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ABSTRACT

Microbial growth and inactivation kinetics in food can be predicted when the effects of
intrinsic food properties and environmental conditions on microbial responses are known.
However, the prediction result might not be accurate due to microbial variability. To
ensure food safety and quality, knowledge on the sources of variability and the magnitude
is needed to prioritize their importance. This thesis focused on various microbial
variability aspects including between and within strain variabilities, the effect of growth
history and physiological state of the cells, and the effect of food matrix on growth and
thermal inactivation kinetics. Listeria monocytogenes and Lactobacillus plantarum were
selected as model organisms to represent pathogenic and spoilage microorganisms. The
result of this project underlines that many variability factors are important, but some are
more important than others. Depending on the process characteristics, microbiological
variability, especially strain variability, and in particular for thermal inactivation, will be
the most determining factor affecting the final contamination level. This strain variability,
however, is inherent to living organisms. Strain variability challenges food processors
because strain variability cannot be well controlled unless complete inactivation is realized
and no recontamination occurs within the food production chain. The integration of strain
variability in prediction of microbial kinetics is, therefore, required in quantitative
microbiology to obtain a more realistic prediction; and the most robust strains can be
used in parallel or in cocktails to evaluate the efficacy of certain steps along the food
production chain in controlling the growth.
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Chapter 1 Introduction and the thesis outline

INTRODUCTION

The world’s population is estimated to reach 9 billion by 2050 (FAO, 2009; UN, 2015),
which will also be accompanied by an increase in global food demand. Doubling the
production by closing the yield gap, increasing the production limits, extension of arable
land and aquaculture, reducing waste and changing the diets were some of the proposals
given to meet the demand (Godfray et al., 2010). Implementing the proposals, amid the
issue of climate change (Lobell et al., 2008; Singh, 2012), land degradation (Zdruli, 2014),
depletion of natural resources (Childers et al., 2011; Neset and Cordell, 2012) and possible
agricultural land conversion to biofuel production, would be a challenging task. However,
failure to meet the demand will have a consequence on global food security. The world
food summit of 1996 defined food security as the condition when all people, at all times,
have physical, social and economic access to sufficient, safe and nutritious food which
meets their dietary needs and food preferences for an active and healthy life. The
keyword of an active and healthy life can be realized not only if food is available, easy to
access and nutritious, but it should also be safe for consumption, which is shown in the
interrelation of food safety and food security in figure 1.1. Food safety is a basis for a
healthy life. Therefore, ensuring food safety will contribute to the achievement of food
security, and meeting food security means that food safety measures are also
implemented and controlled along food production chains.

Food safety becomes a serious concern in the growing world population due to internal
and international migration, which increase the international trade of food products
(Unnevehr and Roberts, 2002). The German outbreak of Escherichia coli 0104:H4 in
sprouts (Buchholz et al., 2011) is a good example on how the globalization of food supply
had impact not only on food safety, but also on livelihood, economy and sustainable food
supply (Luber and Hoorfar, 2014; Uyttendaele et al., 2014). The outbreak started when
the German human health authorities detected several human EHEC cases caused by an
infection with the Shiga-toxin-producing E. coli of the serotype 0104:H4 (Luber and
Hoorfar, 2014). The suspected vehicles were initially declared as cucumber, tomato and
lettuce, but the outbreak was later found to be related to the sprouts of fenugreek seeds
imported from Egypt when similar cases also occurred in France. In the first 2 weeks of
the outbreak, the losses of the fruit and vegetable farmers were estimated at least 812
Million Euro. Also, a temporary export ban of vegetables to Russia occurred, constituting
an annual value of 600 Million Euro. Furthermore, the European Commission also
supported fruit and vegetable sectors on market intervention for a total value of 227
Million Euro, concerning the products most directly affected by the crisis, which were
tomatoes, cucumbers, lettuces and certain endives, courgettes and sweet peppers
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(DGSanco, 2012). The total number of reported cases of 3816 (including 54 deaths and
845 developed haemolytic—uremic syndrome) (Frank et al., 2011), massive market losses,
authority intervention and the losses of consumer trust in fruit and vegetable products,
underline the wide impact of certain food safety outbreaks and the importance of food
safety measures on the global food supply.

Apart from these food safety crises, about one third of agricultural production is lost or
wasted annually. The losses are caused among others by poor post-harvest technologies
and facilities, which cause spoilage and damage of food products, food safety issues,
inadequate market systems, and the appearance of high quality standards (FAO, 2011). To
reduce the loss caused by food safety and quality issues, the implementation of good
agricultural practices (GAP) and Good Manufacturing Practices (GMP), followed by the
adoption of Good Hygienic Practices (GHP) and the compliance with quality standards are
important and should be implemented along food production chain. Well implementation
of those measures would be beneficial not only for food safety, but also food wastage
reduction and the sustainable supply of food products.

Food Safety Management System

GAP
GMP
GHP
HACCP
Quality standards

Quality assurance

Food Safety Food Security

Pathogen Food availability

Raw material Food access
Processing Food utilization
Cross or re- Stability of

contamination food system

Climate change
Poverty

Figure 1.1. The interrelation between food security and food safety, adapted from Hanning et al.
(2012).
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FOOD SAFETY

“Food safety is an umbrella term that encompasses many facets of handling, preparation
and storage of food to prevent illness and injury” (Hanning et al., 2012). Thus, food
containing hazardous compounds, which might cause illness and injury, is considered
unsafe and is not fit for consumption. A hazard according to the Codex Alimentarius
Commission is a biological, chemical or physical agent in, or condition of, food with the
potential to cause an adverse health effect (CAC, 2003). These hazardous agents are
including foreign objects such as broken glass, insects and other physical contaminants;
pathogens; mycotoxins; pesticide residues; veterinary drugs; food additives; or genetically
modified organisms which might contain toxins or allergens (Kuiper et al., 2001). Unlike
the physical hazards, in which the relationship between source and the problem is straight
forward, finding the correlation of chemical hazard and the disease is more complex. It is
not only because of “the dose makes the poison”, but also the disease manifestations,
such as cancer might take years to develop. Although illnesses due to biological hazards
(including pathogens, viruses, parasites etc.) appear quicker than that caused by chemical
hazards and the link between the illness and the causative agents are more often found,
effective control measures are difficult to put into practice due to biological evolution,
strain variability or differences in susceptible groups among the population.

Ensuring food safety is not a one-time effort, but rather a long term activity involving
continuous control and monitoring processes since food safety outbreaks and scandals
occur on regular basis, including the incident of melamine in powdered infant formula in
China, meat adulteration in the UK, the German outbreak of Norovirus in frozen
strawberries imported from China in 2012 (Bernard et al., 2014), the 2012 multi states
listeriosis outbreak associated with cantaloupe in the US (McCollum et al., 2013) and the
listeriosis outbreak in caramel apple and Blue Bell creameries products in the US (CDC,
2015a; CDC, 2015b). To minimize the risk of a foodborne disease, a thorough knowledge
on the process involving growth and survival as well as routes of contamination and the
severity of the disease are of importance and are used as a basis in microbiological risk
assessments.

Quantitative Microbial Risk Assessment (QMRA) is a scientifically based process, which is
used as a tool to evaluate food production processes in relation to food safety and public
health (Nauta, 2000). QMRA has four stages: hazard identification, hazard
characterisation, exposure assessment and risk characterisation (CAC, 1999). In hazard
identification, all possible microbiological hazards, which might be relevant for certain
food product, are identified. Hazard identification might be conducted using three levels
of identification: rough hazard identification, detailed hazard identification and
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comprehensive hazard identification (Van Gerwen et al.,, 1997). The rough hazard
identification identifies food pathogens that were involved in previously reported
foodborne outbreaks in the selected product. The detailed hazard identification identifies
food pathogens that have been reported or commonly associated with the ingredients of
the selected product, while the comprehensive hazard identification identifies all food
pathogens as hazardous, and therefore pathogens which might not be associated with the
selected food product can also be included in the list (Van Gerwen et al., 1997). The
combination of literature review, expert knowledge and the knowledge on the
characteristics of food pathogens and food products are needed to select the most
relevant hazards for specific food products.

In hazard characterisation, dose-response relationships and manifestation of disease are
established. The dose-response will relate the amount of food pathogens or toxins to a
probability of an adverse health effect. Exposure assessment describes all possible routes
of contamination and exposure. The information on the nature of the food product and
processing, which might eliminate or support the growth of microorganisms, as well as
the possible re-contamination are also needed to estimate the level of the hazard present
in food product at the point of consumption. Finally, the risk characterization needs all
information from hazard characterization and exposure assessments, including the
amount of food intake to estimate the probability of illnesses and the severity of the
diseases. Up to date, several microbiological risk assessment documents, such as the ones
for Salmonella in eggs and broiler chickens (FAO-WHO, 2002), Listeria monocytogenes in
ready-to-eat foods (FAO-WHO, 2004) or viruses in foods (FAO-WHO, 2008), were
produced and might be used as a basis to propose the measures for minimizing or
preventing food contamination or foodborne illness for risk management.

PATHOGEN AND SPOILAGE MICROORGANISMS

Food products contaminated with pathogens often do not show any changes due to the
low numbers sometimes involved, which make it difficult to observe unless people get ill
after consumption. There are two types of foodborne diseases caused by pathogenic
bacteria: intoxication and infection. In the intoxication case, bacteria, such as
Staphylococcus aureus, Bacillus cereus or Clostridium botulinum, grow to a certain
number, which allows them to produce relevant amounts of toxin (Argudin et al., 2010;
Schelin et al., 2011; Taylor et al., 2005; Thompson and Tanner, 1925). Upon ingestion, the
toxin can cause mild to severe health effects. In the infection case, vegetative cells or
spores which survives the gastrointestinal tract might germinate (in case of spores),
multiply and colonise the intestinal cells, and later produce toxin or invade other cells
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causing illnesses ranging from nausea, (bloody) diarrhea, meningitis to haemolytic uremic
syndrome or eventually in severe cases can lead to death. Groups of bacteria such as
Listeria monocytogenes (Farber and Peterkin, 1991; Hamon et al., 2006), Salmonella spp.
(D'Aoust, 1991). Campylobacter spp. (Dasti et al., 2010; Van Vliet and Ketley, 2001), Vibrio
(Jones and Oliver, 2009; Su and Liu, 2007) and E. coli (Caprioli et al., 2014; Kaper et al.,
2004), are example microorganisms able to cause infection in human through the
consumption of contaminated food products.

Globally, 31 foodborne hazards, including bacteria, helminths, protozoa, virus and
chemicals, were estimated to cause 600 (95% uncertainty interval [UI] 420-960) million
foodborne illnesses and 420,000 (95% Ul 310,000-600,000) deaths in 2010 (WHO, 2015).
The agents responsible for most frequent foodborne illness were Norovirus and
Campylobacter spp., while the agents caused 230,000 deaths (95% Ul 160,000-320,000)
were particularly non-typhoidal Salmonella enterica. The global burden of foodborne
disease by those 31 foodborne hazards in 2010 was 33 (95% Ul 25-46) million DALYs
(Disability Adjusted Life Years), in which 40% of the foodborne disease burden was among
children under 5 years old. Moreover, the highest disease burden was reported for the
African region followed by South East Asia and the Eastern Mediterranean (WHO, 2015).
In the US, the center for disease control and prevention estimated that annually around
48 million people get ill from 31 known pathogens and unspecified agents, in which 128
thousands are hospitalised and 3 thousand die due to foodborne diseases (CDC, 2011).
Similarly to the global report, Norovirus was listed as the most reported agent causing
foodborne diseases in the US, while Salmonella (nonthypoidal) was the most reported
pathogen to cause hospitalization and death (CDC, 2011; Scallan et al., 2011) (table 1.1).

Table 1.1. Top five pathogen contributing to foodborne illnesses, hospitalization and death in the US
(cDC, 2011)

. Top five agents caused Top five agents caused

Top five agents caused R

No. - hospitalisation due to death due to foodborne
food borne disease . .

foodborne diseases diseases

1 Norovirus Salmonella (nontyphoidal) Salmonella (nontyphoidal)
Salmonella (nontyphoidal) | Norovirus Toxoplasma gondii
Clostridium perfringens Campylobacter spp. Listeria monocytogenes

4 Campylobacter spp. Toxoplasma gondii Norovirus

5 Staphylococcus aureus E. coli (STEC) 0157 Campylobacter spp.
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In Canada, about 4 million episodes of foodborne illness were estimated annually due to
30 known pathogens and unspecified agents, causing over 11,500 hospitalizations and 238
deaths. From 30 known pathogens, Norovirus, nontyphoidal Salmonella spp.,
Campylobacter spp., VTEC 0157 and L. monocytogenes caused the highest number of
hospitalizations, while Norovirus, nontyphoidal Salmonella spp., Campylobacter spp., C.
perfringens and Bacillus cereus were the cause of the highest number of illness (Thomas et
al.,, 2015). In the European region, the most common pathogens reported for causing
foodborne illnesses were Salmonella and Campylobacter (O'Brien and Motarjemi, 2014).
Similar to this report, EFSA ranked Campylobacter as the most commonly reported causal
of gastrointestinal diseases in 2014 by 236,851 confirmed campylobacteriosis cases,
followed by salmonellosis with 88,715 cases, yersiniosis with 6,471 cases, VTEC infections
with 5,955 cases and listeriosis 2,161 cases. Although the number of listeriosis cases was
lower, the fatality rate of 15% was the highest compared to the other four foodborne
diseases (EFSA and ECDC, 2015). The fatality rate of 17.8% was also reported in the age
group over 65 years old. In the Netherlands, among 1.8 million cases of disease and 233
deaths caused by fourteen pathogens, approximately 680,000 cases and 78 deaths are
attributable to foodborne transmission (Havelaar et al., 2012). From the total disease
burden of 13,500 DALYs, approximately 45% is attributed to food, in which Toxoplasma
gondii, Campylobacter spp., Salmonella spp. and S. aureus toxins were responsible for the
majority of the burden.

Unlike food pathogens, spoilage organisms normally do not cause illness, but
contamination of food with spoilage microorganisms affects quality, which eventually
causes food loss due to deterioration of food products. In general, almost all groups of
microorganisms can contribute to spoilage of foods. However, their ability to grow and to
cause spoilage depend on nutrient composition and the chemical and physical parameters
of food products (Gram et al., 2002), such as pH and water activity. Some lactic acid
bacteria are found in different niches, and are able to cause spoilage in a diverse range of
food products, such as vegetables and fermented products (Jespersen and Jakobsen,
1996; Tournas, 2005), meat (Borch et al., 1996; Hamasaki et al., 2003; Pothakos et al.,
2015) and fisheries products (Dalgaard et al., 2003; Gram and Huss, 1996). Besides lactic
acid bacteria, Pseudomonas spp. (Borch et al., 1996; Gram and Huss, 1996; Techer et al.,
2014), Enterobacteriaceae (Borch et al., 1996; Gram and Huss, 1996; Techer et al., 2014),
Bacillus spp. (Techer et al., 2014), moulds (Filtenborg et al., 1996; Tournas, 2005) and
yeasts (Jakobsen and Narvhus, 1996) are also found as important agents causing spoilage
in many food products.

The growth of pathogen and spoilage microorganisms in food if not controlled will have
consequences on the safety and quality of food products, leading to food waste or
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foodborne outbreaks, which threaten the sustainability of the food supply. Controlling the
growth of pathogen and spoilage microorganisms can be done by modifying the intrinsic
and extrinsic parameters of food products, such as pH, water activity, organic acid
concentration and temperature. Certain growth limiting factors can be applied, which
prevent the growth of pathogen and spoilage organisms, and therefore extending the
shelf life of food products. Predictive modelling might be used as a tool to evaluate the
effectiveness of certain processes and designs in controlling the growth of
microorganisms. However, due to many variability factors the prediction result might not
be realistic, which might underestimate the real level of the microorganisms. Therefore,
any attempts, such as characterisation of variability factors, to improve the prediction
results would contribute to the safety and quality of food products for sustainable food
supply and food security.

PREDICTIVE MICROBIOLOGY

The concept of predictive microbiology, according to McMeekin et al. (2002), is that
detailed knowledge of microbial responses to environmental conditions, including intrinsic
food properties, enables objective evaluation of the effect of processing, distribution and
storage operations on the microbiological safety and quality of foods. Therefore,
predictive modelling is applicable for many activities along food production chains within
the area of HACCP, risk assessment, microbial shelf life study, product research and
development and experimental designs (McMeekin et al., 2007). Predictive modelling in
microbiology was believed to be originated from the work on the thermal death curve of
thermophilic bacterial spores (Bigelow and Esty, 1920; Bigelow, 1921; Esty and Meyer,
1922). But, the term “predictive modelling in microbiology” was introduced later by
Roberts and Jarvis (1983).

The models used in predictive microbiology can be classified into three types: primary
models, secondary models and tertiary models (Buchanan, 1993; Pérez-Rodriguez, 2014).
Primary models are the models used for describing the changes in microbial concentration
as function of time. The well-known primary models used in growth prediction are among
others the logistic model (Gibson et al., 1987), modified Gompertz model (Gibson et al.,
1987) or its re-parameterized form (Zwietering et al., 1990) and the model developed by
Baranyi and Roberts (1994). The Bigelow model for inactivation was developed assuming
that the log reduction of microbial load is linear with time (Bigelow and Esty, 1920;
Bigelow, 1921). However, in reality many workers observed a non-linear relationship
between time and log surviving cells. To accommodate the curvature of the inactivation
curve, the Weibull model (Van Boekel, 2008), which is able to fit linear, concave
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downward and concave upward inactivation curves might be used. Other approaches are
the use of models such as the biphasic model and models accommodating shoulder and
tail, etc. as described in a study of Geeraerd et al. (2005).

Secondary models are developed to explain the relationship between the kinetic
parameters of the primary model, such as u,q and D-value and environmental factors,
such as temperature, pH or a,. The secondary growth models commonly used for
modelling purposes are the square root model (Ratkowsky et al., 1982), cardinal
parameter model (Rosso et al., 1995), gamma model (Zwietering et al., 1993) and other
secondary growth models as function of other environmental factors such as organic acid
concentration. Other types of models such as probability models are also used when the
minimum growth parameter is of concern due to the high virulence of a certain pathogen.
The linear regression between log D-value and temperature to obtain the z-value is an
example of the secondary model for inactivation. Finally, tertiary models are the
implementation of both primary and secondary models implemented in certain user-
friendly software. The widely used softwares amongst others are the Pathogen Modelling
Program (PMP), Combase predictor or the Seafood Spoilage Safety Predictor (SSSP).

The vast number of primary and secondary models provided us with another challenge in
selecting which model suits best for our purpose. The root mean squared error (RMSE)
between observed and fitted data and the lack-of-fit values are commonly used to
compare the goodness of fit of several models to the obtained data. Besides these
statistical parameters, the number of model parameters and the number of parameters
which have a biological meaning are among the criteria evaluated for selecting a best
model. Following the principle of parsimony, if two models have similar goodness of fit, a
model with fewer number of parameters is preferred. Similarly, the model having
biologically relevant parameters would be preferred over another model containing
mathematical parameters without biological meaning, when both models similarly fit to
the data.

Once a predictive model is selected and set of parameters, such as cardinal growth
parameter, maximum specific growth rate (,qx) or D-value, are available, one might use
them to predict the growth of microorganisms in certain conditions, and to estimate the
reduction in log number of microorganisms when a certain inactivation process is applied.
These predictions are commonly used in exposure assessment of QMRA or in estimating
the shelf life of certain food product. However, as mentioned above, the prediction result
might not be realistic due to variability factors. These variability factors among others are
variation in initial contamination, variation of cells biology (between and within strains of
the same species), variation in thermal process, food product characteristic and
distribution or storage temperatures. These variability factors have influence on the

10
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microbial kinetics along the food productions chain (figure 1.2), which might
underestimate the true behaviour of the microorganisms. Finally, variability in the
consumers’ susceptibility toward certain foodborne pathogens would influence the dose
response relationship, which might complicate risk characterization. Since using one point
parameter estimate in predictive model might underestimate the behaviour of
microorganisms, the effort to integrate variability into predictive models has been made
for QMRA (Delignette-Muller and Rosso, 2000; Nauta, 2000). Furthermore, to have a more
realistic kinetic prediction, knowledge on the source of the variability and its magnitude
are, therefore, needed to prioritize their importance.

Storage Thermal Storage
Process

Log number of bacteria

time (days) time (min) time (days)

Figure 1.2. Illustration of the effect of variation in initial level, growth and thermal inactivation
kinetics.

VARIATION: VARIABILITY AND UNCERTAINTY

The term variation can be divided into uncertainty and variability. Uncertainty represents
the lack of perfect knowledge on the part of the analysis, which may be reduced by
further measurement (Anderson and Hattis, 1999). Variability represents variability or
heterogeneity in a population that is irreducible by additional measurements. It can be
better characterised by additional measurements, however. In predictive microbiology,
uncertainty might be related the technical and methodological uncertainties such as
preciseness of measurements, lack of knowledge between interaction of the model
parameters or lack of knowledge on the microbial strain present in the food products,
while variability is the manifestation of biological heterogeneity such as genetic and

11
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phenotypic differences between strains, or heterogeneity within a population due to the
presence of sensitive and resistant sub-populations, which cannot be eliminated or
reduced by additional measurements.

The level of variation might be reported using the standard deviation or coefficient of
variation. The standard deviation quantifies the scatter of the data, and it has a similar
unit as the unit of the data. The coefficient of variation also known as the relative
variability equals to the standard deviation divided by the mean of the data, and can be
expressed as fraction or percentage. Since it is a unitless measurement, the coefficient of
variation can be used to compare the scatter of the data that have different units, such as
rate (1/h) and time (h). Although both standard deviation and coefficient of variation are
commonly used to express variability, the interpretation of the variability might be
different from each other.

Quantification of variability factors related to food pathogens and spoilage
microorganisms might provide knowledge, which improves prediction results, and is
relevant for food safety and quality assurance. One of the aspects influencing the
prediction is the growth and inactivation kinetics data used to generate the prediction.
The data, which normally is generated from laboratory experiments, might vary as
influenced by experimental variability, biological variability and strain variability. The
experimental error can be obtained when two or more measurements of a parameter are
performed using the same conditions and pre-culture. The difference between these
measurements is considered as uncertainty due to measurement error. This type of error
can be controlled and improved by performing good laboratory practices, and therefore
we expect a low value of experimental error. The reproduction variation is obtained by
taking duplicate or more measurements using independent cultures of a similar strain.
Knowing that one can never obtain a similar culture due to biological variability and other
varying conditions, one might expect larger reproduction variability than the experimental
variability. The rational between the experimental and reproduction variability was
pointed out in a study of Baranyi et al. (2014) on mould data. The environmental effect in
the experimental error determination is minimized when cells are grown from the same
batch/culture and the effect is mainly due to the experimental method used to generate
the data, while the difference between repeats/reproduction is primarily the result of the
environmental variability. Moreover, the strain variability is obtained by taking
measurement using different strains from the same species or more widely known as
between strain variability. Although belonging to one species, each strain might show
different genotypic and phenotypic characteristics (De Jesus and Whiting, 2003;
Donaldson et al., 2009; Nelson et al., 2004; Sanders et al., 2015; Siezen et al., 2010; Siezen
and van Hylckama Vlieg, 2011; Whiting and Golden, 2002). Since one species consists of a

12
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wide range of strains, one might expect that strain variability is higher than reproduction
variability and experimental error.

VARIABILITY IN GROWTH AND THERMAL INACTIVATION KINETICS

Microbial growth and thermal inactivation parameters are an important aspect needed
for predicting the growth and thermal inactivation of certain microorganisms in exposure
assessment of QMRA or in estimation of shelf life of certain food products. However,
these parameters, such as the maximum specific growth rate (zi,4,) (Barbosa et al., 1994;
Begot et al.,, 1997; Lianou and Koutsoumanis, 2011), lag phase (Aguirre et al., 2013),
growth limit (Tienungoon et al., 2000; Van der Veen et al., 2008), D-value (De Jesus and
Whiting, 2003; Doyle et al., 2001; Linton et al., 1990; Lou and Yousef, 1996), and z-values
(Doyle et al., 2001; Van Asselt and Zwietering, 2006), vary depending on several factors
amongst others within and between strain, cells history, physiological state of the cells
and food matrices. Therefore, the prediction results might vary from one study to the
others due to differences in the parameters used to generate the prediction.

Under similar condition, strain variability in £, was reported higher than within strain
variability (Lianou and Koutsoumanis, 2011) and it was also higher than the experimental
error in single and cocktail strains experiment (Whiting and Golden, 2002). The strain
variability in lag phase duration, however, was reported higher than the variability in z,q
(Begot et al., 1997). Although lag phase duration is important for the prediction, yet it is
laborious and difficult to obtain. Furthermore, lag phase is difficult to generically define
and determine under conditions representative for practical contamination scenarios, and
therefore, it is not included in this study. Besides strain variability, growth conditions, such
as intrinsic and extrinsic parameters of the media, including pH, water activity,
temperature, organic acid concentration and type of solute used to lower water activity,
were also reported to affect the variability in microbial growth limit (Augustin and Carlier,
2000; Van der Veen et al.,, 2008). Similar to growth kinetics, the influence of strain
variability was also reported for thermal inactivation kinetics of vegetative cells (Doyle et
al., 2001; Lianou and Koutsoumanis, 2013; Mackey et al., 1990; Sorqvist, 1994) and spores
(Berendsen et al., 2015; Luu-Thi et al., 2014). The effect of each reported influential factor
on D-values was analysed in a previous study with a systematic approach to determine
global thermal inactivation parameters for various food pathogens (Van Asselt and
Zwietering, 2006). However, most factors reported to influence D-value are smaller than
the variability of all published data, except in the presence of high salt concentration for L.
monocytogenes, chocolate for Salmonella, the effect of strain variability and oily product
for Bacillus cereus and the effect of different type of Clostridium botulinum. The analysis

13
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was done using D-values collected from a diverse range of media and experimental set-up,
and so the effect of each factor cannot be directly compared. Therefore, a study using the
same set of strains under different conditions and media is needed to be able to
quantitatively compare the effect of each variability factor on total variability of microbial
kinetics.

OBJECTIVES AND OUTLINE OF THE THESIS

Since a realistic prediction is needed to improve the process and experimental designs,
knowing the main sources of these variabilities and their magnitude are of importance.
Two different microorganisms were used in the thesis for studying the variability factors in
growth and thermal inactivation kinetics. Listeria monocytogenes is known as one of the
important causative agents of foodborne disease. It has the highest fatality rate among
foodborne pathogens, and is able to grow at relatively severe condition such as low
temperature and high salt concentration. These characteristics make L. monocytogenes a
good candidate to represent pathogenic bacteria. For spoilage bacteria, Lactobacillus
plantarum was selected as a model since this member of the lactic acid bacteria group is
often found as contaminant in different food products, such as ketchup, dressings and
meat products.

The quantification of variability factors addressed in Chapter 2 focuses on the growth
kinetics of L. monocytogenes. The maximum specific growth rate (£,qx) was estimated as
function of four different variables of pH, water activity (a,), undissociated lactic acid
concentration (HLa) and temperature. These ti,, values were used to quantify the
experimental, reproduction and strain variabilities for each variable. Moreover, the
secondary growth models were fitted to t,. of each strain to estimate the cardinal
growth parameters. These parameters represent strain variability and were used to
predict the growth of L. monocytogenes in defined food products.

The variability in thermal inactivation kinetics of L. monocytogenes is discussed in Chapter
3. The experimental, reproduction and strain variabilities were calculated using D-values
obtained at different temperature points. The effect of growth history on the variability of
D-values was also quantified and compared to the effect of strain. The benchmarking of
the experimental data to literature data provided information on the proportion of the
variability that could be explained by these variability factors.

Chapter 4 describes the effect of variability factors on growth and thermal inactivation of
a spoilage microorganism L. plantarum. The data obtained from growth and thermal
inactivation experiments allowed us to calculate the experimental, biological and strain
variabilities and obtain the growth and thermal inactivation parameters, such as cardinal
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growth parameter of pHpmin, GQu,mins Tmins [HLOmax], D- and z-values. The effect of strain
variability was also compared to the effect of growth history on the D-value variability,
and both were benchmarked to the variability found in literature data.

Besides strain variability and the effect of growth history, the food matrix is also known to
have an effect on the level and variability in growth and thermal inactivation kinetics.
Chapter 5 compares the predicted and observed growth kinetics in laboratory media, milk
and ham for L. monocytogenes and L. plantarum. The effect of food matrix on growth
kinetics, expressed as y factor for milk and ham, was proposed. The effect of food matrix
on thermal inactivation was also described and compared to the effect of strain variability.
Finally in Chapter 6 the findings of this study are discussed and perspectives for future
research are provided.
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Chapter 2 Growth variability of L. monocytogenes
ABSTRACT

Prediction of microbial growth kinetics can differ from the actual behaviour of the target
microorganisms. In the present study, the impact of strain variability on maximum specific
growth rate (tmax) (h™) was quantified using twenty Listeria monocytogenes. The iy, Was
determined as function of four different variables, namely pH, water activity (a,)/NaCl
concentration [NaCl], undissociated lactic acid concentration ([HLa]), and temperature (T).
The strain variability was compared to biological and experimental variabilities to
determine their importance. The experiment was done in duplicate at the same time to
quantify experimental variability and reproduced at least twice on different experimental
days to quantify biological (reproduction) variability. For all variables, experimental
variability was clearly lower than biological variability and strain variability; and
remarkably, biological variability was similar to strain variability. Strain variability in
cardinal growth parameters, namely pHpin, [NaClpod [HLOmed, and T, was further
investigated by fitting secondary growth models to the . data, including a modified
secondary pH model. The fitting results showed that L. monocytogenes had an average
pH,in of 4.5 (5-95% prediction interval (Pl) 4.4 — 4.7), [NaCl,,,,J of 2.0 M (PI 1.8 M — 2.1 M),
[HLa ] of 5.1 mM (Pl 4.2 mM — 5.9 mM), and T,,;, of -2.2°C (PI (-3.3°C) — (-1.1°C)). The
strain variability in cardinal growth parameters was benchmarked to available literature
data, showing that the effect of strain variability explained around 1/3 or less of the
variability found in literature. The cardinal growth parameters and their prediction
intervals were used as input to illustrate the effect of strain variability on the growth of L.
monocytogenes in food products with various characteristics, resulting in 2-4 logy,
cfu/ml(g) difference in growth prediction between the most and least robust strains,
depending on the type of food product. This underlined the importance to obtain
quantitative knowledge on variability factors to realistically predict the microbial growth
kinetics.
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INTRODUCTION

Mathematical models can be used as a tool to simulate the behaviour of microorganisms
in food within the product’s shelf life. However, differences might occur when prediction
results are compared to the actual behaviour of microorganisms in food, due to the
variability caused by, amongst others, growth history, the effect of the food matrix and
variability between strains. These differences between predictions and the actual
behaviour of microorganisms affect stability prediction of food products and risk
estimations of foodborne illnesses.

Strain variability is defined as an inherent characteristic of microorganisms that cannot be
reduced when strains are identically treated under the same set of conditions (Whiting
and Golden, 2002). Differences between strains showed to be an important source of
variability in thermal inactivation kinetics (Aryani et al., 2015; Doyle et al., 2001), and
explained between 1/2 and 2/3 of the variability found in literature (Aryani et al., 2015). In
contrast, the contribution of strain variability to the total variability in growth kinetics is
still unknown. Although strain variability in growth kinetics of different bacterial species
was reported in previous studies (Barbosa et al., 1994; Lianou and Koutsoumanis, 2011a;
Lindgvist, 2006; Nauta and Dufrenne, 1999; Whiting and Golden, 2002), only some
reported the magnitude and these focused only on one or two experimental conditions or
variables, except in the study performed by Nauta and Dufrenne (1999) who investigated
the variability in growth parameters of Escherichia coli as a function of temperature, pH,
and water activity. Since microbial growth in food is affected by different intrinsic and
extrinsic factors, such as pH, a,, undissociated lactic acid concentration (HLa) and
temperature (T), it is of importance to quantify the impact of strain variability as function
of those variability factors. In this work, strain variability in maximum specific growth rate
Hmax Was quantified and compared to biological and experimental variabilities to
determine their importance. Experimental variability was defined as the difference
between duplicate experiments carried out in parallel at the same time on the same
experimental day. Reproduction (biological) variability was defined as the difference
between independently reproduced experiments of the same strain performed on
different experimental days from new pre-cultures and newly prepared media, and strain
variability was defined as the difference between strains of the same species, or the so-
called intra-species variability.

