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Abstract

Malakar, P.K. (2002) Modelling Microbial Interactions and Food Structure in
Predictive Microbiology. Ph.D. thesis, Wageningen University (148 pp., English

and Dutch summaries)

Keywords: modelling, dynamic models, microbial inferactions, diffusion,

microgradients, colony growth, predictive microbiology.

Growth response of microorganisms in foods is a complex process.
Innovations in food production and preservation techniques have resulted in
adoption of new technologies to ensure food quality and safety. Predictive
microbiology is one such technology, where growth responses of homogenous pure
broth cultures of microorganism to the environment are quantified. In this thesis an
extension to this technology is investigated, where the effects of microbial
mteractions and food structure on the growth of microorganisms is quaintified.

Microbial interactions in broth culture were studied in a model system
consisting of a lactic acid bacteriwm and an enterobacter. Knowledge of the
kinetics of pure culture growth of these microorganisms was used to simulate
growth of these microorganisms in a mixed culture. These simulations were
performed using a set of coupled differential equations, and the simulations
compared to experimental results. Both simulations and experimental data showed
that microbial interactions only started to affect growth at high population levels (>
10* cfuml™).

The effect of food structure was studied by investigating bacterial colony
growth of a lactic acid bacterium. Diffusion is an important transport mechanism
for colony growth and a non-invasive techmique for measuring lactic acid
concentration in a colony was developed. Further, the same technique was used for
measuring an effective diffusion coefficient of lactic acid in a gel system capable
of supporting bacterial colony growth. This diffusion coefficient was used for
simulation of growth of bacterial colonies, in which growth and transport processes

were adequately characterized by a set of coupled partial differential equations.



These simulations were also compared to experimental results. Both simulations
and experimental data showed that transport limitations only affected growth in
large colonies made up of more than 10° cells. These large colonies arise from low
initial contamination levels.

The models and techniques developed in this thesis will be of importance to
predicting microbtal safety and quality of foods.
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CHAPTER 1

INTRODUCTION:

Modelling microbial interactions and food structure in predictive

microbiolgy

1. Motivation

Progress and change go hand in hand. The present market place has
changed considerably since the turn of the 20th century. Improvements in
transportation meant that foods could be distributed over longer distances,
increasing avaiiability to consumers. This has then driven technological
innovations to keep this valuable commodity from spoiling, have an acceptable
shelf life and still make profits for the food manufacturers, food distributors and
supermarkets. This in tarn heightened the expectations of the consumer, which in
turn led to further innovations.

Since Pastevr demonstrated quantitatively that certain microorganisms
spoilt foods, we have managed to continually improve microbial food quality and
safely vsing combinations of physical, chemical and biological (fermentation)
means. Now the trends are moving towards more convenience (ease of preparation,
satisfactory shelf life) and less processed foods. These foods must be of higher
quality, having better flavour, texture and appearance. Another important factor is
freshness and use of less artificial additives. And last but not least, it has to be safe.

These changes in consumer preferences pose challenges to food
manufacturers. Traditionally, the intrinsic and extrinsic hurdles built into foods
allowed the food manufacturers to have confidence in achieving their food safety
objectives. Catering to these new trends may lead to an ineffectiveness of one or
more of these safety factors. One response from food manufacturers has been to

incorporate milder processing steps and to rely on new and novel combination of
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hurdles (Leistner 1994) to microbial growth, to control and stop microbial
proliferation in foods. Some of the hurdles currently in use are pH, water
activity, bacteriocins, low temperature and modified atmosphere packaging. Table
1 summarizes some of the major existing and new technologies for food
preservation. Food design is an iterative process and Leistner (1994) demonstrates
how this can be done using an integrated approach. He proposes the following
tools, namely hurdie technology, predictive microbiology and HACCP principles.
In this thesis we will concentrate on predictive microbiology and trying to
question the validity of some of its intrinsic assumptions. Current models in
predictive microbiology often do not incorporate the effects of microbial ecology
and food structure. Under certain conditions, these factors may play an important

role in determining the safety of a food product

Table 1: Major existing and new technologies for food preservation (Gould 1995)

Restriction of access of microorganisms to products
Aseptic packaging of thermally processed foods
Packaging

Inactivation of microorganisms in products
Heat pasteurization and sterilization
Tonizing radiation
Addition of enzymes (e.g. lysozyme)

Application of high hydrostatic pressure
Electric shock treatments

Slowing down or prevention of growth of microorganisms in products
Lowered temperature-chilling and freezing
Reduced water activity-curing, conserving, drying
Acidification
Fermentation
Vacuum and modified atmosphere packaging
Addition of preservatives

Microstiacture control in water-in-oil emulsions




2. Microorganism growth

2.1. Predictive microbiology

Traditionally the data on growth and survival of microorgansims in foods were
quantitatively limited and only relevant to the food system under investigation. An
exception was the thermal death kinetics of spores, which is still extensively used
in the canning industry. Here the concept of D, z and F values is used routinely to
ensure product safety. In foods, which do not undergo such severe heat treatment,
challenge testing was the preferred method to assess microbial safety. However
there are many problems associated with this method. These problems include the
choice of strains to use, the history of the innoculum and innoculation method and
counting methocls.

Challenge testing is also time consuming as well as an expensive
procedure. Nowadays, most of the novel and new foods in the market place are not
shelf stable and require low temperatures to ensure safety and adequate shelf life.
These foods also bave additional hurdles built into them. Challenge testing for all
ranges of these hurdles will be prohibitive if it needs to be done for every new
food. '

Predictive microbiology is a more structured manner of doing the same
type of analysis. It offers a quantitative, transpareni and systematic approach to
predicting growth and survival of microorganisms in foods. Predictive
microbiology also requires a multidisciplinary effort. It brings together expertise in
microbiology, mathematics, computer science, food science and engineering.
There are now extensive databases available for the growth and survival of
pathogens in foods (McClure et al. 1994). These databases can be easily accessed
by researchers worldwide and are increasingly being used in the development of
hazard analysis critical control points (HACCP) programs {Baker 1995). HACCP
programs are becoming mandatory in many countries.

These quantitative predictions are also being used in quantitative microbial
risk assessment studies to assess the probability of being ill from consuming
certain foods. Another exciting area is the development of computer expert

systems, which combine both the quantitative data from predictive microbiology
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Microbial environment Microbial ecology )

Predictive microbiology

Fig. 1: Present domain of predictive wmicrobiology. Knowledge of the mwicrobial

Food structure

environment, microbial ecology and food structure specifies the growth response of a
microorganism. However there are also complex dependencies between these variables.
The type of nutrients available (microbial envirenment) determines which microorganisms
(microbial ecology) can grow in a food. The type of food (food structure) determines the
strains of microorganisms that can colonize the food. The microbial environment on the

surface of a food is different from that inside a food.

and expertise of food microbiologists. Fig. 1 shows the current domains of
predictive microbiology. We assume that if we can specify the microbial
environment, the microbial ecology and food structure, it would be possible to
predict the future behaviour of the microorganism.

The microbial environment consists of the initial state of the intrinsic and
extrinsic variables of the environment (Jay 2000) where a microorganism is found.
Intrinsic variables are the natural condition of the food. These can be the pH, water
activity and nutrient content of the food. The extrinsic variables are the ones that
are imposed on the food. These can be the temperature, atmospheric gaseous
composition and relative humidity.

Microbial ecology is the study of the presence and interactions of the
variety of microorganisms that can grow in or on the food. The food structure
controls how the environmental variables act on the microorganisms. Growth in
broth culture is different from growth on the surface of the food. At present the
knowledge of the effects of microbial ecology and food structure is limited. Fig. 1
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also shows that microbial growth in foods is a complex phenomenon, with
dependencies among all the variables, In predictive microbiology, this complexity

has been reduced by the use of simplifying generalizations.

2.2. Microbial environment

Currently we assume microbial growth can be quantified by the effect of
the environmental conditions only. This interaction is summarized by
mathematical equations where these conditions act as the independent variables.
The current environmental variables built into these models are temperature, aw
and pH. In some cases, nitrite and lactic acid concentration and gas composition
data are also included. Roberts (1995) states that this strategy has worked quite
well, when validated against growth in real foeds. The deviations from using these
models in practice compared favourably to deviations measured in microbiological
experiments.

These models do have predictive ability as we can perform interpolation to
analyse growth in conditions not tested for. However care must be taken when
interpolating near the edge of the domain of the models (Baranyi et al. 1996).
These models are very useful in giving first cst.imates of microbial growth (order of
magnitude calculations) and can also be used for the planning of challenge tests if
required. Product development time can be shortened, which means savings to
food manufacturers. These empirical models are, however not only useful to food
manufacturers and researchers. They can also serve as an education tool for
students, food handlers and the public. One can show easily how certain practices
will allow the proliferation of pathogens. This is especially important as
inappropriate handling after leaving the factory causes many food poisoning cases.
So, by only considering these environmental variables, these models are able to

provide for better management of food safety.

2.3 Microbial ecology
The complex diversity of microbial interactions is often not taken into

account in predictive microbiology. Foods are generally able to support a
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diversified microbial ecosystem. It is also a complex material in most cases and is
nutrient rich. As in all scientific endeavours, this complexity has to be reduced in
order to explore the underlying trends.

This idealization involves the use of pure cultures or a cocktail of the same
species in a homogenous environment. This homogenous environment is the semi-
defined or defined laboratory medium, where conditions are optimal for the growth
and enumeration of the particular pure culture. Given this idealized situation, we
are then able to test the responses of the microorganism to various environments.
The main reason for using this method is the reproducibility of the results. Given a
certain set of growth conditions, the growth response of the microorganism will
always be the same within a certain time intgrval. The reproducibility of results
allows for structured analysis, whereby different phases of growth may be studied
independently.

We then extrapolate this type of behaviour to mixed growth conditions in
real foods. Some researchers have raised some objections to this practice (Fleet
1999, Kilsby 1999). There is abundant evidence in literature to show that microbial
interactions modify the growth of microorganisms. One of the oldest is the
fermentation of foods. Fredericson and Stephanopoulos (1981) give a very succinct
summary of the various types of interactions occurring between microorgansims
and Table 2 gives the description of some of these modes of interactions. Most of
these interactions have been extensively studied in continuous cultures. One typical
study is the dynamic analysis of two bacterial populations in a chemostat
responding to changes in operational conditions by Yoshida et al. (1979)

Most of the studies in foods on microbial interactions are geared towards
the elucidation of the mechanism of interactions. Two populations are grown
together and the growth in the mixed culture is compared to growth in pure culture
and if interaction occurs the compound that causes the interaction is isolated. This
is usually the end point of the investigation (Gram and Melchiorsen 1996). Other
authors investigated further the effect of these compounds on the growth rate of
either population {(Beal et al. 1994, Breidt and Fleming 1998). Quantitative data on

the multi dimensional effects of the environmental variable on microbial
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interactions is however quite sparse. Thomas and Wimpenny (1993) showed an

interesting method of investigating competition between bacteria as a function of

the temperature, salt concentration and pH.

The following are two recent quantitative studies of microbial competition

as a function of the environment. Buchanan and Bagi (1997) modelled the decrease

of the maximum population density of Listeria monocytogenes by Carnobacterium

piscicola as a function of the pH, temperature and NaCl concentration. They

concluded that the extent of suppression was dependent on the relative growth

Table 2: A few types of interaction found in mixed populations of microorganisms

Interaction

Description

Comments

Competition

Neutralism

Amensalism

Mutualism

Growth of two or more
populations, mutually
exclusive as they strive
for a common factor
required for growth

When the growth of
two species has no

effect on each other

This interaction occurs
when one species
retards the growth of

another species

The growth of each
species in the mixed
culture is promoted by

the other

Usually leads to the establishment of a
population of single species.

Examples of neutralism have not been
documented to occur in nature but this
type of interaction has been demonstrated
in the laboratory

Inhibition of growth on one species by
another can be the result of a number of
factors such as excretion of toxic products
or change of culture environment. Does
not lead to stable mixed cultures
Interactions range from a symbiotic
relationship where two species are totally
dependent on one another up to a loose
cooperative relationship. Commonly found
in mixed cultures used for single cell
protein from methanol and methane and in

yoghurt fermentation
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rates of the individual species. If L. monocytogenes grew faster under a set of
environmental conditions, the extent of suppression was smaller.

Pin and Baranyi (1998) compared the growth response of some groups of
bacteria found on meat as a function of the pH and temperature when grown in
isolation and grown together. They used a statistical F test to show if the difference
in the growth rates in mixed cultures were significant. This allowed them to

identify which strains were dominant under certain sets of pH and temperature.

 2.4.Food structure

Many food products are not homogenous. Predictive modelling is generally
performed using homogenous broth cultures. We assume every cell in the broth
culture is exposed to the same conditions. Any changes in the broth are transmitted
instantaneously either by diffusion or with the help of physical agitation. However,
not all foods are amenable to these conditions. Most foods have physical
structures, which entrap microorganisms and retard diffusion.

In sausages, a solid matrix will bind bacteria initially found on the surface
of meat. In these conditions colony formation takes place and in time, gradients of
substrates and products will occur. These gradients will eventually have an impact
on the growth rates of the microorganisms in the colony.,

In water in oil emulsions, the microorganisms can be entrapped in the water
fractions. The resulting microenvironment and its changes in time will also have an

impact on the growth of microorganisms.

3. Aim of thesis
Complexity was reduced in predictive modelling to give a workable model,
where the contributions of the microbial ecology and structure are neglected. It is
questionable if this is a justified assumption or just an experimental expediency. In
food microbiology, the numbers of microorganism present in foods are used as an
indicator of quality and safety within a specified maximal level. If microbial
ecology and structure only show an appreciable effeci on the growth of a

microorganism after this level is reached, then the above assumption is justified.
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Ross and McMeekin (1994) cite a number of cases where microorganisms only
affect the growth of other microorganisms at high population densities. So, the
question to be answered is when do interactions occur and are they relevant for
predicting either food safety or food spoilage.

In this thesis, we will attempt to quantify when microbial interactions and
gradient effects occur. We define that interaction takes place when the growth rate
of one of the microorganisms deviates by 10 % from its maximum growth rate
given the product environmental conditions. To measure the effect of microbial
ecology we will follow the growth of two model microorganisms and guantify
when the growth of one of them differs by 10% from its maximal rate.

To measure the effect of food structure, we will study the diffusion of
nutrients into bacterial colonies and diffusion of byproducts of bacterial
metabolisin out of the colonies. Eventually these transport processes will create a
concentration gradient across a colony resulting in a range of growth rates within.
Here we will follow the growth of bacterial colonies in a model solid substrate and

attempt to quantify when growth also deviates by 10% from the maximal rate.

4, Outline of thesis

In the first part of this thesis (Chapter 2 and 3), the microbial interactions of
two model microorganisms will be investigated in a broth culture. These
microorganisms are Enterobacter cloacae and Laciobacillus curvatus. In this
mixed culture system L. curvatus produces lactic acid, which will inhibit the
growth of E. cloacae.

Chapter 2 deals with the growth kinetics of pure cultures of these
microorganisms. Here growth will be modelled as a function of the environmental
factors in a broth culture. These are the substrate concentration (glucose), the pH
and the lactic acid concentration. The temperature will be kept constant.

The growth kinetics of these two microorganisms will be then used for
predicting the growth of these microorganisms together in a mixed broth cuiture in
Chapter 3. The growth of these two microorganisms will be characterized by a

series of differential equations. These differential equations will be solved
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anatytically and numerically and for both methods, the numbers and time when
interaction occurs will be compared to experimental results.

In the second part of the thesis (Chapter 4, 5 and 6), colony growth of L.
curvelus in a model solid medium will be investigated. L. curvatus cells will be
immobilised in growth media with agar or gelatine as the gelling agent. A non-
invasive method using fluorescence ratio imaging will be used to confirm that
gradients of pH do form in colonies. This technique will be the topic of Chapter 4.

In Chapter 5, the diffusion of lactic acid in a buffered system will be
investigated. In Chapter 6, growth, lactic acid production and concurrent diffusion
of lactic acid in a colony will be modelled by a set of partial differential equations.
A pseudo steady state approach will be compared to the numerical solutions and
experimental results.

The thesis will end with a general discussion and summary of the research.
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CHAPTER 2 I3

Modelling the interaction between Lactobacillus curvatus and

Enterobacter cloacae: Part I: Individual growth kinetics

Abstract

Mixed cultures of Lactobacillus curvatus and Enterobacter cloacae were
chosen as a model system to quantitatively study microbial interactions involved in
food spoilage and food preservation. In this paper models were developed to
predict the individual behaviour of L. curvarus and E. cloacae in pure suspension
cultures as a function of the glucose and lactate concentration and the pH. In a
second paper these models will be used to predict the moment of interaction in
mixed suspension cultures and the cell concentrations at this moment.

The effect of pH on the maximum specific growth rate could be described by
a parabolic equation for L. curvatus and E. cloacae. E. cloacae is clearly more
sensitive to a pH decrease than L. curvatus, as may be concluded from the
theoretical minimum p# for growth of 5.6 for E. cloacae and 4.3 for L. curvatus.
For both organisms no effect of glucose on the maximum specific growth rate
could be detected and Monod kinetics with a low Monod constant was assumned.
For L. curvatus the effect of lactate on the maximum specific growth rate at
different initial pH values could be described by a linear relationship. For E.
cloacae a slight effect of lactate on the maximum specific growth rate could only
be detected at pH 7. However, this effect was negligible compared to the effect of
the pH. For both organisms the lag time was modelled by the inverse of the
specific growth rate. It can be concluded that, with regard to interactions between
L. curvatus and E. cloacae, the pH is likely to be the most important factor in case

L. curvatus is the dominant organism. Substrate limitation is likely to become

Published: Int. J. Food Microbiol. 1999, 51:53-65
Authors: Martens,D.E., Beal,C., Malakar,P.K., Zwietering MLH., van "t Riet, K.
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important in the case E. cleacae is the dominant organism or for media with a high

buffer capacity.

1. Introduction

In food microbiology, the growth of microorganisms is often described by
empirical models. In general, these models relate the natural logarithm of the
number of cells over time at a given set of initial environmental conditions to a
number of parameters like the lag time, the maximum specific growth rate and the
final level of microorganisms reached. By modelling the effect of the relevant
factors as for instance the pH, temperature and water activity on these parameters
the effect of different initial environmental conditions is incorporated (McMeekin
et al. 1993, Ross and McMeekin 1994, Baranyi and Roberts 1995, McMeekin and
Ross 1996). This procedure may only be applied if the change in initial values of
the relevant factors during growth is negligible. Consequently, the influence of the
growing organisms on their environment must be negligible, which will be the case
for low contamination levels. Furthermore, the models are generally developed to
describe the growth of only one single strain in homogeneous suspension cultures.
However, many microbiological processes in food processing and food storage
deal with solid foods and with mixed populations (for example, Driessen 1981,
Béal et al. 1994, Choi and Beuchat 1994, Ha et al. 1994, Julliard and Richard 1994,
Robinson et al. 1994, Giraffa et al. 1995, Lambropoulou et al. 1996, Thomas and
Wimpenny 1996). Interactions between the various types of microorganisms
present may result in the emergence of spoiler organisms, which normally would
not grow. Furthermore, they may bring about different growth behaviour for
individual species as compared to pure cultures of these species. Consequently,
these interactions may be important for predicting the shelf life of a product

(McMeekin and Ross 1996).
Interaction between two organisms is assumed to occur as soon as the
presence of one organism influences the growth of the other. Interactions may be
direct, through physical contact, or indirect. Indirect interactions are mediated

through a change of the environment (Frederickson 1977) and can be specific as is
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the case with bactericcins {(Choi and Beuchat 1994, Hansen 1994, Giraffa et al.
1995, Casla et al. 1996) or more a-specific as is the case with inhibition by acids
and competition for substrate (Ha et al. 1994, Houtsma et al. 1994, Greer and Dilts
1995, Gram and Melchiorsen 1996, Houtsma et al. 1996).

The objective of this study is to calculate at which moment in time and at
which microorganism levels interactions between the microorganisms of different
species start to occur. Comparison of the microorganism levels at the moment of
interaction with spoilage levels and safety levels gives information whether
microbial interactions can be of importance for the safety of foods. As an
experimental model system the interactions between Lactobacillus curvatus and
Enterobacter cloacae, which are typical spoilage organisms of meat products, are
studied, L. curvatus is a facultative heterofermentative organism. In media
containing hexoses in excess it produces mainly lactic acid. In addition, small
amounts of other organic acids, certain diols and peroxide may be produced.
Furthermore, L. curvatus strains are known to produce bacteriocins (Holt et al.
1984-1989, Casla et al. 1996). E. cloacae is a facultative anaerobic organism that
can grow on a variety of carbon sources and produces a number of acids under
anaerobic conditions (Holt et al. 1984-1989). Each compound consumed or
produced by one of the organisms can in principle influence the growth of the
other organism. The main compounds through which interaction may occur under
aerobic conditions are then presumably glucose and lactic acid. Both organisms
may compete for the available glucose. Furthermore, the lactate produced by L.
curvatus may inhibit the growth of E. cloacae either directly through the lactate
molecule or indirectly through a decrease in pH. Since the other products excreted
by L. curvatus are produced in small amounts compared to lactic acid, their effect
on the growth of E. cloacae is neglected. Last, E. cloacae is a gram negative
organism and thus probably not affected by the bacteriocin potentially produced by
L. curvatus (Hansen 1994).

The aim of this first paper is to develop mathematical models that describe
the effect of glucose, lactate and pH on the behaviour of E. cloacae and L. curvatus

in pure suspension cultures. In a second paper these models will be used to predict




16 INDIVIDUAL GROWTH KINETICS

and validate experimentally the point of interaction in mixed cultures in terms of

time and microorganism levels.

