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ABSTRACT

The objective of this work was to develop a new model to predict the growth of Clostridium perfringens in cooked meat
during cooling. All data were collected under changing temperature conditions. Individual growth curves were fit using DMFit.
Germination outgrowth and lag (GOL) time was modeled versus temperature at the end of GOL using conservative assump-
tions. Each growth curve was used to estimate a series of exponential growth rates at a series of temperatures. The square-
root model was used to describe the relationship between the square root of the average exponential growth rate and effective
temperature. Predictions from the new model were in close agreement with the data used to create the model. When predictions
from the model were compared with new observations, fail-dangerous predictions were made a majority of the time. When
GOL time was predicted exactly, many fail-dangerous predictions shifted toward the fail-safe direction. Two important facts
regarding C. perfringens should impact future modeling research with this organism and may have broader food safety policy
implications: (i) the normal variability in the response of the organism from replicate to replicate may be quite large (1 log
CFU) and may exceed the current U.S. Food Safety Inspection Service performance standard, and (ii) the accuracy of the
GOL time model has a profound influence upon the overall prediction, with small differences in GOL time prediction (~1 h)

having a very large effect on the predicted final concentration of C. perfringens.

Clostridium perfringens is a known foodborne patho-
gen commonly associated with meat and poultry products.
It has been implicated as the cause of foodborne illness
associated with ingestion of contaminated roast beef, tur-
key, meat-containing Mexican foods, and other meat dishes
(6). Fifty-seven confirmed C. perfringens outbreaks, in-
volving 2,772 cases, occurred between 1993 and 1997, and
more than one third (35%) of these cases were attributed
to meat products or mixed dishes containing meat (7). An-
gulo et a. (1) reported that the most common cause of C.
perfringens outbreaks (40.9%) was improper cooling of
food products. Although the number of samplestesting pos-
itive for this organism is low, e.g., spores were detected in
only 2 of 197 raw ground-meat samples at 3 to 100 spores
per g (16), C. perfringens continues to be a major concern
to the food industry.

Foodborne illness results when spores survive the
cooking process and germinate to produce vegetative cells,
which then multiply in cooked foods when the rate and
duration of cooling are too slow (4). C. perfringens gen-
eration time has been reported to be as rapid as 7.4 min in
autoclaved ground beef under optimal temperature condi-
tions (37 to 45°C), and growth has been reported at tem-
peratures as low as 6°C (25). Although the ingestion of
spores has not been shown to be harmful, vegetative cells
in the consumed food may pass through the stomach to the
intestinal tract, where they sporulate and rel ease enterotoxin
(12).
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The U.S. Department of Agriculture (USDA) Food
Safety and Inspection Service (FSIS) guidelines for the
cooling of meat products state that uncured meat and poul-
try product should be cooled from 130°F (54.4°C) to 80°F
(26.7°C) in no more than 1.5 h, and from 80°F (26.7°C) to
40°F (4.4°C) within 5 h. When meat processors are un-
willing or unable to meet this cooling schedule, they must
be able to prove that an aternative cooling regimen will
result in less than a 1 log CFU increase in C. perfringens
(23). Similar recommendations also exist in the Food and
Drug Administration model food code for retail and food-
service establishments (9).

Computer models are becoming more useful and thus
more popular for helping to solve food microbiology prob-
lems (19), and there are models that can describe microbial
behavior under changing temperature conditions (3, 5, 27).
Previous studies in our laboratory (21) have shown that one
published and widely known C. perfringens model (15)
used in the USDA Pathogen Modeling Program (24) con-
sistently underpredicted net growth. The objective of this
study was to develop a mathematical model that accurately
predicted the growth of C. perfringens under different cool-
ing rates in cooked beef.