Listeria monocytogenes was used as target organism since it is an important pathogen
with a high mortality rate (Jones, 1990). It can be found in a wide range of environments
and has been isolated from different sources including food processing plants (Cox et al.,
1989; Farber and Peterkin, 1991; Weis and Seeliger, 1975). Moreover, its ability to survive

27



Chapter 2 Growth variability of L. monocytogenes

and grow in stress conditions such as refrigeration temperature and high concentration of
salt makes it difficult to reduce during food processing (Azevedo et al., 2005; Bajard et al.,
1996; Van der Veen et al., 2008; Walker et al., 1990). The L. monocytogenes strains used
in this study were not only strains with a long history of culturing in the laboratory, but
also strains isolated from food industries, which have a short laboratory history. The
variability in growth kinetics of L. monocytogenes quantified in this study is of relevance
for the food industry and food safety management to realistically predict microbial growth
kinetics.

MATERIALS AND METHODS

Culture preparation

Twenty strains of L. monocytogenes, covering a wide range of origins, were used in this
study (table 2.1). The strain stocks were kept frozen at -80°C in 70% Brain Heart Infusion
(BHI) broth (Becton Dickinson, France) and 30% glycerol (v/v) (Sigma-Aldrich, Germany).
From the stock culture, a streak was made onto a BHI agar plate (BHI broth with 15
gram/liter bacteriological agar, Oxoid, England) and incubated for 24 h at 30°C. A single
colony was selected and grown in a 250 ml flask containing 100 ml of BHI broth. The
culture was incubated for 16 h in a shaking incubator (Innova 4335, New Brunswick
Scientific, Netherlands) at 200 rpm at 30°C. To prepare a working culture, a similar
procedure was followed as previously described (Biesta-Peters et al., 2010b). Briefly, the
overnight culture was divided in two 50 ml centrifuge tubes and centrifuged for 2 min at
15,557 x g (Centrifuge 5804 R, Eppendorf). The supernatant was discarded and the pellet
was re-suspended in 2 ml of Peptone Physiological Salt (PPS, Tritium Microbiologie B.V.,
Netherlands). One ml of the pooled suspension of two pellets was diluted in PPS to obtain
an ODgy, of 0.3 (Spectrophotometer Novospec II, Pharmacia Biotech) or approximately 10°
CFU/ml. This standardized culture was used further for the experiments.
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Table 2.1. Twenty Listeria monocytogenes strains used during the study from different origins and
their resistance profiles obtained from this study

Strains Origins Resistance Profiles Serotype
ScottA Human isolate from Low pHpin 4b
Massachusetts milk outbreak
F2365 Jalisco cheese Low pHpin 4b
EGDe Rabbit 1/2a
LO28 Healthy pregnant carrier 1/2c
AOPM3 Human isolate 4b
Cc5 Smoked meat Low T 4b
H7764 Deli turkey 1/2a
H7962 Hotdog 4b
L6 Milk 1/2b
FBR12 Frozen vegetable mix 1/2a
FBR13 Frozen endive a la creme High [NaCl,..J 1/2a
FBR14 Carrot piece 1/2a
FBR15 Ice cream packaging machine 1/2c
FBR16 Ham (after cutting machine) 1/2a
FBR17 Frozen fried rice Low pH,,, High 4d
[NaCl .., High [HLG 0]

FBR18 Ice cream 1/2a
FBR19 Frozen meat 1/2a
FBR20 Frozen vegetables for soup 1/2a
FBR21 Fresh yeast Low T ad
FBR33 Pancake 1/2c

Media preparation

Nine pH values between 7.3 - 4.2 were selected to test the effect of pH on the maximum
specific growth rate (t4,4,) Of the L. monocytogenes strains. For each experiment, the BHI
broth was pH adjusted using 0.5 M of sulphuric acid (Riedel-de Haén, Seelze, Germany)
and filter sterilized (Steritop, Milipore Corporation, MA).

Eight different concentrations of sodium chloride (NaCl, VWR International, Leuven,
Belgium) between 0.5 - 12.5% (w/v) were selected and NaCl was added to BHI broth and
autoclaved. The NaCl concentration of the standard medium (BHI broth) was 0.5%. The
corresponding a,, value of the NaCl adjusted BHI broth was measured using a Novasina
water activity meter (Labmaster a,,, Novasina, Lachen, Switzerland) set at 30°C.

Five concentrations (0, 3, 4, 5, and 6 mM) of DL-lactic acid 85% (Sigma-Aldrich, Germany)
in its undissociated form at pH 5.5 were used in this study. The preparation of the medium
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adjusted with lactic acid was done as previously described (Biesta-Peters et al., 2010a).
Briefly, the ratio between the dissociated and undissociated forms of lactic acid at set pH
was calculated using the Henderson-Hasselbalch equation (equation (2.1)).
[A7]

[HLa]

Where pH is the pre-set pH (pH 5.5) of the medium using sulphuric acid as acidulant, pK,
is the acid dissociation constant (pK, of lactic acid 3.86), [A] is the concentration of
lactate, and [HLa] is the concentration of the undissociated acid. The conjugated salt of
lactic acid used in this study was potassium lactate (Corbion, Gorinchem, Netherlands).
For the effect of temperature, the growth experiments were conducted at four

pH = pK, + log [2.1]

temperatures, namely 30°C, 20°C, 10°C, and 5°C using non-adjusted BHI medium (pH 7.3;
a, 0.997).

Estimating ., as function of pH, a,,/[NaCl], [HLa], and temperature.

In this study, each experiment was conducted in duplicate at the same time using the
same standardized culture to quantify experimental variability. The experiment was also
reproduced minimally two times on different days using new cultures to quantify
biological variability. This procedure resulted in at least six . €stimates per value of pH,
ay/[NaCl], [HLa] and temperature, namely two z,., estimates obtained per day (duplicate)
times three independent reproductions. The standardized culture was diluted 10,000 fold
in each pH, a,/[NaCl], and [HLa] adjusted BHI broth and in non-adjusted BHI broth for the
temperature experiment, aiming for an initial cell concentration of approximately 10°
CFU/ml. The diluted suspension was spiral plated (Eddy Jet, IUL instruments) onto BHI
agar plates in duplicate to determine the initial concentration (N,) of each L.
monocytogenes strain.

The pime was estimated using the 2-fold dilution method, which is based on time-to-
detection (TTD) measurement of serially diluted concentration as described earlier by
Biesta-Peters et al. (2010b). The TTD was defined as a time at which a well reaches a
specific value of ODgy 0.2 (or 0.15 for the condition close to the growth boundary).
Briefly, all wells in a 100-well honeycomb plate (Oy growth Curves AB Itd, Helsinki,
Finland) were filled with 200 pl of optimum medium or adjusted medium (pH, a,/[NaCl],
and [HLa]). For each condition, every first well in the honeycomb plate was inoculated in
duplicate with 200 pl of the diluted bacterial culture in the same medium. After mixing, a
two-fold dilution was made from the first well to the fifth well. From the fifth well 200 pl
was discarded to have the same volume in all wells. The honeycomb plates were
incubated in the Bioscreen C (Oy growth Curves AB Ltd, Helsinki, Finland) at 30°C for pH,
a./[NaCl], and [HLa] tests; or incubated at 20°C, 10°C, and 5°C for temperature tests. The
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Bioscreen C was run with continuous and medium shaking for a certain period depending
on the condition tested, which was up to 2 weeks, 10 days, 3 weeks, and 1 month for the
lowest pH, a,/[NaCl], [HLa] and temperature respectively. The ODgy, data obtained from
Bioscreen C were imported in Microsoft Excel for data processing to estimate the TTD. For
practical reasons, which did not influence the results, the OD values in this study were not
corrected for the background colour of BHI broth (~ 0.1 at ODgy) (Biesta-Peters et al.,
2010b). The timq Was calculated as the negative reciprocal slope of the linear regression
between TTD and the natural logarithm of the initial bacterial concentration of the five
wells. A manual check was performed to confirm that there were no systematically higher
residuals for any of the five wells (especially the lowest inoculum) before performing the
regression.

For the wells that did not show any changes in their OD values within the time frame of
experiment, viability of the bacteria at the end of the experiment was verified by plating
all the content of the well. When the plate counting showed an increase in number of
bacteria, the term “growth” was put in the database, meaning that at that point growth
occurred, but the g, could not be determined using the method used in this study. This
typical growth situation was observed in 14 cases out of 360 cases at pH 4.6 - 4.3, 4 cases
out of 120 cases when 11% of NaCl was added in the BHI medium, and 6 cases out of 120
cases in the presence of 5 mM [HLa] in BHI medium. When the plate counting showed
reduction in number of bacteria in comparison to N, or total inactivation of bacteria, the
Hmax Was setto 0 h™.

In cases where no ty.,value was obtained using OD measurement, but the verification
with plating showed some increase in number of bacteria, no 4. value was included in
the fitting procedures. When the verification with plating showed inactivation or no
growth and the model fitting gave a negative fitted g, value, then the g, of 0 h™ was
excluded in the fitting procedures. In case a positive fitted 4, value was observed and no
growth or inactivation was confirmed by plating, the g, of O h™ was included in the
fitting procedures.

Quantifying experimental, biological/reproduction and strain variabilities
All the u,, data were tabulated according to strain and the pH, a,/[NaCl], [HLa], and
temperature values. The experimental (E), biological/reproduction (R), and strain (S)
variabilities were determined for each variable, namely pH, a,/[NaCl], [HLa] and
temperature based on the scheme in figure 2.1 using equations (2.2) — (2.4).
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Strain 1 Strain 20
Xers,c, Xers,cd > Xrs,c]  +oot XeRrys,0y XeRrs,Cal = Xrsc,]
[XeR,S €y XE2R251C1] > [Xrsyc, ] Tt XeRys,f XEszszocll > Xrys,g,]
[XE1R351C1 XEzP‘3§1C1] > [XR351C1] tot [XE1R3520C1 XEstszocll -> [XR?:SZ(Fl]

v v

[Xsc,] [Xs,,cl = Xc,

+
+

Figure 2.1. Schematic figure for calculating the experimental (E), biological/reproduction (R), and
strain (S) variabilities. Xgrscis the maximum specific growth rate (z4,qx) obtained for experiment “E”,
reproduction “R”, strain “S”, and condition “C”. Xgsc is replicated (E; and E,;) on the same
experimental day for strain “S” and condition “C”. Xgsc is the average of two Xggsc Obtained on the
same day for strain “S” and condition “C”. Xsc is the average of Xgsc from three different
experimental days for strain ”S” and condition “C”, and X is the average Xsc from all strains for
condition “C”.

Experimental variability:

MSE = 255 = 261 2821 TRe1 T—1 (XERSC—XRSC) [2.2]
DF n-p

Where the mean square error (MSE) is calculated from the residual sum of squares (RSS)
divided by the degrees of freedom (DF). The RSS is the sum of squared differences
between Xgrsc and Xgsc. Xersc is the finq value (h'l) of each replicate of duplicate
experiments conducted at the same time for a certain strain per condition (C) (E=1, 2; R=1,
2 ,3; S=1, 2,..20; C=pH 7.3, 6.5, 6,...., etc.), as an example X;;;;is the fi,ax (h'l) from the
first replicate (E=1) conducted on day 1 (R=1) and for strain 1 (S=1) at condition 1 (C=1).
Xrsc is the average fimox (h'l) obtained on the same experimental day for a certain strain
per condition (R=1, 2, 3; S=1, 2,..20; C= pH 7.3, 6.5, 6,...., etc.), as an example X;4; is the
average Lmax (h'l) from experimental day 1 for strain 1 and condition 1. The DF is the
number of data points (n=6%*20) per condition minus the number of parameters (p=3+*20)
times the number of conditions “C”. The number of conditions per variable were 9, 8, 5,
and 4 for pH, a,,/[NaCl], [HLa], and temperature respectively.

Biological/Reproduction variability:

MSE = B85 _ Tb=1 2821 TR Krsc=Xs0)? [2.3]
DF n—-p

Where Xgsc is the average fimqyx (h'l) obtained at the same experimental day for a certain
strain per condition (R=1,2,3; S=1, 2,...,20; C=pH 7.3, 6.5, 6,...., etc.), Xsc is the average tiyqx
(h'l) from three different experimental days for each strain per condition (S=1, 2,...,20; C=
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pH 7.3, 6.5, 6,...., etc.). DF is the number of data points (n=3%20) per condition minus the
number of parameters (p=1+*20) times the number of conditions “C”.
Strain variability:

RSS _ Y1322 (Xsc—Xc)?
DF n-p

MSE = [2.4]

Where Xsc is the average fimax (h™) from three different experimental days for each strain
per condition, Xcis the average fi,ax (h’l) of all 20 strains at condition C, DF is the number
of data points (n=20) per condition minus the number of parameter (p=1) times the
number of conditions “C”.

Model selection and fitting performance

Secondary pH, a,/[NaCl], [HLa] and temperature models were used to fit the 4, data as
function of pH, a,/[NaCl], [HLa] and temperature for each strain. The model fitting
performances were compared using four criteria: 1) having low mean square error of the
model (MSE.qel) (€QUation (2.5)); 2) having model parameters with biological meaning; 3)
having low number of parameters; and 4) giving realistic model parameter estimates. The
MSE o4el Was calculated as follows:

RSS _ b 33 %2 (XErc—Rc)?
MSEmodel — Ez C=14R=1 1);'-‘_; ERC™AC [2'5]

Where Xgge is the observed fimqx (h™) obtained from each condition (e.g. C=pH 7.3, 6.5,

6,..., etc.), X is the fitted Lo (h™) (per strain) at each condition, n is the number of data
points, and p is the number of parameters of the respective model.

The overall mean square error of the model was the sum of mean square errors of all 20
strains. An F-test was used to compare the overall mean square errors between the
models.

When two models had similar fitting performances based on the overall mean square
error and the F-test, then the lack-of-fit test (equation (2.6)) and the Akaike Information
Criterion (AIC) (equation (2.8)) were further employed for each strain. The lack-of-fit test
compares the MSEoqe and the measuring error (MSEg.,). The AIC test was used to
compare models based on their number of parameters. The lack of fit test (Den Besten et
al., 2006) was determined as follows:

MSEqata
i 3 2 _y )2
Where MSEqqrq = o = 2Aziiizibboifoma—ta) 2.7]

Where Xgzy is the observed iy (h'l) obtained from each condition (e.g. A=pH 7.3, 6.5,
6,..., etc.), Xyis the average i (h'l) for each condition, n is the number of data points,
and m equals to the number of conditions i.

The AIC (Van Boekel, 2008) was determined as follows:
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AIC =nIn(6?) +2(p+1) [2.8]
Where n is the number of data points, 62 is the maximum likelihood estimator for the
variance (RSS model divided by n), and p is the number of model parameters.

When two models had comparable overall MSE based on the F-test, then the selected
model was the model that fitted the data best for most of the strains based on the lack-of-
fit test and AIC. All fitting was done using Excel Solver Add-in (Microsoft) and confirmed
using TableCurve 2D v5.01.

Prediction of growth in food products

The gamma model (y) (Zwietering et al., 1993) was used to predict the microbial growth in
two food products, assuming that different variables have a multiplicative effect rather
than an interaction effect (Biesta-Peters et al., 2010a). To integrate strain variability in the
prediction, the cardinal growth parameters of each strain were used as inputs for the
gamma model (equations (2.9) — (2.10)). The gamma model used the best secondary
model selected for each condition (pH, a,,/[NaCl], [HLa], and T). Since only the a, value
was available for the food products and not the NaCl concentration, the a,, model was
used in the prediction.

The reference condition then was set at pH 7.3, a,, 0.997, temperature 30°C, and [HLa] O
mM, and each model was transformed to the reference condition (equations (2.11) —
(2.14)). The model transformation, the resulting gamma factors and the obtained . are
presented in supplement 2.1 and figure S2.1 respectively. The . of each strain used for
calculation was the average s obtained from pH, a,,, temperature, and [HLa] models.

y =v(H) xy([NaCl]/ay,) *y(T) * y(HLa) [2.9]
Hmax = #ref *y [2.10]
(PH-PHpin)

1_2(pHmiTl_pH1/2)

YOH) = = [2.11]
1— 2( min‘pHi/z)
)™

y(aw) = % [2.12]
E

j— (T Tmm)

y(T) = Tror—Tmin) [2.13]
_ HLa XHLa

v(HLa) = (1 - (Hmmax) ) [2.14]

Where f1.fis timax at pH 7.3, a,, 0.997, [HLa] 0 mM, and temperature 30°C.
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The ey estimated using the gamma model was then used in the logistic model (equation
(2.15)), which is widely used in predictive growth modelling, to predict the growth of L.
monocytogenes in specific food matrices.

In(Ny) = In(Nppax) — ln{l + [Nmax] exp(_,umaxt)} [2.15]

No
Where N,is the concentration of L. monocytogenes (CFU/ml or CFU/g) at time t, Ny is

the maximum concentration (CFU/ml or CFU/g), N, is the initial concentration (CFU/ml or
CFU/8), Hmax is the estimated gnq, Using the gamma model (day'l) and t is the incubation
time (days).

Hundred simulations with 10,000 iterations were done in Microsoft Excel using @Risk
add-in for Excel version 5.2 (Palisade Corporation, New York, USA) to estimate the 5 - 95%
prediction intervals. In addition to the simulation, the 5 - 95% intervals of growth were
calculated manually using the worst case scenario of each parameter.

The food products used for the L. monocytogenes growth prediction were milk and ham.
The product specification of milk was described previously (Te Giffel and Zwietering,
1999), with pH was 6.6; a,, was 0.993; and temperature was 7°C. The product specification
of ham was provided by Corbion, the Netherlands, in which pH was 6; a,, was 0.965;
temperature was 7°C; and 3% (w/w) of 65% K-Lactate. The corresponding concentration
of [HLa] was calculated using the Henderson-Hasselbalch equation (equation (2.1)),
assuming that around 67% of ham is water (Fernandez-Salguero et al., 1993) and 100% of
[HLa] is in the water phase. Using the pH of ham and the provided concentration above,
the [HLa] concentration was 1.58 mM.

RESULTS

The effect of pH, a,,/[NaCl], [HLa], and temperature on ., of L. monocytogenes

In figure 2.2A - C, the variability in £, of L. monocytogenes as function of pH is shown.
The experimental variability was low as replicated i, estimates obtained on the same
experimental day were rather similar (figure 2.2A). The variability increased when the
data from three reproductions obtained on different days (figure 2.2B) or the data from all
strains (figure 2.2C) were compared. Of all 20 strains, strain FBR15 consistently had the
lowest i, over the whole pH range used in this study. In contrast to FBR15, strains
F2365 and EGDe were among the strains that had the highest growth rate at all pH values.
Variability was also observed in pH values at which growth could still be detected. Strain
F2365, which had the highest growth rate over the whole pH range, grew at pH 4.3 in one
of three reproductions. Four strains, namely ScottA, EGDe and two industrial strains
FBR17 and FBR21, were able to grow at pH 4.5, but failed to grow at pH 4.4. The other
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strains grew at pH 4.6, except for L6, FBR12, and FBR14 that showed growth only at pH 5
and higher pH values, meaning that the pH to initiate growth was between pH 4.6 - pH 5.

0.9 0.93 0.96 0.99 0.9 0.93 0.96 0.99 0.9 0.93 0.96 0.99

Aw
= 1.5 G 1.5 H 1.5 |
< 1 1 1
3
€05 0.5 0.5
S %o ' ©]
0 0 0
0 2 4 6 0 2 4 6 0 2 4 6
[HLa] (mM)
= 1.5 J 1.5 K 1.5 L
S o 1 e 1
X o) o (o]
S 05 0.5 0.5
S ° © 15 . e
T 0 : 0 - e .0/ 6 .

0 10 20 30 0 10 20 30 0 10 20 30

Temperature (°C)

Figure 2.2. The effect of pH (A-C); a,, (D-F); undissociated lactic acid concentration ([HLa]) (G-1) on
Hmax @nd temperature (J-L) on \/,umax of L. monocytogenes. Figure A, D, G, and J show the
experimental data of FBR 33 obtained on the same experimental day to visualize the experimental
variability; B, E, H, and K the experimental data of FBR 33 obtained on different experimental days
to visualize the biological variability; and figure C, F, I, and L the experimental data of all 20 strains to
visualize strain variability. @ ScottA, O EGDe, @ F2365, @ L0238, @ AOPM3, @ C5,
O H7764, @ H7962, O L6, @ FBR12, @ FBR13, @ FBR14, @ FBR15, @ FBR16,
O FBR17, O FBR18, © FBR19, @ FBR20, @ FBR21,and @ FBR33.
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Similar to the effect of pH, combining the ., data from different experimental days
(figure 2.2E) or different strains (figure 2.2F) increased the variability in z4,,y as function of
a,, or [NaCl]. The impact of variability caused by reproduction (biological variability) and
strains, however, seemed to be comparable. Strain variability was observed at the a, or
[NaCl] values where growth could be measured. Strain ScottA, which had the highest
growth rate over the whole a,, range, showed growth at a,, 0.926 (11.5% NaCl or 1.97 M).
Besides ScottA, seven other strains were also able to grow at this a, value. All strains,
except H7962, grew at a,, of 0.934 (10.5%, 1.8 M).

The same trend was observed for the effect of [HLa]. Figures 2.2G — 2.2| show that the
variability in g, increased when the g, data from different experiments were
combined. Ten out of 20 strains did not grow at the concentration of 5 mM [HLa], while at
4 mM only strain FBR15 was not able to grow.

Although differences between replicates were much lower than differences between
reproductions and strains for the variable temperature, the variance of z,,, as function of
temperature varied across the temperature range (figure S2.2). Therefore, different
transformations of ,,x Were applied to stabilize the variance, namely square root, logi,
and 1/square root transformations. The best transformation was the square root
transformation, and this was then used to transform the g, data as can be seen in
figures 2.2 - 2.2L.

Quantifying the impact of experimental, biological, strain variabilities on gy, of L.
monocytogenes

Experimental, reproduction and strain variabilities were quantified and are represented in
figure 2.3. The same trend was observed for the variables pH, a,/[NaCl] and [HLa]. For
those variables, the strain and reproduction variabilities were in the same order of
magnitude, and both were significantly higher than experimental variability (figures 2.3A —
2.3C). For the variable temperature, the strain variability was lower than reproduction
variability when those were calculated using non transformed g, data (data not shown).
A similar result was obtained when using a linear mixed model, in which the variance
component of reproduction variability was higher than the variance component of strain
variability. Since the variance of the temperature data varied across the temperature
values (figure S2.2), the square root transformed ., data were used to calculate the
variability. When the square root transformed i, data were used, the strain and
biological variabilities were comparable and both were significantly higher than
experimental variability (figure 2.3D).
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Figure 2.3. E (experimental), R (reproduction), and S (strain) variabilities, presented as the root
mean square error (RMSE), calculated using the g, data of 20 L. monocytogenes strains: A) the
variability as function of pH; B) the variability as function of a,; C) the variability as function of
undissociated lactic acid ([HLa]); and D) the variability as function of temperature for square root

transformed 4,0, data.

Model fitting
Modelling the 4., as function of pH
Eleven secondary pH models, including a new proposed model, were used to fit the g,
data of each L. monocytogenes strain (table 2.2). The new proposed model (model 11)
was a modification of model 5, in which the value 10 of the model was changed into a
parameter “ap,y” to increase curvature flexibility resulting in:
Hmax = Hopt(1 — oy PHmin=PH)) [2.16]
The new model was further re-parameterized to replace the shape parameter “a,,” with
a parameter that has an interpretable meaning. The parameter pHy; is defined as the pH
at which the g,qx is half of the g, (equation (2.17)).

(PH—PHmin)

HUmax = Hopt 1- 2(pHmin_pH1/2) [2.17]
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From all secondary pH models used to fit the data, model 8 had the lowest overall mean
square error (table 2.2). Model 11, however, was slightly better than model 8 based on
the lowest mean square error for 10 out of 20 strains. Although the lack-of-fit test results
of both models were almost similar, further comparison with the Akaike Information
Criterion (AIC) showed that model 11 had lower AIC (13 out of 20 strains) than model 8 (7
out of 20 strains). Model 11 was also preferred since it has one parameter less than model
8, and in some cases the pH,,, estimate of model 8 was unrealistic (due to unavailable
data at higher pH values). Considering all those results, model 11 was selected as the best
model for further estimating tp: (h™) (figure S2.3), pHi (figure S2.4), and pHp, (figure
2.4A) of each strain. The pH,,;, estimates ranged from 4.34 to 4.68, with an average of
4.51. The lowest pH,,;, (4.34) was estimated for strain F2365, while the three highest pH,,,;,
were estimated for strains L6 (4.60), FBR12 (4.64), and FBR33 (4.68).

M)

[NaClmaxl (

[HLomax] (mM)

Figure 2.4. The pH, (A), maximum sodium chloride concentration ([NaCl,,J) (B), maximum
undissociated lactic acid concentration ([HLa,,q.J) (C), and T,,;, (D) estimated using secondary growth
models for the 20 L. monocytogenes strains. The error bars show the confidence interval of each
value. * the confidence interval cannot be estimated.

39



3 0z/0 vZ10 v ASQEQ _ RSEEQVAEEEQ _ :SEQV sdoyy _ xouy 6
Q&Q _ xcEN.NQVAEEm& _ m&v -
L 0z/6  8790°0 ¥ [(%Hd — pd) = ("Hd — gd)("Hd — HA) 8
pmoﬁ. — XDy
(""pd — gd)("*“Hd — gd)
9 ON\O €710 v :m&N _ EEIQ + EQIQVAVEEEQ _ Ecmav _ Apmom& _ EQVAEEEQIEQEQV:EEEQ _ :SEQV Adory _ vy L
Sy 0z/0 L1600 € 9
T&EEQIEQOH - vamal:_EmROH - th&ol = *ou
12 0z/T 6680°0 14 S
(pa—wuygq0T — )40 = *7rd
¢ oc/o. - otzo i NQEsm%me% — 1) (“yd — pd)Hdp) = xvuy Y
4 0z/0 S¢T0 14 €
Txusm?méam - 1}(*"yd — Hd)HY = *ouy
C ON\O ¢CcT0 € AR.GE:Q| EQVA.EEN.NQ _ m&v m&»u — Xpuy C
T 0z/0 SLL'O 4 (“uyd — ) i = ¥y T
i EN EN *Jed
.4 ok * ) I9poN ON
xxs 1S9MO7  ||BJAAQ  JO 'ON

2ouewJoyad Sunnyy pue sialsweded o Jaquinu J13y3 Suipnjpul ‘Hd jo uolduny se 47 ay3 Suily 4oy pasn sjepow Hd Alepuodas z'z a|qel

40



“Apnis siyL (6 ‘966T | 32 SulalaIMZ (8 'S66T e
19 0SS0Y (£ ‘€66T “'|2 32 0SS0Y (9 ‘OTOT € 19 S1919d-e15319 (S /66T “[8 18 195S34d (¥ ‘€86T | 38 Aysmoxiey (€ ‘S66T e 19 saziIMm (Z ‘T66T “|e 18 swepy (T

SOUDIDYDY  sxx

'suledls 0

10 1IN0 QT J0J JSIAI 1S9MO| 3Y1 pey [3pow ay1 1Byl suesw OZ/0T aN|eA 3YL "SUleJlS O || WOJ) 10443 3ienbs uesw 1Samo| 3yl pey [9poW 3yl U31JO MOY SMOYS

'SUleJIS OZ ||B JO ISIAI S,[9POW JO WNS Y} 4

41

. d _ — d d —

6 0Z/0T  0£90°0 € Amm?ssivm —1 | 1oy = ouy = As?ssm 0% - 1)7on = gl gy

A:.:::&Im&v
. unlyrd _ 3dogyd
8 0e/0 7o 3 LH i) rdoy _ xowyy 0T
(Hd = “Mgd — *°pdz) (*"yd — gd)

i EN EN “Jed
R - * . [9pPON ON
orx 1S9MO7 IEELNe} JO "ON

panunuod 'z 3|qel



Chapter 2 Growth variability of L. monocytogenes

Modelling the g4, as function of a,,/[NaCl

In total 18 secondary models for the effect of a,/[NaCl] (table 2.3) on 4., were selected
and tested based on four criteria described above. The transformation of a, to [NaCl]
model and vice versa was done by assuming that:

a, =1—d[S] [2.18]

In which a,, is the water activity value measured using Novasina a, meter, [S] is NaCl
concentration in mol/L, and d is 0.037 estimated from all a,, values and the corresponding
salt concentrations in mol/L. The fitting of the secondary a,, model, however, was done
using the measured a,, value instead of the a,, value calculated using the above equation,
and therefore, slight differences were observed between MSE [S] and MSE a,,.

From all models used to fit the data, model 9b had the lowest overall mean square error,
followed by models 3b and 3a. However, the overall mean square error of model 9b was
not significantly lower than that of models 3a and 3b. Also, in some cases the gy
estimated using model 9b was considerably low (e.g. 0.2 h™"). Considering these results,
although model 9b had a lower AIC (17 out of 20 strains), models 3a and 3b were
preferred since these had also fewer number of parameters. Although both models
showed similar good fit for 18 out of 20 strains, model 3b had a lower AIC (13 out of 20
strains) than model 3a. Therefore model 3b was used for further estimating [NaCl,,..].
Using secondary [NaCl] model 3b three parameters, namely tp; (h™) (figure S2.3);
maximum NaCl concentration [NaCl,,J in mol/L (figure 2.4B); and shape parameter
“@vacyy” (figure S2.5A), were estimated. The 4, parameter of 20 strains estimated using
this model was in agreement with the one obtained using the secondary pH model.
Moreover, the shape parameter “a[yqc;)” Was significantly different from one for 19 out
of 20 strains, supporting the use of model 3b over a linear model. The [NaCl,,.J] estimates
given by model 3b were in the range of 1.81-2.15 M, in which the highest concentration
was estimated for strain FBR17.
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Chapter 2. Growth variability of L. monocytogenes

Modelling the g4, as function of [HLa]

From five secondary models selected to fit the s, as function of [HLa], model 1 had the
lowest overall mean square error (table 2.4). It also had the lowest mean square error for
16 out of 20 strains, and showed a good fit for all 20 strains. The closest alternative of this
model was linear model 2 which had 0.018 point difference in overall MSE compared to
model 1. However, model 2 had the lowest mean square error for only 4 out of 20 strains,
and showed a good fit for 18 out of 20 strains. The AIC test also showed that model 1 (18
out of 20 strains) had a better performance than model 2 (2 out of 20 strains). Therefore,
secondary [HLa] model 1 was selected to model 4,4, as function of [HLa].

The yopt(h'l) as function of [HLa] was the t (h'l) at pH 5.5, because the experiments
were done at pH 5.5. The fitting result showed that in 11 cases parameter “oyu,” was
significantly different from one (figure S2.5B). For strain FBR 15, the confidence interval of
parameters “oguq” and [HLapqJ could not be obtained because only two [HLa] values (0
and 3 mM) were available for fitting the secondary model with 3 parameters. In general,
the estimated [HLa,,.J of each strain was around the average (5.1 mM), except for strains
FBR17 (6.1 mM) and FBR 5 (4.3 mM) (figure 2.4C).

Table 2.4. Secondary models of [HLa] and their fitting performance

No.
© Overall Lowest wxx)
No. Model of Ref.
MSE * MSE**
par.
[HLa] \“Hial
1 = 1-({—— 3 0.0511 16/20 1
HUmax = Hopt < <[HLamax]) ) /
2 = (1 [HLa] ) 2 0.0688 4/20 2
HUmax = Hopt [HLamar] .
3 = 1 [HLa] 2 0.137 0/20 3
HUmax = Hopt [HLamoy] .
4 = (1 [fLa] ) 2 0.0701 0/20 4
Hmax = AHA\ ™ [HLa,, (1 + 10PH-PKa) :
5 lmax = HoptexP(—uiq)[HLa] — [HLaAymqy]) 3 0.178 0/20 5

*  the sum of model’s MSE of all 20 strains.

**  showed how often the model had the lowest mean square error from all 20 strains. The value 16/20
means that the model has 16 times the lowest mean square errors over the fitting with 20 strains.

