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Abstract

Title: Mechanisms of biofilm formation by Listeria monocytogenes
By: Salwa Abdalla

Listeria monocytogenes is a food-borne bacterial pathogen which has the ability to
attach to and form biofilm on food-processing surfaces. It is thought that L.
monocytogenes biofilm formation in food processing environments is a major source of
contamination because, once established, the biofilm appears to have greater resistance
to disinfectants and other cleaning agents.

In the first stage of this thesis, L. monocytogenes wild type 10403s and
Tn917transposon mutant strains were surveyed for their ability to attach to polystyrene
surfaces at different temperatures (37°C, 30°C and 18°C). The results indicated that two
mutants, B265 and 1366, showed a significant reduction in their attachment at 18°C and
30°C but not at 37°C. These data have revealed that there is a temperature-dependent
involvement of some genes in surface attachment. Subsequently Arbitrary PCR was
used to analyse sequences flanking the transposon insertions in both attachment-
deficient transposon mutants. Two open reading frames for a putative NADH oxidase
in B265 mutant and for a putative penicillin-binding protein in 1366 mutant were
identified. In the second stage of investigation, deletion mutants were subsequently
made successful in these ORFs. Deletion mutation in each of these ORFs also resulted
in a significant decrease in attachment of L. monocytogenes to polystyrene at 18°C and
30°C with no effect at 37°C.

In the third stage, L. monocytogenes strains were screened for their ability to attach to
polystyrene at different NaCl concentrations and pH values. Both the wild type and
deletion mutants showed a decrease in attachment at high NaCl concentrations and a
loss of attachment at high pHs. But neither of the mutants differed from wild type
which showed a similar pattern of response.

The molecular basis of biofilm mechanisms of L. monocytogenes is considered and this
has been ascribed to the presence or absence of specific genes. Recently, there has been
a growing interest in understanding the molecular basis of these processes. This study
has demonstrated that NADH oxidase and penicillin-binding protein may play a role in
L. monocytogenes attachment.
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Chapter-One-Introduction

1 Introduction

1.1  Listeria monocytogenes

1.1.1 The history and classification of Listeria monocytogenes

The official discovery of Listeria dates back to 1926 when Murray, Webb and Swann
investigated the cause of sudden death of rabbits and guinea pigs at the University of
Cambridge. They isolated a Bacterium monocytogenes (Murray et al., 1926). The name
of the organism was derived from the characteristic monocytosis in infected laboratory
animals (Farber & Peterkin, 1991). A vyear later, in 1927, Pirie discovered a similar
organism from the liver of an infected gerbil. He named the organism Listerella
hepatoltica, dedicating it in honour of the famous surgeon Lord Lister (Wagner&
McLauchlin, 2008). Because of the identity between the Murray and Pirie discoveries,
the National Type Collection at the Lister Institute in London decided to rename this
bacterium Listerella monocytogenes. Thirteen years later in 1939, the generic name
Listerella was rejected by the Judicial Commission of the International Committee on
Systematic Bacteriology, because it had been previously assigned to name other
microorganisms, such as a mycetozoan in 1906 and for a species of foraminifera in
1933, in honour of Joseph Jackson. Although the name Listeria was proposed by Pirie

in 1949, numerous names were used to designate L. monocytogenes after that.

Several earlier reports may have described Listeria isolation before the report of
Murray. The first was by Hulphers (1911) who named the organism Bacillus hepatis
after isolation from a rabbit (Rocourt & Buchrieser, 2007). This was followed by
isolation by Atkinson in 1917 and Dick and Dumont in 1921 (Rocourt & Buchrieser,

2007).
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Listeria was classified for a time in the family of Corynebacteriaceae in the sixth and
seventh editions of Bergey’s Manual of Determinative Bacteriology, published in 1948
and 1957 respectively (Stuart & Pease, 1972). Finally Listeria was reclassified with
Lactobacillus, Erysipelothrix, Borchothrix, Renibacterium, Kurthia and Caryophanon
as a nonsporing Gram positive rod in the eighth edition of Bergey’s Manual of
Systematic Bacteriology (Farber & Peterkin, 1991). Later, reverse transcriptase
sequencing of 16S rRNA showed that Listeria is phylogenetically remote from
Lactobacillus and should merit a separate family, the Listeriaceae, due to the distance
between Lactobacillus and Listeria by sequencing of 23S rRNA (Collins et al., 1991).
In comparative studies of Listeria 23SrRNA with other Gram positive bacteria that
have low G+C contents, Listeria exhibited the highest match with Bacillus and

Staphylococcus (Sallen et al., 1996).

Listeria monocytogenes was the only recognised species in the genus Listeria until
1961 (Roccourt et al., 1982). DNA, DNA hybridization and 16S rRNA sequencing data

indicated that the genus Listeria consisted of six species (Rocourt et al., 1992).

1.1.2 Characteristics of the Listeria genus

The Listeria genus is characterised as Gram positive cocco-bacilli and motile non-
spore-forming, non-capsulated bacteria. They are facultative anaerobes, which prefer
microaerophillic conditions (Wagner& McLauchlin, 2008). The genus consists of
seven low G+C content species; L. monocytogenes, L. innocua, L. ivanovii, L. grayi, L.
seeligeri, L. welshimeri and L. marthii (Rocourt et al., 1992; Graves et al., 2010). L.
ivanovii was divided into two subspecies, L. ivanovii subsp. ivanovii and L. ivanovii

subsp. Londoniensis (Boerlin et al., 1992).
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Two of these species, L. monocytogenes and L. ivanovii, are known to cause infections
in humans and animals (Seeliger et al., 1984); (Vazquez-Boland et al., 2001). A third
species, L. seeligeri, was considered non-pathogenic (Rocourt & Grimont, 1983;
McLauchlin, 1996). Recently it has been implicated in at least one case of human
listeriosis (Rocourt et al., 1986).

The cell wall composition in L. monocytogenes and other Listeria spp. has been studied
(Wagner & McLauchlin, 2008). The listerial cell well showed it to be typical of a
Gram-positive bacterium, i.e. it is composed mainly of a multilayer of peptidoglycan
(35%) consisting of cross-linked meso-diaminopimelic acid (meso-DAP). The
remaining carbohydrate cell wall content consists of teichoic acids, in addition to N-
acetylmuramic acid and N-acetylglucosamine, Ribitol and lipoteichoic acid Wagner&

McLauchlin, 2008)

1.1.3 Morphology and Growth Requirements of L. monocytogenes

L. monocytogenes is a regular, short rod, 0.4 to 0.5 pum in diameter and 1-2 pm in
length with parallel side and blunt ends and usually occurs either singly or in short
chains or filaments, 6 pum in length, also may develop (Wagner & McLauchlin, 2008)
L. monocytogenes possesses peritrichous flagella, which give it a characteristic
tumbling motility (Low & Donachie, 1997). L. monocytogenes is catalase positive and
oxidase negative and expresses a [-haemolysin (Farber & Peterkin, 1991). The
haemolytic activity of L. monocytogenes is due to the action of listeriolysin O (LLO),
which is a major listerial virulence factor (Cossart & Mengaud, 1989).

L. monocytogenes is psychrotrophic in nature. It can grow at temperatures between 0

and 45°C (Junttila et al., 1988; Bajard et al., 1996) with optimal growth between 30°C
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and 37°C (Low & Donachie, 1997). It is highly flagellated and motile at temperatures
30°C and below and typically is not motile at temperature of 37°C or above (Peel et al.,
1988). L. monocytogenes strains was found to be non-motile and produced little or no
flagellin at 37°C compared to L. innocua which latter produces substantial amounts of
flagellin and is motile at this temperature (Kathariou et al., 1995). Flagella synthesis is
temperature regulated and is associated with virulence and adherence to abiotic
materials (Griindling et al., 2004).

L. monocytogenes growth can occur at a permissive pH range from 4.3 - 9.5 (Te Giffel
& Zwietering, 1999; Giotis et al., 2008). Further to this, L. monocytogenes is capable of
surviving pH well beyond 4.3 - 9.5 and culture in a pH or less than 5.2 may result in
loss of growth but which does not eliminate L. monocytogenes from foods (Wagner &

McLauchlin, 2008).

L. monocytogenes is halotolerant (Tienungoon et al., 2000), and has been reported to
grow in 10% (w/v) NaCl and survive in a high concentration of salt. L. monocytogenes
is one of the few foodborne pathogens that can grow at an a,, below 0.93 (Petran &
Zottola, 2006) although the optimal a, for its growth has been determined to be

between 0.98 and 0.99 (Ross et al., 2000).

In the laboratory, L. monocytogenes requires biotin, riboflavin, thiamine, thioctic acid
and some amino acids for growth (Premaratne et al., 1991). L. monocytogenes can
grow well on a number of non-selective microbiological media, such as tryptone soy
broth and agar, tryptose blood base agar, and brain-heart infusion (BHI) broth. These
support excellent growth, presenting colonies with a characteristic blue-green sheen
appearance under obliquely transmitted light on nutrient agar between 24-48 hours at

37°C (Pearson & Marth, 1990). Other media have been developed for isolation and
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selection of Listeria, including modification of Stuart’s Transport medium and Lovett’s

medium for enrichment of Listeria in milk (Wagner & McLauchlin, 2008).

1.1.4 Serotyping of L. monocytogenes

Serotyping is a classic phenotypic tool for epidemiological studies. Serotyping of L.
monocytogenes is based on ribitol and lipoteichoic acid (O-factor) and flagella antigens
(H-factor). To date at least thirteen serotypes have been described in L. monocytogenes:
1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 7 (Allerberger, 2006; Wagner &

McLauchlin, 2008) as shown in Table 1-1.

Based on molecular subtyping studies, L. monocytogenes is divided into three main
lineages: I, Il and I11. The lineage I cluster includes serotypes 1/2b, 3b, 4d, 4e and most
strains of serotype 4b. Lineage Il includes serotypes 1/2a, 1/2c, 3a and 3C, while
lineage Il includes serotypes 4a, 4c and some serotype 4b strains (Zhang et al., 2003;
Nightingale et al., 2005). The lineage Ill is the less common lineage and has recently
been subdivided into three subgroups based on genotypic and phenotypic
characterisation; these subgroups are termed lineages I11A, 11IB and I1IC (Roberts et
al., 2006).

All serotypes have the capability to cause disease (Lukinmaa et al., 2003); however,
epidemiological data suggests that serotypes 4b, 1/2a and 1/2b are involved in the
majority of human L. monocytogenes infections which are implicated in 90% of
outbreaks of listeriosis (Lukinmaa et al., 2003; Gasanov et al., 2005). However the
most serotyping L. monocytogenes strains involved in human infection was found to
differ from strains found in contaminated food (Gasanov et al., 2005). Serotype 4b was

found responsible for 45-70% of sporadic cases of listeriosis (Rocourt, 1996).
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Serotypes also appear to be related to the reported difference in the ability of some
serotypes to adhere to stainless steel (Kalmokoff et al., 2001). Serotype 1/2c
demonstrated the highest degree of adsorption to stainless steel of any serotype isolated
from a food-processing environment (Lunden et al., 2000). A recent study also found
that the L. monocytogenes 1/2c serotype adheres better to stainless steel than serotypes
1/2a and 4b (Norwood & Gilmour, 1999). Kalmokoff and his workers (2001) found
that most L. monocytogenes strains from biofilm are isolated from listeriosis outbreaks
covering serotypes 1/2a, 1/2b, 1/2c, 4b, and 4c. Djordjevic et al., (2002) reported that
lineage | L. monocytogenes strain produced a biofilm greater than those observed for

lineage 11 and 111 strains.

Table 1-1 Serovars of L. monocytogenes with the detected O and H antigens (adapted from
Allerberger, 2006)

Serovar designation O-antigen H-antigen
1/2a L1(1) AB
1/2b () ABC
1/2¢ () BD

3a 1y v AB
3b () IV (XY (X1 ABC
3c I 1V (XY (X1 BD
4a (111) (V) VII IX ABC
4ab (1mn Vv VvIVIIIX X ABC
4b (1 v vi ABC
4c (v vi ABC
4d (1 (V) vivi ABC
4e (1 v VI (VI (IX) ABC
7 (1 X Xt ABC

1.1.5 Habitats of L. monocytogenes

L. monocytogenes is a ubiquitous organism, which is present in many animals
(including ruminants, birds, insects, fish, crustaceans and humans (Schoder et al., 2003;
Nightingale et al., 2004; Wagner et al., 2005), soil and waste water, fruits (Heaton &

Jones, 2008), dust, and surface water (Weis & Seeliger, 1975; Farber & Peterkin,
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1991). L. monocytogenes has also been found in silage, sewage, slaughterhouse waste,
milk, and human and animal faeces (Cox et al., 1989). It also has been found in
poultry, dairy products (Cox et al., 1989; Sauders & Wiedmann, 2007; Chambel et al.,
2007) and on the surfaces of equipment in food-processing factories. The main source
of L. monocytogenes is soil and rotting vegetation, where they survive as saprophytic
organisms (Sauders & Wiedmann, 2007). L. monocytogenes can also be a commensal
organism living in the intestinal tract, as it has been isolated from the faeces of humans
and animals not exhibiting signs or symptoms of disease (Wagner & McLauchlin,
2008). L. monocytogenes has also been detected in various types of seafood, including
shrimps, lobster, crab, mussels and fish (Brackett & Beuchat, 1990; Elliot & Kvenberg,

2000).

1.1.6 L. monocytogenes in soil and vegetation

L. monocytogenes is a saprophytic organism which can live widely in the natural
environment, associated with soil and vegetation (Sauders & Wiedmann, 2007). L.
monocytogenes is able to survive and may even multiply in many soil types and
decaying vegetation (Sauders & Wiedmann, 2007. In early studies, L. monocytogenes
was isolated from plant samples collected from cornfields, grain fields, cultivated
fields, wildlife feeding areas and forests (Weis & Seeliger, 1975). Although L.
monocytogenes has rarely been isolated from growing grass and vegetables, it has been
detected in cut grass samples (leaves and stems) from some crops that had wilted
before the ensiling process (Fenlon et al.,, 1996). Although the prevalence of L.

monocytogenes on plants is low, some human listerial infection has been linked with



Chapter-One-Introduction

consumption of lettuce and vegetables contaminated by L. monocytogenes

(Garcia-Gimeno et al., 1996).

It is believed that animal faeces, waste and sewage sludge are the source of plant and
soil contamination (Fenlon et al., 1996). For example, an outbreak of 42 cases of
human listeriosis was linked to consumption of coleslaw produced from cabbage

obtained from a farm with a history of ovine listeriosis (Sauders & Wiedmann, 2007).

1.1.7 L. monocytogenes in dairy products

Milk and milk products, including ice cream, butter, frozen desserts and frozen yogurt,
have been shown to support growth of L. monocytogenes (Rosenow & Marth, 1987).
Milk can be contaminated directly from cows with mastitis or from environmental
sources (Surak & Barefoot, 1987). Although it was suggested that Pasteurized milk was
the probable cause for an outbreak in Massachusetts (Fleming et al., 1985), the World
Health Organisation claimed that L. monocytogenes cannot survive even at minimum
Pasteurisation levels. Several studies have been done to determine the incidence of L.
monocytogenes in milk and cheese. These are summarised in Table 1.2.

As L. monocytogenes can survive and grow at refrigeration temperature, it is a serious
threat to consumers and to the food industry. The risk from L. monocytogenes
contamination in cheese is high compared with other milk products and this is due to
the ability of the organism to survive for long durations of time at a pH of 5.0 (Ryser &
Marth, 1989). The storage temperature also may permit growth during prolonged
storage and transport time (Farber, 1989). In contrast, the incidence of L.
monocytogenes is very low in other milk products, such as ice cream, since the storage

temperature does not permit growth during storage ( -18°C) (Chen et al., 2003). L.
8
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monocytogenes was also found to reach potentially hazardous levels in fluid dairy
products held at 4°C (Rosenow & Marth, 1987). More recent data suggest that slow
growth of L. monocytogenes can even occur in milk held at 0°C (Lado & Yousef,

2007).

L. monocytogenes serotype 12/b was isolated from a washed cheese in an
environmental sample in Japan during routine listerial monitoring of 123 domestic
cheeses (Makino et al., 2005). A survey of dairy processing plants in California in 1987
showed that 46 plants (29.5%), of 156 sampled, were positive for Listeria
(Brocklehurst et al., 1987). Other studies have pointed to the isolation of L.
monocytogenes from dairy processing plants, on processing and packing equipment,
especially in wet, difficult-to-clean environments such as conveyor belts, floor drains,
condensate, storage tanks, hand trucks, and wooden shelves in the cheese ripening

room (Charlton et al., 1990; Cox et al., 1989; Nelson, 1990).

In a study focusing on the environment rather than the cheese itself, eight artisanal
cheese-making dairies in Portugal were sampled for the presence of Listeria spp. at
three different times in the production cycle over the course of a single year (2004).
The investigation concerned the internal environment of each dairy, such as walls,
drains, shelves and most of the various types of equipment used in the dairies to make
cheese. L. monocytogenes and L. innocua were the two most prevalent species. L.
monocytogenes was isolated from three production sections as shown in Figure 1.1. It
was found in the working room where it was isolated from multiple sites, whereas it
was isolated from only two sites in the ripening room. In the washing room there were

very few instances of L. monocytogenes isolation (Chambel et al., 2007).
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Dairy cows and other animals can carry the organism in their intestinal tract without

becoming sick. In rare cases, contact with infected cows has caused listerial skin

infection in veterinarians (Surak & Barefoot, 1987).

Table 1-2 Episodes of L. monocytogenes contamination of milk and cheese in USA and

European countries.

Year Reference Source Deaths | . C_)verall
incidence %
1983 (Fleming et al., 1985) New England Pasteurized milk 14
1985 (James et al., 1985) California Mexican-style fresh 29 -
cheese
1985 (Malinverni et al., 1985) Switzerland Vacherin Mont d*Or 31 -
cheese
Massachusetts | Raw milk from farm
1987 (Lovett et al., 1987) and California bulk tanks i 4.2
1988 (Liewen & Plautz, 1988) Nebraska Raw milk - 4
1987 (Beckers et al., 1987) Netherlands Soft cheese made from i 10
raw milk
1987 (Boer & Kuik, 1987) Netherlands Blue-veined cheese - 7
1986 (Garayzabal et al., 1986) Spain Pasteurized milk - 21.4
1995(McLauchlin et al., 2004) France Soft cheese 4 -
1998-1999 (McLauchlin et al., .
2004) Finland Butter 6 -
2005 (Jemmi & Stephen, Switzerland Soft cheese 1 -

2006)

- = Data not available

10
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Figure 1-1 Distribution of L. monocytogenes in the different sections of Portuguese cheese
dairies during the production cycle (Chambel et al., 2007, with permission). @& Represents L.
monocytogenes isolated from various sections of the site of production: 1. whey drain; 2. whey
stand; 3. vat; 4. bench; 5. shelves. Arrows refer to the direction of the cycle of cheese
production.

1.1.8 L. monocytogenes in other foods and food processing

L. monocytogenes has been isolated from many food products, including fruit and
vegetables, meat (particularly ready-to-eat meats), and seafood (particularly smoked
fish) (Petran et al., 1988; Glass & Doyle, 1989; Gitter, 1976; Weagant et al., 1988;
Chasseignaux et al.,, 2002; Lianou & Sofos, 2007). Gitter (1976) isolated L.
monocytogenes serotype 4 and 1/2 from 14.7% of oven-ready poultry from
supermarkets (Gitter, 1976). Petran et al. (1988) did not isolate L. monocytogenes from
fresh lettuce, potato peel, corn husks, broccoli stems, cabbage outer leaves, carrot peels,
cauliflower stems, mushroom stems, spinach, and beet peels from a local supermarket
(Petran et al., 1988). Additionally, frozen beans, pea pods, and spinach were examined

and were found to be Listeria-free (Petran et al., 1988). However, Steinbruegge et al.

11
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(1988) isolated L. monocytogenes from lettuce and also showed that the population of
L. monocytogenes increased during storage (Steinbruegge et al., 1988). More recently,
L. monocytogenes has been isolated from a variety of plant foods including, salad
vegetables (Sagoo et al., 2003), green table olives (Caggia et al., 2004), spinach
(Jablasone et al., 2005), mushrooms (Samadpour et al., 2006) and melons (Varma et

al., 2007).

L. monocytogenes was reported to be present in over a quarter of all frozen seafood
product sampled, such as shrimp, crabmeat, lobster tail, langoustines, scallops and
surimi based imitation seafood (Weagant et al., 1988; Brackett & Beuchat, 1990; Elliot

& Kvenberg, 2000).

Studies have detected L. monocytogenes in raw chicken with a recovery rate of 11.4%
(Wang et al., 1992) and 59% of total samples (Lawrence & Gilmour, 1994). In Spain L.

monocytogenes was found on 15% of the chicken carcasses tested (Capita et al., 2001).

Floors, floor drains, racks and rollers, conveyor belts, slicer blades, packing equipment,
doors, and benches in processing plants are believed to present the primary source of
food industries contamination (Pearson & Marth, 1990; Lunden et al., 2002; Lunden et
al., 2002). Therefore contamination of food by L. monocytogenes may occur directly
from farms or other environments, or via contact with those surfaces used to prepare
processed foods, or indirectly, by contact with a person or other piece of equipment that

has come into contact with a contaminated surface (Lunden et al., 2002).

Contamination of food by L. monocytogenes can occur at several stages of the food
production and processing cycle (Lianou & Sofos, 2007). Food survey studies
demonstrated that the initial point of listerial contamination often begins in the food
processing environment during processing or post-processing food rather than being

12
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due to survival during the processing itself (Van den Elzen & Snijders, 1993; Ojeniyi et
al., 2000; Norton et al., 2001). Thus, the best way to avoid a public health problem
with food products is to prevent L. monocytogenes from entering these products before,

during, and after manufacture.

In 2002, the largest food recall incident in the United States was linked to ready-to-eat
(RTE) deli turkey contaminated with L. monocytogenes. The outbreak affected
multiple states in the north-eastern region of the United States, with a total of 46
confirmed cases of infection. There were seven deaths and three stillbirths reported
during the outbreak. The mortality rate from this outbreak reached 22% (CDC, 2002).
Subsequently, 27.4 million pounds of product was recalled and the processing plant
involved suspended operation (CDC, 2002). This outbreak prompted the United States
Food and Drug Administration (FDA), the Food Safety and Inspection Service (FSIS),
and the United States Department of Agriculture (USDA) to mandate a ‘zero tolerance’

policy (no detectable level) on RTE food products (USDA-FSIS, 2003).

L. monocytogenes is one of the most difficult organisms to eliminate from food-
processing plants (Rocourt & Buchrieser, 2007), due to its ability to grow at
refrigeration temperatures (Lado & Yousef, 2007), and in conditions of high salinity
and acidic pH (George et al., 1988; Parish & Higgins, 1989; Sorrells et al., 1989). L.
monocytogenes can also survive and multiply under various stress conditions including
those likely to be encountered on food processing plant surfaces (Garner et al., 2006).
It can be found not only in food products but also attached to and forming biofilm on
many materials that are used in food processing plants (Beresford et al., 2001). Biofilm
formed by L. monocytogenes in food-processing environments can be a potential source

of contamination and has been implicated in several food-borne outbreaks.

13
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It is a matter of concern that environmental conditions may actually contribute to this

bacterial adherence in specific food-processing operations and to increased resistance

to disinfection. Two factors that may enhance L. monocytogenes biofilm formation are

low pH values and salt addition (Adrido et al., 2008). Recently, Adrido et al. (2008)

examined the effect of low pH and high salt concentration on L. monocytogenes in food

processing (particularly in cheese-manufacturing processes) and their data revealed that

a sub-lethal pH and salt concentration may protect cells of some strains of L.

monocytogenes attached to stainless steel and polystyrene surfaces and enhance the

survival of attached cells (Adrido et al., 2008).

1.1.9 Virulence factors of L. monocytogenes

To date a number of L.monocytogenes genome sequences have been completely

sequenced. The genome is approximately 3.0 Mb in length (Michel & Cossart, 1992).

Six L. monocytogenes genome sequences are available, and these are shown in Table 1-

3. Although the genome sequences of L. monocytogenes have been published, a large

number of proteins are still hypothetical or are of unknown function.

Table 1-3 Strains of L. monocytogenes with completely sequenced genomes.

Strain Size of the chromosome (bp) Protein codes
L. monocytogenes EGDe (1/2a) , 2944528 2846
L. monocytogenes HCC23 4a y, 2976212 2974
L. monocytogenes F2365 (4b) , 2905187 2848
L. monocytogenes Clip80459 4b . 2912690 2766
L. monocytogenes 08-5578b 1/2a y, 3109342 2766
L. monocytogenes 08-5923b 1/2a 2999054 2966

a. (Buchrieser, 2007). b, KEGG Genome. c, National Centre for Bioinformation

14
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Virulence and virulence- like genes are factors which help L. monocytogenes to adapt
and survive in diverse environments, including hosts, during infection (Bierne &
Cossart, 2007). L. monocytogenes contains a virulence genes cluster (8.2 kb) which is
located between prs and orfB genes in the Listeria genome and it is the only
pathogenicity island identified in Listeria (Chakraborty et al., 2000). The genes in this
pathogenicity island are regulated by the regulatory factor A prfA (Chakraborty et al.,
1992). The cluster encodes ten genes located into two distinct loci on the chromosome.
Figure 1-2 shows seven genes (prfA, plcA, hly, mpl, actA, plcB, and orfX) clustered
together in LIPI-1. The other three PrfA dependent transcriptional units inlAB, which
encodes inlA, inIB, inlC and hpt, are located at different points of the L. monocytogenes
genome. These genes and their function are listed in Table 1-4. The function of the
three small open reading frames (orfX) X, Y, and Z are still unknown. The other
virulence genes result in the protein products of hly, plcA, plcB and actA encode
listeriolysin O (LLO), phosphatidylinositol-specific phospholipase C (PI-PLC),
phosphatidylcholine-specific phospholipase C (PC-PLC), and an actin polymerisation
protein (ActA) respectively. LLO is a secreted protein of 58 kDa belonging to the
cholesterol-dependent family of toxins, which can promote the intracellular growth by
promoting listerial escape from the phagosomes of phagocytes (Berche et al., 1987).
Loss of listeriolysin O production is associated with loss of virulence (Gaillard et al.,
1986). The other three PrfA dependent transcriptional units genes are still related to the
gene cluster (Kuhn et al., 1988) and are responsible for producing surface proteins
necessary for internalization of the Listeria to the host cell; these include the inlAB
(encodes internalin A and B) and inlC genes which encodes for internalin C (Lingnau

etal., 1995).
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Table 1-4 List of genes regulated directly by PrfA and their function (Adapted from Roberts &
Wiedmann, 2003)

Gene Function

priA Encoding positive regulatory factor

hly Encoding listeriolysin O (LLO), escaping from the phagocytic vacuole

Encoding phosphatidylinositol-specific phospholipasee C (PI1-PLC), escaping

plcA from the phagocytic vacuole
IcB Encoding phosphatidylcholine-specific phospholipase C (PC-PLC) escaping
P from vacuoles
mpl Encoding metalloprotease, maturation of the plcB
ActA Encoding an actin polymerization protein A, necessary for intracellular actin-

based motility and cell-to-cell spread

InlA Encoding internalin A mediate, invasion of non-phagocytic cells

InIB Encoding internalin B, invasion of non-phagocytic cells

AN S

\ }
!

