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Refrigerated processed foods of extended durability such as cook-chill and sous-vide foods rely on a minimal
heat treatment at 70 to 95°C and then storage at a refrigeration temperature for safety and preservation. These
foods are not sterile and are intended to have an extended shelf life, often up to 42 days. The principal
microbiological hazard in foods of this type is growth of and toxin production by nonproteolytic Clostridium
botulinum. Lysozyme has been shown to increase the measured heat resistance of nonproteolytic C. botulinum
spores. However, the heat treatment guidelines for prevention of risk of botulism in these products have not
taken into consideration the effect of lysozyme, which can be present in many foods. In order to assess the
botulism hazard, the effect of heat treatments at 70, 75, 80, 85, and 90°C combined with refrigerated storage
for up to 90 days on growth from 106 spores of nonproteolytic C. botulinum (types B, E, and F) in an anaerobic
meat medium containing 2,400 U of lysozyme per ml (50 mg per ml) was studied. Provided that the storage
temperature was no higher than 8°C, the following heat treatments each prevented growth and toxin produc-
tion during 90 days; 70°C for >2,545 min, 75°C for >463 min, 80°C for >230 min, 85°C for >84 min, and 90°C
for >33.5 min. A factorial experimental design allowed development of a predictive model that described the
incubation time required before the first sample showed growth, as a function of heating temperature (70 to
90°C), period of heat treatment (up to 2,545 min), and incubation temperature (5 to 25°C). Predictions from
the model provided a valid description of the data used to generate the model and agreed with observations
made previously.

Food-borne botulism is an intoxication involving the con-
sumption of preformed botulinum neurotoxin. The consump-
tion of as little as 0.1 g of food in which Clostridium botulinum
has grown and produced the botulinum neurotoxin can result
in severe illness (19). Two physiologically distinct clostridia,
proteolytic C. botulinum and nonproteolytic C. botulinum, are
responsible for food-borne botulism. Nonproteolytic C. botu-
linum is the principal microbiological consideration for the
safe production of refrigerated processed foods of extended
durability (REPFEDs) (18–20, 22, 32). REPFEDs have been
developed in response to a demand for high-quality foods that
are lightly processed, contain low levels of preservatives, and
require minimal preparation time. REPFEDs include cook-
chill and sous-vide foods. The heat process applied to
REPFEDs is intended to retain maximum sensory and organ-
oleptic quality and generally consists of heating at a maximum
temperature in the range of 65 to 95°C, often for an extended
period of time. After heat processing, the food is cooled rap-
idly and stored at a refrigeration temperature. REPFEDs are
not sterile, and the product shelf life, which can typically be up
to 42 days, is dependent upon the heat treatment applied and
the storage temperature. There is a risk that spores of nonpro-
teolytic C. botulinum may survive some of the milder heat
treatments given to these foods. Although the foods are stored
at refrigeration temperatures, these temperatures alone will

not necessarily prevent growth of nonproteolytic C. botulinum,
which can grow and produce toxin at 3.0 to 3.3°C (7, 8, 14, 33).
The packaging of REPFEDs under a vacuum or an anaerobic
atmosphere restricts the growth of aerobic bacteria but not
growth of clostridia or other anaerobic bacteria. The extended
shelf life of REPFEDs also provides additional time for growth
and toxin formation. Guidelines to ensure the safety of these
foods have been drawn up (1, 9).

The measured heat resistance of spores of nonproteolytic C.
botulinum is increased by perhaps 2 orders of magnitude by the
presence of hen egg white lysozyme and other factors (e.g., egg
yolk emulsion, fruit and vegetable extracts, or other enzymes)
in the medium used for enumeration of survivors (2, 20, 24, 28,
34, 35, 37). The germination system in spores of nonproteolytic
C. botulinum is relatively easily inactivated by heating, and, in
the absence of lysozyme, these heat-damaged spores may re-
main viable but unable to germinate. Lysozyme is able to
induce germination of the subpopulation (0.1 to 1%) of heat-
damaged spores that possess permeable coats (25). Lysozyme
can diffuse through the coats of these spores, inducing germi-
nation by hydrolyzing peptidoglycan in the spore cortex (11,
23).

