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Abstract

Listeria monocytogenes is a major cause of illness, associated with seafood,
therefore it is important to control this pathogen in seafood processing environments.
Sporadic listeriosis outbreaks and seafood recalls indicate that current treatments to
control this pathogen may be inadequate. The ability to adapt to harsh environmental
conditions, develop resistance and form biofilms makes this environmental pathogen
difficult to control using regular disinfectants. Bacteriophages (phages) could serve as
effective alternative biocontrol agents. The main objective of this study was to isolate
and characterize natural lytic Listeria specific phages and examine their effectiveness
against L. monocytogenes under conditions mimicking those found in seafood
processing environments.

Among a group of phages isolated from a seafood waste treatment unit, three
phages (LIMNA4L, LiMN4p and LiMN17) were selected based on plaque morphology
and their source. The three phages were distinguished by morphology, efficiency of
plating (EOP) in citrate agar and differences in EOP using different L. monocytogenes
host strains. Three phages which were found as strictly virulent by whole genome
sequence analysis, had broad host ranges at 15 °C and each phage also infected either L.
ivanovii or L. innocua. These phages were unstable at 60 °C for 10 min suggesting
psychrotrophic properties. The three phages showed low burst sizes indicating their
potential suitability as passive biocontrol agents.

Low counts of L. monocytogenes strains (1909, 19DO3 and 19EO3) in late
exponential phase, metabolically injured/stressed by heat and salt, lysed by the three
phages at 15 °C in 30 min. The results suggested that the three virulent phages may be
good candidates as biocontrol agents against L. monocytogenes under conditions
commonly found in seafood processing plants.

The phages LIMN4L, LiMN4p and LiMN17, used as single phage or a cocktail
of three phages, lysed cells adhered to stainless steel conditioned with soluble fish
protein and on clean stainless steel coupons (SSC). The phage cocktail also eradicated
low cell counts of about 2 log CFU/cm” adhered to SSC surfaces in the presence of fish
proteins at 15 °C in 15 min and no re-growth of cells was observed from phage infected
surfaces. This study suggested that a biofilm matrix shielded the bacterial cells from
phage infection as three consecutive repeat applications of phages did not efficiently

lyse undisturbed biofilm cells. Biofilm cells, once removed from the surface, showed
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similar to sensitivity to that of exponential phase planktonic cells. Therefore, disruption
of the biofilm structure may be required for effective phage treatments.

Phages suspended in phosphate buffered saline survived refrigeration for at least
twelve months and were stable for at least 6 h under likely application conditions such
as ambient temperatures and under fluorescence lighting. The three phages, either
individually or as a cocktail, showed a high lytic efficacy indicating their potential to

serve as bio-decontaminating agents in seafood processing environments.
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Chapter 1: General Introduction

Listeria monocytogenes is an important food-borne pathogen which can be transmitted
to humans through the consumption of contaminated food (Farber & Peterkin, 1991;
Gandhi & Chikindas, 2007). The majority of listeriosis outbreaks have been linked to
the consumption of ready-to-eat (RTE) foods including milk products (Lunden,
Tolvanen, & Korkeala, 2004; Makino et al., 2005), meat, poultry, fish (Gottlieb et al.,
2006; Gudbjornsdottir et al., 2004; Rocourt, Jacquet, & Reilly, 2000), cooked cereal,
and fresh vegetable products (Allerberger & Guggenbichler, 1989; Aureli et al., 2000;
Beuchat, 1996). An outbreak of listeriosis linked with the consumption of smoked
mussels contaminated with L. monocytogenes was reported in New Zealand in 1992
(Brett, Short, & McLauchlin, 1998). In this incident, L. monocytogenes were recovered
from the implicated mussel products and three affected patients (Brett et al., 1998).
Smoked finfish and mussels have been identified under a risk category of foods

associated with listeriosis outbreaks (WHO/FAO, 2004).

Healthy individuals normaly only develop a mild gastroenteritidis, while
immunocompromised individuals who have been affected by cancer, diabetes and HIV-
infection; have undergone organ transplants; eldery persons and pregnant women
together with their infants are more susceptible to listeriosis with a mortality rate of 20-
30% (Swaminathan & Gerner-Smidt, 2007). Pregnant women are about 20 times more
susceptible to be infected with L. monocytogenes than normal healthy individuals and
listeriosis may result in abortion, premature delivery, still birth or neonatal infection
(Abram et al., 2006; Donnelly, 2001; Schuchat, Swaminathan, & Broome, 1991). Other
symptoms of the disease in adults include sepsis and meningitis (Mook et al., 2011).
The management of listeriosis outbreaks and clinical cases is a costly exercise in
addition to the loss of lives (Lake, Cressey, Campbell, & Oakley, 2009; Scharft, 2012).
The infectious dose of L. monocytogenes remains unknown, but illness has been
reported with about 10° CFU/g (Tompkin, Scott, Bernard, Sveum, & Gombas, 1999).
Stringent food standards are implemented to control this fatal food-borne pathogen.
European Union implements a tolerance level of L. monocytogenes as <10* CFU/g in
RTE foods which do not support the growth of this pathogen during storage, while the
United States implements a zero tolerance limit for all RTE foods (Klontz et al., 2008;

Tompkin et al., 1999). In New Zealand, zero tolerance standards of L. monocytogenes
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are applied for processed RTE Greenshell™ mussels including other RTE foods (Food
Standards Australia New Zealand, 2013a).

Seafoods are a valuable healthy food that contains proteins of high biological
value; unsaturated fatty acids, particularly omega-3, minerals and vitamins (Wen et al.,
2011). The world fish industry is rapidly expanding due to an increase in production and
the development of distribution channels (Fisheries and Aquaculture Department, 2012).
The New Zealand economy benefits from fish exports with fish products ranked seventh
among the export commodities (Ministry of Primary Industries, 2013). The seafood
exports of New Zealand mainly comprise farmed Greenshell™ mussel, rock lobster,
hoki, squid and salmon. About 3 million tons of seafood products worth NZ$ 1.56
billion were exported in 2010-2011 (Ministry of Fisheries, 2012).

L. monocytogenes is microaerophilic (Jemmi & Stephan, 2006) with ability to
survive and grow under refrigeration temperaures (Chan & Wiedmann, 2008; Huss et
al., 2000; Rorvik, Yndestad, & Skjerve, 1991), a wide pH range (4.5-9.0) (Barker &
Park, 2001; Cheroutre-Vialette, Lebert, Hebraud, Labadie, & Lebert, 1998; Guenther,
Huwyler, Richard, & Loessner, 2009; Takhistov and George, 2005), and to tolerate up
to 10% w/v sodium chloride (Farber, Coates, & Daley, 2008). This bacterium can,
therefore, adapt and survive under harsh conditions in many different types of food
matrices and food processing environments.

Seafoods such as lightly preserved fish such as hot and cold-smoked fish (<6% w/v
salt and pH >5) and lightly salted fish products (brined cooked shrimp, herring, and
marinated products) stored under refrigeration are most susceptible to Listeria
contamination (Huss et al., 2000). Raw fish can be a vehicle for L. monocytogenes
entering into fish processing plants (Eklund et al., 1995; Huss, Jorgensen, & Vogel,
2000). Fish processing plants often report both sporadic and persistent Listeria strains
(Borucki, Peppin, White, Loge, & Call, 2003; Lappi et al., 2004; Moretro & Langsrud,
2004). L. monocytogenes becomes difficult to eradicate from food processing
environments due to its ability to form biofilms (Moretro & Langsrud, 2004; Pan,
Breidt, & Kathariou, 2006; Purkrtova, Turonova, Pilchova, Demnerova, & Pazlarova,
2010). This pathogen can also develop resistance to chemical disinfectants (Lou &
Yousef, 1997), contributing to its establishment in food processing environments, which
may lead to the cross-contamination of food during processing (Chmielewski & Frank,
2006, Tompkin, 2002).

Contamination of foods with L. monocytogenes has made costly food recalls
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globally (Mead et al., 2006; Wen, Anantheswaran, & Knabel, 2009; Wong, Street, &
Delgado, 2000). About 23 food recalls connected to L. monocytogenes contaminated
RTE food were reported between July 2006 and May 2009 in New Zealand, which
included mussel and smoked fish products (Crerar, Castle, Hassel, & Schumacher,
2011). Moretro & Langsrud (2004) suggested the need of developing alternative
biocides for improved sanitaion approaches in processing plants together with a better
understanding of the ecology of specific L. monocytogenes strains in seafood processing
plants.

Consumer demands for the use of natural antimicrobial agents in food processing
environments is driven by concerns of the potential health hazards of synthetic
chemicals (Goodridge & Bisha, 2011; Leonard, Virijevic, Regnier, & Combrinck,
2010). This concern is supported by Wirtanen and Salo (2003) who reported the
presence of chemical residues on food contact surfaces after sanitation procedures.
Biocontrol agents are generally recognized as safe (GRAS) and eco-friendly (Leonard et
al., 2010) alternatives and may be even more economic than synthetic chemicals. Some
essential oils of plant extracts, nisin, and lactic acid bacteria (LAB) cultures
significantly inactivated L. monocytogenes biofilm cells (Bower, McGuire, & Daeschel,
1995; Leonard et al., 2010; Leriche, Chassaing, & Carpentier, 1999).

Lytic bacteriophages (phages) are also a type of effective bactericidal agent that
can be used in a variety of food systems (Hagens & Loessner, 2010; Hudson, Billington,
Carey-Smith, & Greening, 2005). The lytic phages are safe to use in foods as they are
lethal only to their targeted bacteria and therefore not harmful to humans (Sulakvelidze
& Pasternack, 2010), do not alter the inherent quality of food and are biodegradable
(Hagens & Loessner, 2010). Two food grade commercial phage products are currently
available for use to control L. monocytogenes contamination. Micreos Food Safety
(2013) has introduced Listex"™ containing Listeria phage P100 which was isolated from
effluents of dairy plant in southern Germany (Carlton, Noordman, Biswas, De Meester,
& Loessner, 2005). The United States Food and Drug Administration (FDA) have
approved Listex ™ for the GRAS status (FDA, 2007) and also as a food additive to be
used in poultry and cheese products (Codex-Standard, 1987; Garcia, Rodriguez,
Rodriguez, & Martinez, 2010; Micreos Food Safety, 2013). ListShield™ is a cocktail of
six Listeria phages produced by Intralytix (2013) and these six phages have been
isolated from inner harbour sea water in Baltimore in USA (Pasternack & Sulakvelidze,

2009). The cocktail has gained approval by the FDA to be used as a food additive in
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RTE poultry products (Bren, 2007). The characteristics of these commercial phages
comply with food safety regulations of the FDA (FDA, 2006). Some of the biosafety
features of phages include the absence of genes that encode pathogenic exotoxins, the
inability to participate in transduction, are non-toxic and do not produce human
allergenic reactions (Carlton et al., 2005; Pasternack & Sulakvelidze, 2009). The high
efficacy of bacteriophages to control the L. monocytogenes and other pathogens has
been demonstrated in a variety of foods (Garcia et al., 2010; Hudson et al., 2005;
Mahony, McAuliffe, Ross, & Van Sinderen, 2011). Bacteriophages are also effective in
decontaminating food contact surfaces. ListShield™ has been approved by the
Environmental Protection Agency (EPA) to control L. monocytogenes contamination on
food processing surfaces (Sulakvelidze & Pasternack, 2010).