***  References
1) Luong, 1985; 2) Ghose and Tyagi, 1979; 3) Le Marc et al., 2002; 4) Presser et al., 1997; 5) Yeh et al.,
1991.
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Chapter 2 Growth variability of L. monocytogenes

Modelling the z,qy as function of temperature

A linear model (equation (2.20)) (Ratkowsky et al., 1982) was used for estimating the
parameter T,,,.

Vitmax = ar(T = Tryin) [2.20]
When fitting the secondary temperature model to y,, data, the slope parameter “o”
and parameter T,,;, (°C) had an average estimate of 0.031 (5-95% prediction interval (PI)
between 0.029 and 0.033) and -2.2°C (PI between -3.3°C and -1.1°C). Strain C5 and FBR21
had the lowest T,,,,, which were about -3.0°C (figure 2.4D).

Predicting the growth of L. monocytogenes in food products

In this study the worst case scenario was assumed and no lag phase was taken into
account in the growth prediction. This is a realistic scenario when the contaminant is
adapted to the product and the environment. Low temperature (7°C) did not prevent the
growth of L. monocytogenes when the other environmental factors were almost optimal
as in the case of milk (table 2.5).

When L. monocytogenes is present in milk, it will be able to grow until it reaches
maximum levels (figure 2.5). Strains C5 and FBR21, which were found to have the lowest
Tmin, Were able to grow faster than the other strains when temperature is the only growth
limiting factor. In the case of ham, the combination of low temperature, mild
concentration of NaCl, and the use of lactic acid as preservative slightly inhibited the
growth of L. monocytogenes. In this case, strain FBR21 grew slightly faster than the other
strains. In both products strain FBR15 grew slower than the other strains because it had
the lowest growth rate. To compare these predictions to available literature data, the
growth parameter estimates of the cardinal model without interaction from Coroller et al.
(2012) (figure 2.6) were used. This latter study estimated the growth parameters from
different data sources including literature, unpublished sources and databases. These
growth parameter estimates were obtained from various products and media. Therefore
these estimates were lower or higher than our parameter estimates because in our study
defined broth conditions were used. So, as expected, the growth kinetics predicted using
the mean parameter values were higher than ours, both in ham and milk. But, when the
95% prediction intervals of these parameters were used, the intervals of predicted growth
kinetics in both products overlapped with our intervals.
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Chapter 2 Growth variability of L. monocytogenes

Table 2.5. Average value of z,sand y*) factors calculated for each food product

Food Products Average .. and y factors

Milk Hrep=0.99 (h'l); v(pH) = 0.98; y(T) = 0.082; y(ay) =
pH 6.6, a,,0.993, T=7°C 0.96; v (total)=0.077

Ham Lrer = 0.99 (h™); y(pH) = 0.93; y(T) = 0.082; y(ay) =
pH 6, a,, 0.965, T=7°C, [HLa] 1.58 mM 0.62; 7y(HLa) = 0.74; ¥ (total)= 0.035

*) v was defined as being relative to the reference condition at pH 7.3, a,, 0.997, [HLa] 0 mM, and T 30°C.

U=
E [e)] (o] o
1 )

w

Log 10CFU/mI
Log 10CFU/g

time (days) time (days)

Figure 2.5. The predicted growth of 20 strains of Listeria monocytogenes in milk (A) and ham (B)
with initial concentration (Ny) 2 CFU/ml (or g), Npax 10° CFU/ml and T 7°C. Black dashed line is the
worst case with all input values (DHpmin, Gumin [ HLOmaxl, Tminand tiye) as being upper level (95%) or
lower level (5%) of prediction interval. Grey dashed line is the simulation result with @Risk using 5-

95% prediction interval of each parameter as the input value. === ScottA, EGDe, == F2365,
— L028, == AOPM3, == (5, H7764, == H7962, L6, FBR12,
= FBR13, FBR14, == FBR15, == FBR16, FBR17, FBR1S, FBR19,

== FBR20, == FBR2land == FBR33.

DISCUSSION

Variability in microbial growth kinetics have been observed in studies using
Staphylococcus aureus (Lindqvist, 2006), Salmonella (Lianou and Koutsoumanis, 2011a;
Oscar, 2000) and Listeria (Barbosa et al., 1994; Begot et al., 1997) species. The variability
of timax among Salmonella enterica strains was reported to be greater than within strain
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Chapter 2 Growth variability of L. monocytogenes

variability (Lianou and Koutsoumanis, 2011a). Strain variability was described to be larger
than the error calculated from experimental procedures using single strains or cocktails of
Escherichia coli 0157:H7 (Whiting and Golden, 2002). It was also suggested to be four to
six times higher than the inherent variability of the method and experimental protocol for
a single strain of S. aureus (Lindqgvist, 2006). In contrast to what was already reported, our
finding showed that biological variability and strain variability were in the same order of
magnitude, and both were around two to four times higher than experimental variability.
A previous study (Lianou and Koutsoumanis, 2011a) suggested that strain variability
amongst S. enterica strains was larger when the growth conditions became unfavourable.
It should be noted, however, that the degree of variability reported by Lianou and
Koutsoumanis (2011a) was based on the coefficient of variation (CV) ratio value. When
the standard deviations are similar for all growth conditions such as in our study, the CV
ratio will increase when the growth conditions become unfavourable. We also observed
larger variability in . near the growth boundary for pH than for NaCl conditions, which
corresponded to the previous result from Lianou and Koutsoumanis (2011a) study.

The estimated cardinal parameters were used to screen the presence of robust strains in
all growth conditions tested. However, lack of correlation was observed between cardinal
parameters (supplement 2.2). From all 20 strains, only strain FBR17 was observed to have
low pH,in, high [NaCl,,.J and high [HLa,,.J. Among all 20 strains, strain FBR15, which is an
industrial environmental isolate (equipment), consistently had lower ,,, over the pH and
[HA] ranges. In contrast, Begot et al. (1997) showed that strains originating from industrial
environments were among the faster growing strains. It was suggested that those strains
were accustomed to growing in a wide range of harsh conditions allowing them to adapt
to unfavourable conditions. Our study showed that also industrial isolates can be slow
growers, underlining the wide strain variability.

Many factors influence variability in cardinal growth parameters. The fitted cardinal
parameters were benchmarked to the available literature data (figure 2.6). Figure 2.6
shows that strain variability in cardinal growth parameter explained around 1/3 or less of
the variability found in literature. Since the effect of strain alone did not explain all
variability found in literature, other factors such as growth history and possible
interactions between growth limiting factors might also contribute to the observed
differences in cardinal growth parameter estimates. Van der Veen et al. (2008) reported
the pH,,, of 138 strains L. monocytogenes in BHI at 30°C using HCl as acidulant, and these
pHni» values were in the range of our fitted pHp,,. In the latter study when the growth
temperature was changed to 7°C, the pH,.;, values were reported higher than the ones at
30°C. The pH,,;, was also reported higher when organic acids, such as lactic acid and citric
acid, were used as acidulant (Cole et al., 1990; Conner et al., 1986). In this case, besides
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Chapter 2 Growth variability of L. monocytogenes

pH, the undissociated form of organic acid also influences the pH,,,,. When only the effect
of strain was taken into account, our fitted ay,mi/[NaCl,,J had a wider range than the
aw,min reported by Van der Veen et al. (2008) in BHI at 30°C and pH 7.4. Besides growth
conditions, the type of solutes used to lower water activity also influenced the variability
in the cardinal growth parameters (Augustin and Carlier, 2000; Farber et al., 1992; Nolan
et al., 1992; Tapia De Daza et al., 1991).

The reported T,,;,, of L. monocytogenes from literature data was between - 6.1°C and 9.1°C
(Augustin and Carlier, 2000). This wide range of reported T, in comparison to our data
was influenced by different factors, such as the presence of organic acid and nitrite in the
medium, or the modification of the atmospheric conditions. Because each reported
experiment was done using a different set of strains and conditions, it is difficult to clearly
distinguish the effect of each factor on T,,;, variability. The T, in our study was estimated
using four temperature points using the square root model with two parameters,
assuming that there is a linear correlation between temperature and the square root of
Lmax- Notably, some studies reported a nonlinear behaviour of L. monocytogenes at
suboptimal temperatures (Bajard et al., 1996; Le Marc et al., 2002). One then could argue
that with only four temperature points and assuming a linear correlation between
temperature and square root of f,,, we might overestimate the T,,, of the corresponding
strains used in this study. However, the MSE,,4e) Was comparable to the MSEg,:, for 11 out
of 20 strains. When the MSEg,:, is much lower than the MSE,.4ef then the use of a more
complex model, such as a temperature model with inflection point, might be justified. But,
when this model is used to estimate parameter T,,;,, more data points should be available
at different suboptimal temperatures.

The quantitative knowledge on the impact of strain variability on the growth parameters
can be integrated into a mathematical model describing growth kinetics (Delignette-
Muller and Rosso, 2000; Lianou and Koutsoumanis, 2011b; Nauta and Dufrenne, 1999).
Although strain variability was similar to biological variability in our study and explained
only a part of the variability found in the literature, the attempt to integrate strain
variability into mathematical models will result in a more realistic prediction of the growth
of L. monocytogenes, such as in the examples of milk and ham. This integration resulted in
2-4 log,, cfu/ml(g) difference in the growth prediction between the most and least robust
strains, depending on the food product type. In cases where growth is limited, higher
differences in prediction between strains might be expected. Then the negligence on this
difference will result in an underestimation of the true microbial growth behaviour.
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Figure 2.6. The fitted cardinal growth parameters of 20 L. monocytogenes strains from this study
(A the error bars show the confidence interval of each parameter) plotted together with the
available literature data: A) pHpmin, B) @, min, C) [HLGmaxd, D) Trin to visualize the impact of variability
on cardinal growth parameters found from literature (O Augustin and Carlier, 2000; < Van der
Veen et al., 2008; [ Coroller et al., 2012).
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SUPPLEMENTARY MATERIALS

Supplement 2.1. Secondary growth models transformation

pH model

(PH=DPHmin)
Hmax = Hopt (1 - z(pHmi"_pH1/2)>
(pHref_pHmin)
‘uref = .uopt 1- 2(pHmin_pH1/2)
Urer

(pHref_pHmin)
1 — 2 (PHmin—PHi1/2)

(pPH=pHmin)
1— Z(PHmin—PHl/z))

(pHref_pHmin)
1-— z(pHmin_le/Z)

Hopt =

Hmax = Href

a,, model

1-—a, daw
Umax = Hope | 1 — W
1—a, Gaw
Lrer = [k 1| — s
ref opt 1— aaw '
Hopt = s
(1— 1—a.

HUmax = Href
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[HLa] model (experiment at pH 5.5)

Hmax = HpH 55 (1 — (%)a[mal)

(PHS5.5-pHypin)
1_2(pHmin’PH1/z)

(pHref’pHmin)
1_2(pHmin_pH1/2)

HpH 5.5 = Href

(PH5.5—pHmin)
1— 2(pHmin_pH1/z)

> [HLa] \“ie
Hmax = ﬂref (pHref_pHmin) <1 B ([HLamax]) )

1-2 (pHmin_le/Z)

Temperature model

2
Hmax = (aT(T - Tmin))
Hmax = ar®(T - Tmin)2

Href = aTZ(Tref - Tmin)2

Uref
art=——m—mm—
(Tref - Tmin)
_ (T - Tmin)2
Hmax = ﬂref

(Tref - Tmin)2

Supplement 2.2. The Pearson correlation coefficient between cardinal growth parameters

Correlation between cardinal growth parameters Pearson correlation coefficient (r)
PHin and [NaCl ., -0.35
PHmin and [HLG a0, ] -0.33
[NaCl,,.,J and [HLa,,q,J] 0.049
Tmin and pHpin -0.24
Tmin and [NaCl ., ] 0.18
Tmin and [HLay,q,] 0.024
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ABSTRACT

Knowledge on the impact of strain variability and growth history on thermal resistance is
needed to provide a realistic prediction and adequate design of thermal treatments. In the
present study, apart from quantifying strain variability on thermal resistance of Listeria
monocytogenes, also biological (reproduction) and experimental variabilities were
determined to prioritize their importance. Experimental variability was defined as the
repeatability of parallel experimental replicates and biological (reproduction) variability
was defined as the reproducibility of biologically independent reproductions.
Furthermore, the effect of growth history was quantified. The thermal inactivation curves
of 20 L. monocytogenes strains were fitted using the modified Weibull model, resulting in
total 360 D-value estimates. The D-value ranged from 9 to 30 minutes at 55°C; from 0.6 to
4 minutes at 60°C; and from 0.08 to 0.6 minutes at 65°C. The estimated z-values of all
strains ranged from 4.4°C to 5.8°C. The strain variability was ten times higher than
experimental variability and four times higher than biological variability. Furthermore, the
effect of growth history on thermal resistance variability was not significantly different
from strain variability, and was mainly determined by the growth phase.
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INTRODUCTION

Thermal treatment is widely used in food processing, and aims to eliminate spoilage
microorganisms and pathogens in food products. The treatment is generally determined
by the thermal resistance profiles of the most resistant target microorganism. The D-value
is known as the time needed to reduce the bacterial concentration by one log cycle; while
the z-value is the temperature increase needed to reduce the D-value by a factor of ten.
The thermal resistance of bacterial cells varies and product formulation, such as salt
concentration, pH and fat content can alter the thermal resistance profiles of bacteria.
Therefore, it is important to know the factors that influence the variability of thermal
resistance and their magnitude in order to design an adequate thermal treatment for a
specific food product.

Many factors have been considered to contribute to the variability in thermal resistance of
microorganisms, amongst others, strain differences, physiological state of the cell, growth
condition, and test condition (Bayles et al., 2000; Doyle et al., 2001; Jgrgensen et al., 1996;
Kilstrup et al., 1997; Martinez et al., 2003; Miller et al., 2000). Considerable variability of
Listeria monocytogenes thermal resistance was observed in a comprehensive meta-
analysis study on thermal inactivation parameters (Van Asselt and Zwietering, 2006).
Following this meta-analysis study, a multiple regression model for thermal inactivation of
L. monocytogenes in liquid food products was constructed (Van Lieverloo et al., 2013) as
an alternative for the single regression model. In both studies however, the factors
reported to influence the D-value were smaller than the variability of all published data,
except for the effect of high salt concentration.

To date, several studies have focused on investigating the effect of strain variability on
thermal resistance of vegetative cells (Benito et al., 1999; De Jesus and Whiting, 2003;
Lianou and Koutsoumanis, 2013; Mackey et al., 1990; Ng et al., 1969; Rodriguez-Calleja et
al., 2006; Sorqvist, 1994) and spores (Berendsen et al.,, 2014; Luu-Thi et al., 2014).
However, the results between studies, even those using the same species, were different.
An older study on Salmonella species, as an example, reported that one strain (Ds5,31 min)
was 30 times more thermal resistant than the reference strain (Ds;1.2 min) used in the
study (Ng et al., 1969), while a more recent Salmonella thermal resistant study reported
about a two-fold difference in Ds,values between the least and the most thermal
resistant strains (Lianou and Koutsoumanis, 2013). Another study on L. monocytogenes
reported Ds,-value between 6.5 to 26 min in 27 L. monocytogenes strains (Mackey et al.,
1990).

While previous studies focused on strain variability, none compared or prioritized the
importance of strain, biological, and experimental variability. In the present study, strain
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variability is defined as the variability between strains from the same species. Biological
(reproduction) variability is defined as the variability between biologically independent
reproductions, and experimental variability is defined as the variability between parallel
experimental replicates. Moreover, from the literature strain variability and other
variability factors, such as growth history and the effect of physiological state of the cells,
cannot be easily compared, because available data were generated using different sets of
strains. To quantify different variability factors and to compare their magnitudes, a study
is needed which uses the same set of strains from the same species. Therefore, our main
objectives were to quantify the impact of strain variability on thermal resistance in
perspective to biological and experimental variability and variability caused by growth
history. The effect of growth history in the present study includes the effect of pre-
culturing condition and the physiological state of the cells. Quantification of these
variability factors allows to compare their magnitudes and to include them in prediction of
thermal inactivation kinetics or in the exposure assessment of risk assessment studies. L.
monocytogenes was selected as a model organism due to its ability to grow at harsh
conditions, such as low temperature and relatively high concentration of salt (Bajard et al.,
1996; Van der Veen et al., 2008).

MATERIALS AND METHODS

Culture preparation

Twenty L. monocytogenes strains, covering a wide range of origins, were used in this study
(table 2.1). The stock cultures were kept frozen at -80°C in 70% brain heart infusion (BHI)
broth (Becton Dickinson, France) and 30% glycerol (v/v) (Sigma Aldrich). From the stock
culture, a streak was made onto a BHI agar plate (BHI broth with 1.5% (w/v) of
bacteriological agar, Oxoid, England) and incubated for 24 h at 30°C. A single colony was
inoculated in a 250 ml Erlenmeyer flask pre-filled with 100 ml of BHI broth and incubated
until stationary phase for 17 h at 30°C, 200 rpm (Forma Orbital Shakers, Thermo Electron
Corporation, USA).

Thermal inactivation experiments

The thermal inactivation experiment was done using a water bath (Julabo SW23, Julabo
Labortechnik GmbH, Germany) set at 55°C (the duration was between 84 min for the most
thermal sensitive strains to 280 min for the most thermal resistant strain), 60°C (between
6 min to 24 min), and 65°C (between 45 s to 210 s). Three sterile 250 ml flasks were pre-
filled with 40 ml of BHI broth and pre-heated in the water bath at the desired
temperature. One flask was used to measure the temperature using a thermocouple
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(PeakTech 3150, Thermocouple K-type), while the other two were used for the
experiment. The stationary phase culture was inoculated 1:100 (v/v, final concentration
approximately 10" CFU/ml) in the pre-heated BHI to immediately start the inactivation,
because in this way the observed temperature drop was negligible (+0.3°C). The same
dilution (1:100) in non-heated BHI was also done for time point t=0. At each time point,
one ml of sample was diluted in 9 ml of peptone physiological salt (PPS, Tritium
Microbiologie), after which further decimal dilutions were made and the appropriate
dilution was plated in duplicate onto BHI agar plates using a spiral plater (Eddy Jet, IUL
instrument). For the time points with expected low concentrations of viable cells, one ml
of sample was transferred into a sterile cup, rapidly cooled down on ice to room
temperature, and spread plated onto three BHI agar plates. This method allowed us to
have a detection limit of 1 CFU/ml. All plates were incubated for 5 days at 30°C, and the
colonies were counted and reported in log;, CFU/ml. Each experiment was conducted in
duplicate on the same day and reproduced at least two times on different days to quantify
the experimental and the biological variability. The inactivation experiments were
conducted using on average eight sampling time points for 55°C, six sampling points for
60°C and five samplings points for 65°C.

Growth history experiments: the effect of pre-culturing conditions and physiological
state of the cells

Three strains were selected based on their thermal resistance at 60°C to quantify the
effect of growth history on thermal resistance, namely the least thermal resistant strain
(ScottA), the most thermal resistant strain (L6), and an intermediate thermal resistant
strain (C5). To quantify the effect of pre-culturing condition, we cultured the cells until
stationary phase in BHI medium adjusted to certain suboptimal conditions, namely, pH (5
and 6); % NaCl (2.5 and 5% (w/v)); and temperature (7°C and 15°C). For pH experiments,
the BHI broth was adjusted to pH 6 and pH 5 using 0.5 M H,SO, (Riedel-de Haén; Seelze,
Germany) and then filter sterilized using Steritop 500 ml (Millipore Corporation, USA). For
NaCl adjusted medium, 2.5% and 5% of NaCl (AnalaR NORMAPUR, VWR International,
Belgium) was added to the medium and sterilized for 15 minutes at 121°C; and for
temperature experiments plain BHI broth was used. A single colony from a BHI agar plate
was inoculated into 100 ml of BHI medium in a 250 ml flask and incubated for 24 h (pH 6),
42 h (pH 5), 22 h (2.5% NaCl), and 28 h (5% NacCl) at 30°C, 200 rpm. For temperature
experiments, the culture was incubated at 200 rpm for 3 days at 15°C, and for 8 days at
7°C. For the control condition cells were grown in BHI medium until the stationary phase.
Furthermore, to evaluate the effect of physiological state on thermal resistance of L.
monocytogenes, cells were also sub cultured in BHI broth at 30°C until the exponential
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phase (ODgy=0.5). All cultures were inactivated at 60°C as described in previous section of
thermal inactivation experiments.

Estimation of D- and z-value

The log, surviving counts were plotted against the inactivation time to obtain the thermal
inactivation curve of each inactivation experiment. The modified Weibull model
(Metselaar et al., 2013) was used to fit each thermal inactivation curve and to estimate
the 6 decimal reduction time, which is the time to reach 6 log;, reduction (equation (3.1)).
The 6D is selected because the reduction was within the experimental range and is of
relevance for pathogen inactivation (FDA, 2004). The modified Weibull model allows to fit
linear, concave, and convex inactivation curves and is able to fit the different thermal
inactivation curves of the strains. Points below the detection limit were not included in
the fitting procedures.

Logo Ny = Logyo Ny — 6 (é)ﬁ [3.1]
Where Logyo N; is logio number of surviving organism (log,o CFU/mL) at time t; Logyo Ny is
logyo initial number (log;, CFU/mL); t is time (min/s); 6D is the time to reach 6 logy
reduction (min/s); and S is the shape parameter. The fitting procedure was done using
Microsoft Solver Add-in and was confirmed using TableCurve 2Dv5.1. The D-value was
calculated as 6D/6. The D-values among strains for each temperature were compared
using Anova, followed by a post hoc (Tukey) test to classify strains based on their heat
resistance.

The D-values were used for calculating the z-value per strain as being the negative
reciprocal of the linear regression slope between the log,y, D-values (six values per
temperature) and temperatures. For z-value calculation, additional thermal inactivation
experiments were performed for strain L6 (i.e the most heat resistant strain) at 62°C and
70°C.

Quantifying variability

For quantifying experimental variability, biological (reproduction) variability, and strain
variability, the D-values were tabulated according to strain. Experimental, reproduction,
and strain variability were determined for each temperature and for all temperatures
combined using equations (3.2)-(3.4) following the scheme in figure 3.1.
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Strain 1 Strain 20
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Figure 3.1. Schematic figure to quantify Experimental (E), Reproduction (R), and Strain (S) variability.
Xersis the log,o D-value obtained for experiment “E”, biological reproduction “R”, and strain “S”. Xgs
is the average of two Xgzs obtained on the same day for strain “S”, X; is the average of Xzs from three
different experimental days for strain “S”, and X is the average log,q D-value of all strains.

Experimental variability:

20 3 2 _ 2
MSE = I;_f = ZS:lZR:lEi:_l(XERS XRs) 3.2]
1

Where MSE is mean square error, Xgs is the log,q D-value (min) of each experiment “E”,
biological reproduction “R” and strain “S”, Xgzs is the average log,, D-value (min) of
duplicate experiments obtained on the same day for strain “S”, and DF is the number of
data points (n=6*20 ) minus the number of parameters (p=3*20), which is 60 per
temperature or 180 for three temperatures.

Reproduction variability:

MSE = g — 2§212132=1(XR5—X5)2 [33]
DF n—p

Where Xgs is the average log,, D-value (min) of duplicate experiments obtained on the

same day for strain “S”, Xs is the average of Xzs from three different experimental days for
strain “S”, and DF is the number of data points (n=3*20) minus the number of parameters
(p=1*20), which is 40 per temperature or 120 for three temperatures.
Strain variability:

MSE = % _ Z?&iﬁ)—@z

Where X; is the average of Xgs from three different experimental days for strain “S”, X is

[3.4]

the average Xs of all 20 strains, and DF is the number of data points (n=20) minus the
number of parameters (p=1), which is 19 per temperature or 57 for three temperatures.
The F-test was used to compare strain variability, reproduction variability, and
experimental variability (equation (3.5))
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_ MSE; [3.5]
MSE,

Where MSE; is the mean square error of the first variability factor and MSE, is the mean
square error of the second variability factor. The F-test result was compared to the F-
critical value according to an alpha of 0.05. To quantify the effect of strain variability and
growth history on heat resistance at 60°C using three strains of Listeria monocytogenes,
the data were tabulated according to strain and growth history condition. The variability
factors were calculated using equations (3.6)-(3.7) following the scheme in figure 3.2.

Strain 1 Strain 2 Strain 3

[Xu,s,] [Xu,s,] [Xu,s,] => [Xn]
[X,s.] [X,s,] [Xp 5,1 > [Xn,]
[Xn,s.] [X,s,] [Xu,s,] > [Xp,]
[Xu,s,] [X,s,] [XH,s,] > [Xu,]
[Xhgs,] [Xngs,] [Xpys,l > [Xn]
[XHgs,] [Xhgs,] [XHes,]=> [Xn]
[Xh,s,] [X,s,) [Xn,s,]=> [Xn)]
[Xgs,] [Xgs,] [XHgs,J=> [Xn]
\% \Z v
(Xs] [Xs,] [Xs,]

Figure 3.2. Schematic figure to quantify the effect of strain and growth history for thermal
inactivation at 60°C. Xy is the average log,q Dgp-value for growth history “H” for strain “S”, Xy is the
average logyg Dgp-value for growth history “H” for all three strains, and Xs is the average logiy Dgo-
value for strain “S” for all eight growth history factors. The eight growth history factors are
stationary phase, exponential phase, pH 6 and 5, 2.5% and 5% NaCl, and temperature 7°C and 15°C.

Strain variability at 60°C using 3 strains:

MSE == = 2321 Bfi=1 Xas—Xn)® [3.6]
DF n—p

Where Xys is the average of log,y Dgp-value for growth history “H” for strain “S”; Xy is the
average of log,g Dso-value for growth history “H” for all three strains; and DF is the degrees
of freedom from n number of data points minus p number of parameters (DF=24-8).
Growth history effect at 60°C using 3 strains:

68



Chapter 3 Heat resistance variability of L. monocytogenes

MSE = E — ZIEEI=1Z§=1(XHS_XS)2 [37]
DF n—p

Where Xs is the average of log,q Dgo-value for strain “S” for all growth history factors; Xy is

the average of logyy Dgp-value for growth history “H” for strain “S”; and DF is the degrees
of freedom from n number of data points minus p number of parameters (DF=24-3).

To investigate which growth history factor mostly influenced the variability per strain, a
multiple linear regression was used (equation (3.8)).

Y =V + BiXy + BoXy + BsXs + BuXy + BsXs + BeXs + Br X7 (3.8]
Where Y is the obtained log;, D-values for all growth history factors, Y is the average log,
D-value at optimum condition (stationary phase cells), § is the coefficient of each
independent variable X, and X is each growth history factor (either 0 or 1). The results of
the multiple linear regression were also compared to the results of student t-test to
confirm the influence of a specific growth history factor on the D-value.

RESULTS

Thermal inactivation kinetics of L. monocytogenes

The thermal inactivation curves of 20 L. monocytogenes strains at 55°C, 60°C, and 65°C
are presented in figure 3.3. The difference between two replicates obtained at the same
experimental day (experimental variability) was relatively small at each temperature
(figures 3.3A, 3.3D, and 3.3G). The difference between three reproductions (each had two
replicates) carried out on different experimental days (biological variability) was higher
than differences between replicates (figures 3.3B, 3.3E, and 3.3H). But differences
between strains (figures 3.3C, 3.3F, and 3.31) were much higher than differences between
replicates or between reproductions. Moreover, at all temperatures, we observed that
strains L6, FBR14, and FBR16 had lower inactivation rates than the other strains, and
strains ScottA and LO28, which are often used as model strains (Casadei et al., 1998; Chen
and Hoover, 2003; Gaze et al.,, 1989; Stephens et al., 1994; Sumner et al., 1991; Van
Boeijen et al., 2011), were amongst the most heat sensitive strains at 60°C and 65°C.

To estimate the D-value, the inactivation curves were fitted using a modified Weibull
model. The fitting was done for each data set, giving a total of 360 D-value estimates. The
D-values of the twenty L. monocytogenes strains ranged from 9 to 30 minutes at 55°C,
from 0.6 to 4 minutes at 60°C, and from 0.08 to 0.6 minutes at 65°C. There was a
relatively good correlation between the D-values obtained at the different temperatures
(R*=0.93 (60°C and 65°C), 0.87 (65°C and 55°C), 0.87 (65°C and 55°C)) meaning that the
strain having a high D-value at 65°C was also found to have a high D-value at 60°C or 55°C.
Further analysis using Anova and post hoc test showed that strain L6 had the highest D-
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values from all strains at all temperatures, and it was followed by strains FBR14 and
FBR16.
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Figure 3.3. Thermal inactivation curves of twenty L. monocytogenes strains at 55°C (A-C), 60°C (D-F),
65°C (G-1). Figure A, D, G are the thermal inactivation curves of FBR16 from the same experimental
day; figure B, E, H are the thermal inactivation curves of FBR16 from three different experimental
days. In Figure C, F, and I: 4 Scott A, ¢ L028, € EGDe, ¢ F2365, @ AOPM3, < C5,
O H7764, @ H7962, @ L6, < FBR12, < FBR13, € FBR14; ¢ FBR15; ¢ FBRI1SG;
9 rBR17; O FBR18; @ FBR19; ¢ FBR20; € FBR21; € FBR33.

The D-values per strain were used to estimate the z-value by taking the negative

reciprocal of the slope of the linear regression between log,q D-values and temperature
(figure 3.4). The linear regression for strain L6, the most heat resistant strain, was based
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on five temperatures of 55°C, 60°C, 62°C, 65°C, and 70°C, while the linear regression of
the other strains was based on three temperatures. The estimated z-values (table 3.1)
ranged from 4.4°C to 5.8°C.

10

55 60

65 70

10

Log D-value (Log min)
o

Temperature (°C)

Figure 3.4. The linear regression between log,, D-value and temperature used to estimate the z-
value of each Listeria monocytogenes strain: 4 Scott A, ¢ L028, < EGDe, @ F2365, © AOPM3,
@ 5 O H7764, O H7962, @ 16, @ FBR12, & FBR13, ¢ FBR14, ¢ FBR15, ¢ FBRI1G,
@ rBR17; O FBR18, € FBR19, < FBR20, @ FBR21and € FBR33.

Table 3.1. The average D-values of twenty Listeria monocytogenes strains at 55°C, 60°C, and 65°C

and the estimated z-values

D-value (min)*

Strain z-value (°C)**
55°C 60°C 65°C

ScottA 13.1(1.2)“**  0.58 (0.094)° 0.084 (0.011)° 4.5 (4.2-4.9)
LO28 13.3 (0.68)" 0.59 (0.13)*° 0.075 (0.0067)° 4.4 (4.1-4.8)
EGDe 18.5 (0.36)™ 1.6 (0.30)"" 0.17 (0.022)*"¢  4.9(4.7-5.1)
F2365 18.7 (1.1)*¢ 1.7 (0.18)8" 0.20 (0.032) " 5.1(4.9-5.2)
AOPM3 16.4 (0.20)"" 1.4 (0.041)**%  0.16(0.029)**"  5.0(4.8-5.1)
cs 18.4 (0.46)™ 1.6 (0.27)%" 0.22 (0.0095) 5.2 (5.0-5.4)
H7764 9.18 (0.79)° 0.76 (0.080)*™°  0.11(0.0048)®° 5.2 (5.0-5.4)
H7962 13.4 (0.50)*° 1.2 (0.21)%¢ 0.17 (0.013)*"®  5.3(5.0-5.5)
L6 30.2 (1.2) 4.1(0.41) 0.57 (0.080)’ 5.7 (5.6-5.8)
FBR12 13.3 (0.32)*° 0.78 (0.093)>°  0.12 (0.014)° 4.9 (4.5-5.2)
FBR13 13.4 (0.90)*¢ 0.62 (0.11)*° 0.086 (0.022)*° 4.5 (4.2-4.9)
FBR14 24.5 (3.2 3.4(0.23)’ 0.41(0.027)" 5.6 (5.5-5.8)
FBR15 11.4 (0.37)° 1.5 (0.10)* 0.14 (0.028)%** 5.2 (5.0-5.5)
FBR16 19.8 (0.98) 2.0(0.15)" 0.34 (0.0088)" 5.7 (5.4-5.9)
FBR17 11.5 (0.48)"" 0.92 (0.17)~° 0.11 (0.021)¢ 5.0 (4.7-5.2)
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D-value (min)*

Strain z-value (°C)**
55°C 60°C 65°C

FBR18 14.7 (1.4)%" 1.2 (0.10)%" 0.12 (0.015) ¢ 4.8 (4.6-4.9)
FBR19 13.8 (1.3)*¢ 1.3 (0.10)>" 0.12 (0.011) ** 4.9 (4.8-5.0)
FBR20 12.8 (0.36)>° 1.1(0.15)%¢ 0.14 (0.013) ¢ 5.1(4.9-5.2)
FBR21 16.1(0.53)" 1.2 (0.16)*¢ 0.19 (0.028) & 5.2 (4.8-5.5)
FBR33 14.9 (1.6)* 1.2 (0.19)* 0.16 (0.013) **f 5.1(4.9-5.3)
Average **** 15.9 14 0.18 5.1
Standard
deviation***** 49 0.88 0.12 0.35

value within bracket is the standard deviation.
value within bracket is 95% confidence interval.

similar code shows comparable thermal resistance.