The widespread occurrence of lysozymes or other lytic en-
zymes in foods of all types (20, 28, 31, 37) at an activity higher
than that required to increase the measured heat resistance of
spores of nonproteolytic C. botulinum (20, 24) makes it essen-
tial from a safety point of view to consider the inclusion of
lysozyme in model food studies. Studies on the heat resistance
of hen egg white lysozyme indicate that it will survive some of
the heat treatments given to REPFEDs (20, 21, 26, 27, 31). For
example, after heating at 90°C for 20 min and at 95°C for 15
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min, growth from an inoculum of 106 spores was observed at
25°C within 20 and 32 days, respectively, when lysozyme (480
to 625 U/ml) was added prior to heating, but growth was not
observed within 93 days when no addition of lysozyme was
made (26, 27). In view of the increased growth potential in
foods that contain lysozyme, it is important to identify combi-
nations of heat treatment, refrigerated storage, and limited
shelf life that may be used to give a 106 reduction in the
probability of growth of nonproteolytic C. botulinum in foods
containing lysozyme.

The aim of the present work was to study the effect of
extended heat treatment at 70 to 90°C and incubation temper-
atures of 5 to 25°C on growth and toxin production from 106

spores of nonproteolytic C. botulinum. This safety factor was
selected on the basis of current guidelines (1, 9). An anaerobic
model food system (meat slurry) was used, with hen egg white
lysozyme added prior to heating, to represent a modified at-
mosphere or vacuum-packed product that contains lysozyme.
The results were then used to produce a mathematical model
that predicts the combined effect of heat treatment and incu-
bation temperature on time to growth from 106 spores of
nonproteolytic C. botulinum. This work complements an ear-
lier study (10), in which lysozyme was not added to the model
food system and a corresponding predictive model was devel-
oped.

MATERIALS AND METHODS

Bacteria. Cultures of nonproteolytic C. botulinum types B (Eklund 2B, Eklund
17B, and Hobbs FT50), E (Beluga, Hazen 36208, and Foster B96), and F
(Eklund 202F and Craig 610) were originally obtained from sources described
previously (10). All were maintained as described previously (24). Tests were
done to confirm that the concentration of toxin formed in peptone-yeast extract-
glucose-starch medium (PYGS) (18) was greater than 1,000 mouse lethal dos-
es/ml (27) and that all of the strains grew rapidly at 8°C.

Preparation of spores and assessment of spore heat resistance. Spores were
produced on a two-phase medium and washed as described previously (24). Tests
were done to confirm that the spores had heat resistance similar to that described
previously (25).

Preparation of meat medium. An anaerobic meat medium was prepared as
described previously (10) and contained the following: raw minced beef, 500 g;
glucose, 10 g; NaCl, 10 g; soluble starch, 10 g; and glass-distilled water, to 1,000
g. This medium was dispensed under N2 by strict anaerobic techniques as 20-ml
volumes into anaerobic culture tubes which were capped and sealed. The me-
dium was sterilized by autoclaving at 121°C for 15 min, stored at 1°C, and used
within 3 weeks of preparation. The pH of the medium after autoclaving was 6.4
to 6.6, and the final total extractable fat content was 8.8% (60.1%) (wt/wt) when
determined by extraction with petroleum ether (6). The water activity of the
meat medium was measured with a CX-2 water activity system (Decagon De-
vices, Inc.), and the average value was 0.99.

Preparation of lysozyme and addition to the meat medium. On the day prior
to inoculation, sterile lysozyme (hen egg white lysozyme, 48,000 U/mg) (L6876;
Sigma, Poole, United Kingdom) was added to all tubes. A solution of 5 mg of
lysozyme/ml was made in distilled water prepared under N2 and sterilized by
filtration (0.22-mm-pore-size Millex-GV filter; Millipore, Watford, United King-
dom), and a 0.2-ml volume was added to each tube to give a final concentration
of 2,400 U/ml (50 mg/ml).

Preparation of spore suspension and inoculation of meat medium. A suspen-
sion of spores (approximately 5 3 106/ml) containing an equal number of spores
of the eight different strains of nonproteolytic C. botulinum (three type B strains,
three type E strains, and two type F strains) was made in saline (0.85%, wt/vol)
prepared under N2. With a syringe, 0.2-ml volumes of suspension were added to
sealed tubes of medium that had been prewarmed at 45°C for 10 min to melt and
mix the fat. The tubes were then shaken to disperse the added spores and cooled
immediately in an ice-water bath. Five replicate tubes were used for each com-
bination of heat treatment and incubation temperature. The inoculated tubes
were then held in an ice-water bath and were heat treated within 1 h of the
addition of spores.

