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ABSTRACT

In contrast with most chemical hazardous compounds, the concentration of food pathogens changes during processing,
storage, and meal preparation, making it difficult to estimate the number of microorganisms or the concentration of their toxins
at the moment of ingestion by the consumer. These changes are attributed to microbial proliferation, survival, and/or inacti-
vation and must be considered when exposure to a microbial hazard is assessed. The number of microorganisms can also
change as a result of physical removal, mixing of food ingredients, partitioning of a food product, or cross-contamination (M.
J. Nauta. 2002. Int. J. Food Microbiol. 73:297–304). Predictive microbiology, i.e., relating these microbial evolutionary patterns
to environmental conditions, can therefore be considered a useful tool for microbial risk assessment, especially in the exposure
assessment step. During the early development of the field (late 1980s and early 1990s), almost all research was focused on
the modeling of microbial growth over time and the influence of temperature on this growth. Later, modeling of the influence
of other intrinsic and extrinsic parameters garnered attention. Recently, more attention has been given to modeling of the
effects of chemicals on microbial inactivation and survival. This article is an overview of different applied strategies for
modeling the effect of chemical compounds on microbial populations. Various approaches for modeling chemical growth
inhibition, the growth–no growth interface, and microbial inactivation by chemicals are reviewed.

Different types of antimicrobial compounds can be
used to inactivate or inhibit growth of microorganisms in
food products, but chemical compounds can never replace
sterilization treatment. To ensure sound usage of such com-
pounds in industrial practice, a quantitative understanding
of their antimicrobial activity is necessary. To quantify the
effect of an antimicrobial compound on a specific micro-
organism, the concept of the MIC, i.e., the lowest concen-
tration which results in maintenance or reduction of inoc-
ulum viability, is often applied (20). The procedure for de-
termination of MIC values has been described (60), but
MIC values do not give any information about the extent
of inhibition or inactivation at a specific concentration of
the antimicrobial compound. An excellent way of quanti-
fying the effect of a compound on microbial behavior is by
development of predictive models. When effects on micro-
organisms are modeled, a clear differentiation is made be-
tween inactivating (i.e., microbiocidic) and growth inhib-
iting (i.e., microbiostatic) compounds. The microbiostatic
compounds are classified by their mechanism of action.
Most of the microbiocidic agents, which are used for dis-
infection, are classified on the basis of the oxidizing prop-
erties of the agent.

The most commonly applied microbiostatic agents in
foods are probably those lowering the water activity (aw).
Typical examples of these agents are NaCl and sucrose. The
effect of those compounds can be attributed to a difference
between the intracellular and extracellular osmotic pres-
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sures created by the solute present in the water phase of
the food. Other compounds must pass the negatively
charged surface of the microbial cell to exert their action
(69). The antimicrobial activity of, for example, organic
acids resides therefore only in the undissociated molecule
dissolved in the water phase of the food product. Typical
examples of preservatives sensu stricto, i.e., those com-
pounds that are effective at the molecular level at concen-
trations ,0.5%, are benzoic acid, sorbic acid, propionic
acid, parabens, nitrite, and sulfites. The antimicrobial action
of these preservatives is solely due to the metabolic activity
of the molecule.

The concentration of the undissociated form of an acid
(RCOOH) is a function of pH and depends on the pK value
of the acid in question. The relationship is given by the
following equation:

2[RCOO ]
pH 5 pK 1 log (1)

[RCOOH]

Other organic acids, such as lactic acid and acetic acid, are
used at higher concentrations, and their effect is a combi-
nation of depression of the pH, reduction in the water ac-
tivity, and exertion of metabolic inhibition by the undis-
sociated acid molecules. Some general information about
the action systems of chemical preservatives has been re-
ported by Davidson (28), Gould (48), and Kabara and Ek-
lund (56).

The use of this type of organic acid as a preservative
is gaining interest because preservatives sensu stricto have
a negative consumer image and by legislation are very lim-
ited in their use. However, preservatives are still commonly
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used in a wide range of foods such as cooked meat products
(106) and mayonnaise-based salads (30) and are used as
decontamination agents for fresh meat and poultry (110).

Several gases have a microbiostatic effect on micro-
organisms. Carbon dioxide is the most widely used gas,
especially as part of the modified atmosphere packaging
technology, which is widely applied by the food industry
for use with chilled food products. Despite numerous re-
ports on the effect of CO2 on microbial growth and metab-
olism, the mechanism of CO2 inhibition remains unclear
(29, 35). The different proposed mechanisms of action are
(i) reduction in the pH of the food, (ii) cellular penetration
followed by a decrease in the intracellular pH, (iii) specific
actions on cytoplasmic enzymes, and (iv) specific actions
on biological membranes. When CO2 is introduced into the
package, it is partly dissolved in the water phase and the
fat phase of the food. Devlieghere et al. (32) clearly dem-
onstrated that only the CO2 dissolved in the water phase of
the food will exert an antimicrobial action.

Other natural antimicrobial compounds, such as bac-
teriocins, spices, and essential oils, have only recently been
incorporated into practical applications in the food industry.
Therefore, few models are available to model their anti-
microbial effect of these compounds.

Commonly, a traditional two-step procedure is em-
ployed in predictive microbiology. In a first step, microbial
evolution curves are generated. The experimentally mea-
sured profiles of cell concentration versus time are fitted
with a primary growth model (e.g., the model of Baranyi
and Roberts (5)), and growth curve descriptors or param-
eters are obtained, e.g., the lag phase duration l (hours),
the maximum specific growth rate mmax (1/hours), and the
maximum population density Nmax (CFU/ml) (80). In a sec-
ond step, l, mmax, and Nmax are related to environmental
conditions such as temperature, pH, and concentration of
an antimicrobial compound by a secondary model (74).

MODELING OF MICROBIAL GROWTH
INHIBITION BY CHEMICALS

Primary modeling. Inhibition of microbial prolifera-
tion is one of the key objectives of food preservation. The
most important factor in retarding microbial growth in min-
imally processed food products is storage under chilled con-
ditions. However, in many cases low temperature is not
enough to ensure substantial shelf life extension and to
guarantee safety and quality. Thus, microbial cells should
be additionally stressed by other factors such as the addition
of NaCl, preservatives, or organic salts or a CO2-enriched
atmosphere. Application of these stressors will result in re-
duced growth, which will be expressed as longer lag time,
decreased maximum specific growth rate, and in some cases
lower maximal cell density. These phenomena can easily
be modeled using a primary growth curve. Classically, a
sigmoidal growth curve is used to model cell growth as a
function of time, although a three-phase linear model is
sometimes used as a simplification (19). During the devel-
opment of the field of predictive microbiology, the Gom-
pertz model and the logistic growth model (46) were mostly
applied. In the late 1990s, the dynamic growth model of

Baranyi and Roberts (5) became more popular, e.g., see (84)
(for an overview of the different primary growth models,
see (74)).