Roy, Ackermann, Pandian, Picard and Goulet (1993) reported that initial counts of
L. monocytogenes (4-5 logs) adhered on polypropylene and stainless steel could be
reduced by 3.5-3.7 log CFU/cm? after exposure to a three listeriaphage cocktail with a
titre of 3.5 x 10® PFU/ml at room temperature (26 °C) for 1 h. Hibma, Jassim and
Griffiths (1997) reported that attachment of cells (biofilm formation) did not occur on
the stainless steel at 30 °C for 6 h when coupons were immersed in an L-form cell
suspension (*10° CFU/ml) and 10° PFU/ml of a phage modified by bacteriophage
recombineering with electroporated DNA (BRED). In another experiment, a six hour
intervention of BRED phage (10'° PFU/ml) on an 18 h old L-form Listeria biofilm
reduced the biofilm cells of by ~3 log CFU/cm? (Hibma et al., 1997). The phage P100 at
10° PFU/ml, reduced initial counts of a two-day and a seven-day biofilm (=7 and 6.6 log
CFU/cm?, respectively) of L. monocytogenes on stainless steel by ~5.4 and 3.5 log
CFU/cm?, respectively at 22-24 °C after 24 h (Soni & Nannapaneni, 2010b). Two dose
levels (10" and 10° PFU/ml) of phage P100 decreased initial cell numbers (=4.3 log
CFU/cm?) of biofilm by ~3.4 log CFU/cm? after 8 h. The cell numbers decreased further
a non-detectable level (detection limit <0.25 log CFU/cm?) at 22 °C after 48 h
(Montanez-Izquierdo, Salas-Vazquez, & Rodriguez-Jerez, 2012).

There is little information on the lysis efficacy of phages against many of L.
monocytogenes strains isolated from seafood processing plant environments and
information on the efficacy of phages to control L. monocytogenes on processing
surfaces at low temperature (=15 °C) is not reported. The lytic effectiveness of phages
has been studied on exponential phase L. monocytogenes strains, however, it is known

that organisms are often damaged and undergo lag or stationary phase in the processing
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environment (Busch & Donnelly, 1992). They may be present in the final product and
processing surfaces in low numbers as injured cells (Dykes & Moorhead, 2002; FDA,
2001; Gill, 2010). Therefore, information on the lytic efficacy of phages against injured
cells is important to ensure the efficacy of bacteriophage treatments in food processing
environments.

Listex ™ has recently been approved to be used as a food additive in the New
Zealand food industry (Food Standards Australia New Zealand, 2013b). The application
of phage based products to control L. monocytogenes in the New Zealand seafood
industry has not been reported. However, the sector has expressed interest in evaluation
of the efficacy of phages in fish processing environments. The formulation of lytic
phage solutions using indigenous phages is seen as an exciting new area for the
development of uniquely New Zealand phage-based products. Therefore, the aim of the
present study was to determine the lytic efficacy of phages against L. monocytogenes
strains on food contact surfaces in fish processing plants, with the following objectives:
i) Isolation of natural lytic Listeria specific phage, that are effective at low
temperatures, from fish processing environments in New Zealand, ii) Characterization
of the best performing phage isolates by physical, biological and molecular methods, iii)
Evaluation of the lytic activity of phage against seafood-borne, physiologically
damaged L. monocytogenes strains and iv) Evaluation of the efficacy of phages against
L. monocytogenes adhered to surfaces and in biofilms and stability of phages under

conditions representing fish processing plants.

References
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Chapter 2: Literature Review

2.1 Introduction

L. monocytogenes causes listeriosis which is a major food-borne illness supported by
date from regular surveillances. Strict Listeria control strategies are developed and
implemented to prevent contamination of foods (Crerar, Castle, Hassel, & Schumacher,
2011; Klontz et al., 2008). Current decontamination treatments can only reduce
pathogenic bacteria to acceptable levels but cannot completely eliminate them from
food contact surfaces and processing environments (Goodridge & Bisha, 2011; Hagens
& Loessner, 2010; Tompkin, 2002). The chemical disinfectants used in food processing
environments may be toxic and corrosive at their most effective levels (Sulakvelidze &
Pasternack, 2010). The residues that potentially remain after an application, can pose
health risks and environmental pollution. Therefore, there is consumer demand for
alternate more natural anti-bacterial agents that are non-toxic (Goodridge & Bisha,
2011; Leonard, Virijevic, Regnier, & Combrinck, 2010). Another confounding issue is
the increasing resistance of bacteria to antibiotics used to treat human illness. This
makes human illness more difficult to treat (Ahmed, Kaderbhai, & Kaderbhai, 2012)

and supporting the development of alternative methods to prevent human illnesses.

Biocontrol (biological control) is the use of a natural living organism that is
antagonistic to another organism and this antagonistic effect can be used to suppress the
target population (Duche, Tremoulet, Glaser, & Labadie, 2002; Stephens, Roberts,
Jones, & Andrew, 2008). Therefore, the use of bacteriophages to control pathogenic or
contaminant bacteria in a given system can be viewed as a biocontrol approach. More
specifically, L. monocytogenes is a microorganism that is targeted for biocontrol.
Biocontrol of pathogenic bacteria has advantages over other control measures. Natural
lytic bacteriophage preparations has been approved in the category of generally
recognized as safe (GRAS) by United States Food and Drug Administration (FDA)
(Hagens & Loessner, 2010). Lytic bacteriophages have been accepted as one of the
alternate natural biocontrol agents (Goodridge & Bisha, 2011; Hudson, Billington,
Carey-Smith, & Greening, 2005). This review aims to discuss mainly the significance of

L. monocytogenes as a food-borne pathogen in the seafood industry and the isolation,



characterization and applications of bacteriophages, referring mainly to phages that

infect Listeria.

2.2  Bacteriophage ecology

2.2.1 Historical background of bacteriophages

Bacteriophages of Mircococcus and Shigella were discovered independently by
Frederick Twort, a British microbiologist, in 1915 and Felix d’Herelle, a French-
Canadian microbiologist in 1917 respectively (Duckworth, 1976). Nevertheless, there
were two previous incidences that reported bacterial lysis by unidentified agents in
cultures (Sulakvelidze, Alavidze, & Morris, 2001). In 1896, the lysis of Vibrio cholera
in vitro was observed by Ernest Hankin, a British bacteriologist and the other report two
years later, a similar lethal effect against Bacillus subtilis was noticed by Gamaleya, a
Russian bacteriologist. However unlike previous microbiologists, d’Herelle had
continued the investigations further in Shigella strains and proposed that the bacteria
killing agent could be a virus. Then he named the “virus” as a bacteriophage by the
combination of two words, “bacteria” and “phagein” which means “to eat” in Greek
(Sulakvelidze et al., 2001). After this early discovery, d’Herelle attempted to use phage
as a therapeutic agent and treated successfully a 12 year old boy affected with severe
bacterial dysentery (Sulakvelidze et al., 2001). Phages were later investigated for use in
other applications such as phage typing of bacteria strains (Loessner & Busse, 1990)
and bicontrol of bacterial pathogens in agriculture and farm animals (Ahmed et al.,
2012; Hoopes et al., 2009; Loessner, Rees, Stewart, & Scherer, 1996). Phages have been
trialed in a variety of biotechnological approaches such as delivery vehicles for protein
and DNA vaccines; as gene therapy delivery vehicles; as alternatives to antibiotics; for
the detection of pathogenic bacteria; and as tools for screening libraries of proteins,
peptides or antibodies (Clark & March, 2006; Hoopes et al., 2009; Loessner et al.,
1996).

2.2.2 [Existence in nature

Phages are the tiniest of parasites in the ecosystem. The phages are the most abundant
biological particles on earth (Abedon, 2009; Breitbart, Wegley, Leeds, Schoenfeld, &

Rohwer, 2012) with 10 times more phage than the number of bacteria in the
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environment (Chibani-Chennoufi, Bruttin, Dillmann, & Brussow, 2004). Being the
largest population on earth, the total number of phages are estimated to be about 10°'
(Hatfull, 2008; Hendrix, 2003; Rohwer & Edwards, 2002). Phages are omnipresent in
the ecosystem (Bergh, Borsheim, Bratbak, & Heldal, 1989; Mahony, McAuliffe, Ross,
& Van Sinderen, 2011) since they are found in every niche, including extreme
environmental conditions such as extreme cold, hot springs and animal guts
(Ackermann, 2003; Borriss, Helmke, Hanschke, & Schweder, 2003; Breitbart et al.,
2004; Sulakvelidze et al., 2001). Phages consist of core nucleic acid (DNA or RNA)
covered with protein coat (capsid) or lipid containing envelope and this structure is
referred to as a head. Additionally, some phages consist of a tail or other appendages
(Ackermann, 2009; Ahmed et al., 2012). Phages differ in their morphology and
dimensions as well (Ackermann, 2009). The diameter of the head is about 43-100 nm
and the length of a tail measures about 3-825 nm (Ceyssens & Lavigne, 2010;
Petrovski, Dyson, Seviour, & Tillett, 2012). Bacteriophages are obligate parasites of
bacteria that lack an independent metabolism (Ceyssens & Lavigne, 2010). They are co-
evolving with bacteria in nature and this has been demonstrated by comparative

genomic studies (Brussow, Canchaya, & Hardt, 2004; Hagens & Lossner, 2007).

2.2.3 Behaviour of phages and interactions with bacteria

In natural environments, phages infect and interact with bacteria (host) in different ways
(Ackermann, 2009; Weinbauer, 2006) for their survival. After a phage reaches a suitable
host surface it is adsorbed onto the cell surface receptors of the host. The adsorbed
phage starts its infection process by injecting the phage DNA into the cell and then,
phages follow either a lytic or lysogenic life cycle inside the host (Raya & Herbert,
2009; Weinbauer, 20006).

Lytic life style: This process results in the generation of new phage progeny through a
phage replication cycle and is explained as a single step replication (growth). Several
sequential distinct stages can be identified in the complete lytic cycle: 1) Adsorption and
attachment of a phage to the specific receptors of bacterial cell wall, ii) Injection of
phage genetic material into bacterial cell cytoplasm through a perforation made on the
bacterial cell wall and membranes, iii) Generation of phage DNA and capsid/envelop
materials of the progeny by altering bacterial biosynthetic machinery (eclipse period),
iv) Assembly of phages (post eclipse), and v) Release of progeny by lysis of the cell.
The amount phage released per one cycle (burst size) may vary from a few to 500 in
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numbers depending on the phage strain, the bacterial strain and its metabolic state
(Hyman & Abedon, 2009; Weinbauer, 2006). The release of progeny is accomplished by
the action of phage encoded holin (a hydrophobic polypeptide) and lysin. Holin makes
holes in cell membrane and lysin degrades peptidoglycan structures resuting in cell lysis
(Ceyssens & Lavigne, 2010). Single step growth of E. coil phages were studied in the
decade of 1940 (Delbruck, 1940). Considering the basic principles of these early
studies, systematic approaches and protocols of single step growth of phages are

described (Carlson, 2005; Hyman & Abedon, 2009).

Lysogenic life style: In the lysogenic life cycle, the genome is ejected by the phage and
then it integrates with the bacterial genome at a specific site in the genome or remains as
plasmid DNA (Ceyssens & Lavigne, 2010; Weinbauer, 2006). The phage genome,
which is fused into the genome of the host, is called a prophage or the temperate phage
while the bacterium bearing prophage DNA is called the lysogen. The expression of
repressor genes of the prophage prevents the progression of a subsequent lytic life cycle.
The integrated prophage is replicated along with division of the lysogen bacterium.
However, it has been found that under some harsh environmental conditions, such as
exposure to UV/ionizing radiation, mutagenic chemicals and heat etc., the dormant state
of temperate phage is terminated, the phage genome is activated inside the lysogen and
this subsequently causes the host bacterial cell to undergo lysis with release of a new
phages similar to the lytic phages. Many of the Listeria phages, currently, reported are
temperate phages (Loessner, Krause, Henle, & Scherer, 1994; Zink & Loessner, 1992).

Pseudolysogenic style: In this phenomenon, the phage DNA injected into cytoplasm
undergoes a dormant state in the host bacterium without following either the lytic or
lysogenic path (Gill, 2010). Ripp and Miller, (1998) demonstrated that Pseudomonas
aeruginosa specific phages enter into a pseudolysogenic state when the starved cells of
Pseudomonas were infected with phages. When the starved pseudolysogenic bacteria
are resuscitated with nutrient rich medium, the dormant phage is activated to follow
either a temperate or lyic pathway. The researchers suggest that this dormant state is a
natural mechanism of survival of phages in harsh environments where bacteria does not
have sufficient energy sources to spend on the phage’s lytic cycle or temperate status
(Ripp & Miller, 1998). Thus, some dormant phage-DNA in bacteria could be passed on

to new bacteria generations during bacterial division (Gill, 2010).