Measurement of the heat treatments applied. To monitor the temperature
during thermal treatments, eight thermocouples (copper-copper nickel thermo-
couple probes [type T] in a 1.6-mm-diameter stainless steel probe [R.S. Com-
ponents, Corby, United Kingdom]) were sealed singly into tubes of uninoculated
meat medium. Each probe had been previously calibrated against certified pre-
cision mercury-in-glass thermometers in a range of 65 to 95°C. The temperature
was recorded to the nearest 0.1°C. Temperatures were recorded with a Data
Acquisition Unit (series 410; Anville Instruments, Camberley, United Kingdom),

with the response of the probes monitored every 6 s for the shorter heat treat-
ments and every 30 s for heat treatments longer than 600 min. The heat treat-
ment was assessed by placing the temperature-monitoring tubes (those with
thermocouples) towards the center of the rack containing tubes to be heat
treated; this ensured that they received the lowest heat treatment of all tubes. An
appropriate heat treatment was applied by immersing the rack of tubes rapidly in
a large water bath (W38 bath; Grant Instruments, Cambridge, United Kingdom)
set at the desired temperature, and the temperature of the bath was monitored
with a precision mercury-in-glass thermometer. When the core temperature of
the meat medium was within 0.1°C of that required, timing was started. After an
appropriate period of time at the desired temperature, the rack of tubes was
removed and plunged into a deep ice bath. The tubes were then shaken vigor-
ously to effect a rapid cooling. When the core temperature of the meat medium
had fallen below 10°C in all monitored tubes, the tubes were dried and trans-
ferred to an appropriate incubator. The lethality of the heat treatments was
calculated as described previously (10).

Incubation of tubes. After heat treatment and cooling, tubes of meat medium
previously inoculated with spores of C. botulinum were incubated in low-tem-
perature incubators (Astell-Hearson model MK III), the temperatures of which
were monitored with platinum resistance thermometers connected to a data
logger (Anville Instruments) and recorded at intervals of 30 min. The thermom-
eters were placed in vials of water identical to those used with the meat medium.
The target incubation temperatures were 5, 8, 12, 16, and 25°C for all of the heat
treatments applied. The incubation temperatures represented typical refrigera-
tion temperatures and temperatures included in legislation, as well as mild,
moderate, and severe abuse temperatures. The platinum resistance thermome-
ters (British Standard Grade II) were calibrated to an accuracy of 60.1°C over
the range of use. At the end of each experiment, the data were analyzed to
determine the mean temperature and temperature variation.

Enumeration of survivors. Enumeration of survivors was done as described
previously (10) and conducted separately from the experiments with meat me-
dium. Sterile lysozyme (hen egg white lysozyme), prepared as previously de-
scribed, was added to the PYGS broth to give a final concentration of 480 U/ml
(10 mg/ml). Lysozyme was added to represent a REPFED containing lysozyme.
Five replicate tubes were used per dilution, and three dilution series were
prepared for each sample. Growth was assessed by visible turbidity and produc-
tion of gas. From the number of vials that showed growth, the most probable
number (MPN) of viable spores in the original sample was calculated (15).
Enumeration of viable spores in unheated controls was also carried out to
establish the initial spore number per tube of meat slurry. The probability that a
single spore would initiate growth and form toxin (P) was calculated as MPN of
spores that resulted in growth/MPN of spores inoculated. The value log 1/P
represents the logarithm (log10) of the number of spores required for one spore
to result in growth (5).

Determination of growth and toxin production in meat medium. Tubes were
examined at least every 2 or 3 days for signs of visible growth. Growth of C.
botulinum in meat medium was indicated by obvious formation of gas. In some
circumstances a few gas bubbles or minor cracks in the meat medium occurred
as a result of the manipulations; this was not taken to indicate growth. At the end
of the experiment, samples of medium to be tested for toxin were centrifuged
(15,000 3 g, 10°C, 15 min), and the supernatant was stored at 1°C until it was
tested. Tests for the presence of growth/toxin were done by using an enzyme-
linked immunosorbent assay (ELISA) procedure (36) modified from a method
originally described by Potter et al. (30). For each heat treatment, samples from
the lowest incubation temperature that showed growth and the highest incuba-
tion temperature that did not show growth were tested with the ELISA. Under
most of the sets of conditions in which some, but not all, of the five replicate vials
showed visible signs of growth and gave positive results in the ELISA, samples
from each of the five replicate vials were tested for toxin by intraperitoneal
injection into mice, as described previously (27).

Modeling. The incubation times required before the first observation of
growth were modeled as a function of the heating temperature (H), heating time
(t), and incubation temperature (I). The data from unheated tubes of meat were
not included in the development of the model. A quadratic response surface was
used, which was represented by a polynomial of the form ln (y) 5 c1 1 (c2 3
H) 1 (c3 3 t) 1 (c4 3 I) 1 (c5 3 H 3 t) 1 (c6 3 H 3 I) 1 (c7 3 t 3 I) 1 (c8 3
H2) 1 (c9 3 t2) 1 (c10 3 I2), where ln (y) is the natural logarithm of the
dependent variable of the model, the time to the first tube showing growth, and
c1 to c10 are the coefficients to be estimated. The response surface fitting was
carried out by standard linear regression as performed with the commercial
Microsoft Excel spreadsheet.

