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The mechanism by which potassium sorbate inhibits Bacillus cereus T and
Clostridium botulinum 62A spore germination was investigated. Spores of B.
cereus T were germinated at 35°C in 0.08 M sodium-potassium phosphate buffers
(pH 5.7 to 6.7) containing various germinants (L-alanine, L-a-NH;-n-butyric acid,
and inosine) and potassium sorbate. Spores of C. botulinum 62A were germinated
in the same buffers but with 10 mM L-lactic acid, 20 mM sodium bicarbonate, L-
alanine or L-cysteine, and potassium sorbate. Spore germination was monitored
by optical density measurements at 600 nm and phase-contrast microscopy.
Inhibition of B. cereus T spore germination was observed when 3,900 ug of
potassium sorbate per ml was added at various time intervals during the first 2
min of spore exposure to the pH 5.7 germination medium. C. botulinum 62A spore
germination was inhibited when 5,200 pg of potassium sorbate per ml was added
during the first 30 min of spore exposure to the pH 5.7 medium. Potassium sorbate
inhibition of germination was reversible for both B. cereus T and C. botulinum
62A spores. Potassium sorbate inhibition of B. cereus T spore germination
induced by L-alanine and L-a-NH;-n-butyric acid was shown to be competitive in
nature. Potassium sorbate was also a competitive inhibitor of L-alanine- and L-

cysteine-induced germination of C. botulinum 62A spores.

Sorbic acid and its potassium salt have been
used as fungistatic agents in the food industry
for many years (3, 14). Only recently have the
sorbates been recognized as potential antibotu-
linal agents in foods, particularly the cured
meats (20). The effectiveness of the sorbates
against Clostridium botulinum is thought to be
due to the inhibition of spore germination (19).
However, earlier studies on the inhibitory effect
of sorbate on bacterial spore germination have
been inconclusive (1, 2, 8). We have found that
potassium sorbate inhibits the germination of
Bacillus cereus T and C. botulinum 62A spores
in chemically defined media and prevents the
loss of spore heat resistance (L. A. Smoot and
M. D. Pierson, J. Food Sci.,, in press). The mech-
anism of potassium sorbate inhibition of spore
germination, however, still remains unknown.
The purpose of this investigation is to determine
the nature of potassium sorbate inhibition of B.
cereus T and C. botulinum 61A spore germina-
tion.

MATERIALS AND METHODS

Spore preparation. Clean spores of B. cereus T
and C. botulinum type 62A were prepared, harvested,

and stored as described previously (Smoot and Pier-
son, in press).

Conditions for germination. Unless specified
otherwise, B. cereus T spores were germinated in
sterile sodium-potassium phosphate buffers (0.08 M,
pH 5.7 to 6.7) to which 0.1 mM L-alanine and 0.1 mM
inosine had been added. Spores were heat activated at
70°C for 20 min and added to germination media to
give final optical density readings at 600 nm (ODeg) of
0.26 to 0.36 (7 X 10° to 1 X 107 spores/ml).

Unless specified otherwise, C. botulinum 62A spores
were germinated in sterile sodium-potassium phos-
phate buffers (0.08 M, pH 5.7 to 6.7) to which 40 mM
L-alanine, 10 mM L-lactic acid, and 20 mM sodium
bicarbonate had been added. To remove dissolved
oxygen, the buffers in sterile screw-cap tubes were
heated in boiling water for 20 min and cooled to room
temperature before the remaining medium constitu-
ents were added. Spores as aqueous suspensions were
added to germination media to give final ODeoo read-
ings of 0.30 to 0.35 (1.8 X 107 to 2.4 X 10" spores/ml).
Spores were heat activated in buffer (pH 6.7) at 80°C
for 60 min before each set of experiments.

