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1. INTRODUCTION

Listeria monocytogenes can be found in various environments such as soil, water, and food
processing equipment. Listeriosis is one of the most common foodborne diseases worldwide. Its
high case-fatality rate and psychrotrophic features make L. monocytogenes a great concern in food

safety.

Heat treatment is still the most common preservation technique used in the food industry. The
thermal resistance in bacteria is often characterized by two metrics, namely the D-value and the z-
value. Applying precise time-temperature combinations is crucial to effectively reduce or eliminate

microorganisms during thermal processing.

Stress adaptation is a response of microorganisms to stresses caused by hurdle technologies,
including heat treatment. Certain stress responses can lead to enhanced survival, and increased
virulence, and provide resistance against multiple stressors. Prior exposures to temperatures over
the optimal growth range can make a microorganism more resistant to subsequent heat treatment.
Microorganisms can survive heat treatment conditions that normally are lethal because of this
thermo-tolerance response. Therefore, the process of adapting to heat stress can lead to an increase

in D value.

The enumeration of microorganisms is still commonly performed using conventional plate
counting methods. However, they are time-consuming and labour-intensive. Therefore, alternative
enumeration approaches have been developed for rapid and accurate enumeration. Redox potential
measurements and optical density measurements, for instance, are two indirect techniques for
quantification. Their ability to provide faster results renders these two techniques advantageous

for doing more comprehensive research.



In predictive microbiology, microbial inactivation characteristics are represented by mathematical
models. These models predict inactivation parameters, which are applied in various disciplines
such as microbial risk assessment. There are accessible tools that allow users to apply their data to
various models without requiring a thorough comprehension of the mathematical principles

underlying such models.

Vending machines become small food production facilities due to technological developments in
robotics. Ensuring adequate hygiene of the vending machines is crucial to maintain food safety.
Vending machines are generally cleaned manually. The implementation of Clean-in-Place (CIP)

technology in vending machines can minimize the need for human intervention.



2. OBJECTIVES

The primary objective of my dissertation research was to gain a deeper comprehension of the heat
stress adaptation response in Listeria spp. and assess the suitability of redox potential measurement
and optical density measurement for quantifying Listeria spp. In addition to this study, I also
examined the use of a CIP application for cleaning a vending machine that produces smoothies
and hot soups. L. innocua is frequently employed as a surrogate for L. monocytogenes, hence it is

also included in these investigations.

The specific objectives of my research were:

e tounderstand the physiological responses of L. innocua and L. monocytogenes to sub-lethal
temperature stress conditions;

e to compare the effect of strain variability, different sub-lethal exposure conditions, and
different heat destruction methods on stress adaptation;

e to evaluate the applicability of redox potential measurement and optical density
measurement as an enumeration of L. monocytogenes and compare with plate counting
method;

e to compare different mathematical models of heat inactivation of L. monocytogenes.

A variety of conventional and rapid microbiological techniques, molecular microbiological
approaches, and different software tools were applied to reveal the underlying questions. Besides,
a case study was conducted on vending machines to broaden knowledge on CIP cleaning and its
validation, with a specific focus on examining the existence of L. monocytogenes and
implementing the use of thermal processing in cleaning protocols to ensure microbial safety and

efficacy.



3. LITERATURE OVERVIEW

3.1.  Listeria monocytogenes
Listeria monocytogenes is a bacterium that is Gram-positive, rod-shaped and belongs to the genus
Listeria (Duze et al. 2021). L. monocytogenes, out of more than 15 species in the Listeria genus,
is primarily responsible for causing infections in humans (Orsi and Wiedmann 2016). L. ivanovii
has the ability to infect animals, although it rarely causes harm to humans. The other species of
Listeria are not known to cause disease in either humans or animals (EFSA 2022). It is facultatively
anaerobic so it can thrive in both oxygenated and oxygen-depleted conditions. As a persistent
hazard in food processing and storage facilities, one of the most alarming characteristics of L.
monocytogenes 1is its capacity to grow and replicate at refrigerated temperatures as being

psychrotrophic (Newell et al. 2010, Carpentier and Cerf 2011).

L. monocytogenes is well-known for causing a serious illness called listeriosis (Shamloo et al.
2019). Listeriosis can cause severe risks to susceptible groups such as pregnant, newborns, the
elderly, and immuno-compromised. Individuals belonging to those groups are at high risk of
developing severe complications like meningitis, septicemia, miscarriage, or fatality as a result of
infection (Schlech 2019). Healthy individuals may have moderate symptoms such as fever, muscle

pain, and gastrointestinal problems.

Multiple factors have been identified as influencing the growth and survival of L. monocytogenes.
It has the ability to multiply rapidly throughout a broad range of temperatures, with the most
favourable growth happening from 30 °C to 37 °C. Nevertheless, it is noteworthy for its capacity
to thrive at low temperatures typically found in refrigeration (-0.1 — 4 °C) (Walker et al. 1990). It
exhibits a wide pH tolerance, ranging from acidic environment (pH 3.5) to mildly alkaline
conditions (pH 9.4) (O’Driscoll et al. 1996, Engstrom et al. 2020). The ability to adapt enables it
to thrive in various food matrices, including acidic meals like fruit juices and fermented products.

L. monocytogenes can flourish in conditions characterized by low water activity levels, reaching



as low as 0.92, which are typical of dry foods (Pérez-Baltar et al. 2020). It has resistance to modest
concentrations of salt (NaCl). The microorganism may thrive in salt concentrations of up to 10%,
while survival in higher concentrations was also reported (Boyer et al. 2009, Schirmer et al. 2014,
Wiktorczyk-Kapischke et al. 2023). L. monocytogenes has the ability to create biofilms, which are
bacterial communities. These biofilms make the bacteria resistant to disinfectants and
environmental challenges like drying out and lack of food (van der Veen and Abee 2011, Bonsaglia
et al. 2014, Ferreira et al. 2014, Pang et al. 2019, Fagerlund et al. 2021, Mazaheri et al. 2021). It
can survive and reproduce at cold temperatures, although it is vulnerable to heat treatment.
However, exposure to heat stress that does not immediately cause mortality can stimulate
adaptative responses. Therefore, this response can lead to an improved capacity to endure elevated

temperatures.

L. monocytogenes is ubiquitous in the environment, meaning it can be found in various sources
like soil, water, and animals. The food processing conditions provide an optimal habitat for L.
monocytogenes (Buchanan et al. 2017). Listeriosis is the fifth most common zoonotic disease in
the EU (EFSA 2022). It is one of the most serious foodborne diseases with a high rate of
hospitalizations, especially in infants and the elderly (Cassini et al. 2018). According to estimates,
listeriosis killed 5463 people around the world in 2010 (De Noordhout et al. 2014, World Health
Organization 2015). In the EU, 335 people died in 2023 because of listeriosis with the fatality rate
at 19.7 %, with a notification rate of 0.66 cases per 100000 people. These numbers were the highest
recorded since EU surveillance began in 2007 (ECDC and EFSA 2024). Meat products, fruits and
vegetables, dairy products, fish and seafood, and ready-to-eat (RTE) foods have all been linked to

listeriosis (Ziegler et al. 2019).

In the EU, Commission Regulation (EC) No 2073/2005, as amended by Commission Regulation
(EC) No 1441/2007, has established microbiological criteria for L. monocytogenes in foods
(European Commission, 2007, 2005). For L. monocytogenes in RTE foods that support its growth,

the proposed microbiological criteria are: levels must be below 100 CFU/g throughout the shelf
7



life of the product, and there must be an absence of L. monocytogenes in 25 g of the product before
it leaves the control of the food business operator (European Commission 2005). Although food
safety laws and regulations have improved, Listeria outbreaks have occurred in the EU. Most
outbreaks were linked to RTE foods such as cold smoked salmon (ECDC and EFSA 2024), meat
products (CDC 2023), dairy products (FDA and CDC 2024), and frozen vegetables (EFSA and

ECDC 2018), primarily due to household consumption rather than social or community events.

In 2018, L. monocytogenes occurred in multiple countries in the EU leading to 47 cases and 9
deaths. A frozen vegetable-producing factory in Hungary was found as the source of
contamination. Microbial analysis showed that the bacteria had been in the plant for years, showing

its persistence in food-processing environments (EFSA and ECDC 2018).

A comprehensive strategy is needed to prevent Listeria contamination. This strategy must include
all the stages of food production and the distribution chain. Good Manufacturing Practices (GMP),
Good Storage Practices (GSP), and Good Hygiene Practices (GHP) are the standards used in the
industry as key preventive measures (Disanto et al. 2021). Strict sanitation protocols, refrigeration
and temperature control, surveillance, and traceability are some important procedures included in

those standards (de Oliveira et al. 2016).

3.2.  Microbial enumeration methods
To assess food safety and implement right control measures, accurate enumeration of L.
monocytogenes is essential. Fields of predictive microbiology, epidemiology, quantitative risk
assessment, and monitoring programs in food processing facilities all rely on reliable data from
the enumeration (Auvolat and Besse 2016). Many difterent approaches, from simple culture-based
methods to more complex molecular and spectroscopic methods have been developed over the

years (Besse and Colin 2004).



The primary technique for the enumeration of L. monocytogenes is conventional plate counting.
The new available version of the EN ISO 11290-2 recognized as the European and International
Standard is the established method for quantifying L. monocytogenes (ISO 11290-2, 2017). It is
the standard method used to determine the quantitative criteria for L. monocytogenes as outlined
in EC Regulation No. 2073/2005 (ISO 11290-2:1998, 2004). This method involves spreading
decimally diluted samples onto selective agar plates. Plate counting provides quantitative data.
However, it is time-consuming as it requires several days to obtain results. Therefore, faster

alternative methods have been developed (Chikhi et al. 2024).

Indirect methods provide alternative approaches to evaluating microbial activity. Redox potential
measurement-based method and optical density measurement-based methods are two examples of
indirect methods. Evaluating the electron acceptor capacity of a system by measuring the redox
potential gives insights into microbial growth dynamics. In liquid cultures, optical density
measurements monitor changes in turbidity as a surrogate for bacterial growth. Even though these
methods are rapid and cost-effective, they have some disadvantages. For example, not all of them
are specific for L. monocytogenes and may not quantify only the target microorganism (Vasavada

et al. 2020).

Recent advancements in molecular methods have revolutionized L. monocytogenes enumeration.
Techniques such as polymerase chain reaction (PCR) enable rapid and specific detection of
pathogens (Jasson et al. 2010). However, they may require specialized equipment and expertise,
limiting their accessibility and cost-effectiveness, particularly in resource-limited settings

(Vasavada et al. 2020).

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF)
represents another innovation in microbial identification, including L. monocytogenes (Jadhav et
al. 2015). MALDI-TOF allows for the rapid and accurate identification of microbial isolates based

on their mass spectra (Barbuddhe et al. 2008). While MALDI-TOF offers rapid identification of



L. monocytogenes, its utility for enumeration purposes is limited, as it primarily provides
qualitative rather than quantitative data. Currently, there are plenty of test kits available in the
market that provide insights on the detection and enumeration of Listeria spp. (Vélimaa et al.,

2015).

There are detailed review articles comparing various new techniques developed for counting L.
monocytogenes (Law et al. 2015, Ripolles-Avila et al. 2020, Rohde et al. 2017, Chikhi et al. 2024).
In comparing these enumeration methods, several factors must be considered. Traditional culture-
based methods offer quantitative data but are slow and labour-intensive. Indirect methods provide
rapid results but have some disadvantages. Molecular methods offer high sensitivity and specificity
but may be cost-prohibitive. MALDI-TOF enables rapid identification but is not suited for
enumeration. Ultimately, the choice of method depends on factors such as the desired level of

sensitivity, resources available, and specific requirements of the application.

3.2.1. Redox potential measurement-based method
Redox potential indicates the electron transfer capability of a system, measured in millivolts (mV).
In microbial environments, redox potential is influenced by the metabolic activities of
microorganisms (Szakmar et al. 2014). When the bacteria proliferate and thus metabolize
substrates, they reduce the redox potential of the environment. This decrease is due to the
consumption of oxidants and the production of reductants. Therefore, redox potential measurement
can be used to predict the microbial activity of a system. It is used in various fields such as
wastewater treatment (Goncharuk et al. 2010), fermentation processes (Lin et al. 2011, Liu et al.

2012, Nelson et al. 2023), and food microbiology (Brasca et al. 2007, Yakdhane et al. 2024).

Erdosi et al. (2012) stated that the total count determination of microbial contamination on model
surfaces and in the sanitary control of a food manufacturing pilot plant took just 10-16 hours using

the redox potential measurement, in contrast to the 72 hours required for plate counting. The same
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research group reported a maximum of 34 hours of measuring time with redox potential

measurement for Listeria species (Erdosi et al. 2014).

Reichart et al. (2007) developed and validated a redox potential measurement-based method for
the detection and enumeration of microorganisms. When bacteria multiply, redox potential
decreases. The redox potential curve for each type of microorganism is different. The rate of
change in redox potential (dE/dt) is proportional to the concentration of microbial cells. Thanks to
this relationship, it is possible to determine the microbial concentration with the calibration curve.
Impedance microbiology is an effective method that facilitates both qualitative and quantitative
analysis of microorganisms through the measurement of variations in electrical conductivity
(Wawerla et al. 1999). Like impedimetric measurements, the logarithm of the initial concentration
of a microorganism and time to detection (TTD) show a linear relationship. TTD is a threshold
value where the redox change passes the detection criterion (DC). The fundamentals of the redox

potential measurement-based method are shown in Figure 1 (Engelhardt et al. 2018).
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Figure 1. The Fundamentals of TTD in the Redox Potential Measuring System (Engelhardt et al.
2018)

Note. Eh: redox potential of the medium; N: viable cell concentration; Ny initial viable cell concentration in the
medium; DC: detection criterium; Npc the threshold value of the viable cell concentration at the time of TTD.

The method can provide results faster compared to traditional plate counting methods. While
conventional culture methods require several days for the results of the enumeration procedure, it
1s much faster with the redox method, depending on the initial concentration (Erddsi et al. 2012).
The method is non-destructive so it is possible to monitor microbial activity without compromising

the integrity of the sample. It also allows high-throughput screening and continuous monitoring.

Redox potential indicates microbial activity but does not provide information on the type of
microorganism. A combination of the method with different methods can be used to overcome this
problem. For example, combining the redox potential method with real-time PCR is used for the
detection of L. monocytogenes and Salmonella in different food products (Erddsi et al. 2014a,
Erdosi et al. 2014Db).

12



3.2.2. Optical density measurement-based method
Optical density (OD) measurements are widely used in enumerating microorganisms. It has
different applications like examining microbial growth under various stress conditions (Stevenson
et al. 2016). With this method, the density of the microbial population is estimated by measuring
the absorbance of a culture at a specific wavelength, typically around 600 nm for bacteria

(McGoverin et al. 2021).

