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ABSTRACT

Food-borne disease remains accountable for high levels of morbidity and mortality
in the world. The World Health Organization (WHO) estimated that food-borne
and water-borne diarrhoeal diseases kill about 2.2 million people annually (SGM,

2013).

In this thesis, studies on microbial inactivation were carried out using Cold
Atmospheric plasma (CAP) generated by a radiofrequency (RF) source at RF = 4.6

MHz. The operating gas used was a mixture of helium and oxygen

The study has investigated the effect of CAP on different strains of food-borne
bacteria. These included strains/ mutants of S. Typhimurium, L. monocytogenes
and E. coli. The result has shown that CAP has the capability to inactivate a wide
range of food-borne bacteria. However, S. Typhimurium LT2, E. coli O157: H7
and E. coli H10407 showed more tolerance to CAP treatment than L.
monocytogenes strains and E. coli K-12 MG1655. This result led to further
investigations into the role of lipopolysaccharide (LPS) structure in the tolerance
to CAP treatment. To investigate the role of LPS structure, derivatives of E. coli
K-12 which lack the O-antigen and isogenic mutants of them (core polysaccharide
defective) were used. In addition to these strains and mutants, partially and fully
restored LPS derivatives of E. coli K-12 MG1655 and S. Typhimurium TA98
which is a mutant of S.Typhimurium LT2 were also used. No significant
differences in the sensitivity to CAP treatments between these mutant and their

parental strains were found except between S. Typhimurium TA98 and its parental

Xiv



strain. S. Typhimurium TA98 was missing many other genes, therefore it was not
comparable to the parental strain. The results suggest no role for the LPS structure

regions in the resistance to CAP treatment.

The study has also investigated the role of oxidative stress in bacterial inactivation.
Mutants of E. coli K-12 BW25113 were a single gene of the OxyR regulated genes
has been deleted, were used. Three mutants were found significantly (P < 0.05)
more sensitive to CAP treatments than other strains. These mutants were (Adps),
(AgrxA) and (AsufC). The gene deleted from each mutant is hydrogen peroxide
inducible and OxyR regulated (Zheng et al., 2001a). Since each of these genes has
an important role in the resistance to oxidative stress, the result suggests the

involvement of oxidative stress in inactivation by CAP treatments.

To confirm these results and to find out whether the CAP treatment caused DNA
damage or mutagenic effects, the Ames strains were used. Exposure to CAP
treatment for 5 and 10 seconds caused a significant (P < 0.05) increase in the
number of revertant colonies of S. Typhimurium TA100 and S. Typhimurium
TA102. The results suggest that CAP caused base-pair substitution in the DNA of
S. Typhimurium TA100 (Barnes ef al., 1982) and transition/transversion mutations
in the DNA of S. Typhimurium TA102 (Levin ef al., 1982a) and potentially in the
DNA of other bacteria. It can be concluded that CAP inactivates bacteria due to
oxidative stress damage and induces mutation in the bacterial DNA. Modification
of the Ames strain test was successfully validated. This finding highlights some

concerns about application of CAP in dental and wound treatments.

XV



CHAPTER 1

INTRODUCTION



1. INTRODUCTION

1.1. MICROBIOLOGICAL FOOD SAFETY

Food safety is an essential public health concern. Despite intensive efforts to
ensure the safety and quality of food, by internationa! organizations and
governmental and non governmental authorities worldwide, World Health
Organization (WHO) statistics indicate that food-borne diseases account for high
morbidity and mortality levels in the world. Food-borne diseases are caused by the
consumption of food or drink that contains agents which cause diseases. Bacteria,
viruses and parasites are the most common agents involved in food-borne diseases.
Toxic chemicals also can be one of these agents. Food-borne and water-borne
diarrhoeal diseases kill about 2.2 million people each year as estimated by the
World Health Organization (SGM, 2013). According to Center for Deaease
Control and prevention (CDC), about 17% (48 million) of the population of the
United States of America become ill each year with food-borne diseases resulting
in about 128,000 cases of people being hospitalized and about 3,000 deaths
annually. The top five pathogens causing food-borne disease which led to
hospitalization in the United States are: nontyphoidal Salmonella (35%),
Norovirus (26%), Campylobacter spp. (15%), Toxoplasma gondii (15%) and E.
coli (STEC) O157 (8%). However, the top five pathogens causing food-borne
diseases resulting in death are: nontyphoidal Salmonella (28%), Toxoplasma
gondii  (24%), Listeria monocytogenes (19%), Norovirus (11%) and
Campylobacter spp. (6%) (CDC, 2011). Similar statistics for food-borne diseases

in the United Kingdom were also reported by the Food Standards Agency (FSA).



The FSA estimates that one million people in the UK. suffer from food-borne
diseases each year, resulting in 20,000 being hospitalized and 500 deaths (FSA,
2012). This figure is estimated to cost the UK economy about £2 billion annually
(FSA, 2012). Among the five main pathogens which were monitored
(Campylobacter, L. monocytogenes, Norovirus, E. coli O157 and Salmonella),
Campylobacter was found to account for the highest number of food-borne disease
cases (52%) and highest hospitalization rate (90%). However, Listeria
monocytogenes was found to account for the highest rate (32%) of death (FSA,
2012). Moreover, it was estimated that about 33% of food produced globally for
human consumption is lost or wasted. Spoilage is one of the causes of these losses
(Gustavsson et al., 2011).

Therefore, most of the food preservation methods are designed to inactivate,
reduce, or inhibit, microbial growth inon food. However, obviously, from the
statistics presented above, preservation or control methods available to the food
industry have some limitations. The limitations of these methods are most likely
consequences of the many challenges that food manufacturers and distributors face
with respect to the assurance of food safety.

Global changes in the environment, changes in lifestyles and new scientific
findings occasionally deliver new challenges to the food industry, as well as to
other sectors in society. The current challenges to the food industry can be related
to the following causes 1) Emergence of strains of pathogens that are resistant to
conventional methods of food preservation and/or carry drug resistance, 2) Cross
contamination from surfaces and equipment, 3) Capability of some

microorganisms to form biofilms, 4) Increasing consumer demand for ready-to-cat
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fresh produce, and globalization of the food industry and §) Limitations of

conventional sterilization methods in treating certain foods.

1.1.1. Emergence of resistant strains of pathogens

Emergence of strains of pathogens that are resistant to one or more of the available
inactivation methods, disinfectants and antimicrobials has been observed in the last
few years. Resistance of some microoganisms to high hydrostatic pressure
processing has been documented. Smelt (1998) reported that spores of B.
megaterium have shown resistance to high hydrostatic pressure processing.
Similarly a mutant of L. monocytogenes Scott A, AKOIl, was isolated and
characterized as piezotolerant (Karatzas and Bennik, 2002). In the same way
mutants of Escherichia coli MG 1655 were identified as resistant to inactivation by
high hydrostatic pressure (Hauben er al., 1997). Furthermore, resistance to
antibiotics and detergents such as Quaternary Ammonium compounds (QACS) is
one of the major challenges to both public health and the food industries. Multidrug
resistance in the clinically important Enterobacteriaceae has emerged, and the
choice of antibiotics with potential activity against these strains has become very
limited (Paterson 2006). Therefore, action to prevent and reduce the spread of
multidrug-resistant Enterobacteriaceae strains throughout the world must be taken.
Similarly antimicrobial resistance in nonfermenting Gram negative bacteria which

are also clinically important has become a serious threat (McGowan 2006).



1.1.2. Cross contamination from surfaces and equipment

Surfaces, that are usually used in the food manufacturing or preparation areas, can
be contaminated by pathogenic or spoilage bacteria. Many of these bacteria can
attach to these surfaces and become less sensitive to sanitizers (Frank and Koffi,
1990). Investigation of the Listeria monocytogenes contamination at a poultry
processing plant revealed that carcasses acquire Listeria mainly from
contaminated surfaces and equipment. This investigation has also found that
although Listerias were not detected on chicken skin from the neck (obtained from
freshly slaughtered birds), or from caecal samples, 50% of oven-ready chicken
carcasses were found contaminated with L. monocytogenes prior to packaging
(Hudson and Mead, 1989). Similarly it was found that Salmonella Enteritidis,
Staphylococcus aureus and Campylobacter jejuni were easily transmitted from wet
kitchen sponges to stainless steel surfaces and from these surfaces to cucumber
and chicken fillet slices. The transfer rates varied from 20% to 100% and these
bacteria can survive on these surfaces for substantial periods of time
(Kusumaningrum et al., 2003). In another investigation, L. monocytogenes was
found to be more transferable to food from stainless steel surfaces than from
polyethylene surfaces. Regardless of the surface, biofilms have a tendency to
transfer more L. monocytogenes to foods than do attached cells. Among foods,
transferability of L. monocytogenes to bologna was easier than to cheese
(Rodriguez and McLandsborough, 2007). Recently the potential of transferring E.
coli O157:H7 from stainless steel surfaces to food products was shown by Silagyi

et al. (2009). Their findings indicate that E. coli O157:H7 strongly attaches to a



variety of food products which include raw products (beef, pork, chicken and
turkey), fresh produce (cantaloupe, lettuce, alfalfa sprouts, carrots, spinach and
green beans) and ready-to-eat products (salami, ham and turkey ham) even after

rinsing the food samples with water.

1.1.3. Ability of some microorganisms to form biofilms

The ability of some microorganisms to attach to surfaces of materials that are
widely used in the food processing environment is well documented. It has been
found that L. monocytogenes attaches easily to surfaces of stainless steel and buna-
n (nitrile) rubber materials. Listeria also has the ability to survive for long periods
on these materials and even multiplies on stainless steel under favourable
conditions (Wong, 1998). Furthermore, it has been reported that Enterobacter
sakazakii has shown the ability to grow in infant formula milk at refrigerator
temperature and can form biofilms on surfaces such as latex, silicone and, to a
lesser extent, stainless steel (Iversen et al., 2004). These materials are normally
used in making infant-feeding utensils and in preparation areas, as well as in infant
formula production facilities (Iversen er al., 2004). Recently, it has been reported
that E. coli O157:H7 has shown the ability to grow well in a variety of broths
including meat broths, poultry broths, and on fresh produce broths (cantaloupe,
lettuce, carrot, and spinach). Moreover, it has shown a better capability for forming
biofilms in meat and poultry broths than in produce broths and significantly higher
growth in pork broth than in other broths. E. coli O157:H7 can also form biofilms

in alfalfa sprout broth compared to other produce broths, even though the strain did



not grow well in the alfalfa broth, which means the biofilm formation is not directly

related to the levels of growth (Silagyi et al., 2009).

1.1.4. Increasing consumer demand for ready-to-eat fresh produce

It has been documented that consumer demand for natural, fresh, and minimally
processed foods is increasing, whereas modern food businesses are under pressure
to produce products with an increased shelf life. For instance, the production and
delivery of high quality and safe muscle foods (meat and poultry) will remain the
critical issue for U.S. agriculture (Mahapatra er al., 2005). Bhagwat (2006) has
reported that sales of fresh-cut-produce increased by two figures in the past few
years and is expected to continue growing over the next decade. In addition,
packaged salads have been identified as the second- fastest-selling item in U.S.

grocery, trailing only bottled water.

1.1.5. Technical limitations of conventional physical sterilization methods

Although some conventional methods for sterilization are well established and
effective in inactivating a wide range of microorganisms, sometimes they are
inadequate due to technical issues. Of these methods, heat treatments which are
very effective in destroying a wide range of microorganisms can only be applied to
materials that do not get damaged by heat or moisture and heat (if moist heat is
used) (Laroussi, 1996). Similarly, sterilization by gases is an efficient method of

microbial inactivation. Ozone (O;) is one of the gases used to decontaminate water
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and to prevent food spoilage, but it has some drawbacks as it needs to be generated
on site, and is toxic to humans even at low concentrations (Laroussi, 1996 and
Mabhapatra ef al., 2005). Sterilization methods by electromagnetic radiation, which
include microwaves, ultraviolet radiation, gamma-rays, and X-rays, are another
choice for inactivation of microorganisms (Laroussi, 1996). Nevertheless,
irradiation treatments can cause softening and discolouration of some fruits, an
unpleasant taste in milk, and can cause the development of off-flavours in certain
protein-rich foods. Moreover, the major factor that limits their application is low
consumer acceptability, due inter alia to a association with radioactivity
(Mahapatra et al., 2005). Additionally, high pressure treatment is an effective
treatment and has the advantages of low energy input and the stability of smail
molecules against ultrahigh pressure. Thus, it will have less effect on the quality of
vitamin-rich foods than heat treatment. Nevertheless, the treatment could only be
used as a substitute to heat pasteurization as bacterial spores need very high
pressures (> 1000 MPa) to be inactivated (Smelt, 1998).

