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ABSTRACT

Recently, multivariant models based on the use of the Gompertz function in
combination with response surface analysis have been developed to predict the
behavior of foodborne pathogens in response to food formulation and storage
parameters, including temperature, pH, sodium chloride content, sodium nitrite
concentration, and atmosphere. These models were adapted for easy use by
developing a ‘‘user-friendly’’ application program, the Pathogen Modeling Pro-
gram. This program is based on a commercially available spreadsheet program,
Lotus 1-2-3™, and incorporates features such as calculation of predicted growth
kinetics and time to achieve specified population densities. The current version
of the software includes models for Salmonella, Shigella flexneri, Listeria mono-
cytogenes, Staphylococcus aureus, and Aeromonas hydrophila. Microbiological
modeling application software of this type appears to have great potential in
relation to both developing food products with enhanced microbiological safety
and teaching the multivariant nature of microbial growth in foods. The Pathogen
Modeling Program is available on request.

INTRODUCTION

One of the concepts underlying modern food microbiology is that the growth
of microorganisms in foods is controlled by the interaction of a finite number
of variables associated with food composition and storage conditions (Jay 1986).
Potentially, the number of variables affecting the growth kinetics of an organism
is large; however, there are generally a relatively small number of factors such
as storage temperature, pH, a,,, etc. that are the prime determinants of growth
in food systems. This implies that quantitative knowledge of how these factors
individually and interactively influence the growth of specific microorganisms



would permit one to forecast the bacteria’s behavior in foods. This has been the
basis for ongoing research in predictive food microbiology, including the de-
velopment of mathematical and statistical models.

A number of mathematical models have been developed that predict the growth
of bacteria in response to one or more of the variables associated with the
formulation or storage of foods (Ratkowsky et al. 1983; Farber 1986; Baird-
Parker and Kilsby 1987, Blankenship et al. 1988; Gibson et al. 1988; Griffiths
and Phillips 1988; Chandler and McMeekin 1989; Davey 1989; Baker and Geni-
georgis 1990; Buchanan and Phillips 1990). While a majority of these models
provide reasonable estimates of the potential for microbial growth in food sys-
tems, there has been relatively little transfer of this technology to food micro-
biologists involved in nonresearch aspects of the field. The limited acceptance
of predictive modeling techniques seems to be due in large part to a lack of
application software that reduces to routine operations, the often complex math-
ematical manipulations associated with the use of the models.

Since its introduction to food science literature by Gibson et al. (1987), there
has been increasing interest in the use of the Gompertz function (Table 1) to
quantitatively describe the growth kinetics of foodborne microorganisms. Zwie-
tering ez al. (1990) concluded that of the models they tested the Gompertz curve
was consistently the most effective means for modeling bacterial growth curves
in foods, both in regard to statistical accuracy and ease of operation. The use
of Gompertz parameters to describe individual growth curves has been coupled
with response surface analysis techniques to successfully develop empirical
models of the interactions of multiple variables on the growth of Salmonella
(Gibson ez al. 1988; Bratchell er al. 1989), Listeria monocytogenes (Buchanan
and Phillips 1990), Shigella flexneri (Zaika et al. in preparation), Staphylococcus
aureus (Smith ef al. in preparation), and Aeromonas hydrophila (Palumbo ef al.
in press). Models developed from the combined use of the Gompertz function
and response surface analysis are particularly well suited for the development
of “‘user-friendly”’ applications programs. The current report describes briefly
how commercially available spreadsheet software was used to develop such an
application program, the ‘‘Pathogen Modeling Program’’ (PMP). This software
is available upon request.

The current version (3.0) of PMP describes the impact of selected variables
on Salmonella (temperature, pH, and NaCl), L. monocytogenes (temperature,
pH, NaCl, NaNO,, and atmosphere), S. flexneri, S. aureus, and A. hydrophila
(temperature, pH, NaCl, and NaNO,). The ‘‘heart’’ of the program is a series
of quadratic or cubic expressions that were developed by response surface anal-
ysis of the natural logarithm (LN) transformation of the Gompertz B and M
values. These values can be used in turn to derive growth kinetics values such
as generation times and lag phase durations (Table 1). The decision to model



TABLE 1.
EQUATIONS FOR GOMPERTZ FUNCTION AND DERIVED GROWTH KINETICS VALUES

GOMPERTZ'S FUNCTION:
(-B(t-M))
L = A+Ce®
where:
L@) = Log count of bacteria at time (in hours) t

[Log(cfu/ml)].