Lysogenic conversion: The transfer of some genes from a phage (prophage) genome to
bacterium (lysogen) genome is called lysogenic conversion during the temperate life
style (Weinbauer, 2006). Expression of some prophage genes and transfer of prophage
genes (morons) to the genome of the lysogen are believed to help increase the survival
fitness of the lysogen in the natural environment (Weinbauer, 2006). For example, some
prophages transfer genes encoding for the production of toxins in the lysogen, thereby,
pathogenicity (virulence) is established in the lysogen. Some of toxins which are
reported to be pathogenic for humans in Corynebacterium diphtheriae, Clostridium
botulinum, Streptococcus pyogenes, Staphylococcus aureus and E. coli (Shiga toxin) are
prophage genes (Brussow et al., 2004). In addition, the expression of repressor genes
during the temperate state prevents the lysogen from subsequent super-infection by
other phages. Lysogeny is a commonly prevailing phenomenon in bacterial ecology
(Raya & Herbert, 2009) and also common among Listeria strains (Loessner, Inman,

Lauer, & Calendar, 2002).

Transduction: Transduction refers the transfer of DNA of bacteria to other new bacteria
through the mediation of a phage and two types of transductions are explained
(Weinbauer, 2006). Generalized transduction occurs by packing a DNA fragment of the
bacterial genome into a newly generated empty phage capsid during the phage
replication inside the host bacterium. The bacterial DNA containing phage is called a
transducing phage particle which behaves similarly to the new phage particle and
transfers the bacterial DNA to another new host (recipient bacterium) upon infection. In
specialized transduction, both a fragment of host DNA near the integration site of the
host genome and regenerated phage DNA are packed into one capsid and then
transferred to a new bacterium. (Thierauf, Perez, & Maloy, 2009) The recombinant
novel bacterial DNA of the recipient genome may encode different characteristics

expressible in the recipient bacterium.

2.3  Different applications of phage and phage products
2.3.1 Typing phage
Listeria phages are used as a typing tool to identify L. monocytogenes strains since the

recognition of the first Listeria phage in 1945 (Loessner & Busse, 1990). Different

groups of phages selectively attack particular Listeria strains (Loessner, 1991). Eugster,
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Haug, Huwiler and Loessner (2011) described the distinguishable differences among the
serotypes based on the carbohydrate subunits of the cell wall teichoic acid (TA).
Different groups of phages bind to specific cell wall receptors (different carbohydrate
moieties) of Listeria strains that belong to a particular serotype (Eugster et al., 2011).
Therefore, the binding affinity of a phage group on Listeria strains specifically within a
serotype provides the basis for an additional sub-typing system (Loessner, 1991). Phage
based typing is economical and can be performed in laboratories with only basic
facilities. This method is very useful in discriminating the strains linked to food
poisoning outbreaks and epidemiological studies (Capita, Alonso-Calleja, Mereghetti,
Moreno, & Garcia-Fernandez, 2002; Loessner & Busse, 1990; Pasternack &
Sulakvelidze, 2009; Van der Mee-Marquet, Loessner, & Audurier, 1997). Loessner and
Busse (1990) pointed out that early typing work was based on solely the lysogenic
phage and typing sets were expanded by isolating new phages, including AS511 from

environmental samples.

2.3.2 Use of phages in rapid detection of L. monocytogenes in food

Bacteriophage A511 was modified to contain the gene luxAB which is naturally present
in Vibrio harveyi (Loessner et al., 1996). This Luciferase-reporter-bacteriophage
AS511::luxAB (LRB A511::luxAB) was evaluated using the samples spiked with L.
monocytogenes. The low count cells (5x10% CFU/ml) of L. monocytogenes were able to
be detected in the samples by LRB A511::luxAB assay in 2 h compared to conventional
detection methods requiring several days (Loessner et al., 1996). The results from the
LRB AS511::luxAB assay performed on Listeria contaminated field samples which
included a 24 h pre-enrichment were similar to the results obtained on sample by
performing the conventional 4 day plating method used detect to L. monocytogenes
(Loessner, Maier, Daubek-Puza, Wendlinger, & Scherer, 1997). The LRB A511::luxAB
assay was more effective in detecting L. monocytogenes in milk and environmental

samples than in meat and poultry samples (Loessner et al., 1997).

2.3.3 Lysins

Bacteriophage lysins are also called lysosymes, endolysins, muralytic or mureolytic
enzymes (Loessner, 2005) and are a highly effective group of bio-molecules that
degrade the ploypeptidoglycan structure (Weidenmaier & Peschel, 2008) leading to cell

lysis. Lysin has been suggested as a useful antimicrobial agent in the food industry,
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biotechnology and medicine due to the high specificity of lysin for the target bacterium
and high efficacy (Loessner, 2005). Lysins work best on Gram positive bacteria since
they have no external cell envelope. Lysin consists of two major subunits: the N-
terminal domain, which has catalytic function and C-terminal domain that binds
specifically to the cell wall. A purified recombinant lysin of ply511 (100 pl/ml) showed
complete lysis of L. monocytogenes in 150 s (Loessner, 2005). Lactococcus lactis
cloned with lysin genes (plyl118 gene of phage A118 and ply115 gene of phage A115)
was found to lyse L. monocytogenes cells in broth (Gaeng, Scherer, Neve, & Loessner,
2000). Another recombinant lysin expressed by gene LYS25 of Listeria phage FWLLm3
showed a broad lytic spectrum. The purified recombinant enzyme (50 mg at 60 U/ml)
caused lysis of lawns of 18 L. monocytogenes strains (serotypes 1/2a, 1/2b, and 4a), one
L. welshimeri (serotype 6a) and one L. innocua (serotype 6a). This purified protein (40
U/ml) lysed cell counts to an undetectable level by reducing the initial counts by >4 log
CFU/ml in soya milk at 4 °C in 3 h (Zhang, Bao, Billington, Hudson, & Wang 2012).
Lysins can be combined with other antibacterial agents in order to get synergistic effect
on less sensitive bacterial cells (Djurkovic, Loeftler, & Fischetti, 2005). Purified lysin
has been suggested for use as a therapeutic agent either alone or in combination with

known antibiotics (Loessner, 2005).

2.3.4 Monocins

Monocins have been described as bacteriocin like substances and some have been
shown to lyse Listeria strains (Bradley & Dewar, 1966; Zink, Loessner, Glas, &
Scherer, 1994). Monocins are described as defective prophages that can be induced by
mitomycin C or Ultra Violet (UV) light (Zink, Loessner, & Scherer, 1995). The
Transmission electron microscopy (TEM) images of monocins (obtained by inducing
under UV light) appear as phage tails (Kalmokoff, Daley, Austin, & Farber, 1999; Zink
et al., 1995). Zink et al. (1995) determined that monocins contain lytic enzymes in the
tail end from which it bind to the cell wall of Listeria strains. Monocins that had a broad
lytic spectrum were used as a supplementary tool in phage based typing of Listeria
strains including L. innocua and L. ivanovii but L. grayi was not sensitive to monocins
(Zink et al., 1994). Stability of different types of monocins also has been studied. A
monocin type (M1040) is stable at 30-40 °C, at 2 °C for several weeks, storage at -20
°C, at pH 3-11 but is not stable at 50 °C (Zink et al., 1995). Curtis and Mitchell (1992)

showed some monocins are trypsin-resistant and also heat labile at 50 °C. Monocins
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with a broad lysis spectrum, strain specificity and stability under a wide range of

conditions may have potential as control agents for L. monocytogenes.

2.4 L. monocytogenes as a food-borne pathogen
2.4.1 Prevalence of L. monocytogenes

This organism is a major food-borne pathogen causing listeriosis in humans. Listeriosis
outbreaks have occurred through nearly every type of RTE foods contaminated with L.
monocytogenes such as dairy, meat, fish poultry, fruits and vegetables (Gudbjornsdottir
et al., 2004; Schlech III & Acheson, 2000; WHO, 1988). A significant rise in the
incidences of listeriosis occurred in the European Union from 2003 to 2006 (Allerberger
& Wagner, 2009). The mortality rate of =20-30% is reported among listeriosis cases
(Mook, O’Brien, & Gillespie, 2011; Vazquez-Boland et al., 2001). High costs are
involved in managing this disease (Coffey, Mills, Coffey, McAuliffe, & Ross, 2010).
The RTE foods contaminated with Listeria has made costly food recalls globally (Mead
et al., 2006; Wong, Street, & Delgado, 2000). In 2007, 280 tones of green lipped mussel
meat that was found contaminated with L. monocytogenes were recalled globally by a
New Zealand company (“Listeria sparks”, 2007).

This bacterium was originally isolated from laboratory rabbits and guinea pigs in
1926 and named as listerella (Fish & Schroder, 1949; Schultz, 1945). Later, listerella
was named L. monocytogenes (Gibbons, 1972). L. monocytogenes is prevalent in nearly
every niche in nature, being found in soil, water and animals (Tompkin, 2002). It is also
carried in the human gut of up to 10% of individuals (Hodgson, 2000). This bacterium
is a Gram-positive, non-spore forming bacillus with flagella and has dimensions (length
and width) measuring =0.5-2.0 and 0.4-0.5 um, respectively. L. monocytogenes is
micro-aerophilic (Jemmi & Stephan, 2006), psychrotrophic and survives at 1-45 °C,
halo-tolerant surviving in up to 10% sodium chloride (FDA, 2001; Takhistov & George,
2005), capable of growing over a pH range from 4.5 to 9.0 (Takhistov & George, 2005)
and therefore capable to survive in wide range of environments (Chmielewski & Frank,
2006; WHO, 1988). L. monocytogenes is one species among eight Listeria species. The
other species of Listeria are innocua, seeligeri, welshimeri, ivanovii, grayi (Hitchins &
Jinneman, 1998), marthii (Graves et al., 2010) and rocourtiae (Leclercq et al., 2010). L.
monocytogenes has been reported as the main species causing food-borne listeriosis
despite the pathogenic potential of L. ivanovii and L. seeligeri (Hitchins & Jinneman,

1998).
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2.4.2 Fish industry and food safety

Fish and fishery products are gaining popularity as a source of healthy food containing
proteins with high biological value, fatty acids and essential micronutrients such as
minerals and vitamins (Wen, et al., 2011). Fish is referred to as a collective term which
includes fin fish, molluscs, crustaceans and any aquatic animal harvested (Fisheries and
Aquaculture Department, 2013). The world fish food supply is increasing dramatically
due to an increase in production and the development of the distribution channels
(Fisheries and Aquaculture Department, 2012). The fish food supplies were about 148
million tons in 2010 and 154 million tons in 2011. In 2010, more than 86% of the total
fish supply was used for direct human consumption and the remaining amount (20.2
million tons) was utilized in non-food uses (Fisheries and Aquaculture Department,
2012). Food fish was destined as live, fresh and chilled form (46.9%), frozen fish
(29.3%) and cured and other form of processed food (23.8%) in 2010. The non-food
uses of fish includes fish meal and fish oil (75% of total of non food fish), ornamental,
fingerling and fry in culture fishery, bait, feed in aquaculture and farm animals, and

pharmaceuticals (Fisheries and Aquaculture Department, 2012).