All germination experiments were conducted in
spectrophotometer cells with 10-mm light path. The
final volume of the germination solution contained in
each cell was 3 ml. Germination was monitored at
35°C, and all germination media were pretempered to
35°C before the spores were added.
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Estimation of germination. Germination was es-
timated by monitoring the decrease in ODey of the
spore suspensions as measured by a Perkin-Elmer
Coleman 124 double-beam spectrophotometer (Cole-
man Instruments, Maywood, Ill) equipped with a
temperature-controlled automatic cell changer and a
model 56 strip chart recorder (Coleman Instruments).
The cell changer was connected to a Lauda model
WB-20/R constant-temperature water bath (Brink-
mann Instruments Inc.,, Westbury, N.Y.) to ensure
maintenance of the desired incubation temperature.
Overall germination was calculated and plotted as
percentage of the initial OD value. Rates of germina-
tion for B. cereus T spores were calculated as the
percentage fall in OD per minute for the first 5 min of
spore incubation in the germination medium. Rates of
germination for C. botulinum 62A were calculated for
the first 20 min of spore incubation.

The extent of B. cereus T spore germination was
determined as the percentage of 150 to 200 spores that
were not refractile in phase-contrast microscopy after
30 min of incubation. The extent of C. botulinum 62A
spore germination was determined similarly, except
that spores were considered to be germinated if they
were stainable with 0.5% aqueous methylene blue after
120 min of incubation.

Potassium sorbate. Potassium sorbate (Monsanto
Industrial Chemicals Co., St. Louis, Mo.) was prepared
as a 10% (wt/vol) stock solution in buffer of the
appropriate pH value (5.7, 6.2, or 6.7) and filter steri-
lized (0.22 um; Millipore Corp., Bedford, Mass.). Fresh
stock solutions of potassium sorbate were prepared on
the day of use.

Inhibition of germination. The influence of po-
tassium sorbate on the germination of B. cereus T and
C. botulinum 62A spores was examined by adding
various concentrations of the chemical to the germi-
nation medium. The fall in OD, the rate of germina-
tion, and the percentage of germination at pH 5.7, 6.2,
and 6.7 (35°C) were the parameters used to measure
the effect of potassium sorbate on spore germination.

Duration of sensitivity to potassium sorbate.
Potassium sorbate was added to germination media
(pH 5.7, 35°C) containing spores of either B. cereus T
or C. botulinum 62A, and the fall in OD was monitored.
In experiments with B. cereus T spores, additions of
potassium sorbate to a final concentration of 3,900 ug/
ml were made at various time intervals during the first
2 min of spore incubation. In experiments with spores
of C. botulinum 62A, additions of potassium sorbate
to a final concentration of 5,200 ug/ml were made at
various time intervals during the first 30 min of spore
incubation.

Reversibility of potassium sorbate inhibition.
Spores were suspended in the appropriate germination
medium (pH 5.7, 35°C) containing the appropriate
inhibitory concentration (3,900 ug/ml for B. cereus T;
5,200 ug/ml for C. botulinum 62A) of potassium sor-
bate. After incubation for at least 1 h, the spores were
removed from the potassium sorbate by membrane
filtration (0.45 pm; Millipore Corp.). The spores were
immediately suspended in the appropriate germina-
tion medium free from potassium sorbate. Changes in
OD of the suspensions were monitored throughout the
entire experiment.
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Competitive inhibition of germination. Prelim-
inary experiments using B. cereus T spores were per-
formed with buffer (pH 5.7) containing 0.1 mM inosine
to determine the effect of various concentrations (3 to
20 uM) of L-alanine on spore germination rates. Plots
of one over the germination rate versus one over the
L-alanine concentration gave straight lines similar to
Lineweaver-Burk reciprocal plots. Similar experi-
ments using B. cereus T spores were conducted with
buffers (pH 5.7 and 6.7) containing various concentra-
tions of L-alanine (0.1 to 1.0 mM) plus potassium
sorbate (0, 50, or 100 pg/ml) or various concentrations
of L-a-NH,-n-butyric acid (2 to 10 mM) plus potassium
sorbate (0, 100, or 1,000 ug/ml). The germination rates
obtained were plotted as described above. The L-ala-
nine and L-a-NHe-n-butyric acid used in these exper-
iments were prepared as filter-sterilized (0.22 pm; Mil-
lipore Corp.) 10% (wt/vol) stock solutions in buffer of
the appropriate pH value. All experiments were per-
formed at 35°C in duplicate.

