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Unheated spores of nonproteolytic Clostridium botulinum were able to lead to growth in sterile deoxygenated
turnip, spring green, helda bean, broccoli, or potato juice, although the probability of growth was low and the
time to growth was longer than the time to growth in culture media. With all five vegetable juices tested, the
probability of growth increased when spores were inoculated into the juice and then heated for 2 min in a water
bath at 80°C. The probability of growth was greater in bean or broccoli juice than in culture media following
10 min of heat treatment in these media. Growth was prevented by heat treatment of spores in vegetable juices
or culture media at 80°C for 100 min. We show for the first time that adding heat-treated vegetable juice to
culture media can increase the number of heat-damaged spores of C. botulinum that can lead to colony formation.

Clostridium botulinum is an anaerobic spore-forming patho-
gen which can grow and produce a lethal toxin in food. Non-
proteolytic C. botulinum is physiologically and phylogenetically
distinct from proteolytic C. botulinum (15). Unlike proteolytic
strains, which do not grow at temperatures below 10°C, non-
proteolytic C. botulinum strains can grow and produce toxin at
3.0°C (14). The importance of this organism has, therefore,
increased with the expansion of the chilled-food market. Non-
proteolytic C. botulinum is a particular concern in cooked
chilled foods with long shelf lives. These products are often
pasteurized and then stored at chill temperatures in a vacuum
or an anaerobic atmosphere. There is a risk that the combina-
tion of heat treatment and refrigerated anaerobic storage,
which is designed to prevent growth of non-spore-forming
pathogens and spoilage organisms, may allow nonproteolytic
C. botulinum to grow with little competition, while an extended
shelf life provides additional time for toxin production.

The potential for cooked chilled food to cause botulism
depends on the ability of C. botulinum to survive heat treat-
ment in a product and subsequently grow and produce toxin in
the resulting product during storage. The ability of C. botuli-
num to survive heat treatment depends on many factors, in-
cluding the intrinsic parameters of the heating and recovery
media (17). Although thermal destruction of spores of non-
proteolytic C. botulinum has been studied in buffer and meat
(20), survival in vegetables has not been examined previously.
One factor that can greatly increase the measured heat resis-
tance is lysozyme. Heat damages part of the germination sys-
tem in spores of nonproteolytic C. botulinum, such that the
heat-damaged spores remain dormant unless they are incu-
bated in the presence of an enzyme capable of cleaving the
peptidoglycan of the spore cortex (20). Many foods of both
plant and animal origin have endogenous lysozyme activity (20,
23, 28) and so may increase the recovery of heat-damaged
spores. Recently, raw vegetable juice has been shown to in-
crease the measured heat resistance of spores of nonproteo-
Iytic C. botulinum (28). In a heat-processed product both
spores and food enzymes are heated. It is, therefore, important
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to determine whether any cortex-degrading enzymes present in
raw food survive the heat treatments. The thermal stability of
hen egg white lysozyme (HEWL) depends on the composition
of the heating medium; HEWL is most stable in an acidic
solution, while it is less stable when it is heated in egg white or
skim milk (8). When 10 pg of HEWL ml ™~ was added to meat
medium, sufficient activity remained after heat treatment at
95°C for 15 min to aid growth from heat-damaged spores of
nonproteolytic C. botulinum (25). The properties of endoge-
nous lysozymes, some of which may be primarily chitinases, can
differ from the properties of HEWL (4, 23). The effect of heat
treatment on the ability of lysozymes other than HEWL to
induce germination of spores of nonproteolytic C. botulinum
has not been described. This is important because, in sealed
packages, enzymatic activity must survive heat treatments that
damage spores if it is to induce germination of the damaged
spores. The importance of this was emphasized by the Euro-
pean Chilled Food Federation Botulinum Working Party,
which concluded that more information on the effects of en-
dogenous lysozymes was urgently required (12).

The view has been expressed that vegetables are poor sub-
strates for growth of nonproteolytic C. botulinum (22). Re-
cently, it has been shown that raw broccoli (18) and many
cooked vegetables (5) support growth of nonproteolytic C.
botulinum and that the time to toxin production in these veg-
etables at refrigeration temperatures could be similar to the
time to toxin production in other food types (6). However, the
ability of heat-treated, possibly damaged, spores to grow on
vegetables has not been studied previously. Vegetable media
used for both heat treatment and subsequent incubation have
the additional complication that some properties of vegetables,
including endogenous lysozyme activity if it is present, are
affected by heat.