Secondary modeling. When the effect of a growth in-
hibiting compound is expressed, related secondary model
types are used, with the following types of equations:

m 5 f ([antimicrobial compound])max

l 5 g([antimicrobial compound])

N 5 h([antimicrobial compound]) (2)max

Secondary modeling: the water phase. Microorgan-
isms are metabolically active in the water phase of a food
product. Therefore, the active part of a microbiostatic com-
pound is the concentration of this compound in the water
phase of the food product. The concentration in the water
phase should be taken into account in the different second-
ary models developed to express the effect of microbios-
tatic compounds on microbial proliferation. In the case of
hydrophilic compounds, the concentration in the water
phase can be easily calculated when the water content of
the food is known, as is typically the case for NaCl, nitrite,
and organic acids such as lactic acid or acetic acid and their
salts. For hydrophobic compounds, such as benzoic acid,
sorbic acid, and parabens, the distribution of the compound
in question between the water phase and the fat phase of
the food product (i.e., the partition coefficient) should be
taken into consideration. The part of the preservative that
ends up in the fat phase must be considered a loss of an-
timicrobial activity.

For antimicrobial gases such as CO2, only the part dis-
solved in the water phase of the food product will exert its
antimicrobial action (32). The amount of CO2 dissolved in
the water phase will depend on the initial concentration of
CO2 in the headspace and on the gas/product ratio, tem-
perature, pH, the amount of fat, and the saturation degree
of the fat.

When microbial behavior in food products is modeled,
the structure of the food must be considered. The concen-
tration of an active compound in the water phase of an
emulsion will be determined by the structure of this emul-
sion, which must be factored into predictive models when
food products are considered (124). The distribution of hy-
drophilic compounds between the intracellular and extra-
cellular water phases of a food such as meat or vegetables
could also play a role in the effectiveness of these com-
pounds. The active and passive transport possibilities of the
active compounds across the cell membrane will probably
be the determining factor in this distribution. However, very
little information is available concerning this distribution,
and future research should focus on this phenomenon to
increase the transferability of results in broth to results in
real food systems.

Secondary modeling: the effect of aw and pH-inde-
pendent antimicrobials. The following secondary model
types have been described: Arrhenius type models, Bĕleh-
rádek type models, polynomial models, neural network
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TABLE 1. Overview of secondary models for the maximum specific growth rate as a function of lactic acida

Model equation Reference

Dependence on [La2], [LaH], and [H1]
2 1[La ] [LaH] [H ]

m 1 2 1 2 1 2opt 2 11 21 21 2[La ] [LaH] [H ]max max max
98

Dependence on [LaH] and [H1]
a b1[LaH] [H ]

m 1 2 1 2opt 11 2 1 2[LaH] [H ]max max
94

[LaH] (pH 2 pH )(pH 2 pH )min maxm 1 2opt 21 2[ ]![LaH] (pH 2 pH )(pH 2 pH ) 2 (pH 2 pH )max min max opt
64

Dependence on NaLa (sodium lactate)

g(NaLa 2 NaLa)maxmopt [ ]NaLa (g 2 NaLa)max
51

NaLamaxm 1 2opt1 2NaLa
31

a mopt is the specific growth rate in the absence of lactic acid; max (or min) indicates a concentration at which growth is no longer
possible; a, b, and g are parameters with no clear biological interpretation.

models, and cardinal values models (119). When the effect
of a pH-independent antimicrobial compound is transferred
to a secondary model, the Bĕlehrádek type (79) (also called
Ratkowsky model or square root model) and the polyno-
mial models are most often applied.

An example of a polynomial model for the effect of
two microbial compounds comp1 and comp2 on the max-
imum specific growth rate mmax is given here:

2m 5 a [comp1] 1 a [comp2] 1 a [comp3]max 1 2 3

21 a [comp2] 1 a [comp1][comp2] (3)4 5

A typical Bělehrádek model has the following structure (79):

Ïm 5 a (T 2 T )Ï(a 2 a ) (4)max 1 min w wmin

in which the index min (minimum) indicates a (theoretical)
value at which growth ceases. It has been extended for spe-
cific antimicrobial compounds:

Ïm 5 a (T 2 T )max 1 min

3 {(a 2 a )([comp1 ] 2 [comp1])w w maxmin

1/23 ([comp2 ] 2 [comp2])} (5)max

Examples can be found for CO2 (26, 31), lactate anion (33,
51), and nitrite (81). Similar equations can be derived for
the lag phase l, where mmax is replaced by 1/l.

Secondary modeling: the effect of pH-dependent an-
timicrobial compounds. Most of antimicrobial compounds
in which the antimicrobial effect is pH dependent are or-
ganic acids. Various mathematical models can be used to
predict the microbiostatic effect of organic acids.

Appropriate modeling methodology depends largely on
how the organic acids are introduced in food products. An
organic acid can be present as a natural or purposefully
added ingredient, or it can be produced in situ by microbial
organisms, such as lactic or propionic acid bacteria (52).

Although the inhibitory mechanisms remain the same, each
addition mechanism calls for a specific modeling approach;
when the inhibitory agent is added the concentration of the
agent must be considered an invariant environmental factor,
whereas when the agent is produced in situ, it must be
considered a time-dependent variable.

Modeling the inhibitory effect of an added organic acid
on microbial growth when the initial acid concentration is
not (or only negligibly) altered during storage is the sim-
plest approach. The traditional two-step procedure in pre-
dictive microbiology can be applied, resulting in a primary
model type and a secondary model type relating l, mmax,
and Nmax to the organic acid concentration. In the literature,
most secondary models available are for mmax. An over-
view of these models for one of the most studied organic
acids, lactic acid, is given in Table 1. The model of Presser
et al. (98) accounts for all three antimicrobial components,
whereas those of Passos et al. (93) and Le Marc et al. (64)
consider only the two most inhibitory agents, [LaH] and
[H1]. A number of models for the maximum specific
growth rate as a function of the sodium salt have been
described. Because this easily dissolved salt has only a mi-
nor effect on pH, addition of sodium lactate to nonacidic
foods principally comes down to addition of [La2], and the
models of Houtsma et al. (51) and Devlieghere et al. (33)
thus merely describe the specific effect of lactate.

With respect to the functional form, the models in Ta-
ble 1 that include more than one variable all use a multi-
plicative approach. Le Marc et al. (64) suggested expanding
this approach by the inclusion of a novel factor to describe
the interactive effects of the variables (see ‘‘Modeling of
Growth–No Growth Boundaries’’). This factor allows for a
more accurate description of the experimental data near the
growth limits.

When an organic acid is produced in situ by microbial
metabolism, e.g., during a fermentation process, its concen-
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tration increases with time. Microbial growth constitutes the
driving force of acid production, but the acid itself exerts
a negative feedback influence on the growth process of the
producing organism and of other organisms present. Over
the years, a number of researchers have presented models
for the combined processes of growth and acid production,
expressing the mutual influence between them. Considering
again lactic acid as a type case, several models have been
described (12, 70, 71, 88, 92, 97, 121). All of these models
more or less fit in the same general frame, in which three
so-called model building blocks can be distinguished.