Experiments with spores of C. botulinum 62A were
conducted by using buffers (pH 5.7 and 6.7) containing
10 mM L-lactic acid, 20 mM sodium bicarbonate, and
various concentrations of L-alanine (0.2 to 2.0 mM)
plus potassium sorbate (0, 50, or 200 ug/ml) or various
concentrations of L-cysteine (5 to 30 mM) plus potas-
sium sorbate (0, 50, or 200 ug/ml). Reciprocals of the
calculated germination rates were plotted versus the
reciprocals of the germinant concentrations. The L-
alanine and L-cysteine used in these experiments were
prepared as described above. All experiments were
conducted at 35°C in duplicate.

RESULTS AND DISCUSSION

Inhibition of germination. Table 1 shows
the effect of potassium sorbate on the germina-
tion of B. cereus T spores incubated in various
germination media (pH 5.7 to 6.7) at 35°C. The
rate of germination, the fall in OD, and the
percentage of germination decreased in the pres-

TABLE 1. Effect of potassium sorbate on the
germination of B. cereus T spores at 35°C*

Potassium  Germina- % Fall in % Germi
pH sorbate tion rate’ OD after 30 tgrm)-
(ug/ml) (%/min) min nation
5.7 0 6.8 45.2 84
3,900 0.0 0.0 3
6.2 0 8.1 50.0 90
3,900 3.7 35.7 76
6.7 0 9.2 52.6 93
3,900 7.1 48.7 86

“ Heat-shocked spores were suspended in 0.08 M
sodium-potassium phosphate buffer (pH 5.7 to 6.7)
containing 0.1 mM L-alanine and 0.1 mM inosine with
or without potassium sorbate.

® Percentage fall in OD per minute for the first 5
min of spore incubation in the germination medium.

“ Percentage of phase-dark spores after 30 min of
incubation.
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ence of potassium sorbate. The effectiveness of
potassium sorbate decreased as the pH of the
medium was increased from 5.7 to 6.7. This is
consistent with reports that sorbate is a more
effective microbial inhibitor at acidic pH levels
than at pH levels near neutrality (7, 8). Complete
inhibition of B. cereus T spore germination by
3,900 ug of potassium sorbate per ml was ob-
served only in the pH 5.7 medium. Table 2 shows
the effects of potassium sorbate on C. botulinum
62A spore germination in various media (pH 5.7
t0 6.7) at 35°C. These results are similar to those
found for B. cereus T spores; however, a potas-
sium sorbate concentration of 5,200 ug/ml was
necessary to completely inhibit C. botulinum
62A spore germination at pH 5.7.

We have found that the concentrations of
potassium sorbate necessary to inhibit germi-
nation also prevent the loss of B. cereus T and
C. botulinum 62A spore heat resistance in the
same media (Smoot and Pierson, in press). Loss
of heat resistance is known to be a prime event
in the germination process of Bacillus and Clos-
tridium spores (4, 10, 13, 22). These data suggest
that potassium sorbate may inhibit bacterial
spore germination at some point during the proc-
ess of initiation.

Time addition of potassium sorbate and
germination inhibition. When potassium sor-
bate (3,900 pg/ml) was added after 0- to 2-min
exposure of the B. cereus spores to the germi-
nation system, subsequent germination was in-
hibited (Fig. 1). In studies by Scott et al. (17), it
was found that spores of B. megaterium KM
became committed to germination after only 1.5
min of exposure to L-alanine. Based on this

TABLE 2. Effect of potassium sorbate on the
germination of C. botulinum 62A spores at 35°C*

Potassium Germina- % Fall in % Germi-
pH sorbate tion rate®  OD after nation®
(ug/ml) (%/min) 120 min
5.7 0 0.50 32.5 74
5,200 0.0 5.0 5
6.2 0 0.75 375 90
5,200 0.15 18.0 8
6.7 0 0.98 41.3 94
5,200 0.30 32.0 62

@ Heat-shocked spores were suspended in 0.08 M
sodium-potassium phosphate buffer (pH 5.7 to 6.7)
containing 40 mM L-alanine, 10 mM L-lactic acid, and
20 mM sodium bicarbonate with or without potassium
sorbate.

b Percentage fall in OD per minute for the first 20
min of spore incubation in the germination medium.