Clearly, these challenges put the search for new methods that inactivate different
types of microorganism, with no effects on the quality demanded by consumers, as
well as fulfilling the safety and quality requirements of regulatory authorities, as.
now top of food industry priorities. Researchers in some institutes have identified
cold atmospheric plasma (CAP) as a potential method for food preservation. It
seems CAP is a promising method for inactivation of a wide range of
microorganisms. This method will be reviewed in the subsequent section of this

study.



1.2. COLD ATMOSPHERIC PLASMAS

1.2.1. What is plasma?

Plasma is the fourth state of matter. It consists of particles, in permanent
interactions, which include photons, electrons, positive and negative ions, atoms,
free radicals and excited or non-excited molecules (Foest ef al., 2006; Moreau et
al., 2008). Electrons and photons are often considered as light species unlike the
other particles, which are considered as heavy species (larger than the mass of the
proton). Therefore, the term *“plasma” is considered to describe a state of matter in
which the heavy species are neutral or ionised particles which is a consequence of
energetic transfers to the gases in plasma (Moreau et al., 2008). The term “plasma”
was introduced by Irving Langmuir (Tonks, 1967; Goldston and Rutherford, 1995).
Plasma constitutes more than 99% of the universe (Denes and Manolache, 2004;
Foest et al., 2006; Tendero et al., 2006). Objects such as the Sun and other stars,
interstellar matter, cometary and planetary atmospheres, and the terrestrial
ionosphere, are all in the plasma state. Natural plasmas on the earth include
lightning and flames (Denes and Manolache, 2004; Foest et al., 2006).

Providing a solid material with thermal energy, sufficient to break the crystal lattice
structure, generally causes a liquid to be formed. When the liquid is given enough
thermal energy which causes the atoms to vaporize off the surface faster than they
re-condense, a gas is formed. When the gas is given enough thermal energy,
collisions between atoms occur and this results in loss of their electrons, leading to
the formation of plasma (Goldston and Rutherford, 1995). However, not all

substances can endure all these conversion processes due to differences in their



specific molecular structure. Inorganic compounds usually exist in solid, liquid or
gaseous phases or a mixture of these because they are thermally more stable than
organic compounds which upon heating will melt and decompose, or will endure
thermal decomposition without melting if they have higher molecular weights

(Denes and Manolache, 2004).

1.2.2. Generation of plasmas

Laboratory plasmas can be generated by applying energy to gas. This energy could
be delivered in the form of thermal energy, electric current or electromagnetic
radiation (Braithwaite, 2000; Tendero et al, 2006). The atmospheric plasmas
described in this report are produced using electrical energy. The electric field
applied to the gas mixture transmits energy to the gas electrons. Collisions between
gas molecules cause transfer of electronic energy from the charged to the neutral
species in the gas flow. These collisions can be divided into two types:

I- Elastic collisions: these do not affect the internal energy of the neutral species
however, these collisions cause a little increase in their kinetic energy.

2- Inelastic collisions: these do modify the electronic structure of the neutral
species when the electronic energy is high enough. They produce excited species or
ions if they are energetic enough (Tendero et al., 2006).

The lifetime of the majority of the excited species in plasma is very short, and they
return to a lower, stable energy level by emitting a photon. However, *‘metastable
species’” of ionized gases, which are also found in plasmas, do have a longer

lifetime than other excited species, since their decay, characterized by the emission
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of radiation is hampered, as there are no allowed transitions departing from the
particular state: decay can only occur by energy transfers through collisions with

other molecules (Tendero ef al., 2006).

1.2.3. Types of plasma

The form of energy used to generate and the amount of energy transferred to the
plasma are responsible for the temperature and the electron density of plasma.
Therefore, these two parameters (temperature and electron density of plasma) are
used to classify plasmas into different groups presented in Figure 1.1 (Tendero et
al., 2006).

The atmospheric plasma sources described in this thesis are presumed to be
positioned, in Figure 1.1, near the glow discharges and the arcs. In these plasma
groups, a differentiation between Local thermodynamic (or thermal) equilibrium
plasmas (LTE) and Non-local thermodynamic equilibrium plasmas (non-LTE) can
be made (Foest et al., 2006; Tender et al., 2006; Moreau et al., 2008). A summary
of the differences between each of these two different plasmas is given in Table

1.1.
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Figure 1.1: Plasma classification based on electron density and temperature.

(Taken from Tendero et al., 2006).
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Table 1.1 Properties of Local Thermodynamic Equilibrium (LTE) and Non

Local Thermodynamic Equilibrium (Non-LTE) plasmas (Tendero, 2006).

Plasma type

LTE plasmas

Non-LTE plasmas

Current name

Thermal plasmas

Cold plasmas

Properties Te=Th Te »Th
High electron density: Lower electron density:
102-10% m? <10" m
Inelastic collisions between Inelastic collisions between
electrons and heavy particles electrons and heavy particles
create the plasma reactive induce the plasma chemistry.
species whereas elastic Heavy particles are slightly
collisions heat the heavy heated by a few elastic collisions
particles (the electron energy is | (that is.why the electron energy
thus consumed). remains very high).

Examples Arc plasma (core) Glow discharges

Te=Ty~10,000 K

Te~ 10,000 — 100,000 K

Th~300- 1000 K

Note: T. = Electron temperature and T, = Heavy particles temperature.
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Cold plasmas have the advantage that the average electron energy is in the range of
1-5 eV (1 eV=1.6x10"" J or 11,600K), thus, the dissociation of molecules and
excitation or ionization of atoms and molecules of the discharge gases occurs
without requiring the heavy species to be as energetic. Consequently, the cost of
energy used to generate the plasma is lower, and additionally glass or metal
discharging vessels can be used to generate plasmas with no need for heavy
cooling, which is required for thermal plasmas (Moisan et al., 2001). In some kinds
of pulsed discharges, the temperature of the gas can even be equal to ambient
temperatures (Moisan ef al., 2001). Initially cold plasmas could only be produced
under lower pressure conditions which needed complex and expensive vacuum
equipment for initiating and sustaining the discharges. This equipment is expensive
and has low efficiency (Denes and Manolache, 2004). Subsequently, equipment
which has the capability to produce sustainable discharges at atmospheric pressure
and low temperatures (cold atmospheric plasmas) has been developed in a number
of laboratories (Denes and Manolache, 2004).

Cold atmospheric plasmas (CAP) can be generated using any of the following
excitation frequencies: below 1 MHz; Radio frequency (I MHz - | GHz); or
Microwave (higher than | GHz). The excitation frequency is critical as it affects the
behaviour of electrons and ions. Therefore CAP has been classified, based on the
frequency used, into three types, which are:

1) Direct current and low frequency discharges.

2) Radio frequency ignited plasmas.

3) Microwave discharges.



However, researchers usually use different terms based on the configuration of the
system they use. Systems which are the most widely used in microbial inactivation
are:

1. Dielectric barrier Discharges (DBD) plasmas

Dielectric barrier Discharges are designed to employ a dielectric barrier in the gas
gap for the discontinuation of electric currents and prevention of spark formation.
Generally dielectric barrier discharges operate at frequencies between 0.05 and 500
kHz. Since they are generated at robustly non-equilibrium conditions at
atmospheric pressure and reasonably high power levels and do not require
sophisticated pulsed power supplies, they have a wide industrial application

(Fridman et al., 2005).

2. Corona discharge

.A corona discharge is a weakly luminous electric discharge which normally
ouccurs at atmospheric pressure near sharp points, edges, or thin wires if the
electric field is sufficiently large. Corona discharges require relatively high

voltages to be ignited (Fridman et al., 2005).

3. Radio-frequency discharges (RF)

Radio-frequency discharges are plasmas produced by subjecting a gas to an
oscillating electromagnetic field generated by an induction coil surrounding the
reactor or by separate electrodes arranged on the external surface of the reactor

(Moreau et al., 2008).
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4. Gliding arc discharges

Gliding arc discharges are plasma generated using a reactor composed of two or
more curved metallic electrodes raised to a large potential difference (9 kV, 100mA
in open conditions). In the gap between the electrodes a gas which is normally

humid air is introduced (Moreau ef al., 2008).

These types of CAP have been employed to inactivate a wide range of
microorganisms. The effect of CAP on food microorganisms will be reviewed in

the next section of this chapter.

1.3. EFFECTS OF COLD PLASMA ON FOOD MICROORGANISMS

1.3.1. Introduction

Man-made plasmas are produced mainly for technological applications, which
include high pressure and fluorescent lamps, plasma torches used for cutting
metals, welding arcs, the ignition spark in an internal combustion engine, and low-
pressure plasmas used in etching silicon wafers during fabrication of
microelectronic devices (Foest et al., 2006). These plasmas are mainly hot plasmas
or low pressure plasmas and have limited application for the treatement of foods.
However, advances in the production of cold plasma at atmospheric pressure have
encouraged scientists to employ CAP in various fields, as this represents a novel
technology. For example, in the field of material science, cold plasma has been

used to modify the surface properties of some materials. Low temperature plasma
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effectively modifies the adhesion properties of wool, cotton, and polyamide 6
fabrics. This modification ultimately enhances the antibacterial activity of these
materials, which are widely used for wound dressing (Canal ef al., 2009). Similarly,
cold plasma has been utilized to improve the smoothness and hydrophilicity of
stainless steel surfaces. This improvement resulted in a reduction of 90% in the
capability of L. monocytogenes to attach and form biofilms on plasma-treated
stainless steel compared with untreated stainless steel, so bacterial contamination
on surfaces used in food processing environments could be reduced by plasma
polishing of the surface (Wang es al., 2003). In the same way, Lee er al. (2010)
have used atmospheric pressure plasma to control the hydrophobic and hydrophilic
properties of the surface of poly-ether sulfone (PES) films. This led to the
conclusion that atmospheric pressure plasma is a useful technology in
manufacturing of flexible protein adhesive chips with uniform biomolecular

adhesive properties.

The advancements in equipment that produce CAP have also motivated scientists to
utilize this promising technology in the field of microbial inactivation. Therefore,
in this section, the inactivation capability and the proposed modes of action of CAP

will be reviewed.

1.3.2. Inactivation capability

Inactivation of microorganisms is commonly measured by D-value. This term was
principally used by researchers studying heat sterilization but researchers in the
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field of plasma inactivation of bacteria have also adopted this terminology
(Laroussi, 2002). The D-value is the time, at a given temperature, required to
reduce the number of microorganisms by 90% i.e. one logarithmic cycle (Jay,
2005; Adams and Moss, 2008). It is equal to the negative reciprocal of the slope of
the inactivation curve, where the inactivation of microorganisms is a logarithmic
function of time (Jay e al., 2005; Adams and Moss, 2008).