RESULTS

Heat treatments applied. When the temperature ap-
proached the target values, there was a slow rate of increase in
temperature. Therefore, for the heat treatments of short du-
ration, the period during which the temperature was brought
to the target value contributed significantly to the lethality of
the heat treatment (Table 1). The cooling period was between
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4 and 10 min in most of the treatments, and the fall in tem-
perature was rapid (Table 1). The lethal effect of the total heat
treatment is expressed as the equivalent time at the target
temperature (Table 1).

Determination of the number of spores that survived each
heat treatment. In general, the number of survivors decreased
when the heating time increased (Table 2). The decreases that
resulted from heat treatments at 70°C for 2,545 min, 75°C for
1,793 min, 80°C for 363 min, 85°C for 84 min, and 90°C for 34
min were all less than a factor of 103 when lysozyme was
included in the enumeration medium. The number of spores
required for one spore to grow and produce toxin at 30°C was
substantially lower when lysozyme was included than when
lysozyme was not included in the enumeration medium (Table
2).

Growth of nonproteolytic C. botulinum in meat medium after
heat treatment and incubation at chill temperature. The ac-
tual mean incubation temperatures were 4.9, 7.8, 11.5, 15.8,
and 25.0°C for the heat treatments tested in experiment 1 and

4.7, 7.9, 11.8, 15.9, and 25.3°C for the heat treatments tested in
experiment 2 (Table 1). At no time did the measured incuba-
tion temperature exceed the target incubation temperature by
more than 1°C.

The effect of heat treatment and subsequent incubation tem-
perature on the time to visible growth from an inoculum of 106

spores of nonproteolytic C. botulinum is shown in Table 3. A
comparison of the results obtained in this study with those
obtained in a previous parallel study in which lysozyme was not
included (10) shows that the inclusion of lysozyme (2,400
U/ml) prior to heating reduced the time to growth when a
relatively severe heat treatment was applied (i.e., higher heat-
ing temperature and/or longer heating times) or when the
incubation temperature was low (Fig. 1). From previous stud-
ies (20, 22, 23, 26), it may be inferred that the presence of
lysozyme resulted in germination of a fraction of the heat-
damaged spores, giving a reduced time to growth or enabling

TABLE 1. Heat treatments applied to spores of nonproteolytic C.
botulinum in a meat medium

Expt
no.

Heating
temp
(°C)

Time (min) Heat lethality
(equivalent time

[min] at target temp)dCome-
upa

Target
tempb Coolingc

1 70.0 8.2 100.6 7.8 104.9
2 70.0 7.0 527.0 7.5 529.1
1 70.0 12.7 989.6 5.8 998.9
1 70.0 12.8 1,587.9 6.2 1,596.3
2 70.0 14.5 2,056.0 12.5 2,065.9
2 70.0 14.0 2,537.5 7.5 2,544.5

2 75.0 9.5 280.0 8.0 284.6
1 75.0 11.8 457.4 7.1 463.1
2 75.0 9.0 730.0 7.0 734.2
2 75.0 12.5 1,065.5 5.0 1,071.5
1 75.0 15.8 1,373.7 5.7 1,376.5
2 75.0 11.0 1,785.0 12.0 1,793.0

1 80.0 10.0 7.8 4.7 11.4
2 80.0 13.5 64.5 5.0 69.7
1 80.0 15.3 93.7 6.8 98.0
1 80.0 15.3 123.7 5.3 127.9
2 80.0 14.5 178.0 10.0 183.8
1 80.0 10.1 226.1 5.7 229.6
2 80.0 12.5 289.0 8.5 294.9
2 80.0 15.0 355.0 8.0 362.7

2 85.0 9.6 18.7 6.9 23.3
1 85.0 14.8 28.0 9.1 35.7
2 85.0 11.0 46.6 6.3 52.0
1 85.0 11.5 53.5 5.1 57.8
2 85.0 10.8 78.4 5.5 83.8

1 90.0 11.6 5.8 4.5 10.3
2 90.0 9.3 6.4 5.7 10.9
2 90.0 11.9 10.1 5.4 15.3
2 90.0 12.7 17.3 4.3 23.5
2 90.0 11.9 27.8 5.9 33.5

a Time required for the temperature at the center of the meat medium to
reach within 0.1°C of the target maximum temperature.

b Time that the temperature at the center of the meat medium was within
0.1°C of the target maximum temperature.

c Time required for the temperature at the center of the meat medium to fall
from within 0.1°C of the target maximum temperature to less than 10°C.

d Calculated as described by Fernández and Peck (10). See reference 10 for
typical examples of heat treatment curves.

