Proteolytic Clostridium botulinum
growth at12-48°C simulating the
cooling of cooked meat: development
of a predictive model

V. K. Juneja'*and H. M. Marks?

The objective of this study was to develop a model to predict the germination, outgrowth and lag (GOL),
and exponential growth rates of Clostridium botulinum from spores at temperatures (12-48°C)
applicable to the cooling of cooked meat products. The growth medium, Reinforced Clostridial medium
(RCM) supplemented with oxyrase enzyme to create suitable anaerobic conditions, was inoculated
with approximately 4 logo spores mi~". Clostridium botulinum populations were determined at appro-
priate intervals by plating onto RCM. Clostridium botulinum growth from spores was not observed at
temperatures <12°C or > 48°C for up to 3 weeks. Growth curves were determined by fitting Gompertz
functions to the data. From the parameters of the Gompertz function the growth characteristics, GOL
times and exponential growth rates were calculated. These growth characteristics were subsequently
described by Ratkowsky functions using temperature as the independent variable. Closed form equa-
tions were developed that allow for predicting relative growth for a general cooling scenario. By apply-
ing multivariate statistical procedures, the standard errors and confidence intervals were computed on
the predictions of the amount of relative growth for a caoling scenario. The predictive model is capable
of predicting spore outgrowth and multiplication for general cooling scenarios, for suitable but un-
verified mathematical assumptions, and should aid in evaluating the safety of cooked products after
cooling. © 1999 Academic Press

Introduction disease called botulism. The organism is
the most hazardous spore-forming foodborne

Clostridium botulinum 1s a Gram-positive, pathogen and is ubiquitous world-wide. Clostri-
spore-forming, anaerobic, rod-shaped, catalase-  dium botulinum spores may find their way into
negative, soil organism that produces a potent processed food through raw materials or by
neurotoxic protein known as botulinum neuro- post-processing contamination of food. It is
toxin. This toxin causes a neuroparalytic not possible to be certain that any food will
not contain spores of C. botulinum other than
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prophylactic measures to be taken because con-
sumption of even small amounts of the foods in
which growth has occurred and toxins have
formed can be sufficient to produce symptoms
of human botulism.

The demand by consumers for fresh tasting,

high-quality, low salt, preservative free, conve-

nience meals has resulted in increased produc-
tion of minimally processed, ready-to-eat,
extended shelf-life refrigerated foods. The mild
heat treatment given to such foods is aimed at
the destruction of vegetative cells of spoilage
and pathogenic bacteria; heat-reésistant spore-
forming foodborne pathogens, including C. bo-
tulinum spores can survive the thermal pro-
cess. In such minimally processed foods, if the
rate and extent of cooling after cooking is not
sufficient, heat-activated surviving spores pose
a potential public health hazard because they
are likely to germinate, outgrow, and multiply
into toxin producing vegetative cells. ‘Bryan
(1978) identified inadequate cooling and lapse:

of a day or more between food preparation and -
service as primary factors contributing to out- -

breaks of foodborne disease: Improper storage
or holding temperature was the factor reported
to contribute for 34% of C. botulinum outbreaks
(Bean and Griffin 1990). Such outbreaks clearly
stress the importance of cooling foods quickly
after cooking. The. time/temperature guide-
lines for cooling heated products recommend
that the maximum
should not remain between 544 (130°F) and
26-7°C (80°F) for more than 1'5 h nor between
267 and 4-4°C (40°F) for more than 5 h (USDA
1989). The US Food and Drug Administration

(FDA) Division of Retail Food Protection re- -

cognized that inadequate cooling was a major
food safety problem and established a recom-
mendation that all food should be cooled from
60 to 21°C (140-70°F) in 2 h and from 21 to 5°C
(70-41°F) in 4 h (FDA Division of Retail Food
Protection 1997).

In a study by Juneja et al. (1994), when
ground beef samples inoculated with spores of
C. botulinum were cooled from 54-4 to 7-2°C
using cooling times varying from 6 to 21h,
spores germinated and grew, and the popula-
tion densities increased by 1 log unit in 21h.
While the study by Juneja et al. (1994) provided
some characterization regarding growth of

internal .temperature.