Microbial inactivation using atmospheric plasmas goes back to 1968 when Menashi
published a patent, which for the first time described the capability of atmospheric
plasmas to sterilize surfaces (Menashi, 1968). A pulsed radiofrequency field (RF)
and argon gas were used to produce plasma at atmospheric pressure in order to
sterilize the inner surface of glass vials. The RF field was imposed in the bottle by
inserting a wire inside the bottle and wrapping a coil around it which acted as the
reference electrode to close the RF circuit (a corona-type discharge). It was found
that in a fraction of a second, vials containing 10° spores had been sterilized
(Menashi, 1968). Research in this field has increased considerably in the past few
years, probably driven by the microbial challenges which were mentioned earlier in
this chapter. Consequently, inactivation of microorganisms by CAP has been
documented by many researchers in the last few years. Laroussi (1996) reported
that CAP generated by RF effectively inactivates Pseudomonas fluorescens within
a few minutes and is more effective than UV radiation. Montenegro et al. (2002)
reported that a pulsed nonthermal plasma system operating at a frequency of less
than 100 Hz with 4000 pulses of 9000 V peak voltage effectively reduces the count
of Escherichia coli O157:H7 by 5 log cfu/ml within 40 seconds if the treatment

time is considered as pulse number divided by pulse frequency.
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Similarly, Lee er al. (2006) reported that CAP generated using helium/oxygen and
AC power at 10 kHz and 6kV effectively inactivates Escherichia coli,
Staphylococcus aureus, and Saccharomyces cerevisiae deposited on nitrocellulose
filter membranes and spores of Bacillus subtilis deposited on polypropylene plates.
The D-values were 18 sec, 19 sec, 115 sec and 14 min respectively. Scanning
electron micrographs have shown substantial damage to E. coli cells, intermediate
damage to S. aureus cells, peeling of S. cerevisiae cells and shrinkage of B. subtilis
spores. Moreover, Morris and co-workers (Morris et al., 2007) have found that cold
air plasma generated by a dielectric barrier discharge using atmospheric air as the
operating gas has significant capability to inactivate vegetative cells of Geobacillus
stearothermophilus and both vegetative cells and spores of Bacillus cereus.
Nevertheless, CAP was reported by these workers to have no significant capability
to inactivate Geobacillus stearothermophilus spores. Recently, it has been shown
that Salmonella Stanley and Escherichia coli O157: H7, inoculated on to golden
delicious apples, could be significantly inactivated using CAP generated by a
gliding arc using dried filtered air at different flow rates (10, 20, 30 or 40 litre/min).
The higher flow rate was found to be more effective than other flow rates (Niemira
and Sites, 2008). Moreover, CAP generated by parallel-plate dielectric-barrier
discharge has the capability to decontaminate E. coli and S. aureus, in less than 10
and 7 seconds respectively (Ma et al., 2008). CAP, generated using a gas mixture
of He and O, at a fixed flow rate of 5 litre min' and 25 ml min' respectively and
with a peak-to-peak voltage of 16 kV, has been shown to effectively reduce
microbial counts, from 10° cfu/em®, of Pantoea agglomerans and

‘Gluconacetobacter liquefaciens deposited on melon and mango skins, to less than

19



the detection limit (equivalent to at least 3 log cfu/cm?) after 2.5 seconds of
exposure, whilst the same treatment reduced the counts of E. coli to below the
detection limit after only S seconds. S. cerevisae inoculated onto mango and melon
showed higher resistance to CAP and reached the same level of reduction after 10
and 30 seconds of exposure respectively (Perni et al., 2008a). The authors also
found that increasing the voltage from 12 kV to 16 kV enhances the inactivation
capability.

Furthermore, inactivation of Escherichia coli type 1, Saccharomyces cerevisiae,
Gluconobacter liquefaciens, and Listeria monocytogenes Scott A deposited on
0.2pm-pore-size  Whatman polycarbonate membrane filters and on cut fruit
surfaces using CAP generated by an AC voltage of 8 kV at 30 kHz has been studied
by Perni et al. (2008b). They found that CAP efficiently reduced the microbial load
on the filter membranes. CAP reduced the counts of G. liquefaciens, L.
monocytogenes, E. coli and S. cerevisiae to lower than the detection limit (1 x10?
cfu/em?) in 1.5, 1.5, 5, 30 seconds respectively. On the other hand, the capability of
CAP to inactivate microorganisms was noticeably reduced for microorganisms on
the cut fruit surfaces due to the migration of microorganisms from the outer surface
of the fruit tissue to its interior. Recently, Song et al. (2009) evaluated the
efficiency of CAP, generated using He gas at 10 litre/min and a power range
between 75 and 150W, in inactivation of mixed cultures of Listeria monocytogenes
strains (ATCC 19114, 191185, and 19111, LMC) inoculated onto sliced cheese and
ham. They found that CAP has the capability to inactivate mixed cultures of L.
monocytogenes, however the inactivation capability was food type and power

dependant and D-values obtained ranged from, 17.27 to 476.19 seconds. Similarly,
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Yun ef al. (2010) found that atmospheric pressure plasma effectively inactivates L.
monocytogenes attached to different types of material that are used for disposable
food containers. However, achieving satisfactory inactivation levels for each
material needs appropriate treatment conditions which should be taken into
consideration. More recently, Wang et al. (2012) have reported that cold plasma
generated using a direct-current, atmospheric-pressure air cold plasma microjet,
effectively inactivates Salmonella cells which were directly deposited on fresh fruit

and vegetable slices in a very short time (one second).

Besides the efficient inactivation of vegetative cells and spores, there are some
positive indications in the literature that CAP can remove biofilms. Biofilms are
bacterial populations fixed in a matrix which mainly consists of polysaccharides
with some proteins. Bacteria in biofilms have resistance mechanisms different from
those of bacteria that are planktonic (Stewart and Costerton, 2001). Nonetheless,
atmospheric pressure glow discharges (APGD) have shown the capability to
effectively inactivate Pantoea agglomerans, embedded in biofilms. CAP
inactivation was more effective than UV irradiation. Moreover, the treatment
caused no significant discolouration of bell pepper samples on which biofilms were
formed (Vleugels et al., 2005). Comparable results have been published recently on
the effect of CAP, generated using a He and N; at flow rates of 20.4 L/min and
0.305 L/min respectively, on Chromobacterium violaceum bacterial biofilms by
Vandervoort et al. (2008). They employed Atomic force microscope (AFM) to

visualize the damage caused by CAP to the biofilm. Their findings demonstrate that
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CAP effectively removed 90% of culturable cells of Chromobacterium violaceum
from bacterial biofilms.

In addition to all these wide ranging antimicrobial capabilities, CAP have also
shown promising results in the inactivation of proteins. Deng er al. (2007)
employed a laser induced fluorescence technique to investigate effects of CAP,
generated by an atmospheric pressure glow discharge (APGD) jet struck inside a
He-O- channel and ejected into the ambient air, on proteins deposited on stainless-
steel surfaces, using bovine serum albumin (BSA) as a model protein. They found
that CAP is capable of reducing surface protein by 4.5 logs (molecules/mm?)
through protein destruction and degradation.

The mechanisms by which CAP inactivates this wide range of microoganisms are
still under investigation. Some researchers have reported on some proposed

mechanisms. These mechanisms will be reviewed in the next section.

1.3.3. Proposed inactivation mechanisms

Researchers studying the microbial inactivation mechanism of CAP have taken two
approaches. The first addresses the mechanism through identification of plasma
constituents that have the most important role in the inactivation process. The
second approach addresses the inactivation mechanism through detection of the
occurrence of defects and damage to specific sites or molecules in the

microorganisms.
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1.3.3.1. Plasma constituents

Laroussi (2005) indicated that CAP constituents (inactivation agents) which might
have a contribution in the CAP inactivation mechanism are principally the reactive

species, ultraviolet radiation (UV), and charged particles (electrons and ions).

1.3.3.1.1 The role of reactive species

Of the reactive species, oxygen species have been predicted to be the main agents
to be involved in the microbial inactivation. Nagatsu ef al. (2005) studied the effect
of low pressure oxygen plasma on Bacillus stearothermophilus spores. They used a
perforated stainless steel plate to prevent the passage/transfer of electrons and ions,
allowing only the neutral species and any UV photons to pass the filter. Their
conclusion was that the CAP inactivation mechanism might be attributed to a
chemical etching reaction on the spores by reactive oxygen species. Deng et al.
(2006) have also found, using scanning electron microscopy and fluorescence
microscopy, that CAP caused the complete rupture of the membrane of Bacillus
subtilis spores. Meanwhile they employed optical emission spectroscopy with
inactivation kinetic studies to identify the inactivation agents. This enabled them to
demonstrate that spore destruction was most likely caused because of reactive
oxygen species combined with a small contribution from heat, UV photons, electric
field and charged particles. Similarly, Ross et al. (2006) have studied the effect of
low pressure plasma inactivation using different ratios of O,/N; in the gas mixture

on Geobacillus stearothermophilus spores. They found that the best inactivation
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results were obtained when the ratio of atomic oxygen to nitrogen is 95% O,: 5%
N;. They also found that the gas mixture, which produced the highest yield of UV
photons, demonstrated a low sterilization capability. Therefore, they believed the
inactivation mechanism was through an etching mechanism by reactive particles
and mainly oxygen atoms. More substantiation of the role of oxygen species in
microbial inactivation has been documented by Perni ef al. (2007) in their study on
the effect of CAP generated using either He gas alone or a He/O; mixture. They
employed optical emission spectroscopy and E. coli K-12 MG 1655 and its ArecA,
ArpoS and AsoxS mutants to identify the constituent which has the most important
role in microbial inactivation. Their findings indicated that inactivation is mainly
due to the effect of oxygen atoms accompanied by lesser effects due to OH
radicals, UV photons, singlet oxygen metastables, and nitric oxide. In addition to
this work, Lim er al. (2007) have concluded that atomic oxygen radicals have a
significant function in microbial inactivation of Bacillus atrophaeous spores using
CAP generated using Ar/O,. Moreover, Deng et al. (2007) employed optical
emission spectroscopy and protein inactivation kinetics to identify the main plasma
constituent which causes protein destruction and degradation. They have found that
the major plasma constituents (which cause protein damage) are excited atomic
oxygen and excited nitrogen oxides. They also demonstrated that a synergistic
effect between these two constituents is possibly the main cause of protein
destruction. More indication of the involvement of oxygen species in the microbial
decontamination by CAP were found by Xin et al. (2008). They have investigated
the effect of different gases (oxygen, nitrogen and air) on the inactivation efficiency

of non thermal plasma against bacteria (which commonly causes serious pipe
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corrosion in oil field injection water system). Oxygen has been identified as the
most efficient CAP gas followed by air and nitrogen (Xin ez al., 2008). Moreover,
enhancement in CAP capability to inactivate a pathogenic bacterium (Escherichia
coli)y and a range of food spoilage microorganisms (Saccharomyces cerevisae,
Pantoea agglomerans, and Gluconacetobacter liquefaciens) has been observed,
when levels of oxygen atoms are increased (Perni et al., 2008a). Recently, Ma et al.
(2008) have studied the effect of CAP generated by parallel-plate dielectric-barrier
discharge on two different species of bacteria (E. coli and S. aureus). They
observed cellular damage using transmission electron microscopy and have also
measured the concentrations of K, protein, and nucleic acid leakage from the cells.
They found that reactive oxygen species (ROS) has the major effect on cellular
inactivation. They hypothesized that ROS cause oxidization of the cell membrane

followed by damage to the protein and nucleic acid inside the cells.

1.3.3.1.2 The role of UV photons

The effects of UV radiation on microorganisms are well documented. The work
done by Norman in 1954 (see Laroussi and Leipold, 2004), indicates that UV
radiation causes dimerization of thymine bases in DNA strands of microbial cells.
Consequently, the bacteria lose their ability to replicate properly. The optimum
effect of UV on bacteria is known to occur at the wavelength range of 220 - 280 nm
and doses of several mWs/cm®. Laroussi and Leipold (2004) evaluated the role of
UV radiation in inactivation of microorganisms by CAP generated by Dielectric
Barrier Discharges (DBD) in air. They conducted spectroscopic and absolute power
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measurements to quantify the effect of UV in the process of inactivation. Their
results indicate that no significant UV emission occurred below 285 nm when the
power density was less than 50 pW/cm? and essentially is not affected by flow rate
of the air therefore, their expectation was UV has no significant role in the
inactivation process by CAP in air. Moreover, Ross ef al. (2006) and Deng et al.
(2008) have reported that UV photons emitted from CAP have little effect on
microbial inactivation. Similar results were also obtained by Deng er al. (2006).
They employed a UV-transparent glass as a barrier for other plasma constituents in
order to investigate the effect of UV radiation emitted from CAP on Bacillus
subtilis spores. They found a minor reduction of 0.2 log cfu/cm? after 10 minutes
exposure to the atmospheric-helium plasma, in contrast to a reduction of 4 log

cfu/cm? obtained by the same treatment in the absence of UV-transparent glass.