The multitude of interacting factors that can influence both
spore heat resistance and subsequent germination, growth, and
toxin production make it difficult to predict accurately whether
spores of nonproteolytic C. botulinum will lead to growth in
cooked vegetables. In this study our goal was to measure the
ability of spores of nonproteolytic C. botulinum to survive heat
treatment in vegetable juices and then lead to growth in the
resulting vegetable juices. As thermal sterilization damages
endogenous lysozymes, filter sterilization was combined with a
novel reduced-pressure boiling method to prepare sterile oxy-
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gen-free vegetable juices. Experiments were also performed to
generate information concerning individual components of the
experimental system. Heat treatments were performed in a
standard menstruum, phosphate buffer, as well as in vegetable
juices so that we could compare our data with previously pub-
lished thermal destruction data. Heat-treated spores were enu-
merated on agar with or without HEWL added in order to
determine the proportion of spores in which germination could
be induced by lysozyme. The number of heat-damaged spores
that led to colony formation on a standard medium or media
supplemented with heat-treated vegetable juice was deter-
mined to assess the effect of heat treatment on the ability of
vegetable juice to increase the number of heat-damaged spores
recovered. The ability of spores to survive heat treatment and
subsequently lead to growth at 10°C was also tested. While
growth studies performed at 30°C allowed us to determine the
maximum potential of a medium to support growth of C. bot-
ulinum, the potential for growth in refrigerated products is less
(29). It is important to keep cooked chilled products at tem-
peratures below 10°C to prevent growth of the heat-resistant
proteolytic C. botulinum strains.

MATERIALS AND METHODS

Enumeration of spores heated in deoxygenated media and then incubated in
the same media at 30°C. To determine the number of spores that survived heat
treatment in vegetable juice or culture medium and then led to growth in the
same medium incubated at 30°C, replicate samples were inoculated with different
concentrations of spores, subjected to a heat treatment if required, and then
observed to determine whether growth occurred.

(i) Spore preparation. Nonproteolytic C. botulinum Eklund 17B (NCIB 10642)
was used in this study. This type B strain was originally obtained from the
National Collection of Industrial Bacteria, Aberdeen, United Kingdom. Spores
were produced with a two-phase medium and washed as previously described
(24). The washed spores were resuspended in 5 ml of sterile distilled water,
enumerated on peptone-yeast extract-glucose-starch (PYGS) agar, and stored at
2°C until they were used.

(ii) Preparation of sterile deoxygenated media by the reduced-pressure boiling
method. The following seven types of deoxygenated media were used in the
growth study: turnip (Brassica rapa) juice; spring green (Brassica oleracea) juice;
helda bean (Phaseolus vulgaris) juice; broccoli (Brassica oleracea) juice; potato
(Solanum tuberosum) juice; PYGS broth (19); and PYGS broth containing 10 pg
of HEWL (48,000 U mg~!; Sigma, Poole, United Kingdom) ml~' (PYGSL
broth).

The growth study media were prepared by using a novel reduced-pressure
deoxygenation method. Vegetables, purchased from a local retail outlet, were
roughly chopped and passed through a juice extractor (Kenwood model JE600).
Broth (800 ml) or fresh vegetable juice (800 ml) and resazurin (4 ml; 0.02%
[wt/vol]), a redox indicator, were added to a steel jar that had been preheated in
a water bath at 58°C. When the temperature of the liquid reached 55°C, the jar
was evacuated until the pressure was 20 kPa, and then the jar was filled with an
anaerobic gas mixture (10% hydrogen, 90% nitrogen) until the pressure was 121
kPa. This cycle of evacuation followed by gas flushing was repeated four times,
and then the jar was continuously evacuated for 15 min. During evacuation the
temperature of the liquid remained 55°C. Finally, the jar was flushed with
anaerobic gas and evacuated an additional four times, filled with gas, sealed, and
placed in a bath containing ice and water. When it was cool, the jar containing
the deoxygenated medium was placed in an anaerobic cabinet filled with an
atmosphere containing 5% carbon dioxide, 10% hydrogen, and 90% nitrogen.
All subsequent manipulations were performed under this atmosphere, either in
an anaerobic cabinet or in sealed tubes. The deoxygenated medium was centri-
fuged (30,100 X g, 45 min, 2°C) to remove the precipitate, and the supernatant
was passed through nitrocellulose membrane filters having pore sizes of 0.65,
0.45, and 0.2 wm (Whatman, Maidstone, United Kingdom). Aliquots (5 ml) of
the clarified medium were filter sterilized with 0.2-pm-pore-size nitrocellulose
filters (Whatman) and placed in sterile 10-ml serum vials (Pierce and Warriner,
Chester, United Kingdom); each vial contained a Durham tube. The prepared
vials were stored at 2°C until they were used.

(iii) Redox potentials, pH values, and lysozyme activities of deoxygenated
media. The pH values of unheated and heated deoxygenated media were deter-
mined in triplicate by using an Orion model 520A pH meter equipped with a
Ross sureflow semimicro combination electrode (Orion Research Ltd., East
Sussex, United Kingdom). The redox potentials were measured under a contin-
uous flow of anaerobic gas (10% hydrogen, 90% nitrogen) by using a redox probe
connected to the same meter, and the standard redox potential was calculated as
previously described (11). The lysozyme activities of fresh vegetable juices, de-
oxygenated juices, and heat-treated juices were determined by measuring the
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decreases in turbidity of suspensions of Micrococcus lysodeikticus cells as previ-
ously described (28), except that up to 400 ul of sample was used.

(iv) Other media. Serial dilutions of spores were prepared in sterile deoxy-
genated water. The water was prepared by boiling distilled water containing
resazurin (0.0001%, wt/vol) at atmospheric pressure and then letting it cool
under an anaerobic atmosphere (10% hydrogen, 90% nitrogen). When the water
was cool, cysteine HCI was added to a final concentration of 0.02% (wt/vol), and
9-ml aliquots of the deoxygenated water were dispensed into 15-ml serum vials
under a headspace containing the same gas. The sealed vials were heat sterilized
at 121°C for 15 min. Sorenson’s phosphate buffer (0.067 M, pH 7.0) was prepared
in a similar manner, except that 5-ml aliquots were dispensed into 10-ml serum
vials.