2, Theory
For each microorganism the specific growth rate g (h'') is determined as a
function of the initial glucose (S) and lactate (P) concentration (mol.m™) and the

initial pH in suspension cultures (4=f(S,P,pH)). The growth rate, ry (cellLm™n™),

can be calculated from the specific growth rate according to:
r, =pX 1 (cellm™ b
where X is the cell concentration (cell.m™). The glucose consumplion rate, ry
(mol.m™ "), can be calculated according to Pirt (1965):
rg = (L +mg)X 2 (mol.m™*h™)
YXS

where Y, is the yield of cells on glucose (cell.mol 'y and g is the maintenance
coefficient for glucose (mol.cell . '). The lactic-acid production rate, 7, (mol.m™h™)
for L. curvatus is given by:
rp = (?”x: +mp)X 3 (molm>hY)
where Y, is the yield of cells on lactic acid (cell.mol ') and mp is the maintenance
coefficient for lactic acid (mol.celi’.h™). The pH of the medium can next be
obtained from a titration curve of the medium with lactic acid. The titration curve
can be described by:

_ pHy +a,[P]

1+a,[ Pl 4

where pHy is the initial pH, and a, and a, are fit parameters (m’.mol ™). It should be

realised that equations 1 1o 3 are developed for constant environmental conditions.
Since interaction can solely occur due to a change in environmental conditions, the
modeis are in principle only valid until the start of interaction. In this first paper,
models will be developed for both organisms regarding the relation between the

specific growth rate and the lactate and glucose concentration and the pH. In
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addition, the value of the paramelters in equations 1 to 3 will be determined for

both individual organisms.

3. Material and methods

3.1. Bacterial strains
L. curvatus was isolated from spoiled vacuum-packed cooked ham
(Muermans et al. 1993). E. cloacae was kindly provided by the section of Food
Microbiology of Wageningen Agricultural University. Before storage, pure
cultures of each strain in MRS broth at pH 7.0 were recovered at the end of the
exponentiai phase. Glycerol (100 ¢ L") was added to the bacterial suspension,
which was frozen and stored at —18 °C. Before the experiments the cultures were

thawed and precultured for 22 hours.

3.2 Culture conditions

Pure cultures of L. curvatus and E. cloacae were conducted al a constant
temperature of 30 °C in 250 mi Erlenmeyers filled with 80 ml standard MRS broth
(Merck). The pH was adjusted to the desired value using 2 mol' HCI or 2 molL?
NaOH. For the experiments at different initial lactate concentrations, two times
concentrated solutions of MRS and DL-lactic acid (Janssen Chimica, Belgium,
85% (wt/wt) original concentration) were prepared. After adjusting the pH to the
desired value, both solutions were sterilised separately to avoid Maillard reactions
(MRS 15 minutes at 118 °C, lactic acid 20 minutes at 121 °C), The two solutions
were next brought together and the pH was adjusted if required. For the
experiments at varying glucose concentrations the MRS medium was reconstituted
from its original components except for glucose. Glucose was next added to the
desired concentration and the medium was sterilised for 15 minutes at 118 °C. The
PH was adjusted to the desired value before the experiment. The cultures were

inoculated form the preculture to an initial density of about 10° cfu.ml™.
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3.3. Analysis

Samples of 1 ml were taken at appropriate time intervals and the number of
cfu.ml” was determined using the pour-plating method. For L. curvatus MRS agar
(Oxo1d) medium and for E. cloacae VRBG (Oxoid) medium was used. The plates
were incubated aerobically at 30 °C for one day in the case of E. cloacae and for
two days in the case of L. curvatus before counting. For some experiments
additional samples of 1 ml were taken for determination of the glucose and lactate
concentrations. Afler filter sterilisation (0.45 ym), these samples were stored at -20
°C until analysis.

Glucose and lactate concentrations were measured by HPLC (Spectra
Physics) with a Aminex HPX-87H column (Biorad). 0.005 mol.L” of degassed
H,S0O4 was used as eluent. The detection limit of the method is 1 g.L". Calibration
was done with D-glucose monohydrate (Merck) and DIL-lactic acid (Janssen

Chimica Belgium),

3.4. Modelling the growth curves
The growth curves obtained at different initial conditions were described by

the modified Gompertz equation:

X N_ 4 expl-exp| 2o (4 -
ln(X(O)]—Aexp{ exp[ A (A z)+1:l} 5

Where A is the is the maximum value reached (=In{X(eo)/X(0}]), fn is the
maximum specific growth rate (b"), A is the lag time (h), and e is exp(l}).
Regressions were carried out using standard statistical software (TableCurve 2D
for Windows V2.03, least-square non-linear regression, Gaussian errors). For a
reliable estimation of growth parameters, experimental growth curves were only
used for model construction if they satisfied the following objective criteria:
1) There should be at least three datum points in the lag phase, which should
be minimally 1 hour apart. For lag times shorter than three hours 1 or 2

datum points are required.
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2) There should be at least four datum points in the exponential phase, that are
at least 1 hour and 1 In unit apart.
3) There should be at least three datum points in the stationary phase, that are
at least 1 hour apart.
Because the individual datum points of the rejected growth curves were reliable
measurements, the data of these experiments were nevertheless included in the

final evaluation of the performance of the models.
4. Results

4.1. Modelling the growth of L. curvatus
The relation between the maximum specific growth rate of L. curvatus and
the temperature and pH has been extensively examined by Wijtzes et al. (1995).
They found the next relation:
Ko =b (T =T (pH o — PHYPH - pH ;) 6 (b
where p,,, is the maximum specific growth rate as estimated vsing equation 5, 5 (' °C?
is a regression parameter, Ty, (°C) is the theoretical minimum temperature for
growth, and pH;, and pHp,, are the theoretical minimum and maximum pH for
growth, respectively. The parameter values found by Wijtzes et al. (1995} are
given in Table 1. At a fixed temperature equation 6 may be simplified to:
(pH - pH ;. X\PH ., — PH) 7
(PH s — PH )"

where fi;pn (h") is the maximum growth rate at the optimal pH and the prevailing

ﬁm = 4ﬂopﬂ (hﬁ]]

conditions. The value for i4,,;; at a temperature of 30 “C is given in Table 1. In Fig.
1 the maximum specific growth rate as predicted by equation 6 and the parameter
values given in Table 1 are shown for a temperature of 30 °C together with the
experimental data measured in this work. For comparison the experimental data
measured at 29 °C by Wijtzes et al. (1995) are also shown after having been
transformed to a temperature of 30 °C using equation 6 and the parameter values in

Table 1 (i;y=ftog(30-Trin) /(29-Tin)’). From the growth rates measured at 29 °C
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Table 1: Parameter values for L. curvatus (Equations 6 and 7).

Parameter Value 93% Confidence interval
by (WoC?y 1.26-10* 1.05-107¢ 1.47-10*
T (°CYF 327 448 -2.06
Hoort (") at 30 °C” 1.06 1.01 1.11

PH o’ 4.26 4.13 4.38
PHood” 9.77 9.53 10.01

*: fitted parameters obtained from Wijtzes et al. (1995)
b. predicted optimal growth rate at 30 °C (= 0.25-b;-{30-Tyin) (PH msn-PHrun))

1.5

Hm (h-1)

Fig. 1: Maximum specific growth rates as a function of pH for L. curvatus. (O) Datum
points determined in this work. (+) Datum points of Wijtzes et al. (1995) transformed from
a temperature of 29 °C to a temperature of 30 °C using equation 6. The solid line
represents the predicted curve obtained from Wijtzes et al. (1995) (equation 6). The

dashed lines represent the 95% prediction intervals. Parameter values are given in Table 1.

the standard error was calculated, which was used in turn to calculate the 95%
prediction intervals shown in Fig. 1. At pH 6 the measured specific growth rates
are significantly higher than predicted by the model of Wijtzes et al. (1995). The
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Fig. 2: Maximum specific growth rate of L. curvatus as a function of the glucese
concentration at pH 7.0 and 30 °C. The open squares represent the datum points obtained
in reconstituted medium with the error bars representing the 95% confidence intervals for
the intra-experiment variation. The filled square represents the average value of 6
measurements in standard MRS at pH 7.0 with the error bar representing the 95%

confidence interval calculated with the between experiment variation,

cause of this observed difference remains unknown. However, it may be due to
slight differences in the sterilisation procedure {20 min at 121 °C by Wijtzes et al.
1995 compared to 15 min 118 °C in this work) and preculture method (two
precultures by Wijtzes et al. 1995 compared to one in this work).

The effect of the glucose concentration in the range of 0-111 mol.m? js
shown in Fig. 2. As can be seen there was no statistically significant difference
between the mean maximum growth rate obtained in the commercial available
MRS (filled square at 111 mol.m™) and the maximum growth rate obtained in the
reconstituted medium (open square at 111 mol.m™). For the determination of the
least-square regression line shown in Fig. 2, the 6 individual datum points were
used and not the average value. The slope of the least-square regression line

through the daturn points was not significantly different from zero (Table 2).
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Table 2: Intercept and slope of the least-square regression line shown in Fig. 2 and
parameters of equation 10, t,,; and slope, b, from the least-square regression line shown

in Fig. 3 for L. curvatus.

Experiment Parameter Value 95% confidence interval
Glucose Intercept (h™) 1.07 0.96 1.18

Slope (m’.mol’.h™) 0.00015 -0.0011 0.0014
Lactate pH 7 Hopiz (h™) 1.05 0.94 1.17

by (m’ .mol ™) 0.0010 0.00010 0.0019
Lactate pfH 6 Hoprr (B°) 1.19 1.14 1.25

By (m*.mol™*h™) 0.0019 0.0016 0.0022
Lactate pHS  fpn (B 0.39 0.36 043

b, (m’.mol Lh™) 0.0014 0.0011 0.0017

It is thus concluded that there was no effect of the initial glucose
concentration on the maximum specific growth rate. Even if no glucose was added
the maximurmn growth rate was comparable to the maximum growth rate with the
addition of 111 mol.m® glucose. This may have been due to small amounts of
consumable sugars present in the yeast and meat extract, that were necessary for
the cultivation of L. curvatus. On the basis of these results, Monod kinetics with a
very low Monod constant, Ky (mol.m™), was assumed as given by:

S

— 8 h'
K, +8§ ()

Jum = Juopr2 )

The Monod constant was obtained from literature (general value for E. coli on
glucose, van "t Riet and Tramper 1991) and has a value of 0.0004 mol.m ™.

Finally, the effect of the initial lactate concentration on the specific growth
rate of L. curvarus was studied at different initial pH values. The results are shown
in Fig. 3 and were firstly modelled using a linear relationship given by:

P -
M, =Juapr3 ’ (1_7) 9 (h 1)

inh
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Fig. 3: Effect of the lactate concentration on the maximum specific growth rate of L.
curvatus at an initial pH values of A: 7.0, B: 6.0 (0) and 5.0 (O). Solid Iines are the linear
least-square regression lines {parameter values given in Table 2). Error bars represent the
95% confidence intervals for the intra-experiment variation. The filled symbols represent
the average value of a number of measurements in standard MRS with no added lactate

(conc.= ) with the error bar representing the 95% confidence interval calculated with the
between experiment variation.

where Py (mol.m'3) is the inhibitory lactate concentration for growth. At all three
i values the slope of the regression line (fop3/Pian) was significantly higher than
zero, indicating that there was a significant effect of lactate. Furthermore, while
P strongly depended on the pH, the slopes of the regression lines were not

statistically different at the different initial pH values.

23
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Fig. 4: p.-A as a function of the specific growth rate g, of L. curvarus for our data ()
and the data of Wijtzes et al. (1995) (+). The solid line represents the average value for our
data.

Thus equation @ was simplified to:

My =My~ by P 10 @

where the slope, b, (m*.mol by, equals fopa/Pinn. The values for g3 and b; are
given in Table 2. The average slope for all three initial pH values was
0.0014+0.0008 m”.mol " 1"’

The lag time, A (h), was modelled as the inverse of the maximum specific
growth rate (Simpson et al. 1989, Zwietering et al. 1994) as shown in Fig. 4, where
M 4 is plotted as a function of ., For comparison the datum points of Wijtzes et
al. (1995) measured at 29 °C are also shown. Although these authors found a
correlation between u,,-A and u,, such a correlation was not clear for our data.

Thus, p,A was assumed constant at a calculated value of ¢, =2.51H0.34 hours.

This value is significantly higher then the average value of 1.20+0.35 found by
Wijtzes et al. (1995). It remains unknown whether this is due to the earlier
mentioned small differences in the experimental protocol. In addition, large

variations are generally found in the lag time.
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Table 3: Yield and maintenance parameters and number of datum points, r, used. It is
assumed one cell is equivalent to one colony forming unit (cfu).

Parameter n Value 95% confidence interval
L. curvatus Yys (cellmol 1) 13 7.0-10" 4.2.107 9.8.107
ms (mol.cell™.s™") - 6.5-10%°* - -
Yyp (cell.mol™) 13 3.3-10" 1.3-104 5.3.10°
mp (mol.celt s - 1310 - -
E. cloacae Yys (cell.mol ™) 36 8.6:10" 5.3-10" 119.10"
ms (mol.cell'.s™) - 2.5-10°°" - -

* : Value estimated from the maintenance requirements for ATP of L. casei (Roels 1983)
* . Value from E. aerogenes (Roels 1983).

For a number of experiments for L. curvatus the glucose and lactate
concentrations were determined. From these experiments the yield of cells on
glucose was estimated according to:

s = %)—:;({—3 11 (cell.mol™
where Yy (cell.mo]'l) is the yield of cells on glucose, and ¢, (h) is the time of the
first measured point in the stationary phase. Likewise, the vield of cells on lactic
acid was calculated according to:

o =%%‘;% 12 (cell.mol™
where ¥y (cellmol™) is the yield of cells on lactic acid. The maintenance

coefficients, mg and mj, (mol.cell '.s") were estimated from literature. Yield and

maintenance coefficients are given in Table 3.

4.2. Modelling the growth of E. cloacae
The effect of the pH on the maximum specific growth rate of E. cloacae is
shown in Fig. 5, where equation 7 and the modified Ratkowsky equation [equation
13] (Ratkowsky et al. 1982) were fitted through the datum points and the results
are shown Table 4. The Ratkowsky equation modified for the effect of pH and

without the square root of the specific growth rate is given by:
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1.5

im ()

Fig. 5: Maximum specific growth rate of E. cloacae as a function of the pH. Symbols
represent the experimental data, the solid line represents the fit using equation 7 and the
broken line the fit using equation 13. Parameter values for the fitted lines are given in
Table 4.

Table 4: Predicted and fitted parameter values for the specific growth rate of E. cloacae as
a function of pH using Eqs. (7) and (13).

Equation 7 Equation 13

Parameter Value 95% Conf. interval Value  95% Conf. interval

PHoi 5.56 5.41 5.70 5.44 523 5.65

PHpax 9.99 9.61 10.37 9.66 946 9.85

U (7Y 1.07 0.97 117 - - -

by (") - - - 0.76 037 116

by (-) - - - 0.55 0.08 1.01
My =by(pH = pH ) (L= 07 0) 13 @

where b; (b)) and by (-) are regression parameters. Although equation 13 described
the datum points slightly better than equation 7, this was not statistically significant
on the basis of an F-test (f= 1.03, F 16" '=2.3). More datum points at pH values of 8
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and higher are required to study which model is the best. In this study equation 7
was retained because it has less parameters, is more robust and easier to use.

The effect of the glucose concentration in the range of 0-111 mol.m™ is
shown in Fig. 6. The slope of the shown regression line was not statistically
different from zero (Table 5). The results were comparable to those obtained for L.
curvatus. Thus, also for E. cloacae Monod kinetics (equation 3) with a very low
Monod constant, Ks = 0.0004 mol.m™ (general value of E. coli on glucose, van 't
Riet and Tramper 1991} was assumed. As discussed for L. curvatus, even if no
glucose was added the growth rate did not decrease as compared to the situation
with 111 mol.m™. In addition to the small amounts of consumable sugars present in
the added yeast and meat extract, this may have also been due to other compounds
present in the medium, for example citrate, which E. cloacae can use as a
substrate.

In Fig. 7 the effect of the lactate concentration on the maximum specific
growth rate of E. cloacae is shown at different initial pH values. Equation 10 was
fitted through the datum points and the resulting lines are shown in Fig. 7.
Estimated parameter values are given in Table 5. Only at pH=7 a slight influence of
the lactate concentration could be observed. However, at a lactate concentration as
high as 94 mol.m™ the pH is generally below 3. Thus, the effect of lactate on the
growth of E. cloacae was negligible compared to the effect of the accompanying
decrease in pH.

For E. cloacae the lag time, A (hours), was modelled as the inverse of the
maximum specific growth rate. As can be seen in Fig. 8 no correlation was
observed between p...A and y,,,. The average value of A was ¢, =2.46+0.38 h.
For a mumber of experiments with E. cloacae the glucose concentrations were
measured. Using equation 11 the yield of cells on glucose, Yys, was determined.

The maintenance coefficient, m,, was obtained from literature (Roels 1983) and is

shown together with the yield of cells on glucose in Table 3.




28

INDIVIDUAL GROWTH KINETICS

Table 5: Intercept and slope of the least-square regression lines shown in Fig. 6 and

parameters of equation 10, £,,3 and b, obtained for the least-square regression fit shown in

Fig. 7.
Experiment Parameter Value 95% confidence interval
Glucose intercept (H) 0.89 0.72 1.06

slope (m’.mol™ k") 0.000010 -0.0020 0.0020
Lactate pH 7 opss (0™ 0.97 0.88 1.06
b, (m*.mol'.h) 0.00099 0.00020 0.0016
Lactate pH 6.5 o (0 0.62 0.46 0.79
b, (m*.mol'.h™") 0.00030 0.0014 0.0020
Lactate pH 6 Hoprs (W) 0.38 0.33 043
by (m*.molLhY) 0.00030 -0.00010 0.00070
1.5 1
’ '
= T
3 ? 1*
E i
= 05 -
0 . : o
] 20 40 80 80 120

Glucose

(mol.m™)

Fig. 6: Effect of the glucose concentration on the maximum specific growth rate of E.

cloacae. The open squares represent the datum points obtained in reconstituted medium

with the error bars representing the 95% confidence intervals for the intra-experiment

variation, The filled square represents the average value of 6 measurements in standard

MRS at pH 7.0 with the error bar representing the 95% confidence interval calculated with

the between experiment variation. The line represents the least-square regression line.
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Fig, 7: Maximum specific growth rate of E. cloacae as a function of the lactate
concentration at initial pH values of (0} pH=7.0, (O) pH=6.5, (A) pH=6.0. Solid lines are
the linear least-square regression lines (parameter values given in Table 5). Error bars
represent the 95% confidence intervals for the intra-experiment variation. The filled
symbols represent the average value of a number of measurements in standard MRS with
no added lactate with the error bar representing the 93% confidence interval calculated

with the between experiment variation.
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Fig. 8: y,-4 as a function of the maximum specific growth rate u,, for E. cloacae. The
solid line represents the mean value while the dashed line represent the upper 95%

prediction interval (the lower value equals zero).
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4.3. Overall model performance
In Fig. 9 the measured value of Z (=log/X(1}]), Zmeasured, 18 shown as a
function of the predicted value of Z (Znoge) for both organisms. Zmege was obtained
by solving equations 1, 2, 3 and 4. All individual datum points of all growth curves
were used.

To evaluate the performance of the model, the variance of the model
predictions was compared to the variance of the Gompertz model, with for each
experiment 3 separate parameter values. In the overall model, for L. curvatus 4
parameters {Yxs, Yxp, by, ¢, ) were used for fitting the model to the experimental
data, whereas for E. cloacae 5 parameters (o, pHmin, PAmas Yxs, Cyp,) were used.
For the individual Gompertz models the number of parameters was equal to the
number of accepted experiments multiplied with three being 144 for L. curvatus
and 168 for E.cloacae. The variance, sz, was estimated according to:

e I AZ e = Zopoit)
df

where Z;q4e are the values predicted by either the overall model or the Gompertz

14

model and df is the degrees of freedom. The summation is over all experiments.
The results are shown in Table 6. For the overall model (Table 6, model I} a
variance of 0.534 was calculated for L. curvatus and of 0.714 for E.cloacae. For
the individual Gompertz models, variances of (1.247 and 0.323 were obtained for L.
curvatus and E. cloacae, respectively. On the basis of an F test it can be concluded
that the variance of the overall model was significantly higher than the variance of
the individual Gompertz models as shown in Table 6.

Part of this higher variance may have been due to the large spread in lag
times (Fig. 4 and 8). When the lag times as estimated for each growth curve by the
Gompentz equation were used (Table 6, model Ila) instead of the predicted values,
the variance was reduced to 0.341 and 0.611 for L. curvatus and E. cloacae,
respectively. For both organisms, especially for I. curvafus, the rather high
variance of the overall model can thus be partly explained from the rather large
spread in lag times. However, the variance was still significantly higher than the

variance obtained from fitting all growth curves separately with the Gompertz
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Fig. 9: Measured value of Z=logiX(1)} as a function of the predicted value for L. curvatus
(A) and E. cloacae (B). (O0) experiments with a zero imitial lactate concentration, (O)
experiments with an initial lactate concentration higher than zero. The solid curve
represents the error made by describing a sigmoidal curve with an expenential growth

model.

model.