¢ Percentage of spores stainable with 0.5% methyl-
ene blue after 120 min.
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F16. 1. Influence of the time addition of potassium
sorbate (3,900 ug/ml) on inhibition of germination of
B. cereus T spores in 0.08 M phosphate buffer (pH 5.7)
containing 0.1 mM L-alanine and 0.1 mM inosine at
35°C. The periods (minutes) on the figure represent
the time interval between spore exposure to the me-
dium and the addition of the potassium sorbate.
Numbers in parentheses represent percentage of ger-
mination (spores phase dark) after 30 min.

observation, they concluded that the initial
binding of L-alanine to a site on the spore triggers
an immediate response which results in the com-
mencement of germination. This may explain
the relationship between the time of addition of
potassium sorbate and the inhibition of germi-
nation. We propose that as the time between the
exposure of the spores to L-alanine and the
addition of potassium sorbate is increased, the
percentage of spores committed to germination
is increased. This also suggests that potassium
sorbate may either compete with L-alanine for a
receptor site on the spore, combine with L-ala-
nine making it unavailable to the spore, or in-
hibit an enzyme on the spore that initiates L-
alanine metabolism. Similar results were ob-
tained for C. botulinum 62A spores (Fig. 2). The
exact mechanism by which L-alanine triggers
spore germination, either allosterically or meta-
bolically, has not been satisfactorily determined.
The different approaches used to elucidate this
mechanism have been reviewed (Smoot and
Pierson, J. Food Protect., in press).
Reversibility of sorbate inhibition. The
inhibition of germination for both B. cereus T
and C. botulinum 62A spores by potassium sor-
bate was reversed when the spores were removed
from the sorbate-containing medium and sus-
pended in germination media without sorbate
(Fig. 3 and 4). This indicated that sorbate inhi-
bition did not result in permanent alterations
related to germination. Similar experiments
demonstrating the reversible inhibition of B.
subtilis spore germination by various alcohols
have been reported by Trujillo and Laible (21).
They concluded from their results that the al-
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F1G. 2. Influence of the time addition of potassium
sorbate (5,200 ug/ml) on inhibition of germination of
C. botulinum 62A spores suspended in 0.08 M phos-
phate buffer (;pH 5.7) containing 40 mM L-alanine, 10
mM L-lactic acid, and 20 mM sodium bicarbonate at
35°C. The periods (minutes) on the figure are as
indicated in Fig. 1. Numbers in parentheses represent
percentage of germination (spores stainable with 0.5%
methylene blue) after 120 min.
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Fi1c. 3. Reversibility of potassium sorbate-induced
inhibition of B. cereus T spore germination. (A)
Spores were suspended in 0.08 M phosphate buffer
(pH 5.7) containing 0.1 mM L-alanine and 0.1 mM
inosine at 35°C with or without potassium sorbate.
(B) After 60 min, the spore suspension incubated with
potassium sorbate was membrane filtered and sus-
pended in the pH 5.7 germination medium at 35°C
with or without potassium sorbate. KS, potassium
sorbate (concentration in micrograms per milliliter).
Numbers in parentheses represent percentage of ger-
mination (spores phase dark) after 30 min.

cohols were functioning by inhibiting an en-
zyme(s) required for germination.
Competitive inhibition of germination.
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Fi6. 4. Reversibility of potassium sorbate-induced
inhibition of C. botulinum 62A spore germination. (A)
Spores were suspended in 0.08 M phosphate buffer
(pH 5.7) containing 40 mM L-alanine, 10 mM L-lactic
acid, and 20 mM sodium bicarbonate at 35°C with or
without potassium sorbate. (B) After 120 min, the
spore suspension incubated with potassium sorbate
was membrane filtered and suspended in the pH 5.7
germination medium at 35°C with or without potas-
sium sorbate. Numbers in parentheses represent per-
centage of germination (spores stainable with 0.5%
methylene blue) after 120 min.