(v) Heat treatment. A 10-fold dilution series of spores of C. botulinum Eklund
17B was prepared in deoxygenated water so that the most concentrated spore
suspension contained approximately 107 spores ml~! and the most dilute spore
suspension contained approximately 1 spore ml~'. Aliquots (100 pl) of each
spore suspension were inoculated into five replicate vials containing each test
medium immediately before each heat treatment. Four treatments were used;
vials were not heated or were fully submerged in a water bath at 80°C for 2, 10,
or 100 min and then cooled in an ice and water slurry. The temperature of the
liquid in eight control vials containing 5 ml of water was measured every 5 s by
using thermocouples as previously described (10). When the temperature in all
of the vials monitored was less than 10°C, the inoculated vials were transferred
to an incubator at 30°C. The lethality of each heat treatment for spores of
nonproteolytic C. botulinum was calculated in terms of the equivalent time at the
target temperature (80°C) as previously described (10) by using a z value of 6°C
(10). Uninoculated vials containing each medium were subjected to each heat
treatment and were used for pH, redox, and lysozyme activity measurements.

Heated and unheated vials containing inoculated media were incubated at
30°C for 98 days. These vials were checked for signs of growth (gas formation or
turbidity) daily for 1 week, three times a week for the next 8 weeks, and then
weekly for the remainder of the incubation period. The number of spores that
survived the heat treatment and subsequently led to growth during each obser-
vation period was determined from the number of vials in which growth occurred
with a five-tube most-probable-number (MPN) procedure (16). The log proba-
bility of growth was calculated as follows: log(P) = log(MPN)-log(CFU), where
P is the probability of growth from any individual spore in a population, MPN is
the MPN of spores leading to growth under the test conditions, and CFU is the
number of unheated spores leading to colony formation on PYGS agar.

(vi) ELISA used to confirm growth or toxin production by C. botulinum. An
enzyme-linked immunosorbent assay (ELISA) for C. botulinum toxin (27) mod-
ified as described previously (29) was used to determine if growth or toxin
production occurred during incubation at 10 or 30°C for 98 days. This assay can
detect toxin types A, B, E, and F and is very sensitive, but the trivalent antiserum
on which it is based may also recognize inactive toxin, hemagglutinin, or somatic
antigens (27). In this experiment the ELISA was used to confirm that growth or
toxin production had occurred. Samples from at least five vials inoculated with
the fewest spores that led to visible growth and five vials containing the greatest
number of spores that did not lead to visible growth were tested for each
combination of medium and heat treatment. Samples with an absorbance at 492
nm of >1.5 were considered positive, and samples with an absorbance at 492 nm
of <0.2 were considered negative. The seven media tested immediately after
inoculation with 10° spores ml~! were used as negative controls, and media
mixed with 1% (vol/vol) PYGS broth in which C. botulinum had grown were used
as positive controls.

Growth from spores heated in deoxygenated media and then incubated in the
same media at 10°C. To assess the ability of spores to survive heat treatment and
then lead to growth at 10°C in deoxygenated medium, three replicate vials
containing each of the seven media were inoculated with 100 pl of spore sus-
pension (approximately 10° spores vial ') and subjected to one of the four heat
treatments described above (28 combinations). The vials were observed to de-
termine whether growth occurred at the same times that the vials in the MPN
enumeration study conducted at 30°C were observed, and the presence or ab-
sence of growth or toxin production within 98 days at 10°C was confirmed in all
vials by using the ELISA.

Thermal destruction of spores heated in buffer. Four vials containing Soren-
son’s phosphate buffer (5 ml) were each inoculated with 100 pl of a spore
suspension (approximately 10° spores vial ~!), and one vial was subjected to each
heat treatment simultaneously with vials containing inoculated media. Decimal
serial dilutions of unheated or heat-treated spores were prepared in PYGS broth
by using a strictly anaerobic technique, and 100-pul triplicate samples were spread
onto PYGS and PYGSL agar plates. The plates were incubated at 30°C under a
headspace containing 90% hydrogen and 10% carbon dioxide, and colonies were
enumerated after 8 days.