An additional cause for the higher variance may be the rather unreliable vield
parameters (Table 3). The yield parameters determine the final concentration of
microorganisms that can be reached. Consequently, the effect of the unreliable

yields on the model deviation can be evaluated by considering only the points just
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Table 6: Comparison of the performance of the overall model to the Gompertz model.

L. curvatus Gompertz’ Model I" Maoxdel I12° Model 11b°
Experiments 48 48 48 43
Degrees of freedom 600 740 693 556
(points-parameters) (744-144) (744-4) (744-51) (606-50)
Variance 0.247 0.534 0.341 0.301

I 2.170 1.385 1.227

F (p=0.05) 1.137 1.139 1.147

E. cloacae

Experiments 56 56 56 56
Degrees of freedom 603 766 711 544
(Points-parameters) {(771-168) (771-5) (771-60) (603-59)
Variance 0.323 0.714 0.611 0.358

f 2211 1.892 1.108

F (p=0.05) 1.136 1.138 1.147

a,

: Data fitted by individual Gompertz models. For L. curvatus 48 experiments and for E.
cloacae 56 experiments were used.

: Data fitted by the overall model, For L. curvatus 4 parameters (Yyg, Yyp, bo, cir.) and for
E. cloacae 5 parameters (h,,, pHmin pPHuax Yxs Cag:) were used.

: Lag time fitted for the individual experiments. Number of parameters is 4-1{c..)+48 for
L. curvatus and 5-1(c;£.)+56 for E. cloacae.

: Lag time fitted for individual experiments and the datum points at the final level not

included. The number of parameters is reduced by one (Yyg).

before the final level of microorganisms is reached being Z=9 (i.e. 10° cell.ml') for
L. curvatus and Z=9.9 (i.e. 8-10° cell.mI™) for E. cloacae. This is justified by the
fact that, if interaction occurs, this will usually occur before the final level is
reached. In this way the variance was further reduced to 0.301 and 0.358 for L.
curvatus and E. cloacae, respectively. Therefore, for L. curvatus hardly any
influence of the unreliable yields on the variance was observed, while for E.
cloacae a considerable reduction of the variance was obtained. For E. cloacae the

variance was no longer significantly different from the variance for the Gompertz
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model. For L. curvatus the variance of the overall model was still significantly
different from that for the Gompertz model. However, the difference is not very
high (0.059).

Finally, description of a sigmoidal growth curve with an exponential model
leads to systematic too low predictions in the area where the growth curve passes
from the lag phase to the exponential phase and in systematic too high predictions
in the area where the growth curve passes from the exponential to the stationary
phase. Assuming the sigmoidal growth curve is perfectly described by the
Gompertz equation and assuming that the inoculation density and final
concentration are constant for all experiments, the systematic error can be shown to
be solely a function of the predicted valve of Z (Fig. 9). As can be seen in Fig. 9
this error is in general small and is largest at the low densities (<10? cell.ml™) and

high densities (>10° cell.ml™),

5. Conclusions
In this work models were developed to describe the effect of glucose, lactate
and pH on the growth of L. curvatus and E. cloacae in pure cultures. The aim of
these models is to determine when interactions may occur in mixed cultures. For L.
curvatus the maximum specific growth rate could be described by the next
equation:

8 (pH-pH,, ) (pHyy, —PH)
K, +§ (PH e, — PH )

Fpge =4 fh Y 15 @

For E. cloacae the growth rate was given by the next equation:

S (pH-pHy, )-(pHy, — PH)

=4. . 16 (h!
e =0 o K; +8 (PH e, ~ PH i )’ ®

Hy,

For both organisms the lag time was modelled as proportional to the inverse of the
growth rate. The theoretical minimum pH for growth was 5.6 and 4.3 for E.
cloacae and L. curvatus, respectively, showing that E. cloacae was clearly more
sensitive (o a decrease in pH than L. curvatus. For both organisms no effect of

glucose on the maximum specific growth rate could be detected and Monod
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kinetics with a low Monod constant was assumed. For L. curvatus the effect of
lactate on the maximum growth rate at different initial pH values could be
described by a linear relationship. For E. cloacae an effect of lactate on the
maximum growth rate could only be detected at pH 7, while at pH 6 and 6.5 no
significant effect was observed. The decrease in maximum growth rate with
increasing lactate concentrations at pH 7 was negligible compared to the effect of
the accompanying decrease in pH.

From this study it may be concluded that, for the case L. curvatus is the
dominant organist, the pH is the important parameter for determining the point of
interaction. If the buffer capacity of the environment is very high also the praduced
lactate may become important. The glucose concentration will only be of
importance at low initial concentration and in case E. cloacae is the dominant

organism.
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Modelling the interactions between Lactobacillus curvatus and

Enterobacter cloacae; Part: 2 Mixed cultures and shelf

life predictions

Abstract
The modelling approach presented in this study can be used to predict when
interactions between microorganisms in homogenous systems occur. It was tested
for the interaction between Lactobacillus curvatus and Enterobacter cloacae. In
this binary system, L. curvatus produces lactic acid, which decreases the pH in the
system. The pH decrease was found to be the main limiting factor of growth of
both E. cloacae and L. curvatus. This resulted in E. cloacae reaching its final
concentration earlier when compared to its growth in pure culture. The models
consisted of a set of first order ordinary differential equations describing the
growth, consumption and productions rates of both microorganisms. The
parameters for these equations were obtained from pure culture studies and from
literature. These equations were solved using a combination of analytical and
numerical methods. The prediction of growth in mixed culture using parameters
from pure culture experiments and literature were close to the experimental data.
Both model predictions and experimental validation indicated that interaction
occors when the concentration of L. curvatus reaches 10° cfuml™. At that moment
in time, the pH had decreased to inhibiting levels. These concentrations of
microorganisms (10° cfu.ml™) do occur in fermented products where interactions
obviously are important. In non fermented foods however, this level of
microorganism indicate that spoilage has occurred or is about to start. Microbial

interactions can therefore be neglected when predicting shelf life or safety of food.

Published: Int. J. Food Microbiol, 1999, 51:67-79
Authors: Malakar,P K., Martens D.E., Béal,C., Zwietering, M.H., van 't Riet, K.
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1. Introduction

Microbial quality is determined by the number of microorganisms present in
the food. If the microbial load reaches a certain limit the food is considered spoiled
and unfit for human consumption. Predictive microbiology (McMeekin et al. 1993,
McMeekin and Ross 1996) endeavours to quantify the growth responses of
microorganisms to environmental conditions and hence is a useful tool in
evaluating microbial shelf life. Empirical studies with pure cultures or cocktails of
the same species are performed, where the growth rate is measured as functions of
the physical and chemical characteristics of the food or the environment, the most
important being the temperature, pH, water activity and gaseous atmosphere. The
end result is a mathematical description of the growth process. This mathematical
function can then be used as a base for predicling the increase or decrease of
microorganisms in foods.

However, foods can support a complex microflora and interactions between
the different species of microorganisms may affect their growth. One possible
scenario is depicted in Fig. 1. The growth of pathogen B decreases when grown
together with microorganism A, which in some cases can be of practical
importance. We can assume for instance a spoilage level of 107 cfuml” of A and
an acceptable safety level of 10* cfuml™of B. If interaction occurs below both
these levels as indicated in Fig. 1, then the mathematical function describing the
growth of B must take this interaction into account. If the interaction levels are
over these limits, the food will be not be fit for consumption. It will either be
spoiled (A>107 cfu.ml™) or unsafe (B>10* cfu.ml™) at the point of interaction and
microbial interactions is then not of relevance when predicting shelf life.

The aim of this investigation was to quantitatively determine when
interactions start to occur. In food microbiology, most of the studies on interactions
were qualitative in nature (Stecchini et al. 1991, El-Gazzar et al. 1992, Winkowski
et al. 1993 Rodriquez et al. 1994, Vescovo et al. 1996) and only sometimes aimed
at elucidating the mechanism of interaction. We would like to take a step further
and develop methods of quantitatively determining the levels of interaction (Fig.

1)
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Fig. 1: Hypothetical simulation of growth of pure cultures of A (—) and B (— — —)
compared with mixed cultures of A (—- - —)and B (- - - -). Interaction between A and B

in the mixed culture decreases the growth of B. The level of interaction is the

concentration of A at which the specific growth rate of B decreases by 10%.

Firstly by identifying the mechanism of interaction, secondly by defining when
interaction happens and finally calculating the level of interaction. The time of
interaction is defined as the time when the specific growth rates of the
microorganisms in mixed culture deviates by 10% from their growth in pure
culture. In Fig. 1 at the time of interaction, the difference in the predicted levels of
microorganisms for pure and mixed culture growth is negligible. Therefore before
this period is reached, models of pure culture growth can be used for predicting the
growth of both pure and mixed cultures. In cases where the interaction levels are
over the spoilage or safety limits, microbial interactions can clearly be neglected
when modelling the growth of microorganisms, given the accuracy of microbial

counts.
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2. Theory
The model system chosen consisted of two microorganisms, L. curvarus
and E. cloacae growing in a broth culture. The main carbon source for growth of
both microorganisms was glucose. L. curvatus produces lactic acid, which lowers
the pH of the broth culture. The pH decrease and lactic acid produced could inhibit
the growth of both microorganisms. L. curvaius may also produce other inhibitory
substances. However, these are secondary metabolites and they probably only play

a miner role when compared to lactic acid (Martens et al. 1999).

2.1. Growth Kinetics

The following group of differential equations

’ﬂj—f =u, X, (> Az 1 (cellm?s™)
and
% =t Xp (r>Azc) 2 (celLm?s)

was set up to represent this system, where the accumulation of L. curvatus, X,
(cell.m'3) and E. cloacae, X, (cell.m™) in the batch culture after the lag phase, is
assumed to be proportional to the nurmbers of L. curvatus and E. cloacae present
(first order kinetics). The constants of proportionality are the specific growth rates
HmLe (s") and Hmee (57). These specific growth rates can change depending on the
environmental conditions. The main factors of interaction are the glucose
concentration § (mol.m'3) the lactic acid concentration P (mol.m’g’) and the pH of
the medium. In part one of this investigation, Martens et al. (1999) modelled the
effects of S, P and pH on the specific growth rate of pure cultures of L. curvatus
and E. cloacae at 30 °C. They concluded that the specific growth rate of L.
curvatus could be described by

s 4(pH — pH . YN pH = pH) b p
K; +S (PH s, = PH pin, Y !

Hore =ﬂ0?‘u[ 3 (S‘l)
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where the parameter p,,, (sT) is the growth rate at optimal conditions. This
occurs when § is much greater than Ky, (mol.m™®), P is zero and the pH is equal
to the mid point value of pH,,, —and pH., . K, is the Monod constant and

b, (m*.mol" s") is a regression parameter for the description of the effect of P on

the specific growth rate of L. curvatus. Finally, pH,, is the minimal pH and

PH gy, the maximum pH at which no growth is observed.
In the case of E. cloacae, the specific growth rate can be described by
s 4(PH—pH -&IPHm .. —PH X
ﬂmEc =#op1& w e e ] 4 (S ])

K, +S | (pHp, — Pl

where the parameters ., , Kg . pHpjn, and pHg, ~ have the same

0 ge
definitions as above. Equation 4 is similar to equation 3 except that lactic acid was
found to have no significant effect on the specific growth rate of E. cloacae in the
ranges at which the experiments were performed (Martens et al. 1999).

The rate of consumption of S in the broth culture (r,) is also assumed to be

proportional to the numbers of L. curvatus and E. cleacae. This model results in

Ty, = {,‘m_u +my, }Yu(t} 5 (mol.m™ st
XS1e

and

s, = % +mg, ]ng (r) 6 (mol.m>.sH
XSEC

where r, and r; are consumption rates, Yyg, (cell.mol™y and Yy e (cell.mol ")
are yield coefficients and nr;, (mol.cell's™) and Mg, (mol.cell*.s™") are non growth
maintenance coefficients of L. curvatus and E. cloacae. The yield coefficient is
the maximum amount of biomass produced from an amount of substrate
consumed. These models state that the amount of § consumed is used for both
growth and maintenance (Pirt 1973). In a batch culture, the absolute amount of §

remaining in the culture is
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ds a3
5= —(rsu +r, ) 7 (mol.m™s™)

which is the total of the consumption rates of both microorganisms . The negative
sign accounts for the consumption of S.

Lactic acid production by Lactobacillus species (equation 8) can also be
modelled with a growth and non growth related term (Luedeking and Piret 1959).
This model leads to

_| Hoize A -
rp =S tm, X () 8 (mot.m™.5™")

Y XPLs

where the yield value Yy, {cell.mol™) is the maximum amount of biomass

produced from an amount of lactic acid produced concurrently and the non growth
term is represented by m, (mol.cell'.s™) The absolute amount of P produced in
time in the batch colure is

dap

I =rp, 9 (mol.m'a.s'l)

A point to note is that for solving equations 7 and 9. the yield and
maintenance coefficients are assumed to be constant for the whole duration of
growth, This assumption might not be valid just before the stationary phase as the
degradation of the environment forces the microorganisms to adapt their metabolic
activities (Nielsen and Villadsen 1992). For our purposes however, the assnumption
of constant coefficients is adequate because at 10 % deviation of specific growth
rate, the conditions in the broth have not changed drastically yet. We would like to
stress again that the objective of this research is to find the interaction level and not
specifically describing the interaction process afterwards.

The pH of the broth can be correlated to the amount of P present, with the
help of the titration curve

Hy +a,[P

= pliaz[ll-[‘]] 00
where the parameter pfl, is the initial pH of the culture medium and g, (m’.mol™)

and &, (m*.mol"') are regression parameters. Analytical solutions of equations 1, 2,

7 and 9 exist if the specific growth rates are constants and are presented in Table 1.
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Table 1: Analytical solutions of the differential equations 1, 2, 7 and 9 for the case where
the specific growth rate is constant.

Eqg. Analytical solution units
1 X (=X, expli,g,t-1.)) cell.m”
2 X=X, exp{y ma(f — A )) cellm®

7 1 mol.m?
S5, =5,- mle 4 m e WX _—
Hone xs,

9 1 P mol.m>
P =P+ Ente v, |X, - X, )
Moy Y XPy,
X,,, . X,,_» 8, and F, arc initial concentrations. It is assumed one cell is equivalent to

one colony forming unit {cfu).

Constant specific growth rate occurs (i,) during exponential growth and these
solutions can then be used. However for prediction of growth until the stationary
phase a numerical approach will have to be applied since g, starts to vary during
this period. The parameters for the equations were determined either from pure
culture studies of L. curvatus and E. cloacae or from literature (Roels 1983, van t
Riet and Tramper 1991, Wijtzes et al. 1995, Martens et al. 1999). These values are
presented in Tables 2 and 3.

2.2, Time of interaction
The concentrations of L. curvatus and E. cloacae at the time of interaction
can be calculated from our definition of when interaction occurs. We defined that
this event takes place when the specific growth rate of E. cloacae in mixed culture
deviates by 10 % from its growth in pure culture. This will then be 90 % of the
maximum specific growth rate of E. cloacae, tne. (dependent on the initial pH).
Since the pH is the main factor for determining the point of interaction (Martens et

al, 1999), the pH at which interaction occurs, pHiy, is:
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Table 2: Parameter values for equations 3 to 9 for L. curvatus

Parameter Value 95% Confidence level units
Hopr,.” 1.06 1.01- 111 h'

Ksu ’ 0.0004 mol.m’

b," 14107 6-10% - 2.2.10° m®.mol” b
PH ot 426 413-438 )
PHuwi 977 9.53 - 10.01 )

Yesr" 7010°  42.10%-98.10° cell.mol”
my 6.5-10°° mol.cell st
Yir," 3310%  1310%-53-10° cell.mol”
mp’ 1.3-10™" mol.cell* s

7 : parameters values from Martens et al, (1999).
: values estimated from maintenance requirements for ATP of L. casei, Roels (1983).
: general value for glucose consumption of E. coli, van 't Riet and Tramper (1991).

: fitted parameters and predicted optimal growth rate at 30 °C from Wijtzes et al. (1995).

Table 3: Parameters for equations 3 to 7 for E. eloacae

Parameter Value 95% Confidence level units

Hopr, " 1.07 0.97-1.17 b

K s,],v 0.0004 mol.m>

PH ing.” 5.56 541-5.70

PH g 999 9.61 - 10.37

Yysee 8610"  5.310°-11.9-10° cell.mot’
mg” 25107 mol.cell s

™ : parameters values from Martens et al. (1999)
": maintenance requirement of E. aerogenes, Roels (1983)

" : general value for glucose consumption of E, coli, van 't Riet and Tramper (1991)
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(pHim - pHminEc X.F"‘Hn:u;mgc -pH, )= aim(pHO - p‘qminzr pomaxEt - pHO) 11
where the parameter o, is the percentage of the maximum specific growth rate for
which interaction is defined. Equation 11 is a quadratic function giving only one

solution of pHiy: below the initial pH:

L1 (pngr -PHoIPHo - pHmina__ ):I -0

pHii( _[pHmaxﬁ + pHmin,_-‘.]pHinl +[+(pH

sy PH o, )

a=1

b=_h7Hmaxﬂ +PHmink]

€= [aim(pHmax& - PH(;XPH() - pHmin& )+ PHma.x&pHminm,]

—b—b*—4ac
2a

In order to lower the initial pH of the broth to pHiy, a certain amount of

PHim = 12

lactic acid has to be produced by L. curvatus. This concentration of lactic acid at
the time of interaction (P, mol.m ) can be found using

_ pHy, — pH,

int

13 (mol.m™)
a —a,pH,

int

which was derived from equation 10. Solving for Piy, there are two possible routes
to obtaining the time of interaction #, (s) and the population density of L. curvatus

(Xin, } and E. cloacae (X;, ) at the moment of interaction. In the first route a

numerical scheme can be used, where the calculations are stopped when the
interaction point is reached (at concentration, Pj,) and the interaction population
densities and time noted down. The other possibility is to use an analytical

solution.

2.2.1. Analytical solution

An analytical solution can be used if we make the following assumptions.

L. curvatus is still growing at its maximum specific growth rate, fhm. when
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interaction occurs and using this in equation 8, makes 4 =enym, as shown in
XPLe
equation 14
m
— Y ep,. = 0.015 14 (-)
mlc

Thus equation 8 and % can now be combined and simplified to

4P [ Humic 3 1
— | Lmle t 15 l.m™.
dt {Yxm_c JXM() mol.m™s")

The assumption of a constant maximum specific growth rate of L. curvatus at the
mormnent of interaction is valid because the growth of L. curvatus should not be
inhibited by the pH yet as L. curvatus has a much lower pHpy, than E, cloacae.
Therefore, the time of interaction #y, calculated analytically and numerically should
not differ substantially.

The population density of L. curvatus X, at the moment of interaction
can now be calculated by integrating equation | (Table 1), which yields
X, =Xy, eXP(lipl,) 16 (cell.m™)
where X, {cell.m™) is the inmitial inoculation density and ¢, (s) is the time of

growth of L. curvatus. The time of growth of L. curvatus is the time after lag until
the time of interaction #iy (s). Substituting equation 16 in 15 and using the same

integration interval as above yields

P

int

X, -X
=Py | e T 17 (mot.m®)
XA,

where Py and Pjy, (mol.m™) are the initial (Pp =0) and interaction concentration of

lactic acid. Note that we can neglect the initial population density of L. curvatus, X,

in the numerator of equation 17 because it will be very small when compared to the

interaction population density of L. curvatus, X;,, .Solving for fg from equations

16 and 17 vields

B
(= m[L’”’wJ 18 @

- Hore X

L
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and the time of interaction is
o =1, + AL, 19 (s)
where Az (s) is the lagtime of L. curvatus.
If we now also calculate the population density of E. cloacae at the moment

of interaction (X;, ) analytically, there will be a discrepancy between the

analytical and numerical solutions, since the maximum specific growth rate of E.
cloacae in mixed culture deviates by 10%. If this discrepancy is shown to be small,
we can still choose for the analytical solution. Integrating equation 2 from time
after lag of E. cloacae to the time of interaction #n, results in
X, = Xo_ XP( g (e = 25 ) 20 (cellm™)

where X;, is the interaction population density, X, is the initial inoculation

density and Az, (s) is the lagtime of E. cloacae.

Equations 16, 18, 19 and 20 give a very quick method of estimating the
time of interaction and numbers of L. curvaius and E. cloacae at the moment of
interaction. In order to check the validity and describe the process of interaction
even after the inhibition is more than 10%, equations 1 to 10 will also be solved

numerically, taking into account dynamically changing conditions.
3. Material and methods

3.1. Experimental technigue

Frozen cultures of L. curvatus and E. cloacae stored at -80 °C were thawed
and pre-cultured at pH 5.8 and pH 7 respectively in MRS broth for 22 hours. Serial
dilutions were then made to get the desired inoculum level for the start of the
experiment.

Mixed experiments were carried out in 250 ml Erlenmeyers filled with 100
ml MRS broth (Merck). The initial pH of the MRS broth was adjusted to either pH
6 or pH 7 with 2N NaOH and the desired level of innoculum was then added to the

Erlenmeyers. Concurrently, pure cultures of the inoculum were also prepared, each
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Table 4. Regression parameters of titration curves to be used for equation 10

Parameter  initial pH Value 95% Confidence level units

a; 7 0038  0.033-0.044 m’.mol’
a; 7 0.015 0.013 - 0.016 m’.mol”
a, 6 0.029 0.027 - 0.032 m’.mol”
a 6 0.011 0.010 - 0.012 m’.mol”

having the same inoculum level as the mixed cultures. These cultures were then
incubated at 30 °C.