1.3.3.1.3 The role of charged particles

According to Laroussi (2002) the average energy of electrons in cold plasmas is
around one electron volt (~ 1.6x107" Joule) and the temperature of ions is near
ambient temperature. In such conditions of high pressure and low temperature, it is
expected that bombardment of bacterial cells by charged particles is unlikely to
cause any significant effects. As a consequence most researchers have neglected to
consider in their studies the effects of charged particles in cold plasmas on

microbial inactivation.
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1.3.3.2 Plasma targets

Little work has been done to identify sites in microorganisms that are targeted by
CAP inactivation agents. However, there are a few published papers indicating that
particular sites in microoganisms are targets of CAP constituents. It has been
suggested that membrane lipids are probably the most susceptible molecules to
CAP (Montie er al., 2000). This susceptibility may be due to the membrane lipid
location, which is near the cell surface, as membrane lipids are sensitive to reactive
oxygen species. Gram negative bacteria are likely to be more susceptible to CAP,
since they have a unique outer membrane. Macromolecular leakage was observed
from the Gram negative bacterium, E. coli, after 10 seconds of exposure to CAP
and the cells were rapidly and severely fragmented. This damage was most likely
due to destruction of its outer membrane. By contrast, no leakage was observed
from S. aureus (which is a Gram positive bacterium) during the same time of
treatment. Montie et al. (2000) have also suggested that the thick polysaccharide
layer of the S. aureus cell wall is not susceptible to chemical change; however it
permits diffusion of ROS to the cytoplasmic membrane which is susceptible to
ROS. Alteration of cytoplasmic membrane lipids in both types of bacteria leads to
the release of macromolecules and ultimately death of the cells. Moreover, Laroussi
et al. (2002) employed the Biolog (Hyward, CA) GN2™ 96 well microtitre plate
growth system to investigate the effect of sublethal doses of CAP, generated by the
resistive-barrier discharge (RBD), on the heterotrophic pathways of Escherichia
coli. They found that CAP induced significant changes in the utilization of some

substrates (L-fucose, D-sorbitol, and D-galacturonic acid) and a decrease in
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utilization of methyl pyruvate, dextrin, and D-lactic acid. These changes were
attributed to possible alteration in enzyme activity or alteration of the permeability
of the membrane. They also observed morphological changes in Gram positive and
Gram negative bacteria (E. coli and B. subiilis) using scanning electron
microscopy. Their results indicate that CAP treatment caused severe damage to E.
coli cells. However, the morphology of B. subtilis cells had not been changed.
Furthermore, Yasuda et al. (2008) studied the effect of CAP on Escherichia coli and
bacteriophage-A. They monitored changes in the biological components during the
course of inactivation. They observed minor and slow degradation in membranes,
proteins, and DNA during the course of inactivation and extraordinary degradation
was observed when complete sterilization was achieved. They also found, from the
analysis of Green Fluorescent Protein (GFP) coding plasmid pGLO (5.4 kb in size)
transfected into E. coli, that CAP has the ability to denaturate proteins without altering

the peptide bonds. The permanent denaturation of proteins was presumed to have a

significant function in the microbial inactivation process.

Cold atmospheric pressure plasma (CAP) has a very good capability to inactivate a
wide range of microorganisms. It is a very promising technology which could be
employed by the food industry to ensure production of safe and high quality foods;
however the microbial inactivation mechanisms of CAP are still not completely
understood and there are some concerns about the safety of this technology.
Therefore, the aims of this study were:

1) Establishing standard inactivation conditions for food-borne pathogens.

2) Understanding the mechanism by which CAP inactivates microorganisms.
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3) Identification of sites and molecules in bacteria that are targets for the CAP

species.

4) Assessment of the safety of this technology.

The hypotheses to be tested in this study are:

1) CAP has direct and indirect effects on cells of bact'eria.

2) The indirect effects are mainly related to oxidative stresses due to reactive
oxygen species in the plasma.

3) Gram positive bacteria may have higher resistance to CAP treatments than
Gram negative bacteria as they have differences in external cell wall structure.

4) The death of bacterial cells is most likely the result of permanent damage in
certain important sites in the DNA of these bacteria.

5) CAP treatments could cause gene alteration which might lead to mutations.
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2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. Chemicals and media

All chemicals and media used in this study are shown in Table 2.1.

Table 2.1. Chemicals and media used in this study.

Chemical

Supplier

Agar Bacteriological (Agar No. 1) LP0011
Ampicillin

Brain Heart Infusion broth (CM1135)
Citric acid anhydrous ( C¢HgO,)

Crystal violet

D-Biotin (F.W.244.3)

D-Glucose, anhydrous

Ethidium Bromide

Hydrochloric acid

Kanamycin

L-Histidine. HCL. H,O (F.W.209.63)
Magnesium sulphate (MgS04.7H,0)
Maximum Recovery Diluent (MRD) CM0733
Nutrient Broth No.2 (CM0067)

Potassium phosphate, dibasic, anhydrous (K.HPO,)

Oxoid, Ltd UK
Fisher Scientific, UK Ltd
Oxoid, Ltd UK
Sigma-Aldrich
Fisher Scientific, UK Ltd
Sigma-Aldrich
Fisher Scientific, UK Ltd
Fisher Scientific, UK Ltd
Fisher Scientific, UK Ltd
Melford Laboratories Ltd.
Sigma-Aldrich
Fisher Scientific, UK Ltd
Oxoid, Ltd UK
Oxoid, Ltd UK

Fisher Scientific, UK Ltd
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Table 2.1. continued

Sodium ammonium phosphate (NaHNH4PO,4.4H;0)
Sodium chloride (NaCl)

Streptomycin

Tetracycline

Tryptone

Y east extract

1kb DNA ladder

ReddyMix™ PCR Master Mix

Bacto Agar
Oligonucleotides
Agarose

Tris base

Glacial acetic acid
EDTA

Hydrogen peroxide (H,0,)

Acros Organic

Fisher Scientific, UK Ltd
Fisher Scientific, UK Ltd
Sigma-Aldrich

Fisher Scientific, UK Ltd
Oxoid, Ltd UK
Promega, Co. USA
Thermo Scientific
(ABgene)

Difco

Eurofins MWG Operon.
Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific, UK Ltd
Fisher Scientific, UK Ltd

Sigma-Aldrich
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2.1.2. Bacterial strains/mutants

The strains/mutants of bacteria used in this study and their suppliers are listed in Table 2.2.

Table 2.2. Strains/mutants of bacteria used in the study.

No| Strain Antibiotic required| References Supplier /obtained from
1 | E. coli K-12 MG 1655 (CGSC 7740) non Blattner et al. (1997), Food microbiology Group, UoN obtained from
F-, 4, rph-1 (CGSC, 2013) Yale Stock Centre
2 | E. coli HS (commensal) non Rasko et al. (2008) Food microbiology Group, UoN
3 | E coli O157: H7 Sakai (Astx1, Astx2) non Hayashi et al. (2001), Food microbiology Group, UoN
Pacheco-Gomez et al. Gift from Dr Martin Goldberg University of
(2012) Birmingham
4 | E. coli H10407 (ETEC) non Crossman ef al. (2010) | Food microbiology Group, UoN
5 | E coli K-12 BW25113 (CGSC 7636) non Baba et al.(2006). Gift from Dr. Douglas F. Browning, UoB
F-, AfaraD-araB)567, AlacZ4787(.:rrmB- (CGSC, 2013)

3), 4, rph-1, A(rhaD-rhaB)568, hsdR514
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Table 2.2. continued

6 | E coliK-12 BW25113 (A ahpC) as Km (50 ug/ml) Baba er al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: ahpC::Km

7 | E coli K-12 BW25113 (A katG) as Km (50 pg/ml) Baba er al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: katG::Km

8 | E coliK-12 BW25113 (A grxA4) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: grx4A::Km

9 | E coli K-12 BW25113 (A flu) as Km (50 pg/ml) Baba er al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: flu::Km

10| E. coli K-12 BW25113 (A ahpF) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: ahpF::Km

11| E. coli K-12 BW25113 (A dps) as Km (50 pg/ml) Baba ez al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: dps::Km

12 | E. coli K-12 BW25113 (A fur) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: fur:Km

13| E. coli K-12 BW25113 (A sufC) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB

BW25113, but: sufC::Km
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Table 2.2. continued

14| E. coli K-12 BW25113 (A sufB) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: sufB::Km

15| E. coli K-12 BW25113 (A sufD) as Km (50 pg/mi) Baba ef al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: sufD::Km

16| E. coli K-12 BW25113 (A yaiAd) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: yai4::Km

17 | E. coli K-12 BW25113 (A rfaFE) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: rfaE::Km

18 | E. coli K-12 BW25113 (A IpcA) as Km (50 pg/ml) Baba et al.(2006) Gift from Dr. Douglas F. Browning, UoB
BW25113, but: IpcA::Km

19| E coli K-12 W3110 (CGSC 4474) F-, 1, non Hayashi et al. (2006), (Heurlier, K., personal communication)
IN(rrnD-rrnE)1, rph-1 (CGSC, 2013)

20 | E. coli K-12 W3110 (A rfaC) as W3110, Km (50 pg/ml) (Heurlier, K., personal | (Heurlier, K., personal communication)
but : rfaC::Km communication)

21| E. coli K-12 DFB1655 L5 (MG1655 with | Km (50 pg/ml) Browning et al. (2013) | Gift from Dr. Douglas F. Browning, UoB

pJP5603/wbbL plasmid integrated

downstream of the IS5 element)
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Table 2.2. continued

22 | E. coli K-12 DFB1655 L9 (MG1655 with | Km (50 pg/ml) Browning et al. (2013) | Gift from Dr. Douglas F. Browning, UoB
pJP5603/wbbL plasmid integrated upstream
of the IS5 element)
23| E. coli K-12 MG 1655 Str® (Spontaneous | Str (100 pg/ml) Moller et al. (2003) Gift from Dr. Paul S. Cohen, Cohen,
streptomycin-resistant mutant of MG1655) University of Rhode Island
24 | E. coli K-12 MG 1655 MD42 Str" Km" | Str (100 ug/ml) Mgiller et al. (2003) Gift from Dr. Paul S. Cohen, University of
(P1 mini-Tn5 Km::waaQJ) &Km (50 pg/ml) Rhode Island
25| L. monocytogenes ATCC 23074 (4b) non (Murray et al.) Pirie Food microbiology Group, UoN
ATCC® 23074™
26 | L. monocytogenes WSLC 1042 (4b) non Loessner and Busse Food microbiology Group, UoN
(1990)
27 | L. monocytogenes EGD-e (1/2a) non Murray et al. (1926) Food microbiology Group, UoN
28 | L. monocytogenes 00054-0305 (1/2b) non Vatanyoopaisarn (1999) | Food microbiology Group, UoN
29 | S. enterica serovar Typhimurium LT2 non McClelland et al. (2001) | Food microbiology Group, UoN

(Aspv()
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Table 2.2. continued

30

S. enterica serovar Typhimurium TA98
hisD3052, (A rfa), bio chlD uvrB gal,
pKM101

Amp (24 pg/ml)

McCann et al. (1975)

Moltox, Inc. (Molecular Toxicology, Inc), US

Moltox, Inc. (Molecular Toxicology, Inc), US

31| S. enterica serovar Typhimurium TA100 | Amp (24 pg/ml) McCann et al. (1975)
hisG46 , (A rfa), bio chiD uvrB gal,
pKM101

32 | S. enterica serovar Typhimurium TA102 | Amp (24 pg/ml) & | Levin et al. (1982a) Moltox, Inc. (Molecular Toxicology, Inc), US
hisG428, (A rfa), pKM101, pAQI Tet (2 pg/ml)

33 | S. enterica serovar Typhimurium TA1535 | non Ames et al. (1973) Moltox, Inc. (Molecular Toxicology, Inc), US
hisG46, (A rfa), bio chlD uvrB gal

34| S. enterica serovar Typhimurium TA1537 | non Ames ef al. (1973) Moltox, Inc. (Molecular Toxicology, Inc), US

hisC3076. (A rfa), bio chiD uvrB gal

UoN = University of Nottingham and UoB= University of Birmingham.
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Table: 2.3. Oligonucleotides used in the study.