C. botulinum during cooling of cooked meat,
there appears to be no work available on
growth from spores of C. botulinum over the en-
tire temperature range which foods must pass
through during cooling after cooking. Thus, a
gap in the scientific literature for determining
the safety of cooked foods subjected to longer
cooling times than those recommended
prompted us to perform this investigation of re-
lative growth at different temperatures. Ac-
cordingly, the present study was undertaken
with the intention of developing a model that
can be used to predict the relative growth of C.
botulinum from spores during a cooling period
of cooked meat.

Materials and Methods

Strains and spore suspension

Proteolytic C. botulinum type A and B strains
and their sources included in this study are
listed in Table 1. Proteolytic C. botulinum type

A and B spores were prepared by anaerobically

growing each strain in BAM broth (Huhtanen
1975) at 35°C for 3 weeks. Spores were har-
vested by centrifugation at 4000g for 10 min
and then washed three times in sterile distilled
water by repeated suspension and centrifuga-
tion at 4000 g for 5 min. Each spore preparation

was stored at 4°C in sterile distilled water.

Spore population was enumerated by spiral
plating (Spiral Biotech, Bethesda, Maryland,
USA; Model D) appropriate dilutions (in 0-1%
peptone water), in duplicate, on Reinforced
clostridial medium (RCM; Difco) followed
by incubation of plates anaerobically for 48 h
at 35°C. A spore cocktail containing all

Table 1. Strains used in the study and their
sources

Species and strains Source
Clostridium botulinum
Proteolytic type A

Strains: 62A FDA

33 US Army Lab. Natick -
Proteclytic type B

Strains: 999 FDA

" C11 (7949) ATCC

R6758-2



three strains of C. botulinum was prepared
immediately prior to experimentation by mix-
ing equal numbers of spores from each suspen-
sion. Spore suspensions were heated for 10 min
at 80°C immediately before use to stimulate
spore germination.

Growth medium, inoculation and sampling

Sterile, oxygen reducing, membrane fragments
produced from E. coli b/r strain, commercially
available as Oxyrase™ and designed for anae-
robic cultivation of bacteria were purchased

from Oxyrase' ™ Inc., Ashland, Ohio, USA. Re-.

inforced clostridial medium (RCM; Difco) was
used for determination of growth rates. The
medium (60 ml) was dispensed in tubes and
sterilized by autoclaving. The medium was sup-
plemented with oxyrase (0-1 ml 5 ml™! broth
medium) and then incubated at 35°C for
30 min prior to the experiments. Each tube re-
ceived 0-5 ml of the heat-shocked spores to ob-
tain an initial count of about 4 logi; spores
ml ~!of the growth medium. All tubes were in-
cubated at 10-50°C. At intervals appropriate
for each growth temperature, samples were
withdrawn and serial dilutions were made in
0-1% peptone-water (w/v) supplemented with
oxyrase (0-1 ml 5 m1 ™). The dilution tubes were
transferred to an Bactron anaerobic chamber
(Sheldon Manufact. Inc., Cornelius, Oregon,
USA) and spread-plated onto dishes contain-
ing RCM agar. The total C. botulinum popula-
tion was determined after 48 h of incubation
at 37°C in the anaerobic chamber.

Three replicate experiments were conducted
at each temperature, with the exception of
44°C, for which there were three sets of three
replicates. One of these sets was not included
because of rapid growth suggesting incubation
problems. At the temperatures of 11°C and
50°C no growth was measured in a 3-week
period.

Results

Fitting growth curves

The procedures for determining a model follow
those given in a previous paper (Juneja et al.