Once every hour samples from both the pure and mixed cultures were taken.
The concentration of microorganisms in cfuml” was then determined using the
pour plating method. L. curvatus was enumerated in MRS agar with acetic acid
added to prevent the growth of E. cloacae. E. cloacae was enumerated on VBRG
agar which did not support growth of L. curvatus. The pH of both the cultures was
determined from 1 ml samples of the broth using a Schott pH electrode.
Titration experiments using DL-lactic acid (Janssen Chimica Belgium) as the
titrant were performed on the MRS medium as used in the growth experiments.

The regression parameters for the titration curves are presented in Table 4.

3.2, Computational technique

The differential equations, 1,2,7 and 9 were solved using a combination of
analytical and numerical techniques. Firstly the duration of the lag phase was
found by fitting the experimental data points of the pure cultures with the modified
Gompertz model (Zwietering et al. 1990), using a constant i, calculated from
equations 3 and 4 and initial conditions. These fitted lag times are presented in
Table 5 and will be used for both pure and mixed culture predictions. This was
because the aim of the investigation was to use only parameters of pure culture
growth for predicting growth in mixed culture. The fit was done using the program
TableCurve (TableCurve 2D for Windows V2.03). The main reason of determining
the lag phase with an empirical fit is the large variability of the lag phase data.
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Table 5: The fitted lag times of pure culture growth L. curvatus (A..) and E. cloacae (A}

used for simulations

Parameter  Initial pH  Valueth) 95% confidencelevel  Used in Fig.
AL 7 0.50 0.33-0.68 2
Age 7 2.00 1.61-2.39 2
Are 7 2.52 1.93-3.12 3
g 7 2.49 1.77-322 3
Are 7 1.36 0.94-1.77 4
e, 7 141 0.84 - 1.97 4
A 6 0.06 -0.48 - 0.59 5
Age 6 4.73 4.06 - 5.40 5
Are 6 0.00 -1.57-1.57 6
Ar 6 9.88 8.90-10.86 . 6

Secondly the specific growth rate g, was assumed to be zero during the lag

phase. When the lag phase ends, exponential growth occurs. To calculate the

growth in this phase, time steps of 0.1 hour were selected and g, was assumed

constant during each time step. For a constant g, during one time step, an

analytical solution could be found for all the differential equations (Table 1). Using

the initial values of the state variables, the values of all the state variables at the

end of the first time step could be calculated. These values then become the initial

conditions for the next time step and the above process was repeated until the pH

equals the value of pHy,, or § equals zero. The specific growth rate is now zero

again and the maximum number of microorganisms in the culture is reached. These

simulations were programmed in Matlab from Mathworks Inc.

4. Results and discussions

4.1. Qualitative description of interaction

Fig. 2 to 6 show that interactions can be clearly observed from the

divergence of the growth curve of E. c¢loacae in the mixed culture when compared
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to its growth in pure culture for various initial innoculum levels at an initial pH of
7 and 6. In Fig. 2 as the pH of the medium in the mixed culture begins to decrease
after 3 hours, there is a gradual decrease of the specific growth rate of both
microorganisms in the mixed culture. This trend is present in all the curves.

While there is no relevant difference between growth of L. curvatus in
mixed and pure culture, E. clpacae in mixed culture approaches its final level
much earlier when compared to E. cloacae in pure culture. Further decrease of pH
in the mixed culture causes a decline in the number of E. cloacae and after 24
hours no E. cloacae is present anymore. The same trend can be seen in Fig. 30 6,

The main cause of interaction in the model system must be the decrease of
pH. This is because glucose could still be detected at the end of the experiment at
amounts much greater than Kg causing the term representing the effect of § to
remain 1 (equation 3). The amounts of lactic acid produced at the moment of
interaction Py can be calculated with equation 11 and 13. At these concentrations,
4011073 (M) at pH 7 and 1.36-10° (M) at pH 6, the effect of P on the specific
growth rate of E. cloacae is still negligible.

4.2. Point of interaction _
From the data in Fig. 2 to 6 and Table 6, it can be concluded that the concentration
of L. curvatus when interactions occur is about 10® cfu.ml” in all cases. At this
concentration, L. curvatus has produced enough lactic acid to sufficiently bring the
initial pH down to a level (pH,,) where growth of E. cloacae is inhibited. Also, at
this pH, L. curvatus is not inhibited yet and the use of the analytical solution is
justified as both methods give comparable values.

Using an analytical solution (equation 20) with a constant iz to estimate
the number of E. cloacae at the moment of interaction is also satisfactory because
the difference between the analytical and numerical approach is negligible. Real
noticeable differences between the analytical and numerical values will occur
when the specific growth rate of E. cloacae in the mixed culture decreases further.

Since the main mechanism of interaction is the lowering of pH, delaying L.

curvatus from reaching this ievel will also delay the onset of pH decrease. This can
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Fig. 2a and 2b: Growth of L. curvatus , 2a (initial innoculum of ~ 10° cfu.ml") and E.
cloacae 2b (initial innoculum of ~ 10° cfuml™) in pure and mixed cultures and the
decrease of pH caused by the production of lactic acid by L. curvatus in the mixed cultures
at an initial pH of 7. (A E. cloacae in mixed culture, A E. cloacae in pure culture, @ L.
curvatus in mixed culture, O L. curvatus in pure culture, X pH in mixed culture. & at 0.0

indicate the absence of E. cloacae, — model predictions, -—-— time and level of

interaction).
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Table 6: Calculated times of growth, and levels of interactions of L. curvatus (¢, , X

int,, )

and E. cloacae (z, ,X,, ) for various initial inoculum levels (X, ,X,, }atpH 7 and 6

Fig. Initial logX, logX, %4, logX; = logX, %, logXg — logX;,

int,, int
no. pH (h) (h)
2 7 5.85 3.78 49 8.12 8.06 34 5.18 5.13
3 7 1.90 2.54 13.5 8.12 8.07 13.5 8.06 8.02
4 7 5.12 1.63 6.5 812 8.11 6.5 4.27 421
5 6 5.63 3.82 5.1 7.66 7.62 0.4 3.89 3.87
6 6 1.20 3.78 16.2 7.65 7.60 6.3 4.83 481
X, +Xim, 1 X0, + i, 1D cfuml’; g, analytical solution; #, numerical solution.

be seen by comparing Fig. 2 and 3, where the initial inoculum level of L. curvatus
was decreased from 10° to 10° cfu.ml™” while the number of E. cloacae was kept
nearly the same. The time for interactions to occur subsequently increased from 5.4
hours to 16.0 hours while the level of L. curvatus when interactions occurred
remained about 10° cfuml’. This was confirmed by the higher maximum
concentration of E. cloacae, as it could now continue to grow at its intrinsic
specific growth rate for a longer period of time.

The opposite effect can be observed by comparing Fig. 2 and 4 where the
initial number of E. cloacae is decreased while the number of L. curvatus remained
nearly the same. The time of interaction did not change much while the interaction
level of E. cloacae decreased by nearly one log unit. Also the final level of E.
cloacae was lower. The effects discussed above can also be seen in Fig. 5 and 6
where the initial pH was 6.

Further decreasing the concentration of L. curvatus while increasing that of
E. cloacae will lead to a situation where the growth of E. cleacae would not be
inhibited by the presence of L. curvatus. This is because E. cloacae would have
reached its maximum concentration before the pH decreased to inhibitory levels.
Two experiments were performed with 10° cfu.ml’ of E. cloacae and 10° cfu.ml’
of L. curvatus and there were no differences between the growth of E. cloacae in

mixed and pure cultures {results not shown).
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4.3. Model predictions
By solving the models numerically using parameters from pure culture
experiments, both pure and mixed culture predictions were close to the actual data,
except for some struciural deviations (Fig. 2 to 6). Firstly, the inactivation kinetics
of E. cloacae in the mixed culture was not taken into account. When pH of the

broth reaches the minimum p# of growth { pH,, } and below, the specific

growth rate {1, is predicted to be zero. This results in a prediction of a constant
final concentration of E. cleacae. Since our main objective was to investigate the
point of interaction, what happens after this moment was beyond the scope of the
research. The point of interaction is however well predicted and occurs when the
concentration of L. curvatus reaches 10° cfu.ml™.

Secondly, the decrease in growth rate at high concentrations of L. curvatus in
most cases is faster than predicted. Also, the predicted pH decrease is more gradual
when compared to the actual data points. As was introduced earlier, the models are
not accurate anymore when conditions in the broth start to change rapidly. A likely
reason for these observations is that the yield and maintenance coefficients of
biomass on substrate and product are not constant but dependent on the pH.

The predicted growth of E. cloacae in pure cultures stops abruptly because
according to the models, there is no more glucose remaining in the medium. This is
not realistic because glucose can still be detected at the end of the experiments
with pure culture growth. This suggests that another mechanism is taking place,
which inhibits the growth of E. cloacae when high numbers are reached.

Lastly, the fitted lag times for the experiments at an initial pH of 6 differed
by about 5 hours (Fig. 5, 6). This resulted in a large shift of the predicted point of
interaction as shown in Fig. 6. This is inevitable because at lower pH, the lag times
starts to show more variability partly because of adverse conditions.

It should be noted that the curves for the mixed and pure cultures in Fig, 2
to 6 are, with the exception of the lag time, predictions rather than empirical fits of
the data (Berkman et al. 1990, Buchanan and Bagi 1997). The overall model gives
a good prediction of the behavior of the organisms in both pure and mixed cultures

over a large range of conditions. An empirical approach would require not only the
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physical characteristics but also the effect of the initial number of microorganisms
present and hence increase the numbers of parameters, The present methodology
uses less parameters and gives a better qualitative and quantitative insight into the

processes taking place in the mixed culture broth.

5. Conclusion

This research has shown quantitatively that interactions occur at around 10®
cfuml” and the main mechanism of interaction in our model system is the
decrease of pH. A food would be considered spoiled at this level. This would not
be the case for fermented foods where interactions are definitely important,
Fermentation under controlled conditions is a natural way of ensuring food quality
and food safety. Reliance on uncontrolled growth for quality and safety is however
very dangerous and should not be considered good practice.

The general model set up proved to be simple and straightforward and was
able to predict the onset of interaction. Further research will focus on colony
growth of L. curvatus in solid medium. Here, local pH gradients in the colony can
develop due to mass transfer restrictions and cause the growth of the
microorganisms to deviate from growth in broth cultures. This phenomenon can be
an importani factor when considering the use of current models of predictive
microbiology for predicting colony growth in solid media. This is because these

models were developed from experiments in homogenous broth cultures.
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Micro gradients in bacterial colonies: Use of fluorescence ratio

imaging, a non- invasive technique

Abstract

Fluorescence ratio imaging is a non-invasive technique for studying the
formation of micro-gradients in immobilized bacterial colonies. These gradients
can be quantified easily when combined with the gel cassette system designed at
the Institute of Food Research, Norwich, United Kingdom. Colonies of
Lactobacillus curvatus were observed using this technique and relevant pH
gradients were present when the colonies reached a diameter of about 100 pum.
These pH gradients were due to production of lactic acid by L. curvatus cells in the
colonies. The spatial resolution of the images was about 1.5 um (scale of bacterial
cells) and therefore very suitable for observing local effects in colonies which

ranged in sizes from 1 to 500 pm.

1. Introduction
In microbiology, specifically predictive microbiology, there is a huge
-amount of data on growth of microorganisms in broth cultures (Pirt 1975,
Zwiietering et al. 1990, Nielsen and Villadsen 1992, McMeekin et al. 1993, Wijtzes
et al. 1995). Here conditions are assumed to be homogenous throughout the culture
media and any changes of the environmemt are transmitted to all the
microorganisms instantaneously. Material is transported via convection and
diffusion. In colony growth, the immobilized cells in the colony are subjected to
more variable conditions as the mode of transport here is mainly diffusive, which
is generally much slower than convection.
Localised gradients may arise in time. Along these gradients,

microorganisms will vary in their growth rates (Wentland et al. 1996) and in some

Published: Int. J. Food Microbiol. 2000. 56:71-80
Authors: Malakar,P K., Brocklehurst, T.F,, Mackie,A.R., Wilson,P.D.G., Zwietering, M.H., van 't
Riet, K.
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cases stimulate their stress responses (Archer 1996) to cope with the adverse
conditions. In broth culteres, similar conditions are present near the stationary
phase, but if these stress responses are generated much earlier in solid systems,
these may confer enhanced resistance on the microorganisms. Food manufacture
involves the use of preservation systems and these will be more effective if the
stress response (adaptation response)} of the bacteria is not activated. With the
modern consumer wanting foods which are minimally processed, this can be an
important variable when considering strategies for controlling food safety.

The work done so far to investigate the existence of micro gradients in
bacterial colonies has been performed with the help of micro electrodes.
Wimpenny and Coombs (1983) have shown that there can be substantial gradients
of oxygen tension in and around colonies of Bacillus cereus. Walker et al. (1997)
have also shown that pH gradients occur in and around colonies of Salmonella
typhimurum. Micro electrodes are invasive and colonies must be discarded after
measurements have been taken. The measurement might even influence the
gradient. The fluorescence ratioing technique used here enables us to observe
colonies throughout their growth non-invasively and can be maore representative of
what actually happens in a colony in real time. It will also reinforce the concept
that gradients do form in colonies.

The microorganism used in this study is Lactobacillus curvatus. Tt is a
heterofermentative microorganism, which produces mainly lactic acid as an end
product of metabolism, which decreases the pH of its surroundings. When
immobilised, acid production is localised and lactic acid diffuses out of the colony.
This phenomenon results in a continuum of growth characteristics throughout the
colonies. In an isolated colony, a pH gradient would form in the colony in time and
produce zones of different growth rates. Here, there is interaction in the colony
itself (intra coleny interaction) and the microorganisms at the leading edge of the
colony grow the fastest as conditions here are most favourable.

At the other end of the continuum ¢high colony density), the acid produced
by a colony would reach or affect its neighbour in a shorter time span when

compared to an isolated colony. One consequence is that the surrounding medium
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becomes saturated with lactic acid. The interactions between the colonies (inter
colony interaction) results in growth which approaches that of broth cultures where
the conditions are homogenous.

The main objective of this work was to investigate these two types of

behaviour using fluorescence ratio imaging

2. Materials and methods

2.1. Preparation gel casselie
Fig. 1 shows the gel cassette used for this study. The cassette is of the same

size as a glass microscope slide and has a depth of 2 mm (1a).

Fig. 1: Various stages in the preparation of a gel cassette for filling and inoculation. A gel
cassette (1a) is placed in a PVC bag (1b) in which is placed a strip of baking paper (1¢) to
prevent the PVC bag from sticking to each other during autoclaving. 1d represents an
autoclaved gel cassette, which has been filled with growth medium containing gelatine

aseptically
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At each end of the cassette there is a filling port for the introduction of the sample
and a window for observation under a microscope. This cassette was then placed in
a clear PVC bag (1b) after which a strip of baking paper was inserted (lc) to
prevent the sides of the bag from sticking to each other during autoclaving. After
autoclaving, the strip of baking paper was removed and the ends sealed with
masking tape aseptically. Fig. 1d shows a cassette, which has been filled
aseptically with gelatine using a syringe. The hole made by the syringe in the
filling port was sealed using aseptic tape. The sample in the window of the cassette
was sterile as no contamination was observed in all the cassettes used during this

investigation.

2.2. Fluorescence ratio imaging

When a fluorophore is excited by suitable light source, its electrons gain
energy and occupy higher energy levels. When returning to the ground state, from
the first excited singlet state, energy can be emitted as light. This is called
fluorescence, and it is always of lower energy or higher wavelength than the
excitation light energy. This is because some or all of the excitation energy is also
dissipated by non-radiative processes like heat. The competition between these two
processes is environment dependent and fluorescence can be used as a probe to the
immediate surroundings.

Fig. 2 shows typical spectra produced by measuring the fluorescent
emission intensity at 355 nm as a function of excitation wavelength for Oregon
Green™ (Molecular Probes, Leiden, Netherlands). These spectra were taken using a
spectrophotometer (Perkin Elmer, Oak Brook, Ilinois, USA). It is clear that some
regions of the spectra are more sensitive to pH than others. By dividing the
intensity at 510 nm by that at 440 nm (ratioing), it is possible to eliminate biases
caused by the concentration of fluorophores, photo bleaching or illumination
stability. If these ratios are then plotted against the pH of the sample, there will be
a region where the correspondence between the ratios and the pH is linear. For
Oregon Green™, this linear region is for the ranges of pH 6 to pH 3. A point to note

is that the background fluorescence of the medium of interest must be accounted
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Fig. 2: Intensity of fluorescence measured at 555 nm from excitation light of wavelengths
of 400 nm till 540 nm. The individval curves from top to bottom represent the pH range
from pH 7.10, 6.67, 6.05, 5.48, 5.08,4.48, 4.07, 3.56, 2.98 and 2.76.

for to obtain accurate results. This can be done by subtracting it from the total

fluorescence of the sample.

2.3. Calibration

For calibrating the microscope, a series of 10 ml samples containing equal
volumes of MRS {Oxoid, Hampshire, UK, 104 g.L"!) and bovine gelatine (Oxoid,
Hampshire, UK, 200 g.L') was prepared. A pH meter (Radiometer, Copenhagen,
Denmark} was used to adjust the pH of this series with either 1 M NaOH or 5 M
HCI (range, pH 6 to pH 3). Then about 0.5 ml of each sample was injected into one
end of an empty and sterile gel cassette and the mixture allowed to set. This was
done for all the samples in the series.

While the gel mixture was setting in the gel cassettes, Oregon Green™ was
added to the remaining samples of the series (kept molten in 30 °C water bath) (v a

final concentration of about 1.25 mg.L’'. This was done by diluting the stock
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solution (5 mg Oregon Green™ in 2 ml 99.9% (w/v) ethanol) 10x and mixing 50 pl
of this with 9.95 ml of sample.

When the gel mixture had set in one end of the cassette, about 0.5 ml of
sample with Oregon Green™ at the corresponding pH was injected into the other
end of the cassette. The final result is a cassette (at required pH) with one end
containing sample with dye and the other without. The side of the cassette without
the dye was used for measurement of the background fluorescence. The cassettes

were then kept at 20 °C for further analysis.

2.4. Optical system

The optical system used was a fluorescence microscope (Nikon UK,
Surrey, UK) with the following filters, excitation (440 + 10 nm, 510 = 11.5 nm),
emission (535 £ 11.5 nm) and a dichroic mirror (540 nm, leng pass). The light
source was a mercury arc and the camera connected to the microscope was a
cooled CCD device (SP eye, Photonic Science, Cambridge, UK).

The 1x and 5x objective lens were used for the calibration measurements. A
plane in between the top and bottom of each window was chosen by adjusting the
focusing at that window of the cassette. The area was then excited with light of the
relevant wavelengths (440 and 510 nm) and the fluorescent intensity measured.
The information from both windows was then processed with a macro of the image
processing software (ImagePro, Media Cybernetics, Maryland, USA) and the ratios
calculated after subtracting the background fluorescence.

In the growth experiments, the same proceduere was used when the colonies
were not yet visible. Once the colonies were visible, the widest part of the colony
of interest was brought into focus. This gave information about the radius of the
colony. A light transmission image was first taken and stored. Then the fluorescent
images were taken and the ratios calculated. From these ratios, a 2I> pH map of the
area in focus could then be drawn. Superimposing the transmission image to the

pH map gave the pH profile in and around the colony.
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2.5. pH front experiments

The growth medium as prepared above was also used for the front
experiment. The pH was first adjusted to pH 5.5 with 5 M HCI. Then (.5 ml was
introduced into one end of the gel cassette and allowed to set (blank). Oregon
Green™ was then added to the growth medium to a concentration of 1.25 mg.L"
and 0.25 ml injected into the other end such that only half of the window was filled
and allowed to solidify.

5 M lactic acid was added to a fresh batch of growth medium at an initial
pH of 5.5 till the required pH for the start of the experiment. Oregon Green™ was
then added and the mixture kept molten in a 30 °C water bath. Before the start of
the pH front experiment, the pH of this liquid mixture was checked again with a
pH meter. The pH of the mixture already in the cassette was also checked using the
fluorescence microscope.

At the start of the experiment, (.25 ml of the growth medium containing
lactic acid and Oregon Green™ was introduced into the window of the gel cassette
which was already half filled and allowed to set. This cassetic was then placed
under the microscope so that both halves were visible under a 1x objective. A clear
boundary between the two halves was observed and a transmission image was
taken. This served to fix the boundary for further analysis. Regular fluorescent

measurements were then taken to track the diffusion of lactic acid.

2.6. Growth experiments

0.1 ml of stock culture of L. curvatus was thawed and resuscitated in 10 ml
of MRS broth and incubated at 20 °C overnight. The composition of the growth
medium (MRS, bovine gelatine) used for filling the gel cassette was the same as
that used for calibrating the microscope. The only difference being that the mixing
and filling was done aseptically. The initial pH was then adjusted aseptically to 5.5
and about 0.5 ml (without I. curvarus ) was injected into one end of the gel
cassette and the mixture allowed to set (blank).

The appropriate amount of the resuscitated L. curvatus was then inoculated

aseptically into the growth medium and Oregon Green™ added to a final
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concentration of 1.25 mg.L"'. This mixture was then thoroughly mixed and about
0.5 ml injected into the other end of the gel cassette. The cassette was then placed
in a 20 °C incubator for further analysis.

Duplicate cassettes containing 1000 cfu.ml”, 100 cfuml” and 5 cfu.ml” of
L. curvatus were used for the experiments. Measurements of pH profiles in the

cassettes were taken every 24 hours and continued for 240 hours.