No. | Primer name Oligonucleotide sequence (5'---——--—- 3") Targeted | Annealing Product | Reference
Gene temperature | size bp

1 For-dps-OE TTA ATC TCG TTA ATT ACT GGG ACA (24) | dps 52.5°C 597 This study
2 Rev-dps-OE AGC CGC TTT TAT CGG GTA CT (20)

3 For-flu-OE GGA AGA CGG TGA ACA ACG AT (20) flu 52.5°C 985 This study
4 Rev-flu-OE ACA GAC ATA CCG GCA ACC TC(20)

5 For-fur-OE CAT TTA GGC GTG GCA ATT CT (20) Sfur 52.5°C 669 This study
6 Rev-fur-OE AAA TGA TCA GGC GGT GAA AG (20)

7 For-katG-OE CCA TAA CAC CAC AGC CAC TG (20) katG 55°C 1055 This study
8 Rev-katG-OE TAA TTT CCG GTG CGT CTA CC (20)

9 For-sufB-OE1 CAT CGT GCG GTA ATT GTG AC (20) sufB 55°C 813 This study
10 | Rev-sufB-OE1 CGA TGT GGA TCA TCT TGG TG (20)
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Table: 2.3. continued

11 | For-sufC-OE TTA AGC CTC GAC GTT CAT CC (20) sufC 52.5°C 502 This study

12 | Rev-sufC-OE CAT CGG CGA CCA CTT TTA AT (20)

13 | For-sufD-OE GGA GAG ATA TCC CCA CAG CA (20) sufD 52.5°C 703 This study

14 | Rev-sufD-OE GCA ACT GTC GGC TGT TAC AA (20)

15 | For-grx4-OE CCT CTG CAA AGT GAG CCT TC (20) grx4 52.5°C 534 This study

16 | Rev-grx4-OE GGT TAC TAA GCG CGG TGT TC (20)

17 | For_oxyR OE GAA GCA CAGACCCACCAGTT (20) oxyR 52.5-58.5°C | 353 This study

18 | Rev_oxyR OE AGC GCT GGC AGT AAA GTG AT (20)

19 | For_eaedA_OE AGG CTT CGT CAC AGT TG (17) eaeA 51-58.5°C 570 China, er al. (1996);

20 | Rev_eaed OE CCATCG TCA CCA GAGGA (17) Chen and Griffiths (1998)
21 | For-uspA-OE2 CCG ATA CGC TGC CAA TCA GT (20) uspA 51-58.5°C | 884 Chen and Griffiths (1998)
22 | Rev-uspA-OE2 ACG CAG ACC GTA GGC CAG AT (20)
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Table: 2.3. continued

23 | For-rfaC AAG TGC GTA AAG GTG ACG (18) rfaC 65 °C 1.6 (Heurlier, K.,

24 | Rev-rfaC CGC CACTAACTATCC CTA (18) personal communication)
25 | For-OE-waaQ AAA ATC ATT CGG GTC GGA TT (20) waaQ) 54.4°C 1348 This study

26 | Rev-OE-waaQ GCC TTC CCA CGA CTG TGT AT (20)

27 | For-lpcA TAG CAC CTG CCC GTA CTT CT (20) IpcA 54°C 785 This study

28 | Rev-IpcA CAT TAT TCG GCC TAC GGT TC (20)

29 | For-uvrB TTG CAA TAC ACC CGT AAC GA (20) uvrB 56.4 °C 1258 This study

30 | Rev-uwrB CCA GGA TGT CGA CCACTT TT (20)

31 | For-bioD CCG CAA CGC AGT TAG GTT AT (20) bioD 56.4 °C 598 This study

32 | Rev-bioD AGG GGG CTA AGG TCC AGA TA (20)

33 | For-spvC ACT CCT TGC ACA ACC AAA TGC GGA (24) | spvC 56 °C 571 Chiu and Ou (1996)
34 | Rev-spvC TGT CTC TGC ATT TCG CCA CCA TCA (24)
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Table: 2.3. continued

35

36

For-rfak

Rev-rfaE

AAG TGG CTG GTG GAA GAA TG (20)

CGA GAT CTG TGA ACC GCT TT (20)

rfak

54°C

1526

This study

41




2.2. MICROBIOLOGICAL AND MOLECULAR METHODS

2.2.1. Preparation of bacterial cultures
2.2.1.1 Working cultures

2.2.1.1.1. Escherichia coli strains/mutants

Working cultures of all E. coli strains were maintained by streaking the strains
on LB agar plates which then were incubated at 37 °C for 24 h. The grown
cultures were stored at 4 °C for a short period of time (maximum of 2 weeks).
Kanamycin, Streptomycin, or Kanamycin and Streptomycin were added to the

L.B medium as required for each strain.

2.2.1.1.2. Listeria monocytogenes strains

Working cultures of all Listeria monocytogenes strains were maintained by
streaking the strains on BHI agar plates which then were incubated at 37 °C for
24 h. The grown cultures were stored at 4 °C for a short period of time

(maximu 2 weeks).

2.2.1.1.3. Salmonella strains/mutants

Working cultures of all Ames strains were maintained by streaking the strains
on MG agar plates, supplemented with Biotin and an excess of histidine. The
inoculated plates were then incubated at 37 °C for 48 h covered by aluminium

foil. The grown cultures were stored at 4 °C for a short period of time
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(maximum 2 weeks). Ampicillin or Ampicillin and Tetracycline were added to
the medium as required per each strain. Salmonella enterica serovar
Typhimurium LT2 was maintained by streaking the strain on LB agar plates
which then were incubated at 37 °C for 24 h. The grown culture was stored at 4

°C for a short period of time (maximum 2 weeks).

2.2.1.2. Frozen stock cultures

For long term storage of the cultures of all strains used in this study, frozen
stock cultures were made, from 18-24 h old or 48 h in the case of Ames strains,
cultures grown on agar plates. The frozen stocks were made by transferring a
loop-full of bacteria into cryovials containing cryopreservative fluids
(Microbank®, Pro-Lab Diagnostics U.K.). The inoculated vials were tightly
closed and inverted 4-5 times to mix the bacteria and to let them become bound
to the porous beads. Excess cryopreservative fluid was removed from vials by
aspiration with a Gilson P1000 tip and then the vials were kept at -80 °C. When
a fresh culture was needed, one bead was taken aseptically using a sterile tooth

pick and streaked onto the appropriate agar plates or placed into broth medium.

2.2.2. Confirmation of strains’ and mutants’ identities
2.2.2.1. Escherichia coli strains/mutants

All E. coli strains and mutants used in this study were tested by PCR assay, as
will be described hereafter in section 2.2.4, to confirm their identities using
primers which have been documented to be specific for the E .coli universal

stress protein gene (uspA) and can be used to differentiate the generic E. coli
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from other Gram negative bacteria (Chen and Griffiths, 1998). Another set of
primers, which have been reported by China ef al. (1996); Chen and Griffiths
(1998) to be specific for the virulence gene (eaed) which encodes the outer
membrane protein intimin and was found to be useful in differentiating
EPEC/EHEC from other E. coli strains was used to confirm the identity of E.
coli O157:H7.

The mutants were also tested by PCR assay using primers which were designed
in this study specifically to confirm the mutations in the genes of interest.
Table 2.3 shows the sequences of all primers, used in this study, including their

annealing temperatures and the sizes of expected PCR products.

2.2.2.2. Listeria monocytogenes strains

All Listeria monocytogenes strains used in this study were obtained from the
stock cultures of the Food microbiology group, Nottingham University, UK.
‘They were recently confirmed by a colleague in the laboratory (El Emam, M.

personal communication). Therefore, no further confirmation tests were carried

out on them in this study.

2.2.2.2. Salmonella strains/mutants

All Salmonella strains/mutants used in this study were tested by PCR assay, as
will be described hereafter in section 2.2.4, using primers which have been
published by Chiu and Ou (1996) and which are specific for the virulence gene
(spvC) which is on the Salmonella virulence plasmid and appropriate to be

used to differentiate Salmonella strains from other strains of bacteria. In
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addition to this more confirmatory tests were also carried out on these strains

as will be described later in section 2.2.5.
2.2.3. Primer design and preparation
2.2.3.1. Primer design

All oligonucleotides used in this study (except those obtained from published
papers) were designed using online available databases. The ColiBASE
database was used to search for the sequences of the genes of interest
(Chaudhuri, 2008). The gene sequences obtained by these searches were then
inputted into the Primer3Plus™ software which was used to select primer pairs

to detect the given template sequence (Untergasser et al., 2007).

2.2.3.2 Primer preparation

Oligonucleotide stock solutions of 100 pmol/pl concentration were made by
adding the required volume of sterile Milli-Q water as described in the
oligonucleotide synthesis reports provided by the supplier (Eurofins MWG
Operon), to each primer tube. Working solutions were made by transferring 15
ul of the stock solutions into a sterile 1.5-ml Eppendorf tube containing 100 pl

of sterile Milli-Q water. All oligonucleotide solutions were stored at -20 °C.
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2.2.4. Polymerase Chain Reaction (PCR) assays

Single and Multiplex PCR assays, depending on the purposes of the PCR
experiments, were used in this study. The purpose of each PCR assay will be

explained hereafter in the results section for each PCR assay.

2.2.4.1. PCR protocol

The PCR assays were performed by preparing a PCR mixture containing the

following ingredients:

Ingredient Volume Final concentration
ReddyMix ' PCR Master Mix (2X) | 10 pl 1X

Forward primer (working solution) 0.45 pl 2.25% (v/v)
Reverse primer (working solution) 0.45 pl 2.25% (v/v)

Sterile Milli-Q water To make 20 pl | -

Total volume 20 ul -

The volumes above were used for a single PCR reaction; however, the volumes
of the PCR mixtures were adjusted depending on the number of the PCR
reactions in each experiment, and then aliquots of 20 pl were transferred into
each PCR tube. A tiny amount of bacterial colony was transferred into each
PCR tube and mixed with the buffer. This was done by touching a Gilson
yellow tip attached to a pipette to a fresh colony grown on agar plates, and then
transferring the culture to the PCR mixture. The PCR tubes were placed into
the block in tBe PCR machine (C1000 ™ thermal cycler, BIO-RAD) which was

programmed to operate the following PCR cycles as described by McPherson

and Moller (2006).
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Stepl Initial Denaturation 10 min at 94 °C 1 cycle

Step 2. Denaturation 1 min at 94 °C 30 cycles
Annealing 1 min at X* °C
Extension 2minat72 °C

Step 3. Final extension 5minat72 °C 1 cycle

X* = annealing temperature of each primer as listed in Table 2.3
The final concentration of ReddyMix™ PCR Master Mix in each reaction

which was (1X) contained

0.625 units ThermoPrime Taq DNA Polymerase
75mM Tris-HCL (pH 8.8 at 25 °C)

20mM (NH4)2S04

3.5mM MgCl,

0.01% (V/V) Tween20
0.2mM Each of dATP, dCTP, dGTP and dTTP

Precipitants and red dye for electrophoresis

2.2.4.2. PCR product separation and visualization (Agarose gels)

The PCR products were size/charge separated using the gel electrophoresis
technique as described by Tiwari er al. (2009). The gel was prepared at a
concentration of 1% (w/v) agarose in 1X Tris-acetate buffer and contained 5§
pl/100 ml of Ethidium Bromide solution (10 mg/ml). Once the gel had become
solid, it was transferred into a horizontal gel electrophoresis tank which was
filled with a running buffer (1X Tris-acetate EDTA). Seven ul of each PCR
product was loaded into the gel wells and 7 pl of molecular markers (5 pl of

1kb DNA ladder (100 pg/ml) (Promega, Co.) and 1 pl of Blue/orange (6X)

47



loading dye) (Promega, Co.) were also loaded into the first or last wells of the
gel. The gel was run at 80V for about 60 - 90 min (depending on the gel size).
Once the DNA had been separated, the bands were visualized and
photographed using the Gel Documentation System (Bio-Rad) integrated with

Quantity One 1-D Analysis Software (Bio-Rad).

