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°C degree Celsius
2D two-dimensional
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A ampere
aw water activity
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Basic Local Alignment Search Tool (registered trademark of the National
BLAST Library of Medicine, National Institutes Of Health, U.S. Department of
Health & Human Services)
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cfu colony forming units
CSH cell surface hydrophobicity
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g gram
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h hour
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HPT high pressure temperature
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PCR polymerase chain reaction
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Introduction 1

1 Introduction

In this thesis, both the role of fat and cell surface hydrophobicity (CSH) in High Hydrostatic
Pressure (HHP)-mediated inactivation of spoilage-associated Lactobacillus (L.) plantarum and
the role of wall teichoic acids (WTAs) in CSH were investigated. This chapter provides a
comprehensive overview with basic knowledge, widely accepted principles, and latest scientific
insights about the HHP inactivation of microorganisms, the use of emulsions as model system,

the spoilage-associated genus Lactobacillus and CSH.

1.1 High hydrostatic pressure technology in food preservation

The consumers’ demand for minimally processed, preferably “clean label” foods (without
artificial additives) with freshness and flavor qualities is steadily increasing. Additionally,
today’s consumers are more and more interested in convenience foods, inter alia ready-to-eat
meals (RTE), which vastly reduce effort and time for preparation and thus enable consumers
to maintain their work-life balance, which becomes more and more difficult in modern times. In
order to meet these demands, the food industry has improved its heat preservation processes
and has developed non-thermal preservation technologies, which include pulsed electric fields,
oscillatory magnetic fields, irradiation, ultrasound and HHP (Bello et al., 2014). The most
promising preservation technology, which on the one hand has the potential to fulfil the
consumers’ demands for high-quality convenience foods and on the other hand,
simultaneously guarantee microbiological food safety, is HHP. HHP is an emerging non-
thermal food preservation technology, which, compared with conventional food preservation
methods, such as pasteurization and sterilization, was proven to have relatively little effect on
organoleptic properties and nutritional values of foods, while ensuring effective reduction of
spoilage-associated and pathogenic microorganisms in food. Additionally, foods’ shelf life is
extended based on physical processing, enabling the reduction or the abandon of chemical
additives (antimicrobials) such as sorbates, benzoates and nitrite, and not based on the
addition of chemical additives (Glass et al., 2007). Effective decontamination, and thus
preservation of food, is commonly reached by subjecting packaged food to water pressures up
to 600 MPa. By performing HHP treatments at initial temperatures below (or at) room
temperature, value giving properties such as natural taste and flavor, vitamins, natural color
and texture remain largely preserved (Cheftel, 1992, Knorr, 1993, Corbo et al., 2009,
Demazeau & Rivalain, 2011, Stratakos et al., 2015).
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A multitude of studies show that HHP can, firstly, cause a large reduction of viable microbial
cells in food products and, secondly, is suitable for the treatment of temperature sensitive and
convenience food products while maintaining value giving properties and thus fulfilling the
consumer’s needs. These are two factors making HHP a sustainable method for serving the

growing market of high quality, high priced foods (Patterson et al., 2011, Stratakos et al., 2015).

1.1.1 History of pressure treatments

Hite (1899) was the first person describing the application of high hydrostatic pressure to
preserve food in 1899. Hite tried to find alternative preservation methods for the generally used
methods sterilization, cooling and pasteurization, being all simply matters of temperature,
showing either no sufficient bacterial inactivation or negative impact on milk’'s organoleptic
properties. Hite demonstrated that HHP treatments at approx. 700 MPa can significantly
increase the milk’s shelf-life and simultaneously reduce detrimental effects on organoleptic
properties, observed for thermal treatments. Although this alternative preservation method was
consequently already recognized in the late nineteenth century, it took almost another century
until the first commercial high pressure processed foods, fruit jams in plastic cups, were
available on the Japanese market in 1991 (Hori et al., 1992, Tonello, 2011). Afterwards, the
number of pressure treated food products steadily increased. For instance, in 1994, the French
company Ulti launched pressure-pasteurized citrus juices, being the first company in Europe
using HHP commercially (Tonello, 2011). In 1997, the US company Fresherized Foods began
with the first industrial production of HHP treated avocado products and the Spanish company
Espufa pioneered the use of HHP for the preservation of meat products, starting with the local
launch of sliced cooked ham in 1998 (Grébol, 2002).

1.1.2 Current role of HHP processing in commercial food preservation

Due to the high consumers’ and retailers’ acceptance of the HHP technology (Wright et al.,
2007), gradually more and more pressure-treated food products made their way onto
supermarket shelves. As a consequence, many different pressure-treated food products are
available on the market today, including seafood and fish products (~13% of HHP-treated
food), vegetable products (~27%), meat products (~27%), juices and beverages (~14%) and
other products like sauces, salad dressings, dips, spices, dry fruits and numerous RTE meals
(~20%) (Pandrangi & Balasubramaniam, 2005, Balasubramaniam & Farkas, 2008, Tonello,
2011, Bello et al., 2014, Bolumar et al., 2014, Tonello-Samson, 2014, Balasubramaniam et al.,
2015).
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In total, more than 500,000 tons of pressure-treated foods are annually produced worldwide
by 265 implemented high pressure machines, representing a market of around US$ 2.5 billion
(Balasubramaniam et al., 2015, Elamin et al., 2015).

However, several concerns hamper the more widespread use of HHP in food preservation: (I)
Vegetative cells can vary largely in their barosusceptibility on species and strain level (Alpas
et al., 1999, Géanzle & Liu, 2015, Liu et al., 2015). (Il) Most bacterial endospores and some
fungal ascospores are highly pressure-resistant at ambient temperatures, which are commonly
used and sufficient for the inactivation of vegetative cells (Ganzle & Liu, 2015). (I1I) As typically
applied for designing commercial thermal processes, the bactericidal effect of pressure can
often be not easily predicted on the basis of D- and z-values, which are derived from log-linear
models. Pressure-induced microbial inactivation is very variable, being dependent on many
parameters. Thus derived models do frequently not exhibit adequate accuracy, simplicity and
wide acceptance (Ganzle & Liu, 2015). (IV) The efficiency of high pressure inactivation highly
depends on the food matrix and process temperature. While effects of high temperature, pH
and low water activity on bacterial pressure-mediated inactivation are well examined, effects
of sub-ambient temperatures and many food matrix constituents, such as fat, are not
sufficiently understood (Garcia-Graells et al., 1998, Smelt, 1998, Molina-Gutierrez et al., 2002,
Luscher et al., 2004, Molina-Hoppner et al., 2004, Georget et al., 2015). Additionally,
dependent on the composition, the food matrix can hinder or promote the recovery of
sublethally injured cells post pressure treatment and, thus, increase or reduce inactivation
efficiency, respectively (Ganzle & Liu, 2015). Thus, to ensure sufficient bacterial inactivation,
a case-by-case evaluation of the inactivation efficiency of pressure in a given food matrix is
often required. (V) The present initial costs of the technology used for HHP processing are
very high and use of this technology is strongly limited in terms of capacity and throughput
(Balasubramaniam et al., 2015). (VI) Machinery necessary for HHP processing is very complex
and requires extremely high precision in its construction, use, and maintenance (Rao et al.,
2014).

Due to the above mentioned concerns and circumstances, in order to spread the use of HHP
in food preservation and to ensure the production of safe, high quality products that do not
pose any threat to consumers’ health and safety and fulfil the requirements of directives and
licensing authorities, additional research, providing an improved understanding of pressure-
mediated cell inactivation, sublethal injury and recovery, and the interaction of pressure with

intrinsic or extrinsic factors predominating in food, has to be performed.
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Although it is unlikely, that HHP will replace conventional preservation and processing
technologies for high volume, commodity type foods in the foreseeable future, it could either
complement such methods or find its niche applications in the preservation of certain foodstuffs
due to novel physicochemical and sensory properties, obtained from this technology.
Moreover, it can be assumed that prospective developments in terms of pressure vessels with
higher volumes and in terms of incorporation of automatized solutions in the processing lines,
will increase the processing outputs and reduce the cost per kg, making this technology more
accessible and attractive for some companies (Bolumar et al., 2014). Additionally, in the
present world aiming at a sustainable food supply, HHP could gradually become an interesting
processing alternative of increasing importance, requiring shorter processing time and lower

energy consumption than conventional thermal methods (Pardo & Zufia, 2012).

1.1.3 General principle of high pressure preservation of food

In general, industrial high pressure machines are operated batch (solid food products) or semi-
continuous (liquid, pumpable food products) wise, applying pressure varying from 100 to
800 MPa and mild process temperatures (from 20 to 50 °C) for relatively short times (from
several seconds up to several minutes) (Ting & Marshall, 2002). Appropriate processing
conditions (pressure, temperature, time) have to be selected depending on the food to be
treated and the microorganisms and enzymes to be inactivated (Bello et al., 2014). Performing
a typical HHP batch treatment for instance, food is sealed in its final package, loaded into the
pressure vessel filled with pressure-transmitting fluid and pressure is increased by either
pumps or by piston movement mediated volume reduction. Once the desired pressure is met,
the pressure is maintained in the system without further need of energy supply. After the
desired treatment time has elapsed, the pressure is released, the food packages are unloaded

and the system reloaded with new food products (Ting & Marshall, 2002).

Using batch systems, recontamination is avoided since the product is processed in its final
package. For semi-continuous systems, however, only suitable for liquid, pumpable foods, the
product is pumped in and out of the high pressure vessel and aseptically packaged in glass
bottles or gable cartons after pressure treatment, not guaranteeing undesired recontamination

by post process handling of the product.
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1.1.4 Basic physical principles of HHP

The effects of pressure, resulting in physicochemical changes of the pressurized sample, are
governed by three general principles, the Le Chatelier’s principle, the isostatic principle and
the microscopic ordering principle (Daryaei & Balasubramaniam, 2012).

Le Chatelier’s principle

The Principle of Le Chéatelier and Braun states that if a chemical system at equilibrium is
exposed to a change, the equilibrium will shift in the direction minimizing that change.
Therefore, if this change is an increase in pressure, high pressure will shift the equilibrium
towards the system with the lowest volume, i.e., any processes that are accompanied by a
decrease in volume (e.g. chemical reactions, phase transition and changes in the molecular
configuration) are favored, whereas processes leading to an increase in the total volume are
inhibited by pressure (Cheftel, 1995, Butz & Tauscher, 1998).

The isostatic principle

The isostatic principle implies that pressure is transmitted quasi-instantaneously and uniformly
throughout the whole sample, independent of its size and geometry (Balny & Masson, 1993,
Cheftel, 1995), i.e., all parts of foods are exposed to a similar pressure intensity and uneven

processing, as known for thermal treatments, is prevented.

The microscopic ordering principle

The microscopic ordering principle states that at a constant temperature, an increase of
pressure results in a high degree of molecular ordering of a substance (Urrutia Benet, 2005).
Therefore, pressure and temperature act antagonistically on molecular structure and chemical

reactions (Balny & Masson, 1993).

1.1.5 Physicochemical changes under pressure

Applying pressure generally results in the occurrence of different physicochemical changes in
the pressurized agueous sample. Important changes, which have to be considered when
applying HHP technology, include effects on temperature due to adiabatic heating, phase

transition, dissociation equilibrium and the arrangement and structure of macromolecules.
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1.1.5.1 Adiabatic heating

The temperature increase occurring in the sample during pressure processing, solely based
on compressive work against intermolecular forces, is commonly known as adiabatic
compression heating, heat of compression or adiabatic heating and plays a substantial role in
food preservation. Even though no ideal adiabatic conditions were present while conducting
the experiments, the term adiabatic heating is used throughout this manuscript to describe

these compression-mediated heating effects occurring during the pressure build-up.

The effect of adiabatic heating can be described using basic equations, deduced from the
zeroth, first and second law of thermodynamics, taking their functional relationship to
temperature and pressure into account (Kessler, 2002, Reineke, 2012, Lenz, 2017). The
zeroth law of thermodynamics states that if two systems are both in equilibrium with a third
system, then they are in equilibrium with each other. The first law of thermodynamics is the
law of conservation of energy, stating that the increase in internal energy (U) is equal to the
total energy added to the system in form of work (W), heat (Q), and sum chemical potential
(v), i.e., the sum potential energy that can be absorbed or released during chemical reactions
by a number of N particles of i different types present in the system (Job & Herrmann, 2006)
(Eqg. 1-1).

J
dU = dW + dQ +2uid1v,-
i=1

(Eq. 1-1)

In case of HHP processes, dW represents the amount of volumetric work performed during

running the high pressure intensifier system, and can be also expressed as:

dW = —pdV
(Eq. 1-2)

The second law of thermodynamics generally describes the tendency of natural processes to
reach homogeneity of matter and energy, i.e., thermodynamic equilibrium over time. This
means that any isolated system tends to degenerate into a maximal disordered state, i.e.,

maximum entropy (S).
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In the case of HHP processing, the amount of heat energy added to the system (dQ) can be
expressed as the temperature (T) (of the system and space where the heat comes from or

goes to) multiplied by the increase of the entropy (dS):

dQ =TdS
(Eqg. 1-3)

The equations according to the first and second law of thermodynamics can be combined to
yield an equation appropriate for describing the relationship of the inner energy of a system
with pressure, volume, temperature and entropy (only valid for situations where the sum

chemical potential can be neglected):

dU = —pdV + TdS
(Eq. 1-4)

The usage of the first and second law of thermodynamics and the rearrangement of the

Maxwell’s relation (Green & Perry, 1997):
(6T> B (6V)
op/s \0S/p
(Eq. 1-5)
enables the description of the heating and cooling during the compression and decompression

as functions of thermo-physical properties of the compressible product, respectively. Taking

into account the definition of the specific volume as the inverse of the density

v=f(p,T) =~
= p, _p

(Eqg. 1-6)

plus the isobaric thermal expansion coefficient (ap, 1/K) as a function of temperature and the

specific volume v

(&)

S|

ap (P: T) =

(Eq. 1-7)
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plus the definition of the isobaric heat capacity (cp) according to the first fundamental theorem

of thermodynamics

T = (aH) _7 (65)
cp(T) = T ) = T )
(Eqg. 1-8)
plus the definition of the compression heating coefficient (kc) (Knoerzer et al., 2010)
ke = f(p.T) = 2
c p, pc
(Eqg. 1-9)

a final equation, describing the temperature increase upon physical compression (adiabatic
heating rate) under adiabatic isentropic conditions, can be derived (Hoogland et al., 2001)

U Y
dp pC, ¢

(Eq. 1-10)

demonstrating that the magnitude of the temperature increase is substantially determined by
the product properties compressibility, specific heat capacity (J/kg K) and density (Kg/m?3) (Ting

& Balasubramaniam, 2002).

Ideal p/T-dependent adiabatic heating data of pure water is available in extensive dimensions
at the NIST database (NIST, 2002) and can be utilized, in addition to mixture rules of water
soluble components and correction factors (to compensate inaccuracies), for the determination
of adiabatic heating rates and the valuation of maximum adiabatic heating of water-based
solutions and water-based dispersions occurring during pressurization (Ardia et al., 2004). In
contrast to water and water-based solutions, the derivation of p/T-dependent adiabatic heating
rates of complex foods is quite difficult, due to the lack of thermodynamic data (Toepfl et al.,
2006). However, the p/T-dependency of the compression heating coefficient (kc) (Eq. 1-9) can
be calculated based on empirical data obtained under almost ideal adiabatic conditions,

enabling the prediction of maximum adiabatic heating occurring during pressurization.
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Even though, the effect of adiabatic heating reached in practice, is, due to improper insulation
and steady thermal equilibration, most likely less marked than adiabatic heating determined
under these almost ideal adiabatic conditions, the obtained thermodynamic information can be
helpful for assessing maximum possible process temperatures and for designing HHP

processes.

Consequences of adiabatic heating on food processing

The thermodynamic effect of adiabatic heating, occurring during compression and
decompression can be positively exploited by, on the one hand, rapidly achieving sterilization
temperatures without temperature gradients throughout the product, avoiding over-processing
and related losses in food quality, and, on the other hand, using the high compression-
mediated cooling capacity, cooling down the food product uniformly and quasi-instantaneously
(isostatic principle of pressure transmission) without any shear forces occurring inside of the
product. However, it must be considered, especially for non-heated or insufficiently isolated
pressure vessels, that temperature inhomogeneities do occur. In these cases, thermal
equilibration occurs across the boundary of the system (heat flux to the “colder”, mostly, steel
vessel wall) during pressure build-up and dwell time, resulting in possible non-uniform
microbial inactivation during HHP processes (De Heij et al., 2002, Ting & Balasubramaniam,
2002, Rajan et al., 2006). In order to minimize thermal equilibration, either the time given to
thermal equilibration must be shortened by inter alia higher compression rates, if possible, or
the temperature distribution of the product as a function of time and position in the vessel has
to be calculated to aid process and equipment design (De Heij et al., 2002, Ardia et al., 2004).
Furthermore, high initial temperatures before pressure build-up and the compression heat
during pressurization can lead to the occurrence of temperature peaks. Based on the
composition of the treated sample and thus each constituent’s thermodynamic properties

(Eq. 1-10), compression heat and the resulting temperature peaks can vary significantly.

Table 1 illustrates adiabatic heating rates of water, pressure transmitting fluids and foods,
varying partly significantly in their constituents. Ranges of adiabatic heating rates demonstrate

the commonly non-linear p/T-dependence of adiabatic heating rates.
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Table 1: Adiabatic heating of different foods and common pressure transmitting fluid constituents. Substances were
pressure treated at an initial temperature of 25 °C. Adapted from (Kesavan et al., 2002, Ting & Balasubramaniam,
2002, Rasanayagam et al., 2003, Ramaswamy, 2007).

Food Sample AT (°C)/100 MPa
Water ~3.0
Orange juice, tomato salsa, 2% fat milk, and

other water-like substances EHLZlE
Carbohydrates 3.6-2.6
Proteins 3.3-2.7
Linolenic acid 9.0-5.9
Soybean oll 9.1-6.2
Olive oll 8.7-6.3
Crude beef fat ~4.4
Extracted beef fat 8.3-6.3
Beef ground ~3.2
Beef fat ~6.3
Gravy beef ~3.0
Chicken fat ~4.5
Chicken breast ~3.1
Salmon ~3.2
Egg albumin ~3.0
Egg yolk 4.5-4.3
Egg whole ~3.3
Mayonnaise 7.2-5.0
Whole milk ~3.2
Tofu ~3.1
Mashed potato ~3.0
Yoghurt ~3.1
Cream cheese 4.9-4.7
Hass avocado 4.1-3.7
Honey ~3.2
Water/glycol (50/50) 4.8-3.7
Propylene glycol 5.8-5.1
Ethanol 10.6-6.8

1.1.5.2 Pressureinduced phase transition

According to Le Chatelier’s principle, pressure shifts equilibria towards the state with the
smallest total volume. For water, occurring in various states with different densities this means
that pressure modulates the temperature at which phase transition from liquid water to solid
phases occurs. Bridgeman (1912) was the first scientist, presenting data on the behavior of

water under pressure and its different solid phases.
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Since then, various other solid phases have been discovered, especially under more extreme
conditions, resulting in 16 different ice crystal and 3 amorphous structures to date (Hobbs,
1974, Luscher et al., 2004, Zheligovskaya & Malenkov, 2005, Zheligovskaya & Malenkov,
2006). Next to water, also fat experiences phase transition by pressure-induced reversible
changes of the phase transition temperature (shift of melting point) and crystallization behavior.
Pressure increases the melting point of lipids by more than 10 °C per 100 MPa. As
consequence, lipids, being liquid at room temperature, will reversibly crystallize upon
pressurization, forming the denser and more stable crystals (Cheftel, 1995, Ferstl et al., 2010).
There, B-crystals, which have a denser and more stable crystal structure, are formed in
preference to $'- and a-crystals (Cheftel, 1992).

1.1.5.3 Dissociation equilibrium and pH under pressure

One further relevant change occurring upon pressurization, which has to be considered
applying HHP, is the pressure-mediated shift of the dissociation equilibrium and related
changes in the pH value of agueous systems. The dissociation equilibrium in an agueous

system is described as

HA+ H,0 & A~ + H;0*
(Eq. 1-11)

where HA is the proton donor (acid), H-O is water, A" is the conjugated base, and HsO" is an
oxonium ion. For characterization of the dissociation equilibrium, the equilibrium constant K
can be used, being dependent on the concentration of every molecule in the equilibrium and
on the activity coefficients y; (correction factors). The activity coefficients in aqueous solutions

can be approximately estimated by the limiting Debye-Hueckel law (Debye & Hueckel, 1923):

I'p

— . 6, A A
10g10 Yi = —1.825-10 Z; 3 .73

(Eq. 1-12)

where z; is the number of elementary charges of the ion i, I is the ion strength, and ¢ is the
relative static permittivity, leading to varying activity coefficients y; due to its pressure and
temperature dependency. Since the concentration of water is very large (~55.5 M) in relation
with that of a base or acid, their dissociation can be assumed to have no essential effect on

the concentration of water.
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Therefore, the concentration of water can be neglected in the law of mass action, resulting in

the definition of the dissociation equilibrium constant K,

_Ya~"Yuyo+ [A7]-[H307]

K
“ YHa [HA]

(Eq. 1-13)

which describes the extent of dissociation of oxonium ions from an acid (proton donor). Since
the dissociation equilibrium constant K, differs for each acid and can vary in its value over a
wide range, the additive inverse of its common logarithm, represented by the symbol pKa, is
often used to describe the dissociation constant K, (Degner, 2012):

PK, = —log,9(K,)
(Eq. 1-14)

The activity of oxonium ions (HzO* ion concentration) can also vary over many degrees of
magnitude, and consequently, it is common to express the activity of oxonium ions as the
additive inverse of its common logarithm in a dimensional form (divided by 1 mol L), as pH
(Degner, 2012):

1mol- L1

H;0%
PH=—10910<YH30+' LET >

(Eqg. 1-15)

Even though pH values are commonly used to describe the acid tolerance of microbes and the
acidity of food, Eq. 1-15 demonstrated that the pH value only considers oxonium ions,
completely ignoring changes of all dissociation equilibrium reaction partners of water and is
thus not appropriate to describe dissociation equilibrium shifts. In order to consider changes in
the concentration of all dissociation equilibrium reaction partners of water (Eqg. 1-13), the p/T-
dependent pKa value (Eg. 1-14) is more suitable for describing dissociation equilibrium shifts
(Mathys et al., 2008).
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To account the temperature- and pressure-dependency of the dissociation equilibrium and with
it, the pH value of aqueous systems, Planck (1887) has established a basic dependency of the

equilibrium constant K, from the pressure p (MPa) and the absolute temperature T (K),

dIn(K)\ _ AV(p)
( dp )T_ R-T

(Eq. 1-16)

where R is the gas constant 8.3145 cm® MPa K mol? and AV is the reaction volume at
atmospheric pressure (cm® mol?), being equal to the difference of the partial volumes of
products and reactants (Mathys et al., 2008). By converting and integrating the Planck’s
equation, the pressure- and temperature-dependent changes of the acid equilibrium constant

can be described as (Lenz, 2017):

pK, = pKQ + 8° j AV (p)dp
a ¢ RT pO

(Eq. 1-17)

1.1.5.4 Food constituents

Using the HHP technology, foods with guaranteed microbiological safety and simultaneously
of high quality, showing almost no changes in their value giving properties (food taste, flavor
and color), can be obtained. This phenomenon is especially ascribable to the high pressure-
stability of covalent bonds, showing a negligible compressibility under pressure, commonly
applied in the food industry. Due to the low compressibility of covalent bonds at pressures
below 2 GPa, the covalent structure of low-molecular-weight molecules (peptides, fatty acids,
saccharides, pigments, antioxidant compounds, vitamins, trace elements) and the primary
structure of macromolecules (carbohydrates, proteins, lipids) are rarely affected (Gross &
Jaenicke, 1994, Mozhaev et al., 1994, Cheftel & Culioli, 1997, Oey et al., 2008,
Balasubramaniam et al., 2015). Nevertheless, since pressure predominantly acts on the spatial
(tertiary, quaternary and supramolecular) structures of macromolecules, impairing the non-
covalent bonds (such as hydrogen, ionic and hydrophobic bonds), the commonly applied
pressure in food industry is limited to the pressure height and time of application, in order to
restrict non-reversible changes of especially food quality attributes (Mozhaev et al., 1994). The
effects of pressure on the main macronutrients (carbohydrates, proteins, lipids) and

micronutrients of food, and its quality attributes are discussed in the following.
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Carbohydrates

While single low-molecular sugar molecules are highly pressure-stable, macromolecular
polysaccharides, commonly starches, show a high pressure sensitivity, resulting in a
gelatinization upon pressure (Stute et al., 1996). The pressure-mediated gelatinization of most
starches is characterized by a limiting swelling (up to twice in diameter) of the starch granules,
with it maintaining the granular character (Stolt et al., 2000) and the loss of the birefringence
under polarized light (Buckow et al., 2007), and a decrease in volume of the starch suspension.
Douzals et al. (1996) assumed that starch molecules linked with water have to occupy less
volume than suspended in pure water and because of that, based on Le Chatelier’s principle
(1.1.4), the granule hydration would be preferential under pressure. The pressure range in
which gelatinization occurs, is typical for each starch and is inter alia affected by their
crystalline structure (Muhr & Blanshard, 1982, Stute et al., 1996, Rubens et al., 1999).
Additionally, gelatinization of starch also depends on the pressure height, the pressure dwell

time and the temperature (Bauer & Knorr, 2005, Rumpold, 2005).

Proteins

The effects of pressure on a protein’s activity and structure was examined extensively, showing
to be relatively complex by inducing reversible or irreversible changes of the protein’s native
structure, resulting in significant variation of the residual molecular structure (Heremans, 1982,
Cheftel, 1992, Gross & Jaenicke, 1994, Mozhaev et al., 1994). A detailed review, describing
the changes of the protein structure under pressure and temperature was published by Knorr,
Heinz and Buckow (2006). Due to the neglectable compressibility of covalent bonds (see
above) and the pressure-mediated strengthening of hydrogen bonds, the primary and
secondary structures (a-helix and [-sheet structures) are rarely affected by pressure
(Jaenicke, 1981, Balny & Masson, 1993, Heremans & Smeller, 1998, Knorr et al., 2006). Unlike
covalent bonds, salt bonds and partly hydrophobic interactions, playing a crucial role in the
formation of oligomeric protein structures, are strongly impaired by high pressure and thus,
pressure especially acts on the protein’s tertiary and quaternary structure. There, the
breakdown of salt bonds and hydrophobic interactions is caused by electrostriction and
alignment of water molecules close to hydrophobic groups, respectively. This illustrates that in
contrast to temperature denaturation, where non-polar hydrocarbons are transferred from the
hydrophobic core towards the water, pressure denaturation is based on forcing water

molecules into the interior of the protein matrix (Zhang et al., 1995, Nash & Jonas, 1997).
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Depending on the protein concentration, the protein’s structure and the applied pressure,
pressure can cause the dissociation of oligomeric structures into their subunits, partial
unfolding and denaturation of monomeric structures, protein aggregation and gelation (Cheftel,
1995). The reversibility of pressure-induced changes of the protein’s native structure is
dependent on the transgression of the pressure threshold, which depends on each protein,
and the protein concentrations, which enhance irreversible protein aggregation at high
concentrations (Cheftel, 1995).

Lipids

In contrast to proteins, which undergo structural changes upon pressurization, lipids
(triglycerides) undergo a phase transition from the liquid to the solid state (see 1.1.5.2). The
pressure-inducted phase transition of lipids is considered to have a substantial effect on the
biological membranes, leading to membrane damages, which are considered to be one of the
main reasons for microbial inactivation (Kato & Hayashi, 1999). The role of biological

membranes on cell inactivation is discussed in more detail in section 1.1.6.2.

Micronutrients

Based on the low compressibility of covalent bonds, it is generally accepted that high pressure
per se rarely impairs low molecular weight compounds and thus food value giving
micronutrients, such as vitamins, pigments and antioxidant compounds remain largely
preserved upon pressurization. Several authors have examined the effect of pressure on
among others vitamins (B1, B6 and C), pigment content and antioxidant potential using
multivitamin systems and vegetables, respectively, and could confirm the minimal effect of

pressure on micronutrients in foods (Butz et al., 1994, Sancho et al., 1999).

Food quality attributes

The food quality attributes color, flavor, texture and nutritive value are important food
characteristics for the consumers’ acceptance. On the one hand, applying too high-pressure
levels and/or too long pressure dwell times, undesirable changes can occur during
preservation treatments and subsequent storage, minimizing the food quality and thus its
value. Undesirable changes of these attributes upon pressurization, which were reported,
include the development of off-colors and -flavors, loss of solubility and water-holding capacity
with regard to the texture, and loss or degradation of proteins, carbohydrates, vitamins, trace
elements or lipids with regard to nutritive value (Tangwongchai et al., 2000, Lakshmanan et
al., 2005, Ludikhuyze & Hendrickx, 2006).
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Reactions, which are responsible for these undesirable changes, include enzymatic and non-
enzymatic browning, lipid hydrolysis or oxidation, protein denaturation (see above), hydrolysis
or cross-linking, polysaccharide hydrolysis or synthesis, and degradation of natural pigments
(Amanatidou et al., 2000, Ludikhuyze & Hendrickx, 2006, Tintchev et al., 2010). On the other
hand, several studies demonstrated that HHP processing can also positively influence the
mentioned food quality attributes, mainly by denaturing enzymes, which impair the food quality
(Arroyo et al., 1999, Shook et al., 2001, Fachin et al., 2002, Pandrangi & Balasubramaniam,
2005, Ludikhuyze & Hendrickx, 2006). However, since several studies were performed,
showing no or contrasting effects of pressure on quality attributes of different types of foods at
comparable treatment conditions (Goutefongea et al., 1995, Quaglia et al., 1996, Basak &
Ramaswamy, 1998, Mor-Mur & Yuste, 2003), it is necessary to examine food quality attributes
of the HHP-treated product to be commercialized and to adapt treatment parameters (duration

and level of pressure).

1.1.6 Microbial inactivation

The inactivation of microorganisms in foods by HHP processing has been extensively
researched in recent years, and it could be demonstrated that the efficiency of pressure-
induced microbial inactivation depends on a variety of factors, still not fully understood to date
(Dogan & Erkmen, 2004, Smiddy et al., 2004, Smiddy et al., 2005, Donaghy et al., 2007, Klotz
et al.,, 2010). The most important factors, assumed to play essential roles in microbial
inactivation, including cellular target structures for high pressure, are being discussed in this

section.

1.1.6.1 Main factors affecting microbial inactivation

First of all, it was shown that high pressure sensitivity is dependent on the type of
microorganism. Eukaryotes, such as yeasts and molds, were identified as the most sensitive
microorganisms, being inactivated by pressure of 100 to 200 MPa (Cheftel, 1995). In general,
Gram-negative microorganisms appear to be moderately sensitive to pressure while Gram-
positive microorganisms, probably due to their cell wall structure, generally show a higher
resistance to pressure (Shigehisa et al., 1991, Smelt, 1998, Considine et al., 2008, Dumay et
al., 2010). Significant inactivation of vegetative bacteria can be typically observed within
minutes at moderate temperatures and pressures ranging between 200 and 600 MPa (Carlez
et al., 1994, Cheftel, 1995, Smelt, 1998, Farkas & Hoover, 2000). Notably, HHP sensitivity can
vastly vary among bacterial species and even strains (Styles et al., 1991, Simpson & Gilmour,
1997, Alpas et al., 1999).
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Endospores tend to be extremely HHP resistant, withstanding treatments of more than
1000 MPa (Smelt, 1998). In order to inactivate spores, elevated temperatures in addition to
high levels of pressure are required (Balasubramaniam & Farkas, 2008). However, it must be
considered that HHP can simultaneously induce germination of bacterial spores, making it
necessary to run pressure cycling treatments or to apply pressure and heat sequentially, in
order to ensure their complete inactivation (Sale et al., 1970, Mills et al., 1998, Smelt, 1998,
Wauytack et al., 1998). Next to the microorganism type, also the growth phase was shown to
play an essential role on microorganisms’ pressure sensitivity. Stationary phase cells were
shown to be more pressure resistant than cells in the early growth phase (McClements et al.,
2001, Mafias & Mackey, 2004, Hayman et al., 2007). According to inter alia Hill et al. (2004),
the higher pressure resistance of stationary phase cells is most probably attributable to
synthesis of proteins which protect against a range of adverse/stress conditions, such as
oxidative stress, high salt concentrations and elevated temperatures (Robey et al., 2001,
Wemekamp-Kamphuis et al., 2004). Besides intrinsic factors, also extrinsic factors, i.e., pH,

temperature and matrix composition (see section 1.1.7) can influence HHP inactivation.

Generally, it could be observed that pressure sensitivity of microorganisms is increased at
lower pH, i.e., in more acid environments (Alpas et al., 2000, Koseki & Yamamoto, 2006, Ritz
et al., 2008, Li et al., 2016). The phenomenon, that the pH of acidic solutions decreases as
pressure increases, based on pressure-induced dissociation of weak acids, further promotes
the effect of pressure on bacterial inactivation (Patterson, 2005). Additionally to the effect of
low pH upon pressurization, a low pH environment also hampers the recovery of sublethally
injured cells (Koseki & Yamamoto, 2006). The applied temperature during HHP treatment can
also exert a substantial impact on microbial survival and recovery (Hogan et al., 2005). While
generally microorganisms show the highest pressure-resistance at temperatures close to their
growth temperatures, increased inactivation can be usually observed at temperatures below
or above these temperatures (Sonoike et al., 1992, Gervilla et al., 1997, Hayakawa et al., 1998,
Patterson & Kilpatrick, 1998). According to Heinz & Buckow (2015), pressure stability of
microorganisms frequently appears to be maximal at the temperature range between 20 and
40 °C.

1.1.6.2 Cellular target structures for high pressure
Cellular target structures, which might be affected by pressure, their putative behavior, and

their potential roles in pressure-mediated inactivation are provided below.
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The general effect of pressure on biopolymers (proteins, carbohydrates) and non-polymeric
biomolecules (lipids) per se can be deduced from the general pressure-mediated effects
described for corresponding macromolecules present in foods (section 1.1.5.4).

It is generally proofed that the viability of vegetative microorganisms is affected by numerous
pressure-induced changes, including changes of cells’ morphology, the cytoplasmic
membrane and the cells’ metabolism by denaturation of essential cell viability maintaining
enzymes (Heremans, 2001, Smelt et al., 2001, Winter & Jeworrek, 2009). There, it is likely that
HHP acts simultaneously on a variety of targets, and that the interplay of resulting effects leads
to the final lethality of microbial cells (Hoover et al., 1989, Smelt et al., 2001).

Cell morphology

At increasing pressure, various morphological changes can be observed. These include inter
alia cell elongation, separation of the cell membrane from the cell wall, contraction of the cell
wall with the formation of pores, maodifications of the cytoskeleton and strand formation,
coagulation of cytoplasmic protein, and release of intracellular constituents out of the cell due

to small holes in the cytoplasm (Shimada et al., 1993, Molina-Hoppner et al., 2003).

Cytoplasmic membrane and membrane proteins

The cytoplasmic membrane is considered to be a primary target for the HHP inactivation of
bacteria and it was shown that the inactivation of cells and membrane proteins strongly
depends on the thermodynamic properties (fluidity, phase transition temperature, and fatty acid
composition) of the membrane (Cheftel, 1995, Pagan & Mackey, 2000, Ulmer et al., 2000,
Ganzle & Vogel, 2001, Ulmer et al., 2002, Mafias & Mackey, 2004). Based on its structure,
mainly consisting of phospholipids, the cytoplasmic membrane is thought to easily undergo
pressure-induced phase transition, resulting in its change from the normally fluid, liquid
crystalline phase to the gel phase (Ulmer et al., 2002). There, the pressure, inducing phase
transition, is highly dependent on the molecular constitution of the membrane (phospholipid
head group composition, degree of saturation and length of acyl chains), which substantially
varies among microorganisms and their environments (Matsuki, 2015, Winter, 2015). The
phase transition from the liquid crystalline to the gel phase is characterized by (l) decreased
membrane fluidity and thus increased rigidity, (Il) reduced conformational degrees of freedom
for the acyl chains, (iii) an exothermic enthalpy change and a decrease in the partial molar

volume and (1V) a lower lipid compressibility (Matsuki, 2015, Winter, 2015).
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However, since an adequate membrane fluidity is crucial for the maintenance of many
physiological processes (such as cell growth, cell differentiation, cell proliferation, solute
transport, transmembrane signal transduction, enzyme catalysis, organization of enzymes into
complexes), its obtained stiffness can have dramatic consequences, resulting in a reported
impaired or even a total loss of function of membrane-bound proteins, serving functions such
as an ion channel or a transporter (Chong et al., 1985, Helmreich, 2002, Ulmer et al., 2002,
Abe, 2013, Lingfa et al., 2014, Winter, 2015). Moreover, pressurization is assumed to lead to
membrane permeabilization, resulting in a loss of the membrane’s integrity, which is directly
or indirectly essential for many physiological processes (Wouters et al., 1998, Pagan &
Mackey, 2000, Moussa et al., 2007, Abe, 2013). These inter alia include the maintenance of
ion flux and osmotic pressure, the energy production, nutrient uptake and signaling. Besides,
pressure was shown to weaken the interactions between lipids and proteins and thus to cause

the release of membrane-bound proteins (Ritz et al., 2000, Winter, 2015).

Enzymes

Enzymes are crucial for all physiological processes, ensuring the cells’ viability, and thus,
pressure-induced changes in their folding and functionality strongly impair many cellular
processes, including among other cell division, cellular structure, protein synthesis, DNA
replication, and energy metabolism (Mota et al., 2013). Although pressure-induced protein
denaturation is still not fully understood, it is generally argued that pressure especially acts on
the spatial structures (tertiary & quaternary) of proteins and induces unfolding by
electrostriction (see 1.1.5.4). HHP can act directly, altering the proteins’ properties and function
or indirectly via changing the structure of the surrounding lipid phase, in turn affecting its
properties and function (see cytoplasmic membrane). It is generally assumed that quaternary,
multimeric enzymes, mainly maintained by pressure sensitive hydrophobic interactions, are
less pressure-resistant than monomeric enzymes (Simpson & Gilmour, 1997, Wemekamp-
Kamphuis et al., 2004). The reversibility of pressure-induced changes is dependent on the
applied pressure level and on the protein structure. According to Thakur & Nelson (1998),

pressures up to 300 MPa usually induce reversible changes of proteins.

Ribosomes

Protein synthesis is accepted to be very pressure sensitive (Landau, 1967). Next to pressure-
induced denaturation of enzymes, involved in protein synthesis (discussed above), also
ribosomes were shown to be impaired by high pressure, and thus protein synthesis is affected

simultaneously by multiple pressure-mediated effects (Abe, 2007).



Introduction 20

In several studies has been demonstrated that ribosomes dissociate in vitro under high
pressure and Gross et al. (1993) could observe that ribosome dissociation started at 40-
60 MPa (Schulz et al., 1976, Gross et al., 1993, Gross & Jaenicke, 1994). Niven et al. (1999)
reported that denaturation of ribosomes in vivo correlates with pressure-mediated cell death
of E. coli and assumed that ribosome denaturation was caused by leakage of Mg?* from the
pressure-permeabilized membrane, Mg?* playing an essential role in the function of ribosomes
(Zitomer & Flaks, 1972).

Nucleic acids

The double-helix structure of nucleic acids (DNA, RNA) is supposed to be stable up to
pressures of 1 GPa (Mozhaev et al.,, 1994). This high pressure-stability of DNA helices is
especially attributable to the covalent bonds, showing a neglectable compressibility and the
hydrogen bonds, which are generally stabilized by pressure (Winter & Dzwolak, 2005).
However, the condensation of nucleic acids has been reported post treatment at very high
pressures and according to Chilton et al. (1997), HHP can cause degradation of DNA, as a
result of pressure-induced release of endonucleases, normally not in contact with DNA
(Mackey et al., 1994, Wouters et al., 1998). Even though DNA is not affected by pressures

used in the food industry, its enzyme-based replication is hampered under pressure.

1.1.7 Food matrix effects on microbial inactivation

Several studies showed that the food matrix and its constituents such as carbohydrates,
proteins and lipids, and physical conditions within the food can substantially influence pressure
resistance of microorganisms (Simpson & Gilmour, 1997, Garcia-Graells et al., 1999, Black et
al., 2007). The following examples will clarify that a direct extrapolation of data for microbial
inactivation by HHP, obtained with buffer or physiological solutions to predict levels of
inactivation in foodstuffs, will most probably give misleading results and that in most cases
more severe treatments in foods are necessary to achieve the same levels of inactivation
(Dogan & Erkmen, 2004, Smiddy et al., 2005). For instance, for diverse foodstuffs, such as
milk, dairy and meat products, it was reported that these offer a baroprotective effect to
vegetative cells (Styles et al., 1991, Carlez et al., 1993, Raffalli et al., 1994, Patterson et al.,
1995, Carballo et al., 1997, Gervilla et al., 1997, Garcia-Graells et al., 1999, O'Reilly et al.,
2000, Hugas et al., 2002, Black et al., 2007). There, positive effects of food constituents on the
HHP resistance of bacterial cells can be mediated by the protection of cells against damage

and via their function as nutrients essential for repair (Hoover et al., 1989).
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Next to high amounts of proteins, which were shown to decrease HHP inactivation levels of
bacterial cells, low water activity (aw) in foodstuffs, as result of a high concentration in solutes
(sugar or salt), was shown to exert a strong baroprotective effect against the HHP inactivation
of microorganisms (Oxen & Knorr, 1993, Cheftel, 1995, Palou et al., 1997, Simpson & Gilmour,
1997, Hauben et al., 1998, Patterson, 1999, Van Opstal et al., 2003, Molina-Hoppner et al.,
2004, Smiddy et al., 2004, Georget et al., 2015). There, next to the solute concentration also
its nature (type, ionic, non-ionic) has manifested to play a significant role in microbial
inactivation (Oxen & Knorr, 1993, Patterson, 1999, Koseki & Yamamoto, 2007, Georget et al.,
2015). lonic and non-ionic solutes have been argued to have a different mechanism of
protection against HHP-mediated cell inactivation (Molina-Gutierrez et al., 2002, Molina-
Hoppner et al., 2004). However, although high solute concentrations in foodstuffs can exert
baroprotective effects on microbial inactivation, they were reported to simultaneously hinder

posttreatment recovery of sublethally damaged cells (Van Opstal et al., 2003).