The OD measurement is based on the Beer-Lambert law. The absorbance of a sample is directly
proportional to the concentration of the population (Mira et al. 2022). As microorganisms multiply,
the culture becomes more turbid, leading to higher absorbance readings. The standard curve is
obtained by the known cell concentration and their corresponding absorbance values (Stevenson

et al. 2016). After that, microbial concentration can be calculated using the standard curve.

Enumeration of microorganisms with OD measurements has some advantages. It is known as a
rapid method, providing real-time data. It is possible to use it for continuous monitoring without
disturbing the sample. It is simple to use and requires minimal sample preparation. This reduces

the possibility of contamination and experimental errors (Beal et al. 2020).

Time to detection (TTD) values can be used in an application of enumeration employing OD
measurement to evaluate microbial development. TTD is the time takes for a suspension to attain
a given turbidity level. A particular cellular concentration is indicated by this point. By applying a
standard curve, this method allows the estimation of the unknown cell content of a microbial
growth. This approach is applied in different fields, including food business quality control, study

of microbial kinetics, and stress condition analysis (Baka et al. 2015).

Nevertheless, there are some constraints associated with OD measurements. A notable limitation
is that OD measurements are indirect and susceptible to impact from several factors, including the
morphology, size, and composition of different substances in the medium (Myers et al. 2013).
These variables can result in discrepancies in the association between absorbance and cell

13



concentration. In addition, OD measurements exhibit reduced efficacy when used in cell densities
that are either low or high (McGoverin et al. 2021). At low concentrations, the level of absorbance
may be insufficient to accurately identify. In contrast, the readings may plateau at high densities
due to light scattering, leading to an underestimation of cell concentration. Another drawback is
that optical density measurements can be biased by viable but non-cultivable (VBNC) cells, intact
non-viable cells, and dividing cells (Hazan et al. 2012, Haaber et al. 2016). Another limitation of
OD measurements is that they count both live and dead cells as both types provide an optical sign

(Kesisoglou et al., 2022).

3.3.  Heat stress adaptation of L. monocytogenes
L. monocytogenes is one of the pathogens known for its endurance in various environmental
conditions, including its thermal resistance (Chan and Wiedmann 2008, Chaturongakul et al.
2008). Thermal resistance in bacteria is generally defined by two parameters, D- and z-value
(Juneja et al. 2011). Despite ongoing arguments over this assumption, the D- and z-values are
derived under the assumption that the heat inactivation kinetics of microorganisms follow a
logarithmic pattern (Augustin et al. 1998, Peleg 2021). The D-value, or decimal reduction time, is
defined as the time required for reducing the population by one log cycle at a specific temperature.
D-values of L. monocytogenes at 60 °C range from 0.5 to 3 minutes (O’Bryan et al. 2006). D-value
can vary depending on the strain, the matrix, and environmental conditions (Lianou and
Koutsoumanis 2013). This variability shows the ability of L. monocytogenes to survive under

different thermal processing conditions.

The z-value represents the temperature change to achieve a tenfold reduction in the D-value. The
z-value of L. monocytogenes can vary between 5 °C and 10 °C (O’Bryan et al. 2006). D- and z-
values indicate the sensitivity of bacteria to heat. They are essential for designing thermal
processing parameters in the food industry. They must be sufficient to inactivate L. monocytogenes

without compromising food quality.
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Microbial stress is any physical, chemical, or biological adverse effect that influences microbial
growth or survival (Schimel et al. 2007). Microbial stressors include traditional or novel food
preservation techniques such as thermal processing, pulsed electric fields, and high hydrostatic
pressure. All of these preservative factors are called hurdles (Leistner, 2000). These hurdles have
destructive effects on the physiology, function, and activity of bacteria. Multiple factors establish
the type and quantity of hurdles required. For instance, nutrient- and vitamin-rich food will
promote microbial growth (booster or trampoline effect), necessitating an increase in the quantity
and intensity of hurdles. The knowledge of the hurdle effect has led to the development of the

hurdle technology (Leistner, 2000).

Stress may be classified as lethal/severe or sublethal depending on the intensity. Sublethal stress
causes microbial injury that leads to either inhibition or retarded growth due to modifications in
cellular metabolic activity (Wesche et al. 2009). In contrast, when the cells are subjected to lethal

or extreme stress, the damage is irreversible (Arvaniti et al. 2021).

Exposure to sublethal stress can result in the adaptation of microorganisms to the subsequent lethal
levels of the same stress, which is called stress adaptation or stress hardening (Dawan and Ahn
2022). Bacteria exposed to sublethal stress can adapt to following the same or different stress by
becoming more resilient (Lou and Yousef 1997). Thus, microorganisms can survive under the

conditions that would normally inactivate them.

As it was stated earlier, the optimal growth temperature of L. monocytogenes is between 30 °C to
37 °C (Jamshidi and Zeinali 2019). When subjected to temperatures above the optimum range, any
thermal treatment causes stress. Microbial cells exhibit distinct physiological reactions such as the
production of heat shock proteins (HSPs) that lead to thermotolerance. The degree of observed
thermotolerance is influenced by the extent of temperature exposure above optimum limits and the

specific matrix in which the cells are exposed.
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L. monocytogenes raises its D-value for the subsequent heat treatment as a stress response to
sublethal heat (Wesche et al. 2009). Temperature and duration of sublethal heat exposure, growth
phase of bacteria, and composition of food matrix affect the degree of D-value increase (Jorgensen
et al. 1999, Shen et al. 2014). Increased sublethal temperature or extended exposures, cells in
stationary phase, and protective nutritional components like fats and proteins can all contribute to

enhanced thermal resistance (Dawoud et al. 2017, Zhang et al. 2022).

Stress adaptation is an essential survival mechanism for L. monocytogenes. Various defensive
mechanisms are triggered in response to mild heat stress. Heat stress adaptation involves
increasing the expression of HSPs and other molecular chaperones. HSPs ensure the proper
functioning of cells during periods of stress by reconfiguring unfolded proteins and breaking down
the proteins that have been damaged. The stress response network allows L. monocytogenes to

endure unfavourable environments (Bucur et al. 2018).

The heat stress adaptation mechanism involves several regulatory systems (Sibanda and Buys
2022). A key component of the stress response of L. monocytogenes is the alternative sigma factor,
o® (Bucur et al. 2018). The activity of ® increases under heat stress. It triggers a defensive
response which improves the ability of the pathogen to gain stress resistance (Moorhead and Dykes
2003). It controls the transcription of genes associated with stress resistance, including those that
encode HSPs (Wiktorczyk-Kapischke et al. 2021). In addition, the CtsR regulon, which regulates

the expression of heat shock genes, also plays a role in the adaptive response (Osek et al. 2022).

De Angelis and Gobbetti (2004) divide adaptive reaction into two classes. In the first class, when
microbes are exposed to sub-lethal concentrations of physical, chemical, or biological stress, they
develop a response which shields the cells from further lethal treatments of the same stress. In the
second class, microorganisms possess the ability to adjust to stresses that they have not before
come across. The second class comprises more universal systems, and cells that have already

adapted to one stressor may be less susceptible to subsequent stressors. This kind of cross-
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protection is produced in response to low pH, excessive osmolarity, exposure to extremes in
temperature, and nutritional deficiency (Wesche et al. 2009). Exposure to one type of sublethal
stress can cause adaptation to another stress (Tasara and Stephan 2006, Lianou and Sofos 2007,
Schmid et al. 2009). This cross-adaptation presents issues in the food industry since different
hurdles are used in food processing and storage. Exposure to sublethal heat, acid, osmotic, and
oxidative stress can result in the development of resistance to different types of stress in L.

monocytogenes (Acuft et al. 2023).

In recent years, fresh, natural, and minimally processed foods are getting popular. Consumers are
increasingly looking for original flavours, textures, and nutritional profiles when they buy a
product (Li and Génzle 2016). Fresh juices, fruits and vegetables, and RTE meals are examples
where maintaining the sensory and nutritional attributes are paramount. This trend opened a
discussion in the food industry by questioning the high temperatures in conventional thermal
processing (Arioli et al. 2019). Therefore, there is a need to balance food safety with the

preservation of food quality (Pratap Singh et al. 2018).

Alternative processing technologies have emerged to inactivate pathogens without a negative
effect on the nutritional and sensory characteristics of food (Gandhi and Chikindas 2007).
However, thermal processing remains the most common method in the food industry because of
its efficacy and established protocols (Dlusskaya et al. 2011). Pasteurization, canning, and cooking
are examples of thermal destruction methods to ensure food safety (Li and Génzle 2016, Tsai et al.
2019). Pasteurization is widely used in liquid foods like milk and juices. Instead, canning and
cooking are standard practices for solid and semi-solid foods (Awuah et al. 2007). These processes
are designed for a high degree of lethality against pathogens such as L. monocytogenes (Juneja et

al. 2011).

Heat stress can occur in the natural environment of microorganisms as well as during food

processing (Ruiz et al. 2017). It is important to provide conditions to inactivate microorganisms,
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but also prevent them from developing heat resistance. Sublethal heat stress is the condition where
the cells are exposed to a temperature above the optimum range and below the lethal level. Even
a short period of sublethal heat exposure can be enough to cause enhanced heat resistance (Shen

etal. 2014).

The thermotolerance of L. monocytogenes exhibits significant variation (Taylor et al. 2019). Age
of culture, strain variation, growth conditions, test conditions, food matrix, and environmental
stresses are parameters that affect the heat resistance of L. monocytogenes (Doyle et al. 2001).
Similarly, enhanced heat resistance ability is influenced by different parameters such as strain
variation, heating conditions, prior growth conditions, pH, and media (Bucur et al. 2018). For
instance, nutritional components, like fats and proteins can have protective effects against the
inactivation of pathogens. Thus, careful consideration is needed for foods that contain high levels
of those compounds like dairy products, processed meats, and RTE meals (Verheyen et al. 2020).
Time and temperature together have an impact on how much pathogen reduction is accomplished
in heated treatment methods (McCann et al. 2009, Espinosa et al. 2020). Higher temperatures and
longer processing times during thermal destruction may be necessary to ensure the safety of those

products. However, this solution may in turn affect the sensory and nutritional quality.

Non-thermal technologies like high-pressure processing (HPP) and pulsed electric fields (PEF) are
developed as potential solutions to these challenges (Gandhi and Chikindas 2007, Bucur et al.
2018, Meloni 2019). HPP disrupt the cellular structures of microorganisms without the need for
high temperatures. PEF permeabilize bacterial cell membranes. Thus, both methods can enhance
microbial safety with minimal impact on food quality. These technologies can provide a synergistic
effect when used in combination with mild heat treatments or other novel technologies (Patterson
et al. 2011, Meloni 2019). These synergistic combinations may overcome the limitations of

conventional thermal processing techniques (Gurtler et al. 2019).
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Understanding the sublethal heat stress adaptation of L. monocytogenes is crucial for food safety
(Wiktorczyk-Kapischke et al. 2023). The efficacy of heat treatment may be adversely affected by
heat stress adaptation. Foods that are subjected to sublethal heat treatments such as the sous-vide
technique are particularly at concern. Foods are cooked at relatively low temperatures (typically
between 55 °C and 65 °C) for long periods with sous-vide style. This method is used for enhancing
the sensory characteristics of food. However, it may not achieve sufficient lethality against heat-
adapted L. monocytogenes. An L. monocytogenes outbreak linked to beef stew cooked under sous-
vide conditions was reported in Denmark in 2009 (Ricci et al. 2018). Slow heating rates during
thermal treatments can also cause enhanced heat resistance of L. monocytogenes (Stephens et al.
1994). L. monocytogenes can survive under refrigerated conditions (Saunders et al. 2016). The
ability of the pathogen to survive and potentially grow during subsequent storage or distribution
phases underscores the need for stringent control measures. The development of efficient thermal
processing strategies requires an understanding of adaptive processes and the factors influencing

increased D-values (Ricci et al. 2021).

3.4. Mathematical modelling of thermal inactivation
Predictive microbiology can be defined as using mathematical models to represent microbial
kinetic behaviour (Gil et al. 2017). Environmental factors affect microbial growth, survival, and
inactivation. Predictive microbiology focuses on expressing these responses mathematically.
Factors like temperature, pH, nutrient levels, and humidity affect the inactivation of
microorganisms. Predictive models can predict the behaviour of microorganisms under different

conditions (Baranyi and Buss da Silva 2017).

Predictive microbiology has become a valuable tool for food safety. Microbial response can be
predicted with mathematical models at any step during the food production and distribution
(Pefialver-Soto et al. 2019). This allows us to compare different treatments, risk assessment, and
shelf-life estimation (Tarlak 2023). It is useful to evaluate the survival of microorganisms under

different environmental conditions like temperature. With mathematical models, it is possible to
19



change the heat inactivation parameters when there is any change in conditions. Therefore,
mathematical modelling can be utilized in food safety and quality control like modifying Critical
Control Point (CCP) in Hazard Analysis and Critical Control Points (HACCP) system (Gil et al.

2017).

When the mathematical models describe the number of survivals over time under specific
conditions like temperature, they are called primary models. Historically, it has been assumed that
the survival of microorganisms varies log-linearly with time (Peleg 2021). However, research has
shown that there are deviations from this log-linear behaviour depending on the thermal resistance
of microorganisms, media, prior stress conditions (Gil et al. 2017). Three phases, initial shoulder,
log-linear, and lastly tail are the phases that describe the microbial inactivation behaviour during
the inactivation (Gil et al. 2017). Parameters that represent those phases are called primary model
parameters. The parameters obtained from primary models are influenced by different factors such
as temperature in heat inactivation. The secondary models show how the primary model
parameters vary in response to environmental factors such as temperature, pH, and water activity.
Tertiary models are software programs that combine primary and secondary models into a user-

friendly interface.

Different software programs, packages, and websites are available to predict microbial growth,
survival, and inactivation. The objective of these tools is to provide a connection between those
who develop predictive modelling techniques and the end-users in the food business who are either
unfamiliar with or lack proficiency with mathematical models (Geeraerd et al. 2005). Some
examples are GInaFit (Geeraerd et al. 2005), Combase (https://www.combase.cc/), Bioinactivation
(Garre et al. 2017) and GrowthCurver (Sprouffske and Wagner 2016). Microbial inactivation tools
include generally used mathematical models for inactivation. Users can provide the data from their
heat inactivation experiments, and obtain model parameters as well as statistical measures for the
prediction of those parameters. These tools are user-friendly, meaning they are easy to use, and

you do not need a deep knowledge of programming or mathematical concepts of the models.
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3.5. Microbial assessment of vending machines
Developments in food robotics transformed the vending machine industry from pre-packaged food
sales to small food production plants. Nowadays, consumers can enjoy various products such as
fresh drinks like smoothies, soups, and even pizza produced by vending machines. This
transformation came with a new challenge for the industry which is the hygienic-sanitary

requirements of the vending machines.