A = Asymptotic log count of bacteria as time decreases
indefinitely (i.e., initial level of bacteria)
[Log(cfu/ml)].

C = Asymptotic amount of growth that occurs as t
increases indefinitely (i.e., number of log cycles
of growth) [Log(cfu/mi)].

M = Time at which the absolute growth rate
is maximal [hr].

B = Relative growth rate at M. [(Log(cfu/ml))/hr]

DERIVED GROWTH KINETICS EQUATIONS:
Exponential Growth Rate (EGR) = BCle [(Log(cfu/ml))/hr]
Generation Time (GT) = (Log(2))e/BC [hr]
Lag Phase Duration (LPD) = » M- (l‘/B) fhr]

Maximum Population Density (MPD) = A + C [Log(cfu/mli)]

the B and M terms instead of derived kinetics values was based in large part on
the usefulness of the models in applications software, particularly in relation to
generating predicted growth curves and calculating the time it would take the
bacteria to achieve a specific population density. Models for the Gompertz A
and C terms were not employed based on laboratory data that indicated that (1)
over a broad range, inoculum size did not affect the growth kinetics of the
microorganisms, and (2) except for combinations of extreme growth conditions,
if a species initiated growth it typically achieved a characteristic maximum
population density (MPD) between 10°-10'° cfu/g (Gibson et al. 1988; Buchanan
and Phillips 1990). The impact of these assumptions on the development of the
application software will be discussed later.



The decision to employ a commercially available spreadsheet program for
automating the use of the models was based on a number of factors such as the
highly visual nature of spreadsheets, their array of useful mathematical functions,
ready accessibility of good graphics, and simplicity of developing menu-driven
option selection protocols. Using commercially available software proved much
simpler and more effective than attempting to develop a program *‘from scratch,’’
and provided a template that potential users were likely to already have a high
degree of familiarity. The specific selection of Lotus 1-2-3 (Trademark of the
Lotus Development Corp.) was based on several pragmatic reasons including
the wide distribution of this commercially available program and the author’s
familiarity with its macro command language. However, there is no inherent
reason why other commercially available spreadsheet software with similar ca-
pabilities could not be used to generate similar application programs.

STRUCTURE OF PATHOGEN MODELING PROGRAM

The application program was designed around a ‘‘multiple file’’ architecture
that employs a ‘‘master menu’’ file through which the files for individual path-
ogens are accessed (Fig. 1). A primary reason for using a multiple file structure

MFSMODEL.WK1

Directory Containing
Lotus Worksheets Files

Subdirectory
(IMODEL)
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M.

FIG. 1. MULTI-FILE STRUCTURE OF PATHOGEN MODELING PROGRAM 3.0




was that the speed of processing is enhanced greatly if the size of any single
worksheet file is minimized, particularly when employing a 8088-based micro-
computer without a numeric co-processor. Further, a multiple file approach
greatly simplifies the inclusion of additional pathogens as suitable mathematical
models become available. The primary function of the ‘‘master menu’’ file is
to provide the user with a menu of the program options (i.e., available pathogen
models) by automating the Lotus/-File-Retrieve command sequence using a
{MENUBRANCH} macro. (Details of the various macros used in the Pathogen
Modeling Program are not included in the current report but are available upon
request or can be obtained from a copy of the program.) The program was
organized further by isolating the files for the various pathogens in a separate
subdirectory, with only the master menu being present in the directory normally
containing the user’s worksheet files. This was done to help prevent the files
containing the models from being accessed inadvertently during other uses of
Lotus 1-2-3.