MATERIALS AND METHODS

Test organisms and spore production. Three strains of C.
perfringens, NCTC 8238 (Hobbs serotype 2), NCTC 8239 (Hobbs
serotype 3), and NCTC 10240 (Hobbs serotype 13), were obtained
from Dr. V. K. Jungja (USDA Agricultural Research Service, East-
ern Regiona Research Center, Philadelphia, Pa). These same
strains have been widely used in C. perfringens research and mod-
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el development and are applicable for research in beef (15). The
strains were maintained and prepared according to procedures de-
scribed by Juneja et al. (12). Appropriate volumes of a spore cock-
tail (approximately 108 CFU/ml) were inoculated into 908 g of
ground beef (25% fat) that was obtained at a retail store. Initial
spore concentration can influence germination and growth of C.
botulinum (26) and other spore-forming bacteria (8, 18), so initial
concentrations of approximately 10 and 103 spores per g were
used for each cooling time to determine the effect of initial spore
concentration.

The ground beef and culture were blended for 10 min on
high speed (level 6) in the sterilized bowl of a mixer (model no.
K45SS, KitchenAid, Inc., Greenville, Ohio). This mixing process
ensured even dispersion of spores, which was verified by with-
drawing numerous samples from a variety of positions within the
mixing bowl. Statistical analysis indicated no significant differ-
ences between |ocations within each batch of inoculated meat. The
mixing was halted once every minute to break apart large meat
pieces and to remove residual meat from the sides of the bowl
and mixing paddle. Three grams of inoculated ground beef was
aseptically weighed into a sterile stomacher filter bag (SFB-510,
Spiral Biotech, Boston, Mass.). Bags were vacuum sealed using
a retail vacuum-packaging system (Food Saver Vac 300, Tilia,
Inc., San Francisco, Calif.) and frozen until used (no longer than
4 weeks). Initial spore concentrations were evaluated over the 4
weeks of frozen storage to ensure that concentrations did not de-
crease during storage. Pouches were thawed at 4.4°C overnight,
and then spores were heat activated at 75°C for 20 min in a cir-
culating water bath. Heat shocking of samples simulates the cook-
ing step in the process. This procedure is identical to that used to
develop the origina C. perfringens model (15) we originaly
sought to validate (21).

Temperature variation studies. All experiments were car-
ried out in a programmable water bath (model no. 1028F, Fisher
Scientific, Pittsburg, Pa)). Cooling of food products follows an
exponentia rate (14), so the water bath was programmed to mimic
an exponentia cooling rate during the dynamic temperature stud-
ies. The driving force for this cooling was assumed to be 0°C.
Cooling was monitored using a thermocouple inserted into unin-
oculated ground beef samples. Samples were removed at appro-
priate intervals throughout each cooling process. Samples were
diluted 1:10 in 0.1% sterile peptone water and pummeled in a
stomacher (Lab Blender 400, model BA6021, Cooke Laboratory
Products, Alexandria, Va.) for 2 min. Aliquots (1 ml) were pour
plated with 12 to 15 ml of tryptose-sulfite-cycloserine agar with
egg yolk emulsion and incubated at 37°C in Gas Pak containers
(Baltimore Biological Laboratory, Cockeysville, Md.) to ensure
an anaerobic environment.

Single cooling rate experiments investigated exponential
cooling from 54.4 to 4.4°C over 6.5, 9, 12, 15, 18, 21, or 24 h.
This range of cooling times includes the maximum USDA rec-
ommended time (6.5 h) and times that resulted in significant
growth of C. perfringens in previous studies (18 h) (14). Dua
cooling rate experiments were performed to simulate cooling de-
viations that might occur in the processed meat industry. FSIS
guidelines state that a meat product should not remain between
54.4 and 26.7°C for longer than 1.5 h or between 26.7 and 4.4°C
for longer than 5 h (23). The time periods associated with the
proper 6.5-h cooling schedules were atered from 1.5 and 5 h to
3 and 3.5 h. Cooling times of 7 and 9 h were also investigated
with variations proportional to the temperature ranges of the FSIS
cooling guidelines. Predictions from the Jungja 1999 model were
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used to guide the selection of experimental conditions to ensure
that a range of growth responses would be observed.