In contrast to the well characterized baroprotective effects of proteins and low water activity,
studies investigating effects of the important food matrix parameter, fat, are scarce and
conclusions drawn regarding the effect of fat on the HHP inactivation of bacterial cells are not
always consistent with each other. For example, HHP inactivation studies of L. monocytogenes
in olive oil/phosphate-buffered saline (PBS) emulsions and in cheese showed a protective
effect of fat (Simpson & Gilmour, 1997, Morales et al., 2006). In contrast, results from studies
using liquid ultra-high temperature treated dairy cream, pasteurized milk and bovine milk
indicated that the presence of fat in general does not result in decreased microbial inactivation
(Raffalli et al., 1994, Gervilla et al., 2000, Ramaswamy et al., 2009). However, the mentioned
studies have in common that the effect of fat has been investigated mostly in complex food
matrices. Therefore, inconsistencies concerning the effect of fat might be attributed to an
interplay of adverse HHP-mediated effects exerted by different other food matrix parameters.
Since more detailed studies investigating solely the effect of fat on the HHP inactivation of
microorganism are completely missing, there exists a substantial lack of knowledge regarding
the effect of this important food matrix parameter on the HHP inactivation of microorganisms.
Executing systematic studies on the role of fat in the HHP-mediated inactivation of vegetative
microorganisms could contribute to a better understanding of the role of fat and, hence,
facilitate the application of HHP technology for the commercial pressurization of fatty foods

while ensuring product safety.
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1.2 Emulsion as model food system for fatty food

Many foods, which are commercially available and simultaneously of high relevance for the
food industry, can be categorized as emulsions. Depending on phasing, these foods can be
either assigned to water-in-oil (W/O)- or oil-in-water (O/W)-emulsions, the latter being much
more common among commercial foods (Belitz & Grosch, 2013). Common foods, being
(O/W)-emulsions include salad dressings, mayonnaise, milk, cream, ice cream, sausages and
sauces like béarnaise and hollandaise, and cream and cheese sauces, being often constituent
of frozen ready-meals (Darling & Birkett, 1987, Degner et al., 2014). In contrast, margarine

and butter, for instance, are (W/O)-emulsions (Darling & Birkett, 1987).

1.2.1 Emulsions as model system for fatty foods

In order to examine the effects of the single food constituent fat on HHP-mediated microbial
inactivation, it is not sufficient to pressurize foods, showing distinct variations in terms of the
parameter fat. Interfering HHP-mediated effects exerted by different other food matrix
parameters cannot be excluded and will most probably attribute to inconsistent conclusions
with regards to the effects of fat on microbial inactivation by HHP, as demonstrated by former
studies (see 1.1.7). Following from this, minimalistic, artificial food model systems are
necessary that enable the investigation of the effects of fat per se and exclude interfering
effects of any kind. The use of (O/W)-emulsions as simple model system for fatty, emulsion-
based foods seems legit, because (I) the majority of spoilage-relevant, emulsion-based foods
are (O/W)-emulsions (see above), (ll) the system can be kept simple, since oil (lipid phase),
water (aqueous phase) and emulsifier are sufficient for its formation, (lll) single parameters of
the aqueous phase and lipid phase can be varied individually, enabling an easy adaptation to
the food of interest and the investigation of single effects of each parameter and, therefore, the
execution of detailed systematic studies. Parameters, which can be varied in the aqueous
phase are inter alia the pH value, the protein type and concentration, and the a., value by
different types of solutes and concentrations. The main lipid phase parameters, which can be
varied, are the oil- and emulsifier type, the fat content, the oil droplet size and the related fat

surface.

1.2.2 Formation and stability

1.2.2.1 Emulsion formation
In general, emulsions are mixtures of at least two naturally not miscible fluids, usually

comprising one hydrophobic (lipid phase) and one hydrophilic (aqueous phase) fluid.
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By supplying mechanical energy in a process called emulsification, one of the two phases
forms small droplets (dispersed phase) that are distributed within the other phase (continuous
phase). The formation of (O/W)-emulsions or (W/O)-emulsions is dependent on phasing, i.e.,
whether the lipid phase is dispersed within the agueous phase or vice versa. In food industry,
the common devices used for emulsification are the high pressure homogenizer, the high-
speed stirrer (e.g., ultraturrax) and the continuous scraped-surface mixer (e.g., votators)
(Darling & Birkett, 1987). However, since the emulsification is accompanied with the formation
of high surface tensions between the aqueous and organic liquid, the system is
thermodynamically instable and both liquids seek for reducing their common contact area.
Consequently, droplets of the dispersed phase start coagulating, finally leading to separation
of both phases. For emulsion stabilization, commonly substances are added that either lower
the interfacial tension between the immiscible liquids (emulsifier) and/or reduce motion of
dispersed droplets (thickener), thus, preventing droplet aggregation after formation (Walstra,
1993, McClements, 2005).

1.2.2.2 Role of emulsifiers

Emulsifiers are of utmost importance for the formulation of stable emulsions, characterized by
a uniform and stable dispersion of fat droplets throughout the aqueous phase. Their
emulsification and stabilization properties are ascribable to their molecular structure, being
amphiphilic molecules, possessing a hydrophilic and a hydrophobic part and thus being able
to interact with hydrophilic and lipophilic substances. Consequently, on the one hand these
surface-active molecules facilitate droplet breakup within the homogenizer by adsorption to the
fat surfaces, reducing the interfacial tensions, and on the other hand the created layer of
adsorbed emulsifier molecules reduces the risk of droplet coalescence after formation
(McClements, 2005). An effective emulsifier is therefore characterized by the following criteria
(Walstra, 1993, McClements, 2004, Wilde et al., 2004, McClements, 2005, Jafari et al., 2008):
(1) the amount of emulsifier must be high enough to ensure complete covering of all formed oil
droplet surfaces during homogenization, (Il) the emulsifier molecules must adsorb almost
immediately to fat surfaces to form a protective coating around the fat droplets before they
collide with each other, and (lll) the formed protective coating must prevent, by an increase of
the steric and electrostatic repulsion between the oil droplets, the coalescence of the fat
droplets by coming too close together. The two most common types of emulsifiers used,
fulfilling these criteria, are small-molecule surfactants and dairy proteins (McClements, 2004,
Degner et al., 2014). In general, small-molecule surfactants consist of a polar head group and
a nonpolar tail group (Stauffer, 1999, McClements, 2005, Kralova & Sjéblom, 2009).
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The head group can be non-ionic, anionic or cationic, and the tail group can show variations
in chain number and length, and degree of unsaturation of the chains. The small-molecule
surfactants, typically used in the industry, have either one or two nonpolar tails. Compared to
proteins, they are supposed to form smaller oil droplets due to a faster adsorption to oil droplet
surfaces and their ability to lower the interfacial tension in a higher degree. Additionally, lower
concentrations are required for stabilization of emulsions. The food-grade emulsifiers Tween®
80 and sodium caseinate, being representatives of both emulsifier types and relevant for this
thesis, are briefly discussed in the following. Tween® 80 and sodium caseinate differ widely in
their molecular size and are broadly used as stabilizers in the food industries, either added or
naturally occurring as in the case of caseinate, which presents a part of the phosphoprotein
fraction stabilizing mammalian milk (80% of the total cow’s milk protein content) (Wong et al.,
1996, Hasenhuettl, 2008, Adheeb Usaid & Premkumar, 2014). Tween® 80 (Polysorbate 80,
polyoxyethylene monooleate) is a non-ionic, low-molecular weight (O/W)-emulsifier
(hydrophile-lipophile balance (HLB)-value of 15) supposed to form a thin surface layer on oil
droplets in (O/W)-emulsion (Griffin, 1946, Americas, 1984, Karjiban et al., 2012). In contrast,
sodium caseinate typically forms thicker layers at the oil-water interface in (O/W)-emulsion.
This is due to the fact that caseinate is a heterogeneous mixture of different macromolecular
subunits (as1, as2, 8 and k) characterized by different molecular weights (17-30 kDa) and
degrees of hydrophobicity (Jollegs, 1966, Swaisgood & Fox, 1992, Wong et al., 1996).

1.2.2.3 Physical stability of (O/W)-emulsions

The physical stability of an (O/W)-emulsion is dependent on the intrinsic factors emulsifier (type
and concentration), particle size, density contrast, aqueous phase viscosity, pH and ionic
strength. Extrinsic factors, being of high relevance for the physical stability of (O/W)-emulsions,
are temperature and mechanical stress (Boode et al., 1991, Klemaszewski et al., 1992,
Walstra, 1993, van Aken, 2002, McClements, 2004, McClements, 2005, Xu et al., 2005,
Degner et al., 2014). The neglect or non-observance of one of these essential parameters may
result in physical instability and, therefore, most probably in substantial or total phase
separation within the emulsion. General mechanisms that promote the physical instability of
(O/W)-emulsions are based on droplet aggregation (coalescence, flocculation), gravitational
separation (creaming, sedimentation) or diffusion of oil molecules (Ostwald ripening)
(Kabalnov & Shchukin, 1992, van Aken et al., 2003, McClements, 2005, Tcholakova et al.,
2006). Coalescence and flocculation are processes, both initiated with the collision of two
droplets, but while in the process of coalescence both droplets merge into a bigger droplet,

they maintain their individual integrity in the process of flocculation (Figure 1).
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If droplets in (O/W)-emulsions either cream or sediment depends on their densities relative to
that of the aqueous phase (Figure 1). Typically, based on their lower density, oil droplets tend
to move upward and accumulate at the top of the emulsion (creaming). Conversely, droplets
with a higher density than the continuous phase move downward and sediment at the bottom
of the emulsion (sedimentation). Ostwald ripening describes the growth of large oil droplets at
the expense of small droplets due to the diffusion of oil molecules through the intervening
aqueous phase. Consequently, large oil droplets continuously increase in size, whereas
smaller droplets are simultaneously reduced in size, resulting in complete disappearance of
small droplets over time (Kabalnov & Shchukin, 1992).
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Figure 1: Schematic illustration of physical instability in (O/W)-emulsions. (A) (O/W)-emulsion with oil droplets
dispersed in an aqueous phase. (B) Coalescence, collision and merger of oil droplets. (C) Flocculation, collision of
oil droplet without merger. (D) Creaming, accumulation of droplets with lower densities than their surroundings at
the top of the emulsion. (E) Sedimentation, accumulation of droplets with higher densities than their surroundings
at the bottom of the emulsion. Adapted from Horn (2012).

1.3 The food spoilage-associated genus Lactobacillus

1.3.1 Genus Lactobacillus

The genus Lactobacillus belongs to the order of lactic acid bacteria (LAB) and comprises more
than 170 different species and 17 subspecies that, in part, differ widely in their genomic and
metabolic properties, displaying a relatively large degree of diversity (Goldstein et al., 2015).
Lactobacilli are Gram-positive, catalase-negative, non-sporing, rod- and cocci-shaped,
facultatively anaerobic or microaerophilic bacteria. They utilize carbohydrates fermentatively
and produce lactic acid as a major end-product (Hutkins, 2001). According to their metabolic
pathway (Embden-Meyerhof or phosphoketolase pathway) and the resulting end-products,
Lactobacilli are classified as homo- or hetero-fermentative (Marth & Steele, 2001).
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Species of the genus Lactobacillus are ubiquitously present in humans (mouth, gastrointestinal
tract, vagina) and environments, characterized by high concentrations of soluble
carbohydrates, protein breakdown products, vitamins and a low oxygen tension (Aguirre &
Collins, 1993, Roos et al., 2005, Jespers et al., 2012, Liévin-Le Moal & Servin, 2014). Isolation
sources include inter alia dairy products, beverages, fermented foods, rotting vegetable
material, silage and intestinal tracts of man and animal (Aguirre & Collins, 1993, Petri et al.,
2013). Some Lactobacillus strains are supposed to promote human health and are therefore
used as probiotics; however, some species can also be occasional human pathogens (Aguirre
& Collins, 1993, Klein et al., 1998, Ljungh & Wadstrom, 2006, Salminen et al., 2006, Boesten
& de Vos, 2008, Lee et al., 2013, Turroni et al., 2014). The beneficial effect of lactobacilli to
human health is inter alia promoted by their (I) occupation of mucous
membranes/gastrointestinal tract and, therefore, the displacement of undesired, pathogenic
parasites, (Il) production of bacteriocins, inhibiting the growth of competing microorganisms,
(111 production of antioxidants and, (IV) ability to immunomodulate human cells to achieve an
anti-inflammatory response (Ljungh & Wadstrom, 2006, Liévin-Le Moal & Servin, 2014,
Goldstein et al., 2015).

Lactobacilli have been used as starter cultures in food fermentation processes for the
production of diverse food products for centuries and are essential for today’s food industry
(Buckenhiiskes, 1993, Caplice & Fitzgerald, 1999, Leroy & De Vuyst, 2004). They are used
commercially in many dairy, meat and vegetable products, by being involved in ripening,
fermentation and preservation processes or by being used as starter cultures (Simova et al.,
2008). In addition, due to their health-promoting properties, lactobacilli are advertised and sold
as part of probiotic food products, such as yogurt and bacterial preparations (Sanders & Huis,
1999, Liévin-Le Moal & Servin, 2014, Auclair et al., 2015). Their role in food processing and
preservation is mostly based on the production of lactic acid and the ability to grow and survive
in acidic environment, where other food-spoiling and pathogenic microorganisms, showing a
lower acid-tolerance, are unable to proliferate (McDonald et al., 1990). Some Lactobacillus
strains produce hydrogen peroxide, bacteriocins or related substances, thus inhibiting the
growth of competing microorganisms (Liévin-Le Moal & Servin, 2014). However, Lactobacilli

have also been associated with food spoilage, elaborated in the following section.
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1.3.2 The role of lactobacilli in food spoilage

Lactobacillus species play an important role in the spoilage of vacuum-packed, processed and
fermented foods and beverages (Evans & Niven Jr, 1951, Egan et al., 1980, Khalid & Marth,
1990, Aguirre & Collins, 1993, Borch et al., 1996, Bjorkroth & Korkeala, 1997, Samelis et al.,
2000, Lyhs et al., 2001, Chenoll et al., 2006). Typically, the spoilage of foods by Lactobacillus
species is characterized by souring, the formation of off-flavors and off-odors, discoloration
and partly gas and slime production (Aguirre & Collins, 1993, Borch et al., 1996, Bjorkroth &
Korkeala, 1997). Additionally, spoilage-associated phase separation in emulsion-based food
products can occur (Beveridge, 1975, Gillatt, 1991). The range of food products being spoiled
by Lactobacillus species varies significantly, as illustrated in the following by introducing the
species L. plantarum, L. sakei and L. fructivorans, being often associated with spoilage of food,
amongst other things of fatty foods. Their general ability to tolerate low pH values down to
around 3.2 (for L. plantarum) and their growth potential at low temperatures are important
properties enabling these organisms to overcome hurdles frequently present in convenience
products stored at refrigerated temperatures (McDonald et al., 1990, Cebeci & Gurakan, 2003,
Marceau et al., 2003, Eva et al., 2004, Suzuki et al., 2008, Sanders et al., 2015). Especially,
the tolerance of very low pH values makes L. plantarum a target organism for the stability of
many convenience products stored at refrigerated temperatures, since major pathogenic
organisms that are able to grow or survive at refrigerated temperatures are inhibited at low pH
values, for example, L. monocytogenes, Yersinia enterocolitica and Campyolobacter jejuni
below pH 4.5, 4.2 and 4.9, respectively (Stern et al., 1980, Doyle & Roman, 1981, Gill &
Reichel, 1989, McClure et al., 1989, Haddad et al., 2009, Rgssvoll et al., 2014).

In several studies L. plantarum and L. fructivorans were reported to be among the main
spoilage organisms of mayonnaise and salad dressings (Charlton et al., 1934, Kurtzman et al.,
1971, Smittle, 1977, Smittle & Cirigcliano, 1992). L. plantarum was also detected in spoiled
marinated herring (Lerche, 1960), cold-smoked salmon and vacuum-packed meat products
(Chenoll et al., 2006, Frangoise, 2010) while L. fructivorans has been shown to be responsible
for the spoilage of bottled tomato ketchup, beer and sake (Kandler, 1986, Bjorkroth & Korkeala,
1997, Suzuki et al., 2008, Esmaeili et al., 2015). L. sakei has been associated particularly with
the spoilage of diverse types of meat and seafoods such as shrimps and matjes herring (Lyhs
& Bjorkroth, 2008, Mejlholm et al., 2008). The reported meat types include exemplary vacuum-
packed cooked ham (Kalschne et al., 2015), smoked pork loin, pariza, bacon, mortadella
(Samelis et al., 2000), sausages (Chenoll et al., 2006), marinated fresh pork (Schirmer et al.,
2009), pasteurized foie gras products (Matamoros et al., 2010) and vacuum-packed beef

(Hernandez-Macedo et al., 2012, Jaaskelainen et al., 2016).
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1.4 CSH and its importance in bacterial localization

CSH can be assumed to play a major role regarding the localization of bacterial cells in
heterogeneous, fatty foods and localization in turn can generally affect the cells’ growth
conditions and, potentially, their inactivation (Brocklehurst et al., 1995, Parker et al., 1995). For
instance, direct fat surface-cell interaction could favor HHP inactivation through exposure of
cells to higher temperatures caused by stronger adiabatic heating of fat compared to water.
CSH can significantly vary among bacteria from highly hydrophilic to highly hydrophobic and
is vastly dependent on the structure and components of the bacterial cell wall, which in turn
can be subjected to changes due to the metabolic situation, growth phase, and various external
factors (pH, ionic strength, growth temperature), and on additional structural elements located
on the cell surface, including S-layer and fimbriae (Hazen et al., 1986, van der Mei et al., 1987,
Van der Mei et al., 1991, Martienssen, 2001, Poortinga et al., 2002, Van der Mei et al., 2003).
In numerous reports, it is shown that cell adhesion to hydrophobic surfaces and hydrocarbon
droplets increases with an increase in bacterial CSH, and consequently CSH substantially
affects cell adhesion and, therefore, localization in heterogeneous systems (Rosenberg &
Kjelleberg, 1986, van der Mei et al., 1987, Van Loosdrecht et al., 1987, Kochkodan et al., 2008,
Giaouris et al., 2009). In general, it is further widely accepted that cell adhesion is based on
an interplay of numerous acting forces, such as Brownian movement, van der Waals attraction,
gravitational forces and surface electrostatic charges, and that these interactions are inter alia
related to CSH (Van Loosdrecht et al., 1990, Krasowska & Sigler, 2014). However, since CSH
is assumed to play a crucial role in cell adhesion, studies dealing with CSH-mediated cell
adhesion to oil droplets in emulsions are rare and the knowledge on this subject is still scanty,
this thesis focused on the role of CSH in cell adhesion to oil droplets in emulsions (Van
Loosdrecht et al., 1990, Hazen, 2004, Ly et al., 2006).

1.4.1 Cell wall structure of Gram-positive bacteria

Vegetative bacterial cells are surrounded by a cell wall that has multiple functions, including
maintaining the cell’'s shape and cell integrity, and resisting internal turgor pressure.
Simultaneously, serving as interface between the bacterial cell and its environment, it mediates
bacterial interactions with abiotic surfaces or eukaryotic host cells (Chapot-Chartier &
Kulakauskas, 2014). Dependent on the bacteria’s natural environment, the cell wall can vary
substantially in its structure, composition and CSH characteristics. A typical cell wall
component, which can be found in all bacterial cells, is a rigid peptidoglycan (PG) layer, also

known as murein, being composed of chains, which are cross-linked via oligopeptides.



Introduction 29

These polysaccharide chains consist of alternating residues of N-acetylglucosamine (GIcNAc)
and N-acetylmuramic acid (MurNAc) linked by a 3-(1,4)-glycosidic bond (Vollmer et al., 2008).
Based on substantial differences in PG-layer thickness among bacteria and thus associated
staining properties, as firstly described by Christian Gram (1884), the thickness of the PG-layer
is utilized as primary determinant for the characterization of most bacteria as Gram-positive
(PG-thickness: 30 to 100 nm, up to 40 PG-layers) or Gram-negative (PG-thickness: 7 to 8 nm,
1-3 PG-layers) (Gram, 1884, Yao et al., 1999, Vollmer et al., 2008, Silhavy et al., 2010).
Conversely to Gram-negative cells, Gram-positive cells do not have an additional outer
membrane and, therefore, also no comparable periplasm (Mitchell, 1961, Beveridge, 1981,
Hobot et al., 1984, Beveridge & Graham, 1991, Matias & Beveridge, 2005). But, additionally
to the proteins, which decorate the PG of both Gram types, Gram-positive PG is strongly
modified with glycopolymers, mainly teichoic acids (TAs), which on the one hand appear to
perform some of the same functions as the outer membrane, i.e., they mediate extracellular
interactions, influence membrane permeability and provide additional stability to the plasma
membrane, and on the other hand are supposed to serve several functions including cell
adhesion to biomaterials and biofilm formation (Midrner et al., 1983, Gross et al., 2001,
Neuhaus & Baddiley, 2003, Weidenmaier & Peschel, 2008, Swoboda et al., 2010, Xia et al.,
2010, Brown et al., 2013). Furthermore, the proteins decorating the Gram-positive PG show a
high variety, some of them being analogues to proteins found in the periplasm of Gram-
negative cells, and some of them being surface proteins, which are involved in cell adhesion
and anchored in the thick PG-layer (Sutcliffe & Russell, 1995, Navarre & Schneewind, 1999,
Van der Mei et al., 2003, Dramsi et al., 2008, Silhavy et al., 2010). To date, the cell wall
components lipoteichoic acids (LTAS), proteins with many hydrophobic side chains and lipids,
are known to be associated with hydrophobic cell surfaces while proteins and polysaccharides
are assumed to lend a hydrophilic cell surface (Mitrner et al., 1983, Hancock, 1991, Archibald
et al., 1993, Daffonchio et al., 1995).

1.4.2 Wall Teichoic Acids (WTAS)

TAs can be classified into two groups, LTAs and WTASs, being attached to the cytoplasmic
membrane or to the PG, respectively (Neuhaus & Baddiley, 2003). WTAs can constitute up to
60% of cell wall total dry weight in certain bacteria and thus form the major surface component
of the bacterial cell wall (Swoboda et al., 2010). WTAs have several functions, which are well

summarized in the review of Xia et al. (2010) and Brown et al. (2013).
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Next to functions, serving bacterial survival under disadvantageous conditions, several studies
demonstrated that WTAs play an important role in cell adhesion (Gross et al., 2001,
Weidenmaier et al., 2005, Weidenmaier & Peschel, 2008, Kohler et al., 2009). However, the
exact function of WTAs in cell adhesion is only superficially understood. It is not clear if WTAs
directly mediate cell adhesion to abiotic and biotic surfaces by their interaction with
biomaterials or if they also contribute to CSH and, therefore, consequently indirectly mediate
cell adhesion. In the following, WTAs are described briefly with respect to the species
L. plantarum, being of interest for this thesis regarding their role in CSH and, therefore,
bacterial adhesion to oil droplets in emulsions.

The structures of WTAs are highly diverse and often species- and also strain-specific
(Uchikawa et al., 1986, Tomita et al., 2009). These variations in structure can dramatically
increase the intraspecies diversity of the cell wall structure and, therefore, presumably
determine the major functions of WTAs and cell surface characteristics (Tomita et al., 2010).
WTAs are anionic glycopolymers that are covalently anchored to the MurNAC residue of PG
via a disaccharide (linkage unit), mainly consisting of N-acetylmannosamine (ManNAc)
(B1—4) N-acetylglucosamine (GIcNAc), with one to two glycerol-3-phosphate (Gro-P) units
attached to the C4 hydroxyl of the ManNAc residue (Brown et al., 2013). The glycopolymers
consist of a long chain of alditol repeats (main chain), which are joined via phosphodiester
bonds and extend from the Gro-P end of the linkage unit (Ward, 1981). The main chains of
WTASs are often decorated by D-alanine esters associated or not with glycosyl (mainly glucose)
residues (Naumova et al., 2001, Neuhaus & Baddiley, 2003, Tomita et al., 2009). Even though
the alditol subunits of WTAs were found to vary among species and strains, WTAs of
Lactobacillus spp. have been found to contain only glycerol in the backbone (Delcour et al.,
1999, Xia et al., 2010). However, for L. plantarum, being the only exception among lactobacilli,
poly(glycerol-3-phosphate) (poly(Gro-P)) and poly(ribitol-5-phosphate) (poly(Rbo-P)) WTAs
have been reported (Tomita et al., 2010, Bron et al.,, 2012). The genes, involved in WTA
biosynthesis, have been studied extensively in Bacillus (B.) subtilis and Staphylococcus (S).
aureus, and gene homologues, which have been found in L. plantarum WCFS1, have been
already examined in several studies (Lazarevic et al., 2002, Brown et al., 2008, Tomita et al.,
2010, Xia et al., 2010). The tag-locus, consisting of the genes tagD1, tagF1 and tagF2
(L. plantarum WCFS1 homologues annotated as Ip_0267, Ip_0268, Ip_0269), and the tar-
locus, consisting of tarl, tarJ, tarK and tarL (L. plantarum WCFS1 homologues annotated as
Ip_1816, Ip_1817, Ip_1818, Ip_1819), are responsible for biosynthesis of the poly(Gro-P) and
poly(Rbo-P) WTA types, respectively (see Figure 2) (Bron et al., 2012).
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Figure 2: Biosynthesis pathways of poly(Gro-P) and poly(Rbo-P) WTAs. Numbers between brackets indicate the
gene-identifiers of tag and tar homologues in the genome of L. plantarum WCFS1. The proteins, described in the
following, are encoded by the corresponding tag and tar genes, depicted above. Independent from the WTA type,
the pathway starts in the cytoplasm with the transfer of UDP-activated N-acetylglucosamine (GIcNAc) to an
undecaprenyl phosphate carrier anchored in the bacterial membrane by TagO. Following, TagA transfers N-
acetylmannosamine (ManNAc) from UDP-activated ManNAc to the C4 hydroxyl of the GIcNAc, forming a 3-linked
disaccharide (Xia et al., 2010). The primase TagB couples a single phosphoglycerol (Gro-P) unit, which was CDP-
activated by TagD, to the disaccharide to complete the synthesis of the linkage unit. Following, the pathways
diverge. The next enzyme in the poly(Gro-P) WTA pathyway is TagF, a cytidylyl transferase (oligomerase), that
attaches a large, variable amount of CDP-activated Gro-P units to the linkage unit to form the Gro-P poymer
(Lazarevic et al., 2002). In the poly(Rbo-P) WTA pathway, the primase TarK transfers a single ribitol phosphate
(Rbo-P) residue to the Gro-P (mono-, di- or tri-mer) of the linkage unit. TarJ and Tarl provide CDP-activated Rbo-
P from ribulose for polymerization of the Rbo-P chain, which is carried out by the oligomerase TarL (Lazarevic et
al., 2002, Meredith et al., 2008, Xia et al., 2010). Following its assembly, the lipid-linked WTA polymer, independent
from its backbone, is proposed to be modified by the glycosyltransferase TagE and then transported across the
cytoplasmic membrane by a two-component ABC transporter, TagGH (Xia et al., 2010). Subsequently, the exported
WTA polymer is coupled to PG by an transferase, which was not identified yet (Lazarevic & Karamata, 1995, Xia et
al., 2010). Subsequently, WTA polymers can be substituted with D-alanyl esters by enzymes encoded in the dit
operon (Neuhaus & Baddiley, 2003). Adapted from Bron et al. (2012).

The tar-locus is universally conserved among L. plantarum strains, while the tag-locus is only
present in some strains of L. plantarum. Recently L. plantarum WCFS1 and other strains, that
encode the tag-locus, were shown to consistently produce poly(Gro-P) WTAs, while strains
that lack these genes produce poly(Rbo-P) WTAs (Tomita et al., 2010). Furthermore, this
observation could be proved by the deletion mutant L. plantarum WCFS1 AtagF1-F2, which
was observed to perform alditol switching, producing poly(Rbo-P) instead of poly(Gro-P) WTAs
(Bron et al., 2012).
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Additionally, a WTA deficient mutant of L. plantarum WCFS1 could be constructed by the
deletion of the gene tagO, being in general the first gene in both, poly(Gro-P) and poly(Rbo-P)
WTA biosynthesis pathway (Soldo et al., 2002, Andre et al., 2011). The authors demonstrated
that disruption of the gene tagO completely blocks WTA production in L. plantarum, not being
able to isolate any WTAs. The fact that L. plantarum WCFS1 possess the genetic capacity to
produce both WTA-backbone types and that deletion mutants are available, lacking WTAs at
all or producing poly(Rbo-P) instead of poly(Gro-P) WTAs, offers the possibility to study the

consequences of WTA removal and WTA type on CSH of bacterial cells.

1.4.3 Determination of CSH

Bacterial CSH can only be characterized semi-quantitively by evaluating the preference for
water compared to another phase, such as air or an organic solvent (Van Loosdrecht et al.,
1990). To date, many methods were established for the measurement of the CSH, though no
method is generally accepted for determining bacterial CSH. These include inter alia contact
angle measurement, microbial/bacterial adhesion to hydrocarbons (MATH/BATH), phase
distribution, hydrophobic interaction chromatography (HIC) and salt aggregation (Rosenberg
et al., 1980, Lindahl et al., 1981, Mozes & Rouxhet, 1987, Van Oss, 1995). All methods have
in common that CSH is determined indirectly, partly showing inconsistencies in determined
CSH due to measuring different physical interactions (Mozes & Rouxhet, 1987, Donlon &
Colleran, 1993). In terms of the MATH test, the adsorption of cells to organic solvents is not
exclusively based on hydrophobic interactions, it is also based on a complex interplay of
Lifshitz-van der Waals, polar and electrostatic interactions and thus the determined
“hydrophobicity” is not solely a result of hydrophobic interactions (Martienssen, 2001).
However, the MATH test is assumed to be the most suitable method for the prediction of the
adsorption behavior of microorganisms on organic solvents and, therefore, proved to be the
most suitable method for this thesis, representing best the conditions present in emulsions
(Martienssen, 2001). The MATH test is based on bacterial distribution in two immiscible phases
due to different cell affinities to organic surfaces. The CSH is determined by measuring the
absorbance of an aqueous bacterial suspension prior to the addition of a defined amount of
organic solvent, followed by mixing for a fixed time, and by measuring again the absorbance
in the aqueous phase after phase separation, setting the second absorbance in relation to the
initial absorbance. Most commonly and also in this study, n-hexadecane is used as organic
solvent, but also the use of n-octane, p-xylene and toluene was reported (Rosenberg et al.,
1980, Mozes & Rouxhet, 1987, Van Loosdrecht et al., 1987, Busscher et al., 1995).
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1.5 Motivation, aim and working hypotheses

High hydrostatic pressure (HHP) processing is an emerging non-thermal food preservation
technology, which, compared with conventional food preservation methods, has been proven
to have relatively little effect on organoleptic properties and the nutritional value of foods
without having to shorten the products’ estimated shelf-life. However, although this technology
has the potential to fulfil the consumers’ growing demand for minimally processed, high-quality
foods, its current use at the industrial level is limited to an increasing but still low humber of
food product categories. Among others (section 1.1.2), one major reason for this can be found
in the fact that in order to ensure sufficient bacterial inactivation, a case-by-case evaluation of
the inactivation efficiency of pressure in a given food matrix is commonly required. This
circumstance is due to the fact that the food matrix constituents can demonstrably affect HHP
inactivation and, therefore, HHP inactivation efficiency is highly dependent on the food matrix
composition (section 1.1.7). While effects of food matrix constituents such as proteins,
carbohydrates and inter alia salt were intensively studied, the role of the important food matrix
parameter fat in HHP inactivation is not sufficiently understood. Studies, investigating effects
of fat on HHP inactivation are scarce and conclusions drawn are not always consistent with
each other. The reported inconsistencies can be very likely attributed to the fact that most
studies were performed in complex food matrices, allowing an interplay of adverse HHP-
mediated effects exerted by other food matrix parameters. Since detailed studies, investigating
solely the effect of fat on the HHP inactivation of microorganism are completely missing, there
exists a substantial lack of knowledge regarding the effect of fat on microbial HHP inactivation.
In addition to interfering effects from other food ingredients, partially contradictory results from
previous studies might reflect that fat-mediated effects on the HHP inactivation are potentially
dependent on bacterial localization in heterogeneous, fatty food and direct interactions
between the lipid phase and microbial cells. There, cell surface hydrophobicity (CSH) can be
assumed to play a major role. However, the effect of CSH and the associated bacterial
localization in food on HHP inactivation have both been fundamentally neglected so far. Among
other things, this is probably due to the fact that notwithstanding countless studies our
knowledge on CSH is still sketchy and its determinants are only superficially known
(section 1.4). An interconnection between HHP inactivation, cell surface hydrophobicity and
availability of fat has not yet been investigated but would, if existent, present a possible

explanation for some of the partially contradictory results obtained in previous studies.

Against this background, the overall aim of this thesis was to contribute to closing the gap of
knowledge regarding the effect of fat and fat-associated factors on HHP-mediated inactivation

of spoilage-associated microorganisms in fatty foods.



Introduction 34

In order to consider that a fat-mediated effect could be dependent on interactions between lipid
phase and microbial cells, the focal points were on factors possibly influencing such
interactions, that is, CSH, fat content, presence and type of emulsifier, fat surface (oil droplet
size) and oil type. Since systematic data on the effect of fat and fat-associated factors in HHP
inactivation do not exist, the generated data of this study should enlighten the role of fat and
bacterial localization in HHP inactivation, constitute a basis for the design of future inactivation
studies and facilitate the application of HHP technology to preserve fatty food without adverse
effects on the products’ shelf-life. In addition, new insights in terms of CSH determinants should
be obtained by genome comparison of strains of the species L. plantarum that vary distinctly
in their CSH. The identification of possible CSH-specific marker genes would contribute to the
generally still deficient understanding of CSH and CSH-mediating factors and could permit the
establishment of new research approaches.

The work accomplished in this thesis can be divided in three sections: the investigation (1)
whether fat influences the HHP inactivation of cells of the spoilage-associated species
L. plantarum using defined (O/W)-emulsions as simple model systems, that is, excluding
additional effects of other food ingredients, (II) whether such effects are dependent on the
surface hydrophobicity of bacterial cells or on the availability of fat in the model systems used,
and (Ill) of genomes of hydrophilic and hydrophobic L. plantarum strains in terms of CSH-
associated marker genes and their role on CSH and pressure sensitivity. This work was

conducted based on following working hypotheses:

(I) Effect of fat and lipid phase parameters on HHP inactivation in (O/W)-emulsions
» Fat per se can affect HHP inactivation, and an increase in the fat content correlates

with the extent of fat-mediated effects on HHP inactivation.

» The emulsifier type and, thus, the thickness of the fat-water boundary layer can
have an effect on the HHP inactivation.

» Thedroplet size and, therefore, the fat surface area available for microbial adhesion

can influence effects exerted by fat on the HHP tolerance of bacterial cells.

» Different oil types with a different fatty acid composition (saturated versus

unsaturated) can lead to differences in the HHP inactivation.
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(I) Role of CSH and bacterial localization on HHP inactivation in (O/W)-emulsions
» The presence of emulsifier in emulsifier-stabilized emulsions prevents adhesion of
hydrophobic cells to the fat surface of oil droplets due to fully emulsifier-coated oil
droplets. CSH-associated differences in HHP sensitivity are not dependent on
direct fat surface-cell interactions.

» The absence of emulsifier in emulsifier-free emulsions facilitates the adhesion of
hydrophobic cells to the fat surface of oil droplets, which leads to differences in the
HHP inactivation efficiency of hydrophobic and hydrophilic strains.

» Direct fat surface-cell interaction can favor HHP inactivation through exposure of
cells to locally higher temperatures caused by stronger adiabatic heating of fat.

() Identification of CSH-associated marker genes in genomes of the species
L. plantarum

» Genome comparison of hydrophilic and hydrophobic strains can reveal marker

genes that are characteristic for a specific CSH phenotype. The CSH of other

strains of the species L. plantarum can be predicted upon the presence or absence

of these marker genes.

> Alterations in CSH-associated marker genes in a deletion mutant strain result in
pronounced physiological effects on cell surface characteristics, since interfering
effects of other CSH-modulating cellular components and intraspecies biodiversity

effects are excluded.
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2 Materials and Methods

Standard microbiological compounds, chemicals, and supplies were acquired from different
suppliers and certified for their intended use. If not specifically stated otherwise, deionized
water was used for the preparation of media and buffers. All solutions required sterile were

autoclaved at 121 °C for 15 min or sterilized by filtration (Millipore, 0.20 pum).

2.1 Materials

2.1.1 Chemicals

All chemicals used in this study are listed in Table 2.

Table 2: Chemicals used in this study.

Chemical Specification Manufacturer

] Fermentas GmbH, St. Leon-Rot,
6x DNA loading dye -
Germany

Carl Roth GmbH & Co. KG,

Acetic acid 100%, glacial
Karlsruhe, Germany
o Carl Roth GmbH & Co. KG,
Acetonitrile (ACN) 299.9%
Karlsruhe, Germany
o Sigma-Aldrich  Chemie  GmbH,
Acetonitrile anhydrous, 99.8% L
Steinheim, Germany
Becton Dickinson GmbH,
Agar European agar )
Heidelberg, Germany
] ] Carl Roth GmbH & Co. KG,
Ammonium chloride; NH4ClI 299.7%

Karlsruhe, Germany

Sigma-Aldrich  Chemie GmbH,
Steinheim, Germany

Antifoam B emulsion -

. Bruker Daltonik GmbH, Bremen,
Bacterial Test Standard -
Germany

Alfa Aesar GmbH & Co. KG,

Bis(2-ethylhexyl) sebacate 95%
Karlsruhe, Germany

Carl Roth GmbH & Co. KG,

Boric acid 2> 99,8%
Karlsruhe, Germany
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Bruker Matrix HCCA (a-cyano-4-

hydroxycinnamic acid solution)

Chloramphenicol

Citric acid

D(-)-Fructose

D(+)-Glucose monohydrate

Dimidium bromide

di-Sodium  hydrogen
dihydrate; Na2HPOa4 * 2H20

phosphate

di-Potassium hydrogen phosphate
trinydrate; K2HPO4 * 3 H20

EDTA
acid)

(ethylenediaminetetraacetic

Ethanol, absolute

Formic acid

Glycerol

Hexadecane (n-Hexadecane)

Hydrochloric acid solution; HCI, 37%

Imidazole

L-Asparagine monohydrate

= 98.5%, Ph. Eur., for biochemistry

2> 99.5%, Ph. Eur., water-free

for microbiology

<98%

for analysis

for analysis

for molecular biology

2 99.8%

98 - 100%, p.a.

anhydrous, ultra-pure

299%

p.a.

puriss. p.a., 2 99.5% (GC)

minimum 99% (TLC)

Bruker Daltonik GmbH, Bremen,

Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

OMNI Life Science GmbH & Co.

KG, Bremen, Germany

Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co.
Karlsruhe, Germany

KG,

Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

Sigma-Aldrich  Chemie  GmbH,
Steinheim, Germany
VWR International GmbH,

Heidelberg, Germany

Merck KGaA, Darmstadt, Germany

J. T. Baker, Deventer, Netherlands

Sigma-Aldrich  Chemie  GmbH,

Steinheim, Germany

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
Sigma-Aldrich  Chemie GmbH,
Steinheim, Germany
Sigma-Aldrich  Chemie GmbH,

Steinheim, Germany
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L-Cysteine-HCI monohydrate

Magnesium sulphate heptahydrate;

MgSOa4 * 7H20

MALDI-TOF MS bacterial

standard

Manganese(ll) sulphate
monohydrate; MnSO4 * H20

Meat extract

Miglyol® 812

Paraffin oil

Peptone from casein

Peptone from meat

Polyethylene glycol 400

Potassium dihydrogen phosphate,

KH2PO4

Rapeseed oil

Sodium casein

Sodium chloride; NaCl

Sodium hydroxide; NaOH

Tributyrin

test

298.5%

ACS, Reag. Ph Eur

> 99%, p.a., ACS

for microbiology

puriss., meets

specification of Ph. Eur.,
viscous liquid

for microbiology

for microbiology

v

99%, p.a.

v

99.5%, p.a., ACS, ISO

2 99%, p.a.

= 97%

analytical

BP,

Carl Roth GmbH & Cao.