*¥***  value is the average of 20 strains.

*¥**%%  value is the standard deviation of 20 strains.

Variability in thermal inactivation profile of twenty L. monocytogenes strains

Effect of experimental, biological (reproduction) and strain variability

As expected, when the D-value data were plotted against temperature, the variability
increased with the decrease in temperature. Thus, the assumption for statistical analysis
that the variance was equal over the temperature range was not met. Therefore, before
using the D-value data for variability calculation, transformation to log,y D-value was done
to normalize the data. Figures 3.5A, 3.5B, and 3.5C show the calculated variability using
the log,y, D-value at 55°C, 60°C, and 65°C and figure 3.5D shows the calculated variability
when the logyy D-value from all temperatures were combined. In general strain variability
was much larger than experimental and biological variability. Strain variability at all
conditions was ten times higher than experimental variability and four times higher than
reproduction variability.

Effect of growth history: pre-culturing conditions and physiological state of the cells

The results showed that except for the exponential-phase cells, the effect of growth
history on thermal inactivation kinetics was strain dependent (figure 3.6 and supplement
table 3.1). Strain ScottA pre-cultured until the stationary phase in low pH medium, high
NaCl medium or at low temperatures was significantly more resistant than when pre-
cultured in optimum medium (figures 3.6A and 3.6D). In contrast, strains C5 and L6 pre-
cultured at low temperatures were significantly less resistant than cells pre-cultured at
30°C (figures 3.6B, 3.6C, 3.6E and 3.6F). However, strains C5 and L6 pre-cultured in 2.5%
and 5% NaCl had similar thermal resistance to cells pre-cultured in optimum conditions
(figures 3.6B, 3.6C, 3.6E and 3.6F). The effect of pre-culturing at low pH, however, was
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different for both strains. Strain C5 was significantly less resistant when it was pre-
cultured at pH 5, while strain L6 was significantly less resistant when it was pre-cultured at
pH 6. While the effect of pre-incubation condition was strain dependent, the results
showed that for all three strains, exponential phase cells had a much lower thermal
resistance than that of stationary phase cells. Furthermore, both multiple linear regression
(supplement table 3.2) and t-test analyses showed that exponential-phase cells had the
highest effect on D-value for strains L6 and C5. Although exponential-phase cells also had
a significant effect on D-value for ScottA, this effect was less than the effect of pH.
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Figure 3.5. Experimental (E), Reproduction (R), and Strain (S) variability expressed in RMSE (Root
Mean Square Error) which was calculated using log,q D-value at (A) 55°C, (B) 60°C, (C) 65°C, and (D)
all three temperatures. The RMSE is the root mean squared differences between each experiment
“E”, or between biological reproductions “R”, or between strains “S”. * p value is less than 0.0001.
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Figure 3.6. Effect of growth history on thermal resistance of ScottA (A, D), C5 (B, E), and L6 (C, F) at
60°C. The bottom figures are the log,, D-values fitted using modified Weibull model from the
respective curves of ScottA (D), C5 (E), and L6 (F). € stationary-phase cells, ¢ exponential-phase
cells, @ pH6, @ pHS5, @ NaCl 2.5%, @ NaCl 5%, € 7°C, € 15°C. * the value was significantly
different from the cells pre-cultured until stationary phase in optimum condition (30°C).

The logyo transformed Dgp-values of the three strains from different growth conditions
were used to compare variability caused by strain and by growth history. In general, the
effect of strain on the variability of thermal resistance was similar to the effect of growth
history (figure 3.7). However, when the effect of the exponential cells was not taken into
account, the effect of strain on the variability of thermal resistance was significantly
higher than the effect of growth history.
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Figure 3.7. Variability in thermal resistance of Listeria monocytogenes: A) thermal resistance data
collected in the meta-analysis study of Van Asselt and Zwietering (2006); B) the effect of
experimental, biological and strain variability based on 20 strains; C) the effect of growth history
(pH, NaCl, and temperature) based on 3 strains; and D) the effect of growth history and
physiological state based on 3 strains. The solid and the dotted lines in figures A-D are the average
and 95% prediction interval of log;, D-value from the meta-analysis study of Van Asselt and
Zwietering (2006) (thermal resistance data in the presence of high concentration of salt were not
included). O literature data, €) Stationary-phase cells, <) exponential-phase cells, ¢ pH 6, @ pH 5,
@ NaCl2.5%, ¢ NaCl5%, & 7°C, ¢ 15°C.
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DISCUSSION

Knowledge on the sources of variability is needed to generate realistic estimates of
thermal inactivation parameters. The replications and reproductions made and the use of
twenty strains allowed us to quantify experimental, biological, and strain variability as
sources of variability. With a broad selection of L. monocytogenes strains we observed
strain to strain variation with respect to their thermal resistance. Interestingly, the origin
of the strains seemed to have no relation with the thermal resistance profiles of the
strains. For example the most thermal resistant strains L6, FBR14, and FBR16 were
isolated from different food products, and not all human isolates were in the group of the
least thermal resistant strains. The strain variability found in our study at 60°C was higher
than previously reported using twelve strains of L. monocytogenes (Sorqvist, 1994).
However, in the latter study no discrimination was made between strain, biological, and
experimental variability, although replication of each experiment was reported. Using the
temperature range of 55°C, 60°C, and 65°C, we estimated the z-value to be in the range of
4.4°C - 5.8°C. These ranges were smaller than the results of previous studies, which
reported z-values between 5°C - 7°C (Doyle et al., 2001; Van Asselt and Zwietering, 2006),
and between 4.8°C - 7.1°C based on narrow temperature ranges, namely 58°C, 60°C and
62°C or 60°C, 62°C and 64°C (Sorqvist, 1994). Wide temperature ranges might assure the
accuracy of the estimated z-values and this is especially relevant for the most heat
resistant strains.

Although many studies are available on thermal inactivation kinetics of L. monocytogenes,
little is known about the magnitude of strain variability in perspective to biological and
experimental variability. Strain variability, calculated on log,, scale, in the present study
was found to be four times higher than biological variability and ten times higher than
experimental variability. This result was in agreement with the result of an Escherichia coli
study where the magnitude of strain variation was greater than the uncertainties
calculated from experimental procedures using single strains or cocktails (Whiting and
Golden, 2002). In contrast, strain variability was reported to be similar to the biological
variability in another study using L. monocytogenes (De lJesus and Whiting, 2003).
Similarity between strain variability and biological variability was also reported from a
recent publication using Salmonella enterica strains, where the coefficient of variation
(CV) of strain variability on specific inactivation rate (kpe.:) Was 18.3% compared to the CV
among replicates of 10.246.5% (Lianou and Koutsoumanis, 2013).

In the current study, experimental, biological, and strain variability were calculated using
estimated log,o D-values, which were obtained from fitting the modified Weibull model.
The goodness of fit of the model was evaluated using the mean square residual (MSE)
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between the observed and the fitted data (Den Besten et al., 2006). The average MSE
value was between 0.17 - 0.27 (supplement table 3.3). The MSE value obtained from the
model fitting cannot be directly compared to the variability calculated using the estimated
logio D-value. However, the MSE obtained from the model fitting was not only influenced
by the model, but also by the accuracy of the method used to obtain the thermal
inactivation data, namely plate counting error and pipetting error.

Besides strain differences, the physiological state of the cells and growth history are
known to influence the thermal resistance of L. monocytogenes. However, no study
compared structurally the magnitude of various growth history effects on thermal
resistance variability. It is generally known that exponential phase cells are more sensitive
than stationary phase cells (Doyle et al., 2001; Martinez et al., 2003; Ng et al., 1969). In
the present study, the thermal resistance of the stationary-phase cells were four to eleven
times higher than that of exponential phase cells (figure 3.6). Moreover, the enhanced
thermal resistance of cells when pre-adapted to certain stresses has been reported (Den
Besten et al., 2006; Den Besten et al., 2010; Farber and Pagotto, 1992), and was explained
by stress-induced adaptation (Lou and Yousef, 1996), which might provide (cross)
protection to other stresses (Lou and Yousef, 1996). In the present study the effect of acid
adaptation on thermal resistance showed to be strain dependent. Although some studies
reported that exposure to acid by means of acid adaptation and acid shock prior to
heating increased the thermal resistant of L. monocytogenes, Salmonella, or E. coli
(Alvarez-Ordéfiez et al., 2008; Farber and Pagotto, 1992; Leyer and Johnson, 1993;
Mazzotta, 2001), these results were not considered as conclusive since decreased thermal
resistance was also observed for L. monocytogenes which were acid shocked for longer
than one hour before heating at 58°C (Farber and Pagotto, 1992).

Similar to acid, the effect of sodium chloride was strain dependent. Enhanced thermal
resistance was observed only for ScottA grown in the medium supplemented with 2.5%
and 5% of sodium chloride. The effect of sodium chloride, however, was not as high as the
effect of pH, because the adaptation only resulted in between 1.3 to 1.9 times increase in
Dgo-value. The increase in heat resistance after adaptation to salt was also reported for
Bacillus cereus by Den Besten et al. (2006). As for acid stress, salt stress exposure was
found to be able to induce heat shock proteins, amongst others DnaK (Kilstrup et al., 1997;
Meury and Kohiyama, 1991), which was found to be responsible for the increased thermo
tolerance of E. coli (Delaney, 1990) and was also induced during heat shock experiments in
L. monocytogenes EGDe (Van der Veen et al., 2007). The degree of thermal resistance of
salt adapted cells, however, was influenced by the physiological state of the cells as shown
in the study of Den Besten et al. (2006). In their study, the increase in heat resistance was
less pronounced for transition and stationary-phase cells than for exponential-phase cells.
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In our study, the stress adapted cells were all in stationary-phase, which can be the
explanation for the less pronounced effect of mild stress adaptation on thermal
resistance.

Pre-culturing of strains C5 and L6 at low temperature (15°C and 7°C) decreased the Dgg-
value. This result was in agreement with the study of Alvarez-Ordéfiez et al. (2008) who
showed that the thermal resistance of Salmonella Typhimurium was maximal in cells
grown at 45°C and decreased with the decrease in pre-culturing growth temperature to
10°C. The reduction in Dgg-value by 13%-37% was also reported when L. monocytogenes
was cold shocked at 0°C for 3 h (Miller et al., 2000). In contrast to C5 and L6, pre-culturing
ScottA at low temperatures significantly enhanced its thermal resistance at 60°C. This
result might provide the indication that pre-incubation at low temperature increases the
thermal resistance of thermal sensitive strains. Interestingly, no study reported the
increase in thermal resistance when the cells were pre-cultured at low temperature until
stationary phase. The increase in thermal resistance was reported for young cultures (lag
phase) of Streptococcus faecalis (White, 1953), but the thermal resistance decreased upon
the cells entering the exponential phase. Another study reported two-fold increase in
thermal resistance of Aeromonas hydrophila when 48 h cells incubated at 30°C were
further incubated at 7°C for 72 h (Condon et al., 1992). Therefore, investigating the effect
of low temperature pre-culturing for the other thermal sensitive strains might be of
interest.

In general, our study showed that strain differences and growth history had similar
influence on the variability of thermal resistance of L. monocytogenes. However, the high
differences in D-values between stationary and exponential cells influenced the overall
effect of growth history on variability. Without the effect of exponential cells, the effect of
growth history on variability was significantly less than the effect of strain variability.

To extend our knowledge on these sources of variability, we benchmarked our results with
the available thermal resistance data of L. monocytogenes found in literature (Van Asselt
and Zwietering, 2006) (figure 3.7A). The variability of the thermal resistance data was
presented as the average and its prediction interval (the solid and dotted lines in figures
3.7A - 3.7D). The average and its prediction interval were calculated based on D-values
from various data sets, with different strains, conditions, and experimental methods,
excluding those coming from the treatments using high percentage of salt (figure 3.7A).
When all our data collected in this study were plotted into the meta-analysis data of L.
monocytogenes (Van Asselt and Zwietering, 2006) (figure 3.7A), the effect of strain alone
was able to explain between 1/2 (55°C) to 2/3 (60°C and 65°C) of the variability found in
literature (figure 3.7B). When the effect of growth history excluding exponential cells at
60°C was added, almost no difference with the effect of strain alone was seen (figure
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3.7C). When also the effect of exponential cells was included at 60°C, the variability in our
set of data had an almost equal band width compared to the literature data, although
there was a slight bias (figure 3.7D).

CONCLUSIONS

The thermal resistance of L. monocytogenes was influenced by strain differences and
growth history. However, except for the exponential-growth phase that resulted in the
most thermal sensitive cells for all tested strains, the effect of different growth history
was strain dependent. Strain to strain variability was found to be four times higher than
biological variability and ten times higher than experimental variability. The effect of strain
variability on thermal resistance at 60°C was similar to the effect of growth history, which
was mainly determined by the effect of growth state (stationary and exponential cells).
Further study on the effect of other factors such as the synergistic effect of pre-culturing
conditions, heating menstruum and food matrix may be a valuable complement to explain
the remaining variability reported in literature. Additionally, the investigation of different
pre-culturing conditions for exponential cells is also of interest to provide a better
comparison to those evaluated in the stationary phase.
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SUPPLEMENTARY MATERIALS

Supplement table 3.1. The thermal resistance of three Listeria monocytogenes strains following

different pre-culturing conditions and physiological state of the cells

Growth history

D-value (min)*

Scott A (SD) C5 L6
1. Pre-culturing condition
pH 5 2.5(0.18) 1.1(0.11) 4.0 (0.43)
pH 6 1.8 (0.21) 1.4 (0.065) 2.9 (0.18)
NaCl 2.5% 1.1 (0.15) 1.5(0.14) 4.8 (0.46)
NaCl 5% 0.79 (0.046) 1.4 (0.088) 4.2 (0.21)
T7°C 0.74(0.071)  0.98 (0.061) 2.6 (0.27)
T15°C 0.83(0.081)  1.1(0.10) 2.4 (0.061)**
2. Physiological state
Stationary cells 0.58 (0.094) 1.6 (0.27) 4.1(0.41)
Exponential cells 0.20 (0.028) 0.33(0.078) 0.38(0.087)

*Standard deviation of six replicates

**Standard deviation of four replicates

Supplement Table 3.2. Multiple linear regression results for the effect of growth history of strain L6,
strain C5 and strain ScottA

Strain L6
Standard Lower Upper
Coefficients  Error t stat p-value 95% 95%

Intercept 0.614 0.0197 31.1 1.16*10%®  0.574 0.654
Exponential  -1.04 0.0279  -37.2  1.62*10°' -1.090  -0.982
pH 6 -0.152 0.0279 -5.46 3.14*10° -0.209 -0.0958
pH5 -0.0139 0.0279 -0.499 0.620 -0.0703 0.0425
NaCl 2.5% 0.0685 0.0279 2.46 0.0187 0.0120 0.125
NaCl 5% 0.00990 0.0279 0.355 0.724 -0.0465 0.0663
7°C -0.198 0.0279 -7.12 1.7%10° -0.255 -0.142
15°C -0.235 0.0312 -7.54 4.69*107 -0.298 -0.172
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Strain C5
Standard Lower Upper
Coefficients  Error t stat p-value 95% 95%
Intercept 0.208 0.0220 9.45 9.67*10™ 0.164 0.253
Exponential -0.698 0.0311 -22.4 2.88%10%*  -0.761 -0.635
pH 6 -0.0541 0.0311 -1.74 0.0900 -0.117 0.00884
pH5 -0.155 0.0311 -4.97 1.32*10° -0.218 -0.0917
NaCl 2.5% -0.0226 0.0311 -0.725 0.473 -0.0855 0.0404
NaCl 5% -0.0722 0.0311 -2.32 0.0257 -0.135 -0.00924
7°C -0.216 0.0311 -6.93 2.39*10%  -0.279 -0.153
15°C -0.161 0.0311 -5.17 6.79%10°  -0.224 -0.0982
Strain ScottA
Standard Lower Upper
Coefficients  Error tstat p-value 95% 95%
Intercept -0.244 0.0203 -12.0 7.17*10"°  -0.285 -0.203
Exponential -0.464 0.0287 -16.2  3.61*10™° -0.522 -0.407
pH 6 0.490 0.0287 171 5.43%10%° 0.432 0.548
pH5 0.635 0.0287 22.2 4.49%10 0.577 0.693
NaCl2.5%  0.284 0.0287 9.92  2.45*107  0.226 0.342
NaCl 5% 0.142 0.0287 495  0.0000137 0.0841 0.200
7°C 0.120 0.0287 3.82 0.000451 0.0517 0.168
15°C 0.160 0.0287 5.58 1.81*10° 0.102 0.218

Supplement Table 3.3. Summary of model fitting error

MSE
Temperature
Mean Median Min Max
55°C 0.173 0.127 0.00954 0.723
60°C 0.207 0.165 0.00751 0.676
65°C 0.271 0.193 7.47%10° 0.917
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Chapter 4 Strain variability of L. plantarum

ABSTRACT

The presence and growth of spoilage organisms in food affect the shelf life, and thereby
contribute to decrease of food quality and to food loss. In this study, the effects of
experimental variability, reproduction variability and strain variability were quantified
with respect to growth and thermal inactivation using 20 Lactobacillus plantarum strains.
Also the effect of growth history on thermal resistance was quantified using different pre-
culturing conditions. The strain variability in u,q. was similar to reproduction variability as
function of pH, a,, and temperature, while slightly lower as function of [HLa]. The cardinal
growth parameters were estimated for the 20 L. plantarum strains and pH,,;, was between
3.2 and 3.5; ay,minbetween 0.936 and 0.953; [HLay] at pH 4.5 between 29 and 38 mM
and T,,;, between 3.4°C and 8.3°C. The D-values ranged from 0.80 min to 19 min at 55°C,
0.22 min to 3.9 min at 58°C, 3.1 s to 45 s at 60°C, and 1.8 s to 19 s at 63°C. In general, the
impact of strain variability on thermal resistance was much higher than on growth. Also,
unlike in growth, strain variability in thermal resistance was much higher than
reproduction and experimental variabilities. Strain variability was also slightly higher than
the effect of growth history, which was mostly determined by the physiological state of
the cells and the effect of pre-culturing temperature of 12°C. The combined effects of
strain variability and growth history on D-value explained all variability as found in
literature, although with bias.
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INTRODUCTION

Spoilage microorganisms are of interest for the food industry since their presence and
growth in food products causes decay, and when not well controlled contribute to
undesired food product loss. Lactic acid bacteria are an important group of spoilage
microorganisms and are abundant in the environment. They can be found in diverse
niches (Siezen et al.,, 2010) and are commonly isolated from plant and plant material
(Hammes and Vogel, 1995), soil (Chen et al., 2005), silage (Yang et al., 2010), meat
(Hamasaki et al., 2003), vegetables (Tournas, 2005), and milk (Khedid et al., 2009). Since
they are natural contaminants of raw food ingredients, controlling their presence and
growth are critical steps to control shelf life of food products.

Accurate control and realistic prediction of shelf life is, however, complicated by the
natural diversity among strains. Recently, strain variability in growth and thermal
resistance of Listeria monocytogenes was quantified (Aryani et al., 2015a; Aryani et al.,
2015b). The impact of strain variability on growth and thermal resistance was also
reported for other pathogens such as, Salmonella enterica (Juneja et al., 2003; Lianou and
Koutsoumanis, 2011; Lianou and Koutsoumanis, 2013), Staphylococcus aureus (Lindgvist,
2006; Rodriguez-Calleja et al., 2006), Bacillus cereus (Vaisanen et al.,, 1991), and
Escherichia coli (Benito et al., 1999; Nauta and Dufrenne, 1999; Whiting and Golden,
2002). While strain variability in growth and thermal inactivation kinetics has been
reported for pathogens, limited information is available for spoilage microorganisms. To
extend the knowledge of variability in growth and thermal resistance of spoilage
microorganisms, Lactobacillus plantarum was chosen as a model species. Although high
diversity in genomic and phenotypic levels of L. plantarum have been reported (Sanders et
al., 2015; Siezen et al., 2010; Siezen and van Hylckama Vlieg, 2011), none of the studies
focused on quantification of strain variability in growth and thermal resistance. Therefore,
the objectives of the present study were to quantify strain variability, reproduction
(biological) variability and experimental variability with respect to growth and thermal
inactivation kinetics of L. plantarum and to quantify the variability in thermal resistance
attributed to growth history. Strain variability was defined as the difference between
strains from the same species; reproduction variability was defined as the difference
between independent reproductions of the same strain (within strain variability); and
experimental variability was defined as the difference between duplicate measurements
conducted using the same culture. Quantitative knowledge on variability in growth and
thermal resistance will contribute to better characterize this species, and to better predict
the behaviour of this spoilage organism in food products.
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MATERIALS AND METHODS
Growth experiments

Culture preparation

Twenty strains of L. plantarum were used in this study (table 4.1). Stock cultures were
stored at -80°C in 70% De Man, Rogosa and Sharpe (MRS) broth (Merck Millipore)
supplemented with 30% glycerol (v/v) (Sigma-Aldrich, Germany). From the stock, L.
plantarum strains were grown on an MRS agar plate made from MRS broth and
bacteriological agar (1.5% w/w, Oxoid, England) and incubated in microaerobic conditions
for 48h at 30°C. Then, one colony was inoculated in a 30 ml tube containing 10 ml MRS
broth, which was incubated for 24h at 30°C. A second culture was then made by
transferring 0.5% (v/v) of the first overnight culture to 100 ml of MRS broth followed by
incubation for 24h at 30°C. The working culture was prepared from this second overnight
culture following the same procedure as previously described (Aryani et al., 2015a; Biesta-
Peters et al., 2010b). Briefly, the culture was transferred to 50 ml centrifuge tubes and
centrifuged for 15 min for strains FBR02, FBR06, FBR30, and SF2A35B and 2 min for the
other strains at 15,557 x g (Centrifuge 5804 R, Eppendorf). Longer centrifugation times
were needed for the former four strains because they produced slimy extracellular
polymeric substances, which influenced sedimentation. The supernatant was discarded
and the pellet was re-suspended in 2 ml of Peptone Physiological Salt (PPS, Tritium
Microbiologie B.V., Netherlands). One ml of the pooled suspension of two pellets was
diluted in PPS to obtain an ODgy of 0.5 (Spectrophotometer Novospec Il, Pharmacia
Biotech) or approximately 10® CFU/ml. This standardized working culture was used for
further experiments.

Table 4.1. Twenty L. plantarum strains and their source of isolation

Strains Isolation source
FBRO1 Dressing
FBRO2 Dressing
FBRO3 Salad dressing
FBRO4 Cheese with garlic
FBRO5 Dressing
FBRO6 Onion ketchup
FBR22 Sausage
FBR23 Potato salad
FBR24 Luncheon meat
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Strains Isolation source
FBR25 Sliced salami
FBR26 Frankfurter
FBR27 Sliced cooked ham
FBR28 Spoiled tomato ketchup
FBR29 Lettuce
FBR30 Raw vegetable salad
WCFS1 Human saliva
LMG18035 Milk
LMG23454 Healthy adult faeces
LMG6907 Pickled cabbage
SF2A35B Sour cassava

Media preparation

Eight pH values, namely 7.0, 6.0, 5.0, 4.0, 3.6, 3.5, 3.4, and 3.3, were selected to test the
effect of pH on the maximum specific growth rate (tme) of L. plantarum. For each
experiment, the MRS broth was buffered using 100 mM sodium phosphate buffer (1 M
Na,HPO,, Merck KGaA, Darmstadt Germany; 1 M NaH,PO,, Merck KGaA, Darmstadt
Germany). The pH of the broth was adjusted to the appropriate pH using 1 M of sulphuric
acid (Riedel-de Haén, Seelze, Germany) and the broth was filter sterilized (Steritop,
Milipore Corporation, MA) before use.

Six different concentrations of sodium chloride (NaCl, AnalaR NORMAPUR, VWR
International, Leuven, Belgium), namely 2%, 4%, 6%, 8%, 9%, and 10% (w/v), were added
to MRS broth and the broth was autoclaved. The corresponding a,, values of the NaCl
adjusted MRS broth and plain MRS broth (0% added NaCl) were measured using a
Novasina water activity meter (Labmaster a,,, Novasina, Lachen, Switzerland) set at 30°C.
Five concentrations (2.5, 5, 10, 20 and 30 mM) of DL-lactic acid 85% (Sigma-Aldrich,
Germany) in its undissociated form at pH 4.5 were used in this study. The preparation of
the medium adjusted with lactic acid was done as previously described (Aryani et al.,
2015a; Biesta-Peters et al., 2010a). Briefly, the ratio between the dissociated and
undissociated forms of lactic acid at set pH was calculated using the Henderson-

Hasselbalch equation (equation (4.1)).
[4a7]
[HLa]

pH = pK, + log [4.1]

Where pH is the pre-set pH (pH 4.5) of the medium using sulfuric acid as acidulant, pK,, is
the acid dissociation constant (pK,, of lactic acid 3.86), [A~] is the concentration of anions,
and [HLa] is the concentration of the undissociated acid. The conjugated salt of lactic acid

used in this study was potassium lactate (Corbion, Gorinchem, the Netherlands).
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For the effect of temperature, the growth experiments were conducted at seven
temperature points, namely 30°C, 25°C, 20°C, 18°C, 12°C, 10°C and 7°C in plain MRS
medium (pH 5.7, a,, of 0.993).

Estimating i, as function of pH, a,, undissociated lactic acid concentration ([HLa]), and
temperature

The growth experiments were performed following the procedure described previously
(Aryani et al., 2015a). Briefly, the standardized culture was diluted 10,000 fold in each pH,
aw, and HLa adjusted MRS broth and in plain MRS broth for the temperature experiment,
aiming for an initial cell concentration of approximately 10* CFU/ml for the highest
concentration of the four sequential 2-fold dilutions. The diluted suspension was spiral
plated (Eddy Jet, IUL instruments) onto MRS agar plates in duplicate to determine the
initial concentration (N,) of each L. plantarum strain.

The e Was estimated by monitoring the ODgo of four sequential 2-fold dilutions in five
neighbouring wells using the Bioscreen C (Aryani et al., 2015a; Biesta-Peters et al., 2010b).
The TTD was defined as the time at which a certain well reaches a specific value of ODggg
0.2 (or 0.15 for the condition close to the growth boundary). The Bioscreen C was run for
a certain period depending on the condition tested, which was up to 2 weeks for pH, a,,
and [HLa], and 30 days for the lower temperature experiments. The Bioscreen C was set at
medium shaking for 15 s before each measurement. The g, was calculated as the
negative reciprocal slope of the linear regression between TTD and the natural logarithm
of the initial bacterial concentration of the five wells. If the wells showed no changes in
the OD values, the viability of the bacteria at the end of the experiment was determined
by plating all the content of the well. When the plate counting showed a reduction in
number of bacteria in comparison to Ny or total inactivation of bacteria, the g, was set
to 0 h™. The maximal decrease in pH of the medium when the ODgyo value reached 0.2
was 0.1-0.2 from the initial pH of 5.7 depending on the strain.

Quantification of variability factors and model fitting

The experimental, reproduction, and strain variability factors were quantified using the
previously described method (Aryani et al., 2015a) (figure 2.1 and equations (4.2)-(4.4)).
Experimental variability:

MSE = %55 = 2612521 XR-1 %51 (XERSc—XRSC)? [4.2]
DF n—-p
The mean square error (MSE) is calculated from the residual sum of squares (RSS) divided

by the degrees of freedom (DF). The RSS is the sum of squared differences between Xgzsc

and Xgsc. Xersc is the tiyg, value (h'l) of each replicate of duplicate experiments conducted
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at the same time using the same culture of a certain strain per condition (C) (E=1, 2; R=1, 2
,3; 5=1, 2,..20; C=pH 7, 6, 5,...., etc.). Xgsc is the average fim.x (h’l) obtained using the same
culture of a certain strain per condition (R=1, 2, 3; S=1, 2,...20; C=pH 7, 6, 5,...., etc.). The
DF is the number of data points (n=6%20) per condition minus the number of parameters
(p=3*20) times the number of conditions “C".

Reproduction variability:

MSE = RSS _ Tbo1 2521 TRe1 (Xrsc—Xs0)? [4.3]
DF n-p

Where Xzsc is the average fimax (h'l) obtained using the same culture of a certain strain per
condition (R=1,2,3; S=1, 2,...,20; C=pH 7, 6, 5,...., etc.), X5 is the average fin.x (hl) from
three independent reproductions performed on different experimental days for each
strain per condition (S=1, 2,...,20; C= pH 7, 6, 5,...., etc.). DF is the number of data points
(n=3%20) per condition minus the number of parameters (p=1%20) times the number of
conditions “C”.

Strain variability:

MSE = RSS _ i 320 (Xsc—X()? B
DF e

Where Xsc is the average finex (h™) from three independent reproductions for each strain

per condition, Xcis the average fimqx (h'l) of all 20 strains at condition C, DF is the number
of data points (n=20) per condition minus the number of parameters (p=1) times the
number of conditions “C”.

The secondary growth models used to fit the g,y data as function of pH, temperature, a,,
and [HLa] were the selected best models from our previous study (Aryani et al., 2015a)
(equations (4.5)-(4.8)). The data obtained from temperature experiments (pH 5.7, T 30°C)
and [HLa] experiment (pH 4.5, T 30°C, 0 mM [HLa]) was included in the fitting process of
pH data. The obtained cardinal growth parameters were used to calculate the specific
growth rate at the reference condition () (pH 5.7, a,, 0.993, temperature of 30°C, and 0
mM [HLa]) using the transformed growth models provided in supplement 4.1.

pH model
(PH-PHmmin)
pHmin‘le
Hmax = Hopt 1- 2 [4.5]
Temperature model
vV Hmax = O(T(T - Tmin) [4-6]
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a,, model

1-a Gaw
Hmax = Hopt (1 - (#) ) [4.7]
[HLa] model

Hmax = Hopt (1 B ([H[lﬁzl]ax)a[ma])

All fitting was done using Excel solver add-in (Microsoft) and confirmed using TableCurve
2D v5.01. Moreover, the lack-of-fit test (Den Besten et al., 2006) (equations (4.9a) and
(4.9b)) was used to observe the goodness of fit of the selected secondary growth models

for each strain.
MSEmodel

[4.8]

Lack-of-fit = [4.93]
MSEgata
i 3 2 _ 2
Where MSE g, = oo = 2az12iem Roo Xpna—Xa) [4.9b]

Where Xgg, is the observed fiyqx (h’l) obtained from each condition (e.g. A=pH 7, 6, 5,...,
etc.) for specific strain, X, is the average fimqx (h'l) for each condition for a specific strain, n
is the number of data points, and m equals to the number of conditions i.

Thermal inactivation experiments

Culture preparation

From the stock culture, a streak was made onto an MRS agar plate and incubated in
microaerobic condition for 48h at 30°C. A single colony was selected and inoculated in a
30 ml tube containing 10 ml of MRS broth and incubated for 24h at 30°C. From the first
culture, 0.5% (v/v) was inoculated in a 100 ml flask containing 50 ml of MRS broth and
incubated for 24h at 30°C.