Measured heat resistance of coat-permeabilized spores incubated on agar
containing heated vegetable juice. The ability of pasteurized vegetable juice to
increase the measured heat resistance of spores of nonproteolytic C. botulinum
was assessed by plating heat-damaged, coat-permeabilized spores onto agar
containing unheated or heated vegetable juice. Fresh broccoli juice and flat bean
juice were centrifuged (24,000 X g, 30 min, 2°C), and the supernatants were
filtered through 0.65-wm-pore-size nitrocellulose membrane filters. Portions
(150 ml) of filtered juice or an HEWL solution (10 ug ml~") were dispensed into



2138 STRINGER ET AL.

TABLE 1. Lysozyme activities of fresh media and lysozyme
activities, pH values, and redox potentials of deoxygenated media

Deoxygenated medium

Lysozyme
activity of
Medium fresh mg/dium Lysozyme activity Stfendifd
(equivalent g (equivalent ;tg of pH otential
of HEWL ml-1)  HEWL ml Y P (V)
PYGS broth <0.2 <0.2 6.9 —186
PYGSL broth 9.5 8.7 70 —198
Helda bean juice <0.2 <0.2 6.2 -99
Potato juice <0.2 <0.2 59 105
Turnip juice 23.5 <0.2 58 —155
Spring green juice 4.9 <0.2 55  —145
Broccoli juice 0.2 <0.2 6.1 —112

glass bottles and then heated in a water bath at 75°C for 10 min and cooled in an
ice and water slurry. Unheated and heat-treated vegetable juices and HEWL
solutions were centrifuged (24,000 X g, 30 min, 2°C), and the supernatants were
passed through nitrocellulose membrane filters having pore sizes of 0.65, 0.45,
and 0.2 wm. Aliquots (100 ml) were filter sterilized with 0.2-pm-pore-size nitro-
cellulose filters and stored frozen at —18°C until they were used. The lysozyme
activity of each filtered juice was analyzed by performing the M. lysodeikticus
assay as described above. Double-strength PYGS agar (100 ml) was heat steril-
ized (121°C, 15 min), cooled to 50°C, mixed with an equal volume of filter-
sterilized vegetable juice, HEWL solution, or distilled water (warmed to 50°C),
and poured into petri dishes. All of the plates were stored in gas jars under a
headspace containing 10% hydrogen and 90% carbon dioxide for 48 h before
they were used.

Spores were treated with sodium thioglycolate to increase the permeability of
the spore coat to lysozyme (20). A 250-ul suspension of washed spores of C.
botulinum Eklund 17B was injected into 10 ml of a 1 M sodium thioglycolate
solution (pH 10.0) that had been preheated to 45°C. After 10 min, the spores
were harvested by centrifugation (10,000 X g, 15 min, 4°C) and washed five times
in 0.1 M sodium phosphate buffer (pH 7.0). The washed spores were heated in
the same buffer at 90°C for 3 min by using a submerged tube heating method
(24). Serial dilutions of treated spores prepared in anaerobic PYGS broth were
plated onto each type of medium in triplicate. The inoculated plates were
incubated at 30°C in anaerobic jars under a headspace containing 90% hydrogen
and 10% carbon dioxide, and colonies were enumerated after 8 days.

RESULTS

Lethality of heat treatments. Heat treatments in vials sub-
merged in a water bath at 80°C for 2, 10, and 100 min had the
same lethality to spores of nonproteolytic C. botulinum as heat
treatments at 80°C for 0.1, 5.7, and 100 min, if it was assumed
that the z value was 6°C. It was not possible to calculate the
effect of heat-up and cool-down on the activity of vegetable
enzymes in this system as the relationship between tempera-
ture and destruction is not known (i.e., a number equivalent to
the z value is not available).

Thermal destruction of spores heated in buffer. The num-
bers of spores of C. botulinum Eklund 17B per vial of phos-
phate buffer that led to colony formation following heat treat-
ment in a water bath at 80°C for 0, 2, 10, and 100 min were
6.9 X 10°, 7.2 X 10°, <100, and <100, respectively, when
incubated on PYGS agar without HEWL and 7.8 X 10°, 7.1 X
10°, 3.7 X 10%, and 4.7 X 102, respectively, when incubated on
PYGS agar supplemented with 10 wg of HEWL ml~'. This
illustrates that under optimum recovery conditions, spores
could survive the heat treatments used in this experiment and
subsequently lead to growth.

Redox potentials, pH values, and lysozyme activities of de-
oxygenated media. The lysozyme activities of the media before
and after reduced-pressure deoxygenation are shown in Table
1. Only PYGSL broth exhibited measurable lysozyme activity
after the heat treatment at 55°C used to achieve deoxygen-
ation. This residual activity was reduced during subsequent
heat treatment in a water bath at 80°C and was 4.0 and <0.2 pg
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TABLE 2. Effects of heat treatment and subsequent incubation in
different media on the log probability of growth from spores of
nonproteolytic C. botulinum Eklund 17B incubated at 30°C for up to
98 days

Log probability of growth following submergence in
a water bath at 80°C for”:

Medium

0 min 2 min 10 min 100 min
PYGS broth 0.05 0.25 —4.97 <—6.57
PYGSL broth -0.35 >-—0.47 —3.35 <—6.57
Helda bean juice —2.64 —1.75 —4.21 <—6.57
Potato juice —6.57 —4.72 <-6.57 <-6.57
Turnip juice —6.26 —6.21 <—6.57 <—6.57
Spring green juice —6.57 —5.85 <-6.57 <-6.57
Broccoli juice -1.76 —1.13 —4.76 <—6.57

“ Log probability = log (MPN of spores leading to growth in test medium) —
log (number of unheated spores able to form colonies on PYGS agar). The
lethalities of the treatments in a water bath for 2, 10, and 100 min to spores of
nonproteolytic C. botulinum were equivalent to those of heat treatments at 80°C
for 0.1, 5.7, and 100 min, respectively, assuming that the z value was 6°C.

of HEWL ml~! after 2 and 10 min of treatment, respectively.
The pH values of the deoxygenated media were between 5.5
and 7.0 before heat treatment at 80°C (Table 1), and most of
the pH values were the same after heat treatment; the only
exception was the pH of spring green juice, which decreased
from 5.5 in unheated juice to 5.3 in juice heated in a water bath
at 80°C for 100 min. The differences between replicates were
less than 0.05 pH unit. The standard redox potentials were
between —99 and —155 mV (Table 1). Resazurin was color-
less, showing that it was in the reduced form.