Karlsruhe, Germany

KG,

Merck KGaA, Darmstadt, Germany

Bruker Daltonik GmbH, Bremen,

Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Caesar & Loretz GmbH, Hilden,
Germany

Sigma-Aldrich  Chemie  GmbH,

Steinheim, Germany

Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
real,- SB-Warenhaus GmbH,
Dusseldorf, Germany
Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
Sigma-Aldrich  Chemie GmbH,

Steinheim, Germany



Materials and Methods

39

Trifluoroacetic acid (TFA)

Tris; tris(hydroxymethyl)-
aminomethane

Tween® 80
(Polyoxyethylenesorbitan

monooleate)

Water

Yeast extract

2 99.9%

analytical grade

for synthesis

J. T. Baker®, for HPLC,
electrophoresis

for bacteriology

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

GERBU Biotechnik GmbH,
Heidelberg, Germany

Merck KGaA, Darmstadt, Germany

VWR International GmbH,
Heidelberg, Germany

Carl Roth  GmbH & Co. KG,
Karlsruhe, Germany
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2.1.2 Media, dilution and agar solutions

Table 3: Media, dilution and agar solutions.

Media / Buffer Ingredients \(/gel_'%l;t Remarks
mMRS Casein peptone 10.0 Glucose/Fructose was
pH 6.2 + 0.2* Meat extract 5.0 autoclaved separately.
Yeast extract 5.0 MgSO4 * 7 H20 and
KH2PO4 4.0 MnSOg4 * 4 H20 were
KzHPO4 * 3 H20 2.6 added after sterilization.
NH4CI 3.0
Cystein-HCI 0.5
Tween® 80 1.0
Glucose 7.5
Fructose 7.5
MgSOa4 * 7 H20 0.1
MnSO4 * 4 H20 0.05
Agar, if necessary 15.0
CA-mMRS see ingredients mMMRS see remarks mMRS
pH35/4.0/45/6.2+0.2* Citric acid 3.84
L-Asparagine monohydrate 2.66
tributyrin-mMRS Agar see ingredients MMRS see remarks mMRS
pH 6.2 + 0.2* Tributyrin 10.0 Tributyrin was added
after sterilization.
LB Agar Tryptone 10.0
pH 7.0 + 0.2* Yeast extract 5.0
NaCl 10.0
Agar 15.0
Medium 1 (DSMZ) Peptone 5.0
pH 7.0 +0.2% Meat extract 3.0
Agar, if necessary 15.0
TS+ dilution buffer NaCl 8.5
pH 7.0 £ 0.2* Tryptone 14.0
Antifoam B Emulsion 0.1
IPB KH2PO4 0.1
pH 6.2 £ 0.2* NazHPO4 * 2 H20 4.45
Imidazole 1.7
TBE buffer Tris 10.8
pH 8.0 + 0.2* Boric acid 5.5
EDTA 0.7

*the pH was adjusted using 2 - 6 M NaOH/HCI solutions.
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2.1.3 Devices

All devices used in this study are listed in Table 4.

Table 4: Devices used in this study.

Device

Model

Manufacturer

10x, 40x and 100x Objective
lens

Balance

Balance

Balance

Centrifuge

Centrifuge

Centrifuge

Centrifuge

Colony counter

Colony counting imaging station

Electronically controlled manual
dispenser

Electrophoresis system

Electrophoresis system

Heating magnetic stirrer

N-Achroplan 10x/0.25, N-Achroplan

40x/0.75, N-Achroplan 100x/1.25

Oil Iris

SI-234

SBA 52

SPO 61

1-14

6-16 K

MCF-1350

Rotina 380R

BZG 30

ColonyDoc-It™

Multipette® stream

Owl™ EasyCast™ B2

Owl™ A2 GroRgelsystem

ARE heating magnetic stirrer

Carl Zeiss Microscopy GmbH,
Munich, Germany

Denver Instrument, Bohemia, NY,
USA

Scaltec Instruments, Heiligenstadt,
Germany

Scaltec Instruments, Heiligenstadt,
Germany

Sigma Laborzentrifugen GmbH,
Osterode am Harz, Germany

Sigma Laborzentrifugen GmbH,
Osterode am Harz, Germany

LMS Consult GmbH & Co. KG,
Brigachtal, Germany

Andreas Hettich GmbH & Co. KG,
Tuttlingen, Germany

WTW Wissenschaftlich-Technische
Werkstatten GmbH, Weilheim,
Germany

Ultra-Violet Products Ltd, Upland,
California, United States

Eppendorf AG, Hamburg, Germany

Owl Scientific Inc, Massachusetts,
United States

Owl Scientific Inc, Massachusetts,
United States

VELP Scientifica Srl, Usmate, Italy
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Heating magnetic stirrer

Heating magnetic stirrer

High-performance dispersing
machine

High pressure intensifier system
with high pressure vessel

High pressure intensifier system

Homogenizer

Incubator

Laminar airflow clean bench

Laminar airflow clean bench

MALDI-TOF mass spectrometer
(MS)

Thermal cycler

Microplate reader

Microplate reader

Microplate reader

Microscope equipped with RGB
camera

Microwave oven

Wise Stir MSH-20A

RCT basic

T25 digital ULTRA TURRAX®

MV2-13

TMW-RB

APV 1000

TC 135S

HERA safe

Kojair®, Biowizard Golden Line

Microflex LT

Mastercycler® gradient

Sunrise

SpectraFluor

FLUOstar Omega

Axiostar plus microscope, AxioCam
ICcl

Intellowave

®WITEG Labortechnik GmbH,
Wertheim, Germany

IKA®-Werke GmbH & CO. KG,
Staufen, Germany

IKA®-Werke GmbH & CO. KG,
Staufen, Germany

Institute of High Pressure Physics,
Warszawa, Poland

Knam Schneidetechnik GmbH,
Langenargen, Germany

APV Systems, Denmark

Tintometer GmbH, Lovibond® Water
Testing, Dortmund, Germany

Heraeus Instruments, Hanau,
Germany

KOJAIR TECH OY, Vilppula, Finland

Bruker Daltonik GmbH, Bremen,
Germany

Eppendorf AG, Hamburg, Germany

Tecan Deutschland GmbH,
Crailsheim, Germany

Tecan Deutschland GmbH,
Crailsheim, Germany

BMG LABTECH GmbH, Ortenberg,
Germany

Carl Zeiss Microscopy GmbH,
Munich, Germany

LG Electronics Deutschland GmbH,
Ratingen, Germany
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Particle sizing instrument

pH electrode

pH electrode

pH meter

pH meter

Pipettes

Power Supply

Refractometer

Scanner

Spectrophotometer

Spectrophotometer

Stability analyzer

Steam pot

Thermostatic circulator

Thermostatic circulator

Thermostatic circulator

Mastersizer 2000

InLab® Semi-Micro pH, pH 0-12

InLab® 412, pH 0-14

Knick pH-Meter 761
Calimatic

ProLab3000

Pipetman (2 uL, 20 pL, 100 pL,
200 pL, 1000 pL)

Power Pack P25

Type 16650

Bio-5000

Novaspec Il

NovaspecPlus

LUMiFuge®

Varioklav® DT 400 + Control unit

DT-E

WCR-P22

RSA

FC 600

Malvern Instruments Ltd, Malvern,
United Kingdom

Mettler-Toledo GmbH, Giel3en,
Germany

Mettler-Toledo GmbH, GielRen,
Germany

Knick Elektronische Messgeréate
GmbH, Berlin Germany

S| Analytics GmbH, Mainz, Germany

Gilson International B.V,
Deutschland, Limburg-Offheim,
Germany

Biometra GmbH, Géttingen,
Germany

Carl Zeiss Microscopy GmbH,
Munich, Germany

Microtek, Hsinchu, Taiwan

Pharmacia Biotech, Uppsala,
Sweden

Pharmacia Biotech, Uppsala,
Sweden

LUM GmbH, Berlin, Germany

HP Medizintechnik GmbH,
Oberschleil3heim, Germany

©WITEG Labortechnik GmbH,
Wertheim, Germany

Lauda DR. R. Wobser GmbH & Co.
KG, Lauda-Koénigshofen, Germany

JULABO GmbH, Seelbach, Germany
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ULT freezer

UV Transilluminator

Vacuum pump

Vacuum regulator

Vacuum Sealing System

Vortex mixer

Water bath

Water bath

MDF-U700VX-PE

UVT-28 M

PC 3003 VARIO

CVvC 3000

FoodSaver® V2860

Vortex Genie 2

E100 LAUDA

C1 HAAKE

Panasonic Healthcare Co., Ltd,
Gunma, Japan

Herolab GmbH, Wiesloch, Germany

VACUUBRAND GMBH + CO KG,
Wertheim, Germany

VACUUBRAND GMBH + CO KG,
Wertheim, Germany

Jarden Consumer Solutions,
Oldham, United Kingdom

Scientific Industries Inc., Bohemia,
NY, USA

Lauda DR. R. Wobser GmbH & Co.
KG, Lauda-Konigshofen, Germany

Thermo Haake GmbH, Karlsruhe,
Germany
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2.1.4 Consumables

Table 5: Consumables used in this study.

Item Specification Manufacturer
Sarstedt AG & Co., NUmbrecht
Cuvettes 10 x 4 x 45 mm, polystyrene ' '
Germany
. ® .
Combitips Combitips advanced®, sterile, Eppendorf AG, Hamburg,

Cover glasses

Cryo pure tubes

Cryo tube vials

DNA Ladder

Glass pasteur pipettes

MALDI-TOF MS stainless steel
target plate

Microscope slides

Microtitre plates

Microtitre plates

Petri dishes

Pipette tips

Pipette tips

1.0 mL, 2.5 mL, 10 mL

20 x 20 mm

1.8 mL white, non-pyrogenic, non-
mutagenic, non-cytotoxic

Nunc CryoTube Vials 0.5 mL
Cryobank

GeneRuler 100 bp Plus DNA
Ladder

230 mm

MSP 96

76 X 26 Xx 1 mm

96 well, flat base, with lid,
transparent

MicroWell™ 96-well microplate,
white

92 x 16 mm, with ventilation cams

PIPETMAN TIPS Diamond; 0.1-
20 uL

1-200 pL, 100-1000 pL

Germany

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Sarstedt AG & Co., Nimbrecht,
Germany

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

BRAND GmbH + Co KG,
Wertheim, Germany

Bruker Daltonik GmbH, Bremen,
Germany

Paul Marienfeld GmbH & Co. KG,
Lauda-Konigshofen, Germany

Sarstedt AG & Co., Nuimbrecht,
Germany

Thermo Fisher Scientific, Waltham,
MA, USA

Sarstedt AG & Co., Nimbrecht,
Germany

Gilson International B.V,
Deutschland, Limburg-Offheim,
Germany

Peske GmbH, Karlsruhe, Germany
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Reaction tubes

Sterile filters

Sterile reagent and centrifuge
tubes

Syringes

Test tubes

200 yL, 1.5 mL, 2 mL

Filtropur S 0.2 and S 0.45, sterile
non-pyrogenic

15 mL, 50 mL

single use, pyrogenfree, sterile;
10 mL, 20 mL

Fisherbrand™ Disposable Flint
Glass Tubes with Plain End

Eppendorf AG, Hamburg,
Germany

Sarstedt AG & Co., Numbrecht,
Germany

Sarstedt AG & Co., NUimbrecht,
Germany

Dispomed Witt oHG, Gelnhausen,

Germany

Thermo Fisher Scientific, Waltham,

MA, USA
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2.1.5 Molecular biological kits, enzymes and supplies

Molecular biological kits, enzymes and supplies used in this study are listed in Table 6.

Table 6: Molecular biological kits, enzymes and supplies used in this study.

Kit / enzymes / supplies

Specification

Manufacturer

10x Incubation Mix T. Pol
with MgCl2

Bacterial Viability Kit L7012

E.Z.N.A. Bacterial DNA Kit

Lysozyme 100.000 units/mg

PCR Nucleotide Mix, 10 mM
each

Proteinase K 20 mg/mL

QIAGEN Genomic DNA
Buffer Set

QIAGEN Genomic-tip 100/G

Taq DNA polymerase 5 U/uL

DNA amplification

SYTO® 9 (3.34 mM) used for cell staining

DNA isolation

DNA isolation

DNA amplification

DNA isolation

DNA isolation

DNA isolation

DNA amplification

MP Biomedicals,
Solon, Ohio, USA

Thermo Fisher Scientific,
Waltham, MA, USA

Omega Bio Tek Inc.,
Norcross, GA, USA

SERVA Electrophoresis GmbH,
Heidelberg, Germany

Roche Diagnostics Deutschland
GmbH, Mannheim, Germany

GERBU Biotechnik GmbH,
Heidelberg, Germany

QIAGEN, Hilden, Germany

QIAGEN, Hilden, Germany

MP Biomedicals,
Solon, Ohio, USA

2.1.6 Bacterial strains

Bacterial strains used in this study were taken from the internal culture collection of the Chair

of Technical Microbiology at TUM or ordered from institutions listed in Table 7.
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Table 7: L. plantarum, L. sakei and L. fructivorans strains used in this study.

TMW Strain Origin Isolation source
1.59 L. fructivorans DSM 20203T Unknown, Ermnst Bocker GmbH & Co. KG
1.452 L. fructivorans LTH 669, Gent LAB 681 Unknown
1.1856 L. fructivorans L1 Whey

1.25 . plantarum LTH 2354, R. Vogel 1992

CTC 305

Raw sausage
11
1.1308

. plantarum Raw sausage

. plantarum Unknown Unknown
1.1478

1.1728

. plantarum WALA 01030879_1 Belladonna honey

. plantarum 23C Pastry dough, Ernst Bocker GmbH & Co. KG
1.1732
1.1789
1.1792

1.246

. plantarum F3 Fermented Food, R. Albesharat

. plantarum Sol Human faeces, R. Albesharat
. plantarum Mk13 Human faeces, R. Albesharat

. plantarum Unknown PRIMAVITA blackcurrant beverage
1.277
1.38
1.409
1.64
1.708
1.834
1.1623
1.1594
19

1.2088

. plantarum C. Dieng Palm wine
LTH 232
LTH 1870, Gent LAB 159

DSM 20205

. plantarum Starter culture

. plantarum Sauerkraut
. plantarum
. plantarum CTC51

ULICE 24-4-147

Unknown, Ernst Bocker GmbH & Co. KG
Raw sausage

. plantarum ULICE, France
. plantarum M1rl Breast milk
Unknown

DSM 20174T, LTH 478

. plantarum Breast milk, R. Albesharat

. plantarum Unknown
. plantarum P-8 Traditional fermented cow milk, W. Zhang, IMAU, China
Malt production steep water, D. van Sinderen, UCC, Ireland

. plantarum WCFS1 Single colony of strain NCIMB8826 from human saliva, TIFN

- . plantarum WCFS1 AtagO P. Bron et al. Microbial Cell Factories 2012, 11:123, TIFN
- . plantarum WCFS1 AtagF1-F2 P. Bron et al. Microbial Cell Factories 2012, 11:123, TIFN
1.322 . plantarum Gent LAB 1019 Unknown
1.468 . plantarum Gent LAB 1158 Unknown

1.811
1.817
1.829
1.835
1.1237
1.1204
1.1342
1.1356
1.1516
1.1609
1.1611
1.1647
1.1662
1.1671
1.190

. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum
. plantarum

. plantarum

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
1.2089 L. plantarum 16
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

. plantarum

Unknown
Unknown
Unknown
ULICE 26-7-161
Lp43

F14
LCA-9

1b

Sd'1
B0s10
B0s9
A3m5
B4r10
M5m3
LTH 2354

Unknown, |. Rouhsdy
Unknown, |. Rouhsdy
Unknown, |. Rouhsdy
ULICE, France

Sourdough, R. Valcheva, ENITIAA
Unknown, Ernst Bocker GmbH & Co. KG
Cargill Deutschland GmbH

H. Ulmer, Nestle
Human faeces (Mother)
Human infant faeces
Human infant faeces
Human faeces (Mother)
Human infant faeces
Breast milk

Unknown
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TMW Strain Origin Source
1.186 L. plantarum LK1 Unknown
SF_02 L. plantarum Unknown Raw sausage, K. Ruhland, TUM
1.1723 L. plantarum BSML 1045 Unknown
1.1808 L. plantarum K8 Fermented Food
1.1810 L. plantarum F1 Fermented Food
1.1830 L. plantarum K3 Fermented dairy
1.1831 L. plantarum C4 Fermented dairy
1.13 L. sakei RP3 Starter culture, Gewirzmuller GmbH
1.23 L. sakei LTH 673 Raw sausage
1.151 L. sakei CTC 431 Unknown
1.161 L. sakei LTH 1651 Unknown
1.165 L. sakei 7L0201.35/ 11-2 Unknown, Institute Erdmann
1.412 L. sakei LTH 1768, Gent LAB 162 Sauerkraut
1.704 L. sakei Sg2 Sourdough, M. Ganzle
1.1189 L. sakei DSM 20017T, ATCC 15521 Unknown
1.1239 L. sakei Lp46 Sourdough, R. Valcheva, ENITIAA
1.1322 L. sakei INRA 23K Unknown, Institut National de la Recherche Agronomique
1.1393 L. sakei BB 3059 Salami starter culture, Blessing Biotech GmbH
1.1396 L. sakei LTH 2389 Salami starter culture, Blessing Biotech GmbH
1.1399 L. sakei LTH1183 Salami starter culture, Blessing Biotech GmbH
1.1407 L. sakei HEIDI1 Fermented freshwater fish
1.1452 L. sakei #11 BRENTA cheese
1.1474 L. sakei LTH 2076 Unknown
1.1954 L. sakei Nr. 51A Gutsherrenmettwurst, A. Bantleon
2.472  B. subtilis DSM 10T Unknown




Materials and Methods 50

2.1.7 Synthetic oligonucleotide primers for PCR
The oligonucleotide primer sequences for all gene products used in PCR gene expression
analysis are listed in Table 8. Oligonucleotides were synthesized by Eurofins (Ebersberg,

Germany) and dissolved in water to a final concentration of 100 pmol uL™.

Table 8: PCR DNA primer sequences. f, forward; r, reverse; Tm, melting temperature; Ta, annealing temperature.
Amplification

H ] ’ o 0 o
Gene Primer sequence (5 > 3’) Tm (°C) %GC Ta (°C) product (bp)
00 f]|  CCT AGT GGC GAC CAT GAT AC 61 55 o 220
9 r|  AGA CCT CCA AAG CGG CTA AC 64 55
f|  AGG TTT ATC GCC GAC TGT TC 62 50
tagFl r|  CGT GAACTG TGT CCG AAA TG 61 50 52 1100
aa f| GCAATG TTC CGA TGC CAA AG 62 50 50 506
9 r| GGAGCT GAG TGC GTT ATA TG 60 50
. f|  ACG CCG ATG ATT TGA TCG TG 63 50 53 502
9 r|  ACATCG GCT GGA ATG TCA TC 62 50
f|  AAG TGT TTG GCC CGA AGA AG 62 50
tagk r| ACGACC CGTTCG GTATTATG 61 50 52 1012
il f|  CAC AAA CGA CCA AGG AAG AC 61 50 49 280
9 r| GGAGGT TCG TCT GAT AAT CC 59 50
arl f|  ACG TCC CGA TGC CTA AAC AG 64 55 5 507
r| GGG CAT CAG TTAAGG CGT TG 63 55
] f| TAC GGG TCA ACG ACC ACA AG 64 55 o 603
r| TGC GAG TGA AGC CCA CTA AG 64 55
ark f| GAT GGC CAG ATG GAT ATT CG 59 50 50 530
r| ATATCC CAA GGC TCC TGT AG 60 50
il f| CGGGCACCA GTT AGC GAT AC 64 60 - 425
r| GTC CGC CGAATT AGC CAA CC 65 60
07F f AGA GTT TGA TCT GGC TCA G 53 47 52 1500
1507R r TAC CTT GTT ACG ACT TCA C 50 42 52
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2.2 Microbiological methods

2.2.1 Preparation of own culture collection

Bacterial strains were plated on mMRS agar by streak plating method. Single colonies were
picked, inoculated into 10 mL mMRS medium, and grown overnight aerobically in centrifuge
tubes at 30 °C. The next day, fresh mMRS medium (10 mL) was inoculated with 1% (v/v) of
the overnight culture and incubated for another 24 h. The cells were harvested by
centrifugation (5.000 x g, 5 min, RT), resuspended in 1.6 mL mMRS medium, mixed 1:1 with
80% glycerol, and stored in cryo tube vails at -80 °C. Species identity was confirmed by MALDI-
TOF MS analysis (Microflex LT, Bruker Daltonik GmbH, Bremen, Germany; see 2.4.1).

2.2.2 Culture conditions

Dependent on the experimental setup, bacteria were either grown in liquid culture or on plates.
Sterile MMRS medium was inoculated from the stock culture and cells were grown aerobically
overnight (30 °C). Liquid culture: The next day, fresh mMRS medium was inoculated with 1%
(v/v) of the overnight culture and further incubated at 30 °C. The cells were harvested by
centrifugation (5.000 x g, 5 min, RT) either in their late exponential (ODgoo of 0.8 + 0.1) or
stationary phase (24 h). For B. subtilis TMW 2.472, LB medium was used instead of mMRS
medium. Plate culture: On the next day, the overnight culture was serially diluted and
appropriate dilutions were plated on mMRS plates supplemented with 15 g L™ agar (nMRS-

agar plates) using glass beads. The plates were incubated for 72 h at 30 °C.

2.2.3 Determination of bacterial cell growth and viable cell count

2.2.3.1 Bacterial cell growth

Measuring the turbidity (= optical density, OD) of microbial cultures is a widespread method to
determine the cell growth in culture. Using a photometer, the measurement is based on the
amount of light reflected, scattered and absorbed by the cells. In this study, cell growth was
detected by measuring the OD at 600 nm (ODeoo) by microplate reader (Sunrise, Tecan
Deutschland GmbH, Crailsheim, Germany). Therefore, mMMRS or CA-mMRS medium was
inoculated with 2% (v/v) of an overnight culture, 150 uL of this freshly prepared culture directly
transferred to a microtiter plate and each sample overlayed with 50 mL of paraffin oil to avoid
drying. The cultures were incubated at different growth temperatures and cell growth was
measured after defined time periods, depending on the examined growth parameters (see
2.2.7).
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Before measuring the ODsoo, Samples were shaken for 15 s with “normal” speed to stir up

deposited cells.

2.2.3.2 Viable cell count

To determine the inactivation of samples after HHP treatment, viable cell count was performed.
For samples in emulsifier-stabilized (O/W)-emulsion, 500 pL of sample were mixed with equal
volume of an isotonic tryptone solution (TS+ buffer) supplemented with Antifoam B, followed
by serial dilution using TS+ buffer. 50 uL of appropriate serial dilutions were plated on mMMRS
plates supplemented with 15 g L™ agar (mMRS-agar plates) using glass beads. The plates
were incubated for 72 h at 30 °C to allow recovery and colony formation of damaged, but viable
cells. The viable cell count is presented as the average log reduction level (logio(No/N)) from

at least three independent experiments and error bars correspond to standard deviations.

Solid samples (bacteria stirred in emulsifier-free (O/W)-emulsions supplemented with agar)
were first transferred to a vacuum bag and diluted 1:5 in TS+ buffer, subsequently the bag was
vacuum sealed and the sample homogenized for 1 min, before serial dilutions and plating on

MmMRS-agar plates were performed.

2.2.4 Determination of growth characteristics

Using the optical densities which were obtained at 600 nm (ODsoo) under different growth
conditions, biological growth curves were derived and the growth dynamics maximum cell
density (ODmax) and maximum specific growth rate (Umax) evaluated. For determination of pmax
in the exponential phase, measured absorbance (ODsgo value) was first converted to In OD

and the slopes of In OD versus time calculated for each time interval by using following formula:

_lnXt—lnXO
SE—

Where t = time, X = ODsoo at time t, Xo = ODsoo at time to, 1 = specific growth constant (h* or
d?).

The times showing a high and constant growth rate were used for calculation of the regression

line, relating time to absorbance in this time interval.
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The slope of the line corresponds to pmax, Which was finally determined from means of pmax

values from at least three independent experiments.

2.2.5 Determination of CSH

CSH was determined by Microbial Adhesion To Hydrocarbons (MATH) test according to
Rosenberg et al. (1980) with slight modifications. Bacteria were harvested in the late
exponential and stationary growth phase, respectively. Cells were washed twice (5.000 x g,
5 min, 25 °C) with and resuspended in imidazole/phosphate buffered saline (IPB) to an ODgoo
of 0.35 to 0.4. The cell suspension (4 mL) was mixed with 0.4 mL of n-hexadecane in round-
bottom glass test tubes (10 mm diameter). Following incubation at 30 °C for 10 min, the
mixtures were vortexed for 2 min and then allowed to sit for 15 min at RT to ensure complete
separation of the organic and aqueous phase. The absorbance of the aqueous phase was
measured at 600 nm before (Ag) and after (A) the treatment with n-hexadecane using glass
pipettes (Gilford 2600 UV-VIS spectrophotometer). The results are expressed as percentage
absorbance of the aqueous phase after treatment with n-hexadecane relative to initial

absorbance. Each value represents the mean of three independent measurements.

2.2.6 Emulsion-destabilizing potential of Lactobacillus species

The potential of all preselected strains to destabilize (O/W)-emulsions was evaluated by
investigating their proteolytic (relevant for sodium caseinate stabilized (O/W)-emulsion) and
lipolytic activity and their potential to degrade and utilize the emulsifier Tween® 80, which was

used for the stabilization of most of the (O/W)-emulsions.

2.2.6.1 Proteolytic activity

The proteolytic activity of all selected strains was determined by Forster resonance energy
transfer (FRET), using Pierce™ Fluorescent Protease Assay Kit (Thermo Scientific™,
Waltham, MA, USA). Fluorescence properties of fluorescein isothiocyanate (FITC)-labeled
casein (FTC-casein) change significantly upon digestion by cellular proteases, resulting in a
measurable change in fluorescence properties. Hereby, the decrease in fluorescence
guenching (= increased total fluorescence) that occurs as the FTC-casein substrate is digested
into smaller fluorescein-labeled fragments, is measured. TPCK trypsin and the control strain
B. subtilis TMW 2.472, known for its proteolytic activity, were used as positive control and FTC-

casein (i.e. substrate only) was used as negative control.
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The assay was performed in white 96-well microplates, using fluorescein excitation/emission
filters with 485/520 nm (Gain: 300), following manufacturer’s instructions and applying IPB as

working buffer.

2.2.6.2 Lipolytic activity

The lipolytic activity of selected bacterial strains was examined by plating them on tributyrin-
MMRS agar (TB-mMRS) plates. Grown colonies, which secrete lipases/esterases into the
extracellular space, show clear halos surrounding them, attributable to hydrolysis of tributyrin,
resulting in release of butyric acid. The TB-mMRS plates were prepared as follows: mMMRS
medium with addition of 1.5% (w/v) agar was sterilized for 15 min at 121 °C. After cooling to
~60 °C, filter-sterilized tributyrin was added and the mixture dispersed by high-performance
dispersing machine (T25 digital ULTRA TURRAX®). Immediately after dispersion, the medium
was poured into petri dishes and allowed to harden. Stationary phase cultures, prepared
according to 2.2.2, were serially diluted using TS+ buffer. 50 uL of appropriate serial dilutions
were plated on TB-mMRS plates using glass beads, cells incubated at 30 °C and evaluated
after sufficient colony growth (at least 72 h) by colony counting imaging station. B. subtilis

TMW 2.472 was used as positive control and was incubated at 30 °C.

2.2.6.3 Degradation of emulsifier Tween® 80

The potential of the tested bacterial strains for degradation of the emulsifier Tween® 80 was
determined by investigating their growth according to 2.2.3.1, using IPB with adjusted
Tween® 80 concentrations of 0.1 and 1.0% (w/v) instead of mMRS. Strains were cultivated for
15 h at 30 °C and the ODeoo Was measured every 5 min with a microplate reader. Additionally,

as positive control, all strains were grown in mMRS.

2.2.7 Food spoilage potential of Lactobacillus species
The relevance of all preselected strains regarding food spoilage was evaluated by investigating

their tolerance to acidic pH, higher salinity and low temperatures.

2.2.7.1 pHtolerance

The pH tolerance of bacterial strains was examined by determining bacterial cell growth
(according to 2.2.3.1) using CA-mMRS medium with adjusted pH values of 3.5, 4.0, 4.5 and
6.2.
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Strains were cultivated for 96 h at 30 °C and ODsoo Was measured every 30 min with a

microplate reader. Growth characteristics were determined according to 2.2.4.

2.2.7.2 Salinity tolerance

The salinity tolerance of bacterial strains was examined by determining bacterial cell growth
(according to 2.2.3.1) using MMRS medium with adjusted NaCl concentrations of 5, 6, 7.5 and
10%. Strains were cultivated for 4 days at 30 °C and ODeoo Was measured every 30 min with

a microplate reader. Growth parameters were determined according to 2.2.4.

2.2.7.3 Temperature tolerance

The temperature tolerance of bacterial strains was examined by determining bacterial cell
growth (according to 2.2.3.1) using mMMRS medium and cultivation temperatures of 4, 10 and
30 °C. Cell growth of strains cultivated at 4 and 10 °C for 9 days was measured every 24 h with
a microplate reader. Cell growth of strains cultivated at 30 °C, used as positive control, was
measured for 3 days every 60 min by microplate reader. Growth parameters were determined

according to 2.2.4.

2.3 Molecular biological methods

2.3.1 Isolation of bacterial genomic DNA

For genome sequencing, bacterial DNA was isolated by using QIAGEN Genomic-tip 100/G
(QIAGEN, Hilden, Germany) in combination with QIAGEN Genomic DNA Buffer Set (QIAGEN,
Hilden, Germany) according to manufacturer’s instructions applying minor modifications. Lysis
time and concentration of used enzymes were adapted to the used culture volume (20 mL)
and the culture properties (Gram-positive, stationary phase cells): 70 uL of RNase A
(10 mg mL?), 240 pL of lysozyme (300 mg mL™*) and 100 pL of Proteinase K (20 mg mL™?)
were used. The cell wall digestion with lysozyme and Proteinase K was extended to 4 h.
Following, the lysate was incubated for 2 h with lysis buffer B2 to obtain a clear lysate. After
precipitation, the genomic DNA was redissolved in 200 pL elution buffer from E.Z.N.A Bacterial
DNA Kit (Omega Bio Tek Inc., Norcross, USA) and kept at 4 °C.
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2.3.2 Agarose gel electrophoresis

Analysis of genomic DNA and products of PCR amplification were performed by agarose gel
electrophoresis (Sambrook et al., 1989). DNA samples were mixed with 6x DNA loading dye
(Fermentas GmbH, St. Leon-Rot, Germany) and appropriate sample volumes and 5 pL of
100bp Plus GeneRuler DNA Ladder (Thermo Fisher Scientific, Waltham, USA) were loaded
into the chambers of an 1.6% (v/v) agarose gel (agarose in 0.5x TBE buffer). The Owl™
EasyCast™ electrophoresis system (Owl Scientific Inc., Massachusetts, United States) was
used to run the gels at a constant voltage of 150 V for 75 min (Power Supply Power Pack P25,
Biometra GmbH). TBE buffer was used as running buffer component (Table 3). To visualize
nucleic acids, gels were stained in dimidium bromide and subsequently analyzed using an
UVT-28 M transilluminator (Herolab GmbH, Wiesloch, Germany) and a CCD camera (Intas-

Science-Imaging Instruments GmbH, Goéttingen, Germany).

2.3.3 Colony polymerase chain reaction

For specific amplification of DNA fragments, colony polymerase chain reaction (colony PCR)
was performed, using bacterial colonies as DNA template (see 2.2.2, plate culture). Therefore,
a single colony was dissolved in 200 pL of DH20 and 2 pL of bacterial suspension were used
for the reaction mixture. All PCR reactions were carried out in a thermal cycler using the Taq
DNA polymerase for amplification. Each set of reactions included a negative control, containing
DH20 instead of template DNA and a positive control, using the universal primer set
07F/1507R for amplification of the eubacterial 16S rRNA gene (Lane, 1991). The composition
of the PCR reaction mixture and the PCR program with reaction times and temperatures are
listed in Table 9 and Table 10.

Table 9: Composition of PCR reaction mixture.

Master Mix (1x): [pL]
DH20 19.6
Taq reaction buffer + MgClz (10x) (final conc. 1x) 25
dNTP mix 10 mM each (final conc. 200 pM) 0.5
Primer forward (100 pmol L) (final conc. 0.5 pM) 0.125
Primer reverse (100 pmol L) (final conc. 0.5 pM) 0.125
Taq DNA Polymerase (5 U uL?) (final conc. 0.03 U uL?) 0.15
Template DNA 2.0
Total 25




Materials and Methods 57

Table 10: PCR cycling program.

Cycles Steps temperature [°C] time [s]
1x Initial denaturation 95 30
Denaturation 95 45
32x Annealing Tm-dependent* 60
Elongation 72 150
1x Final elongation 72 300

*see Table 8: PCR DNA primers.

2.4 Proteomic analysis

2.4.1 MALDI-TOF MS analysis

MALDI-TOF MS (Matrix-assisted Laser Desorption/lonization Time of Flight Mass
Spectrometry) is a spectrometric technique that allows the identification of species-specific
small proteins and peptide fragments by comparing their specific masses with protein
databases. In the context of this thesis, a Microflex LT MALDI-TOF mass spectrometer
(Microflex LT, Bruker Daltonik GmbH, Bremen, Germany) was used to verify all used strains
on species level and to perform proteomic comparisons within selected strains, using

previously created strain-specific mass spectra.

2.4.1.1 Target preparation for MALDI-TOF MS analysis

According to 2.2.2, strains were grown in liquid culture or on mMMRS-agar plates for generation
of strain-specific mass spectra and for species verification, respectively.

To verify strains, colonies were picked from plates and spotted onto a MALDI stainless steel
target plate (Bruker Daltonik GmbH, Bremen, Germany). Following, spots were overlaid with
1 yL matrix solution (10 mg mL* alpha-cyano-4-hydroxy-cinnamic acid in ACN, DH20 and

TFA 50:47.5:2.5, vIv), the samples air-dried and mass spectra measurements accomplished.

To create strain-specific mass spectra, cell cultures (1 mL each) were harvested by
centrifugation (13.000 rpm, 2 min), supernatant was disposed and bacterial cells were
inactivated by resuspension in ethanol (70%). Proteins were extracted according to the plain
cell extraction protocol of Kern et al. (2013). Therefore, cells were harvested by centrifugation
(13.000 rpm, 2 min), supernatant was disposed and proteins were extracted using formic acid
(FA, 70%), DH20 and ACN (35:15:50, v/v). Samples were centrifuged to spin down cell debris
and 1 pL of the supernatant was transferred onto a stainless-steel target plate and overlaid
with 1 pL matrix solution (10 mg mL? alpha-cyano-4-hydroxy-cinnamic acid in ACN, DH20
and TFA 50:47.5:2.5, v/v).
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All samples were spotted in octuplicates. After air-drying of all samples, mass spectra

measurements were performed.

2.4.1.2 Protein mass spectra acquisition

Specific protein mass spectra were obtained in a mass range of 2 to 20 kDa, consisting of 240
accumulated laser shots. For external mass calibration, Bacterial Test Standard was used.
Analyte ionization was generated by using a nitrogen laser (A = 337 nm) at a frequency of
60 Hz, operating in the linear positive ion detection mode under Biotyper Automation Control
2.0 (Bruker Daltonik GmbH, Bremen, Germany) and FlexControl 3.4 (Bruker Daltonik GmbH,

Bremen, Germany).

2.4.1.3 Data processing

Identification of bacterial strains

Identification of all strains was carried out by matching all recorded mass spectra to microbial
reference spectra by MALDI BioTyper 3.0 Software (Bruker Daltonik GmbH, Bremen,
Germany). The reference database, consisting of initial 4.111 microbial reference spectra
provided by the manufacturer, was supplemented with other reference entries of bacteria by
TMW. Based on (I) the correlation of intensities of the matching peaks, (ll) the similarity
between the spectrum of the unknown microorganism and the reference spectrum, and (lll)
the similarity between the reference spectrum and the spectrum of the unknown
microorganism, the reliability of identification was output as a log-score between 0 and 3. A
log-score > 2.0 indicated a successful identification of a sample on species level and a log-

score between 1.7 and 2.0 was interpreted as successful identification on genus level.

Comparative analysis of protein mass spectra

For comparative analysis of the recorded protein mass spectra from the different strains of
L. plantarum, L. sakei and L. fructivorans, MALDI-TOF MS raw data were exported using
FlexAnalysis 3.4 (Bruker Daltonik GmbH, Bremen, Germany). Based on an open sharedroot

computer cluster (ATIX; http://opensharedroot.org), using a Mass Spectrometry Comparative

Analysis Package (MASCAP) (Mantini et al., 2010), which was implemented in octave software
(Eaton & Rawlings, 2003, Eaton et al., 2009), all exported protein mass spectra of each strain
were pre-processed according to Usbeck et al. (2013) by inter alia smoothing, baseline

subtraction and normalizing signal intensities.


http://opensharedroot.org/
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According to Lauterbach et al. (2017), all single spectra of each strain were summarized to
one consensus spectrum and by using the inhouse software, which is based on high-
(HiT-MDS) (http://dig.ipk-

gatersleben.de/hitmds/hitmds.html), similarities of all consensus spectra were calculated and

throughput multidimensional scaling

visualized in a Euclidean 2D plane.

2.5 Preparation and characterization of (O/W)-emulsion

In general, emulsifier-stabilized (O/W)-emulsions were prepared by adding appropriate
amounts of emulsifier to oil and stirring overnight. Next, specific volumes of IPB were added
to desired volumes of oil and the mixture was mixed at 23.000 rpm for 1 min by high-
performance dispersing machine (IKA®-Werke GmbH & CO. KG, Staufen, Germany), followed
by one- or two-stage pressure homogenization (APV Model 1000 Homogenizer, APV Systems,
Denmark). As shown in Table 11, for preparation of different emulsion types, the oil and

emulsifier type, their concentrations and homogenization pressure were varied.

Table 11: Used parameters for the preparation of different emulsifier-stabilized (O/W)-emulsions.

Homogenization pressure
(O/W)-emulsion type Oil Emulsifier
1. step (bar) 2. step (bar)
Small fat surface 50% (v/v) rapeseed oil 0.25% (w/v) Tween® 80 50
Medium fat surface o , 0 ®
(standard) 50% (v/v) rapeseed oil 1% (w/v) Tween® 80 100 20
Large fat surface 50% (v/v) rapeseed oil 2% (w/v) Tween® 80 400 (2x) 80 (2x)
Low fat 30% (v/v) rapeseed oil 1% (w/v) Tween® 80 70
High fat 70% (v/v) rapeseed oil 1% (w/v) Tween® 80 200 (2x) 40 (2x)
Different emulsifier type | 50% (v/v) rapeseed oil | 2% (w/v) sodium caseinate 100 20
Different oil type 50% (v/v) Miglyol® 812 1% (w/v) Tween® 80 70

Emulsifier-free (O/W)-emulsions were prepared by mixing 30 or 50% (v/v) rapeseed oil with
heated (~-80 °C) 70 or 50% (v/v) IPB-containing 2% (w/v) agar, respectively, mixed at
23.000 rpm for 1 min by high-performance dispersing machine, followed by two-stage pressure

homogenization at 400 and 80 bar.
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2.5.1 Characterization of (O/W)-emulsions prior and after HHP treatment

To examine the HHP-stability of all established (O/W)-emulsions, the droplet size and fat
surface of untreated and HHP-treated (O/W)-emulsions were determined and subsequently
compared. Emulsion characterization was performed by the laser particle analyzer Mastersizer
2000 (Malvern Instruments Ltd, Malvern, UK). There, the light of a focused laser beam is
scattered by dispassing sample particles in particle size-dependent angles. Based on the
diffraction angles and light intensities, particle sizes are calculated.

A refractive index of 1.472 nD for rapeseed oil and of 1.449 nD for Miglyol® 812, determined
by a refractometer (Carl Zeiss Microscopy GmbH, Munich, Germany) at 25 °C, were used for
calculations. The Mastersizer 2000 software converts the determined datasets into volume
mean diameters (D(4,3), D(3,2)), Specific Surface Area (SSA) and patrticle-size distributions
and calculates associated statistical parameters (D(v,0.1), D(v,0.5), D(v,0.9)).

All samples were HHP-treated according to 2.7 at 500 MPa/25 °C and 500 MPa/55 °C with a
holding time of 5 min. Sample quantities used for measurements varied dependent on (O/W)-

emulsion properties and were adjusted to gain an obscuration between 10 and 18%.

2.5.2 Characterization of emulsion stability by multisample analytical
centrifugation

Phase separation stability of all used (O/W)-emulsions was investigated by multisample
analytical centrifugation (LUM GmbH, Berlin, Germany). With this technique, the process of
phase separation is accelerated by centrifugation and at the same time photometrically
observed. The intensity of transmitted light is recorded during centrifugation as a function of
phase separation position and time. The software SepView 6 was used to record the respective
transmission profiles. The phase separation speed (um s?) of all emulsion samples was
analyzed by using a phase separation threshold of 15%, a measuring time frame from 1 to
700 s and a measuring range from ~190 to ~290 mm.

