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The membrane fatty acids, thermal resistance, and germination of a nisin-resistant (Nis") mutant of Clos-
tridium botulinum 169B were compared with those of the wild-type (WT) strain. In the membranes of WT cells,
almost 50% of the total fatty acids were unsaturated, but in those of Nis" cells, only 23% of the fatty acids were
unsaturated. WT and Nis" spores contained similar amounts (approximately 23%) of unsaturated fatty acids,
but the saturated straight-chain/branched-chain ratio was significantly higher in Nis" spores than in WT spores.
These fatty acid differences suggest that Nis" cell and spore membranes may be more rigid, a characteristic
which would interfere with the pore-forming ability of nisin. Nis" C. botulinum did not produce an extracellular
nisin-degrading enzyme, nor were there any differences in the sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis patterns of coat proteins extracted from WT and Nis" spores, eliminating these as possible reasons
for nisin resistance. Nis" spores had thermal resistance parameters similar to those of WT spores. In WT spores,
but not in Nis" spores, nisin caused a 40% reduction in thermal resistance and a twofold increase in the ger-
mination rate. Because the nisin-induced increase in the germination rate of WT spores occurred only in the
presence of a germinant (a molecule that triggers germination), nisin can be classified as a progerminant (a

molecule that stimulates germination only in the presence of a germinant).

The action of nisin, a bacteriocin with “Generally Recog-
nized as Safe” status, against vegetative cells has been exten-
sively studied. The addition of nisin to cells causes the efflux of
cations and amino acids (39), the efflux of ATP (51), and the
dissipation of the proton motive force (5, 36). Nisin also in-
duces the release of entrapped small molecules from artificial
lipid vesicles in a time- and concentration-dependent fashion
(12, 13, 52). The cytoplasmic membrane is widely regarded as
the primary target of nisin, and a model for the action of nisin
on cells suggests that nisin acts through a multistep process,
which includes the binding of nisin to the cell, insertion into
the membrane, and pore formation (13, 41, 51). The formation
of pores by nisin in cell membranes, membrane vesicles, and
liposomes is widely accepted (2, 10, 13, 30, 42, 51). However,
much less is known about the action of nisin against spores.

Nisin can prevent Clostridium botulinum spore outgrowth
and toxin production under certain conditions (32, 35, 43, 44,
46-48). Nisin decreases the D value (defined as the time re-
quired at a given temperature to decrease the number of viable
organisms 10-fold) of spores from spoilage bacteria (6, 7, 23).
Heated spores are very sensitive to nisin (16), and nisin-treated
spores become more heat sensitive (49). Spore sensitivity to
nisin increases with heating independently of the intrinsic heat
resistance of the spores. When Heinemann and coworkers
studied four sporeformers (16), the most heat-resistant organ-
ism, Bacillus stearothermophilus, was the most sensitive to the
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action of nisin, and the least heat-resistant organism, B. coagu-
lans, had intermediate nisin sensitivity. Ramseier (37) sug-
gested that spores are insensitive to nisin when dormant but
become sensitive upon germination. Spores exposed to nisin
turn phase dark, lose their heat resistance, and halt outgrowth
when they begin to swell (14, 24). Nisin interacts with sulfhy-
dryl groups in membranes of freshly germinated spores (25,
33), but the effect of this interaction is unclear. The action of
nisin on germination per se is examined for the first time in this
paper.

The emergence of nisin-resistant (Nis") pathogens would
threaten the safety of nisin-preserved products and compro-
mise a key component in many multiple-level preservation
systems. Knowledge of the physiological characteristics of nisin
resistant strains and the conditions that prevent the emergence
of nisin resistance can establish usage conditions to minimize
this problem. In Listeria monocytogenes, resistance to nisin
correlates with changes in membrane fatty acid composition,
phospholipid composition, membrane fluidity, and the cell wall
and requires divalent cations (8, 9, 26, 29, 50). It is thus clearly
established that nisin resistance is a complex phenotype and
may be the cumulative result of multiple phenotypic changes
(8, 50). Although nisin-resistant strains of L. monocytogenes
are stable after growth for many generations in the absence of
nisin (15, 26), there is no genetic evidence on whether this
change corresponds to a single mutation or multiple mutations.