LIPI-1

Figure 1-2 Schematic representation of the virulence gene cluster located in L. monocytogenes
EGD-e genome. The listerial pathogenicity island-1 (LIPI-1) genes and the three other prfA
regulated loci, inlA, inl, inlC and hpt . The PrfA boxes are indicated by black boxes (Adapted
from (Scortti et al., 2007).
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1.1.10 Pathogenesis and intracellular infectious cycle

L. monocytogenes has three distinct life styles, (i) an extracellular free-living as a
saprophyte, (ii) an extracellular bacterium colonised in a biofilm and (iii) an
intracellular facultative parasite capable of causing serious foodborne illness (Gray &
Killinger, 1966; Vazquez-Boland et al., 1992; Vazquez-Boland et al., 2001a). The
transcriptional regulator PrfA has previously been reported as a factor that switches L.
monocytogenes from extracellular bacterium to intracellular pathogen (Freitag 2009).
The intestinal tract is the major portal of entry for L. monocytogenes following
ingestion of contaminated food (Lundén et al., 2004; Mead et al., 2006). The liver is
thought to be the first target after intestinal translocation (Vazquez-Boland et al.,
2001). In the liver the bacteria multiply until the cell-mediated immune response
eliminates the infection during the first 6 hours after infection. However, any surviving
bacteria replicate and re-enter the blood stream and spread to various organs, including
the central nervous system (CNS) and placenta of pregnant women (Vazquez-Boland et
al., 2001; Drevets & Bronze, 2008). L. monocytogenes needs to be present in high
numbers, probably in the order of 10%, for the infection to establish. Each step of the
intracellular parasitism by L. monocytogenes is dependent upon the production of

virulence factors. (Portnoy et al., 1992).

The initial attachment of L. monocytogenes to host cell surface is due to the recognition
of listerial ligands by host receptors (Figure 1-3a). These ligands are characterised as
surface proteins. It has been proposed that a cellular surface protein of L.
monocytogenes interacts with receptors in the intestinal lining and induces
phagocytosis of the bacterium (Brooks et al., 1998). The surface proteins InlA and InIB

(Braun & Cossart, 2000) were found to be responsible for promoting the binding and
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internalisation by either E-cadherin or the Met receptor tyrosine kinase and P13-kinase
activation respectively (Cossart, 2001). ActA has also been reported to be one of the
listerial ligands (Lecuit et al., 2001). The infection cycle starts with adhesion of
bacteria cells to host cell surfaces and is then followed by penetration into the host cell

by phagocytosis (Vazquez-Boland et al., 2001a).

After entry, Listeria disrupts the host phagosomes and starts proliferation (Goebel &
Kreft, 1997) (Figure 1-3b). The bacteria escape the phagosomes by the action of
Listeriolysin-O (LLO) (Kuhn et al., 1988; Portnoy et al., 1988; Gedde et al., 2000). A
phosphatidylinositol-specific phospholipase C (PI-PLC) also promotes escape from the
phagocytic vacuole (Goldfine et al., 2000; Wadsworth & Goldfine, 2002). Subsequent
to its escape from the phagosomes, the bacterium multiplies in the cytosol and acquires
actin-based motility, which enables it to form filopods at one end of the bacterium, thus
facilitating movement and spread from cell to cell (Tilney & Portnoy, 1989; Kocks et
al., 1993) (figure 1-3c,d). This actin-based motility depends on actin polymerization of
protein (ActA) by actA (Domann et al., 1992; Kocks et al., 1992). Once the bacteria
come into contact with the plasma membrane of neighbour cells they produce
protrusions (Figure 1-3e) and are then engulfed in a new vacuole forming a double
membrane vacuole. A phosphatidylcholine-specific phospholipase C (PC-PLC) of the
bacteria then degrades the double membrane vacuole (Vazquez-Boland et al., 1992)
and starts the process again with new host cells. The other cells move to the host

cytoplasm and start proliferating (Figure 1-3f, g).

18



Chapter-One-Introduction

Lifecycle of a Listeria infection e ———

- 2
A

Figure 1-3 Scheme of Intracellular invasion by L. monocytogenes (Adopted from (Tilney &
Portnoy, 1989). a, Attachment and internalization (InlA and InIB). b, escape from phagosomes
(hly and plcA). c, replication within cytoplasm. d, Actin filament assembly (actA). e, tail
generation motility to invade neighbour cells (actA). f, formation of double membrane

phagosomes. g, escaping from phagosomes and reinitiating of the cycle (plcB and hly).

1.1.11 Listeriosis

L. monocytogenes is recognized as the causative agent of listeriosis. Although
listeriosis is a serious disease, it still remains an uncommon, representing a very small
fraction of all illness due to food-borne pathogens (Mead et al., 1999). Annually, there
are between two and eight sporadic cases of human listeriosis per million inhabitants in
the United States and Europe (Tappero et al., 1995). The average mortality rate of
human listeriosis is high at about 30%, resulting from food industry contamination and
food recalls (Schlech 111 & Acheson, 2000; Hof, 2001; Hamon et al., 2006). This is

much higher than that for other common food-borne pathogens such as Salmonella,
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Campylobacter and E. coli, as shown in Table 1-5 (Mead et al., 1999). Globally, it is
estimated that L. monocytogenes causes approximately 1600 cases of listeriosis
annually, resulting in 400 to 500 deaths (Ramaswamy et al., 2007). It has also been
estimated that 2500 cases of L. monocytogenes infection occur in the United States
each year (Mead et al., 1999). L. monocytogenes was also found to be responsible for
the highest hospitalisation rate (91%) amongst known food-borne pathogens (Mead et

al., 1999)

Table 1-5 The mortality rate among food-borne pathogens in the United States (Mead et al.,
1999).

Pathogens Total Cases Mortality Rate (%) | Hospitalisation Rate (%6)
Campylobacter spp ~1.9 million <1 17.3
E. coli O157:H7 ~62,500 <1 3.0
Salmonella spp ~1.3 million <1 25.6
L. monocytogenes 2500 20-30 3.8

Listeriosis is clinically defined as the presence of L. monocytogenes in a normally
sterile site of the body (Ramaswamy et al., 2007). Serovars 1/2a, 1/2b and 4b of L.
monocytogenes are responsible for the majority of cases of human listeriosis,
constituting more than 95% of human clinical isolates (Tran & Kathariou, 2002). The
minimum infective dose of L. monocytogenes is unknown, but is believed to vary in
accordance with the immunity of the infected individual and the strain type (Bailey et
al., 1989). However infectious doses of L. monocytogenes associated with human
infection range from ~10° cells/g to 10% cells/g (Farber & Peterkin, 1991).

Listeriosis is normally caused by ingestion of contaminated food. Briefly, L.
monocytogenes invades the intestinal epithelium following passage through the

stomach (Vazquez-Boland et al., 2001). Once past the intestinal barrier, L.
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monocytogenes spreads to the lymph nodes, the spleen, or the liver via the lymph /
blood system (Véazquez-Boland et al., 2001). L. monocytogenes is rapidly eliminated
from the blood stream by macrophages in the liver and spleen (Vazquez-Boland et al.,

2001)

Infection by L. monocytogenes can result in invasive or non-invasive listeriosis
(Franciosa et al., 2001). Non-invasive gastrointestinal listeriosis is mild, non-specific
and has influenza-like symptoms including chills, fatigue, headache, muscular pains,
diarrhoea, vomiting and joint pain, as well as gastroenteritis. This non-invasive
manifestation normally occurs in healthy adults and requires ingestion of a large dose
(~10° cells/g) of Listeria to result in an infection (Chen et al., 2003). The invasive form
of the disease results in serious systemic illness, including septicaemia, meningitis,
encephalitis, spontaneous abortions in pregnant females, and in some cases death
(Gellin et al., 1991). The highest incidence of invasive listeriosis has been in the
elderly and in pregnant women, in whom it can lead to miscarriage or stillbirth or to
meningitis in the newborn (McLauchlin, 1996; Rocourt et al., 2003). The risk of
listeriosis is greatest among certain well-defined high-risk groups, including
immunocompromised patients such as those with AIDS, diabetes mellitus, alcoholism,
cardiovascular and renal collagen disease, and haemodialysis failure (Farber &
Peterkin, 1991; Jurado et al., 1993). In North America, AIDS patients have an
estimated 100-500-fold increased risk over the normal population (Schlech, 1996). L.
monocytogenes is considered to be the fifth most common form of bacterial meningitis

(Ramaswamy et al., 2007).
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1.1.12 Outbreaks of food-borne listeriosis

Food-borne outbreaks caused of listeriosis have been recognised in the USA and
European countries over the early eighties, and sources in contaminated food have been
determined in each continent (see Table 1-6). In Japan the first verified outbreak of
food-borne listeriosis was in a neonate and was to be due to the mother eating washed-
type cheese (Makino et al., 2005). Since then L. monocytogenes has been involved in
several listeriosis outbreaks in many food products. For example, Pasteurized milk,
cheese made from non-pasteurized milk and other dairy products (Dalton et al., 1997,
Schuchat et al., 1997; Schlech Il & Acheson, 2000; Goulet et al., 2001). However, a
few listeriosis outbreaks have been associated with the consumption of contaminated
vegetables. Recently, in the USA listeriosis outbreaks were linked to the consumption

of melon or hummus prepared in commercial establishments (Varma et al., 2007).

The food and dairy industry started to pay attention to L. monocytogenes as a potential
food-borne pathogen due to two major cheese-related outbreaks of listeriosis. In 1985,
consumption of Mexican-style cheese in California caused 142 cases of listeriosis,
leading to 48 deaths (James et al., 1985; Linnan et al., 1988). Another outbreak of
listeriosis was due to the consumption of contaminated Vacherin Mont d’Or soft-
ripened cheese, which resulted in 31 deaths (Malinverni et al., 1985). In the UK, it has
been highlighted that paté was the cause of an increase in the incidence of listeriosis
between 1987 and 1989 (McLauchlin et al., 1991). Subsequent these outbreaks,
guidance was issued to those in at-risk groups such as pregnant women and those with

impaired immune systems, advising avoidance of paté and soft cheese (HPA, 2006).

The incidence of listeriosis in pregnancy is estimated to be approximately 1 in 30,000

live and stillbirths. Moreover L. monocytogenes is the third most common pathogen
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causing bacterial meningitis among neonates, after group B streptococcus and E. coli.
(Dawson et al., 1999). Because of the risk of listeriosis, it is recommended that
pregnant women should avoid eating certain ripened soft cheeses and meat-based pétés

because these may also contain high levels of L. monocytogenes.

A recent report indicates a dramatic increase in listeriosis incidence in European
countries in those over 60 years of age, who are not otherwise linked by geography,
gender, ethnicity, socioeconomic factors or infectious serotypes (Goulet et al., 2008;
Kasper et al., 2009; Cairns & Payne, 2009). A recent study by Allerberger and Wagner
(2009) reported that the listeriosis incidence rate in six EU countries between 1999 and

2007 was 0.3 per 100,000 populations, as shown in Figure 1.4.

Table 1-6 Summary of data on major outbreaks of listeriosis, 1980-1999 (Schlech Il &
Acheson, 2000)

vears ey | ot [ | s
(Schleclhgzlal?-;tg:Il., 1983) %&:ﬁ% 41 34 Coleslaw
(Schwlai'?zi% 2?7 1989) Pennsylvania 36 44 Unknown
(Riedo i?i? 1994) Connecticut 10 10 Shrimp
(McLaulcﬁin; i?i? 1991) United Kingdom | 355 26 Paté
(Salaminellge??;l., 1996) Italy 39 - Rice salad
(Gouletl(?tg;., 1998) France 38 32 R(L')Lertss
(Daltonlstggl., 1997) lilinois 45 0 Ch?ncicl)llate
(McLauchIli?lgt;[ al., 2004) Italy 1566 0 Corn salad
(Schlech Ill????-,igﬁgson, 2000) United States 101 21 l(;g[i ?ﬁgast/
(McLaulci??n- Ze(t)gcl) 2004) France 32 31 Pork tongue

- = information not provided
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Figure 1-4 Listeriosis incidence in six EU countries 1999-2007 (Allerberger & Wagner,
2009, with permission)

1.2 Biofilms and attachment

1.2.1 Microbial biofilms

Biofilms are defined as a community of microbial sessile cells that are irreversibly (not
removed by gentle rinsing) attached to a substratum, interface or each other, with
production of extracellular polymeric matrix and with respect to growth rate and gene
transcription (Costerton et al., 1995; Donlan, 2000). Biofilm in the environment is
found in a multicellular sessile form and cannot exist in a unicellular planktonic form
(Costerton et al., 1995; Davey & O'Toole, 2000)

The first discovery of a microbial biofilm dates back to the 17th century and Van
Leeuwenhoek, who observed the microbial biofilms on tooth surfaces using his simple
microscope (Donlan, 2002). Later Zobell also found that the population of bacteria on
solid surfaces can be higher than in surrounding medium (Zobell, 1943). After

presenting the biofilm formation theory with an explanation of its mechanisms by
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Costerton and his co-workers (1978), more studies in industrial and environmental
biofilms were published in respect to public health (Hood & Zottola, 1995; Sinde &
Carballo, 2000; Donlan & Costerton, 2002, Hall-Stoodley et al., 2004).

Biofilms consist primarily of viable and nonviable microorganisms embedded in an
extracellular polymeric substance (EPS) anchored to a surface (Carpentier & Cerf,
1993), which provides the bacteria within biofilm with protection from a broad range of
antimicrobial and sterilising agents (Mittelman, 1998). It is known that biofilm
formation is a complex process, and a number of cell surface structures have been
implicated in the initial stage of biofilm formation. Flagella, fimbrae (pili), adhesion
protein and surface charge have been implicated in the initial stage of biofilm

formation by various bacteria (Frank, 2001).

1.2.2 Biofilm Matrix

Biofilms are composed primarily of microbial cells and exopolysaccharides (EPS).
Extracellular polysaccharides (EPS) were later renamed as ‘extracellular polymeric
substances’ because of the presence of other biopolymers (Flemming et al., 2007). In
most biofilms, the matrix consist of less than 10% cells, 90% extracellular
polysaccharide and other polymeric substances hydrated to 85 to 95% water (Allison,
2003; Flemming & Wingender, 2010). Water provides a hydrophobic property and
thus protects the biofilms from water fluctuations in the environment (Sutherland,
2001). The EPS is composed of polysaccharides, proteins, phospholipids, teichoic and
extracellular DNA (Flemming et al., 2007). Recently many biofilm matrix
polysaccharide components have been identified, for example polysaccharide
intercellular  adhesion/poly-N-acetylglucosamine  (PIA/PNAG)  polymer in

Staphylococcus aureus and Staphylococcus epidermidis (Mack et al., 1999; Otto,
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2009). EPS components identified as produced by Gram-negative organisms, such as
colanic acid in E. coli alginate, glucose extracellular polysaccharide in Pseudomonas
aeruginosa and B-1,6-GlcNac polymer in Salmonella and E. coli have been reported to
play important roles in biofilm formation (Solano et al., 2002; Friedman & Kolter,

2003; Branda et al., 2005).

EPS is a key element that shapes and provides structural support for bacterial biofilms.
EPS is hydrophilic and hydrophobic; a hydrophilic structure of EPS is highly hydrated
and varies in its solubility and this property prevents desiccation in some natural
biofilms. The rigidity of EPS is due to 1.3- or 4-B-linked hexose residues, which give

the biofilm the structure and then the conformation (Sutherland, 2001).

EPS production is increased by time and bacteria produce a varying amount of EPS
during biofilm development (Leriche et al., 2000). The antimicrobial resistance
properties of biofilms may be due to EPS which impedes the transfer of antibiotics
through the biofilm, probably by binding directly to these agents (Donlan, 2000). L.
monocytogenes cannot produce EPS within biofilm formation and it has been suggested

that L. monocytogenes synthesize little EPS (Chavant et al., 2003).

1.2.3 Biofilm formation stages

Biofilm formation was originally thought to require three main sequential stages:
attachment, growth and detachment. First, primary attachment of cells to a solid
substrate occurs followed by cell-cell adhesion, thus creating multiple layers of cells
(Stoodley et al., 2002).

Recently, five stages of biofilm development have been proposed based on proteomic

studies in Pseudomonas aeruginosa (Sauer et al., 2002). These five stages are shown in
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Figure 1-5: reversible attachment where individual cells attach to the solid surface and
some may become planktonic (Stagel); irreversible attachment comes over time along
with production of extracellular polysaccharide (Stage2); maturation and development
of biofilm; attached cells multiply by binary division leading to cell clusters (Stage3
and 4) and dispersal of some cells which detach from the mature biofilm because of
internal factors or external factors like shear stress (Lemon et al., 2008). These
detached cells become planktonic and may start entering another biofilm cycle in
appropriate conditions (Stage5). Each stage of the biofilm formation process depends
on the microbial genera, species, attachment surface characteristics, environmental

conditions and physiological status of the microorganism.

A reversible stage of attachment of cells to surfaces occurs within 5-10 seconds; cells
may return to the planktonic state and are experimentally removed easily by gentle
washing (Mittelman, 1998). Irreversible attachment takes from 20 minutes to a
maximum of 4 hours (Mittelman, 1998). After initial attachment, the bacterial cells
start dividing and spreading on the surface as a monolayer to form microcolonies and

EPS is produced as developmental changes during this stage.

The initial attachment of the microorganism is also called adsorption and is influenced
by electrical charges of the bacteria, by Van der Waals forces, electrostatic factors,
hydrophobic interactions, and Brownian motion (Mittelman, 1998; Donlan &
Costerton, 2002). The initial colonisation is controlled by environmental and genetic
factors (Hall-Stoodley et al., 2004). The temporal adherence can result in irreversible
attachment or cells becoming free-floating planktonic (Palmer & White, 1997).

Biofilms produced by L. monocytogenes are architecturally simple in comparison to

those of many other microorganisms, but their contribution to resistance and
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environmental persistence is widely reported (Chae & Schraft, 2000; Kalmokoff et al.,

2001; Rieu et al., 2008).

i
!1

- I — i 1 ———-
Reversible Irreversible Division& growth EPS production
attachment  attachment Microcolony Macrocolony
formation formation

Figure 1-5 The stages of bacterial biofilm development (adopted from Monroe, 2007).Stagel,
reversible attachment, individual cells attach to the solid surface and some may become
planktonic; Stage2, irreversible attachment comes over time with extracellular polysaccharide
production; stage3and 4, maturation and development of biofilm; stage5, dispersion of cells
from biofilm.

1.2.4 Factors affecting attachment

Many factors influence the attachment of microorganism. Attachment may be affected
by the structural and physiological characteristics of the cell, as well as the nature and
temperature of the suspension. Surface hydrophobicity and charge of the bacterial cell,
the ionic strength of the medium, and smoothness or roughness of the material surface
have been identified as factors that influence the bacterial attachment (Hood & Zottola,
1997; Ong et al., 1999; Seo & Frank, 1999; Arnold & Bailey, 2000; Sinde & Carballo,

2000).

The type of surface can be divided into two categories: hydrophilic, which has high

surface energy materials carrying a negative charge, such as glass, minerals, and
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metals; and hydrophobic, which has low surface energy carrying positive or negative
charge, for example plastics and rubber surfaces (Farber et al., 1996; Sinde & Carballo,
2000; Chae et al., 2006). Smoot and Pierson (1998) demonstrated that a lower number
of L. monocytogenes cells adhered to Buna-N rubber and stainless steel in alkaline
conditions over a short contact time. In addition they found increasing numbers of
adhered cells on both surfaces with increasing temperature (from 10 to 45°C). They
concluded that exposing cells of L. monocytogenes to suboptimal levels of
environmental stress, such as pH, temperature, and the hydrophobicity of the surface
determine the microorganisms’ ability to attach to common food contact surfaces.
(Mafu et al., 1991). Other work by Rodriguez et al. (2008) suggests that Listeria
biofilms adhere more strongly to hydrophobic surfaces than hydrophilic surfaces at the
cellular level. In other investigations L. monocytogenes produced biofilm at comparable
levels on glass and stainless steel and higher than on polystyrene (Di Bonaventura et

al., 2008).

Other factors affecting attachment have been studied; Kim et al. (1995) investigated the
effect of nutrients on the development of biofilm using modified Welshimer’s broth
(MWB). They claimed that replacement of amino acids in MWB with tryptone was
important in the initial phase of biofilm formation. However, the effect was not
significant in biofilm formation after 12 days at 21°C, in comparison with shorter times
of 1, 4 and 7 days the concentration of amino acids affected the area covered by the
microorganism. In the same study, different carbohydrates were examined and it was
found that the concentration of glucose in the range 1 to 20 g/L did not affect biofilm
growth, while other carbohydrates, for example mannose and trehalose, improved the
development of the biofilm. Stoodley and his colleagues (1997) found that decreasing

the pH of media increased the thickness of the structure of biofilm by about 69% of its
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original thickness. Similarly, the effect of temperature and growth medium was
investigated by Mai and his colleague (2007); they found the number of cells attached
to stainless steel in nutrient-rich medium and minimal medium increased with
increasing temperature, with the exception at 42°C where the number of attached cells
was lower than at 37°C and 30°C. In the same study L. monocytogenes showed greater
attachment when cultivated in rich medium versus minimal medium. Recently the
parameters of contact time and pressure, surface composition, and relative humidity of
biofilm were evaluated and a significant effect of these parameters on biofilm
adhesiveness was found at cellular level. This study also suggested that L.
monocytogenes adheres more strongly to hydrophobic surfaces than to hydrophilic

surfaces (Rodriguez et al., 2008).

Data from Vatanyoopaisarn et al. (2000) confirmed the role of flagella in the adhesion
to stainless steel under static conditions, in the early stage of attachment, as the number
of cells of a non-flagellated mutant was significantly lower than the flagellated L.
monocytogenes wild type, after only a short period of contact with the surface at 22°C
but not after 24 hours or at 37°C. Importantly L. monocytogenes produce flagella only
at temperatures below 35°C (Peel et al., 1988), but biofilm may also be established at
temperatures at which flagella are not expressed (Vatanyoopaisarn et al., 2000). In
addition Todhanakasem and his colleague (2008) demonstrated that the loss of flagellar
motility alters the L. monocytogenes biofilm development and decreased initial
bacterial surface attachment but subsequently resulted in formation of hyperbiofilms.
Frank and Koffi (1990) showed that L. monocytogenes adhering to glass survived more
than 10 times longer than free-living cells (planktonic cells) when exposed to

benzalkonium chloride, anionic acid sanitizer or heat. Also, Lee and Frank (1991)
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found that L. monocytogenes adhering for 8 days were 100 times more resistant to

hypochlorite than those adhering for only 4 days.

The genetic and molecular processes involved in transition to surface attachment
remain obscure. Although several genes have been identified, they are only involved
indirectly in attachment and biofilm formation of L. monocytogenes. A recent study
investigated the role of Biofilm Associated Protein BapL in the surface attached of L.
monocytogenes; it was found that BapL may be involved in surface attachment for

some strains but it is not required for other strains (Jordan et al., 2008).

1.2.5 Biofilm in environments and medicine

Bacterial biofilms can be found on a wide variety of biotic and abiotic surfaces.
Biofilms have been found in Antarctica, thermal springs and deep sea environments
(Costerton et al., 1987; Costerton et al., 1995; Davey & O'Toole, 2000). They can also
be formed in soil and wet environments, on plants and on and within animals
(Costerton et al., 1987; Costerton et al., 1995). In plants, for example, biofilms occur
on the external tissues on the roots in symbiotic relationships (Davey & O'Toole,
2000). In animals biofilms can be either external, such as on teeth, or internal,
throughout the mucosa of the digestive tract (Dale & Fredericks, 2005).

Biofilms become a problem and influence industrial productivity, and occur in almost
in every water-based industrial process (Costerton et al., 1987; Davey & O'Toole,
2000). Biofilms have been found to be involved in up to 80% of human infections
based on a National Institute of Health statement in 2002 (Davies, 2003) this high
incidence of biofilm related infection can be attributed to organisms within a biofilms
becoming less susceptible to antimicrobial agents (Donlan, 2001). Biofilms also have

been shown to be related with some human chronic and persistent infections such as
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cystic fibrosis, otitis media and native valve endocarditis, and they also colonise on
some medical devices, such as prosthetic devices or implants (Donlan & Costerton,
2002; Hall-Stoodley et al., 2004).

Biofilms can be beneficial in many cases, for example commensal organisms found in
the intestine and female genito-urinary tract (Habash & Reid, 1999). Biofilms are also
beneficial, as in bioremediation of hazardous waste sites or treatment of municipal or
industrial waste water that require complex microbial community interactions

(Costerton et al., 1987; Davey & O'Toole, 2000).

1.2.6 Bacteria biofilms in the food processing industry

Microbial contamination of food is becoming a problem in food processing factories
and it presents great health risks since as few as ten colony forming units (CFUs) of
certain pathogens can cause life-threatening infections such as Salmonella and E. coli
0157:H7 (Ekperigin & Nagaraja, 1998; Kaper et al., 2004). Biofilms in the food
industry have mainly been studied in conjunction with L. monocytogenes and
Salmonella (Hood & Zottola, 1995; Sinde & Carballo, 2000). Contamination of food
occurs when food comes in contact with contaminated surfaces (Eginton et al., 1995;
Barnes et al., 1996). EPS plays an important role in initial bacterial attachment and
facilitates the formation of biofilms by providing a firm adherence to solid surfaces
(Marshall, 1992; Costerton et al., 1995). Once formed, biofilms become highly
resistant to disinfectants and other cleaning agents (Mittelman, 1998). Several studies
have indicated that cells in biofilm are more resistant to sterilants and antibiotics than
planktonic cells (Costerton et al., 1987; Norwood & Gilmour, 1999; Parsek & Singh,
2003). Attachment to surfaces may take about 15 minutes and then microorganisms can

trap nutrients and develop biofilms or detach and become planktonic again.(Mafu et al.,
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1990). Several studies in the food processing industry demonstrated that bacterial
biofilm was found on surfaces and crevices of a lot of equipment, such as stainless steel

pipes, vessels, valves, tables, drains and conveyors (Austin & Bergeron, 1995).