Samples of ~400 pL (O/W)-emulsion were applied to LUMiFuge cuvettes, which were then
fixed in the analyzer. During centrifugation (2.474 rpm, 25 °C, 700 s), phase separation kinetics

were acquired by measuring the transmission every 10 s.
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2.6 Cell localization in emulsifier-stabilized and emulsifier-free
(O/W)-emulsion

Localization of bacterial cells was examined, using an Axiostar plus microscope (Carl Zeiss
Microscopy GmbH, Munich, Germany) equipped with phase-contrast optics and an
epifluorescence unit. If sufficient, localization of cells was investigated by bright field
microscopy. If necessary, cells were stained with SYTO® 9, a green fluorescent dye labeling
all bacteria, to visualize them in oil/water mixture and (O/W)-emulsion. In these cases,
epifluorescence light with the appropriate filters was used (Excitation BP 450-490 nm,
Emission LP 515 nm).

Sample preparation and microscopic examination

1 mL of sample was mixed with 3 L of SYTO® 9 and stored for 15 min in the absence of light.
3 yL of stained cell suspension were spread on a glass coverslip, which was then placed onto
a glass slide. 10x, 40x and 100x objective lenses were used, giving a total magnification of
100-, 400- and 1000-fold, respectively. The 100x objective lens was used with immersion oil.
Images were captured with a 1.388- by 1.038-pixel RGB camera (AxioCam ICcl, Carl Zeiss
Microscopy GmbH, Munich, Germany) and processed using the software AxioVS40 V 4.8.2.0.

2.7 HHP processing

The inactivation studies as well as the adiabatic heating studies were performed in IPB. The
buffer mixture IPB, consisting of the cationic buffer imidazole and phosphate buffered saline,
was shown to be less pressure sensitive and thus, possible pressure-induced pH changes

during HHP treatment can be minimized (Quinlan & Reinhart, 2005).

2.7.1 Inactivation studies

2.7.1.1 HHP equipment and HHP treatment

The samples were pressurized in two parallel linked 7 mL pressure vessels of the high
pressure unit TMW-RB (Lenz & Vogel, 2014, Lenz et al., 2015) equipped with thermostating
jackets regulated by the recirculating thermostat FC 600. A mixture of 30% DH20 and
70% polyethylene glycol 400 was used as pressure-transmitting fluid. Compression and
decompression rates were kept constant at 200 MPa mint. The treatment parameters
pressure level, temperature and pressure holding time varied within the experiments and are

therefore described in the corresponding results section.



Materials and Methods 62

Samples were prepared as described below, avoiding the inclusion of air as much as possible.
Then, samples were placed into the preheated pressure vessels approximately 5 min before
the start of the pressure treatment. Reference samples (no HHP treatment) were
simultaneously incubated at the same temperature as used for the HHP treatment. After
decompression, the tubes were removed from the unit and microbiological analysis was

performed (see 2.2.3.2).

2.7.1.2 Sample preparation for individual treatments
For the examination of the effect of various lipid phase parameters on the HHP inactivation of

L. plantarum, different experimental procedures were used, which are described below.

Emulsifier-stabilized (O/W)-emulsions

Different emulsifier-stabilized (O/W)-emulsions were used for studying the effect of emulsifier
type, oil type, fat content and fat surface (droplet size). Therefore, strains were harvested in
stationary growth phase (24 h) and washed with 10 mL of IPB (5.000 x g, 5 min, 25 °C).
Following, the cell pellets were resuspended in the same volume of IPB, cell suspensions
adjusted to cell concentrations of ~107 colony forming units (cfu) mL? using IPB and an
appropriate (O/W)-emulsion (see 2.5), and samples dispensed in volumes of 0.6 mL in cryo

tube vials with an internal thread.

Emulsifier-free (O/W)-emulsions

For the investigation of the effect of fat, based on interactions between bacterial cells and fat
surface, emulsifier-free (O/W)-emulsions stabilized by agar were used. Therefore, harvested
and washed cells (5.000 x g, 5 min, 25 °C) were diluted with IPB to 10-fold the desired
concentration, cell suspensions adjusted to cell concentrations of ~108 cfu mL™ using IPB (2%
(w/v) agar) and an appropriate emulsifier-free (O/W)-emulsion, and samples (1.6 mL)

subsequently filled into 2.0 mL reaction tubes.

2.7.2 Temperature control

Due to the strongly different adiabatic heating properties of fat and water, it was essential to
design HHP processes in a way that enables the assessment of the effect of the fat content
on microbial inactivation rather than that of different temperatures during HHP processing.
Careful experimental design also facilitates the comparability of the results obtained in this

thesis with results generated using different HHP equipment (Lenz et al., 2015).
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Although it was not fully possible to eliminate any temperature fluctuations, the mean process
temperature over the entire holding time was held relatively constant regardless of the amount
of fat in the model system sample. Adiabatic effects occurring in the HHP unit TMW-RB used
for the inactivation experiments were compared with the adiabatic heating properties of the

prepared emulsions under nearly ideal adiabatic conditions.

2.7.2.1 Temperature profiles under nearly ideal adiabatic conditions

Data acquisition

To be able to compare adiabatic effects occurring in the HHP unit TMW-RB used for the
inactivation experiments with the adiabatic heating properties of the prepared emulsions under
nearly ideal adiabatic conditions, temperature profiles were recorded.

For this purpose, an 8 mL pressure unit (U111, Unipress, Warszawa, Poland) with a
thermostating jacket connected to a recirculating thermostat (WCR-P22, °WITEG
Labortechnik GmbH, Wertheim, Germany) was used. Bis(2-ethylhexyl) sebacate (Alfa Aesar
GmbH & Co. KG, Karlsruhe, Germany) was used as pressure-transmitting fluid. Samples,
including buffer (IPB), the different (O/W)-emulsion systems and pure oil were filled in a custom
thin-walled PTFE tube and pressurized to 600 MPa. Sample temperature was monitored in the
geometrical centre of a sample vial, using a thin type K thermocouple (U111, Unipress,
Warszawa, Poland) connected (thermocouple cable and connectors, TC Direct,
Moénchengladbach, Germany) to a data acquisition module (OMB-DAQ-55, OMEGA
Engineering GmbH, Deckenpfronn, Germany). After equilibration of the sample temperature
at either 25 or 40 °C, pressure was rapidly released with an average rate of > 100 MPa s
(data quantity can be enhanced using lower rates at around 20 MPa s%; too low rates decrease
data accuracy due to an increasing influence of heat transfer between sample and
environment). Temperature data was measured at a rate of 9 Hz and recorded at a rate of
3 Hz (three data points averaged) using a routine that was created with LabVIEW (National
Instruments Germany GmbH, Munich, Germany). Experiments were performed in independent

duplicate for each sample and equilibration temperature.

Data processing

The experimental setup allowed for minimizing, but did not completely exclude heat transfer
inside the pressure vessel. To be able to consider this influence factor and the small, but
inherent time lag between pressure and temperature measurements, control experiments
using pure water or pure oil were performed, varying the position of the thermocouple inside

and outside of the sample vail (centred, off-centred, inner and outer vial wall).
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Heat transfer between the sample centre and the pressure-transmitting fluid did not play a
significant role at the given pressure release rate. A MATLAB software routine (MATLAB®
2016, MathWorks Inc., Natick, USA) was used to increase the amount of data points per
experiment by sub-dividing temperature curves in 10 MPa intervals, i.e., reading vectors and
calculating missing data points. Data points obtained for 5 independent experiments with pure
water were fitted (least-square fit; using TableCurve 2D software (Systat Software GmbH,
Erkrath, Germany)), yielding 4™ order polynomial equations with p > 0.99. A comparison of the
obtained control data with available standard data for pure water (NIST, 2002) yielded another
4" order polynomial function (TableCurve 2D) for each equilibration temperature, which could
be used to adjust raw data. These data, as depicted in the results section, were used to
compare heating effects that can occur during pressurization under (almost ideal) adiabatic

conditions of the emulsion systems used in this thesis.

2.7.2.2 Temperature control during inactivation experiments

Data acquisition

Adiabatic heating effects occurring during inactivation experiments were determined using the
HHP unit TMW-RB (Lenz & Vogel, 2014, Lenz et al., 2015). Pure water, buffer, liquid and solid
(O/W)-emulsion model systems with different fat contents were filled into the same type of
tubes as used during inactivation experiments. Since a connection of the thermocouple
through the lid was not possible, one sample tube at a time was placed upside down in the
center of one of the two parallel linked 7 mL pressure vessels of the HHP unit TMW-RB and a
thin type K thermocouple (U111, Unipress, Warszawa, Poland) connected (thermocouple
cable and connectors, TC Direct, Monchengladbach, Germany) to a data acquisition module
(OMB-DAQ-55, OMEGA Engineering GmbH, Deckenpfronn, Germany) was introduced trough
the vessel bottom and used to monitor adiabatic heating in the geometrical center of a sample
vial. Similar to the inactivation experiments, a mixture of 70% polyethylene glycol 400 (Roth,
Karlsruhe, Germany) and 30% DH20 was used as pressure-transmitting fluid. Vessel
temperature was controlled via thermostating jackets connected to a recirculating thermostat
(FC 600, JULABO Labortechnik GmbH, Germany) with water as heating/cooling fluid.
Temperatures were either set to 25 or 40 °C, target pressure levels were 300 and 400 MPa
held for 5 min and compression and decompression rates were kept constant at
200 MPa min. Adiabatic heating of the samples was monitored in the geometrical center of a
sample vial using a thin type K thermocouple (U111, Unipress, Warszawa, Poland) connected
(thermocouple cable and connectors; TC Direct, Monchengladbach, Germany) to a data
acquisition module (OMB-DAQ-55; OMEGA Engineering GmbH, Deckenpfronn, Germany).
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Temperature data was measured at a rate of 9 Hz and recorded at a rate of 3 Hz (three data
points averaged) using a routine that was created with LabVIEW (National Instruments
Germany GmbH, Munich, Germany). Experiments were performed in independent duplicate

for each sample and equilibration temperature.

Data processing

A MATLAB software routine (MATLAB® 2016; MathWorks Inc., Natick, MA, USA) was used to
increase the amount of data points per experiment by sub-dividing temperature curves in
10 MPa intervals, i.e., reading vectors and calculating missing data points. Since the
components and software for temperature and pressure measurement were identical to those
used for the determination of adiabatic heating effects under nearly ideal adiabatic conditions,
the correction function for the small-time lag between pressure and temperature
measurements derived from those experiments was used to adjust raw data that have been
obtained. Due to the drastically slower pressure build-up and release, this data processing had
only a marginal effect. Since the actual temperature peaks occurring during inactivation

experiments should be determined, no further data processing was necessary.

2.8 Genome analysis

Isolated, high molecular weight DNA (2.3.1) was sent to GATC Biotech (Konstanz, Germany)
for Single Molecule Real Time (SMRT) sequencing (Eid et al., 2009, McCarthy, 2010). The
assemblage of the raw data was performed, using two Hierarchical Genome Assembly
Process (HGAP2/3) protocols of the SMRT Analysis software (v 2.2.0 p2, Pacific Biosciences,
Menlo Park, USA). Manual curation of assemblies was executed as described by PacBio
online (https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Finishing-Bacterial-
Genomes). The obtained assembly, using the RS_HGAP_Assembly 3 protocol, was stated
as polished assembly (fasta). The assembly resulting from the RS_HGAP_Assembly 2

protocol was stated as draft assembly and served as control for the polished assembly. In
addition, BridgeMapper (RS_BridgeMapper), a protocol implemented in SMRT Analysis, was
run to check for a correct genome assembly.

By the implementation of BioPerl (http://www.bioperl.org) and the Bio::SeqlO system, the

polished assembly was split into contigs. NCBI BLAST (https://blast.ncbi.nim.nih.gov/Blast.cgi)
was used to test the contigs for redundancy (Altschul et al., 1990, Camacho et al., 2009) and
the dot plot tool of Gepard 1.40 (Computational Systems Biology, University of Vienna, Austria)

was used to check for overlapping ends (Krumsiek et al., 2007).


https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Finishing-Bacterial-Genomes
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Finishing-Bacterial-Genomes
http://www.bioperl.org/
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Additionally, using SMRT-View 2.30 (Pacific Biosciences, Menlo Park, USA), the overlapping
ends were examined for conspicuous coverage behaviour and were checked focusing on
quality of mapping, since a decrease also indicated overlapping ends. Next, contigs with
overlapping ends were circularised while contigs, being covered by another contig (non-sense)
or redundant, were discarded. Thereby, circularisation of contigs was achieved by the
introduction of an in silico break into the contig, followed by the circularisation itself using
Minimus2 (AMOS, http://amos.sourceforge.net). Following, proper circularisation of the

resulting contigs was ensured using Gepard 1.40.

In order to confirm that 100% of the initial sequence information was retained, all circularised
contigs were tested using Gepard 1.40 and NCBI BLAST versus the original contigs.
Subsequently, all circularised contigs as well as those for which circularisation was not
possible, were merged and provided as a reference in the resequencing job by SMRT Analysis
using RS-Resequencing_1 protocol. Resequencing was repeated until an average reference
consensus accordance of 100% was accomplished. The consensus sequence of the genome
from the last resequencing job was downloaded and stored as fasta file. This genome fasta
file was used as input for subsequent genome analysis applications, annotation and

submission.

Genome annotation was achieved by submitting the genome to NCBI Prokaryotic Genome
Annotation Pipeline for annotation (Angiuoli et al., 2008). Submission was done as described
online in detail (http://www.ncbi.nlm.nih.gov/genbank/genomesubmit). Therefore, a bioproject
(PRINA343197) was created and biosamples (SAMNO05805044, SAMN05805045,
SAMNO05805046, SAMN05805047) for the sequenced genomes were added.

For the identification of bacterial group specific genes, the BIAst Diagnostic Gene findEr
(BADGE) with standard settings was used according to Behr et al. (2016). Identified group
specific genes as well as the WTA synthesis pathway gene equipment of all completely
sequenced strains used in this thesis were checked on nucleotide and amino acid level, using
nucleotide BLAST and protein BLAST with standard algorithm parameters (BLASTN /
BLASTP, NCBI, (Zhang et al., 2000)). Gene sequences of identified genes of interest were
aligned and primers derived from conserved regions, using Clone Manager 5 (Scientific &
Educational Software, Denver, USA). Primers were used for screening of bacterial strains for
possible marker genes by colony PCR (2.3.3). Primer sequences and respective annealing

temperatures are shown in Table 8.


http://amos.sourceforge.net/
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2.9 Statistical analysis

To determine differences in HHP-mediated inactivation level, statistical analysis were done
using Sigma Plot (Jarvis, 2016) and applying statistical tests depending on the number of
groups to be compared, the normality of data and their equality of variance. The normal
distribution of data and their equal variance were checked using Shapiro-Wilk and Spearman
rank correlation, respectively. For the comparison of two groups consisting of normally

distributed data with equal variance, the Student’s t-test was used.

For not normally distributed data or data without equal variance, the non-parametric Mann-
Whitney rank sum test was used. The comparison of more than two groups was performed by
analysis of variance (ANOVA) and the post-hoc Tukey test for paired comparison where
ANOVA values were significant. For not normally distributed data or data without equal
variance, Kruskal-Wallis one-way ANOVA on ranks was used. Groups were considered

significantly different with a one-tailed p-value < 0.05.

2.10Software

Table 12: List of software used in this thesis.
MALDI Biotyper 3.0 © Bruker Daltonik GmbH

Maldi Biotyper Automation Control 2.2 ~ © Bruker Daltonik GmbH

flexAnalysis 3.4 © Bruker Daltonik GmbH

flexControl 3.4 © Bruker Daltonik GmbH

GIMP 2.8.10 © Spencer Kimball, Peter Mattis and the GIMP Development Team
Endnote X7.7.1

SigmaPlot 12.5

Adobe Acrobat Reader DC 2015
Mastersizer 2000 v5.60

© Thomson Reuters

© Systat Software, Inc.

© Adobe Systems Incorporated
© Malvern Instruments GmbH

AxioVS40V 4.8.2.0
ImageJ 1.50i

SepView® 6

TableCurve 2D

MATLAB® 2016

LabVIEW

SMRT Analysis V 2.2.0 p2
SMRT-View 2.30

Gepard 1.40

Clone Manager 5

© Carl Zeiss Microscopy GmbH

© Wayne Rasband, National Institutes of Health, USA
© LUM GmbH

© Systat Software GmbH

© MathWorks Inc.

© National Instruments Germany GmbH

© Pacific Biosciences of California, Inc.

© Pacific Biosciences of California, Inc.

© Computational Systems Biology, University of Vienna
© 2016 Scientific & Educational Software
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3 Results

In this thesis, above all the effect of fat on the HHP inactivation of vegetative cells was
examined by performing systematic investigations with spoilage-associated Lactobacillus
species and by using defined (O/W)-emulsions. The results of this chapter partly overlap with
the results of the PhD thesis of Dominik Reitermayer, Technische Universitat Minchen (not

published yet), as a result of a joint basic study diversifying into different theses.

3.1 (O/W)-emulsions as model food system

For the investigation of the effect of fat on bacterial HHP inactivation, defined (O/W)-emulsions
were used as model system. For this, systematic studies with emulsions varying in lipid phase
parameters were performed. On the one hand, lipid phase parameters that affect the
availability of fat for bacteria were varied. These parameters were fat content (low, medium,
high), emulsion-stabilizing additives (Tween® 80, sodium caseinate, agar) and fat surface
(small, medium, large). On the other hand, the effect of different oil types, mainly focusing on
distinct differences in fatty acid composition (saturated versus unsaturated), was examined.
The variation of the emulsifier type, fat surface and oil type was performed under constant fat
content of 50% (v/v) oil, enabling the investigation of solely the effect of the desired parameter.
Besides this, to avoid the appearance of unwanted side effects due to different oil droplet sizes
or fat surfaces, process parameters for the preparation of all (O/W)-emulsions were adjusted
which guarantees, if not otherwise wanted, comparable median droplet sizes and thus fat

surfaces.

3.1.1 Characterization of (O/W)-emulsions

The (O/W)-emulsions with varying lipid phase parameters were prepared according to chapter
2.5 and characterized with respect to volume median diameter (D(v,0.5)) (Figure 3) and the
associated fat surface (Specific Surface Area (SSA)) (Figure 4) using the laser particle
analyzer Mastersizer 2000. There, the characterization of the droplet size was consciously
restricted to the statistical parameter D(v,0.5), which divides the population exactly into two
equal halves, i.e., it reflects the diameter where 50% of the distribution is above and 50% is
below and thus embodies the median droplet size. In contrast to the statistical parameters
D(4,3), D(3,2), D(v,0.9) and D(v,0.1), this parameter seemed to be most suitable for the

conduction of meaningful comparisons between all emulsion types.
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Figure 3: Characterization of different (O/W)-emulsion types with respect to their median droplet size. (O/W)-
emulsions varying in fat content (A), fat surface (B), oil type (C) and emulsifier type (D). D(v,0.5), volume median
diameter, represents median droplet size. Data presented are the mean values from at least three independent
experiments and error bars correspond to standard deviations.

Both figures illustrate that the (O/W)-emulsions, which vary in fat content, oil and emulsifier
types, had similar median droplet sizes (~2.6 um) and fat surfaces (~3.7 m? g?), taking small
measurement deviations into account. For the (O/W)-emulsions, intended to enable the
investigation of a possible effect of the fat surface and thus, direct fat availability on bacterial
HHP inactivation, fat surfaces of ~1.5, ~3.7 and ~10.6 m? g could be set, providing a good
basis for HHP studies (Appendix Table 26). Based on these results, unwanted side effects due

to unintended significant differences in median droplet size and fat surface could be neglected.
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Figure 4: Characterization of different (O/W)-emulsion types with respect to their fat surface. (O/W)-emulsions
varying in fat content (A), fat surface (B), oil type (C) and emulsifier type (D). SSA represents Specific Surface Area.
Data presented are the mean values from at least three independent experiments and error bars correspond to
standard deviations.

3.1.2 HHP stability of (O/W)-emulsions

To ensure that all (O/W)-emulsions are stable enough to serve as matrices for subsequent
HHP studies, they were characterized with respect to median droplet size, fat surface and
creaming velocity prior to and after HHP treatment (500 MPa/25 °C; 500 MPa/55 °C).
Determination of particle size distribution was performed as described before, creaming
velocity was investigated by multisample analytical centrifugation. Therefore, integral creaming
kinetics of all emulsions were recorded during centrifugation (2.474 rpm, 25 °C, 700 s) and
phase separation speeds were calculated (phase separation threshold: 15%; measuring time
frame: 1 to 700 s; measuring range: ~190 to ~290 mm). Figure 5 summarizes the influence of
pressurization on median droplet size (A) and fat surface (B) and Figure 6 on creaming
velocities of all (O/W)-emulsions. Furthermore, all determined parameters are listed in detail

in Table 26 (see Appendix).
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Figure 5: Median droplet size (A) and fat surface (B) of different (O/W)-emulsions prior to and after HHP treatment.
(O/W)-emulsions were treated with different HPT-combinations and following their medium droplet size and fat
surface were determined by a laser particle analyzer. (O/W)-emulsion type: #1, 30% rapeseed oil; #2, 50%
rapeseed oil; #3, 70% rapeseed oil; #4, small SSA; #5, large SSA, #6, 50% rapeseed oil, 2% (w/v) sodium caseinate;
#7, 50% Miglyol® 812. SSA represents Specific Surface Area. D(v,0.5), volume median diameter, represents
median droplet size. Data presented are the mean values from at least three independent experiments and error

bars correspond to standard deviations.
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As Figure 5 illustrates, the behaviour of the tested emulsion properties of untreated and
pressure-treated (O/W)-emulsions was quite similar and no significant effect of HHP treatment
could be determined. All untreated (O/W)-emulsion contained particles with a median diameter
comparable to the particles of the corresponding samples treated with 500 MPa at 25 and
55 °C. Similar to untreated (O/W)-emulsions, HHP-treated samples showed comparable fat
surfaces with maximum deviation of ca. +9% (= +0.33 m? g*) for the emulsion with 30% (v/v)
rapeseed oil (#1; 500 MPa/25 °C) and ca. -12% (= -0.40 m? g1) for the emulsion with 70% (v/v)
rapeseed oil (#3, 500 MPa/55 °C).
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Figure 6: Creaming velocity of different (O/W)-emulsions prior to and after HHP treatment. (O/W)-emulsions were
treated with different HPT-combinations and following their creaming velocities were determined by multisample
analytical centrifugation. (O/W)-Emulsion type: #1, 30% rapeseed oil; #2, 50% rapeseed oil; #3, 70% rapeseed oil;
#4, small SSA; #5, large SSA; #6, 50% rapeseed oil, 2% (w/v) sodium caseinate; #7, 50% Miglyol® 812. SSA
represents Specific Surface Area. Data presented are the mean values from at least three independent experiments
and error bars correspond to standard deviations.

In Figure 6, the creaming velocities of untreated and HHP-treated model emulsions are
depicted. Obviously, the stability of all emulsions was noticeably influenced by the variation of
the lipid phase parameters fat content (#1, #2, #3), fat surface (#2, #4, #5), emulsifier (#2, #6)
and oil type (#2, #7), but not by the pressure treatment at the different HPT-combinations.
Moreover, clear trends, showing decreasing creaming velocities (~5.6, ~4.8, ~3.1 um s) with
higher fat content (#1, 30% (v/v); #2, 50% (v/v); #3, 70% (v/v)) as well as decreasing creaming
velocities (~9.9, ~4.8, ~0.1 um s) with increasing fat surface (#4, 1.5 m?g?; #2, 3.7 m? g%;
#5, 10.6 m? g1) could be observed.



Results 73

The (O/W)-emulsion with Miglyol® 812 (#7, ~3.9 um s) appeared to be more stable by
showing a lower creaming velocity than the emulsion with rapeseed oil (#2, ~4.8 um s?) at
comparable fat content. Furthermore, the replacement of the emulsifier Tween® 80 by sodium
caseinate decreased creaming velocity from ~4.8 um s (#2) to 3.2 um s (#6), resulting in
higher emulsion stability. Pressurization of all emulsion types led to no significant changes in
creaming velocity. The maximum emulsion-destabilizing effect of pressure was determined for
the (O/W)-emulsion type #3 (70% (v/v) rapeseed oil) by a change of creaming velocity from
~3.1t0 ~3.4 pm s* (500 MPa/25 °C) or ~3.7 um s (500 MPa/55 °C), which makes a difference
of up to +11% or +22%, respectively. However, considering the occurring measurement
deviations (0.34 um s, 0.67 um s), the actual destabilizing effect of pressure is likely to be

less pronounced.

The data presented in Figure 5 and Figure 6 demonstrate, that the impact of (O/W)-emulsion
stability was clearly more affected by the varied lipid phase parameters than by HHP treatment.
Due to the fact that pressure tended to induce just negligible changes in stability, all model

emulsions were considered suitable for actual HHP studies.

3.2 Characterization and selection of bacterial strains

In order to retrieve detailed insights from systematic investigations, appropriate strains had to
be selected. Suitable strains should vary in CSH, show a high spoilage potential and not have
emulsion-destabilizing, that means no proteolytic and lipolytic activities as well as no capability
to utilize Tween® 80. Therefore, 38 strains of the species L. plantarum, L. sakei and
L. fructivorans were selected from the strain collection of the Chair of Technical Microbiology

at TUM and used for strain characterization.

3.2.1 CSH of L. plantarum, L. sakei and L. fructivorans

CSH varies greatly among bacterial species and even among bacterial strains of one species.
Assuming that CSH most likely determines the localization of a cell in (O/W)-emulsions as well
as its affinity towards fat, which in turn might have an effect on the efficiency of HHP
inactivation, strains with different surface characteristics should be considered.

In this thesis, CSH was determined by a modified version of the MATH test (Rosenberg et al.,
1980) which was the most suitable method by representing best the conditions predominant in

(O/W)-emulsions.
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Cells grown to their logarithmic phase showed different affinities towards n-hexadecane and
were classified as highly hydrophobic (0 - 25%), moderately hydrophobic (26 - 50%),
moderately hydrophilic (51 - 75%) and highly hydrophilic (76 - 100%), according to the
percentage of absorbance of the aqueous phase after treatment relative to the initial
absorbance (Table 13).

Table 13: Cell surface hydrophobicity of logarithmic phase cells of Lactobacillus species. Surface hydrophobicity

was determined by MATH test.

Species Highly hydropi}obic Moderately hydro*phobic Moderately hydri)philic Highly hydroprlilic
(0 - 25%) (26 - 50%) (51 - 75%) (76 - 100%)
L. plantarum | TMW 1.25 (11%) TMW 1.1789 (42%) TMW 1.1728 (56%) TMW 1.1 (98%)
TMW 1.277 (9%) TMW 1.1792 (42%) TMW 1.1732 (52%) TMW 1.1308 (100%)
TMW 1.409 (44%) TMW 1.246 (54%) TMW 1.1478 (91%)
TMW 1.1623 (31%) TMW 1.834 (75%) TMW 1.38 (88%)
TMW 1.1594 (56%) TMW 1.64 (96%)
TMW 1.708 (76%)
TMW 1.9 (89%)
L. sakei TMW 1.151 (55%) TMW 1.13 (100%)

TMW 1.161 (70%)
TMW 1.704 (69%)

TMW 1.23 (98%)
TMW 1.165 (91%)
TMW 1.412 (98%)
TMW 1.1189 (89%)
TMW 1.1239 (91%)
TMW 1.1322 (92%)
TMW 1.1393 (98%)
TMW 1.1396 (98%)
TMW 1.1399 (90%)
TMW 1.1407 (100%)
TMW 1.1452 (86%)
TMW 1.1474 (98%)
TMW 1.1954 (86%)

L. fructivorans

TMW 1.59 (2%)
TMW 1.452 (3%)

TMW 1.1856 (60%)

*Percentage absorbance of the aqueous phase after treatment with n-hexadecane (0.4 mL volume) relative to initial absorbance.

It was found that the species L. plantarum shows the largest variance in CSH from highly
hydrophobic (9%) to highly hydrophilic strains (100%), followed by the species L. fructivorans
from highly hydrophobic (2%) to moderate hydrophilic strains (60%).
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Consequently, strains of both species showed no species-specific CSH. In contrast, strains of
the species L. sakei could only be identified as moderately (55%) and highly hydrophilic (100%)
and thus it can be assumed that strains of the species L. sakei tend to generally possess

hydrophilic cell surface characteristics.

3.2.2 Effect of growth phase on CSH

Since the growth phase was supposed to influence CSH, its effect on CSH was examined.
Therefore, selected strains of each species that show relevant differences in surface
characteristics, were additionally grown to stationary phase and analyzed by MATH test
(Table 14).

Table 14: Cell surface hydrophobicity of Lactobacillus species in different growth phases. Strains of the species
L. plantarum, L. sakei and L. fructivorans were grown to logarithmic and stationary phase und cell surface
hydrophobicity was determined by MATH test.

Cell surface hydrophobicity* (%)

Bacterial strain Log phase Stationary phase
L. plantarum TMW 1.25 11+5.8 7+5.3

L. plantarum TMW 1.1 98+4.6 99+1.8

L. plantarum TMW 1.277 9+3.3 7+4.2

L. plantarum TMW 1.708 76+1.9 93+1.7

L. sakei TMW 1.704 69+8.7 70+3.9

L. sakei TMW 1.1239 91+7.6 98+2.8

L. sakei TMW 1.1474 98+3.8 100+4.8

L. fructivorans TMW 1.59 2+0.8 6+0.8

L. fructivorans TMW 1.1856 60+9.6 63+6.9

*Percentage absorbance of the aqueous phase after treatment with n-
hexadecane (0.4 mL volume) relative to initial absorbance. Each value
represents the mean of at least three independent determinations.

In general, an increase in strength of the strains’ surface characteristics over cultivation time
could be observed, i.e., in stationary phase hydrophobic strains showed enhanced and
hydrophilic strains decreased adhesion to the organic phase (Table 14). On basis of these
results, all inactivation experiments were performed using stationary phase cells, where

differences in surface hydrophobicity were in principle more pronounced.
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3.2.3 Biodiversity of Lactobacillus strains

Besides general cell surface components such as WTAs, LTAs, surface fibrils, fimbriae,
oligosaccharides and S-layer, outer membrane proteins are suggested to be common bacterial
CSH features (Joh et al., 1999, McNab et al., 1999, Van der Mei et al., 2003, Tokuda &
Matsuyama, 2004, Pizarro-Cerda & Cossart, 2006, Xia et al., 2010, Wang et al., 2015).
Assuming that outer membrane proteins, which strongly vary in amino acid composition and
thus, three-dimensional conformation, significantly contribute to CSH, differences in CSH
might correlate with the biodiversity on the proteomic level. In order to proof this hypothesis,
MALDI-TOF-MS analysis was performed and strain-specific protein mass spectra were
created. For the visualization of mass spectra similarities, dimensional reduction was done by
high-throughput multidimensional scaling (HiT-MDS) and results are shown in a Euclidean 2D

plane (Figure 7).
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Figure 7: Multidimensional scaling (MDS) of Lactobacillus species based on specific protein mass spectra obtained
by MALDI-TOF-MS.

Based on their species-specific protein mass spectra, a clear separation of all strains, resulting

in three clusters, was observed.
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Strains of the two species L. plantarum and L. sakei seem to differ slightly on proteomic level,
while the protein mass spectra of the L. fructivorans strain TMW 1.1856 seems to vary
noticeably from the protein mass spectra of L. fructivorans TMW 1.59 and TMW 1.452, which
is shown by large distances in the 2D plane.

For the investigation of a potential correlation between the intraspecies biodiversity on
proteomic level and CSH, results of the MATH test and of the species-specific HiT-MDS were
combined. The results of HiT-MDS for L. plantarum and L. sakei are depicted in separate
figures, showing each strain surrounded by a specific colored circle which depends on their
prior determined CSH (Figure 8). As there were only three strains of L. fructivorans, no
conclusion could be drawn from HiT-MDS (Appendix Figure 31). Although most of the strains
of both species, L. plantarum and L. sakei, are positioned in the center of the 2D planes, strains
with similar surface characteristics show obvious variances regarding their position and
distance to each other (Figure 8(A/B)). Overall, no grouping of strains, which share similar
surface hydrophobicities, could be determined in the 2D plane. Only the two L. plantarum
strains TMW 1.25 and TMW 1.277, which both have a highly hydrophobic cell surface, share
a similar position in the 2D plane. Based on these observations, no general correlation between

surface hydrophobicity and biodiversity on the proteomic level could be determined.
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Figure 8: Multidimensional scaling (MDS) of L. plantarum (A) and L. sakei (B) based on protein mass spectra
combined with cell surface hydrophobicity. Specific mass spectra were obtained by MALDI-TOF-MS based on eight
replicates per strain. Surface hydrophobicity was determined by MATH test. Strains were classified as highly
hydrophobic (0 - 25%), moderately hydrophobic (26 - 50%), moderately hydrophilic (51 - 75%) and highly hydrophilic
(76 - 100%), depending on percentage absorbance of the aqueous phase after treatment with n-hexadecane
(0.4 mL volume) relative to initial absorbance.
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Based on cell surface characteristics, 2D plane position and isolation source, the initial strain
collection was reduced from 38 to 14 strains (Table 15). There, a broad spectrum of CSH and
differences in intraspecies biodiversity, illustrated by large variances in 2D plane position of
strains, was considered.

Table 15: Preselection of Lactobacillus strains based on surface hydrophobicity, 2D plane position (MDS) and

isolation source.

Species Strain TMW Cell surface hydrophobicity* Position in 2D plane (MDS) Isolation source
L. plantarum 1.277 Highly hydrophobic bottom Palm wine
1.25 Highly hydrophobic bottom Raw sausage
1.834 Moderately hydrophilic center ULICE, France
1.1623 Moderately hydrophobic right Breast milk
1.1478 Highly hydrophilic marginal right Honey (Belladonna)
1.708 Highly hydrophilic top Raw sausage
11 Highly hydrophilic bottom left Raw sausage
L. sakei 1.704 Moderately hydrophilic top left Sourdough
1.151 Moderately hydrophilic center Unknown
1.1239 Highly hydrophilic central Sourdough
1.1474 Highly hydrophilic marginal top Unknown
1.1322 Highly hydrophilic left Unknown
L. fructivorans 1.59 Highly hydrophobic top left Unknown
1.1856 Moderately hydrophilic center right Whey

*Cell surface hydrophobicity defined in this study according to percentage absorbance of the agueous phase after treatment with
n-hexadecane (0.4 mL volume) relative to initial absorbance. Highly hydrophobic (0 - 25%), moderately hydrophobic (26 - 50%),
moderately hydrophilic (51 - 75%) and highly hydrophilic (76 - 100%).

3.2.4 Emulsion destabilization potential of Lactobacillus species

In order to ensure that the strains used for HHP inactivation studies do not have the ability to
destabilize or destroy (O/W)-emulsions by degradation or metabolization of essential
constituents, they were checked for lipolytic and proteolytic activity and for their capability to
utilize Tween® 80.

3.2.4.1 Lipolytic activity

To avoid destabilization of (O/W)-emulsions by bacterial lipoyltic activities, selected strains
were grown on TB-mMRS agar plates and colonies were checked for surrounding halos,
indicating bacterial production of lipases/esterases. Exemplary pictures, representing each
examined species, are depicted in Figure 9. The pictures of the remaining 11 strains can be
viewed in the Appendix (see Figure 32). B. subtilis TMW 2.472 is known for possessing lipolytic

activities and was used as positive control (Figure 9D).



Results 80

Figure 9: Examination of bacterial lipolytic activity by growth on tributyrin-mMRS agar plates. L. plantarum TMW
1.25 (A), L. sakei TMW 1.1239 (B), L. fructivorans TMW 1.1856 (C) and B. subtilis TMW 2.472 (D).

Sufficient growth of all strains could be observed by formation of clear bacterial colonies. With
exception of B. subtilis TMW 2.472, no colony-surrounding halos could be determined for all
tested Lactobacillus strains. Consequently, it is unlikely that the tested Lactobacillus strains
possess emulsion-destabilizing lipolytic activity.
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3.2.4.2 Proteolytic activity

To prevent destabilization of sodium caseinate-stabilized (O/W)-emulsion by bacterial
proteolytic activity, all preselected strains were checked for proteolytic activity by measuring
changes in fluorescence properties of the substrate FTC-casein as a result of its proteolytic
digestion. Different concentrations of TPCK trypsin and the control strain B. subtilis
TMW 2.472, known for its proteolytic activity, were used as reference proteases. The
measured maximum fluorescence intensity (Flmax) and maximum increase in fluorescence

(AFlmax) are depicted in Figure 10.
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Figure 10: Determination of bacterial proteolytic activity by measuring changes in fluorescence intensity of FTC-
casein. Digestion of the substrate FTC-casein results in an increase of fluorescence intensity. Fluorescein
excitation/emission filters with 485/520 nm were used and the gain was set to 300. B. subtilis TMW 2.472 and TPCK
trypsin were used as positive controls. Flmax, maximum fluorescence intensity; AFlmax, maximum increase in
fluorescence intensity; AU, arbitrary units.

Flmax and AFlmax Of all Lactobacillus strains were comparable t0 Flnax (~884 AU) and AFlmax
(=29 AU) of the negative control (0 pg mL™* trypsin), indicating no bacterial proteolytic activity
(Appendix Table 23).
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On the contrary, AFlmax increased with higher trypsin concentration (~366 AU for 5 ug mL?,

~739 AU for 10 ug mL1) and proteolytic activity of the positive control B. subtilis was proven
by the determined AFlmax Of ~234 AU.

3.2.4.3 Degradation of emulsifier Tween® 80

In order to exclude a possible destabilization of Tween® 80-stabilized (O/W)-emulsion by

degradation and utilization of Tween® 80 by Lactobacillus strains, selected strains were grown

in IPB containing 0.1% and 1.0% (w/v) Tween®80, representing relevant Tween® 80

concentrations for this study. To ensure cells viability, strains were additionally grown in

MMRS.

Table 16: Growth of Lactobacillus species in IPB with different Tween® 80 concentrations. Growth conditions: 30 °C,
15 h. Lactobacillus species were grown in mMRS as positive control. ODmax, maximum optical density at 600 nm.

Mean values * standard deviation are shown.

IPB + 0.1% (w/v) Tween® 80 | IPB + 1.0% (w/v) Tween® 80 mMRS

Strain Initial ODgoo ODmax Initial ODggo ODmax Initial ODgoo ODnax

L. plantarum TMW 1.25 0.16+0.02 0.13+0.05 0.21+0.02 0.18+0.05 0.22+0.00 4.12+0.04
L. plantarum TMW 1.1 0.18+ 0.00 0.25+0.05 0.21+0.01 0.22+0.02 0.21+0.02 4.71+0.04
L. plantarum TMW 1.1478 0.20+0.02 0.26+0.02 0.26+0.00 0.28+0.03 0.17+0.03 5.12+0.05
L. plantarum TMW 1.277 0.19+0.01 0.18+0.07 0.27+0.03 0.25+0.04 0.22+0.03 4.25+0.06
L. plantarum TMW 1.708 0.18+0.01 0.18+0.04 0.23+0.02 0.36+0.17 0.21+0.02 4.06+0.06
L. plantarum TMW 1.834 0.20+0.02 0.22+0.02 0.26+0.02 0.26+0.01 0.30+0.09 4.13+0.07
L. plantarum TMW 1.1623 0.24+0.04 0.29+0.06 0.23+0.00 0.27+£0.04 0.18+0.01 4.37+0.13
L. fructivorans TMW 1.59 0.13+0.04 0.11+0.04 0.08+0.02 0.07+0.03 0.07+0.01 0.45+0.12
L. fructivorans TMW 1.1856 0.14+0.04 0.11+0.06 0.14+0.00 0.12+0.02 0.08+0.03 0.84+0.40
L. sakei TMW 1.151 0.06+0.07 0.11+0.08 0.15+0.02 0.15+0.03 0.12+0.00 3.10+0.17
L. sakei TMW 1.704 0.14+0.02 0.20+0.06 0.15+0.02 0.13+0.03 0.12+0.00 3.01+0.10
L. sakei TMW 1.1239 0.17+0.03 0.14+0.05 0.17+0.03 0.15+0.03 0.11+0.00 3.42+0.09
L. sakei TMW 1.1322 0.15+0.03 0.17+£0.04 0.13+0.03 0.14+0.03 0.13+0.02 3.16+0.37
L. sakei TMW 1.1474 0.15+0.01 0.18+0.02 0.14+0.03 0.15+0.05 0.10+0.01 3.81+0.21

Comparing the initial ODeoo With the maximum ODesoo Over a period of 15 h, for none of the

tested strains, an increase in the optical density and thus, cell density, in IPB could be

determined (Table 16). Accordingly, utilization of Tween® 80 and the related destabilization of

(O/W)-emulsions by the tested strains is very unlikely.



Results 83

3.2.5 Spoilage potential of Lactobacillus species

For further reduction of the strain collection, in a next step, bacterial strains should be selected
which additionally show a high potential for spoiling food, i.e., strains which show strong growth
under harsh conditions, normally used by the food industry to prevent bacterial growth and
food spoilage. These conditions comprise high acidities (low pH value), low activity of water
(high NaCl concentrations) and low temperatures. Bacterial growth was characterized by the

growth characteristics maximum cell density (ODmax) and maximum growth rate (Umax).

