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ABSTRACT

Clostridium perfringens 790-94 and 44071.C0O5 carrying a chromosomal and a plasmid cpe gene, respectively, were used
to determine differences in heat resistance and growth characteristics between the genotypes. Heat inactivation experiments
were conducted using an immersed coil apparatus. Spore germination, outgrowth, and lag phase, together named GOL time,
as well as generation times were determined during constant temperatures in fluid thioglycollate (FTG) medium as well as in
vacuum-packed, heat-treated minced turkey. GOL time and growth were also monitored during cooling scenarios from 65 to
10°C for 3, 4, 5, 6, and 7 h in vacuum-packed, heat-treated minced turkey. Spores of strain 790-94 were approximately 10-
fold more heat resistant at 85°C than those of strain 44071.C035, and strain 790-94 also had a higher temperature growth range
in FTG. The higher growth range for a chromosomal enterotoxin-produwcing CPE™* strain was confirmed using two other strains
carrying a chromosomal (NCTC8239) and plasmid (945P) cpe gene. Moreover, strain 790-94 had shorter GOL times at 50°C
in turkey and approximately half the generation time compared with strain 44071.C05 at temperatures =45°C in both FTG
and turkey. Strain 790-94 increased with 0.3, 1.0, 1.7, and 2.0 logs, respectively, during cooling from 65 to 10°C in 4, 5, 6,
and 7 h, which was significantly higher than for strain 44071.C05. A maximum acceptable cooling time of 5 h between 65
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and 10°C is suggested.

Clostridium perfringens type A is one of the most com-
monly reported bacterial agents in foodborne disease in
many western countries (3, 20, 27, 28). The organism is
widely distributed in a variety of foods, but the vehicle of
transmission is often a cooked meat or poultry product in
which the C. perfringens spores have survived the cooking
process. The heat treatment may activate spore germination,
and the subsequent slow/insufficient cooling or hot holding
of food at temperatures too low may then allow germina-
tion, outgrowth, and multiplication. As a result of the rapid
growth, high levels of vegetative cells can be reached with-
in a short time. If foods containing a large number of veg-
etative cells (>10° g-!) are consumed, some cells may sur-
vive the passage through the stomach and, subsequently,
sporulate in the intestine. In association with sporulation,
some C. perfringens produce an enterotoxin (CPE), which
is the responsible agent in food poisoning (/7). It has been
estimated that 2 to 8% of the global C. perfringens popu-
lation harbor the enterotoxin gene (cpe) (10, 18, 23, 31).
Moreover, not all CPE-producing (CPE*) strains seem to
have the same potential to cause food poisoning in humans.
Cornillot et al. (8) showed that the cpe gene can be located
either on the chromosome or a plasmid, and several recent
studies (6—8, 24) have shown that all human food poisoning
isolates genotyped to date carry a chromosomal cpe gene.
The basis for this association between isolates carrying a
chromosomal cpe gene and food poisoning is not yet fully
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understood. Sarker et al. (21) showed that both vegetative
cells and spores of strains carrying a chromosomal cpe gene
were far more heat resistant in a laboratory medium than
spores of strains carrying a plasmid cpe gene, which would
favor the survival of these strains during heat treatment of
foods. Juneja et al. (15), however, could not confirm this
difference in heat resistance in a beef gravy system. If
spores and cells are more heat resistant, it could be hy-
pothesized that the growth temperature range would also be
higher. However, to our knowledge, nothing is known of
the impact of the two carrier systems on the subsequent
growth potential. The objective of the present study was to
determine the growth potential after heat treatment of CPE*
isolates carrying a chromosomal or plasmid cpe gene at
different constant temperatures between 20 and 50°C and
different cooling profiles.

Slow cooling is considered one of the main reasons for
food poisoning caused by C. perfringens, and regulations
on cooling have been made in most countries, although lim-
ited scientific data have been available regarding growth of
the organism after heat treatment. Considerable variations
in the regulations are found, and even within the European
Union, there are no uniform guidelines. Our objective was
therefore also to provide better decision support for deter-
mining safe cooling rates for heat-treated foods.