3. Results and discussion

3.1. Calibration curve
Fig. 3 shows the calibration curve of the pH versus the fluorescence ratios
(Fs10/Fa40) of the microscope used in this investigation, Note that these ratios are
not quantitatively similar to those calculated from Fig. 2 as the optical system was
different.

pH=0.77-FR + 2.73
6 + » *

Fluorescent ratios (FR)

Fig. 3: Calibration curve for optical system used in this investigation. It shows the pH
versus fluorescent ratio (FR) of the intensities at 440 nm and 510 nm. Linear regression
was applied and the result presented in the upper right hand corner of the graph. (Valid
from pH 3.0 to pH 6.0)
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The intercept and its 95% confidence interval was 2.73 £ 0.20 pH units and the
slope and its 95% confidence interval was 0.77 £ 0.07. This curve was valid from
PH 3 to pH 6. This was sufficient for our purposes as L. curvatus grows very well
at an initial pH of 6 and will acidify the medium through the production of lactic
acid. The minimum pH of growth of L. curvatus is 4.26 (Wijtzes et al. 1995) and

well within the range of the calibration curve.

3.2. Diffusion front experiment
The diffusion front experiment was performed to test the ability of the
optical system in tracking the diffusion of lactic acid. Fig. 4 shows line graphs in
the x-direction of 2D pH images taken at different time intervals. These pH images
were converted from the fluorescent ones using the calibration curve above.
Initially, the left half of the gel cassette contained lactic acid at pH 3.5 while
the other half was at pH 5.5 with no lactic acid present. Note that Fig. 4 shows

2500

Distance (pnm)

Fig. 4: Diffusion of lactic acid in gel cassette. The curves from top to bottom
represent diffusion of lactic acid from 12, 27, 42, 57, 81, 96, 171 and 246 minutes.
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the pH versus the distance and not the concentration of lactic acid versus the
distance. The pH values can be translated to the equivalent concentration of lactic
acid using a titration curve (results not shown), After 12 minutes, the front had
already moved across the boundary and continned moving until at 250 minutes,
where it had a flatter profile. This indicated that there was gradual acidification of
the whole medium as lactic acid diffused from the left half of the window. The pH
of the left side of Fig. 4 hardly changed since the pK, of lactic acid is 3.86 and
lactic acid strongly buffers around this pH.

The pH front image was taken with a 1x objective lens where every pixel is 6
microns by 6 microns. This gives very good resolution and since we will alse be
using a x5 objective lens (1 pixel = 1.32 microns), these lenses will be perfectly
suitable for looking at what is happening inside an individual colony, which might

range in diameter from 1 micron to 500 microns.

3.3. Growth experiments

3.3.1. Qualitative trends

Fig. 5a, 5b, 5¢ and 5d show the gel cassettes with different inoculation
densities of L. curvatus (5 cfuml’, 10 cfu.ml™, 100 cfu.ml” and 1000 Cfu.ml").
Each window with cells holds approximately 0.5 ml growth medium. Differences
between the inoculation densities of 10 cfu.ml™ and 5 cfuml” were small, and the

10 cfuml™' cassette was excluded from further analysis
Fig. 6 shows the time course of colony diameter for the 3 inoculation densities.
For the 5 cfu.ml” series, the data are from an individual colony revisited at each
time point. For the 100 and 1000 cfu.ml™ series, it was not possible to relocate the
same individual colony, and the data presented are the mean diameters of an
arbitrary selected 10 colonies. In Fig. 6, a number of features may be observed:
a)  Firstly, the sizes of the colonies at the end of the experiment were
different. In the gel cassette with 1000 cfu.ml™, growth appeared to stop
after 71.5 hours, as the mean colony diameter remained constant. The

mean diameter of the colonies was about 150 um when growth entered the
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stationary phase. The colonies in the gel cassette with 100 cfo.ml” were
able to continue growing for longer and the colonies were still expanding
after 186.5 hours. Here the average diameter after 239 hours was about
380 um. In the gel cassette with only 5 cfu.ml”, the same trend was seen
but the colonies were even larger. The diameter of the colony after 239
hours was about 430 pm.

b) There were two periods in time when growth in the different samples
started to diverge. The first started at 40 hours and ended at 75 hours when

the colony sizes were between 100 to 200 microns (taking lag into account

A efu/ml 10 efu/ml 100 ctu/mi 1000 ¢clufml

Fig. 5: Various inoculation densities of L. curvarus colonies introduced aseptically into
a gel cassette. The upper window of the gel cassetie was kept free of bacteria for
measurement of background fluorescence of the growth medium. The colonies were

approximately 5 days old.
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for 5 cfuml! and 100 cfu.ml). At 75 hours, there was a distinct
difference in the size of the colony in the 1000 cfu.mi’ sample when
compared to the rest. The second period started at 75 hours and ended at
100 hours. This involved the colonies of the remaining two samples and
at 100 hours, clearly three different colony sizes were present. This
meant at those specific periods in time, some form of transition was
occurring in the colonies
¢) Lastly, there seemed to be a lag in the growth of the colonies in the gel
cassettes with inoculation densities of 100 cfuml’ and 5 cfu.ml' when
compared to those in 1000 cfuml’. At 24 hours, no colonies could be
detected in these gel cassettes, indicating that they were growing slower

than those in the 1000 cfu.ml” gel cassette.

500 —
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Fig. 6: Celony diameter of L. curvatus colonies at different initial inoculation densities at
an initial pH of 5.5.,
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3.3.2, Interactions

The first and second trend can be explained by looking at the pH profile in
and around the colonies. As was postulated in the introduction, there is a
continuum of interactions possible when describing colony growth. Fig. 7 (1000
cfu.mI™”) indicates an example of an inter colony type of interaction, Fig. 8 (100
cfu.ml!) an intermediate type and Fig. 9 (5 cfu.ml’) that of an intra colony type of
interaction.

Fig. 7 shows line graphs of 2D maps of pH (x direction } in and around
colonies of inoculation density of 1000 cfu.ml for different time intervals, Here
there were no significant changes of pH before 42 hours. However from this time
onwards the colonies started to interact with each other, which can be seen by the
divergence from the sizes of the colonies in the 100 cfu.m1” and 5 cfu.ml” samples
(Fig. 6). Sizes are a measure of growth and this indicated that growth of the
colonies was slowing down, mainly due to interaction between the colonies. Here
the bulk medium was becoming saturated with lactic acid produced by these

colonies. At 97 hours, saturation occurred and the pff had dropped to about 4.6 and

0 200 400 600 800

Distance ({tm)

Fig. 7: pH profiles in and around colonies of L. curvatus at an inoculation density of 1000

cfu,ml™. Vertical bars indicate position of radius of colony.
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growth had essentially stopped. The cells in the colonies must be in their stationary
phase, as the colonies did not increase in size anymore, The further drop of pH
indicated that the cells were still metabolically active.

In Fig. 8 (100 cfuml™) a combination of inter and intra colony type of
interactions can be seen. There was no evidence of interactions between the
individual colonies before 72 hours as the bulk pH was not significantly different
from the start. However by this time, a gradient of about 0.5 pH units had formed
inside a colony. This meant that there were already interactions between the cells
in the colony although this decrease in pH will only slightly decrease the growth
rate. After 72 hours the colonies began to interact with each other and the sizes of
the colonies started to diverge from that in the sample with 5 cfu.ml ! (Fig. 6). As a
result of both inter and intra colony interaction, the pH outside and inside the
colony dropped at regular intervals to a final level of 4.6 and 4.4 respectively.

Fig. 8 also shows that there were sharp declines in pH at the leading edge
of the colony after 72 hours, which continued until 239 hours. The leading edge is

a zone just before and after the colony radins. This is a consequence of the

Oy

Il ] t‘“ %

0 200 400 800 800
Distance (¥ m)

Fig. 8: pH profiles in and around colonies of L. curvarus at an ineculation density of 100

cfu.ml’. Vertical bars indicate position of radius of colony.
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accumulation and production of lactic acid in the colony. As the colony increases
in size, lactic acid that is produced takes longer to diffuse out and accumulates in
the colony, resulting in a flat profile till the leading edge. At the leading edge
however, there will be a boundary between a zone where there is production and
one where there is no production of lactic acid. This sudden transition between
production and no preduction of lactic acid produces the steep gradients in pH as
shown in Fig. §

This effect was even more evident in Fig. 9. Here there were only one or
two colonies in the gel cassette. This effectively meant that the colonies do not
interact at all with each other. A gradient of about 0.25 pif units was already
formed after 48 hours (intra colony interaction) when the colony reached a size of
about 100 um,

The approximate volume of this colony should be in the order of 10°® cm’. From 72
hours onwards, there was a gradual flattening of the pH profile from the centre
towards the leading edge with the sieepest slope at the leading edge. This

phenomenon was maintained until 239 hours. Since the colonies do not interact

6 -

4.5 ¢ t } |
0 200 400 600 800

Distance { £im)

Fig. 9: pH profiles in and around colonies of L. curvatus at an inoculation density of 5

cfu.ml’’. Vertical bars indicate position of radius of colany,
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with each other, the decline of pH in the bulk medium was not as rapid as in Fig. 8.
If the packing density of cells is in the region of 10" cell.em™ (Pirt 1975, Grimson
and Barker 1994), then intra colony interactions start to become important in
colonies of about 10° cells where growth had proceeded from 1 cell to 10° cells.
This information can be of relevance when considering the use of growth
models from broth cultures for predicting spoilage in solid systems. If a food
system, as represented by a gel cassette is contaminated with about 100 cfu.ml™ of
bacteria, then deviation from these growth models would only occur at a level of
107 cfu.mlI’. At these levels, foods are already spoiled and it would be reasonable
to use the growth models up to the moment of spoilage. For lower initial numbers
of microorganisms, this might not be the case. Intra colony interaction may
decrease the growth rate and may trigger stress responses much earlier than

predicted by broth models although it starts only after considerable outgrowth.

3.3.3. Lag

After 24 hours, colonies in the cassette with inoculum density of 1000
cfu.ml" reached sizes of 30 um while none was observed in the gel cassettes with
inoculation densities of 100 cfu.ml” and 5 cfu.ml”. This observation was strange
because the pH in all the 3 samples was still at p# 3.5, the initial p/. If all the cells
in the colonies of the 3 samples were growing exponentially at this pH and
temperature, all these colonies should grow to about 30 um ar ronghly the same
time.

We performed an experiment to look for the causes of the lag. The 3
inoculum concentrations were grown in an anaerobic jar with a gaseous
atmosphere containing 90 percent CO; and 10 percent Hy Under these conditions,
all the colonies grew to 30 m at roughly the same time. One possible explanation
for the observed lag and its absence in the 1000 cfu.ml™ sample is that the colonies
here produce enough CO; to saturate the gel, resulting in CO, enrichment. CO;
enrichment is a recognised phenomenon encouraging the growth of lactic acid

bacteria.
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4. Conclusion

This study confirms that there is a continuum of growth phenomena when
microorganisms are growing in solid medium. Growth of the colonies of L.
curvatus approached that of a broth culture when the inoculation density was high.
Inter colony interaction caused the saturation of the environment with lactic acid,
which inhibited growth.

At lower inoculation densities, the colonies were able to grow bigger and
inter celony interactions occurred much later. These bigger sizes resulted in the
accumulation of lactic acid in the colony which produced zones of different growth
rates. Deviations in solid systems from growth in homogenous systems are
expected especially at low contamination levels (~ 10 cfu.ml ') and only after high
outgrowths (factor 10°).

The technique of flucrescence rationing is a useful non-invasive method for
studying colony growth. It is simple to set up with the gel cassette system and
measurements can be made in real time without disturbing the sample. Future work
will concentraie on modelling the growth in the colonies coupled to the formation
of the pH gradients,
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Diffusion of lactic acid in a buffered gel system supporting growth

of Lactobacillus curvartus

Abstract
The spatiotemporal behaviour of lactic acid in solid systems is of relevance
for understanding of colony growth of lactic acid bacteria. Diffusion of lactic acid
in a buffered gel system was investigated using fluorescent ratio imaging. The
range of pH studied was from pH 5.5 to pH 3.8, which included the minimum pH
of growth of Lactobacillus curvatus (pH 4.26). Diffusion of lactic acid in this pH
range was found to be Fickian and the estimated effective diffusion coefficient of
lactic acid at 20 °C was 2.81-10"" (m’.s"") with a standard deviation of 0.21.10™"

(mz.s'l)
This effective diffusion coefficient was estimated by fitting the one dimensional
solution of the Fickian diffusion equation for infinite systems to a transformed
experimental data set. The original data set as recorded by the fluorescent
microscope consisted of concentration-distance curves at specific time intervals.
This was transformed by realigning the distance scale of all the conceniration-

distance curves,

1. Introduction

Growth of bacteria in solid matrices is of importance in many food systerns.
Here bacteria grow as colonies and diffusion is the main mechanism of transfering
nutrients into these colonies as well as getting rid of waste products of growth.
Wimpenny et al. (1995) have shown that the size of a colony increases
exponentially initially and then linearly, which they attributed to the effect of
transport limitations. In the past two decades a lot of effort had been put into the
development of empirical modets of microbial growth as a tool for ensuring the

safety and quality of foods. However these models do not take transport processes
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due to diffusion into account as most of the data were collected from broth
experiments.

We are currently interested in the colony growth of L. curvatus, a lactic
acid bacterium, chosen as our model system for investigating growth in submerged
solid systems. The diffusion of lactic acid (} out of these bacterial colonies will be
of importance to their growth and development. Accumulation of lactic acid and
the concurrent decrease of pH in these colonies will slow down growth. Hence an
important parameter in quantifying the growth will be the effective diffusion
coefficient (D,) of lactic acid. Here D, is the diffusion of the total amount of the
acid species present. It includes the contribution of the hydrogen ion, dissociated
and associated species, which are at equilibrium. The time scale of this reaction
(dissociation) is very small compared to growth and acid production, thus allowing
the use of pH in growth modelling. This parameter will be estimated using a
fluorescent imaging technique (Malakar et al. 2000) developed at the Institute of
Food Research, Norwich, United Kingdom.

2. Theory
Fig. 1 shows the dimension of a window in the gel cassette system
{Brocklehurst et al. 1995) in which the diffusion experiments were performed.
Lactic acid initially confined in one half of the window is allowed to diffuse across
to the other half. Here we consider only a one dimensional diffusion in the x-
direction. We further assume that conditions at the impermeable boundaries at both
ends of the window in the gel cassette do not change during the time of the
experiment. This set of conditions would then describe diffusion in an infinite

medium.
The minimum pH of growth of L. curvatus (pHp,) is 4.26 (Wijtzes et al. 1993).
The amount of lactic acid needed to acidify the growth mediom of L. curvatus, at
an initial pH of 6 to pHpy, can be estimated from the titration curve of pH versus
the concentration of lactic acid in a broth medium supporting growth of L. curvatus
(Martens et al. 1999). This concentration of lactic acid is ~ 0.1M and it is likely

that D, will not depend on the concentration of lactic acid in the pH ranges that we
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consider. Therefore we approximate the dynamics by assuming Fickian diffusion,
which is given by equation 1,
ar a’P 5 3
2 op 1 mol.m™.s
a1 " axt ¢ )

where D, is the effective diftusion coefficient.

2.1.Fickian diffusion
A standard method of solving equation 1 is using the Boltzmann
transformation. Applying the appropriate initial and boundary conditions

(Appendix 1), equation 1 can be solved to give the following form for the spatio

temporal evolution of lactic acid,

M=0.51—e:f al

B, 2D, 20

where P(x,t} is the concentration of lactic acid at time r and distance x from the

interface through which diffusion takes place, Py is the initial concentration of

x={)
Filling port *
™ —
PO)=R |, i
. 3

-— l5cm ™

Fig. 1: Gel cassette window for the experimental determination of D,, the effective

diffusion coefficient of laciic acid.
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lactic acid in one side of the interface and no lactic acid is initially present in the
other side.

Fig. 2 shows the solution of equation 2 for a range of times using a
diffusion coefficient of 107" m%.s™. This diffusion coefficient is within the range of
diffusion coefficients in liquid (Cussler 1997). The interface through which the
diffusion takes place is located at the origin (x=0) and the normalized
concentration of lactic acid (P(x,t)/Pp) at this point is 0.5. It is clear from Fig. 2 that
concentrations at both boundaries of the gel cassette, which is located at ~7.5 mm
from the interface will not have changed much during the time scale of the
experiment (~ 2 hours).

In Fig. 2, only concentrations between + 2.5 mm from the interface change
rapidly. Therefore the assumption of an infinite medium is justified at this time
scale of ~ 2 hours. These concentration-profiles can be compared with the
experimental data to check the validity of the model i.e. diffusion of lactic acid in
the buffered gel system, which supports the growth of L. curvatus, is Fickian and

the effective diffusion coefficient is independent of the concentration of lactic acid.

P (X,t)/P ('X,a)

ol
-2.50 0.00 2.50

Distance x (mm}

Fig. 2: Simulation of equation 2 with a D, of 10 m*st at 1, 10, 15, 45 and 120 min.

Curved arrow indicates increasing time.
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3. Materials and methods

The experiments were performed in a gel cassette system (Fig. 1)
developed at the Institute of Food Research, Norwich, UK. The preparation of the
gel cassette, the calibration of the fluorescent microscope and the image analysis of
fluorescence images have been described in detail by Malakar et al. {2000). The
fluorescent dye used in this experiment was Oregon Green™ (Molecular Probes,
Leiden, Netherlands), which has a linear range of fluorescent intensity versus pf
between pH 3 and pH 6.

To prepare the buffered gelled medium, equal volumes of MRS (Sigma,
104 g.L‘l}, and molten bovine gelatine (Sigma, 200 g.L'l) were mixed together.
MRS is a specially constituted growth media for Lactobacillus sp. A pH meter
(Radiometer, Copenhagen) and 5 M HCI were used to adjust the pH of this mixture
to an initial pH of 5.5. Oregon Green™ was then added to the mixture to a final
concentration of about 1.25 mg.L"'. The medium was then halved to give two
portions, A and B.

Portion A was further acidified with 5 M lactic acid to lower the pH to 3.8,
The volume of acid added to the mixture was about 0.03 % of the total, hence
making very little change to the concentration of the growth media. This mixture
containing lactic acid at pH 3.8 was then placed into one half of the gel cassette
window with the help of a syringe and allowed to solidify at 20 °C. The pH range
of diffusion of lactic acid studied was thus from pH 5.5 to 3.8.

At the start of the diffusion experiment, the other half of the gel cassette
window was filled with portion B, which contained no lactic acid. Since this
portion was still molten (25 °C), it was quite difficult to locate the exact position of
the interface between the two halves at the beginning. Fluorescence images were
only taken at the earliest time possible and at 15 minutes interval thereafter, and

continued for 2 hours.

3.1. Titration
A titration experiment using lactic acid was performed on the medium

without the fluorescence dye at an initial pH of 5.5. This was for the conversion of
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decrease to pH 3.6 and onwards (pK,, of lactic acid, 3.86). Equation 3 was used to fit the
titration data in Fig, 3a and the value of parameters a; and a; are 0,032 £ 0.0094 m° mol ‘and
0.011 * 00024 m® mol’ (95% confidence intervals). Buffering in the medivm is
probably caused by the protein components in the MRS, Increasing the amounts of
MRS in the media caused the parameters a; and a; to change (results not shown),
where more lactic acid was needed to obtain the same decrease in pH.

The titration curve was used to convert the pH fronts (Fig. 3b, ¢f. Fig. 4,
chapter 4, page 69) recorded by the fluorescence microscope to the diffusion fronts
of lactic acid (Fig. 3¢). These fronts are in the form of concentration-distance
curves. Note that the concentrations of lactic acid for the various times in Fig. 3¢
have been normalized. This was done by dividing the concentrations of lactic acid
ai all times with the initial concentration of lactic acid found in the left half of the
gel cassette in Fig. 1.

The concentration-distance curves in Fig. 3¢ (at 3, 18, 33, 48, 63, 78, 93,
108 min) look symmetrical, and approach the asymptote at 1 and (. Note also that
the boundary of the concentration distance curves are situated at 7.5 mm from the
origin. The assumption of no change of the initial concentration of lactic acid at the
boundary is valid since the asymptotes are nearly reached at 2.5 mm from the
origin for all the concentration-distance curves. The shapes of the concentration-
distance curve in Fig. 3c are quite similar to those in Fig. 2, which was derived
from the solution of the Fickian diffusion equation, However, the concentration
and distance curves in Fig. 2 and 3 differ in the location of point of intersection. In
Fig. 2 all the curves intersect at point (.5 on the y axis, while in Fig. 3¢ there is no
single point of intersection.

Even though these concentration profiles do not intersect at 0.5, it does not
however rule out Fickian diffusion. We know we are dealing with a dilute system
at the pH range considered and the gelatine concentration is only at 10%, not
enough to cause deviations in diffusion phenomena. One possibility is that initially
there may be a faster movement of the front due to the molten gelatine mixture on
the right hand side of the gel cassette, making it difficult to locate the exact

interface. Another possibility is slight movements of the stage of the microscope,
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Fig, 5: Realigned diffusion fronts of lactic acid. Fig, 5a shows the transformed data and Fig. 5b shows the
ocorresponding fitted curves. Curved arow shows increasing time (3, 18, 33, 48, 63, 78, 93 and 108 min).

so that the frame of reference is changing all the time. Therefore a shift in the x

axis (realignment) of the concentration-distance curves could be sufficient to

transform the concentration-distance curves in Fig. 3¢ to resemble those in Fig. 2.
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Table 1: Effective diffusion coefficient of lactic acid D, realized by fitting equation 4 to

the concentration and distance curves in Fig 4.