In order to investigate the pH tolerance of the preselected strains, their growth in CA-mMRS,
adjusted to pH values of 3.5, 4.0, 4.5 and 6.2, which are commonly used and found in food
products, was examined. The strains’ tolerance to low water activity was tested by their growth
in mMRS with adjusted ay values of 0.961, 0.955, 0.948 and 0.93, using NaCl concentrations
of 5%, 6%, 7.5% and 10%, respectively. The cold tolerance of Lactobacillus strains was
examined by cultivation in mMMRS at 4 and 10 °C for 9 days, using the same strains cultivated
in MMRS at 30 °C for 3 days as reference. Growth curves of selected strains were derived and
the growth characteristics ODmax and pmax €valuated. Focusing on conditions showing still
evaluable differences of the tested strains in pH tolerance, aw tolerance and cold tolerance,
growth at a pH of 3.5, a NaCl concentration of 7.5% (aw = 0.948) and a temperature of 4 °C
proved suitable for strain selection. The growth characteristics are summarized in Figure 11
(ODmax) and Figure 12 (Umax). The data of all tested growth conditions are listed in Table 24
and Table 25 (see Appendix).

The maximum cell density determined for all tested Lactobacillus species incubated at pH of
3.5, 7.5% NaCl and 4 °C varied widely among the different species and also within each
species (Figure 11).

The maximum ODego of L. fructivorans strains at pH 3.5 and 7.5% NacCl varied the most among
all species, with TMW 1.59 reaching only ODmax of ~0.1 and TMW 1.1856 growing up to an
ODnmax Of ~1.0 and ~0.8, respectively. Reaching only maximum ODeqo values of 0.04 for TMW
1.59 and 0.06 for TMW 1.1856, strains of the species L. fructivorans showed virtually no growth
at4 °C.

The maximum ODsqo Of L. plantarum strains varied widely at pH of 3.5, with TMW 1.1 reaching
ODmax 0of ~0.2 and TMW 1.1623 growing up to ODnax of ~1.0. Growth at 7.5% NaCl resulted in
general in more similar maximum cell densities starting from ~0.4 for TMW 1.1 up to ~0.8 for
TMW 1.708.
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The growth of all L. plantarum strains at 4 °C was strongly reduced, resulting above all in ODmax
values from ~0.1 to ~0.2. Deviating from the other L. plantarum strains, TMW 1.1 reached an
ODmax value of 0.5 which is twice as high compared to ODmax 0f most of the other strains.

The maximum ODego reached by L. sakei at pH 3.5 varied widely among the strains from 0.03
for TMW 1.1474 to ~0.8 for TMW 1.1239, showing partly distinct variation in ODmax among
different replicates of one sample. In the presence of 7.5% NaCl, L. sakei strains reached lower
ODmax Values compared to L. plantarum and L. fructivorans, showing the smallest variance in
ODmax With values from ~0.3 for TMW 1.1474 to ~0.6 for TMW 1.1239 and as observed for
growth at pH 3.5, strong variation in ODmax among different replicates of one sample. The
maximum ODsoo reached by L. sakei at 4 °C varied between 0.5 for TMW 1.704 and 0.8 for
TMW 1.1474 and thus, L. sakei showed clearly the best growth at low temperature.
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Figure 11: Maximum cell density (ODmax) determined for growth of different Lactobacillus species at low pH, reduced
water activity and 4 °C. Low pH, pH 3.5. 7.5% NacCl, aw = 0.948. ODsoo Was measured every 30 min by microplate
reader for 96 h (low pH and 7.5% NacCl) or every 24 h for 9 days (4 °C) and subsequently ODmax was determined.
L. plantarum: TMW 1.25, TMW 1.1, TMW 1.1478, TMW 1.277, TMW 1.708, TMW 1.834, TMW 1.1623.
L. fructivorans: TMW 1.59, TMW 1.1856. L.sakei: TMW 1.151, TMW 1.704, TMW 1.1239, TMW 1.1322,
TMW 1.1474.
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Figure 12: Maximum growth rate (Umax) determined during growth of different Lactobacillus species at low pH,
reduced water activity and 4 °C. Low pH, pH 3.5. 7.5% NaCl, aw = 0.948. ODeoo was measured every 30 min by
microplate reader for 96 h (low pH and 7.5% NacCl) or every 24 h for 9 days (4 °C), subsequently growth curves
were derived and the growth dynamic pmax was evaluated. L. plantarum: TMW 1.25, TMW 1.1, TMW 1.1478,
T™MW 1.277, TMW 1.708, TMW 1.834, TMW 1.1623. L. fructivorans: TMW 1.59, TMW 1.1856. L. sakei:
TMW 1.151, TMW 1.704, TMW 1.1239, TMW 1.1322, TMW 1.1474.

The maximum growth rates of the L. fructivorans strains corresponded well with the ODnax
values observed at different growth conditions. While TMW 1.59 showed only very slow or
even no growth at tested conditions (imax < 0.06 ht), for TMW 1.1856 pmax of 0.14 h™ at pH 3.5
(ODmax = ~1.0), 0.12 h'! at 7.5% NaCl (ODmax = ~0.8) and 0.08 d* at 4 °C (ODmax = 0.06) was
determined. Remarkably, in comparison to most of the strains of L. plantarum and L. sakei,
TMW 1.1856 grown at pH 3.5 and at 7.5% NaCl showed in general lower maximum growth
rates, but simultaneously reached mostly higher or the highest cell density, respectively.
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At pH 3.5, the maximum growth rates of L. plantarum strains did not correspond continuously
with the level of reached maximum cell densities. TMW 1.1 showed the highest pmax of 0.3 ht
although it reached the lowest ODmax 0f 0.24 and TMW 1.1478 had the second highest pmax of
0.26 ht of all tested strains, however, it only reached a mean ODmax of 0.65. A similar
observation for TMW 1.1 could be also made in the presence of 7.5% NaCl, again showing the
highest pmax (0.2 h) while reaching the lowest ODmax. Contrary to the observations made for
TMW 1.1 grown at pH 3.5 and 7.5% NacCl, the maximum growth rate of TMW 1.1 at 4 °C, being
the highest among all L. plantarum strains, corresponded well with the highest observed ODnax
of 0.47 for TMW 1.1. However, again not corresponding, TMW 1.1623, which has the second
highest pmax (0.47 d*) only reached a mean ODmax of ~0.2.

The maximum growth rates of L. sakei were similar to the growth rates of L. plantarum at
respective pH and NaCl concentration, but corresponded continuously with the determined
levels of maximum ODeo values at all growth conditions. L. sakei showed the highest
maximum growth rates with pmax reaching from 0.9 d* (TMW 1.1322) to 1.0 d* (TMW 1.1239),

confirming the highest tolerance to cold among all tested species.

Selection of suitable strains for HHP inactivation studies

Suitable strains for systematic HHP inactivation studies should show substantial differences in
CSH, a relevant potential to spoil food and not pose a threat to (O/W)-emulsions which are
used as model system in this study. Additionally, in order to ensure a better comparability of
the results achieved, selected strains should preferentially belong to the same species. Since
no destabilizing effect of the tested strains on (O/W)-emulsions could be determined (3.2.4),
the selection of suitable strains was accomplished based on CSH (3.2.1), spoilage potential
(3.2.5), positions in Euclidean 2D plane (3.2.3) and the source of isolation (Table 15).

Both strains of the species L. fructivorans, TMW 1.59 and TMW 1.1856, showed high variations
in CSH, but especially TMW 1.59 failed to grow under harsh conditions where most of the other
strains showed good growth. Compared to L. plantarum, strains of the species L. sakei showed
in general similar or slightly lower growth at low pH and at 7.5% NacCl, but revealed clearly the
best cold tolerance. L. plantarum strains showed a generally high spoilage potential and wide
variation in CSH. Since for all L. sakei strains moderately or highly hydrophilic surfaces were
determined, strains of the species L. plantarum proved to be most suitable to meet all
requirements.

TMW 1.25 which was isolated from raw sausage and TMW 1.277 which was isolated from
palm wine revealed to be the most appropriate for representing highly hydrophobic

L. plantarum strains.
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In contrast to this, TMW 1.708 and TMW 1.1 appeared to be good representatives for
hydrophilic L. plantarum strains, showing highly hydrophilic cell surfaces and clear differences
in protein mass spectra, illustrated by distinctly different positions in Euclidean 2D plane

(Figure 8A). Moreover, both strains share the same isolation source with TMW 1.25.

3.3 Localization of L. plantarum in (O/W)-emulsions

The localization of highly hydrophobic (TMW 1.25 and TMW 1.277) and highly hydrophilic
(TMW 1.708 and TMW 1.1) strains in simple oil/water mixtures (1:1) and (O/W)-emulsions,
stabilized by emulsifier or the thickener agar, was examined. This was done in order to proof
whether the cells show CSH-specific adhesion to oil droplets and whether the presence of
emulsifier prevents adhesion of hydrophobic cells to the fat surface.

The simple oil/water mixture was prepared by dispersing rapeseed oil in IPB. Following this,
using stationary phase cells, cell concentrations of ~108 cfu mL* were adjusted and samples

investigated by bright-field microscopy.

Figure 13: Localization of hydrophobic (TMW 1.25 (A), TMW 1.277 (B)) and hydrophilic (TMW 1.708 (C), TMW 1.1
(D)) strains of the species L. plantarum in 1:1 oil-water mixtures. Lipid phase, rapeseed oil. Aqueous phase, IPB.
Magnification: 1000x.



Results 88

As shown in Figure 13, the cells of both hydrophobic strains, TMW 1.25 (A) and TMW 1.277
(B) noticeably adhered to the oil droplets, whereas cells of the hydrophilic strains TMW 1.708
(C) and TMW 1.1 (D) did not show any adhesion. These observations plainly show that CSH

dominantly influences cell localization in oil-water mixtures.

In contrast to this, microscopic examination of emulsifier-stabilized (O/W)-emulsion revealed
homogenous distribution of oil droplets and cells. Differences in the localization of cells in
emulsifier-stabilized (O/W)-emulsion, i.e., differences in adhesion behaviour depending on
differences in CSH were not ascertainable (Figure 14). However, consistent with the
observations made in simple oil/water mixtures, in emulsifier-free (O/W)-emulsions that were
stabilized by agar, hydrophobic cells (Figure 15A/B) clearly adhered to the oil droplets, while
hydrophilic cells (Figure 15C/D) did not show any adhesion. In contrast to the emulsifier-
stabilized emulsion, no homogenous distribution of oil droplets was observable in the

emulsifier-free emulsion.

Figure 14: Fluorescence microscopy of hydrophobic (TMW 1.25 (A), TMW 1.277 (B)) and hydrophilic (TMW 1.708
(C), TMW 1.1 (D)) strains of the species L. plantarum in (O/W)-emulsion. 50% (v/v) rapeseed oil/IPB emulsion with
1% (w/v) Tween® 80. Cells are stained with SYTO® 9 green fluorescent dye. Magnification: 400x.
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Figure 15: Fluorescence microscopy of hydrophobic (TMW 1.25 (A), TMW 1.277 (B)) and hydrophilic (TMW 1.708
(C), TMW 1.1 (D)) strains of the species L. plantarum in emulsifier-free (O/W)-emulsion. 50% (v/v) rapeseed oil/IPB
emulsion with 2% (w/v) agar. Cells are stained with SYTO® 9 green fluorescent dye. Magnification: 1000x.

3.4 Effect of fat and bacterial surface hydrophobicity on the HHP
inactivation of L. plantarum in emulsifier-stabilized (O/W)-

emulsions

To retrieve detailed insights from systematic HHP inactivation studies in emulsifier-stabilized
(OMW)-emulsions, first, preliminary experiments had to be performed. These experiments
aimed to consider different adiabatic heating properties of used (O/W)-emulsions systems, in
order to find appropriate HHP treatment parameters and to account a possible effect of the

emulsifier per se on the HHP inactivation of L. plantarum.

34.1 Preliminary experiments

3.4.1.1 Effect of adiabatic heating during HHP treatment
Due to the extremely different adiabatic heating properties of fat and water, it was essential to
determine adiabatic heating properties of all used (O/W)-emulsions systems and evaluate the

efficiency of the temperature control used for HHP inactivation studies.
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Thus, the assessment of the effect of the fat content and oil type on microbial inactivation
rather than that of different temperatures during HHP processing should be enabled.

For this, temperature profiles of all (O/W)-emulsion types were recorded and raw data adjusted
according to 2.7.2. Then, adiabatic heating effects, occurring in the temperature-controlled
HHP unit TMW-RB, which was used for the inactivation experiments, were compared with the
adiabatic heating properties of the prepared emulsions under nearly ideal adiabatic conditions.
Figure 16 shows the comparison between standard data for pure water (NIST, 2002) and
experimental data for water determined under nearly ideal adiabatic conditions. In order to
consider the small time lag between pressure and temperature measurements, data was
adjusted with a correction function (2.7.2.1). For both initial temperatures, 8 and 22.5 °C, the
depicted temperature-pressure profiles of standard data (NIST, 2002) and experimental data
resulted in a very good fit. Thus, it was assumed that the experimental setup, as well as the
correction function, were appropriate for the determination and comparison of adiabatic

heating properties of the (O/W)-emulsion systems under nearly ideal adiabatic conditions.
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Figure 16: Comparison of data for water from the NIST (National Institute of Standards and Technology,
Gaithersburg, USA) database with experimental data determined using the pressure unit U111l (Unipress,
Warszawa, Poland) under nearly ideal adiabatic conditions. After equilibration of the sample temperature at either
25 or 40 °C, pressure was rapidly released with an average rate of > 100 MPa st and temperature profiles were
recorded. Recorded data was processed according to 2.7.2.1, resulting in adiabatic heating profiles of water in
temperature ranges of 8 to 25 °C and 22.5 to 40 °C.
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Figure 17 illustrates the effect of the fat content (0 - 100% rapeseed oil) of (O/W)-emulsions
on adiabatic heating under nearly ideal adiabatic conditions. Independent of the initial
temperature, adiabatic heating of (O/W)-emulsions clearly increased with higher fat content.
Using an initial temperature of 25 °C, heating rates of 2.7, 3.9, 4.0, 5.4 and 6.2 °C per 100 MPa
could be determined for (O/W)-emulsions with 0, 30, 50, 70 and 100% rapeseed oll,
respectively. At an initial temperature of 40 °C, similar heating rates of 2.8, 3.6, 4.1, 4.9 and
5.9 °C per 100 MPa for (O/W)-emulsions with 0, 30, 50, 70 and 100% rapeseed oil were
determined, respectively (Table 17).
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Figure 17: Adiabatic heating properties of (O/W)-emulsion systems with varying fat content under nearly ideal
adiabatic conditions. Fat contents of 0 (IPB), 30, 50, 70 and 100% rapeseed oil were used. After equilibration of the
sample temperature at either 25 or 40 °C, pressure was rapidly released with an average rate of > 100 MPa s and
temperature profiles were recorded. Recorded data was processed according to 2.7.2.1.
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Evaluating adiabatic heating effects of (O/W)-emulsions varying in oil type, comparable
temperature profiles of rapeseed oil and Miglyol® 812 at all tested fat contents could be
determined (Figure 18). Using an initial temperature of 25 °C, heating rates of 4.0 °C/100 MPa
and 6.2 °C/100 MPa for 50% and 100% rapeseed oil and 4.3 °C/100 MPa and 6.0 °C/100 MPa
for 50% and 100% Miglyol® 812 were evaluated, respectively.

At an initial temperature of 40 °C, heating rates of 50% and 100% Miglyol® 812 were marginally
higher with 4.4 °C/100 MPa and 6.3 °C/100 MPa compared to rapeseed oil with
4.1 °C/100 MPa (50%) and 5.9 °C/100 MPa (100%), respectively (Table 17).
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Figure 18: Adiabatic heating properties of (O/W)-emulsions varying in oil type and fat content under nearly ideal
adiabatic conditions. Rapeseed oil and Miglyol® 812 were used with fat contents of 0 (IPB), 30 and 50%. After
equilibration of the sample temperature at either 25 or 40 °C, pressure was rapidly released with an average rate
of > 100 MPa s and temperature profiles were recorded. Recorded data was processed according to 2.7.2.1.
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Table 17: Heating rates of IPB and (O/W)-emulsions as a result of adiabatic compression under nearly ideal and
real conditions.

Initial temperature = 25 °C Initial temperature = 40 °C
Model system IAH (°C/100 MPa) Mgeggt(;%i)l&opa leéf)';t(;%/olﬁﬂopa IAH (°C/100 MPa) RA'lt(;%glﬁﬂop':Pa)
IPB 2.7 0.3 0.4 2.8 0.5
30% rapeseed ol 3.9 0.7 0.5 3.6 1.0
50% rapeseed oil 4.0 1.2 0.8 4.1 1.4
70% rapeseed oll 5.4 1.3 1.0 4.9 17
100% rapeseed oil 6.2 1.3 1.2 5.9 1.6
IPB + 2% (w/v) agar 2.8 0.3 0.4 2.8 0.5
0 .
goom/o(v:/?\?)e;geg? oil + 3.5 0.9 05 3.6 1.3
0 .
g&/"(v:,‘j‘\f’)e;ggf oil + 38 1.2 0.6 4.2 16
50% Miglyol® 812 4.3 0.9 0.7 4.4 1.3
100% Miglyol® 812 6.0 1.2 0.8 6.3 1.6

Note: Temperature changes in all model systems were determined at an initial temperature of 25 or 40 °C. IAH = Ideal adiabatic
heating. RAH = Real adiabatic heating.

Temperature profiles of liquid and solid (O/W)-emulsions are depicted in Figure 19. Liquid
(O/W)-emulsions, stabilized by the emulsifier Tween® 80 and solid, emulsifier-free (O/W)-
emulsions, stabilized by 2% (w/v) agar, showed comparable adiabatic heating rates with a
maximum difference of 0.4 °C/100 MPa for the (O/W)-emulsion with 30% rapeseed oil at an
initial temperature of 25 °C (Table 17).
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Figure 19: Adiabtic heating properties of liquid and solid (O/W)-emulsions under nearly ideal adiabatic conditions.
Liquid (O/W)-emulsions were stabilized by the emulsifier Tween® 80 while solid, emulsifier-free (O/W)-emulsions
were stabilized by 2% (w/v) agar. Fat contents of O (IPB), 30 and 50% rapeseed oil were used. After equilibration
of the sample temperature at either 25 or 40 °C, pressure was rapidly released with an average rate of
> 100 MPa s and temperature profiles were recorded. Recorded data was processed according to 2.7.2.1.

Next, adiabatic effects occurring in the HHP unit TMW-RB, which was used for the inactivation
experiments, were evaluated and compared with the adiabatic heating properties of the
prepared emulsions under nearly ideal adiabatic conditions. Figure 20 and Figure 21 show
exemplary the temperature profiles of all (O/W)-emulsions recorded during HHP treatment at
400 MPa/25 °C.

During initial pressurizing to 400 MPa, independent of the (O/W)-emulsion system, a slight
increase in temperature could be observed for all model systems. This was followed by a
temperature decrease, a settling at 25 °C treatment temperature during holding time and lastly
a severe temperature drop due to controlled pressure-release. A summary of the heating rates,
mean and maximum temperatures during HHP processing in the HHP unit TMW-RB, which

was used for the inactivation experiments, is provided in Table 17 and Table 18.
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Figure 20: Temperature profiles of (O/W)-emulsions varying in fat content (A) and oil type (B) during HHP treatment
under experimental conditions. HHP treatment was performed by the HHP unit TMW-RB. Temperature profiles
were recorded during HHP treatment at 400 MPa/25 °C/5 min holding time and recorded data were processed
according to 2.7.2.2. (A) Fat contents of 0 (IPB), 30, 50, 70 and 100% rapeseed oil were used. (B) Rapeseed oil
and Miglyol® 812 were used with fat contents of 0 (IPB), 50 and 100%.
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Figure 21: Temperature profiles of liquid and solid (O/W)-emulsions varying in fat content during HHP treatment
under experimental conditions. HHP treatment was performed by the HHP unit TMW-RB. Temperature profiles
were recorded during HHP treatment at 400 MPa/25 °C/5 min holding time and recorded data were processed
according to 2.7.2.2. Liquid (O/W)-emulsions were stabilized by the emulsifier Tween® 80 while solid, emulsifier-
free (O/W)-emulsions were stabilized by 2% (w/v) agar. Fat contents of 0 (IPB), 30 and 50% rapeseed oil were

used.

Table 18: Mean and maximum temperatures during HHP processing of IPB and (O/W)-emulsions.

HHP treatment at
300 MPa/25 °C

HHP treatment at
300 MPa/40 °C

HHP treatment at
400 MPa/25 °C

Model system Tmax (°C) Tmeane™ (°C) Tmax (°C) Tmeane* (°C) Tmax (°C) Tmeane™ (°C)
IPB 25.7 25.1 41.3 40.1 26.4 25.4
30% rapeseed oil 27.0 25.4 43.0 40.5 26.9 255
50% rapeseed oil 28.4 25.7 44.2 40.8 28.0 25.8
70% rapeseed oil 28.9 25.8 44.8 40.9 29.0 26.1
100% rapeseed ol 28.7 25.8 44.7 40.9 29.9 26.4
IPB + 2% (w/v) agar 25.9 25.1 41.4 40.2 26.7 25.4
28;/‘; rapeseed oil + 2% (W/v) 276 255 437 40.6 26.9 255
ggoa/‘; rapeseed oil + 2% (w/v) 28.5 25.7 447 40.9 27.4 25.6
50% Miglyol® 812 27.7 25.5 43.8 40.6 27.6 25.7
100% Miglyol® 812 28.5 25.7 44.6 40.8 28.3 25.9

Note: *Pressure build-up time of 90 s + holding time of 300 s. **Pressure build-up time of 120 s + holding time of 300 s. Thax =
maximum temperature reached due to adiabatic compression. Tmeanp = Mean temperature during process.

Consistent with the observations under nearly ideal adiabatic conditions, higher fat content in

model systems resulted in general in higher adiabatic heating of (O/W)-emulsions under real

experimental conditions (see Table 17 and Table 18).
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Although it was not completely possible to eliminate temperature raises due to adiabatic
heating, the heating rates could be noticeably reduced by at least 61.9% for all model systems
using the experimental setup for HHP inactivation studies. The highest observed heating rates
were 1.7 °C/100 MPa for the (O/W)-emulsion with 70% rapeseed oil and 1.6 °C/100 MPa for
100% rapeseed oil, both at a target p/T combination of 300 MPa/40 °C. Clear differences in
adiabatic heating between rapeseed oil and Miglyol® 812 as well as between liquid and solid
(O/W)-emulsions were again not determinable. The mean process temperature over the entire
process (defined as time pressurizing to target pressure and holding a sample at a pressure
> (prarget — 5 MPa)) was held relatively constant regardless of the amount of fat, the oil type and
the physical state of the model system sample. The measured mean temperature differences
during process between samples with 0% and 100% fat were limited to 1.0 °C under all applied
HHP process conditions (see Table 18). The absolute maximum temperature difference
recorded between samples with and without fat was 3.5 °C for model systems with 70% and
100% rapeseed oil and a target p/T combination of 300 MPa/40 °C and 400 MPa/25 °C,
respectively. On average, maximum temperature differences arising from adiabatic peaks
were 2.3 °C.

The results demonstrated that the temperature control used for eliminating the occurrence of
adiabatic heating effects at HHP treatments worked efficiently and thus, effects of adiabatic

heating could be neglected using this experimental setup.

3.4.1.2 Inactivation kinetics

To determine appropriate HHP treatment conditions, which on the one hand lead to sufficient
bacterial inactivation, but on the other hand still enable the identification of HHP inactivation
influencing parameters, inactivation kinetics were run. Since the pressure sensitivity between
strains within one species can vary greatly, inactivation kinetics were determined for each of
the four selected strains individually, as shown in Figure 22. The pressure level was
incrementally increased from 250 to 600 MPa in steps of 50 MPa at a constant pressure
holding time of 5 min at 25 °C, considering high temperature-sensitivity of many fat-containing

products.
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Figure 22: Inactivation kinetics of different strains of the species L. plantarum. The induced reduction (logio(No/N))
of stationary phase cells of strains TMW 1.25 (A), TMW 1.277 (B), TMW 1.708 (C) and TMW 1.1 (D) at an inoculum
of ~107 cells mL™, subjected to HHP treatment of 250 to 600 MPa at 25 °C for 5 min. Bacterial inactivation is stated
as log reduction levels. Data presented are the mean values from at least three independent experiments and error
bars correspond to standard deviations.

Independent of the tested strain, treatments at 250 and 300 MPa resulted in low cell
inactivation, i.e., log inactivation levels of 0.20 to 0.69 (Figure 22, Appendix Table 27).
Treatment at 350 MPa led to a clearly increased cell inactivation of the hydrophobic strains
TMW 1.25 and TMW 1.277 (~1.7 and ~2.1 log higher inactivation), which was not to this extent
observable for the hydrophilic strains TMW 1.708 and TMW 1.1. Applying a pressure of
400 MPa, significantly higher cell inactivation could also be observed for TMW 1.708 and
TMW 1.1 with ~0.8 and ~2.5 log higher inactivation. A treatment of 450 MPa showed especially
for TMW 1.708 and TMW 1.1 noticeably increased cell inactivation from 1.51 (400 MPa) to
2.49 and 3.23 (400 MPa) to 4.94 log cycles, respectively. More harsh conditions, i.e. pressure
levels = 500 MPa, led to an overall dramatic reduction in viable cell counts with treatments at

550 and 600 MPa resulting in even complete inactivation.
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Taking into consideration the determined strain-specific differences in pressure resistance, a
pressure level of 400 MPa proved to be most suitable for subsequent HHP investigations,
guaranteeing substantial but not complete cell inactivation of all strains. Hereby, effects of
different lipid phase parameters on HHP inactivation could be investigated.

Besides HHP treatment at 400 MPa/25 °C/5 min, subsequent inactivation studies were
additionally performed at 300 MPa/25 °C/5 min and 300 MPa/40 °C/5 min. Using several HPT-
combinations, a wider range could be investigated, enabling to identify a possible effect of lipid
phase parameters occurring only under specific conditions. In contrast to treatments at 25 °C,
treatments at 300 MPa and 40 °C led to significantly higher cell inactivation, i.e. log inactivation
levels of 3.25, 3.06, 1.53 and 0.93 for TMW 1.25, TMW 1.277, TMW 1.708 and TMW 1.1,
respectively (Appendix Table 29). The inactivation level found for TMW 1.708 was significantly
lower than that found for the other strains, indicating that TMW 1.708 has the lowest

temperature sensitivity of all tested strains.

3.4.1.3 Effect of emulsifier on the HHP inactivation of L. plantarum in aqueous
suspension
To consider a possible effect of the emulsifier type (Tween® 80, sodium caseinate) and
emulsifier concentration on bacterial HHP inactivation, samples with emulsifier concentrations
of 0.0, 0.5, 1.0, 2.5 and 5.0% (w/v) were adjusted and subjected to 400 MPa/25 °C for 5 min.
Figure 23 (detailed data is shown in Appendix Table 28) illustrates that neither for the emulsifier
Tween® 80 (A) nor for sodium caseinate (B) an effect on the HHP inactivation of L. plantarum
could be determined. As a result, it could be assumed that various concentrations and types
of emulsifier, which were applied for stabilization of the (O/W)-emulsion types used in this

study, have no influence on the HHP inactivation of L. plantarum.
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Figure 23: Effect of Tween® 80 (A) and sodium caseinate (B) on the HHP inactivation of L. plantarum in aqueous
suspension. The HHP-induced reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277,
TMW 1.708 and TMW 1.1) at an inoculum of ~107 cells mL in the presence of different emulsifier types and
-concentrations is shown (400 MPa/25 °C/5 min). Data presented are the mean values from at least three
independent experiments and error bars correspond to standard deviations.
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3.4.1.4 Oxidation stability of rapeseed oil and Miglyol® 812

Oxidation stability of rapeseed oil and Miglyol® 812 was examined to account a possible effect
of changed oil properties, which could be caused by storage, on bacterial inactivation. For this
purpose, samples of both, freshly opened as well as oil bottles, which were stored for 14 days,
were sent to VFG-Labor GmbH & Co. KG (Versmold, Germany) for the examination of their
oxidation stability. To determine the oxidation stability of both oil types, their aging process
was accelerated by temperature increase (98 °C) and oxygen excess (6 L h) and the time
(induction time) measured until oxidation occurred. Taking into account measurement
inaccuracies, comparable induction times of 12 h for fresh and 11 h for 14 days old rapeseed
oil samples were determined. Regarding the fully saturated oil Miglyol® 812, for both samples
comparable inductions times of > 50 h were measured. Based on these observations, changes

of oil properties, i.e. oxidation of oil due to storage, could be neglected.

3.4.2 Effect of fat per se on the HHP inactivation of L. plantarum

After selection of appropriate HPT parameters, the effect of fat per se was determined by using
Tween® 80-stabilized (O/W)-emulsions varying in fat content (0, 30, 50 and 70% (v/v) rapeseed
oil) while showing comparable fat surfaces (3.1.1). Inactivation levels of all tested strains after
HHP processing are summarized in Table 29 (see Appendix) and shown for treatment at
400 MPa/25 °C/5 min in Figure 24.

The pressure level of 300 MPa at 25 °C generally had a weak effect on cell counts and
maximum inactivation levels were ~0.6 log, reached for the strain TMW 1.25. Using these mild
temperatures, the fat content had no significant effect on HHP inactivation. However, cell
inactivation at 300 MPa was markedly increased at a process temperature of 40 °C as well as
in case of a HPT combination of 400 MPa/25 °C. There, the applied higher temperature or
pressure resulted in comparable increases in cell inactivation of almost each strain. Only for
TMW 1.1 the results were contrastive: TMW 1.1 showed the lowest temperature sensitivity but
the highest pressure sensitivity among all strains, resulting in differences in log inactivation
levels of ~0.6 and ~2.9, respectively. Maximum log inactivation levels at 300 MPa/40 °C and
400 MPa/25 °C target pressure were ~3.4 for TMW 1.277 (70% (v/v) rapeseed oil) and ~3.9
for TMW 1.1 (50% (v/v) rapeseed oil), respectively. Comparing the cell counts of fat-free and
fat-containing samples, a clear tendency towards generally increased cell inactivation of
hydrophilic (TMW 1.708 and TMW 1.1) but not hydrophobic strains with higher fat content was
observed (Figure 24).
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Furthermore, a significant fat-mediated increase in inactivation of TMW 1.1 (0 to 50% fat,
p=0.032; 0 to 70% fat, p=0.009) at 300 MPa/40 °C and of TMW 1.708 (0 to 50% fat,
p = 0.048; 0 to 70% fat, p = 0.011) at 400 MPa/25 °C could be determined.

The maximum difference between log inactivation levels of fat-free and fat-containing
(70% (v/v) rapeseed oil) samples was 0.84 for TMW 1.1 at 300 MP&a/40 °C. In general, an

increase in cell inactivation with higher treatment intensities was observed.
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Figure 24: Effect of fat per se on the HHP inactivation of L. plantarum in emulsifier-stabilized (O/W)-emulsions. The
induced reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277, TMW 1.708 and TMW 1.1)
at an inoculum of ~107 cells mL* by HHP (400 MPa/25 °C/5 min) is shown. Data presented are the mean values
from at least three independent experiments and error bars correspond to standard deviations. Asterisks indicate
statistically significant differences between samples (p < 0.05).

3.4.3 Effect of fat/water boundary layer thickness on the HHP inactivation of
L. plantarum

In a next step it was examined, whether the emulsifier type and thus, the thickness of the
fat/water boundary layer has an effect on the HHP inactivation of L. plantarum. Tween® 80, a
low molecular emulsifier, is assumed to form thin fat/water boundary layers, while sodium
caseinate, a macromolecular emulsifier, is thought to form thick layers. Inactivation levels of
all tested strains after HHP processing are shown in Table 29 (see Appendix) and for treatment
at 400 MPa/25 °C in Figure 25.
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Within each strain, all determined inactivation levels were comparable. Accordingly, apart from
an increase in cell inactivation with higher treatment intensities, no effect of the emulsifier type
on HHP inactivation could be observed. Consequently, no effect of the fat/water boundary layer

thickness on the HHP inactivation of L. plantarum could be determined.
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Figure 25: Effect of the emulsifier type on the HHP inactivation of L. plantarum in emulsifier-stabilized (O/W)-
emulsions. The induced reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277,
TMW 1.708 and TMW 1.1) at an inoculum of ~107 cells mL? by HHP (400 MPa/25 °C/5 min) is shown. Data
presented are the mean values from at least three independent experiments and error bars correspond to standard
deviations.

3.4.4 Effect of fat surface on the HHP inactivation of L. plantarum

Considering that an effect of fat could be based on the droplet size and, hence, fat surface
potentially available for cell adhesion, the effect of different fat surfaces (1.5 m? g%, 3.7 m? g%,
10.6 m? g1) at a constant fat content of 50% (v/v) rapeseed oil on bacterial inactivation was

examined.

It was found that inactivation levels of all samples were comparable among each strain and
thus, the fat surface and, therefore, the droplet size appeared to have no effect on inactivation
of neither hydrophobic nor hydrophilic cells in emulsifier-stabilized (O/W)-emulsions
(Figure 26, Appendix Table 29).
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Figure 26: Effect of the fat surface on the HHP inactivation of L. plantarum in emulsifier-stabilized (O/W)-emulsions.
The induced reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277, TMW 1.708 and
TMW 1.1) at an inoculum of ~107 cells mL* by HHP (400 MPa/25 °C/5 min) is shown. Data presented are the mean
values from at least three independent experiments and error bars correspond to standard deviations.

3.45 Effect of oil type on the HHP inactivation of L. plantarum

Furthermore, the effect of the oil type and thus, fatty acid composition on bacterial HHP
inactivation was investigated. Rapeseed oil consists to a large extent of unsaturated fatty acids
(~92.5% (w/w), Appendix Table 30), mainly oleic acid with 63.2% (w/w). In contrast to this, the
synthetic oil Miglyol® 812 fully consists of short and medium chain saturated fatty acids
(caprylic acid, ~55.2% (w/w); capric acid, ~44.5% (w/w)). These differences in the fatty acid
composition were hypothesized to exert different fat-mediated effects on the HHP inactivation
of bacterial cells.

Comparing the oil type-mediated effects on HHP inactivation, a generally lower cell inactivation
was observed for Miglyol® 812 at all HPT combinations (Appendix Table 29). Maximum
differences in cell inactivation between samples with rapeseed oil and Miglyol® 812 at
300 MPa/25 °C, 300 MPa/40 °C and 400 MPa/25 °C were ~0.2 log for TMW 1.277, ~0.5 log
for TMW 1.708 and ~0.9 log for TMW 1.1, respectively.

A significant oil type-mediated difference in inactivation could be determined for TMW 1.277
at 300 MPa/25 °C (p =0.049) and 300 MPa/40 °C (p=0.043) and for TMW 1.708 at
400 MPa/25 °C (p = 0.019) (Figure 27).
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Comparing HHP inactivation between samples with Miglyol® 812 and samples without oil,
partly a tendency to slightly decreased inactivation in the presence of Miglyol® 812 could be
observed (Appendix Table 29). TMW 1.25 (p = 0.032) and TMW 1.708 (p = 0.038) showed
even significantly reduced cell inactivation in samples with Miglyol® 812 at 300 MPa/40 °C
(unpublished data).
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Figure 27: Effect of the oil type on the HHP inactivation of L. plantarum in emulsifier-stabilized (O/W)-emulsions.
The induced reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277, TMW 1.708 and
TMW 1.1) at an inoculum of ~107 cells mL* by HHP (400 MPa/25 °C/5 min) is shown. Data presented are the mean
values from at least three independent experiments and error bars correspond to standard deviations. Asterisks
indicate statistically significant differences between samples (p < 0.05).

3.5 Effect of fat and bacterial surface hydrophobicity on the HHP

inactivation of L. plantarum in emulsifier-free (O/W)-emulsions

The presence of emulsifier was demonstrated to prevent adhesion of hydrophobic cells to oil
droplets. Thus, to address the role of fat surface-cell interactions on HHP inactivation, the
previously used emulsifiers were replaced by the thickener agar, resulting in solid model
systems. Inactivation levels of all strains after HHP treatment at 400 MPa/25 °C/5 min are
shown in Figure 28 and detailed inactivation levels are summarized in Table 31 (see

Appendix).
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Figure 28: Effect of fat on the HHP inactivation of L. plantarum in emulsifier-free (O/W)-emulsions. The induced
reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277, TMW 1.708 and TMW 1.1) at an
inoculum of ~108 cells mL™* by HHP (400 MPa/25 °C/5 min) is shown. Data presented are the mean values from at
least three independent experiments and error bars correspond to standard deviations. Asterisks indicate
statistically significant differences between samples (p < 0.05).

Comparing cell inactivation of samples with and without fat, a general fat-mediated increase in
inactivation of both, hydrophilic and hydrophobic strains, in absence of emulsifier was
observed. Significant increases in cell inactivation could be determined for TMW 1.277 and
TMW 1.1 in the presence of 30% (v/v) rapeseed oil (p = 0.002, p = 0.002) and for TMW 1.277,
TMW 1.708 and TMW 1.1 in the presence of 50% (v/v) rapeseed oil (p = < 0.001, p = 0.011,
p = 0.002) (Appendix Table 31). In the presence of fat, maximum log inactivation levels
reached for TMW 1.25, TMW 1.277, TMW 1.708 and TMW 1.1 were 3.93, 4.02, 2.27 and 4.81,
respectively, compared to 3.18, 2.97, 1.42 and 2.75 in the absence of fat (Appendix Table 31).
The maximum difference between inactivation levels of fat-containing and fat-free samples
was 2.06 log for TMW 1.1 (0 - 50% (v/v) rapeseed oil), noticeably higher compared to 0.63 log
for TMW 1.1 in emulsifier-stabilized (O/W)-emulsion (0 - 50% (v/v) rapeseed oil /
400 MPa/25 °C, Appendix Table 29). A tendency to higher inactivation of hydrophobic cells
due to fat surface-cell interactions, which could be demonstrated in section 3.3 (Figure 15),

could not be identified.
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3.6 Role of WTAs in CSH and bacterial HHP sensitivity

3.6.1 Determination of CSH-related marker genes in species L. plantarum

In order to gain new insights regarding genes, which are associated with CSH of L. plantarum,

genomes of hydrophilic and hydrophobic strains should be compared, potential marker genes

identified and a correlation between the marker genes and CSH examined.

For the comparison of the genomes, completely sequenced genomes of L. plantarum strains

as well as their surface characteristics (in stationary growth phase) were required. Thus, CSH

of the completely sequenced L. plantarum strain P-8 (Zhang et al., 2015) and L. plantarum 16

(Crowley et al., 2013) was determined according to 2.2.5. Thereby, L. plantarum P-8 (79%) as

well as L. plantarum 16 (80%) were identified as highly hydrophilic. To be able to compare a

group of three hydrophilic with a group of three hydrophobic genomes, genomic DNA of the
highly hydrophilic strain TMW 1.708 (93%) and of the hydrophobic strains TMW 1.25 (7%),
TMW 1.277 (7%) and TMW 1.1623 (24%) was isolated (2.3.1), purified (2.3.2), sequenced and
genomes were annotated using the NCBI Prokaryotic Genome Annotation Pipeline (2.8).

Sequencing statistics, genome information, and accession numbers are listed in Table 19.

Table 19: Sequencing statistics, genome informations and accession humbers.

Strain BioSample no.* Accession no.? Coverage (X)° (S“;IZDE; clc\alr?t'ig; G+C (CO;)o)ntent CNSSZ];
TMW 1.708 SAMNOS805046  SEO17374 250 3.24 5 445 2815
TMW 1.25 SAMNO5805044  Sho173%% 290 3.35 9 44.3 2044
TMW 1.277 SAMNOS805045  SPO17303 247 3.40 11 44.2 2087
TMW 11623 SAMNOS805047  Cr0l3S” 237 3.33 5 44.3 2919

aAll BioSamples are part of BioProject PRINA343197.
PAccession numbers are listed for all contigs of each whole genome (as a range).

°Average coverage of HGAP assembly.

9In chromosome plus plasmids and partial plasmids.
®CDSs, coding sequences (total) based on NCBI PGAP.

The chromosome sizes range from 3.09 to 3.14 Mb, with G+C contents of 44.6% to 44.7%.

Plasmid number ranged from 4 to 10 (per strain), with G+C contents ranging from 35.0 to

55.0%. Plasmid sizes range from 0.8 to 67.9 kb, resulting in genome sizes of 3.24 to 3.40 Mb.

The chromosomes encode 64 to 69 tRNAS.
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Comparing the genomes of both groups on the nucleotide level by BADGE (2.8), 79 common
genes could be determined in the genomes of hydrophobic strains, which are not present in
the genomes of hydrophilic strains, and in turn, 17 genes in the genomes of hydrophilic strains
are not present in the genomes of hydrophobic strains (Appendix Table 32 and Table 33). On
protein level, 76 unique genes in genomes of hydrophobic and 20 unique genes in genomes
of hydrophilic strains were found. The following bioinformatic analysis revealed genes of the
WTA biosynthesis pathway as most promising genes, directly associated with the cell surface.
These genes, inter alia annotated as glycerol-3-phosphate cytidylyltransferase and CDP-
glycerol glycerophosphotransferase, were identified as homologues of the genes tagD1, tagF1
and tagF2 (tag-locus), which could only be identified in tested hydrophilic and were lacking in
the genomes of tested hydrophobic strains. Additionally, in both, hydrophilic and hydrophobic
strains, a homologue of the WTA biosynthesis pathway gene tarK, annotated as ribitol
phosphotransferase could be identified, showing only sequence identities of 67% on nucleotide
level among the two groups.