TABLE 2. Determination of the number of spores of
nonproteolytic C. botulinum that survived each heat treatment and
resulted in growth at 30°C in the presence of lysozyme and of the
log10 number of spores required for one spore to grow at 30°C in

the presence and absence of lysozyme

Heating
temp (°C)

Heating time
(min)

Log MPN, viable
spores/tubea

Log 1/Pb

With
lysozyme

No
lysozymec

Unheated 0 5.79

70 104.9 5.57 0.21 1.17
529.1 5.07 0.71 1.04
998.9 4.47 1.30 2.95

1,596.3 4.21 1.56 2.62
2,065.9 3.51 2.27 1.97
2,544.5 4.26 1.51 2.36

75 284.6 4.52 1.26 3.47
463.1 4.12 1.66 3.87

1,071.5 3.65 2.12 4.52
1,376.5 2.89 2.88 .4.8
1,793.0 3.65 2.12 .4.8

80 11.4 5.47 0.31 2.66
69.7 4.79 0.98 .4.8
98.0 4.98 0.80 .4.8

127.9 4.54 1.23 .4.8
183.8 3.97 1.81 .4.8
229.6 4.16 1.61 .4.8
294.9 4.15 1.62 .4.8
362.7 3.90 1.88 .4.8

85 23.3 4.45 1.32 4.00
35.7 4.68 1.09 .4.8
52.0 4.12 1.66 .4.8
57.8 4.20 1.58 .4.8
83.8 3.51 2.27 .4.8

90 10.3 4.04 1.74 .4.8
10.9 3.11 2.67 .4.8
15.3 3.27 2.51 .4.8
23.5 3.43 2.34 .4.8
33.5 3.52 2.26 .4.8

a The number of surviving spores was determined by estimation of MPN in
PYGS medium containing lysozyme (480 U/ml) at 30°C.

b Log10 number of spores required for one spore to grow and produce toxin at
30°C.

c Value when recovery was at 30°C in the absence of lysozyme (data are from
reference 10).
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growth under conditions where it was previously not observed
in the absence of added lysozyme. This occurred at the longer
heating times at 75 and 80°C and at most heating times at 85
and 90°C (Fig. 1). A sufficiently large number of spores sur-
vived the milder heat treatments (e.g., at 70°C [Table 2]) to
ensure that lysozyme-induced recovery of small numbers of
heat-damaged spores had little effect on time to growth (Fig.
1).

Toxin formation by nonproteolytic C. botulinum. Tubes were
tested for growth/toxin at the end of the experiment by using
an ELISA. Growth/toxin were detected in at least one tube in
each treatment in which visible growth was recorded, and
growth/toxin were not detected in any tubes in which visible
growth had not been detected by gas formation. In samples
that were tested in the mouse test as well as by the ELISA, the
results of the two tests were in agreement in all cases.

Modeling. Coefficients obtained for the second-order poly-
nomial were as follows: ln y 5 239.14 1 (1.0054 3 H) 2
(0.01190 3 t) 2 (0.2748 3 I) 1 (0.00018818 3 H 3 t) 1
(0.000488 3 H 3 I) 2 (0.0000136 3 t 3 I) 2 (0.005633 3
H2) 2 (0.0000001535 3 t2) 1 (0.003676 3 I2), where ln y is the
natural logarithm of the time (days) to the first observation of
growth, H is the heating temperature, t is the heating time, and
I is the incubation temperature.

The percentage of variance accounted for was 89%, and the
value of the residual mean square error for ln y was 0.33. The
residual mean square error provides a measure of the goodness
of fit of the model to the data (4). The predicted time to growth
compares well with the observed time to growth; the 95%
confidence interval of the prediction is shown in Fig. 2. Thus,
the model provides a valid description of the data used to
generate it.

This equation should be used only to give predictions for a
range of conditions within the limits of the model. The bound-
aries of the model are the shortest and longest heat treatments
at each temperature and the incubation temperatures shown in
Table 3. Contour plots produced from the model are shown in
Fig. 3.