MATERIALS AND METHODS

Test organisms and working stocks. C. perfringens 790-94
and NCTC8239 carrying a chromosomal cpe gene (4) and C. per-
fringens 44071.C05 and 945P carrying a plasmid cpe gene (8)
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were kindly supplied by Sigrid Brynestad and Per Einar Granum,
Norwegian School of Veterinary Science, Oslo. The strains 790-
94 and NCTC8239 are human food poisoning isolates (4), while
C. perfringens 44071.C05 and 945P were isolated from goat in-
testines and a sheep lung, respectively (8). Working stocks were
prepared as described by McDonel and McClane (/9) and main-
tained at —20°C in cooked meat medium (Difco Laboratories,
Detroit, Mich.).

Preparation of vegetative cells for inoculum. From the
working stock of C. perfringens 790-94 and NCTC8239, 0.13 ml
was inoculated into 13 ml of freshly prepared fluid thioglycollate
medium (FTG; Oxoid, Basingstoke, UK) in screw-cap tubes and
heat shocked at 75°C for 20 min. The strains 44071.C05 and 945P
had a lower concentration of spores; the whole working stock (10
ml) was therefore heat shocked, and 1.3 ml was subsequently
inoculated into 13 ml FTG. All tubes were incubated at 37°C for
18 h, hereafter referred to as 18-h-FTG cultures.

Sporulation. Active cultures of strains 790-94 and
44071.C0S5 were produced by adding 10% of the 18-h-FTG cul-
ture into FTG and incubating at 37°C for 4 h. We inoculated 13
ml of freshly prepared, modified (pH raised to pH 7.8 by adding
filter-sterilized 0.66 M sodium carbonate to the autoclaved media)
Duncan and Strong sporulation media (DS) (//) in screw-cap
tubes with 1% of the active culture and incubated them at 37 or
42°C for 22 to 24 h. The percentage of sporulation was determined
after 8 h at 37°C or after 6 h at 42°C using phase-contrast mi-
croscopy by counting the number of sporulated cells out of ap-
proximately 200 cells. Five to six DS tubes were examined for
each combination of strain and temperature. Spore suspensions
were made by centrifugation of the 22- to 24-h DS cultures at
8,000 X g for 15 min (Sorvall RC5B Plus, Buch and Holm A/S,
Herlev, Denmark), and pellets were washed in sterile deionized
water. Centrifugation and washing were repeated twice, and the
spores were finally resuspended in sterile deionized water and
stored at 4°C until use.

Enumeration. Serial dilutions were made in physiological
saline (0.9% NaCl; Merck, Darmstadt, Germany) with 0.1% pep-
tone (Bacto Peptone, Difco) (PSP), and 0.1 ml was spread plated
on tryptose sulfite cycloserine agar (Merck) without added cyclo-
serine. Tryptose sulfite cycloserine agar plates were overlaid with
an additional 10 ml of tryptose sulfite cycloserine agar and al-
lowed to solidify before incubation in anaerobic jars with an An-
aerocult A (Merck) kit. The total C. perfringens population was
determined after 2 days at 37°C.

Heat inactivation. Heat inactivation trials were conducted
for spores of strains 790-94 and 44071.C05 produced at both 37
and 42°C. Twenty milliliters was centrifuged at 1,300 X g for 20
min at 4°C (International Equipment Co., Centra MP4R, Gibco
BRL, Life Technologies A/S, Roskilde, Denmark), and pellets
were resuspended in 20 ml of freshly prepared DS. Fifteen mil-
liliters was immediately heated at 85°C in an immersed coil heat-
ing apparatus (5), and samples (0.1 to 0.15 ml) were taken at
predetermined time intervals. These samples were dispensed di-
rectly into 4 ml PSP (20°C), ensuring instantaneous cooling of
the sample. Simultaneously, the remainder of the DS spore culture
(5 ml) was heat shocked to kill vegetative cells in order to deter-
mine the number of spores present in the culture at the start of
the heating. Two to three replicates of each heat inactivation trial
were carried out.

Growth of vegetative cells at constant temperatures. The
growth of vegetative cells was examined in screw-cap tubes with
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FTG that had been preincubated at the desired growth temperature
overnight. These cells were inoculated with an appropriate dilu-
tion of an 18-h-FTG culture to obtain a final concentration of
approximately 3 log CFU ml !. For the strains 790-94 and
44071.C05, tubes were incubated at 30, 37, 45, or 50°C, and du-
plicate tubes were removed after 0, 1, 2, 4, 6, 8, and 10 h for
enumeration. For the strains NCTC8239 and 945P, growth at 50°C
was examined after 0, 1, 2, 3, and 4 h.