In contrast, studies on nisin resistance in sporeformers and
particularly in C. botulinum are limited. Type A and type B
C. botulinum strains have higher frequencies of nisin resistance
than strains of L. monocytogenes and other spore-forming bac-
teria, and higher nisin concentrations are required to minimize
the emergence of resistant strains (27). Stable, toxigenic Nis"
C. botulinum strains were previously isolated in our laboratory.
Spores produced from nisin-resistant vegetative cells are also
nisin resistant (27). Nisin resistance in spores is especially
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TABLE 1. Fatty acid compositions of WT and Nis" C. botulinum 169B vegetative cells and spores

% (mean = SD) (relative to total fatty acid) of:

Sample
13:1 14:0 3-OH 13:0 14:1 cis 7 15:0 16:1 16:0 2-OH 16:0 17:1
WT cells 0.79 £0.12 2.78 £3.80 1.89 £0.73 248 £1.10 1.63 £0.93 291 = 1.30 836+ 0.21 851 *3.12 51651 2.64=*1.70
Nis" cells 3.58 £231 896 £0.51 17.25 +3.28 148 £0.73 033 +£0.20 398 =2.13 487+ 0.27 7.13+298 6.72 = 0.04 1.05 = 0.98

WT spores 0.00 = 0.00 31.2 = 1.24
Nis" spores 0.24 £ 0.15 9.40 = 1.81

0.51=0.08 0.00 = 0.00 0.00 =0.00 6.20 = 1.99
0.56 £0.35 1.92+1.49 0.00=0.00 7.11 =0.79 11.45*=0.13 14.49 =1.92 541 =134 2.03 =055

3.81 = 1.74 20.73 £ 0.38 7.34 = 0.52 0.00 = 0.00

difficult to study because the spore germination process and
the mechanism of action of nisin on spores are not well un-
derstood. A few studies on bacillus spores have reported that
resistance to nisin is associated with an enzyme that is pro-
duced during germination (18) and that acts on the C-terminal
lanthionine ring of nisin (19).

In this study, we characterize the phenotypic changes in Nis"
C. botulinum 169B compared to the parental wild-type (WT)
strain with respect to fatty acid composition, germination, and
heat resistance in the presence and absence of nisin. The in-
volvement of nisin-degrading enzymes and gross changes in
spore coat proteins were excluded as factors in the nisin resis-
tance of this strain.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Proteolytic C. botulinum 169B was
obtained from the U.S. Department of Agriculture Eastern Regional Research
Center (Wyndmoor, Pa.). Nis" C. botulinum 169B was previously isolated in our
laboratory (27). Vegetative cells were maintained at 4°C in cooked-meat medium
(Difco Laboratories, Detroit, Mich.). Spores were prepared by the biphasic
method (3) and maintained at —80°C as spore suspensions (10® to 10° spores/ml)
in distilled water. Spores were purified from vegetative cells and debris by
suspension in an aqueous-polymer two-phase system (40). Pure spore suspen-
sions were obtained by washing the polyethylene glycol phase with distilled water
several times. Spores were heat shocked for 10 min at 80°C immediately prior to
use. Lactobacillus sake ATCC 15521, the indicator strain in nisin assays (de-
scribed below), was grown in lactobacillus MRS broth (Difco) at 30°C and
maintained as stab cultures by adding 1.5% Bacto Agar (Difco) to the broth. Stab
cultures were kept at 4°C. Stock cultures were maintained at —80°C with 20%
glycerol added to the broth. In all of the experiments, C. botulinum manipulation
and incubation were done with two anaerobic chambers containing an atmo-
sphere of 5% H,, 10% CO,, and 85% N, and connected by an air lock (Coy
Laboratory Products, Inc., Grass Lake, Mich.). One chamber was maintained at
30°C for incubation, and the other was maintained at room temperature. Pure
nisin (a gift from Aplin and Barrett, Trowbridge, England) solutions were pre-
pared with 0.02 M HCl and 0.75% NaCl (nisin diluent). All media and reagents
were prereduced in the room-temperature chamber for at least 24 h prior to use.