Thermal inactivation experiments

The thermal inactivation experiments were done in a water bath at 80 rpm (Julabo SW23,
Julabo Labortechnik GmbH, Germany) set at 55°C (the duration was between 6 min for
the most thermal sensitive strains to 120 min for the most thermal resistant strain), 58°C
(between 1.67 min to 30 min), 60°C (between 0.75 min to 6 min) and 63°C (between 24 s
to 2 min); following the method previously described (Aryani et al., 2015b). Briefly, three
sterile 250 ml flasks were pre-filled with 40 ml of MRS broth and pre-heated in the water
bath at the desired temperature. One flask was used to measure the temperature using a
thermocouple (PeakTech 3150, Thermocouple K-type), while the other two flasks were
used to obtain duplicate inactivation experiments using the same culture. The stationary
phase culture was inoculated 1:100 (v/v, final concentration approximately 10" CFU/ml) in
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the pre-heated MRS to immediately start the inactivation, because in this way the
observed temperature drop was negligible (+0.3°C). The same dilution (1:100) in non-
heated MRS was also done for time point t=0. At each time point, one ml of sample was
diluted in 9 ml of PPS at room temperature, after which further decimal dilutions were
made, and the appropriate dilution was plated in duplicate onto MRS agar plates using a
spiral plater. For the time points with expected low concentrations of viable cells, one ml
of sample was transferred into a sterile cup, rapidly cooled down on ice to room
temperature, and spread plated onto three MRS agar plates. This method allowed us to
have a detection limit of 1 CFU/ml. All plates were incubated for 5 days in microaerobic
condition at 30°C, and the colonies were counted and reported in log,q CFU/ml. Each
inactivation experiment was conducted in duplicate on the same day using the same
culture to quantify experimental variability. Also the inactivation experiments were
reproduced at least two times on different days using freshly prepared cultures to
quantify the biological or reproduction variability.

Growth history: the effect of pre-culturing conditions and physiological state of the cells
on thermal resistance

Three strains were selected based on their thermal resistance at 58°C to quantify the
effect of growth history on thermal resistance, namely the least thermal resistant strain
(SF2A35B), the most thermal resistant strain (FBRO5), and an intermediate thermal
resistant strain (LMG18035). To determine the effect of pre-culturing condition, the cells
were cultured until the stationary phase in MRS medium adjusted to certain suboptimal
conditions, namely, pH 4; 2.5% NaCl (w/v); and 12°C. For pH experiments, the MRS broth
was buffered using 100 mM of sodium phosphate buffer and the pH was adjusted to pH 4
using 1 M of sulphuric acid and filter sterilized. For NaCl adjusted medium, 2.5% of NaCl
was added to the medium and sterilized for 15 minutes at 121°C; and for temperature
experiments plain MRS broth was used. From the stock culture, a streak was made onto
an MRS agar plate and incubated in microaerobic condition for 48h at 30°C. A single
colony was selected and incubated in 10 ml MRS broth for 24h at 30°C. From this culture,
0.1% (v/v) was transferred into a 100 ml flask containing 50 ml MRS broth and incubated
at 30°C for 40 h (pH 4), 24 h (2.5% NaCl), and 7- 8 days (12°C) to obtain a stationary phase
culture. For the control condition cells were grown in plain MRS medium at 30°C for 24 h
until the stationary phase. To evaluate the effect of physiological state, cells were also sub
cultured in MRS broth at 30°C until the ODgyp=0.5 was reached. All cultures were then
inactivated at 58°C as described in section thermal inactivation experiments.
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Estimation of D- and z-values and quantification of variability factors and statistical
analysis

The log,o surviving counts were plotted against the inactivation time to obtain the thermal
inactivation curve of each data set. The modified Weibull model (equation (4.10))
(Metselaar et al., 2013) was used to fit each thermal inactivation data set and to estimate
the 5 or 6 decimal reduction time, which is the time to reach 5 or 6 log;, reduction. The
model allows to fit linear, concave, and convex inactivation curves and is able to fit the
different thermal inactivation curves of the strains. Points below the detection limit were
not included in the fitting procedures.

Logyo N, = Log 10Ny — A (ﬁ)ﬁ [4.10]
Where Logio N; is logyo number of surviving organism (log;, CFU/mL) at time t; Logio Ny is
logqo initial number (log;o CFU/mL); t is time (min or s); AD is the time to reach A logy
reduction (min or s); and fis the shape parameter. The fitting procedure was done using
Microsoft Solver Add-in and was confirmed using TableCurve 2Dv5.1. The D-value was
calculated as AD/A.

The log,, D-values were used to quantify the experimental, reproduction, and strain
variability following the above described method (equations (4.2)-(4.4)). The D-values
among strains for each temperature were compared using Anova, followed by a post hoc
(Tukey HSD) test to classify strains based on their thermal resistance. The D-values were
also used for calculating the z-value per strain as being the negative reciprocal of the
linear regression slope between log,q D-values (six values per temperature) and
temperature. Finally, the effect of growth history condition was compared to the control
condition using a t-test and multiple linear regression (Aryani et al.,, 2015b). The
comparison between the effect of growth history and strain variability on thermal
resistance was performed following the scheme presented in figure 3.2.

Comparison of strain variability in growth and thermal inactivation

The cardinal growth parameters, the average 1.r and the D-values were used to predict
the growth and inactivation of L. plantarum in a model process (growth in milk: pH 6.6
(+0.1), a,0.997 (£ 0.003), T 7°C; thermal inactivation at 60°C for 2 minutes). The gamma
modelling approach without interaction (Zwietering et al., 1993) (equations (4.11)-(4.12))
was used to predict the 4, and the logistic growth model (equation (4.13)) and the
linear inactivation model (equation (4.14)) were used to predict the final level of L.
plantarum. Since the gamma approach is based on a reference condition, each secondary
growth model used to calculate the gamma factor was transformed using the reference
condition of pH 5.7, a,, 0.993, temperature 30°C and [HLa] 0 mM (supplement 4.1).
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y(total) = y(pH) = y(ay) = y(T) * y(HLa) [4.11]

HUmax = Hrer * y(total) [4.12]

Log N, = Log Ny — Log (1 + (N’I’;—:" - 1) exp(—umaxtd)> [4.13]
tm

Log Ny = Log Ny — ——"— (4.14]

Where fimqy is the maximum specific growth rate (h™), Hrer is the specific growth rate at the
reference condition (pH 5.7, a,, 0.993, temperature 30°C and [HLa] 0 mM) calculated using
the transformed secondary growth models (h™) (supplement 4.1), N, is the bacterial
concentration at time t (CFU/ml), Ny is the initial bacterial concentration (CFU/ml), Nox is
the maximum bacterial concentration (CFU/ml), t4 is the storage time (days), D-value is
the time needed to kill 1 log of bacterial concentration (min) and t,, is the thermal process
time.

RESULTS

Growth kinetics of L. plantarum

The growth kinetics of 20 L. plantarum strains as function of pH, temperature (T), water
activity (a,) and undissociated lactic acid ([HLa]) are presented in figure 4.1. As expected,
the differences between duplicate measurements using the same culture (figures 4.1A,
4.1D, 4.1G, 4.1)) were lower than the differences from independent reproductions carried
on different experimental days (figures 4.1B, 4.1E, 4.1H, 4.1K) and the differences
between strains (figures 4.1C, 4.1F, 4.11, 4.1L).

For strain LMG18035, growth/no growth was already observed at pH 3.4, while at pH 3.3
most of strains grew at least in one of the three reproductions, but no . could be
obtained. The experiment at a lower pH value of pH 3.2 could not be performed since
precipitation of the media was observed at this pH value. FBR26 showed growth/no
growth behaviour at pH 5 and below, and therefore the result of FBR26 was excluded
from the variability calculation as function of pH and the secondary model fitting for pH.
For variable of water activity (a,), most strains grew at least in one reproduction when 8%
NaCl was added in the medium (a,, 0.948). Less strains grew when concentration of NaCl
was increased to 9% (a, 0.943), and only three strains (FBRO1, FBR22, and LMG6907)
showed growth in one of the three reproductions.

When the effect of undissociated lactic acid ([HLa]) on growth kinetics was tested, strain
FBR26 already showed inconsistent growth at control condition of pH 4.5 and was
therefore excluded also from the variability calculation as function of [HLa] and the
secondary model fitting for [HLa]. When 30 mM of [HLa] was added to MRS broth, most
strains were able to grow in one, two or in all reproductions.
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Figure 4.1. The growth kinetics of 20 L. plantarum strains as function of pH (A-C), a,, (D-F),
undissociated lactic acid concentration ([HLa]) at pH 4.5 (G-l) and temperature (J-L). Panels A, D, G
and J are the duplicate growth kinetics curves of FBRO5 using the same culture; panels B, E, H, and K
are the growth kinetics curves of FBRO5 from three independent reproductions. In panels C, F, I, and
L: @ FBRO1; ¢ FBR02; 4 FBRO3; ¢ FBR04; ¢ FBRO5; ¢ FBR0O6; @ FBR22; © FBR23; € FBR24;
<& FBR25; & FBR26; @ FBR27; < FBR28; & FBR29; < FBR30; 4 WCFS1; & LMG18035;
<& LMG23454; & LMG6907 and € SF2A35B.
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For the variable of temperature, the 1, Wassquare root transformed since the variance
was not distributed evenly over the temperature range. In general the transformed data
looked linear (figure 4.1F), although this was not always the case for an individual set of
Hmax data of all strain (figures 4.1D - 4.1E).

Variability in growth kinetics

The quantified experimental (E), reproduction (R) and strain (S) variabilities for each
variable are presented in figure 4.2. The variability as function of pH (figure 4.2A), a,
(figure 4.2B) and temperature (figure 4.2D) followed the same trend, in which strain
variability was comparable to reproduction variability; and both variabilities were
significantly higher than experimental variability. A different trend was observed for
variables [HLa], for which the strain variability was significantly lower than the
reproduction variability (figure 4.2C), but both variabilities were also significantly higher
than experimental variability.
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Figure 4.2. The calculated variability factors (E, experimental; R, reproduction, S, strain) presented
as the root mean square error (RMSE) based on the 4,4, as function of pH (A); the z,4 as function
of a,, (B); the e as function of undissociated lactic acid concentration ([HLa]) (C); and square root
Hmax @s function of Temperature (D).
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Variability in cardinal growth parameters

The secondary growth models were used to fit all . data per strain as function of pH,
temperature, a,, and [HLa], resulting in the cardinal growth parameter estimates per strain
(figure 4.3). The minimum pH estimated for the 19 strains ranged from pH 3.2 and pH 3.5,
and LMG6907, which was isolated from pickled cabbage, was estimated to have the
lowest pH,,of 3.17 (Cl 3.08 - 3.27). The estimated a,, mi, for the 20 L. plantarum strains
was between 0.936 and 0.953 and strain LMG6907 was also estimated to have the lowest
Ow,min Of all 20 strains. The [HLa,q] at pH 4.5 estimated for L. plantarum was between 29
and 38 mM. The confidence intervals of most of the [HLa,,.,] estimates were high since at
the highest concentration used in this study most of the strains were still able to grow,
resulting in extrapolation beyond the [HLa] concentration which was available. The T,
estimated using the square root model was between 3.4°C and 8.3°C and strain FBR29
and WCFS1 were estimated to have the lowest T, of all 20 strains.

SF2A35B

LMG18035
LMG23545
LMG6907

D
(e}

[HLam gy (mM)
SRS
o O
Tmin (°C)

S

Figure 4.3. The cardinal growth parameters pHuin, Qu,min, [HLOmad and T, estimated using
secondary growth models of Equations (4.5) — (4.8). The error bars indicate the 95% confidence
intervals of the estimated parameters.
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The specific growth rate at the reference condition () was calculated from the cardinal
parameters obtained in present study using the transformed growth models (figure S4.1).
The u.softhe variables pH and [HLa] was lower than the y,.robtained for variables T and
aw, most probably due to the characteristic of the selected secondary pH model. The t,;
of the secondary pH model was the 1, at pH infinite. If the t,,value of the higher pH
point decreased, such as in the case of FBRO1 and FBROS5 (figure S4.2), these values would
influence the 1, estimate, resulting in underestimation of 1, by the pH model. Since the
Hreswas calculated from the 14, the lower value of z4,,; would result in the lower estimate
of 4. For predicting the growth of L. plantarum strains the average . obtained from
four variables was used.

Thermal inactivation kinetics of L. plantarum

Thermal inactivation kinetics of 20 strains L. plantarum and the effect of variability factors
on thermal inactivation kinetics.

The thermal inactivation kinetics of 20 L. plantarum strains are presented in figure 4.4.
Small differences were observed from duplicate inactivation experiments using the same
bacterial culture (figures 4.4A, 4.4D, 4.4G, 4.4)). The differences were larger when the
data from different independent reproductions were compared (figures 4.4B, 4.4E, 4.4H,
4.4K) and much larger when the data from all strains were combined (figures 4.4C, 4.4F,
4.41, 4.41). From all 20 strains, strain SF2A35B, which was isolated from sour cassava, had
the lowest D-value at all temperatures.

In contrast, FBRO5, which was isolated from dressing, had the highest D-value at 55°C and
58°C. However, its D-value was less than WCFS1 and FBRO6 at 60°C and 65°C.

The D-value and the shape parameter (f) of each thermal inactivation curve for each
strain was estimated using the modified Weibull model. On average, the D-value of 20 L.
plantarum strains ranged from 0.8 min to 19 min at 55°C, 0.22 min to 3.9 min at 58°C, 3.1
s to 45 s at 60°C, and 1.8 s to 19.2 s at 63°C. These D-values were then used to estimate
the z-value of each strain. The z-values obtained from this study were between 3.9°C and
6.0°C (table 4.2). The value of the ff parameter also varied per strain, but for most strains
the fvalues was larger than 1 (supplement table S4.1).
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Figure 4.4. The thermal inactivation kinetics of 20 L. plantarum strains at 55°C (A-C), 58°C (D-F),
60°C (G-1), and 63°C (J-L). Panels A, D, G and J are the thermal inactivation curves of FBR0O5 using the
same culture; panels B, E, H, and K are the thermal inactivation curves of FBRO5 from three
independent reproductions. In panels C, F, I, and L: 4 FBR0O1; ¢ FBR02;  FBR03; < FBR04;
< FBRO5; ¢ FBR06; @ FBR22; & FBR23; @ FBR24; ¢ FBR25; ¢ FBR26; @ FBR27; < FBR2S;
@ FBR29; < FBR30; & WCFS1; € LMG18035; <& LMG23454; <& LMG6907 and ¢ SF2A35B.
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Chapter 4 Strain variability of L. plantarum

The experimental, reproduction and strain variability of the log,, D-values are expressed in
root mean square error (RMSE) (figure 4.5). Strain variability was much higher than
reproduction and experimental variabilities at all temperatures. Strain variability was
about 6 times higher than reproduction variability and more than 10 times higher than
experimental variability.
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Figure 4.5. The variability factors (E, experimental; R, reproduction; S, strain) presented as the root
mean square error (RMSE) calculated from the log;, D-values obtained at A) 55°C; B) 58°C; C) 60°C;
D) 63°C.

The effect of growth history and physiological state of the cells on thermal resistance.
The thermal inactivation kinetics as influenced by growth history and physiological state of
the cells are presented in figure 4.6. The cells grown in MRS medium containing 2.5% NaCl
had similar kinetics as the cells grown until stationary phase in plain MRS for strain
SF2A35B, as the representative of the least heat sensitive strains, and strain LMG18035, as
the representative of the intermediate heat resistant strains. Slight differences were
observed for strain FBRO5, in which the cells grown in the medium with higher NaCl
concentration unexpectedly had a lower D-value than those grown in plain medium.

The thermal resistance of cells grown in the media with lower pH (pH 4) was not different
from the cells grown in plain MRS media (pH 5.7) for strain FBRO5 and strain SF2A35B
(figures 4.6D - 4.6F). However, growing the cells in the MRS pH 4 significantly decreased
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the D-value of strain LMG18035. Growing the cells until stationary phase at 12°C or until
exponential phase greatly reduced the D-value as compared to the stationary cells grown
in plain media at 30°C for all three strains.

The effect of growth history on thermal resistance was also analysed using multiple linear
regression to determine the factors influencing the D-value. This analysis confirmed that
both pre-culturing temperature and exponential phase grown cells significantly influenced
the D-value (figure 4.6). When the effect of growth history on thermal resistance was
compared to the effect of strain variability using the previously described scheme (Aryani
et al., 2015b) (figure 3.2), the strain variability was slightly higher than the variability
caused by growth history (p=0.03).
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Figure 4.6. The effect of growth history and physiological state of the cells of strain FBRO5 (A and D);
LMG18035 (B and E); and SF2A35B (C and F) on thermal inactivation kinetics at 58°C. Cells grown
until stationary phase in: ¢ MRS at 30°C; € MRS pH 4 at 30°C; ¢ MRS at 12°C; & MRS+2.5% NaCl
at 30°C; and < cells grown until exponential phase in MRS at 30°C. * significantly different than the
stationary phase cells grown in MRS at 30°C (p < 0.05).

Comparison of strain variability in growth and thermal inactivation of L. plantarum

Direct comparison on the effect of variability observed in growth and thermal inactivation
kinetics could not be made due to differences in the data format/unit. Therefore, the
cardinal parameters and D-values data of 19 strains were used to visualise the growth and
inactivation kinetics in a model process, namely growth in milk (pH 6.6, a,, 0.997 (+ 0.003)
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using gamma approach, followed by thermal inactivation at 60°C for 2 min. The
illustration (figure 4.7) shows that the impact of strain variability in thermal inactivation
was much higher than in growth kinetics.

10

LoglOCFU/mI

time (days) time

-20

Figure 4.7. lllustration on the effect of strain variability on growth and thermal inactivation of 19 L.

plantarum strains. === FBRO1, =—— FBR02, == FBRO3, FBRO4, — FBROS5, == FBROSG,
= FBR22, = FBR23, === FBR24, = FBR25, == FBR27, FBR28, = FBR29, FBR30,
= WCFS1,  LMG18035, ~— LMG23454, LMG6907 and = SF2A35B.

DISCUSSION

The strain variability in growth kinetics and thermal inactivation kinetics of L. plantarum,
except for growth as function of [HLa], were between 1.3-2.6 times higher than previously
reported for the foodborne pathogen L. monocytogenes (Aryani et al., 2015a). The strain
variability observed in L. plantarum might be related to the high genetic diversity reported
for this species (Sanders et al., 2015; Siezen et al., 2010; Siezen and van Hylckama Vlieg,
2011), which corresponded to the observed phenotypic diversity, including the strain
diversity in stress tolerance. A clear example for the observed strain variability in growth
kinetics is given for strain FBR26. The result of FBR26 was excluded from the analysis of pH
and HLa since growth/no growth was already observed at pH 5 and below. Using the g,ax
as function of pH available for FBR26, the pH,,,, was estimated 3.86 (Cl 3.64 - 4.08). This
value was higher than the estimated pH,,;, of the other 19 strains in our study (pH 3.2 - pH
3.5), and the latter range corresponded to the pH,,, reported in literature (G-Alegria et al.,
2004; Giraud et al., 1991; Lambert, 2011). Interestingly, growth of FBR26 was observed in
one of experiments performed at pH 3.4, but no z,, at this pH level could be obtained for
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FBR26. Additional investigation on the effect of aerobic, microaerobic, and static
incubation with different volume of headspace using 10 L. plantarum strains showed that
the growth of strain FBR26 was temporarily disrupted during exponential phase in aerobic
growth. This disruption led to a much lower growth rate estimated for aerobic growth
than for microaerobic and static growth (data not shown). This lower growth rate in
aerobic growth was also reported in a previous study with L. plantarum ATCC 8014 and L.
plantarum P5 (Gupta et al., 2011; Murphy and Condon, 1984). In our study, the growth
disruption during exponential phase was only observed for strain FBR26, because no
difference in growth kinetics was observed from the other nine L. plantarum strains,
including strain WCFS1 in the three different incubation conditions. The phenomenon
observed for FBR26 was not new since a previous study also reported a temporary growth
stagnation in early exponential phase of strain WCFS1 grown aerobically in MRS medium
(Stevens et al., 2008), which was correlated to the limited CO, concentration in the
medium. This reported stagnation for WCFS1 during aerobic growth, however, was not
observed in our study and in the study of Watanabe et al. (Watanabe et al., 2012).
Whether the growth disruption during aerobic growth correlated to the growth/no
growth behaviour of strain FBR26 at pH below 5, when tested using Bioscreen C, is not yet
clear. Moreover, less strain variability was observed when strains were incubated in
microaerobic than in static and aerobic conditions. This can be an indication that the
microaerobic condition might be more suitable to study the growth kinetics of L.
plantarum strains (especially strain FBR26) than the method using Bioscreen C. However,
FBR26 was able to grow to the same extent as the other 19 L. plantarum strains when the
other experiments as function of a,, and temperature were performed using Bioscreen C.
Further investigation on correlation between pH and aerobic growth might be needed to
explain the behaviour of strain FBR26 at low pH values. However, since this phenomenon
provided disadvantage rather than the advantage over growth kinetics, this might not be
of interest compared to the effect of others conditions, which support growth or protect
cells from being inactivated by certain processes.

The higher confidence intervals of [HLa] obtained in this study could be explained by the
fact that most of the strains were still able to grow even at the highest [HLa] used. When
data in the growth/no growth boundary are available, then the confidence intervals of the
growth limit might be smaller. However, in our study higher concentrations than 30 mM
[HLa] were not used since it might influence the water activity of the medium. At the
concentration of 20 - 30 mM, the measured a,, medium was 0.991 (+ 0.002), which was
close to the a, of the plain MRS medium. Comparing the estimated [HLa,,.,] obtained in
our study with the one reported in literature was rather complicated since [HLa,,q,] might
be influenced by pH media and incubation temperature used in the studies. However, a
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previous study reported that the influence of pH on the MIC of sodium lactate depended
on the type of microorganisms, and that temperature did not have a specific influence on
the MIC of sodium lactate (Houtsma et al., 1996). The pH had a minor influence on the
MICs of sodium lactate for lactic acid bacteria M18, M52, M75, Lactococcus lactis subsp.
cremoris and Lactococcus lactis SK3 (Houtsma et al., 1996). The MICs of sodium lactate of
those strains were between 268 mM and 714 mM at pH 5.7 and incubation temperature
of 20°C or corresponded to 3.82 - 10.17 mM of [HLa,,.], which was lower than what was
estimated in our study. When we considered only the effect of initial pH medium, in which
the growth at pH 4.5 would be slower than the growth at pH 5.7, one might expect lower
[HLa] would be needed at pH 4.5 than at pH 5.7 to inhibit the growth of L. plantarum.
However, as also described by Houtsma et al. (1996), three factors played a role in
determining the growth of microorganism when lactate was added in the medium: pH,
[HLa], and a,,. At higher pH value of pH 7, the inhibitory effect of sodium lactate was
mostly due to lowering effect of a,, while at the lower pH, the effect of undissociated
form of the organic acid became more important (Houtsma et al., 1996). The addition of
268 mM - 714 mM sodium lactate in peptone-yeast extract broth (a, =0.998) used in
Houtsma et al. (1993) study resulted in the medium a,, between 0.992 and 0.977. The
influence of a,, and the type of microorganism might then be the reason for the difference
between the [HLa,,q] obtained in our studies and those reported from literature.

Most of the L. plantarum strains in our study had an estimated T,,,;, between 4.7°C - 8.3°C,
except for two strains FBR29 and WCFS1. These two strains had T,,;, estimates between
3°C - 4°C which was similar to the reported T, estimate for L. plantarum (Zwietering et
al., 1994). Notably, the square root p, data as function of temperature for some L.
plantarum strains in this study seemed to slightly deviate from linearity, as indicated by
the lack-of-fit of the square root model for 10 out of 20 strains. However, no structural
deviation of the model was observed for those 10 strains since the deviation was not
always found at the same location/temperature point. This phenomenon is different
compared to L. monocytogenes and L. innocua where in certain cases a deviation was
found at the same temperature point (Bajard et al., 1996; Le Marc et al., 2002), and
therefore a two phase temperature model was used in these studies. So far, no deviations
in linear relationship between square root z,,, and temperature have been reported for L.
plantarum.

Heating temperature seemed not to have an influence on strain variability of L. plantarum
since the strain variability in log,o D-value was remarkably similar at all temperatures.
Moreover, while the average D-value of all strains was temperature dependent, the
parameter was independent of temperature. Similar result was also observed in a
previous study on the application of the Weibull model for thermal inactivation of
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vegetative cells (Van Boekel, 2002), although linear dependency of the § parameter with
temperature was also reported.

As for L. monocytogenes, the physiological state of the cells had the biggest effect on the
thermal resistance, but the magnitude was similar to the effect of pre-culturing at low
temperature before thermal treatment. Culturing the cells at low pH seemed to have a
limited impact on the thermal resistance of strain FBRO5 and SF2A3B as compared to the
cells cultured in plain medium. This can be explained by the fact that when the cells were
grown until stationary phase for 24 h in plain medium, the pH of the medium dropped to
between 3.9 and 3.8. This reference culturing condition therefore also exposed cells to a
lowered pH before the thermal process. Although the medium for low pH growth (pH 4)
was buffered, the pH decreased to 3.2 and 3.4 when the cells reached stationary phase.
This limited difference in end pH of both culturing conditions might explain why both
conditions showed no difference in the thermal resistance result. However, the effect of
pre-culturing at low pH was observed for strain LMG18035. No study reported the effect
of pre-culturing in low pH medium on the thermal resistance of L. plantarum. But, a
decrease in thermal resistance of the cells pre-cultured in low pH medium was also
observed for L. monocytogenes (Aryani et al., 2015b).

Lower thermal resistance was observed for FBRO5 when it was pre-cultured in higher
concentration of NaCl. In contrast to our result, enhanced thermal resistance was
reported for L. monocytogenes (Aryani et al., 2015b) and B. cereus (Den Besten et al.,
2006) pre-cultured in the presence of higher NaCl concentration. The decrease in thermal
resistance of strain FBRO5 could not be related to its sensitivity to NaCl since it was able to
grow up to the concentration of 8% NaCl in the growth experiment. No report about the
decreasing effect of NaCl on thermal resistance was found for lactic acid bacteria and for
other mesophilic bacteria. Testing the effect of NaCl on thermal resistance for other L.
plantarum strains could confirm whether the decreased effect of NaCl was strain specific.
To benchmark the strain variability and variability introduced by growth history, these
variability factors were compared to the variability found in D-values reported in
literature. In total, 121 D-values data were collected from different studies. These studies
used different methods, strains, treatments and different types of heating media.
Following a similar approach as used in the study of Van Asselt and Zwietering (2006), the
95% prediction intervals of the data were obtained (figure 4.8A) to quantify the overall
variability found in literature.
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Figure 4.8. The meta-analysis of thermal inactivation data: A) Thermal inactivation data from
literature and its 95% prediction intervals (PI, all data); B) 95% PI --- all literature data, --- laboratory
media, --- milk, --- juices; C) 95% PI --- all literature data, --- literature data of 50-63°C and D) 95% PI
--- all literature data, --- laboratory media, --- literature data of 50-63°C. O Literature data” in
panel A; Cells grown until stationary phase in: ¢ MRS at 30°C; € MRS pH 4 at 30°C; & MRS+2.5%
NaCl at 30°C; € MRS at 12°C; and ¢ cells grown until exponential phase in MRS.

1) References: (Alwazeer et al., 2002; Augusto et al., 2011; Cole and Jones, 1990; De Angelis et al., 2004;
Franchi et al., 2003 ; Golowczyc et al., 2010; Jordan and Cogan, 1999; Liu et al., 2011; Milly et al.,
2007; Minervini et al., 2012; Paéz et al., 2012; Parente et al., 2010; Tajchakavit et al., 1998; Turner et
al., 1986)
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When all data from the literature was used (48.5°C - 80°C) (figure 4.8A), the slope of the
linear regression between log,, D-value and temperature was rather low, so the estimated
z-value of L. plantarum from literature data was rather high (12°C), in comparison to the z-
value of our experimental data that was between 3.9°C and 6.0°C. The higher z-value of
the literature data was due to the effect of different matrices included in the meta-
analysis. When the literature data of L. plantarum was split into different categories,
namely laboratory media, milk, and juices, the estimated z-values were 7.2°C, 12.8°C, and
13.3°C respectively (figure 4.8B). The effect of food matrix on thermal resistance was also
reported for Salmonella spp. in chocolate (z-value 20.4°C) (Van Asselt and Zwietering,
2006) and L. plantarum in milk (20°C) (De Angelis et al., 2004) and in apple juice (15°C)
(Tajchakavit et al., 1998). This highlighted the effect of heating menstruum on thermal
inactivation. Moreover, higher D-values between 63°C and 80°C, which were mostly
obtained from experiments using milk and were available only in fewer numbers than
those at lower temperature, might also contribute to the lower slope of the regression.
When only D-values at the temperature range of our study (50°C and 63°C) (figure 4.8C)
was used for the regression analysis, the estimated z-value was 6.5°C, which
corresponded more or less to the reported z-values of vegetative cells which was between
5°C - 7°C (Doyle et al., 2001; Jordan and Cogan, 1999; Van Asselt and Zwietering, 2006).
When our data was benchmarked to the intervals of all literature data, strain variability
explained most of the variability in D-values found in literature (figure 4.8D). When our
data was benchmarked to the intervals of literature data at truncated temperature range
or to the intervals of literature data obtained from laboratory media, strain variability
explained rather all of the variability found in literature, but with bias at higher
temperature of 60°C and 63°C (figure 4.8D). As in figure 4.6, strain variability in log D-
value was consistently observed over temperature range used in this study. When the
data of growth history effect was added, our data explained all variability found in
literature, although with bias (figure 4.8D).

CONCLUSSIONS

Phenotypic diversity in growth and thermal resistance of L. plantarum was quantified. In
general the impact of strain variability was much higher for thermal resistance than for
growth. Strain variability in thermal resistance was also higher than the effect of growth
history, but the combined effects of strain and growth history were able to explain all of
variability found in literature, although with bias. The quantitative knowledge obtained on
experimental, reproduction and strain variabilities can be used to improve experimental
designs and to adequately select strains for challenge growth and inactivation tests.
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Moreover, integration of strain variability in prediction of microbial kinetics will result in
more realistic predictions of L. plantarum growth and inactivation dynamics.
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SUPPLEMENTARY MATERIALS

Supplement 4.1. Secondary growth models transformation
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Supplement Table S4.1. The shape parameter (/) of thermal inactivation curve of L. plantarum

Strains Shape parameter (ﬂ)l)
55°C 58°C 60°C 63°C

FBRO1 1.41 (0.134) 1.94 (0.198) 1.59 (0.465) 1.91(0.247)
FBRO2 1.10 (0.0797) 1.20 (0.131) 1.57 (0.149) 1.36 (0.241)
FBRO3 1.19 (0.163) 2.63 (0.485) 1.40 (0.202) 2.11(0.392)
FBRO4 1.31 (0.155) 2.03 (0.44) 1.47 (0.124) 1.29 (0.201)
FBROS 3.43 (0.340) 0.89 (0.209) 1.89 (0.270) 1.80 (0.455)
FBRO6 1.27 (0.0856) 1.79 (0.147) 3.19 (0.369) 1.92 (0.214)
FBR22 0.828 (0.0622) 0.859 (0.0465) 1.01 (0.228) 1.15 (0.144)
FBR23 1.67 (0.401) 1.70 (0.243) 1.65 (0.235) 1.70 (0.538)
FBR24 1.88 (0.220) 1.37(0.135) 1.16 (0.0643)  1.17 (0.0911)
FBR25 1.53 (0.166) 1.56 (0.142) 1.68 (0.140) 1.54 (0.315)
FBR26 1.15 (0.0904) 1.70 (0.393) 1.64 (0.141) 2.00 (0.590)
FBR27 1.66 (0.192) 0.896 (0.0672) 0.886 (0.158)  0.947 (0.174)
FBR28 1.18 (0.129) 2.17(0.179) 2.05 (0.366) 2.17 (0.496)
FBR29 1.22 (0.126) 1.52 (0.332) 1.06 (0.0197)  1.32(0.329)
FBR30 1.36 (0.307) 1.12 (0.0936) 0.726 (0.0451)  1.06 (0.284)
WCFS1 1.25 (0.214) 1.70 (0.0462) 1.88 (0.221) 1.82 (0.158)
LMG18035 1.11 (0.134) 1.34 (0.394) 1.02 (0.0959)  1.16 (0.0691)
LMG23454 1.67 (0.259) 1.32 (0.301) 1.32 (0.119) 1.24 (0.0889)
LMG6907 1.48 (0.261) 1.18 (0.126) 2.16 (0.333) 1.70 (0.377)
SF2A35B 1.04 (0.0697) 1.11(0.216) 0.525 (0.0542)  0.538 (0.241)

1) The value between brackets is the standard deviation of six festimates.
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Figure S4.1. The calculated ¢ as function of === pH, == Hla, a, and == temperature.