Data analysis. Data were compiled and plotted using Sigma
Plot version 8.0 (SPSS, Inc., Chicago, I11.). Log-transformed data
were fit using linear and nonlinear regression techniques using
SAS statistical software (SAS Institute, Inc., Cary, N.C.). Individ-
ual growth curves were fit to the Baranyi and Roberts model (2)
using the DMFit 1.0 Microsoft Excel add-in program (Institute of
Food Research, Norwich Research Park, Norwich, UK;
www.ifr.bbsrc.ac.uk). The DMFit 1.0 output includes predicted
counts, calculated germination, outgrowth, and lag (GOL) times,
and exponential growth rates (EGRs) for each fitted curve. Only
curves where growth of greater than 1 log CFU/g was observed
with R? values greater than 0.90 were used for development of
the model.

GOL time model development. Data collected during the
single rate cooling studies were used to create the predictive mod-
el. The log GOL time was plotted against temperature at the end
of the GOL time (the temperature the water bath had reached at
the end of the GOL time while cooling from 54.4 to 4.4°C). The
four data points bounding the most conservative edge or the bot-
tom of the data set were selected for modeling. Linear regression
was used to model the relationship between log GOL time and
temperature.

EGR model development. Because the temperature was
constantly changing over the course of every experiment, each
growth curve can be viewed as a series of observations taking
place at a series of different temperatures. Every observation of
C. perfringens concentration has an associated temperature. Every
pair of observations can be thought to have occurred at an effec-
tive temperature, which is the temperature of the sample at the
effective time. Effective timeis the average of the two timeswhen
the C. perfringens concentration was measured. Figure 1 includes
an example data set and the calculation of an effective temperature
and an effective time. Thus, each growth curve (which takes place
under changing temperature conditions) can be used to estimate a
series of growth curves, each characterized by a concentration
change at an effective temperature. An effective temperature value
was calculated for each consecutive pair of data points from the
DMfit output within the exponential growth phase of the curve.
EGR values were determined from the slope of alinear regression
line between the two subsequent points. The square-root model
(20) was used to describe the relationship between the square root
of the average EGR and effective temperature.

Evaluation of the predictive model. Data collected during
the dual cooling rate cycles were used to evauate the model for
growth of C. perfringens during cooling. The time-temperature
combinations used for dual cooling rate experiments were entered
into an Excel spreadsheet. The designated models and parameters
were also entered into the computer spreadsheet, and GOL time
and EGR were estimated for each short interpolated time interval
in the cooling process. The fraction of the GOL time expended
during each time interval was calculated. Once the spores ex-
pended 100% of their GOL, the EGR model was used to predict
growth.

RESULTS

There was no significant influence of inoculum size on
net growth during any experiment. All six replicates at each
cooling condition (three experiments with an initial inocu-
lum concentration of 10 log CFU/g and three experiments
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FIGURE 1. Observed and fitted C. perfringens growth data from
one replicate cooled from 54.4 to 4.4°C over 15 h. Top: Method
used to calculate effective time (t«): change in temperature (°C)
over time (h) during a 15-h cooling period from 54.4 to 4.4°C.
Bottom: Method to calculate effective temperature (Tg).

with an initid inoculum level of 108 log CFU/g) were
pooled prior to additional data analysis.

GOL time model. An examination of the relationship
between GOL time and temperature at the end of GOL time
showed a distinct trend among different cooling times (Ta-
ble 1). As expected, the shortest cooling times (12 h) re-
sulted in the lowest temperatures at the end of GOL time,
whereas the longest cooling times (24 h) resulted in the
highest temperatures at the end of GOL time. Intermediate
cooling times (15, 18, and 21 h) resulted in temperatures
at the end of GOL time between the 12- and 24-h temper-
atures. A more detailed description of the model develop-
ment process can be found elsewhere (22). The lower
boundary of the data set was used to model the relationship
between temperature and GOL time to provide a fail-safe
model prediction. Linear regression was used to model the
relationship between log GOL time and temperature with

the resulting relationship:
logGOL = —0.0331 X T + 1.8 Q)

where GOL time is measured in hours and T is the tem-
perature (°C).