2.2.5. Confirmation of the Ames strains’ specific characteristics

All mutants (Ames/Salmonella strains) used in this study were tested beside the
parental strain S. Typhimurium LT2 for histidine dependency, biotin
dependency, histidine and biotin dependency, the rfa marker, deletion of the
uvrB gene, presence of plasmid pKMI0! and presence of plasmid pAQI

(Marton and Ames, 1983; Mortelmans and Zeiger, 2000).

2.2.5.1. Histidine dependency

The histidine dependency of the strains was tested by streaking a loop-full of
overnight culture onto MG plates supplemented with an excess of biotin. Plates
were covered with aluminium foil and incubated upside down at 37 °C for 24
h. Strains which were unable to grow and form colonies on these plates were
considered to be histidine-dependant strains (Marton and Ames, 1983;

Mortelmans and Zeiger, 2000).
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2.2.5.2. Biotin dependency

The biotin dependency of the strains was tested by streaking a loop-full of
overnight culture onto MG plates supplemented with an excess of histidine.
Plates were covered with aluminium foil and incubated upside down at 37 °C
for 24 h. Strains which were unable to grow and form colonies on these plates
were considered to be biotin-dependant strains (Marton and Ames, 1983;

Mortelmans and Zeiger, 2000).

2.2.5.3. Histidine and biotin dependency

The histidine and biotin dependency of the strains was tested by streaking a
loop-full of overnight culture onto MG plates supplemented with an excess of
histidine and biotin. Plates were covered with aluminium foil and incubated
upside down at 37 °C for 24 h. All strains should be able to grow on and form
colonies on these plates (Marton and Ames, 1983; Morteimans and Zeiger,

2000).

2.2.5.4. Phenotypic rfa marker test

The rfa marker test was used to confirm the deletion of the rfa genes from the
mutants (the Ames Salmonella strains and derivatives of E. coli K-12 strains)
alongside their parental strains and as described by Ames et al. (1973); Marton
and Ames (1983); Mortelmans and Zeiger (2000). The test was performed by
transferring 100 pl of overnight culture to a tube containing 3 mi of molten top

agar, held at 45 + 2 °C, and mixed well, and then the contents of the tube were
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poured and distributed evenly on to either MG plates supplemented with excess
of histidine and biotin or on to nutrient agar plates. Once the overlay had set, a
crystal violet disc prepared fresh by adding 10 pl of 0.1% crystal violet
solution to a sterile filter paper disc (6mm®@) was placed in the centre of each
plate aseptically. Plates were covered with aluminium foil and incubated
upside down at 37 °C for 12 h. A zone of growth inhibition around the crystal
violet disc was considered a positive result, indicating that the strain has been

mutated in the rfa gene.

2.2.5.5. Deletion of the uvrB gene

Deletion of the uvrB gene in the mutants (Ames strains) was tested alongside
the parental strain S. Typhimurium LT2 which is wild type uvrB". The deletion
was confirmed by biotin-dependency because the uvrB mutation in these
mutants stretches across the bio-uvrB genes therefore, they are biotin
dependant and cannot grow in the abcence of biotin (Marton and Ames, 1983;
Mortelmans and Zeiger, 2000). Moreover, the PCR assay, as previously
described, was employed to amplify DNA fragments from the uvrB and bioD
genes using the primers which were designed to target these genes (see Table
2.3). Absence of the amplicons, specific for the uvrB and bioD PCR products,
on the gel images were considered positive results (the bioD and uvrB genes

were deleted).
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2.2.5.6. Presence of plasmid pKM101 (ampicillin resistance)

The presence of plasmid pKMI101 was tested by streaking a loop-full of
overnight culture of the Ames strains onto MG plates supplemented with
excess of histidine, biotin and 24 pg/ml of ampicillin. Plates were covered with
aluminium foil and incubated upside down at 37 °C for 24 h. Strains which
were able to grow and form colonies on these plates were considered positive:
the strains had maintained the plasmid pKM101 (Marton and Ames, 1983;

Mortelmans and Zeiger, 2000).

2.2.5.7. Presence of plasmid pAQ1 (tetracycline resistance)

The presence of plasmid pAQ! was tested by streaking a loop-full of overnight
culture of the Ames strains onto MG plates supplemented with an excess of
histidine, biotin, 24 pg/ml of ampicillin, and 2 pg/ml of tetracycline. Plates
were covered by aluminium foil and incubated upside down at 37 °C for 24 h.
Strains which were able to grow and form colonies on these plates were

considered positive; the strains had maintained the plasmid pAQI (Marton and

Ames, 1983; Mortelmans and Zeiger, 2000).

2.2.6. Testing the effects of cold atmospheric plasma on strains/mutants

2.2.6.1. Sensitivity test

The sensitivity of different bacterial strains/mutants of E. coli, L.
monocytogenes and S. Typhimurium to CAP, were tested using an agar plate

approach. Overnight cultures of each strain/mutant were prepared by
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transferring a single colony into a 30-ml Universal tube (Sterilin, Ltd)
containing S ml Luria Bertani (LB) for E. coli and S. Typhimurium or 5 ml
Brain Heart Infusion (BHI) for L. monocytogenes. The inoculated tube was
incubated at 37 °C with shaking at 200 rpm for 16 -18 h. The optical density of
overnight culture was measured at 600 nm. An appropriate volume from the
overnight broth culture was transferred into a 30-ml sterile universal tube
(Sterilin, Ltd) containing 10 ml of sterile media (LB/BHI) in order to prepare a
diluted overnight broth culture of final ODggnm = 0.1 £ 10%). From the diluted
overnight broth culture, serial dilutions were made and then from the 10”3
dilution, 100 ul of culture was transferred onto LB/BHI agar plates and evenly
spread over the surface of the agar. Based on the results of preliminary
experiments, this procedure gives average colony counts on the control plates
in the range between 500 and 1000 cfu/plate. A minimum of three plates for
each treatment were used. Four plates without any treatment were used for the
negative control. Other plates were treated with cold atmospheric plasma for
different periods of time.

All treatments with CAP were performed by placing the seeded plate with the
lid removed under the plasma jet leaving a distance of 10 + 1 mm between the
end of the plasma jet and the surface of the agar, then switching the plasma on
and starting counting down the time needed for each treatment. In order to see
if the prevention of ionized gas diffusion from the plate into the atmosphere
during treatments had an effect on microbial inactivation, a hole with a
diameter of about 8 mm was made in the centre of a Petri dish lid which was
then used to cover the plates while they were treated. Plasma treatments were

carried out using the plasma rig at Sutton Bonington campus, University of
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Nottingham (made by Plasma and Pulsed Power Group at Loughborough
University). Schematic diagrams for the plasma rig and plasma pen are shown
in Figure 2.1.a and 2.1.b. The plasma was generated using a mixture of He and
O, gases at flow rates of 7 SLM (standard litres per min.) and 35 SCCM
(standard cubic centimetres per min.) respectively, with a radiofrequency (RF)
= 4.6 MHz, and a peak to peak voltage = 8.6 — 9.6 kV. The temperature of the
plasma plume was measured before any experiments using temperature
indicator strips (30 to 60 °C, reversible) (OMEGA, UK). It was always ~ 40
°C.

The treated and control plates of E. coli and Salmonella strains were incubated
upside down at 30 °C for 24 h whereas the plates inculcated with Listeria were
incubated upside down at 37 °C for 24 h. The colonies on the plates were
counted using the aCOLyte colony counter (Synbiosis, USA). The counter
allows counting of any zone of any size on the plate. A template plate was
divided into five different zones. The zone size needed was pre-adjusted by the
software of aCOLjyte colony counter using the template plate as a guide to
position the zone at fixed places required then, the temple plate was replaced
by the plate to be counted (see Figure 2.2.b). The colonies growing in each
zone were counted and survival curves were produced. However, unless the
sizes of zones are reported in the results the counts on the whole plate were
used to produce the survival curves. The percentage of survivors (survival %)
was calculated using the following equation:

Survival % =N,;/ Ny x 100

Where, N is the average number of colonies grown on the treated plates and

Ny is the average number of colonies grown on the control plates.
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Mass flow contrller

Plasma Pen

Figure 2.1.a: Outline schematic diagram for the plasma rig (a) and digital images of the plasma pen and agar plate was being treated (b)

and (c).
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Gas Flow (He/O )

 Power Electrode

Figure 2.1.b: Schematic diagram showing the main components of the plasma

pen (taken from Bayliss et al., 2009)
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Figure 2.2.a. Colony counting zones. Zones are complete circles. Zone D is the
smallest zone and whole plate is the biggest zone. Zone diameters in millimetres:
Whole plate = 84.4 mm, Zone A = 72.9 mm, Zone B = 52.2 mm, Zone C = 31.4

mm and Zone D = 10.7 mm.

Figure 2.2.b: Image of zone B, template plate (left) and plate being counted

(right).
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2.2.6.2. Mutagenicity test (Ames/Salmonella test)

The safety of CAP was assessed by using the Ames/Salmonella test as described
by Marton and Ames (1983) and lately reviewed by Mortelmans and Zeiger
(2000). The test was slightly modified to facilitate the assessment of CAP’s
possible mutagenicity effects. The modification was mainly in the way that the
limited amounts of histidine and biotin were added as was described in the
appendix 2 and in the way the strains of bacteria were treated. This was carried out
by preparing overnight cultures of each strain by transferring of a single healthy
colony into a 30-ml Universal tube (Sterilin, Ltd) containing 5 ml of Nutrient
Broth (Oxoid No. 2). The inoculated tubes were incubated at 37 °C for 16-18 h
with shaking (200rpm) until the cells reached a density of ~1.0 to 2.0 x 10® cfu/ml.
From this overnight culture 100 pl of cells were transferred onto each plate
(MGLHB agar) and evenly spread over the surface of the agar. A minimum of
three plates were used for each treatment. Four plates without any treatment were
used for the negative control. The other plates were exposed to cold atmospheric
plasma with the lid of Petri dish removed, as was earlier described in section 2.4.1,
for different periods of time.

The control and treated plates were covered with aluminium foil, to protect them
from fluorescent light, and incubated upside down at 37 °C for 48 h. The revertant
colonies on each plate were counted using the aCOLyte colony counter (Synbiosis,
USA) and reversion curves were produced.

A CAP treatment (treatment time) that showed a high revertant rate was retested

alongside positive controls (mutagenic chemicals) and negative controls (no
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treatment). Sodium azide and Mitomycin C were used as positive controls in this
test. Sterile filter paper disc (6 mm@, Whatman), was placed in the centre of each
plate (MGLHB agar), which was seeded with 100 ul of overnight culture as
described earlier in this section, then 10 pl of the positive control (mutagenic)
solution was transferred to the disc. Plates were incubated and counted as

described previously in this section.

2.2.7. Statistical analysis

Statistical analysis was carried out using IBM SPSS Statistics 21 software (IBM,
2012). One way analysis of variance (ANOVA) was used to determine whether
there are any significant differences between the means of treatments. To find out

which treatment was significantly different from other treatments, a Tukey HSD

post-hoc test was performed (IBM, 2012).
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CHAPTER 3

EFFECT OF COLD ATMOSPHERIC PLASMA ON FOOD-

BORNE PATHOGENIC BACTERIA
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3. EFFECT OF COLD ATMOSPHERIC PLASMA ON FOOD-
BORNE PATHOGENIC BACTERIA

3.1. INTRODUCTION

Food-borne bacteria are one of the major causes of food-borne diseases across the
world, for example bacteria are among the top five major causes of food-borne
disease in the United States and United Kingdom (CDC, 2011; FSA, 2012).
Bacteria are classified into two main groups, Gram positive and Gram negative
bacteria, based on their reaction with the Gram stain (Halebian ef al., 1981). The
reaction depends on the bacterial cell wall constituents (Bartholomew and
Mittwer, 1952; Murray et al., 2009). Although these two bacterial groups have
similar internal cellular structures they have different external structures (see
Figure 3.1). Internally, the cytoplasm of Gram positive and Gram negative
bacteria cells contains the chromosome which is a single, double-stranded DNA
circle that is contained in a discrete area of the cell called the nucleoid. Cells also
contain the mRNA, ribosomes, proteins, and metabolites. Some bacteria also
contain small, often circular, extrachromosomal DNAs known as plasmids which
are most commonly found in Gram negative bacteria. Many plasmids confer
resistance to one or more antibiotics which make them useful markers (Murray e/

al., 2009).
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Periplasmic
space
(Flogellum)

Figure 3.1: Gram positive and Gram negative bacteria. A Gram positive
bacterium (left). A Gram negative bacterium (right). Structures in brackets do not

exist in all bacteria (Murray et al., 2009).