1999) on modeling growth for C. perfringens. A
brief account of the modelling will be given
here. The growth of an organism as a function
of time, can be described by

L{t) = A+ (P—- A)f(t|M,B) e

where L(t) is the common logarithm of N(z),
the number of organisms at time t, f(¢|M, B) is
a non-decreasing function of time between 0
and 1, M and B are non-negative parameters
that describe the slope and location of the
curve along the t-axis and are functions of the
relative growth rate, EGR (logio(cfuml~H h 1)
and the time for germination, outgrowth and
lag (GOL) in hours, A is an asymptotic mini-
mum value, and P is an asymptotic maximum
value and represents the maximum population
density. In generating growth curves using
data from controlled experiments, it is often as-
sumed (Gibson et al. 1988, Buchanan 1990) that
P is a constant quantity and A=log;q(Vy),
where Ny is the initial number of organisms.
To estimate the parameters for equation 1, for
a given temperature/replicate growth experi-
ment, the value of A was computed to be the
average of the log,o transformed measured po-
pulation densities that occurred at a time
equal to or less than the time of the minimum
measured population density. Specifically, let
D(t) be the measured density at time ¢, and ¢
be the maximum time of occurrence of the
minimal density, that is, D(¢) < D(t) for all ¢.
Then A is

> logio(D(2))

t<to

N(t < to)

where N(¢ < ty) are the number of measured
densities in the closed interval [0, o]

Data analysis on the maximum measured po-
pulation densities obtained from the different
experiments suggested that the maximum po-
pulation density did not depend on tempera-
ture. The experiments lasted a specified
length, thus a maximum possible density might
not be reached. There was not an outlier and
the highest few log density results were: 10:11,
10-1, 10-05, 10-0. Using an average would create
a negative bias, however, fortunately, various
possible choices are close in magnitude and
the choice of one over the another would not

A=

(2)
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affect the predicted values by much. Thus, a va-
lue 10-2 was chosen to represent P, the maxi-
mum possible density.

Comparisons of growth curves using the
Gompertz, g(t|M, B)y=exp(—exp(—B(t ~ M))
and logistic, A(t|M, B)=1/(1+exp(—B(t — M))),
functions (Gibson et al. 1988) were made. Esti-
mates of B and M were derived using SAS/
STAT®, PC, edition 6-12,, PROC NLIN proce-
dure. Both curves appear for practical and sta-
tistical purposes to perform equally well. Since
the primary concern is predicting relative
growth for small expected relative growth, the
primary criterion for deciding upon a curve
was the behavior of predictions in the low rela-
tive growth region (defined here to be where re-
lative growth is less than 0-5logyg). In this
region the root mean square error of the resi-
duals {observed minus predicted log;o relative
growths) was equal to 0-208 using the logistic
function, and equal to 0-204 using the Gom-
pertz function. The slightly higher value asso-
ciated with the logistic function was caused by
a higher, in-absolute value, average of the resi-
duals. The averages of the residuals were
— 0065, using the logistic function, and 0-025,
using the Gompertz function: Thus, the Gom-
pertz function was used for modeling the rela-
tive growth. ;

From estimated values of M and B, estimates
of the EGR and GOL time were computed. The
exponential growth rate, EGR, is defined to be
the maximal relative growth rate, d(L(¢))/d¢,
(Gibson et al. 1988, McMeekin et al. 1993).
For the paper, it is important to note
that EGR is expressed in common logarithm
rather than natural logarithm units. The
GOL time is defined as the value of time
of the point of intersection of the line contain-
ing the point (M,L{(M)) with slope equal
to the exponential growth rate and the horizon-
tal line at L(0) (McMeekin et al. 1993).
The growth characteristics, EGR and GOL,
for the Gompertz function can be expressed
as: : :

EGR=B(P—- A)/e .
‘ 3
GOL = M + (eg(o|M,B) —1)/B
where e = exp(1). Usually g(0| M, B) is small so
that GOL is approximated as M —1/B. The

estimated values of EGR and GOL using the
approximation, and assuming A = log;, (No)
(Gibson et al, 1988) are presented in Table 2.

Modelling growth characteristics

The above equations apply for a constant
temperature. However, for a cooling scenario,
the temperature would be changing, so that,
for predicting the amount of growth or relative
growth, N(2)/Ny, it is necessary to express the
growth characteristics, EGR and GOL time,
as functions of temperature. For generic bac-
teria, it has been found by researchers (Rat-
kowsky et al. 1983) that the square root of
the exponential growth rate, or the inverse
of the GOL, %k as the dependent variable,
and the most general form of the Ratkowsky
model:

R2(T) = a(T = Tin) (1 — exp(5(T — Tmax)))"
(4)

where a, b, Thin and Thax are unknown posi-
tive parameters, o is usually either 1 or 1/2,
providing a good statistical fit. The Rat-
kowsky equation describes a curve for which,
starting from zero at temperature T\,;,, there
is a near linear increase of the dependent
variable, k2, with increasing temperature,
until reaching a maximum value, followed
then by a rapid decline to zero at tem-
perature Ty.x. The choice of o depends upon
the curvature at the maximum level and the
rapidity of the decline for high temperatures.
The root mean square errors of the residuals
from the regressions when a=1/2 were
smaller than that for when o = 1. Without many
data points near the point of curvature, at
temperatures less than and greater than the
temperature for which the curve is at its
maximum it is difficult to estimate well
the curvature. The consequence, statistically,
is that the estimate of o from a regres-
sion analysis is highly correlated with the
estimates of the other parameters result-
ing in very unstable estimates. Thus «
was not used as an unknown parameter
and was set equal to 1/2 for the regression
analysis.
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Table 2. Estimated GOL times (h) and exponential growth rate (logio{cfu ml~YHh ™Y of Clostridium

botulinum in RCM broth with Gompertz curves

Experiment Temperature Approximate GOL* Exponential growth
time Gompertz rate Gompertz

1 12 66:597 0-0610

2 12 69:285 0-0613

3 12 71-981 00629

4 15 34-652 0-0881

5 15 38946 0-0732

6 15 43-129 0-0857

7 19 23-317 0-3919

8 19 22-218 0-3282

9 19 13-926 0-2144
10 21 12-648 0-1036
11 21 23158 0-3172
12 21 17-100 0-1331
13 25 19-223 0-65657
4 25 20-130 0-7527
15 25 18-222 0-6152
16 30 7199 0-5785
17 30 7-077 0:5633
18 30 7-835 0-6462
19 32 5-337 0-7805
20 32 3-693 0-4469
21 32 4.838 0-5401
22 37 5969 0-3347
23 37 6-573 06457
24 37 5-826 0-5326
25 40 6-306 1-2112
26 40 6-447 1-3002
27 40 6-588 1-5647
28 44 5:585 1-2282
29 44 4-539 0-8778
30 44 4-346 0-8828
31 44 5-249 1-1597
32 44 5-272 1-0630
33 44 5-501 1-1738
34 46 2:943 0-4723
35 46 3-844 0-5176
36 46 34759 0-4982
37 48 2425 0-5840
38 48 3-523 0-6865
39 48 3:6569 0-6923

“Germination, outgrowth and lag.

For modelling GOL and EGR, there are two
equations, similar to eqn (4), with a possibility
of eight parameters,

1/GOLY*=a)(T — Tiin)(exp(b1(T — Tmax)))*®

EGRY2=a (T — Twin)(exp(bg(T — Tm#x)))uz
(6)

with parameters gy, by, ag, by and parameters
Toin and Thay describing minimum and

maximum temperatures for the ranges in
which the dependent variables are defined and
are greater than zero. These latter temperature
parameters could be different for the GOL and
EGR variables. Assuming different T, and
Tmax values for GOL and EGR and using the
same estimation procedures as described be-
low, the estimate of Tnin(EGR)=722°C>
Tnin(GOL)=5.29°C, while both T (GOL)
and Tmex(EGR) were approximately equal to
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50°C. The two estimates, Typin(GOL) and
Tmin(EGR), are not, statistically, significantly
different. For the final model, it will be
assumed that T7;,(GOL)=T,;,(EGR) and
T1ax(GOL) = T1,ox(EGR). These assumptions
decrease the number of parameters from eight
to six and thus increases the stability of the es-
timates and the degrees of freedom associated
with the estimates. They are also considered
reasonable because cells are assumed to begin
n stationary phase and thus it is necessary for
them to go through the germination, outgrowth
and lag phase before exponential growth could
begin. By definition, once they leave the lag
phase they are in the exponential phase of
growth.Thus, for modelling the growth charac-
teristics, there are two equations, given in eqn
() with six unknown parameters, a;, b, ag,
bg, Tmin and Tiax.