Fatty acid composition. To determine if the Nis" strain had an altered lipid
composition, the fatty acid compositions of WT and Nis" C. botulinum 169B were
determined by gas-liquid chromatography of their methyl esters. The WT strain
was grown in 200 ml of brain heart infusion (BHI) broth, and the Nis" strain was
grown in the same broth containing 10° TU of nisin per ml. After overnight
incubation in the anaerobic chamber, the cultures were centrifuged at 10,000 X
g for 10 min, washed with 0.1% peptone water, and centrifuged again. A loop
from each pellet was transferred to a glass tube with a Teflon-lined cap. Fatty
acid methyl esters were prepared and extracted into hexane by a protocol sup-
plied by MIDI, Inc. (Newark, Del.) (42a). Lipids resuspended in hexane—fert-
butyl ether (1:1) were maintained at —20°C for no more than 2 weeks. The fatty
acids were analyzed by Analytical Services, Inc. (Essex, Vt.). Values given are the
means for three independent preparations, and variances were analyzed and
compared by a general linear model procedure at the 95% confidence interval
with SAS statistical software (SAS Institute Inc., Cary, N.C.). To examine the
fatty acids of spores, spores were disrupted with five times their weight of glass
beads (0.11 to 1.12 pm) in chloroform to form a paste (21). Chloroform was
evaporated first under a stream of nitrogen and later in a vacuum centrifuge. The
fatty acids were then extracted and analyzed by the same procedure as that used
for vegetative cells.

Assay for a putative extracellular nisin-inactivating enzyme. The possible
involvement of a nisin-degrading enzyme was investigated with cultures and
germinating spores of Nis" C. botulinum 169B by quantification of residual nisin
after incubation of known nisin concentrations with culture supernatants and
germinating spore exudates. Overnight cultures of WT and Nis™ C. botulinum
169B grown in BHI broth without nisin were centrifuged, and the supernatants
were sterilized by passage through 0.45-wm-pore-size syringe filters (Fisher) and

adjusted to pH 7 with 0.1 M HCI. Spores were inoculated into fresh BHI broth
to a final concentration of 10® spores/ml and incubated anaerobically at 30°C for
2 h. Spores were then centrifuged, and the germination exudate was filter ster-
ilized and adjusted to pH 7. A solution containing 10* TU of nisin per ml was
serially diluted in the cell supernatants, in the spore exudates, and in uninocu-
lated broth to obtain final concentrations of 10%, 10%, and 10* IU of nisin per ml.
Tubes were incubated for 2 h at 30°C. Cell supernatants and spore exudates were
also incubated without nisin. The remaining nisin activity was then quantified
from the diameter of the inhibition zone on a lawn of L. sake ATCC 15521, the
indicator organism (38).