DISCUSSION

This study has evaluated, in a model food containing ly-
sozyme, the effect of extended heat treatments in the range 70
to 90°C with subsequent incubation at refrigeration tempera-
tures on growth from spores of nonproteolytic C. botulinum. A
model that predicts the time to growth of this pathogen from
an inoculum of 106 spores as a function of the heating tem-
perature (70 to 90°C), period of heat treatment, and subse-

TABLE 3. Effect of heat treatment and incubation temperature on time to growth from 106 spores of nonproteolytic C. botulinum (types B,
E, and F) in five subsequent replicate tubes of meat medium containing lysozyme (2,400 U/ml)

Heat treatment Time (days) to growtha at the following incubation temp (°C)

°C min 5 8 12 16 25

Unheated 0 14, 17, 17, 17, 17 7, 7, 7, 7, 7 5, 5, 5, 5, 5 2, 2, 2, 2, 2 1, 1, 1, 1, 1
70 104.9 14, 14, 16, 17, 17 9, 9, 9, 11, 11 6, 6, 6, 6, 6 2, 2, 2, 2, 3 1, 1, 1, 1, 1

529.1 39, 39, 43, 43, 43 9, 9, 10, 10, 12 7, 7, 7, 7, 7 4, 4, 4, 4, 5 1, 1, 1, 1, 1
998.9 48, 55, 60, 70, 87 17, 21, 24, 26, 26 8, 8, 9, 10, 11 3, 5, 6, 6, 6 2, 2, 2, 2, 2

1,596.3 NGb 38, 45, 52, 54, 82 16, 16, 17, 17, 19 9, 9, 11, 11, 12 3, 3, 3, 3, 5
2,065.9 NG 46, 53, 58, 76 16, 17, 22, 24, 27 8, 8, 9, 9, 10 3, 3, 3, 4, 4
2,544.5 NG NG 27, 29, 36, 38, 47 9, 10, 11, 12, 12 4, 4, 5, 5, 5

75 284.6 NG 33, 33, 33, 35, 35 13, 15, 18, 21, 21 11, 11, 11, 11, 11 4, 4, 4, 4, 5
463.1 NG NG 23, 25, 40, 40, 80 15, 25, 30, 30, 38 6, 8, 9, 10, 11
734.2 NG NG 21, 35, 54, 59 11, 18, 21, 21, 28 7, 8, 8, 12, 15

1,071.5 NG NG 63 63 10, 20, 22, 22, 29
1,376.5 NG NG NG 38, 82 30, 34
1,793.0 NG NG NG 56 48, 60, 69

80 11.4 46, 58, 65, 73, 73 24, 26, 26, 29, 29 10, 11, 14, 14, 15 8, 8, 8, 8, 8 4, 4, 4, 4, 5
69.7 NG 26, 35, 39, 44, 50 21, 21, 26, 28, 33 8, 13, 14, 14, 14 4, 4, 5, 6, 6
98.0 NG 42, 59, 73, 80 24, 31, 35, 38, 40 24, 24, 26, 29, 29 8, 11, 11, 11, 15

127.9 NG 63, 77, 77, 87 40, 47, 47, 49, 56 17, 31, 31, 35, 38 11, 11, 11, 11, 12
183.8 NG 86 62, 69 19, 24, 39, 41, 48 11, 13, 16, 16, 19
229.6 NG NG 80, 84 31, 45, 45, 47, 49 16, 17, 17, 19, 19
294.9 NG NG NG 62, 65, 65, 76, 76 16, 23, 26, 28, 30
362.7 NG NG NG NG 19, 28, 28, 31, 37

85 23.3 NG 61, 64, 68, 68, 70 23, 30, 34, 34, 36 15, 18, 20, 20, 20 6, 6, 7, 7, 7
35.7 NG 48, 53, 56, 56, 77 26, 31, 33, 33, 49 15, 23, 23, 23, 28 7, 9, 9, 9, 9
52.0 NG NG 46, 51, 51, 51, 54 23, 25, 25, 30, 32 8, 11, 11, 11, 11
57.8 NG 87, 87, 89, 89, 89 37, 37, 49, 52, 54 33, 33, 33, 37, 40 9, 10, 10, 10, 12
83.8 NG NG 51, 64, 64, 65, 72 36, 38, 38, 40, 47 13, 15, 15, 15, 18