Vending machines are generally cleaned manually (Hall et al. 2007). Machine parts are
disassembled and cleaned by the operators with detergents and cold/hot water, and finished by the
disinfection section (Saltmarsh 2023). Microbial survival and contamination may occur in vending
machines, which can be difficult to maintain temperature and hygiene. In the catering sector, 97%
of foodborne illnesses are caused by food mishandling (Egan et al. 2007). Similarly, Hunter (1992)
holds vending machine operators responsible for the high number of total viable counts (TVC) and
coliforms due to inadequate cleaning. Due to incorrect cleaning and refrigeration, microorganisms
like Listeria spp. can survive and adapt under varied stressors, emphasizing the need for robust
thermal sanitation standards to reduce these potential hazards. The first vending machine-related
case was that Bacillus cereus was found in a hot drink vending machine and made people sich who

drank hot chocolate from that machine (Nelms et al. 1997).

Research on vending machines focused on their accessibility, product availability, and
healthfulness so far (Matthews and Horacek 2015). Limited research has been conducted on the
hygienic-sanitary quality of vending machines (Raposo et al. 2015, Cardaci et al. 2016, Cossu et
al. 2016, Godic Torkar et al. 2017, Caggiano et al. 2023). Like other food businesses, implementing
the HACCP system has been advised for the vending machine sector to guarantee food safety
(Hunter 1992). The HACCP system is predicated on the adoption of the GMP and GHP procedures.
However, there is an inadequate amount of data and guidelines regarding the GHPs for food

vending machines.
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Clean-in-place (CIP) technique is widely used in the food industry. CIP systems can be fully
automated, thus it is possible to track each step of the cleaning procedure (Moerman et al. 2013).
The primary benefit of vending machines is their ability to provide food to consumers without the
presence of a human being. The same idea can be applied during the cleaning process of those
vending machines. It is possible to use CIP systems and clean machines without the need for
human assistance. Since the on-site food processing vending machine industry is relatively new,

more research is needed for competent cleaning procedures.
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4. MATERIALS AND METHODS

4.1.  Bacterial Strains
The four different Listeria strains used in this study are shown in Table 1. All strains were from
the strain collection of the Department of Food Microbiology, Hygiene and Safety, Hungarian
University of Agriculture and Life Sciences. Strains were stored in Tryptic Soy Broth (TSB,
Biokar, France) containing 30% (v/v) glycerol at -80 °C and sub-cultured twice before short-term
storage. For working stock, strains were stored on Tryptic Soy Agar (TSA, Biokar, France) slants
at 4 °C. For the experiments, overnight cultures were prepared by inoculating 10 mL of TSB with
one loopful of stock cultures and incubated for 24 hours at 37 °C to obtain stationary-phase

cultures.

Table 1. Bacterial strains used in this study

Species Name with Serotype Origin Code

Collection Number

Listeria innocua T1 Not Known Tl
Listeria monocytogenes L2 1/2a Dairy L2
Listeria monocytogenes L4 3a Cheese L4
Listeria monocytogenes L7 3b Cheese L7

4.2.  Indirect enumeration methods
4.2.1. Redox potential measurement-based method
The redox potential measurements were conducted using the MicroTester apparatus, a 16-channel

redox potential measuring instrument (Microtest Ltd, Hungary).

To establish a standard curve for Listeria strains, test tubes containing 9 mL of '42 concentration

TSB (as recommended by the instrument provider) were inoculated with 1 mL of various dilution
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members, and the Time to Detection (TTD) values were determined. The detection criterion (DC)
was set to -0.5 mV/min. Viable counts of each dilution were enumerated by plate counting on TSA.
A standard curve was constructed using the initial viable cell numbers (logioN in CFU/mL)
determined by plate counting and the TTD values (hours) obtained from the instrument, employing
linear regression. This equation was then uploaded into the computer. Each experiment was

performed in triplicate on three different days.

In the following sections, all parameters were subjected to arithmetic mean computations using

the following formula when working with replicates.

X;
X=23
n
X is the arithmetic mean, n is the number of replicates, where i varies from 1 to n.

Standard curves were established via linear regression. Standard curve slopes were analyzed using
one-way ANOVA and Student’s t-test for post-hoc analysis. All statistical analyses were performed

utilizing Microsoft Excel 2021.

4.2.2. Optical Density Measurement Method
The optical density (OD) measurements were conducted in TSA at 37 °C. Turbidity of the samples
was measured every 30 minutes for 24 hours at 595 nm using a Multiskan FC Microplate
Photometer (Thermo Fisher Scientific, Waltham, Massachusetts, United States). Absorbance

readings were taken in 96-well plates with 300 pL of volume per well in triplicates.

Similar to redox potential measurement, linear curves of logioN-TTD values were created to
establish standard curves for L. monocytogenes strains. For logioN values, different dilution
members of the strains were enumerated on TSA. TTD values were calculated from the analysis
of absorbance readings from turbidity measurements, using the R Package Growthcurver

(Sprouffske and Wagner 2016). The package facilitated the summarization of microbial growth
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curve characteristics, including determining the doubling time for each dilution member to be used

as TTD.

Standard curves were established via linear regression. Standard curve slopes were analyzed using
one-way ANOVA and Student’s t-test for post-hoc analysis. All statistical analyses were performed

utilizing Microsoft Excel 2021.

4.3.  Heat Stress Adaptation of L. innocua

4.3.1. Isothermal heat destruction of L. innocua, studied by conventional plate counting
Sub-lethal heat treatment experiments were conducted following the protocol outlined by Agoston
et al. (2010). Briefly, 1 mL of microbial suspensions were placed in 1.5 mL Eppendorf tubes
(Molecular BioProducts, San Diego, CA) and subjected to sub-lethal heat stress in a water bath
(Haake, Germany), with the water level adjusted to cover the samples. The sub-lethal heat
treatment conditions were 46 °C for 30 and 60 minutes. The samples were immediately subjected
to heat destruction treatments after the sub-lethal heat treatments. Control samples were included

in the heat destruction experiments without prior sub-lethal heat treatment.

After exposure to sub-lethal heat stress treatment, the samples were promptly transferred to a water
bath set at 60 °C. Isothermal heat destruction temperature was chosen concerning the protocol by
Agoston et al. (2010). Samples were collected at 3-minute intervals for 9 minutes. Subsequently,
the samples were placed in an ice bath prior to the enumeration procedure. Each experiment was

performed in triplicate on three different days.

Following the heat destruction experiments, samples underwent serial dilution using 9 mL of
peptone-NaCl (0.1%-0.85%) diluent. These serially diluted samples were then plated onto TSA
plates and incubated for 24 hours at 37 °C. Colonies were enumerated in triplicates and recorded
as Colony Forming Unit (CFU) per mL. Cell counts were analyzed after the logarithmic

transformation.
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D-values at 60 °C, representing the time needed to inactivate 90% of the target microorganism,
were determined using a first-order inactivation model (Bigelow and Esty 1920), as described by
Yesil et al. (2024). Survivor curves were constructed by plotting logioN populations against time,

and the negative reciprocal of the slope of the equation yielded the D-value.

Furthermore, isothermal heat destruction data were analyzed using one-way ANOVA and Student’s

t-test for post-hoc analysis, utilizing Microsoft Excel 2021.

4.3.2. Sample preparation and MALDI-TOF MS analysis
For MALDI-TOF MS analysis, both control and samples subjected to sub-lethal heat treatment at
46 °C for 30 minutes were utilized for L. innocua. Sample preparation for cluster analysis of
MALDI-TOF MS peaks was conducted with modifications based on the method outlined by Schott
et al. (2016). All samples were harvested by centrifugation (12 470 g, 5 min), the supernatant was
disposed, and the sample was taken from the pellet by sterile toothpick and transferred onto a
stainless target. Formic acid (FA, 70%) and acetonitrile (ACN) (50:50, v/v) were applied to the
target for protein extraction. Lastly, samples were overlaid with 1 pL of matrix solution (10 mg/mL
alpha-cyano-4-hydroxy-cinnamic acid in ACN, dH20O and trifluoroacetic acid (TFA) 50:47.5:2.5,
v/v). Mass spectra within the 2-20 kDa mass range were obtained using MALDI-TOF MS
equipment (Bruker Daltonics, Bremen, Germany) with 280 accumulated laser shots. All

experiments were performed in triplicate on three separate days.

All exported mass spectra underwent baseline subtraction as a preprocessing step. Subsequently,
peak-based cluster analysis was applied to understand stress response dynamics. Dendrogram
visualization was conducted using the KNIME Analytics Platform (Version 4.2.1) (Berthold et al.
2008) in collaboration with R (R Core Team 2024). Discriminant analysis of principal components
(DAPC) was performed using the adegenet (Jombart 2008) package. DAPC produced a barplot of
eigenvalues and a scatterplot representing individuals as dots and groups as inertia ellipses (Haykir

et al. 2022).
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4.3.3. Dynamic heat destruction of L. innocua, quantified by redox potential measurement-
based method

Sub-lethal heat treatment experiments were conducted as explained in Section 4.3.1. The sub-
lethal heat treatment conditions applied in this study included temperatures of 46, 48, and 50 °C
for 30, 60, and 90 minutes, respectively. The samples were immediately subjected to dynamic heat
destruction treatments after the sub-lethal heat treatments. Control samples were included in the

heat destruction experiments without prior sub-lethal heat treatment.

Following exposure to sub-lethal heat stress, dynamic heat destruction experiments were
performed in accordance with the procedure established by Torok and Reichart (1983). Briefly, a
heating spiral set to 80 °C was utilized to heat 400 mL of peptone water in a beaker, serving as the
heating medium. Upon reaching 50 °C, 1 mL of microbial suspension was poured into the beaker
to initiate dynamic heat destruction experiments. Temperature readings were recorded, and 1 mL
samples were collected at 0.5-minute intervals over 9 minutes. Each sample was directly
transferred via pipette into tubes containing 9 mL of /2 concentration TSB for subsequent redox
potential measurement. For each experiment, 18 samples were collected and enumerated with one
replicate. Using the standard curve, the redox potential measurement instrument automatically

calculated the cell concentration after the heat destruction experiments.

To evaluate the dynamic heat destruction of L. innocua, the D-values were employed to compute
the z-value for each treatment. This involved determining the negative reciprocal of the linear
regression slope between the logioD values (comprising the 18 values per treatment) and the

corresponding temperatures.

The dynamic heat destruction data of L. innocua underwent analysis through repeated measures
analysis of variance (ANOVA) and paired t-test for subsequent post-hoc analysis aimed at
discerning differences among various treatments. All statistical analyses were performed utilizing

Microsoft Excel 2021.
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4.4.  Heat stress adaptation of L. monocytogenes

4.4.1. Isothermal heat destruction of L. monocytogenes, evaluated by conventional plate
counting

All three L. monocytogenes strains from Table 1 were utilized. The sub-lethal heat treatment
conditions were 46 °C for 30, 60, and 90 minutes. The samples were immediately subjected to
isothermal heat destruction treatments after the sub-lethal heat treatments. Control samples were

included in the heat destruction experiments without prior sub-lethal heat treatment.

Following exposure to sub-lethal heat stress, the samples were promptly transferred to a water bath
set at 60 °C. Samples were obtained every minute during a 5-minute heat destruction period.
Subsequently, the samples were placed in an ice bath prior to the enumeration procedure. The
enumeration procedure was done with plate counting, Deo values were determined and statistical
analyses were done as explained in Section 4.3.1. Each experiment was performed in triplicate on

three different days.

4.4.2. Isothermal heat destruction of L. monocytogenes, determined by optical density
measurement-based method

The same sublethal treatment conditions in Section 4.4.1 were applied to the same strains, but
microbial loads were determined using the optical density measurement. Enumeration was done
with OD measurement as explained in Section 4.2.2. Microbial loads of the three L.
monocytogenes strains after heat destruction were determined using the standard curve. Dgo values
were determined and statistical analyses were done as explained in Section 4.3.1. Each experiment

was performed in triplicate on three different days.

4.5.  Predictive modelling of thermal inactivation parameters with GInaFiT
The isothermal heat destruction data of three L. monocytogenes strains from Section 4.4.1.
underwent fitting to nine survival models using the Microsoft Excel add-in tool GInaFiT (Geeraerd
et al. 2005). Alongside parameter estimation, this tool furnished various statistical metrics for each

model.
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Isothermal heat destruction data and the statistical metrics were analyzed using one-way ANOVA
and Student’s t-test for post-hoc analysis. All statistical analyses were performed utilizing

Microsoft Excel 2021.

4.6.  Cleaning program of the vending machine
To plan and implement the automated cleaning programs (ACPs), a brand-new vending machine
that produces smoothies was used as a pilot plant. Study phases were decided according to the
work of Fernandez-Segovia et al. (2014). The process involved three sequential stages:
establishing microbiological thresholds, developing ACPs, and validating the effectiveness of the
cleaning protocols using microbial assessments (Haykir et al. 2023). A certified laboratory

conducted sampling and microbiological analysis to carry out independent studies.
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5. RESULTS AND DISCUSSION

5.1.  Indirect enumeration methods
5.1.1. Redox potential measurement-based method
Figure 2 displays the standard curves of four Listeria strains. Each standard curve represents the

average from three replicates conducted on different days.
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Figure 2. Standard curves of redox potential measurements for four Listeria spp. Each standard
curve represents the average from three replicates.

Standard curves enable the conversion of redox potential measurement into the microbial
concentration due to an inversely proportional relationship between TTD and logioN (Reichart et
al. 2007). Therefore, creating a standard curve is of great importance for the quantitative accuracy
of the redox potential measurement method. Validation characteristics such as linearity, detection
limit, and method repeatability are assessed by analyzing the standard curves. The regression

equations for the standard curves are presented in Table 2 and Table 3.
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Table 2. Sensitivity of the standard curves for the redox potential method

Strain Regression equation Sensitivity”
TTD = f(log1oN) (h/log1o unit)
T1 TTD (h) = -3.06 x log1oN + 26.85 3.06 (0.21)™
L2 TTD (h) =-1.75 x logioN + 17.18 1.75 (0.36)°
L4 TTD (h) = -2.53 x logioN + 24.18 2.53 (0.22)¢
L7 TTD (h) = -2.58 x logioN + 24.73 2.58 (0.11)°

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

The sensitivity of the method was evaluated by examining the slopes of the TTD-logioN curves,
and the findings are outlined in Table 2. A one-unit increase in the logarithm of the initial cell
concentration led to TTD reductions ranging from 1.75 to 3.06 hours across various strains.
Statistical analysis revealed that the slopes of L4 and L7 were similar (P > 0.05), whereas T1 and

L2 exhibited significant differences (P < 0.05).

The detection limit of the method can be ascertained from the intercept of the standard curves.
TTD values corresponding to logioN=0, indicating a single cell, varied from 17.18 to 26.85 hours.
In the study conducted by Erddsi et al. (2014), three L. monocytogenes curves resulted in a single
standard curve, distinct from L. innocua. A two-sided Student’s t-test at the 0.95 confidence level
showed a significant difference in the slopes between my study and their study, highlighting the

importance of creating strain-specific standard curves.