The fish production in New Zealand (NZ) is expanding under strategic plan of
Fisheries 2030 that aims to maximize the benefits from the use of fisheries for New
Zealanders within environmental limits (Ministry of Primary Industries, 2013). NZ is
ranked at 25" among the world fish product exporting nations and contributed
approximately 1.2% of world fish products exports (Ministry of Primary Industries,
2013). Fish products are becoming the seventh export commodity in NZ with 310,000
tones of total seafood exports worth about NZ§ 1.56 billion in 2010-2011 (Ministry of
Fisheries, 2012). The farmed Green shell mussels, salmon, rock lobster, hoki and squid
contribute to seafood products exported by NZ. Fish is harvested from different types of
natural and constructed or managed aquatic environments. In some instances, human
pathogenic bacteria are reported in the aquatic resources where fish are harvested. Being
high moisture and proteinaceous materials rich in soluble nutrients, the harvested raw
fish products can serve easily as sources for the pathogenic flora, such as L.
monocytogenes, and to enter fish processing plants. Food safety, therefore, is a high

priority for the seafood industry.
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2.4.3 Types of Listeria monocytogenes isolates linked to seafood contaminations

L. monocytogenes strains have been divided into 13 different serotypes (1/2a, 1/2b, 1/2c,
3a, 3b, 3¢, 4a, 4ab, 4b, 4c, 4d, 4e and 7) (FDA 2001; Neves, Lourenco, Silva, Coutinho,
& Brito, 2008; Norton et al., 2001; Rebuffo-Scheer, Schmitt, & Scherer, 2007). Many
studies have demonstrated that the variety of L. monocytogenes strains is more often
unique to the individual processing environment under consideration (FDA, 2001).
Studies on L. monocytogenes isolated from food-borne outbreaks and food processing
environments have shown that >90% of human listeriosis are caused by serotypes 1/2a,
1/2b, 1/2c and 4b (FDA, 2001; Jemmi & Stephan, 2006; McLauchlin, 1990; Neves et
al., 2008; Rebuffo-Scheer et al., 2007). L. monocytogenes (serotypes 1/2a, 1/2b and 4b)
are linked with >90% of human listeriosis cases (McLauchlin, 1990). L. monocytogenes
serotypes 1/2a and 1/2b are more predominant than serotype 4b in turkey processing

plants (Kim, Siletzky, & Kathariou, 2008).

Most of the seafood L. monocytogenes strains belong to the serotype 1/2a (Chou
& Wang, 2006; Cruz & Fletcher, 2011). About 80% of the L. monocytogenes isolated
from seafood retail products were serotype 1/2a strains and included roe of cod and
salmon (Handa et al., 2005). Miya et al. (2010) reported 54% of 39 isolates of L.
monocytogenes recovered from different seafoods (14 minced tuna, 7 salmon roe and 15
cod roe samples) were the serotype 1/2a, while others belonged to serotypes 3a, 1/2b, 3b
and 4b. One L. monocytogenes isolate was found in serotype 3b which is rarely reported
in seafoods. In another study, 15 strains of L. monocytogenes isolated from semi-
preserved RTE fish semi-preserves belonged to four different serotypes (1/2a, 4b, 1/2b
and 4b) constituting =73, 33, 67 and 6%, respectively (Gambarin et al., 2012). Cruz and
Fletcher (2011) found 96% of L. monocytogenes strains isolated from mainly mussel
processing premises in NZ belonged to serotype 1/2a or 3a and the remaining 4%
included serotype 1/2b, 3b or 7, similar to the previous findings of seafood premises.
Interestingly, =74% of the serotype 1/2a strains belonging to three PFGE based sub
typing groups were found recurrent in more than one processing plant. However, the
authors suggest that the recurrent nature of these strains may be linked to the
colonization ability of the strains of L. monocytogenes or continuous entering of L.
monocytogenes into the processing plant environment (Cruz & Fletcher, 2011). Cruz
and Fletcher (2011) reported the same L. monocytogenes strain which was linked to a
smoked mussel outbreak in 1992 (Brett, Short, & McLauchlin, 1998), among the strains
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isolated from environmental samples from mussel processing plants during sampling of
2007-2009. Rorvik, Aase, Alvestad and Caugant (2000) demonstrated six sub types
(Multilocus enyme electrophoresis) belonging to serotype 1 and 4, which were isolated
from patients and were also isolated from fish products and RTE fish products (i.e. cold

smoked salmon, marinated salmon, cold smoked mackerel and raw fish fillet).

Incidences of listeriosis reported with contaminated seafoods such as smoked
mussels, smoked salmon and undercooked fish have been reported (Brett et al., 1998;
Ericsson et al., 1997; Gudbjornsdottir et al., 2004; Tham, Ericsson, Loncarevic,
Unnerstad, & Danielsson-Tham, 2000). The seafoods that are lightly preserved such as
fish such as hot and cold smoked fish (<6% salt, pH >5), and lightly salted fish (brined
cooked shrimp, herring and marinated products) are more likely to be contaminated
with L. monocytogenes (Huss, Jorgensen, & Vogel, 2000). These investigations indicate
potential risks of listeriosis outbreaks due to seafood contaminated with L.
monocytogenes. Smoked fin fish and mussels have been identified under a risk category
of food associated with listeriosis outbreaks (FAO/WHO, 2004). Due to the severity of
the disease, many food safety regulatory authorities have set stringent tolerance limits
for L. monocytogenes in foods. Limited evidence is available to indicate that food
containing <100 CFU/g causes health risks to normal individuals (Jorgensen & Huss,
1998). A zero tolerance for L. monocytogenes in all RTE food is specified in the United
States by FDA (Klontz et al., 2008). Food Standards Australia New Zealand (2013a)
also implements zero tolerance limits for L. monocytogenes for RTE mussel products. In
the European Union, the tolerance level of L. monocytogenes between zero and <100
CFU/g is allowed for RTE which do not support the growth during storage
(Koutsoumanis & Angelidis, 2007; Tompkin, Scott, Bernard, Sveum, & Gombas, 1999).

The ability of L. monocytogenes strains to grow under refrigeration conditions,
the development of resistance to chemical disinfectants and the ability to form biofilms
in food processing plants may lead to the persistence in processing environments
(Folsom & Frank, 2006; Kim et al., 2008; Lunden, Autio, Markkula, Hellstrom, &
Korkeala, 2003; Moretro & Langsrud, 2004; Purkrtova, Turonova, Pilchova,
Demnerova, & Pazlarova, 2010). The most common niches in processing plants are the
narrow or covered surfaces that are difficult to clean and sanitize properly, such as
hollow rollers on conveyors, cracked tubular support rods on equipment, the space

between close-fitting metal-to-metal or metal-to-plastic parts, worn or cracked rubber
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seals around doors, on-off valves and many other points (Tompkin et al., 1999). Such
common surfaces and locations of food processing plants have been highlighted in

detailed (Tompkin et al., 1999).

The widely used disinfectants in food processing plants are quaternary
ammonium compounds, chlorine based compounds, ethanol, and peracetic acid
(Aarnisalo, Lunden, Karkalla, & Wirtanen, 2007; Gram, Bagge-Ravn, Ng, Gymoese, &
Vogel, 2007; Holah, Taylor, Dawson, & Hall, 2002). Experiments have revealed the
high efficacy of natural biochemical and organisms in controlling L. monocytogenes on
processing surfaces. These components include essential oils of plant extracts, nisin (a
commercially available bacteriocin) that has been approved by FDA, essential oils and
lactic acid producing bacteria (LAB) cultures (Bower, McGuire, & Daeschel, 1995;
Leonard et al., 2010; Leriche, Chassaing, & Carpentier, 1999). However, limitations of
the efficacy of each class of biocides in different applications, warrant alternate
approaches and the efficacy of bacteriohages in food systems are discussed in this

review.

2.5 Isolation of phages from environments
2.5.1 Isolation of natural lytic phages from the environments

Phages are most likely to be isolated from the habitats of the host bacterium and both
phage strains and host strains have been isolated from the same location (Hodgson,
2000; Kim et al., 2008; Walakira et al., 2008). The new phages were recovered using
different protocols depending on the type of sample, temperature and the potential
abundance of particular phages. The phage isolation protocols related to the variety of
sample types including water, soils, sludge and environmental swabs are described
(Carlson, 2005; Kim et al., 2008; Loessner & Busse, 1990; Walakira et al., 2008).
Listeria specific phages have been isolated from different environments including sea
water (Pasternack & Sulakvelidze, 2009), municipal sewage (Loessner & Busse, 1990),
dairy plant sewage (Carlton, Noordman, Biswas, De Meester, & Loessner, 2005),
different locations (floor drains, conveyer belts, boots, aprons) of a turkey processing
plant (Kim et al., 2008), human sewage effluent (Dykes & Moorhead, 2002), sheep
feces (Lee, 2008), and silage (Hodgson, 2000; Schmuki, Erne, Loessner, & Klumpp,
2012).
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2.5.2 Impact of the protocol used for the phage isolation

Kim et al. (2008) isolated phage from environmental swab samples following the
protocol given below. The swab samples were eluted in Brain Heart Infusion by
vortexing, the eluant was filtered (0.2 um filters), the filtrate was enriched with an
indicator host strain at 37 °C for overnight, and then filter sterilized enrichment was
assayed for plaque formation (Kropinski, Mazzocco, Waddell, Lingohr, & Johnson,
2009) at 37 °C. Phages were isolated from sewage by analyzing the sewage effluents at
30 °C (Loessner & Busse, 1990). The sewage effluents were centrifuged at 2,500 x g for
10 min, the supernatant was then filtered (0.22 um), the 10 ml sample filter was
inoculated with 0.5 ml of exponential phase L. monocytogenes (indicator strain) and
incubated at 30 °C for 5-6 h in shaker incubators, again centrifuged and filtered and
then assayed for the presence of phages following the drop testing method (Mazzocco,
Waddell, Lingohr, & Johnson, 2009). Phages remain firmly adhered in some
environments and therefore, they cannot be eluted easily (Mark R Liles, personal
communication, December 20, 2010; Parsley et al., 2010).

Different reagents have been investigated in order to elute phages from abiotic
substrates and thereby increase the potential of phage isolation. In an experiment to
evaluate the viral metagenome in activated sludge, bacteriophages were eluted from
sludge samples using 10% meat extract (Mark R Liles, personal communication,
Parsley et al., 2010). The researchers reported that the elution contained 95% of tailed
viruses (Order Caudovirales). The results indicate that the elution process was effective
over the total viral community since it has been estimated that approximately the same
percentage (96%) of total phages are represented by tailed phages in the natural
environment (Hagens & Loessner, 2007). Bitton, Chou, and Farrah (1982) achieved
about 40% elution efficacies for poliovirus virus from marine sediments using urea-
lysine and trichloroacetate-glycine (pH 9.0). Monpoeho et al. (2001) reported a high
yield of virus from sludge by using two eluant systems: a) Beef extract (10% w/v) at pH
9 followed by sonication, and b) Sodium chloride (0.3 M) and beef extract (7% w/v) at
pH 7.5 followed by Freon (fluorinated hydrocarbon) treatment. Most of the Listeria
phage isolations follow an enrichment step in the protocol (Kim et al., 2008; Lee, 2008;
Loessner & Busse, 1990). In some trials, the enrichment step was repeated twice
(Eisenstark, 1967; Jochen Klummp, personal communication, January 3, 2013). The
initial sample may have very few numbers of phages and/or insufficient elution in the

steps prior to the enrichment. Nevertheless, Hodgson (2000) reported that some Listeria
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phages were picked up directly by drop testing of filtrates of TM buffer which were
obtained by washing silage. The drops of silage-washed TM Buffer were placed on L.
monocytogenes lawns, incubated at room temperature and the resultant plaques were
picked up (Hodgson, 2000). However, the silage samples used had already been

identified to be infected with L. monocytogenes.

Due to high binding affinity, phages are lost on filters, nevertheless low protein
binding filters made with polytetrafluoroethylene, polypropyelene, polycarbonate,
polysulfone and cellulose acetate are recommended to use in phage filtration work
(Twest & Kropinski, 2009). Eisenstark (1967) indicated the high impact of phage loss
on filters which have the high phage binding affinity, in situations where very low
numbers of phages are present in the field samples. The author suggests passing a
protein solution through the fresh filter before filtering the sample enrichment in order
to reduce the phage loss. The author also suggests increasing the plating volume of the
field sample enrichments. Chloroform (CHCls) is used to lyse the bacteria in sample
enrichments for phage detection (Walakira et al., 2008). Some Myoviruses, however,
have been shown to be sensitive to CHCl; (Ackermann, 2009; Hodgson, 2000;). Some
isolates of a Listeria phage collection isolated from filter-sterilized samples were found
sensitive to CHCl; (Hodgson, 2000). Therefore, the use of CHCI; instead of filtering the
samples will narrow the diversity of phage isolation.