EGR model. The square root EGRs versus effective
temperature were plotted for each segment of each growth
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TABLE 1. Effect of cooling rate on germination, outgrowth, and
lag (GOL) time of C. perfringens and corresponding temperature

at end of GOL time

Time (h) to End of observed GOL time
cool from
54.4 to 4.4°C Time (h) Temperature (°C)
12 2.3 42.6
2.1 43.7
15 16 47.6
2.1 457
18 46.6
2.3 449
18 15 48.8
21 18 48.8
16 49.4
2.6 46.7
17 49.2
1.7 49.3
25 46.8
24 15 50.4
16 49.9
1.2 51.0
2.2 48.5
2.1 48.7

curve from each experiment for all five cooling times (Fig.
2). An increase in EGR was observed with an increase in
effective temperature until approximately 37°C. At effective
temperatures above 37°C, EGR decreased. Little change in
EGR was seen above effective temperatures of 46°C. This
trend (increasing EGR up to 37°C, decreasing EGR to 46°C,
followed by a plateau) was generally apparent for al five
cooling times. The trend was more pronounced during the
longer cooling times, during which EGRs increased at a
more dramatic rate, peaked, and then decreased at an in-
creased rate when compared with the shorter cooling times.
The shorter cooling times (12, 15, and 18 h) growth took
place at effective temperatures lower than 20°C, but no
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FIGURE 3. Predicted versus observed growth values for C. per-
fringens during cooling at one rate. Dotted lines represent +1
log CFU/g.

growth was seen at temperatures lower than 20°C during
longer cooling times (21 and 24 h).

The sgquare-root model (20) was used to describe the
relationship between the sguare root of the average EGR
and effective temperature and can be expressed by equation
2:

VEGR = 0.075 X (T — Tpin)[1 — €20280-Tmad]  (2)

where T is the effective temperature (in °C) and T, and
Tmax @€ regression constants determined to be 7.71 and
63.27°C, respectively.

Evaluation of the model. Predictions from the new
model were in close agreement with observations used to
create the model (single rate cooling data) (Fig. 3). In many
cases the variability in the observed data collected under
identical conditions exceeded 1 log CFU/g, but most of the
observed data points were within =1 log CFU of the pre-
dictions (dotted linesin Fig. 3). In the few cases where data
points fell outside this range, the predictions were fail-safe
(more growth was predicted than was observed). In one
case where fail-dangerous predictions were noted, |ess than
allog CFU/g increasein C. perfringens was observed and
predicted. In the other fail-dangerous situations, both the
predictions and observed data were well over the 1 log
CFU/g performance standard. Use of our model in these
situations would not result in a violation of the USDA FSIS
standard.

Predictions from the new model were also compared
with observations from independent studies using dual
cooling rate schedules (Fig. 4). The variability of the ob-
served data collected under identical conditions exceeded 1
log CFU/g, as with the single rate data above. Also, a ma-
jority of the data points fell below the diagona line, indi-
cating that fail-dangerous predictions were made. In some
cases, the predictions differed from the observed datain the
fail-dangerous direction by more than 1 log CFU/g. There
were a number of observations where greater than 1 log
CFU/g of growth was observed but less than 1 log CFU/g
was predicted (enclosed by dotted lines), which has serious
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FIGURE 4. Predicted versus observed growth values for C. per-
fringens during cooling at two rates. Dotted lines represent +1
log CFU/g. Paints enclosed by dashed lines represent conditions
where less than 1 log CFU/g growth was predicted but more than
1 log CFU/g growth was observed.

implications for the suitability of our model in determining
whether a particular cooling profile has met the USDA
FSIS performance standard.