Figure S4.2. the i, data as function of pH: A) strain FBRO1 and B) strain FBRO5. Closed symbols:
the data obtained from the pH experiment. Open symbols: the data obtained from temperature
(30°C, pH 5.7), and HLa experiment (30°C, pH 4.5, 0 mM [HLa]). The solid line is the average
prediction if z4,4 data of pH 7 was used in the fitting process.
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Chapter 5 Validation of growth and thermal resistance kinetics

ABSTRACT

Microbial growth and inactivation kinetics in food can be predicted when the effects of
food properties and environmental conditions on microbial responses are available.
However the effects of these intrinsic and extrinsic variables on microbial kinetics are
often obtained using laboratory media, and deviations between predictions and true
behaviour might occur if the specific effect of a food product is not known or considered
in the prediction. Therefore, knowing the food specific effect on microbial kinetics might
not only result in a more realistic growth and inactivation prediction, but also extend the
knowledge on factors influencing growth and heat resistance. In this study, growth
predictions of Listeria monocytogenes and Lactobacillus plantarum were validated in
laboratory media and in milk and ham as model food products. A good agreement
between the predicted and observed growth kinetics in laboratory media highlighted the
possibility to predict zi,. based on cardinal growth parameters obtained from OD-based
measurement in laboratory media. Only in two conditions a possible interaction between
growth limiting factors was observed, yet existing interaction models were not better in
predicting growth. Growth validation in the two model foods showed that the food
specific effects were strain dependent, which might further complicate accurate
prediction. For both species the effect of strain variability on thermal inactivation was
similar to the food specific effects, and the latter was mainly determined by the effect of
ham as heating medium. The combination of both effects explained (almost) all variability
found in literature, however, with some bias.
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INTRODUCTION

Quantitative microbiology relies on the concept that the responses of microorganisms to
intrinsic food properties and environmental conditions are reproducible (Ross and
McMeekin, 1994), allowing the use of past knowledge to predict the behaviour of
microorganisms. Quantitative microbiology is used, amongst others, as a tool to evaluate
the efficacy of certain product designs and thermal processes in controlling the presence
and growth of microorganisms to ensure an acceptable level at the end of the shelf life
period. The mathematical models and parameters used for prediction are generally
established from experimental data obtained in well-defined experimental conditions
using laboratory media (Adams et al.,, 1991; Buchanan and Phillips, 1990; Duh and
Schaffner, 1993; Le Marc et al., 2002; Presser et al., 1997; Ross et al., 2003). When growth
or inactivation kinetics in an actual food product are investigated, then the prediction is
sometimes found to be unrealistic (Pin et al., 1999). The reason is that the model is based
on data generated in laboratory media and only focuses on the intrinsic and extrinsic
parameters available for that media, and does not take into account additional food
specific factors (Xanthiakos et al., 2006). These food factors are also specific since the
growth model developed specially for a certain food product type might not be realistic
for other food products (Schvartzman et al., 2010). To quantify these food specific factors,
the model established using laboratory media based data must be validated in food
products, such as done by Murphy et al. (1996), or by using available literature data (te
Giffel and Zwietering, 1999).

In previous studies, the growth and thermal inactivation of Listeria monocytogenes and
Lactobacillus plantarum in laboratory media were characterized (Aryani et al., 2015a;
Aryani et al., 2015b; Aryani et al., submitted for publication), in which strain variability in
thermal inactivation was found to be much larger than strain variability in growth kinetics
for both species. The obtained cardinal growth parameters were initially used to predict
the microbial maximum specific growth rate (4 in a defined food product (Aryani et al.,
2015b; Aryani et al., submitted for publication). This initial prediction was made using a
gamma modelling approach (Zwietering et al., 1996) to demonstrate the effect of strain
variability on the growth behaviour of L. monocytogenes and L. plantarum. No product
factors, however, were included in our previous studies, so the initial prediction results
might not be sufficient for predicting the actual microbial behaviour in real food products.
Similarly, food factors, such as fat, are also known to influence the heat resistance of
microorganisms (Doyle et al., 2001; Van Asselt and Zwietering, 2006), and might provide
additional challenges to model the inactivation rate of microorganisms.
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The knowledge on food product specific factors is not only needed to improve the
prediction result, but is also needed to prioritize the importance in comparison to other
variability factors during experimental or challenge study designs. Therefore, the
objectives of the present study were: 1) to validate the established growth model using
experimental and literature growth data; 2) to examine the food product specific effects
on microbial growth and heat resistance; and 3) to compare the food product specific
effects with other variability factors to prioritize their importance. The model food
products used in our study were milk and ham, representing liquid and solid food
products.

MATERIALS AND METHODS

Predicting the growth of L. monocytogenes and L. plantarum

Growth kinetics of L. monocytogenes and L. plantarum was predicted in laboratory media,
skimmed milk and ham. The properties of skimmed milk and ham are listed in table 5.1.
The pH and water activity were measured using a pH meter and a,, meter (Novasina water
activity machine), respectively. The concentration of total lactic acid in ham was
determined using HPLC (Ultimate 3000 system, Dionex, equiped with a Shodex RI detector
and Aminex HPX 87H column). Briefly, the ham sample was homogenized in demineralized
water using an ultraturrax (IKA® ultraturrax® tube dispenser). The ham suspension was
then centrifuged at 12,000 x g for 2 min (Biofuge Pico, Heraeus instruments). Ten
microliter of the supernatant was injected in the column and elution was performed using
0.005M H,SO, at a flow rate of 0.6 ml/min. The obtained total lactic acid concentration
was then corrected and converted into the total undissociated lactic acid ([HLa]) knowing
also the pH of the ham.

Table 5.1. Food matrices characteristics

Variables Milk Commercial ham In-house produced ham
pH 6.6-6.7 6.5 6.0
ay 0.997 (+0.003) 0.968 (+0.003) 0.967 (+0.003)
[HLa] (mM) 0 0.21 (o= 0.060) 1.24 (0 =0.47)

The growth of L. monocytogenes and L. plantarum was predicted using the three-phase
linear model (Equations (5.1a) and (5.1b)) adapted from Buchanan et al. (1997).

Log1o(N¢) = LogioNy for t<h [5.1a]
Log,o(N;) = min (Long0 + l’:&aé‘) (t—2n), LoglONmax) fort>A\ [5.1b]
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Where N; is the concentration (CFU/ml or CFU/g) at time t, N, is the initial concentration
(CFU/mI or CFU/g), timax is the maximum specific growth rate at a certain condition (h™),
N oy is the maximum concentration (CFU/ml or CFU/g), t and A are the time and lag time
(h), respectively.

The maximum specific growth rate (zm.) used in the three-phase linear model was
estimated using the gamma model without interaction (equations (5.2a) and (5.2b)),
which included the best fitting secondary growth models from our previous study (Aryani
et al., 2015b). These secondary growth models were transformed following the reference
conditions of pH 7.3, a,, 0.997, T 30°C, 0 mM [HLa] for L. monocytogenes and pH 5.7, a,,
0.993, T 30°C, [HLa] 0 mM for L. plantarum (equations (5.3)-(5.6)).

y(total) = y(pH) *y(ay) *xy(T) *y(HLa) [5.2a]
Hmax = Href * y(total) [5.2b]
( (PH-PHmin) )
1—-2\PHmin=pHy /3
y(pH) = T (ohrepFman) [5.3]
1_2(pHmin_pH1/2)
1_<1_1a_‘::w- > aw
y(ay) = ﬁ [5.4]
=
1=Awnin
— (T_Tmin)2
y(T) = Tror—Tmin)? [5.5]
_ 4 _ (_[HLa] \“%HLa]
y((HLa)) = 1~ () [5.6]

Where 7 is the gamma factor for each variable; i,y is the maximum specific growth rate
(h'l): Hrefy PHrep, Gy, res and T are the specific growth rate (h'l), pH, a., and temperature
(°C) at the reference conditions; pH, a,, T, [HLa] are the actual pH, a,, temperature (°C)
and undissociated lactic acid concentration (mM). The cardinal growth parameters pH,in,
PH1/5, Qu,min Tmin and [HLamq] and the shape parameters oy, and o4 Were obtained from
the previous studies (Aryani et al.,, 2015b, Aryani et al.,, submitted for publication)
(supplement table 5.1).

The lag time was estimated following the same approach as Koutsoumanis et al. (2006)
and Zwietering et al. (1994), assuming A* 11,,.« between 0-4. Using this assumption, the 4
duration of cells grown in BHI and milk was between 0 and 5 h when cells were grown in
laboratory media at 30°C or 0-5 days when cells were grown in laboratory media and milk
at 7°C for L. monocytogenes and at 15°C for L. plantarum. For the cells grown in ham at
7°C for L. monocytogenes and at 15°C for L. plantarum the A duration was between 0 and
12 days. Moreover, since the initial culture used in the validation study was between 2
and 3 log;, CFU/mI or log,o CFU/g, those values were used for the lowest and highest
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initial concentration in the prediction. The maximum concentration (N,,.) obtained from
the validation study varied according to the type of media. Therefore, for the cells grown
in laboratory media, the maximum concentration used for prediction was between 9 and
10 logig CFU/ml. For the cells grown in milk and ham, in which less nutrients are available,
the maximum concentration was between 7 and 8 log;, CFU/ml or log,, CFU/g; and for the
cells grown in laboratory media in the presence of severe growth limiting factors, the
maximum concentration was between 7 and 8 log,q CFU/m.

The prediction was presented with two different intervals: i) 95% confidence intervals
(95% Cl) of the respective strain and ii) 95% prediction intervals (95% PI) of all strains. In
the first interval, the lowest or highest estimates (95% Cl) of the cardinal parameters and
Hrer Were used to calculate the 95% Cl of iy, for each strain. These 95% Cl tiyq values
represent within strain (reproduction) variability. In the second interval, the mean
estimate of each cardinal parameter and p4.s was used to calculate the s, of each strain.
The 95% prediction interval was then calculated from the average i,4x of all 20 strains.
Since the 95% Pl was calculated from the g, of the 20 strains, this interval represents
strain variability.

The prediction result was then compared to the obtained growth kinetics in laboratory
media to validate the gamma model. If a deviation between the observed and predicted
kinetics was observed, the gamma model with interaction of Le Marc et al. (2002)
(equation (5.7)) and Augustin and Carlier (2000) (equations (5.8a) and (5.8b)) were also
tested.

Hmax = trer *¥(PH) * v (ay,) * y(T) * y([HLa]) * {(pH, a,, T, [HLa]) [5.7]

The &(pH, a,,, T,[HLa]) is the interaction term between parameters proposed by Le Marc
et al. (2002).

The model of Augustin and Carlier does not include a specific interaction factor, but the
cardinal growth parameters are adapted independently, integrating the effect of the other
growth parameter factors. The adapted cardinal growth parameters were then used in the
gamma model without interaction.

Yope=¥ \° Zope=Z \° 13
Xmin,new = Xapt - (Xopt - Xmin) * {(1 - [HLa] ) - ( 2 ) - ( L ) } [583]

[HLamax] Yopt=Ymin Zopt—Zmin

[HLamaxnew] = [HLamax] * (1—{[ Plope Pl ]3 + [ ]3 4 [t ]3}) [5.8b]

PHopt—PHmin Topt—Tmin Aw opt ~AWmin

Where X, Y, and Z are pH, a,, or T. The value of T,,; and pH,,: for L. monocytogenes used
were 37°C and pH 7 as found from literature (ICMSF, 1996) and the a,, ., Was set at 1.

Additionally, the bias and accuracy factors (Ross, 1996) (equations (5.9)-(5.10)) were used
to assess the performance of the gamma model in predicting growth kinetics in laboratory
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media. For this purpose, only the mean predicted g, of the Gamma model was
compared to the mean observed i, obtained from fitting Gompertz model to the
experimental data. The g, was converted to generation time (GT) following equation
(5.11).

Bf — 10(21Og(GTpredicted/GTobserved)/n) [5.9]

Af — 1O(Z|IOE(GTpredicted/GTobserued)|/n) [510]

GT = 2@ [5.11]
Hmax

Where GT is the generation time (h), GTredicted is the predicted generation time; GTopserveq iS
the observed generation time, n is the number of GTypserves @aNd Limax is the maximum
specific growth rate (h™).

Culture preparation

Three strains of L. monocytogenes (strain L6, FBR17 and FBR15) and two strains of L.
plantarum (strain WCFS1 and FBRO5) were selected for this study. Strains L6, FBR17, and
FBR15 were selected based on their characteristic as heat resistance strain, robust strain
at low pH, low a,, and high concentration of HLa, and slow growing strain, respectively,
while FBRO5 and WCFS1 were selected for their characteristic as heat resistant strains and
also robust strain at low temperature for WCFS1.

From frozen cultures kept at -20°C, a streak was made on Brain Heart Infusion (BHI) agar
(BHI broth, Becton Dickinson, France, supplemented with 1.5% of bacterial agar (w/v),
Oxoid, England) for L. monocytogenes and on De Man, Rogosa and Sharpe (MRS, Merck
Millipore) agar for L. plantarum and incubated for 48h (at microaerobic condition for L.
plantarum) at 30°C. A single colony from the plate was selected and transferred to 100 ml
of BHI broth for L. monocytogenes and MRS broth for L. plantarum. The cultures were
incubated at 200 rpm for 8-10 days at 7°C and 16h at 30°C for L. monocytogenes and were
incubated statically for 7 days at 15°C and 24h at 30°C for L. plantarum. Then, all cultures
were diluted to the concentration of approximately 10* logi, CFU/mI using Peptone
Physiological Salt (PPS, Tritium Microbiologie B.V., Netherlands).

Growth Kinetics

Validation in laboratory media

Validation in laboratory media was conducted in three types of experiments:

1) Validation of the model at optimal conditions (30°C) in plain medium using L.
monocytogenes L6, FBR17 and FBR15 and L. plantarum WCFS1 and FBRO5. For this
purpose, one milliliter of the diluted culture (pre-cultured at 30°C) was transferred
into a 250 ml flask containing 100 ml of BHI broth or MRS broth in duplicate. The
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flasks were then incubated at 30°C at 200 rpm for L. monocytogenes and 30°C at
static condition for L. plantarum. Sampling was performed every 2 h until the samples
reached stationary phase. Each sample was diluted in PPS and the appropriate
dilution was plated on BHI/MRS agar plates in duplicate using a spiral plater (Eddy Jet,
IUL instruments). The plates were incubated at 30°C for L. monocytogenes and in
microaerobic condition at 30°C for L. plantarum for 24-48 h. The colonies found on
the plate were counted and reported in log;o CFU/ml.

2) Validation of the model at low incubation temperature (7°C and 15°C) in plain
medium using L. monocytogenes L6, FBR17 and FBR15 and L. plantarum WCFS1 and
FBRO5. One milliliter of the diluted culture (pre-cultured at 7°C, 15°C or 30°C) was
transferred into a 250 ml flask containing 100 ml of BHI broth or MRS broth in
duplicate. The flasks were incubated statically at 7°C and 15°C for L. monocytogenes
and L. plantarum respectively until reaching stationary phase. Also, flasks containing
100 ml of BHI broth were incubated at 7°C at 200 rpm to examine the effect of
shaking on the growth of L. monocytogenes. Sampling was performed every 2 days
until the samples reached stationary phase. The samples were plated and incubated
following a similar procedure as described earlier in 1).

3) Validation of the model when the multiple growth limiting factors were present in the
media. For these experiments, only L. monocytogenes strain L6 was selected as a
representative strain. The effect of growth limiting factors was tested using different
conditions: a) BHI +2.5% NaCl (AnalaR NORMAPUR, VWR International, Leuven
Belgium), b) BHI+ DL-lactic acid 85% (pH 6.1, 0.13 [HLa]) (Sigma-Aldrich, Germany), c)
BHI adjusted to pH 5.5 using H,SO, (Riedel-de Haen, Seelze Germany) and 1 mM [HLa]
(calculated using the Henderson-Hasselbalch equation described in a previous study
(Aryani et al., 2015b)), and d) BHI adjusted to pH 5.5, 1 mM [HLa] and 2.5% NacCl.

One milliliter of the diluted culture (pre-cultured at 30°C or 7°C) was transferred into a

250 ml flask containing 100 ml of each adjusted BHI broth. The flasks then were incubated

at 30°C and 7°C, 200 rpm for almost all experiments, except for the experiment using BHI

adjusted to pH 5.5, 1 mM [HLa] and 2.5% NaCl, which was only done at 7°C and 200 rpm.

Sampling was performed every 2 h for the samples incubated at 30°C and every 2 days for

the samples incubated at 7°C until the samples reached stationary phase. The samples

were plated and incubated following a similar procedure as used for the validation at
optimum condition.

Validation in milk

One milliliter of the diluted culture (incubated at 30°C, 7°C or 15°C) was transferred into a
250 ml flask containing 100 ml of milk (UHT milk 0% fat, a,, 0.997 (+0.003), pH 6.6 (+0.1)).
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The flasks were incubated statically at 7°C and 15°C for L. monocytogenes and L.
plantarum respectively until reaching stationary phase. Sampling was performed every 2
days until the samples reached stationary phase. At each sampling time, 1 ml of milk
samples was taken, diluted in PPS and plated in duplicate using a spiral plater on BHI and
MRS agar plates. The plates were incubated following the method described earlier for
laboratory media. Additionally, experiments were also conducted in milk at 7°C and 15°C
containing 1.5% and 3% of fat (semi-skimmed milk and full milk) to study the effect of fat
concentration and also to validate the gamma factor obtained from skimmed milk.

Growth validation on commercial and in-house produced hams

Two different hams were used for the experiments, commercial ham (pH 6.7, a,, 0.968,
[HLa] 0.21 mM (standard deviation of 0.060, +12-13 g per ham slice) and in-house
produced ham provided by Corbion, the Netherlands (pH 6, a,, 0.967, [HLa] 1.24 mM
(standard deviation of 0.47, 5 - 7 g per ham slice). Before the ham slices were used for the
experiment, each slice was put in the stomacher bag and sent for irradiation (10 kGy). The
slices were then stored at 4°C prior to use.

Hundred microliter of diluted culture was spread on both sides of each ham slice to obtain
approximately 2-3 log;, CFU/g of L. monocytogenes and L. plantarum respectively. The
ham slice in the stomacher bag was then incubated at 7°C and 15°C until stationary phase.
At each sampling time point a bag was removed and diluted 10 times in PPS and
homogenized using a stomacher (30 s, 160 rpm). The homogenized suspension was then
further diluted in PPS and plated in duplicate on BHI and MRS agar. The agar was
incubated at 30°C for L. monocytogenes and at 30°C in microaerobic conditions for L.
plantarum for 24 to 48 h. The colonies obtained on the plate were counted and reported
as log,o CFU/g.

Validation using literature data

Besides using experimental data, the validation can be performed using data obtained
from literature. For this purpose, the L. monocytogenes growth data in BHI at 30°C, BHI at
3°C, milk at 7°C, milk at 10°C and ham at 8°C were extracted from Combase. The
Gompertz model was then fitted to the log counts data extracted from Combase to
estimate the g4, This literature . was used to validate the predicted i, obtained
using gamma model. Since no information was available on the type of the strain used in
literature, the predicted 95% PI of z4,,4c from all strains were used for comparison.
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Model fitting and gamma food product calculation

The re-parameterized modified Gompertz model (Zwietering et al., 1990) (equation (5.12))
was used to fit the log;, CFU/ml or log,, CFU/g data as function of time.

Log1oNy = Log1oNy +

Hmax
LN19o

(Log10Nmax—L0g10No)

exp(1)

] -t + 1> [5.12]

Where N, is the initial bacterial concentration (CFU/ml or CFU/g), N is the maximum

(L0og10Nmax — LogioNo)exp <—exp [

bacterial concentration (CFU/ml or CFU/g), timex is the maximum specific growth rate at a
certain temperature (30°C, 7°C, or 15°C) (h™), A is the lag time (h) and t is the time (h).
The gamma factor for the food product specific effect was calculated following equation
(5.13), assuming that the observed g, is the product of predicted 4,4 and food product
factor (y(product))

Hmax,obs = Hmax,predict * y(product) [5.13]
Where fimayobsis the observed g, obtained from fitting the modified Gompertz model to
the experimental data; fimax predictea iS the predicted zi,q, obtained using the gamma model;
and y(product) is food product factor.

The fitting was done using excel solver Add-In and was confirmed using TableCurve 2D
v5.01.

Heat resistance

The effect of heating menstruum on heat resistance

To test the effect of heating menstruum, one ml of diluted overnight culture incubated at
30°C (see section culture preparation) was transferred to the flask containing 100 ml of
BHI for L. monocytogenes and MRS for L. plantarum and incubated until stationary phase
at 7°C for L. monocytogenes (14 days) and at 15°C for L. plantarum (10 days). At the end
of the incubation period in those laboratory media, the obtained culture was used for
testing the effect of heating menstruum following the procedure described previously
(Aryani et al., 2015a). Briefly, a flask containing 40 ml of heating menstruum (BHI or milk
for L. monocytogenes and MRS or milk for L. plantarum) was preheated in a water bath
until reaching the set temperature (65°C for L. monocytogenes and 60°C for L. plantarum).
The diluted culture was then transferred to the preheated heating menstruum (1:100 v/v)
to start the thermal inactivation treatment. One ml of aliquot was removed from the flask
at certain time intervals and diluted directly in 9 ml of PPS. Serial dilutions were made and
plated on BHI/MRS agar in duplicate using a spiral plater. For the time point at which no
dilution was needed, one ml aliquot was put in a cup standing on ice for a few seconds to
stop the inactivation process. The 1 ml aliquot was then distributed and spread plated on
three different plates. This allowed us to have the detection limit of 0 log;, CFU/ml for the
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cells inactivated in liquid media. All the plates were incubated at 30°C for L.
monocytogenes and at 30°C in microaerobic conditions for L. plantarum for 4-5 days.
When ham was used as heating menstruum, 100 pl of the diluted culture was spread on
each side of a ham slice. The bag containing ham was then heat sealed and heated in a
water bath at 65°C for L. monocytogenes and at 60°C for L. plantarum. The time needed
to reach 99% of those waterbath temperatures was 20-25 s for control cooked ham (0.5
mm thickness) and 35-40 s for commercial ham (1.0 mm thickness), measured using a
thermocouple probe (PeakTech 3150, Thermocouple K-type) inserted into the ham before
each experiment. At each sampling point a bag containing a ham slice was removed from
the water bath and the bag was aseptically opened. The ham was diluted 10 times in PPS
and homogenized using a stomacher (30 s, 160 rpm). From this stage, serial dilutions were
made and the appropriate dilution was plated in duplicate on BHI or MRS plates. The
plates were incubated at 30°C (in microaerobic condition for L. plantarum). The colonies
found on the plate were reported in log;, CFU/g. The detection limit for ham was 1 logyo
CFU/g.

The effect of incubation media on heat resistance

One ml of diluted overnight culture incubated at 30°C (see section culture preparation)
was transferred to the flask containing 100 ml of BHI or milk for L. monocytogenes and
MRS or milk for L. plantarum and incubated until stationary phase at 7°C for L.
monocytogenes (14 days) and at 15°C for L. plantarum (10 days). At the end of the
incubation period, the culture was used for thermal inactivation using similar media as
used for incubation. For example, the culture obtained from incubation in laboratory
media was transferred to the preheated laboratory media and the culture obtained from
incubation in milk was transferred to the preheated milk to start the thermal inactivation
treatment following the procedure described in the effect of heating menstruum on heat
resistance section. The heat resistance data of L. monocytogenes and L. plantarum pre-
cultured in laboratory media at 30°C obtained from our previous studies (Aryani et al.,
2015a; Aryani et al., submitted for publication) were used as a control.

For ham, 100 pl of diluted overnight culture incubated at 30°C (from section culture
preparation) was spread on each side of the ham slice. The ham slice was then incubated
at 7°C for L. monocytogenes and 15°C for L. plantarum until reaching the stationary phase.
At the end of the incubation time, the bag containing ham was heat sealed using a heat
sealer, and then heated in the water bath following the procedure described in the effect
of heating menstruum on heat resistance.
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Data fitting and statistical analysis
The time points of the ham data were corrected (using equations (5.14a) and (5.14b)) with
the time needed to heat the ham to 65°C for L. monocytogenes and 60°C for L. plantarum.

(e
L=10\"z [5.14a]
Frop = Jy Ldt [5.14b]

Where L is ratio of inactivation rate in comparison to reference temperature (T,); Tref is
the reference temperature (65°C and 60°C for L. monocytogenes and L. plantarum), T is
the actual temperature at certain heating time (°C), z is the temperature needed for one
logyo reduction in the D-value (°C), F.yis the amount of time which give an equivalent
heating process as T, does, and t is the total time needed to reach the temperature T (s).
The obtained F,.s value was used to correct the heating up time.

The log number of surviving cells was then plotted against the corrected time points to
obtain the thermal inactivation curve for each experiment, and the modified Weibull
model (Metselaar et al., 2013) (equation (5.15)) was used to fit this thermal inactivation
curve.

Log1oN; = LogioNy — A (2—2)6 [5.15]
Where Log N, is the logi, number of surviving organism (log;, CFU/ml/g) at time t; Log N,
is the logyg initial number (logi;o CFU/ml/g); tr is the corrected time (min or s); AD is the
time needed to reach A logy, reduction (min/s); and fis the shape parameter.

To characterize the factors influencing the D-value, multiple linear regression (equation
(5.16)) was used and the effect of strain and food matrix on the variability was also
compared using a previously described method (figure 3.2) (Aryani et al., 2015a).

Y = Y + B, Heating Media + 8,Growth Media + B5Strain [5.16]
After the dummy variables were created for temperature, heating media, growth media
and strain, the regression analysis was done in Excel (Microsoft Office 2010) using the data
analysis tools.

RESULTS

Validation of growth kinetics of L. monocytogenes and L. plantarum

Validation in laboratory media

Validation in laboratory media is needed to investigate if the prediction made using
previously obtained data match with the observed kinetics of microorganisms. The
validation in laboratory media is also important since the cardinal growth parameters
used for predicting tin.x were obtained from ODgy based measurement of a series of
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experiments in laboratory media using the 2-folds dilution method with Bioscreen C, while
the current growth data was obtained from plate count experiments. The validation in
laboratory media with different growth limiting factors for L. monocytogenes strain L6 is
presented in figure 5.1, and the validations in plain media at 30°C and lower temperature
for strains FBR17, FBR1, WCFS1 and FBRO5 are presented in figure S5.1. The maximum
specific growth rate (Umq.x) Was predicted using the gamma model and the cardinal growth
parameters obtained from a previous study on L. monocytogenes (Aryani et al., 2015b)
and L. plantarum (Aryani et al., submitted for publication).

The growth of L. monocytogenes strain L6 at 30°C, when all growth parameters were in
optimal condition, was in agreement with the 95% confidence intervals of predicted
growth (95% Cl) for strain L6 and the 95% prediction intervals (95% PI) of 20 L.
monocytogenes strains (figure 5.1A). The difference between these two intervals is small
because biological variability (represented by 95% Cl) and strain variability (represented
by 95% PI) were in the same order of magnitude (Aryani et al., 2015b).

When one or two parameters were adjusted to sub-optimal condition, such as with the
addition of 2.5% NaCl (figure 5.1B), the addition of DL-lactic acid (pH 6.11, [HLa] 0.13 mM)
(figure 5.1C), the addition of H,SO, to pH 5.5 (figure 5.1D) and the addition of H,SO, to pH
5.5 and 1 mM [HLa] (figure 5.1E), but the temperature was kept at 30°C, the observed
data was also between the two intervals of growth prediction. Similar result was also
obtained when the temperature was decreased to 7°C in: plain media (figure 5.1F), media
with 2.5% NaCl (figure 5.1G) and media with the addition of DL-lactic acid (pH 6.1 and
[HLa] 0.13 mM) (figure 5.1H). However, when temperature was decreased to 7°C in
combination with pH 5.5 and in combination with pH 5.5 and 1 mM [HLa] (figures 5.1l and
5.1J), the observed data slightly deviated from the 95% Cl of L6, although they were still
within the 95% Pl of L. monocytogenes strains. Different result was observed when 2.5%
NaCl was added to the media of pH 5.5 containing 1 mM [HLa] incubated at 7°C (figure
5.1K). Although the observed data was outside the 95%Cl of strain L6, the deviation seems
to be affected more by the lag phase than the growth rate. When the lag phase used in
the prediction process was adjusted from 0-5 days to 8-12 days, the predicted models
were in agreement to the observed data (figure 5.1L).

Since we observed a slight deviation between the 95% Cl and the observations of the cells
incubated in BHI pH 5.5 and BHI pH 5.5, 1 mM [HLa] at 7°C, we considered the possibility
of interaction effect between temperature and pH and between temperature, pH and
[HLa]. Therefore, the performances of the gamma models with interaction of Le Marc et
al. (2002) and Augustin and Carlier (2000) were evaluated. The calculated interaction
factor of pH and temperature, or pH, temperature, and [HLa] following the Le Marc model
was 1, meaning that there was no interaction predicted yet between those above
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variables. From the Augustin and Carlier model, a set of new cardinal growth parameters
was estimated following the equations (5.8a) - (5.8b) (data not shown). The new cardinal
growth parameters were then used to calculate each of the gamma factors, and
subsequently for calculating the z,... However, the resulting z,,x was much lower than
what was obtained from the observed data, indicating that the model with new cardinal
growth parameters predicted a larger interaction effect than what was observed from the
experimental data.
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Figure 5.1. growth kinetics of L. monocytogenes strain L6 in BHI media: A) BHI (pH 7.3; a,, 0.997) at
30°C; B) BHI + 2.5% NaCl (pH 7.3; a,, 0.983) at 30°C; C) BHI pH 6.11 HLa 0.13 mM at 30°C; D) BHI pH
5.5 (ay, 0.997) at 30C; E) BHI pH 5.5 HLa 1 mM at 30°C; F) condition as in A at 7°C; G) condition as in
B at 7°C; H) condition as in C at 7°C; I) D at 7°C; J) E at 7°C; K) BHI pH 5.5, 2.5% NaCl, 1 mM HLa at
7°C; L) condition as in K with lag phase of 8-12 days. - - - 5-95% confidence intervals of predicted
growth kinetics of L6, - - - 5-95% prediction intervals of predicted growth kinetics of L.
monocytogenes strains. < Experiment data with similar temperature for pre-culturing and growth
conditions; /\ pre-cultured at 30°C followed with growth at 7°C 200rpm; O pre-cultured at 30°C
followed with static growth at 7°C.
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As for strain L6, the observed growth kinetics of four other strains cultured in plain media
at 30°C, 7°C and 15°C were within the two intervals of the predicted kinetics (figure S5.1).
Also, no difference in the fitted g, could be observed between the L. monocytogenes
cells pre-cultured at 30°C or 7°C prior to growth at 7°C (figures 5.1F and S5.1D). However,
pre-culturing at 7°C prior to growth at 7°C significantly reduced the lag phase of the slow
grower strain FBR15. Although, the lag phase of strain L6 decreased upon pre-cultured at
7°C, it was not significantly different from the lag phase of the cells pre-cultured at 30°C.
Moreover, the use of shaking (200 rpm), which introduced aerobic condition, did not have
any effect on the observed g, and lag phase for both strains L6 and FBR15. The bias (By)
and accuracy (Ay) factors of the gamma model are presented in table 5.2. The By values of
the growth model in comparison to the measured growth in laboratory media ranged
between 0.545 and 1.91 and the A; between 1.00 and 1.91. Unlike in the comparison of
the measured growth data to the predicted 95% Cl and 95% PI, the By and Ay factors used
the mean value of the prediction. The highest B; of 1.97 was observed for the growth of
FBRO5 at pH 7°C, underlining that longer generation time was predicted using the gamma
model (fail dangerous prediction). The lowest B; was observed for the growth of L6 at pH
5.5, 7°C and at pH 5.5, 1 mM [HLa] at 7°C, underlining that the predicted growth was
faster than the observed growth (fail safe prediction).