The use of divalent ions such as Mg™ and Ca™ (1-10 mM) in enrichments of
soil and water samples is recommended because sample phages effectively adsorb and
replicate in the presence of divalent cations (Twest & Kropinski, 2009). The Listeria
phages have been isolated using Ca®" in sample enrichments at 1.25 mM (Lee, 2008)
and 10 mM (Hodgson, 2000; Kim et al., 2008). In addition, 10 mM MgSOy has also
been used (Hodgson, 2000).

2.5.3 Effect of temperature of phage isolation

The phages are isolated at temperatures that relate to the growth temperature of the host
bacterium and/or the temperature tolerance of the phage being detected. Hodgson
(2000) isolated Listeria phages at room temperature (24 °C). Olsen, Metcalf, and Todd
(1968) isolated psychrotrophic and mesophilic phages specific for Pseudomonas by
screening the field samples with psychrophilic and mesophilic Pseudomonas strains at
20-25 °C and 37 °C, respectively. The psychrophilic Pseudomonas phages isolates
replicated between 3.5 and 32 °C while mesophilic phages replicated between 25 and 37
19



°C (Olsen et al., 1968) and they suggested that replication of phages may be influenced

by temperature sensitive enzymes.

Nearly all Listeria phages have been isolated from environments at 30 °C or
above except for a collection of phages, including phage P35 (Hodgson, 2000) which
were isolated at room temperature (Table 2.1). Phages replicate optimally in vitro at
temperatures from which they are isolated. The temperature tolerance and the
replication capabilities of phages are attributed to their ecology. There may be more
chances of discovering high productive Listeria phages at low temperatures using L.
monocytogenes from a low temperature environment. Phages with high replication

potential will be good candidates for bicontrol in foods stored under refrigeration.

20



1¢

Auewron
600 “'Te 32 3yasiog x9Sy Byl 801 ng 95 96 sepuinoydis U uanpyo 98emas ovd
“e 3o ddumnpy <6007 1B SEdNNID
12342810 “000T ‘UOSIPOH BC/1 011 ds 85 8°¢6¢ aepuinoydis 14 VSN/e8eis 10 ¢ed
86¢C wS9 X 09 £'o¢ sa[elinopne) 0¢ QE-ISIT
L91 w89 X TL 6°'1¢T ss|eJinopne) 0¢€ 9¢-1SIT
s0C w9 X 08 rov sajedinopne) 0€ pIsIT
600T “9ZpI[aAYe[nS X sajedinopne st
2 YORUINSEJ H00T 6¢ w87 X €6 oy [eldlnopned 0¢ €IsIT
IOY[O0A % ‘UBUUBWERYZOS
QZpIPARINS CLe ub? X 96 34 Sajedinopned 0¢ VS/1orem s
, PY‘ap ‘q¢ ey ‘BE mogqrey
/1 Q1 e/l St «s0S X 09 T sajelinopne) 0¢ JIauul s1own ey 81T
‘200C e 30 ddwunpy] « IINOURAI "7 pue Auewion
‘7661 “I19USS?07] pue yulz VUl 661 wsl8 9°LET aepUINOAN 0 Suenpjyo a3emas 115V
800T e 19 x lINOUBAL "1 JO ¢ AuewIan JAUdN[LJO
ddwmny 5007 “[e 32 UoyIE) Pue ¥ ‘7/1 861 568 €€l 9epUINOAN 0¢  Suissasoid Lreiq 001d
(tuu)
elI9IsI] jo (wu) peay jo y3Suol  (qY) dQwoudsd AJrwrey 10 19pI0 (Do)  Anunoos juonejost
0uoIdyy  sedAjorss Sunoojuy  Su9[ IRl X I9JoWRI(] Jo oz1g OIWIOUOXE]  UONB[OS] Jo oo1mog o3eyq

aeprinoydiS pue sepLIAOA SaI[Iwe) pue ssjeliropne)) 1opIo ayy o) Surduojaq saSeyd e14a)siT ONAT JO SonSLIvORIRY)) T'Z 3|0e.L



cc

UOAIS JON U

(A/m 947) proe onsgunjoydsoyd :d “(a/m 94,7) oyerooe ojfuern mn :ypim pautels K[oANESON g

surens ssusBbolfoouow 7 03 uonIppe ur sardads vLIBISIT JYI0 8K ¢

Y 91 10] D, LE Yeoms [el10)oeq uo sogeyd xIs o [1e1000 Jo [u/Ndd (01 JO |1 01 Aq pouLIoy ouoz sisA| paseq st oFuel JsoH

Ot PY QP vsn Auerd
800C “'Ie 10 wry ‘q¢ ‘qg/1 ‘eg B/l u u u u L€ Buissaooxd Aoyang,  [-S0$S08
2t PY ‘AP vSn puerd
8007 “"Te 10 wry ‘g qT/1 ‘Bg BY/I u u u u L€  Surssedord Aoy, [-22H0T
UQM_MQN MIN
800T 9971 «qb © B¢ ‘BT ‘e7/1 €1¢ 45001 u aepuInoAN 0¢€ /8209y dooys WM
« 9% Py ‘ap pueesz MoN
8007 997 ‘qz/1 “eg 10 BY/1 97T 45801 u 9epLIAOAN 0€ /se09p dasys  cw M
UQ&-&ON BOZ
110T e 391031 800 97T xqv ‘B¢ ‘BT BT/1 §TT 4586 u aepUINoA 0€ /s299p deays  TWTIMA
7107 ‘ddwnpy]  ,q9 ‘89 ‘G p ‘py Of PUBLIDZ)IMS
29 JOUSSQ0 “QUI ‘DINUIYOS ey /1 ‘q7/1 BY/1 1 W81TX LS 1'L9 sepuiroydis u /3e[Is sse1D) 0Ld
(to) (tou)
BlIg)sI Jo P3ud]  peayjo Sudl  (q]) woud3 A[ruuey (Do) u  Anunoo juone[ost
ooﬁolﬁmom wogﬁohvm wc_goo,t: :.NF X .HBQE.NMQ .wo QN_m 10 .5@.5 omEOonmr_L otm_Omw ,wo wo.ﬁ:ow omm&&

aepuInoydiS pue seplIIAOA SII[IWe) pue sgjedinopne) Jopio ay} 03 Surduo[aq sadeyd elL1a1sI d1A] JO SONSLIdIORIRYD)

(ponunuo)) Tz ajqeL



2.6 Characterisation of phage isolates
2.6.1 Different parameters to distinguish new phage isolates

Newly discovered phage isolates are differentiated by characterizing with different
parameters. The appearance of plaques is helpful in preliminary differentiation of lytic
phages from temperate phages and generally lytic phages form clear plaques while
temperate phages makes turbid plaques (Adams, 1959). However, culture based
characteristics are subjective and influenced by many experimental parameters and
therefore, phages need to be characterized with additional features which involve in
more precise determination methods such as the analysis of complete genome sequences
(Sulakvelidze & Pasternack, 2010). There have been exceptions to the discrimination of
lytic and temperate nature of phages based on plaque morphology. Listeria phage P35
forms a turbid plaque (Hodgson, 2000) but this phage has been characterized as strictly
lytic phage by genome sequencing (Dorscht et al., 2009).

Some biological, physical and genomic methods that are easy to perform with few
laboratory facilities have been reported to distinguish a variety of phages. These
methods include the presence of Ca™ in broth cultures (Walakira et al., 2008); stability
at 60 °C; efficiency of plating (EOP) in citrate agar (Oslen et al., 1968); size of plaques
over different gel concentrations (Serwer et al., 2004); and host ranges (Hodgson, 2000;
Kim et al., 2008; Lee, 2008; Loessner & Busse, 1990; Pasternack & Sulakvelidze, 2009;
Walakira et al., 2008). The phage isolates were discriminated using the images obtained
by Transmission Electronic Microscope (TEM) and restriction digestion profiles of the
phage DNA. The distinct restriction digestion profiles of phage DNA were obtained
using Clal, Sacl, and Spel for some Listeria phages (Kim et al., 2008; Loessner et al.,
1994; Pasternack & Sulakvelidze, 2009).

Ackerman et al. (1978) described guidelines for the characterization of phages
using a set of criteria under three categories (low, medium and high). The low level
criteria include plaque size, adsorption velocity, efficiency of plating, latent time, burst
size and pH sensitivity. The host range, stability of phages to physical and chemical
agents such as chloroform, ether, heat and ultraviolet light are included in the medium
level criteria. Under high level criteria, the morphology and dimensions of phages using
TEM images, determining types and percent of phage proteins, type and number of

strands of nucleic acids of phage are recommended.
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Bacteriophages discovered from different places can be found deposited in
reference laboratories including the Felix d'Herelle Reference Center, University of
Laval, Canada (http://www.phage.ulaval.ca/en/phage deposit); American Type Culture
Collection (ATCC), 10801 University Boulevard, USA (http://www.atcc.org/) and JSC
Biochimpharm, Georgia (http://www.biochimpharm.ge/).

2.6.1.1 Host range of phages
The host range is one of the main criteria for the selection of a lytic phage for its

suitability for biocontrol. The lytic Listeria phages have broad host ranges and they
were reported to infect Listeria species in addition to L. monocytogenes (Table 2.1).
Phage P100 has a broad host range (Carlton et al., 2005) and it infects >95% of Listeria
strains (approximately 250 food-borne Listeria isolates) that include L. monocytogenes
(serotypes 1/2 and 4) and L. ivanovii (serotype 5). Phage A511 (Klumpp et al., 2008)
also has broad host range and infects <95% of L. monocytogenes strains (serotypes 1/2
and 4) and 100% of L. ivanovii strains. LMP-102 (a six phage cocktail) is sensitive to
over 89% of the 160 L. monocytogenes strains belonging to serotypes 1/2a, 1/2b, 1/2c,
3a, 4a, 3b, 4b and 4d (Pasternack & Sulakvelidze, 2009). Some strains of L.

monocytogenes are not sensitive to the phages.

The lack of phage receptors on the host cell wall is one of the reasons for
resistance to phages (Hyman & Abedon, 2010). L. monocytogenes strain WSLC 1442,
(serotype 1/2a) is not infected by many of the phage strains including phage A511 and
phage P35 (Eugster et al., 2011; Wendlinger, Loessner & Scherer, 1996). Investgations
on cell wall receptors found that this strain lacks N-acetylglucosamine on the cell wall
TA (Eugster et al., 2011). The other phage resistant mechanisms of bacteria are the
uptake blocks (prevention of the phage genome reaching the bacterial cytoplasm after
phage adsorption on the cell wall), restriction modification, and clustered regularly
interspaced short palindromic repeats (CRISPR) (Labrie, Samson & Moineau, 2010;
Hyman & Abedon, 2010).

2.6.1.2  Taxonomy of Listeria phages
The present phage classification system of the International Commission of Taxonomy

of Virus (ICTV) is based on the scheme given by Bradley in 1967 (Ackermann, 2009).
The majority of phages have been classified under one Order (Caudovirales).
Caudovirales is the largest phage group (>90% of total known viruses) and consists of

tailed phages found to infect both Eubacteria and Archaea. Ackermann (2009) suggests
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the use of term “Prokaryote viruses” which include both Eubacteria and Archaea, in
place of the term “phage” which was originally given as a term for bacterial viruses
(Sulakvelidze et al., 2001). The current diversity of phage is expanding due to the
discovery of new phages with enormous structures that include the tailed phages that
infect halophilic and methanogenic archaea. Varied phages of hyperthermophiles are
quite dissimilar to the conventional phages (Ackermann, 2009). Phages belonging to the
order Caudovirales consist of double stranded DNA, icosahedral or elongated head, a
tail with appendages like base plates, tail fibers and spikes. The phage DNA is packed
into preformed capsid during replication, and there is no outer envelope (Ackermann,
2009). The order Caudovirales includes three phage families (Myoviridae, Siphoviridae
and Podoviridae) which are described based on the nature of the tail. Myoviridae has
long rigid contractile tail (e.g. phage AS511), Siphoviridae has a long non contractile tail
(e.g. phage A118) and Podoviridae has a short non contractile tail (e.g. E. coli phage
T7) (Ackermann, 2009).