Further analysis was performed to determine the cause
of underpredictions seen in Figure 4. Figure 5 is a plot of
predicted versus observed growth values using the EGR
model but assuming the GOL time could be predicted ex-
actly. Although the variability of the observed data col-
lected under identical conditions still exceeds 1 log CFU/
0, use of the actual GOL time with the EGR model shifts
many of the predictions toward the fail-safe direction. Far
fewer pointsfall on the fail-dangerous side of the solid line,
only four observations are fail dangerous by more than 1
log CFU/g, and a single observation (inside the dotted line)
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FIGURE 5. Predicted versus observed growth values for C. per-
fringens during cooling at two rates when GOL time is predicted
exactly. Dotted lines represent =1 log CFU/g. Points enclosed by
dashed lines represent conditions where less than 1 log CFU/g
growth was predicted but more than 1 log CFU/g growth was
observed.
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has more than a 1 log CFU/g increase when less than a 1
log CFU/g increase was predicted.

DISCUSSION

Although data from growth at constant temperatures
have been used successfully to predict growth of organisms
during changing temperature situations (3, 5, 27), recent
studies in our laboratory (21) have indicated that a pub-
lished C. perfringens model (15) used in the USDA Path-
ogen Modeling Program consistently underpredicted net
growth. Results from other models to predict the growth of
C. perfringensin uncured beef under changing temperatures
either are not relevant (e.g., Junga et a. (13) studied
growth in cooked cured beef) or have dealt with only pri-
mary models for growth and do not include secondary
models for predicting growth as a function of temperature
(10, 17).

In the study presented here, we used data collected un-
der changing temperature conditions to develop and eval-
uate a new model for the growth of C. perfringens in beef
during cooling. Evaluation of the model suggested that it
may be used to accurately predict growth of C. perfringens
at a single cooling rate and that these results deviate from
the time-temperature guidelines given by the USDA FSIS,
although additional validation data are needed because all
the single cooling rate data presented here were used to
develop the model.

When applied to dual cooling rate scenarios the pre-
dictions developed from single rate data were not as ac-
curate and often underpredicted growth. Our analysis re-
vealed that selection of an appropriate GOL time model is
essential for accurate predictions under changing tempera-
tures. Although the GOL time model developed here is not
ideal, it does offer significantly improved predictions over
the model developed by Juneja et al. (15).

Because the GOL time determines when a spore will
begin exponential growth and because the C. perfringens
EGR can be quite rapid (depending upon temperature) and
the temperature at which a cell begins exponential growth
is also dependent on GOL time, even dlight differences in
predicted GOL time can have important consegquences, even
when the EGR model is quite accurate. When GOL times
from the single rate and dual rate experiments were ana-
lyzed systematically (analysis not shown), spore crop age
had a significant impact on GOL time under changing tem-
perature conditions. older spores (8 to 9 months) had longer
GOL times, and younger spores (3 to 4 months) had shorter
GOL times. Further analysis of these findings is currently
underway.

This study was undertaken in an attempt to develop
better models for predicting C. perfringens growth under
changing temperature conditions. These models would be
useful for determining whether a particular batch of product
that was not cooled according to USDA FSIS guidelines
would still meet the performance standard, which states that
less than a 1 log CFU/g increase in C. perfringens should
take place during the cooling process.

The results of this study have alowed us to make im-
portant progress toward this goal but have also uncovered
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several important facts regarding C. perfringens that sug-
gest that the performance standard itself may be unwork-
able. The variability in the response of the organism itself
under well-controlled laboratory conditions may be greater
than the entire performance standard. There are poorly un-
derstood methodological factors (e.g., spore age) that may
have a great impact on the growth observed under identical
conditions. The accuracy of the GOL time model has a
profound influence upon the overal prediction, and the ac-
curacy that is attainable given the normal variability seen
in biological systems may not be suitable for making pre-
dictions regarding a 1 log CFU/g increase in the bacterial
population. All these observations point to the need to re-
evaluate the current performance standard.

A copy of the spreadsheet containing the model is
available at http://foodsci.rutgers.edu/schaffner/files.htm.

ACKNOWLEDGMENT

This work was supported by a Cooperative State Research, Educa-
tion, and Extension grant from the USDA.