Focusing on the WTA biosynthesis pathway, all six genomes were examined regarding their
WTA biosynthesis pathway gene equipment using genome information of the completely
sequenced strain L. plantarum WCFS1 (complete and annotated genome sequence available
at the NCBI database (http://www.ncbi.nlm.nih.gov/)) (Kleerebezem et al., 2003) and the
BLAST program on the NCBI website (https://blast.ncbi.nim.nih.gov/Blast.cgi). Therewith, all
genomes were analyzed in terms of WTA biosynthesis pathway genes on the nucleotide,
amino acid and functional level. It was found that all genomes contain homologues of tagO,
tagA, tagB3, tagD2, tarlJKL (tar-locus) and tagGH (Table 20). On the nucleotide as well as
amino acid levels (not shown), for all homologues of tagO, tagA, tagB3, tagD2 and tagGH,
sequence identities of 99 to 100% with already described homologues of L. plantarum WCFS1
could be determined (Bron et al., 2012). It was verified that homologues of the tar-loci of
hydrophilic and hydrophobic strains differ by sharing gene sequence identities of only 67 to
90% (nucleotide level, Table 20) and 63 to 90% (amino acid level, not shown) and that these
differences are conserved among these two groups (99% sequence similarity, 100%
coverage). Additionally, as described before, it could be demonstrated that from the tested

strains only hydrophilic ones contain a homologue of the additional tag-locus.
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Table 20: Genes involved in WTA biosynthesis. Gene-identifiers indicate tag and tar homologues in genomes of
L. plantarum strains WCFS1, P-8, 16, TMW 1.708, TMW 1.25, TMW 1.277 and TMW 1.1623. Similarities and E-

values were searched for,

using

the nucleotide-nucleotide BLAST program on

the NCBI

website

(http://blast.ncbi.nlm.nih.gov/Blast). The sequences of the L. plantarum WCFS1 gene homologues of all listed WTA

biosynthesis genes were quoted from GenBank and used as basis for bioinformatic analysis (accession no.:
AL935263.2). n.a., not available.

tagO tagA tagB3 tagD2 tagD1 tagFl tagF2
WCFS1 Ip_0730 Ip_0564 Ip_1977 Ip_1248 Ip_0267 Ip_0268 Ip_0269
P-8 LBP_RS02635 LBP_RS02215 LBP_RS07545 LBP_RS04595 LBP_RS01095 LBP_RS01100 LBP_RS01105
Query cover (%) 100 100 100 100 100 100 100
Identity (%) 99 99 99 100 100 99 99
E-value 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 LP16_RS02850 | LP16_RS02430 | LP16_RS07725 | LP16_RS04810 | LP16_RS01135 | LP16_RS01140 | LP16_RS01145
Query cover (%) 100 100 100 100 100 100 100
Identity (%) 99 99 99 100 100 99 99
E-value 0 0 0 0 0 0 0
TMW 1.708 BIZ33_RS03070 | BIZ33_RS02275 | BIZ33_RS08150 | BIZ33_RS05170 | BIZ33_RS01080 | BIZ33_RS01085 | BIZ33_RS01090
Query cover (%) 100 100 100 100 100 100 100
Identity (%) 99 100 99 100 98 99 97
E-value 0 0 0 0 0 0 0
TMW 1.25 BIZ31_RS02960 | BIZ31_RS02490 | BIZ31_RS08275 | BIZ31_RS05150 n.a. n.a. na.
Query cover (%) 100 100 100 100 n.a. n.a. n.a.
Identity (%) 99 99 99 99 n.a. n.a. n.a.
E-value 0 0 0 0 n.a. n.a. na.
TMW 1.277 BIZ32_RS02960 | BIZ32_RS02490 | BIZ32_RS08075 | BIZ32_RS05150 n.a. n.a. na.
Query cover (%) 100 100 100 100 n.a. n.a. n.a.
Identity (%) 99 99 99 99 n.a. n.a. n.a.
E-value 0 0 0 0 n.a. n.a. n.a.
TMW 1.1623 BIZ34_RS02845 | BIZ34_RS02380 | BIZ34_RS08290 | BIZ34_RS04925 n.a. n.a. n.a.
Query cover (%) 100 100 100 100 n.a. n.a. n.a.
Identity (%) 99 99 99 100 n.a. n.a. n.a.
E-value 0 0 0 0 n.a. n.a. n.a.
tagG tagH tarl tard tarK tarL
WCFS1 Ip_0343 Ip_0344 Ip_1816 Ip_1817 Ip_1818 Ip_1819
P-8 LBP_RS01440 LBP_RS01445 LBP_RS06845 LBP_RS06850 LBP_RS06855 LBP_RS06860
Query cover (%) 100 100 100 100 100 100
Identity (%) 99 99 99 100 99 100
E-value 0.0 0.0 0.0 0.0 0.0 0.0
16 LP16_RS01480 | LP16_RS01485 | LP16_RS07050 | LP16_RS07055 | LP16_RS07060 | LP16_RS07065
Query cover (%) 100 100 100 100 100 100
Identity (%) 99 99 99 100 99 99
E-value 0 0 0 0 0 0
TMW 1.708 BIZ33_RS01430 | BIZ33_RS01435 | BIZ33_RS07470 | BIZ33_RS07475 | BIZ33_RS07480 | BIZ33_RS07485
Query cover (%) 100 100 100 100 100 100
Identity (%) 99 99 99 99 100 100
E-value 0 0 0 0 0 0
TMW 1.25 BIZ31_RS01455 | BIZ31_RS01460 | BIZ31_RS07550 | BIZ31_RS07555 | BIZ31_RS07560 | BIZ31_RS07565
Query cover (%) 100 100 99 100 97 95
Identity (%) 99 100 73 73 67 90
E-value 0 0 4,00E-114 1,00E-176 7,00E-78 0
TMW 1.277 BIZ32_RS01455 | BIZ32_RS01460 | BIZ32_RS07550 | BIZ32_RS07555 | BIZ32_RS07560 | BIZ32_RS07565
Query cover (%) 100 100 99 100 97 95
Identity (%) 99 100 73 73 67 90
E-value 0 0 4,00E-114 1,00E-176 7,00E-78 0
TMW 1.1623 BI1Z34_RS01455 | BIZ34_RS01460 | BIZ34_RS07570 | BIZ34_RS07575 | BlZ34_RS07580 | BIZ34_RS07585
Query cover (%) 100 100 99 100 97 95
Identity (%) 99 100 73 73 67 90
E-value 0 0 4,00E-114 1,00E-176 9,00E-77 0
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3.6.2 Correlation between WTA type and CSH

In line with the findings of 3.6.1 it was hypothesized that hydrophilic strains possess a
conserved WTA biosynthesis cluster that is synthesizing poly(Gro-P) WTAs while hydrophobic
strains, lacking the tag-locus and showing conserved differences in tar-loci, synthesize
poly(Rbo-P) WTAs (Tomita et al., 2010, Bron et al., 2012). In order to proof this potential
correlation between the WTA type and CSH, primers were designed from sequences inside
the genes of interest (homologues of tagF1; poly(Gro-P) WTA-associated homologues of tar-
locus, hereinafter referred to as taglJKL; poly(Rbo-P) WTA-associated homologues of tar-
locus) by Clone Manager 5 (Scientific & Educational Software, Denver, USA) and used for
screening of additional 32 bacterial strains for these genes by colony PCR (2.3.3). Then, the
CSH of all additional strains was determined according to 2.2.5. The results are summarized
in Table 21.

The results of the bioinformatic analysis could be confirmed by DNA amplification, resulting in
the specific WTA gene patterns that were determined before (3.6.1) for the six completely
sequenced L. plantarum strains. 36 of the tested 38 strains showed either the WTA gene
pattern specific for biosynthesis of poly(Gro-P) or poly(Rbo-P) WTAs and thus, two distinct
groups among strains of the species L. plantarum could be identified. L. plantarum
TMW 1.1342 and TMW 1.1 showed no clear gene amplification pattern and thus could not be
assigned to any of the two identified groups. However, contradicting the hypothesis that strains
with hydrophobic cell surface produce poly(Rbo-P) WTAs while strains with hydrophilic cell
surface synthesize poly(Gro-P) WTAs, for strains with highly hydrophobic cell surface
(TMW 1.1723, SF_02, TMW 1.1830), gene patterns that are specific for the synthesis of
poly(Gro-P) WTAs were determined. Moreover, the highly hydrophilic strains TMW 1.1662,
TMW 1.1478, TMW 1.9 and TMW 1.1356 possess the gene equipment for the synthesis of
poly(Rbo-P) WTAs. Accordingly, no correlation between the WTA type and CSH could be

observed.
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Table 21: WTA biosynthesis gene equipment of L. plantarum strains varying in cell surface hydrophobicity. Surface
hydrophobicity was determined by MATH test using bacterial cells in stationary growth phase. WTA biosynthesis
gene equipment of all strains was examined by colony PCR. Successfully amplified genes are marked with “+”,
unsuccessful amplification of genes is marked with “-“. taglJKL = poly(Gro-P) WTA-associated homologues of tar-
locus. tarlJKL = poly(Rbo-P) WTA-associated homologues of tar-locus. n.as., not assignable to a WTA type.

WTA type Strain TMW CSH (%)* tagF1 tagl tagd | tagK | tagL tarl tard tarK tarL
1.1723 6x4.0 + + + + + - - R -
SF_02 24+4.1 + + + + + - - - B
1.1830 24+5.0 + + + + + - - - -
1.1831 26+0.9 + + + + + - - R -
1.835 28+4.2 + + + + + - - - -
1.1237 31+4.4 + + + + + - - R -
WCFS1 46+8.3 + + + + + - - R _
1.817 49+6.0 + + + + + - - - -
(Gro-P) 1.829 51+4.0 + + + + + - - - -
WTA 1.322 52+45.2 + + + + + R R - _
1.834 54+5.5 + + + + + - - R -
1.811 62+15.7 + + + + + - - R _
P-8 79+12.2 + + + + + - - - -
16 80+8.5 + + + + + - - B R
1.1204 84+5.7 + + + + + - - R -
1.708 93+1.7 + + + + + - - - -
1.468 94+6.2 + + + + + - - R -
1.1808 95+5.6 + + + + + - - - R
1.25 7+5.3 - - - - - + T T T
1.277 7+4.2 - - + + + T
1.1810 18+3.4 - - - - + + + +
1.1647 27+1.6 - - - - - + + T T
1.1516 27+2.7 - - - - - + + + +
1.1611 27+1.8 - - - - B + + T T
1.186 31+0.8 - - - - - + + + +
1.1623 34+4.6 - - - - B + T + T
(Rbo-P) 1.1609 36+4.5 - - - - _ T T T ;
WTA 1.190 40+7.1 - - - - - ¥ ¥ i -
1.1789 44+11.8 - - - - B + T T +
1.1792 47+5.9 - - - - - + + + +
1.409 62+17.6 - - - - - + + + T
1.1671 72+0.2 - - - - B + + T +
1.1662 81+0.9 - - - - - + + + +
1.1478 84+6.6 - - - - B + + T +
1.9 85+5.6 - - - - _ T T T ;
1.1356 100+1.0 - - - - - + + + +
1.1342 32+8.8 - + + + + - - R -
n.as.
1.1 99+1.8 + - + + - + - N _

*Percentage absorbance of the aqueous phase after treatment with n-hexadecane (0.4 mL volume) relative to initial absorbance.
Each value represents the mean of at least three independent determinations.

3.6.3 Effect of WTA type on CSH of L. plantarum WCFSL1

In order to examine a possible effect of WTAs in general on CSH in more detail, the completely
sequenced wildtype strain L. plantarum WCFS1 as well as WCFS1 gene deletion mutants
were exploited. Using deletion mutants, sharing almost identical genomes with the parental

strain, other possible CSH-influencing factors could be completely excluded.
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To study the effects of WTA removal, the mutant L. plantarum WCFS1 AtagO was used. Here,
the single copy of tagO was deleted, which is the first enzyme in the WTA biosynthesis pathway
and thus, essential for WTA biosynthesis (Figure 2) (Andre et al., 2011). The second deletion
mutant exploited, was L. plantarum WCFS1 AtagF1-F2, which lacks the genes tagFl and
tagF2, necessary for the synthesis of the poly(Gro-P) backbone (Bron et al., 2012). As
demonstrated by Bron et al. (2012), the WCFS1 AtagF1-F2 mutant produces WTAs with a
poly(Rbo-P) backbone instead of poly(Gro-P). Thus, using these three strains, the direct
effects mediated by poly(Gro-P) WTAs, poly(Rbo-P) WTAs and the absence of WTAs on CSH

could be examined.

The morphological characteristics and WTA gene equipment of all cells were examined by
microscopic analysis and PCR amplification, respectively. Microscopic analysis revealed that
cells of the wildtype strain and the WCFS1 AtagF1-F2 mutant showed the tendency to remain
associated in short chains. This was not observable for cells of the WCFS1 AtagO mutant,
which were showing chiefly no chains, but instead of this a tendency to cell aggregation.
Additionally, these cells appeared swollen and shorter than cells of the parental and mutant
strain WCFS1 AtagF1-F2 (data shown in Figure 29).
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Figure 29: Microscépic analyéis of L. plantarum WCFS1 wildtype strain and WCFS1 gené deletion mutants. (A)
L. plantarum WCFS1; (B) L. plantarum WCFS1 AtagF1-F2; (C) L. plantarum WCFS1 AtagO.

The gene patterns obtained by PCR matched well with the theoretical gene patterns specific
for poly(Gro-P)-, poly(Rbo-P)- and no WTA biosynthesis (Table 22). The identified gene
pattern of the wildtype strain was representative for the biosynthesis of poly(Gro-P) WTAs, as
already reported in 3.6.2. Unsuccessful amplification of the gene regions of tagO and tagF1
indicate successful deletion of the mentioned genes in the corresponding deletion mutants.
Determination of CSH by MATH test revealed a moderate hydrophobic cell surface for the
wildtype (46%) and highly hydrophilic cell surfaces for WCFS1 AtagO (77%) and WCFS1
AtagF1-F2 (96%) mutants (Table 22).
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Table 22: WTA biosynthesis gene equipment of L. plantarum WCFS1 wildtype strain and WCFS1 gene deletion
mutants. CSH was determined by MATH test using bacterial cells in stationary growth phase. WTA biosynthesis
gene equipment of all strains was examined by colony PCR. Successfully amplified genes are marked with “+”,
unsuccessful amplification of genes is marked with “-“. taglJKL = poly(Gro-P) WTA-associated homologues of tar-
locus. tarlJKL = poly(Rbo-P) WTA-associated homologues of tar-locus.

Strain CSH (%)* | tagO | tagFl | tagl tagJ tagK tagL tarl tard tarK tarL
WCFS1 46+8.3 + + + + + + - - - -
WCFS1 AtagO 77+6.8 - + + + + + - - - -
WCFS1 AtagF1-F2 96+2.6 + - + + + + - - - -

*Percentage absorbance of the aqueous phase after treatment with n-hexadecane (0.4 mL volume) relative to initial absorbance.
Each value represents the mean of at least three independent determinations.

3.6.4 Effect of WTA type on the HHP inactivation of L. plantarum WCFS1

In order to study a potential direct effect of WTAs per se and the WTA type on bacterial HHP
sensitivity, stationary phase cells of the wildtype strain WCFS1 and of both WCFS1 deletions
mutants AtagO and AtagF1-F2 were pressurized (500 MPa/25 °C/5 min).
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Figure 30: Effect of WTAs per se and the WTA type on the HHP inactivation of L. plantarum WCFSL1 in IPB. The
induced reduction (logio(No/N)) of stationary phase cells (wild-type strain WCFS1, poly(Gro-P) WTAs; WCFS1
AtagO, no WTAs; WCFS1 AtagF1-F2, poly(Rbo-P) WTAs) at an inoculum of ~107 cells mL' by HHP
(500 MPa/25 °C/ 5 min) is shown. Data presented are the mean values from at least three independent experiments
and error bars correspond to standard deviations. Asterisks indicate statistically significant differences between
samples (p < 0.05).
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Figure 30 illustrates that the WTA type and the presence of WTAs per se had a substantial
effect on the HHP inactivation of L. plantarum WCFS1, demonstrated by significant differences
in inactivation levels (p < 0.001). Comparing cell inactivation of the parental strain and the
deletion mutants AtagO and AtagF1-F2, the lowest inactivation level and thus highest HHP
resistance could be observed for the wildtype strain with ~0.2 log (0.21+0.08), followed by the
mutant WCFS1 AtagO with a log inactivation level of ~1.0 (0.94+0.18), which produce no WTAs
at all. The mutant WCFS1 AtagF1-F2, synthesizing poly(Rbo-P) WTAs, showed the highest

HHP sensitivity with a maximum log inactivation level of ~3.5 (3.52+0.21).
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4 Discussion

Systematic studies regarding the effect of fat, lipid phase parameters and microbial localization
on the HHP inactivation of L. plantarum in defined (O/W)-emulsion were accomplished. The
presence of fat per se was demonstrated to increase or decrease the HHP inactivation of
L. plantarum, dependent on the emulsion type and oil type. Despite of distinct intraspecies
variations in the pressure tolerance of different L. plantarum strains, the effect of fat appears
to be a complex interplay of numerous factors, however, presumably independent from the
CSH and associated cell localization. Additionally, the fat surface and the fat/water boundary
layer thickness have been shown to have no effect on HHP inactivation. The comparison of
genomes of hydrophilic and hydrophobic strains of the species L. plantarum revealed genes
associated with the WTA biosynthesis pathway as most promising marker genes related to
CSH. Investigations regarding the role of WTAs in the development of a specific CSH
phenotype showed no correlation between the WTA type and CSH, however, tested
L. plantarum strains were proved to encode the genetic determinants for the production of
either poly(Gro-P) or poly(Rbo-P) WTAs. Excluding effects that are based on intraspecies
biodiversity, the presence of WTAs per se and the WTA type were observed to significantly

affect bacterial CSH and pressure tolerance of L. plantarum WCFSL1.

Based on the results of this thesis, initial working hypotheses (>) (see section 1.5) can be
refined and new theses (o) as well as new theses in a wider sense (=) can be posted. Refined
working hypotheses and new thesis are listed below. Differences between initial and refined
working hypothesis are shown by highlighted key words and new, deduced thesis are indicated
by italics.

(I) Effect of fat and lipid phase parameters on HHP inactivation in (O/W)-emulsions

» Fat per se can affect HHP inactivation, and an increase in the fat content correlates

with the extent of fat-mediated effects on HHP inactivation.

o The presence of rapeseed oil can increase the HHP inactivation of

vegetative cells and higher fat content results in increased HHP inactivation.

= Slightly higher temperatures of the overall examination system due
to stronger adiabatic heating of fat can result in combination with

HHP in a higher cell inactivation.

= The compression heat of fat can be used consciously to reach

process target temperature and thus process costs can be reduced.
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o The presence of Miglyol® 812 can offer a baroprotective effect to vegetative

cells.

o Pressure sensitivity can vary significantly within one species and must be
considered when setting up processing regimes designed to inactivate

microorganism.

= HHP inactivation parameters must be adjusted to the most resistant
bacteria in the food of interest in order to ensure microbial safety.

» The emulsifier type and, thus, the thickness of the fat-water boundary layer does
not have an effect on the HHP inactivation and might be neglected.

» The droplet size and, therefore, the fat surface area available for microbial adhesion
does not influence effects exerted by fat on the HHP tolerance of bacterial cells and
might be neglected.

> Different oil types with a different fatty acid composition (saturated versus

unsaturated) can lead to differences in the HHP inactivation.

o Oil type-dependent differences in the HHP inactivation of vegetative cells

are dependent on the fatty acid composition and individual fatty acids.

» Unsaturated fatty acids (oleic acid, linoleic acid) might enhance the
HHP inactivation of vegetative microorganisms, whereas saturated
fatty acids might exert a baroprotective effect against microbial HHP

inactivation.

(I) Role of CSH and bacterial localization on HHP inactivation in (O/W)-emulsions
» The presence of emulsifier in emulsifier-stabilized emulsions prevents adhesion of
hydrophobic cells to the fat surface of oil droplets due to fully emulsifier-coated oil
droplets. CSH-associated differences in HHP sensitivity are not dependent on

direct fat surface-cell interactions.

> The absence of emulsifier in emulsifier-free emulsions facilitates the adhesion of

hydrophobic cells to the fat surface of oil droplets, which, however, does not lead

to differences in the HHP inactivation efficiency of hydrophobic and hydrophilic

strains.

o A protective effect of fat, based on fat surface-cell interaction and microbial
localization in the (O/W)-emulsion, is unlikely. CSH seems to be no intrinsic

pressure resistance factor.
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Direct fat surface-cell interaction might facilitate the interchange of
unsaturated triglycerides, leading to altered membrane permeability,

which results in a decreased pressure resistance.

Hydrophobic cells might respond to the direct contact to fat with a
change in their metabolism, which leads to an increased pressure

sensitivity.

» Direct fat surface-cell interaction might favor HHP inactivation through exposure of

cells to locally higher temperatures caused by stronger adiabatic heating of fat.

() Identification of CSH-associated marker genes in genomes of the species

L. plantarum

» Genome comparison of hydrophilic and hydrophobic strains can reveal marker

genes that are characteristic for a specific CSH phenotype. The CSH of other

strains of the species L. plantarum cannot be necessarily predicted upon the

presence or absence of these marker genes, since effects of other cell components,

which are involved in the development of the CSH phenotype, can dominate or

mask the effects on CSH that are mediated by the marker genes.

o WTAs are involved in the development of the CSH phenotype of Gram-

positive cells.

o Strains of the species L. plantarum form two WTA type-specific groups, i.e.,

strains that synthesize poly(Gro-P) WTAs and strains that synthesize
poly(Rbo-P) WTAs.

o Poly(Rbo-P) WTAs-producing strains share conserved WTA biosynthesis

gene pattern, which differ from the conserved gene pattern of poly(Gro-P)

WTAs-producing strains by the lack of the tag-locus and differences in

nucleotide sequences of the tar-locus.

The WTA type in the cell wall of L. plantarum can be estimated by
carrying out simple bioinformatic analysis or colony PCR using WTA

type specific primer.

L. plantarum strains, which synthesize different WTA types, can

share the same habitat.

o The WTA type does not correlate with a specific CSH phenotype, since

intraspecies differences can conceivably mask a possible WTA type-

dependent effect on bacterial CSH.
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» Alterations in CSH-associated marker genes in a deletion mutant strain result in
pronounced physiological effects on cell surface characteristics, since interfering
effects of other CSH-modulating cellular components and intraspecies biodiversity

effects are excluded.

o The presence of WTAs and the WTA type have an effect on the CSH
phenotype of L. plantarum WCFS1.

= The absence of WTAs leads to the unmasking of cell wall proteins
and polysaccharides, which convey type-specific surface
characteristics and are not implicated in CSH in the presence of
WTASs.

= |nthe absence of WTAs, the CSH-influencing effect of LTAs is more

determinative and leads to changes in cell surface characteristics.

= Alditol-specific substitution patterns and related differences in
polymer structure and cell surface charge manifest in different CSH
phenotypes.

o The presence of WTAs and the WTA type have an effect on the cells’
pressure sensitivity.

» |nthe absence of WTAs, LTAs partially compensate the absence of

WTAs and thus, maintain a certain pressure resistance of the cells.

= Alditol-switching from Gro-P to Rbo-P leads to an increased

pressure sensitivity of L. plantarum WCFSL1.

4.1 Establishment of stable (O/W)-emulsion as model food system

In order to perform systematic studies to examine the effect of fat and lipid phase parameters
on HHP inactivation, it had to be ensured that the established (O/W)-emulsions were pressure-
stable and that the set-in microorganisms did not possess destabilizing activities. The
emulsifier-stabilized (O/W)-emulsions were found to remain stable after HHP treatment at
500 MPa at 25 and 55 °C for 5 min, since no significant change in median droplet size, fat
surface and creaming velocity of all established emulsions could be determined (Figure 5 and
Figure 6). Comparisons with data from literature are limited, since findings regarding the high
pressure-stability of emulsions are rare. In addition, comparisons are impeded by partly

significant variations in the emulsion composition and HHP treatment parameters.
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In line with our observations, Simpson and Gilmour (1997) found that (O/W)-emulsions
(30% (v/v) olive oil) remained stable when treated at 900 MPa for 30 min. Furthermore,
Karbstein et al. (1992) reported that (O/W)-emulsions (20% (v/v) soybean oil) tended to remain
stable when treated with pressures up to 600 MPa at 40 °C. However, contrary, the latter study
simultaneously demonstrated that (O/W)-emulsions with pH < 4 tended to lose their stability
when treated with pressure.

Moreover, HHP has been reported to decrease emulsion stability by changing the protein
conformation of emulsifiers and by pressure-mediated fat crystallization, resulting in emulsion
breakdown (Darling & Birkett, 1987, Desrumaux & Marcand, 2002). In this context, studies of
Boekel (1980) revealed that the emulsion breakdown is induced by fat crystals penetrating the
intervening surfactant film between two oil droplets, thereby forming a lipid bridge. Due to
interfacial forces, the lipid bridge is stated to grow rapidly and thus to form a strong sintered
bond between the two emulsifier-coated droplets, which finally results in their coalescence
(van Boekel, 1980, Darling & Birkett, 1987). Even though this thesis demonstrated that the
impact of (O/W)-emulsion stability was clearly more affected by the varied lipid phase
parameters than by HHP treatment (see 3.1.2), the reported findings in literature clarify that
each emulsion, which is used for HHP treatments, should be checked individually for its
pressure stability. In the course of this, it is recommended that special attention should be paid
to the parameters pH value, fat content, median droplet size as well as type of emulsifier and

oil used.

Destabilization of emulsions by microbial activities was prevented by investigating the potential
of used microorganisms to degrade fat and the set-in emulsifiers Tween® 80 and sodium
caseinate. Growing selected strains on TB-mMRS agar plates, no halos surrounding the grown
colonies could be determined (Figure 32). Using nutrient-poorer cultivation medium (2.5 g L*
casein peptone; 2.5 g L peptone from meat; 3.0 g L yeast extract; 10.0g L* TB; 15.0g L*
agar) instead of the complex medium TB-mMRS, also no observations indicating bacterial
lipolytic activity, could be made (unpublished data). Although the presence of lipases and
esterases was already described in Lactobacillus spp. and especially in the species
L. plantarum, Lactobacillus spp. are generally considered to be weakly lipolytic in comparison
to other species (Oterholm et al., 1972, Khalid & Marth, 1990, Fox et al., 1993, Gobbetti et al.,
1996, Gobbetti et al., 1997, Lopes et al., 1999, Lopes et al., 2002, Esteban-Torres et al., 2014).
Therefore, significant bacterial production of lipases and esterases, threatening emulsion

stability during HHP processing, could be largely excluded.
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Likewise, investigations of the growth of bacterial strains in IPB supplemented with Tween® 80
as well as the measurements of changes in fluorescence properties of the substrate FTC-
casein as a result of microbial proteolytic digestion, indicated that selected strains did not
possess considerable degrading activities with respect to both types of emulsifier used
(Figure 10, Table 16). However, according to literature, all three, tested species are supposed
to possess proteolytic activities, even though they seem so vary among the species (Spicher
& Nierle, 1984, Spicher & Nierle, 1988, Kunji et al., 1996, Fadda et al., 1999, Sanz et al., 1999,
Basso et al., 2004). But regardless of the stated proteolytic activity, it has to be considered that
cells of L. plantarum were added to emulsion shortly before HHP processing and hence
degradation of the emulsifier sodium caseinate is very unlikely. This assumption is promoted
by the study of Khalid & Marth (1990), demonstrating that L. plantarum NRRL B-4004 began
to hydrolyse milk protein, especially B-casein, only after 125 h of growth in sterile skim milk at
37 °C.

Further, it could be speculated that bacterial cells, dependent on their cell surface
characteristics, interact with emulsifiers and therewith decrease the emulsions’ stability.
Ly et al. (2008) showed that the stability of emulsions, which were only stabilized by ionic
surface-active compounds, was decreased in the presence of bacteria, when bacteria had a
surface charge opposite to the one of the emulsion droplets. In addition, Ly et al. (2008) also
observed aggregation and flocculation phenomena for emulsions stabilized with cationic
surfactant, which were pronounced in the presence of more negatively charged bacteria. In
line with those findings, mainly using the non-ionic emulsifier Tween® 80 in this thesis, no effect

of bacterial cells on the stability of all tested emulsions could be determined.

4.2 CSH-dependent localization of spoilage-associated
microorganisms in emulsifier-stabilized and emulsifier-free

(O/W)-emulsions

Before the implementation of systematic HHP inactivation studies, which were focusing on the
role of fat and CSH-related bacterial localization in HHP, appropriate strains were selected and
CSH-specific adhesion to oil droplets examined. For this, the strains were selected according
to the following criteria: (I) strains should vary distinctly in the CSH phenotype (highly
hydrophilic versus highly hydrophobic), (I1) strains should show a good spoilage potential and,
(1) strains should not possess any significant emulsion-destabilizing activities (see previous

chapter).
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4.2.1 Spoilage potential of Lactobacillus species

The spoilage potential of selected strains of the species L. plantarum, L.sakei and
L. fructivorans was evaluated by investigating their growth under harsh conditions that are
commonly used by the food industry to prevent bacterial growth and food spoilage, i.e. growth
at low pH, low aw and refrigerating temperatures. Focusing on conditions showing evaluable
differences in growth of the tested species, growth at a pH of 3.5, 7.5% NacCl (aw = 0.948) and
4 °C proved suitable for the selection of strains with the highest spoilage potential.

Growth at 10% NacCl (aw = 0.93) resulted in no determinable proliferation of all tested species
(Umax < 0.05 h'Y) and, therefore, this parameter was not further considered. This is not
surprising, since several authors showed that Lactobacillus species require minimal a, values
between 0.92 and 0.94 for their growth (Blickstad, 1984, Leroy & de Vuyst, 1999, Vermeiren
et al., 2004, Chaillou et al., 2005). Overall, the findings of this section justify the selection of
the species L. plantarum as a good representative for relevant microorganisms that are
associated with spoilage of fatty foods. Considering the species’ large spectrum in CSH
phenotypes (see 4.2.2), this species was assumed to be the most appropriate for the

implementation of systematic HHP inactivation studies.

At large, as also described in literature, growth of all tested Lactobacillus species varied widely
among the species and within each species, making comparisons of the tested species difficult
(Figure 11, Figure 12) (Cebeci & Gurakan, 2003, Sanders et al., 2015). Hence, comparisons
in terms of the spoilage potential were carried out as far as possible on species level.

By reducing the pH from 6.2 to 3.5, maximum cell densities of L. plantarum, L. fructivorans and
L. sakei were partly noticeably reduced, ranging from 0.24 to 1.01, from 0.06 to 0.96 and from
0.03 to 0.80, respectively. Maximum growth rates (Umax) Of L. fructivorans were reduced by
39.3 (TMW 1.1856) up to 86.4% (TMW 1.59). For L. plantarum strains, reductions ranged from
43.4 (TMW 1.1) to 82.0% (TMW 1.25) for umax. The species L. sakei showed reductions,
ranging from 65.1 (TMW 1.1239) to 100% (TMW 1.1474) for umax. Thus, all species generally
possess a pronounced pH tolerance. However, the species L. plantarum showed the relatively
least reduction and is therefore assumed to be able to maintain pH homeostasis comparably
better. The high acidity tolerance of Lactobacillus species, noteworthy of L. plantarum down to
a pH of 3.2, is commonly accepted in literature. This exceptional capability can be inter alia
considered as one of the main features, that are responsible for L. plantarum being the
predominant species in spoiled foodstuff (McDonald et al., 1990, Bjorkroth & Korkeala, 1997,
Marceau et al., 2003, Eva et al., 2004).
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The observed differences in acidity tolerance among several strains of one species were also
reported by Cebeci and Glrakan (2003), who demonstrated that 10 out of 15 L. plantarum
strains were able to grow at pH 3.5. These data elucidate that significant phenotypic
differences between strains, as also observed for high salinity and low temperature, have to
be considered when targeting lactobacilli in preservation studies. Furthermore, these
observations allowed to deduce that no specific species should be considered typical, since

strains of all species may cause spoilage in food products.

Investigating the salinity tolerance of all species by growth at 7.5% NacCl, largely similar growth
of all species could be determined. Taking into account L. fructivorans TMW 1.59, showing no
growth at all tested conditions, maximum cell densities of L. plantarum, L. fructivorans and
L. sakei were noticeably reduced, ranging from 0.41 to 0.79, from 0.01 to 0.78 and from 0.28
to 0.58, respectively. The maximum growth rates were correspondingly low, ranging from 0.00
to 0.21 ht. However, it seemed like strains of the species L. sakei in general showed a slightly
decreased tolerance compared to the other species, although growth of L. sakei at NaCl
concentrations up to 9% was demonstrated (Chaillou et al., 2005). Since all three species are
inter alia active in fermented foods in which salt concentrations from 0.5 to 10.0% are common,
growth was likely (Maldonado et al., 2002, Lu et al., 2003, Chenoll et al., 2006, Plengvidhya et
al., 2007, Pulido et al., 2007, Suzuki et al., 2008).

L. fructivorans was proved to have a negligible cold tolerance, showing virtually no growth at
4 °C for both strains. L. plantarum strains instead, could reach maximum cell densities ranging
from 0.1 to 0.47 and the species L. sakei turned out to possess the best cold tolerance,
showing maximum cell densities up to 0.82 and maximum growth rates ranging between
0.90 d* and 1.00 d. In line with these observations, several authors already emphasized the
remarkable cold tolerance of L. sakei, being able to proliferate at 2 - 4 °C and, thus, being one
of the most psychrotrophic species of lactobacilli (Champomier-Vergés et al., 2001, Vermeiren
et al., 2004, Chaillou et al., 2005). It is likely that the observed negligible cold tolerance of
L. fructivorans can be ascribed to its native habitat. To date, strains of L. fructivorans were
mainly isolated from sake and beer, both beverages usually not kept at refrigerating

temperature (Suzuki et al., 2008, Esmaeili et al., 2015).

4.2.2 CSHanditsrolein localization of Lactobacillus species in (O/W)-emulsion
CSH was determined by a modified version of the MATH test, being one of several methods
accepted and commonly used for the examination of CSH (Doyle & Rosenberg, 1995).
Measuring the adsorption of cells to organic solvents, the MATH test was assumed to

represent best the conditions present in emulsions (Martienssen, 2001).
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However, based on the fact, that many modified versions of the original MATH test according
to Rosenberg et al. (1980) are used, the lack of standardization is likely to contribute to
inconsistencies in CSH studies, which are often discussed in literature. For example, most
commonly and also in this study, n-hexadecane is used as organic solvent, but also the use of
n-octane, p-xylene and toluene was reported (Rosenberg et al., 1980, Mozes & Rouxhet, 1987,
Van Loosdrecht et al., 1987, Busscher et al., 1995).

Further, the amount of organic solvent varies between ca. 0.8 - 25%, times of 10 s to 5 min
and 10 to 30 min are set for phase mixing and -separation, respectively, and absorbance
measurements are performed in a range from 400 to 700 nm (Rosenberg et al., 1980, Fiedler
& Sattler, 1992, Bunt et al., 1993, Van der Mei et al., 1995, Kohlweyer, 2000). It is also not
defined, if the distribution ratio gives the percentage of the microorganisms that have remained
in the water or that have adsorbed to the organic solvent (Dickson & Koohmaraie, 1989, Fiedler
& Sattler, 1992). That is why MATH test parameters should be considered and adapted when
CSH should be compared with CSH of corresponding strains of different studies. Furthermore,
the MATH test, in general, only estimates bulk properties of numerous cells and interprets the
cell adhesion, which is based on an interplay of Lifshitz-van der Waals, hydrophobic, polar and
electrostatic interactions, as CSH (Martienssen, 2001, Goulter et al., 2009). In this thesis, CSH
was expressed as the percentage absorbance of the aqueous phase after treatment with n-
hexadecane relative to initial absorbance and cells were classified as highly hydrophobic
(0 - 25%), moderately hydrophobic (26 - 50%), moderately hydrophilic (51 - 75%) and highly
hydrophilic (76 - 100%).

Investigating CSH of in total 38 strains of the species L. plantarum, L. sakei and L. fructivorans
in exponential growth phase, the whole lower and upper limit of the possible MATH spectrum
was covered. While strains of the species L. plantarum and L. fructivorans varied in their CSH
from highly hydrophobic to highly hydrophilic or moderate hydrophilic, strains of the species
L. sakei could be only identified as moderate and highly hydrophilic. Based on these
observations, it can be hypothesized that CSH can vary substantially within a species and that
CSH appears to be rather strain- than species-specific. Studies of Ly et al. (2006), which report
distinct differences in CSH of several strains of the species Lactococcus (L.) lactis ssp. lactis
subv. diacetylactis, strengthen this hypothesis. Investigating the CSH of selected strains in
stationary growth phase, a general enhancement of their cell surface characteristics over
cultivation time could be observed, that is, an enhanced diversion into either a hydrophobic or
hydrophilic cell surface character with prolonged cultivation time. These results are partially
similar to results of Rosenberg et al. (1980) and Hazen et al. (1986), observing stronger
hydrophobicity of cells of Serratio (S.) marcescens and Candida (C.) species with increasing

age, respectively.
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However, in contrast to the enhanced diversification into either hydrophilic or hydrophobic
surface phenotypes, CSH of the described species switched from predominantly hydrophilic
(logarithmic phase) to hydrophobic (stationary phase). Contrary to these findings, Patel et al.
(2011) who evaluated five E. coli strains amongst other things regarding their CSH and
attachment to intact and cut fresh produce leaves, reported that all strains in logarithmic phase
were significantly more hydrophobic than in stationary phase.

Although findings are partly inconsistent or even contradictory, an effect of the growth phase
on CSH is obvious and has to be considered when studying CSH of microorganisms.

Using fluorescence microscopy, the localization of highly hydrophobic (TMW 1.25 and
TMW 1.277) and highly hydrophilic strains (TMW 1.708 and TMW 1.1) of the species
L. plantarum in (O/W)-emulsions was examined. It was hypothesized that hydrophobic cells
would adhere to oil droplets in emulsifier-free (O/W)-emulsion and that the addition of
emulsifier would prevent adhesion of hydrophobic cells to the fat surface of oil droplets. In
accordance with the hypothesis, highly hydrophobic cells tended to adhere to oil droplets in
the absence of emulsifier and were located at the oil-water interface, whereas highly
hydrophilic cells remained in the aqueous phase without showing any adhesion to oil droplets
(Figure 15). Thus, these results also corresponded well with the observations made in simple
oil/'water mixtures, which showed the same CSH-mediated interactions in the absence of
emulsion-stabilizing agar (Figure 13). Ly et al. (2006) reported similar findings, investigating
adhesion of hydrophilic and hydrophobic strains of the species L. lactis ssp. Lactis var.
diacetylactis to droplets of milk cream. With that, the results are in line with the commonly
accepted view in literature, that more hydrophobic cells adhere more strongly to hydrophobic
surfaces, whereas more hydrophilic cells did not share this affinity, adhering more strongly to
hydrophilic surfaces instead (Krasowska & Sigler, 2014). Worth mentioning, in contrast to
emulsifier-free (O/W)-emulsions, the oil droplets of emulsifier-stabilized emulsions were rather
small (D(v,0.5) = 2.8 um), which impeded a differentiation between the localization of
hydrophilic and hydrophobic cells, since both hydrophilic and hydrophobic cells seemed to be
trapped between oil droplets. Therefore, by using this setup, differences in cell-fat surface
interactions due to cell surface-specific characteristics and a prevention of direct cell-fat

surface interactions by the addition of emulsifier were not detectable (Figure 14).
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4.3 Effect of fat and microbial localization on the HHP inactivation of
L. plantarum in emulsifier-stabilized and emulsifier-free (O/W)-

emulsion

To date, HHP inactivation studies, which deal with the effect of the food matrix constituent fat
are rare and partially contradictory (Raffalli et al., 1994, Simpson & Gilmour, 1997, Gervilla et
al., 2000, Morales et al., 2006, Ramaswamy et al., 2009). In addition, most of these studies
were performed in complex food matrices, which allow interfering or even concealing effects

that are mediated by different food matrix constituents (see 1.1.7).

Hence, based on our previous knowledge, the effect of fat per se on the HHP inactivation of
vegetative cells still remained unclear. In order to close the substantial gap of knowledge,
systematic inactivation studies in model emulsion systems, investigating solely the effect of fat
and fat-associated parameters, were accomplished. There, to consider an effect of fat based

on fat surface-cell interactions, L. plantarum strains with distinct differences in CSH were used.

4.3.1 HHP inactivation in emulsifier-stabilized (O/W)-emulsion

Performing studies in buffer and defined (O/W)-emulsion model systems revealed that some
of the tested strains varied significantly regarding their pressure sensitivity. Namely, strain
TMW 1.1 showed the lowest temperature sensitivity but the highest pressure sensitivity among
all strains. This may support the common suggestion that pressure/temperature sensitivity
follow different, strain-specific mechanisms. Similarly, Pagan and Mackey (2000) showed
significant differences in the HHP resistance of three strains of the species E. coli. Casal and
Gomez (1999) reported large differences in the viability of different Lactococcus lactis ssp.
lactis strains after pressure treatment in milk suspension and Alpas et al. (1999) and Patterson
et al. (1995) demonstrated distinct differences in pressure resistance among different strains
of various food-borne pathogens. These findings clarify that such variation in pressure
sensitivity among bacterial species and even within one species must be considered when
setting up processing regimes designed to inactivate microorganism or making
recommendations for commercial processing of foods. In order to ensure microbial safety, the
recommendations should be based on information obtained from the most resistant bacteria

in the food of interest.