A first block considers the growth characteristics of the
microorganisms.

dNi 15 m ([LaH], [H ], · )N (6)i idt

where N (CFU/ml) symbolizes the cell concentration, t
(hours) is the time, and m (1/hours) is the specific growth
rate. The index i indicates the organisms, which are typi-
cally a lactic acid bacterium (the antagonist, i 5 A) and a
contaminant (the target, i 5 T ). Usually, the antimicrobial
action of [LaH] and [H1] is accounted for, and the influence
of lactate is assumed to be negligible. Although both or-
ganisms experience negative effects, the lactic acid bacte-
rium is usually less sensitive than the target. Functional
forms for m are often inspired by those listed in Table 1
(12, 92). However, [LaH] and [H1] are now time dependent
and do not refer to an invariant (initial) concentration.

A second block describes the production of lactic acid
(i 5 A, T):

dLaHtot 15 m ([LaH], [H ], · )N (7)O i idt

where LaHtot (M) is the total lactic acid concentration (i.e.,
the sum of [LaH] and [La2]) and p is the specific produc-
tion rate. According to equation 7, both antagonist and tar-
get contribute to the total lactic acid concentration. How-
ever, lactic acid bacteria are generally the most productive.
Analogous to m, p depends on [LaH] and [H1]. Often, the
specific production rate is related to the specific growth rate
through the so-called linear law, i.e., p 5 Ym 1 m, where
Y (mmol/CFU) is a yield coefficient and m (mmol/[CFU·h])
is a maintenance coefficient (70, 71, 92, 97). In this way,
total growth (both associated and not associated with lactic
acid production) is incorporated.

The last block concerns the dissociation kinetics of lactic
acid in the medium, which can be included in equation 6:

1[H ] 5 f (LaH , medium)tot

1[LaH] 5 g(LaH , [H ], medium) (8)tot

Naturally, the protons and undissociated lactic acid mole-
cules are dependent on the medium characteristics or more
precisely the buffering capacity. A major difficulty is that
for a lot of complex media and food products, the buffering
components are not known in detail. Classical chemical
laws (e.g., chemical equilibria, mass, and charge balances)
therefore cannot be applied directly, and most of the models
make use of purely empirical expressions for this last block.

Two semimechanistic approaches, which are maximally in-
spired by chemical laws, are those of Wilson et al. (125)
and Vereecken and Van Impe (121). An application of
equations 6 and 8 to the growth inhibition of Yersinia en-
terocolitica in mono- and coculture with Lactobacillus sak-
ei was reported by Vereecken et al. (120). An overview of
some current models in the area of modeling microbial
growth inhibition by antimicrobial compounds is given in
Table 2.

Tertiary modeling. Within the field of modeling mi-
crobial growth inhibition as influenced by chemicals, some
tertiary models can be mentioned. The Pathogen Modeling
Program (PMP 7.0, 2004) is a software package developed
by the U.S. Department of Agriculture Agricultural Re-
search Service (Eastern Regional Research Center, Wynd-
moor, Pa.) that can be downloaded freely from the internet
(http://www.arserrc.gov/mfs/pathogen.htm). In addition to
the classic growth factors such as temperature and the phys-
iochemical factors of pH and aw, the effect of some chem-
icals such as sodium nitrite or sodium pyrophosphate on
the aerobic or anaerobic growth of some selected pathogens
can be estimated. PMP also includes studies on heat inac-
tivation, survival (see ‘‘Modeling of Microbial Inactivation
by Chemicals, Tertiary Modeling’’), cooling, irradiation,
time to turbidity, and time to toxin (fish). Unfortunately,
the model is unable to make estimations when organic acids
are applied, because only the pH is incorporated for the
growth models. A second example is the Seafood Spoilage
Predictor (25). This tertiary model can be used to estimate
the time to spoilage for some fish products for a user-spec-
ified input temperature profile. The concentration of CO2

in the headspace is incorporated in the model. This freeware
program was developed at the Danish Institute for Fisheries
Research (http://www.dfu.min.dk/micro/ssp/).

In general, few tertiary models are available for chem-
icals as inhibitory agents for microbial growth. More ef-
forts should be made to integrate this phenomenon in
ready-to-use tertiary models to enable an understanding of
the actions of these agent to be disseminated to the food
industry.

MODELING OF GROWTH–NO GROWTH
BOUNDARIES

Many large food producers choose no growth-sup-
porting conditions to guarantee the microbial safety of
their food products, i.e., conditions that do not allow
growth of any food pathogen in the product. For these
producers it is essential to know the interface between
conditions supporting growth and conditions where
growth is not possible because treatment conditions that
are too severe on the nongrowth side can deterioriate food
quality and are more expensive. The growth–no growth
interface can be defined by a single factor such as tem-
perature (cardinal value) while other factors remain con-
stant, but more often a combination of factors such as
temperature, pH, aw, and concentrations of chemical com-
pounds is considered. Several models have been devel-
oped to describe these multiple factor interfaces.

http://www.arserrc.gov/mfs/pathogen.htm
http://www.dfu.min.dk/micro/ssp/
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TABLE 2. Overview of some current models of microbial growth inhibition by antimicrobial compounds

Microorganism Growth mediuma Antimicrobial component Modeling approach Reference(s)

Acinetobacter calcoaceticus Ready-to-drink beverages Titrable acidity, Na benzoate,
K sorbate

Polynomial with backward re-
gression

8

Aeromonas hydrophila TSB, pork meat Lactic acid, HCl Square root model 47
Brochotrix thermosphacta Fresh red mullet (Mullus

barbatus)
CO2 Polynomial, Bělehrádek, Ar-

rhenius
59

Clostridium botulinum Cheese products NaCl, citrate phosphate Polynomial, probability model 113, 114
PYGS CO2 Time-to-growth polynomial

model
40

Escherichia coli O157:H7 Apple cider K sorbate, Na benzoate Probability model, polynomial 117
Gluconobacter oxydans Ready-to-drink beverages Titrable acidity, Na benzoate,