REFERENCES

1. Angulo, E J, A. C. Voetsch, D. Vugia, J. L. Hadler, M. Farley, C.
Hedberg, P Ciesak, D. Morse, D. Dwyer, and D. L. Swerdlow. 1998.
Determining the burden of human illness from food borne diseases—
CDC's emerging infectious disease program food borne diseases ac-
tive surveillance network (FoodNet). Vet. Clin. North Am. Food
Anim. Pract. 14:165-172.

2. Baranyi, J, and T. A. Roberts. 1994. A dynamic approach to pre-
dicting bacterial growth in food. Int. J. Food Microbiol. 23:277—294.

3. Baranyi, J, T. P Robinson, A. Kaloti, and B. M. Mackey. 1995.
Predicting growth of Brochothrix thermosphacta at changing tem-
perature. Int. J. Food Microbiol. 27:61-75.

4. Blankenship, L. C., S. C. Craven, R. G. Leffler, and C. Custer. 1988.
Growth of Clostridium perfringens in cooked chili during cooling.
Appl. Environ. Microbiol. 54:1104-1108.

5. Bovill, R., J. Bew, N. Cook, M. DAgostino, N. Wilkinson, and J.
Baranyi. 2000. Predictions of growth for Listeria monocytogenes and
Salmonella during fluctuating temperature. Int. J. Food Microbiol.
59:157-165.

6. Bryan, F L. 1988. Risks of practices, procedures and processes that
lead to outbreaks of foodborne diseases. J. Food Prot. 51:663-673.

7. Bryan, E L., and C. A. Bartleson. 1985. Mexican style foodservice
operations: hazard analyses, critical control points and monitoring.
J. Food Prot. 48:509-524.

8. Caipo, M. L., S. Duffy, L. Zhao, and D. W. Schaffner. 2002. Bacillus
megaterium spore germination is influenced by inoculum size. J.
Appl. Microbiol. 92:879-884.

9. Food and Drug Administration. 2001. Food code. Available at: http:
/Iwww.cfsan.fda.gov/~dms/fcOl-toc.html. Accessed 2 September
2004.

10. Huang, L. H. 2002. Description of growth of Clostridium perfringens
in cooked beef with multiple linear models. Food Microbiol. 19:577—
587.

11. Johnson, E. A. 1990. Clostridium perfringens food poisoning, p.
230-240. In D. O. Cliver (ed.), Foodborne diseases. Academic Press,
Inc., New York.

12. Junga, V. K., B. S. Marmer, and A. J. Miller. 1994. Growth and
sporulation potential of Clostridium perfringens in aerobic and vac-
uum-packaged cooked beef. J. Food Prot. 57:393-398.

13. Junga, V. K., J. S. Novak, H. M. Marks, and D. E. Gombas. 2001.
Growth of Clostridium perfringens from spore inocula in cooked
cured beef; development of a predictive model. Innov. Food Sci.
Emerg. Technol. 2:289-301.

14. Jungja, V. K., O. P Snyder, and M. Cygnarowicz-Provost. 1994. In-



http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0362-028x()57L.393[aid=5119761]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=1364-5072()92L.879[aid=5838549]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=1364-5072()92L.879[aid=5838549]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0362-028x()48L.509[aid=5838557]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0168-1605()59L.157[aid=5838548]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0168-1605()59L.157[aid=5838548]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0099-2240()54L.1104[aid=3446783]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0168-1605()23L.277[aid=2287212]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0749-0720()14L.165[aid=5838547]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0749-0720()14L.165[aid=5838547]
http://foodsci.rutgers.edu/schaffner/files.htm
http://www.cfsan.fda.gov/~dms/fc01-toc.html
http://www.cfsan.fda.gov/~dms/fc01-toc.html

J. Food Prot., Vol. 68, No. 2

15.

16.

17.

18.

19.

20.

21.

fluence of cooling rate on outgrowth of Clostridium perfringens
spores in cooked ground beef. J. Food Prot. 57:1063-1067.