Growth of spore inoculum at constant temperatures.
Growth of spores of C. perfringens 790-94 and 44071.C05 pro-
duced at 37°C was examined in both FTG and heat-treated minced
turkey. The inoculum for FTG was prepared as an appropriate
dilution of the spore suspensions in 4°C sterile deionized water,
and these suspensions were heated at 70°C for 10 min to simulate
a cooking procedure and activate the spore germination system.
Subsequently, the suspensions were cooled to 37°C before the
inoculation of approximately 3 log spores ml~! to the FTG tubes
that were preincubated at the desired growth temperature. Minced
turkey (9% fat), obtained from a local retail market, was placed
in a 5- to 10-mm layer in autoclave bags (about 10 by 20 cm)
and autoclaved at 105°C for 30 min. The heat-treated minced tur-
key (pH 6.3) was cooled at room temperature overnight and man-
ually “rubbed” to ensure an even distribution of meat and meat
juice in the samples. For inocula, appropriate dilutions of the
spore suspensions were made in 4°C sterile deionized water. The
heat-treated minced turkey, 10 = 0.1 g, was aseptically weighed
into bags (Cryovac cook-in CN300, Sealed Air Denmark A/S,
Herlev, Denmark) and inoculated with 20 wl of the C. perfringens
inoculum to obtain a final concentration of approximately 3 log
spores g~ 1. The bags were vacuum packed (99% vacuum, Komet
X200, Maschinenfabrik, Stuttgart, Germany) and manually mas-
saged to distribute the spores throughout the meat sample, which
was approximately 0.4 by 5 by 5 cm. Negative controls consisted
of bags containing uninoculated heat-treated minced turkey. The
samples were heated at 70°C for 10 min and afterward quickly
cooled to the growth temperature. Growth in FTG and heat-treated
minced turkey was examined at 20, 30, 37, 45, or 50°C, where 5
to 12 samples in duplicate were removed after predetermined
times. The meat was mixed with 90 ml PSP with 1% peptone
(Bacto Peptone, Difco) and homogenized at medium speed for 1
min in a Seward Stomacher 400 Lab Blender (London, UK) be-
fore serial dilution and enumeration.

Growth during cooling from 65 to 10°C. Growth during
the cooling of spores produced at 37°C of strains 790-94 and
44071.C0S was examined in heat-treated minced turkey prepared,
inoculated, packed, and heated as described above. The cooling
from 65 to 10°C in 3, 4, 5, 6, or 7 h was carried out in a stepwise
manner with predetermined time intervals at 60, 50, 45, 37, 30,
20, and 10°C (water baths). The times were determined in order
for the cooling profile to resemble equation 1, which has previ-
ously been shown by Blankenship et al. (2) to mimic the temper-
ature curve during cooling.

T = Toe @ (1)

where T is the initial temperature, T is the temperature during
cooling after a time ¢, and a is the exponential cooling rate con-
stant. During heating and cooling, the temperature in two meat
samples was continuously monitored using thermocouples and a
datalogger (Grant 1200 series Squirrel meter/logger, Islef + Ha-
gen AS, Sgborg, Denmark). Duplicate samples were removed at
appropriate time intervals, and enumeration was performed as de-
scribed above.
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TABLE 1. Sporulation percentage for Clostridium perfringens 790-94 and 44071.C05 at 37 and 42°C and the Dgs.c-values of the

spores
Sporulation Dgs.c (min)*
Temp Standard Standard
Strain O %, average deviation Average deviation No. of trials

790-94 37 88 54 19 4.4 2

42 48 8.8 17 6.8 3
44071.C05 37 14 7.9 2.1 1.9 2

42 6 1.3 1.0 0.9 2

@ The survivor curves from each trial had between 6 and 11 data points and correlation coefficients (r2) between 0.88 and 0.98.

Data analysis. Estimates of heat resistance were expressed
as Dgs.c-values (defined as the time in minutes at 85°C required
to reduce the viable cell population by 1 log) and calculated as
the absolute value of the inverse slope of the least-squares re-
gression lines fitted to the survivor curves (log of surviving cell
numbers [CFU ml~!] plotted against time at 85°C). Each survivor
curve had between 6 and 11 data points, and correlation coeffi-
cients (%) were between 0.88 and 0.98.