A phage that could infect Listeria was first reported in 1947 (Schultz, 1945).
About 400 Listeria phages, both temperate and lytic strains, were reported in 2005
(Hagens & Loessner, 2007). The lytic Listeria phages reported to date are given in Table
2.1. All known Listeria phages belong to the taxonomic family Myoviridae or
Siphoviridae. The species of phage are classified based on a group of characteristics and
all of these characteristics may or may not find in a member of the species. This
approach is known as the polythetic-species concept (Ackermann et al., 1992).
According to the ICTV classification, phage A511 and P100 belong to the subfamily,
Spounavirinae; and Genus, Twortlikevirus. The species names of the two phages are
Listeria phage A511 and Listeria phage P100, respectively (ICTV, 2011).

2.6.1.3 Bio-safety characterization of lytic phages
The main bio-safety characteristics of a phage which is intended to be used in food

systems include the inability of transduction and lack of genes encoding for exotoxins
or allergins (proteins) and these features are assessed by performing bioinformatics
analysis on whole phage genome sequences (Carlton et al., 2005; Hagens & Loessner,
2010; Klumpp et al., 2008). The phages that have large linear permuted terminal repeats
of various sizes in the genome and lack of bacterial 16S-rRNA genes are described as
non-transducing phages (Carlton et al., 2005; Klumpp et al., 2008; Sulakvelidze &
Pasternack, 2010). Six Listeria phages of ListShield™ lack undesirable genes that
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encode exotoxins including genes of Staphylococcus aureus, Corynebacterium
diphtheriae, Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae, Clostridium
botulinum and Streptococcus pyogenes (Pasternack & Sulakvelidze, 2009). Also, P100
was assured to be non toxic for consumption by performing oral toxicity bioassays in

mice (Carlton et al., 2005).

The FDA has approved ListShield™ to be used in food to control L.
monocytogenes based on several criteria including the biosafety aspects, in brief: a) The
safety of use of the phage preparation (lethal only to L. monocytogenes and not for other
living organisms, b) Level of potential residues of L. monocytogenes toxins
(haemolysin) are well below the acceptable limits, c¢) Phage does not contain
undesirable genes such as those conferring production of toxigenic compounds and is
unable to transduce, d) High phage titre, €) Absence of L. monocytogenes and other
pathogens and f) Content of the total organic carbon in the phage formulation (FDA,
2006).

2.6.1.4  Phage binding receptors on the L. monocytogenes cell wall
The binding of bacteriophages occurs on different receptors on the bacteria cell wall.

Teichoic acids (TA) of cell wall peptidoglycan were described as the components of
phage receptors of the Gram positive bacteria such as Bacillus spp. Lactobacillus spp
and Listeria strains (Givan et al., 1982; Wendlinger et al., 1996; Yokoura, 1977). In
addition to the cell wall peptidoglycan, some phage strains bind to different appendages
or other structural components associated with cell wall. For example, P. aeruginosa
bacteriophage D3112 binds onto pili (Roncero, Darzins, & Casadaban, 1990), B. subtilis
bacteriophage SP3 binds onto flagella (Shea & Seaman, 1984), E. coli bacteriophage
K29 attach to the capsule (Bayer, Thurow, & Bayer, 1979), T7 phage binds onto
lipopolysaccharide (LPS) and T5 phage onto surface proteins (Furukawa & Mizushima,
1982).

Wendlinger et al. (1996) identified cell wall components of L. monocytogenes that
serve as receptors for three phage strains. They demonstrated that cell wall TA together
with rhamnose and glucosamine serve as receptors for phage A118 (a temperate phage).
The cell wall TA was the receptor for phage A500. The both phage A511 and P35 which
are broad host range lytic phages, bind to the N-acetylglucosamine of petidoglycan of
the L. monocytogenes cell wall (Eugster et al., 2011; Wendlinger et al., 1996). The
presence or absence of N-acetylglucosamine in the cell wall can be visualized by
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staining Listeria strains with fluorescently labeled wheat germ agglutinin (WGA)
(Nir-Paz, Eugster, Zeiman, Loessner, & Calendar, 2012).

2.6.1.5 Adsorption rate constant (k value)
The rate of attachment of phages on bacteria is depend on the number of phages and

bacteria present, effective radius of the phage particle, rate of diffusion of the phage,
temperature applied, ionic strength of reaction medium and number of receptors on the
host cell wall (Hyman & Abedon, 2009). Kasman et al. (2002) indicated the magnitude
of phage k values is influenced by cell wall receptor density by comparing the k values
of two E. coli phages (T4 and M13) against the same bacteria strain. Phage T4 has a
high k value (2.4 x 10 ml/min) since there are ~300 number of phage T4-specific
receptors on the bacterium. The k value of M13 is 3 x 10™"" ml/min due to the presence
of only =2-3 M13-specific receptors on the bacterium. Adsorption capabilities of a
given E. coli phage population are heterogencous and therefore, a non-adsorbing
fraction of phages (=5%) is found at the end of about a 15 min adsorption assay period
(Schlesinger, 1932). Gallet, Lenormand and Wang (2012) also demonstrated that a
residual phage fraction (un-adsorbed E. coli phage) does exist in a given phage
population. They suggest that an un-adsorbed phage fraction may help to prevent the
lytic phages from extinction in the natural environment in harsh conditions where
productive infections cannot be progressed after the phage adsorption. Moldovan,
Chapman-McQuiston, and Wu (2007) found that the adsorption rate of phage Lambda
onto E. coli Ymel strain dropped at around 4 °C compared with temperatures between
15 and 40 °C. They demonstrated that the phage binding receptors of bacterial cell wall
were coagulated at low temperatures. However, the effect of low temperatures on the k

value of psychotropic Listeria phages has not been reported.

The k value is a useful parameter to determine mutants of both phage and
bacterial strains and the influence of different cofactors on phage binding (Hyman &
Abedon, 2009). The k value is also an important measurement in phage based lysis
kinetics (Abedon, 2009; Bigwood, Hudson, & Billington, 2009; Hagens & Loessner,
2010; Kasman et al., 2002).
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2.7  Phage application strategies
2.7.1 Different approaches of phage application

Optimum lytic effectiveness of phages against given cell population can be achieved by
either active or passive biocontrol approaches (Abedon, 2009; Gill, 2010). In the active
biocontrol strategy, a low phage dose that is not sufficient to infect all cells, is
introduced initially in a given system and sufficient number of phages to infect total
cells are expected to produce by self-replication over time and therefore this approach
involves a comparatively long treatment time. The rise in the numbers of phage during
replication is associated with a decrease in bacterial counts. Theoretically if phages are
not lost by other factors in the system and a high phage yield results from replication,
all remaining cells will be subject to lysis. Some phage challenge experiments, which
had used initially low phage titres, achieved a significant reduction of target cells to
non-detectable levels over time (Leverentz, Conway, Janisiewicz, & Camp, 2004;

Montanez-Izquierdo, Salas-Vazquez, & Rodriguez-Jerez, 2012).

In the passive bicontrol strategy, the initial dose itself contains a sufficient number
of phages which can infect all target bacteria by adsorbing a one phage, at least on each
bacteria within a comparatively short time (Gill, 2010). The time required for passive
biocontrol path may be shorter than a lysis time (latent time) of a phage, because the
minimum time required to kill the cells from this approach will be up to the successfully
initiation of phage infection that occurs following the adsorption of a phage and then the
ejection of phage DNA. After the initiation of a phage infection in a bacterium, the
infected bacterium loses its own synthetic pathways (Abuladze et al., 2008). The
intervention time is relatively shorter than for the active control approach which relies
on phage replication over time (Abedon, 2009). The initial phage dose to lyse the total
cells can be predicted by using an equation given by Kasman et al., (2002) which makes
asumptions which will be discussed in another section below. A study which had used
sufficiently high phages reported complete elimination of a Yersinia strain cell
contamination on hard surfaces in =5 min (Rashid et al., 2012). However, the optimum
time required for infection (lysis) of bacteria may depend on properties of a given

treatment environment.

Another passive mode of cell lysis described as lysis from without (LWO), also

causes cells to lyse without forming new phages (Abedon, 2011). In this phenomenon,
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simultaneous adsorption of multiple phages causes the damage of the cell wall and then
lysis of the cell (Abedon, 2011). The adsorbed phages are also destroyed along with
lysis of the cells. Delbruck (1940) demonstrated that cell lysis occurs in a relatively
short time (=10 min) when ~10° CFU/ml cells were mixed with 200 times more E. coil
phages. Nevertheless, some bacterial strains are not sensitive towards LWO (Abedon,
2011). The possible reasons for resistance have been explained as the expression of
certain genes (gene sp) of the prophage (Abedon, 2011). An experiment showed that
Staphylococcus aureus was not sensitive to LWO with phages alone but the supply of
phages and lysin together showed lysis of cells (Ralston, Baer, Lieberman, & Krueger,
1957; Ralston & Mclvor, 1964). In some instances, cell lysis induced by lysin alone is
also called LWO (Abedon, 2011).

Phages could be used as anti-bacterial agents targeting one or both of the above
lysis strategies depending on the scope of the application. The active strategy will be
more suitable if the action of the phage is expected to remain for over the course of time
such as for the degradation of complex biofilms and therapy in human infection (Lu &
Collins, 2007; Sutherland, Hughes, Skillman, & Tait, 2006). For the application of
phages as surface decontamination agents in processing plants etc, the LWO method
would be more appropriate since it could achieve fast killing of cells without running
the risk of a productive infection that could lead to the emergence of phage resistant

bacteria. One disadvantage of this approach is the need for high phage titres.

2.7.2 Kinetic modelling of phage application

Kinetic models are useful to estimate phage doses or the efficacy of a phage treatment
under different dosing times and target levels of cell populations in different
environments. The important parameters in assessing the efficacy of phage based lysis
kinetics are host population, phage adsorption rate constant (k), phage dose and phage
application time (Hagens and Loessner, 2010). An MOI of 10 given in mathematical
model of Schelsinger (equation 1 of Kasman et al., 2002) has been used as the main

model for many early phage challenge experiments (Kasman et al., 2002).

The MOI of 10 was found to fit for experiments that used high count cell cultures.
The high level of cell lysis was achieved by using 10 times more phages. However, low
count cell cultures (=10° CFU/ml) cannot be effectively lysed using ten times more

phages as explained by Hagens and Loessner (2010). When one reactant occurs at a
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very low level, the other reactant must be at sufficiently high enough for a collision to

occur to allow the reaction to proceed (Hagens & Loessner 2010).

The reasons for the failure of phage-based lysis of low count cells by following
Schlesinger’s model, was also elaborated using a new model (equation 2 of this
reference) which was a derivative of Schlesinger’s model (Kasman et al., 2002). The
new model defined the multiplicity (MOI) of 10 as MOl and shows a relationship
between MOI (MOl that is a ratio of the phages to host at the start of the treatment.
An MOla of 10 brings =99.999% cell infection, assuming a Poisson distribution
(Abedon, 2009; Kasman et al., 2002). In order to maintain a MOl,¢q, of 10, the value of
MOIpy: or size the input phage dose should be manipulated in terms of the target host
cell counts, k value and length of phage dosing time. According to the new model, a
phage dose containing a considerably high titre is required to completely lyse the low
count culture in a short time. This was also demonstrated experimentally by Kasman et
al. (2002). This model makes the assumptions that all cells are sensitive to phage and
the cell concentration remains constant during the phage dosing. Therefore, these
assumptions are fairly valid in phage applications with a short intervention time. Based
on this new model, another equation (equation 4 given by the authors) was elucidated
that could be used to calculate an effective input phage dose against a given cell
population (Kasman et al., 2002). The efficacy of phages should be assessed against low
counts of bacteria since food processing plants are operated under hygienic regimes

(Hagens & Loessner, 2010).