Jungja, V. K., R. C. Whiting, H. M. Marks, and O. P Snyder. 1999.
Predictive model for growth of Clostridium perfringens at temper-
atures applicable to cooling of cooked meat. Food Microbiol. 16:
335-349.

Kalinowski, R. M., R. B. Tompkin, P W. Bodnaruk, and W. P. Pruett.
2003. Impact of cooking, cooling, and subsequent refrigeration on
the growth or survival of Clostridium perfringens in cooked meat
and poultry products. J. Food Prot. 66:1227-1232.

Labbe, R. G., and T. H. Huang. 1995. Generation times and modeling
of enterotoxin-positive and enterotoxin-negative strains of Clostrid-
ium perfringens in laboratory media and ground beef. J. Food Prot.
58:1303-1306.

Llaudes, M., L. Zhao, S. Duffy, and D. W. Schaffner. 2001. Simu-
lation and modeling of the effect of small inoculum size on the time
to spoilage by Bacillus stear othermophilus. Food Microbiol. 18:395—
405.

McMeekin, T. A., J. N. Olley, D. A. Ratkowsky, and T. Ross. 2002.
Predictive microbiology: towards the interface and beyond. Int. J.
Food Microbiol. 73:395-407.

McMeekin, T. A., J. N. Olley, T. Ross, and D. A. Ratkowsky. 1993.
Predictive microbiology: theory and application. Research Studies
Press, Ltd., Somerset, UK.

Smith, S, and D. W. Schaffner. 2004. Evauation of a Clostridium

MODEL FOR C. PERFRINGENS DURING COOLING

22.

23.

24.

25.

26.

27.

341

perfringens predictive model developed under isothermal conditions
in broth to predict growth in ground beef during cooling. Appl. En-
viron. Microbiol. 70:2728-2733.

Smith-Simpson, S., and D. W. Schaffner. 2004. Confirmation of a
counter-intuitive mathematical model for Clostridium perfringens
germination, outgrowth, and lag time as a function of temperature
by direct microscopic observation. Submitted for publication.

U.S. Department of Agriculture, Food Safety and Inspection Service.
1999. Appendix B—compliance guidelines for cooling heat-treated
meat and poultry products (stabilization). Available at: http://
www.fsis.usda.gov/OA/fr/95033F-b.htm. Accessed 2 September
2004.

U.S. Department of Agriculture, Eastern Regional Research Center.
2002. Pathogen modeling program, version 6.1. U.S. Department of
Agriculture, Eastern Regional Research Center, Philadelphia.
Willardsen, R. R., E E Busta, and C. E. Allen. 1979. Growth of
Clostridium perfringens in three different beef media and fluid thio-
glycollate medium at static and constantly rising temperatures. J.
Food Prot. 42:144-148.

Zhao, L., T. J. Montville, and D. W. Schaffner. 2000. Inoculum size
of Clostridium botulinum 56A spores influence time-to-detection and
percent growth-positive samples. J. Food Sci. 65:1369—-1375.
Zwietering, M. H., J. C. de Wit, H. G. A. M. Cuppers, and K. van't
Riet. 1994. Modeling of bacterial growth with shifts in temperature.
Appl. Environ. Microbiol. 60:204-213.



http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0099-2240()60L.204[aid=142832]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0022-1147()65L.1369[aid=5838555]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0099-2240()70L.2728[aid=6431725]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0099-2240()70L.2728[aid=6431725]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0168-1605()73L.395[aid=5838552]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0168-1605()73L.395[aid=5838552]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0740-0020()18L.395[aid=5838551]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0362-028x()58L.1303[aid=5501821]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0362-028x()58L.1303[aid=5501821]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0362-028x()66L.1227[aid=5838561]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0740-0020()16L.335[aid=5838550]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0740-0020()16L.335[aid=5838550]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=0362-028x()57L.1063[aid=3446791]
http://www.fsis.usda.gov/OA/fr/95033F-b.htm
http://www.fsis.usda.gov/OA/fr/95033F-b.htm