Table 5.2. Bias factor (By and accuracy factor (A;) of the gamma model estimates based on
generation time in laboratory media

Strain Variable B, A
pH ay Temperature (°C) [HLa] mM
L6 73 0997 30 0.0 1.19 1.19
L6 73 0.983 30 0.0 1.29 1.29
L6 6.11 0.997 30 0.13 1.20 1.20
L6 55  0.997 30 0.0 1.17 1.17
L6 55  0.997 30 1.0 1.10 1.10
L6 73 0.997 7 0.0 0.987"  1.01"
L6 73 0.997 7 0.0 1.04?  1.04?
L6 73 0.997 7 0.0 1.03” 104
L6 73 0.983 7 0.0 1.00 1.00
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Strain Variable B, A
pH ay Temperature (°C) [HLa] mM
L6 6.11 0.997 7 0.13 0.961 1.04
L6 55  0.997 7 0.0 0.703 1.42
L6 55  0.997 7 1.0 0.545 1.83
L6 55  0.983 7 1.0 0.847 1.18
FBR17 7.3  0.997 30 0.0 1.10 1.10
FBR17 7.3  0.997 7 0.0 1202 1.20?
FBR17 7.3  0.997 7 0.0 113?  1.13?
FBR15 7.3  0.997 30 0.0 1.20 1.20
FBR15 7.3  0.997 7 0.0 0.821"  1.22"
FBR15 7.3  0.997 7 0.0 0.768”  1.30”
FBR15 7.3  0.997 7 0.0 0.808Y  1.24°
FBRO5 5.7  0.993 30 0.0 1.19 1.19
FBRO5 5.7  0.993 15 0.0 1.91 1.91
WCFS1 57  0.993 30 0.0 1.10 1.10
WCFS1 57  0.993 15 0.0 1.17 1.17

1)  Pre-cultured at 30°C followed by growth at 7°C,200 rpm
2)  Pre-cultured at 30°C followed by static growth at 7°C.
3)  Pre-cultured at 7°C followed by static growth at 7°C.

Validation in milk

A good agreement between the predicted and observed growth kinetics in laboratory
media was expected since the cardinal growth parameters used for prediction were also
obtained from experiments using laboratory media. However, when those parameters are
used to predict the growth kinetics in more complex media, such as food, deviation
between the predicted and observed kinetics might be expected. Milk has almost similar
characteristic, such as pH and water activity, as laboratory media. Therefore, when
deviation is observed between prediction and growth kinetics in milk, it is due to the
product specific effect of milk.

The observed and predicted growth kinetics of L. monocytogenes and L. plantarum in
skimmed milk are presented in figure 5.2. Although the observed data were inside the
95% CI of the respective strain and the 95% PI of L. monocytogenes and L. plantarum
strains, the exponential phase of the curve was less steep than that from our prediction
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(figures 5.2A-E), except for strain FBRO5. Consequently, the z,q, estimate of both species
in milk (supplement table 5.2), except for strain FBRO5, was lower than the prediction,
underlining the presence of a product specific effect (y(milk)). The y(milk) calculated using
equation 10 is presented in figure S5.2. Additionally the y(milk) was also calculated using
the fim. estimates of the logistic and Baranyi models to compare if growth model
selection influences the y(milk) estimates. The y(milk) of strains L6, FBR17, FBR15 and
WCFS was between 0.6 and 0.8, while for strain FBRO5 the value was above 1. Little
differences were observed between the y(milk) estimates calculated from the i
estimate of all models, except for strain FBRO5 when the z,,, estimate of the Gompertz
model gave a significantly higher y(milk) estimate than that of the logistic and Baranyi
models. The difference in model fitting might be caused by the limited growth data points
available in the exponential phase L. plantarum at 15°C.
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Figure 5.2. The growth kinetics in skimmed milk of I) L. monocytogenes at 7°C: A) L6; B) FBR17; C)
FBR15; and Il) L. plantarum at 15°C: D) WCFS1); E) FBROS. - - - 5-95% confidence intervals of
predicted growth kinetics of each strain; - - - 5-95% prediction intervals of predicted growth kinetics
of L. monocytogenes strains; < pre-cultured at 7/15°C; /\ pre-cultured at 30°C.

135



Chapter 5 Validation of growth and thermal resistance kinetics

To study the effect of fat concentration on growth kinetics, L. monocytogenes strains L6
and FBR17 and L. plantarum strains WCFS1 and FBRO5 were grown in semi skimmed milk
(1.5% fat) and full milk (3% fat), which has similar characteristic as the skimmed milk used
in this study (pH and a,,) except for the fat content. No difference could be observed from
the growth kinetics of L6, FBR17, WCFS1 and FBRO5 grown in skimmed milk, semi-
skimmed milk, and full milk (figure S5.3), and therefore the y{milk) estimate obtained from
skimmed milk can also be used for semi-skimmed milk and full milk.

Validation in Ham

Two different hams, commercial ham bought in the supermarket and in-house produced
ham, were used in this study. Commercial ham contained, besides lactic acid, also sodium
nitrite (E250) as preservative agent. No sodium nitrite, however, was added in in-house
produced ham. The growth kinetics of L. monocytogenes and L. plantarum are presented
in figures 5.3 and 5.4, respectively. The growth of L. monocytogenes in ham was
dependent on the strain and the characteristics of the ham. The observed kinetics of L.
monocytogenes strain L6, FBR17 and FBR15 grown in commercial ham (figures 5.3-IA —
5.3-IC) were inside the 95% Cl of the respective strain and the 95% Pl of the L.
monocytogenes strains, but the slope of the growth curve of FBR15 was less steep than
those of both predictions. The slope of the growth curve of the three L. monocytogenes
strains in in-house produced ham was similar to the lower 95% Pl of the L. monocytogenes
strains, but the slope again was smaller than that of the 95% CI for strain L6 and FBR15
(figures 5.3-1IA, 5.3-1I1B, and 5.3-1IC). Strain dependency was also observed from the
growth kinetics of L. plantarum strains (figure 5.4). Although the observed kinetics of L.
plantarum strains was in the range of both prediction intervals, the slope of the observed
kinetics was smaller than that of the predicted kinetics, indicating the presence of a ham
specific effect.

Just as with milk, a similar approach was used for ham to estimate the effect of y(ham) on
the growth kinetics of L. monocytogenes and L. plantarum. The average y(ham) for the
commercial ham was calculated from the observed . divided by the predicted g, and
was around 1 for L. monocytogenes L6 and FBR17 and between 0.2 and 0.5 for L.
monocytogenes FBR15, and L. plantarum WCFS1 and FBRO5. Moreover, the average
v(ham) for the in-house produced ham was between 0.2 and 0.7 (figure S5.2). Of all
strains, L. plantarum WCFS1 had the lowest y(ham) in both ham types.
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Figure 5.3. The growth kinetics of L. monocytogenes in 1) Commercial ham and Il) in-house produced
ham at 7°C: A) L6; B) FBR17; C) FBR15. - - - 5-95% confidence intervals of predicted growth kinetics
of each strain; - - - 5-95% prediction intervals of predicted growth kinetics of L. monocytogenes
strains; < pre-cultured at 7/15°C; A\ pre-cultured at 30°C.
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Figure 5.4. The growth kinetics of L. plantarum in 1) commercial ham and Il) in-house produced ham
at 15°C: A) WCFS1 Ham; B) FBRO5. - - - 5-95% confidence intervals of predicted growth kinetics of
each strain; - - - 5-95% prediction intervals of predicted growth kinetics of L. plantarum strains;

< experimental data.
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Validation using literature data

The comparison between literature and predicted g, is presented figure 5.5. The fiyax
transformation was not only needed to better visualize the g, prediction (95% PI) at low
temperature, but was also needed to stabilize the variance (95% PIl) over the whole
temperature range. Difference transformation of g4, such as log (Den Besten and
Zwietering, 2012) and square root transformations (Zwietering et al., 1994) have been
reported to stabilize the variance. Similar to the results of Zwietering et al. (1994), the
variance in the predicted g, Was best stabilized with the square root transformation
(figures 5.5A-C). In general, the predicted .« Was in agreement with the g, obtained
from literature data (figure 5.5). Although the y(milk/ham) was not included in the
prediction, no deviation could be seen between the predicted and observed g4y, in milk at
7°C. Only slight deviation was observed between the predicted and observed g,y in milk
at 10°C and ham at 8°C, in which the observed was a bit higher than the predicted £, for
milk at 10°C and vice versa for ham at 8°C.
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Figure 5.5. Validation using growth data extracted from Combase. < Observed fimey (A), 108 Limax (B)
and \//J,,,ax (C) obtained from fitting with Gompertz model; ---- 95% the 4,4y, 108 timex and \//J,,,ax
prediction intervals of L. monocytogenes strains. The error bars represent the 95% confidence
interval of the qy, 108 f4mex and \/,umax estimates.

The effect of heating and incubation media on heat inactivation of L. monocytogenes
and L. plantarum

The heat inactivation results of L. monocytogenes and L. plantarum as influenced by
heating and incubation matrices are presented in figure 5.6. The effect of heating medium
on heat resistance of low-temperature grown culture was strain and matrix dependent.
Cells of L. monocytogenes FBR17 and FBR15 heated in laboratory media had similar heat
resistance as those heated in milk. However, a contrast effect was observed for the other
strains. A slight decrease in heat resistance was observed for L. monocytogenes L6 and L.
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plantarum FBRO5, while a slight increase in heat resistance was observed for strain L.
plantarum WCFS1 when they were heated in milk compared to in laboratory media. The
heat resistance of L. monocytogenes (figures 5.6A, B, C) and L. plantarum (figures 5.6D and
E) heated in ham were much higher than that of in laboratory media and milk. In addition,
the cells of strain L6, FBR17, WCFS1 and FBROS5 inactivated in commercial ham had slightly
but significantly higher heat resistance compared to the cells inactivated in control ham,
while the cells of strain FBR15 inactivated in both hams had similar heat resistance.
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Figure 5.6. The thermal inactivation of I) L. monocytogenes at 65°C: A) L6; B) FBR17; C) FBR15; and
Il) L. plantarum at 60°C: D) WCFS1; E) FBROS5 as influenced by heating and incubation media.
© Grown in BHI/MRS at 30°C inactivated in BHI; < grown in BHI/MRS at 7°C/15°C inactivated in
BHI/MRS; < grown in BHI/MRS at 7°C/15°C inactivated in milk; <> grown in BHI/MRS at 7°C/15°C
inactivated in commercial ham; < grown in BHI/MRS at 7°C/15°C inactivated in in-house produced
ham; <& grown in milk at 7°C/15°C inactivated in milk; € grown in commercial ham at 7°C/15°C
inactivated in commercial ham; € grown in in-house produced ham at 7°C/15°C inactivated in in-
house produced ham.

The heat resistance also depended on the type of incubation media used to grow
microbial cells at low temperature before thermal treatment. In general, the cells grown
in ham had similar heat resistance with those grown in laboratory media when they were
inactivated in ham. The cells grown in milk had significantly higher heat resistance than
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those grown in laboratory media prior to heat treatment in milk, except for strain WCFS1.
Strain WCFS1 grown in milk had significantly lower heat resistance than that grown in
laboratory media.

The multiple linear regression results (supplement table 5.3) showed that the effects of
strain and heating medium were significant for both L. monocytogenes and L. plantarum,
while the effect of incubation media was only significant for L. plantarum. To explain
whether the product effect on heat resistance was mainly given by the effect of food as
heating or incubation matrices, the D-values of the cells grown and inactivated in food
product and those grown in laboratory media and inactivated in food product were
compared to the D-values of the control condition (the cells were grown in laboratory
media at 7°C and inactivated in laboratory media). The effect of ham on heat resistance
was mostly determined by its effect as heating medium since the heat resistance of cells
grown in ham and inactivated in ham was similar to that of cells grown in BHI and
inactivated in ham. So, no additional effect on heat resistance due to incubation in ham
medium was found. In contrast, the effect of milk on heat resistance of L. monocytogenes
and L. plantarum was mostly influenced by its function as incubation medium. Further
analysis using the scheme in figure 3.2 showed that the effect of food product in general
was similar to the effect of strain on heat resistance. Also, the benchmarking of D-value
data obtained from the thermal inactivation experiments in food products to literature
data showed that the combination of strain and food product effects explained (almost)
all of variability found in literature, however, with some bias (figure 5.7).
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Figure 5.7. The benchmarking of D-value of L. monocytogenes (l) and L. plantarum (ll) to literature
data. Panel A the effect strain; B) the effect of strain and food products. € log,y D-values as function
of strains; < log,y D-values as function of milk; @ log,q D-values as function of ham; the mean
prediction (solid lines) and the 95% prediction intervals calculated from all literature data of L.
monocytogenes (dashed lines) (Aryani et al., 2015a) and L. plantarum (Aryani et al., submitted for

publication).

DISCUSSION

A validation study was carried out to evaluate the performance of the gamma model and
cardinal growth parameters obtained from laboratory media in predicting microbial
kinetics in food products. The prediction of microbial growth kinetics was made using the
gamma model approach, assuming that no interaction occurs between different intrinsic
and extrinsic variables. Note that the predicted u,,, data were obtained from OD based
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experiments, and the new data set we used to validate our model prediction was obtained
from plate count experiments and over a large range of logs increase. In most conditions
the B; values were above 1, indicating the average predicted generation time is longer
than the observed value. Although these can be considered as a “fail dangerous”
prediction, most of B; values were within the range (0.75 - 1.25) considered as the
successful prediction range used in seafood spoilage models (Dalgaard, 2000). The higher
failed dangerous prediction was observed for the growth of L. plantarum FBRO5 at 15°C,
but not at 30°C. This might indicate that the prediction at low temperature for this strain
was inaccurate. However, the difference between the prediction and the observed ., of
FBROS5 at 15°C, which caused high Bsvalue, was within the biological variability observed
from the original data set as function of temperature (Aryani et al., submitted for
publication) used for the gamma model (Figure S5.4). This suggests that the B; factor
interpretation should also account for the presence of biological variability in microbial
growth behaviour. Moreover, the agreement between our prediction intervals and the
observation highlighted the possibility of using the i, predicted using the cardinal
growth parameters derived from OD based experiments.

A slight deviation was found in only two conditions of pH 5.5 at 7°C and pH 5.5, 1 mM
[HLa] at 7°C. However, no interaction between variables was concluded when the formula
proposed by Le Marc was used for calculating the interaction term, while new cardinal
growth parameters obtained from Augustin and Carlier interaction model were
underestimating the observed data when they were used to calculate the .. The
interactive effect between growth limiting factors was suggested to happen at the point
where growth ceases (McMeekin et al., 2000). Therefore, if a synergistic interaction only
occurs when one or more growth limiting variables become severe, this might explain why
we observed deviation only when the pH was 5.5, but not when the pH was 6.1 or when
the 2.5% NaCl was added to the medium at 7°C. Interestingly, when the 2.5% NaCl was
added to the medium with pH 5.5 and 1 mM HLa, the deviation seemed to be affected
more by the lag phase rather than the growth rate. In theory, growth should be further
limited when another growth limiting factor is added to the media. But, strain L6 grown in
the media with added 2.5% NaCl at 7°C contrarily had slightly higher growth rate
compared to that without 2.5% NaCl at 7°C. To have a solid conclusion on the possible
interaction between pH and low temperature, a further investigation is needed in future
studies.

We assumed based on the growth results in laboratory media that our model was able to
predict the growth of L. monocytogenes and L. plantarum when mild growth limiting
factors are present in the matrix. Since mild growth limiting factors were present in milk
and ham, we assumed that the difference between prediction and the observed growth in
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milk and ham was mainly due to the food product specific effect represented as
y(milk/ham). Although a food product specific effect was found in the current study, the
effect was in general still smaller than the effect given by low temperature of 7°C and
15°C (data not shown). The temperature is a variable that can be controlled without
having a negative effect on the taste and other aspects, such as given by pH, a,, [HLa] or
the other preservative agents. Those latter variables, when added in higher amount, might
provide similar prevention of bacterial growth, but when doing so, the higher amount will
influence the sensory aspects and acceptability of the food product. When the intrinsic
parameters of certain food products, such as milk, are almost similar to optimum
conditions, then the temperature is the most important aspect to consider for preventing
the growth of microorganisms. In other cases when also others hurdles are presents, such
as in ham, both temperature and the other hurdles play an important role in preventing
the growth of microorganisms.

Moreover, there were also differences in the growth response of L. monocytogenes and L.
plantarum in the two types of hams. Commercial ham had more effect on the growth of
FBR15 than on FBR17 or L6. All three L. monocytogenes strains also grew better in
commercial ham than in in-house produced ham because of the higher pH and lower
[HLa] of the commercial ham. It was different in the case of L. plantarum, since the growth
in in-house produced ham was better than the growth in commercial ham. For L.
monocytogenes, the effect of lower pH and higher concentration of [HLa] might be the
reason for the lower growth observed in in-house produced ham than in commercial ham.
However, this effect was less for L. plantarum since it grows at lower pH and higher
concentration of [HLa] than L. monocytogenes does. The concentration of sodium nitrite
permitted in meat product is up to 150 ppm in the EU (EU, 1995). Nitrite was reported to
have little effect in delaying the growth of L. monocytogenes at pH 6 and above, at
concentrations up to 400 ug/ml (McClure et al., 1991). Therefore, in combination with the
pH of the commercial ham of 6.5, the nitrite presence in low level might have only a little
effect on the growth of L. monocytogenes. In contrast, sodium nitrite might be the reason
for the lower growth of L. plantarum in commercial ham, although a limited effect of 50
and 100 mg/L sodium nitrite on growth was also reported for lactic acid bacteria (Korkeala
et al., 1992). Due to the strain dependency of the specific effect of food product, all
relevant strains need to be inhibited for spoilage and risk prevention.

Certain components present in food product are able to protect bacterial cells during
thermal inactivation (Doyle et al., 2001). Also, growing bacterial cells in food products
might adapt to different components in food, which might influence the heat resistance. A
large and consistent enhanced effect in heat resistance was seen when ham was used as
heating or incubation matrices. However, the protective effect of ham on heat resistance
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was mainly given by its effect as heating medium, rather than its effect as growth media.
The heat resistance of the cells as influenced by ham was even significantly larger than
that of the stationary cells grown at 30°C as shown in figure 5.7 (Aryani et al., 2015a;
Aryani et al., submitted for publication).

The effect of milk on heat resistance, on the contrary, was determined by its effect as
incubation medium. Though, in general, only little enhanced effect in heat resistance was
observed when milk was used as incubation media. This might be due to the
characteristics of milk, which was quite close to the characteristics of the laboratory media
in terms of pH and a,. Unlike in ham, the enhanced effect was inconsistent since one
strain showed a decrease heat resistance when it was incubated in milk prior to thermal
inactivation. However, the milk used was skimmed milk with 0% fat concentration. Fat is
reported to have influence on the D-value (Schultze et al., 2007) due to its protective
effect to the cells (Doyle et al., 2001). Further tests using milk with different fat content
provided preliminary indication that the fat content seemed to have no or little effect on
the heat resistance of strain L6 and strain FBRO5 (data not shown).

CONCLUSIONS

The efficacy of an established gamma model used to predict microbial growth kinetics was
validated using laboratory media. Slight deviations between the observed and predicted
growth kinetics were seen only when both pH and temperature were decreased to sub-
optimal conditions, indicating possible interaction between variables. Yet, existing
interaction models were not better in predicting growth. Furthermore, the food product
specific effect on growth kinetics was strain dependent, which might complicate accurate
growth prediction. The effect of food product as heating medium on heat resistance was
comparable to the effect introduced by strain diversity, while both were more important
that the effect of growth media. The combination of strain and food product effect on
heat resistance also explained (almost) all of variability found in literature with bias.
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Supplement Table 5.3. The result of multiple linear regression between log,q D-value (log;o min) of
L. monocytogenes at 65°C and L. plantarum 60°C and the effect of different factors influencing heat

resistance

1. Listeria monocytogenes

Standard Lower Upper

Coefficients Error t stat p-value 95% 95%

Intercept 1.09 0.03459 30.9 3.47*10% 1.00 1.14
Heating media 0.369 0.0442 8.34 2.22*10™" 0.281 0.457
strains 0.3749 0.0581 6.44 9.54*10° 0.258 0.490

2. Lactobacillus plantarum
Standard Lower Upper
Coefficients Error t stat p-value 95% 95%

Intercept 1.69 0.0262 64.5 1.55%10°% 1.64 1.74
Heating media 0.389 0.0315 12.3 2.81%1078 0.325 0.451
growth media -0.196 0.0545 -3.59 0.000655 -0.304 -0.0866
strains 0.266 0.0476 5.59 5.52%10” 0.171 0.361
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Figure S5.1. Growth kinetics of L. monocytogenes A) FBR17 in BHI at 30°C; B) FBR15 in BHI at 30°C;
C) FBR17 in BHI at 7°C; D) FBR15 in BHI at 7°C; and Lactobacillus plantarum E) WCFS1 in MRS at
30°C; F) FBRO5 in MRS at 30°C; G) WCFS1 in MRS at 15°C; H) FBRO5 in MRS at 15°C. - - - 5-95%
confidence intervals of predicted growth kinetics of each strain; - - - 5-95% prediction intervals of
predicted growth kinetics of L. monocytogenes strains; < cells were precultured at 7°C or 15°C; For
B and D: A cells were precultured at 30°C, grown at 7°C 200 rpm; O cells were precultured at
30°C, grown in static condition at 7°C.
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Figure S5.2. The gamma food product: A) milk; B) Supermarket Ham; C) Control Ham. The gamma
value is calculated using s Of : <& Gompertz model; [ logistic model; O Baranyi model.
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Figure S5.3. The growth kinetics of A) L6 at 7°C; B) FBR17 at 7°C; C) WCFS1 at 15°C; D) FBRO5 at
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Figure S5.4. Comparison between the growth data of A) L. plantarum WCFS1 and B) L. plantarum
FBRO5 as function of temperature obtained from previous experiment using Bioscreen C (Aryani et
al., submitted for publication (¢>); the prediction using Gamma model (solid line); the observed fi;,qx
at 15°C obtained from: A the slope of the linear phase of the growth curve, M fitting with
Gompertz model, @ fitting with logistic model and ¢ fitting with Baranyi model.
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INTRODUCTION

Most food products are perishable, and therefore specific formulation or processes are
needed to preserve their quality. Heavy processing such as sterilization eliminates rather
all microorganisms present in raw material, thus the shelf life of these food products is
long. However, the change in lifestyle and the increase in awareness toward tastier and
healthier food affect the consumer demand toward mildly processed food. Mildly
processed foods generally have shorter shelf life and depend on the combination of
different growth limiting factors to control the growth of microorganisms. The principle of
the so-called hurdle technology is that each hurdle has its own effect on microorganisms
and the total effect is the multiplicative effect with or without synergy between the
hurdles. Though the healthier image, mildly processed foods have a risk of the presence of
robust microorganisms, which may grow in mildly processed foods and causing spoilage
and food poisoning.

Since zero risk does not exist, minimizing the risk is the ultimate goal to reduce the disease
burden caused by microorganisms. To minimize the risk, effective control measures
should be implemented along food production chains. An effective control measure can
be designed when information on the behaviour of microorganisms is known. The past
knowledge on the responses of microorganisms toward environmental factors can be
used to predict the behaviour of the microorganisms in new situations using quantitative
microbiology. The concept of quantitative microbiology, according to McMeekin et al.
(2002), is that detailed knowledge of microbial responses to environmental conditions and
intrinsic food properties, enables objective evaluation of the effect of processing,
distribution and storage operations on the microbiological safety and quality of foods.
Therefore, quantitative microbiology is often used as a tool to evaluate certain food
processes and designs on their effectiveness in eliminating or controlling the growth of
microorganisms (Augustin et al., 2011; Coroller et al., 2012; Koutsoumanis et al., 2010;
Van Lieverloo et al., 2013; Xanthiakos et al., 2006). However, many variability factors are
known to influence prediction, such as strain variability (Benito et al., 1999; Lianou and
Koutsoumanis, 2011), process variability, or variability in the initial contamination
(Awaisheh, 2010; Lambertz et al., 2012). Although, integration of these variability factors
in predictive modelling, such as in stochastic or probabilistic modelling, has been applied
(Koutsoumanis et al., 2010; Membré et al., 2006), quantitative knowledge on the various
specific variability factors and their magnitude are also needed to prioritize their
importance.

Cardinal growth and heat resistance parameters are amongst the inputs required in
quantitative microbiology to predict the microbial growth and inactivation behaviour in a
given condition and process. These parameters vary due to strain variability or the effect
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of growth history, and may influence the accuracy of the prediction results. In this thesis,
sources of variability factors affecting the growth and heat resistance were quantified and
compared to prioritize their importance. Since the data used in predictive modelling are
generally derived from studies performed using laboratory media, in this thesis the effects
given by food product specific factors on microbial kinetics were also investigated and
compared to the effect attributed to strain variability. In addition, in this chapter the
microbiological variability will be compared to other variability factors often encountered
in a model food chain to evaluate the impact of such factors in the variability of the final
microbial concentration.

VARIABILITY IN GROWTH KINETICS: THE EFFECT OF STRAIN VARIABILITY ON GROWTH
RATE AND CARDINAL GROWTH PARAMETERS

Reproduction variability (within strain variability) and between strain variability in
microbial growth kinetics has been reported in studies using Staphylococcus aureus
(Lindqvist, 2006), Salmonella (Lianou and Koutsoumanis, 2011; Oscar, 2000), Escherichia
coli (Fernandez-Escudero et al., 2014), Listeria spp. and Listeria monocytogenes (chapter
3) (Barbosa et al., 1994; Begot et al., 1997) and Lactobacillus plantarum (chapter 4).
Different results, however, were reported from these studies. No significant difference
between strains in maximum specific growth rate () was reported for E. coli, while
only minor difference was observed for Salmonella (Oscar, 2000). In other studies,
variability between strains in z,., was reported to be greater than within strain variability
(Lianou and Koutsoumanis, 2011) and the variability attributed to the method and
experimental protocol (Lindqvist, 2006; Whiting and Golden, 2002). On the contrary as
shown in chapter 2 and 4, the strain variability in £, of L. monocytogenes was in general
similar to reproduction variability for all variables tested, while for L. plantarum strain
variability in g, was similar to reproduction variability for pH, a, and temperature
variables, but even slightly lower than reproduction variability for undissociated lactic acid
concentration (figures 6.1A — 6.1D).
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Figure 6.1. Experimental (E), Reproduction (R), and Strain (S) variabilities represented as Root Mean
Square Error (RMSE) of L. monocytogenes (open bars, p value to indicate significant differences
between the reproduction and strain variabilities presented in bold case) and L. plantarum (filled
bars, p value presented in italic case) in: A) fimax @s function of pH, B) fi,ax @s function of ay, C) finex
as function of [HLa], and D) square root of i, as function of temperature.

The strain variability was also reported to be larger when the growth conditions became
unfavourable (Lianou and Koutsoumanis, 2011). In contrast, strain variability was rather
comparable in favourable and unfavourable conditions for L. monocytogenes (Figure 6.2A
and 6.2B). The variability might be expressed as the coefficient of variation (CV), such as
done for Salmonella enterica (Lianou and Koutsoumanis, 2011), or in the root mean
square error (RMSE~standard deviation) as we used in our studies. The coefficient of
variation is the ratio of the standard deviation to the mean, which is used to describe the
dispersion in a variable (relative error). If the standard deviations are comparable across
the concentration range tested, but the mean value decreases linearly with the increase in
concentration, such as in our case for the a,, variable (Figures 6.2A and 6.2B) for example,
then the CV ratio will be higher at unfavourable growth conditions (lower a,, value) (Figure
6.2C). Both RMSE and CV ratio can be used to present variability, but as also discussed in
chapter 1, care should be taken when comparing variabilities reported using different
measurements.
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Figure 6.2. The maximum specific growth rate (unax) of L. monocytogenes and the variability as
function of a,, expressed in RMSE and %CV. A) Mean value of g, for a,, (Q); B) the variability
expressed is RMSE (standard deviation) and C the variability expressed in % Coefficient of variation
(%CV). ¢ Reproduction variability; € Strain variability.

In general, the strain variability of L. plantarum in . was significantly larger than the
strain variability of L. monocytogenes, except for [HLa] (figure 6.1) (supplementary table
6.1). The average pim. of L. monocytogenes grown in laboratory media at 30°C for
example was between 0.93 and 1.03 h'l, while at the same temperature the average i
of L. plantarum was between 0.72 and 0.92 h™. The higher strain variability in z,q of L.
plantarum might be caused by the differences in optimum growth requirements among
strains of this species. Further study on the growth of L. plantarum under static,
microaerobic and aerobic conditions showed that the strain and reproduction variabilities
of 10 L. plantarum strains in microaerobic condition were lower than that in static and
aerobic conditions (chapter 4). To reduce the variability in growth kinetics of L. plantarum,
the experiment using Bioscreen C might be done in microaerobic condition. However, in
an actual food environment, even when modified atmosphere packaging (MAP) is used for
the food product, the variability among L. plantarum strains cannot be expected as low as
the one obtained in well controlled microaerobic condition.

As for timqy, the effect of strain variability was also quantified with respect to the minimum
cardinal growth parameters (chapter 2 and chapter 4). While L. monocytogenes is known
for its ability to grow in severe conditions such as low temperature of -2°C (Bajard et al.,
1996) and relatively low water activity of 0.92 (Nolan et al., 1992), L. plantarum, as a
member of the lactic acid bacteria, is known for its capability to grow at pH levels as low
as pH 3 (Ingham et al., 2008) and at high concentrations of undissociated lactic acid
(Houtsma et al., 1993; Houtsma et al., 1996). However, these growth limits depend on the
strains used and growth conditions, including the type of acidulants or solutes used for
lowering the pH or water activity and the presence of multiple hurdles. When the effect of
multiple hurdles is excluded, strain variability in cardinal growth parameters of 20 L.
monocytogenes strains used in our study explained around 50% or less of variability found
in literature for pH, a,, temperature and [HLa] growth limits (figures 6.3A — 6.3B). Strain
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variability in pHpi, and ay,min among 20 L. monocytogenes strains was also similar to those
obtained from 138 L. monocytogenes strains (Van der Veen et al., unpublished data).
Besides strain variability, the number of data points and the type of secondary growth
model used to fit the growth data also influenced the variability in cardinal growth
parameters. When the model from Augustin and Carlier (2000) was used to fit the few
Hmax POINts as function of pH or water activity for L. monocytogenes obtained from the
study of Brocklehurst et al. (1995) and Vasseur et al. (1999), the resulting pHpinand ay, min
estimates were 4.06 and 0.864, respectively. Different pH,,, estimates of 4.15, 4.03 and
3.84 were also reported by Wijtzes et al. (2001) when different secondary growth models
were used to fit the growth data. In other cases, some workers (Bajard et al., 1996; Le
Marc et al., 2002) reported a non-linear behaviour of L. monocytogenes at sub-optimal
condition. Thus, a two-phase-secondary growth model was used to fit the temperature
data, resulting in the lower T, estimate than that obtained using a linear model.
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Figure 6.3. Benchmarking of growth limits of L. monocytogenes (light grey panel) and L. plantarum
(dark grey panel) to literature data. O Literature data: Augustin and Carlier (2000), Génzle et al.
(1998), Giraud et al. (1991), Houtsma et al. (1996), Van der Veen et al. (2008); Wijtzes et al. (1995;
2001), Zwietering et al. (1991). < Our study of strain variability; [ population heterogeneity of
Metselaar et al. (submitted for publication). The error bars represent the 95% confidence interval of
the estimate.

The effect of multiple hurdles on the cardinal growth parameter estimates was described
in Van der Veen et al. (2008) in which the growth limit of L. monocytogenes strains
increased when one or two hurdles were added or altered to sub-optimum conditions.
With a fix experimental time, however, this result can be logical, but might also be an
artifact of the experimental design when incubation times are too short to observe
growth. Moreover, the use of organic acid or different solutes, such as sucrose and
glycerol to lower pH and a,, changed the microbial growth limit of pH,,;, and a,, i, (Cole et
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al., 1990; Conner et al., 1986; Farber et al., 1989; Farber et al., 1992; Nolan et al., 1992;
Tapia De Daza et al., 1991). The minimum pH at which growth of L. monocytogenes was
observed at 30°C, when HCL or H,SO, was used as acidulant, was between 4.2 and 4.3
(George et al., 1988; Tienungoon et al., 2000) (chapter 2). This pH limit increased when
organic acid, such as propionic, acetic, or lactic acids, were used as acidulant (Augustin
and Carlier, 2000; Conner et al., 1990) due to the effect of both pH and undissociated
lactic acid presence in the media. The reported growth limit of a, 0.92 for L.
monocytogenes was based on the use of sodium chloride as the solute lowering agent.
When other solutes, such as sucrose and glycerol, were used in the media, the growth
limit was reported to be 0.93 and 0.90, respectively (Farber et al., 1992; Miller, 1992).
Additionally, the effect of population heterogeneity in growth limits was reported in the
study of Metselaar et al. (submitted for publication). The acid resistant variants isolated in
their study (Metselaar et al., 2013) had a wide range of T,,;, (figure 6.3C). Interestingly,
although isolated after exposure to low pH, these acid resistant variants did not show
increased acid tolerance as indicated by the small range of pH,;,.