In traditional plate counting, the enumeration process generally takes 48-72 hours (Reichart et al.,
2007). In my study, the redox potential measurement method's detection limit for a single cell fell
from 17.18 to 26.85 hours. Therefore, the method provided a faster quantification of Listeria spp.
Additionally, it is less labor-intensive than conventional methods as it eliminates preparing the

dilution series when a standard curve is present.
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The repeatability of a method is quantified through the standard deviation of logioN
determinations, computed as the square root of the residual mean square from the variance analysis
of regression. The standard deviations for the determinations are presented in Table 3, ranging
from 0.13 to 0.32 logio units, which were within the range of the repeatability of the standard

conventional method of enumerating L. monocytogenes in food (Auvolat and Besse, 2016).

Table 3. Results of the regression analysis of the standard curves of redox potential measurement

Strain Regression Equation R? SEign

logioN = (TTD)

T1 logioN =-0.32x TTD + 8.74 0.992 0.161
L2 logioN =-0.55x TTD + 9.64 0.969 0.318
L4 log1oN =-0.39 x TTD + 9.53 0.990 0.180
L7 log1oN =-0.39 x TTD + 9.58 0.995 0.126

RZ coefficient of determination, SEiqn: repeatability

5.1.2.  Optical density measurement-based method
Figure 3, Table 4, and Table 5 present the standard curves and regression equations derived from
optical density measurements. TTD values were determined using the Growthcurver package
across various dilution levels, while logioN values were obtained through plate counting on TSA
plates. The optical density measurement method was not utilized in the enumeration of T1. Thus,

standard curve analysis was not done for T1 in this section.
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Figure 3. Standard curves of three L. monocytogenes from optical density measurement. Each
standard curve represents the average from three replicates.

The standard curve slopes for L2, L4, and L7 were calculated as 1.90, 2.16, and 2.40, respectively,
with statistical comparison revealing similarities between L4 and L7 slopes (P > 0.05), while
significant differences were observed for L2 (P < 0.05). Sensitivity assessment of the method
involved analyzing TTD-logioN curve slopes, detailed in Table 4, demonstrating TTD reductions
of 1.90, 2.16, and 2.40 hours per unit increase in initial cell concentration for L2, L4, and L7,
respectively. Detection limits were determined from intercepts of standard curves, yielding 18.78,
20.80, and 22.41 hours for TTD values corresponding to logioN=0, indicating a single cell.

Notably, L2 exhibited the highest growth rate, while L7 displayed the lowest growth rate.
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Table 4. Sensitivity of the standard curves for the optical density method

Strain Regression equation Sensitivity”
TTD = f(log1oN) (h/log1o unit)
L2 TTD (h) =-1.90 x logioN + 18.78 1.90 (0.07)"2
L4 TTD (h) = -2.16 x logioN + 20.80 2.16 (0.09)°
L7 TTD (h) = -2.40 x logioN + 22.41 2.40 (0.08)

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

The repeatability of the method, evaluated similarly to the redox potential measurement method,
showed standard errors of regression analysis for L2, L4, and L7 at 0.33, 0.29, and 0.22,

respectively.

Table 5. Results of the regression analysis of the standard curves of optical density measurement

Strain Regression Equation Slope” R? SEign
logN =f (TTD)

L2 logioN =-0.52 x TTD + 9.80 0.52(0.02)™ 0.985 0.328

L4 logioN =-0.45x TTD + 9.56 0.45(0.02)° 0.988 0.286

L7 logioN =-0.42 x TTD +9.32 0.42(0.02)° 0993 0.217

RZ coefficient of determination, SEign: standard error of the regression
*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

Different direct and indirect methods for assessing microbial culture outcomes are thoroughly
developed. Conventional plate count methods retain their foundational role in studies concerning
growth, inhibition, and activation. For indirect methods of microbial analysis, optical density (OD)

measurements have been commonly used in the last decades. Several studies have utilized OD
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measurements to analyze the growth of L. innocua in foods (Nyhan et al. 2020), to estimate the
growth parameters of L. monocytogenes following sublethal heat treatment (Xuan et al. 2017), and
to model the growth of L. monocytogenes in fish (Bolivar et al. 2018). Generally, growth
parameters like growth rate and lag time are used to assess the effectiveness of microbial
inactivation treatments. In this work, I used TTD measurements based on absorbance values to
quantify microbial inactivation of thermal destruction. Absorbance measurements offer a rapid,
non-invasive, cost-effective, and easily automatable means of tracking bacterial growth, compared
to traditional viable count methods. After analyzing the standard curve of TTD-logioN graphs, the
standard errors of the regression analysis were within the range of the repeatability of the standard
conventional method of enumerating L. monocytogenes in food, similar to the redox potential
measurement method. Detection limits ranged from 18.78 to 22.41 hours in optical density
measurements, which provides a faster solution to the quantification of L. monocytogenes

compared to the plate counting method.

According to Dalgaard and Koutsoumanis (2001), absorbance techniques are best suited for
situations where high cell densities are attained, such as those typical of spoilage bacteria growth
in food environments. Despite the acknowledged limitations of absorbance in constructing growth
curves, it can still serve a valuable purpose. While it may not yield extremely precise growth
kinetic parameters, it can be employed to compare the growth of various cultures or the same
cultures under different conditions (Pla et al. 2015), as I analyzed microbial inactivation. TTD data
demonstrate a linear relationship with the logarithm of the initial inoculum (Mytilinaios et al.
2015). Besides the problem of linearity, if the initial cell count is low, the main contributor to the
variability in detection times closely parallels the variability observed in the individual lag times
(Métris et al. 2003). The key determinants influencing the output of the TTD method include the
calibration curve, the mathematical methodology employed to derive TTD values from the OD

data, the detection limit, and the range of inoculum associated with TTD values and microbial
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counts (Baka et al. 2015). There are studies concentrating on advancing the TTD method based on

OD measurements (Baranyi and Pin 1999, Mytilinaios et al. 2012, Janosity et al. 2022).

5.2.  Heat Stress Adaptation of L. innocua
5.2.1. Isothermal heat destruction of L. innocua, studied by conventional plate counting
Figure 4 and Figure 5 represent the inactivation kinetics of T1 with sublethal heat at

46 °C for 30 and 60 minutes and control samples.
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Figure 4. Inactivation of T1 at 60 °C of control and sublethal exposed samples at
46 °C for 30 minutes. After sub-lethal heat treatment at 46 °C for 30 minutes, including the
control, samples were subjected to isothermal heat treatment at 60 °C. Microbial loads were
enumerated using plate counting. All experiments were performed in triplicates on three separate
days.
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Figure 5. Inactivation of T1 at 60 °C of control and sublethal exposed samples at
46 °C for 60 minutes. After sub-lethal heat treatment at 46 °C for 60 minutes, including the
control, samples were subjected to isothermal heat treatment at 60 °C. Microbial loads were
enumerated using plate counting. All experiments were performed in triplicates on three separate
days.

Table 6. displays the D values for both control samples and those exposed to sublethal heat (Haykir
et al. 2022). For samples treated at 46 °C for 30 minutes, the D values were 4.04 minutes for the
control and 4.26 minutes for the pre-treated samples. Meanwhile, for samples treated at 46 °C for
60 minutes, the D values were 3.66 minutes for the control and 5.71 minutes for the treated
samples. The sublethal heat treatment of 30 minutes at 46 °C did not significantly alter the D values
at 60 °C when compared to the control (P > 0.05). However, a 60-minute sublethal treatment at

46 °C significantly improved the survival at 60 °C (P < 0.05).
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Table 6. Effect of pre-exposure to sub-lethal temperatures of 46 °C for 30 and 60 minutes on the
Deo values for T1. After sub-lethal heat treatment at 46 °C, including the control, samples were
subjected to isothermal heat treatment at 60 °C. Microbial loads were enumerated using plate
counting. All experiments were performed in triplicates on three separate days.

D-value (min)”

Exposure time to sub-lethal temperature Control Pre-treated
(min)

30 4.03 (1.06)™ 4.26 (0.36)?

60 3.66 (0.47) 5.71 (0.85)"

*Value within the bracket is the standard deviation.

** For each row, different superscripts denote statistically significant differences (P < 0.05).

In order to assess differences at the proteome level, analysis of mass spectra obtained from
MALDI-TOF MS was examined on 34 samples, including control samples and sublethal heat-
exposed samples at 46 °C for 30 minutes. Among these, 18 samples belonged to sublethal heat-
exposed samples, while the remaining 16 were the control samples. Because of procedural error,
two control samples were excluded due to the absence of mass spectra. These 34 samples were
analyzed by discriminant analysis of principal components (DAPC), resulting in three distinct
clusters (Figure 6). Cluster 1 included 12 samples, Cluster 2 contained four, and Cluster 3
comprised 18. Among the control samples, seven were in Cluster 1, two in Cluster 2, and seven in
Cluster 3. For the sublethal heat-exposed samples, five were in Cluster 1, two in Cluster 2, and
eleven in Cluster 3. Eigenvalues in Figure 6. highlight how the discriminant functions contribute
to the group separation. Here, the first axis dominates, which aligns with the clear separation
between Cluster 1 and the other two clusters. The analysis displayed an expressive separation of
samples into different groups. However, the distribution of the samples into different groups did

not show a meaningful pattern.
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Figure 6. Clusters of the MALDI-TOF MS peaks, obtained from the DAPC analysis of the peaks
from control and pre-heat exposed samples at 46 °C for 30 minutes.

van der Veen et al. (2007) demonstrated differential gene expression of L. monocytogenes after
sublethal heat exposure at 48 °C. Similarly, Agoston et al. (2009) showed differentially expressed
proteins in L. monocytogenes after sublethal heat exposure at 48 °C for 30 minutes. To investigate
molecular changes in L. innocua after sublethal heat treatment, mass spectra of control and prior
heat-treated samples obtained from MALDI-TOF MS were analyzed. The hypothesis was that
alterations in the proteome might cause differentiation of control and sublethal-treated samples
into distinct clusters or display differentiation based on the heat destruction time needed for

proteomic changes.

In my study, the outcome of different clusters did not show a comprehensive result, indicating
these three clusters did not show a meaningful pattern. This verifies our heat destruction findings,
showing no significant difference (P > 0.05) in D-values between control and pre-treated samples
at 46 °C for 30 minutes. According to my knowledge, this study was the first peak-based cluster

analysis applied to heat-stressed samples of L. innocua or L. monocytogenes (Haykir et al. 2022).
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5.2.2. Dynamic heat destruction of L. innocua, quantified by redox potential measurement-
based method

The redox potential measurement-based method was employed to evaluate the heat resistance of
L. innocua with and without sublethal heat treatments. This study represents the first application
of this method to investigate heat destruction of Listeria spp. Instrument-detected logioN values
were determined for each sampling point, and thermal inactivation curves were subsequently

generated. The thermal inactivation curves are presented in Figures 7, 8, and 9.
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Figure 7. Dynamic heat destruction of T1 with and without sublethal heat treatment at
46 °C for control (A), 30 min (B), 60 min (C), and 90 min (D). After sub-lethal heat treatment at
46 °C for different durations, including the control, samples were subjected to dynamic heat
treatment with a heating spiral at 80 °C with one replicate. Microbial loads were enumerated
using the redox potential measurement method.
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Figure 8. Dynamic heat destruction of T1 with and without sublethal heat treatment at
48 °C for control (A), 30 min (B), 60 min (C), and 90 min (D). After sub-lethal heat treatment at
48 °C for different durations, including the control, samples were subjected to dynamic heat
treatment with a heating spiral at 80 °C with one replicate. Microbial loads were enumerated
using the redox potential measurement method.
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Figure 9. Dynamic heat destruction of T1 with and without sublethal heat treatment at
50 °C for control (A), 30 min (B), and 60 min (C). After sub-lethal heat treatment at 50 °C for
different durations, including the control, samples were subjected to dynamic heat treatment with
a heating spiral at 80 °C with one replicate. Microbial loads were enumerated using the redox
potential measurement method.

Figure 10 and Table 7 demonstrate the thermal death curves and equations for control and
previously sub-lethally heat-treated samples. Three distinct sub-lethal heat stress conditions were
implemented, involving temperatures of 46, 48, and 50 °C for 30, 60, and 90 minutes. Samples
from pre-heated at 50 °C for 90 minutes were excluded due to defective TTD values. The effect of
sub-lethal heat treatment was evaluated by comparing logioD values using repeated measures
ANOVA and paired t-tests for post-hoc analysis. The findings reveal no significant difference
between the control and sub-lethal heat treatment at 46 °C for 30 and 60 minutes (P > 0.05), while

all other treatments exhibited statistical significance from the control (P < 0.05). Skandamis et al.
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(2008) noted an extended time for the first decimal reduction at 46 °C for 30 and 90 minutes
compared to control samples. In my isothermal study using the same strain (Section 5.2.1.), Deo
values exhibited no significant difference after 30 minutes of sublethal heat treatment at 46 °C but
differed after 60 minutes compared to control samples. Factors such as strain variability, test

conditions, and statistical models contribute to the variability in thermal resistance (Aryani et al.

2015, Soni et al. 2022).
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Figure 10. Thermal death curves of T1of control and sub-lethal heat treatment at 46 °C (A), 48
°C (B), and 50 °C (C). After sub-lethal heat treatment at different conditions, including the

control, samples were subjected to dynamic heat treatment with a heating spiral at 80 °C with
one replicate. Microbial loads were enumerated using the redox potential measurement method.
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Clemente-Carazo et al. (2020), stated that dynamic heat treatments offer valuable insights into
microbial adaptive responses to diverse thermal conditions after investigation of heat resistance of
L. monocytogenes under both isothermal and dynamic conditions. Under isothermal conditions,
strain differences did not yield significant variations. On the other hand, under dynamic conditions,
strain differences became crucial, highlighting the distinct capacities of the strains in adapting to

stress.

The thermal history of a cell population is a crucial factor in determining its sensitivity to heat.
Stephens et al. (1994) found that slower heating rates from 5.0 to 0.7 °C/min led to proportional
increases in thermotolerance. In contrast, Miller et al. (2011) observed that as the heating rate
increases, the shoulder decreases, and the tail effect disappears in the heat destruction of L.
innocua. These findings suggest that the thermal resistance of pathogens during subsequent
processes is influenced by their previous handling or treatment, highlighting the path-dependent

nature of thermal inactivation.

Z-values were computed for nine treatments, spanning a range of 11.5 to 28.4 °C (Table 7). The
control samples displayed the lowest z-value, while the sub-lethal heat treatment at 48 °C for 90
minutes exposed the highest. Across all temperatures, extended durations of sub-lethal heat
treatment consistently resulted in elevated z-values. However, no conclusive trend appeared when

comparing treatments at different temperatures.