Much research has been done to examine biofilm formation on the different types of
surfaces that are used in the food processing industries, for example on stainless steel
(Ronner & Wong, 1993; Norwood & Gilmour, 1999), rubber (Ronner & Wong, 1993;
Smoot & Pierson, 1998), nylon and polyester (Blackman & Frank, 1996), glass,
polypropylene (Mafu et al., 1990). Bacterial biofilms showed their effectiveness
against a range of detergents and sterilisers and then persisted in contamination of these
devices (Austin & Bergeron, 1995). Once biofilms are established bacteria can survive
for long periods of time in the presence of nutrients and environmental conditions such
as temperatures, relative humidity, attachment surfaces, pressure and contact time (Lee
Wong, 1998; Rodriguez et al., 2008). The presence of attached microorganisms in
drinking water has been widely reported (Ridgway & Olson, 1981). It is also known
that attached bacteria can be found in milk cooling and storage tanks, heat exchangers,

stirrers and packing products (Criado et al., 1994).

1.2.7 Listerial biofilms

Many foodborne bacteria have been found to form typical biofilms; however L.
monocytogenes has been reported to form only attached monolayers on surfaces (Mafu
et al., 1990; Sashara & Zottola, 1993). The highest incidence of L. monocytogenes was
reported in moist environments (Lee Wong, 1998). Recently listerial attachment in the
food industries has been widely studied (Krysinski et al., 1992; Blackman & Frank,

1996).
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Although it is widely accepted that L. monocytogenes has the ability to attach to and to
form biofilm on different materials (Herald & Zottola, 1988; Jeong & Frank, 1994;
Norwood & Gilmour, 2001), there has been little direct microscopical evidence to
support this. Hood and his colleague (1997) reported that L. monocytogenes V7 strains
were able to attach to stainless steel surfaces, but did not form biofilm. Chae and his
co-worker (2000) found that L. monocytogenes strains can attach to glass coupons
under static conditions and all strains were found to form biofilms within 24 hours.
Using confocal scanning laser microscopy the three-dimensional structure of in situ
biofilm was determined (Chae & Schraft, 2000). Kalmokoff et al., (2001) also claimed
that L. monocytogenes did not form biofilm but merely adsorbed to surfaces at much
lower levels than some other Gram positive and Gram negative isolates. Biofilm
formation by L. monocytogenes under static conditions on stainless steel has been
confirmed (Djordjevic et al., 2002; Marsh et al., 2003). Quantitative studies of attached

bacteria in the materials of the food industry have become more common.

L. monocytogenes can attach and grow on abiotic surfaces including all types of foods
processing surface such as glass, stainless steel, polypropylene, and rubber after contact
times as short as 20 minutes (Mafu et al., 1990). More recent work by Beresford (2001)
has reported that L. monocytogenes is able to attach to a wide range of material
commonly used in food processing such as stainless steel, different polymers and
aluminium. He also reported that the number of cells adhered to coupons increased

during the first two hours of contact, regardless of nature of the material.

Krysinski (1992) evaluated listerial attachment on cleaned and sanitized stainless steel,
polyester and polyesters/polyurethane; he found that Listeria was resistant to detergent

and also that these surfaces showed different resistance to sanitizing agents. Arizcun et
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al., (1998) investigated several decontamination procedures for removal of L.
monocytogenes from glass surfaces. They found that the most efficient
decontamination procedure for L. monocytogenes was conducted at 55°C, with high
osmolarity (10.5% sodium chloride) together with acetic acid (pH 5.4). Once bacteria
were detached, cells would be more susceptible to sanitizing conditions. The results of
this work may suggest that different sanitation protocols should be used when using

different materials (Rodriguez et al., 2008).

1.2.8 Methods for studying biofilm formation in laboratory

A variety of methods have been developed to study bacterial attachment and biofilm
formation in the laboratory. These methods ideally should reflect the natural
environment of the attachment and biofilm formation under study. Although, biofilm
formation is a dynamic process, most studies have been carried out under static
conditions with fluctuation of nutrient availability, growth rate, temperature, pH, and
shear rate (Marsh et al., 2003). However, Perni et al. (2006) developed a novel system

to study listerial biofilm under turbulent flow conditions (Perni et al., 2006).

1.2.8.1 Microtitre plate

Biofilms mainly have been studied in static batch culture using microtitre plates. This
procedure is based on estimating the level or the number of cells attach to a 96-well
plate surface, which can be quantified by staining with the appropriate stain or total
viable counting. Optical density is recorded with a standard ELISA plate reader,

typically at 595 nm (Riss, 1992). This assay has been modified by various researchers
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who have used different staining solutions and different brands of microtitre plates

(Djordjevic et al., 2002; Taylor et al., 2002; Marsh et al., 2003).

1.2.8.2 Flow cells devices

Flow cells devices are used to study biofilm on different surfaces under controllable
parameters such as temperature, pressure and nutrient concentration. They are
designed to be compatible with high-resolution imaging techniques such as confocal
microscopy. Flow cell systems are open systems which allow biofilms to be grown in
observation chambers with the continual supplement of fresh nutrients. There are many
types of flow cells used to study biofilm including the modified Robbins device
(MRD) (McCoy et al., 1981), radial flow device (Dickinson et al., 1995), and parallel
plate flow (Bos et al., 1999). Recently, there is the flow system designed by Perni to

eliminate problems of turbulent flow (Perni et al., 2007).

1.2.8.3 Coupon systems

Coupons are systems which are used to study the early stage of attachment, when a
microbial suspension is kept statically with respect to an exposed substratum. This
system allows the running of a large number of comparative experiments over a short
time. Coupons are usually small squares, 1 mm in thickness, which can be made from
different materials, such as stainless steel, copper, glass, or plastic (Beresford et al.,
2001). These coupons are submerged in a cell suspension and then washed before the
attached cells are removed for investigation either by direct microscopic visualisation
or by detaching and plating them (total viable count) (Beresford et al., 2001).
Mechanical removal of attached cells includes swabbing the surface, vortexing,
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sonication, and shaking with beads (Bos et al., 1999; Beresford, 2002) The detached
cells are then transferred into a bottle of sterile water or buffer and analysed by
estimating the number of attached cells by culture on agar (Beresford, 2002). Lindsay
et al. (1997) found no significant difference between the bacterial counts resulting from

three different removal methods (vortexing, sonication, or shaking with beads).

1.2.8.4 Microscopy

Microscopy and computer image analysis is the most common direct method for
enumeration and morphological observation of microorganism attachment on surfaces.
This includes light microscopy, scanning electron microscopy (SEM), epifluorescence
microscopy (EPM), confocal laser-scanning microscopy (CLSM), transmission
electron microscopy (TEM), environmental scanning electron microscopy (ESEM),

Hoffman modulation contrast microscopy (HMC), atomic force microscopy (AFM).

SEM is used in the visualisation of the surfaces of the biofilm at high magnification
(Stewart et al., 1995). EPM techniques are used to study the structure of thin
multispecies biofilms by applying staining with 4 ,6-diamidino-2-phenylindole (DAPI)
or acridine orange (AO) to differentiate the species in the biofilm (Wirtanen et al.,
1996). CLSM has become a powerful tool in biofilm research, allowing in situ analysis
of biofilms and providing three-dimensional information without sample processing or
using chemical fixation (Surman et al., 1996). EPM is used to generate three-
dimensional images of biofilms. A wide range of specific and non-specific fluorescent
compounds such as DAPI, Syto9, and acridine orange are available for use in EPM for
staining biofilms (Donlan & Costerton, 2002). TEM is used to visualise the internal

cross-sectional of the individual microorganisms and their relationship to each other
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within the overall biofilm (Surman et al., 1996). ESEM is a form of SEM adapted to
visualise hydrated specimens (Sutton et al., 1994). HMC allows direct visualisation of
hydrated specimens without staining or fixation (Surman et al., 1996). AFM can be
used to study the topography of the biofilm structure or the interaction between
surfaces and cells (Bowen et al.,, 2001). SCLM allows a three-dimensional
visualisation with little inclusion of artefacts (Surman et al., 1996). Surman et al.
(1996) reviewed the use of different types of microscopy for biofilm study. Each of the
techniques described in his publication has its own advantages and disadvantages,
which are listed in Table 1-7. They also used episcopic differential interference contrast
microscopy (DIC) to examine biofilm on opaque surfaces and they succeeded in
showing a three-dimensional visualisation of the biofilm population.

The disadvantage of using microscopic methods is that they underestimate biofilm
levels, since the thickness of biofilm is not measured. In SEM, EPS often appears as
fibres rather than as a thick gelatinous matrix surrounding the cells (Wimpenny et al.,
2000). Staining the EPS can also be utilised using stains, such as ruthenium red.
However, this can result in overestimating the areas covered by cells (Blackman &
Frank, 1996). In spite of these disadvantages, direct microscopy is a reliable method
and is still used when studying the attachment of bacteria to different surfaces. For
instance, using SEM it was shown that shaking with beads is the most suitable method
to remove attached cells from the stainless steel and polyurethane test surfaces

(Lindsay & Von Holy, 1997).
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Table 1-7 Summary of the features of microscopy used to study biofilm formation.

Microscopy Advantages Disadvantages
A good analysis of surface shape of the The preparation required and electron
SEM biofilm to be examined at a high beam may damage the biofilm and
magnification® result in the inclusion of artefacts®
Useful spatial information relationships of | The preparation required may damage
TEM microorganisms within the biofilm the biofilm and result in the inclusion of
matrix artefacts®
Investigates the presence and the viability | In situ analysis under low magnification.
SCLM of the biofilm and also interactions Requires flat samples®
between cells and surfaces®
Light Allows examination of intact biofilms “ | Unable to reproduce high magnification
-9 compared with the other microscopy
microscopy technique®
Allows in situ examination and a clear Quantification possibilities are poor
image is produced without artefacts® when examining denser areas of
HMC . )
Can be used successfully to examine biofilm
dense areas of the biofilm®©
Direct visualisation of intact hydrated Electron beam may damage the biofilm
specimens @; does not require prior and result in the inclusion of artefacts®
ESEM fixation and staining of the biofilm® The magnification achieved by ESEM is
much lower than for conventional
SEM®
Direct visualisation of intact hydrated May result in poor image quality with
specimens at high magnification. sample immersed in a liquid ©
AEM Allows a 3-D image and provides accurate

measurement of individual
microorganisms™ does not require prior
fixation and staining of the biofilm®

(), (Stewart et al., 1995). (b), (Slayter, 1992). (c), (Surman et al., 1996). (d), (Bakke & Olsson, 1986).
(e), (Sutton et al., 1994). (f), (Bowen et al., 2001)

1.2.8.5 Total viable counts

Viable counting is a classical microbiological identification method that is based on

cultivation of the organisms on a suitable medium. Viable counts are determined after

removing the biofilm from a surface, other washing steps are carried out to eliminate

any planktonic cells. The microorganisms forming the biofilm are detached by different

mechanical forces, for example using a sonic bath (Beresford et al., 2001) or by

swabbing the surface (Chae & Schraft, 2000).
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1.3 Transposons

Transposons are important tools for the genetic analysis of both bacteria and
eukaryotes. A large number of transposon derivatives based on Mu, Tn5 or Tn10 have
been used (Trun & Trempy, 2004). Transposon mutagenesis was the original strategy
used to identify virulence genes in L. monocytogenes (Portnoy et al., 1992). The first
use of transposons in L. monocytogenes dates back to 1986 by Gaillard and his
colleagues, who used transposons to study the role of haemolysin in the virulence of L.

monocytogenes.

The first isolation of Tn917 was by Tomich et al. (1989) and was found in a plasmid
pAD2, encoding resistance to streptomycin, kanamycin and erythromycin. Cossart and
his co-worker (1989) introduced the Tn3-like transposon Tn917 into L. monocytogenes,
carried on vector pTV1 and demonstrated its utility for insertional mutagenesis. Later
Camilli et al. (1990) subsequently developed a mutant library of a L. monocytogenes
using the temperature sensitive vector pLTV3 carrying a Tn917-lac fusion. This
transposon exhibits a high degree of insertional randomness in Gram positive bacteria
and generates extremely stable insertional mutations (Youngman et al., 1983),
including species in the genera Lactococcus (Israelsen et al., 1995), Clostridium (Babb
et al., 1993), Staphylococcus (Thomas & Archer, 1989), and Enterococcus (Clewell et

al., 1982).

The transposon Tn917 is related to the Tn3 family of transposons. Recent results have
demonstrated significant homology between regions of the Tn917 and Tn3 transposon,
and its transposase has 80% similarity to the Tn3 transposase (Shaw & Clewell, 1985;
Kingsman et al., 1988). It contains the homologous short terminal inverted repeats and

generates a 5bp duplication of the target DNA during transposition as was the case with
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Tn3 (Perkins & Youngman, 1984). Tn917 transposes both to chromosomal and plasmid
sites with preference transposes to plasmid (Kingsman et al., 1988). The nucleotide
sequences of Tn917 was determined and found to be 5.257 base pairs in length with
inverted repeats at its termini; this small size allows a simple cloning and mapping of

the DNA flanking its insertion (Nelson et al., 1997).

Although transposon insertional mutagenesis was recently demonstrated in L.
monocytogenes by introduction of conjugative transposons Tn1545 and Tn916, Tn917
showed low frequencies of transposition (10°) compared to Tn916 and Tn1545
(Camilli et al., 1990), which do not significantly harm the bacterial chromosome
(Kingsman et al., 1988). Furthermore, Tn917 exhibits a preference for A+T rich
regions, therefore it is a convenient transposon for insertional mutagenesis in L.
monocytogenes which possess markedly A+T rich genomes (33% G+C) (Kingsman et
al., 1988); because of this Tn917 does not show high site specificity in bacteria
compared with other members of the Tn3 family, therefore this transposon can

transpose non-specifically and randomly in nature higher than other transposons.
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1.4 Aim and Objectives

L. monocytogenes has the ability to attach to and form biofilm on different abiotic
surfaces and thus is of great concern for food industries. The overall aim of this project
Is to investigate the genes that are involved in biofilm formation by L. monocytogenes.
The first stage was to compare the ability of L. monocytogenes wild type and
transposon insertion mutants of L. monocytogenes to attach to abiotic surfaces
(polystyrene and stainless steel) at different temperatures. Subsequently transposon
mutants that have significantly reduced levels of attachment were examined to
determine the site of transposon insertion; Arbitrary PCR was used for this purpose.
Deletion mutants will be subsequently made in these genes to investigate their role in
listerial attachment. Finally the effect of NaCl and pH on listerial attachment will be

examined.
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2 Materials and Methods

2.1 Chemical and Biological Material
Unless stated in the text, all chemicals were from Sigma (Sigma-Aldrich, UK Ltd) or
Fisher (Fisher Scientific, UK Ltd), all bacteriological media were from Oxoid (Thermo

Fisher Scientific, UK), and all the PCR reagents were from Bioline (Bioline, UK).

2.2 Bacterial strains and plasmids

The bacteria and plasmids used in this project are shown in Table 2-1 and Table 2-2.

Table 2-1 Bacteria strains

Genotype and

== Reference
description

Bacteria strain

Dr D. Portnoy, Department of
Microbiology, University of
Pennsylvania, Philadelphia, USA.

L. monocytogenes strain
10403s wild type

L. monocytogenes | Collection of Lab 227, Department of

L. monocytogenes Tn917 10403s harbouring | infection, Immunity and Inflammation,
transposon mutants of Tn917 element University of Leicester. UK. Preliminary
10403s 1366 data from Beresford (2002)

L. monocytogenes | Collection of Lab 227, Department of
L. monocytogenes Tn917 10403s harbouring | infection, Immunity and Inflammation,
transposon mutants of Tn917 element University of Leicester. UK. Preliminary
10403s M237 data from Beresford (Beresford, 2002)

L. monocytogenes | Collection of Lab 227, Department of

L. monocytogenes Tn917 10403s harbouring || infection, Immunity and Inflammation,

transposon mutants of

RSN Pt
L. monocytogenes AImo0103 This study
L. monocytogenes Almo2235 This study
L. monocytogenes Almo2236 This study
L. monocytogenes Almo2471 This study
L. monocytogenes AImo0540 This study
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Table 2-1 Bacteria strains

Bacteria strain

Genotype and
description

Reference

Escherichia coli XL-10-
Gold Ultracompetent Cells

Tet'A(mcrA) 183
A(mcrCB-hsdSMR-
mrr)173 endAlsupE44
thi-1 recAl gyrA96 relAl
lac Hte [F proAB lac1?
ZAMI5 Tn10(Tet) Amy
Cam']

Agilent Technologies, UK

Escherichia coli Stellar™
competent cells

F—, endA1l, supE44, thi-
1, recAl, relAl, gyrA96,
phoA, ®80d lacZA M1 5,
A (lacZYA - argF) U169,
A (mrr - hsdRMS -
mcrBC), dmcrA, 7—

Takara BioEurope/Clontech, France

Table 2-2 Plasmids

Plasmid

Characteristics

Reference

pGEM-T-Easy vector

E.coli T-A cloning vector,
ampicillin resistance. Blue
white selection

Promega UK, England

PAUL-A vector

E.coli, Listeria
monocytogenes shuttle
vector, Erythromycin

resistance marker, blue-
white selection

Chakraborty et al. 1992

2.2.1 Tn917 Transposon mutants

Tn917 transposon mutants used in this project were obtained from a library of mutants

previously prepared in University of Leicester (Beresford, 2002). Transposition of

Tn917-LTV3 in L. monocytogenes 10403s was carried out according to the methods of

Camilli et al. (1990), using the temperature sensitive plasmid pLTV3. A derivative of

Tn917 (Tn917-LTV3) carried on plasmid pLTV3 (Camilli et al., 1990)was used for

transposon mutagenesis of L. monocytogenes 10403s.

pLTV3 is temperature sensitive plasmid, it does not replicate at temperature above

37°C, because it a highly temperature-sensitive derivative of vector pE194Ts (Villafane
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et al., 1987). The plasmid contains a copy of Tn917 conferring inducible Em'
(erythromycin resistance), a promoterless copy of the E. coli lacZ gene positioned so
that insertions into chromosomal genes can generate transcriptional lacZ funsions, the
kanamycin resistance gene (neo) selectable in E. coli, the chloramphenicol resistance
gene (cat), the lincomycin (ble) and tetracycline resistance gene (tet) selectable in
Listeria, ColE1 replication functions, an M13 origin of replication, and cluster of
polylinker cloning sites which facilities the recovery in E. coli of chromosomal DNA
adjacent to sites of insertion (Camiili et al., 1990). Any colonies surviving incubation at
41°C (the non-permissive threshold for plasmid replication), which had the phenotypes
Em" (erythromycin resistance), Lm" (lincomycin resistance) and Tc® (tetracycline
sensitive) were assumed to have acquired a chromosomal insertion of Tn917-LTV3 and

had lost the plasmid portion of Tn917-LTV3.

Southern Blots were performed to chromosomal DNA of transposon mutants to
confirm that Tn917-LTV3 had integrated randomly into the chromosome of L.

monocytogenes (Beresford, 2002)

2.3 Culture media and growth conditions

L. monocytogenes was grown on Tryptone Soya Agar (TSA) or Brain Heart Infusion
agar (1.5% (w/v) bacteriological agar added), Tryptone Soya Broth (TSB) or Brain
Heart Infusion broth (BHI) with shaking at 220 rpm at appropriate temperatures (37°C,
30°C and 18°C). Transposon mutants 1366, M237 and B265 were grown in the
presence of lincomycin and erythromycin at a concentration of 25ug/ml and 1pg/mi
respectively. Insertion mutants, of L monocytogenes Almo0103 were grown in the

presence of erythromycin at concentration of 5ug/ml.

45



Chapter-Two-Materials and Methods

Escherichia coli strains XL 10 Gold ultracompetent cells and Stellar competent Cells
were grown on Luria-Bertani (LB) medium (Davis et al., 1980) 10g/l of Tryptone, 5¢/I
yeast Extract, 5g/I sodium chloride at 37°C with shaking or on Luria- Bertani Agar
(LA) with added 1.5% (w/v) bacteriological agar. Antibiotics were used, when
appropriate, at the following concentrations: erythromycin 100ug/ml and 300ug/ml

respectively.

Super optimal broth with catabolite Repression (SOC) recovery medium was used to
recovery transformants of E. coli. It was prepared as follows, 2g Tryptone, 0.5g yeast
extract, 10mM sodium chloride, 2.5mM potassium chloride, 20mM magnesium stock

(MgCl;and MgSO,), 20mM Glucose per 100ml (Sambrook et al., 1989).

All media were prepared using distilled water and were sterilised by autoclaving at

121°C at 15psi (pound per square inch) for 15 minutes.

For long-term storage, bacterial frozen stocks (Davis & Botstein, 1980) were prepared
as follows; 10 ml TSB was inoculated with a sweep of bacteria cells from an overnight
culture on TSA and incubated at 37°C for 24 hours, with shaking at 220 rpm. Sterile
glycerol was added to give 10% (v/v). Bacteria were then dispensed into 500 pl

aliquots and stored at -80°C until required.

2.4 Growth curves of L. monocytogenes

The tests were done with wild type and all mutants at different concentration of salt and
different pHs. Each strain was grown on TSA at 37°C overnight (with the appropriate
antibiotic for the mutant). A colony was subcultured into 10 ml of TSB (with the
appropriate antibiotic for the mutants) and incubated with shaking (220 rpm) overnight
at 37°C. 100 ml of TSB in an Erlenmeyer flask (500ml) was then inoculated with 1%

of the overnight culture. These cultures were incubated at 37°C with shaking (220
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rpm); 2 ml samples were taken every 20 minutes for measuring the optical density and
for duplicate viable counts as described in section 2.5.1. All tests were done in
duplicate from two independent stocks. Optical density measurements were made using
a UV spectrophotometer (Jenway), in 1 ml plastic cuvettes, at a wavelength of 500nm.
Sterile TSB was used as a blank. All cultures were vortexed prior to measurement and
1 ml was pipette into a cuvette, then the sample readings were taken. The viable counts
were used to plot growth curves and to calculate growth rate constant () for all strains,

using the formula

1 = ((logio N - log1o No) 2.303) / (t - to)

Bacterial growth was also assessed using Varioscan in Nunc 96 wells plate with the
same conditions mentioned above. This was done in triplicate starting from three

different stocks.
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2.5 Assay of attachment to polystyrene (adapted from Taylor et al., 2002)

Overnight cultures were diluted to OD 0.7 with TSB; 200 pl of the diluted culture was
added into eight separate wells of a 96-well microtitre plate (Greiner polystyrene,
Frickenhausen, Germany). Only alternate wells of the microtitre tray were inoculated.
Eight wells of TSB without L. monocytogenes were included as control wells. The tray

was incubated at 37°C, 30°C or 18°C (as appropriate to the experiment) for 2 hours.

After 2 hours incubation the supernatant was aspirated from each of the wells. The
loosely associated bacterial cells were removed by gently washing two times with 200
ul sterile phosphate-buffered saline (PBS). The plate was air dried and the attached
cells were fixed by incubation at 80°C for 30 minutes. Attached cells were stained by
adding 220 pl 0.1% (v/v) crystal violet in distilled water to each well for 1 minute.
Unbound dye was removed by rinsing three times with 220 ul PBS. The crystal violet
was recovered by adding 220 ul decolourisation solution (ethanol: acetone [80:20]) for
15 minutes at room temperature. Crystal violet was quantified by measurement of

Asgsnm in @ microtitre plate reader (BIO-RAD).

A duplicate tray prepared as described above was used to estimate the total number of

viable cells in each well as described in 2.5.1.

2.5.1 Viable Counts

Viable counts were determined using an adaptation of the Miles and Misra plating
technique (Miles and Misra, 1938). Serial ten-fold dilution was made in sterile PBS in a
96 well microtitre plate up to 10° and 20 pl (you said you plated 50ul in section above)
each were plated in duplicate. The plate was allowed to dry and incubated overnight at

37°C. Next day only dilutions which resulted in counts of between 20-150 colonies
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were counted. The number of colony forming units per ml is calculated using the

following formula:

Number of colonies counted in the sector

X Sector dilution X 1000

\Volume plated (20 ul)
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2.6 Assay of attachment to stainless steel (based on quantitative adhesion assay

by Beresford et al., 2001)

2.6.1 Preparation of coupons

Coupons of stainless steel grade 304 (2B finish) (1.6 cm?and thickness 0.78 mm thick)
were used. Each coupon was placed in a sterile universal tube containing 10 ml 1%
(v/v) Teepol solution to remove any grease. Tubes were sonicated in a sonication bath
for 15 minutes to remove any debris. After sonication the coupons were thoroughly
washed in 20ml sterile distilled water. The coupons were finally transferred to a clean

beaker and autoclaved at 121°C for 15 minutes.

2.6.2 Preparation of bacteria

L. monocytogenes was recovered from frozen stocks and was grown on TSA at 30°C.
A sweep then was inoculated into 20 ml 20% (w/v) TSB and incubated overnight
statically at 30°C. The overnight culture then was harvested at 1400 g at 4°C for 15
minutes. The cell pellet was resuspended in 20% (w/v) fresh TSB and cell suspensions

were diluted to an ODggonm between 0.15 and 0.2 for use.

2.6.3 Attachment assays

A single coupon was placed into 10 ml 20% (w/v) Listerial cell suspensions (OD 0.15-
0.2) in a universal tube. The coupons were incubated statically for 2 hours at 30°C, then
was removed and transferred to a Petri dish containing 10 ml sterile phosphate buffered
saline (PBS). The dish was swirled twice gently and the coupon transferred to 10 ml
sterile 20% (w/v) TSB in a plastic universal tube. The coupon was then sonicated in a

sonic bath for 1 minute, and detached bacteria enumerated as in section 2.5.1.
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2.7 Procedures for DNA extraction

2.7.1 Extraction of listerial chromosomal DNA

Chromosomal DNA was extracted from L. monocytogenes using a method perversely
published (Dillard & Yother, 1994); 10 ml of L. monocytogenes culture was grown in
TSB at 37°C overnight to stationary phase. The bacteria were centrifuged at 4000 x g
for 10 minutes and the pellet resuspended in 2.5ml of Tris-EDTA buffer (TE buffer)
(10mM Tris-HCI, 1mM Ethylenediaminetetraacetic acid (EDTA), pH 8.0). Sodium
dodecyl sulphate (SDS) was added to 1% (w/v), and the cells were lysed at 65°C for 15
min, followed by incubation at 4°C for 60 minutes. Cell debris was removed by
centrifugation at 11000 x g for 10 minutes. The supernatant was added to 2vols of
ethanol and kept at -20°C overnight. The DNA was then spun down at 11000 x g at 4°C
for 45 minutes and the supernatant carefully removed. The pellet was air-dried for 30
minutes and then resuspended in 20 pl sterile nanopure water. The DNASs were cleaned

using QIAquick PCR Purification Kit (Qiagen) as described in section 2.10.

2.7.2 Extraction of plasmid DNA using a HiSpeed Maxi kit

A HiSpeed plasmid Maxi kit (Qiagen) was used and the methods were performed
according to the manufacturer’s instruction; 150 ml bacterial cell culture was grown to
stationary phase and then harvested by centrifugation at 6000g for 15 min at 4°C. The
bacterial pellet was resuspended in 10 ml Buffer P1; 10 ml Buffer P2 was then added
and mixed thoroughly. Chilled Buffer P3, 10 ml was added to the lysate and mixed
immediately and thoroughly. The lysate was incubated in a QlAfilter Cartridge at room

temperature for 10 min.