Externally, the Gram positive bacteria have a thick cell wall composed of
primarily peptidoglycan (15-50 nm) surrounding the cytoplasmic membrane. The
peptidoglycan is a mesh-like exoskeleton which is permeable enough to allow
diffusion of metabolites to the plasma membrane. In contrast, Gram negative
bacteria have a more complicated cell wall which is composed of two layers
external to the cytoplasmic membrane. The first layer is a thin layer of
peptidoglycan (2-7 nm) which surrounds the cytoplasmic membrane. The second
layer is the outer membrane, which is a distinctive feature of Gram negative
bacteria. The space between the cytoplasmic membrane and the internal surface of

the outer membrane is referred to as the periplasmic space (Murray et al., 2009).
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Salmonella and E. coli O157:H7 (STEC) are among the top five pathogens causing
domestically acquired foodborne diseases which lead to hospitalization whereas,
Salmonella and Listeria monocytogenes are among the top five pathogens causing
food-borne disease resulting in death in the US ( CDC, 2011). Similar statistics
have been reported in the UK, where Campylobacter accounts for the highest
number of food-borne disease cases (52%) and the highest hospitalization rate
(90%). However, Listeria monocytogenes accounts for the highest death rate

(32%) (FSA, 2012).

Salmonella is a Gram negative, rod-shaped, motile, non-sporeforming, facultative
anaerobic bacterium, which belongs to the Enrterobacteriaceae family (Snowball,
2002; Murray et al., 2009). The genus Salmonella is composed of two species
which are S. enterica and S. bongori. Bacteria belonging to either species are
pathogenic to humans. S. enterica represents more concern to public health and is
divided in to six subspecies. One of the subspecies is S. enterica subsp. enterica
which is composed of numerous serotypes including S. Enteritidis and S.
Typhimurium. Salmonella can cause typhoid fever and nontyphoidal salmonellosis
diseases. The first disease has a higher mortality rate than the latter (Murray et al.,

2009; Hammack, 2012).

Escherichia coli is a Gram negative, mostly motile, rod-shaped, non-sporeforming
facultative anaerobe, which belongs to the family Enmterobacteriaceae. E. coli is
widespread in human colonic flora, and usually enters and colonizes the

gastrointestinal tract of infants within hours of their birth. Some species are
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beneficial to their hosts such as the commensal E. coli HS (Nataro and Kaper,
1998; Murray et al., 2009). However, six E. coli pathotype groups are recognized
as disease causing in humans: these include enterotoxigenic E. coli (ETEC),
enteropathogenic E. coli (EPEC), enterohamorrhagic E. coli (EHEQC),
enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and diffusely
adherent E. coli (DAEC). The first four groups are widely known as causative
agents of food-borne or water-borne disease, especially the enterohamorrhagic E.

coli (EHEC) group (Murray et al., 2009; Feng, 2012).

Listeria monocytogenes is a Gram positive, motile (by means of flagella), rod-
shaped, facultative bacterium. L. monocytogenes can cause listeriosis, a serious
disease in humans and animals. The disease has high mortality in
immunocompromised individuals, the elderly, pregnant women, unborn children,
and neonates (Murray er al., 2009; Yan et al., 2010). L. monocytogenes has the
ability to grow at a wide range of temperatures (1 - 45 °C), can tolerate osmotic
stress, and can endure mild preservation treatments. These characteristics make
this bacterium very difficult to eliminate from the food chain (Karatzas and

Bennik, 2002; Chen, 2012).

The aims of this chapter were to investigate whether the difference in the external
structure between the Gram positive and Gram negative bacteria had an effect on
the sensitivity of the strains to cold atmospheric plasma treatment. It also aimed to
find out whether the susceptibility of food-borne pathogenic bacteria to CAP

treatments is similar to the non pathogenic laboratory strains. Therefore, different
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strains of E. coli and Salmonella Typhimurium LT2 strains representing Gram
negative bacteria, and different strains of Listeria monocytogens representing

Gram positive bacteria (see Table 2.2) were used.

64



3.2. RESULTS

3.2.1. Confirmation of the E. coli strains/mutants’ identities

Multiplex PCR assays were performed as described earlier in section 2.2.4 in order
to confirm the identities of all E. coli strains used in this study. Two sets of
primers (see Table 2.3) which were specifically designed to target the uspA gene
of the E. coli strains (Chen and Griffiths, 1998) and the eaeA gene of E. coli
0157: H7 (China er al., 1996) were used. The agarose gels showing the PCR
products amplified from the usp4 multiplex PCR assay is presented in Fig. 3.2.a
and 3.2.b. The agarose gels show that PCR products of 884 bp were amplified
from the uspA gene of all E. coli strains/mutants used in this study and a PCR
product of 570 bp was amplified only from the eaeA gene of the E. coli O157: H7
strain. In contrast, no PCR products were obtained from S. Typhimurium LT2 and

the negative control (PCR mixture with no added template DNA).

These results confirm that all E. coli strains/mutants used in this study belonged to
the species Escherichia coli (Chen and Griffiths, 1998). It also confirms that the £.
coli O157: H7 strain used in this study possessed the characteristic eaed gene of

EPEC/EHEC strains (China et al., 1996).
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Figure 3.2.a: Agarose gel showing PCR products amplified from E. coli
strains using primers specific for the uspA genes. (B = inverted image of A).
Lanel, 1kb DNA ladder; lane 2, E. coli O157:H7; lane 3, S. Typhimurium LT2;
lane 4, E. coli BW25113 (Adps); lane5, E. coli BW25113 (Aflu); lane 6, E. coli
BW25113 (Afur); lane7, E. coli BW25113 (AgrxA); lane 8, E. coli BW25113
(AkatG); lane 9, E. coli BW25113 (AsufB); lane 10, E. coli BW25113 (AsufC);
lane 11, E. coli BW25113 (AsufD); lane 12, E. coli W3110 (ArfaC); lane 13, E.
coli BW25113 (ArfaE); lane 14, E. coli BW25113 (AlpcA); lane 15, negative
control (PCR mixture with no added template DNA); lane 16, 1kb DNA ladder.

The gel was 1% (w/v) agarose in 1X Tris-acetate buffer and was run at 80V for

approximately 90 minutes.
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Figure 3.2.b: Agarose gel showing PCR products amplified from E. coli
strains using primers specific for the uspA and eaeA genes. PCR roduct (B =
inverted image of A). Lane 1, 1kb DNA ladder; lane 2, E. coli BW25113; lane 3,
E. coli MGI1655; lane 4, E. coli CFTO73 (UPEC); lane 5, E. coli O157:
H7(ETEC); lane 6, S. Typhimurium LT2; lane 7, E. coli W3110; lane 8, E. coli
H10407 (ETEC) ; lane 9, E. coli HS (Commensal); lane 10, E. coli MG1655
(AoxyR); lane 11, E. coli DFB1655 L5; lane 12, E. coli DFB1655 L9; lane 13,
negative control (PCR mixture with no added template DNA. The gel was 1%

(w/v) agarose in 1X Tris-acetate buffer and was run at 80V for approximately 90

minutes.
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3.2.2. Sensitivity of different strains of Gram positive and Gram negative to

cold atmospheric plasma

The effects of cold atmospheric plasma (CAP) treatments on different strains of
Gram positive and Gram negative bacteria were investigated using the sensitivity
test described earlier in section 2.2.6.1. The results of the investigation are
presented in this section.

Figure 3.3 shows that CAP treatment for 30 seconds has caused a significant
reduction in the percentage of survivors of E. coli K-12 MG1655 (average of
starting inoculum = 1300 cfu/plate), whereas the same treatment (30 seconds) has
caused a significant increase in the survival percentage of E. coli O157:H7. This
significant increase might be due to a hormetic effect of CAP treatment. The figure
also shows that CAP treatment up to 1 min has not significantly affected the
percentage of survivors of E. coli O157:H7 and the reduction were only significant
when 2 minutes of exposure to CAP treatment were applied. This indicates that E.

coli K-12 MG1655 is more susceptible to CAP treatment than E. coli O157: H7.
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Figure 3.3: Effect of different exposure time to CAP treatment on survival of
E. coli strains (E. coli O157:H7 and E. coli MG1655). (Mean survival % + 1 SD,

n = 3 replicates).
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Figure 3.4 shows that CAP treatment for 30 seconds has caused a significant
reduction in the percentage of survivors of E. coli K-12 MG1655 whereas, CAP
treatments of up to 1 minute have not significantly affected the percentage of
survivors of E. coli H10407 and the reduction was only significant when 2 minutes
of exposure to CAP treatment were applied. This indicates that E. coli K-12
MG1655 is more susceptible to CAP treatment than E. coli H10407. The figure
also shows that at higher exposure times, the error bars (SD) were large. This was
due to low number of survivors on the plates combined with uneven spreading of

colonies on the plates.
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Figure 3.4: Effect of different exposure time to CAP treatment on survival of
E. coli strains (E. coli H10407 and E. coli MG1655). (Mean survival % = 1 SD,

n = 3 replicates).
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Although it was clearly observed in preliminary experiments that the zone of
bacterial inactivation extends beyond the point of contact with the plasma plume,
the rate of inactivation did not increase exponentially with time. The hypothesis
tested was that this effect was seen because the diffusion of plasma species was
not sufficient to cover the surface area of the whole plate. Therefore, colonies in
different concentric zones surrounding the point of the plasma plume contact on
the plate were counted as was described in section 2.2.6.1. Figures 3.5.a and 3.5.b
show that the rate of inactivation of E. coli K-12 MG 1655 has a similar trend when

the colony counts of different zones were used.
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Figure 3.5.a: Effect of different exposure times on survival of E. coli K-12
MG1655. (Mean survival % = 1 SD, n = 3 replicates). The colonies on each plate
were counted in different zones. The zone sizes in a declining order are: whole

plate, zone A, zone B, zone C, zone D (Figure 2.2.a).
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Figure 3.5.b: Effect of different exposure time on survival of E. coli MG1655).
The colonies on each plate were counted in the different zones. The zone sizes in

declining order are: whole plate, zone A, zone B, zone C, zone D (Figure 2.2.a).
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Figures 3.6.a and 3.6.b show that the rate of inactivation of E. coli O157: H7 also
shows a similar trend when the colony count of different zones were used. This
result is similar to that observed with E. coli MG1655. The figures 3.6.a and 3.6.b.
also show that CAP treatment for 30 seconds has caused a significant increase in
the survival percentage of E. coli O157:H7. This significant increase might be due
to a hormetic effect of CAP treatment. The figure 3.6.b also shows that at higher
exposure times, the error bars (SD) were large. This was due to low number of
survivors on the plates combined with uneven spreading of colonies on the plates.
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Figure 3.6.a: Effect of different exposure times on survival of E. coli O157:
H7. (Mean survival % + 1 SD, n = 3 replicates). The colonies on each plate were
counted as zones. The zones sizes in deciding order are: whole plate, zone A, zone

B, zone C, zone D (Figure 2.2.a).
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Figure 3.6.b: Effect of different exposure times on survival of E. coli O157:
H7. (Mean survival % = 1 SD, n = 3 replicates). The colonies on each plate were
counted as zones. The zones sizes in deciding order are: whole plate, zone A, zone

B, zone C, zone D (Figure 2.2.a).

In order to test the hypothesis that the inactivation of bacteria in the zone
surrounding where the plasma plume contacted the inoculated agar was mainly
due to gaseous plasma species, a hole was made in the Petri dish lid as described
earlier in 2.2.6.1. The plasma plume was directed to pass through the hole. Figure
3.7.a shows the inactivation zones of E.coli K-12 MG1655 exposed to CAP for
only 30 seconds and Figure 3.7.b show the inactivation zoﬁes of E. coli O157: H7
exposed to CAP for 2 minutes. The zone size on plates which was treated through
the hole in the lid was larger than that on plates treated with lid removed. This

suggests that ionized gas has an important role in the inactivation mechanism.
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Figure 3.7.a: Effect of using a Petri dish lid to prevent diffusion of CAP
gaseous species into the atmosphere, on the inactivation of E. coli MG1655.
Plates were treated for 30 seconds, through the hole in the lid (left) or with lid

removed (right).