For each temperature, the means of the esti-
mated EGRs and GOL times were calculated
(Table 3) and used to determine the unknown
parameters. The regression analyses were per-
formed on the means, which could reasonably
be assumed to be independent and closer to
having a normal distribution than the indivi-
dual replicate measurements. Using the mean
values rather than the individual replicate va-
lues helps simplify calculations of standard er-
rors and confidence intervals. At 11°C and 50°C
no growth was observed for 3 weeks. For these
temperatures, imputed values of GOL and EGR
were made by assuming that the GOL time was
5 weeks or 840 h, and a small amount of relative
growth equal to 20% at 3 weeks or 540 h. In or-
der to decrease the ‘influence’of the imputed va-
lue in the regression, the weight for these
values were set equal to 0-5. The estimates of
the six parameters were not very sensitive to
the imputed values, so that if imputed values
were slightly more or less, the estimates would
not be greatly affected. Estimates of the six
parameters were made (Table 4), simulta-
neously, using the seemingly unrelated regres-
sion (SUR) procedure of the PROC MODEL
routine of the SAS/ETS module on PC-SAS®,
edition 6.12. Convergence was not obtained by
the SUR-SAS® procedure when the para-
meters were estimated directly using eqn (6)

however, convergence was obtained when the
mean EGR and GOL values and the model

predicted functions were transformed by the
natural logarithm.

The observed and estimated or predicted
EGRs and GOL times together with standard
errors of the estimates and the correlations be-
tween them are presented in Table 3. The covar-
iance matrix was computed by approximating
the EGR and GOL time as functions of the
parameters, using the linear (first partial deri-
vatives) terms of a Taylor series (Rao 1973). Con-
fidence intervals can be approximated by using
the ¢-distribution with 11 degrees of freedom,
which is the degrees of freedom assigned to
the estimates by the SAS® program. Specifi-
cally, the program assigns degrees of freedom
for equations using a simple formula, specifi-
cally, in our case, df= N — p; — pg/2, where p,
is the number of parameters that are not in
common to both equations, ps are the number
of parameters that are in common and N is
the number of observations. For us, N = 14,
1 = 2and ps = 2, so that 11 degrees of freedom
are assoclated with the estimate of the stan-
dard error of the residuals for each equation.
Thus, 95% confidence intervals are obtained
by adding and subtracting 2:201 times the
standard error (the 97-5th percentile of the
t-distribution with 11 degrees of freedom 1is
2-201). Figs 1 and 2 are plots of the experimen-
tally determined natural log transformed
mean values, together with predicted and
97-5% upper and lower confidence limits.
While the figures appear to show a ‘reasonable’
agreement between the predicted and observed
transformed mean values, there are large stan-
dard errors of prediction of EGR and GOL
time. To help assure estimates of growth that
would be protective of public safety, upper con-
fidence limits of estimated relative growth

should be used.

Discussion

The model developed in the previous section
can be used to predict growth or relative
growth for specified temperatures. For gener-
al cooling scenarios, the temperature 1is
changing constantly. Discontinuous cooling
followed by a rise in temperature (often due
to equipment malfunction or electrical
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Table 4. Estimates, standard errors and 95% confidence intervals of parameters used for estimating

growth characteristics

Standard
Parameter® Estimate Error Lower limit® Upper limit®
a; 0-015 0-002 0-011 0-019
b¢ 0-361 0-231 0-088 1478
ag_ 0033 0-005 0-022 0-044
bg 0-167 0-0986 0-047 0-592
Troin. 6-299 1-301 3-997 9-926
Trnax 50-012 0-009 49-993 50-031

81/(3:C}Llflz.:a,l(zi—Tmi,.‘)(l-@xp(bl(t--—’Z’m,aX P);fz, where GOL is the germination, outgrowth and lag time (h),

EGRY2— ag(t = Tnin)(1 —exp(bg(t — Tmax)))

, where EGR is exponential growth rate (log;o (cfu ml~Hh ™).

"Confidence limits computed with 11 degrees of freedom.
“Based on estimate of natural log transformation, to assure positive confidence limits.