K sorbate
Polynomial with backward re-

gression
8

Lactic acid bacteria Endive CO2 Arrhenius, Ratkowsky 118
Fresh red mullet CO2 Polynomial, Bělehrádek, Ar-

rhenius
59

Lager beer SO2, beer components Polynomial 39
Modified-atmosphere-packed

cooked meat products
CO2, Na lactate Square root model, polyno-

mial
31, 33

Vacuum-packaged meat Lactic acid Model of Yeh et al. (1991) 88
Listeria spp. BHI NaCl, methyl paraben, Na

propionate, Na benzoate, K
sorbate

Probability model 101

Listeria innocua BHI Lactic, acetic, and propionic
acids

Extended cardinal model 64

Listeria monocytogenes BHI CO2 Polynomial model 38
Cooked ham simulation me-

dium
CO2, Na lactate Ratkowsky, response surface 34

LEB NaCl, phenolic compounds Combined exponential-poly-
nomial approach

85

Pork meat Lactic acid, HCl Square root model 47
Shrikhand (a fermented

milk product) standard-
ized broth

Pediocin K7
NaCl, Na lactate, Na acetate

Polynomial
Polynomial

53
87

TPB NaNO2 Polynomial 18
TSB Lactic acid, HCl

NaCl, NaNO2

CO2

Square root model
Polynomial
Z-value concept

47
73
96

TSB-YE Nisin, NaCl
Curvaticin 13, NaCl
Nisin, leucocin F10, NaCl,

EDTA

Polynomial
Polynomial
Probability model

11
10
89

TSYGB Lactic and acetic acids
CO2, NaCl

Polynomial
Polynomial

45
41

Mesophillic bacteria Endive CO2 Arrhenius, Ratkowsky 118
Penicillium brevicompactum MY50 Sorbic acid, Na sorbate, pro-

pionic acid
Cardinal model 82

Pseudomonas spp. Fresh red mullet CO2 Polynomial, Bělehrádek, Ar-
rhenius

59

Psychrotrophic, gram-nega-
tive bacteria

Endive CO2 Arrhenius, Ratkowsky 118

Saccharomyces cerevisiae Laboratory medium
YEPD broth

K sorbate
Sulphite, nitrite, sorbic acid,

benzoic acid

Probability model
Mechanistic

67
61

Saccharomyces rosei Cucumber juice medium Lactic acid, acetic acid, hy-
drochloric acid, NaCl

Semimechanistic 91

Shewanella putrefaciens Fresh red mullet CO2 Polynomial, Bělehrádek, Ar-
rhenius

59

Staphylococcus aureus BHI Acetic, lactic, and hydrochlo-
ric acids

Modified Gompertz plus poly-
nomial

36

a TSB, tryptic soy broth; PYGS, peptone yeast extract glucose starch medium; BHI, brain heart infusion; LEB, Listeria enrichment
broth; TPB, tryptose phosphate broth; TSB-YE, TSB with yeast extract; TSYGB, tryptone soya broth with yeast extract and glucose;
MY50, malt extract, yeast extract, peptone, 50% suger agar; YEPD, yeast extract–peptone–dextrose.
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TABLE 3. Overview of some current models of the growth–no growth interface for some antimicrobial compounds

Microorganism Strain Growth mediuma Antimicrobial component Modeling approach Reference

Aspergillus niger Ready-to-drink
beverages

Na benzoate, K sorbate,
titrable acidity

Logit based, polynomial 6

Bacillus cereus BHI Ethanol Logit based, square root
model based

62

Candida lipolytica Ready-to-drink
beverages

Na benzoate, K sorbate,
titrable acidity

Logit based, polynomial 7

Escherichia coli M23 Nutrient broth Lactic acid Logit based, nonlinear
square root model

99

O157:H7 TSB Acetic acid, NaCl, sucrose Logit based, polynomial 77
Mayonnaise

model system
Acetic acid, NaCl, sucrose Logit based, polynomial 78

Listeria monocytogenes TSB-YE Lactic acid Logit based, nonlinear
square root model

116

Nisin, leucocin F10, NaCl,
EDTA

Logistic regression (5logit
based after recalcula-
tion), polynomial with
backward regression

89

Mexican-style
cheese

Lactic acid, NaCl Logit based, linear model 9

Listeria innocua BHI Acetic, lactic, propionic
acids

Extended cardinal model 64

Penicillium brevicompactum MY50 solid me-
dium

Sorbic acid, propionic acid,
Na benzoate

Cardinal model 82

Penicillium spinulosum Ready-to-drink
beverages

Na benzoate, K sorbate,
titrable acidity

Logit based, polynomial 6

Saccharomyces cerevisiae Ready-to-drink
beverages

Na benzoate, K sorbate,
titrable acidity

Logit based, polynomial 7

Salmonella Entiritidis BHI Ethanol Logit based, square root
model

62

Staphylococcus aureus BHI Ethanol Logit based, square root
model

62

K sorbate
K sorbate, Ca propionate

Polynomial
Polynomial

112
111

Shigella flexneri Broth Na nitrite Logit based, square root
model

100

Zygosaccharomyces bailii Mango puree K sorbate, Na benzoate Logit based, polynomial 68
Ready-to-drink

beverages
Na benzoate, K sorbate,

titrable acidity
Logit based, polynomial 7

YNB Acetic acid, NaCl, fructose TTG based, polynomialb 54

a BHI, brain heart infusion; TSB, tryptic soy broth; TSB-YE, TSB with yeast extract; MY50, malt extract, yeast extract, peptone, 50%
sugar agar; YNB, yeast nitrogen broth.

b TTG, time to growth.

When modeling the growth–no growth interface, many
data points near the growth boundaries are needed because
the transition between growth and no growth is often quite
abrupt. The primary data are binary: growth is observed or
not observed (with some exceptions). A classical primary
model will not be used in this specific area of predictive
modeling. The data (growth or not) will be modeled im-
mediately using secondary models, describing the possibil-
ity of growth as a function of environmental conditions.
Tienungoon et al. (116) develped a model where a pH de-
crease of 0.1 to 0.2 units can cause growth of Listeria mon-
ocytogenes to cease, and Salter et al. (105) showed that an
aw decrease of 0.001 to 0.004 forms the growth–no growth
boundary for Escherichia coli.

Because the use of growth–no growth modeling is re-
cent, there are no tertiary models currently available, and
more attention should be given to this research area.

Secondary models. A first attempt to model the
growth–no growth interface was made by Ratkowsky and
Ross (100). They transformed the square-root model (a ki-
netic model) from McMeekin et al. (81) and adjusted it with
a nitrite factor (equation 9) to a logit-based model (a prob-
ability model):

Ïm 5 a (T 2 T )max 1 min

3 Ï(pH 2 pH )(a 2 a )(NO 2 NO )min w w 2max 2min

(9)
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FIGURE 1. Different types of inactivation codes. Figure adapted from Xiong et al. (126): log-linear curves (A), log-linear curves
with a tailing (B), biphasic curves (C), log-linear curves with a shoulder (D), sigmoidal curves (E), and biphasic curves with a
shoulder (F). Two other shapes of chemical inactivation curves were reported by Peleg and Penchina (95): concave downward (G)
and concave upward (H).