Figure 5 shows the effect of potassium sorbate
on germination rates of B. cereus T spores sus-
pended in buffer (pH 5.7) containing various
concentrations (0.1 to 1.0 mM) of L-alanine at
35°C. In the absence of potassium sorbate, the
rate of germination for B. cereus T spores in-
creased as the concentration of L-alanine in-
creased. This is in agreement with the results of
other workers (23). When potassium sorbate (50
pg/ml) was added to the germination medium,
the germination rates induced by the lower con-
centrations of L-alanine were greatly decreased,
but as the concentration of L-alanine was in-
creased, the effect of potassium sorbate on the
germination rate decreased. The reciprocal plot
of the data for germination in the absence and
presence of sorbate resulted in two straight lines
with different slopes but the same y intercept
(Fig. 5). Lineweaver-Burk reciprocal plots of this
nature indicate competitive inhibition (18). Po-
tassium sorbate appeared to function as a com-
petitive inhibitor of L-alanine-induced germina-
tion. A similar competitive inhibition of L-ala-
nine-induced spore germination of B. cereus,
using D-alanine as the inhibitor, was reported by
O’Connor and Halvorson (16). With the same
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Fi1c. 5. Competitive inhibition of L-alanine-in-
duced germination of B. cereus T spores by potassium
sorbate. Spores were suspended in 0.08 M phosphate
buffer (pH 5.7) with various concentrations of L-ala-
nine at 35°C with or without potassium sorbate. KS,
potassium sorbate (concentration in micrograms per
milliliter).

medium at pH 6.7 (data not shown), a higher
concentration (100 pug/ml) of potassium sorbate
was required to produce an inhibitory effect
similar to that of 50 ug/ml at pH 5.7. Competi-
tive inhibition of germination was also seen at
pH 6.7. The effect of pH is consistent with the
results discussed earlier in this study and those
of Gould (8). He demonstrated that sorbate is a
more effective inhibitor of Bacillus spore ger-
mination at pH 6.0 than pH 7.0.

To determine whether potassium sorbate is a
competitive inhibitor specific for L-alanine-in-
duced germination of B. cereus T spores, a sim-
ilar experiment was conducted with buffer (pH
5.7) containing various concentrations of L-a-
NH;-n-butyric acid (Fig. 6). In the absence of
sorbate, germination rates increased as the con-
centration of L-a-NH;-n-butyric acid increased.
In the presence of sorbate, germination rates
were markedly decreased at the lower concen-
trations of the L-a-NH:-n-butyric acid, but as
the level of the germinant increased, the effect
of potassium sorbate decreased. Potassium sor-
bate was a competitive inhibitor of L-a-NH;-n-
butyric acid-induced germination, indicating
that sorbate was not a specific competitive in-
hibitor for L-alanine-induced germination. With
the same germination system at pH 6.7 (data
not shown), a higher concentration of potassium

INHIBITION OF SPORE GERMINATION 481

10 -

o o
) ®
T

\',—(% FALL IN 0.D./min)"!
o
D

0 1 1 1 1 1 ]
) 0.2 04 06

' (mM~")

[L-a-NHa-n-butyrote]

F16. 6. Competitive inhibition of L-a-NH,-n-bu-
tyric acid-induced germination of B. cereus T spores
by potassium sorbate. Spores were suspended in 0.08
M phosphate buffer (pH 5.7) containing various con-
centrations of L-a-NH.-n-butyric acid at 35°C with or
without potassium sorbate. KS, potassium sorbate
(concentration in micrograms per milliliter).

sorbate (1,000 pg/ml) was required to produce
an inhibitory effect similar to that of a lower
level of sorbate (50 pg/ml) at pH 5.7.