Growth curves were generated from the experimental data
using the Gompertz equation (/2), and the Gompertz parameter
values were subsequently used to calculate GOL (lag) and gen-
eration times as described by Gibson et al. (/2).

The increases in log CFU g~! during cooling were estimated
as the difference between the inoculation level, which was deter-
mined as the mean value of four samples within the first hour
and the level of the last four samples removed before and after
the interval at 10°C when no growth was observed.

Statistics. The effects of growth temperature, strain, and
growth media on the GOL and generation time were tested by
analysis of variance. The analyses of variance were conducted
using the Statistical Analysis System program package (version
8.02, SAS, Cary, N.C.) and the General Linear Models procedure
with effects of growth temperature, strain, and growth media as
class variables. The mean values presented are least-squares es-
timates of marginal means, computed by the statement LSMEANS
and pairwise tested by the option PDIFF in SAS.

For each cooling experiment, the effect of strain and cooling
time on the log CFU g~! was tested by analysis of variance con-
ducted in SAS by use of the General Linear Models procedure
with the effect of strain and cooling time as class variables. A
statistically significant increase in log CFU g~! during a cooling
sequence was determined by pairwise ¢ tests against the log CFU
g latOh.

RESULTS

Sporulation and heat resistance. The percentage of
sporulating cells for C. perfringens 790-94 and 44071.C05
at 37°C was 88 and 14%, respectively, which was approx-
imately twofold higher than at 42°C (Table 1). The sporu-
lation temperature had no effect on the heat resistance of
the spores (Table 1). Spores of strain 790-94, which has a
chromosomal cpe gene, were the most heat resistant and
had a Dgs.c-value almost 10-fold higher than spores of
strain 44071.C05 (plasmid cpe gene) (Table 1).

Growth at constant temperatures. The comparisons
of growth kinetics at constant temperatures between the
strains carrying a chromosomal and plasmid cpe gene, C.
perfringens 790-94 and 44071.C05, respectively, were per-
formed with vegetative cells and spores in FTG as well as
spores in heat-treated minced turkey. C. perfringens was
not detected in the negative controls of heat-treated minced
turkey. The two strains had very similar growth kinetics at
20, 30, and 37°C, and there were no statistically significant
differences between their GOL (P = (.78) or generation
times (P = 0.28) in FTG or heat-treated minced turkey
(Tables 2 and 3). In contrast, a clear difference was ob-
served between the growth kinetics of the strains at 45 and
50°C (Fig. 1). In FTG at 45°C, the vegetative cells of strain
790-94 reached a higher maximum viable cell level than
those of strain 44071.C05 (Fig. 1A), and at 50°C, the viable
count increased for strain 790-94, while it decreased below
the detectable level after 3 h for strain 44071.COS5 (Fig. 1B).
A similar pattern was detected for vegetative cells of the
strains NCTC8239 and 945P carrying a chromosomal and

TABLE 2. Estimated GOL (germination, outgrowth, and lag) times (hours) of Clostridium perfringens 790-94 and 44071.CO5 in fluid

thioglycollate medium (FTG) and heat-treated minced turkey”

GOL times (h) at temp (°C):

Strain Medium 20 30 37 45 50
790-94 FTG 10.9 3.8 2.8 1.5 1.0
Heat-treated minced turkey 11.7 2.3 1.8 1.2 1.1

44071.C05 FTG 12.0 2.8 1.1 1.5 >7
Heat-treated minced turkey 9.5 2.5 2.1 1.3 2.0

4 The experimental data used to generate the growth curves and calculate the GOL times consisted of duplicate samples removed 5 to

12 times during the experiments.
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TABLE 3. Estimated generation times (minutes) of Clostridium perfringens 790-94 and 44071.CO05 in fluid thioglycollate medium (FTG)

or heat-treated minced turkey*

Generation times (min) at temp (°C):

Strain Medium 20 30 37 45 50
790-94 FTG 113 20.4 14.8 14.0 15.9
Heat-treated minced turkey 79.0 14.6 12.2 8.2 8.2
44071.C05 FTG? 100 28.1 26.8 37.2 NG¢
Heat-treated minced turkey 84.4 12.9 11.8 17.8 17.0

4 The experimental data used to generate the growth curves and calculate the generation times consisted of duplicate samples removed

5 to 12 times during the experiments.

b The generation time in FTG is the average of estimates from experiments with vegetative cells and spores, as there was no statistically

significant difference (P = 0.998) between these.
¢ NG, no growth.