A HiSpeed Maxi Tip was equilibrated by adding 10 ml Buffer QBT, before transferring

the cell lysate from the QIAfilter. Then, 60 ml Buffer QC was used to wash the
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Hispeed Maxi Tip. Plasmid DNA was eluted from the Hispeed Maxi Tip by adding 15
ml Buffer QF, and then 10.5ml volume of Isopropanol was added to precipitate plasmid
DNA. Plasmid DNA was washed with 2 ml 70% (v/v) ethanol. Finally, the plasmid
DNA was eluted from the QIA precipitator in 1 ml of Buffer TE. Plasmid DNA was

stored at -20°C for further use.

2.7.3 Extraction of plasmid DNA using a miniprep Kit

A single bacterial colony was picked from a fresh overnight culture plate and
inoculated into 10 ml of LB broth supplement with appropriate selective antibiotic. The
culture was incubated at 37°C with vigorous shaking over 16 hours. 5ml of culture was
transferred into a new universal tube, and the bacterial cells were harvested by
centrifugation at 4000g for 10 min at room temperature. Plasmid extraction was
performed according to the manufacturer’s instruction (miniprep kit, Qiagen).
Following these steps, the pellet was then resuspended in 250 pl Buffer P1, and
transferred to a micro-centrifuge tube (1.5 ml). Then, 250 ul of Buffer P2 was added
and the preparation mixed by inverting the tube gently, 4 to 6 times to give a
homogeneously coloured suspension; 350 ul of Buffer N3 was added to precipitate
DNA, followed by immediately mixing the tube by inversion 4 to 6 times. The
preparation became cloudy. The suspension was then centrifuged for 10 min at 13000
rpm in a micro centaur bench top centrifuge, and the supernatant transferred to the
QIlAprep column, by decanting and pipetting the traces. The tube was once again
centrifuged for 1 min at 13000 rpm in a micro centaur bench top centrifuge and the
flow-through discarded. To remove any trace of nucleases, 0.5 ml of Buffer PB* was
added to the column, followed by centrifugation at 13000 rpm in a micro centaur bench
top centrifuge for 1 min, and discarding the flow-through after. Then the column was

washed by adding 0.75 ml of Buffer PE and centrifuging twice, discarding the flow-
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through between and after each centrifugation. The column was placed into a new
microcentrifuge tube and to elute DNA 50 pl of Buffer EB was added and left to stand
for 1 min at room temperature and then centrifugation in a micro centaur bench top for
1 min at 13000 rpm. Plasmid DNA concentration was measured using Nanodrop before

stored in the freezer (-20°C) for further use.

2.8 Polymerase Chain Reaction (based on (Sambrook et al., 1989)

PCR was typically performed in 50 pl volumes, using about 200ng of L.
monocytogenes DNA. Primers (20 pmol) were added to a PCR mixture containing;
PCR buffer (1x), 200 uM each deoxynucleotide, 1.25 U of Taqg polymerase, 1.5 mM
MgCl, and 0.1-0.5 pg template chromosomal DNA used in a final volume of 50pl.
PCR was performed under the following conditions; 35 cycles of 94°C for 30s, 52°C
for 30s and 72°C for 1 min, followed by 72°C for 5 min. The product was separated on
a 1.5% (w/v) agarose gel containing 0.2ug/ml ethidium bromide solution, as described
in section 2.11. For sequencing 10ng/8ul PCR product was sent for analysis as

described in 2.12.

2.8.1 Arbitrary primer PCR

The DNA sequence flanking the transposon insertion sites was determined by Arbitrary
PCR in a method adapted from (Knobloch et al., 2003). PCR amplification was
performed with a primer specific to the end of the transposon in combination with a
primer of random sequence, which could anneal to chromosomal sequences flanking

the transposon (Figure 3-11)

PCR was performed in two rounds. In the first round of PCR an arbitrary primer
(STAPHarbl or STAPHarb2; 20 pmol/reaction) and a primer unique to one end of the

transposon [917-5.2, 917-5.3, 917-3.2 and 917-3.3]; 10 pmol/reaction) were used. The
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PCR mixture contained PCR buffer (1x), each deoxynucleotide at 200 uM, 1.25 U of
Taqg polymerase, 1.5 mM MgCI2 and 0.5 pg template chromosomal DNA in a total
volume of 50 pl. PCR was performed under the following conditions: 95°C for 5 min;
six cycles of 94°C for 30s, 30°C for 30s and 72°C for 1 min; 30 cycles of 94°C for 30 s,
45°C for 30 s, and 72°C for 1 min; and finally 72°C for 5 min. samples were kept at

4°C until required.

The second round of PCR was performed in a final volume of 100 pl using 5 pl of the
first round product used as the template DNA. A transposon specific primer ([917-5.2,
917-5.1, 917-3.2 or 917-3.1]; 20 pmol/reaction) and the arbitrary primer arb3 (20
pmol/reaction) (Table 2-3 and Table 2-4) were used in the second round. The reactions
for the second round were performed under the PCR described above in the first round
of PCR, except that both primers were used at a concentration of 20 pmol/ reaction and
the annealing temperature was 45°C. PCR was performed under the following
conditions; 30 cycles of 94°C for 30s, 45°C for 30s and 72°C for 1 min, followed by
72°C for 5 min. The products from the second round of PCR were separated on a 1.5%
(w/v) agarose gel containing 2 pl (0.2mg/ml ethidium bromide solution as described in

section 2.11.
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Table 2-3 Oligonucleotides used as primers (Knobloch et al., 2003)

Primer Localization Primer sequence
(bp)*

917-5.1 124-103 5°-ATC GAT ACA AAT TCC TCG TAG G-3’
917-5.2 274-255 5’-AAC CGA TAC CTG TTT GTG CC-3’
917-5.3 353-333 5’-CCA-ATC ACT CTC GGA CAA TAC-3’
917-3.1 5298-5318 5°-TTT AGT GGG AAT TTG TAC CCC-3’
917-3.2 5194-5215 5-GGG AGC ATATCACTT TTC TTG G-3
917-3.3 5102-5122 5’-GAA CGC GGT CTA CTT ACA AGC-3’
STAPHarb1 Avrbitrary 5’-GGC CAC GCG TCG ACT AGT CAN NNN NNN NNN GAT AT-3’
STAPHarb2 Avrbitrary 5’-GGC CAC GCG TCG ACT AGT CAN NNN NNN NNN GAT CT-3’
Arb3 Avrbitrary 5’-GGC CAC GCG TCG ACT AGT CA-3’

#Localization in the published nucleotide sequence of Tn917 (accession number M11180).

Table 2-4 PCR primer pairs during the first and second round of arbitrary PCR

round 1 round 2
STAPHarbl 917-5.3 917-5.2 Arb3
STAPHarb1 917-5.2 917-5.1 Arb3
STAPHarb1 917-3.3 917-3.2 Arb3
STAPHarb1 917-3.2 917-3.1 Arb3
STAPHarb2 917-5.3 917-5.2 Arb3
STAPHarb2 917-5.2 917-5.1 Arb3
STAPHarb2 971-3.3 917-3.2 Arb3
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2.9 DNA extraction from agarose gels using a Promega S/V system

A Promega s/v kit was used to extract DNA fragments from agarose gels. The desired
DNA fragments were produced by digestion with the appropriate enzyme and were
separated by agarose gel electrophoresis as described in section 2.11. The gel
containing the fragment of interest was determined under UV light from a long wave
UV transilluminator and then excised using a clean scalpel and transferred to a 1.5 ml
microcentrifuge tube. The agarose gel slice containing the fragment of interest was
dissolved at 65°C for 10 min until the gel slice is completely dissolved using membrane
binding (10pul of solution perl0mg of agarose gel slice) solution. The dissolved gel was
transferred to a minicolumn provided with the kit and the other steps were applied
according to the supplier’s instruction manual (Promega). All centrifugation steps were

done at 13,000g.

2.10 DNA purification extraction using a QIAquick purification Kit

DNA was cleaned according to the manufacturer’s instructions (Qiagen); 1 ml of
Buffer PB was added to 20 pl of DNA solution. The mixture was then centrifuged at
13,000g for 1 minute in a microcentrifuge (Beckman Coulter). The eluate was
discarded and the QIAguick column washed with 0.75 ml Buffer PE, following
centrifugation at 13,000 for 1 minute. The eluate was discarded and the centrifugation
repeated for an additional 1 minute. Finally, 30 pl Buffer EB was added to eluate DNA
from the column. The column was left to strand for 1 minute and then centrifuged for 1

minute at 13,000 rpm. The DNA was stored at -20°C ready for use.
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2.11 Agarose gel electrophoresis

The agarose gel was prepared according to the size of DNA fragments (Sambrook et
al., 1989). Fragment sizes bigger than 2Kb was analysed using 1% (w/v) agarose gel
electrophoresis (Lab M) and 1.5% (w/v) agarose concentration for separating fragments
smaller than 2Kb. Agarose was prepared in TE buffer (10 mM Tris-HCI + 1 mM
EDTA, pH 8.0) and electrophoresis was performed in TAE buffer with 0.2ug/ml
ethidium bromide. A 1Kb DNA ladder and 100bp DNA ladder were used as the DNA
size marker. DNA and PCR products were mixed with 1/5th (v/v) of 6 x gel-loading
buffer (0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 15% (w/v)
Ficoll Type 400, Pharmacia) in water). The electrophoresis was carried out at 75-85
volts for one hour. DNA fragments were visualised under UV light from a long-wave

UV transilluminator.

2.12 Nucleotide sequence analysis

DNA was sequenced by PNACL (Protein Nucleic Acid Chemistry Department-
University of Leicester), after cleaning of DNA with a Promega Wizard SV Kit.
Nucleotide sequence analysis was performed PCR products with 1 pmol/ul primers.
Resulting sequence was identified using a basic local alignment search tool (BLAST)

and the NCBI database of the finished genome for L. monocytogenes EGD-e.
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2.13 Construction of mutants in L. monocytogenes 10403s

2.13.1 Preparation of L. monocytogenes cells for electroporation with plasmid
DNA

The method followed for the electroporation of L. monocytogenes was adapted from
the penicillin treatment protocol described by Park and Stewart (1990). 1ml of L.
monocytogenes in BHI broth supplemented with sterile 0.25M sucrose was added to
500ml of fresh BHI and incubated at 37°C with shaking at 150 rpm until an ODggonm Of
0.2 was attained. Then 10 pg/ml of Penicillin G was added, and the incubation was
continued to an ODgoonm Of 0.4. The cells were then harvested by centrifugation at
3000xg for 10 minutes at 4°C and then washed three times in 250, 100 and 30 ml
respectively in volume of 1mM sterile HEPES (pH 7.0) plus 0.25M sucrose. The cell
pellet was drained carefully and resuspended in 500 pl volume of 1mM HEPES, 0.25M
sucrose and 15% (v/v) sterile glycerol. Finally, the cells were dispended into 50 pl

aliquots and kept at -70°C until use, or were kept on ice for immediate use.

2.13.2 Electroporation of L. monocytogenes with plasmid DNA (based on Park &
Stewart, 1990)

For electroporation, 100ng of plasmid was added to 40 ul of competent L.
monocytogenes strain10403s cells (thawed on ice) and mixed gently and then incubated
on ice for 1 minute. The mixture was transferred into a 0.2 cm prechilled
electroporation cuvettes (Bio Rad) and placed into the electrodes of a gene-Pulser (Bio-
Rad). The settings used for electroporation with L. monocytogenes were 25 pF,
2.5kv/cm?, and 200Q. The cells were electroporated using a pulse with a time constant
of about 4.2ms. Immediately, 1 ml prewarmed SOC medium was added and mixed by
pipetting twice and then transferred to 15ml Falcon tubes and the culture incubated at

30°C for 3 hours with gentle shaking at 150rpm. The cells were then plated onto BHI
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agar with 1.5% (w/v) agar, containing 5ug/ml erythromycin. Plates were incubated at
30°C for 2 days. Next, small white colonies were picked and PCR was done to confirm

integration of plasmid into the bacterial chromosome, as described in section 2.8

2.13.3 Recombination of plasmid into L.monocytogenes

Colonies from electroporation were streaked on BHI agar containing 5ug/ml
erythromycin and incubated twice at 42°C. Integration of the plasmids into bacterial
chromosome was confirmed by PCR using specific gene primer and universal primer
M13 reverse. Colonies which showed a positive result of fragment size were picked
and inoculated overnight into 10 ml BHI broth with shaking. This was incubated at
30°C with shaking at 220 rpm. Following subculture twice in BHI a day for three days
100 pl of -6 and -7 dilutions was plated on BHI agar and incubated at 42°C. Next day
viable colonies were plated on BHI with and without erythromycin (5ug/ml) and then
incubated at 30°C. Erythromycin sensitive colonies were screened for double crossover

(Table 2-5).
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Table 2-5 Oligonucleotides used as primers to prepare L. monocytogenes mutants

. Gene Product
Primer Sequence .
target size
Fw 540 INF FW1 5> CGGTACCCGGGGATCCGTGGCGAGCTTTGATTGCT 3’ IMo0540
Fw 540 INF RV1 | 5 GACACGTCCCATCCGGTCACAAACACGATAATCATGTTCTTG 540bp
CGIC 3° Imo0540
Fw 540 INF FW2 || 5>GACGCAAGAACATGATTATCGTGTTTGTGACCGGATGGGAC
GTGTC 3’ Imo0540
Fw 540 INF RV2 471bp
w 5" CGACTCTAGAGGATCTACTCCGGCGCGGGTTTCAC 3’
Imo0540
CpbpFW 5> AAGAAGTTAAAAGTCCGCTACC 3’ Imo0540 1152b
ChpbRV 5> CCAAAGAAGCAAAAGCAACAC 3’ Imo0540 P
NO1F 5>’ACGGTGAAAATTAGCCAAGAG3’ Imo0103 318b
NO1R 5’GCGTGGAATGGAAGCAAAG3’ Imo0103 P
NOWF 5"TGCTGCCGATTTTGTTGC3’ Imo0103
512bp
NOWR 5’ AATATCAGCTATTTCCTTGCCC3’ Imo0103
M13F 5’TGTAAAACGACGGCCAGT3’ -
M13R 5’CAGGAAACAGCTATGACC3’ -
2236FW1 5 *CGGTACCCGGGGATCCAAATGCGATTAGCTGCCTATCCT3’ Im02236
2236RV1 5’CAGTCTTACAACCAGCAGCTTCAGCGCCAAGAAGCCTAGTCG IMmo2236 773bp
TTCCTGA3’ 0
2236FW?2 5’ TCAGGAACGACTAGGCTTCTTGGCGCTGAAGCTGCTGGTTGT IMmo2236
AAGACTG3’ 517bp
2236RV2 5" CGACTCTAGAGGATCGAGTTTGCTGCTCCTCCGACAAAAG3’ Imo02236
C236F 5> GTGAATCCGAAGCTTACTTACC3’ Imo02236 2336h
C236R 5’ GCCGTCAATAACGATTAAAGCC3’ Imo2236 P
INF 471 FW1 5 CGGTACCCGGGGATCTGTTAGTCAGCCCAGAAGTTACG 3’ IM002471
INF 471 RV1 5’AAAGACGGGATTGCAACAGACTTTCGATGAAAGCAGATGGC 566bp
GTGGAAC3’ Imo02471
INF 471 EW?2 5’GTTCCACGCCATCTGCTE‘;C&?I%QAAAGTCTGTTGCAATCCC IMo02471 656bp
INF 471 RV?2 5" CGACTCTAGAGGATCATGAGGAGCACAACGAGGCAATTTGS™ [ | 115 /q
C471F 5 GAGGAAGGCAACACCATAAC3’ Imo02471 1364b
C471R 5" AGGCGAAATGCTGACAAC 3’ Imo02471 P
INF235 FW1 5’CGGTACCCGGGGATCAGGAAGACTCCCTGTGAAAGGAATG 3’ Imo2235
INF235 RVL [ S'GCATGAATCAATCCTGCGTCCTCGTTTGTTTGTCCGTGCCGAT [ | ohar 577bp
AAGA 3’ mo
INF235 EW?2 5" TCTTATCGGCACGGACAAACAAACGAGGACGCAGGATTGAT IMo2235
TCATGC 3’ 582bp
INF235 RV2 5> CGACTCTAGAGGATCCCAATTAAGCCAAGAAGCCTAGTCG3’ Imo2235
C235F 5> TCTCCACGCTAAACACCTAC 3’ Imo2235 2052b
C235R 5> CGAATGAATCCTACTCGCTAC 3’ Imo2235 P
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2.14 Cloning reactions

2.14.1 Ligation of DNA fragment using pGEM-T Easy vector

DNA ligation was performed according to the manufacturer’s recommendations.
pGEM-T-Easy vector (Promega, UK) a ratio of 1:3 vector to insert was used. Ligations
were performed at room temperature for an hour, and then used for transformation
using XL 10 Gold ultracompetent cells (Agilent Technologies UK Limited) as
described in section 2.14.4. Transformation mixtures were plated on LB containing the

appropriate antibiotic. Successful transformation was confirmed by PCR (Section 2.8).

2.14.2 Ligation of DNA fragment using pAUL-A vector

DNA ligation was performed as described above in section-2.14.1. A ratio of 1:3 and
1:6 vector to insert was used. Ligations were performed at room temperature for an
hour, and then used for transformation using either XL-10-Gold ultracompetent cells
(Agilent Technologies UK Limited) or Stellar™ competent cells (Clontech, USA) as
described in section 2.14.4. Transformation mixtures were plated on LB containing
erythromycin antibiotic. Successful transformation was confirmed by PCR (Section

2.8).

2.14.3 Ligation of DNA fragment using In-fusion HD cloning kit

An In-fusion HD cloning kit (Clontech, USA) is designed to join multiple DNA
fragments into any vector in a single reaction. PCR primers for interest of genes (Table
2-5) were designed with 15 bp extensions (5) that homology to the ends of the
linearsed vector. Molar ration of insert to vector was calculated at a 6:1 ratio of insert
to linearised pAUL-A vector, following the protocol instruction. Ligation reaction was
incubated at 50°C for 15 min, and then used for transformation using Stellar™

competent cells (Clontech, USA) protocol. Transformation was plated on LB
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containing the appropriate antibiotic. Successful transformation was confirmed by PCR

(Section 2.8).

1) amplification the region of the gene of interest by PCR
Gene- specific primer with 15 pb homologous to vector end FW1

B Gene-specific primer FW2
[ ] RN

T [ S
< [ —
%
Gene-specific primer with 15 pb homologous to vector end RV2

PCR product (bP)
. =

r~ NI

Linearized Vector \ /

Set up the In-Fusion cloning reaction

. 3) Ligate PCR product into linearized vector
Cloning result @ ) Lig p

New construct
(vector with clone)

Gene-specific primer RV1

2) Cloning reaction using In-Fusion HD kit

Figure 2-1 Schematic drawing demonstrate cloning procedure using In-Fusion HD kit
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2.14.4 Transformation protocol

Transformation was performed as instructed by the manufacturer (Agilent
Technologies, UK). Competent cells were thawed on ice and mixed gently and 50 pl
was transferred into Falcon polypropylene round-bottom tubes; 2 pl of plasmid DNA
was added directly into the competent cells and gently swirled. The tubes then were
incubated on ice for 30 min. followed by heat shock for 30 sec at 42°C and then
incubated again on ice for exactly 2 min. Then, 950 pl of pre-warmed SOC medium
was added to each tube and incubated at 37°C with 220 rpm shaking for 1 h. Finally the
transformation reaction was plated onto LA supplement with the appropriate selective

antibiotic, X-Gal and IPTG and then incubated at 37°C overnight.

2.15 DNA restriction digestion

The restriction endonucleases used for routine DNA manipulation were purchased from
Biolabs (New England Biolabs, UK). DNA was digested in 50 ul reaction mixture with
10 units of enzyme and 500ng of DNA at 37°C in water bath for 2 hours, with the tubes
sealed with nescofilm. The successful digestion was confirmed by run on a gel. The
restriction endonucleases used were BamHI and EcoRIl (New England Biolabs, UK).
Finally, digests were purified using Promega kit and the concentration was measured
using a Nanodrop spectrophotometer. Finally DNAs were stored at -20°C for further

use.
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2.16 Scanning Electron Microscopy

2.16.1 Preparation of coupons

Coupons of polystyrene and stainless steel grade 304 (2B finish) (1.6 cm?and thickness
0.78 mm thick) were used for scanning electron microscopy. Each coupon was cleaned
and sterilised as described in section 2.6.1, with the addition of sterilisation with 70%

(v/v) ethanol for 20 min.

2.16.2 Preparation of bacteria
A 3 ml Listeria overnight cultures diluted to OD 0.7 with TSB were used to inculcate
the well of a 12-well microtitre plate containing a single coupon. The plates were then

incubated at 18°C, 30°C and 37°C for 2 hours and 24 hours.

After 2 and 24 hours incubation, each coupon was removed from the wells using sterile
forceps (the coupon was held by two edges) and placed into a new 12 well microtitre
plate containing 1ml 2% (v/v) glutaraldehyde in 0.1 M cacodylate buffer pH 7.4. The
sample was allowed to fix at room temperature and imaged by scanning electron
microscopy (SEM) using a Hitachi S3000H scanning electron microscope. The SEM

was done by the Electron Microscope Laboratory, University of Leicester.
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2.17 Impact of temperature on L. monocytogenes gene expression

2.17.1 Analysis of gene expression by Real Time Reverse Transcriptase

Polymerase Chain Reaction (RT-PCR)

2.17.1.1 RNA extraction

The extraction of RNA was done as described previously by Stewart et al. (2002) using
the GTC/TRIZOL method, with the exception on that an extra chloroform extraction
was introduced. Briefly, 10 ml of a mid-log phase L. monocytogenes culture was mixed
rapidly by swirling with 4 volume of GTC lysis solution (5M guanidine isothiocyanate,
0.5% sodium N-lauryl sarcosine, 25 mM tri-Sodium citrate pH 7.0, 0.1 M 2-
mercaptoethanol, 0.5% Tween 80). These were subsequently centrifuged at 30009
(Allegra” X-22 centrifuge, Beckman coulter) for 20 min to pellet the cells. The
supernatant was discarded and the pellet was resuspended in 1 ml GTC and then the
suspension transferred to a microcentrifuge tube and centrifuged at 13000g for 20
seconds. The supernatant discarded and the pellet was resuspended in 1.2 ml Trizol
(Invitrogen) and immediately transferred into a Ribolyser blue matrix tube (Fisher
Scientific, UK) and processed in a Ribolyser (Thermo) at 6.5 power setting for 45
seconds. The bacterial protein was removed by adding 200ul chloroform, vortexing and
incubating at room temperature for 2-3 min. Then the sample was centrifuged at
12000g (Mikro 22R, Hettich Zentrifugen) for 15min to remove bacterial debris. The
aqueous phase was transferred to a fresh tube and re-extracted with addition of 0.5ml
chloroform, and centrifugation at 12000g for 15 min at 4°C. RNA was precipitated and
washed with 500ul isopropanol followed by centrifugation at 12000g for 10 min at 4°C
and the RNA pellet was resuspended in 87.5ul RN/DNase free water. RNA was treated

with RNase-free DNase (Qiagen), by incubating for 10 min at room temperature.
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The RNA was cleaned to eliminate DNA from the samples using a Qiagen RNeasy
mini kit as described by the manufacturer (Qiagen). Finally, the RNA was eluted in 30
pl of nuclease-free water. The RNA concentration was measured using a NanoDrop
1000 spectrophotometer (Termo Scientific). In addition, the integrity of RNA was
assessed by electrophoresis using a 1.5% (w/v) agarose gel (Section 1.8). Samples were

stored at -80°C until needed.

2.17.1.2 Extraction RNA from attached and planktonic cells

A 5 ml diluted culture of ODsgy 0.7 of L. monocytogenes wild type and mutants were
grown in flat-bottom polystyrene 6-well plate (Greiner polystyrene, Frickenhausen,
Germany) as described in section 2.5. Plates were incubated at 18, 30 and 37°C. After
incubation for 2 hours, 5ml of culture in each well was collected into a centrifuge tube
and wells were washed twice with 5ml PBS. Then, 5ml TSB was added and sonicated
for 1 min to detach attached cells. Finally the suspension of detached cells was

removed for RNA extraction as described in section 2.17.1.1.

2.17.1.3 First-strand cDNA synthesis using superscript 11 RT

The reverse transcriptase reaction was performed using SuperScript 1l reverse
transcriptase (Invitrogen, UK). Approximately 1 pg of RNA template for each desired
temperature was converted into first strand cDNA in 20 pl volumes by following the
manufacturer’s instructions. First strand cDNA synthesis used random primers
(Invitrogen, UK) using superScript 1l Reverse Transcriptase at 42°C for 55 min, and

then the reaction was inactivated at 70°C for 15 min.

As a negative control similar amount of total RNA from each desired temperature was
subjected to cDNA synthesis reaction without the reverse transcriptase enzyme. This

provides a way to assess the potential DNA contamination of each sample during the
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real time PCR assay. Although DNase treatment removed a large portion of
contamination, to eliminate interference of residual DNA to results, cDNA samples
were diluted to the extent that in cycling conditions employed, no amplification in

negative control could be detected.

2.17.1.4 Real-Time reverse Transcriptase PCR

cDNA was amplified in a 20ul reaction volume which contained 1X SYBR Green PCR
master mix and 20pmol of each primer (Table 2-6). The RT-PCR reactions were
performed in a real time PCR machine (Corbett Research). The transcription level of
specific gene primers was normalized to gyrB expression. The primers were designed
by standard procedures and amplified approximately 150bp length product. The
annealing efficiency of primers was determined by using different dilutions of
template. The reactions were performed in triplicate using following cycle. 1 cycle of
10 min at 95°C for followed by 40 cycles of amplification at 95°C for 20s; 55°C for
30s, 72°C for 20s. The expression of target genes in different conditions was
normalised against the expression of gyrB. The results were interpreted using the
comparative cycle threshold (Ct) (Schmittgen & Livak, 2008). Change fold of gene

expression was calculated using formula below:-
2-AAC

T = [(Ct gene of interest - Cy internal control) sample 1

- (Cy gene of interest - Cy internal control)] sample 2
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Table 2-6 Primers used for analysis of gene expression

. . Product
Gene name Forward prime Reverse primer size reference

NADH oxidase

IMo2235 gtcatttctgagcaccgtaag tcaaaaccatcgattcgctg 149bp | This study

penicillin binding protein

IMo0540 cccatcggaaaatgcagcaac | cgaactacaagtgccgaacc | 150bp | This study

gyrB (House keeping gene) caagcaacatcatttcattcgc | tcaccagaaagattgtcatcac | 151bp | This study

Similar to oxidoreductase

IMo2236 tccgaatgaacatgaaacacc | aaagcattcctaacccgec 152bp | This study

similar to tagatose-1,6-
diphosphate aldolase actgcatctccaccattttc ctccagcaatcaaagcetcg 148bp | This study
Imo0541

similar to ABC transporter
(binding protein) cattaccaacactttctgtccc agaagttcctacaacgccg 146bp | This study
Imo0539
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2.18 Measurement of NADH oxidase activity

2.18.1 Preparation of cell lysate (adapted from (Lopez de Felipe et al., 2006)

L. monocytogenes strains were grown at 30°C and harvested at the end of stationary
growth phase (ODsgy = 1.6) by centrifugation at 3000g for 15 min. The pellet was
washed once in 50mM potassium phosphate buffer pH 7.0. The suspension was
centrifuged at 3000g for 15min and then the pellet was resuspended in 1 ml of 50mM
potassium buffer. The cell suspension was sonicated on ice for 5 times at amplitude 7
for 15s. The mixture was kept on ice for 45s between each disruption. The cell lysate

was kept at -80°C until required.