O’Bryan et al. (2006) provided a summary of the z-values for L. monocytogenes and L. innocua
M1 in meat and poultry samples. The z-values for L. monocytogenes varied from 3.50 to 7.39,
whereas for L. innocua, it ranged between 4.86 and 8.67. Wang et al. (2024) reported that z-values
varied from 10.58 to 13.80 °C during the dynamic heat treatment of L. monocytogenes in milk.
The z-value of control samples in my study was 11.5 °C, and sub-lethal heat treatments displayed

z-values up to 2.5-fold higher than the control. Strain variability and test conditions may be the
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reasons for variations between different studies. Aryani et al. (2015) underlined the significance
of employing a broad temperature range for estimating the z-values, a practice also implemented

in my study (50 to 65 °C).

Table 7. Thermal Inactivation Parameters for T1. After sub-lethal heat treatment at different
conditions, including the control, samples were subjected to dynamic heat treatment with a heating
spiral at 80 °C with one replicate. Microbial loads were enumerated using the redox potential
measurement method.

Treatment Thermal death curve equation” R? z-value (°C)™

Control logioD =-0.09 x T; + 5.18? 0.90 11.5(9.8-13.8)
46 °C, 30 mins logioD =-0.07 x T; + 3.97¢ 0.97 15.0 (13.8-16.4)
46 °C, 60 mins log1oD = —0.06 x T; + 3.56° 0.99 17.2 (16.2-18-3)
46 °C, 90 mins logioD = —0.04 x T; + 2.92° 0.99 27.9 (27.0-28.9)
48 °C, 30 mins log1oD = —0.08 x T; + 4.45° 0.97 12.6 (11.6-13.9)
48 °C, 60 mins logiD = —0.04 x T; + 2.68¢ 0.99 24.2 (23.5-24.9)
48 °C, 90 mins logioD =-0.04 x T; + 2.41° 0.99 28.4 (27.6-29.2)
50 °C, 30 mins logioD = —0.07 x T; + 4.39f 0.96 15.2 (13.7-17.1)
50 °C, 60 mins logioD = —0.07 x T; + 4.59° 0.98 15.1 (14.0-16.3)

D: decimal reduction time; T;: temperature; R?: coefficient of determination
“Different letters are significantly different log:oD values within each column based on paired t-test (P < 0.05).

“*Value within bracket is the 95% confidence interval.

A comprehensive understanding of bacterial thermal resistance is essential for ensuring the safety
of thermally processed foods. D and z-values signify the treatment time necessary at a specific
temperature to reduce bacterial populations to acceptable levels (Soni et al. 2022). My results,
consistent with existing literature, underscore the significance of enhanced heat resistance in
modelling heat destruction parameters, with increased D and z values following prior treatment at
milder temperatures. Stress acclimation can occur during dynamic heat treatments, even without
sub-lethal heat exposure (Clemente-Carazo et al. 2020). Recent advancements include the

development of new mathematical models that take stress acclimation into account (Garre et al.
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2019). Further research is necessary to address the limited database on L. monocytogenes heat
resistance in diverse matrices, including buffers and food, particularly under dynamic heat

conditions.

5.3.  Heat stress adaptation of L. monocytogenes

5.3.1. Isothermal heat destruction of L. monocytogenes, evaluated by conventional plate
counting

In order to evaluate the heat stress adaptation of L. monocytogenes, three strains (L2, L4, and L7)
were exposed to isothermal heat inactivation at 60 °C, with and without sublethal heat treatment.

Sub-lethal heat treatment conditions were at 46 °C for 30, 60, and 90 minutes.

Thermal inactivation of control and sublethal heat-treated samples of L2 was demonstrated in

Figure 11. D-values for each treatment were presented in Table 8.
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Figure 11. Isothermal heat inactivation of control and sublethal heat-treated L2 samples. After
sub-lethal heat treatment at 46 °C, including the control, samples were subjected to isothermal
heat treatment at 60 °C. Microbial loads were enumerated using plate counting. All experiments
were performed in triplicates on three separate days.

Control and sub-lethally treated L2 samples exhibited D-values of 1.12, 2.21, 2.24, and 2.23

minutes for 30, 60, and 90 minutes, respectively. The D-value of control samples was significantly
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different from sublethal heat-treated samples (P < 0.05). Sublethal heat exposure caused up to a 2-
fold increase in D-values of L2, compared to control (Table 8). Difference in D-value of sublethal
heat-exposed L2 samples were not significant when the duration of the treatment was increased

from 30 to 90 minutes (P > 0.05).

Table 8. Dgo-values of control and sublethal heat-treated L2 samples. After sub-lethal heat
treatment at 46 °C, including the control, samples were subjected to isothermal heat treatment at
60 °C. Microbial loads were enumerated using plate counting. All experiments were performed in
triplicates on three separate days.

Treatment Dgo-value (min)” R?2
Control 1.12 (0.17)"2 0.95
30 min 2.21 (0.03)° 0.94
60 min 2.24 (0.11)° 0.96
90 min 2.23(0.11)° 0.96

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each treatment based on the Student’s t-
test (P < 0.05).

Thermal inactivation and D-values of control and sublethal heat-treated L4 samples are shown in

Figure 12 and Table 9.
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Figure 12. Isothermal heat inactivation of control and sublethal heat-treated L4 samples. After
sub-lethal heat treatment at 46 °C, including the control, samples were subjected to isothermal
heat treatment at 60 °C. Microbial loads were enumerated using plate counting. All experiments
were performed in triplicates on three separate days.

For both control and sub-lethally heat-treated L4 samples, the D-values were observed as 0.89,
1.21, 1.26, and 1.38 minutes for 30, 60, and 90 minutes, respectively. All sublethal treatments
caused a significant increase in D-values compared to control samples (P < 0.05). Sublethal heat
exposure caused up to a 1.55-fold increase in D-values of L4 compared to the control (Table 9).
Between sublethal heat-treated samples, there was a trend of incline in D-values when the exposure
time was increased. D-values for 30 and 60 minutes were not significantly different, just like 60

and 90 min. However, the increase in duration from 30 min to 90 min caused a significant increase

in D-value (Table 9).
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Table 9. Deo-values of control and sublethal heat-treated L4 samples. After sub-lethal heat
treatment at 46 °C, including the control, samples were subjected to isothermal heat treatment at
60 °C. Microbial loads were enumerated using plate counting. All experiments were performed in
triplicates on three separate days.

Treatment Deo-value (min)” R?
Control 0.89 (0.14)"2 0.89
30 min 1.21(0.05)° 0.79
60 min 1.26 (0.16)"¢ 0.92
90 min 1.38 (0.03)° 0.95

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each treatment based on the Student’s t-
test (P < 0.05).

Thermal inactivation data and D-values for L7 were demonstrated in Figure 13 and Table 10.
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Figure 13. Isothermal heat inactivation of control and sublethal heat-treated L7 samples. After
sub-lethal heat treatment at 46 °C, including the control, samples were subjected to isothermal
heat treatment at 60 °C. Microbial loads were enumerated using plate counting. All experiments
were performed in triplicates on three separate days.

D values for control and sublethal treated samples for 30, 60, and 90 minutes were 0.58, 0.78, 2.10,

and 3.50 minutes, respectively. D-values significantly differed in control and sublethal heat-
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exposed samples of L7 (P <0.05). D-values of L7 were increased up to 6-fold after sublethal heat-

exposed samples compared to control samples.

Table 10. Dgo-values of control and sublethal heat-treated L7 samples. After sub-lethal heat
treatment at 46 °C, including the control, samples were subjected to isothermal heat treatment at
60 °C. Microbial loads were enumerated using plate counting. All experiments were performed in
triplicates on three separate days.

Treatment D-value (min)’ R?
Control 0.58 (0.00)™" 0.80
30 min 0.78 (0.01)° 0.93
60 min 2.10(0.30)° 0.84
90 min 3.50(0.59)4 0.75

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each treatment based on the Student’s t-
test (P < 0.05).

In summary, D-values increased in all strains when the sublethal heat treatments were applied,
compared to the control. D-values between sublethal heat experiments also increased when the
prior heat exposure treatment at 46 °C was prolonged, except for the 60-minute and 90-minute
treatments in L2. The D-value at 60 °C for sublethal heat-treated samples for 60 minutes was 2.24
minutes, while the D-value for 90 minutes prior heat-treated samples was 2.23 minutes. However,

there was no significant difference in the D-values of prior-heat-treated samples of L2 (Table 8).

When the D-values of all three strains were compared between each treatment, the results showed
significant differences in all treatments except two cases. D-values for control samples of L2 and
L4 and prior heat-treated samples at 46 °C for 60 min of L2 and L7 were not significantly different
(P> 0.05). Except for these two cases, the D-values of all strains were statistically different from
each other in all treatments (P < 0.05). The most significant increase in D-values occurred in L7
samples, which was more than a 6-fold increase obtained in prior treatment samples for 90 minutes
compared to control samples. The lowest increase comprised in L4 samples, which caused a 1.55-

fold increase in D-values in samples treated with 90 minutes of heat treatment compared to control
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samples. The highest increase in D-values took place in L2 samples when the prior treatment for

60 minutes created a 2-fold increase compared to control samples.

5.3.2. Isothermal heat destruction of L. monocytogenes, determined by optical density
measurement-based method

Isothermal heat treatments were conducted at 60 °C for control and sub-lethally treated strains
previously exposed to 46 °C for 30, 60, and 90 minutes each. Samples were collected initially and
every minute for 5 minutes. Microbial loads were determined using a standard curve, and D-values

were calculated through linear regression analysis.

Figure 14 and Table 11 illustrate the thermal destruction curves and D-values of control and sub-

lethally heat-treated samples of L2.
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Figure 24. Isothermal heat inactivation of control and sublethal heat-treated L2 samples. After
sub-lethal heat treatment at 46 °C, including the control, samples were subjected to isothermal
heat treatment at 60 °C. Microbial loads were enumerated using optical density measurement. All
experiments were performed in triplicates on three separate days.

The D-values for control and sub-lethally treated samples of L2, spanning 30, 60, and 90 minutes,
were 1.27, 3.84, 6.35, and 6.15 minutes, respectively. Control samples exhibited the lowest D-

value, whereas the highest was observed in the 60-minute samples. Significant differences between
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the D-values of control and sub-lethally treated samples were noted (P < 0.05). Sublethal heat
exposure caused up to a 5-fold increase in D-values of L2, compared to control (Table 11). Among
sub-lethally treated samples, the 30-minute and 60-minute samples showed significant differences
(P < 0.05), while the 30-minute-90-minute and 60-minute-90-minute samples did not (P > 0.05).
Sub-lethal treatment increased the D-value until the 60-minute treatment, after which a decrease

was observed with the 90-minute treatment compared to the 60-minute treatment.

Table 11. Dso-values of control and sublethal heat-treated L2 samples. After sub-lethal heat
treatment at 46 °C, including the control, samples were subjected to isothermal heat treatment at
60 °C. Microbial loads were enumerated using optical density measurement. All experiments were
performed in triplicates on three separate days.

Treatment Deo-value (min)” R?
Control 1.27 (0.08)™ 0.94
30 min 3.84 (0.42)° 0.94
60 min 6.35 (0.93)° 0.77
90 min 6.15 (2.13)" 0.70

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

Figure 15 and Table 12 display the thermal destruction curves and the D-values of control and sub-

lethally treated L4 samples.
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Figure 15. Isothermal heat inactivation of control and sublethal heat-treated L4 samples. After
sub-lethal heat treatment at 46 °C, including the control, samples were subjected to isothermal
heat treatment at 60 °C. Microbial loads were enumerated using optical density measurement. All
experiments were performed in triplicates on three separate days.

Control and sub-lethally treated L4 samples exhibited D-values of 0.63, 1.31, 2.04, and 1.90
minutes for 30, 60, and 90 minutes, respectively. The control samples demonstrated the lowest D-
values, whereas the highest were observed in the 60-minute treatment. Sublethal heat exposure
caused up to a 3.2-fold increase in D-values of L4, compared to the control (Table 12). No
statistically significant difference was observed between the control and 30-minute samples.
Among the sub-lethal treatments, there was no statistically significant difference in D-values (P >
0.05). Sub-lethal treatment led to an increase in D-values until the 60-minute treatment, followed
by a decrease in the 90-minute treatment compared to the 60-minute treatment. A similar
observation was made for L2. Extended exposure to mild stress may resulted in cellular damage
and affect the capacity for adaptation to heat stress. However, it should be noted that there were

no significant differences in D-values between the 60- and 90-minute treatments in both strains.
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Table 12. Dego-values of control and sublethal heat-treated L4 samples. After sub-lethal heat
treatment at 46 °C, including the control, samples were subjected to isothermal heat treatment at
60 °C. Microbial loads were enumerated using optical density measurement. All experiments were
performed in triplicates on three separate days.

Treatment Deo-value (min)” R?
Control 0.63 (0.15)™ 0.93
30 min 1.31 (0.56)® 0.94
60 min 2.04 (0.42)° 0.82
90 min 1.90 (0.33)° 0.85

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

Figure 16 and Table 13 present thermal destruction curves and D-values for both control and sub-

lethally treated L7 samples across 30, 60, and 90-minute durations.
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Figure 16. Isothermal heat inactivation of control and sublethal heat-treated L7 samples. After
sub-lethal heat treatment at 46 °C, including the control, samples were subjected to isothermal
heat treatment at 60 °C. Microbial loads were enumerated using optical density measurement. All
experiments were performed in triplicates on three separate days.

The D-values for control and sub-lethally treated L7 samples over 30, 60, and-90 minute durations

were 0.83, 1.58, 2.54, and 3.01 minutes, respectively. Control samples exhibited the lowest D-
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values, while the highest values were observed in the 90-minute treated samples. Sublethal heat
exposure caused up to a 3.6-fold increase in D-values of L7, compared to the control. Prolonged

sub-lethal treatment durations increased the D-values.

Table 13. Dego-values of control and sublethal heat-treated L7 samples. After sub-lethal heat
treatment at 46 °C, including the control, samples were subjected to isothermal heat treatment at
60 °C. Microbial loads were enumerated using optical density measurement. All experiments were
performed in triplicates on three separate days.

Treatment Dgo-value (min)” R?
Control 0.83 (0.38) ™™ 0.91
30 min 1.58 (0.55)® 0.87
60 min 2.54 (0.85)° 0.88
90 min 3.01 (1.53)® 0.94

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P < 0.05).

Overall, D-values for strains L2, L4, and L7 varied across different treatment durations. For control
samples, the D-values were recorded as 1.27, 0.63, and 0.83 minutes, respectively. While no
significant differences were observed between L2-L7 and L4-L7, a statistically significant
difference was noted between L2 and L4. In the 30-minute treatments, the D-values were 3.84,
1.31, and 1.58 minutes, respectively, with strain L2 demonstrating disparity from the other two
strains. Similarly, for 60-minute treatments, the D-values were 6.35, 2.04, and 2.54 minutes, with
strain L2 differing significantly from strains L4 and L7. Finally, for 90-minute treatments, the D-
values were 6.15, 1.90, and 3.01 minutes, respectively. While no significant difference was

observed between L2-L7 and L4-L7, a significant difference existed between strains L2 and L4.

In summary, L2 exhibited the highest D-values in each treatment among the three strains, while
L4 consistently displayed the lowest D-values. Since the origins of L4 and L7 are both cheese,
while the origin of L2 is dairy (Table 1), these differences can not be explained by the origins.