The basic structure of the individual files for the five pathogens is similar,
with the file for L. monocytogenes being somewhat more complex due to the
inclusion of models (Buchanan and Phillips 1990) for both aerobic and anaerobic
growth. It will be used for further discussion. The structure of this worksheet
file is diagramatically depicted in Fig. 2. Upon retrieval, an autoexec macro (\0)
is used to automatically initiate a sequence of subroutines wherein the user selects,
via two data entry boxes (Fig. 2, B), the conditions to be evaluated by the model.
The first data entry box asks for an assumed level of contamination and a level
of concern. The second asks for assumed values for the storage and formulation
variables considered by the models. Included in the data entry blocks are the
limits of permissible values. As with any response surface model of this nature,
prediction of the microorganisms’ behavior in response to the interaction of the
various variables should not be made beyond the limits for which experimental
data were generated and analysed. For L. monocytogenes, the models’ limits
were temperature: 5°-37°C, pH: 4.5-7.5, NaCl: 0.5-5.0%, and NaNO,: 0-200
pg/mL. Upon answering the final query, the assumed values are substituted into
the mathematical models (Fig. 2, C & D) which are solved to generate predicted
B and M values for aerobic and anaerobic cultures. The user is then presented
with the primary menu (Fig. 3), that was again developed using a {MENU-
BRANCH} macro.

The potential selections associated with the primary menu fall into two cat-
egories, ‘‘results’’ and ‘‘options.”’ The latter includes [MICROBE], [FOOD],
[ATMOSPHERE], and [SPECIES/EXIT]. Each option has an underlying macro
which returns the user to the appropriate data entry box, switches between the
aerobic and anaerobic models, or re-initiates the master menu file. The ‘‘results’’
options employ a series of macros to move the user around the worksheet to
where the results of the various calculations are displayed. The [GOMPERTZ]
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FIG. 2. DIAGRAMATIC REPRESENTATION OF THE COMPONENTS OF LISTERIA.WK1
WORKSHEET FILE :

. Message Boxes

Data Entry Boxes

Mathematical Model—Aerobic

. Mathematical Model—Anaerobic
Gompertz Values—Aerobic

Gompertz Values—Anaerobic

. Growth Kinetics Values—Aerobic

. Growth Kinetics Values—Anaerobic

I. Time to Level of Concern—Aerobic

J. Time to Level of Concern—Anaerobic
K. Calculations for Growth Curve—Aerobic
L. Calculations for Growth Curve—Anaerobic
M. Macros—Aerobic

N. Macros—Anaerobic

moTmuNw>

option displays the four Gompertz parameters (Fig. 2, E and F), with B and M
being derived from the model, A being the initial level assumed by the user,
and C being calculated based on the A value and the assumed maximum pop-
ulation density (MPD). The [KINETICS] options displays the calculated or
assumed growth kinetics values (Fig. 2, G and H) most often used by food
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FIG. 3. SCHEMATIC OF MENU SELECTIONS FOR LISTERIA.WK1 FILE

microbiologists including exponential growth rate (EGR), generation time (GT),
lag phase duration (LPD), and MPD. The [TIME] option automatically calculates
the estimated time that it should take to go from the initial level of the pathogen
to the specified level of concern, via a rearrangement of the Gompertz equation
such that it is solved for t.

Selection of the primary menu’s [DISPLAY] option initiates another series of
macros that generates the predicted growth curve for the selected conditions. In
the underlying routines (Fig. 2, K and L), the Gompertz equation is solved in
5 h time increments, which was selected on the basis of providing sufficient
detail without unnecessarily increasing the file size. However, this time interval
can be altered with a minor revision of the macro. The total time being considered
for the graph can be specified by the user. This capability was developed by
automating the use of the Lotus/-Data-Fill command sequence, which is also
the means by which the 5 h increment was established. A limit of 600 h was
selected since few of the experiments underlying the models were run for a
longer period. However, if extended data were available, the limit could be
altered readily by making minor changes to the worksheet. Once the duration



of the growth curve has been entered by the user, the underlying macro solves
the equation, draws the figure using the graphics capabilities of the spreadsheet
software, and displays a secondary menu (Fig. 3) that further automates the
selection options to view the graph, save the graph as a .PIC file, or exit to the
primary menu.

A number of options within Lotus’ macro command language were used to
enhance the speed of the worksheet files. For example, the pathogen files were
designed so that calculations are not performed automatically after the addition
of each value entered in the data entry boxes. Instead, they are performed only
after a command for recalculation is issued. When working with large spread-
sheets containing a large number of formulas, this significantly increases the
speed of operation, particularly when employing data entry boxes (Fig. 2, B).
Only after all entries have been entered are the calculations performed by in-
corporating a {calc} command into the macro. Similarly, the speed of the ap-
plications were enhanced through the use of the macro commands, {windowoff}
and {windowon}, that turn off and on, respectively, the sequential display of
Lotus menus as a macro steps through series of worksheet functions.