Figure 3.7.b: Effect of using a Petri dish lid to prevent diffusion of CAP
gaseous species into the atmosphere, on the inactivation of E. coli 0157: H7.

Plates were treated for 2 minutes, through the hole in the lid (left) or with lid

removed (right).
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Figure 3.8 shows that treatment of E. coli MG1655 with CAP through the hole in
the Petri dish lid enhanced the inactivation rate slightly. This also indicates that the
prevention of ionized gas diffusing into the atmosphere improves the inactivation
capability. . The figures also show that CAP treatment for 30 seconds has caused a
non significant increase in the survival percentage of E. coli MG1655. This
increase might be due to a hormetic effect of CAP treatment. The error bars (SD)
at higher exposure times were large. This was due to low number of survivors on

the plates combined with uneven spreading of colonies on the plates.
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Figure 3.8: Time course effect of using a Petri dish lid to prevent diffusion of

CAP gaseous species into the atmosphere, on the inactivation of E. coli

MG1655. (Mean survival % £ 1 SD, n = 3 replicates).
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To investigate whether the difference in cell wall composition between Gram
positive and Gram negative bacteria has an effect on the susceptibility of the
bacteria to inactivation by CAP, the sensitivity of different strains of Gram
positive and Gram negative bacteria to CAP treatment was tested as described in
section 2.2.6.1. Figure 3.9.a shows that CAP treatment for 30 seconds has caused a
significant reduction in the percentage of survivors of L. monocytogenes WSLC
1042 (4b) (see Figure 3.9.b, plate images) whereas CAP treatments up to 1 minute
did not cause a significant reduction in the percentage of survivors of Salmonella
enterica serovar Typhimurium LT2. The reduction was significant only when 2
minutes of exposure to CAP treatment were applied (see Figure 3.9.c, plate
images). This indicates that L. monocytogenes WSLC is more sensitive to CAP
treatment than Salmonella enterica serovar Typhimurium LT2. The figure also
shows that at higher exposure times, the error bars (SD) were large. This was due

to low number of survivors on the plates combined with uneven spreading of

colonies on the plates.
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Figure 3.9.a: Effect of CAP treatment on survival of Salmonella enterica
serovar Typhimurium LT2 and L. monocytogenes WSLC 1042 (4b). (Mean
survival % £ 1 SD, n = 3 replicates). Only positive error bars for Listeria are

presented here.
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Figure 3.9.b: Effect of CAP treatments on L. monocytogenes WSLC 1042 (4b) grown on BHI agar. Pictures were taken against a black

background. (The dark colour which appears on the images of the plates is a camera reflection).
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Figure 3.9.c: Effect of CAP treatments on Salmonella enterica serovar Typhimurium LT2 grown on LB agar. Pictures were taken against a

black background. (The dark colour which appears on the images of the plates is camera reflection).
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The effects of CAP treatments on different strains of L. monocytogenes (L.
monocytogenes ATCC 23074 (4b), L. monocytogenes EGD-e (1/2a) and L.
monocytogenes 00054-0305 (1/2b)) and E. coli K-12 MGI1655 were
investigated. Figure 3.10.a shows that CAP treatments for 30 seconds caused a
significant reduction in the percentage of survivors of all strains (see Figure
10.b and 10.c, plate images). This indicates that sensitivity of all L.
monocytogenes strains used is similar to that of E. coli MG1655. The error bars
(SD) at higher exposure times were large. This was due to a low number of
survivors on the plates combined with uneven spreading of colonies on the
plates.
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Figure 3.10.a: Effect of CAP treatment on E. coli K-12 MG1655 and
different strains of Listeria monocytogenes (L. monocytogenes ATCC 23074

(4b), L. monocytogenes EGD-e (1/2a) and L. monocytogenes 00054-0305

(1/2b)). (Mean survival % £ 1 SD, n = 3 replicates).
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Figure 3.10.b: Effect of CAP treatments on E. coli K-12 MG 1655 grown on LB agar. Pictures were taken against black background. (The

dark colour which appears on images of the plates is a camera reflection).



Figure 3.10.c: Effect of CAP treatments on L. monocytogenes EGD-e grown on BHI agar. Pictures were taken against black background.

(The dark colour which appears on images of plates is a camera reflection).
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3.3. DISCUSSION

The PCR results have shown that all E. coli strains/mutants used in this study
belonged to the E. coli species and the identity of the E. coli O157: H7 strain was
confirmed. The PCR results have also differentiated E. coli strains from S.
Typhimurium LT2 which was also confirmed by PCR assays in chapter 6 of this

thesis.

The identity of Listeria monocytogenes was confirmed, in a parallel study in the
laboratory carried out by a colleague, using traditional and molecular methods (El
Emam, M. personal communication). These findings ensure that the results
obtained by each strain/mutant are for the group and species that were intended to
be included in the study. This ensures accuracy and reliability of the results.

The results presented here have shown that Cold Atmospheric Plasma (CAP) has
the capability to inactivate a wide range of bacteria. These findings are in
agreement with those which were found in the literature (Montenegro ef al., 2002;
Lee et al., 2006; Morris et al., 2007; Pemi et al., 2007; Niemira and Sites, 2008;
Perni et al., 2008b; Ma et al., 2008; Song et al., 2009; Yun et al., 2010; Wang et
al.; 2012). However, due to the differences in plasma systems and in treatment
approaches (directly on to fruit, vegetable and meat slices or membrane filters,
static exposure or movement of the membranes under the plume) used in these
studies, it was difficult to compare between the results obtained in this study and
other studies in terms of inactivation rates. The results obtained in this study with

E. coli K-12 MG1655 when compared with that obtained with E. coli O157: H7

84



and E. coli H10407 indicate that E. coli K-12 was found to be more susceptible to
CAP treatments. This susceptibility was expected to be as a result of difterences in
lipopolysaccharide (LPS) structure between E. coli K-12 MG1655 and E. coli
0157: H7 and E. coli H10407 as it is well known that E. coli K-12 MG 1655 strain
lacks the O-antigen, the outer part of its LPS structure (Klena, e al., 1992; Liu and
Reeves, 1994; Hobman er al., 2007; Browning et al., 2013). Once the results
obtained with S. Typhimurium LT2 was compared with that of L. monocytogenes
WSLC 1042, the latter was found to be more sensitive to CAP treatments. Since L.
monocytogenes WSLC 1042 is Gram positive and S. Typhimurium LT2 is Gram
negative (Murray ef al., 2009), the lower susceptibility of S. Typhimurium may be
related to the effect of the LPS structure, as L. monocytogenes WSLC 1042 has no
LPS structure which is a unique characteristic of Gram negative bacteria (Caroff
and Karibian, 2003; Murray et al., 2009) and was found to be very important in
making the cell wall of this group impermeable to antibiotics such as novobiocin,
spiramycin, and actinomycin D (Tamaki et al., 1971) and to hydrophobic dyes.
detergents, fatty acids, phenols, and polycyclic hydrocarbons (Raetz and
Whitfield, 2002). The LPS and enterobacterial common antigen (ECA) in STEC
0157:H7 and Salmonella were also found to be essential to the resistance of these
strains to acetic acid and other short chain fatty acids (Barua er al., 2002). This
finding and that obtained when E. coli K-12 MG1655 was compared with E. coli
0157: H7 and E. coli H10407 (ETEC) led to further investigation into the role of
LPS in the resistance to CAP treatments. Therefore, the sensitivity of £. coli K-12
MG1655 which is Gram negative and lacking the O-antigen structure was

compared with the sensitivity of different Gram positive strains of L.
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monocytogenes (L. monocytogenes ATCC 23074 (4b), L. monocytogenes EGD-e
(1/2a) and L. monocytogenes 00054-0305 (1/2b)). The results obtained did not
show any significant differences between the sensitivity of the groups. In view of
the results obtained using E. coli strains (with and without complete O-antigens)
and using S. Typhimurium LT2 and L. monocylogenes WSLC 1042, this finding
suggests that the O-antigen region of LPS structure may play an important role in
the resistance of Gram negative bacteria that have complete O-antigen to CAP
while the outer core and inner core regions of LPS may have no role. To test these
hypotheses further experiments were suggested in order to investigate the role of
LPS structure in bacterial resistance to CAP treatments. These experiments will be

described in the next chapter, the role of lipopolysaccharides in bacterial resistance

to cold atmospheric plasma.

In most of the studies on bacterial inactivation by CAP, the bacterial cells were
treated either by placing them on polycarbonate membrane filters or on slices of
fruits, vegetable or meat, with the samples in a static or moving state such as in
those carried out by Perni et al., 2007; Perni et al., 2008b; Ma et al., 2008; Song et
al.,2009; Yun et al., 2010; Wang et al.; 2012. This approach has the advantages of
high starting cell counts, high inactivation rates and fewer variations between the
replicates. However, it does not allow differentiation between the direct and
indirect effects of CAP therefore, in this study the treatment of bacteria with CAP
~were carried out using an agar plate approach in which bacteria were plated onto
agar plates then the plates were placed in a static position under the plasma pen.

The plume was pointed towards the middle of plate and single treatment for each
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exposure time was given, i.e no treatment was divided in to two or more exposure
times. This approach was chosen to investigate the peripheral effect of CAP
treatments. Inactivation zones much larger than the zones that corresponded with
the point of contact with the plume were observed at the beginning of this study.
This observation was attributed to the diffusion of plasma species. To confirm this
observation, the experiment in which bacteriae cells were treated with CAP
through the hole in a Petri dish was conducted. The result of this experiment
showed that the inactivation zones on plates treated using this approach were as
much as twice as big as those on plates treated with the lid being removed.
Excluding the effect of temperature, as the plume temperature was always ~ 40 °C,
and UV effects as it was found has no effect under similar conditions (Laroussi
and Leipold, 2004; Deng er al., 2006; Ross et al., 2006; Perni er al., 2007), then
the result indicates that the inactivation of bacteria outside the direct contact area
of the plume was mainly due to reactive species diffusion over the agar surfaces.
The reactive species might have inactivated the cells through oxidative stress. To
further explore the role of oxidative stress in the inactivation of bacteria, the
sensitivity of E. coli strains with deletions in one of the genes involved in
oxidative stress resistance, to CAP treatment were tested as will be described in
chapter S of this thesis. In addition to that the Ames Salmonella test which can
detect agents that cause DNA alteration specifically through oxidative stress will

be addressed in chapter 6.

The agar plate approach used in this study has the disadvantage that rate of

inactivation did not increase exponentially with time. The hypothesis which was
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tested is whether this effect was seen because of the diffusion of plasma species
which was not sufficient to cover the surface area of the whole plate. For that
reason, colonies in diffefent concentric zones surrounding the point of plasma
plume contact on the plate were counted. The results showed that the inactivation
rates of E. coli K-12 MG1655 and E. coli O157: H7 have a similar trend when the
colony counts from different zones were compared. Therefore, in the next
chapters, the colony counts on the whole plate were used for three reasons which
are:

1) They have a better capability to test the sensitivity of strains, as the more
sensitive cells will be inactivated more easily even when it is far from plume.

2) There are fewer variations between replicates than other zones.

3) They can be applied to test the effects of CAP on Ames strains.
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4. THE ROLE OF LIPOPOLYSACCHARIDES IN BACTERIAL
RESISTANCE TO COLD ATMOSPHERIC PLASMA

4.1. INTRODUCTION

The outer membrane (OM) of Gram negative bacteria is composed of two kinds of
lipids, phospholipids and lipopolysaccharide (LPS) (Nikaido, 1996). LPS consists
of three regions: 1) the interior region, composed of hydrophobic lipid A, which is
a polar lipid and contains six or seven saturated fatty acids; 2) the middle region,
composed of core polysaccharides, which links lipid A with the O-antigen and 3)
the exterior region, the O antigen, which is a polysacch