Sub-lethal treatment induced an increase in D-values across all strains compared to control
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conditions. This increase ranged between 3.10-5-fold for L2, 2.08-3.24-fold for L4, and 1.90-3.63-
fold for L7 samples. Notably, in the L7 strain, prolonging the sub-lethal treatment duration resulted
in a progressive rise in D-values, with the highest observed in the 90-minute treatment samples.
Conversely, extended sub-lethal treatment durations in strains L2 and L4 led to an increase in D-
values until the 60-minute treatment, after which a plateau was reached. Interestingly, the D-value
for the 60-minute treatment exceeded that of the 90-minute treatment for both strains; however,

this difference was not statistically significant (P > 0.05).

Table 14. Comparison of Deo-values between plate counting and optical density measurement
methods across different strains and treatments

Treatment Strain Deo-value (min)”
Plate Count Optical Density
Measurement
Control L2 1.12 (0.17)"2 1.27 (0.08)"?
L4 0.89 (0.14) 0.63 (0.15)
L7 0.58 (0.00) 0.83 (0.38)*
30 min L2 2.21(0.03)* 3.84 (0.42)°
L4 1.21(0.05)* 1.31 (0.56)*
L7 0.78 (0.01)? 1.58 (0.55)
60 min L2 2.24 (0.11)? 6.35 (0.93)°
L4 1.26 (0.16)? 2.04 (0.42)°
L7 2.10(0.30)* 2.54 (0.85)*
90 min L2 2.23(0.11) 6.15 (2.13)°
L4 1.38 (0.03)* 1.90 (0.33)?
L7 3.50(0.59) 3.01 (1.53)

*Value within the bracket is the standard deviation.

**The means followed by different letters are significantly different within each row based on the Student’s t-test (P

< 0.05).

57




Table 14 presents the D-values of three L. monocytogenes strains, assessed through plate counting
and optical density measurements. In the control group, the D-values did not significantly differ
between the two methods for all strains. However, for sublethal heat treatment at 46 °C for 30
minutes, the D-values of L2 showed a significant difference between the two methods, whereas
those of L4 and L7 did not. For sublethal heat treatment at 46 °C for 60 minutes, the D-values of
L2 and L4 exhibited a significant difference between methods, while those of L7 did not. In
contrast, for sublethal heat treatment at 46 °C for 90 minutes, the D-values of L2 were significantly
different between the two methods, but those of L4 and L7 were not, similar to 30-minute
treatment. Across all treatments, the D-values of L7 did not significantly differ between the two

methods, while those of L2 and L4 exhibited different behaviour across various treatments.

Sergelidis and Abrahim (2009) reviewed the increase in D-values of L. monocytogenes after heat
shock. It has been shown that the values of D for L. monocytogenes can increase by a factor of one
to eight, depending on the duration of heat shock, temperature, and heating medium. Similarly, I
found that the range of increase in D-values of L. monocytogenes was between 1.3-7.8-fold,
depending on the enumeration method, strain, and sub-lethal heat treatment conditions. In my
1sothermal heat destruction of L. innocua study, 1 observed a 1.6-fold increase in Deo values after
sublethal heat treatment at 46 °C for 60 min, whereas prior treatment at 46 °C for 30 min did not
cause a significant difference compared to control samples. Agoston et al. (2010) observed a 1.7
and 5.3-fold increase in Dego values of L. monocytogenes after prior exposure to 46 °C for 30 and
60 minutes, compared to control samples. Nevertheless, there was a decline in heat resistance after
sublethal heat treatment at 50 °C for 60 minutes, compared to 30 minutes at the same temperature,
demonstrating an upper limit for enhanced heat resistance after sublethal heat treatment. Shen et
al. (2014) studied the impact of sublethal heating at 48 °C on survival following heat destruction
at 60 °C across three L. monocytogenes strains, each representing distinct heat tolerance levels.
Among these strains, the most effective heat stress adaptation occurred with sublethal heat stress

at 48 °C for either 30 or 60 minutes. The D-values of these three groups of heat-tolerant strains
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increased by a maximum of 2.5-folds. However, increasing the duration of preheating at 48 °C to
90 minutes led to a reduction in the ability of adaptation. They claimed that prolonged exposure to
mild stress might cause cellular damage and hinder the ability to adapt to heat stress. My study
and other studies indicate that heat stress adaptation of Listeria spp. depends on the strain and

sublethal treatment conditions (Agoston et al. 2010, Haykir et al. 2022).

Above literature regarding the increase in D-values after the sub-lethal heat treatment were based
on conventional plate counting. There are research on investigation of stress conditions with
optical density measurements (Guillier et al. 2005, Shen et al. 2014, Xuan et al. 2017). In such
studies, growth parameters like lag time or growth rate were analyzed. Shen et al. (2014) observed
increase in lag times when the L. monocytogenes cells subjected to sub-lethal heat treatment at 48
°C. Guillier et al. (2005) examined the impact of nine prevalent food-related stressors on the lag
phases of L. monocytogenes. Out of all the stresses, they discovered that heat stress caused the

biggest increase in TTD.

Even if most of the heat stress adaptation of L. monocytogenes studies were done in broth, there
are also studies where food was used as the heating medium. In the study of Farber and Brown
(1990) on different L. monocytogenes strains in sausage mix, prior treatment at 48 °C for 30 and
60 minutes did not cause a significant difference in D4 values compared to control samples.
However, compared to control samples, there was a 2.4-fold increase in Des4 values after the
sublethal treatment at the same temperature for 120 min. Jorgensen et al. (1999) found that Deo
was generally 2—6-fold higher in minced beef than in lactic acid added to tryptic phosphate broth,
indicating that the presence of lactic acid in naturally occurring levels will have a specific effect
on the response of L. monocytogenes to heat shock decreasing its thermotolerance. These results
show the importance of the choice of media during heat resistance studies. In addition, it is also

important to use foods as a matrix during those experiments.
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From the food safety point of view, the increased heat resistance phenomenon is particularly
significant in foods requiring long, low-temperature heating periods where bacterial pathogens
may increase their thermotolerance in response to prior sublethal heat stress. For instance, meat
products slowly heated to their final temperature, like sous-vide, can cause enhanced heat
resistance. Another example is solid foods where slow heat penetration because of the conduction
can create temperature gradients, inducing increased heat resistance in microbial cells. Similarly,
gradual temperature increases are necessary for processing liquid foods like liquid whole eggs to
prevent damage to sensitive food components (Sergelidis and Abrahim 2009). The introduction of
milder thermal processing methods underscores the importance of precise safety predictions,
particularly regarding the heating rate, especially when operating at lower processing
temperatures. The slower the temperature increases, the greater the potential increase in heat
resistance (Stephens et al. 1994). Foods left on warming trays or subject to interrupted cooking
may also develop a more thermotolerant microbial population. L. monocytogenes needs to get
special attention since it is a psychrotrophic species, meaning that it can proliferate in refrigerated
conditions. Shen et al. (2014) observed that heat stress adaptation at 48 °C was reversed within 2
hours at 22 °C, but remained highly stable for up to 24 hours at 4 °C. While refrigeration typically
delays the growth of L. monocytogenes, it can also preserve any gained heat stress adaptation. In
such cases, higher reheating temperatures or longer reheating times may be necessary to effectively
destroy heat stress-adapted L. monocytogenes cells and reduce any potential food safety risks
following cold storage. To ensure food safety, heat processing procedures must target pathogenic

microorganisms in their most heat-resistant state.

5.4.  Predictive modelling of isothermal heat destruction of L. monocytogenes with
GInaFit

Thermal inactivation data of three L. monocytogenes, obtained from plate counting were estimated

through GlInaFit. Nine different models in GInaFit cover commonly observed types of inactivation
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curves. Data of four treatment types (control, prior sublethal heat treatment at 46 °C for 30, 60,
and 90 minutes) on three L. monocytogenes strains (L2, L4, and L7) were estimated. For each

experiment, three replicates on different days were applied.

For all data sets, microbial loads were estimated using nine different models. Three mathematical
models, the classical log-linear curve, the log-linear curve with a shoulder, and the Weibull model
were able to describe the inactivation data. The other six available models were unlikely to be
suitable for the data. Models with tailing behaviour were inconvenient since the data did not show
a tailing effect. The same dataset, expressed by three mathematical models was represented to
demonstrate how the tool works (Figures 17, 18, and 19). GInaFit concluded that the tailing is
unlikely for the data since the number of residues was less than the minimal measured value.
Therefore, the tailing effect could be observed if the number of observations were increased. For
the other models that were not appropriate, like the biphasic model, the number of data points was

insufficient for the valid applications of these models.

Figure 17 shows the microbial inactivation of control samples of L2 described using the log-linear

inactivation model, estimated with GInaFit.
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Figure 17. Comparison between the empirical observations (squares) of L2 control samples and
the model predictions of the log-linear model (solid line) created from GlnaFit
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The log-linear model assumes that all cells within a population possess uniform heat sensitivity
and that an individual's death is contingent upon random chance. The log-linear model (Bigelow

and Esty, 1920) can be written as

kmaxt
In (10)

log1o(N) = IOglo(N(O)) - % = 10810(N(0)) -

In this equation, N denotes the microbial cell density, expressed as (CFU/mL), N(0) represents the
initial microbial cell density (CFU/mL), kmax denotes the first-order inactivation constant in units

of (1/time), and D stands for the decimal reduction time in time units.

The second model that estimated the microbial inactivation parameters was the log-linear model

with a shoulder effect, described by Geeraerd et al. (2000). The model was defined by two

equations,
N _ Kiax X N X LI 1 Nres
dt M 1+ C, ( N)
dC.
dt = —KmaxCe¢

where C. represents the physiological state of the cells, and Ny is the residual population density
(CFU/mL). The dN/dt equation includes three factors: the first represents first-order inactivation
kinetics, just like the previous equation; the second describes the shoulder effect due to the
protective component around the cells; and the third indicates the presence of a more resistant
subpopulation, i.e., the tail effect. In our experiments, there was no tailing effect. Figure 18

illustrates model fitting on empirical data of control samples of L2.
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Figure 18. Comparison between the empirical observations (squares) of L2 control samples and
the model predictions of the log-linear model with shoulder (solid line) created from GInaFit

The third model was applying the Weibull model to describe microbial inactivation, asserted by

Mafart et al. (2002). The model is described as

logso(N) = logso(N(0)) - ()P

Here, 6 represents the time required for the first decimal reduction when p equals 1. The shape
parameter p indicates convex curves when greater than 1 and concave curves otherwise. Figure 19
displays the microbial inactivation curve of control samples of L2, estimated using the Weibull

model in GlInaFit.

63



9.00
8.00
__7.00
—
E 6.00
2 5.00
€ 400 -
Zo :
5300 -
2200 -
1.00 -
0-00 T T T T T 1
0.00 1.00 2.00 3.00 4.00 5.00 6.00

time (min)

¢ Measured =—|dentified

Figure 19. Comparison between the empirical observations (squares) of L2 control samples and
the model predictions of the Weibull model (solid line) created from GInaFit

Table 15 shows model parameters for the thermal inactivation of L2, including log-linear kmax
values. For control samples and those sub-lethally heat-treated at 46 °C for 30, 60, and 90 minutes,
kmax values were 2.09, 1.04, 1.03, and 1.03, respectively. All sub-lethal heat treatments
significantly altered kmax values compared to controls (P < 0.05), consistent with D-value
comparisons with plate counting (Section 5.3.1.). This alignment is expected as both assessments
rely on the same first-order inactivation model. The distinction lies in the parameter estimated
from the model, with D-values in the prior section and the inactivation constant, kmax, in the current
context. No significant difference was observed in kmax values between the sub-lethal heat

treatments (P > 0.05).
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Table 15. Model parameters for the three models estimated from the thermal inactivation data for

L2
Treatment log-linear log-linear + shoulder Weibull
Kmax (Min™)*  Kmax (min™)* S1 (min)’ 3 (min)’ P
Control 2.09 (0.25)"*  2.74(0.29)*  1.38(0.36)*  1.88(0.39)*  1.53(0.30)?
30 min 1.04 (0.13)°  1.06(0.28)°  0.10(1.28)*  2.16 (0.74*  0.98 (0.33)
60 min 1.03(0.11)>  1.15(0.22)°  0.55(0.86)"  2.44(0.57)* 1.11 (0.30)
90 min 1.03 (0.11)>  1.07 (024>  0.19(1.04)>  2.24(0.62)* 1.01 (0.29)

*Value within the bracket is the standard error.

"*The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

In the log-linear with a shoulder model, kmax values for control and sub-lethally heat-treated
samples at 30, 60, and 90 minutes were 2.74, 1.06, 1.15, and 1.07, respectively. Control samples
significantly differed from sub-lethally heat-treated samples. Among sub-lethally heat-treated
samples, kmax values for 30 min and 90 min showed no significant difference (P > 0.05), while the
kmax value for 60 min was different (P < 0.05). Control samples exhibited the most extended
shoulder length (1.38 min), with the shortest in 30-minute samples (0.10 min). Interestingly, the
control and 60-minute samples had 1.38 and 0.55 minutes, respectively, without a significant
difference (P > 0.05). Similarly, sub-lethally heat-treated samples had 0.10, 0.55, and 0.19 min,
respectively, without a significant difference (P < 0.05). Despite apparent differences, the high

number of standard errors rendered those differences statistically non-significant.

In the Weibull model, the time required for the decimal reduction (8) values for control and sub-
lethally heat-treated samples at 30, 60, and 90 minutes were 1.88, 2.16, 2.44, and 2.24 minutes,
respectively. Unlike the other two models, & values did not significantly differ between the

treatments. Similarly, p values did not exhibit a significant difference (P > 0.05).

Table 16 presents model parameters derived from thermal inactivation data for L4. In the log-linear

model, the kmax values for the control and sub-lethally heat-treated samples for 30, 60, and 90
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minutes were 2.80, 1.91, 1.84, and 1.67, respectively. Control samples exhibited a statistical
difference from sub-lethally heat-treated samples. Among sub-lethally heat-treated samples, kmax
values for 30 min and 60 min, and 60 min and 90 min showed no significant difference (P > 0.05),
while the kmax values for 30 and 90 min were different (P < 0.05). There was a tendency for kmax

values to decrease with increased duration of sub-lethal heat treatment.

Table 16. Model parameters for the three models estimated from the thermal inactivation data for
L4

Treatment log-linear log-linear + shoulder Weibull

Kmax (min™)"  Kmax (min™)* SI (min)* 8 (min)* P

Control 2.80 (0.50)™  3.83 (0.80)*  1.52(0.64  1.50(0.78)" 1.50 (0.61)

30 min 1.91 (0.48)° 430 (0.09)  2.74(0.04)°  3.07(0.20)°  3.04 (0.39)"
60 min 1.84(0.28)* 270 (0.13)°  1.72(0.14*  2.33(0.31)°  1.82(0.30)*
90 min 1.67(0.20°  1.79(0.35°  0.41(0.89)°  1.48 (0.63)*  1.05(0.33)°

"Value within the bracket is the standard error.