Other Lotus options were used to enhance the appearance and security of the
worksheet files. For example, all the macros were ‘‘hidden’’ to reduce unneeded
clutter on the worksheet displays. Likewise, all areas of the worksheets except
cells requiring input on the part of the user were protected so that one could not
inadvertently alter the worksheet structure.

MAKING CALCULATIONS INDEPENDENT OF
INOCULUM SIZE

The two experimentally based assumptions introduced earlier had a significant
impact on the methods that were employed for the using the Gompertz equation
to determine EGR’s/GT’s, to calculate the time for the microorganism to achieve
a specified population density, and to ‘‘draw’’ predicted growth curves. It re-
quired that a modification of the Gompertz equation be employed so that derived
growth Kinetics values were unaffected by the initial inoculum size. Without
modification, altering the Gompertz A term would alter the subsequent calcu-
lation of EGR’s/GT’s. This was remedied using the first assumption that EGR’s
and LPD’s were not affected by inoculum size along with the second assumption
that MPD was independent of the variables (i.e., a constant). Mathematically,
the two assumptions can be expressed as:

EGR = BC/e = k, €Y

LPD = M - (1/B) = k, , 2



MPD = A + C = k, 3)

Calculation of EGR includes a C term which would be dependent on the initial
inoculum level, A. However, since the C term was independent of the experi-
mental variables, this parameter could be estimated using the grand mean of all
-experimental data for C (designated C,). This assumption is similar to the one
that the MPD could be estimated using the grand mean of all experimentally
determined MPD values. The C, and MPD values for the various pathogens are
summarized in Table 2. One can then substitute C, into Eq. (1) thereby allowing
calculation of EGR (and GT) independent of the inoculum level.

EGR = BCJe = k
The three constants can then be used to generate growth curves and growth

calculations that have LPD’s and EGR’s/GT’s that are independent of inoculum
size by first rearranging Eq. (1)-(3): '

B = (EGR)e/C = ke/C 4)
M = (LPD) + (1/B) = k, + (1/B) )
C=MPD-A=k - A ‘ (6)

Eq. (4) is then substituted into Eq. (5):
M =k, + C/ke @

The derived expressions for B (4), C (6), and M (7) terms were then substituted
into Gompertz equation:

—ke/tks = At = k;, + (ky — A)ke)]
L) = A + (ks — A ®)

In this manner, the curve is defined on the basis of an assumed A value along
with a series of constants derived from a combination the initial determination
of the B and M value via the model along with terms derived directly from the
experimental data. Eq. (8) was used for performing calculations associated with
determination of the predicted growth curves and ‘‘times to a specific popula-
tion,”” allowing them to be generated for any initial population (i.e., A) without
alterations in predicted LPD’s or EGR/GT’s.
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POTENTIAL ENHANCEMENTS

The initial development of the PMP concentrated on establishing a general
format that provided the user a tool that required minimal training, and that
could be adapted readily for use with the mathematical models for various
pathogens. The program was written using version 2.01 of Lotus 1-2-3, which
is the release that was (and likely remains) available to most individuals. How-
ever, this restricted the program to considering the pathogens on an individual
basis only, since each of the microorganisms had to be segregated into inde-
pendent worksheet files to manage the size (and thus the speed) of worksheets.
The newer releases of Lotus 1-2-3 (and similar programs) include a number of
features that are being explored in relation to enhancing the effectiveness of the
PMP in regard to assisting the user. Many of the improvements being considered
are based on suggestions received from individuals using the software. For
example, the ability to link multiple worksheets appears to have potential for
greatly enhancing the software through the development of consolidated ‘‘results
files’’ wherein the results from the individual files for the various microorganisms
could be imported and displayed. This option should allow development of
capabilities, such as a consolidated graph, that simultaneously displays the pre-
dicted growth curves for all the pathogens considered by PMP. These and other
improvements are actively being considered for inclusion in future PMP releases.
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