Extraction of spore coat proteins. Spore coat proteins might also play a role in
nisin resistance by binding nisin nonspecifically, as potential germinant receptors,
or by other mechanisms. The coat protein patterns of WT and Nis" C. botulinum
169B spores were compared by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) as described below. The exosporium layer was removed
by the technique of Du and Nickerson (11) with some modifications. Briefly, pure
spore suspensions were centrifuged at 10,000 X g. The wet weight of the spore
pellet was recorded; glass beads (0.1 mm in diameter) suspended in distilled
water were added in a 1:1 ratio (wt/wt). The mixture was cooled in an ice-water
bath and homogenized twice on a Beadbeater (model 3110BX; Biospec Prod-
ucts, Bartlesville, Okla.) for 2 min each time with cooling in ice in between. The
glass beads were removed by suspending the spores in an aqueous-polymer
two-phase system as described above. The spores and exosporia (which were
retained in the polyethylene glycol phase) were washed three times with distilled
water to remove the polyethylene glycol. The exposure and debris were then
separated by slow centrifugation (10 min, 1,200 X g) and washing of the spore
pellet with distilled water. The spores were analyzed for purity under phase-
contrast microscopy. The spore coat proteins were extracted with a detergent by
the technique of Nicholson and Setlow (34). The protein concentration in the
samples was determined by modified (20) Bradford assay (4) that makes use of
the Coomassie Plus assay (Pierce, Rockford, Ill.) and bovine serum albumin as
a standard. Coat proteins were resolved for visual analysis by SDS-PAGE (22) on
15% slab gels. Proteins on polyacrylamide gels were visualized by a silver stain
procedure (28).

Determination of heat resistance of nisin-treated spores. To determine if nisin
resistance affected the heat resistance of spores, the heat resistance of WT and
Nis" C. botulinum 169B was assayed at 80, 100, and 110°C. Pyrex tubing (Fisher)
was cut into 6-in. lengths, sealed on one end, and autoclaved. Under anaerobic
conditions, WT or Nis" C. botulinum 169B spores were suspended in germination
buffer (see below) containing 10° IU of nisin per ml or an equal volume of nisin
diluent as a control. Aliquots of 1.5 ml were then dispensed into separate series
of tubes and immediately sealed by use of a torch outside the anaerobic chamber.
The tubes were completely submerged in a water bath at 80°C or in an oil bath
(model K6; MGW Lauda, Konigshofen, Germany) at 100 and 110°C for different
times. After the heat treatment, the tubes were cooled in a room temperature
water bath for 5 s before being transferred to an ice-water bath for 2 min. Inside
the anaerobic chamber, the tubes were cut open, and aliquots were spread plated
from the appropriate decimal dilutions in sterile distilled water onto BHI agar
containing 0.02% resazurin (Sigma Chemical Company, St. Louis, Mo.). Plates
were incubated anaerobically at 30°C. After 48 h, the colonies formed were
counted, and the log CFU per milliliter was plotted against time to calculate the
D values by linear regression. Values given are the means for three independent
experiments, and variances were analyzed and compared by a general linear
model procedure at the 95% confidence interval with SAS statistical software.

Measurement of spore germination. Spore germination was studied because
its stimulation or inhibition could play an important role in nisin action and
resistance. To quantify germination by the phase darkening of spores, WT and
Nis" C. botulinum 169B spores were suspended under anaerobic conditions in
germination buffer containing 10% IU of nisin per ml or an equal volume of nisin
diluent as a control. Germination buffer contained 100 mM 2-(N-morpholino)-
ethanesulfonate buffer at pH 6 and 100 mM L-alanine and 50 mM L-cysteine as
germinants. Tubes were sealed with rubber stoppers in an anaerobic chamber to
avoid the inclusion of oxygen during the germination experiment, which was
conducted outside the chamber with a water bath at 40°C. At specific times
during the incubation, 20-pl aliquots were removed from each tube through the
rubber stopper by use of a sterile syringe. Germination was determined micro-
scopically as a change in spores from phase bright to phase dark (31). Germi-
nation rates were calculated from the change in the percentage of germinated
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TABLE 1—Continued
% (mean * SD) (relative to total fatty acid) of:

17:1 anteis 17:0 cyc 18:2 18:1 iso 18:0 iso 18:0 18:1 cis 9 19:0 iso 19:0 cyc 22:0
546 =150 473132 423+432 19.64 =386 5.72+1.21 190 =142 390=x214 395=*=241 8.64+025 0.00=0.00
327+3.01 3.60x010 691+259 0.00=x000 333+214 690454 143057 224*x134 722x227 0.00=0.00
221086 237*=125 566442 1132*+241 11.11 498 7.07*=3.99 0.00=0.00 2.08=*094 1.63=*0.14 858=*235
0.00 £0.00 0.00 000 552*58 0.00*0.00 0.00*=0.00 16.16 =122 230=*=1.03 043017 031*041 1575 %236

spores with respect to time. Extent of germination was the maximum percent of
spores which germinated at the end of the experiment. The experiment was done
in triplicate.