In contrast to the lipid phase parameters fat surface and fat/water boundary layer thickness,
the presence of fat per se and the lipid phase parameter, oil type, had an effect on HHP

inactivation.
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The presence of rapeseed oil affected the HHP inactivation of both hydrophilic strains
(TMW 1.708 and TMW 1.1) in emulsifier-stabilized (O/W)-emulsions. In most cases, a
tendency towards an increase in HHP inactivation with higher fat content could be observed.
However, a significant increase in cell inactivation could be only determined for these strains
after treatments at 300 MPa/40 °C or 400 MPa/25 °C. Interestingly, no effect of rapeseed oil
on the HHP inactivation of the hydrophobic strains (TMW 1.25 and TMW 1.277) could be
observed. Replacing rapeseed oil by Miglyol® 812, partly a tendency to slightly decreased
inactivation could be observed. At a HPT-combination of 300 MPa/40 °C, Miglyol® 812 even
exerted a significant baroprotective effect on TMW 1.708 and TMW 1.25.

These findings elucidate the difficulty to define the effect of fat on HHP inactivation. On the
one hand, the results of this study are partly in line with studies, reporting no effect of fat, as
inter alia observed for the hydrophobic strains in emulsifier-stabilized (O/W)-emulsions with
rapeseed oil (Raffalli et al., 1994, Rademacher, 1999, Gervilla et al., 2000, Ramaswamy et al.,
2009). On the other hand, the results are also partly in accordance with studies from Simpson
and Gilmour (1995) and Morales et al. (2006), which demonstrated reduced bacterial HHP
inactivation in the presence of fat, as also observed for especially TMW 1.25 and TMW 1.708
in the presence of Miglyol® 812. Noteworthy, none of these studies reported increased HHP
inactivation in the presence of fat. It can be speculated that this is due to their use of mostly
complex food matrices. Quite likely, most of the effects, which are mediated by different food
matrix constituents, are baroprotective effects (see section 1.1.7). As a result, these effects
can interfere and conceal possible fat-mediated, HHP inactivation increasing effects, as
observed for rapeseed oil. However, using defined (O/W)-emulsion systems, these undesired
effects were excluded, which facilitated the determination of actual fat-mediated effects and

influence factors. These and possible explanations for these will be discussed in the following.

Rapeseed oil can increase HHP inactivation

A possible explanation for the determined increase in cell inactivation in the presence of
rapeseed oil and with higher amounts of rapeseed oil could be a correlating increase of the
emulsion’s temperature due to adiabatic heating, enhancing the HHP inactivation efficiency.
By shifting the ratio of IPB and rapeseed oil in favor of oil, i.e. from 100:0, 70:30, 50:50 to
30:70 (viv), it can be assumed that the whole system heats up more by the distinctly stronger
adiabatic heating of rapeseed oil compared to buffer. Even though HHP treatments were
temperature controlled and thus theoretical ideal heating rates of 2.7, 3.9, 4.0 and
5.4 °C/100 MPa (at an initial temperature: 25 °C) for IPB, emulsions with 30, 50 and 70% (v/v)
rapeseed oil, could be substantially reduced, respectively, a slight warming of the model

systems could not be completely prevented (Table 17).



Discussion 127

Maximum temperature deviations from the target treatment temperatures of 25 and 40 °C,
which were determined during HHP processing of IPB and emulsions with 30, 50 and 70% (v/v)
rapeseed oil, were +1.4 °C, +2.0 °C, +3.4 °C, +4.0 °C and +1.3°C, +3.0 °C, +4.2 °C and
+4.8 °C, respectively (Table 18).

The detected correlation between the increase in HHP inactivation and the rapeseed oil
content speaks against the suggestion of Simpson and Gilmour (1995) and Morales
et al. (2006) that local low aw refuges and reduced aw in the fat droplets or at their interface
might are determining factors in conferring baroprotection. Indeed this suggestion is supported
by the fact that several studies demonstrated a baroprotective effect of low ay in general (Oxen
& Knorr, 1993, Rendueles et al., 2011). In addition, the occurrence of local low ay refuges in
(OMW)-emulsions is most likely. Though, the observed increase in the HHP inactivation of
hydrophilic strains with higher fat content and thus, the occurrence of presumably more local
low ay refuges, speaks against a baroprotective effect mediated by local low ay refuges. It
cannot be excluded that local low ay refuges indeed confer baroprotection, but other effects,
simultaneously increasing cell inactivation and concealing these baroprotective effects, seem

to be much more pronounced.

CSH-dependent effect of fat on HHP inactivation could inter alia be based on the exposure of

cells to higher temperatures due to stronger adiabatic heating of fat

It could be speculated that competition between bacterial cells and emulsifier can occur to a
certain degree. However, according to studies at hydrophobic surfaces, the removal of proteins
by emulsifier, based on strong interaction between the emulsifiers and surface, is very high.
This fact indicates that displacement of emulsifiers by L. plantarum cells, which show cell sizes
of several micrometers, is very unlikely (Elwing et al., 1989, Wannerberger et al., 1996,
Landete et al., 2010). In addition to the strong interaction of emulsifiers with the hydrophobic
surface of oil droplets, it has to be considered that bacterial cells were added after preparation
of emulsions, which makes the adhesion of cells to the fat surface even more unlikely. Thus,
it can be assumed that the oil droplets are completely covered by emulsifier and that even
hydrophobic cells should not be able to directly interact with oil droplets. For hydrophilic cells,
which are theoretically able to interact with the hydrophilic surface of emulsifier-covered
droplets, direct contact is rather unlikely due to the hydrophilic character of their environment
in the aqueous phase. The fact that microscopic analysis revealed that all tested strains were
evenly distributed in emulsifier-stabilized emulsions (Figure 14), indicates that the observed
effect of fat on the HHP inactivation of TMW 1.708 and TMW 1.1 is rather strain-specific and

not directly associated with the CSH and related cell localization.
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Still, a possible explanation for the in general observed increased cell inactivation of hydrophilic
cells in the presence of rapeseed oil could be their possibly closer proximity to the hydrophilic
surface of the droplets and thus exposure to slightly higher temperatures due to stronger
adiabatic heating of fat. However, due to limitations in the setup used for microscopic
examinations, that is, the inability to detect differences in direct microbial interactions with the
fat surface, a possible effect of cell-fat surface interactions cannot be completely excluded.
Hence, in order to gain new insights in cell-fat surface interactions in the presence of emulsifier
and their potential role in HHP inactivation, in further investigations bacterial attachment at a
single cell and at molecular level could be examined by atomic force microscopy, being a very
promising tool for even measuring hydrophobic forces on the surface of single living bacterial
cells (Alsteens et al., 2007).

The effect of emulsifier type and fat surface on HHP inactivation is neglectable in emulsifier-

stabilized (O/W)-emulsions

The reason that, besides the effect of rapeseed oil per se, no distinct effect of fat surface and
fat/water boundary layer thickness in emulsifier-stabilized emulsion was observable, could be
also found in a complete coverage of the oil droplet surface by emulsifiers, since varying the
fat surface using appropriate amounts of emulsifier likely also resulted in a complete coverage
of the oil droplet surface. This again is likely to prevent the adhesion of hydrophobic cells and,
thus, possible effects on their pressure sensitivity. Since appropriate amounts of emulsifier for
guaranteeing sufficient emulsion stability are either already naturally present, adjusted or
completely added to emulsion-based food in food industry, complete emulsifier coverage of oil
droplets is most likely. Therefore, the lipid phase parameters fat surface and fat/water
boundary layer thickness can be neglected designing product-specific HHP processes for the
preservation of fatty food. Moreover, the fact that no effect of both tested emulsifiers per se on
HHP inactivation could be observed, supports the negligibility of the emulsifiers Tween® 80

and sodium caseinate in HHP processes (Figure 23).

Saturated and unsaturated oils mediate different effects on HHP inactivation

Studies of the effect of the oil type on HHP inactivation revealed opposing effects of fat and
confirmed the hypothesis that different oil types and thus the fatty acid composition can lead
to dissimilar HHP inactivation. Investigations regarding adiabatic heating of Miglyol® 812
revealed heating rates and values for Tmax and Tmeane, Which were nearly comparable, slightly
lower to the corresponding ones of rapeseed oil. Heating rates maximally varied by
0.3 °C/100 MPa (Table 17, 50% fat content).
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Maximum temperatures reached during HHP treatment showed deviations of maximum 0.7 °C
and the mean temperatures during process varied not more than 0.2 °C (Table 18, 50% fat
content). Following from this, adiabatic heating during HHP processing could partly contribute
to the observed higher cell inactivation in the presence of rapeseed oil, though it is quite
unlikely that the determined very small differences in adiabatic heating between rapeseed oll
and Miglyol® 812 are responsible for the observed increased inactivation of TMW 1.708 and
TMW 1.1.

Even though no clear mechanism could be identified so far, several studies indicate that some
unsaturated fatty acids may enhance the HHP inactivation of microorganisms, thus being a
possible explanation for the differences in cell inactivation observed for rapeseed oil and
Miglyol® 812 samples. Jung et al. (2012) and Kruk et al. (2014) reported that different meat
systems with added olive oil and grapeseed oil showed higher oleic and linoleic acid contents
after HHP treatment and related improved microbial inactivation, respectively.

Escriu and Mor-Mur (2009) showed that Listeria innocua was more reduced in chicken meat
mixed with olive oil (mainly unsaturated, oleic acid: 78.20 g/100 g, linoleic acid: 6.50 g/100 g,
unpublished data) than in the same meat with added tallow (mainly saturated). And
Rubio et al. (2007) evaluated the microbiological quality of three types of sausages
(salchichén) with different fat compositions (control; high-oleic by addition of sunflower oil;
high-linoleic by addition of soya oil) after HHP treatment, reporting that high-linoleic, but not
high-oleic “salchichdn” resulted in improved microbial stability. However, using a complex food
matrix in combination with sunflower oil and soya oil, which show no substantial differences in
fatty acid composition, i.e. for linoleic acid 63.06 g/100 g versus 61.97 g/100 g and for oleic
acid 27.07 g/100 g versus 19.70 g/100 g, respectively, the statements regarding the effect of
both fatty acids should be treated with caution (unpublished data). Nevertheless, these studies
suggest the potential supportive role of some unsaturated fatty acids in the HHP inactivation
of microorganisms in complex matrices. Consequently, it can be speculated that rapeseed oll,
which mainly consists of unsaturated fatty acids, especially of oleic acid (63.20 g/100 g) and
linoleic acid (19.76 g/100 g), is therefore likely to enhance HHP inactivation while Miglyol® 812,
which is exclusively composed of fully saturated capric acid (44.53 g/100 g) and caprylic acid
(55.21 g/100 g), is suggested to show no increasing effect on HHP inactivation (Table 30). In
addition, it can be further speculated that this phenomenon is based on interchanging
triglycerides of rapeseed oil with lipoproteins of cellular membrane of microorganisms, leading
to altered membrane permeability, which in turn can result in increased pressure sensitivity
(section 1.1.6.2).
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4.3.2 HHP inactivation in emulsifier-free (O/W)-emulsion

An emulsifier-free (O/W)-emulsion, stabilized by agar, was assumed to facilitate direct
adhesion of hydrophobic cells to the fat surface and thus, an effect of fat, mediated by direct
fat surface-cell interaction or microbial localization could be examined. As observed before in
emulsifier-stabilized emulsion, large differences regarding HHP sensitivity among the tested
strains could be seen. Variations of over 2.5 log cycles in HHP sensitivity could be determined,
confirming the importance to consider the variation in bacterial pressure sensitivity when
setting up processing regimes designed to inactivate microorganism.

In the presence of fat, i.e. rapeseed ail, a significant increase in the HHP inactivation of three
out of four strains was determined, which also correlated positively with the fat content. For the
hydrophobic strain TMW 1.25 no significant increase in HHP inactivation could be ascertained,

but nevertheless, a distinct increase in HHP inactivation could be detected.

Thus, in contrast to the hydrophilic strains, both hydrophobic strains showed no comparable
inactivation behaviour in emulsifier-stabilized (O/W)-emulsion. Consequently, hydrophilic and
hydrophobic strains showed a similar increase in HHP-mediated inactivation in the presence
of rapeseed oil and hence, a protective effect of fat, based on fat surface-cell interaction and
microbial localization is unlikely. These findings indicate that CSH is no intrinsic pressure
resistance factor. An explanation for the increased inactivation of the hydrophobic strains could
be their proximity to fat and thus exposure to slightly higher temperatures by direct fat surface-
cell interactions, as observed in the absence of emulsifiers (Figure 15). As discussed before,
even small temperature rises might affect cell inactivation in combination with pressure.
Farther, as already mentioned before, direct fat surface-cell interaction could facilitate the
interchange of unsaturated triglycerides, leading to altered membrane permeability, and it can
be also speculated that the hydrophobic cells respond to the direct contact to fat with a change

in their metabolism, both resulting in an increased pressure sensitivity.

Although temperature control during HHP processing was efficient, it cannot be completely
excluded that slightly higher sample temperatures due to stronger adiabatic heating effects in
solid emulsions, containing 30 (Tmax = 27.6 °C, Tmeanr = 25.5 °C) and 50% (v/V) (Tmax = 28.5 °C,
Tmeanp = 25.7 °C) rapeseed oil, were partly responsible for the observed higher cell inactivation
in the presence of fat. However, at least for the observed distinctly higher cell inactivation of
all strains in solid (O/W)-emulsion, temperature peaks due to differences in adiabatic heating
properties can be excluded, since no noticeable differences between maximum temperature
and heating rates of the liquid and solid (O/W)-emulsions could be determined (see Table 17
and Table 18).
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Still, this observation and the fact that temperatures reached in the samples consistently
remained below lethal temperatures for L. plantarum cells make it very unlikely that adiabatic
heating of fat in (O/W)-emulsion presented a major reason for higher cell inactivation in

temperature controlled HHP processing.

Conclusion

The results of this thesis elucidate that the effect of fat can vary substantially, being next to
pressure and temperature, dependent on various factors, not fully understood to date. It can
be suggested that the effect of fat is a complex interplay of numerous factors, which inter alia
include the fatty acid composition, the type of microorganism, interactions with microorganisms
and other food matrix constituents and the fats’ compression heat and associated temperature
inhomogeneities in the food system (Gervilla et al., 2000). As result, inactivation kinetics in real
food systems might significantly differ from kinetics in defined model systems and, therefore,

single case studies are still needed in order to ensure efficient microbial inactivation.

However, performing systematic studies regarding the role of fat in HHP inactivation, important
knowledge could be generated, improving our understanding regarding the effect of fat and
associated parameters on HHP inactivation. It was demonstrated that the presence of fat per
se, independent from the fat surface and emulsifier, show different effects on HHP inactivation
and, therefore, in order to predict inactivation in fat containing food systems, a more systematic
evaluation of the role of the fatty acid composition, especially of unsaturated fatty acids is
recommended and necessary. The results of this thesis, showing increased cell inactivation or
no clear effect instead of decreased cell inactivation in the presence of rapeseed oil, are very
promising for the food industry. By the use of rapeseed oil, which is one of the most commonly
set-in fats in fatty food products, a baroprotective effect on HHP inactivation can be excluded
with a high probability. Rather the property of rapeseed oil to increase HHP inactivation and,
additionally, the observation that the increase in HHP efficiency correlates with higher fat
content, open up a possibility to enhance inactivation efficiency by simultaneously using milder
processing parameters. As a result, it is quite conceivable that negative effects of HHP on food
quality can be minimized. Finally, it is obvious that the thermodynamic effect of stronger
adiabatic heating of fat should be sufficiently exploited. By ensuring almost ideal adiabatic
conditions, the compression heat of fat can be used consciously to reach process target
temperature and thus process costs can be reduced, because active heating of the food
system to process target temperature is virtually eliminated. Simultaneously, the high
decompression-mediated cooling capacity can be exploited to cool down the fatty food product

uniformly and quasi-instantaneously without any shear forces occurring inside of the product.
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4.4 Role of WTAs in CSH and bacterial HHP sensitivity

4.4.1 The species L. plantarum shows intraspecies conserved differences in
WTA biosynthesis pathways

In food processing industry, attachment of undesirable microorganisms to surfaces of
equipment in contact with food is an entitled source of concern, since this can result in product
contamination leading to serious health (pathogenic flora) and economic problems
(saprophytic flora) (McFeters et al., 1984, Carpentier & Cerf, 1993, Mueller, 1996, Garrett et
al., 2008, Mafu et al., 2010). Furthermore, specific differences in cell adhesion are likely to
result in different localization of bacterial cells in food, causing unequal and at worst insufficient
inactivation by the applied preservation technique.

In numerous reports is shown that cell adhesion to hydrophobic surfaces and hydrocarbon
droplets increases with an increase in bacterial CSH and, therefore, many studies were carried
out in order to get a better understanding of CSH and with it being able to target unwanted cell
adhesion (Rosenberg & Kjelleberg, 1986, van der Mei et al., 1987, Van Loosdrecht et al., 1987,
Kochkodan et al., 2008, Giaouris et al., 2009). However, even though great progresses were
made in recent years (1.4), we are a long way from understanding bacterial CSH and its role
in cell adhesion in detail. By the comparison of genome sequences of three highly hydrophilic
and three highly hydrophobic L. plantarum strains by BADGE, which is a new tool developed
for the identification of possible marker genes by Behr et al. (2016), new insights in CSH-
associated genes were hoped to be obtained. In the course of this, several group-specific
genes could be identified. 17 genes were identified, which could be exclusively proved in the
genomes of hydrophilic strains, and in turn 79 genes could be purely found in the genomes of
hydrophobic strains. Bioinformatic analysis revealed for both, hydrophilic and hydrophobic
strains, genes coding for various proteins, which could be identified to be associated with inter
alia stress response, cell division and repair, transport, membrane and diverse enzymatic
functions (Appendix Table 32 and Table 33).

However, three genes, being exclusively present in hydrophilic strains turned out to be
homologues of the well characterized genes tagD1, tagF1 and tagF2 (tag-locus), which are
related to the WTA biosynthesis pathway (Tomita et al., 2010, Bron et al., 2012). Since on the
one hand, WTAs form the major surface component of Gram-positive bacterial cell wall
(Swoboda et al., 2010), and on the other hand, several studies demonstrated that WTAs play
an important role in cell adhesion, these genes were classified as the most promising genes
in terms of affecting CSH (Gross et al.,, 2001, Weidenmaier et al., 2005, Weidenmaier &
Peschel, 2008, Kohler et al., 2009).
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Further bioinformatic investigations revealed that all six genomes additionally contain
homologues of the genes tagO, tagA, tagD2, tagB3, tarlJKL (tar-locus) and tagGH, and thus,
each strain having a complete gene equipment necessary for WTA biosynthesis (Brown et al.,
2013). Though hydrophilic as well as hydrophobic strains were shown to have homologues of
the tar-loci, marked conserved differences in nucleotide sequences among both groups could
be determined in accordance with earlier studies (Tomita et al., 2010). Both groups were
proved to differ by sharing gene sequence identities of 67 to 90% (Table 20), as already implied
for the gene tarK by the results of BADGE (see 3.6.1). Based on these observations it is highly
likely that observed differences in the hydrophilic tar-locus go along with the presence of a tag-
locus. Further, including literature, it was assumed that tested hydrophilic L. plantarum strains,
which were proved to have the tag-locus, synthesize poly(Gro-P) WTAs while the tested
hydrophobic strains can be regarded as strains with poly(Rbo-P) WTAs (Tomita et al., 2010,
Bron et al., 2012).

In line with these findings it was hypothesized that hydrophilic L. plantarum strains in general
possess a conserved WTA biosynthesis cluster, synthesizing poly(Gro-P) WTAs while
hydrophobic L. plantarum strains, which lack the tag-locus, show conserved differences in the
tar-locus and hence synthesize poly(Rbo-P) WTAs. An additional set of 32 L. plantarum strains
was examined in terms of CSH and genes of interest (tagFl, taglJKL, tarlJKL), and the
hypothesized correlation between the WTA type and CSH investigated. 36 out of 38
L. plantarum strains were proved to encode the genetic determinants for the production of
WTA variants containing either poly(Gro-P) or poly(Rbo-P) backbones and hence formed two
distinct WTA type-specific groups within the species L. plantarum as already predicted by
Tomita et al. (2010). L. plantarum TMW 1.1342 and TMW 1.1 could not be assigned to one of
the two identified groups, possibly due to mutations in corresponding genes (for TMW 1.1342,
gene tagF1) or incorrect addition of primers. It is likely that the two phylogenetic groupings of
L. plantarum based on the WTA type can be attributed to a broadening of the intraspecies
diversity of the cell wall structure in evolution of L. plantarum (Tomita et al., 2010). Although
further investigations of these strains in terms of WTA isolation and transcriptomic analysis
would be meaningful in order to proof the consensus with the predicted WTA type based on
determined WTA type specific gene equipment, it is highly likely that the WTA type in the cell
wall of L. plantarum can be estimated by carrying out simple bioinformatic analysis or colony
PCR using WTA type specific primer (Tomita et al., 2010). Consequently, complex and time-
consuming laborious preparation procedures for the prediction of the WTA type would not be

necessary anymaore.
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Furthermore, the observation that strains, which are supposed to produce different WTA types
(TMW 1.25, poly(Rbo-P) WTA; TMW 1.708 and SF_02, poly(Gro-P) WTA) were isolated from
raw sausage, supports the suggestion by Tomita et al. (2010) that L. plantarum strains, which

synthesize different WTA types, can share the same habitat.

However, contradicting the hypothesis that strains with hydrophobic cell surface produce
poly(Rbo-P) WTAs and strains with hydrophilic cell surface synthesis poly(Gro-P) WTAs,
highly hydrophobic strains (TMW 1.1723, SF_02, TMW 1.1830) were classified as poly(Gro-
P) WTA and in turn, highly hydrophilic strains (TMW 1.1662, TMW 1.1478, TMW 1.9,
TMW 1.1356) as poly(Rbo-P) WTA producing strains. Following from this, no correlation
between the WTA type and CSH could be observed. This suggests that, even though WTAs
form the major surface component of the Gram-positive bacterial cell wall, their effect on the
CSH phenotype is not decisive. Instead, this finding rather supports the common assumption
that CSH is a complex interplay of diverse components and their acting forces (Hazen et al.,
1986, van der Mei et al., 1987, Van der Mei et al., 1991, Martienssen, 2001, Poortinga et al.,
2002, Van der Mei et al., 2003, Swoboda et al., 2010).

In addition, this finding also points up the possibility that WTA-favored cell adhesion is more
likely mediated by the direct interaction of WTAs with abiotic and biotic surfaces rather than
indirectly, by contributing to CSH. Though, it has to be considered that the L. plantarum strains
show significant differences in biodiversity, as inter alia demonstrated in this thesis by
investigating a correlation between CSH and protein mass spectra (3.2.3). These intraspecies

differences can conceivably mask a possible WTA type-dependent effect on bacterial CSH.

4.4.2 WTAs affect CSH and HHP inactivation

Tomita et al. (2010) demonstrated that the tag-locus encoding strain L. plantarum WCFS1
produce poly(Gro-P) WTASs, as also predicted in this thesis (Table 22). However, using a AtagO
(Andre et al., 2011) and a AtagF1-F2 mutant of L. plantarum WCFS1, Bron et al. (2012)
demonstrated that the WCFS1 AtagO mutant is unable to produce WTAs and that the WCFS1
AtagF1-F2 mutant performs alditol-switching producing poly(Rbo-P) WTAs instead. Exploiting
the genetic capacity of L. plantarum WCFS1 to produce both WTA types, the physiological
consequences induced by the presence of WTAs per se and the WTA type on CSH were
studied. Using isogenic deletion mutants, other CSH-influencing affects, being associated with

the specie’s high biodiversity, could be excluded.
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The MATH test revealed the wildtype strain to possess the most hydrophobic cell surface,
showing a moderately hydrophobic cell surface (46%). L. plantarum WCFS1 AtagO, which is
assumed to produce no WTAs at all, showed a highly hydrophilic surface (77%) and
L. plantarum WCFS1 AtagF1-F2, producing poly(Rbo-P) WTAs, showed the most hydrophilic
cell surface (96%) (Table 22). Consequently, being able to exclude any effects based on
intraspecies biodiversity, the presence of WTAs and the type of WTA backbone seems to
indeed have an effect on CSH of L. plantarum WCFS1. However, since only a few studies are
known that focus on the effect of the WTA type on CSH or. cell adhesion under exclusion of
intraspecies biodiversity, comparisons are strongly limited (Weidenmaier et al., 2005, Holland
et al.,, 2011). In addition, CSH was conceivably determined by the application of different or
modified methods, making a comparison even more difficult. In terms of the observed
differences in CSH between the wildtype strain and the WCFS1 AtagO mutant, the results
contradict those observed by Holland et al. (2011), which show that mutation of tagO in
S. epidermidis was associated with increased CSH. However, because of the fact that Holland
et al. (2011) used a different modified version of the MATH test, direct comparisons are not

meaningful (Rosenberg, 2006).

Main differences to the MATH test of this study could be inter alia found in the used buffer
(1x Dulbecco’s PBS) and the organic solvent (p-xylene), both variables which were described
to substantially influence the results of the MATH test. On the one hand, it can be speculated
that the absence of WTAs in general leads to the unmasking of cell wall proteins and
polysaccharides, which convey type-specific surface characteristics and are not implicated in
CSH in the presence of WTAs. Variations in side chains of surface protein, for instance, could
result in different surface characteristics, possibly explaining the mentioned, contradicting
results. On the other hand, a possible explanation for the altered CSH of the WCFS1 AtagO
mutants could be found in their observed increased tendency for cell aggregation, which is in
line with observations described for B. subtilis 168 and S. aureus by Soldo et al. (2002) and
Vergara-lrigaray et al. (2008). The determined decrease in hydrophobicity observed in the
WCFS1 AtagO mutants could be a consequence of this aggregation, since WCFS1 AtagO
mutant cells could prefer to interact between themselves rather than with the organic solvent
n-hexadecane. The execution of an additional hydrophobicity test, not being based on bacterial
distribution between two liquid immiscible phases, for example contact angle measurement,
would help to define the CSH phenotype of WCFS1 AtagO mutant cells in absence of

unwanted, interfering aggregation.
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Further, it cannot be excluded that the CSH-influencing effect emanating from LTAs, which are
known for being profoundly associated with physicochemical properties of bacterial surfaces,
is significantly more determinative in the absence of WTAs and thus partially responsible for
the distinct changes of CSH (Sherman & Savage, 1986, Granato et al., 1999, Fedtke et al.,
2007).

This explanation is quite conceivable, since WTAs and LTAs are suggested to have
overlapping functions and are thus supposed to partially compensate for one another (Oku et
al., 2009, Schirner et al., 2009). Moreover, there is compelling evidence that WCFS1 AtagO
mutants showed impaired cell elongation and division, possibly influencing the cell surface
characteristics. In line with several studies, microscopic analysis revealed that corresponding
cells appeared swollen and shorter than cells of the wildtype strain, whereas the morphological
characteristics of L. plantarum WCFS1 AtagF1-F2 strongly resembled those of the wildtype
strain (Andre et al., 2011, Bron et al., 2012). Noteworthy, both deletion mutants showed a
distinctly slower growth (unpublished data), which was also already reported for a AtagO
mutant of S. aureus (Weidenmaier et al., 2005). Additionally, Andre et al. (2011) demonstrated
that a significant proportion of AtagO cells contained displaced septa, supporting the evidence
of disturbed cell elongation and division events. However, the reported tendency of the AtagO
mutant to remain associated in chains could not be determined, rather the already discussed

tendency to cell aggregation was observable.

The distinct differences in CSH observed for the poly(Gro-P) and poly(Rbo-P) WTA producing
strains, varying from moderate hydrophobic to highly hydrophilic, can be hypothesized to be
attributed to alditol-specific substitution patterns and related differences in polymer structure
and cell surface charge. The hydroxyls on the glycerol- or ribitol phosphate repeats of the WTA
backbone are in general known to be tailored with cationic D-alanine esters and mono- or
oligosaccharides (Mirelman et al., 1970, Yokoyama et al., 1989, Brown et al., 2013). However,
WTA substitution with L-lysyl or acetyl residues was also reported (Sadovskaya et al., 2004).
To date, the extent to which both types of tailoring occur is assumed to be amongst other things
strain-specific (Jenni & Berger-Bachi, 1998, Swoboda et al., 2010, Brown et al., 2013). The
positions in ribitol and glycerol, at which installation of substituents occur, can vary dependent
on the substituent and alditol, as illustrated nicely in the study of Naumova et al. (2001)
(Neuhaus & Baddiley, 2003, Vinogradov et al., 2006). Even though the ubiquitous tailoring
modification of WTAs by glycosylation and its functions are not well understood, the presence

or absence of sugars was reported to affect the polymer structure (Bernal et al., 2009).
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Studies, investigating adhesion of S. aureus to artificial surfaces and host tissue proved the
essential role of D-alanylation in cell adhesion by showing that the D-alanylation promote
noticeably stronger cell adhesion (Gross et al., 2001, Neuhaus & Baddiley, 2003, Weidenmaier
et al., 2005, Weidenmaier & Peschel, 2008).

There, the D-alanylation mediated enhanced cell adhesion is speculated to be based on a
decrease in the net negative charge of the WTA polymers by adding positively charged amines
and, therefore, by the decrease of repulsive forces that prevent bacterial adherence to abiotic
and biotic surfaces (Neuhaus & Baddiley, 2003, Holland et al., 2011). Consequently, alditol-
specific substitution patterns can be supposed to result in the mediation of different cell surface
charges and polymer structures. And these in turn are therefore a plausible explanation for the
observed differences in the CSH phenotypes among poly(Gro-P) and poly(Rbo-P) WTA
producing strains. Detailed studies, which analyze both types of WTA and their attached
substituents (substituent type and -amount, position in alditol, number of polymer subunits,

polymer structure) would be necessary in order to strengthen this hypothesis.

To this end, HHP processing revealed that the wildtype strain had the highest HHP resistance,
followed by the mutant WCFS1 AtagO. Unexpectedly, the mutant strain WCFS1 AtagF1-F2
showed the highest HHP sensitivity. These results do not match with the general assumption
that the absence of WTAs results in a cell wall that is more sensitive to environmental changes,
as described by several authors (Hoover & Gray, 1977, Vergara-lrigaray et al., 2008).
However, it has to be considered that, as mentioned before, LTAs are known to be able to
partially compensate the absence of WTAs (Oku et al., 2009, Schirner et al., 2009). This
phenomenon could explain the increased, but still moderate inactivation.

Transcriptomic analysis could help to define the direct effect of the absence of WTAs on the
likely increased LTA synthesis by measuring the upregulation of the involved genes (Percy &
Grindling, 2014). In addition, isolation of LTAs from WTA-deficient and from WTA producing
strains, followed by detailed quantitative comparisons, could give new insight in the
compensation mechanism of LTAs and with it in their role in pressure resistance. It can be
speculated that the compensating effect of LTAs seemed to be more pronounced, resulting in
an increased pressure resistance of the mutant WCFS1 AtagO, than the effect of alditol
switching, leading to the highest pressure sensitivity. Finally, it should be considered that the
observed increased pressure sensitivity of both mutants could be a consequence of the
already discussed growth or. physiological defects, most likely resulting in a more vulnerable

cell wall, and hence, also increased pressure sensitivity.
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Conclusion

The findings of this study sustain the complexity of the phenomenon CSH and its role on cell
adhesion. It could be demonstrated that CSH is affected by WTAs per se and the WTA type,
however, the effect of WTAs can be assumed to not dominate CSH. More likely, WTAs can be
placed in the series of several cell surface components that are also suggested to modulate
CSH (1.4). New important knowledge in terms of CSH-determinants and the role of WTASs in
HHP tolerance could be generated. This knowledge opens up new perspectives in terms of
CSH in general and forms a good base for further detailed studies. Promising approaches for
further detailed studies are investigations in terms of (I) the compensation of lacking WTAs by
LTAs and vice versa, (Il) the tailoring modifications of both WTA types and their consequences
on the polymer structure, and (lll) the effect of WTAs per se on the structure of bacterial cell
walls and related pressure sensitivity. Additionally, complete genome sequences of the
L. plantarum strains TMW 1.25, TMW 1.277, TMW 1.1623 and TMW 1.708 were provided.
Due to the fact that the newly sequenced strains were characterized in terms of various
features, these genomes can be assumed to build a valuable base for future comparative

analyses.
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5 Summary

High Hydrostatic Pressure (HHP) processing is an emerging non-thermal food preservation
technology, which has the potential to fulfill the consumers’ growing demand for minimally
processed, high-quality foods. However, inactivation efficiency of HHP processing of food is
strongly affected by the food matrix compaosition, which significantly impedes generic process
design approaches. Studies, investigating effects of the important food matrix parameter, fat,
are scarce, and conclusions drawn are not always consistent with each other. Since detailed
studies are completely missing, there exists a substantial lack of knowledge regarding the
effect of fat on microbial HHP inactivation. Furthermore, effects of cell surface hydrophobicity
(CSH) and bacterial localization in food on HHP inactivation were both fundamentally
neglected so far. Among other things, this is probably due to the fact that the knowledge on
factors modulating CSH is still sketchy and its determinants are only superficially known.
Against this background, the overall goal of the present thesis was to increase the knowledge
on the general role of fat in the HHP inactivation of spoilage-associated microorganisms. Since
fat-mediated effects on HHP inactivation could be dependent on interactions between lipid
phase and microbial cells, the focal points were on factors possibly influencing such
interactions, including CSH, fat content, presence and type of emulsifier, fat surface (oil droplet
size) and oil type. In addition, the aim was to identify specific marker genes that play a role in

the development of different CSH phenotypes.

Systematic HHP inactivation studies, using defined (O/W)-emulsions, revealed that pressure
tolerance varied noticeably among L. plantarum strains, which was observed to be
independent from CSH. It was shown that the HHP inactivation of all tested strains in general
tended to be more effective in the presence of rapeseed oil. There, the fat-mediated effect was
markedly more pronounced in the absence of emulsifier. Observations in both emulsifier-
stabilized and emulsifier-free (O/W)-emulsion indicated that CSH is no intrinsic pressure
resistance factor. Furthermore, the HHP inactivation efficiency seemed to correlate positively
with the fat content. Interestingly, the synthetic, fully saturated oil Miglyol® 812 showed no or
even a slightly baroprotective effect. These determined oil type-dependent differences are
likely to occur due to the dissimilar fatty acid composition of both oil types and support studies
indicating that individual fatty acids can influence HHP inactivation. Both phenomena, which
were observed in the presence of rapeseed oil, were additionally suggested to be, at least
partially attributed to the effect of stronger adiabatic heating of fat, resulting in the exposure of
cells to higher temperatures. The lipid phase parameters, emulsifier type and fat surface, did

not affect HHP inactivation efficiency.
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Homologues of the genes tagD1, tagFl and tagF2 (tag-locus) being exclusively present in
hydrophilic strains were identified as most promising marker genes associated with CSH.
Since these genes are associated with the synthesis of poly(glycerol-3-phosphate) (poly(Gro-
P)) wall teichoic acids (WTASs), it was hypothesized that poly(Gro-P) WTA producing strains
possess a highly hydrophilic cell surface whereas strains, lacking this locus and thus
synthesizing poly(ribitol-5-phosphate) (poly(Rbo-P)) WTAs, possess a highly hydrophobic cell
surface. However, no correlation between the WTA type and bacterial CSH were determined.
However, L. plantarum strains were proved to encode the genetic determinants for the
production of WTA variants containing either poly(Gro-P) or poly(Rbo-P) backbones and thus
to form two distinct groups within this species. Considering that intraspecies biodiversity can
conceivably mask a possible WTA type-dependent effect, the genetic capacity of L. plantarum
WCFS1 to produce both WTA-backbone types was exploited to examine the role of WTAs in
the development of a specific CSH phenotype and HHP tolerance. In this context, both, the
absence of WTASs and alditol switching from poly(Gro-P) to poly(Rbo-P) resulted in significantly
more hydrophilic cell surfaces and substantially increased pressure sensitivity. These
differences might be partially ascribable to compensation effects by lipoteichoic acids,
unmasking effects of CSH-affecting cell components, and/or differences in alditol-specific

substitution patterns.

Despite substantial intraspecies variations in the pressure tolerance of different L. plantarum
strains, data presented in this study indicate that the effect of fat on HHP inactivation is the
result of a complex interplay of numerous factors. Furthermore, this thesis provides systematic
data for further studies and for the design of product-specific HHP processes for the
preservation of fatty food. While the fatty acid composition, the overall fat content and the fats’
compression heating properties are important factors that should be considered, the emulsifier
type and oil droplet surface properties might be neglected. New insights regarding CSH
determinants, that is, that the WTAs per se and the WTA type have distinct effects on bacterial
CSH and play a role in the pressure tolerance of L. plantarum, redounds to a better
understanding of the development of cell surface properties and cellular HHP resistance
factors. This contributes to closing knowledge gaps and opens new perspectives for further

research approaches.
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6 Zusammenfassung

Die Hochdruck-(HHP)-Behandlung ist eine aufkommende Technologie fur die nicht-
thermische Lebensmittelkonservierung, die das Potenzial hat, die wachsende Nachfrage der
Verbraucher nach minimal verarbeiteten, hochwertigen Lebensmitteln zu erflllen. Die
Inaktivierungseffizienz der HHP-Behandlung von Lebensmitteln wird jedoch stark von der
Zusammensetzung der Lebensmittelmatrix beeinflusst, was generische Prozessdesign-
Ansatze erheblich behindert. Studien, in denen der Einfluss des wichtigen
Lebensmittelmatrixparameters Fett untersucht wurde, sind selten, und die dabei gezogenen
Schlussfolgerungen stimmen nicht immer miteinander Gberein. Da detaillierte Studien nicht
existieren, besteht ein erheblicher Mangel an Wissen Uber die Wirkung von Fett auf die
mikrobielle  HHP-Inaktivierung. Dartiber hinaus wurden die Auswirkungen der
Oberflachenhydrophobizitat (CSH) und der bakteriellen Lokalisation in Lebensmitteln auf die
HHP-Inaktivierung bisher weitgehend vernachlassigt. Dies ist vermutlich unter anderem dem
Umstand geschuldet, dass das Wissen uber Faktoren, die die CSH modulieren, noch
luckenhaft ist und seine Determinanten nur oberflachlich bekannt sind. Vor diesem Hintergrund
bestand das Hauptziel der vorliegenden Dissertation darin, das Wissen uber die allgemeine
Rolle von Fett bei der HHP-Inaktivierung von Mikroorganismen, die mit dem
Lebensmittelverderb assoziiert werden, zu erweitern. Da die fettvermittelten Effekte auf die
HHP-Inaktivierung von Wechselwirkungen zwischen der Lipidphase und mikrobiellen Zellen
abhangig sein koénnten, standen Faktoren im Vordergrund, die diese Wechselwirkungen
beeinflussen konnen, darunter die CSH, der Fettgehalt, die Anwesenheit und Art des
Emulgators, die Fettoberflache (OltropfchengroRe) und die Olart. Dariiber hinaus sollten
spezifische Markergene identifiziert werden, die bei der Entwicklung verschiedener CSH-

Phanotypen eine Rolle spielen.

Systematische HHP-Inaktivierungsstudien zeigten unter Verwendung definierter (O/W)-
Emulsionen, dass die Drucktoleranz unter L. plantarum-Stammen merklich, unabhéngig von
der CSH, variierte. Es wurde gezeigt, dass im Allgemeinen die HHP-Inaktivierung aller
getesteten Stamme in Gegenwart von Rapsol wirksamer war. Dabei war der fettvermittelte
Effekt in Abwesenheit von Emulgator deutlich ausgepréagter. Die Tatsache, dass dieser Effekt
sowohl in der emulgatorstabilisierten als auch in der emulgatorfreien (O/W)-Emulsion
beobachtet wurde, deutet darauf hin, dass die CSH kein intrinsischer Druckresistenzfaktor ist.
Dartber hinaus schien die HHP-Inaktivierungseffizienz positiv mit dem Fettgehalt zu
korrelieren. Interessanterweise zeigte das synthetische, vollgeséttigte Ol Miglyol® 812 keinen

oder sogar einen geringen baroprotektiven Effekt.
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Diese von der Olart abhangigen Unterschiede konnen wahrscheinlich auf unterschiedliche
Fettsaurezusammensetzungen beider Olarten zuriickgefiihrt werden und unterstiitzen
Studien, die darauf hindeuten, dass einzelne Fettsauren die HHP-Inaktivierung beeinflussen
kénnen. Beide Phdnomene, die in Gegenwart von Raps6l beobachtet wurden, kdnnten zudem
zumindest teilweise durch den Effekt einer starkeren adiabatischen Erwarmung von Fett erklart
werden, der zur Folge hatte, dass die Zellen hoheren Temperaturen ausgesetzt waren. Die
Lipidphasenparameter Emulgatortyp und Fettoberflache zeigten keine Wirkung auf die HHP-

Inaktivierungseffizienz.