Time, ¢ (min)

Fig. no.

D, (10™m’s™") and

95 % conf. limit

h (mm) and
95 % conf. limit

3
18
33
48
63
78
93
108

4a
4b
4c
4d
de
4
dg
4h

9.65 (8.72, 10.6}
3.25 (3.09, 3.41)
2.56 (247, 2.64)
2.83 (2.73,2.92)
2.75 (2.66, 2.84)
2.60 (2.53, 2.68)
2.85 (2.76, 2.93)
2.83(2.75,2.92)

0.27 (0.29, 0.25)
0.06 (0.05, 0.08)
0.28 (0.27, 0.29)
0.30 (0.28, 0.31)
0.37 (0.36, 0.39)
0.49 (0.47, 0.50)
0.45 (043, 0.47)
0.51 (0,49, 0.53)

Mean value D, = 3.67-10" (std, 2.27- 107" m%.s™.

Mean value without outlier, D= 2.81-10"° (std, 0.21-10") m*s™".

A shift in the axis is a plausible explanation for the dynamics of this dilute system,

This transformation can be performed using equation 4. It is the same family of

curves as equation 2 but has an added parameter h to account for the shift in the x

axis.

4.1. Transformation

Fig. 4 shows the fit of the individual concentration-distance curves of Fig.

3¢ vsing equation 4. Except for the concentration-distance curve at 3 minutes this

function fitted the data rather well. The concentration-distance curves in Fig. 3¢

were then realigned with the help of parameter k from the fit. This was done by

adding or subtracting the value of h from the original data (x values) and plotting

all the concentration-distance curves again.

This transformation resulted in the concentration-distance curves shown in

Fig. 5a and 5b, where Fig. 5a shows the realigned raw data and Fig. 5b the fitted

Curves.
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Fig. 6: Effective diffusion coefficient D, estimated from the concentration distance curves

from 18 to 108 minutes, The line indicates the mean.

All the curves have been shifted either to the left or right. These curves now
resemble those in Fig. 2,

The values of the effective diffusion coefficient of lactic acid D, from the fit
are given in Table 1 and they ranged in value from 2.6 to 9.7-10™° (m*s™). The
deviation at 3 minutes is a result of a transient. If we discount this value and take
the arithmetic mean of the rest of the values (Fig. 6), we end up with a D, of
2.81.10"% (m’s"') with standard deviation of 0.21-10"'° (m%s") at 20 °C. The
diffusion coeflicient of the fully ionised lactic acid at infinite dilution in water at
25 °C (Cussler 1997) is 1.74-10"° (m®s™") and therefore the order of magnitude of
the estimated value of D, is very reasonable,

The shift parameter # appears to increase with time. However this increase
tends to a platean at around 0.5 mm from the origin. This anomaly indicates that
the experimental protocol should be improved, e.g. using a better method to locate

the interface.
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5, Conclusion

N

The estimated value of D, and its standard deviation at 20 °C in the

buffered gelled growth medium were 2.81-10"° (m%s™) and 0.21-107° (m*s™"). We

assumed Fickian diffusion and the solution of the Fickian diffusion equation fitted

the transformed data set well. This transformation involved realigning the distance

scale of all the concentration-distance curves, which were recorded at a specific

time interval.

6. Appendix 1
Using the Boltzmann transformation

2P 2P
2 =D
at 7 9xt

can be transformed to an ordinary differential equation using
1 x
=— 6
d 2./D Lt
and the differential of 77 with respect to x,
oP oP

1
£ - 2 7
ox  2,(D,t I

and the differential of n with respect to ¢,

P __ x_op
ot 4./D,t on

and the second differential of equation 7,

p (3. 2 1 or) 19 (op
P x| dx P x| 2,/D,t o T4t an| an

and substituting equation 9 and 8 into equation 5 gives the required ordinary

differential equation.

P __ 14
dn  2ndn’

10

Using the initial conditions
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x<0, t=0 P=PF, results in n=-o P=P
x>0, t=10 P=0, results in 7=+ P=0

and boundary conditions,

xX=—o0 P=F, results in n=—oco,

X =4oe P=0, results in n=+oo, P

1]
Py

the ordinary differential equation in P and 7 (eq. 10) can be solved to give

P=2Bli-erf(n)] 11

and substituting for 77 results in

Y 01— 12
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Modelling the interactions of Lactobacillus curvatus colonies in

solid medium: consequences for food quality and safety

Abstract
The growth process of Lactobacillus curvatus colonies was quantified by a
coupled growth and diffusion equation incorporating a volumetric production rate
of lactic acid. Analytical solutions were compared to numerical ones and both were
able to predict the onset of interaction well. Interaction was assumed to occur when
the volume averaged specific growth rate of the cells in a colony was 90 % of its
initial maximum rate.

Growth of L. curvatus in solid medium is dependent on the number of cells
in a colony. In colonies with populations of less than 10° cells, mass transfer
limitation is not significant to the growth process. When the initial contamination
levet in the model solid system is relatively high, colonies are not able to grow to
these sizes and growth can be described by broth cultures (no mass transfer
limitation). Therefore in foods where the initial contamination level is high, it will
be appropriate to use predictive models of broth cultures for estimating growth.
However at very low initial contamination levels, large colonies can develop over
time, where the growth characteristics deviate from growth in broth cultures.

Nevertheless this deviation only occurs after a large outgrowth.

1. Introduction
The mathematical description of growth responses of microorganisms has a
long history. In the recent two decades however a new family of these modeis has
been developed for predicting food quality and safety. These are usually
multidimensional empirical models for predicting growth of microorganisms. The

independent variables are the environmental conditions of the food where these
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microorganisms grow. As demands for minimally processed foods increase, these
models will play an increasingly important role in ensuring the quality and safety
of these foods.

These models are derived from experiments in liquid cultures where the
environmental conditions are homogenous. However, there are many types of
foods where this is not the case. One example is growth of microorganisms in
sausages. Katsaras and Leistner (1991) showed that microorganisms grow in
colonies or nests in these foods and micro gradients can occur in and around these
colonies. The micro gradients are amongst others caused by diffusive transport of
substrate into the colonies and metabolic products out of the colonies. Walker et al.
(1997) managed to measure pH gradients in colonies of Salmonelle typhimurum in
their model solid system using microelectrodes, while Malakar et al. (2000) were
able to detect pH gradients in colonies of L. curvatus using a fluorescence ratio
imaging technique. In time, these micro gradients should produce variable specific
growth rates in a colony.

These mass transfer effects can be important for predicting spoilage and
safety. Outbreaks of Escherichia coli in hamburgers, an example of a solid matrix,
point to the importance of understanding submerged colony growth. The strategy
of controiling the growth of this pathogen in this heterogeneous system might be
different from that of the free living species. The aim of this paper is to quantify
these mass transfer effects in a model system. This model system consists of a
homolactic bacterium, L. curvatus, growing in a nutrient medium, which has been

solidified with agar.

2, Theory
In our model system, the solid matrix restricts the movement of individual
cells or groups of cells of L. curvarus (non motile) and forces these cells to grow as
individual colonies. The colony grows by addition of cells and we assumed a
maximum closed packing density of 10" cells.m™ (Pirt 1975, Grimson and Barker
1994). This is a reasonable assumption, as these non-motile cells will use all

available space to grow in this matrix. Furthermore, there will be diffusion of
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substrate and metabolic end products in and out of the colony. The substrate used
is glucose (S, mol.m) and the main metabolic end product is lactic acid (P, mol.m?),
The lactic acid produced lowers the pH.

2.1. Growth kinetics
The growth of an individual spherical colony after a lag period of A, can be
represented by the differential equation

dinV) _ 4. -(nV) &2 1 (cells™)
dt

where

t, = f(P.SpH) 2 6h

and n (cell. m”) is the packing density of cells, V (m®) the volume of the colony and
4, (s the local specific growth rate.

The specific growth rate of L. curvatus in broth culture z,, a function of the
substrate (5), pH and lactic acid concentration (P) is described by equation 3
(Martens et al. 1999),

s I4(pH—pHm)(PHmax"PH)]_(b P) 3"

K, +§8 (pH_, —pH_ )’

where £, (s") is the growth rate when conditions are optimal. This occurs when §

ﬂm =#opr[

is much greater than K (mol.m?), P is zero and the pH is equal to the mid point
value of pH, ., and pH,;,. The parameter Ky is the Monod constant, pH ;, is the
minimum pH and pH,,, the maximum pH at which no growth is observed. Finally,
b, (m*.mol™s) is a regression parameter for the description of the direct effect of
P on the specific growth rate of L. curvatus. The regression parameter b, was
found to be independent of the initial pf of the broth culture, The numerical values
of these parameters are given in Table 1

Apart from the direct effect, P also indirectly influences the specific growth
rate by decreasing the pH. The pH can be empirically correlated to the amouont of P
present, with the help of the titration equation (Martens et al. 1999)
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Table 1: Parameter values for equations 3, 5, 6 and 7 for L. curvatus

Eqn. Parameter Source Value and units

1 n g 10" (cell.m™) or 10" (cell.ml™)

3 Lopr w 2.94-10™ (s") or 1.06 (h™)

3 Ky v 410" (mol.m™)

3 b, m 3.89:107 (m’ mol™.s™) or 1.40-10° (m’.mol.h")
3 PH i w 4.26

3 PH o w 977

6 Yyp m 3.3:10" (cell.mol™)

6 m, I 1.3-10" (mol.cell'.s™)

5,7 Dy k 2.81-107° (m*s™h)

£ . parameter value from Grimson and Barker (1994)

m : parameters values from Martens et al. (1999)

r : values estimated from maintenance requirements for ATP of L. casei, Roels (1983)

v : general value for glucose consumption of E. coli, van 't Riet and Tramper (1991)
w ! parameters and predicted optimal growth rate at 30 °C, Wijtzes et al. (1995)
k : experimental data (Chapter 5)

Table 2: Regression parameters of titration curves (in MRS broth), at an initial pH 7 and 6
(Malakar et al. 1999).

Parameter pHy VYalue units

a 7 0.038 mmal
as 7 0.015 m’.mol”
a, 6 0.029 m¥ mal’!
@ 6 0.011 m’.mol”
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_ PH,+4,[P]
1+, P}

4

where the parameter pH), is the initial pH of the culture medium, a, (m’.mol ™"y and
a, (m’.mol) are regression parameters. These parameters are given in Table 2.
Equation 3 can be simplified by assuming the pH and the lactic acid
produced (P) as the most important factors affecting growth. The low Ky value
(Table 1) and abundant substrate available causes the term in equation 3 containing
§ to be unity. Since the pH is linked to the concentration of lactic acid (equation 4},
modelling the concentration of lactic acid in the colony should be sufficient to

describe the growth of the colony.

2.2. Diffusion
In our model system, these growth equations {equations 1-3) should also be
applicable. However, we will have to account for diffusive transport in the growth
process. Using Fick’s second law for spherical shapes, accumulation of lactic acid

inside a colony can be represented by

2
(QP, =D [8 R +g£)+q(r,[) r<R 5 ([1’101.1'1'1-3.5_1)

N ot roar
where the first expression on the right hand side is the diffusion term for spherical
shapes and the second term represents the volumetric production rate ¢ (molm>s™y of
the cells in the colony. The subscript i refers to inside the colony, D, (m®.s"y is the
effective diffusion coefficient of lactic acid and R, is the colony radius. The
volumetric production rate can be adequately represented by

q= [#—; +m, ] n 6 (mol.m>s™)
which is the model of Luedeking and Piret {1959). It consists of a growth and non
growth related term. The yield value Yy, (cell.mol " is the maximum amount of
biomass produced given an amount of lactic acid produced concurrently and the
non-growth term is represented by the maintenance coefficient mp (mol.cell'.s™).
Qutside the colony, there is no production of lactic acid. Using Fick's second law

for spherical shapes again results in
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P, J’p, 20P 3 -t
5 P[ 37 +; o J r>R,, 7 {mol.m~.5 )}
where we assume the effective diffusion coefficient of lactic acid (D,} remains the
same. The subscript o refers to outside the colony.

In their paper on submerged bacterial colonies, Wimpenny et al. (1995)
show that a colony expands exponentially until a certain size is reached. Growth
then proceeds linearly and comes to a stop. They postulated that this might be due
to by-product inhibition. The coupled growth and diffusion equations above should
be able to represent this. Qualitatively, when the colony expands to a certain size,
lactic acid will start to accumulate in the centre, as diffusion cannot get rid of the
lactic acid fast enough. Accumulation of lactic acid and the concurrent decrease in
pH will result in a distribution of growth rates in the colony. Overall growth slows
down and effectively stops when the pH in the whole colony and its surroundings

is below the minimum pH of growth.

2.2.1. Boundary conditions

Equations 1, 5 and 7 with the help of equations 3, 4 and 6 can be solved
using the appropriate initial and boundary conditions. We know foods harbour
more than one colony. Lactic acid diffusing away from a colony might affect a
neighbouring colony. So an appropriate boundary is at Rp.s , which is half of the
distance between the centres of two neighbouring colonies as shown in Fig. 1
{Thomas et al. 1997).

Fig. 1 depicts an idealised geometry of colony distribution. Each of the
colonies has a radius R, and we assume that these colonies are homogeneously
distributed in the sample. The boundaries of the living spaces are fixed at Ry, by
the initial inoculation density. This distance R, can be calculated by assuming
that the gel matrix is made up of identical cubes. Each cube contains a spherical
colony in the centre. A higher inoculation density means that there will be more
cubes present of smaller sizes and vice versa. The distance R,z is then one half of

the cube root of the volume of each cube,
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R, : Boundary
between the
living spaces

;

N

.*'—.'}—-—Rw, : radius of
L growing colony

r=0 Reo ol p=()

Fig. 1: A geometrical translation of the colony growth model. Each colony is sequestered
in its own space, which is divided into two regions. The first is a zone of colony growth
bounded by R.,; (colony radius), which expands as new cells are added. The second is a

zone of living space bounded by R,,.;, which is dependent on the initial inoculation density.

1 10°¢
R =—1 8 nt
o 21/Xﬂ (m)

where Xp (cfu.ml’) is the initial inoculation density. Each colony starts growth

from one cell and in time the radius of the colony R, can be calculated from the
numbers of cells present because the packing density is known. We further assume
that all the colonies behave similarly and the total number of cells in our system is
just the sumrmation of the number of cells in every individual colony.

The boundary conditions for equations 5 and 7 at the centre of the colony

and at Ryng are

{BP.) 3t
| =p 9 {mol.m™.m )
ar}
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and
JE 3
T =0 10 {(mol.m™~.m ")
r 7=Ryy

due to symmetry at these points (Crank, 1975). Additionally the concentration and

flux at the common boundary at R, are

B(R,)=P(R,) 11 (molm?)
and

°R) _(2h 3
[ar]R —(3r]k 12 (mol.m™~.m)

These boundary conditions and the zero initial concentration of lactic acid are

sufficient to solve the coupled differential equations 1, 5 and 7.

2.2.2.Numerical solution
These equations will be solved using an implicit finite difference scheme
with the appropriate time and distance discretisation to ensure a stable solution.
Note that all parameters in the equations are constants and not functions of either

distance or time.

2.2.3. Analytical solution
The numerical scheme is helpful becanse it can simulate the total growth period of
L. curvatus. But on the other hand, it is not possible to get an intuitive feel of the
growth of L. curvatus and a relative complex calculation scheme is necessary. An
analytical solution should help because the function can be evaluated easily and
characteristic numbers can be derived.

A possible analytical solution to the diffusion equations follows from a
pseudo steady state approach. Diffusion gets rid of material rapidly at small
distances and in this region, conditions change instantaneously. For a sphere of
radius R, the relative amount of material that has diffused, E is a function of the

dimensionless Fourier number Fo (Crank 1975).
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E=1—;t67exp(—fr2Fa) 13

Using equations 13, the amount remaining is then only 23% for a Fo of 0.1. Ata
distance of 10 ym and a diffusion coefficient of 10™'° m®s? this occurs in 0.1
seconds. At 1 mm and still using the same diffusion coefficient, it takes 17 minutes
and at 1 ¢m it takes 27 hours, By comparing the time constants of diffusion and
growth, we can define a region where a pseudo steady state condition is valid. Here
during the time of growth (> time of diffusion), conditions remain essentially the
same because most of the material has already diffused away.

Diffusion can be assumed to be much faster than growth by setting the

characteristic time for diffusion (7,) to be 1/200 of the characteristic time of
growth (7). Using the equations in Table 3 and filling in the value of D, given in
Table 1, the distance R, for which this condition is valid is ~ 200 gm. In this
region we assume that a pseudo steady state exists. At this range at a certain time
point, diffusion levels out production instantaneously. Using the pseudo steady
state formalism equation 5 and 7 can be converted to

‘P
D,,[d ’+g£]=—q r<R

Lty 14 mol.m>.s’
dr’ r dr ( )

col

Table 3: Time constants of growth and diffusion.

Time constants (s} Using References
7, = 3600 1 Wijtzes et al. (1995}
My,
r,=18 D Furusake (1989
4 el 0.1=Fo (1989)

&1

Aty 18 the maximum specific growth rate of L. curvatus at 30 °C.
Dy is the effective diffusion coefficient of lactic acid.

R, is the maximum distance where the time constant of diffusion (z,) is 1/200 of the time

of growth (z,).
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and

2
D,,[d £, 29 J: 0 r>R 15  (molm®s™)

col

At dr

which are second order ordinary differential equations.

In order to solve these equations, the houndary condition
P_. =P_=0 16  (molm™)
had to be used instead of the boundary condition depicted by equation 10. Initially,
the concentration of P al the living space boundary R, will not change at all
(equation 10) and the analytical solution will be a good approximation. All other
initial and boundary conditions remained the same. Note that the volumetric
production rate {(g) in equation 14 has further being simplified by assuming that it
is a constant. This is valid as long as the amount of lactic acid produced is too little
to cause a change in pH. If there is no change of pH, the specific growth rate
remains unchanged also.

The general solutions of equations 1, 14 and 15 are presented in Table 4,

They contain 4 unknowns a, b, ¢ and d which are integration constants.

Table 4: Analytical solutions of the pseudo steady state condition.

eqn. no Analytical solution units
1 N, =explu,1;) cell.colony'
14 2 mol.m”
f: = _i r_ — E +b
D, 6 r
15 mol.m™
P=c- 4

N, is the number of cells in a colony, which develops from 1 cell and ¢ is time of growth
after a lag period.

@, b, c and d are the integration constants.

5, 15 the maximum specific growth rate of L. curvatus at 30 °C.

4 is the volumetric production rate of lactic acid.

D, is the effective diffusion coefficient of lactic acid.
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Applying the boundary condition and initial conditions (Appendix 1A) yields

9 | p2 ﬁ 3
P= D R, - 3 r<R, 17 (mol,m™)
P
and
3
P = %Diﬁci r>R,, 18 (molm™)
P r

where the concentration of lactic acid inside the colony increases with the square
of the colony radius, while the concentration of lactic acid outside the colony
increases with the cube of the colony radius.

Fig. 2 shows the results of using the above analytical solutions. The
parameters g and Dp were kept constant but the radius of the colony R, was
increased for each curve. The vertical bars (at 10, 20, 30, 40, 50 pm) indicate the
location of the colony radius. Qualitatively it shows that as the radius of the colony
increases, the difference in concentrations between the centre and the radius also
increases. The difference in concentration produces a set of varying local specific

growth rates (4} in the colony, which was postulated in the introduction. The

4.0 ¢

Conc. (mM)

0 50 100 150 200
Spherical distance (um)

Fig. 2: Development of concentration profiles in an expanding colony {10, 20, 30, 40, 50
pum) and its surrounding using the pseudo steady state analytical solutions. The bars

indicate the position of the colony radius.
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validity of this pseudo steady state approach will be compared to the numerical

approach.

2.3. Interactions
These analytical solutions can also give an easy and quick indication of the

magnitude of the interaction time. The following dimensionless quantity

=12 19

results from dividing the volume average concentration of lactic acid in a colony
P by the concentration of {actic acid at R..; (Appendix 1B) and leads to

5 q -3
P=12—— .
12 3D, R, 20 (mol.m™)

We next define interaction occurring when the specific growth rate is 90% of its
initial maximum value (g,,). The concentration of lactic acid Py when this occurs
can be calculated from equations 3 and 4 (Appendix 1B). Substituting for R,
(Appendix 1C) and Pjy; (P ~ ;6) in equation 20 results in

2
e = 04L(EMJJ 21 (lTlUl.m_3)
D\ z n
and
t, = L{Eh{g P.D, J+ m[ﬂn 2 (s)
4,12 | ¢ 3

where £, is the time of interaction when lag is absent. Note that we are still using
i, In equation 22, as no analytical solution is possible if g, changes. This is a
valid assumption since g, has only changed by 10%. The required approximate
time of interaction #, with a lag period is

by =A+1, 23 (s)

where A is the lag time,
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3. Material and methods

3.1. Experimental technique

Frozen cultures of L. curvarus stored at -80 °C were thawed and pre-
cultured at pH 5.8 {normal pH of MRS) in MRS (Oxoid) broth at 30 °C for 22
hours (start of the stationary phase). Serial dilutions were then made to obtain the
desired initial inoculurn density X (cfu.ml’l) for the start of the experiment. The
initial inoculation densities were 1,10 and 100 cfu.ml” and the initial pH of the
growth medium was poised at pH 6 and pH 7.