The reduced-pressure boiling method developed to deoxy-
genate media in this work decreased the redox potentials of the
media but also affected their compositions; enzymatic activity
decreased, as shown by the reduction in lysozyme activity, and
precipitates formed and were discarded. The amount of pre-
cipitate depended on the medium. Precipitates were not
formed in PYGS or PYGSL broth. Precipitates were formed in
all of the vegetable juices, but to different extents; copious
precipitate formed in potato juice. The heat treatment used
during deoxygenation was not sufficient to destroy all of the
enzyme activity or to prevent later precipitation. For example,
deoxygenated filtered potato juice was a colorless, transparent
liquid but rapidly turned black after exposure to oxygen, sug-
gesting that active oxidases were present (3). Heating deoxy-
genated potato juice in a water bath at 80°C for 2 min resulted
in further precipitate formation and prevented blackening af-
ter subsequent exposure to oxygen.

MPN of spores leading to growth after heat treatment in
deoxygenated media and incubation in the same media at
30°C. Unheated spores led to growth in all of the deoxygenated
media tested, but the probability of growth was lower in the
vegetable juices than in PYGS or PYGSL broth (Table 2).
Turnip, potato, and spring green juices were particularly poor
at supporting growth; the probability of growth resulting from
any one spore in a population was less than 10~°.

In all cases, the probability that a spore would lead to growth
in vegetable juice after 2 min of heat treatment in a water bath
at 80°C was greater than the probability that a spore would
lead to growth in the same juice without heat treatment but
was less than the probability that a spore would lead to growth
in PYGS or PYGSL (Table 2). The probability that a spore
would lead to growth in deoxygenated medium heated for 10
min was less than the probability that a spore would lead to
growth in the same medium heated for 2 min. The number of
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FIG. 1. Effect of medium on the number of spores of nonproteolytic C.
botulinum Eklund 17B able to survive heat treatment at 80°C and then lead to
growth in the same medium at 30°C. Up to 7 X 10° spores were inoculated into
deoxygenated, filter-sterilized PYGS broth (¢), PYGSL broth (0), helda bean
juice (A), brocceoli juice (O), turnip juice (@), potato juice (m), and spring green
juice (A). The inoculated media were not (A) or were heated in a water bath at
80°C for 2 min (B), 10 min (C), or 100 min and then were incubated at 30°C. No
growth occurred in media heated for 100 min. The lethalities of the treatments
in the water bath for 2, 10, and 100 min to spores of nonproteolytic C. botulinum
were equivalent to those of heat treatments at 80°C for 0.1, 5.7, and 100 min,
respectively, assuming that the z value was 6°C.

spores that led to growth at 30°C in bean juice, broccoli juice,
or PYGSL broth following 10 min of heat treatment in a water
bath at 80°C was greater than the number of spores that led to
growth in PYGS broth subjected to the same treatment. Spores
heated at 80°C for 100 min did not lead to growth in 98 days at
30°C when they were heated and then incubated in the same
medium (Table 2).

The effect of incubation time on the MPN of spores that led
to growth is shown in Fig. 1. The shortest time to growth from
spores subjected to each heat treatment was longer in vegeta-
ble juice than in PYGS (Table 3), even when the final proba-
bility of growth was higher in the vegetable juice. Growth
occurred within a relatively short period of time in all repli-
cates of PYGS or PYGSL broth incubated at 30°C; all of the
vials containing unheated spores or spores heated for 2 min in
a water bath at 80°C were positive for growth between days 1
and 3, and virtually all growth from spores heated for 10 min
occurred within 11 days. Only one vial containing PYGS or
PYGSL broth became turbid between days 11 and 98. The
distribution of times to growth was much wider for spores in
vegetable juices. However, growth in an individual vial con-
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TABLE 3. Effects of heat treatment and subsequent incubation in
media at 10 or 30°C on time to growth resulting from up to 7 X 10°
spores of the nonproteolytic strain C. botulinum Eklund 17B

Minimum time to growth (days)
following heat treatment in a water

Itrel;lllg a(t:g;l Medium bath at 80°C for“:

Omin  2min 10 min 100 min

10 PYGS broth 4+ 4" 9" NG~
PYGSL broth 4* 4* 9+ NG~

Helda bean juice NG* 61" 85+ NG~

Potato juice NG~ NG~ NG~ NG~

Turnip juice NG~ NG~ NG~ NG~

Spring green juice NG~ NG~ NG~ NG~
Broccoli juice NG~ NG~ NG~ NG~

30 PYGS broth 1" 1" 1" NG~
PYGSL broth 1" 1" 2+ NG~

Helda bean juice 3t 2* 4" NG~

Potato juice 1+ 14* NG~ NG~

Turnip juice 14" 35" NG~ NG~

Spring green juice 21 14~ 23~ NG~
Broccoli juice 4" 16" 23+ NG~

“ The lethalities of treatments in a water bath for 2, 10, and 100 min to spores
of nonproteolytic C. botulinum were equivalent to those of heat treatments at
80°C for 0.1, 5.7, and 100 min, respectively, assuming that the z value was 6°C.
NG, no visible growth within 98 days; +, at least one replicate was positive for
growth or toxin production on day 98 as determined by the ELISA; —, all
replicates were negative for growth or toxin production on day 98 as determined
by the ELISA.

taining either deoxygenated vegetable juice or PYGS broth
seemed to occur very rapidly once it began; one day there was
no sign of growth, and the next day the medium was turbid and
a large amount of gas had been produced.

Growth resulting from spores heated in deoxygenated media
and then incubated in the same media at 10°C. The ability of
7 X 10° spores to survive heat treatment at 80°C and subse-
quently lead to growth in the same medium at 10°C is shown in
Table 3. Growth occurred in PYGS broth, PYGSL broth, and
bean juice but not in turnip, potato, spring green, or broccoli
juice.

ELISA detection of growth or toxin production. The C. bot-
ulinum growth determined visually was confirmed by ELISA
results for all of the deoxygenated media except bean juice
incubated at 10°C and spring green juice incubated at 30°C.
The results are summarized in Table 3. Growth or toxin pro-
duction was detected by the ELISA for all of the inoculated
samples of unheated bean juice and bean juice heated for 2 or
10 min in a water bath at 80°C following subsequent incubation
at 10°C, although only 2 of the 15 vials were turbid. Growth or
toxin production was not detected by the ELISA in any sample
of spring green juice, even when growth was observed. When
toxic supernatant from a PYGS broth culture was added (1 in
10 [vol/vol]) to unheated deoxygenated spring green juice, the
amount of toxin detected by the ELISA decreased with time,
and samples were negative after 35 days. The amount of toxin
detected in deoxygenated spring green juice that had previ-
ously been heated for 2 min in a water bath at 80°C also
decreased, but toxin was still detected after 49 days. The mea-
sured toxin levels remained stable for 42 days for spring green
juice previously heated at 80°C for 10 min and for all of the
deoxygenated turnip juice samples. As the toxin was not always
stable in spring green juice, the number of spores that led to
growth was calculated from the number of vials in which tur-
bidity or gas production was observed.



2140 STRINGER ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 4. Numbers of coat-permeabilized, heat-treated spores of nonproteolytic C. botulinum able to lead to colony formation on PYGS
agar supplemented with unheated or heat-treated HEWL solution or vegetable juice

Supplement added to

PYGS plating medium Heat treatment

(equivalent pg of HEWL ml™")

Lysozyme activity Mean no. of spores that formed

colonies ml™! (95% confidence limits)

Water None
HEWL (10 pg ml™t) None
Broccoli juice None
Flat bean juice None
HEWL (10 pg ml™") 75°C, 10 min
Broccoli juice 75°C, 10 min
Flat bean juice 75°C, 10 min

4.8 X 10° (=1.1 X 10%)

9.5 1.6 % 107 (£0.1 X 107)
5.5 1.4 X 10° (0.2 X 10°)
<0.2 1.2 X 10° (£0.2 X 10°)
6.0 1.5 X 107 (0.1 X 107)
<0.2 2.1 X 10° (£0.2 X 10°)
<0.2 7.4 X 10* (£1.2 X 10%)

Measured heat resistance of coat-permeabilized spores in-
cubated on agar containing heated vegetable juice. The num-
bers of heated, coat-permeabilized spores able to lead to col-
ony formation on agar supplemented with unheated or heat-
treated vegetable juice or HEWL and the measured lysozyme
activities of the supplements are shown in Table 4. More heat-
damaged spores led to colony formation on PYGS agar sup-
plemented with vegetable juice than on PYGS agar alone.
Vegetable juice heated at 75°C for 10 min gave counts similar
to those obtained with unheated juice; thus, the heated vege-
table juice increased the measured heat resistance of the
spores despite the fact that no lysozyme activity was detected
by the M. lysodeikticus assay.

DISCUSSION

Nonproteolytic C. botulinum Eklund 17B grew in deoxygen-
ated helda bean, broccoli, turnip, potato, and spring green
juices at 30°C, although the probability of growth was often
lower than the probability of growth in a nutrient culture
medium. The time to growth increased as the pH of the me-
dium decreased. However, the times to growth in the vegetable
juices were longer than the times to growth expected for cul-
ture media at the same pH. Using lag and doubling times
obtained from a growth curve at 28°C in PYGS broth at pH 5.4,
a pH lower than the pH of any of the vegetable juices, it would
be predicted that one spore would lead to turbidity within 2
days (13). The shortest times to growth in bean, broccoli,
potato, turnip, and spring green juices were 2, 4, 11, 14, and 14
days, respectively. This illustrates that although pH was an
important factor, it was not the only factor that influenced
growth from nonproteolytic C. botulinum spores in the vege-
table juices. A previous study in which the workers used un-
heated spores of nonproteolytic C. botulinum and heat-steril-
ized vegetable purees also showed that toxin production was
related to factors in vegetables other than their pH values (5);
all of the purees with pH values of 5.72 or more became toxic,
none of the purees with pH values of 4.99 or less became toxic,
and in purees with pH values between 4.99 and 5.72 toxin
production was variable, depending on the vegetable.