Homologe der Gene tagD1, tagFl und tagF2 (tag-Locus), die ausschlief3lich in hydrophilen
Stammen vorkamen, wurden als vielversprechendste, mit der CSH assoziierte Markergene
identifiziert. Da diese Gene mit der Synthese von poly(glycerol-3-phosphat) (poly(Gro-P))
Zellwand-Teichonsauren (WTAs) assoziiert sind, wurde die Hypothese aufgestellt, dass
poly(Gro-P) WTA-produzierende Stamme eine stark hydrophile Zelloberflache besitzen,
wahrend Stdmme, denen dieser Locus fehlt und die somit poly(ribitol-5-phosphat) (poly(Rbo-
P)) WTAs synthetisieren, eine stark hydrophobe Zelloberflache aufweisen. Es wurde jedoch
keine Korrelation zwischen dem WTA-Typ und der bakteriellen CSH festgestellt. Es wurde
jedoch nachgewiesen, dass L. plantarum-Stamme die genetischen Determinanten fir die
Produktion von WTA-Varianten codieren, die entweder poly(Gro-P)- oder poly(Rbo-P)-
Ruckgrate enthalten und somit zwei verschiedene Gruppen innerhalb dieser Spezies bilden.
In Anbetracht der Tatsache, dass die Biodiversitat innerhalb der Spezies moglicherweise einen
mdglichen WTA-Typ-abhangigen Effekt maskiert, wurde die genetische Kapazitat von
L. plantarum WCFS1 zur Produktion beider WTA-Rlckgrat-Typen genutzt, um die Rolle von
WTAs bei der Entwicklung eines spezifischen CSH-Phanotyps und HPP-Toleranz zu
untersuchen. In diesem Zusammenhang fihrten sowohl die Abwesenheit von WTAs als auch
die Anderung des WTA-Riickgrat-Typs von poly(Gro-P) auf poly(Rbo-P) zu deutlich
hydrophileren Zelloberflachen und einer wesentlich erhdéhten Druckempfindlichkeit. Diese
Unterschiede koénnten teilweise auf Kompensationseffekte durch Lipoteichonsauren,
Demaskierungseffekte von CSH-beeinflussenden Zellkomponenten und/oder Unterschiede in

Alditol-spezifischen Substitutionsmustern zurtickzufiihren sein.

Trotz erheblicher innerartlicher Unterschiede in der Drucktoleranz verschiedener L. plantarum-
Stdmme deuten die in dieser Studie prasentierten Daten darauf hin, dass die Wirkung von Fett
auf die HHP-Inaktivierung auf ein komplexes Zusammenspiel zahlreicher Faktoren

zurickzufihren ist.
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Dartber hinaus liefert diese Arbeit systematische Daten flr weitere Studien und fir die
Entwicklung produktspezifischer HHP-Verfahren zur Konservierung von fetthaltigen
Lebensmitteln. Wahrend die Fettsaurezusammensetzung, der Gesamtfettgehalt und die
Kompressions-erwarmungseigenschaften der Fette wichtige Faktoren sind, die in Betracht
gezogen werden sollten, kdnnten der Emulgatortyp und die Oberflacheneigenschaften der
Oltropfen vernachlassigt werden. Neue Erkenntnisse iber CSH-Determinanten, das heil3t,
dass die WTAs per se und der WTA-Typ deutliche Auswirkungen auf die bakterielle CSH
haben und eine Rolle in der Drucktoleranz von L. plantarum spielen, fihren zu einem besseren
Verstandnis beziglich der Entwicklung von Zelloberflachen-Eigenschaften und zellularer
HHP-Resistenzfaktoren. Dies tragt dazu bei, Wissenslicken zu schlieBen und neue

Perspektiven fur weitere Forschungsanséatze zu eréffnen.
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8.1 Publications and supervised student theses
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Kafka T, Reitermayer D, Lenz C & Vogel R (2017) High hydrostatic pressure inactivation of
Lactobacillus plantarum cells in (O/W)-emulsions is independent from cell surface
hydrophobicity and lipid phase parameters. High Pressure Research 37(3): 430-448.

Kafka TA, Geissler AJ & Vogel RF (2017) Multiple Genome Sequences of Lactobacillus
plantarum Strains. Genome announcements 5(29): e00654-17.

Poster

Kafka TA, Reitermayer D, Lenz C & Vogel R (2014) Influence of surface hydrophobicity on
high-pressure inactivation of Lactobacillus plantarum. 8" International Conference on High
Pressure Bioscience and Biotechnology, HPBB 2014. 07/2014. Nantes, France.

8.1.2 Supervised student theses

Cocuzzi R. (2014) Der Einfluss von Emulgatoren auf die Hochdruckinaktivierung von
Laktobazillen als relevante Verderbsorganismen fir fetthaltige / emulsionsbasierte
Lebensmittel.



Appendix 169

8.2 Tables and Figures
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Figure 31: Multidimensional scaling (MDS) of L. fructivorans strains based on specific mass spectra combined with
cell surface hydrophobicity. Specific mass spectra were obtained by MALDI-TOF-MS, based on 8 replicates per
strain. Surface hydrophobicity was determined by MATH test. Strains were classified as highly hydrophobic
(0 - 25%), (26 - 50%), moderately hydrophilic (51 -75%) and highly hydrophilic
(76 - 100%), depending on percentage absorbance of the agueous phase after treatment with n-hexadecane
(0.4 mL volume) relative to initial absorbance.
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Figure 32: Examination of bacterial lipolytic activity of different species on tributyrin-mMRS agar plates.
L. plantarum: TMW 1.25 (A), TMW 1.1 (B), TMW 1.277 (C), TMW 1.708 (D), TMW 1.834 (E), TMW 1.1478 (F),
TMW 1.1623 (G); L. sakei: TMW 1.1239 (H), TMW 1.151 (1), TMW 1.704 (J), TMW 1.1322 (K), TMW 1.1474 (L);
L. fructivorans: TMW 1.1856 (M), TMW 1.59 (N); B. subtilis TMW 2.472 (O).
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Table 23: Determination of bacterial proteolytic activity by measuring changes in fluorescence intensity of the FTC-
casein. Digestion of the substrate FTC-casein results in an increase of fluorescence intensity. Fluorescein
excitation/emission filters with 485/520 nm were used and the gain was set to 300. B. subtilis TMW 2.472 and TPCK
trypsin were used as positive controls. Flmax, maximum fluorescence intensity; AFlmax, maximum increase in
fluorescence intensity; AU, arbitrary units. Mean values + standard deviation are shown.

Sample Flmax (AU) AFlmax (AU)
L. fructivorans TMW 1.59 930+35 32+4
L. fructivorans TMW 1.1856 932+26 31+4
L. plantarum TMW 1.25 923+£35 3419
L. plantarum TMW 1.1 914+45 2915
L. plantarum TMW 1.1478 895+57 3317
L. plantarum TMW 1.277 916+41 3145
L. plantarum TMW 1.708 915+38 3217
L. plantarum TMW 1.834 916+44 3317
L. plantarum TMW 1.1623 895+14 34+4
L. sakei TMW 1.151 912+27 31+6
L. sakei TMW 1.704 881137 28+4
L. sakei TMW 1.1239 904+23 3217
L. sakei TMW 1.1322 907+29 31+8
L. sakei TMW 1.1474 917129 2815
B. subtilis TMW 2.472 1563+49 234+48
0 pg mL? trypsin 884+36 29+7
5 pg mL trypsin 1730+139 366+152
10 pg mL1 trypsin 1942+89 739+111
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Table 24: Growth of Lactobacillus strains at different pH values and NaCl concentrations. Growth was characterized
by the growth parameters ODmax and pmax. ODmax = maximum cell density measured at a wavelength of 600 nm.
Mmax = maximum specific growth rate. Mean values * standard deviation are shown.

ODimax Hmax ()
Strain pH 3.5 pH 4.0 pH 4.5 pH 6.2 pH 3.5 pH 4.0 pH 4.5 pH 6.2
TMW 1.25 0.46+0.22 1.06+0.03 1.17+0.05 1.29+0.03 0.09+0.01 0.30+0.02 0.38+0.02 0.50+0.01
TMW 1.1 0.24+0.10  0.54+0.14  1.23+0.07 1.33+0.04 0.30+0.02  0.39+0.02  0.44+0.01 0.53+0.04

TMW 1.1478 | 0.65+0.24 1.15+0.03 1.20+0.02  1.42+0.02 0.26+0.01  0.38+0.04  0.53+0.05 0.58+0.01
TMW 1.277 0.47+0.20 1.12+0.01 1.23+0.05 1.40+0.04 0.10+0.01 0.30+0.01  0.41+0.04  0.54+0.05
TMW 1.708 0.76+0.10 1.21+0.01 1.26+0.09  1.28+0.02 0.19+0.00  0.32+0.02  0.37+0.01  0.47+0.03
TMW 1.834 0.70+0.12 1.09+0.03 1.05+£0.06 1.12+0.04 0.11+0.00  0.24+0.02  0.34+0.05  0.44+0.02
TMW 1.1623 | 1.01+0.05 1.21+0.05 1.27+0.04  1.32+0.02 0.18+0.01  0.33+0.04  0.53+0.02  0.51+0.04
TMW 1.59 0.06+0.07 0.46+0.20 0.95+0.34  1.06+0.26 0.06+0.05 0.23+0.12  0.48+#0.23  0.44%0.24
TMW 1.1856 | 0.96+0.03 1.37+0.02 1.34+0.05 1.24+0.02 0.14+0.02  0.26+0.04  0.24+0.01  0.23%+0.05
TMW 1.151 0.06+0.03 0.06+0.03 0.71+0.19 0.71+0.18 0.05+0.03  0.09+0.05 0.20+0.06  0.30+0.13
TMW 1.704 0.73+0.47 0.42+0.51 1.06+0.30 1.01+0.29 0.16+0.02  0.23+0.04  0.26+0.03  0.49%0.15
TMW 1.1239 | 0.80+0.52 0.85+0.52 1.10+0.33  1.28+0.12 0.15+0.02  0.25+0.03  0.40+0.06  0.43%0.01
TMW 1.1322 | 0.71+0.44 0.92+0.58 1.06+0.56  1.32+0.26 0.16+0.02  0.25+0.08  0.37+0.10  0.54+0.08
TMW 1.1474 | 0.03+0.01 0.04+0.02 0.74+0.17  1.02+0.03 0.00+0.00 0.00+0.01  0.24+0.05  0.35+0.03

ODiax Hmax (N7)
Strain 5% NaCl 6% NacCl 7.5% NaCl 10% NacCl 5% NacCl 6% NacCl 7.5% NaCl égoc/;
TMW 1.25 1.01+0.05 0.85+0.03 0.59+0.19  0.05+0.03 0.35+0.03  0.30+0.07  0.18+0.04  0.00+0.00
T™™W 1.1 1.02+0.05 0.87+0.06 0.41+0.03  0.08+0.01 0.46+0.07  0.36+0.07  0.20+0.01  0.00+0.00

TMW 1.1478 | 1.21+0.12 1.07+0.14  0.65+0.29  0.07%0.03 0.33+0.04  0.26+0.07  0.11+0.00  0.00+0.00
TMW 1.277 1.04+0.08  0.90+0.12  0.78+0.06  0.04+0.02 0.36+0.06  0.31+0.08  0.18+0.04  0.00+0.00
TMW 1.708 1.06+0.10 1.04+0.02  0.79+0.08  0.08+0.04 0.39£0.06  0.31+0.05 0.17+0.02  0.02+0.00
TMW 1.834 0.85+0.12 0.65+0.14  0.72+0.09  0.10+0.03 0.38+0.08  0.27+0.04  0.17+0.02  0.03%0.01
TMW 1.1623 | 0.91+0.20  0.84+0.04  0.62+0.08  0.06+0.03 0.36+0.05 0.26+0.02  0.16x0.02  0.00+0.00
TMW 1.59 0.51+0.44  0.27+0.45  0.01+0.01  0.02+0.02 0.05+0.05 0.09+0.10  0.00+0.00  0.00+0.00
TMW 1.1856 | 1.04+0.11  0.91+0.13  0.78+0.13  0.04+0.05 0.19+0.04 0.17+0.02  0.12+0.01  0.00+0.00
TMW 1.151 0.57+0.22 0.40+0.09  0.32+0.19  0.05+0.01 0.40+0.05 0.33+0.08 0.16+0.06  0.04+0.01
TMW 1.704 0.72+0.28  0.67+0.29  0.55+0.45 0.07%0.03 0.40+0.03  0.35+0.03  0.21+0.03  0.04+0.02
TMW 1.1239 | 0.84+0.40 0.76+0.39  0.58+0.16  0.07+0.05 0.44+0.03  0.32+0.03  0.16+0.01  0.01+0.00
TMW 1.1322 | 0.68+0.55  0.68+0.37  0.46+0.39  0.12+0.12 0.32#0.05 0.25+0.01  0.13#0.05  0.05+0.04
TMW 1.1474 | 0.71+0.10  0.55+0.12  0.28+0.07  0.04+0.02 0.38+0.06  0.29+0.08  0.15+0.06  0.00+0.00
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Table 25: Growth of Lactobacillus strains at low temperatures. Growth was characterized by the growth parameters
ODmax and pmax. ODmax = maximum cell density measured at a wavelength of 600 nm. pmax = maximum specific
growth rate. Mean values * standard deviation are shown.

ODrmax Hmax (d)
Strain 4°C 10 °C 4°C 10 °C
TMW 1.25 0.14#0.07  0.67+0.17 | 0.12#0.03  0.73+0.09
T™MW 1.1 0.474#0.06  1.21+0.07 | 0.7820.22  1.510.13

TMW 1.1478 | 0.25+0.05 1.13+0.07 | 0.12+0.04  1.27+0.15
TMW 1.277 0.10+0.05 0.59+0.16 | 0.15+0.01  0.80+0.09
TMW 1.708 0.21+0.01  0.65+0.04 | 0.22+0.05  0.99+0.04
TMW 1.834 0.23+0.15  0.74+0.15 | 0.25+0.06  0.88+0.06
TMW 1.1623 | 0.19+0.09 1.00+0.12 | 0.47+0.10 1.18+0.11
TMW 1.59 0.04+0.03  0.16+0.13 | 0.07+0.04  0.18+0.07
TMW 1.1856 | 0.06+0.01  0.48+0.11 | 0.08+0.11  0.69+0.27
TMW 1.151 0.50+0.09  0.70+0.18 | 0.92+0.14  2.11+0.16
TMW 1.704 0.48+0.23  0.62+0.27 | 0.97+0.21  2.28+0.29
TMW 1.1239 | 0.57+0.09  0.74+0.11 | 1.00+0.09  1.86+0.43
TMW 1.1322 | 0.59+#0.15 0.88+0.23 | 0.90+0.14  1.58+0.30
TMW 1.1474 | 0.82+0.03  1.00£0.10 | 0.93+0.05  2.00+0.29
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Table 26: Characterization of different (O/W)-emulsion types prior to and after HHP treatment. All listed emulsions
were stabilized by using the emulsifier Tween® 80 with exception of emulsion type #6, which was stabilized with
sodium caseinate. SSA, Specific Surface Area; D(v,0.5), volume median diameter, represents median droplet size.

Mean values * standard deviation are shown.

Emulsion type Treatment parameter SSA[m?g?] D(v,0.5) [um] Creaming velocity [um s7]
- 3.7+0.33 2.7+0.09 5.6+0.23
w1 S0 (V/V()Jirlapeseed 500 MPa/25 °C 4.1+0.69 2.5+0.28 5.6+0.27
500 MPa/55 °C 3.9+0.53 2.5+0.39 5.7+0.32
- 3.7+0.29 2.7+0.10 4.8+0.20
up 0N V())i:apeseeo' 500 MPa/25 °C 3.5+0.21 2.7+0.08 4.9+0.41
500 MPa/55 °C 3.2+0.22 2.8+0.03 5.2+0.27
; 3.4+0.13 2.7+0.18 3.1+0.36
4y (0% (V/V()Jirlapeseed 500 MPa/25 °C 3.1:0.44 2.6+0.04 3.4+0.23
500 MPa/55 °C 3.0£0.45 2.6+0.04 3.7+0.75
- 1.5+0.29 5.8+0.37 9.9+0.45
44 50?6"3’:252’?:“ 500 MPa/25 °C 1.640.36 5.5+0.43 10.1#0.59
500 MPa/55 °C 1.4+0.09 5.5+0.42 9.7+0.94
; 10.6+0.49 0.7+0.02 0.1+0.09
#5 50?6‘:%?2‘;5:“ 500 MPa/25 °C 10.6+0.31 0.7+0.01 0.1+0.11
500 MPa/55 °C 10.3+0.05 0.7+0.01 0.10.17
50% (vIv) rapeseed - 3.6+0.28 2.6+0.16 3.2+0.64
#6  oil, 2% (Wiv) 500 MPa/25 °C 3.5+0.12 2.540.25 3.2+0.70
sodium caseinate 500 MPa/55 °C 3.620.40 2.520.28 3.020.29
; 3.8+0.42 2.3+0.08 3.9+0.47
uy OO% (‘”E‘;’ig’"g'yc"@ 500 MPa/25 °C 3.7£0.33 2.40.08 3.6£0.18
500 MPa/55 °C 3.6+0.10 2.4+0.06 3.6+0.32
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Table 30: Fatty acid composition of rapeseed oil and Miglyol® 812. The fatty acid composition was determined by
VFG-Labor GmbH & Co. KG (Versmold, Germany).

Fatty acid Rapeseed oil Miglyol® 812
saturated (9/100 g) (9/100 g)
Butyric acid C 4.0 <0.03 <0.03
Caproic acid C6:0 <0.03 <0.03
Caprylic acid c8:.0 <0.03 55.21
Capric acid C 10:0 <0.03 44.53
Undecanoic acid C11:.0 <0.03 <0.03
Lauric acid C 12:0 <0.03 0.18
Myristic acid C 14:.0 0.07 <0.03
Pentadecanoic acid C 15:0 <0.03 0.08
Palmitic acid C 16:0 4.55 <0.03
Margaric acid C17:0 <0.03 <0.03
Stearic acid C 18:0 1.95 <0.03
Arachidic acid C 20:0 0.55 <0.03
Behenic acid C 22:0 0.27 <0.03
Lignoceric acid C 24:0 0.05 <0.03
monounsaturated

Tridecenoic acid C13:1 <0.03 <0.03
Myristoleic acid ci14:1 <0.03 <0.03
Pentadecenoic acid C15:1 <0.03 <0.03
Palmitoleic acid c 161 0.25 <0.03
Heptadecenoic acid c1ir7:1 0.07 <0.03
Oleic acid c18:1 63.20 <0.03
Eicosenoic acid C 20:1 1.40 <0.03
Erucic acid Cc221 0.30 <0.03
Nervonic acid C24:1 0.10 <0.03

polyunsaturated

Linoleic acid C 18:2 19.76 <0.03
Linolenic acid Cc18:3 7.40 <0.03
Eicosadienic acid C 20:2 0.09 <0.03
Eicosatrienoic acid C 20:3 <0.03 <0.03
Arachidonic acid C 204 <0.03 <0.03
Eicosapentaenoic acid C 20:5 <0.03 <0.03
Docosadienoic acid C22:2 <0.03 <0.03
Docosahexaenoic acid C 22:6 <0.03 <0.03

Fatty acid groups

saturated fatty acids 7.44 100
monounsaturated fatty acids 65.31 0
polyunsaturated fatty acids 27.25 0
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Table 31: Effect of fat on the HHP inactivation of L. plantarum in emulsifier-free (O/W)-emulsion. The induced
reduction (logio(No/N)) of stationary phase cells (strains TMW 1.25, TMW 1.277, TMW 1.708 and TMW 1.1) at an
inoculum of ~108 cells mL* by HHP is shown. Mean values * standard deviation are shown. Superscript letters

denote statistically significant difference among log reduction levels (p < 0.05).
Fat content (% (v/v))

p/T parameter combination Strain 0 30 50
TMW 1.25 3.18+0.22 3.73£0.49 3.93+0.49
TMW 1.277 2.97+0.052 3.48+0.052 4.02+0.152
400 MPa/25 °C
TMW 1.708 1.42+0.32° 1.88+0.20 2.27+0.16°
T™MW 1.1 2.75+0.45¢ 4.78+0.27¢ 4.81+0.419
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Table 32: Hydrophilic strain-specific genes in L. plantarum identified by

biosynthese pathway.

BADGE. In bold, genes of the WTA

BADGE on nucleotide level

TMW 1.708 / locus_tag

16 / locus_tag

P-8 / locus_tag

Hypothetical protein

BIZ33_RS00200

LP16_RS00250

LBP_RS00195

Glycerol-3-phosphate cytidylyltransferase EC 2_7_7_39,
tagD1

BIZ33_RS01080

LP16_RS01135

LBP_RS01095

CDP-glycerol glycerophosphotransferase EC 2_7_8_12,
tagF1

BIZ33_RS01085

LP16_RS01140

LBP_RS01100

CDP-glycerol glycerophosphotransferase /
glycosyltransferase, tagF2

BIZ33_RS01090

LP16_RS01145

LBP_RS01105

Putative ADP-ribosylglycohydrolase

BIZ33_RS06035

LP16_RS05645

LBP_RS05445

Ribitol phosphotransferase, tark

B1Z33_RS07480

LP16_RS07060

LBP_RS06855

Nitrate/sulfonate/bicarbonate ABC transporter

BIZ33_RS08485

LP16_RS08070

LBP_RS07890

Nitrate/sulfonate/bicarbonate ABC transporter,permease protein

BIZ33_RS08490

LP16_RS08075

LBP_RS07895

Rod-shape determining protein

BIZ33_RS08495

LP16_RS08080

LBP_RS07900

Hypothetical protein

BIZ33_RS12060

LP16_RS11425

LBP_RS11520

GntR family transcriptional regulator

BIZ33_RS13095

LP16_RS12380

LBP_RS12445

6-phospho-beta-glucosidase EC 3_2_1_86

BIZ33_RS13100

LP16_RS12385

LBP_RS12450

PTS system, cellobiose-specific EIIC component EC 2_7_1_69

BIZ33_RS13105

LP16_RS12390

LBP_RS12455

Hypothetical protein

BIZ33_RS13110

LP16_RS12395

LBP_RS12460

Hypothetical protein

BIZ33_RS13170

LP16_RS12440

LBP_RS12490

ABC transporter ATP-binding protein

BIZ33_RS13175

LP16_RS12445

LBP_RS12495

Cro/Cl family transcriptional regulator

BIZ33_RS13180

LP16_RS12450

LBP_RS12500

BAGDE on protein level

TMW 1.708 / locus_tag

16 / locus_tag

P-8 / locus_tag

Transporter

BIZ33_RS00200

LP16_RS00250

LBP_RS00195

CDP-glycerol glycerophosphotransferase EC 2_7_8_12,
tagF1l

B1Z33_RS01085

LP16_RS01140

LBP_RS01100

CDP-glycerol glycerophosphotransferase /
glycosyltransferase, tagF2

B1Z33_RS01090

LP16_RS01145

LBP_RS01105

Hypothetical protein

BIZ33_RS01570

LP16_RS01615

LBP_RS01580

Hypothetical protein

BIZ33_RS01575

LP16_RS01620

LBP_RS01585

XRE family transcriptional regulator

BIZ33_RS01820

LP16_RS01965

LBP_RS01740

ADP-ribosylglycohydrolase

BIZ33_RS06035

LP16_RS05645

LBP_RS05445

ABC transporter ATP-binding protein

BIZ33_RS07365

LP16_RS06950

LBP_RS06745

ABC transporter permease

BIZ33_RS07370

LP16_RS06955

LBP_RS06750

LytR family transcriptional regulator

BIZ33_RS08480

LP16_RS08065

LBP_RS07885

Nitrate/sulfonate/bicarbonate ABC transporter

BlZ33_RS08485

LP16_RS08070

LBP_RS07890

Nitrate/sulfonate/bicarbonate ABC transporter,permease protein

BIZ33_RS08490

LP16_RS08075

LBP_RS07895

Rod-shape determining protein

BIZ33_RS08495

LP16_RS08080

LBP_RS07900

Hypothetical protein

BIZ33_RS12060

LP16_RS11425

LBP_RS11520

GntR family transcriptional regulator

BIZ33_RS13095

LP16_RS12380

LBP_RS12445

PTS system, cellobiose-specific EIIC component EC 2_7_1_69

BIZ33_RS13105

LP16_RS12390

LBP_RS12455

Hypothetical protein

BIZ33_RS13110

LP16_RS12395

LBP_RS12460

Hypothetical protein

BIZ33_RS13170

LP16_RS12440

LBP_RS12490

ABC transporter ATP-binding protein

BIZ33_RS13175

LP16_RS12445

LBP_RS12495

Cro/Cl family transcriptional regulator

BIZ33_RS13180

LP16_RS12450

LBP_RS12500
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Table 33: Hydrophobic strain-specific genes in L. plantarum identified by BADGE. In bold, genes of the WTA

biosynthese pathway.

BADGE on nucleotide level

TMW 1.25/ locus_tag

TMW 1.277 / locus_tag

TMW 1.1623/
locus_tag

Hypothetical protein

BIZ31_RS01295

B1Z32_01255

BIZ34_RS01300

Transcriptional regulator

BIZ31_RS01300

BlZ32_RS01300

BIZ34_RS01305

Preprotein translocase subunit SecB

BIZ31_RS01305

BI1Z32_RS01305

BIZ34_RS01305

Metal ABC transporter substrate-binding protein

BIZ31_RS01420

BI1Z32_RS01420

BIZ34_RS01425

ABC transporter ATP-binding protein

BIZ31_RS01425

BIZ32_RS01425

BIZ34_RS01430

ABC transporter permease

BIZ31_RS01430

B1Z32_RS01430

BlZ34_RS01435

Ketopantoate reductase family protein

BIZ31_RS01435

BIZ32_RS01435

BIZ34_RS01440

Hypothetical protein

BIZ31_RS01650

B1Z32_RS01650

BIZ34_RS01620

Hypothetical protein

BIZ31_RS01670

BIZ32_RS01670

BIZ34_RS01640

Hypothetical protein

BIZ31_RS01770

BIZ32_RS01770

BIZ34_RS01710

Bacteriocin

BIZ31_RS01775

BIZ32_RS01775

BIZ34_RS01715

Pirin

BIZ31_RS01780

BIZ32_RS01780

BIZ34_RS01720

CPBP family intramembrane metalloprotease

BIZ31_RS01785

BIZ32_RS01785

BIZ34_RS01725

Glycosyl hydrolase family 8

BIZ31_RS03085

BlZ32_RS03085

BIZ34_RS02975

Hypothetical protein

BIZ31_RS03090

BIZ32_RS03090

BIZ34_RS02980

Hypothetical protein

BIZ31_RS03095

BIZ32_RS03095

BIZ34_RS02985

Amino acid permease / glycosyl transferase family 2

BIZ31_RS04225

BlZ32_RS03100

BlZ34_RS02990

Cellulose synthase

BIZ31_RS03105

BIZ32_RS03105

BIZ34_RS02995

Hypothetical protein

BIZ31_RS03110

BIZ32_RS03110

BlZ34_RS03000

Hypothetical protein

BIZ31_RS05925

BIZ32_RS05925

BIZ34_RS05945

Proton-efflux P-type ATPase

BIZ31_RS05945

BIZ32_RS05945

BIZ34_RS05980

DNA mismatch repair protein MutS

BIZ31_RS05960

BIZ32_RS05960

BIZ34_RS05995

Hypothetical protein

BIZ31_RS07015

BIZ32_RS07015

BIZ34_RS07035

N-acetyltransferase

BIZ31_RS07340

BIZ32_RS07340

BIZ34_RS07360

Hypothetical protein

BIZ31_RS07410

BIZ32_RS07410

BIZ34_RS07430

Ribitol phosphotransferase, tarkK

B1Z31_RS07560

B1Z32_RS07560

B1Z34_RS07580

Tannase

BIZ31_RS08000

BIZ32_RS07800

BIZ34_RS08015

Hypothetical protein

BIZ31_RS08610

BIZ32_RS08410

BIZ34_RS08615

DUF4428 domain-containing protein

BIZ31_RS08615

BIZ32_RS08415

BIZ34_RS08620

Hypothetical protein

BIZ31_RS08620

BIZ32_RS08420

BIZ34_RS08625

Hypothetical protein

BIZ31_RS08625

BIZ32_RS08425

BIZ34_RS08630

Hypothetical protein

BIZ31_RS08630

BIZ32_RS08430

BlZ34_RS08635

Alpha-glucosidase / glucohydrolase

BIZ31_RS09905

BIZ32_RS09705

BIZ34_RS09875

PTS N-acetylglucosamine transporter subunit 11BC

BIZ31_RS09910

BIZ32_RS09710

BIZ34_RS09880

PTS N-acetylglucosamine transporter subunit IIABC

BIZ31_RS09915

BIZ32_RS09715

BlZ34_RS09885

PTS sugar transporter subunit [IC

BIZ31_RS09920

BI1Z32_RS09720

BIZ34_RS09890

PTS mannose/fructose/sorbose transporter subunit 11B

BIZ31_RS09925

BIZ32_RS09725

BlZ34_RS09895

DegA family transcriptional regulator

BIZ31_RS09930

BI1Z32_RS09730

BIZ34_RS09900

Hypothetical protein

BIZ31_RS10210

BIZ32_RS10010

BIZ34_RS10175

Lysin

BIZ31_RS10215

BIZ32_RS10015

BIZ34_RS10180

Hypothetical protein

BIZ31_RS10220

BI1Z32_RS10020

BIZ34_RS10185
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Hypothetical protein

BIZ31_RS10235

BIZ32_RS10035

BIZ34_RS10200

Phage tail protein

BIZ31_RS10240

BI1Z32_RS10040

BlZ34_RS10205

Hypothetical protein

BIZ31_RS10245

BIZ32_RS10045

BIZ34_RS10210

Hypothetical protein

BIZ31_RS10250

BIZ32_RS10050

BIZ34_RS10215

Tail protein

BIZ31_RS10255

BI1Z32_RS10055

BlZ34_RS10220

Hypothetical protein

BIZ31_RS10260

BlZ32_RS10060

BIZ34_RS10225

Hypothetical protein

BIZ31_RS10265

BI1Z32_RS10065

BlZ34_RS10230

Hypothetical protein

BIZ31_RS10270

BIZ32_RS10070

BlZ34_RS10235

Hypothetical protein

BIZ31_RS10275

BI1Z32_RS10075

BlZ34_RS10240

Conjugal transfer protein / hypothetical protein

BIZ31_RS10280

BI1Z32_RS10080

BIZ34_RS10245

Minor capsid protein E

BIZ31_RS10285

BIZ32_RS10085

BIZ34_RS10250

Hypothetical protein

BIZ31_RS10290

BI1Z32_RS10090

BIZ34_RS10255

Scaffolding protein / DUF4355 domain-containing protein

BIZ31_RS10295

BIZ32_RS10095

BIZ34_RS10260

Hypothetical protein

BIZ31_RS10300

BIZ32_RS10100

BlZ34_RS10265

Hypothetical protein

BIZ31_RS10305

BIZ32_RS10105

BIZ34_RS10270

Phage head morphogenesis protein

BIZ31_RS10310

BIZ32_RS10110

BIZ34_RS10275

Ribosomal-processing cysteine protease Prp

BIZ31_RS10315

BIZ32_RS10115

BIZ34_RS10280

Phage portal protein

BIZ31_RS10320

BIZ32_RS10120

BlZ34_RS10285

PBSX family phage terminase large subunit

BIZ31_RS10325

BIZ32_RS10125

BIZ34_RS10290

XRE family transcriptional regulator

BIZ31_RS10420

BlZ32_RS10220

BIZ34_RS10380

XRE family transcriptional regulator

BIZ31_RS10425

BIZ32_RS10225

BIZ34_RS10385

Hypothetical protein

BIZ31_RS10430

BIZ32_RS10230

BIZ34_RS10390

Aldo/keto reductase

BIZ31_RS12250

BIZ32_RS12050

BlZ34_RS12135

DUF1211 domain-containing protein

BIZ31_RS12255

BIZ32_RS12055

BIZ34_RS12140

Flavodoxin

BIZ31_RS12260

BIZ32_RS12060

BIZ34_RS12145

Glucose-1-dehydrogenase

BIZ31_RS12265

BIZ32_RS12065

BIZ34_RS12150

Sugar transporter

BIZ31_RS12270

BIZ32_RS12070

BIZ34_RS12155

Oxidoreductase

BIZ31_RS12275

BIZ32_RS12075

BIZ34_RS12160

Aldo/keto reductase

BIZ31_RS12280

BIZ32_RS12080

BlZ34_RS12165

LysR family transcriptional regulator

BIZ31_RS12285

BIZ32_RS12085

BIZ34_RS12170

Hypothetical protein

BIZ31_RS12290

BIZ32_RS12090

BIZ34_RS12175

Twin-arginine translocation pathway signal protein

BIZ31_RS12295

BIZ32_RS12095

BIZ34_RS12180

Hypothetical protein

BIZ31_RS12300

BIZ32_RS12100

BlZ34_RS12185

NAD(P)-dependent oxidoreductase

BIZ31_RS12305

BIZ32_RS12105

BIZ34_RS12190

Aldo/keto reductase

BIZ31_RS12310

BIZ32_RS12110

BIZ34_RS12195

Aldo/keto reductase

BIZ31_RS12315

BIZ32_RS12115

BIZ34_RS12200

MFS transporter

BIZ31_RS12320

BIZ32_RS12120

BIZ34_RS12205

Oxidoreductase

BIZ31_RS12325

BIZ32_RS12125

BlZ34_RS12210

BADGE on protein level

TMW 1.25 / locus_tag

TMW 1.277 / locus_tag

TMW 1.1623/
locus_tag

Hypothetical protein

BIZ31_RS01295

BI1Z32_RS01295

BIZ34_RS01300

Transcriptional regulator

BIZ31_RS01300

BIZ32_RS01300

BIZ34_RS01305

Preprotein translocase subunit SecB

BIZ31_RS01305

BI1Z32_RS01305

BIZ34_RS01310

Metal ABC transporter substrate-binding protein

BIZ31_RS01420

BIZ32_RS01420

BIZ34_RS01425
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ABC transporter ATP-binding protein

BIZ31_RS01425

BIZ32_RS01425

BIZ34_RS01430

ABC transporter permease

BIZ31_RS01430

B1Z32_RS01430

BIZ34_RS01435

Hypothetical protein

BIZ31_RS01595

BIZ32_RS01595

BlZ34_RS01595

Hypothetical protein

BIZ31_RS01650

BIZ32_RS01650

BIZ34_RS01620

Hypothetical protein

BIZ31_RS01670

BI1Z32_RS01670

BIZ34_RS01640

Bacteriocin immunity protein

BIZ31_RS01760

BIZ32_RS01760

BIZ34_RS01695

Two-peptide bacteriocin plantaricin JK subunit PInJ

BIZ31_RS01765

BI1Z32_RS01765

BIZ34_RS01705

Bacteriocin immunity protein / hypothetical protein

BIZ31_RS01770

BIZ32_RS01770

BIZ34_RS01710

Bacteriocin

BIZ31_RS01775

BIZ32_RS01775

BIZ34_RS01715

Pirin

BIZ31_RS01780

BI1Z32_RS01780

BIZ34_RS01720

CPBP family intramembrane metalloprotease

BIZ31_RS01785

BIZ32_RS01785

BIZ34_RS01725

Glycosyl hydrolase family 8

BI1Z31_RS03085

B1Z32_RS03085

BIZ34_RS02975

Hypothetical protein

BlZ31_RS03090

BlZ32_RS03090

BlZ34_RS02980

Hypothetical protein

BIZ31_RS03095

BIZ32_RS03095

BIZ34_RS02985

Glycosyl transferase family 2

BIZ31_RS03100

BlZ32_RS03100

BlZ34_RS02990

Cellulose synthase

BIZ31_RS03105

BIZ32_RS03105

BIZ34_RS02995

Hypothetical protein

BIZ31_RS03110

BIZ32_RS03110

BIZ34_RS03000

Hypothetical protein

BIZ31_RS05925

BIZ32_RS05925

BIZ34_RS05945

Hypothetical protein

BIZ31_RS05935

BIZ32_RS05935

BIZ34_RS05970

DNA mismatch repair protein MutS

BIZ31_RS05955

BIZ32_RS05955

BIZ34_RS05990

DNA mismatch repair protein MutS

BIZ31_RS05960

BIZ32_RS05960

BIZ34_RS05995

Hypothetical protein

BIZ31_RS07005

BIZ32_RS07005

BIZ34_RS07025

Hypothetical protein

BIZ31_RS07015

BIZ32_RS07015

BIZ34_RS07035

N-acetyltransferase

BIZ31_RS07340

BIZ32_RS07340

BIZ34_RS07360

Hypothetical protein

BIZ31_RS07410

BIZ32_RS07410

BIZ34_RS07430

Hypothetical protein / tannase

BIZ31_RS08000

BIZ32_RS07800

BIZ34_RS08015

Hypothetical protein

BIZ31_RS08610

BIZ32_RS08410

BIZ34_RS08615

DUF4428 domain-containing protein

BIZ31_RS08615

BIZ32_RS08415

BIZ34_RS08620

Hypothetical protein

BIZ31_RS08620

BIZ32_RS08420

BIZ34_RS08625

Hypothetical protein

BIZ31_RS08630

BIZ32_RS08430

BIZ34_RS08635

PTS N-acetylglucosamine transporter subunit 1IBC

BIZ31_RS09910

BIZ32_RS09710

BlZ34_RS09880

PTS N-acetylglucosamine transporter subunit IIABC

BIZ31_RS09915

BIZ32_RS09715

BIZ34_RS09885

PTS sugar transporter subunit [IC

BIZ31_RS09920

BIZ32_RS09720

BlZ34_RS09890

PTS mannose/fructose/sorbose transporter subunit 11B

BIZ31_RS09925

BIZ32_RS09725

BlZ34_RS09895

DegA family transcriptional regulator

BIZ31_RS09930

BIZ32_RS09730

BIZ34_RS09900

Hypothetical protein

BIZ31_RS10210

BIZ32_RS10010

BlZ34_RS10175

Lysin

BIZ31_RS10215

BIZ32_RS10015

BIZ34_RS10180

Hypothetical protein

BIZ31_RS10220

BIZ32_RS10020

BlZ34_RS10185

DUF1617 domain-containing protein

BIZ31_RS10225

BI1Z32_RS10025

BIZ34_RS10190

Hypothetical protein

BIZ31_RS10230

BI1Z32_RS10030

BIZ34_RS10195

Hypothetical protein

BIZ31_RS10235

BIZ32_RS10035

BIZ34_RS10200

Hypothetical protein / phage tail protein

BIZ31_RS10240

BI1Z32_RS10040

BIZ34_RS10205

Hypothetical protein

BIZ31_RS10245

BIZ32_RS10045

BIZ34_RS10210

Hypothetical protein

BIZ31_RS10250

BI1Z32_RS10050

BIZ34_RS10210
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Tail protein

BIZ31_RS10255

BIZ32_RS10055

BIZ34_RS10215

Hypothetical protein

BIZ31_RS10260

BI1Z32_RS10060

BIZ34_RS10220

Hypothetical protein

BIZ31_RS10260

BlZ32_RS10060

BIZ34_RS10230

Hypothetical protein

BIZ31_RS10270

BIZ32_RS10070

BIZ34_RS10235

Hypothetical protein

BIZ31_RS10275

BI1Z32_RS10070

BIZ34_RS10240

Hypothetical protein

BIZ31_RS10280

BlZ32_RS10080

BIZ34_RS10245

Minor capsid protein E

BIZ31_RS10285

BI1Z32_RS10085

BIZ34_RS10250

Hypothetical protein

BIZ31_RS10290

BlZ32_RS10090

BIZ34_RS10255

DUF4355 domain-containing protein

BIZ31_RS10295

BI1Z32_RS10095

BlZ34_RS10260

Hypothetical protein

BIZ31_RS10300

BI1Z32_RS10100

BlZ34_RS10265

Hypothetical protein

BIZ31_RS10305

BIZ32_RS10105

BIZ34_RS10270

Phage head morphogenesis protein

BIZ31_RS10310

BIZ32_RS10110

BIZ34_RS10275

Ribosomal-processing cysteine protease Prp

BIZ31_RS10315

BIZ32_RS10115

BIZ34_RS10280

Phage portal protein

BIZ31_RS10320

BIZ32_RS10120

BlZ34_RS10285

PBSX family phage terminase large subunit

BIZ31_RS10325

BIZ32_RS10125

BIZ34_RS10290

XRE family transcriptional regulator

BIZ31_RS10420

BlZ32_RS10220

BIZ34_RS10380

XRE family transcriptional regulator

BIZ31_RS10425

BIZ32_RS10225

BIZ34_RS10385

Hypothetical protein

BIZ31_RS10430

BlZ32_RS10230

BIZ34_RS10390

DUF1211 domain-containing protein

BIZ31_RS12255

BIZ32_RS12055

BIZ34_RS12140

Flavodoxin

BIZ31_RS12260

BlZ32_RS12060

BlZ34_RS12145

Glucose-1-dehydrogenase

BIZ31_RS12265

BIZ32_RS12065

BIZ34_RS12150

Sugar transporter

BIZ31_RS12270

BIZ32_RS12070

BlZ34_RS12155

Oxidoreductase

BIZ31_RS12275

BIZ32_RS12125

BIZ34_RS1216

Hypothetical protein

BIZ31_RS12290

BIZ32_RS12090

BlZ34_RS12175

Twin-arginine translocation pathway signal protein

BIZ31_RS12295

BIZ32_RS12095

BIZ34_RS12180

Hypothetical protein

BIZ31_RS12300

BIZ32_RS12100

BlZ34_RS12185

Aldo/keto reductase

BIZ31_RS12310

BIZ32_RS12110

BIZ34_RS12195

MFS transporter

BIZ31_RS12320

BIZ32_RS12120

BIZ34_RS12205
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