A 0.3%(w/v) MRS agar gel was prepared by disselving the appropriate
amount of MRS powder and 3 g of bacteriological agar in one litre demineralized
water. A 0.3%(w/v) MRS agar gel was chosen because the colonies growing at this
conceniration were quite spherical in shape. Also, the inoculum could be
introduced and mixed into the gel at around 33 °C before being dispensed into petri
dishes. Tt still remains fluid at this temperature. A normal 1 %(w/v) agar has to be
dispensed at about 50 °C and the L. curvatus cells might be heat stressed at these
ternperatures.

The MRS agar was then autoclaved and kept in a water bath at 50 °C. Prior
to inoculation, the 0.3%(w/v) MRS agar was cooled down to 35 °C and the pH
adjusted to the initial pH of the experiment adding either 5 M NaCH or HCI. An
appropriate amount of Xy was added and the agar solution stirred with a magnetic
stirrer to make sure that the L. curvatus cells were well mixed and evenly
distributed. An agar dispenser was subsequently used to distribute 35 ml of the
medium in 90 mm petri dishes and allowed to solidify. In an experimental batch,
about 24 petri dishes were used. The petri dishes were incubated at 30 °C for the
duration of the experiment.

Sampling was done by stomaching. The contents of a petri dish was first
weighed and made up to 100 g with peptone solution. The resulting solution was
then stomached for 3 minutes. An appropriate amount of this solution was then
serially diluted and pour-plated in standard MRS agar to enumerate the numbers of

microrganismes,
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4. Results and Discussion

4.1. Steady state assumptions

Fig. 3 shows a comparison between the pseudo steady state solution and the
numerical solution for a colony of radius 1.6 and 20 um. In Fig. 3a, the curves of
the numerical solutions cluster together after 1 second showing that a pseudo
steady state condition is reached fairly early. The pseudo steady state assumption is
a valid one especially in the beginning, when R, ; is very far away and the colonies
are very small and do not interact with each other. Note that the change in
concentration is in the order of UM when the colony radius is 1.6 pm, while at a
radius of 20 pm the change is about a thousand fold, in the order of mM. These
changes in the order of magnitude of the concentration are more important than the
difference between the two calculation methods, when the colonies are small. At
these concentrations, there will be no significant change in the pH (equation 4).

The main difference between the steady state analytical solution and the
numerical solution can be attributed to the application of the boundary conditions
at the centre of the colony (Rg) and at R,,, In the analytical solution, using
reflective boundary conditions (equations 9,16) yields solutions where the
integration constant ¢ (Table 4) equals zero and the concentration of lactic acid at
infinity also equals zero. The second condition, where the concentration of lactic
acid at infinity is equal to zero implies that there is no interaction between the
colonies.

We cannot nse the pseudo steady state solution for the whole growth period
because it is only valid until a certain radial distance from the centre of a colony
(200 um). However the steady state solutions are still very valuable for the initial,
most relevant, stages of the growth process, It can tell us when interactions start to
become important in colonies and whether this is significantly different from broth
cultures. Interaction studies in homogeneous broth cultures of L. curvarus have

already been carried out by Malakar et al. (1999). They also defined the onset of
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3a:Colony radius ~1.6 pm
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Fig. 3: Comparisons of concentration profiles produced using the pseudo steady state
analytical solutions {

) and the numerical solutions (-------- ) for a colony of radius 1.6
and 20 pm. In Fig. 3a, the curves of the numerical solutions indicate concentration
gradients at 0.1, 1, 60, 1800 and 2400 seconds. Here the colony consists of 2 cells
(packing density 10" cell.m™) after a doubling time of ~ 40 min. The order of magnitude
of the concentration of lactic acid is pM in Fig. 32 and mM in Fig. 3b. The bar in 3b

indicates the colony radivs.
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interaction as 10 % deviation of the specific growth rate from its maximuom initial

value.

4.2. Model predictions

Fig. 4 and 5 show the comparisons between growth of L. curvatus in broth
and in agar for three different inoculation densities (1 cfu.ml”, 10 cfu.ml” and 100
cfu.ml™) at an initial pH of 6 and 7. The following trend can be seen in Fig. 4 and
5. As the inoculation density is decreased, growth in the agar samples starts to
deviate from growth in the broth. This deviation is greatest in the sample with an
inoculation density of ~ 1 cfu.ml™.

The model was able to describe these trends very well. It should be noted
that these are not fits but real predictions using parameters from literature and from
carlier experiments (Martens et al. 1999, Malakar et al. 1999). The lag time was
the exception, as it was fitted using data from the 100 cfu.ml” experiments. There
was very little difference between the analytical and numerical approaches for the
first 20 hours of growth. Since this pertod also covers the growth phase when
deviations start to occur in the agar samples, the analytical approach is a very
useful tool, computationally simple, for indicating when interactions become
important. The numerical solutions were able to predict the growth period till the
end. Cells are just added to the edge of the colony as long as the conditions at that
position are still favourable. In Fig. 4, the numerical solutions tended to
overestimate the data points after 20 hours. This trend is more pronounced in Fig. 5.

One possible explanation could be the choice of the effective diffusion
coefficient. We used a constant effective diffusion coefficient of 2.81-107" (m%.s™)
for the simulations. Deceasing the effective diffusion coefficient to below 10™°

m?.s1

causes the numerical solution to underestimate the data points after 20 hours
(results not shown). The variability of effective diffusion coefficients in bacterial
colonies has been reported by Mignot and Junter (1990).

Another interesting feature of Fig. 4 is the slight increase in lag time in the
growth in solid medium (shifts to the right). The samples in the solid medium were

inoculated at 35 °C and left to cool down to 30 °C before being placed into the 30
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°C incubator. This was because this was the minimum temperature at which the
agar mixture remained molten enough to allow for good mixing. This initial
temperature shift maybe the source of the lag time. When inoculated at 50 °C and
allowed to cool down to 30 °C, the lag time was even more pronounced (resuits not

shown).

4.3. Interactions

For all the broth culture samples, the transition from the exponential phase
to the stationary phase is quite sudden. This is because near the end of the
exponential phase, many cells are present and a doubling of such a huge number of
cells will only shorten the onset of the stationary phase. In the agar cultures, there
is a more gradual transition from the exponential to the stationary phase in the
samples with 10 cfuml" and 1 cfuml™. In these samples, the exponential phase
ends much earlier due to the local accumulation of lactic acid in the colonies. The
cells in the centre of the colony start to slow down their growth thus decreasing the
volume averaged specific growth rate #,. The vertical lines in Fig. 4 show the
predicted interaction times during which, the #, is changed by 10 % (analytical
solution, Table 6). This should signal the end of the exponential phase in the solid
medium while in the broth culture growth was still exponential.

Table 6 compares the interaction times using the various solutions of the
coupled growth and diffusion equations. The concentration of lactic acid at which
growth is changed by 10% from its initial maximal rate is 8.5 and 16.8 mM for a
medium at an initial pH of pH 6 and pH 7 (Appendix 1B). At these interaction

concentrations of lactic acid, the pH has decreased to pH 5.7 and 6.1 respectively.
The fourth column of Table 6 shows the estimated time of interaction (t{;) using

equations 22 and 23. The utility of using equation 22 and 23 to estimate the
interaction time is evident. These two equations give prompt estimation of the

interaction time, while the interaction times for the pseudo steady state analytical

¢
int

(ti‘;l) and numerical (#;,) solutions (column 5 and 6, Table 6) can only be

estimated by running the associated Matlab programs.
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where the unknown a must be zero or else no solution is possible (division by

zero). The resulting concentration profile inside the colony is

2

P=- Di,,% +b 25 (mol.m?)

where b is a constant of integration. The concentration outside the colony (Table 4)
is given by,

P=c- 4 26  (mol.m™)

r
where ¢ and d are constants of integration. At a distance very far away from the
colony, the concentration of lactic acid will still be zero (boundary condition at

r(eo), equation 16), resulting in

Plr=ec)=c-0=0 27 (mol.m™)
and thus
=0 28  (molm?)
At the radius of the colony R, the fluxes
ﬂ] [ 29  (molm>.m’
i), =% N mol.m~.m"™)
as they share a common boundary (equation 12), and this condition results in
LI S 30 (molm*
3D, R,
and
d=—-L1 g 31 (molm?)
3D,
Using condition 11 at R,; gives
a Ry, 9 3
D, 6 +b= 3D, R, 32 (mol.m™)
and
b= 4 R? 33 (mol.m™)
2Dp col

This completes the search for the values of the unknowns and yields
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q 2 r’
R = 2D R.:‘af —? r<le
P
and
1q R
PG =§Di_:2L r> Rco.'
P

34

35

(mol.m’3)

(mol.m®)

119

which describes the concentration of lactic acid from the centre of a colony till the

distance Rpng

6.2. Appendix 1B

The volume averaged concentration in the colony can be derived from

jP(r)dv

p=l
14

and

R,

3fP(r)r2dr
p= 0

Rcao!

and

R, 4

3_r 4 (Rfo,rz—— r
5__1 2D,

RE
col
which equals
p=_> 4 [ ) 1 rs]R“"
- ool 4 1o

2D, R, 315§,
resulting in
-~ 2 4q
P=—"-"1R?

5 D Rcui

36

37

38

39

40

41

(mol.m™)

(mol.m'S)

(mol.m's)

(mol.m‘3)

(mol.m™)

{mol.m>)
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and dividing this concentration by the volume averaged concentration yields

—_r 1 2 O
P(r=r_)

which is a dimensionless quantity. Interactions occur when the specific growth rate
Hia 18 90% of its initial value g, given by

Hie =092, 43N
Since the subsirate term in the R.H.S of equation 3 is close to unity and 5P is
negligible, the pH is the most important factor decreasing the specific growth rate.

Substituting the initial pH ( pH,,) and interaction pH ( pH,, ) into equation 3 results

int
in
(pHint - pHrninXpHmu _pHim )= 0‘9(pH0APHminXpme 7PHU) 44

and solving for pH. and substituting in equation 4 yields

int

_pi, —pH,

ant

a —a,pH

45  (mol.m™

int

and P,

Note that we assume ¥, , pH "« are approximately equal to their volume

int
average counterpart since the specific growth rate has only changed by 10 %. If

this is not assumed, then no analytical solution for the interaction time is possible

6.3. Appendix 1C

The radius of a colony developing from one cell can derived from

4 3 3
ch! == gﬂle 46 (m )
with
N =exp(yu,t) 47 {cell)

resulting in

R, =1 fO;S exp(numt) 48 (m)

where V,,; is the volume and N the number of cell in a colony and » is the packing

density
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6.4, Appendix 1D
The volume averaged specific growth rate can be derived from

¥
[TRGL
A 49 )
and
V= %mﬁ 50 (m%)
and
dV = 4xr’dr 51 (m%)
which yields

[
3 [, (rrar

kil — -1
——— =0, 52 (s

Rja!

7. Reference

1. Crank,J. 1975. The mathematics of diffusion. Oxford university press.

2. Furusake,S. Intradiffusion effect on reactivity of immobilized microrganisms. In:
Bioproducts & Bioprocess. (Fiechter, Okada, and Tanner, Eds.). Springer-Verlag,
Berlin, Federal Republic of Germany. 1989. 71-85.

3. Grimson,M.J., Barker,G.C. 1994. Continuum model for the spatio temporal growth of
bacterial calonies. Physical Review E. 49: 1680-1684.

4. Katsaras, K., Leistner,L. 1991. Distribution and development of bacterial colonies in
fermented sausages. Biofouling. 5: 115-124.

5. Luedeking,R., Piret,E.L. 1959. A kinetic study of the lactic acid fermentation. Baich
process at controlled pH. J. Biochem. Microbiol. Technol. Engng. 1:393-412.

6. Malakar,P.K., Martens,D.E., Zwictering,M.H., Beal,C,, van t Riet,K. 1999. Modelling
the interactions between Lactebacillus curvaius and Enterobacter cloacae. 11. Mixed

cultures and shelf life predictions. Int. J. Food Microbiol. 51:67-79.




122

10.
11.

12.

i3.

14.

15.

16.

17

INTERACTIONS IN BACTERIAL COLONIES

Malakar,P.K., Brockelhurst, T .F., Mackie,A.R., Wilson,P.D.G., Zwietering, M.H., van
1 Riet,K. 2000. Microgradients in bacterial colonies: use of fluorescence ratio
imaging, a non-invasive technique. Int. J. Food Microbiol. 56: 71-80.

Martens,D.E., Beal,C., Malakar,P.K., ZwieteringM.H., van 't RietK. (1999).
Modelling the intcractions between Lactebacillus curvatus and Enterobacter cloacae.
I. Individual growth kinetics. Int. J. Food Microbiol. 51: 53-65.

Mignot,L., Junter,G.A. 1990. Diffusion in immobilized-cell agar layers: Influence of
microbial burden and cell morphology on the diffusion coefficients of L-malic acid
and glucose. Appl. Microbiol. Biotechnol. 32: 418-423,

Pirt,S.J. 1975. Principles of Microbe and Cell Cultivation. Blackwell. London.

van t RietK., Tramper,J. 1991. Basic bioreactor design. Marcel Dekker Inc. New
York, USA.

Roels,J.A. 1983, Energetics and kinetics in biotechnology. Elsevier Biomedical Press.
Amsterdam, The Netherlands.

Thomas,L..V., Wimpenny,J.W.T., Barker,G.C. 1997. Spatial interactions between
subsurface bacterial colonics in a model system: A territory model describing the
inhibition of Listeria monocytogenes by a lactic acid bacterium. Microbiology 143:
2575-2582.

Walker,S.I.., Brocklehurst,T.F., Wimpenny,J.W.T. 1997. The effects of growth
dynamics upon pH gradient formation within and around subsurface colonies of
Salmonella typhimuram. J. Appl. Microbiol. 82; 610-614.

Wijtzes,T., de Wit,J.C., Huis in t Veld,J.H.J., van 1 Riet,K., Zwietering, M.H. 1995,
Modelling bacterial growth of Lactobacillus curvatus as a function of acidity and
temperature. Appl. Environ. Microbiol, 61: 2533-2539.

Wimpenny,J.W.T., Leistner,L., Thomas,L.V., Mitchell,AJ., Katsaras,B., Peetz,P.
(1995). Submerged bacterial colonies within food and model systems: their growth,
distribution and interactions. Int. J. Food Microbiol. 28; 299.315,

Zwietering,M.H., Jongenburger,I., Rombouts,F.M., van  Riet,K. (1990). Modeling of
the bacterial growth curve. Appl. Environ. Microbiol. 56: 1875-1881.




123

GENERAL DISCUSSION

In the preceding chapters we investigated two of the possible forms of
microbial interactions. The first type involved an indirect interaction between two
populations of bacteria namely Lactobacillus curvatus and Enterobacter cloacae.
The interaction was mediated by a chemical compound secreted by one population,
which had an antagonistic effect on the other, resulting in a decrease of the growth
rate of the target population (amensalism). This is an important class of interaction,
which is relevant to the food industry. The second type of interaction involved the
effect of structure of the food matrix on the growth rate of a bacterial population.
This matrix causes the bacteria to grow as bacterial colonies. We quantified this
effect through the diffusive transport of substrate and by-products of metabolism in
and out of these bacterial colonies.

Modelling these types of interaction is relevant for predicting microbial food
safety. It allows one to quantify the importance of these phenomena when
predicting microbial growth. Suppression of pathogen growth in foods by
antagonistic microoréanism or physical structure can be a useful tool for improving
shelf life of foods. Consumers will welcome additional shelf life without the aid of

preservatives.

1. Interactions in broth cultures
In Chapters 1 and 2, we confirmed that interactions between Lactobacillus
curvatus and E. cloacae occurred only at high population densities in broth media.
4 mM of lactic acid produced by 10° cfumi’of Lactobacillus curvatus caused a
10% decrease in the growth rate of E. cloacae. A purely empirical method was
used by Buchanan and Bagi (1997) to model the decrease of the maximum

population density of Listeria monocytogenes by Carnobacterium piscicola. We
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preferred a mechanistic approach as it gave a better understanding of the dynamics
of the process. Models generally used in the fermentation industry formn the basis
of this modelling approach. A set of coupled differential equations was used to
model this interaction. The growth equation used was a simple lagged exponential
growth model and the consumption of substrate and production of lactic acid was
assumed proportional to the growth rate. The growth rate was modelled, as a
function of the pH, substrate and lactic acid concentration. In this dynamic system,
the pH was found to be rate limiting for growth.

An analytical solution to the set of coupled differential equations was found
and these solutions compared well to the numerical solutions in the initial most
relevant region of food storage. The analytical solution for predicting the
interaction population density of Lactobacillus curvatus in broth culture is,

X, =X exp(,t,) 1 (cfuml™)
where the initial population density of Lactobacillus curvatus is Xy, (cfu.ml™), the

maximum specific growth rate is g (") and the time of interaction is #y, (time

after lag, h). When the initial concentration of lactic acid is zero and the initial
population is negligible to the interaction population,

X =By 2 (cfuml™)

where Py (10°M) is the concentration of lactic acid produced by Lactobacillus
curvatus, which decreases the maximum specific growth rate of E. cloacae by 10%
and the yield coefficient¥,, (cfuml™) is the maximum amount of biomass
produced from an amount of lactic acid produced concurrently. The key
parameters in this set of equations are Py, and ¥,,. We can use these two
parameters to give, a preliminary estimate of the order of magnitude of the
population densities of the antagonistic and target microorganism at the point when
interaction occurs. If these densities are considerably below the spoilage level, the
potential of the antagonistic microorganism can be fully exploited as a protective
culture. Secondly, it will be possible to rank the effectiveness of compounds

secreted by the antagonistic microorganism for a specific pathogen.
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Table 1 shows a list of compounds secreted by microorganisms, which can
decrease the growth rate of L. monocytogenes. This pathogen is very important for
the food industry, as it is able to grow at low temperatures. The yield data for these
compounds is available in literature but the information concerning interaction
concentration is scarce. In cases where this information is not available, we have
used a value given by 10 % of the minimum inhibitory concentration (MIC) by
assuming a linear relationship between the MIC and growth rate. This level of
inhibition should allow for reduced growth, consistent with our definition of
interaction in the introduction of this thesis. For organic acids, we have estimated
the interaction concentration from the pH at which inhibition is defined to occur.
Breidt and Fleming (1998) reported that the pH was the primary factor limiting the
growth of L. monocytogenes in a co-culture growing with Lactococcus lactis. In
their study the maximum growth rate of L. monocytogenes was 0.1 h'' (at 10 °C)
and we define the interaction pff as the pH when the growth rate was 90% of this
value (pH 5.5). The imteraction concentrations of these weak acids were then
caiculated from their titration curves in growth media (Wilson et al. 2000). The
range of Yxp values in Table 1 varied by about 4 orders of magnitude, from 10" to
10'7 cell.mol ™. The interaction concentrations (Pi,) varied by about 6 orders of
magnitude from 0.5 pM 10 0.6 M.

Colurnn 7 of Table 1 shows the resulis of using equation 2. Except for the
last entry, the order of magnitude of the interaction density is generally greater
than 10% cfo.mI™, Typically, using antagonistic microorganisms to make food safe
is a good strategy if performed under controlled conditions, which maximizes the
growth rate and production of the inhibitor. The end product is fermented foods
with the required qualities. In fact, without refrigeration, fermentation is one of the
best methods of making foods shelf stable. Note that the initial innoculum density
of the antagonistic microorganism can also be an important parameter in protective
cultures. The ratio of the initial inoculum density of the antagonistic
microorganism to the pathogen must be sufficient encugh to prevent the outgrowth

of the pathogen. Using equation 1, the log increase of the pathogen can be coupled
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to the log increase of the antagonistic organism, if the lag times of the organisms

are zero or equal. This leads to

X M X
logt =& |=—Llog| —= 3 )
g{xpﬁ ] #a [XGU J

where X, and X, are population densities at a certain point in time, Xp and X, are
initial population density and g, and f, are growth rates of the pathogen and
antagonist. The importance of X, and X0 increases when the doubling time of the
antagonistic microorganism is about the same order of magnitude as the pathogen
and the log increase of both is about equal.

There are of course many other products of microbial metabolism, which
can interact with the target microorganism. However (o be effective, both the yield
value (¥xp) and the interaction concentration will have to decrease by orders of
magnitude. The antagonistic microorganism will have to be more efficient in
producing the chemical compound, which should also be more lethal to the target
MICTOOrZanism.

In Table 1, only penicillin produced by P. chrysogenum would seem to
have this property. The interaction concentration of penicillin is about 3 orders of
magnitude less than the other agents. Even though the ¥xp value of P. chrysogenum
is of the same order of magnitude as the other agents, with the exception of
Lactococcus lactis, this is enough to lower its interaction population density to
only 10* cfuml”, This population density is much less than the spoilage density of
microorganism in food (10® cfu.ml™?, Jay 2000).

However the potential of penicillin producing P. chrysogenum as a
protective culture against L. monocytogenes is quite doubtful. This strain is a
mutant strain, which has been optimised for industrial production in a fermentor
over the last few decades. It is questionable whether the yield value can be
sustained in real foods. Even more important, antibiotics are neither allowed nor
desirable in foods, and do not have GRAS approval. Another possible candidate
compound is nisin, which does have GRAS approval. However Lactococcus lactis
does not produce this compound efficiently enough.

The analytical solutions have proven useful in order of magnitude
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calculations of interaction density. There are indications that protective cultures
with the right qualities can exist. Table 2 shows some of the published data on
interactions in real foods. The data demonstrates the general trend indicated by the
analytical solutions. The population densities of the antagonistic microorganisms at
the time of interaction are between 107 to 10" cfuml’. Ross and McMeekin
(1994) have also cited this generai trend of interaction only at high population

densities in mixed cultures.