’(“I;The0 ngg;ms followed by different letters are significantly different within each column based on the Student’s t-test
< 0.05).

In the log-linear with a shoulder model, kmax values for control and sub-lethally heat-treated
samples at 30, 60, and 90 minutes were 3.83, 4.30, 2.70, and 1.79, with shoulder lengths of 1.52,
2.74,1.72, and 0.41, respectively. No significant difference in kmax values was observed between
the control and 30 min samples (P > 0.05). However, increasing the sub-lethal treatment duration
to 60 and 90 min resulted in a significant decrease in kmax values (P < 0.05). Shoulder lengths
showed no significant difference between control and 60 min samples, while 30 and 90 min

samples differed significantly.

In the Weibull model, & values for control and sub-lethally heat-treated samples at 30, 60, and 90
minutes were 1.50, 3.07, 2.33, and 1.48, with corresponding p values of 1.50, 3.04, 1.82, and 1.05,
respectively. o values for control and 90 min did not show a significant difference (P > 0.05), but

30- and 60 min samples were significantly different (P < 0.05). Regarding p values, control and
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60 min samples were not significantly different, while 30 and 90 min samples showed a significant

difference.

Table 17 displays model parameters for L7 across three models. In the log-linear model, kmax
values for control and sub-lethally heat-treated samples at 30, 60, and 90 minutes were 3.98, 2.95,
1.11, and 0.67, respectively. Notably, kmax values significantly varied among all treatments (P <

0.05), showing a tendency to decrease with longer sub-lethal heat treatment durations.

Table 17. Model parameters for the three models estimated from the thermal inactivation data for
L7

Treatment log-linear log-linear + shoulder Weibull

Kmax (min™)"  Kmax (min™)* SI (min)* 8 (min)* P

Control 3.98(1.00)™  7.90 (124  2.49(0.30)°  2.04 (0.65)° 2.45(0.84)°

30 min 2.95(0.42)°  3.57(0.62°  1.06(0.67)° 1.57(0.75)°  1.54(0.60)°
60 min 111 (0.24)°  2.59(0.35°  2.87(0.26)  3.68(0.17)°  3.00(0.40)*
90 min 0.67 (0.19)  2.20(0.13)°  3.37(0.09°  4.43(0.07)° 3.83(0.38)°

*Value within the bracket is the standard error.

E;Theo rgg;ms followed by different letters are significantly different within each column based on the Student’s t-test
<0.05).

In the log-linear with a shoulder model, kmax values for control and sub-lethally heat-treated
samples at 30, 60, and 90 minutes were 7.90, 3.57, 2.59, and 2.20, with shoulder lengths of 2.49,
1.06, 2.87, and 3.37, respectively. While kmax values for 60 and 90 minutes did not significantly
differ (P > 0.05), control and 30-minute samples showed a significant difference (P < 0.05). kmax
values exhibited an inclination to decrease with longer durations of sub-lethal heat treatment.
Shoulder lengths for control and 60 min samples were not significantly different (P> 0.05), similar

to 60 min and 90 min samples (P > 0.05).

In the Weibull model, & values for control and sub-lethally heat-treated samples at 30, 60, and 90

minutes showed a significant variation (P < 0.05). The ¢ values were 2.04, 1.57, 3.68, and 4.43,
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respectively, with corresponding p values of 2.45, 1.54, 3.00, and 3.83. The 6 value decreased after
30 minutes of sub-lethal heat treatment compared to control, while 60 min and 90 min treatments
caused an increase in ¢ value. There was no significant difference in p values between the control
and 60-minute samples, similar to the 60-minute and 90-minute samples, while the 30-minute

samples significantly differed from the others.

Table 18 presents model parameters for three strains collectively. This table contains the same
parameters as the Tables 15, 16, and 17. In those tables, model parameters of the same strain within
different models were compared. Instead, in Table 18, the model parameters of three strains were
compared within three different models to investigate strain differences. In the log-linear model,
significant differences were observed in kmax values across all treatments except the 60-minute
treatment. L2 and L7 exhibited no significant difference in kmax values after 60 minutes (P > 0.05).
Significant differences were found in the log-linear with a shoulder model in kimax values for control
and 30-minute samples across all strains. However, kmax values for L4 and L7 after 60 and 90
minutes of sub-lethal treatment did not significantly differ. Lastly, in the Weibull model, & values
for L2 showed no significant difference compared to L4 and L7 control samples. While in 60-
minute treatment, L2 and L4 samples were not significantly different, L7 differed from the other
two strains. Significant differences were observed in both 30 and 90-minute treatments across all

strains.
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Table 18. Model parameters of thermal inactivation of three L. monocytogenes strains. The model
parameters of three strains were compared within three different models to investigate strain
differences.

Treatment Strain log-linear log-linear + Weibull
shoulder
Kmax Kmax" 0"
Control L2 2.09 (0.25) 2.74 (0.29)* 1.88 (0.39)™
L4 2.80 (0.50)° 3.83 (0.80)° 1.50 (0.78)*
L7 3.98 (1.00)° 7.90 (1.24)° 2.04 (0.65)°
30 min L2 1.04 (0.13)¢ 1.06 (0.28)¢ 2.16 (0.74)°
L4 1.91 (0.48)° 4.30 (0.09)° 3.07 (0.20)¢
L7 2.95 (0.42)f 3.57 (0.62)f 1.57 (0.75)°
60 min L2 1.03 (0.11)® 1.15(0.22)¢ 2.44 (0.57)f
L4 1.84 (0.28)" 2.70 (0.13)" 2.33(0.31)f
L7 1.11 (0.24)® 2.59 (0.35)" 3.68 (0.17)®
90 min L2 1.03 (0.11)! 1.07 (0.24)! 2.24 (0.62)
L4 1.67 (0.20) 1.79 (0.35) 1.48 (0.63)’
L7 0.67 (0.19) 2.20 (0.13) 4.43 (0.07)

*Value within the bracket is the standard error.

**The means followed by different letters are significantly different within each column based on the Student’s t-test
(P <0.05).

Table 19 presents statistical measures for three models across three strains and four treatment
types. GInaFit provided coefficient of determination (R?) and root mean sum of squared error
(RMSE) values. A lower RMSE score signifies a more accurate fit of the predictive models and
thus, more reliable predictions. Similarly, R? close to 1 indicates a well-fitting model with minimal

error in the predicted values (Lee et al. 2023).
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For control samples in L2, the log-linear model with shoulder exhibited the lowest RMSE values
across the three models. However, there was no significant difference between RMSE values
across models (P > 0.05). For sublethal heat-treated samples for 30 minutes, the log-linear model
showed the lowest RMSE values, significantly different from the other two models. For sublethal
heat-treated samples for 60 and 90 minutes, there were no significant differences between three

models (P> 0.05).

Similar results were observed for L4 control samples and sublethal heat-treated samples for 90
minutes, with no significant difference between models. Sublethal heat-treated samples for 30
minutes had the lowest value in the log-linear model with a shoulder, while sublethal heat-treated
samples for 60 minutes had the lowest values in the log-linear model with shoulder and Weibull

models, significantly different from the log-linear model (P < 0.05).

For L7 control samples, the log-linear model with shoulder exhibited the lowest RMSE value,
significantly different from the other two models (P < 0.05). There was no significant difference
between models in sublethal heat-treated samples for 30 minutes (P > 0.05). For sublethal heat-
treated samples for 60 minutes, the lowest RMSE value was observed in the Weibull model, not
significantly different from the log-linear model with a shoulder. Lastly, for sublethal heat-treated
samples for 90 minutes, RMSE values of the log-linear model with shoulder and Weibull models

had the same RMSE values, significantly lower than the log-linear model.
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Table 19. Statistical indexes describing model fit/predictions

Strain  Treatment log-linear log-linear+shoulder Weibull
R’ RMSE R’ RMSE" R’ RMSE"
L2 Control 0.95 0.50* 0.99 0.32? 0.98 0.36*
30 min 0.94 0.24% 0.94 0.28° 0.94 0.28°
60 min 0.96 0.21* 0.96 0.22? 0.96 0.23?
90 min 0.96 0.20* 0.96 0.23? 0.96 0.23?
L4 Control 0.89 1.70% 0.95 1.72% 0.92 1.85%
30 min 0.79 0.88% 1.00 0.07° 0.99 0.21°
60 min 0.92 0.54% 1.00 0.16° 0.99 0.25°
90 min 0.95 0.36* 0.95 0.40? 0.95 0.41°
L7 Control 0.80 1.82% 0.97 0.75° 0.94 1.10°
30 min 0.93 0.78% 0.96 0.66 0.93 0.80*
60 min 0.84 0.47% 0.98 0.24% 0.99 0.21°
90 min 0.75 0.35% 1.00 0.06° 1.00 0.06°

R2: coefficient of determination, RMSE: root mean sum of squared error,

"The means followed by different letters are significantly different in each strain within each column based on the
Student’s t-test (P < 0.05).

In summary, there was no consistent pattern observed in RMSE values, as no single model
consistently outperformed others across different strains or treatments. The literature presents
conflicting findings regarding the thermal destruction behaviour of L. monocytogenes. Hassani et
al. (2005) reported that L. monocytogenes survival curves followed a first-order kinetic pattern in
isothermal heat destruction. Liu et al. (2021) effectively incorporated the log-linear dynamic
inactivation of L. monocytogenes in cooked beef under unsteady heating conditions. In contrast,
Huang (2009) noted deviations from first-order kinetics in L. monocytogenes survival curves in

ground beef, favoring Weibull-type and modified Gompertz models over the linear model.
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Similarly, Velasco-Hernandez et al. (2020) observed that modified Gompertz equation survival
yielded a better fit compared to the log-linear pattern in the survival of L. monocytogenes in
soursop pulp. In my study, there was no significant difference in RMSE values of the three models
in L2 and L4 control samples. Instead, the log-linear model with shoulder yielded a lower RMSE
value compared to the other two models in L7 control samples. Wang et al. (2024) found that the
survival curves of L. monocytogenes in milk fit well with a log-linear model that includes a
shoulder. In predictive microbiology, the shoulder length parameter is used to describe the
accumulated damage to bacteria in the inactivation curve. Various factors such as experimental
artefacts, heterogeneity in microbial resistance within populations, or the presence of mixed
microbial communities have been postulated as potential sources for deviations observed in
experimental outcomes. The appearance of the shoulder effect can happen due to the dimension of
samples, meaning thick samples or samples in large containers, because it takes time for heat to
spread through. Since come-up time was excluded from the heating time in my study, the shoulder
effect in L7 control samples cannot be attributed to this reason. As also noted by Huang (2009),
the shoulder observed in my study may be attributed to biological factors, wherein a thermal

process must overcome an initial energy barrier before a lethal effect can be observed.

Previous research has shown that L. monocytogenes cells exhibited deviations from first-order
inactivation kinetics when the cells experienced heat stress (Garre et al. 2019, Huang, 2009, Peleg
and Cole 1998). Recent research indicates that log-linear kinetics are not consistently observed in
heat processing, and the presence of shoulders in inactivation curves is quite common (Wang et al.
2015, Wason et al., 2022). The occurrence of a shoulder effect in survival curves is interpreted as
suggestive of either the accumulation of sublethal damage or the overcoming of energy barriers
(Fang et al. 2021). The deviations from the log-linear behaviour are commonly linked to damage
caused by heat and subsequent repair mechanisms within the cells. Furthermore, in my results,
neither the log-linear model with shoulder nor the Weibull models outperformed the standard log-

linear model across different sub-lethal treatments.
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5.5.  Implementing Automated Cleaning Programs (ACPs) and Their Validation
A case study was conducted to deploy a CIP technique on a vending machine that makes
smoothies. The project consisted of three distinct phases: establishing microbiological thresholds,
developing cleaning protocols, and validating the effectiveness of the cleaning protocols by
microbial analysis. The focus of my thesis on the enhanced heat resistance of Listeria spp. aligns
closely with the case study on implementing ACPs. Firstly, defining microbial limits involved
investigating the presence of L. monocytogenes, a key pathogen of interest in heat resistance
studies. Secondly, the cleaning protocols developed and evaluated in the ACPs incorporated
thermal processing as a critical component. Specifically, the cleaning cycles included a rinsing
phase with cold water, sanitizing with hot water at 85-90 °C, and sterilizing with steam, directly
addressing the thermal tolerance of microorganisms like Listeria spp. This integration highlights
the practical application of understanding Listeria's heat resistance in designing effective

sanitation programs.

5.5.1. Defining microbial limits
Three pathogens, Listeria monocytogenes, Salmonella spp., and Escherichia coli were chosen as
microorganisms to be evaluated during the validation process. L. monocytogenes was added to the
case study since it is the main target of my research. The other two microorganisms were added
because of their importance in fruit and vegetable juices. Limits for those pathogens were decided
according to Commission Regulation (EC) No. 2073/2005 (European Commission 2005). In the
regulation, ‘ready-to-eat foods able to support the growth of L. monocytogenes, other than those
intended for infants and for special medical purposes category’ was chosen as a category for L.
monocytogenes, whereas ‘unpasteurized fruit and vegetable juices (ready-to-eat)’ category was
chosen for Salmonella and E. coli. Table 20 demonstrates microbial thresholds for three pathogens

(Haykir et al. 2023).
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Table 20. Microbial Limits of Three Pathogens for Smoothies

Microorganism Sampling Plan Limits Analytical
n C m M Reference
Method
Listeria monocytogenes 5 0 Absence in 25¢ ISO 11290-1,
(2017)
Salmonella 5 0 Absence in 25¢ ISO 6579-1,
(2017)
E. coli 5 2 100 CFU/g 1000 ISO 16649-1,
CFU/gy (2018;  1SO
16649-2,
(2001)

Note. n = the number of units comprising the sample; ¢ = the number of sample units giving values over m or between
m and M. Adapted from Regulation of the European Commission of 15 November 2005 on microbiological criteria
for foodstuffs, 2073/2005/EC, by European Commission, 2005. Copyright 2005 by the European Commission.

5.5.2. Developing cleaning protocols
ACP procedure consisted of three cleaning cycles to reduce or eliminate microorganisms from the
food contact materials in the vending machine. To make a smoothie in the vending machine, frozen
fruits or vegetables are collected in the cup according to the recipe. Water is added to the cup, and
ingredients are mixed with a blender for the smoothie production. The first cycle is called after
smoothie cleaning and it occurs after every smoothie production. The primary goal of this step was
to remove food residues from the blender and sanitize the food contact materials. The second
cleaning cycle is called the 3-hour cleaning cycle and takes place every three hours automatically.
The third cleaning cycle is called the full cleaning cycle and takes place at the end of each day. In
every cleaning cycle, there are three phases: rinsing phase with cold water, sanitising with hot

water around 85-90 °C, and sterilizing with steam. All of these phases take place in each cleaning
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cycle. The difference between cleaning cycles is the duration of the phases. For instance, since the
main target is to remove residues after smoothie production, rinsing step-in after smoothie cleaning
is the longest. Instead, sterilization duration is the longest in the full cleaning cycle since it is the
last cleaning of the day. Rinsing duration was decided by visual inspections of the blender after
cleaning, whereas sanitation and sterilization durations were chosen with respect to BRC Global
Standard for Food Safety. According to the standard, minimum temperature and time combinations
to destroy the target organism L. monocytogenes is 70 °C for two minutes or an equivalent process

with using a z-value of 7.5 °C (BRC, 2018).