In GOL

010 15 20 iS 30

35 40 50 35

Temperature (°C)

Figure 1. The natural logarithm of the GOL time (h) of C. botulinum in RCM broth, predictions and 95%

confidence limits vs temperature (°C),

outage) and subsequent continuation of cool-
ing may occur in the food industry and retail
food service establishments. The regulatory
agencies and the personnel involved in the
food preparation need to determine if the pro-
duct remains safe after such cooling devia-
tions, Thus a closed form expression for
predicting relative growth for cooling scenar-
1os would be useful. A closed form expression
of the predicted relative growth expressed as
a function of the parameters estimated from
the Ratkowsky equations would enable the di-
rect calculation of the standard errors of the
predictions.

In the usual scenario, temperatures of the
warmest section of the product, where organ-
isms might be, would be monitored. Between
times for which temperatures are known, as-
suming that the ambient air temperature
remains the same, it is assumed that tempera-
tures change exponentially (Juneja et al. 1994).
Thus, it 1s assumed that the temperature, 7,
changes with time by some known continuous
function of time, g(¢). However, because Eqns
(1) and (6) apply for constant temperature one
cannot just apply the calculus for calculating
relative growth without some assumptions or
actual knowledge regarding the impact of
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Figure 2. The natural logarithm of the exponential growth rate, EGR (logo (cfu ml~Hh ™Y of C. botuli-
num in RCM broth, predictions and 95% confidence limits vs temperature (°C).

prior environmental history on the growth
parameters. It is generally assumed that the ex-
ponential growth rate is not dependent upon
previous environments, but that the GOL
time does depend upon previous environments

(Baranyi and Roberts 1994). Thus, as the tem-

perature, 7, changes,
changes.

The problem is where (for what value of time)
do we begin to measure the change on different
growth curves. A complete discussion of this is-
sue is given in our previous paper (Juneja et al.
1999). In that paper, an expression for the
expected value of the common logarithm of
the relative growth is given. Assume that
L(t|T) can be written as a function
H(k-(t —2(T)),n) where k, z and n are func-
tions of temperature. Let t be the time such
that g(1) = 7. Define f(t) to be a function defin-
ing the translation from the pivot point z(g(t))
along the time axis reflecting the accumulated
ratios of length of times to pivot points ‘spent’
on previous growth curves up to time T, that
is, (1) = 2(g())(1 — [y z7*(g(s))ds). Note, this
function will be negative once the time exceeds
100% of the GOL times. Then the expected va-
lue of log(N(¢)/No) = E(L(t)), can be ex-
pressed as:

E(LU)):/; H'(k(q(1)) - f(2(1)), n(g(t)))dz (6)

the growth curve

where H' is the derivative of H with respect to
time, holding temperature constant (Juneja
et al. 1999). The variance of E(L(t)), reflecting
the uncertainty of the estimated parameters
derived from the Ratkowsky equations, can be
determined by computing partial derivatives of
the expression in eqn (6) and using the Taylor
series linear approximation, as described
above,

Two suggested pivot points are: M, the time
for which the rate of relative growth is equal to
the maximal rate of relative growth; or the
GOL time. Our calculations indicate that the
choice of a pivot point is not critical. For con-
tinuous or slow temperature change, it would
be expected that the GOL times changes pro-
portionally, as described above by the function
f. For our calculations, eqn (6) is used, assum-
ing that parameter, A, in eqn (1) is equal to 3
(reflecting experimental conditions), with the
function, f, defined above, that uses the GOL
time as the pivot point. In order to reflect the
uncertainty of the estimates, a 97-56% upper
confidence limit is calculated by adding to the
predicted value 2:201 times the estimated stan-
dard error of prediction obtained from the
Taylor series approximation. The calculations
were made using Mathcad® version 7-0. For ex-
ample, for cooling from 50°C to 10°C in 8 h, as-
suming an ambient temperature of 0°C, the
predicted relative growth is 1-33 (0-124 logso)
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and the upper 975% confidence limit of the
relative growth is 241 (0-382 logy,).

Conclusion

In summary, this paper presents Ratkowsky-
type equations (models) for predicting the ef-
fect of temperature on GOL and EGR of C. bo-
tulinum during cooling of certain cooked meat
products. From these equations and assump-
tlons, the expected growth that would occur
with the changing temperatures during the
cooling of meat products can be calculated.
Research is being planned to validate these
assumptions and equations presented in this
paper.
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