plasmid cpe gene, respectively, at 50°C (Fig. 1B). When
spores of C. perfringens 790-94 and 44071.C0O5 were in-
oculated into FTG, no outgrowth was observed for spores
of strain 44071.C05 at 50°C during the 7-h experiment,
whereas strain 790-94 initiated exponential growth after a
GOL time of 1.0 h (Fig. 1D and Table 2). Likewise, in
heat-treated minced turkey at 45 and 50°C, strain 790-94
reached the highest maximum viable cell level. Unlike the
results in FTG, strain 44071.C0S5 was able to grow in turkey
meat at 50°C, but both GOL and generation times were

approximately twofold longer than for 790-94 (Fig. 1F and
Table 2).

The overall shortest GOL times were around 1 h and
were detected at a higher temperature for strain 790-94 than
for strain 44071.C05 (Table 2). At 20°C, the GOL times
were approximately three- to fivefold longer than at 30°C.
There was no statistically significant difference (P = 0.23)
between the GOL times in FTG versus heat-treated minced
turkey, but the generation times in FTG were statistically
significantly (P = 0.005) longer than in turkey. For strain
790-94, the shortest generation time observed was 8.2 min
in heat-treated minced turkey at 45 and 50°C. For strain
44071.CO05, the shortest generation time, 11.8 min, was ob-
served at 37°C (Table 3).

Growth during cooling from 65 to 10°C. No statis-
tically significant (P = 0.07) outgrowth of spores of either
C. perfringens 790-94 or 44071.CO5 in heat-treated minced
turkey was observed during the 3-h cooling from 65 to
10°C. Using the 4-h cooling profile, only growth of 790-
94 was observed (Fig. 2). Growth was detected for both
strains using 5-, 6-, and 7-h cooling profiles (Figs. 2 and
3), where the GOL times were approximately 2 and 2.5 h
for strains 790-94 and 44071.C05, respectively. C. perfrin-
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FIGURE 1. Growth of vegetative cells of Clostridium perfringens
790-94 (M) and 44071.C05 (A) at 45°C in fluid thioglycollate
medium (FTG) (A). Growth of vegetative cells of C. perfringens
790-94 (M), 44071.C05 (A), NCTC8239 (), and 945P (A) at
50°C in FTG (B). Outgrowth of spores of C. perfringens 790-94
(M) and 44071.CO5 (A) in FTG at 45°C (C) and 50°C (D) and
in heat-treated minced turkey at 45°C (E) and 50°C (F). The dot-
ted and solid lines represent the fitted growth curves.
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FIGURE 3. Outgrowth of spores of Clostridium perfringens 790-
94 (M) and 44071.COS5 (A) in heat-treated minced turkey during
cooling from 65 to 10°C in 5 h. The dotted line (-------- ) represents
the cooling profile modeled by equation 1, and the solid line
( ) represents the actual temperature measured during heat-
ing (70°C, 10 min) and cooling. The error bars shown are the
standard deviation of the replicates.

gens 790-94 grew to statistically significantly (P = 0.005)
higher levels than C. perfringens 44071.C05 (Fig. 2). An
almost linear relationship between the cooling time and the
log increase was observed for both strains in the examined
cooling time range from 4 to 7 h (Fig. 2).