From both sides of the equation, the natural logarithm was
taken, and the left side was replaced by the Logit (p) 5
ln[p/(1 2 p)], where p is the probability that growth occurs.
The data set is considered to be binary: p 5 1 if growth
can be observed for that defined combination of environ-
mental conditions, and p 5 0 if no growth is observed. The
new equation (10) is

logit( p) 5 b 1 b ln(T 2 T ) 1 b ln(pH 2 pH )0 1 min 2 min

1 b ln(a 2 a ) 1 b ln(NO 2 NO )3 w w 4 2max 2min

(10)

The coefficients b0, b1, b2, b3, and b4 must be estimated by
fitting the model to experimental data. The other parameters
(Tmin, pHmin, a , and NO2max) should be estimated in-wmin

dependently or fixed to constant values so the coefficients
can be estimated using linear logistic regression. Once the
b-values are identified, the position of the interface can be
estimated by choosing a fixed p. Often p 5 0.5 is preferred,
corresponding to a 50:50 likelihood that the organism will
grow under those fixed environmental conditions. Then,
logit (0.5) 5 ln(0.5/0.5) 5 ln(1) 5 0.

Another example was given by Presser et al. (99), who
transformed a Bĕlehrádek type of model to a logit-based
model (equation 11) to predict the chance for E. coli M23
to grow in response to aw, temperature, pH, and lactic acid
concentration:

logit( p) 5 b 1 b ln(a 2 a ) 1 b ln(T 2 T )0 1 w w 2 minmin

(pH 2pH)min1 b ln[1 2 10 ]3

LAC
1 b ln 1 24 (pH2pK )a[ ]U (1 1 10min

LAC
1 b ln 1 2 (11)5 (pK 2pH)a[ ]D (1 1 10min

An extended model was developed by Tienungoon et
al. (116) (model not shown). Similar models were devel-
oped by Lanciotti et al. (62) presenting the effect of pH,
aw, temperature, and ethanol concentration on the growth–
no growth interface of Bacillus cereus, Staphylococcus au-
reus, and Salmonella Enteritidis.

In these models, linear regression was used to estimate
the parameters. Salter et al. (105) made a model estimating
the growth boundaries for E. coli R31 using a nonlinear
regression logistic model:

logit( p) 5 b 1 b ln(a 2 a ) 1 b ln(T 2 T )0 1 w w 2 minmin

1 b ln{1 2 exp[b (T 2 T )]} (12)3 4 max

A similar logit-based modeling approach was used by
McKellar and Lu (77), but they preferred a quadratic poly-
nomial to the adapted square root model. They focused on
the growth–no growth interface of the pathogenic E. coli
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TABLE 4. Static models for survival curves, adapted from (67) and (23)

Model Mathematical formula Reference

First order kinetics N(t) 5
N(t) t

2ktN e or log 5 20 N D0
22

Cerf
N(t)

5
N0

2k t 2k t1 2fe 1 (1 2 f )e 21

Kamau For linear survival curves: 57
N(t)

5
N0

2
bt1 1 e

For survival curves with a lag phase:
N(t)

log 5
N0

2b t b t1 1/2 2 1/2log(1 1 e ) 2 log(1 1 e )

For biphasic survival curves:

N(t)
log 5

N0

2 f 2(1 2 f )
log 1

b t b t1 2[ ]1 1 e 1 1 e

Whiting-Buchanan
N(t)

log 5
N0

2b t 2b t1 lag 2 lagf (1 1 e ) (1 2 f )(1 1 e )
log 1

b (t2t ) b (t2t )1 lag 2 lag[ ]1 1 e 1 1 e
122

Gompertz
N(t)

log 5
N0

BM 2B(t2M)2e 2eCe 2 Ce 65

Daugthry
N(t)

log 5
N0

2l,t2k ted 27

Cole log N(t) 5
Ã 2 a

a 1
4s(t2log t)/(Ã2s)1 1 e

24

Buchanan Log N(t) 5

log N (t # t )0 lag
t 2 tlag

log N 2 (t . t )0 lagD
17

Xiong For t # tlag:

N(t)
log 5

N0
0 126

For t . tlag:
N(t)

log 5
N0

2k (t2t ) 2k (t2t )1 lag 2 laglog[ fe 1 (1 2 f )e ]

Geeraerd N(t) 5
1 1 Cc02k tmax(N 2 N )e 1 N0 res res2k t1 2max1 1 C ec0

44

Membre log N(t) 5 (1 1 log N0) 2 ekt 88

Chiruta
N(t)

ln 1 2 log 5[ ]N0
« 1 Ã ln(t) 1 V[ln(t)]2 23

O157:H7 as a function of temperature, pH, acetic acid con-
centration, salt concentration, and glucose concentration.

A second type of model was developed by Masana and
Baranyi (72). They investigated the growth–no growth in-
terface of Brochotrix thermosphacta as a function of pH
and water activity. The aw values were recalculated as bw

5 Ï(1 2 aw). The model could be divided into two parts:
a parabolic part (equation 13) and a linear part at a constant
NaCl level:

pHboundary 5 a0 1 a1bw 1 a2(bw)2 (13)

A third type of modeling was proposed by Le Marc et
al. (64). Their model, which describes the L. monocytoge-
nes growth–no growth interface, is based on a four-factor
kinetic model estimating the value of mmax (equation 14).
Functions are based on the cardinal values of temperature
(104) and were adjusted for L. monocytogenes by Bajard
et al. (2) and for pH by Rosso et al. (103):

m 5 m r(T)g(pH)t([RCOOH])j(T, pH, [RCOOH])max opt

(14)
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TABLE 5. Model features with respect to the eight possible inactivation curve shapes, partly originating from (126) and (44)

Model Log-linear
Log-linear
1 shoulder

Log-linear
1 tail

Log-linear
1 shoulder

1 tail Biphasic
Biphasic

1 shoulder

Multiphasic

Concave
up

Concave
down

Suitable for use in both constant and changing environmental conditions

First order
Cerf
Geeraerd

1
1
1

2
2
1

2
1
1

2
2
1

2
1
2

2
2
2

2
2
2

2
2
2

To be used only under constant environmental conditions
(inherently static, inconsistent at time zero, or inconsistent at changing conditions)

Gompertz
Kamau
Whiting/Buchanan
Buchanan
Cole

1a

1b

1b

1
1

1a

1
1
1
1

1a

1
1
2
1

1a

2
1
2
1

2
1
1
2
2

2
2
1
2
2

2
2
2
2
2

2
2
2
2
2

Membré
Daugthry
Chiruta
Xiong

2
1
1
1

2
2
2
1

2
2
2
1

2
2
2
1

2
1
1
1

2
2
2
1

2
1
1
2

1
2
2
2

a 1 indicates that the slope of the log-linear part cannot be directly related to one (or a combination of) parameter value(s), see, e.g.,
Membré et al. (42).

b 1 indicates that the model only approximates log-linear behavior.

The growth–no growth interface was obtained by reducing
the mmax to zero, which can be done by making one of the
environmental factors equal to zero or by making the in-
teraction term j(T, pH, [RCOOH]) equal to zero.

An overview of some current models in the area of
modeling growth–no growth in response to various anti-
microbial compounds is given in Table 3.

MODELING OF MICROBIAL INACTIVATION
BY CHEMICALS

Beyond the growth–no growth interface, microbial
death induced by high temperatures and radiation has been
well described. Less information is available for nonthermal
and nonradiation methods of inactivation. Most of the mod-
eling work regarding survival or inactivation of chemically
stressed microorganisms has focused on development of
primary models to describe the evolution of the cell pop-
ulation as a function of time.