Even if the objective of this case study was to implement automated cleaning programs, manual
cleaning of the vending machines is still unavoidable. Manual cleaning is done after the refilling
of the machine. For manual cleaning, food-safe antibacterial wipes and disinfectants were chosen
to clean dust and residues from the materials and disinfect the parts after the manual intervention.

A cleaning manual was prepared and the operators were trained for effective cleaning.

5.5.3. Evaluation of Cleaning Programmes
As a final step, the validation of the cleaning procedures was carried out through the
microbiological analysis of the ingredients and the blender. A sampling scheme has been
established to replicate the typical usage of the vending machine. A plan for sampling over two
days was developed to accomplish the evaluation. The first day began and the second day finished
with manual cleaning, which is a routine task that involves reloading the machine and performing
cleaning operations. During the two-day sampling period, all three cleaning cycles were performed

and samples were collected by the laboratory in accordance with the standards.

This study aimed to employ a comprehensive sampling methodology, conducting sample
collection on two separate occasions in August and October 2022, in order to assess the presence
of pathogens in water, smoothies, and on the surface of blenders. The protocol for the two-day

schedule and sampling intervals are presented in Table 21 (Haykir et al. 2023). Thirteen samples
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were collected each month for a total of 26 samples analyzed. Samples were obtained aseptically,
utilizing sterile swabs for the surfaces of the blender and sterile containers for the water and

smoothie samples.

The samples were evaluated to determine the presence of three pathogens: L. monocytogenes,
Salmonella, and E. coli. No pathogens were found in any of the 26 samples. In their study on the
microbiological quality of smoothies from fresh bars, Krahulcova et al. (2021) detected the
presence of E. coli in one out of the twenty samples. Raposo et al. (2015) revealed that the presence
of L. monocytogenes in vending machine samples might be attributed to improper food handling
and inadequate temperature control. In contrast, Hall et al. (2007) examined vending machines
that dispense hot drinks with the result that regular on-site manual cleaning using detergent

effectively maintained the microbial load at the desired level.
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Table 21. Sampling plan during the cleaning validation

Day Action Time Sample
Day 1 Manual Cleaning 08:50
After Manual 09:00 Swab 1 Water Sample 1
Cleaning
End of Day 16:00 Swab 2 Water Sample 2  Smoothie Sample 1
24h Full Cleaning  16:20
After 24h  Full 16:30 Swab3
Cleaning
Day 2 24h Full Cleaning  08:50
After 24h  Full 09:00 Swab4 Water Sample 3
Cleaning
End of Day 16:00 Swab 5 Water Sample 4  Smoothie Sample 2
Manual Cleaning 16:20
After Manual 16:30 Swab 6 Smoothie Sample 3
Cleaning

My study was conducted on a brand-new machine. Therefore, these results do not provide

conclusive evidence about whether they are attributable to effective cleaning techniques. In

addition to microbial analysis, a visual examination was carried out following each cleaning

session to detect any traces of food on the blender. There was no visible residue on the blender.

According to my investigation, all the research in the literature employed the manual cleaning of

the vending machines. There is a lack of research on the CIP system applied to vending machines.

Further investigation is required to examine automated cleaning techniques. Karaman et al. (2012)
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highlighted the difficulty of applying the HACCP system for small or medium-sized enterprises
(SMEs) due to a deficiency in technical skills and food handling practices. According to Saltmarsh
(2023), the majority of vending machines are run by SMEs. Therefore, enhancing the
understanding of the cleaning protocols for vending machines can assist these organizations with

establishing HACCP.
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6. CONCLUSIONS AND RECOMMENDATIONS
L. monocytogenes is able to survive and proliferate in various conditions. These features render L.
monocytogenes a major concern in the food industry regarding food safety. Heat stress adaptation
of L. monocytogenes can enhance survival and resistance following heat treatments. Alternative
enumeration techniques such as redox potential and optical density measurements can provide
faster results than traditional methods. It is critical to evaluate the physiological responses of L.
monocytogenes following sublethal heat treatment. Furthermore, it is essential to assess the

effectiveness of alternate methods of enumeration when quantifying such replies.

The redox potential and optical density measurement-based methods were employed for rapid
quantification of L. monocytogenes. Both methods offered the possibility of providing faster
results compared to traditional methods. The repeatability of both methods was within the range
of the repeatability of the standard conventional method. More research is needed to broaden the

knowledge of their applicability in evaluating different stress conditions.

Isothermal heat destruction of L. innocua with and without sublethal heat treatment was employed.
Sublethal heat treatment at 46 °C for 30 minutes did not change the Dgo value, compared to control.
Cluster analysis of peaks, obtained from MALDI-TOF also supported this result. Sublethal heat

treatment at the same temperature for 60 minutes increased the Deo value compared to control.

Dynamic heat destruction of L. innocua with and without sublethal heat treatment at 46, 48, and
50 °C for 30, 60, and 90 minutes were evaluated. There were no significant differences in logioD
values of control and sublethal heat-treated samples at 46 °C for 30 and 60 minutes. All the other
sublethal heat treatments altered the logioD values significantly compared to the control. Since
dynamic heat destruction occurs more in the industry than isothermal heat destruction, future

research should focus on more dynamic heat destruction studies.

The effect of sublethal heat treatment at 46 °C for 30, 60, and 90 minutes was assessed on

1sothermal heat destruction of three L. monocytogenes strains. All the sublethal heat treatment
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conditions caused a significant difference in Dgo value compared to the control in all strains. Except
in one instance, there was an increase in Dgo values as sublethal treatment conditions were
extended. No consistent pattern was observed among different strains when they were subjected

to the same treatment conditions.

Subsequently, the same sublethal treatment conditions were applied to the same strains, but
microbial loads were determined using the optical density measurement. Generally, there was no
significant difference in Dgo values seen between the plate counting method and the OD method in
most cases. Nevertheless, there were instances where a variation in Deo values between the two

approaches was observed.

Microbial inactivation data from the plate counting method was fitted by different mathematical
models. The log-linear model, the log-linear models with a shoulder, and the Weibulls model
successfully estimated the inactivation parameters for all situations. There was no particular model
that surpassed others. However, different results were observed across different models when
comparing sublethal treatment conditions. Further study can be done with the dynamic heat
destruction. It is important to choose an appropriate model during the study of enhanced heat

resistance.

In my research, experiments were done in broth. However, as mentioned in the literature overview
section, different results were observed when the food was used as a matrix. Therefore, additional
research is needed to better understand the effect of sublethal heat treatment on real foods. During
my dissertation, I focused on the physiological responses of Listeria to sublethal temperature
stress. Further research is needed to investigate genomic and proteomic responses with emerging

methods.

Overall, the experimental results support the achievement of the initial objectives of my research.
Two alternative enumeration methods that [ utilized are promising methods for rapid
quantification. L. monocytogenes elicits physiological responses to sublethal heat treatment as a
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stress adaptation mechanism. This adaptation depends on different factors like strain variation,

sub-lethal exposure conditions, and heat destruction methods.
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7. NEW SCIENTIFIC RESULTS
1. It was proved that redox potential measurement can be applied to quantitatively assess the
thermal inactivation of Listeria spp. for the first time (Haykir et al. 2025). In addition, optical
density measurement was also suitable to evaluate the heat destruction of L. monocytogenes. Both

methods provided rapid quantification within the repeatability range of the plate counting method.

2. The isothermal heat destruction of L. innocua T1 was examined following exposure to sub-
lethal conditions at a temperature of 46 °C. The D¢o value did not show a significant change when
prior exposure for 30 minutes was followed by isothermal heat treatment at 60 °C, compared to
the control group that had direct heat treatment at 60 °C. Instead, exposure to sub-lethal heat for

60 minutes at 46 °C altered the Dso value significantly from the control (Haykir et al. 2022).

3. The dynamic (non-isothermal) heat destruction with prior sub-lethal heat treatment of L. innocua
T1 was evaluated. A paired t-test revealed that exposure at 46 °C for 30 and 60 minutes did not
result in a statistically significant change in the logioD values compared to the control samples.
Nevertheless, all the other sub-lethal treatment conditions (46 °C for 90 minutes, 48 °C for 30, 60,
and 90 minutes, and 50 °C for 30 and 60 minutes) resulted in significant alterations in the logioD

values (Haykir et al. 2025).

4. Enhanced heat resistance of three L. monocytogenes strains, L. monocytogenes L2, L.
monocytogenes L4, and L. monocytogenes L7, were demonstrated when exposed to sub-lethal heat
conditions at 46 °C for 30, 60 and 90 minutes. Enumeration was done with plate counting.
Compared to control samples, all sub-lethal treatment conditions significantly increased the Do
values for all strains. With one exception in L. monocytogenes L2, all strains showed an increase

in D¢o values as the sub-lethal treatment durations were increased.

5. When the enumeration was done with an optical density measurement-based method, the same
conditions also caused a significant increase in Dgo values in all strains compared to control
samples. Extension of sub-lethal treatment caused an increased trend in Deso values in L.
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monocytogenes L7. However, extended sub-lethal treatment durations in strains L. monocytogenes
L2 and L. monocytogenes L4 increased Dego values until the 60-minute treatment, after which a

plateau was reached and the 90-minute treatment had a lower Dgo value.

6. Log-linear model, log-linear model with a shoulder, and Weibull models were able to estimate
isothermal heat destruction parameters for three L. monocytogenes strains with and without sub-
lethal heat treatment. No tailing effect was observed for all conditions. Between the three models,

none of the models surpassed the others in terms of statistical measures.

7. This study demonstrated that several parameters, such as strain variation, sub-lethal heat
treatment temperature and duration, test settings, and the mathematical models used to estimate

the data, all had an impact on the increased heat resistance of Listeria spp.
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8. SUMMARY
Listeria monocytogenes is one of the pathogens that is a major concern in food safety. It has high
case fatality rate and it can be found in various environments. Heat processing is still one of the
most common food processing methods in the food industry. When microorganisms are subjected
to sub-lethal heat treatment, they may gain enhanced heat resistance with their stress adaptation
mechanism. The overall focus of my dissertation was to better understand the enhanced heat
resistance of L. monocytogenes after sub-lethal heat exposure. Another goal of the research was to
investigate the applicability of two alternative enumeration methods, the redox potential
measurement-based method and the optical density (OD) measurement-based method, on the heat
inactivation studies. L. innocua was utilized as a surrogate for L. monocytogenes in the first part
of the study. Three L. monocytogenes strains (L2, L4, and L7) were used in the following part of

the research.

Both the redox potential measurement and optical density measurement methods offered rapid
quantification within the repeatability range of the plate counting method. Microbial loads were
obtained from both methods and plate counting and analyzed to compare the enhanced heat

resistance of Listeria spp.

Isothermal heat destruction of L. innocua was assessed with and without sub-lethal heat exposure
at 46 °C for 30 and 60 minutes. Sub-lethal heat exposure at 46 °C for 30 minutes did not
significantly increase the Dso value. This result was further supported by conducting a cluster
analysis of the peaks obtained from MALDI-TOF. Instead, pre-exposure to a sub-lethal
temperature of 46 °C for 60 minutes increased the Dgo value compared to the control, from 3.66

minutes to 5.71 minutes.

During the dynamic heat destruction of L. innocua, sub-lethal heat exposure to 46 °C for 30 and
60 minutes did not significantly change the logi10D values compared to the control. The other sub-

lethal treatment conditions (46 °C for 90 minutes, 48 °C for 30, 60, and 90 minutes, and 50 °C for

84



30 and 60 minutes) all altered the logi0D values. The difference in results of isothermal and non-
isothermal heat destruction experiments in this study shows the importance of choosing the
appropriate method during thermal inactivation studies. Dynamic heat inactivation is much more
common in the food industry compared to isothermal destruction. Therefore, more research on

dynamic heat inactivation study is needed.

Sub-lethal heat treatments at 46 °C for 30, 60, and 90 minutes were all increased the D¢ values of
three L. monocytogenes strains compared to control when microbial loads were enumerated with
the plate counting method. The highest increase in Do values was observed in L7 with 6-fold
increase compared to their control samples. The highest increase after sub-lethal heat treatment for
L2 and L4 were 2- and 1.55-fold, respectively. Except for one case in L2, prolonging the sub-lethal

exposure increased the Deo values.

Subsequently, the same conditions were applied to the same strains and microbial loads were
enumerated using OD measurement. Doubling time, obtained from OD measurement using the
GrowthCurver package, was used as TTD. Similar to plate counting, sub-lethal heat treatments at
46 °C for 30, 60, and 90 minutes all increased the D¢o values of three L. monocytogenes strains
compared to control. When the Dso values obtained from plate counting and OD measurement
were compared, four values out of 12 were statistically different. Unlike the plate counting method,
there was a limit for the increase in Deo values when the sub-lethal heat treatment duration was
prolonged except in L7. For L2 and L4 samples, Deo values decreased after 90-minute treatment
compared to 60-minute treatment. These results show that it is important to take into account

experiment conditions when comparing results with existing literature.

Microbial inactivation data from plate counting were fitted to different mathematical models using
the GInaFit tool. Out of nine models available in the tool, three models were able to estimate
microbial inactivation parameters: the log-linear model, the log-linear model with a shoulder, and

the Weibull model. When the statistical measures were compared for each model, no model
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outperformed the other models. However, when the inactivation parameters were compared
between different treatments within different models, different outcomes were obtained.
Therefore, it shows that it is important to choose the right model during the study of heat resistance,

but also compare the results with existing literature.

As a case study, the clean-in-place (CIP) technique was applied to clean a smoothie-making
vending machine. The goal was to implement this technique to sanitize the machine effectively
and reduce human intervention. Automated cleaning programmes were developed, microbial
limits were decided, and microbial analysis were done for validation. For microbial analysis,
blender, water, and smoothie samples were analyzed to find three pathogens, L. monocytogenes,
Salmonella spp., and E. coli. After two months of sampling, no pathogen was detected in none of

the samples.

Overall, in this research, it was demonstrated that enhanced heat resistance of Listeria spp. depends
on various factors such as strain variability, sub-lethal heat exposure conditions, experiment
settings and mathematical models. Further research is needed to evaluate those effects. The design
of optimal thermal inactivation experiments is crucial when planning this kind of research. During
my investigation, I focused on the physiological response, more specifically, the change in D-value
after sub-lethal heat exposure. More research is needed for the genomic and proteomic responses

of L. monocytogenes after sub-lethal heat exposure.
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