These results show that potassium sorbate is
a competitive inhibitor of L-alanine- and L-a-
NH;-n-butyric acid-induced germination of B.
cereus T spores. Exactly how L-alanine and
other similar germinants induce spore germina-
tion is unknown (11). Some researchers feel that
germinants trigger germination by causing a
structural change at some unidentified locus of
the spore, i.e., an allosteric change in a surface
or membrane protein (9, 24). If this is true,
potassium sorbate may be competing with L-
alanine or L-a-NHz-n-butyric acid for a specific
receptor site. Other researchers contend that the
trigger reaction is metabolic in nature (5). If this
is the case, potassium sorbate may be inhibiting
the activity of an enzyme that initiates the me-
tabolism of L-alanine or L-a-NH2-n-butyric acid.
The enzyme L-alanine dehydrogenase was at one
time thought to be the first binding site of L-
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alanine (6, 15). L-Alanine dehydrogenase has
been isolated from spores of B. cereus T, and
L-alanine and L-a-NH,-n-butyric acid have been
shown to be substrates for this enzyme (16).
Potassium sorbate may be competing with the
germinants for the active site on the L-alanine
dehydrogenase enzyme. Lehninger (12) states,
“The hallmark of competitive inhibition is that
the inhibitor can combine with the free enzyme
in such a way that it competes with the normal
substrate for binding at the active site.” He also
indicates that the inhibitor can react reversibly
with the enzyme. Reversible inhibition by potas-
sium sorbate has been demonstrated. Which of
the above proposed scenarios is the true mech-
anism for potassium sorbate competitive inhi-
bition of L-alanine or L-a-NHj-n-butyric acid
induced germination has yet to be determined.
Potassium sorbate was a competitive inhibitor
of L-alanine-induced germination of C. botu-
linum 62A spores (Fig. 7). This competitive in-
hibition was pH dependent (data not shown) in
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F1G. 7. Competitive inhibition of L-alanine-in-
duced germination of C. botulinum 62A spores by
potassium sorbate. Spores were suspended in 0.08 M
phosphate buffer (pH 5.7) containing 10 mM L-lactic
acid, 20 mM sodium bicarbonate, and various con-
centrations of L-alanine at 35°C with or without
potassium sorbate. KS, potassium sorbate (concentra-
tion in micrograms per milliliter).
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that at pH 6.7 a higher concentration (200 ug/
ml) of potassium sorbate was required to obtain
an inhibitor effect comparable to that of 50 pg of
sorbate per ml at pH 5.7. This is consistent with
results of similar experiments discussed earlier
in this report. In an additional experiment (Fig.
8), potassium sorbate competitively inhibited C.
botulinum 62A spore germination induced by
L-cysteine. This inhibition was also pH depend-
ent (data not shown). The results suggest a
similar mechanism of sorbate inhibition of ger-
mination of B. cereus T and C. botulinum 62A
spores.

This investigation was conducted with a
model system to demonstrate the inhibition of
bacterial spore germination by potassium sor-
bate. Although potassium sorbate was shown to
be a strong inhibitor of spore germination, the
exact mechanism by which potassium sorbate
inhibits spore germination is still unknown. Ev-
idence presented here suggests that this inhibi-
tion is similar for the genera Clostridium and
Bacillus, that it occurs at some point during the

L % FALL IN 0.0./min)""

(mm~")
[L-cysteine ]

F1G. 8. Competitive inhibition of L-cysteine-in-
duced germination of C. botulinum 62A spores by
Dpotassium sorbate. Spores were suspended in 0.08 M
phosphate buffer (pH 5.7) containing 10 mM L-lactic
acid, 20 mM sodium bicarbonate, and various con-
centrations of L-cysteine at 35°C with or without
Dpotassium sorbate. KS, potassium sorbate (concentra-
tion in micrograms per milliliter).
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initial stages of the germination process, and
that it is competitive in nature. The mecha-
nism(s) by which potassium sorbate inhibits
spore germination will become more evident
once the exact nature of the trigger reaction for
bacterial spore germination has been elucidated.

ACKNOWLEDGMENTS

This work was supported in part by Monsanto Industrial
Chemicals Company and the Virginia Polytechnic Institute
and State University Agricultural Experiment Station.

LITERATURE CITED

1. Ando, Y. 1973. Studies on germination of spores of clos-
tridial species capable of causing food poisoning. II.
Effect of some chemicals on the germination of spores
of Clostridium botulinum type A. J. Food Hyg. Soc.
Jpn. 14:462-465.

2. Ando, Y. 1974. Studies on germination of spores of clos-
tridial species capable of causing food poisoning. III.
Effect of some food additives on the growth from spores
of Clostridium botulinum type E. J. Food Hyg. Soc.
Jpn. 15:292-296.

3. Chichester, D. G., and F. W. Tanner. 1972. Antimicro-
bial food additives, p. 122-184. In T. E. Furia (ed.),
Handbook of food additives. CRC Press, Cleveland.

4. Dring, G. J., and G. W. Gould. 1971. Sequence of events
during rapid germination of spores of Bacillus cereus.
J. Gen. Microbiol. 65:101-104.