2.18.2 Enzyme activity measurement (Lopez de Felipe et al., 2006)

NADH oxidase activity in cell lysates was measured in Nunc 96 wells plate at 25°C, in
a total volume of 200l containing 50mM potassium phosphate buffer (pH 7), 0.29mM
NADH, 10uM FAD and 0.3mM EDTA. The reaction was initiated by adding 20 pl cell
lysate and monitored the decrease in Azso With a Varioscan spectrophotometer. Enzyme

activity of each strain was calculated using formula below:-

Specific Activity= AAszs/min/mg protein

2.18.3 Quantification of protein using Bradford Protein Assay (Bradford, 1976)

A Bradford protein assay was performed according to manufacturer’s instructions
(BioRad). The dye reagent was prepared by dilution of 1 part dye reagent with 4 parts
of PBP pH 0.7. A standard curve was prepared with 4-20 pug/ml of Bovine Serum
Albumin (BSA) protein to Nunc 96 wells plate, 10 ul of each standard and samples was
added in triplicate. Then, 190 pl of the Bradford reagent concentrate was added to each
well and mixed by pipetting. The plate was incubated at room temperature for 5 min

and the absorbance was measured at 595nm a Bio-Rad microplate reader. The
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standards were plotted and the concentration of proteins was determined by using the

equation from the trendline adjusted to the points obtained by plotting the standards.

2.19 Minimum Inhibitory concentration MIC determinations (Korsak et al.,
2010)

The MIC value of Penicillin G against L. monocytogenes 10403s and mutant Almo0540
were determined in liquid culture using serial two-fold dilution of Penicillin G
antibiotic (30pg/ml to 0.05ug/ml) in Nunc 69 well plate in triplicate. The inoculums
10%cells per ml were used and the plate was finally incubated statically for 24h at 37°C
before recording the minimum concentration of penicillin that inhibited growth. The
susceptibility to Penicillin G antibiotic was analysed by population of bacteria growth

each wells.

2.20 Antibiotic susceptibility test (Etest)

Etest strip containing pencilling G was done according the manufacturer’s instructions
(bioMérieux, France). Overnight culture was diluted to ODgy ~0.132 (1.5 X10°
CFU/ml) using fresh BHI broth and 100 pl aliquots was carefully streaked over the
entire agar surface evenly using a sterile spreader over a 90 mm- diameter Brain Heart
Infusion (BHI) agar plate. Using sterile forceps an Etest strip was applied to the agar
surface with the MIC scale facing upwards (towards the opening of the plate). The
plate was incubated in an inverted position for 24h at 37°C. The MIC value was taking

where the edge of the inhibition ellipse intersects the strip.

2.21 Statistical analysis
One-way analysis of variance (ANOVA) followed by the Tukey’s multiple comparison

test and two-way analysis of variance (ANOVA) with Bonferroni multiple comparison
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post tests were used. The software Graph-Pad prism 5 for windows (Graphpad, San

Diego California, USA) was used. Tow Statistical significance was taken as P<0.05.
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3 Tn917 mutants characterisation and identification

Previous work by Beresford (2002) showed that a Tn917 transposon mutant library of
L. monocytogenes contained a number of mutants which appeared to be defective in
surface attachment. Therefore, because so little is currently understood about the genes
involved in L. monocytogenes biofilm formation, an investigation was carried out to
confirm that the original Tn917 attachment mutants were defective and to identify the

genes which were disrupted, so that defined, non-polar mutants could be created.

Transposon mutants B265 and 1366 were selected at random as candidates for this
study after showing a reduced attachment level to stainless steel in comparison to wild
type 10403s in the quantitative adhesion assay. Transposon mutant M235 was used as a
control for assay of attachment to polystyrene because it had been shown previously to

have a low level of attachment to polystyrene at 30°C compared to 37°C.

The first stage of this project was to compare the ability of transposon mutants B265
and 1366 and L. monocytogenes wild type 10403s to attach to polystyrene at different
temperatures using the microtitre plate method. Three different incubation temperatures
were investigated, namely 18°C, 30°C and 37°C. The first of these, 18°C, was chosen
as an intermediary temperature whilst 37°C and 30°C were used because both these
temperatures provide the optimal conditions for bacterial growth, attachment and

biofilm formation.

The results show that the transposon mutants B265 and 1366 are a deficient in the
ability to attach to polystyrene at 30°C and 18°C but not at 37°C, compared to wild type
(P<0.05). Results from the quantitative adhesion assay to stainless also showed that
both transposon mutants, B265 and 1366 attached, to stainless steel in lower numbers

than the wild type (P<0.05).

72



Chapter Three- Result-Tn917 mutants characterisation and Identification

Subsequently, Arbitrary PCR was performed in order to determine the site of
transposon insertion by the Tn917 in the transposon mutants B265 and 1366. The Tn917
insertion site of both mutants was successfully identified. Analysis of the nucleotide
sequences of PCR products from the B265 mutant identified that this matched a
sequence that is annotated as an open reading frame (ORF) for a hypothetical protein
similar to NADH oxidase (Imo2235). Similarly, the nucleotide sequence flanking
Tn917 in 1366 matched a sequence that is annotated as an ORF for encoding a

penicillin-binding protein.
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3.1 Assay of attachment to polystyrene

An early objective of this study was to devise an assay for analysis of the attachment of
L. monocytogenes strains, which would allow detection of a quantitative difference in
the level of attachment to polystyrene. To achieve this, L. monocytogenes wild type

10403s and a selection of transposon mutants were used.

Variables such as growth medium, incubation time, performance of washing steps, and
fixation and staining procedures were carefully controlled during the assay. Also,
several factors had to be considered during performance of the attachment assay. One
of those factors was to dilute the overnight culture of L. monocytogenes to an ODsgg
=0.7, because all the strains did not reach the stationary phase at the same time.
Therefore to ensure that OD differences did not affect the behaviour in attachment,

cultures were diluted to the same OD.

Following investigation of the attachment of L. monocytogenes wild type to
polystyrene at 37°C, the attachment assay was utilised to explore the attachment of
transposon insertion mutants 1366, M237, and B265 compared to wild type, at different

temperatures (37°C, 30°C and 18°C).

3.1.1 Assay of attachment of wild type 10403s at 37°C

The attachment assay was first applied only to L. monocytogenes wild type 10403s at
37°C to investigate the assay reproducibility. A preliminary assay was first conducted
by adding 200 ul diluted wild type 10403s culture (ODsoo =0.7) to four sets of eight
separate wells of a 96-well microtitre plates (columns A-D) and incubating statically
for 2 hours at 37°C, following by removed of non-adherent cells and medium from the
microtitre wells. These were gently washed, dried and attached cells fixed. Attached

cells were stained with crystal violet, and then the absorbance measured. The numbers
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of planktonic cells were determined after 2 hours, using the Miles and Misra technique.
There was no significant difference in the level of attachment in each set of eight wells
as shown in Figure 3-1 (P>0.05). Table 3-1shows the viable counts of planktonic cells
of wild type from wells (A-D) after 2 hours incubation were preformed, and were

found to be the same for each set of eight well (P>0.05)
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Figure 3-1 Assay of attachment with L. monocytogenes wild type 10403s to polystyrene at
37°C. WTA-WTD represents the mean wild type (WT) (+ S.D.) of each column (A-D) of eight
wells. Control, represents TSB. There was no significant difference between the columns
(mean of eight wells) in the attachment (P>0.05).

Table 3-1Viable counts of planktonic cells of L. monocytogenes wild typel0403s in the
attachment assay after 2 hours incubation at 37°C.

Strains Logyo of the mean viable counts
wild type A 9.1 +0.05
wild type B 9.1 +0.01
wild type C 9.1 £0.07
wild type D 9.2 +£0.03

Data are the mean = standard deviation of the result of eight experiments

75



Chapter Three- Result-Tn917 mutants characterisation and Identification

3.1.2 Assay of attachment of wild type and transposon mutants to polystyrene at
37°C
The next series of experiments was to compare the ability of L. monocytogenes strains
to attach to polystyrene. Different incubation temperatures were investigated; there
were 18°C, 30°C and 37°C. Figure 3-2 shows the results for the attachment assay of
wild type and mutants; M237, B265, 1366 at 37°C to polystyrene. Wild type and
transposon mutant strains showed the same level of attachment at 37°C. There was
found no significant difference between strains at 37°C (P>0.05) and no difference in

the number of planktonic cell counts (P>0.05) after 2 hours incubation (Table 3-2)

A 595

Attachment assay of L. monocytogenes strains at 37°%C

Figure 3-2 The result for assay of attachment of L. monocytogenes strains to polystyrene at
37°C. Data are the mean (+ S.D.) of eight experiments. Control, represents TSB. There was no
significant difference between any of the stains (P>0.05).

Table 3-2 Viable counts of planktonic cells in the attachment assay after 2 hours incubation at
37°C.

Strains Log,, of the mean viable counts
wild type 10403s 9.0 £0.05
1366 9.0 £+0.04
M237 9.0 £0.02
B265 9.0 +0.04

Data are the mean + standard deviation of the result of eight experiments.
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3.1.3 Assay of attachment of wild type and transposon mutants to polystyrene at
30°C
The attachment assay was also conducted at 30°C to compare the ability to L.
monocytogenes strains to attach to polystyrene. Figure 3-3, shows the results for the
attachment assay of wild type and mutants; M237, B265, 1366 to polystyrene at 30°C.
As can be seen, the wild type strain and all mutants showed a better adherence at 30°C
compared to 37°C. However the mutants showed about 50% reduction in attachment
compared to wild type (P<0.05) at 30°C. On the other hand, there was no significant
difference between the mutants in their attachment at 30°C (P>0.05). The deficiency of
attachment of mutants shows that there is an effect of temperature on the manifestation
of the transposon mutation. The total numbers of planktonic cell counts were the same

for all four cultures (P>0.05) after 2 hours incubation (n=8) (Table 3-3)

1.59

A 595

Attachment assay of L. monocytogenes strains at 30 °c

Figure 3-3 Assay of attachment L. monocytogenes strains to polystyrene at 30°C. Control,
represents TSB. Data are the mean (x S.D.) of eight experiments. All the mutants showed a
50% reduction in attachment compared to the wild type (P<0.05)
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Table 3-3 Viable counts of planktonic cells in the attachment assay after 2 hours incubation at

30°C.
Strains logy, of the mean viable counts
wild type 10403s 9.1 +£0.09
1366 9.2 +0.1
M237 9.2 +0.08
B265 9.2 £0.1

Data are the mean + standard deviation of the result of eight experiments.

3.1.4 Assay attachment of wild type and transposon mutants to polystyrene at

18°C

The ability of L. monocytogenes strains to attach to polystyrene was compared at 18°C

during 2 hours incubation. Figure 3-4 shows the results for the attachment assay of wild

type and mutants M237, B265 and 1366 at 18°C to polystyrene. All the mutants showed

a significant reduction in the level of attachment in comparison to wild type at 18°C

(P<0.05), whereas there was no difference in the level of attachment between the

mutants (P>0.05). The numbers of planktonic cell numbers were found to be equivalent

in all L. monocytogenes strains (P>0.05) after 2 hours incubation at 18°C (Table 3-4)
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Attachment assay of L. monocytogenes strains at 18 °c

Figure 3-4 Assay of attachment L. monocytogenes strains to polystyrene at 18°C. Data are the
mean of eight experiments. Control, represents TSB. Wild type showed a significantly greater
level of attachment than that of mutant strains (P<0.05)

Table 3-4 Viable counts of planktonic cells in the attachment assay after 2 hours incubation at

18°C.
Strains logy, of the mean viable counts
wild type 10403s 9.110.1
1366 9.0 £0.09
M237 9.1 +0.08
B265 9.0+0.1

Data are the mean + standard deviation of the result of eight experiments.

Comparison of the data in Figure 3-2, 3-3 and 3-4 demonstrates that the L.

monocytogenes wild type showed significantly greater attachment at 30°C, comparing

to the other temperatures of 18°C and 37°C (P<0.05), the data also showed no

difference in its level of attachment at 18°C and 37°C (P>0.05) (Figure 3-5).
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Figure 3-5 The result for assay of attachment of L. monocytogenes wild type to polystyrene at
37°C, 30°C and 18°C during 2 h incubation. Data are the mean of eight experiments. Control,
represents TSB. Wild type showed the highest level of attachment at 30°C (P<0.05) comparing
with 37°C and 18°C where There was no significant difference (P>0.05)

The data show in Table 3-3 and 3-4 were confirmed by measuring the optical density of
the planktonic cells of the wild type and mutants. As can be seen in Figure 3-6 and
Figure 3-7, there was no difference in the ODsgs after 2 hours incubation at 18°C and

30°C.
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0.8 1

L.monocytogenes strains

Figure 3-6 The optical density of L. monocytogenes strains in TSB after 2 h incubation at
18°C. Control, represents TSB.

oD 595

L.monocytogenes strains

Figure 3-7 The optical density at 595nm of L. monocytogenes strains in TSB after 2 h
incubation at 30°C. Control, represents TSB.
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3.2 Assay of attachment to stainless steel (quantitative adhesion assay)

To investigate the numbers of L. monocytogenes strains attached to stainless steel and
to confirm the previous data from Beresford (Beresford, 2002), which indicated that
these mutants were deficient in attachment to stainless steel at 30°C, an attachment
assay was conducted by immersing sterile stainless steel 304 coupons in a diluted
culture of L. monocytogenes wild type 10403s and transposon mutants B265 and 1366.
The coupons were removed from the culture using sterile forceps and washed. The

number of attached cells was estimated after two hours at 30°C

The total number of L. monocytogenes strains attached to stainless steel after two hours
is shown in Table 3-5. There was a significant difference in the number of cells of L.
monocytogenes wild type attached to stainless steel after 2 hours incubation compared
to the numbers of transposon mutant B265 and 1366 (P<0.05) whereas the mutants
showed the same number of attached cells (P>0.05) The results of this experiment
show that transposon mutants B265 and 1366 have a deficiency to attach to stainless

steel as well as to polystyrene.

Table 3-5 The number of L. monocytogenes strains attaching to stainless steel 304 coupons
after 2 hrs incubation at 30°C (n=4).

Strains log,o attached cells/coupon
wild type10403s 6.2 +0.10
B265 5.50 £0.29
1366 5.51 £0.37

Data are the mean + standard deviation of the result of three replicates
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3.3 Scanning Electron Microscopy

Scanning electron microscopy was performed to visualise the density of L.
monocytogenes strains to attach to different surfaces at different incubation time,
different temperatures, and also see how attachment differed between strains of L.
monocytogenes wild type 10403s, 1366 and B265 were allowed 2 hours and 24 hours
contact time on stainless steel 304 and polystyrene coupons. After attachment occurred,
the samples were fixed and prepared for scanning electron microscopy, as described in

section 2.16.

Figure 3-8 shows the attachment of L. monocytogenes strains to stainless steel at 30°C
after 2 hours incubation and after 24 hours incubation. Overall there was no difference
in the extent of attachment between the L. monocytogenes strains at different
incubation times. As can be seen from the images, a cluster form was formed with wild
type after 2 hours but not after 24 hours. Increasing cell length was observed with

attached cells of B265 and 1366 strains after 24 hour incubation.
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Wild type 10403s

B265 mutant

1366 mutant

Figure 3-8 SEM of attachment of L. monocytogenes strains; wild type 10403s, B265 and 1366
to stainless steel coupons at 30°C after 2 hours incubation time (left) and after 24 hours
incubation (right). Red arrows refer to culsters formed by wild type cells after two hours
incubation time. Yellow arrows refer to increasing cell length was observed with attached cells
of B265 and 1366 strains after 24 hour incubation. No evidence of EPS production was
observed. The scale bars for each image are shown at the bottom of the figure.
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Figure 3-9 shows the attachment of L. monocytogenes strains to polystyrene at different
temperatures (37°C, 30°C and 18°C) after 2 hours incubation. Apparently the extent of
attachment of strains at 30°C is characterized as a compact compared to 37°C. The
attached cells at 37°C tended to form short chains with small numbers of cells with all

strains. However filament formation was observed with the three strains at 18°C.

Figure 3-10 show the attachment of L. monocytogenes 10403s wild type, 1366 and
B265 to polystyrene surface at different temperatures at 37°C 30°C and 18°C after 24
hours incubation. Images indicate an irregular curved cells and increased cell length.
Also the amount of burst dead bacteria was observed with all the examined strains.
Filament formation occurred at three different temperatures after 24 hours. No

difference in surface attachment was observed between L. monocytogenes strains.

In general L. monocytogenes strains did not appear to form complex biofilm structures
on either stainless steel or polystyrene surface and at different incubation time. Only a
monolayer of cells was formed and no visual evidence of the production of sticky

exopolysaccharides was observed
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1366 mutant

Figure 3-9 SEM of attachment of L. monocytogenes strains; wild type 10403s, B265 and 1366
strains to polystrayne coupons at 37°C 30°C, and 18°C for 2 hours incubation time. Number of
attached cells were more at 30°C copmared to 37°C. yellow arrows refer to filment formatiom
was observed with three strains at 18°C. No EPS production was seen. The scales for each
image are shown at the bottom of the figure (5um).
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1366 mutant

Figure 3-10 SEM of attachment of L. monocytogenes strains; wild type 10403s, 1366 and B265
strains to polystryrene coupons at 37°C, 30°C, and 18°C for 24 hours incubation time. An
irregular curve shapes and filaments was formed with all strains at different temperatures. All
strains produced the same attachment pattern at different temperture. No EPS was observed.
The scales for each image are shown at the bottom of the figure (5um).
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3.4 Arbitrary PCR to identify the genes disturbed by Tn917 in L.
monocytogenes transposon mutants

Arbitrary PCR was performed in order to identify the genes mutated by the Tn917
transposon in the attachment deficient mutants 1366 and B265. DNA of wild type
10403s and mutants was used as the template DNA in the reaction (Section 2.8.1). Six
primers, specific for the transposon Tn917, were used. Three were homologous to the
5’ end of the transposon, and the other three were homologous to the 3° end. These
were used alongside arbitrary PCR primers for the bacterial chromosome as described
in Figure 3-11. Arbitrary PCR was performed in two rounds. In the first round, primers
STAPHarbl and STAPHarb2 for the bacteria chromosome were paired with the
specific primers 917-3.3, 917-3.2, 917-5.3 and 917-5.2, as described in the material and
methods (Table 2-4). A low annealing temperature was used for the first round of
arbitrary PCR (30°C) to allow non-specific binding of the primers to the chromosomal

DNA.

«— sl w3l
< 917-5.2 917-3.2 >
STAPHarh STAPHarb
) 91753 91733 > ¢
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listeria Genome  Disturbed site Tn917 Disturbed site Listeria Genome

v

Figure 3-11 Schematic drawing to explain the Arbitrary PCR primers.
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In figure 3-12 and 3-12 smears of DNA can be seen in the lane (3-10) containing PCR

products from the 1366 and B265 mutants using all of the pairs of primers

1234567289101

1.0kb

500/517bp

100bp

Figure 3-12 Agarose gel electrophoresis of the PCR products generated from the 1366 mutant
in the first round using arbitrary primers (STAPHarbl and STAPHarb2) paired with transposon
specific primers (917-5.3, 917-5.2, 917-3.3 and 917-3.2). Lanel- 100bp DNA marker, Lane 2
and 7 negative controls (wild type DNA). Lane 3- STAPHarbl and 917-5.3. Lane 4-
STAPHarbl and 917-5.2. Lane 5 STAPHarbl and 917-3.3. Lane 6 STAPHarbl and 917-3.2.
Lane 8- STAPHarb2 and 917-5.3. lane 9- STAPHarb2 and 917-5.2. Lane 10- STAPHarb2 and
917-3.3. Lane 11- STAPHarb2 and 917-3.2.

1.0kb
500/517bp

100bp

Figure 3-13 Agarose gel electrophoresis of the PCR products generated from the B265 mutant
in the first round using arbitrary primers (STAPHarb1 and STAPHarb2) paired with transposon
specific primers (917-5.3, 917-5.2, 917-3.3 and 917-3.2). Lane 1- 100bp DNA marker, Lane 2-
negative controls (wild type DNA). Lane 3- STAPHarbl1 and 917-5.3. Lane 4- STAPHarb1l and
917-5.2. Lane 5- STAPHarbl and 917-3.3. Lane 6- STAPHarbl and 917-3.2. Lane 7-
STAPHarb2 and 917-5.3. Lane 8- STAPHarb2 and 917-5.2. Lane 9- STAPHarb2 and 917-3.3.
Lane 10- STAPHarb2 and 917-3.2.
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In the second round of PCR, STAPHarbl and SATPHarb2 primers were replaced with
a more specific primer (Arb3), with the positive PCR of round 1 as a template. Also to
avoid nonspecific binding of the Tn917 primers, the annealing temperature was
increased to 45°C. Despite the positive reaction with all the pairs of primers that were
used in the first round of PCR, only some primer pairs in the second round of arbPCR
gave positive results. Figure 3-14 shows that DNA from the B265 mutant was detected
in lanes 3, 4, 8 and 10 in B265 mutant. Similarly in figure 3-15 a DNA fragment can be
seen in lanes 3, 4, 5, 7, 9 and 10 in 1366 mutant. Table 3-6 summarizes the primer pairs

used for the second round amplified DNA in each mutant.

Table 3-6 The primer pairs used for the second round amplified DNA in each mutant.

Mutants STAPHarb1 and first/second Tn917 STAPHarb2 and first/second Tn917
primers primers
Primers 9175.3 | 9175.2 | 9173.3 | 9173.2 | 9175.3 | 9175.2 | 9173.3 | 9173.2
917-5.2 || 917-5.1 | 917-3.2 | 917-3.1 | 917-5.2 | 917-5.1 | 917-3.2 || 917-3.1
1366 + + + - + + + -
B265 + + - - + - + R

(+) Positive result (Amplification)  (-) Negative result (No amplification)
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Figure 3-14 Agarose gel electrophoresis of the PCR products generated from the B265 mutant
in the second round using arbitrary primers (Arb3) paired with transposon specific primers
(917-5.2, 917-5.1, 917-3.2 and 917-3.1). Lane 1- 100bp DNA marker, Lane 2 and 7 negative
controls (wild type DNA). Lane 3- Arb3 and 917-5.2. Lane 4- Arb3 and 917-5.1. Lane 5- Arb3
and 917-3.2. Lane 6- Arb3 and 917-3.1. Lane 8- Arb3 and 917-5.2. Lane 9- Arb3 and 917-5.1.
Lane 10- Arb3 and 917-3.2. Lane 11- Arb3 and 917-3.1.
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Figure 3-15 Agarose gel electrophoresis of the PCR products generated from the 1366 mutant
in the second round using arbitrary primers (Arb3) paired with transposon specific primers
(917-5.2, 917-5.1, 917-3.2 and 917-3.1). Lane 1- 100bp DNA marker, Lane 2 and 7 negative
controls (wild type DNA). Lane 3- Arb3 and 917-5.2. Lane 4- Arb3 and 917-5.1. Lane 5- Arb3
and 917-3.2. Lane 6- Arb3 and 917-3.1. Lane 8- Arb3 and 917-5.2. Lane 9- Arb3 and 917-5.1.
Lane 10- Arb3 and 917-3.2. Lanell- Arb3 and 917-3.1
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The detected DNAs from the second PCR round presented in lanes (3, 4, 8 and 10) and
lanes (3, 4, 5, 7, 9 and 10) from the B265 and 1366 mutants respectively were sent to
the protein nucleic acid chemistry laboratory PNACL (University of Leicester) for
sequencing with Tn917 primers used in second PCR round. The DNA Sequences
received from the PNACL are shown in Appendix (Figure 1 and 2). To identify the
Tn917 insertion sites, the nucleotide sequence of the DNA fragments generated by the
Arbitrary PCR were compared to the L. monocytogenes EGD-e genome sequence using
nucleotide BLAST algorithm. The Tn917 insertion site of both mutants was
successfully identified. In the mutant 1366 the transposon was identified to be in
Imo0540, an open reading frame (ORF) which encodes a penicillin binding protein
whereas the location of the transposon in the B265 mutant was identified to be within
Im02235, an ORF which encodes a hypothetical protein, similar to NADH oxidase. The
result alignment of the nucleotide sequences from B265 and 1366 in Basic Local

Alignment Search Tool (BLAST) are shown in Appendix (Figure 3 and 4).
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3.5 Discussion

The ability of L. monocytogenes to attach to different surfaces has been reported (Mafu
et al., 1990; Beresford et al., 2001). The quantitative study by Beresford et al. (2001)
exhibited the ability of L. monocytogenes strain 10403s to adhere to seventeen tested
surfaces, including stainless steel, aluminum, polycarbonate and nitryl rubber after 2
hours contact time without exception, with only polypropylene showing lower number
of adherent cells; meanwhile stainless steel 405 was recorded to have the highest

number of adherent cells.

Many techniques have been developed to study bacterial attachment, some of which are
based on counting the number of detached cells from the surface, such as standard plate
counts and sonication (Green & Pirrie, 1993; Doolittle et al., 1995; Poulsen, 1999). In
this study reported in this thesis sonication was used to study the attachment of L.
monocytogenes transposon mutant strains to stainless steel and to compare them to their

parent strain.

L. monocytogenes wild type 10403s was found to attach more to stainless steel
compared to the transposon mutants B265 and 1366 (P<0.05) (Table 3-5). Despite the
fact that researchers have found that using a dislodging method, for example scraping
and vortexing, may remove up to 97% and 99% of the cells from a surface respectively
(Anwar et al., 1992; Jeong & Frank, 1994), Lindsay and Van Holy (1997) reported that
there was no significant difference between the numbers of detached cells removed by

different dislodging methods such as vortexing, shaking with beds and sonication.

The other methods utilised for looking at biofilm involve direct observation of attached
cells to the surface, including microtitre plate methods and microscopy techniques.