As an independent assay of germination, the efflux of dipicolinic acid (DPA)
(which accompanies germination) was also measured. Spores of WT and Nis"
C. botulinum 169B were centrifuged, the supernatant was discarded inside the
anaerobic chamber, the spores were resuspended in germination buffer at 4 X
10? spores/ml, and 3-ml quantities were dispensed into tubes containing 30 .l of
a solution containing 10% IU of nisin per ml or 30 wl of nisin diluent. The tubes
were sealed with rubber stoppers and incubated outside the anaerobic chamber
with a water bath at 40°C. Samples of 0.5 ml were taken at different times and
centrifuged in a microcentrifuge, and the release of DPA was measured by the
colorimetric method of Janssen et al. (17). A calibration curve for pure DPA
(Sigma) was constructed to determine the DPA released from the spores (34).
The experiment was done in triplicate.

Safety considerations. All experiments were done in compliance with Centers
for Disease Control and Prevention Biosafety Level II guidelines in a university-
approved facility by personnel immunized against botulinum toxin.

RESULTS

The major fatty acids of WT and Nis" C. botulinum 169B
vegetative cells and spores are listed in Table 1 in the order of
their retention times. Vegetative cells contained mainly 18-
carbon fatty acids, whereas spores contained mainly 16-carbon
fatty acids. The branched (cyclo) 19-carbon fatty acid found
in vegetative cells of both strains was present at significantly
lower levels in spores. Fatty acid 15:1, present as a low per-
centage in vegetative cells, was absent in spores. Spores con-
tained the long straight-chain fatty acid 22:0, accounting for

8.58 and 15.75% of the total fatty acids in WT and Nis" spores,
respectively. This fatty acid was not present in vegetative cells.
The Nis" strain lacked the fatty acid 18:1 iso, which accounted
for a high percentage of the total fatty acids in the WT strain.
Other fatty acids varied in proportions from cells to spores and
from WT to Nis" strains (Table 1).

The data were grouped in four main classes based on
whether the fatty acids were saturated or unsaturated and
straight or branched (Fig. 1). Unsaturated fatty acids ac-
counted for almost 50% of the total fatty acids in WT vegeta-
tive cells and, among them, the percentages of branched- and
straight-chain fatty acids were similar. Unsaturated fatty ac-
ids comprised only ~23% of the total fatty acids in spores
and in Nis" vegetative cells. The ratio of unsaturated straight-
chain to unsaturated branched-chain fatty acids was higher in
the Nis" strain than in the WT strain. Nis" spores contained a
higher percentage of straight-chain, saturated fatty acids than
did WT spores.

The pattern of silver-stained coat proteins from the Nis"
strain separated by SDS-PAGE was identical to that for the
WT strain (data not shown). The possible production of an
extracellular nisin-degrading enzyme was investigated. The re-
maining nisin activity after incubation in the Nis" strain cell
supernatant or germination exudates was not significantly dif-
ferent from the activity of an equivalent nisin concentration
that remained after incubation in the WT controls (data not
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FIG. 1. Distribution of fatty acids into main groups (unsaturated [Uns.] straight-chain and branched-chain fatty acids and saturated [Sat.] straight-chain and
branched-chain fatty acids) for WT and Nis" C. botulinum 169B vegetative cells and spores.
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TABLE 2. Decimal reduction times (D values) for WT and Nis"
C. botulinum 169B spores at three different temperatures in
the presence or absence of 10° IU of nisin per ml*

D value (min) at temp (°C) of:

Strain and

condition 80 100 110
WT control 883.7 = 43.9 27279 1.4 £0.01
WT + nisin 577.0 = 95.7° 16.5 + 3.6° 0.8 + 0.04°
Nis" control 909.1 = 0.1 23525 1.4 £0.06
Nis" + nisin 871.2 = 53.6 229 £ 3.5 1.4 = 0.06

“ Results represent the mean + SD for three independent experiments.
® Significantly different from values obtained with the other strains and con-
ditions.

shown). C. botulinum did not produce any substance that in-
hibited the indicator organism, L. sake, and that could have
interfered with this assay, because nisin-free supernatant from
WT or Nis" cells or spores did not produce inhibition zones
around the wells.

Table 2 shows the decimal reduction times (D values) for
WT and Nis® C. botulinum 169B spores in the presence or
absence of nisin at three different temperatures. In the absence
of nisin, spores from both strains had similar heat resistance
parameters. In the presence of nisin, the thermal resistance of
WT spores was reduced by about 40% at all temperatures.
Nisin did not reduce the thermal resistance of Nis" spores. The
z values (defined as the number of degrees required to change
the D value by a factor of 10) for both strains in the absence
and presence of nisin were not significantly different. The z
value for the WT strain in the absence of nisin was 10.9°C, and
that in the presence of nisin was 10.7°C. For the Nis" strain, the
z value was 10.9°C in the absence and in the presence of nisin.

Results from three independent experiments in which ger-
mination was determined by phase-contrast microscopy are
shown in Fig. 2. The germination rate was calculated from the
slope of the percent germination-versus-time plot, which was
linear to 300 min. The rate at which WT spores turned phase
dark in germination buffer was 0.08% = 0.002% min'; in the
presence of 10° IU of nisin per ml, the rate was 0.16% =+
0.016% min—'. The germination rate for Nis" spores in the
absence of nisin was 0.080% = 0.002% min'; that in the
presence of nisin was 0.087% = 0.004% min~'. An analysis of
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variance (o, 0.05) showed that the only significant difference
among the germination rates was when nisin was added to
germination buffer for the WT strain. For this strain, the extent
of germination also increased when nisin was incorporated in
germination buffer. After incubation for 24 h, WT spores in the
presence of nisin germinated to an extent of 81% = 4%, while
in the absence of nisin the extent of germination was only 60%
* 2%.

Nisin also increased the release of DPA from germinating
WT spores. First, a release of DPA corresponding to 3.7 X
10~? pg/spore occurred after the heat shock period. During
the first 30 min of incubation after the addition of nisin to WT
C. botulinum 169B, the release of DPA took place at a rate
5-fold higher than in the absence of nisin and continued at a
rate 2.8-fold higher (Fig. 3A). Nis® spores released DPA at a
slightly lower rate than WT spores and were not influenced by
the addition of nisin (Fig. 2B). Neither germination nor efflux
of DPA occurred when WT or Nis" spores were exposed to
nisin in buffer that did not contain L-alanine and L-cysteine as
germinants (data not shown).

DISCUSSION

The phenotypic characterization of the Nis' strain in com-
parison with the WT strain was a useful tool for identifying
components correlated with nisin resistance. The correlation
of altered membrane lipid composition with nisin resistance
was first established with L. monocytogenes nisin-resistant
strains (8, 26, 29). The altered fatty acid composition of the
nisin-resistant strain derived from C. botulinum 169B extends
this correlation to another genera and to spores. In Nis" C. bot-
ulinum cells, the decrease in total and branched-chain unsat-
urated fatty acids and the corresponding increase in saturated
fatty acids (relative to the levels in the nisin-sensitive WT
strain) are consistent with an ordering of the fatty acids that
would result in a more rigid membrane. The changes found in
the fatty acid composition of Nis" spores were also consistent
with increased membrane rigidity.