2. Interactions in solid medinm

Homogenous broth studies are only valid for predicting behaviour of
bacterial populations under certain constraints. In this environment, bacterial
populations are able to grow unhindered until an overall deficiency of a key
metabolic component occurs or when a certain level of waste product is produced.
Heterogeneous environments present microorganisms with alternative challenges.
Metabolic activities of bacterial populations create gradients and further growth of
the bacterial population is dependent on location e.g. with respect to a source of
nutrient. In this thesis we only considered colony growth, which is caused by the
structure of the food matrix. Bacterial cells are typically 1 to 2 microns in size. In
this range molecular diffusion will play an important part in transporting substrates
to the cells as well as transporting waste products away. But as a bacterial colony
increases in size, diffusion may not be able to cope with the demands of the cells at
the centre of a colony. Wimpenny et al. (1995) have shown that the size of a
colony increases exponentially initially and then linearly and have attributed this to
the effect of transport limitations.

In Chapter 6 of this thesis, we derived an analytical solution to the diffusion
of lactic inside and outside a bacterial colony made up of Lactobacilius curvatus
cells. The diffusion of lactic acid and the concurrent decrease of pH is rate limiting
for growth. Subject to certain constraints, the intra and extra colonial concentration
profile of lactic acid is given by,

2
I)cal = ﬂ R:gz - r_ r< Rm; 4 Irl(:)l.fl‘li3
2D, 3
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and

_law R,
“ 3D, r

r>R,, 5 mol.m™

where P, and P (mol.m™) are the concentration of lactic acid inside and outside
a colony, ¢.. (mol.s'l.m'a) is the volumetric production rate of lactic acid, D, (st is
the effective diffusion coefficient of lactic acid and R, (m) is the colony radius.
These analytical solutions are only valid within a spherical distance from the centre
of a colony and when interactions between colonies are still negligible. This
spherical distance is estimated by comparing the characteristic time of mass
transport with the characteristic time of growth (Chapter 6).

Even under these constraints, the analytical solntions can be used to give
insight concerning the effect of initial innoculum density of an antagonistic
microorganisn on its own growth and also on the growth of a target
microorganism. Initial innoculum density determines the spatial distribution of
colonies and depending on the distances of separation between colonies, intra
colony interactions and inter colony interactions can have important consequences
for growth. The analytical solutions also give an indication of the importance of
the magnitude of the diffusion parameter when comparing growth in broth and in

colonies.

In Chapter 6 we defined distance of separation between colonies to be

1./10°¢
R =3
T2V X,

6 {m)

where X, (cfu.ml’l) is 1initial inoculation density (assumed homogenous).
Increasing the density causes colonies to be closer together and vice versa. When
the colonies are closer together, they should start interacting with each other (inter
colony interaction) sooner, due to the rapid increase in the concentration of lactic
acid in the system. The lactic acid produced by one colony will start to influence
growth of neighbouring colonies. Smaller colonies are formed and growth in
colonies approaches broth culture growth where all bacterial cells interact
instantaneously due to homogenous conditions. I colonies are further away they

can grow bigger before they start interacting with each other, and intra colony
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interactions become more prominent. Here inhibition of growth within the colony
will occur earlier when compared to inhibition of growth in homogeneous broth

conditions.

2.1. Intra colony interactions
We can visualize intra colony interaction by comparing the interaction
times in a colony and in broth. The interaction time for growth in a colony

{Chapter 6), which develops from one cell, is

1{3,125 4mn
t,=—{=I|=2p D, |+In| 22 7 )
i )um [2 (qcof P] [ 3 ]] (h

where n is the packing density of a colony. This function is only relevant when
inter colony interaction is negligible. The interaction time for broth culture

(Chapter 2) is

_ J_um[Ln;( Yar 13] 8
#m i}

Note that in equation &, the initial inoculation density, X (cfuml™) can be an

int

important parameter when compared to equation 7. The interaction times (#;,) for
growth in a colony and growth in broth, initiated by 1 cfu.ml™ (Xp) are 14 hours
and 22 hours. At 1 cfu.ml’ the distance of scparation between colonies (Rpng) 1s 0.5
c¢m and inter colony interaction should be minimal, as the size of a colony at the
time of interaction is ~ 90 um. The values of the parameters in equations 7 and 8
are given in Chapters 2, 3 and 5 and 6 (the initial pH is 6, the specific growth rate,
Hm is 0.9 b7, the effective diffusion coefficient, D, is 3-10" m%s™, the volumetric
production rate, g, is 0.78 mol.m™s7, the packing density, » is 10" cell.m?, the
interaction concentration, Py is 8.52 mol.m™ and the yield coefficient, ¥xp is
3.3-10" cell.mol™).

The discrepancy in interaction times is due to diffusive transport not being
able to cope with the build up of lactic acid in the colony as the colony grows and
increases in size. Localised concentration gradients develop, leading to a more

rapid decrease in the overall growth of cells in a colony when compared to growth
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Table 3: Interactions times (4} and interaction bacterial population densities in broth

culture at various initial inoculation densties (X;).

Xo (cfuml™) ta () X (cfu.ml ™)
1 22 310°
10 19 3.10%
100 17 3-10°
1000 14 3-10°
10000 11 3-10°

Both #, (utilizing equation 8) and X, (utilizing equation 1) were calculated using a

specific growth rate 4, of 0.9 (h™).

in broth. Therefore interaction takes place earlier in colony growth. The steeper the
concentration gradient in a colony, the greater is the discrepancy between the
interaction times. Experimental evidence indicates that at inoculation densities of ~
10 cfuml’ differences exist between growth in broth and growth in colonies
(Chapter 6, Fig. 4b, 5b). These differences become more pronounced as the
inoculation density is decreased. However, the difference occurs only after a large
outgrowth of a colony (more than 5 logs).

Equation & shows that the interaction time, #;,; of a broth culture decreases
as the inoculation density, X, increases. We expect the broth interaction time to
approach the colony interaction time when inter colony interactions are not
negligible anymore. Table 3 shows that this occurs above 1000 cfuml’,
Experimental evidence indicates that at inoculation densities above 100 cfu.ml”
colony growth can be approximated by broth culture growth (Chapter 6, Fig. 4c,
5¢).

2.2. Inter colony interactions
As a colony increases in size and is in close proximity with its neighbours,
inter colony inhibition will begin. The increasing amounts of lactic acid in the
system and the concurrent decrease in pH will start to influence those colonies

nearest to the source of the acid. Fig. 1 shows the decrease in the growth rate of E.
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0.3 ~ B

0 % T T 5

o 400 800

spherical distance (1L m)

Fig. 1: The pH profile of a Lactobacillus curvaius colony of size 200 microns, which is
indicated by the vertical bar and the growth rates of E. cloacae colonies (#) at various

distances from the centre of the Lactobaciilus curvatus colony.

cloacae colonies, as a function of the distance from the centre of a Lactobacillus
curvatus colony, when the initial pH was pH 6.

The Lactobacillus curvatus colony has a radius of about 200 microns and is
made up of about 10° celis, calculated from a packing density of 10" (cell.m™).
The lactic acid concentration profile of this colony (eq. 4 and 5) was converted to a
pH profile {secondary axis, Fig. 1) and used to calculate the growth rates of the E.
cloacae colonies. These growth rates were calculated from the growth model of E.
cloacae given in Chapter 2. Within a distance of 100 microns from the outer edge
of the Lactobacillus curvatus colony, the growth rate of a colony of E. cloacae is
zero because its minimum pH of growth is pH 556. We assume the colony
diameter remains constant when the growth rate is zero.

Qualitatively, the diameters of E. cloacae colonies nearest to the source of
lactic acid will be smallest when compared to those further away. Chapuis and
Flandrois (1994} also observed this type of behaviour in a study on the interaction

of Micrococcus spp. and Pseudomonas aeruginosae. They modelled the diameter of
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Micrococcus spp. colonies as a function of the distance from colonies of
Pseudomonas. aeruginosa, which produced enzymes that had a lytic effect on
Micrococcus cells. The diameter a Micrococcus colony increased with increasing
distance from the source of the enzyme.

Thomas et al. (1997) showed similar results using colonies of L.
monocytogenes, which were inhibited by colonies of nisin producing Lactococcus
lactis. These effects can also be seen in diffusion well experiments, where a Zone
of inhibition builds up around a colony producing an antimicrobial compound. In

this zone, there are no colonies of the target microorgansim present.

2.3. Implications

Intra and inter colony interaction can be an important factor for ensuring
safe foods, which depends on microbial interactions in solid medium. Here we rely
on inter colony interaction of the antagonistic microorganism to prevent
pathogenic microorgansim from proliferating in foods. If the distance between
antagonistic colonies (Ry.q) is above a certain minimum (R,4s), the safety of these
foods will be compromised because inter colony interaction will be delayed. A
pathogenic colony may be able to grow unhindered and cause problems later.

The problem relating to Ry s a valid concern because mixing will be
incomplete in some foods, resulting in a distribution of R,y for the antagonistic
microorganisms. Instead of a homogenous distribution of colonies, in the non ideal
case (inhomogeneous distribution), there are regions of space, which have sparse
number of colonies. Therefore there is a finite probability that pathogenic colonies
located in these sparse regions will be able to grow and become dangerous.

Thomas et al. (1997), using a Poisson distribution of separation distance
between colonies of nisin producing Lactococcus. lactis and L. monocytlogenes
concluded that statistical variations lead to less inhibition of L. monocytogenes by
nisin. To guarantee adequate safety, we must ensure that the probability of the

existence of these sparse regions should be very small,
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2.4. Effect of the magnitude of the diffusion coefficient

Another important feature of equations 4 and 5 is the influence of the
effective diffusion coefficient of lactic acid, D, and the volumetric production rate
of lactic acid g.o in a colony. These two parameters are linked because D,
influences the concentration profile, which determines the growth rate and
therefore the volumetric production rate g... Fig. 2a shows the of effect of
increasing D, from 10" t0 10" m%s™ on the concentration profile and volumetric
production rate for a colony, which grows from 1 cell to a colony of radius of 100
pm. The initial pH is pH 6. Note that we still make use of the analytical solutions
but apply an updating process to allow for growth and for an increase in the
diameter of a colony (Chapter 6). In Fig. 2a, the concentration profile of lactic acid
becomes flatter as D, increases from 107 to 10° m”.s". Accumulation of lactic
acid at the centre of the colony is less and the difference in the concentration of
lactic acid between the centre and the edge of a colony is only 1.3 mM when D, is
107 m*s™,

Another consequence of increasing the effective diffusion coefficient, D, is
an increase in the volumetric production rate of lactic acid, g... Fig. 2b shows the
variation of D, to ¢.., where g, tends to a constant value as D, is increased. This
asymptotic value is the initial volumetric production rate of the colony. As
diffusion gets rid of the lactic acid more effectively, the resvlting decrease of pH in
the colony is less, allowing the cells in a growing coleny to maintain their growth
rates. This in turn keeps the volumetric production rate g at a higher level.
Therefore as D, increases, growth in a colony approaches growth in a broth
culture. In both situations, all the cells in a colony and in a broth are able to grow
at their initial maximal rates. Of course the growth rate will decrease when the
overall pH becomes inhibitory in both cases.

A decrease of an order of magnitude in D, (10 — 10" m®s™) ensures a
steeper concentration profile, resulting in earlier intra colony interaction. Therefore
growth in a colony will now be significantly different from growth in a broth when

colonies are smaller in size. Temperature causes fluctnation in the
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Fig. 2: The influence of the effective diffusion coefficient, D, (at 1, 2,3, 4,5, 6, 7,
8, 9, and 10-10"° m’.s™") on the concentration profile of lactic acid inside and outside a
colony (radius 100 pm) and on the volumetric production rate, g.,; of the colony. In Fig 2a,
the concentration gradient becomes steeper as D, decreases (arrow indicates decreasing D,
and vertical bar is the colony radius). In Fig. 2b, the production rate increases

asymptotically (—) as D, increases.
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Table 4: The specific growth rate of Lactebacillus curvatus at pH 6 and the effective

diffusion coefficient of lactic acid at different temperatures.

TCC) 0"y DA (107 msT)

5 0.06 1.88
10 0.15 2.16
20 0.45 2.81
30 092 3.59

M from Wigtzes et al. (1995), a: Amrhenius equation with activation energy (E,) of 18.1
kJ.mol” (Chu et al. 1992).

effective diffusion coefficient D, and it is possible for colony growth to be
significantly different from growth in broth at lower temperatures. However this
effect could be offset by the decrease in growth rate at lower temperatures. Table 4
shows the values of I}, and the specific growth rate t, of Lactobacillus curvatus
for a range of temperatures.

At fridge temperatures (5 °C), D, is of the same order of magnitude as that at
30 °C. Since the effective diffusion coefficient is of the same order of magnitude
and the growth rale has decreased by almost an order of magnitude, colony growth
can be represented by broth culture growth at lower temperatures for even more
conditions. The time constant of growth at 5 °C is ~17 hours compared to ~1 hour
at 30 °C, thus allowing less significant build up of lactic acid (Chapter 6) in the

colony at lower temperatures,

2.5. Effect of buffer capacity
Foods have various degrees of buffering capacity. Generally foods with
high protein contents will have higher buffering capacity due to the many carboxyl
and ammonium groups on the amino acid fragments. In this thesis, we have used
the titration curve
_ pH, +qa[P]
1+a,[F]
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to represent the buffering capacity of the growth medivm, where P (mol.m™) is the
concentration of lactic acid, pHy is the initial pH of the medium and a; (m3.m01'1)
and a; (m*.mol 'y are fit parameters. Decreasing a; and a; increases the buffering
capacity, as more lactic acid will be needed to give a change in pH. Therefore in
systems where the buffering capacity is increased, we would expect the effect of
mass transport limitation to be diminished. The pH gradients will be more gradual,
leading to similarities with broth cuiture growth. Differences between colony and
broth culture growth will only occur at very low initial inoculation densities and
only after larger outgrowth. We can therefore use broth culture growth to represent
colony growth for a bigger range of inoculation densities as the buffering capacity

increases.

3. Final conclusion

Current thinking in microbial food safety and quality is based on acceptable
levels of microorganisms and their metabolic products in foods. We have shown
that microbial interactions in an amensal system only become important at
population densties, which are above these safety levels. However this analysis
does not apply to fermented foods. The methodology used can be easily adapted to
model other types of bacterial interactions.

Colony growth is a tespense to food structure. In bacterial colonies,
diffusion limitation acts as a constraint on growth. We have simulated colony
growth and shown that these constraints only become important when colonies are
allowed to reach certain sizes, which depends on the initial inoculation density. At
inoculation densities above 100 cfu.ml’, broth culture growth is representative of
colony growth. At lower densities it is representative for growth of at least 5 logs,
so for most practical situations representative in the range of interest.

Microbial interactions and food structure are phenomena, which influence
growth through changes in the intrinsic and possibly the extrinsic factors of foods.
Modelling of bacterial interactions and effect of food structure gives insight into

the dynamic nature of bacterial interactions to its environment.
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Summary

Current trends in the food retail market are foods, which combine easy
preparation, minimum processing and have adequate shelf life. These foods must
also be of high quality, have better flavour, texture, appearance and should be
affordable. Another important factor is freshness and use of minimum artificial
additives. And last but not least, it has to be safe, which in this thesis refers to
microbial (bacterial}) safety. These demands have lead to innovative food
production methods as well as introducing new problems in ensuring microbial
food safety.

Currently a packet of food produced in one factory can be distributed
across a very wide area, which increases the possibility of spreading infections if
the packet is contaminated with pathogens (disease causing bacteria). Also, the
ingredients come from many different sources, compounding this problem.
Improved hygienic practices and HACCP principles have been introduced to
reduce or eliminate these sources of infections. Another tool is predictive
microbiology, where microbial response of pathogens to the environment is
quantified via mathematical models. The environment in these models is
represented by the temperature, acidity, salt content, protective gaseous
atmosphere and the presence of preservatives.

These models allow one to simulate the growth and destruction of pathogens
computationally, and can be used to find the optimal conditions for eliminating or
slowing down the growth of pathogens in foods. These simulations, combined with
hygienic practices and HACCP principles offer food manufacturers a powerful set of
tools to create the type of foods demanded by consumers. In developing these
mathematical models, microbiologists use experimental procedures, where similar

strains of pathogens are grown in a liquid environment. These experiments give
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reproducible results, essential in developing mathematical models. However foods
support a multitude of strains and may also be solid.

In this thesis we look into the possibilities of mixed growth in a liquid
environment (different strains growing together) and growth in a non liquid
environment, representative of growth in most foods. We compare these types of
growth to the predictions given by the current mathematical models.

Mixed growth in a liquid environment produces significant differences from
the predictions given by the current mathematical models (single strains). However,
these differences only occur after the microbial population density reaches a relatively
high level. These levels indicate that the food will already be spoiled, except for
fermented foods, where high population densities are intended and essential for
ensuring quality and microbial safety. In a non liquid environment, growth of
microorganisms was similar to growth in a liquid environment, unless the initial
contamination level was very low, in the region of 1 to 10 cells per gramme
(equivalent to a unit volume of 1 ml). Even at these low contamination levels, these
differences in growth only occur after large numbers of cells are present.

This research has shown that mixed growth and growth in non liquid
environments do produce interesting growth phenomena, However in terms of the
present advance in predictive microbiolegy, it is still valid to use the current
mathematical models for prediction of growth and inactivation of pathogens in foods

in most of the relevant ranges {(before spoilage occurs).
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Dutch Summary

Huidige trends in de levensmiddelenindustrie zijn levensmiddelen die
gemakkelijke bereiding, minimale processing en een voldoende lange
houndbaarheid combineren. Deze levensmiddelen moeten ook van goede kwaliteit
zijn, een betere smaak, textuur, en uiterlijk hebben en moeten betaalbaar zijn. Een
andere belangrijke factor is versheid en gebruik van een minimum aan kunstmatige
toevoegingen. En bovendien moeten ze veilig zijn, waarbij veiligheid in dit
proefschrift gericht is op microbi€le (bacteriéle) veiligheid. Deze criteria hebben
geleid tot innovatieve levensmiddelenproductiesystemen, maar cok geleid tot het
voorkomen van nieuwe problemen in het beheersen van de microbiéle veiligheid.

Momenteel kunnen levensmiddelen gedistribueerd worden over erg grote
afstanden, wat de mogelijkheid tot het veroorzaken van infecties vergroot als een
levensmiddel besmet is met pathogenen (ziekteverwekkende bacterién). Verder
komen de ingrediénten van verschillende bronnen, wat dit probleem nog verder
vergroot. Verbeterde hygiéne en HACCP principes zijn geintroduceerd om deze
bronnen van infectie te verminderen of the voorkomen. Een ander hulpmiddel is
voorspellende microbiologie (“predictive microbiology™), waar de microbiéle
respons van pathogenen op hun omgeving wordt gekwantificeerd via wiskundige
modellen. De omgeving in deze modellen wordt gerepresenteerd door de
temperatuur, zuurgraad, zoutconcentratie, beschermende gasatmosfeer en de
aanwezigheid van conserveringsmiddelen.

Deze modellen maken het mogelijk de groei en afsterving van micro-
organismen te simuleren en kunnen gebruikt worden om de optimale condities te
vinden voor het elimineren of het verlangzamen van de groei van pathogenen in
levensmiddelen. Deze simulaties gecombineerd met hygiénische condities en het
volgen van het HACCP-systeem, geven de levensmiddelenproducent een krachtige set

van hulpmiddelen om levensmiddelen te ontwikkelen die gewenst worden door de
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consument. Bij het afleiden van deze wiskundige modellen gebruiken microbiologen
experimentele procedures waarbij relevante stammen van pathogenen gekweekt
worden in een vloeibaar medium. Deze experimenten geven reproduceerbare
resnltaten, wat essenticel is voor het opstellen van wiskundige modellen.
Levensmiddelen echter, maken de groei mogelijk van een groot scala aan slammen en
kunnen ook niet vioeibaar zijn.

In dit proefschrift is onderzoek beschreven naar de fenomenen van
mengculturen in vloeibare media (verschillende starnmen simultaan gekweekt) en
groei in niet vloeibare media, representatief voor groei in de meeste levensmiddelen.
We vergelijken deze groeivormen met de voorspellingen van de huidige wiskundige
modellen.

Gemengde groei in vloeibare media geeft relevante verschillen te zien met
groei voorspeld door de huidige modellen (reine culturen). Echter, deze verschillen
treden pas op nadat de microbiéle populaties een relatief hoog niveau bereikt hebben.
Deze niveaus geven aan dat de levensmiddelen al duidelijk aan het bederven zijn,
behalve in het geval van gefermenteerde levensmiddelen, waar hoge aantallen
gewenst zijn voor een goede kwaliteit en veiligheid. In niet vloeibare media is groei
van micro-organismen gelijk aan groet in vloeibare media, behalve als de
aanvangsbesmetting erg laag is, in de grootte-orde van 1 tot 10 cellen per gram
(equivalent met een volume-cenheid van 1 ml). En zelf bij deze lage
beginbesmettingen treedt dit verschil in groei pas op nadat er een groot aantal cellen
aanwezig is.

Dit onderzock laat zien dat groei in gemengde culturen en groei in niet
vloeibare media interessante verschijnselen te zien geven, Echter voor de huidige
voortgang in de voorspellende microbiologie blijft het gelegitimeerd de huidige
wiskundige modellen voor de voorspelling van groei en afsterving van pathogenen in

levensmiddelen te gebruiken in de meest relevante gebieden (voordat bederf intreedt).
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