Primary models. The concept of D-values known
from thermal heat treatments, assuming a semilogarithmic
survival curve being linear, has been extended to microbial
inactivation by chemicals. Obviously, the concept of a D-
value becomes problematic when experimentally deter-
mined semilogarithmic survival curves are clearly nonlin-
ear (95), which is often the case for inactivation by chem-
icals. Six commonly observed types of survival curves have
been distinguished by Xiong et al. (126): log-linear curves,
log-linear curves with a shoulder, log-linear curves with a
tailing, sigmoidal curves, biphasic curves, and biphasic
curves with a shoulder. Figure 1 represents graphically
these six different shapes of survival curves. Two other
shapes of inactivation curves have been reported (95): con-
cave downward and concave upward. Microbial survival

data for Salmonella Typhimurium exposed to several chlo-
rine concentrations clearly showed concave upward char-
acteristics (63), whereas exposure of L. monocytogenes to
potassium sorbate resulted in concave downward curves
(37). Peleg and Penchina (95) noted that the nonlinearity
of inactivation curves has been resolved in four different
ways: (i) ignore the curvature and force a straight line
through the data points, (ii) divide the survival curves to
several segments, each small enough to be approximated
by a straight line, (ii) use population balance and kinetic
models that are consistent with the actual shapes of the
survival curves, and (iv) do not treat the survival curve in
kinetic terms but as a cumulative form of a temporal dis-
tribution of lethal events. An overview of the most com-
monly applied primary models for static survival curves is
given in Table 4. In Table 5, an overview of the same pri-
mary models is given with respect to their ability to de-
scribe one or more of these (in total) eight different survival
shapes. A subdivision has been made with respect to the
static or dynamic character of the different model types.
For more details on the motivation of this subdivision, see
the article by Geeraerd et al. (44).

When a chemical agent is used as a disinfectant against
microbial contamination of food, its concentration tends to
decrease with time as the result of various processes, in-
cluding reaction with other compounds, evaporation, and
degradation. Recently, primary models were developed to
take into account this change in concentration (94), indi-
cating the necessity for suitable dynamic model types.

Secondary models. Most of the model development
has focused on primary models for microbial inactivation
by chemicals at the expense of secondary model develop-
ment. In most cases, the influence of environmental factors
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TABLE 6. Overview of some current models of microbial inactivation by antimicrobial compounds

Microorganism Strain Growth mediuma Antimicrobial component Modeling approach
Refer-
ence(s)

Escherichia coli NRRL B-3704 Simulated milk ultrafiltrate Nisin Polynomial 115
O157:H7 Eggplant salad Oregano essential oil Polynomial

Vitalistic modeling ap-
proach of Kilsby et
al. (2000)

108
107

Green peppers Chlorine dioxide gas
Ozone gas

Polynomial
Polynomial

49
50

Listeria monocyto-
genes

BHI Citric acid
Lactic acid, NaCl, Na nitrite

Exponential equation
Polynomial
Logistic-based equation

13
14, 15
17

LEB NaCl, phenol compounds Combined exponential-
polynomial approach

85

Salmonella Enteri-
tidis

Taramasalad Oregano essential oil Response surface 58

Salmonella Typhi-
murium

Reduced-calorie mayonnaise Citric acid, glucose Second order polyno-
mial

83

Yersinia enterocol-
itica

Laboratory media NaCl, lactic acid Semimechanistic own
model

55

a BHI, brain heart infusion; LEB, Listeria enrichment broth.

in the microbial cell on the primary model parameters are
described by black box polynomial equations. In many cas-
es, the time for a 4D reduction (t4D) is described by a poly-
nomial equation as a function of factors including temper-
ature, pH, and concentration of the applied chemical(s), as
was done for an expanded model of nonthermal inactivation
of L. monocytogenes (15) and the survival of S. aureus
(123). Growth, survival, and death of Y. enterocolitica was
also modeled with a new primary model with four param-
eters, A, B, C, and D, which were in turn described with a
polynomial model having terms for temperature, pH, and
the concentrations of NaCl and undissociated lactic acid
(55).

Another applied approach is the use of probabilistic
models to predict the probability of a specific reduction of
a food pathogen or the probability of survival starting from
a specific inoculum level. This approach was used to model
the effects of nisin, leucocin F10, pH, NaCl, and EDTA on
the survival of L. monocytogenes in broth (89) and to model
the effects of pH, storage temperature, concentration of sor-
bate or benzoate, and freeze-thaw treatment combinations
on the reduction of E. coli O157:H7 in apple cider (117).
An overview of some current models in the area of mod-
eling microbial inactivation by antimicrobial compounds is
given in Table 6.

Tertiary models. Within the PMP, inactivation can be
modeled for stressful environmental conditions, although
these model results are referred to as survival curves. In
addition to the effects of sodium nitrite and sodium pyro-
phosphate, lactic acid also was incorporated as an environ-
mental factor.

Incorporation into tertiary models of chemical agents
used to control microbial proliferation is rather limited.
More effort is needed in this field to transform this knowl-
edge into helpful tools for the food industry.

TOWARD AN INDIVIDUAL APPROACH

Most actual predictive models are developed using
high inoculum levels (for growth, 103 to 104 CFU/ml; for
inactivation, 106 to 108 CFU/ml), but in reality, foods of-
ten initially contain only low levels of pathogens. When
low inoculation levels were applied, an increase in vari-
ability of growth characteristics of the cell population was
clearly demonstrated by Robinson et al. (102). They
proved that the variability in detection time, using optical
density measurements, increased when the inoculum level
was lowered, and the effect became more pronounced
when the environmental conditions became more stressful.
Similar research was done by Augustin et al. (1), Llaudes
et al. (66), and Pascual et al. (90). This variation should
be taken into account when exposure assessments are per-
formed in the framework of microbial risk assessment.
Therefore, new modeling approaches should be devel-
oped, using individual-based modeling techniques. A first
attempt expressing the need of individual modeling was
made by Buchanan et al. (19) and Baranyi (3). Later mod-
els were developed by McKellar and Knight (76), Mc-
Kellar (75), Smelt et al. (109), and Baranyi (4). A method
for isolating single cells in the cups of a microtiter plate,
combining high yield with a high likelihood of having a
single cell, was developed by Francois et al. (42). This
method was applied to determine the individual cell lag
phase of L. monocytogenes in broth as a function of tem-
perature and pH (43).

The field of predictive microbiology is still in its em-
bryonic state, but the knowledge that can be gained will be
essential for increasing the credibility of this approach as a
powerful tool in microbial risk assessment.
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85. Membré, J. M., J. Thurette, and M. Catteau. 1997. Modelling the
growth, survival and death of Listeria monocytogenes. J. Appl. Mi-
crobiol. 82:345–350.