These methods were also used in this project. Attachment assays using microtitre plates
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are widely utilised to investigate the ability of bacteria to attach to abiotic surfaces.
This assay has been modified by various researchers to study the ability of L.
monocytogenes to attach to surfaces and form biofilms (Marsh et al., 2003; Taylor et
al., 2002; Di Bonaventura et al., 2008). The microtitre plate technique has been also
modified to enable evaluation of the effect of various growth conditions and
environment signals on bacterial biofilm. Djordjevic et al. (2008) conducted a study
using a rapid microtitre plate assay in which they indicated that the polyvinyl chloride
(PVC) microtitre plate assay can be used as a simple and fast method to compare the

ability of L. monocytogenes strains to form biofilm.

In the study in this thesis the attachment assay was modified to compare the ability of
transposon mutants of L. monocytogenes and wild type strains to attach to polystyrene
at a range of temperatures. Here, overnight cultures were diluted to the same ODsq to
ensure that concentration differences between strains did not affect the behaviour in
attachment. Also, two hours incubation time was chosen. Transposon mutants were
found to grow slower in vitro than wild type over two hours; this will result deficient in

transposon mutant attachment

The attachment assay was first used with L. monocytogenes 10403s wild type to check
assay reproducibility (Figure 3-1) and then the assay was subsequently conducted
comparing the transposon mutants to the wild type at different temperatures (Figures 3-
2, 3-3 and 3-4). Some variables should be considered and controlled carefully during
attachment assay, for example performance of pipetting, washing steps, and fixation

and staining procedures.

The results of this thesis reported an effect of different temperatures on the ability of L.

monocytogenes wild type to attach to polystyrene the results showed that a higher level
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of attachment to polystyrene by the wild type was observed at 30°C (P<0.05) compared
with 37°C and 18°C (Figure 3-3). The results suggest that the mechanism of attachment
at 30°C is different from that at 37°C and 18°C. The finding of this thesis is in
accordance with the results of Chavant et al. (2002) who investigated the ability of L.
monocytogenes LO28 to attach to and form biofilms on abiotic surfaces at different
temperatures and growth phases. Their findings demonstrated that L. monocytogenes
LO28 significantly attach to and form biofilms on stainless steel and
polytetrafluoroethylene (PTFE) surfaces at 37°C after 5 days incubation, but at 8°C
there was only a bacterial monolayer formed on stainless steel. Another study
demonstrated that the number of L. monocytogenes ATCC 19111 attached to stainless
steel in nutrient-rich medium and minimal medium increased with increasing
temperature, with an exception at 42°C where the number of attached cells was lower

than at 37°C and 30°C (Mai & Conner, 2007).

A recent study by Di Bonaventura el al., (2008) investigated the influence of
temperature on biofilm formation by L. monocytogenes on different food surfaces. The
biofilm levels were significantly higher at 37°C than at other selected temperatures
(8°C and 20°C). It can also be concluded from the data in this thesis that the
mechanism involved in surface attachment is temperature dependent. In contrast to the
previously published works on studying the effect of temperatures on attachment of L.
monocytogenes strains, there is no published research on the insertion transposon
mutants used in this study (M237, 1366 and B265) and whether a temperature

dependent effect is observed.

L. monocytogenes wild type demonstrated elevated attachment to polystyrene at 30°C,

whereas transposon mutants attach to polystyrene in lowest frequency at 30°C
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compared to wild type but at higher levels of attachment compared to other
temperatures of 18°C and 37°C (Figure 3-3). At 37°C when flagella are not expressed,
attachment of L. monocytogenes strains was identical (Figure 3-2). In this study, at a
lower temperature (18°C) the wild type attached significantly less than at 30°C but was
not significantly different from at 37°C (Figure 3-4). The results suggest that flagella
expression at 30°C may have an effect in initiating attachment of L. monocytogenes
strains. Expression of listerial flagella occurs at 30°C and below (Peel et al., 1988). The
wild type develops peritrichous flagella and become flagellated and motile between
20°C and 30°C, this can give an explanation for not being attached well at 18°C as
well. In contrast to this result observed in L. monocytogenes, a non-flagellated mutant
strain of S. typhimurium has been reported to attach in numbers similar to those of cells
that possess flagella at 30°C (Lillard, 1986), indicating in this organism flagella are not

important in initial attachment.

Scanning electron microscopy (SEM) can be used to verify the data obtained with the
attachment assay, as lower numbers of cells would be observed under microscopy in
those strains, showing a significant reduction in attachment using the microtitre plate
assay. SEM can also be used to note any changes in morphology of the cells or the
biofilm. Lindsay and Holy (1997) reported that, using scanning electron microscopy,
vortexing and sonication only remove the surface layers of biofilm but do not remove
the EPS residue. In this study it was decided to use scanning electron microscopy to
better compare the attachment assay results, to show that attachment of Listeria is

temperature dependent.

In this study SEM showed that the density of attached cells on polystyrene was slightly

affected by different temperatures i.e. the monolayer of cells formed on polystyrene
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was denser at 30°C, compared to 37°C and 18°C, which correlates with the increase in
attachment observed at 30°C using the microtitre plate assay. Although there is always
a possibility of damage and dislodging of attached cells during preparation for electron
microscopy, the results (Figures 3.8, 3.9 and 3.10) revealed that all strains attached and
formed similar monolayers of cells on polystyrene and stainless steel surfaces over
contact times of 2 hours to as long as 24 hours. This result is in agreement with the
work of Beresford (2002), who demonstrated the number of L. monocytogenes cells
attached on different surfaces was significantly increased between short contact time
and two hours contact time but not after a week. These findings do not support the
hypothesis that bacterial attachment is time dependent. The lack of a significant
increase in the numbers of attached cells after the two hour contact time suggests that
the Listeria may have reached a maximum level of attachment to the material and will
not continue attaching to form the advanced microcolonies or the biofilm structures
described by Costerton et.al (1978). Using an atomic force microscope to study
adherence of L. monocytogenes Scott A to stainless steel, one study pointed out that
attached cells did not colonize and form true biofilm at the surface but grew as single
cells attached to the surfaces (Rodriguez et al., 2008). Extracellular polysaccharide has
been hypothesised to be produced during attachment of L. monocytogenes.
Extracellular polysaccharide of attached L. monocytogenes was found to be produced
after only short time of bacteria contact with the surfaces (Mafu et al., 1990). Ronner
and his colleague (1993) demonstrated that L. monocytogenes attached to stainless steel
and buna-nitryl rubber appeared to produce an extracellular polysaccharide matrix.
They reported that extracellular polysaccharide production was observed more on
stainless steel surfaces compared to buna-nitryl surfaces (Ronner & Wong, 1993). The

scanning electron microscopy photomicrograph shown in the study by Ronner and
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Wong (1993) does not resemble those in scanning electron photomicrographs of this
thesis. No complex biofilm structures were observed on either stainless steel or
polystyrene surfaces, even after different incubation times, and no visual evidence of
the production of exopolysaccharides could be seen. The data in this thesis agreed with
the observations made by Borucki et al. (2003) who investigated the actual production
of EPS in L. monocytogenes strains using a carbohydrate-binding dye and found that
Listeria strains produced some type of extracellular carbohydrate with biofilm matrix;
this was hypothesised to be due to the binding of the dye to the carbohydrate on the cell

surface but not correlated with EPS formation.

Arbitrary PCR has been used widely to analyse sequences flanking transposon
insertions (Dale & Fredericks, 2005). In the technique a primer of arbitrary sequence is
paired with a primer that binds to a region of known sequence in the transposon. The
technique is performed in two rounds; in the first round, arbitrary primers, which differ
in their 3” pentameric sequences, are bound with transposon-specific primers in a PCR
reaction resulting in multiple amplicons. This due to the arbitrary primers binding at
many regions in the genome, including adjacent to the known transposon sequences.
The resulting products of the first round are used as a DNA template for a second round
of reaction. In the second round, a primer composed of the common 5 region of the
arbitrary primers is used to bind with a transposon-specific primer (see Table 2-3 and
2-4). To identify the insertion site of Tn917, the resulting sequences of arbitrary PCR
fragments were analysed with the BLAST tool using the L. monocytogenes EGD-e

genome at NCBI (www.ncbi.nlm.nih.gov/).

The analysis of nucleotide sequence of PCR products from B265 was matched to a
sequence that is annotated as a gene for a hypothetical protein similar to NADH

oxidase (Imo2235) of L. monocytogenes. Imo02235 encodes a protein comprising of 210
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amino acids in length and is positioned on the chromosome downstream of a
hypothetical protein encoded by gene Imo2234 and upstream of gene Imo2236, which
encodes a hypothetical protein similar to an oxidoreductase. The terminator program

of the WebGeSTer DB (http://pallab.serc.iisc.ernet.in/gester) was used to investigate

intrinsic transcription terminators at the end of Imo2235 gene. There was a putative
terminator detected at the end of the Imo02235 which is shown in Figure 6-1. The
presence of the terminator means the end of transcription of Imo2235. Using this
information, it was concluded that the Imo02235 is an independent gene and the
transcription of gene ceases at the putative terminator, suggesting that Imo2235 is not
part of an operon.

In a similar way, nucleotide sequences of 1366 matched a sequence in the published
genome for L. monocytogenes strain EGD-e that is annotated as a gene for a penicillin-
binding protein (Imo0540). This protein consists of 397 amino acids in length and
encodes PBPC1. The Imo0540 gene is located downstream of the gene Imo0539 which
is thought to encode a protein similar to tagatose-1,6 diphosphate aldolase gene and is
upstream from a putative ABC transporter (Imo0541). The Imo0540 is an independent

genes and are not part of an operon as shown in Figure 6-2.

As the results of the attachment assay for the transposon mutants 1366 and B265
indicate, Imo0540 and Imo2235 respectively play a role in attachment; deletion
mutation in Im02235 and Imo0540 was constructed to investigate whether these genes
were required for L. monocytogenes attachment or not. The direct role of both genes in

attachment has not yet been demonstrated in L. monocytogenes.
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4  Creation of Deletion mutants

The deletion mutant were created to test the hypothesis that the phenotype change in
transposon mutants B265 and 1366 is caused by the insertion of a transposon into
NADH oxidase and penicillin-binding protein ORFs and is not due to polar effects on
other neighbouring genes. The deletion mutations were generated using two different
strategies, as described in the Material and Methods (Section 2.13) and detailed in
sections 4.1. Cloning vectors pGEM-T-Easy and pAUL-A were used in cloning and
genomic DNA from wild type L. monocytogenes 10403s was used in the gel as a
negative control. The length of desired fragments in each mutant is calculated in
advance and depends on the position of genomic DNA of the restriction enzyme used.
Deletion mutants in NADH oxidase genes (Imo2235, Imo2471, and Imo0103) and the
penicillin-binding protein gene (Imo0540) were successfully obtained and the mutants

were selected and named, and were used during the following stage of the work.

4.1 Construction of mutants in genes encoding three putative NADH oxidase in
L. monocytogenes 10403s

In order to confirm that NADH oxidase was the cause of the adhesion defect in B265

and to check for polar effects, a deletion mutation in L. monocytogenes 10403s was

made. As L. monocytogenes has three NADH oxidase ORF; Imo0103, Im02237 and

Imo2471, it is decided to introduce deletion mutations into each ORF.

4.1.1 Amplification of gene Imo0103 by PCR

In order to introduce a deletion into the NADH oxidase ORF, 1mo0103, a 321bp
fragment located at the 5 end at the ORF was amplified by PCR using primers NO1F
and NO1R (Table 2-5). That the correct fragments had been amplified was confirmed

by agarose gel electrophoresis (Lane 3 and 4) Figure 4-1.
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500bp

300bp

4-1 Agarose gel electrophoresis showing the amplification of 321bp fragment of Imo0103 by
NO1F and NO1R primers in L. monocytogenes 10403s. Lane 1- 100bp DNA marker. Lane 2-
negative control (no DNA). Lane 3 and 4 amplicon from Imo0103.

4.1.2 Cloning Imo0103 into pGEM-T-Easy vector and small scale plasmid

preparation.

In order to facilitate 321bp fragments amplified by PCR it was necessary to clone the
fragment into pGEM-T Easy cloning vector before subcloning into pAUL-A vector.
PCR product of Imo0103 (321bp) prepared in the previous section was clean-up, the
fragment was then A-tailed at 72°C for 35 minutes in the presence of Tag DNA
polymerase. The purified A-tailed PCR fragment was then cloned into the pGEM-T-
Easy cloning vector following the protocol described in the Material and Methods
section (2.14.1).The molar ratio of insert to vector in ligation reaction was determined
and a 1:3 ratio insert DNA to the vector was used.

pGEM-T-Easy vector derives from EcCoORV cut pGEM-¢-5Zf(+) and has a 3; terminal
thymidine on each end to improve efficiency of ligation of PCR products produced
from thermostable enzyme leaving A tails.

pAUL-A vector was chosen for subcloning due to the fact that it is capable of

autonomous replication in both E. coli and Listeria spp (Schaferkordt & Chakraborty,
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1995). However, in Listeria spp pAUL-A is incapable of replication at temperatures
higher than 30°C because of the temperature-sensitive origin of replication derived
from the Staphylococcus aureus plasmid pE194ts (Schaferkordt & Chakraborty, 1995).
Also it carries an erythromycin resistance marker that expresses in both hosts. pAUL-A
also contains the lacZ gene of E. coli with multiple cloning site of plasmid pUC109.
Insertion of the DNA fragment into any of their sites disrupts the lacZ gene, and results
in Lac-negative phenotype in the appropriate E. coli host strain.

In order to determine if the cloning had been successful, small scale preparation of the
plasmid DNA was done according the protocol described in the Material and Methods
(Section 2.7.3) and the plasmid DNA from a number of resulting transformants was
extracted prior to the sequencing with primers that were homologous to the sequences
of the Imo0103. The sequences were analyzed with nucleotide BLAST for homology
with gene sequences in database. The sequencing analysis proved to be positive and
sequences displayed a 90% match to that of strain EGDs (from the NCBI database).
Results of comparisons are summarized in the Appendix Figure 5. One of the selected

plasmids DNA was named pl0103 and the work was continued with this plasmid.

4.1.3 Restriction digestion of plasmid pl0103

P10103 plasmid was single digested with EcoRI as there is an EcoRlI site flanking the
multiple cloning site of the pGEM-T-Easy vector thus avoiding the need for double
digests into a shuttle vector. The digested plasmid then electrophoresed through a 1%
(w/v) low-melting-point agarose gel. A gel slice containing the 321bp fragment was
excised and DNA purified using the Promega S/V system. Figure 3-19 shows the
agarose gel containing digested plasmid DNA. Two bands were produced, one
corresponding to the plasmid itself (3015bp) and another corresponding to the inset

(321bp).
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Figure 4-2 Agarose gel electrophoresis of the EcoRlI restriction digest. The pl0103 is presented
in lane 2 with two band, insert size of 321bp and vector size of 3015bp: Lanel-1Kb DNA
marker; Lane 3- 100bp DNA marker.

4.1.4 Digestion of plasmid pAUL-A with EcoRlI

pAUL-A vector was cut with EcoRIl following the protocol described in the Material
and Methods, (Section 2.15). The digestion of plasmid was checked by
electrophoreses. As can be seen in Figure 4-3 one fragment (9200bp) was appeared in

lane 2 which suggests that restriction endonucleases cut at one sites.

103



Chapter Four-Results- Creation of Deletion Mutants

Figure 4-3 Restriction digestion of pAUL-A plasmid with enzyme EcoRI: Lanel- 1Kb DNA
marker; Lane 2- Digest of pAUL-A with EcoRlI resulting in one band in the gel.

4.1.5 Subcloning of Imo0103 insert into pAUL-A and transformation of
PAUL-03 into L. monocytogenes10403s

The subcloning was done as described in the Material and Methods (Section2.14.1).
The excised 321bp insert from pl0103 was ligated into pre-digested pAUL-A. The
molar ratio of insert to vector in ligation reaction was determined and a 1:3 ratio insert
DNA to the vector was used. The resulting plasmid was extracted from a number of
transformants before starting transformation into L. monocytogenes. The plasmid was
then named pAUL-03

pAUL-03 plasmid was transformed into electrocompetent L. monocytogenes 10403
cells following the protocol in Material and Methods (Section 2.14.4). To facilitate the
entry of the plasmid into L. monocytogenes, cells were penicillin treated prior to
transformation to increase the permeability of the cells (Park & Stewart, 1990). The
transformation of plasmid pAUL-A-03 into the L. monocytogenes was confirmed by
screening a number of transformants by PCR using primers binding to the Imo0103

ORF (NOWF primer) and the vector (M13 primer). Confirmation of successful

104



Chapter Four-Results- Creation of Deletion Mutants

transformation is shown in Figure 4-4 (Lane 4) where a product of 521bp of the
expected size can be seen. The results suggest that the insertion of pAUL-03 into the
chromosome had successfully occurred, and so one mutant was picked and named
Almo0103. Comparison of the nucleotide sequences showed a significant match

(>90%) to the Imo0103 ORF (see Appendix, Figure 61).

Attempts to integrate of pAUL-03 into the L. monocytogenes genome was tried several
times unsuccessfully, for this reason it was decided to change the methods of

mutagenesis.

600bp
500bp

Figure 4-4 Agarose gel electrophoresis of plasmid pAUL-03 transformed into in L.
monocytogenes 10403s. Lane 1- 100bp DNA marker; Lane 2- negative controls (no DNA).
Lane 3- negative control (10403s DNA); Lane 4- positive result of L. monocytogenes Imo0103
mutant amplified using NOWF and M13R. The expected size was 521bp.
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Further mutagenesis was done using previous methods, pPGEM-T-Easy cloning vector
and pAUL-a shuttle vector to construct other mutants in NADH oxidase (Imo2235 and
Imo2471) and penicillin binding protein ORFs (Imo0540) Unexpectedly, sequencing
analysis of resulting pPGEM-T Easy derived clones was found to be negative and there
was no matching in the database when comparisons of these sequences obtained with
the gene of interest, meaning that the pGEM-T Easy vector was not harboring the
correct insert in the multiple cloning site although white transformants were recovered
on LA agar with X-Gal. This result could have been due to the problem with efficiency
of pGEM-T-Easy vector itself. Thus, it was decided to change the methods and clone
pAUL- A plasmid into L. monocytogenes using In-Fusion® HD cloning kit. With this
method short, long and multiple DNA fragment can be cloned into any vector in a

single reaction.

4.1.6 Amplification of the Im02235 and Imo02471 ORF by PCR

To introduce a deletion mutation into other NADH oxidase Imo02235 and Imo2471
ORF, In-Fusion HD kit used for direct transformation of ligation mixture into L.
monocytogenes. pAUL-A containing 5° and 3’ regions of Im02235 and Imo2471 were
inserted into the chromosomal copy of each ORF by homologous recombination, as
described in the Figure 4-7. Mutagenesis was started by amplifying Imo2235 and
Imo2471 in of L .monocytogenes 10403s by PCR. Primers were designed with 15 bp
(5) extensions that were complementary to the both ends of the linearized pAUL-A
(Figure 4-6).

Primers INF235 FW1, INF235 RV, INF235 FW2 and INF235 RV2 (Table 2-5) were
designed to amplify a region of 577bp at the 5° end of Im02235 and another region of
582bp at 3’ the end of the gene. In the same way 566bp of DNA from the 5 end of

Im02471 and another region of 656bp at 3’ were amplified by INF 471 FW1, INF 471
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RV1, INF 471 FW2 and INF 471 RV2 (Table 2-5). The results are shown in Figure 4-5
and the amplified DNA of both genes was confirmed to have the expected sizes of
566bp and 656bp (Lane 3 and, Im02471 gene) and 577bp and 582bp fragment (Lane7

and 9, Imo2235 gene) in L. monocytogenes 10403s.

656hp

S7Thp  582bp

566bp

Figure 4-5 Agarose gel electrophoresis confirming PCR amplification of Imo02235 and
Imo2471 in L. monocytogenes 10403s. Lane 1 and 10- 100bp DNA markers. Lane 2, 4, 6 and 8
negative controls (no DNA). Lane 3 and 5 shows the amplified 566bp and 656bp fragments of
the Imo2471 gene. Lane7 and 9 shows the amplified 577bp and 582bp fragment of the
Imo22235 gene.

INF FW1 primer INF FW2 primer
1Sbhpmmm—» o
5’ < Gene of interest —> 3
D < 15bp
INF RV1 primer INF RV2 primer

Figure 4-6 Design PCR primers for gene of interest with 15bp extensions (5’) that are
complementary to the ends of linearized pAUL-A (blue and red boxes).
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Construction of plasmid pAUL-Almo

4- Transformation of constructed plasmid pAUL-Almo into electrocompetent L .monocytogenes

EMF

Figure 4-7 Diagram showing the strategy for mutagenesis of L. monocytogenes using In-

Fusion HD kit

4.1.7 Preparation and digestion of plasmid pAUL-A with BamHI

The large scale prep of the plasmid pAUL-A was performed according the protocol

described in the Material and Methods (Section 2.7.2). Plasmid pAUL-A was digested

with BamHI following the protocol described in the Material and Methods (Section

2.15). The restriction digestion results are shown in Figure 4-8. Lane 2 shows the uncut

pAUL-A plasmid and land 3 shows one band from digested pAUL-A with the expected

size of 9.2kb.
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10.0k
0.9k

9.2kb

Figure 4-8 Restriction digestion of the plasmid pAUL- A with BamHI. Lane 1- 1Kb DNA
ladder; Lane 2 — uncut plasmid PAUL-A; Lane 3 — plasmid PAUL-A cut with BamHI.

4.1.8 Cloning and analysis by PCR of clones of Im02235 and Imo02471 in pAUL-A
Im02235 and Imo2471 fragments were cloned into digested pAUL-A vector cut with
BamHI using the in-fusion DH cloning kit. The cloning procedure was carried out
following the protocol described in the Material and Methods (Section 2.14.3).

Ligation of the 1159bp and 1222bp fragments of Im02235 and Imo02471 respectively
into pAUL-A was confirmed by screening a number of pl2235 and pl2471 plasmids
recovered from transformants by PCR using primers M13F and M13R. Also the
ligation of insert into pAUL-A was confirmed by sequencing. The nucleotide
sequences of plasmid DNA from a number of transformants was determined using
primers M13F and M13R. Comparison of the nucleotide sequences showed a
significant match (>90%) to the Imo02235 and Imo02471 ORFs (see Appendix, Figure 7

and 8).
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The resulting plasmids carrying a deletion mutation in Imo2235 and Imo2471were
termed pl2235 and pl2471 respectively and were used to introduce the mutation into
the chromosome of L .monocytogenes as described earlier. Following growth at 42°C
overnight, erythromycin sensitive recombinants were selected. PCR amplification of
these recombinants with primers M13F and M13R gave size to products of 1255bp and

1318bp in Im02235 and Imo2471 respectively.

The results confirm the ligation of the insert to pAUL-A and successful transformation

was achieved. The work was carried with plasmids pl2235 and pl2471.

Figure 4-9 Agarose gel electrophoresis showing ligation of inset into plasmid pAUL-A. Lane
1 and 9- 1kb DNA markers. Lane 2- negative control (no DNA). A. ligation of insert of
Im02235 into pAUL-A; expected size is 1255bp. Lane 3, 4 and 5- screening of different
transformants using M13F and M13R. B. ligation insert of Imo2471 gene into pAUL-A;
expected size is 1318bp. Lane 6, 7 and 8- screening of different transformants using M13F
and M13R.
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4.1.9 Recombination of pl2235 and pl2471 into L .monocytogenes.

The resulting plasmid pl2235 and pl2471 were transformed into L. monocytogenes
10403s as described in section 2.13.2. Transformants were grown at 30°C overnight
and colonies were then streaked onto plates and incubated at 42°C overnight, a
temperature restrictive for the replication of pAUL-A. Following these incubation
erythromycin-resistant colonies should contain the plasmid integrated into the genome
Integration of both pl2235 and pl2471 into the bacteria chromosome was confirmed by
screening a number of colonies by PCR, using primers C235F for Imo2235 and C471F
primer for Imo2471 in conjunction with vector M13 primer. Products of 1358bp and
1476bp consistent with integration of pAUL-A235 and pAUL-A471 into the
respectively genome were successfully amplified (as indicated in Figure 4-10 and 4-

11).
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Figure 4-10 Agarose gel electrophoresis to test integration of plasmid pl2235 into the L.
monocytogenes 10403s genome. Expected size is 1358bp. Lane 1 and 8- 1KB DNA marker.
Lane 2- negative controls (no DNA). Lane 3- negative control (10403s DNA). Lane 4 to 7-
screening of different transformants using C235F and M13R. PCR products were visualised on
a 1.5% (wi/v) agarose gel.

1.5kb
1.0kb

Figure 4-11 Agarose gel electrophoresis to test integration of plasmid pl2471 into the L.
monocytogenes 10403s strain. Expected size is 1476bp. Lanel and 8- 1KB DNA marker. Lane
2- negative control (no DNA). Lane 3- negative control (10403s DNA). Lane 4 to 7 screening
of different transformants using C471Fand M13R. PCR products were visualised on a 1.5%

(wi/v) agarose gel.
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One mutant was selected to continue recombination as following, colonies from which
a 1358bp and 1476bp PCR products had been amplified from the first crossover were
selected and grown in BHI broth and subsequently plated onto BHI agar with and
without erythromycin at 42°C, following the protocol described in the Material and
Methods (Section 2.13.3). Erythromycin sensitive colonies were screened using
primers C235F, C235R and C471F, C471R which were designed to anneal to the

chromosome flanking the amplified region of Im02235 and Imo2471 respectivily.

A product of 1156bp was successfuly amplified in the deletion mutant in the Imo2235
gene compared with product of 2052bp from the L. monocytogenes 10403s wild type
strain. Figure 4-12 shows two distinguished bands, lane 4, 5, 6, and 7 are products of
1156bp size was amplified from the deletion mutant in Imo2235 gene, band was with

size product of 2052bp refers to L. monocytogenes wild type 10403s.

Similarly, A product of 777bp was successfuly amplified in the deletion mutant in the
Imo2471 gene compared with product of 1364bp from the L. monocytogenes 10403s
wild type strain, as shown in figure 4-13 lanes 3 and 4 shows a product of 777bp was
successfuly amplified from the deletion mutant in Imo2471 gene compared with a

product of 1364bp (Lane 5 and 6) from the L. monocytogenes 10403s wild type strain.

This inducated that deletion of the Imo02235 and Imo02471 ORF had been successful and
one mutant from each was selected and designated L. monocytogens Almo2235 and

Almo2471 respectively.
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Figure 4-12 Agarose gel electrophoresis of the recombination of plasmid pl2235 into L.
monocytogenes 10403s chromosome. Lane 1 and 8- 1kb DNA markers. Lane 2- negative
control (no DNA). Lane 3- positive control expected size in L. monocytogenes 10403s was
2052bp. Lane- 4 to 7. L. monocytogenes Almo2235 expected size 1156bp using C235F and
C235R primers. PCR products were visualised on a 1.5% (w/v) agarose gel.