5. Dring, G. J., and G. W. Gould. 1975. Electron transport-
linked metabolism during germination of Bacillus cer-
eus spores, p. 488-494. In P. Gerhardt, R. N. Costilow,
and H. L. Sadoff (ed.), Spores VI. American Society for
Microbiology, Washington, D.C.

6. Freese, E., S. W. Park, and M. Cashel. 1964. The
developmental significance of alanine dehydrogenase in
Bacillus subtilis. Proc. Natl. Acad. Sci. U.S.A. 51:1164-
1172.

7. Gooding, C. M., D. Melnick, R. L. Lawrence, and F.
H. Luckmann. 1955. Sorbic acid as a fungistatic agent
for foods. IX. Physiochemical considerations in using
sorbic acid to protect foods. Food Res. 20:639-648.

8. Gould, G. W. 1964. Effect of food preservatives on the
growth of bacteria from spores, p. 17-24. In N. A. Nolin
and A. Erickson (ed.) Microbial inhibitors in foods.
Almgvist and Wiksell, Stockholm.

9. Halvorson, H. 0., J. C. Vary, and W. Steinberg. 1966.
Developmental changes during the formation and
breaking of the dormant state in bacteria. Annu. Rev.

INHIBITION OF SPORE GERMINATION 483

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

Microbiol. 20:169-188.

Hsieh, L. K., and J. C. Vary. 1975. Peptidoglycan hy-
drolysis during initiation of spore germination in Bacil-
lus megaterium, p. 465-471. In P. Gerhardt, R. N.
Costilow, and H. L. Sadoff (ed.). Spores VI. American
Society for Microbiology, Washington, D.C.

Keynan, A. 1978. Spore structure and its relations to
resistance, dormancy, and germination, p. 43-53. In G.
Chambliss and J. C. Vary (ed.), Spores VII. American
Society for Microbiology, Washington, D.C.

Lehninger, A. L. 1975. Biochemistry, 2nd ed. Worth
Publishers, Inc., New York.

Levinson, H. S., and M. T. Hyatt. 1966. Sequence of
events during Bacillus megaterium spore germination.
J. Bacteriol. 91:1811-1818.

Liick, E. 1976. Sorbic acid as a food additive. Intern.
Flavors and Food Additives 7:122-127.

O’Connor, R. J., and H. O. Halvorson. 1961. L-alanine
dehydrogenase: a mechanism controlling the specificity
of amino acid-induced germination of Bacillus cereus
spores. J. Bacteriol. 82:706-713.

O’Connor, R. J., and H. O. Halvorson. 1961. The
substrate specificity of L-alanine dehydrogenase.
Biochim. Biophys. Acta 48:47-55.

Scott, L. R., G. Stewart, M. A. Koncewicz, D. J. Ellar,
and A. Crafts-Lighty. 1978. Sequence of biochemical
events during germination of Bacillus megaterium
spores, p. 95-110. In G. Chambliss and J. C. Vary (ed.),
American Society for Microbiology, Washington, D.C.

Segel, 1. H. 1976. Biochemical calculations, 2nd ed. John
Wiley & Sons, Inc., New York.

Sofos, J. N,, F. F. Busta, and C. E. Allen. 1979. Sodium
nitrite and sorbic acid effects on Clostridium botulinum
spore germination and total microbial growth in chicken
frankfurter emulsions during temperature abuse. Appl.
Environ. Microbiol. 37:1103-1109.

. Tompkin, R. B., L. N. Christiansen, A. B. Shaparis,

and H. Bolin. 1974. Effect of potassium sorbate on
Salmonellae, Staphylococcus aureus, Clostridium per-
fringens, and Clostridium botulinum in cooked, un-
cured sausage. Appl. Microbiol. 28:262-264.

Trujillo, R., and N. Laible. 1970. Reversible inhibition
of spore germination by alcohols. Appl. Microbiol. 20:
620-623.

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

Warren, S. C., and G. W. Gould. 1968. Bacillus cereus
spore germination: absolute requirement for an amino
acid. Biochim. Biophys. Acta 170:341-350.

. Woese, C. R., J. C. Vary, and H. O. Halvorson. 1968.

A kinetic model for bacterial spore germination. Proc.
Natl. Acad. Sci. U.S.A. 59:869.