All of the media were reduced, and the E, values were
between —99 and —198 mV. The ability to support growth was
not directly related to the redox potentials of the deoxygenated
vegetable juices; growth was observed first in bean juice, which
had the highest redox potential, while spring green and turnip
juices had the lowest redox potentials but were the least con-
ducive to growth. Lund and Wyatt (21) showed that under
otherwise optimum conditions, the number of spores of non-
proteolytic C. botulinum type E required to produce growth in
3 days at E,, values between 0 and 62 mV (adjusted by adding
air) was not significantly different from the number of spores
required to produce growth at an E, of —400 or —190 mV,

although sodium chloride had a greater inhibitory effect at the
higher E,, values.

As the inhibitory effects of the vegetable juices cannot be
fully explained by pH or redox potential, other intrinsic factors
of the vegetables must be involved. The vegetable juices may
contain antimicrobial compounds (7) or may be suboptimal
nutritionally. Growth is likely to be affected by a combination
of these factors. Whatever the inhibitory factors are, the rapid
change from no growth to profuse growth suggests that they
affect the lag phase more than they affect the doubling time.

Vegetable juice was less able to support growth from spores
at 10°C than at 30°C. In the present study only PYGS broth,
PYGSL broth, and bean juice supported growth at 10°C when
7 X 10° spores were used. Growth in deoxygenated bean juice
at 10°C was probably slight; although no turbidity or gas was
observed in the unheated samples, growth or toxin production
was detected by ELISA. Toxin production by nonproteolytic C.
botulinum in vegetable media without associated visible growth
has been observed previously in cauliflower, broccoli, aspara-
gus, and kale purees incubated at 10°C (6) and in sweet corn,
zucchini, sweet potato, cabbage, and leek purees incubated at
30°C (5). This suggests that vegetable-based foods may be toxic
without appearing to be spoiled. Toxin production by nonpro-
teolytic C. botulinum before discernible spoilage occurred has
been reported for other foods (9, 26). The probability of
growth at 10°C in turnip, potato, broccoli, or spring green juice
was less than 1 in 10°. Vegetables other than bean have been
shown to support growth of nonproteolytic C. botulinum at
chill temperatures. Toxin was detected within 9 days at 12°C in
modified-atmosphere packed raw broccoli inoculated with ap-
proximately 10° spores of nonproteolytic C. botulinum type E
(18), and 10? spores of strains of nonproteolytic C. botulinum,
including strain Eklund 17B, could result in toxin production in
cooked potato, mushroom, cauliflower, broccoli, and aspara-
gus purees at temperatures of 10°C or less (6). Carlin and Peck
found that the times to toxin production in cooked vegetables
inoculated with spores of a mixture of nonproteolytic C. botu-
linum type B strains were similar to the times reported for
other foods (6). However, the vegetables which they used had
been sterilized at 121°C for 15 min before inoculation, so they
could have had different properties than the mildly heated
juice used in the present study.

The heat treatments used could have affected the ability of
spores to lead to growth either directly by damaging the spores
or indirectly by altering the vegetable juice. Heating spores of
nonproteolytic C. botulinum in buffer for 2 min in a water bath
at 80°C (equivalent to heating for 0.1 min at 80°C) neither
decreased nor increased the number of spores that led to
colony formation on PYGS or PYGSL agar. This suggests that
the spores were neither damaged nor activated by this heat
treatment. In all five vegetable juices tested, the greatest prob-
ability of growth at 30°C occurred when the spores and juice
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had been submerged in a water bath at 80°C for 2 min. As the
spores were not heat activated, the increased growth observed
was probably related to changes such as thermal destruction of
antimicrobial compounds or effects such as precipitate forma-
tion in the juice during heating. Vegetables can contain a wide
range of antimicrobial agents (7), and it is likely that some of
these survived the initial deoxygenating treatment at 55°C.
Further heating may have reduced the antimicrobial activity.
The peak in the probability of growth after heat treatment at
80°C for 2 min probably reflects a balance between the thermal
destruction of spores and the destruction of compounds inhib-
itory to growth. Subjecting products to heat treatments just
sufficient to destroy vegetative bacteria could increase the
probability of growth of nonproteolytic C. botulinum not only
by removing competition from non-spore-forming organisms
but also by increasing the ability of the substrate to support
growth. The heat treatment used for long-shelf-life refriger-
ated products is usually greater than the minimum treatment
required to destroy vegetative cells.