1.5kb

1.0kb

Figure 4-13 Agarose gel electrophoresis of the recombination of plasmid pl2471 into L.
monocytogenes 10403s chromosome. Lane 1 and 7- 1kb DNA markers. Lane 2- negative
control (no DNA). Lane 3 and 4- positive control expected size in L. monocytogenes 10403s
was 1364bp. Lane 5 and 6- L. monocytogenes Almo2471 expected size 777bp using C471F and
C471 primers. PCR products were visualised on a 1.5% (wi/v) agarose gel.
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4.2 Construction of a mutant in Imo0504, an ORF which encode a putative
penicillin binding protein, in L. monocytogenes 10403s

According to the result obtained from Arbitrary PCR and sequencing analysis a

deletion mutation in L. monocytogenes 10403s was constructed in order to check the

polar effects. Therefore to confirm that Imo0540 was the cause of the adhesion defect

in 1366 mutant.

4.2.1 Amplification of the genes Imo0540 by PCR

Primers were designed to amplify region of Imo0540 gen which contain 15bp extension
complementary to the both end of the linearized pAUL-A vector. Fw540 INF FW1 and
Fw540 INF RV1 primers were designed to amplify a region of 540bp at the 5’ end of
Imo0540. Another region of 471bp, at 3’ the end of the gene was amplified using
Fwb40 INF FW2 and Fw540 INF RV2 primes. Figure 4-14 shows products of 540bp

and 471bp of the expected size in lane 3 and 4.

600bp
500bp

Figure 4-14 Agarose gel electrophoresis confirming PCR amplification of Imo0540 gene in L.
monocytogenes 10403s using Fw540 INF FW2 and Fw540 INF RV2 primes. Lane 1- 100bp
DNA marker. Lane 2 and 4- negative controls (no DNA). Lane 3 and 5- from L.
monocytogenes shows the amplified 540bp and 471bp fragments of the Imo0540 gene.
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4.2.2 Cloning and analysis by PCR of clone Imo0540 in pAUL-A

Fragments of the 5° and 3’ region of Im00540 of sizes 540bp and 471bp respectively,
were cloned into digested pAUL-A using the in-fusion HD cloning kit to give a total
fragment size of 1011lbp. Ligation of the 1011bp fragment into pAUL-A was
confirmed by screening a number of pl0540 plasmids recovered from transformants by
PCR using primers M13F and M13R. Also, the ligation of insert into pAUL-A was
confirmed by sequencing. The nucleotide sequences of plasmid DNA from a number of
transformants was determined using primers M13F and M13R. Comparison of the
nucleotide sequences showed a significant match (>90%) to the Imo0540 ORF (see

Appendix, Figure 11).

The resulting plasmid carrying a deletion mutation in Imo0540 was termed pl0540 and
was used to introduce the mutation into the chromosome of L .monocytogenes as
described earlier. Following growth at 42°C overnight, erythromycin sensitive
recombinants were selected. PCR amplification of these recombinants with primers

M13F and M13R gave size to products of 1100bp.

The results obtained are shown in Figure 4-15. As can be seen in lanes 3, 4 and 5
Imo0540 fragments ligated into the pAUL-A vector with expected product size of
1100bp. The result confirm the ligation of the insert to pAUL-A and successful

transformation was achieved. The work was carried with plasmid pl0540.
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Figure 4-15 Agarose gel electrophoresis showing ligation of inset into plasmid pAUL-A. Lane
1- 100bp DNA marker; Lane 2- negative control (no DNA). Lane 3, 4 and 5- ligation of insert
of Imo0540 into pAUL-A; expected size is 1100bp using M13F and M13R by screening a
number of transformants. Lane 6- 1kb DNA marker. PCR products were visualised on a 1 %
(w/v) agarose gel.

4.2.3 Recombination of pl0540 into L .monocytogenes 10403s.

The resultant plasmid was transformed into L. monocytogenes 10403s using
electroporation. And recombinants selected by growth on erythromycin and incubated
overnight at 24°C to allow integration of the plasmid onto the chromosome to occur. To
confirm that this had occurred PCR was carried out using primers CpbpFW and M13
primer. Figure 4-16 shows pl0540 integrated into the L. monocytogenes10403s genome
with size products of 1095bp from different transformants. One mutant was selected to

continue the recombination.
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1.5kb 1095bp
1.0kb -t ' Vo

Figure 4-16 Agarose gel electrophoresis to test integration of plasmid pl0540 into the L.
monocytogenes 10403s genome. Expected size is 1095bp. Lane 1- 1kb DNA marker. Lane 2-
negative control (no DNA). Lane 3 to 7- screening of different transformants using CpbpFW
and M13R. PCR products were visualised on al.5% (w/v) agarose gel.

For recombination, colonies giving a positive band 1095bp for the first crossover were
selected and grown in BHI broth and subsequently plated onto BHI with and without
erythromycin at 42°C as described before (Section 2.13.3). to force a second crossover
event, erythromycin sensitive colonies were screened using primers which was
designed to amplify outside the region of interest. As can be seen in Figure 4-17 a
product with 1152bp was successfuly amplified from the deletion mutant in the
Imo0540 (Lane 4) compared with a product of 2154bp from the L. monocytogenes wild
type 10403s (Lane 3) and one mutant was selected and designated L. monocytogenes

Almo0540.
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Figure 4-17 Agarose gel electrophoresis of the recombination of plasmid pl0540 into L.
monocytogenes 10403s strain. Lane 1- 1kb DNA marker. Lane 2- negative control (no DNA).
Lane 3- positive control expected size in L. monocytogenes 104003s was 2154bp. Lane4- L.
monocytogenes Almo0540 expected size1152bp using CpbpFW and CpbpRV primers. PCR
products were visualised on a 1.5% (w/v) agarose gel.
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4.3 Construction of deletion mutant in Imo02236, a putative oxidoreductase in L.
monocytogenes 10403s

According to the result obtained from qRT-PCR analysis (Section 5-6) indicating that
the expressing level of Imo2236 in transposon B265 was a significantly lower
compared to the expression in the wild type .and this result suggested that the Tn917
transposon may alter expression of Imo2236 which is located downstream to Imo2235.
Accordingly it is possible that this reduced expression is responsible for the adhesion
defect and not disruption of Imo2235. A deletion mutation in Lmo02236 in L.

monocytogenes 10403s was therefore constructed.

4.3.1 Amplification of the genes Imo02236 PCR

Primers were designed as described above in section (4.1.6). Primers were designed to
amplify a region of 773bp at the 5’ end and 517bp at 3’ the end of Im02236 ORF. The
results shown in Figure 4-18 show that the PCR products amplified from L.
monocytogenes 10403s had the expected sizes of 773bp (Lane 3 and 4) and 517bp

(Lane 6 and 7) in L. monocytogenes wild type 10403s.
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800bp
700bp

500bp

Figure 4-18 Agarose gel electrophoresis confirming PCR amplification of Imo02236 gene in L.
monocytogenes . Lane 1-100bp DNA marker. Lane 2 and 5- negative controls (no DNA). Lane
3and 4- from L. monocytogenes 10403s show the amplified 773bp fragment of the Im02236
gene by 2236FW1 and 2236RV1. Lane 6 and 7- show the amplified 517bp fragment of the
Im02236 gene by 2236FW2 and 2236RV2.

4.3.2 Cloning and analysis by PCR of clone of Im02236 in pAUL-A

Fragments of the 5* and 3’ region of Im02236 of sizes 773bp and 517bp respectively,
were cloned into digested pAUL-A using the in-fusion HD cloning kit to give a total
fragment size of 1290bp. Ligation of the 1290bp fragment into pAUL-A was
confirmed by screening a number of pl2236 plasmids recovered from transformants by
PCR using primers M13F and M13R. Also the ligation of an insert into pAUL-A was
confirmed by sequencing. The nucleotide sequences of plasmid DNA from a number of
transformants was determined using primers M13F and M13R. Comparison of the
nucleotide sequences showed a significant match (>90%) to the Im02236 ORF (see

Appendix, Figure 13).

The resulting plasmid carrying a deletion mutation in Im02236 was termed pl2236 and

was used to introduce the mutation into the chromosome of L .monocytogenes as
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described earlier. Following growth at 42°C overnight, erythromycin sensitive
recombinants were selected. PCR amplification of these recombinants with primers

M13F and M13R gave size to products of 1387bp

The results obtained are shown in Figure 4-19. As it can be seen in lanes 3 to 7, the
Imo2236 fragment ligated into pAUL-A vector with expected product size of 1387bp.
The result confirm the ligation of the insert to pAUL-A and successful transformation

was achieved. The work was carried with plasmid pl2236.

1.5kb
1.0kb

Figure 4-19 Agarose gel electrophoresis showing ligation of inset into pAUL-A. Lane 1-
1kbDNA marker; Lane 2- negative control (no DNA). Lane 3 to 7- ligation of insert of
Imo2236 into pAUL-A; expected size 1387bp recovered from transformant using M13F and
M13R primer. PCR product were visualised on a 1% (w/v) agarose gel.

4.3.3 Recombination of pl2236 into L .monocytogenes.
Plasmid pl2236 was transformed into L. monocytogenes 10403s by electroporation and
transformants harbouring the plasmid pl2236 from electroporation were streaked on

BHI agar with erythromycin (5ug/ml) and incubated at 42°C overnight. Plasmid
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integration into the bacteria chromosome was confirmed by screening a number of
transformants by PCR using the C236F primers which binding to the chromosome
outside the Imo02236 gene with M13R primer. PCR products of 1546bp were
successfully amplified from number of transformants as indicated in Figure 4-20

(Lanes 4-13). One mutant was selected to continue recombination.

5 6 7 8 9 10 11 12 13 14

1546bp
2.0kh

1.0kb

Figure 4-20 Agarose gel electrophoresis of integration of plasmid pl2236 into the L.
monocytogenes 10403s strain. Expected size is 1546bp. Lane 1 and 14- 1kb DNA marker.
Lane 2- negative control (no DNA). Lane 3- negative control (10403s DNA). Lane 4 to 13-
screening of different colonies using C2236FW and M13R confirming the integration of
plasmid into gene at expected size of 1546bp. PCR products were visualised on a 1.5% (w/v)
agarose gel.

Colonies giving a positive band 1546bp for first crossover were selected for
recombination as described above (Section 2.13.3). Following a second round of
recombination, erythromycin sensitive colonies were screened using primers C236F
and C236R which was designed to anneal to the chromosome flanking the amplified
region. A product with 1669bp was successfuly amplified from the deletion mutant in

Im02236 gene compared with a product of 2336bp from the L. monocytogenes 10403s
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strain. In Figure 4-21 lane 4 shows a product of 1669bp was succesfuly amplified from
the deletion mutant in Imo2236 ORF. Lane 3 shows a product size of 2336bp from th L.
monocytogens 10403s strain. The mutant was selected and designated L.

monocytogenes Almo2336.

2336bp

3.0kb
2.0kb 1669bp

1.2kb

Figure 4-21 Agarose gel electrophoresis of the recombination of plasmid pl2236 into L.
monocytogenes 10403s strain. Lane 1 and 5- 1kb DNA markers. Lane 2- negative control (no
DNA). Lane3- positive control expected size in L. monocytogenes 104003s was 2336bp. Lane-
4 L. monocytogenes Almo2336 expected size1669bp. Using C236F and C236R primer. PCR
products were visualised on a 1.5% (w/v) agarose gel.
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4.4  Discussion

Amplification of genes was performed by PCR (Section 2.8) and products were cloned
into pGEM T-easy. Following transformation of plasmids into E. coli, resulting
transformants for each of the inserted genes were sequenced to confirm that the correct
gene had inserted into the plasmid. Only the transformants containing the Imo0103
gave a positive match when submitted to BLAST analysis. The positive transformant
containing the correct sequence for Imo0103 was then ligated into pAUL-A and
electroporated into L. monocytogenes 10403s to enable the deletion mutant to be made
using recombination. The deletion mutant of AImo0103 in L. monocytogenes was
successfully achieved. However, none of the other resulting plasmids harbouring other
DNA fragments showed any matching against genes in L. monocytogenes EGD-e. This
meant the pGEM-T Easy vector was not harbouring the correct insert in the multiple
cloning sites although white transformants were recovered on LA agar. The process
was repeated a couple of times with other DNA fragments of genes and the same
problem was presented. Consequently, it was decided to change this method using In-
Fusion® HD cloning kit to clone DNA fragment into the pAUL-A plasmid vector and
electroporate into L. monocytogenes 10403s without using cloning pGEM-T Easy
cloning vector; with this method short, long and multiple DNA fragment can be cloned
into any vector in a single reaction. Further mutagenesis was done using this method to
construct other mutants in NADH oxidase (Im02235 and Imo2471) and penicillin

binding protein genes (Imo0540)

The plasmid pAUL-A is capable of autonomous replication in both E. coli and Listeria
spp (Schaferkordt & Chakraborty, 1995). It also carries an erythromycin resistance
marker that expresses in both hosts at 300pg/ml in E. coli and 5pg/ml in L.

monocytogenes. This characteristic is important because direct transformation of
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ligation mixtures into L. monocytogenes is very inefficient (Schaferkordt &
Chakraborty, 1995). pAUL-A also contains the lacZ gene of E. coli which includes the
respective operator and promoter and encloses the multiple cloning site of plasmid
pUC19. Cloning into any of these sites disrupts the lacZ gene, causing a loss of a-
complementation and resulting in lac” phenotype in the appropriate E. coli host strain.
The recombinant plasmid can then be readily isolated and transformed into L.

monocytogenes.

pAUL-A with correct DNA fragments were transformed into L. monocytogenes using
the electroporation of penicillin treated cells (Park & Stewart, 1990). This method takes
advantage of the fact that cell wall damage, caused either by degradative enzymes or by
incorporation of cell wall active agents in the growth media, typically improves
transformation efficiencies in Gram positive bacteria (Park & Stewart, 1990). Therefore
a pre-treatment with penicillin caused a dramatic increase in the transformation
efficiency of L .monocytogenes. The optimal conditions for electroporation of
penicillin-G treated L. monocytogenes (maximum number of transformation 4x10%pg
DNA) was achieved in the presence of 10 pg penicillin-G/ml and electroporated at a
field strength of 10kV/cm (pulse duration, 5ms) (Park & Stewart, 1990). The voltage
used in this study to electroporate L. monocytogenes was 2.5kV/cm (pulse duration
about 5ms) (Section 2.13.2). Although the voltage value was, successful transformants
were recovered and this suggests that the field strength used was enough to produce
permeability of Listeria cell membrane, thus allowing the entry of the plasmid DNA.
Electroporation therefore has proved to be effective for transferring DNA into
eukaryotic and prokaryotic organisms (Luchansky et al., 1988). Electroporation is a

quick technique and less tedious and inexpensive than other transformation methods.
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To recover deletion mutants, bacteria were at first cultured at 30°C with erythromycin,
to remove the plasmid. The bacteria were then cultured at the non-permissive
temperature of 42°C with erythromycin. The high temperature of incubation does not
allow the pAUL-A to replicate since it contains pE194, an origin of replication which
is sensitive to temperatures higher than 30°C (Schaferkordt & Chakraborty, 1995).
Surviving bacteria should have lost plasmid encoding erythromycin resistance. PCR
was used to confirm that the genes of interest have been mutated. Mutants also were
sent for sequencing with appropriate primers. Resulting sequences was aligned against
the sequenced L. monocytogenes EDG-e genome held at NCBI and the result was

positive with all mutants (see appendix, Figures 6, 9, 10, 11and 14).
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5 Characterisation of attachment of L. monocytogenes mutants

Deletion mutants of L. monocytogenes (AImo2235, Almo2471, Almo0103, Almo2236,
and Almo0540) were successfully generated as described in the previous chapter. These
mutants, with their parent L. monocytogenes 10403s and transposon mutants (B265 and
1366), were used for further investigation. In this chapter the work done was intended
to determine the growth rate of L. monocytogenes strains, at different NaCl

concentrations and pHs.

-To examine the effect of NaCl and acidic pH on the attachment of L. monocytogenes

strains to polystyrene.

-To measure the expression of Imo2235, Imo0540 in the planktonic and attached cells

after listerial attachment at 18°C and 30°C.

NaCl and acidic pH were chosen in this study as both are used in food processing
industries as major barriers to prevent bacterial growth in food. Thus, this may provides

valuable pathway for prevention of biofilm formation.

The growth of L. monocytogenes strains was tested at different NaCl concentrations
and pHs and there was no significant difference in the mean growth curve between all

strains (P>0.05).

Microtitre plates were used in the investigation of the effect of NaCl and pH on listerial
attachment. All strains including the wild type showed a decrease in their ability to
adhere with increasing NaCl concentration. On the other hand, L. monocytogenes
strains lost their attachment at pH below 7.3. Therefore these results suggest that the
mutated genes have no impact on the behavior of L. monocytogenes in these tested

conditions.
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These results indicate that NaCl and acidic pH had an effect on the attachment of L.

monocytogenes strains, and they are extremely sensitive to lactic pH.

Microtitre plate was also used to investigate the expression of Im02235 and Imo0540
genes in the planktonic and detached cells after attachment at 18°C and 30°C. The
pattern of Imo2235 expression in detached and planktonic cells after attachment was
very similar at 18°C and 30°C. However the expression of Imo0540 was higher in the

planktonic cells compared to detached cells at 18°C and 30°C.

5.1 Growth of L. monocytogenes wild type and mutants

Growth of L. monocytogenes strains was determined at different concentrations of
NaCl and acidic pHs in order to investigate whether these conditions have an impact on
the growth rate of L. monocytogenes strains, before deciding to examine their
attachment in these conditions. To determine the growth rate, L. monocytogenes strains
were cultured in TSB at different concentrations of NaCl (2% (w/v) and 4% (w/v)) and
pH (6.5 and 5.5). Each strain was prepared as described in the Materials and Method
(Section 2.4). Optical density and viable counts were carried out every 20 minutes. The
viable counts were used to calculate the growth rate constant (u) for all strains. The
wild type and the seven mutants listed in Table 2.1 were examined and all the strains

were grown with shaking until they reached the stationary phase.

In Figure 5-5 5-1 the growth of the L. monocytogenes wild type 10403s and mutants in
TSB at 37°C is shown. As can be seen, the pattern of growth displayed by the strains
was similar; all strains grew well and demonstrated an exponential growth phase of two
hours from the beginning of growth. One-way ANOVA was used to compare the
growth rates constants () and they listed in (Table 5-1) the growth rate constants for

growth curves. There was no effect on the growth rate of all strains compared to the
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wild type and compared to each other (P>0.05). The mean growth rate for all strains

was between 1.6 and 2.1 /hour.

2.0

- Wwild type
- AImo0540
-k~ B265

£

S - 1366

o

s == Almo103

o

@] -©- Almo2471
B Amo223s
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Figure 5-1 Growth curves of L. monocytogenes strains performed in TSB at 37°C. Each point
is the mean of two replicates. The pattern of growth of strains was similar, demonstrating an
exponential growth phase of two hours from the beginning of growth.

Table 5-1 The growth rate constant 1 was calculated for the L. monocytogenes and six mutants
in TSB at 37°C and at different NaCl and pH concentration. There was no significant difference
(P>0.05) in the growth rate of all the stains at the different conditions (n=2).

. Growth rate (hour™)
Strains

37°C 2% (w/v) Nacl | 4% (w/v) Nacl pH6.5 pH5.5

wild type 10103s 1.700 1.255 1573 1.674 1.433
Almo0540 1913 1.525 1.984 1.549 1.415
B265 1.636 1.198 1.806 1.302 1.030
1366 1.869 1.063 1.260 1.209 1.205
Almo0103 1.856 1.869 1.254 1.191 1.656
Almo2235 2.296 1.869 1.384 1.821 1.493
Almo2471 2.109 1.156 1.378 1.791 1.247
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Growth curves also were used to assess whether NaCl had an effect on growth of
L.monocytogenes strains. The following concentrations of NaCl were tested; 2, 4, and
6% (w/v) in TSB. These concentrations are in addition to the 0.5% (w/v) NaCl TSB
already contains. Wild type and deletion mutants grew on the TSA plates with 6%
(w/v) NaCl concentration, but transposon mutants B265 and 1366 did not show growth
under these conditions, so it was decided to not examine the strains with 6% (w/v)
NaCl.

Figure 5-2 shows the growth of the L. monocytogenes wild type 10403s and mutants in
TSB with 2% (w/v) NaCl. As can be seen, the pattern of growth displayed by the
strains was similar with no difference between them. The mean growth rate of all
strains was between 1.0 and 1.8/hour and statistically no difference in the growth rate
were detected between the wild type and mutants at this concentration (P>0.05), as
indicated in Table 5-1.

Similarly the results in Figure 5-3 show the growth of wild type and mutants in TSB
containing 4% (w/v) NaCl. Again the wild type and the mutant exhibited similar
pattern of growth. However, the stationary phase was reached after 3 hours. The growth
rate of 1.9 and 1.2/hour was found when comparing wild type with mutants as shown in
Table 5-1. The statistical analysis to the growth rate values indicated that there is no

significant difference (P>0.05) between strains to grow in TSB with 4 % (w/v) NaCl.
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Figure 5-2 Growth curves of L. monocytogenes strains cultured in TSB at 37°C in 2% (w/v)
NaCl. Each point is the mean of two replicates. The pattern of growth of strains was similar,
with no difference between them. The stationary phase was reached after 2 hours.
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Figure 5-3 Growth curves of L. monocytogenes strains cultured in TSB at 37°C and in 4%
(w/v) NaCl. Each point is the mean of two replicates. Wild type and the mutant exhibited
similar pattern of growth and the stationary phase was reached after 3 hours from the beginning
of growth.

The effects of pH on the growth of L. monocytogenes strains were examined. The pHs

of 6.5, 55 and 4.5 were used. It was reported previously that growth of L.
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monocytogenes occurred between pH 5.2 and 9 and that they are not able to grow
below pH 5.2 (Wagner & McLauchlin, 2008). However, L. monocytogenes strains did
not show growth in TSB with pH 4.5 (data not shown). Therefore it was decided to test

Listeria strains growth at pH 6.5 and 5.5.

Figure 5-4 shows the growth of wild type and mutants in TSB at pH 6.5. L.
monocytogenes mutant strains also showed no difference in their growth pattern and the
stationary phase was reached after 2 hours. The growth rates of strains were between
1.9 and 1.2/hour (Table 5-1). ANOVA of these data revealed that there were no

significant differences in the mean of growth between strains (P>0.05).

Also the growth of L. monocytogenes strains was examined at pH 5.5. The results are
shown in Figure 5-5 L. monocytogenes strains exhibited similar pattern of growth.
Strains began to grow exponentially after 3hours. Data revealed that the difference in
the mean of growth was not significant (P>0.05) and the growth rates of strains were

between 1.0 and 1.6/hour as demonstrated in Table 5-1.

None of the mutants presented a significant difference in growth rate when compared
to the wild type or each other (P>0.05). The analysis of these results suggested that,
Almo2235, Almo2471, Almo0103 and AImo0540 genes deleting have no impact on the
growth of L. monocytogenes even under different conditions, and subsequently it was

decided to check their adherence to polystyrene

In order to confirm previous data, growth curves were determined in TSB in microtitre
plates. The ODssonm Was measured at regular intervals with a Varioscan (see Appendix,
Figure 19 to 22). There was no differences (P>0.05) in the growth pattern detected

between the strains in TSB at different concentrations of NaCl and pH.
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Figure 5-4 Growth curves of L. monocytogenes strains cultured in TSB at 37°C and pH 6.5.
Each point is the mean of two replicates. L. monocytogenes strains exhibited similar pattern of

growth. Strains began to grow exponentially after 2hours.
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Figure 5-5 Growth curves of L. monocytogenes strains cultured in TSB at 37°C and pH 5.5.
Each point is the mean of two replicates. L. monocytogenes wild type and mutants in. No
difference in their growth pattern and the stationary phase was reached after 3hours.

134



Chapter -Five-Characterisation of attachment of L. monocytogenes mutants

5.2 Attachment studies

Attachment assays were done using the deletion mutants, in order to confirm whether
the NADH oxidase and penicillin binding protein genes were involved in attachment of
L. monocytogenes to polystyrene. The attachment assay was performed following the

protocol described in the Material and Methods (Section 2.5)

5.2.1 Assay for attachment of L. monocytogenes wild type and mutants at 37°C

The results for the attachment assay of L. monocytogenes wild type and mutants at
37°C are shown in Figure 5-6. There was no significant difference in the ability of the
mutant strains to adhere to polystyrene at 37°C (P>0.05). Also no difference in the total
number of planktonic cells counts (P>0.05) was found after 2 hours incubation as,

shown in Table 5-2.
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Figure 5-6 Assay of attachment assay of L. monocytogenes strains to polystyrene at 37°C. Data
are the mean (= S.D.) of three experiments. There was no significant difference between all the
stains (P>0.05).
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Table 5-2 Viable counts of planktonic cells in the attachment assay after 2 hours incubation at

37°C.

Strains log,, of the mean viable counts
wild type 10403s 9.0 £0.05

B265 9.3+£0.03
Almo0103 9.2 +0.02
Almo2235 9.0 +0.04
Almo2471 9.1 £0.01

1366 9.2+0.1
Almo0540 9.1 £0.08

Data are the mean * standard deviation of the result of four experiments.

5.2.2 Assay attachment of L. monocytogenes wild type with mutants at 30°C

The attachment assay of wild type and mutants was conducted at 30°C. As can be seen
in Figure 5-7 all mutants showed a clear reduction in the ability of attachment
compared to wild type (P<0.05) at 30°C. On the other hand, there was no significant
difference between the mutants in their attachment at 30°C (P>0.05). The deficiency of
mutants suggests a role for these genes in ability to adhere to polystyrene, without
difference in the total number of planktonic cells in the end of assay as, can be seen in

Table 5-3.

A595nm

Figure 5-7 Assay of attachment L. monocytogenes strains to polystyrene at 30°C. Data are the
mean (x S.D.) of three experiments. All the mutants showed a reduction in attachment
compared to the wild type (P<0.05).
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Table 5-3 Viable counts of planktonic cells in the attachment assay after 2 hours incubation at

30°C.

Strains log,, of the mean viable counts
wild type 10403s 9.1+0.1

B265 9.0+0.2
Almo0103 9.1 £0.08
Almo2235 9.0 £0.09
Almo2471 9.1 +£0.05

1366 9.0+0.1
Almo0540 9.2 £0.02

Data are the mean * standard deviation of the result of four experiments.

5.2.3 Assay of attachment assay of L. monocytogenes wild type and mutants at

18°C

The attachment assay of wild type and mutants was done at 18°C, shown in Figure 5-8.