DISCUSSION

Spores of strain 790-94 carrying a chromosomal cpe
gene were more heat resistant than spores of strain
44071.C05 carrying a plasmid cpe gene, which is in agree-
ment with observations by Sarker et al. (27). This differ-
ence in heat resistance was observed for both sporulation
temperatures used. Sarker et al. (2/) suggested that the
higher heat resistance of the chromosomal cpe isolates was
part of the reason for the strong association between these
isolates and food poisoning outbreaks. For thoroughly heat-
ed foods, e.g., casseroles, this could be the case. Hansen
and Kngchel (1/3) measured the minimum pasteurization
value of the turkey meat in a commercially produced hot-
filled turkey casserole to be 22 min at 100°C (z = 10°C).
According to Sarker et al. (217), this heat treatment would
inactivate spores of strains carrying a plasmid cpe gene. It
is therefore likely that production of thoroughly heated
foods will only allow spores of highly heat-resistantisolates
to survive and, subsequently, germinate and multiply post-
processing. However, in foods that are only mildly heated,
e.g., roasts, spores of the low heat resistance strains may
also survive. In a study by Hansen et al. (/4), commercially
produced sous vide roast beef was cooked to a pasteuriza-
tion value of approximately 10 min at 70°C (z = 10°C).
The lowest reported D-value for spores of strains carrying
a plasmid cpe gene (1.0 min at 85°C, present study) cor-
responds to 32 min at 70°C (if z = 10°C), which means
that the heat treatment of the roast beef will cause less than
a 1-log reduction of these spores. In very marginally heat-
treated foods, spores of strains with both high and low heat
resistance may therefore survive, and their growth kinetics
would therefore determine the final level in the food. We
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showed that both strains carrying a chromosomal cpe gene
had a higher temperature growth range than the two strains
with the plasmid cpe gene. Furthermore, strain 790-94 grew
faster at the upper end of the temperature growth range than
strain 44071.CO05. If the hot-holding temperature is too low,
the chromosomal cpe isolates examined in this paper would
outgrow the plasmid cpe isolates and, as a result, only chro-
mosomal cpe isolates would be detected, and hot-holding
temperatures at around 50°C would only allow the growth
of the latter genotype. We also observed that during the
cooling from 65 to 10°C, strain 790-94 grew to a signifi-
cantly higher level than strain 44071.C05; strain 790-94 is
therefore more likely to reach a level that can cause food
poisoning. Further investigations with a larger panel of
strains carrying the chromosomal versus the plasmid cpe
gene should be performed to validate these differences in
growth range and kinetics. It is also possible that other dif-
ferences, such as the prevalence in raw foods, add to the
dominance of chromosomal cpe isolates in foodborne dis-
ease.

In the present study, germination, outgrowth, and
growth of C. perfringens in minced turkey were observed
when the cooling time from 65 to 10°C was =4 h, which
corresponds to about =2 h in the growth range (50 to 15°C)
of C. perfringens. Our 5-h cooling period corresponds
roughly to U.S. Department of Agriculture stabilization
guidelines for the cooling of meat products (30), which re-
quire that the temperature interval from 54.4 to 26.6°C be
passed in 1.5 h and that the interval from 26.6 to 4.4°C be
passed in 5 h; these intervals were passed in 1.9 and 4.7 h
in our experiments, respectively. Within that period, the ob-
served growth was less than 1 log. Danler et al. (9) recently
simulated a cooling profile close to U.S. Department of
Agriculture guidelines (except the first interval was passed
in 2 h instead of 1.5) using beef and pork homogenate and
also observed limited growth of up to 0.7 log. Compared
with the studies by Juneja et al. (16), Steele and Wright
(25), and Thippareddi et al. (29) (Table 4), we observed a
more rapid growth. Part of this could be due to different
inoculation levels, heat treatments, growth conditions (pH
of meat, added ingredients, degree of treatment before in-
oculation and packaging), or strains. However, the model
system in our study reflects a situation in which meat con-
taining spores of C. perfringens is given a mild heat treat-
ment corresponding to sous vide cooked roast beef and is
subsequently exposed to an exponential cooling. If the re-
sults are considered in relation to a safe cooling rate of heat-
treated food, the initial count of C. perfringens spores is of
relevance. According to the U.S. Department of Agricul-
ture-Food Safety and Inspection Service (30), 4 log C. per-
fringens g~! has been found in chicken. However, Taormina
et al. (26), who examined 99 raw uncured meat products,
found the maximum total level of C. perfringens to be 2.9
log g1, of which 2.1 log g~! were spores. Spices and herbs
are reported to contain up to 4 log g=! (17). A level of
more than 4 log g~ ! is therefore highly unlikely in a product
prior to heat treatment, and only a small percentage of these
are likely to be CPE*. If foods containing more than 5 log
g~ ! are considered hazardous (30), the maximum accept-
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able increase during the cooling of foods containing very
high initial levels is 1 log g~! corresponding to a maximum
acceptable cooling time from 65 to 10°C of 5 h. As an
example of the cooling legislation in a European Union
member state, heat-treated foods in Denmark must be
cooled from 65 to 10°C within 3 h (7). This is, according
to the present results, an overly strict guideline. The most
important temperature interval to pass in order to restrict
the growth of C. perfringens is between 50 and 15°C, and,
according to our results, this interval should be passed with-
in 3 h in order not to reach levels of C. perfringens that
can cause food poisoning.
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