90 10.3 NG 54, 59, 70, 73, 75 38, 38, 38, 42, 42 24, 24, 26, 26, 26 8, 8, 8, 8, 8
10.9 NG 58, 61, 61, 68, 68 30, 30, 32, 32, 32 18, 18, 18, 20, 20 6, 7, 7, 7, 7
15.3 NG 68, 72, 75, 75 34, 36, 38, 42, 47 23, 23, 23, 25, 25 8, 9, 9, 9, 11
23.5 NG 79 47, 47, 47, 54, 56 23, 27, 27, 27, 30 9, 11, 11, 11, 11
33.5 NG NG 56, 56, 56, 61, 65 23, 30, 34, 38, 38 14, 14, 14, 14, 17

a As determined visually. When fewer than five values are included, the rest of the tubes did not show visible grow after 90 days.
b NG, no growth.
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quent incubation temperature has been developed. This initial
number of spores was chosen because the heat treatments
recommended by the Advisory Committee on the Microbio-
logical Safety of Food (ACMSF) (1) and the European Chilled
Food Federation (ECFF) (9) were established with the aim of
reducing the number of spores of nonproteolytic C. botulinum
by a factor of 106 (6D process). The rationale for this criterion
has been discussed previously (27).

The heat treatments applied in this study reduced the num-
ber of viable spores of nonproteolytic C. botulinum enumer-
ated on medium containing lysozyme at 30°C by a factor of less
than 103 (3D process) (Table 2). The heat treatments advo-

cated by the ACMSF (1) and ECFF (9) as giving a 6D process
gave only a 1D to 2D process. Spore thermal inactivation was,
perhaps, marginally lower than that recorded previously when
spores were heated in buffer and recovered in the presence of
lysozyme (25), and this may be due to a protective effect of the
meat slurry. It is well known that foods can have a protective
effect on the spores subjected to heat treatment (see, e.g.,
references 16 and 19). When spores were enumerated on me-
dium lacking lysozyme at 30°C, the measured reduction in the
number of viable spores was considerably greater than it was
when lysozyme was included, with a 6D process indicated for
some, but not all, of the heat treatments advocated by the

FIG. 1. Effect of inclusion of lysozyme, heat treatment, and incubation temperature on time to growth of nonproteolytic C. botulinum. 3, 2,400 U of lysozyme per
ml added before heating; F, no lysozyme added. Treatments showing no growth/toxin production in 90 days are plotted at the top of each y axis.
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ACMSF and ECFF (1, 9). A recent article (29) indicates that
with pasteurized crabmeat inoculated with 106 spores of non-
proteolytic C. botulinum, heat treatments of 88.9°C for 65 min,
92.2°C for 45 min, or 94.4°C for 25 min were needed to prevent
growth and toxin production during subsequent incubation at
27°C for 150 days. These data are more similar to those ob-
tained in this study, with lysozyme added prior to heating, than
to those obtained in our previous study without lysozyme (10).
Enzymes with lysozyme activity have been reported in crusta-
cea (20).

The combination (heating and incubation) treatments used
in this and a previous parallel study (10) can be divided into
two categories. These are the relatively mild combination
treatments (mostly heat treatments at 70°C and short periods
of heating at 75 or 80°C) and the more stringent combination
treatments (mostly longer periods of heating at 75 and 80°C
and heating at 85 and 90°C). For the relatively mild combina-
tion treatments, a large number of spores were able to germi-
nate and give growth in the absence of lysozyme; hence, the
small increase in the number of germinating spores brought
about by the inclusion of lysozyme had little effect on the
observed time to growth. Under these conditions, predictions
from models derived in the absence and in the presence of
lysozyme were also similar. For the more stringent combina-
tion treatments, few or no spores were able to germinate and
give growth in the absence of lysozyme. Under these condi-
tions, growth was either very slow or was not observed in the
absence of lysozyme (10) but was frequently rapid when ly-
sozyme was added prior to heating. Under those stringent
conditions where predictions from the previous (no-lysozyme)
model are possible, the new (plus-lysozyme) model predicts

faster growth than does the previous (no-lysozyme) model. The
model generated in the present study (plus-lysozyme) is more
comprehensive than the (no-lysozyme) model generated pre-
viously (10) in that it includes many additional combination
treatments not covered by the previous model (e.g., heating at
85 and 90°C). The model derived from results in the presence
of lysozyme should be used to predict growth under these
stringent conditions.

Predictions from the new (plus-lysozyme) model were com-
pared with observations in independent studies where the time
to growth from 106 spores of nonproteolytic C. botulinum was
determined in the presence of lysozyme (Table 4). Predictions
from the model were similar to observations of growth. This
indicates that the model can be used to predict the shelf life
that will provide a safety factor of 106 in relation to spores of
nonproteolytic C. botulinum for a food containing lysozyme-
like activity given a mild heat treatment (70 to 90°C) and
stored at refrigeration temperature. While several predictive
models for growth of nonproteolytic C. botulinum (see, e.g.,
references 3, 12, and 38) and for thermal inactivation (see, e.g.,
references 17, 25, and 28), currently exist, this is only the
second to include thermal inactivation and subsequent growth
together. The previous model does not include lysozyme (10).
The new model described here is a useful tool for the food
industry, as it is a rapid method to describe the effect of heat
treatment and subsequent storage temperature on the ability
of spores of nonproteolytic C. botulinum to survive and result
in growth and toxin production in a food that may contain
lysozyme or enzymes with lysozyme activity. Because it is dif-
ficult to ascertain and ensure that a food does not contain
lysozyme activity, it would be prudent to assume the presence