Nis" C. botulinum did not produce a nisin-degrading enzyme,
since there was no loss of nisin activity after incubation of nisin
in the Nis® cell supernatant and spore exudate. The Bacillus
nisinase reported by Jarvis and Farr (19) acts as a dehydroala-
nine reductase in the C-terminal region of nisin. The enzyme
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FIG. 2. Percentage of germinated C. botulinum 169B spores at different times in the presence (m) or absence (@) of 10° IU of nisin per ml. Germinated (phase-dark)
and nongerminated (phase-bright) spores were counted by phase-contrast microscopy. (A) Average of three independent experiments for WT spores. (B) Average of

three independent experiments for Nis" spores. Bars show standard deviations.
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FIG. 3. DPA released into the supernatant in the presence (m) or absence (®) of 10° IU of nisin per ml from WT (A) and Nis" (B) C. botulinum 169B spores. Bars

show standard deviations.

was purified from a culture at the onset of sporulation. Since
the spore coat proteins contain unusual amino acids (45), it is
possible that the primary action of this enzyme is the packing
of the spore coat during sporulation or the opening of the
spore coat during germination. Nisin may be a secondary co-
incidental substrate. Moreover, a specific enzyme directed to-
ward nisin dihydroamino acid residues cannot explain the
cross-resistance of the Nis" strain to class Ila bacteriocins,
which do not contain dehydroamino acids (27). No nisinases
have been detected in nisin-resistant isolates from other spe-
cies (26, 29).

The passage of nisin through the spore coat may be affected
by changes in the coat protein composition. The characteristic
proteins of the C. botulinum spore coat have not been studied,
but the proteins of C. botulinum 169B spores were similar for
the Nis" and the WT strains, as determined by SDS-PAGE.

Nis" C. botulinum 169B spores were not more heat resistant
than WT spores. Thus, the generation of Nis" C. botulinum
would not pose a public health threat for thermally processed
foods. Nisin did sensitize WT C. botulinum 169B spores to
heat, reducing the D values by 40%, but the heat sensitivity of
Nis" spores was not increased by nisin. While nisin decreased
the D values of the WT spores, it did not affect the z values.
Different z values would suggest different mechanisms of heat
inactivation, such as are found when spores are heated in oils
(1). The similar z values obtained for WT spores in the pres-
ence or absence of nisin suggest that nisin does not change the
mechanism of thermal inactivation.

When the germination responses of Nis" spores were com-
pared to the germination responses of WT spores in buffer
containing L-alanine and L-cysteine, the germination responses
were similar, and nisin did not affect the rate nor the extent of
germination in Nis" spores. However, the results for germina-
tion in WT spores brought a new insight into the action of
nisin. Nisin doubled their germination rate and increased the
extent of germination. Since these actions required an exoge-
nous germinant (L-alanine or L-cysteine), nisin can be charac-
terized as a potent progerminant in WT spores.

The progerminant action of nisin may explain the increased
heat sensitivity of the nisin-treated spores. Changes that make
Nis" spores resistant to nisin appear to prevent this progermi-
nant action, so that Nis" spores are not sensitized by nisin
during heat treatment. In the presence of nisin, the increased
darkening of the WT spores correlates with the faster release
of dipicolinic acid, and the loss of the dormant properties may

be the underlying cause of the increased heat sensitivity of the
nisin-treated spores. Since nisin also sensitizes Bacillus spores
to heat (7), it is possible that this progerminant action is a
general mechanism by which nisin sensitizes spores to heat.
Nisin may then arrest the outgrowth of the spores by forming
pores in the membrane of the emerging cell. Nis" spores did
not germinate faster in the presence of nisin and were not heat
sensitized by the antimicrobial agent. In practical applications,
this finding can be related to a “botulism risk.” Processing
could achieve the same lethality at lower time-temperature
combinations if nisin were added to the product. However, if
nisin-resistant strains emerged, the reduced process would be
inadequate. Nevertheless, the emergence of nisin-resistant
spores can be minimized by manipulating different environ-
mental conditions (27).
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