86. Nauta, M. J. 2002. Modelling bacterial growth in quantitative mi-
crobiological risk assessment. Int. J. Food Microbiol. 73:297–304.

87. Nerbrink, E., E. Borch, H. Blom, and T. Nesbakken. 1999. A model
based on absorbance data on the growth rate of Listeria monocy-
togenes and including the effects of pH, NaCl, Na-lactate and Na-
acetate. Int. J. Food Microbiol. 47:99–109.

88. Nicolaı̈, B. M., J. F. Van Impe, B. Verlinden, T. Martens, J. Van-
dewalle, and J. De Baerdemaeker. 1993. Predictive modeling of
surface growth of lactic acid bacteria in vacuum-packed meat. Food
Microbiol. 10:229–238.

89. Parente, E., M. A. Giglio, A. Ricciardi, and F. Clementi 1998. The
combined effect of nisin, leucocin F10, pH, NaCl and EDTA on
the survival of Listeria monocytogenes in broth. Int. J. Food Mi-
crobiol. 40:65–75.

90. Pascual, C., T. P. Robinson, M. J. Ocio, O. O. Aboaba, and B. M.
Mackey. 2001. The effect of inoculum size and sublethal injury
onth ability of Listeria monocytogenes to initiate growth under sub-
optimal conditions. Lett. Appl. Microbiol. 33:357–361.

91. Passos, F. V., H. P. Fleming, R. M. Felder, and D. F. Ollis. 1997.
Modelling growth of Saccharomyces rosei in cucumber fermenta-
tion. Food Microbiol. 14:533–542.

92. Passos, F. V., H. P. Fleming, D. F. Ollis, R. M. Felder, and R. F.
McFeeters. 1994. Kinetics and modeling of lactic acid production
by Lactobacillus plantarum. Appl. Environ. Microbiol. 63:2355–
2360.

93. Passos, F. V., H. P. Fleming, D. F. Ollis, H. M. Hassan, and R. M.
Felder. 1993. Modeling the specific growth rate of Lactobacillus
plantarum in cucumber extract. Appl. Microbiol. Biotechnol. 40:
143–150.

94. Peleg, M. 2002. Modeling and simulation of microbial survival
during treatments with a dissipating lethal chemical agent. Food
Res. Int. 35:327–336.

95. Peleg, M., and C. M. Penchina. 2000. Modeling microbial survival
during exposure to a lethal agent with varying intensity. Crit. Rev.
Food Sci. Nutr. 40:159–172.

96. Pin, C., G. D. Garcı́a de Fernando, J. A. Ordóñez, and J. Baranyi.
2001. Applying a generalized z-value concept to quantify and com-
pare the effect of environmental factors on the growth of Listeria
monocytogenes. Food Microbiol. 18:539–545.

97. Pleasants, A. B., T. K. Soboleva, G. A. Dykes, R. J. Jones, and A.
E. Filippov. 2001. Modelling of the growth of populations of Lis-
teria monocytogenes and a bacteriocin-producing strain of Lacto-
bacillus in pure and mixed cultures. Food Microbiol. 18:605–615.

98. Presser, K., D. A. Ratkowsky, and T. Ross. 1997. Modelling the
growth rate of Escherichia coli as a function of pH and lactic acid
concentration. Appl. Environ. Microbiol. 63:2355–2360.

99. Presser, K. A., T. Ross, and D. A. Ratkowsky. 1998. Modelling the
growth limits (growth/no growth interface) of Escherichia coli as
a function of temperature, pH, lactic acid concentration and water
activity. Appl. Environ. Microbiol. 64:1773–1779.

100. Ratkowsky, D. A., and T. Ross. 1995. Modelling the bacterial
growth/no growth interface. Lett. Appl. Microbiol. 20:29–33.

101. Razavilar, V., and C. Genigeorgis. 1998. Prediction of Listeria spp.
growth as affected by various levels of chemicals, pH, temperature
and storage time in a model broth. Int. J. Food Microbiol. 40:149–
157.

102. Robinson, T. P., O. O. Aboaba, M. J. Ocio, J. Baranyi, and B. M.
Mackey. 2001. The effect of inoculum size on the lag phase of
Listeria monocytogenes. Int. J. Food Microbiol. 70:163–173.

103. Rosso, L., J. R. Lobry, S. Bajard, and J. P. Flandrois. 1995. Con-
venient model to describe the combined effects of temperature and
pH on microbial growth. Appl. Environ. Microbiol. 61:610–616.

104. Rosso, L., J. R. Lobry, and J. P. Flandrois. 1993. An unexpected
correlation between cardinal temperatures of microbial growth
highlighted by a new model. J. Theor. Biol. 162:447–463.

105. Salter, M. A., D. A. Ratkowsky, T. Ross, and T. A. McMeekin.
2000. Modelling the combined temperature and salt (NaCl) limits
for growth of a pathogenic Escherichia coli strain using nonlinear
logistic regression. Int. J. Food Microbiol. 61:159–167.

106. Shelef, L. A. 1994. Antimicrobial effects of lactates: a review. J.
Food Prot. 57:445–450.

107. Skandamis, P. N., K. W. Davies, P. J. McClure, K. Koutsoumanis,
and C. Tassou. 2002. A vitalistic approach for non-thermal inacti-
vation of pathogens in traditional Greek salads. Food Microbiol.
19:405–421.

108. Skandamis, P. N., and G.-J. E. Nychas. 2000. Development and
evaluation of a model predicting the survival of Escherichia coli
O157:H7 NCTC 12900 in homemade eggplant salad at various tem-
peratures, pHs and oregano essential oil concentrations. Appl. En-
viron. Microbiol. 66:1646–1653.

109. Smelt, J. P. P. M., G. D. Otten, and A. P. Bos. 2002. Modelling the
effect of sublethal injury on the distribution of the lag times of
individual cells of Lactobacillus plantarum. Int. J. Food Microbiol.
73:207–212.

110. Smulders, F. J. M. 1995. Preservation by microbial decontamina-
tion, the surface treatment of meats by organic acids, p. 253–282.
In G. W. Gould (ed.), New methods of food preservation. Blackie
Academic and Professional, London.

111. Stewart, C. M., M. B. Cole, J. D. Legan, L. Slade, M. H. Vandeven,
and D. W. Schaffner. 2001. Modeling the growth boundary of
Staphylococcus aureus for risk assessment purposes. J. Food Prot.
64:51–57.

112. Stewart, C. M., M. B. Cole, J. D. Legan, L. Slade, M. H. Vandeven,
and D. W. Schaffner. 2002. Staphylococcus aureus growth bound-
aries: moving towards mechanistic predictive models based on sol-
ute specific effects. Appl. Environ. Microbiol. 68:1864–1871.

113. ter Steeg, P. F., and H. G. A. M. Cuppers. 1995. Growth of proteo-
lytic Clostridium botulinum in process cheese products: II. Predi-
cive modelling. J. Food Prot. 58:1100–1108.