2.7.3 Commercial phage products for the food industry

Phage P100 has received GRAS status and approval to be used as a food additive in
ready-to-eat (RTE) meats by FDA (Micreos Food Safety, 2013). Intralytix (2013) has
manufactured three food grade bacteriophage products: ListShield™, EcoShield™ and
SalmoFresh™ which can be used to control contaminations of L. monocytogenes,
Escherichia coli O157:H7 and Salmonella strains highly pathogenic for humans.
ListShield™ is a phage cocktail of six phages received approval by the FDA as a food
additive in RTE meat and poultry products (Intralytix, 2013; Sulakvelidze & Pasternack
2010).
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2.7.4 Listeria phage-based biocontrol in food systems

Gunether et al. (2009) investigated phage A511 in different food types contaminated
with two L. monocytogenes strains (WSLC1001 and Scott A) in separate trials. Different
phage titres (3 x 10°- 3 x 10® PFU/g) were assessed. The phage A511 at 3 x 10® PFU/g
was effective in reducing ~10°> CFU /g of initial L. monocytogenes counts in different
food types at 6 °C for 6 days. The viable cell counts of both Listeria strains in cabbage
and iceberg lettuce were dropped by >2 log units after one day followed by slow growth
(<1 log unit) during six days compared with untreated control which showed final
counts of 3-4 log CFU/g. The initial contamination level (=3 log units) of both strains in
chocolate milk and mozzarella cheese brine, was reduced to a non-detectable level after
1 and 3 days, respectively and re-growth did not occur while L. monocytogenes counts
of control chocolate milk and mozzarella brine reached to =6 and 4.5 log units,
respectively. In hot dogs, cells of both strains were decreased by <1 log unit in day 1.
Strain WSLC 1001 infected with phage remained non-detectable for 2-6 days in
hotdogs. However, ScottA grew slowly over 6 days up to ~1.5 log CFU/g compared
with the control which reached over 4 log units CFU/g in 6 days. In mixed seafood
(cooked shrimp, mussel and calamari) and sliced cooked turkey meat, initial
contamination reduced by =1 log unit in day 1 and then cell counts increased but
remained low compared with counts of the controls which reached to >6 and >5.5 log
CFU/g, respectively after 6 days. The least effective product to be treated was smoked
fish with a =1 log unit reduction of strain WSLC 1001 cells in day 1 after which the
levels remained static for 6 days. With Scott A, the initial reduction was <0.5 log units
with no further reduction over 6 days (Guenther et al., 2009). The low efficacy of
phages in treating smoked fish and meat may be due to the dryness of the surfaces and
limited diffusion of phage and shielding of the host in the matrix of uneven surfaces
(Guenther et al., 2009). The efficacy of phage can be increased using high phage doses
and larger liquid volumes on such surfaces. These investigations suggest the need to
find suitable protocols to optimize the phage efficacy for particular foods (Guenther et

al., 2009).

A six phage cocktail (LMP102) against L. monocytogenes LCDC81-861 (a strain
implicated in a processed cabbage outbreak) was investigated in cut pieces of honey
dew melon (Leverentz et al., 2004). In one assay, melons were contaminated with =1.5

log CFU/cm’) of L. monocytogenes and then sprayed with a phage cocktail (10°
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PFU/ml) immediately. The viable counts reduced to a non-detectable level in 2 days and
then a re-growth of cells occurred to ~0.4 and 1.8 log CFU/cm® at 10 °C after 5 and 7
days, respectively. When phages were applied to the melon 30 min after contamination
with L. monocytogenes (=1.4 log CFU/cm?), the cell counts reduced and remained non-
detectable for 2 days. Later, the contamination level increased slowly to =3.2 and 4.6
log CFU/em’ at 10 °C after 5 and 7 days, respectively. However, the rise of cells was
significantly lower than in growth on the control melon (7 log CFU/cm?) after 7 days. In
cut surfaces of apples, phages failed to reduce the Listeria contamination and it was
believed to be due to the rapid loss of phages to a non-detectable level in 30 min due to
the high acidity (pH =4.4) of apple pieces (Leverentz et al., 2003; Leverentz et al.,
2004). About 10® PFU/ml was necessary to reduce the pathogen populations to a non
detectable level and phages needed to be sprayed onto cut pieces of honey dew melon
the immediately after cutting in order to control the L. monocytogenes growth on this

product (Leverentz et al., 2004).

The lysis effect of P100 (6 x 10’ PFU/cm?) was evaluated against a low count
contamination of L. monocytogenes LmC (serotype 1/2c¢), isolated from a dairy plant, on
red smear cheese at 14 °C for 10 days followed by packed storage at 6 °C for 5 days
(Carlton et al., 2005). Initial contamination of ~2 x 10' CFU/cm” was decreased to a
non-detectable level (<5 CFU/cm?) by phage P100 over 6 days and re-growth did not
occur for another 15 days. In the uninfected control cheese, the level of contamination
increased from ~10' to 10" CFU/cm® during 21 days. The elimination of surface
contamination of L. monocytogenes was confirmed by a protocol that included a pre-
enrichment step followed by subsequent enumeration of cells using a plating method

(Carlton et al., 2005).

The phage-based biocontrol of L. monocytogenes during cheese ripening occurred
at 12-13 °C in 11 days followed by 6 °C for 11 days (Guenther & Loessner, 2011). L.
monocytogenes strains (Scott A and CNL 103/2005) that are linked to a cheese
listeriosis outbreak were challenged with phage A511 (3 x 10° PFU/cm?). Scott A was
inoculated on white mold soft cheese (=10° CFU/cm?) and phages were applied after 1
h. The cell counts were decreased by 2.5 log units after the cheese ripening period (21
days) compared with counts in the untreated control cheese. More or less similar
efficacy was also shown when phages were applied on cheese after 1 and 20 h of the

Listeria contamination (repeat dosing). The application of a single treatment containing
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a high phage dose (=1 x 10° PFU/cm?) after 1 h of Listeria contamination was able to
reduce growth of Listeria contamination at a significant level than above phage
treatments during ripening period. The phage A511 at 3 x 10* PFU/cm’® was able to
reduce the initial Scott A contaminations (10" and 10* CFU/cm?) in unripened cheese to
a not detectable level (<1 CFU/g) after 1 and 6 days, respectively and remained so for
21 days compared with high counts (7 log units) in untreated control after 21 days.
Sufficient phages are needed in the initial single dose treatment as the phages are not
believed to be able to effectively penetrate the microbial consortium on ripening rind as
a complex biofilm develops (Guenther & Loessner 2011). The L. monocytogenes CNL
103/2005 had a comparatively fast growth rate in the cheese model showing the

adaptability of this strain to cheese processing environments.

Holck and Berg (2009) studied the effectiveness of P100 (5 x 10’ PFU/cm?)
combined with Lactobacillus sakei THI (10° CFU/cm?) in controlling contamination
with two strains of L. monocytogenes [strain 2230/92 (serotype 1) and strain 167
(serotype 4b)] on cooked ham under vacuum, stored at 10 °C for 28 days. The ham
slices were contaminated with mixed Listeria cultures containing ~10° CFU/cm?, and
phage were applied after 1 h at 20 °C. L. sakei THI were then inoculated onto the ham
after 1 h of the phage treatment. The ham samples were stored at 10 °C for 28 days. A
rapid reduction of contamination by 1 log CFU/cm? occurred in samples treated with
phage alone or both phage and L. sakei within the first day. But in phage treated ham,
the Listeria grew gradually up to =8 logs over 28 days, similar to the final counts of
control ham. There was a 2 log units reduction of cells in ham which received both
treatments compared with phage alone application during the 28 day storage. The initial
counts of 10* CFU increased to 7 and 8 log CFU/cm? in 7 and 14 days, respectively then
counts remained static in the control untreated samples up to 28 days. The results
demonstrated a synergistic effect of the combined treatments in mitigating the growth of
L. monocytogenes during the storage of hams compared with the application of phage

alone.

Bigot et al. (2011) investigated the efficacy of phage FWLLmI1 to control L.
monocytogenes contamination in vacuum packed chicken meat during storage at 5 °C.
They used L. monocytogenes 2004/47 strain isolated from meat and linked to an
outbreak (Sim et al., 2002). The phages at 2.5 x 10’ PFU/cm® controlled the initial

contamination (10° CFU/ cm®) of L. monocytogenes close to a non-detectable level at 5
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°C for 21 days. The phage P100 was assessed for the control of a two strain mix of L.
monocytogenes [EGD (1/2a) and Scott A (4b)] in catfish tissues (Soni et al., 2010). The
initial contamination of cells (=4.3 log CFU/g) was reduced by ~0.4 and 1.6 log CFU/g
by the application of phage 2 x 10° and 2 x 10" PFU/g, respectively at 22 °C for 2 h.
When the phages were used at a higher level (2 x 10’ PFU/g) this resulted in a decrease
of =0.8 and 1.3 log CFU/g after 15 and 30 min, respectively at 22 °C, with no further
significant reduction for =1.5 h (p >0.05). This experiment showed the cat fish tissues
should be treated with phages for at least 30 min for the best control of L.
monocytogenes (Soni et al., 2010). The effectiveness of phage P100 (2 x 10’ PFU/g)
against L. monocytogenes contamination (4.3 log CFU/g) in cat fish fillets was assessed
during storage at 4 and 10 °C. The phages reduced the initial contamination to =2.7 log
in 30 min followed by slow growth of the remaining cells to reach 3.8 log CFU/g at 4
°C for 10 days compared with growth in controls to 5.2 log CFU/g. At 10 °C, the initial
counts decreased to 2.5 log CFU/g in 30 min following phage treatment followed by
growth to a lower level (4.3 log CFU/g) in 10 days compared with counts (6.3 log
CFU/g) in the untreated control (Soni et al., 2010).

A series of phage P100 doses were evaluated against a two strain mix of L.
monocytogenes (EGD and Scott A strain) contamination in salmon fish fillets at 4 and
22 °C for 2 h (Soni & Nannapaneni, 2010a). A phage dose of 10° PFU/g resulted in a
decrease in the initial cell contaminations of =2, 3 and 4.5 log CFU/g on salmon fillets
by 1.8, 2.5 and 3.5 log CFU/g, respectively in 30 min either at 4 or 22 °C. The
contamination on salmon fillets (=1.6 log CFU/g) was reduced to 0.3 log CFU/g by
phage treatment (10® PFU/g) after day 1 and then remained static at 4°C over 10 days,
while contamination of untreated control fillets increased to 2.6 log CFU/g in 10 days

(Soni & Nannapaneni, 2010a).

2.7.5 Phage treatment of abiotic surfaces

Listeria phages significantly reduce bacterial contamination on abiotic surfaces (Roy,
Ackermann, Pandian, Picard, & Goulet, 1993; Soni & Nannapaneni, 2010b). The time
involved in the phage-based cell lysis is longer than exposure time of the antimicrobial
(chemicals) in categories defined by the EPA (Sulakvelidze & Pasternack, 2010). A
chemical sanitizer should be able to reduce 5 log units of cells (99.999%) in 30 s
(Sulakvelidze & Pasternack, 2010). Therefore, EPA has classified the bacteriophages

intended to be used in environmental applications under the category of microbial
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pesticides (EPA, 2013) and Listhield™ has been approved by the EPA as a microbial

pesticide to be used on food contact or other surfaces.