The amount of undissociated acid concentration depends not only on the strain, but also
on the pH of the media. The lower the pH of the media, the more acid is present in its
undissociated form, causing complexity in comparing the limit of undissociated lactic acid
([HLAox]) obtained from experiments using different initial pH values (figure 6.3D). When
only the effect of pH is considered, the growth of microorganism in the media is slower
when pH is lowered. The growth will be further limited when other growth limiting factors
are also present. Therefore, an assumption can be made that at lower pH, the amount of
other growth limiting factors needed to inhibit growth of microorganism will be less than
at higher pH value. This assumption can be true for other growth limiting factors, such as
a,, or temperature, but not for undissociated acid concentration. Although Houtsma et al.
(1996) reported a decrease in the total sodium lactate required to inhibit the growth of
lactic acid bacteria and L. monocytogenes with a decrease in pH value, confirming the
above assumption, the amount of undissociated lactic acid ([HLa]] is contrarily higher at
lower pH value. At higher pH value of 7, the total lactate needed to inhibit the growth of
lactic acid bacteria was between 446 mM and 1339 mM, corresponding to a [HLa,,.,] value
of 0.32 mM - 0.95 mM, while the total lactate at pH 5.7 was between 268 mM and 714
mM, corresponding to a [HLa.,] value of 3.7 mM - 9.9 mM. Unlike strong acid, weak
organic acid when added in the media will not only affect the pH, but also the amount of
undissociated acid and the water activity of the medium. Houtsma et al. (1993) reported
the a,, of the media without sodium lactate was 0.998, while the measured a,, of the
media with 268 mM and 714 mM sodium lactate was 0.992 and 0.977, respectively. The
effect of sodium lactate at higher pH value then was also affected by the change of the a,,
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of the media (Houtsma et al., 1993) rather than only by the undissociated acid
concentration. In chapter 2 and 4, the estimated limit of undissociated lactic acid [HLaqy]
for L. monocytogenes at pH 5.5 and L. plantarum at pH 4.5 were between 4.2 mM - 5.9
mM and 29 mM - 38 mM (corresponding to 178 mM - 268 mM and 129 mM - 170 mM
potassium lactate). At this concentration, the effect of the weak organic acid on microbial
growth is mostly determined by the effect of the undissociated lactic acid concentration
since the a,, of the [HLa] adjusted medium was not largely different from the a,, of the
plain media.

Strain variability in cardinal growth parameters of L. plantarum explained more than 50%
of the variability from literature, although with bias (figure 6.3). However, only few data
points were found in literature for the growth limits of L. plantarum, and therefore the
data obtained from other lactic acid bacteria was also included. Thus, the literature data
also represented species variability among the group of lactic acid bacteria. The pH,;,
reported in chapter 4 was lower than what was reported from L. curvatus and L.
sanfranciscensis (Ganzle et al., 1998; Wijtzes et al., 2001), but was similar to the reported
PpHin of L. plantarum from the Giraud study (1991). Although the variability in literature
data looked similar to the strain variability for a,,mi» and T, (figures 6.3A and 6.3B), the
Ow,min @and T, estimates reported for L. curvatus and L. plantarum (Wijtzes et al., 2001;
Zwietering et al., 1991; Zwietering et al., 1994) were lower than what was estimated from
our study. When more growth limit data will be available for L. plantarum, the effect of
strain variability on the growth limit of L. plantarum can be better compared to the effect
of other variability factors.

The information obtained from variability in maximum specific growth rate and growth
limits might be used for selection of representative strains for a challenge study. However,
no single robust strain, which has high tolerance to all four variables (pH, a,, temperature
and [HLa]) was observed from both species. For L. monocytogenes, strain FBR17 was the
only strain which grew better at low pH, low a, and high concentration of HLa, and
therefore might be a good model strain for the challenge study. Apart for those three
parameters, this strain is not robust at lower temperature, making it less suitable for the
study performed at low temperature. When a challenge study is performed in food where
more hurdles are often present, a cocktail of strains might be used. For example, the
cocktail might consist of FBR17, which is robust at lower pH, a, and higher [HLa], and
FBR21 or C5, which are robust at lower temperature. When the knowledge on the effect
of certain conditions on microbial kinetics is of interest, those strains might be tested in
parallel, so the effect of certain growth conditions in food on each strain can be better
monitored and explained.
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The integration of strain variability in the growth prediction, such as done for milk in
chapter 2, showed at least 2 log difference between the least and the most robust strain.
Integrating strain variability then will result in more realistic prediction of growth kinetics.
Moreover, since the parameters used for the prediction were established using the data
obtained in laboratory media, a validation is needed to also take into account a potential
product specific factor. Validation of the model in laboratory media when the effect of
different hurdles in growth kinetics was combined using a multiplicative approach showed
a good agreement between the prediction result and observed data in laboratory media
(chapter 5). Only in two conditions slight deviation was observed, indicating the possible
interactive effect between growth limiting factors. The existing interaction models of Le
Marc et al. (2002) and Augustin and Carlier (2000), however, were also not better in
predicting the growth in those two conditions. The specific effect of food product was
observed when milk and ham were used as representative food products for validation.
However, no similar factor can be used for all products (Schvartzman et al., 2010) or
strains (chapter 5), complicating the accurate prediction of microbial growth kinetics in
food matrices.

The variability factors quantified in this thesis and from literature data might also be used
to compare variability factors to prioritize their importance. In general, strain variability
and population heterogeneity are the important factors determining the variability in
cardinal growth parameters (figure 6.3). Although the variability in T,,;, between variants
is larger than strain variability, this does not mean that the population diversity is more
important than strain variability. The . of most variants, especially when they were
grown at 7°C, was lower than that of the wild type (Metselaar et al., 2015). These slower
growing variants, if present in a population, might be easily overgrown by the wild type,
and therefore have a limited impact on the final concentration of the microorganism in
food products.

VARIABILITY IN THERMAL INACTIVATION KINETICS: THE EFFECT OF STRAIN VARIABILITY
AND GROWTH HISTORY ON D-VALUE

Similarly to growth kinetics, strain variability in thermal inactivation kinetics has also been
studied for vegetative cells (Benito et al., 1999; De Jesus and Whiting, 2003; Lianou and
Koutsoumanis, 2013; Mackey et al., 1990; Ng et al., 1969; Rodriguez-Calleja et al., 2006;
Sérqvist, 1994; Whiting and Golden, 2002) and spores (Berendsen et al., 2015; Luu-Thi et
al.,, 2014). Although differences between strains were reported, strain variability was
suggested to be more or less similar to within strain (reproduction) variability in previous
studies using L. monocytogenes and Salmonella (De Jesus and Whiting, 2003; Lianou and
Koutsoumanis, 2013). In contrast, strain variability was found to be four and six times
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higher than within strain variability for L. monocytogenes and L. plantarum (chapter 3 and
chapter 4; figures 6.4A-B). The strain variability in thermal inactivation kinetics was also
found to be at least 10 times higher than experimental variability, which was far higher
than what was found for growth kinetics. As for growth kinetics, strain variability in L.
plantarum was higher than that of L. monocytogenes.
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Figure 6.4. Experimental (E), Reproduction (R) and Strain (S) variability on log D-value at A) 55°C and

RMSE

B) 60°C. Open bars are L. monocytogenes and grey filled bars are L. plantarum.

The variability in D-values of bacterial cells was influenced among others by strain
variability, previous growth conditions, the effect of growth history and the composition
of heating menstruum (De Jesus and Whiting, 2003; Doyle et al.,, 2001; Farber and
Pagotto, 1992). A previous study used a systematic approach to determine global thermal
inactivation parameters for various food pathogens (Van Asselt and Zwietering, 2006) and
the corresponding variabilities. Although the variability of all data obtained from Van
Asselt and Zwietering can be used as a conservative estimate of inactivation variability as
suggested by the authors, it is useful to know the contribution of each variability factor to
the total variability to prioritize their importance. The overall variability obtained from
literature for L. monocytogenes and L. plantarum was, therefore, used as a benchmark to
evaluate the effect of each variability factor. Remarkably, the effect of strain alone
explained more than 50% of the variability in reported D-values from literature for both
species (chapter 3 and 4, figure 6.5). This was different from the overview of the growth
kinetics, since less variability could be attributed to the effect of strain variability,
especially when the effect of growth conditions including multiple hurdles on variability in
cardinal growth parameters was considered (chapter 2). The combined effects of strain
variability and growth history on heat resistance explained almost all variability, although
with bias for L. monocytogenes. The effect given by the growth history was in general
similar to the effect of strain variability for L. monocytogenes and slightly lower than strain
variability for L. plantarum (chapter 2, chapter 4, figure 6.5). The effect of growth history
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in figure 6.5 was presented using heat resistance data of strain C5 and LMG18035, as
representative of intermediate heat resistant strains. However, the effect of growth
history was not generic, since different strains behave differently toward similar stresses
as described in chapter 3, chapter 4, and chapter 5. The only generic effect was given by
the physiological state of the cells, confirming the “rule of thumb” that stationary phase
cells have much higher heat resistance than exponential phase cells. Moreover, the effect
given by population heterogeneity (Metselaar et al., submitted for publication) was more
or less similar to the effect of strain variability, but remarkably, some stress resistant
variants had higher D-value than the most heat resistant strain of L. monocytogenes.
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Figure 6.5. The benchmarking of log,y D-value data to literature data: A) L. monocytogenes and B) L.
plantarum. C5 and LMG18035 were the representative of intermediate heat resistant strains used in
chapter 2 and 4.

* Combination of strain variability from 20 strains, growth history from 3 strains and variants for L.
monocytogenes and combination of strain variability from 20 strains and growth history from 3
strains for L. plantarum.

Food components, such as fat are known to have protective effect on cell robustness
(Doyle et al., 2001). However, the magnitude of the effect of food product on heat
resistance in comparison to the effect of strain variability was not yet known. Therefore,
the effect of a model food matrix on heat resistance in this thesis was investigated in
chapter 5, and showed that the total effect given by the food matrix was similar to the
effect given by strain variability. The total effect of food product was mainly determined
by the product ham. A consistent heat protective effect was observed for cells grown
and/or inactivated in ham, and the protective effect was mainly determined by its
function as heating menstruum. While the strong protective effect of ham was consistent,
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a smaller and inconsistent effect was introduced by milk. The strain dependency effect of
milk was mostly apparent when milk was used as incubation medium.

Knowledge on the strain variability in D-value can be used to assess the capability of
current pasteurization processes in eliminating L. monocytogenes strains. When L.
monocytogenes strains were grown at optimal conditions and inactivated in laboratory
media, the Dy, -values of L. monocytogenes were between 0.14 s and 1.41 s based on a z-
value of between 4.4°C and 5.7°C (chapter 3). The pasteurization process at 72°C for 15
second then can eliminate this microorganism by more than 10 log;, CFU/ml. Since only
small enhanced effect on heat resistance was observed when cells were incubated in milk
at low temperature, almost similar reduction can be expected when cells are present in
milk. This reduction is more than what is used as the performance criterion for L.
monocytogenes in pasteurized milk, which is at least 6 log;, reduction (ILSI Europe, 2012).
Although a higher protective effect was given by ham, the D;,-value of 3 L.
monocytogenes strains grown and/or inactivated in ham were calculated to range from
0.5 s to 2 s. When a similar thermal processing for 15 s is applied for ham, the heat
treatment will eliminate more than 7 log,, CFU/g of the bacterial cells. However, Van
Boeijen et al. (2011) also reported the occurrence of resistant variants with average D;,
value of 3.02 + 0.21 s, indicating that the current pasteurization process might not be
sufficient to inactivate all heat stress robust variants or to meet the 6 log;, reduction of
the performance criterion as described by ILSI Europe.

In general, the most important factors to be considered for thermal inactivation, in which
each having about equal impact, are strain variability, the presence of resistant fractions
in microbial populations, the effect of food matrix and effect of growth history. Although
the effect of growth history on heat resistance was similar to the effect of strain
variability, the effect was mostly determined by the physiological state of the cells
(exponential versus stationary). Certain pre-culturing conditions were known to also
increase the heat resistance of exponentially grown cells (Den Besten et al., 2006; Linton
et al., 1990), but their heat resistance was still lower than that of stationary grown cells.
On the other hand, exposing cells to severe conditions might select for stable resistant
variants that have higher heat resistance than stationary grown cells (Metselaar et al.,
2013; Van Boeijen et al., 2011). Moreover, the strong and consistent protective effect of
ham as heating matrix increased the heat resistance of microorganisms, and this effect
should also be considered during thermal inactivation. To summarize, the effect of strain
variability on thermal inactivation is similar to population heterogeneity, the effect of food
matrix, especially ham, and the effect of growth history, especially exponential/stationary.
Integrating those variability factors might widen the prediction intervals, and therefore
influences the time or temperature needed for the thermal process. Our findings
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demonstrate that the overall variability found in literature could be explained by the
combination of strain variability, growth history, effect of food composition, and stable
resistant variants, indicating that the conservative estimates suggested earlier by Van
Asselt and Zwietering (2006) can be easily encountered in reality, and thus justifying the
use of the conservative estimate (for example the upper limit D-value of the 95%
prediction intervals) in the design of thermal process.

THE IMPACT OF VARIABILITY FACTORS IN THE PREDICTION AND FUTURE PERSPECTIVES
The effect of strain variability on growth and thermal inactivation kinetics was compared
in chapter 4 and in this chapter, which demonstrated that strain variability in thermal
inactivation was much higher than strain variability in growth. In a food chain, however,
many variability factors contribute to the variability in microbial concentration at the end
of the product shelf life. Therefore, knowledge on the most important factors/steps
needed to control food pathogens and spoilage organisms along the food production
chain is needed to prioritize the importance of control measures. To elaborate on this, an
illustrative process was taken as an example to visualize the effect of different variability
factors, such as strain variability, variability in thermal process, storage time and
temperature, on variability in microbial concentration at the end of storage time. For this
purpose, a milk process chain model combining the growth and thermal inactivation
kinetics was simulated using the exponential growth model (equation (6.1)) and linear
thermal inactivation model (equation (6.2)) to estimate the impact of variability in inputs
(table 6.1) on the variability of L. monocytogenes concentration in the final product. The
simulation was done using @Risk add-in for Excel version 6 (Palisade Corporation, New
York, USA).

Table 6.1. Pasteurized milk chain variables used as model inputs for Monte Carlo simulation

Parameters Description Source
Raw material
Initial contamination (logyg RiskNormal (2,0.5) Assumed
cfu/ml)
Storage at farm
Temperature (°C) RiskPert(0,2,4) Assumed

Dairy farmer

time (h) RiskPert(2,36,72) (personal

communication)
Heating process at factory
RiskNormaI(65,O.1)1); Risk Normal

Scenarios
(70,0.1)2’4); Risk Normal(70,2)3)

Temperature (°C)
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Parameters Description

Source

time (s) RiskNormal(15,0.1)

Domestic storage

RiskNormal(6.3,2.7)"**;

Temperature (°C)

RiskNormaI(8.4,3.0)4)

Koutsoumanis et al.
(2010)

Koutsoumanis et al.

time (h) RiskCumulative(0,120,0\24\48\72\96\120,0\ (2010)
0.23\0.74\0.96\0.978\1)
Growth and thermal
inactivation
characteristics
Lmax (B RiskNormal(0.99,0.037) Chapter 2
PHpmin RiskNormal(4.55, 0.0809) Chapter 2
PH1 RiskNormal(4.94,0.0433) Chapter 2
PHyer 7.3 Chapter 2
30°C for growth;
Trer (°C) °
65°C for thermal process
Tomin (°C) RiskNormal(-2.20,0.52) Chapter 2
Log,o D-ref (Logyo S) RiskNormal(0.980,0.228) Chapter 3
z-value (°C) RiskNormal(4.94,0.34) Chapter 3
1), 2), 3) and 4) are scenario 1, 2, 3 and 4.
Logio Ny = Logio No + li’?fg) s [6.1]
Logio Ny = Logyo Ny — ;_’; [6.2]

Where N, is the maximum bacterial concentration (CFU/ml); N, is the initial bacterial

concentration (CFU/mI); fina is the maximum specific growth rate (h™M), t, is the heating

process time (s), ts is the storage time (h) and Dy (s) is the D-value of L. monocytogenes at

temperature T (°C).

The fimex was calculated using the gamma model without interaction (equations (6.3)-
(6.6)). The effect of a, was not considered since the a, of milk was similar to a,
(0.997+0.003) and therefore the y(ay,) is 1.
Hmax = Hrer * y(total)

y(total) = y(pH) = y(ay,)
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(pH- pHan)
1-2 pHmm PHy

—\ /——\
\/
\__/ ~_  —

y(pH) = = [6.5]
1 2(pHm1n le/Z)
T Tmm

y(T) = ; [6.6]

(Tref—Tmin)2

Where pfis the reference growth rate (h'l); pH is the actual pH; pH, is the pH limit,
pH;,; is the pH at which the z4,4is half of the optimum specific growth rate; T is the actual
temperature (°C); Ty, is the temperature limit (°C) and T, is the reference temperature
(°C).

The contribution of each variability factor in table 6.1 on final levels of L. monocytogenes
at the end of domestic storage time was evaluated using four different scenarios
presented in table 6.2.

Table 6.2. Scenarios used to evaluate the impact of different variability factors on the variability in
final microbial levels

Scenarios Pre-storage Heating process at Factory*) Domestic storage*)
Scenario 1 Temperature 0°C-4°C  Temperature 65°C (0.1°C) Temperature
time 2h-72h time 15s(0.1s) 6.3°C(2.7°C)
time 0h-120h
Scenario 2 Temperature 0°C-4°C ~ Temperature 70°C (0.1°C) Temperature
time 2h-72h time 155 (0.1s) 6.3°C (2.7°C)
time 0h-120h
Scenario 3 Temperature 0°C-4°C ~ Temperature 70°C (2°C) Temperature
time 2h-72h time 155 (0.1 s) 6.3°C (2.7°C)
time 0h-120h
Scenario 4 Temperature 0°C-4°C  Temperature 70°C (0.1°C) Temperature
time 2h-72h time 155 (0.1s) 8.4°C (3.0°C)
time 0h-120h

*) value within brackets is the standard deviation.
For each scenario hundred simulations and 10,000 iterations were conducted using Latin

Hypercube sampling in combination with a Mersenne twister random number generator,
and a fixed seed value of 1 was selected to allow for the reproduction if the same
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spreadsheet is used. The Spearman rank correlation coefficient was used to illustrate the
impact of each variability factor on the variability in final levels of L. monocytogenes.

The milk process chain of the first scenario is illustrated in figure 6.6A. When the heating
temperature was relative low and well controlled (65°C, 0=0.1°C), the most influential
factor was the log;oD,, representing strain variability in heat resistance, followed by
domestic storage temperature, domestic storage time, and initial contamination (figure
6.7A). In the second scenario where a higher and well controlled heating temperature
(70°C; 0=0.1°C) was used, higher degree of microbial reduction was realised as visualized
in figure 6.6B. The contribution of log,0D,s and z-value on the variability in final levels of L.
monocytogenes in this scenario was much more pronounced than that of the other
variables (figure 6.7B). In scenario 3, the heating temperature was poorly controlled
(70°C; 0=2°C), resulted in a wider 95% prediction interval of microbial reduction during
the heating process (figure 6.6C). Heating temperature followed by log:oD,.s became the
most dominant factors influencing variability of the final microbial level (figure 6.7C).
When well controlled heating temperature (70°C; 0=0.1°C) was combined with higher
domestic storage temperature, a slight higher increase of the surviving L. monocytogenes
was observed (figure 6.6D). In this scenario, besides the log;oD,ef and z-value as the most
influencing factors, also storage temperature and time became slightly more important
(figure 6.7D). The scenarios assumed that no post process contamination with L.
monocytogenes occurred in the milk production chain. When post contamination is
considered, domestic storage temperature, domestic storage time and strain variability in
growth also become more important affecting the final microbial concentration at the end
of storage time.
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Figure 6.6. The simulated milk processing chain and concentrations of L. monocytogenes at different
steps. The lines represent the 95% prediction interval. See Table 6.2 for the scenario details.
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Figure 6.7. Spearman rank correlation between variability in final levels of L. monocytogenes at the
end of domestic storage and variability in the input variables. See Table 6.1 for details on the input
variables.

While strain variability in thermal inactivation kinetics was found to be one of the most
important factors determining the variability in microbial concentrations at the end of
domestic storage, the underlying mechanisms behind this natural variability still need to
be explained. Gene-trait matching can be performed to better understand the diverse
phenotypic characteristics seen in the growth and thermal inactivation kinetics of L.
monocytogenes and L. plantarum. For the 20 strains of L. monocytogenes gene-trait
matching did show some potential directions for further research (data not shown).
Genetic markers for robustness might also be used for early detection of robust organisms
in raw materials. The correlation between growth and thermal inactivation features and

170



Chapter 6 Discussion and future perspectives

other phenotypic characteristics, such as biofilm forming capability and virulence capacity,
might also be relevant for understanding the fate of these microorganisms along the food
production chain. Since variants from a heat sensitive strain LO28 showed highly
increased heat resistance (Van Boeijen et al., 2011), further research on the occurrence of
heat resistance fractions for the most heat resistant strains used in our study, such as L6
for L. monocytogenes, might also be of interest.

The sensitivity analysis underlines that many variability factors are important, but some
are more important than others. Depending on the process characteristics,
microbiological variability, especially strain variability in thermal resistance, is the most
determining factor affecting the final contamination level. This strain variability, however,
is inherent to living organisms. Strain variability challenges food processors because strain
variability cannot be well controlled unless complete inactivation is realized and no
recontamination occurs during food production chain. The integration of strain variability
in prediction of microbial kinetics is, therefore, required in quantitative microbiology to
obtain a more realistic prediction; and the most robust strains can be used in parallel or in
cocktails to evaluate the efficacy of certain steps along the food production chain in
controlling the growth of microorganisms.
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Supplementary Table 6.1A. Comparison of Experimental (E), Reproduction (R) and Strain (S)
variabilities between L. monocytogenes and L. plantarum as function of pH, a,, T and [HLa]

Variables  Variability (RMSE) Species F-test” p-value
L. monocytogenes L. plantarum
pH Experimental (E) 0.0315 0.0452 2.06 0.00%
Reproduction (R) 0.0497 0.0612 1.52 0.00
Strain (S) 0.0470 0.0670 2.03 0.00
aw Experimental (E) 0.0297 0.0472 2.52 0.00
Reproduction (R) 0.0387 0.0836 4.67 0.00
Strain (S) 0.0412 0.0720 3.05 0.00
I Experimental (E) 0.0130 0.0278 4.62 0.00
Reproduction (R) 0.0199 0.0537 7.24 0.00
Strain (S) 0.0177 0.0470 7.00 0.00
[HLa] Experimental (E) 0.0265 0.0282 1.13 0.14
Reproduction (R) 0.0483 0.0456 1.12 0.20
Strain (S) 0.0526 0.0350 2.26 0.00"
1)  F-test between variability of L. monocytogenes and L. plantarum.
2)  Bold case indicates significant different.
3)  RMSE for T was based on square root value.
4)  Strain variability was significantly lower than reproduction variability for L. plantarum.
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Supplementary Table 6.1B. Comparison between Experimental (E), Reproduction (R) and Strain (S)
variabilities per species for pH, a,, T and [HLa]

L. monocytogenes L. plantarum
Variables  p-value RMSE p-value RMSE
E R S E R S

pH 0.0315 0.0497 0.0470 0.0452 0.0612 0.0670
EandR  0.00" 0.00
EandS 0.00 0.00
RandS 0.22 0.12

aw 0.0297 0.0387 0.0412 0.0472 0.0836 0.0720
Eand R 0.00 0.00
EandS 0.00 0.00
RandS 0.18 0.070

T 0.0130 0.0199 0.0177 0.0278 0.0537 0.0470
EandR 0.00 0.00
EandS 0.00 0.00
Rand S 0.12 0.054

[HLa] 0.0265 0.0483 0.0526 0.0282 0.0456 0.0350
EandR 0.00 0.00
EandS 0.00 0.00
RandS 0.17 0.001

1) Bold case indicates significant different.
2) RMSE T was based on square root value.
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SUMMARY

The increase in the world’s population is accompanied by an increase in global food
demand. Most food products are perishable and therefore specific formulation and
processes are needed to preserve their quality. The change in lifestyle and the increase in
awareness toward tastier and healthier food affect the consumer demand toward mildly
processed food. Mildly processed foods generally have shorter shelf life and thus depend
on the combination of different growth limiting factors to prevent the growth of
microorganisms during the shelf life of the product. Though its healthier image, mildly
processed foods have a risk of the presence of robust microorganisms, which might grow
and cause spoilage or foodborne illnesses. Since zero risk does not exist, minimizing the
risk is the ultimate goal to reduce the disease burden caused by microorganisms.
Quantitative microbiology can be used as a tool to simulate the behaviour of
microorganisms in food within the product’s shelf life. Microbial growth and thermal
resistance parameters are important inputs needed for predicting the growth and thermal
resistance of microorganisms in the exposure assessment of a quantitative microbial risk
assessment or in estimating the shelf life of food products. However, these parameters,
such as the maximum specific growth rate (uy.) vary depending on several factors
amongst others within and between strain variabilities, cells history, physiological state of
the cells and food matrix characteristics. Therefore, the prediction results might vary from
one study to others due to differences in the parameters used to generate the prediction.
Since a realistic prediction is needed to improve the process and experimental designs,
knowing the main sources of these variabilities and its magnitude are of importance. Two
different microorganisms were used in the thesis for studying the variability factors in
growth and thermal inactivation kinetics. Listeria monocytogenes is known as one of the
important causative agents of foodborne disease. It has the highest case-fatality rate
among foodborne pathogens, and is able to grow at relatively severe conditions, such as
low temperature and high salt concentration. These characteristics make L.
monocytogenes a good candidate to represent pathogenic bacteria. For spoilage bacteria,
Lactobacillus plantarum was selected as a model species since this member of the lactic
acid bacteria group is often found as contaminant in different food products, such as
ketchup, dressings, and meat products.

The experimental (E), reproduction (R) and strain (S) variabilities in maximum specific
growth rate (tmqx) (h™) were determined in chapter 2 and chapter 4 as function of four
different variables, namely pH, water activity (a,)/NaCl concentration ([NaCl]),
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undissociated lactic acid concentration ([HLa]) and temperature (T). All experiments were
done in duplicate at the same time using the same culture to quantify experimental
variability and independently reproduced at least twice on different experimental days to
quantify reproduction variability, and the use of 20 strains for both species
accommodated the quantification of strain variability. For all four variables, experimental
variability was clearly lower than reproduction variability and strain variability; and
remarkably, reproduction variability was similar to strain variability for all variables for L.
monocytogenes and for the variables pH, a, and temperature for L. plantarum.
Reproduction variability was even slightly higher than strain variability for the variable
[HLa] for L. plantarum. The strain variability in cardinal growth parameters, namely pH,,i,
[NaCl] ey, [HLOmay], and T was further investigated by fitting secondary growth models to
the ti,q data, including a modified secondary pH model. The fitting results showed that L.
monocytogenes had an average pH,,, of 4.5 (5-95% prediction interval (Pl) 4.4 — 4.7),
[NaCl] ey of 2.0 M (P1 1.8 M — 2.1 M), [HLa 6] Of 5.1 mM (Pl 4.2 mM — 5.9 mM), and T,
of -2.2°C (PI (-3.3°C) — (-1.1°C)), with the given prediction intervals of the means
representing the variation in behaviour that can be encountered and needs to be
controlled. Using similar secondary growth models as for L. monocytogenes, the average
PHpmin was 3.3 (P1 3.1 - 3.5); ay,min Wwas 0.94 (P10.93 - 0.96); [HLOe] at pH 4.5 was 32.5 mM
(P127.8 mM - 37.2 mM) and T,,;, was 6.1°C (P1 3.6°C - 8.6°C).

The strain variability in cardinal growth parameters was benchmarked to available
literature data, showing that the effect of strain variability explained around 1/3 or less of
all cardinal growth parameters found in literature, and since the literature data was rather
limited for lactic acid bacteria, strain variability in cardinal growth parameters of L.
plantarum explained more than 50% of the variability from literature, although with bias.
The quantification of variability in thermal resistance in chapter 3 and chapter 4 was
conducted following the same method as used for growth. Besides the effect of
temperature, the effect of growth history in the variability of D-values was also
determined for L. monocytogenes and L. plantarum strains. Each thermal inactivation
curve obtained in this study was fitted using the modified Weibull model, resulting in total
of 360 D-value estimates for L. monocytogenes and 480 D-value estimates for L.
plantarum. The D-value of L. monocytogenes ranged from 9 to 30 minutes at 55°C; from
0.6 to 4 minutes at 60°C; and from 0.08 to 0.6 minutes at 65°C. The D-value estimates of
the 20 L. plantarum strains ranged from 0.80 min to 18.6 min at 55°C, 0.22 min to 3.91
min at 58°C, 3.1 s to 0.75 min at 60°C, and 1.8 s to 19.2 s at 63°C. Unlike in growth, strain
variability in thermal resistance was much higher than reproduction and experimental
variabilities. Strain variability was similar to the effect of growth history for L.
monocytogenes and slightly higher than the effect of growth history for L. plantarum. The
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effect of growth history was mostly determined by the physiological state of the cells (i.e.
exponential phase versus stationary phase), and additionally also by the effect of pre-
culturing temperature of 12°C for L. plantarum. Although the magnitude of strain
variability in growth and thermal resistance could not be directly compared due to
differences in measurement unit, the simulations using cardinal growth parameters and
D-values showed that the effect of strain variability in thermal resistance was much larger
than the effect of strain variability in growth.

Prediction of growth of microorganisms in food is often based on the effects of intrinsic
and extrinsic variables as obtained in laboratory media. To combine the effect of different
variables, those variables can be integrated in a gamma model with or without interaction
to predict the maximum specific growth rate (i4n4), which can be used to predict
microbial numbers in a defined food product. Deviations might occur because the effect
of food product specific characteristics is not considered when laboratory media is used.
Therefore a validation in actual food products is needed to quantify a potential product
specific effect. Knowledge on food product specific effects on microbial kinetics will not
only result in a more realistic growth prediction, but also extend the knowledge on factors
influencing growth and heat resistance. Growth validation using two food models in
chapter 5 showed that the effect of food product was strain dependent, which might
further complicate the prediction. The lower value of the y(T) at 7°C and 15°C compared
to y(milk/ham) observed in the present study highlighted the importance of the effect of
temperature in controlling the growth of microorganisms. Moreover, the effect of food
product, which was mainly determined by ham, and strain variability in thermal
inactivation was similar for both species, and in general the combination of strain
variability, the effect of growth history and specific effect of food products explained
variability found in literature with bias.

In a food chain, other variability factors, such as variability in thermal process and storage
time and temperature, also affect the microbial concentration at the end of the product
shelf life. An illustrative process was taken as an example to visualize the impact of
different variability factors, such as strain variability, variability in thermal process time
and temperature, variability in storage time and temperature, on the variability in
microbial concentration at the end of storage time. The simulation result showed that the
importance of certain factors depended on the process condition. When well controlled
high heating temperature was used, the strain variability in D-values was the most
determining factors in the final level of microorganisms. This conclusion did change when
the control in heating temperature was poor or when the lower heating temperature was
used. However, even at those conditions, strain variability in D-value remains one of the
important determinants for the final level of the microorganisms. Unlike other variability

181



Summary

factors of temperature and time, this strain variability is inherent to living organisms and
challenges food processors because it cannot be well controlled unless complete
inactivation is realized and no recontamination occurs during food production chain.
Inclusion of strain variability in prediction of microbial kinetics is, therefore, required in
guantitative microbiology to obtain a more realistic prediction; and the most robust
strains can be used in parallel or in cocktails to evaluate the efficacy of certain steps along
the food production chain in controlling the growth of microorganisms.
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