114. ter Steeg, P. F., H. G. A. M. Cuppers, J. C. Hellemons, and G.
Rijke. 1995. Growth of proteolytic Clostridium botulinum in pro-
cess cheese products: I. Data acquisition for modelling the influence
of pH, sodium chloride, emulsifying salts, fat dry basis and tem-
perature. J. Food Prot. 58:1091–1099.

115. Terebiznik, M. R., R. S. Jagus, P. Cerrutti, M. S. de Huergo, and
A. M. Pilosof. 2000. Combined effects of nisin and pulsed electric
fields on the inactivation of Escherichia coli. J. Food Prot. 63:741–
746.

116. Tienungoon, S., D. A. Ratkowsky, T. A. McMeekin, and T. Ross.

http://www.ingentaconnect.com/content/external-references?article=0362-028x()63L.741[aid=2790639]
http://www.ingentaconnect.com/content/external-references?article=0362-028X()58L.1091[aid=6071232]
http://www.ingentaconnect.com/content/external-references?article=0362-028X()58L.1100[aid=6071233]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()68L.1864[aid=4997086]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()64L.51[aid=5266968]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()64L.51[aid=5266968]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()73L.207[aid=5951693]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()73L.207[aid=5951693]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()66L.1646[aid=3332737]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()66L.1646[aid=3332737]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()19L.405[aid=6193550]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()19L.405[aid=6193550]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()57L.445[aid=768991]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()57L.445[aid=768991]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()61L.159[aid=5451631]
http://www.ingentaconnect.com/content/external-references?article=0022-5193()162L.447[aid=5580294]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()61L.610[aid=3478776]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()70L.163[aid=6193551]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()40L.149[aid=5275313]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()20L.29[aid=3368499]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()64L.1773[aid=2997860]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()63L.2355[aid=4997141]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()18L.605[aid=6193552]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()18L.539[aid=6193553]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()18L.539[aid=6193553]
http://www.ingentaconnect.com/content/external-references?article=1040-8398()40L.159[aid=3303263]
http://www.ingentaconnect.com/content/external-references?article=1040-8398()40L.159[aid=3303263]
http://www.ingentaconnect.com/content/external-references?article=0963-9969()35L.327[aid=6193554]
http://www.ingentaconnect.com/content/external-references?article=0963-9969()35L.327[aid=6193554]
http://www.ingentaconnect.com/content/external-references?article=0175-7598()40L.143[aid=4997140]
http://www.ingentaconnect.com/content/external-references?article=0175-7598()40L.143[aid=4997140]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()63L.2355[aid=4997141]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()14L.533[aid=6193555]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()33L.357[aid=5401020]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()40L.65[aid=6193556]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()40L.65[aid=6193556]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()47L.99[aid=2337539]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()73L.297[aid=6193558]
http://www.ingentaconnect.com/content/external-references?article=1364-5072()82L.345[aid=3478967]
http://www.ingentaconnect.com/content/external-references?article=1364-5072()82L.345[aid=3478967]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()28L.216[aid=2337176]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()28L.216[aid=2337176]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()60L.1497[aid=5580292]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()60L.1497[aid=5580292]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()18L.531[aid=6193559]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()15L.13[aid=6193560]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()78L.133[aid=6193561]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()78L.133[aid=6193561]
http://www.ingentaconnect.com/content/external-references?article=0021-8847()62L.543[aid=5838542]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()64L.1922[aid=5451625]


J. Food Prot., Vol. 67, No. 91990 DEVLIEGHERE ET AL.

2000. Growth limits of Listeria monocytogenes as a function of
temperature, pH, NaCl and lactic acid. Appl. Environ. Microbiol.
66:4979–4987.

117. Uljas, H. E., D. W. Schaffner, S. Duffy, L. Zhao, and S. C. Ingham.
2001. Modeling of combined processing steps for reducing Esch-
erichia coli O157:H7 populations in apple cider. Appl. Environ.
Microbiol. 67:133–141.

118. Vankerschaver, K., F. Willocx, C. Slout, M. Hendrickx, and P. Tob-
back. 1996. The influence of temperature and gas mixtures on the
growth of the intrinsic micro-organisms on cut endive: predictive
versus actual growth. Food Microbiol. 13:427–440.

119. Vereecken, K., K. Bernaerts, T. Boelen, E. Dens, A. Geeraerd, K.
Versyck, and J. Van Impe. 1998. State-of-the-art in predictive food
microbiology. Med. Fac. Landbouww. UGent 63(4b):1429–1437.

120. Vereecken, K. M., F. Devlieghere, A. Bockstaele, J. Debevere, and
J. F. Van Impe. 2003. A model for lactic acid–induced inhibition
of Yersinia enterocolitica in mono- and co-culture with Lactoba-
cillus sakei. Food Microbiol. 20:701–713.

121. Vereecken, K. M., and J. F. Van Impe. 2002. Analysis and practical

implementation of a model for combined growth and metabolite pro-
duction of lactic acid bacteria. Int. J. Food Microbiol. 73:239–250.

122. Whiting, R. C., and R. L. Buchanan. 1992. Use of predictive mi-
crobial modeling in a HACCP program, p. 125–141. In Proceedings
of the second ASEPT International Conference: Predictive Micro-
biology and HACCP. ASEPT, Laval Cedex, France.

123. Whiting, R. C., S. Sackitey, S. Calderone, K. Morely, and J. G.
Phillips. 1996. Model for the survival of Staphylococcus aureus in
nongrowth environments. Int. J. Food Microbiol. 31:231–243.

124. Wilson, P. D. G., T. F. Brocklehurst, S. Arino, D. Thuault, M. Ja-
kobsen, M. Lange, J. Farkas, J. W. T. Wimpenny, and J. Van Impe.
2002. Modelling microbial growth in structured foods: towards a
unified approach. Int. J. Food Microbiol. 73:275–289.

125. Wilson, P. D. G., D. R. Wilson, and C. R. Waspe. 2000. Weak acids:
dissociating in complex buffering systems and partitioning into oils.
J. Sci. Food Agric. 80:471–476.

126. Xiong, R., G. Xie,. A. E. Edmondson, and M. A. Sheard. 1999. A
mathematical model for bacterial inactivation. Int. J. Food Micro-
biol. 46:45–55.

http://www.ingentaconnect.com/content/external-references?article=0168-1605()46L.45[aid=1481540]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()46L.45[aid=1481540]
http://www.ingentaconnect.com/content/external-references?article=0022-5142()80L.471[aid=6193563]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()73L.275[aid=6193564]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()31L.231[aid=3368507]
http://www.ingentaconnect.com/content/external-references?article=0168-1605()73L.239[aid=6193565]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()20L.701[aid=6193566]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()20L.701[aid=6193566]
http://www.ingentaconnect.com/content/external-references?article=0740-0020()13L.427[aid=6193567]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()67L.133[aid=5667007]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()67L.133[aid=5667007]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()66L.4979[aid=2997861]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()66L.4979[aid=2997861]