The lysis of L. monocytogenes adhered onto stainless steel and polypropylene was
investigated by using three Listeria phage strains (2671, H38 and H387-A) (Roy,
Ackermann, Pandian, Picard, & Goulet, 1993) Two L. monocytogenes strains [10401
(serotype 4), and 8427 (serotype unknown)] were investigated separately. The lysis
efficacy of individual phage and a cocktail of three phages were evaluated at 3.5 x 108
PFU/ml. The cells adhered onto stainless steel and polypropylene were in the range of
~4-5 log CFU/ml. Single phage or cocktail phages reduced the adhered cell counts by
99-99.9% at 26 °C in 1 h with the highest efficacy was shown by the phage cocktail.
The investigators also reported that the combined application of a phage cocktail (10
PFU/ml) and 40 ppm quatal [10.5% N-alkyldimethyl-benzylammonium, HCI (40% C-
12, 50% C-14, 10% C-16) and 5.5% glutaraldehyde] completely lysed the cells on both
surfaces indicating a strong synergistic effect. The combined use of disinfectants will
help to reduce the use of synthetic chemicals in food processing environments (Roy et
al., 1993). Hibma, Jassim and Griffiths (1997) investigated the control of the cell-wall
deficient L. monocytogenes (L-form) that are reported to cause meningitis was
investigated using a phage modified by a process called bacteriophage recombineering
with electroporated DNA (BRED) phage. The L-form L. monocytogenes were formed
using L. monocytogenes ATCC 23074 (serotype 4b), containing a IuxAB gene
expression plasmid, [pSB331). A BRED phage was obtained by a chemical treatment of
a L. monocytogenes phage ATCC 23074-B1. The attachment of L-form cells on stainless
steel coupons (SSC) was prevented by the BRED phage when SSC were immersed in
an L-form cell suspension (=10° CFU/ml) containing ~10° PFU/ml of BRED phage at
30 °C for 6 h. In the control experiment, the cells were attached onto SSC that were

incubated in a cell suspension without phage (Hibma et al., 1997).

2.7.6 Effectiveness of phage in biofilms

Soni and Nannapaneni (2010b) examined the efficiency of P100 in the degradation of
two and seven day biofilms formed under static conditions on stainless steel at 22 °C
using five L. monocytogenes strains (two 1/2a strains and three 4b strains) on SSC (1
cm?). The Listeria culture used to inoculate the stainless coupons was replaced with
fresh TSB at 2 day intervals during the formation of the biofilms. Both 2 and 7 day old

biofilms were treated with 1 ml of phage (10° PFU/ml) for 24 h followed by a count of
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surviving Listeria. The cells of the 2 day biofilm (=7 log CFU/cm?) were reduced by
~5.4 units and from the 7 day bioflm (6.6 log CFU/cm?) were reduced by ~3.5 log units
(Soni & Nannapaneni, 2010b). This investigation suggests that cell lysis due to phage
treatment is affected by the age of the biofilm.

Montanez-Izquierdo et al. (2012) evaluated the effect of P100 on a 3 day biofilm
formed by L. monocytogenes CCUG 15526 on stainless steel at 22 °C. Phage
suspensions of 100 pl containing 10°, 10%, 10" and 10® PFU/ml were used to treat the
biofilm and surviving cells were enumerated after 2, 8, 24 and 48 h. The two phage
treatments (10’ and 10® PFU/ml) for 8 h, resulted in a reduction of biofilm cells (=4.3
log CFU/cm?) by ~3.4 log units. Biofilm cell counts reached non-detectable levels after
48 h of treatment (Montanez-Izquierdo et al., 2012). A phage (10" PFU/ml)
significantly reduced the cells of an 18 h old L-form biofilm by ~3 log CFU/cm? at 30
°C over 6 h (Hibma et al., 1997). They reported a similar level of cell reduction using
lactic acid (pH 3.2) at 130 ppm over 6 h.

2.7.7 Stability of phages

The phages should be stable under conditions used to store phage stocks and conditions
under which the phage is used as a biocidal agent (Guenther, Huwyler, Richard, &
Loessner, 2009; Hudson et al., 2005). Listex ™ (P100 suspended in saline) is stable and
active at 4 °C, pH ranges of 5.5-9.5, in saturated NaCl and water activity range of 0.92-
0.99, while it is inactivated at >50 °C, <pH 3 and low levels of HOCI solutions (Micros
Food Safety, 2013). ListShield"™ phage cocktail is contained in phosphate buffered
saline at pH 7.0-7.5, UV sensitive and stable at 2-6 °C in the dark during storage
(Intralytix, 2013). The number of phage AS511 on fresh sliced cabbage and lettuce
reduced by =0.6-1.2 and =2 log PFU/g at 6 and 20 °C, respectively during a 6 day trial
(Guenther et al., 2009). Researchers suggested natural compounds present in vegetable
leaves such as organic acids and tannins may have damaged the phages during storage.
The phage numbers reduced only by <0.6 log PFU/g in sausages, cooked turkey breast
meat, smoked salmon, mixed seafood (cooked and chilled cocktail of shrimp, mussels
and calamari), chocolate milk (pasteurized, 3.5% fat) and mozzarella cheese brine at 6
°C over 6 days. The results imply that phage P100 is stable in coagulated proteinacious
materials and salt solutions. The viability of phage A511 in red-smear ripened cheese
and white mold ripened cheese decreased by <I and ~1.5 log CFU/cm?, respectively

over 14-6 °C with variation of pH 5-8 over for 21 days and the phage loss on cheese
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might be due to proteiolytic enzymes of starter cultures and the ripening flora on cheese
(Guenther et al., 2009). The infectivity of phage P100 reduced by 5.5 and 5.2 log PFU/g
on catfish fish fillet tissues at 4 and 10 °C, respectively over 10 days (Soni,
Nannapaneni, & Hagens, 2010). The decrease of phage P100 in salmon fillets was only
0.6 log PFU/g at 4 °C for 10 days (Soni & Nannapaneni, 2010a). A six phage cocktail
(LMP102) survived well at pH 5.7 in honey dew melon at 10 °C for 10 days (Leverentz
et al., 2003). In apple tissues, a Listeria phage cocktail was reduced to a non-detectable
level in 30 min due to the acidity (pH 4.37) of apples tissues (Leverentz et al., 2003).
The varying survival profiles of phage on different conditions in above studies suggest

that phage stability is attributed to the properties of the substrate.

2.7.8 Development of phage resistant mutants

Phage resistant bacterial mutants have been isolated in some phage challenge trials.
O'Flynn, Ross, Fitzgerald and Coffey (2004) reported the emergence of bacteriophage
insensitive mutants (BIMs) of E. coli O157:H7 at rate of about 10 in phage challenge
experiments. However, the mutant phenotype reverted to the wild-phenotype when
mutants were removed from phage exposure for 50 generations (O'Flynn et al., 2004).
Phage insensitive colonies of L. monocytogenes 103/2005 strain were recovered in
cheese which was treated with phage A511 (=3 x 10® PFU/cm?) after ripening of cheese
for 22 days (Guenther & Loessner, 2011). However, bacteriophage insensitive mutants
(BIM) were not found with L. monocytogenes ScottA contaminations in the same
environment. Similarly, in other studies BIMs were not found when the same phage was
applied against other L. monocytogenes strains in different foods (Guenther et al., 2009).
Therefore, the investigators interpreted that the development of BIMs is a property of
the target bacterial strain (Guenther & Loessner, 2011).

The BIMs may be due to various adaptations including a mutation of the binding
cell wall receptors of bacteria (Guenther & Loessner, 2011) and restriction modification
(Enikeeva, Severinov, & Gelfand, 2010). When phage are used as environmental
cleaning agents, there may be better chances to evolve spontaneous bacterial mutants
and adaptation of resistance against the phages in environmental niches with repeated
exposure to phages (Hagens & Loessner, 2010). These phage resistant strains should be

targeted with novel phages. The use of cocktails containing the two or more phage
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strains, the rotation of the phages or antimicrobial agents and the use of phages
combined with other types of antimicrobial compounds are suggested to prevent BIMs
(Abuladze et al., 2008; Carlton et al., 2005; Hagens & Loessner, 2010; Roy et al., 1993;
Tanji et al., 2004). Each phage strain of a cocktail should have different binding ligands
that specifically attach onto the different cell wall receptors of a target bacteria cell
(Tanji et al., 2004). Roy et al. (1993) demonstrated a high synergistic effect of Listeria
phages in combination with a chemical disinfectant (Quatal at 40 ppm). The chance for
the emergence of resistant mutants against many antimicrobials simultaneously is very
unlikely (Roy et al., 1993). An alternate remedy would be the isolation of new phages
from the environment as replacements for less effective phages owing to BIMs

(Sulakvelidze et al., 2001).

2.8 Conclusion

L. monocytogenes is recognized as a significant food-borne pathogen that can
persist in seafood processing environments. Food recalls and L. monocytogenes positive
samples indicate that current lethal treatments are inadequate to control contamination
in seafood processing plants. Bacteriophages have been reported as potential alternative
surface decontaminating agents for the control of Listeria. Most of the virulent
listeriaphages which have been isolated from different locations including New Zealand

were not fully characterized.

A little is known about the efficacy of phages including current two commercial
listeriaphage products against the isolates of L. monocytogenes from the seafood
industry or under conditions likely to be found in seafood processing plants. L.
monocytogenes cells are most likely to be physiologically stressed or damaged in a
seafood processing environment and it is unknown how this will affect their sensitivity
to bacteriophage treatment. Phage-insensitive L. monocytogenes strains that may
emerge during bacteriophage treatment are a potential concern; therefore, further phages
need to be isolated and characterized. Considering the intellectual property rights and
potential limitations on planning some experiments with listeriaphages belonging to

other laboratories, including the commercialized phages, this project aimed to isolate
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and characterize novel phages active against L. monocytogenes under simulated seafood

environment conditions along the objectives mentioned in the introduction.
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Abstract

Bacteriophages that infect Listeria (listeriaphages) can be used to control Listeria
monocytogenes in the food industry. However, the sensitivity of many of seafood-borne
Listeria strains to phages has not been reported. This study investigated the host ranges
of three listeriaphages (FWLLm1, FWLLm3 and FWLLmS), the in vitro lysis kinetics
of listeriaphage FWLLm3 and predicted the phage titres required to lyse host cells. The
host ranges of the phages were determined by using 50 Listeria monocytogenes strains,
of which 48 were isolated from the seafood industry and two from clinical cases. Based
on the formation of discrete plaques or lytic zones (host kill zones), the host ranges
phages FWLLm1, FWLLm3 and FWLLmS were =87%, 81% and 87%, respectively, at
25 °C. Six L. monocytogenes strains previously isolated from the seafood processing
environment were observed to be insensitive to all three phages tested. The adsorption
rate constant (k value) of listeriaphage FWLLm3 was between 1.2x10™ and 1.6x10”
ml/min across four host strains in tryptic soy broth at 25 °C. The cultures (3-4 log)o
CFU/ml) were lysed to a non-detectable level (< 1 log;o CFU/ml) when cultures were
infected with FWLLm3 at > 8.7 log;o PFU/ml for 30 min. Re-growth of phage-infected
cultures was not detected after 24 h. The effective empirical phage titre was similar to
the calculated titre using a kinetic model. Results indicate the potential use of the three

phages for controlling L. monocytogenes strains in seafood processing environments.

Keywords Host range, listeriaphages, seafood, Listeria monocytogenes, adsorption rate

constant
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3.1 Introduction

New Zealand earns considerable revenue from seafood exports that mainly
comprise farmed Greenshell™ mussel, rock lobster, hoki, squid and salmon. About
300,000 tons of seafoods worth NZ$ 1.56 billion were exported in 2010-2011 (Ministry
of Fisheries, 2012). In the seafood industry, like many other food sectors around the
world, Listeria monocytogenes is a fastidious environmental pathogen which causes
food-borne listeriosis through contaminated foods (Farber and Peterkin, 1991).
Immunocompromised individuals (with cancer, diabetes, HIV-infected and organ
transplants), eldery persons and pregnant women together with their infants are more
susceptible to listeriosis with a mortality rate of 20-30% while healthy individuals
normally only develop a mild gastroenteritidis (Swaminathan & Gerner-Smidt, 2007).
High costs are incurred in management of listeriosis outbreaks and clinical cases while

the loss of lives of the affected is incomparable (Lake, et al., 2009; Scharff, 2012).

Listeriosis outbreaks associated with