FIG. 2. Comparison of measured (observed) incubation time required before first observation of growth of nonproteolytic C. botulinum with fitted (predicted) time
to first visualization of growth from the model. The 95% confidence interval of the prediction is shown as dashed lines.
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of this activity and to select for conditions for treatment on this
basis. The model will help to define the safety of new products
and formulations, encouraging the safe development of new
minimally processed, ready-to-eat foods (mainly REPFEDs).
It will still be judicious to do a small number of challenge tests
to confirm the predictions for a new type of food and process,
but they may now be carefully targeted with the help of the
model. This is important, since challenge testing is expensive
and time-consuming.

A number of guidelines and recommendations for the safe
production of minimally processed foods have been made. The
heat treatments included in guidelines produced by the AC-
MSF and the ECFF do not, on their own, give the recom-
mended 6D reduction with respect to spores of nonproteolytic
C. botulinum when lysozyme is present (Table 5). In the ab-
sence of lysozyme, some, but not all, of the heat treatments do
give the recommended 6D reduction (Table 5). It has been
proposed that the safety of these foods should rely on combi-
nations of mild heat treatment and subsequent refrigerated
storage that, when combined with a specified shelf life, provide
a defined safety margin with respect to nonproteolytic C. bot-
ulinum (22). Such combinations can be identified when the
results of this study are combined with those from a previous
parallel study (10). For example, some, but not all, of the heat
treatments recommended by the ACMSF and ECFF can be
combined with storage at 8 or 12°C and a 42-day shelf life to
give the required 6D process with respect to spores of nonpro-
teolytic C. botulinum (Table 5). The models developed in our
studies predict that the following heat treatments will prevent

FIG. 3. Effect of heat treatment at 70°C (a), 75°C (b), 80°C (c), 85°C (d), and 90°C (e), followed by incubation at temperatures of between 5 and 25°C, on the
predicted time to growth from an inoculum of 106 spores of nonproteolytic C. botulinum types B, E, and F.

TABLE 4. Comparison of the results of previous studies of the
effect of heat treatment and subsequent incubation temperature on
growth from spores of nonproteolytic C. botulinum, in the presence

of lysozyme, with results predicted from the present model

Heat
treatment Incubation

temp (°C)

Lysozyme
activity
(U/ml)a

Time to growth (days)
Reference

°C min Observedb Predicted

80 20 5 1,200 53 68 21a
8 1,200 24 38 21a

12 1,200 16 20 21a
16 1,200 6 12 21a

80 23 6 625 40 56 27
8 625 23 39 27

10 625 19 28 27
12 625 12 20 27
25 625 3 5 27

90 19.8 8 2,400 68 67 26
12 2,400 31 36 26
16 2,400 24 21 26
25 2,400 9 10 26

90 20 8 1,200 87 67 13
12 1,200 49 36 13
16 1,200 29 21 13

a Prior to heating.
b When 106 spores of a mixture of strains of nonproteolytic C. botulinum were

inoculated in 20 ml of meat medium containing lysozyme, given the indicated
heat treatment, and subsequently incubated at the indicated temperature.
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growth from 106 spores of nonproteolytic C. botulinum at 8°C
within 42 days: 70°C for more than 2,500 min, 75°C for 520
min, 80°C for 75 min, 85°C for 25 min, and 90°C for 10 min.
The heat treatment at 70°C is longer than those in current
recommendations, while those at 80°C (9) and 85°C (1, 9) are
shorter.

The results should be used in the context of a full HACCP
assessment that minimizes factors such as microbial numbers
in the raw material and contamination after processing. In
particular, the results from this study are relevant to defining
adequate heat treatment, storage conditions, and shelf life with
respect to nonproteolytic C. botulinum for minimally processed
foods that may contain lysozyme. This is an important step
forward in the development of rational processes for the safe
production of REPFEDs with respect to nonproteolytic C.
botulinum. This study has not taken into account the hazard
posed by proteolytic C. botulinum. If the storage temperature
exceeds 10°C, then the hazard presented by growth and toxin
production by proteolytic C. botulinum must also be consid-
ered.
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