When 7 X 10° spores were inoculated into 5 ml of buffer and
then heated in a water bath at 80°C for 10 or 100 min, they
subsequently led to colony formation on PYGSL agar, but no
colonies were formed on PYGS agar. This indicates that some
spores survived the heat treatments but were damaged and
could not lead to growth unless germination was induced by
lysozyme. The ability of lysozymes to aid germination of heat-
damaged spores is important only if the enzymatic activity
remains following heat treatments that damage spores of non-
proteolytic C. botulinum. HEWL was not stable in PYGS broth
at 80°C; the HEWL activity decreased from 9.5 ug ml~" to less
than 0.2 wg ml~ ' within 10 min under these conditions, and the
probability of growth in heated PYGSL broth was lower than
the probability of growth from spores heated in buffer and then
recovered on plates containing 10 wg of HEWL ml~'. How-
ever, more spores led to growth in PYGSL broth than in PYGS
broth after the inoculated media were heated for 10 min in a
water bath at 80°C. This suggests that spore germination could
be induced by a level of HEWL activity lower than the level
detectable in the M. lysodeikticus assay. Spores of nonproteo-
lytic C. botulinum are sensitive to between 0.01 and 0.1 pg of
HEWL ml !, and the number of survivors increases with the
HEWL concentration up to 1 to 10 pg ml~* (24). The observed
growth patterns are consistent with the hypothesis that low
levels of active HEWL (i.e., <0.2 pg ml~ ') remain in PYGSL
broth after heat treatment at 80°C for 10 min. Spores heated in
buffer at 80°C for 100 min led to colony formation when they
were subsequently incubated on PYGSL agar plates but did
not lead to growth after inoculated PYGSL broth was sub-
jected to the same heat treatment. This suggests that the
HEWL concentration in PYGSL broth heated at 80°C for 100
min was less than 0.01 pg ml~ "

Turnip and spring green lysozymes appeared to be more
heat sensitive than HEWL when activity was determined by the
M. lysodeikticus assay (Table 1); activity was not detected after
the heat treatment of 15 min at 55°C used during medium
preparation. Such a heat treatment is unlikely to damage
spores; the number of spores able to lead to colony formation
was not reduced by a heat treatment equivalent to heating at
80°C for 0.1 min. This great difference between the heat treat-
ment required to damage turnip or spring green lysozymes and
the heat treatment required to damage spores suggests that
these lysozymes would not survive thermal processes severe
enough to damage spores and thus would not be present to
induce germination of heat-damaged spores. However, supple-
menting the recovery media with broccoli or flat bean juice
that had been heated at 75°C for 10 min increased the number

VEGETABLES AND C. BOTULINUM SPORES 2141

of heat-damaged coat-permeabilized spores able to form col-
onies. This was despite the fact that these heat-treated juices
had no measurable activity in the M. lysodeikticus assay. Either
a low level of activity remained (i.e., activity equivalent to 0.01
to 0.2 pg of HEWL ml ™%, as discussed above), the vegetables
contained enzymes that could cleave peptidoglycan in the
spore cortex but not peptidoglycan of M. lysodeikticus, or the
vegetables contained some other factor that aided growth from
damaged spores. For example, starch is known to improve the
recovery of heated spores of C. botulinum (1) and for this
reason is included in PYGS medium.

When spores were inoculated into media, heated at 80°C for
10 min, and then incubated at 30°C in the same heated me-
dium, more spores led to growth in bean or broccoli juice than
in PYGS broth, despite the fact that the pH and redox poten-
tial of the PYGS broth were more favorable for growth than
the pH and redox potentials of either of the juices. As heated
vegetable juice increased the recovery of heat-damaged spores,
the improved growth observed in vegetable juice was probably
due to improved recovery of spores. It is also possible that the
vegetable juices had a protective effect during heat treatment.
The presence of factors that are able to increase the measured
heat resistance of spores of nonproteolytic C. botulinum in
foods and the ability of these factors to withstand mild heat
treatments have important implications in food processing.
Thermal destruction studies in which spores are incubated on
media that do not contain lytic enzymes could dangerously
underestimate the heat process required. Addition of high
levels of lytic enzymes to the incubation medium is likely to
result in overestimation of the heat process required to prevent
growth from spores of nonproteolytic C. botulinum, but it is the
safer alternative in situations in which the thermal stability of
lytic enzymes, and thus their ability to aid the recovery of
heat-damaged spores is not known.

In the United Kingdom it is recommended that in the ab-
sence of other controlling factors, long-shelf-life refrigerated
products should be heated at 90°C for 10 min or subjected to
a process with equivalent lethality (for example, equivalent to
heating for 129 min at 80°C) (2). This recommendation was
developed by determining the treatment required to reduce
the number of spores of nonproteolytic C. botulinum by a
factor of 10°. Previous work by researchers in our group
showed that heating at 90°C for 10 min does not result in a
10°-fold reduction in number; spores can remain viable but
unable to germinate (20). Under suitable recovery conditions,
such as in the presence of vegetable juice or HEWL, the
heat-damaged spores can germinate and produce growth. The
important question is, do the conditions in the food allow the
damaged spores to recover? In the present study, up to 7 X 10°
spores did not produce growth at 30°C within 98 days in any of
the test media following heat treatment for 100 min at 80°C.
Even though more growth occurred in heated vegetable juices
than would be predicted on the basis of studies in which stan-
dard culture media were used, the thermal processes recom-
mended for production of long-life refrigerated foods gave the
desired safety level in these vegetable preparations.
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