 1984. Quantitation of pH- and salt-tolerant
subpopulations from Clostridium botulinum. Appl. Environ.
Microbiol. 47:28-30.

Powell, E. O. 1957. The appearance of bacterial spores under
phase-contrast illumination. J. Appl. Bacteriol. 20:342-348.
Rowley, D. B., and F. Feeherry. 1970. Conditions affecting
germination of Clostridium botulinum 62A spores in a chemical-
ly defined medium. J. Bacteriol. 104:1151-1157.

Sebranek, J. G., D. O. Olson, R. C. Whiting, R. C. Benedict,
R. E. Rust, A. A. Kraft, and J. H. Woychik. 1983. Role of
dietary sodium in human health and implications of sodium
reduction in muscle foods. Food Technol. (Chicago) 37:51-59.
Skulberg, A., and O. W. Hausken. 1965. The differentiation of
various strains of Clostridium botulinum and transformation
experiments with type E. J. Appl. Environ. Bacteriol. 28:83-89.
Takumi, K., T. Kawata, and K. Hisatsune. 1971. Autolytic
enzyme system of Clostridium botulinum. I1. Mode of action of
autolytic enzymes in Clostridium botulinum type A. Jpn. J.
Microbiol. 15:131-141.

Tang, T., and H. A. Frank. 1972. Cysteine-induced germination
and emergence of putrefactive anaerobe 367%h spores, p. 378-
383. In H. O. Halvorson, R. Hanson, and L. L. Campbell (ed.),
Spores V. American Society for Microbiology, Washington,
D.C.

Tjaberg, T. B. 1973. Proteases of Clostridium botulinum. 1.
Classification of proteases and literature survey. Acta Vet.
Scand. 14:184-192.

Tjaberg, T. B. 1973. Proteases of Clostridium botulinum. 111.
Isolation and characterization of proteases from Clostridium
botulinum types A, B, C, D, and F. Acta Vet. Scand. 14:538-
559.

Tjaberg, T. B. 1974. Proteases of Clostridium botulinum. V1.
The role of trypsin, Clostridium botulinum proteases, and
protease inhibitors in the formation and activation of toxin in
growing cultures of Clostridium botulinum. Acta Vet. Scand.
15:1-20.

Uehara, M., and H. A. Frank. 1965. Factors affecting alanine-
induced germination of clostridial spores, p. 38-46. In L. L.
Campbell and H. O. Halvorson (ed.), Spores IIl. American
Society for Microbiology, Washington, D.C.

Uehara, M., and H. A. Frank. 1967. Sequence of events during
germination of putrefactive anaerobe 3679 spores. J. Bacteriol.
94:506-511. :

Vary, J. C., and H. O. Halvorson. 1965. Kinetics of germination
of Bacillus spores. J. Bacteriol. 89:1340-1347.