All the mutants showed a significant reduction in the level of attachment when

compared to the wild type at 18°C (P<0.05). On the other hand there was no difference

in the level of attachment between the mutants (P>0.05). The numbers of planktonic

cell numbers were found to be similar in all L. monocytogenes strains (P>0.05) after 2

hours incubation at 18°C, as shown in Table 3-10. These results suggested that the

influence of NADH oxidase and penicillin binding protein on surface attachment is

temperature dependent.
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Figure 5-8 Assay of attachment L. monocytogenes strains to polystyrene at 18°C. Data are the
mean of three experiments. Wild type showed a higher level of attachment than that of mutant

strains (P<0.05).

Table 5-4 Viable counts of planktonic cells in the attachment assay after 2 hours incubation at

18°C.

Strains log,, of the mean viable counts
wild type 10403s 9.210.1

B265 9.1 £0.09
Almo0103 9.0 £0.05
Almo2235 9.0+0.1
Almo2471 9.1 £0.01

1366 9.1+0.4
Almo0540 9.1 +0.1

Data are the mean + standard deviation of the result of four experiments.
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5.3 Effect of NaCl concentration and pH on the attachment of L. monocytogenes
strains at different temperatures
The aim of this study was to examine the effect of NaCl and pH on the attachment of L.
monocytogenes strains to polystyrene at two different temperatures, 37°C and 30°C.
The listerial cells listed in (Table 2-1) were cultured overnight 37°C and 30°C in
medium containing different NaCl concentrations (0.5% (w/v), 2% (w/v) and 4%
(w/v)) and different pHs (7.3, 6.5 and 5.5). The medium was adjusted using NaCl and
HCI before autoclaving. The assay was done following the protocol in the Material and
Methods (Section 2.5). Diluted cultures (ODsoy =0.7) were added to a 96-well
microtitre plate and incubated for 2 hours. The total number of planktonic cells was
estimated in duplicate at the end of the assay. Also L. monocytogenes strains did not

grow in TSA at pH 4.5 (data not provided).

5.3.1 Effect of NaCl on L. monocytogenes attachment at 37°C

Figure 5-9 panels A and B show that all L. monocytogenes strains could attach to the
polystyrene at the different concentrations of NaCl. However the efficiency of
attachment declined as the concentration of NaCl increased. A significant difference in
their ability of the strains to attach to the surface was observed at NaCl 2% (w/v) and
4% (w/v) NaCl compared to 0.5% (w/v) NaCl (P<0.05). However, there was no
significant difference in their ability to attach at NaCl 2% (w/v) and 4% (w/v) when
compared to each other (P>0.05). It is obvious the level of attachment significantly

decreased gradually at the higher concentrations of NaCl (2% (w/v) and 4% (w/v).

The mutants showed no significant difference in their attachment compared to the wild
type at all NaCl concentrations (P>0.05). Similarly, there was also no significant

difference between the mutants when compared to their attachment to polystyrene at
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different concentrations of NaCl (P>0.05).

The numbers of planktonic cells were

equivalent at the end of the experimental period (P>0.05).

A os-
Il control
=1 0.5 (w/v) NacCl
E= 2% (w/v) Nacl
E E=a 4% (w/v) Nacl
n
[}
wn
<
B o
Il control
0.4 - I = 0.5 (w/v) NacCl
. ' EX 2% (w/v) NacCl
E 0.3 - » - .- 4% (w/v)Nacl
o ] B
wn - ..I
< 0.2 4 -] Dol
o] ]
.. ..I
. .. |
0.1- o B
1 [
.e )
- B
0.0+ e T T
© o
dQ \’bb Q(Ob(
,\\é o
S N

Figure 5-9 A) Assay of attachment L. monocytogenes wild type, B265, AlImo0103, AlImo2235
and lmoA2471 at 37°C in TSB with different NaCl concentrations. B) Assay of attachment L.
monocytogenes wild type, 1366 and AImo0540 at 37°C in TSB with different NaCl
concentrations. Data are the mean (£ S.D.) of three experiments. All the strains in A and B
showed an ability to attach to polystyrene at different NaCl concentrations compared to control
(P>0.05). The mutants showed the same level of attachment compared to the wild type
(P<0.05). All strains showed a low level of attachment at high concentration of NaCl (2% and

4% (W/v)).
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5.3.2 Effect of NaCl on L. monocytogenes attachment at 30°C

L. monocytogenes strains were also examined for their ability to attach to polystyrene
in TSB containing different NaCl concentrations. As indicated in Figure 5-10 panels, A
and B all strains were able to adhere to polystyrene at all NaCl concentrations tested.
However, there was a significant difference in the extent of attachment at the higher
concentrations of NaCl (0.5% (w/v), 2% (w/v) and 4% (w/v)) (P<0.05). The attachment
significantly decreased at high NaCl concentration (P<0.05). Although L.
monocytogenes wild type had the highest level of attachment in 0.5% (w/v) NaCl
compared to the mutants (P<0.05), it also showed a decreased in ability to adhere with
increasing NaCl concentration. Mutants showed significantly lower levels of
attachment at 0.5% NaCl (w/v), when compared to the wild type (P<0.05) but there
was no significant difference between mutants and wild type at NaCl levels of 2%
(w/v) and 4% (w/v) (P>0.05). On the other hand, the mutants showed no significant
difference in their attachment when compared to each other at different NaCl
concentrations (P>0.05). The numbers of planktonic cells of the wild type and mutants

were the same (P>0.05).
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Figure 5-10 A) Assay of attachment L. monocytogenes wild type, B265, AImo0103, Almo2235
and ImoA2471 at 30°C in TSB with different NaCl concentrations. B) Assay of attachment L.
monocytogenes wild type, 1366 and Almo0540 at 30°C in TSB with different NaCl
concentrations Data are the mean (= S.D.) of three experiments.
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5.3.3 Effect of acidic pH on L. monocytogenes attachment at 37°C

Attachment assays were conducted with L. monocytogenes wild type and mutants at
different pHs (7.3, 6.5, and 5.5) at 37°C. The obtained results shown in Figure 5-11 A
and B highlighted that all strains were able to attach well to polystyrene at pH 7.3,
while no attachment was observed at pHs of 6.5 and 5.5 compared to control (P>0.05).
However, there was no significant difference in the ability to attach of all strains at pH
7.3 (P>0.05). The numbers of planktonic cells of the wild type and mutants were the

same at the end of assay (P>0.05).

5.3.4 Effect of acidic pH on L. monocytogenes attachment at 30°C

Figure 5-12 A and B shows the attachment assay of L. monocytogenes strains at
different pHs at 30°C. It can be observed that L.monocytogenes strains attached well at
pH 7.3 and the level of attached cells of the wild type and mutants was higher than
observed at 37°C (P<0.05). The wild type showed a high level of attachment at pH 7.3
compared to the mutants (P<0.05). The ability of strains to attach was significantly
diminished at the pH 6.5 and 5.5 (P<0.05) i.e. they lost their attachment to polystyrene
with lower pHs. There was no difference between all the mutants in their attachment at
the different pHs (P>0.05).The numbers of planktonic cell of the wild type and mutants
were the same for all strains (P>0.05). These results indicate that pH had an effect on
the attachment of L. monocytogenes strains, and they and wild type are extremely

sensitive to acidic pH.

143



Chapter -Five-Characterisation of attachment of L. monocytogenes mutants

A os-
Il Blank
oo | pH7.3
Ed pHG6.5
E pH5.5
n
()]
wn
<
B os-
Bl Blank
0.4 =1 pH 73
i
o - =2 E pH 6.5
e 034 [ B B pH 5.5
o .-.'. ..... .....
< 0.21 - - -
0.1 I % % g
0.0 - I 1, =4
© Q
© ™
& N N
‘\6 )
& S

Figure 5-11 A) Assay of attachment L. monocytogenes wild type, B265, Almo0103, AImo2235
and lmoA2471 at 37°C in TSB at different pHs. B) Assay of attachment L. monocytogenes wild
type, 1366 and AImo0540 at 37°C in TSB at different pHs. Data are the mean (+ S.D.) of three
experiments. All the strains were able to attach at pH 7.3 compared to the control (P<0.05)
while no attachment was observed at pHs of 6.5 and 5.5 (P>0.05)
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Figure 5-12 A) Assay of attachment L. monocytogenes wild type, B265, AImo0103, Almo2235
and ImoA2471 at 30°C in TSB at different pHs. B) Assay of attachment L. monocytogenes wild
type, 1366 and AImo0540 at 30°C in TSB at different pHs. Data are the mean (£ S.D.) of three
experiments. Listeria strains attached well at pH 7.3 (P<0.05). Wild type showed a high level
of attachment at pH 7.3 compared to other mutants (P<0.05), mutants ability to attach were
significantly decreased at the pH 6.5 and 5.5 (P>0.05)
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5.4 Assay of the attachment of wild type and Almo2236

It was hypothesised that, Im02236 gene may regulate adhesion and attachment in L.
monocytogenes. In order to test this hypothesis AIm02236 was examined for its ability
to attach to polystyrene compared to wild type and Almo2235 at 37°C and 30°C. The
attachment assay was conducted as described in the Material and Methods (Section
2.5). The result obtained is shown in Figure 5-13. AlIm02236 showed the same level of
attachment compared to the wild type and AImo2235 at 37°C (P>0.05). There was also
no significant difference (P>0.05) between AImo02236 and wild type in their attachment
at 30°C. However, AlImo2235 showed a reduction in attachment compared to wild type
and Almo2236 (P<0.05). The results suggest that Imo2236 does not play a major role in

listerial adherence to polystyrene.
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Figure 5-13 Assay of attachment L. monocytogenes wild type, AImo2236 and Almo2235 to
polystyrene at 37°C and 30°C. Data are the means (x S.D.) of three experiments. There was no
significant difference between all the stains (P>0.05) at 37°C. AIm02235 mutants showed a
reduction in attachment compared to the wild type and AImo2236 (P<0.05) at 30°C. Wild type
and AImo2236 showed the same level of attachment (P<0.05) at 30°C.
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5.5 Quantitative real-time PCR (qRT-PCR) analysis of Im02235 and Imo0540
gene expression in L. monocytogenes 10403s

As reported earlier in the attachment study of L. monocytogenes wild type 10403s, it
was demonstrated that L. monocytogenes has a significantly greater attachment at 30°C
compared to 18°C and 37°C. In the same study wild type showed a high level of
attachment compared to transposon mutants B256 and 1366 at 18°C and 30°C (Section
3.1.3 and 3-1-4). Imo02235 and Imo0450 genes were chosen to test their expression in
L. monocytogenes wild type, as these genes found to be involved in the deficiency of
attachment to polystyrene at 18°C and 30°C in transposon mutants B265 and 1366
respectively, thus it was decided to test the expression of these genes at different
temperatures. gRT-PCR was used to determinate expression of these genes in L.

monocytogenes wild type.

5.5.1 Listerial RNA extraction and purification
RNA was extracted by the GTC/TRIZOL method and treated with DNase following the
protocol in the Material and Methods section (2.17.1.1). The RNA preparations were

analysed on agarose gel electrophoresis as shown in Figure 5-14.
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Figure 5-14 Agarose gel electrophoresis showing isolated listerial RNA. Lane 1- 100bp DNA
Ladder. Lane 2- RNA from L. monocytogenes wild type grown at 18°C. Lane 3- RNA from L.
monocytogenes wild type grown at 30°C, Lane 4- RNA from L. monocytogenes wild type
grown at 37°C.

5.5.2 Impact of temperature on L. monocytogenes 10403s gene expression

Initially, the expression of the Im02235 gene and Imo0540 gene was determined at
three different temperatures; 18°C, 30°C and 37°C, in bacteria grown to mid log phase.
The qRT-PCR assay was optimised by determining primer annealing efficiency for
each primer pairs. This was done to ensure that the differential expression of genes in
the assay condition reflects the biological events taking place rather than artefact of
differences in primer annealing efficiency. To determine the primer annealing
efficiency, reactions were set up using different concentrations of L. monocytogenes
genomic DNA samples and the Ct values were plotted against the amount of initial
template. A line of best fit was imposed on the different data points and the annealing
efficiency. The melting curve analysis for all the selected primer pairs showed single
peaks confirming that there was no DNA contamination. The PCR efficiency for the

primers ranged between 95 to 96% (Appendix Figure 15 and 17). Hence, it was
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concluded that the annealing efficiency of the primers used in this study was similar,

and any difference in expression will be due to the experimental condition employed.

Figure 5-15 shows the result of gene expression analysis for the Imo2235 gene and
Imo0540 gene in L. monocytogenes wild type at 30°C and 18°C relative to at 37°C. The
result showed that the expression of Imo2235 increased by 1.82 £ 0.12 fold (n=3) and
1.92 + 0.04 fold (n=3) at 18°C and 30°C, respectively relative to the expression at 37°C.
In addition it was observed that the expression of Imo0540 at 18°C and 30°C was
similar 1.13 + 0.01 fold (n=3) and 1.07 £ 0.09 (n=3) respectively to the expression at

37°C.

It was expected that the expression of Imo02235 and Imo0540 in wild type at 30°C
higher according to previous data of assay of attachment (Section 3.1.3), the expression
of Imo0540 at 30°C was similar relative to at 37°C. In contrast the expression of

Imo2235 increased at 30°C relative to at 37°C.
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Figure 5-15 Gene expression of Imo02235 gene and Imo0540 gene in L. monocytogenes
wild type at 18°C and 30°C relative to expression at 37°C. Data are the mean (£ S.D.) of
three experiments
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5.5.3 The impact of temperature on planktonic cells of L. monocytogenes 10403s
and cells detached after attachment

In order to measure the expression of Imo02235, Imo0540 level in the planktonic and
attached cells during listerial attachment, gRT-PCR was used to define the expression
of these genes in the planktonic and detached cell after attachment. The experimental
models were designed to assess the expression of Imo2235 and Imo0540 genes under
temperature changes after attachment are described in the Material and Methods
(Section 2.17). An attachment of L. monocytogenes wild type to polystyrene was
performed in flat-bottom polystyrene 6-well plate for 2 at 18°C, 30°C and 37°C

(2.17.1.2).

RNA was extracted from planktonic cells (by aspirating the culture from the wells) and
detached cells (by sonication) after 2 hours incubation. The gene expression of
planktonic and detached cells at 18°C and 30°C was compared to expression at 37°C
after normalising the expression of each gene with the housekeeping gene gyrB. Ct
values of each planktonic and detached cell were determined. Fold changes in gene

expression were calculated.

Figure 5-16 shows the result of expression of Im02235 and Imo0540 at 18°C and 30°C
relative to 37°C during attachment. It was observed that expression of Imo2235 at 18°C
was not significantly different in both detached and planktonic cells 0.18 + 0.18 fold
(n3) and 0.17 £ 0.2 fold (n=3), respectively, relative to 37°C. The expression of
Imo02235 at 30°C was 1.34 + 0.03 fold (n=3) and 0.73 = 0.21 fold (n=3) in detached and
planktonic cells, respectively, relative to expression at 37°C. It was expected that the
Im02235 expression in detached cells was no significantly different to that in

planktonic cells under 18°C and 30°C.
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The expression of 1Imo0540 was reduced in detached cells at 18°C compared to the
expression in the planktonic cells; it was 0.47 = 0.11 fold and 1.1 = 0.25 fold,
respectively, relative to 37°C. Similarly, the expression of Imo0540 at 30°C in
planktonic cells was higher than the expression of detached cells; the expression was
0.42 + 0.13 fold and 0.76 = 0.08 fold in the detached and planktonic cells respectively

relative to the expression at 37°C.

In summary, the pattern of Imo2235 expression in detached and planktonic cells after
attachment was not significantly different at 18°C and 30°C. However the expression of
Imo0540 was higher in the planktonic cells compared to detached cells at 18°C and

30°C.

2.0-
@l detached Cells
3 Planktonic Cells
1.54
>
£ 1.0- .T. us
2
0.5- i
L[l

Figure 5-16 The expression pattern of Imo2235 and Imo0540 at 18°C and 30°C relative to 37°C
in planktonic and detached cells after attachment. Data are the mean (+ S.D.) of three
experiments.
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5.6 Study of genes Im02236, Imo0539 and Imo0541 in B265 and 1366 transposon
mutants

In order to confirm that the Tn917 element was not influencing the expression of
flanking genes in the transposon mutant of B265 and 1366 (Figure 5-17), qRT-PCR was
used to evaluate the expression of Imo2236, the downstream gene to Imo2235 and
Imo0539, and Imo0541, the neighbouring genes to Imo0540, in the B235 and 1366
mutant, respectively. The level of expression of these genes in transposon mutants
B265 and 1366 was compared to their expression in the wild type strain. The house

keeping gene gyrB was used for normalisation.

Figure 5-18 shows the expression of Im02236 in the B265 and Imo0530 and Imo0541 in
the 1366 compared to wild type. Imo0539 and Imo0541 genes were upregulated in 1366.
The mRNA level for these genes increased by 41 + 1.5 fold (n=3) and 4.41 + 1.6 fold
(n=3) for Imo0539 and Imo0541 respectively, whereas Imo02236 exhibited 0.51 + 0.42
fold (n=3) downregulation in B265. The decrease in expression of Imo02236 gene in the
B265 mutant suggests that, the gene might be influenced by the transposon location on
the genome. Thus it was decided to mutate this gene and examine its action in the

attachment of L. monocytogenes.
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Figure 5-17 Schematic drawing to show the location of neighboring gene Imo2236 to Imo2235
and Imo0539 and Imo0541 to Imo0540 in L. monocytogenes EGD-e.
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Figure 5-18 Expression of Im02236 in B265 and Imo0530 and Imo0541 in mutant 1366

compared to wild type. Data are the mean (x S.D.) of three experiments
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5.7 Antibiotic susceptibility test (Etest)

To determine whether disruption of the penicillin binding protein encoding genes had
an impact on [-lactam resistance of L. monocytogenes, Etest strips containing
benzylpenicillin at 0.002 to 32ug/ml were used. L. monocytogenes wild type and
Almo0540 suspensions used for E-test were matched, to a 0.5 McFarland standard with

a cell density of ~108 CFU/mI. The results were read after 24 h of incubation at 37°C.

The result was read in accordance with the manufacturer’s directions. The MIC was
taken where the edge of the inhibition ellipse of growth intersects the strip. Figure 5-19
and 5-20 show the MIC values of benzylpenicillin for L. monocytogenes wild type and

Almo0540 mutant was similar 0.125ug/ml.

5.8 Minimum inhibitory concentration MIC determinations

The MIC methodology was also used to determine whether disruption of the penicillin
binding protein encoding genes had an impact on [-lactam resistance of L.
monocytogenes and to obtain identical results that achieved by Etest. The results
demonstrated that the lack of function AImo0540 genes had little effect on the

sensitivity of the mutant strain to the panel of B-lactam antibiotics tested

MIC values of Penicillin G in the AImo0540 mutant were determined against L.
monocytogenes wild type in TSB culture was 0.11ug/ml and similar results were

obtained for AImo0540 MIC values was 0.11pg/ml.
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Figure 5-19 Photograph of the E-test demonstrating the point at which the zone of inhibition of
bacterial growth intersects the antimicrobial strip. The MIC scale is printed on the upper
surface of the strip and the antimicrobial agent is on the underside of the strip. MIC values of in
L. monocytogenes wild type were 0.125ug/ml.

Figure 5-20 Photograph of the E-test demonstrating the point at which the zone of inhibition of
bacterial growth intersects the antimicrobial strip. The MIC scale is printed on the upper
surface of the strip and the antimicrobial agent is on the underside of the strip. MIC values of

Almo0540 mutant was 0.125ug/ml.
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5.9 NADH oxidase activity

This experiment was performed to characterise the NADH oxidase enzyme in the
transposon mutant and deletion mutants against the wild type strains. The cell extracts
were prepared in TSB as described in the Material and Methods (Section 2.18.1). Total
protein concentration of L. monocytogenes strains was determines by the Bradford
assay as described in the Material and Methods (Section 2.18.3) and 1mg/ml was used
in the reactions. A straight line standard curve was obtained, which used as a reference
to determine the concentration of protein. The enzyme activity was tested in wild type
and four mutants, Almo0103, AImo02235, Almo2471 and B265 compared to control. The

absorbance was measured at 340nm in a Varioscan for 10 minutes

Figure 5-21 shows the activity obtained from L. monocytogenes strains against control
(negative control). The mutants AImo0103 showed a decreased in the activity (1.25
mU/mg of protein) compared to the other strains (P<0.05), whereas Almo2235 and
Almo2471 had the same enzyme activity (2.5 mU/mg of protein). Wild type and B265
showed a significantly greater activity (5 mU/mg of protein) compared to the other

strains (P<0.05). No detectable activity was seen in the negative control.

This data suggest that, the NADH oxidase enzyme is either not being expressed or
expressed at a lower level in AImo0103. Furthermore, L. monocytogenes have three
copies of the NADH oxidase genes and only one gene has been knocked out in each

mutant.
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Figure 5-21 NADH oxidase activity in L. monocytogenes strains. The curves represent mean
from three individually measurement of each strain. Dotted lines represent initial maximum
activity of each strain. Almo0103 showed a decreased in activity (p<0.05). Almo2235 and
Almo2471 showed a similar (P<0.05) activity but decreased in activity compared to wild type
and B265. Wild type and B2653 showed had more activity compared to the other mutants
(P<0.05). Data are the mean (£ S.D.) of three experiments.
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5.10 Discussion

In the work performed in this thesis, a reduced ability to adhere to polystyrene in vitro
was proved in mutants 1mo2235, Imo2471, Imo0103 and Imo0540 compared to wild
type at 18°C and 30°C (P<0.05) (Figures 5-6, 5-7, and 5-8). There also was no
significant difference between these mutants and transposon mutants B265 and 1366
(P>0.05). They showed the same attachment deficiency at 18°C and 30°C. Mutant
Almo02236 was also screened for the ability to attach to polystyrene compared to wild
type and Almo2235 at 30°C and 37°C (Figure 5-13). There was no significant
difference (P>0.05) between Almo2236 and wild type in the attachment at 30°C and
37°C. These results confirmed that the downstream Im02236 gene has no effect on
Listeria attachment.

L. monocytogenes is able to grow in a wide range of food protection conditions, such as
refrigeration, acidic pH and high salinity (Junttila et al., 1988; Bajard et al., 1996; Te
Giffel & Zwietering, 1999; Tienungoon et al., 2000). The importance of this work is to
extend the knowledge about the effect of these different conditions for better
understanding of biofilm in Listeria, which may provide valuable pathways for
prevention of biofilm formation. NaCl and pH were chosen as in the food processing
industry acids and salts are routinely used as major barriers to prevent bacterial growth

in food (Shabala et al., 2008).

The growth of L. monocytogenes wild type and six mutants was tested on TSB at low
pH (6.5 and 5.5) and high NaCl (2% and 4% (w/v)) concentrations at 37°C (Figures 5-
2, 5-3, 5-4 and 5-5). The data represented shows that all mutants showed markedly
similar behaviour in growth compared to wild type and compared to each other. All
strains were able to grow at pH 5.5 and above, at 37°C. Statistical analysis of the

growth rates of mutants and wild type growth curve incubating at 37°C was applied
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(Table 5-1) revealed no significant difference in means of wild type and mutants
growth rates (P>0.05), therefore these results suggest that the mutated genes have no
impact on the growth of these mutants in these conditions. These results from wild type
are in agreement with the results obtained by EI-Shenawy and Marth (1989). They
indicated that pH 5.0 to pH 5.5 was minimum for L. monocytogenes growth. In a
similar way, Falerio et al. (2003) reported that, Portuguese cheese isolates were able to
grow at pH 5.5 and above at 30°C and 8°C. In contrast, a recent study by Shabala et al.
(2008) found that the majority (95%) of strains habituated at pH 5.0 grew subsequently
at pH 4.2, while 25% were able to grow at pH 4.1. However, the results of this work
were found to have growth limits different to those described within Shabala’s et al.

(2008) finding.

L. monocytogenes strains were able to grow in the presence of 4% (w/v) NaCl and
below at 37°C (Figure 5-2 and 5-3). In this study the transposon mutant B265 and 1366
did not grow at 6% (w/v) NaCl. The defective growth of transposon mutants B265 and
1366 at 6% (w/v) NaCl may be due the interaction between erythromycin and
lincomycin and NaCl in the medium, which may affect growth of transposon mutants.
The result from wild type is this study is also in accordance with data from Falerio et
al. (2003). They demonstrated that none of the cheese, meat and fish related isolates

grew at 8% (w/v) NaCl and below the concentration of 10% (w/v).

L. monocytogenes has been reported to be NaCl tolerant in complex medium
(Tienungoon et al., 2000). Autolysis is common in Listeria strains and this like other
bacteriolytic systems was associated with cell wall degradation (Tyrrell, 1973).
Recently the growth limit in NaCl has been evaluated in 127 L. monocytogenes strains

at 25°C. They demonstrated that the majority of strains grew in the presence of 11.3%
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to 11.6% (w/v) NacCl, although a few strains were able to grow in 13.9% (w/v) NaCl
(Shabala et al., 2008). Results from this work were found to be opposite to those found
by Shabala et al. (2008). Growth limits of NaCl in study of this thesis were determined

as 4% (w/v) NaCl in TSB at 37°C.

The influence of salt on biofilm formation has been poorly investigated, although the
effect of NaCl during biofilm formation has been explored. The effect of different
concentrations of NaCl (0.5%, 2% and 4% (w/v) and pH (7.3, 6.5 and 5.5) on bacterial
attachment in the wild type strain and six mutants using microtitre plate at 37°C and
30°C was investigated. Independent of temperature, all strains showed a decrease in
their ability to adhere with increasing NaCl concentration (2% and 4 % (w/v) compared
to 0.5% (w/v) NaCl (Figure 5-9 and 5-10). This result is in agreement with data from
Xu et al. (2010); they found that adherent cells of L. monocytogenes (KACC 12671)
decreased with increasing NaCl (>4% (w/v)) concentration, with a decline in the
numbers of adherent cells observed at concentration levels of NaCl (<2%). These
observations were also in line with the data reported by Chorianopoulos et al. (2011),
who found that increasing NaCl up to 5.5% (w/v) did not enhance attachment in non-
adapted and acid-adapted L. monocytogenes cells. In contrast, Jensen et al. (2007)
observed that up 5% (w/v) NaCl concentration increased the adherence of L.
monocytogenes strains to plastic microtitre plate. Cataldo et al. (2007) found that
attachment increased with NaCl up to 5% (w/v) at 37°C because of cell aggregation.
Caly et al. (2009) also demonstrated effect of NaCl on L. monocytogenes attachment.
They found adhesion between 0% and 6% (w/v) NaCl was similar, whereas adhesion at
11% (w/v) NaCl was significantly lower. Similar observations were made in this thesis,
the increase of NaCl resulting in a significant decrease in Listeria attachment at 4%

(w/v) NaCl when compared to data observed at 0.5% (w/v) NaCl.
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The reduction in attachment is probably due to the hydrophobic difference of strains
among the NaCl concentration which may affect the ability to adhere to the surface in
the early stage of incubation (Xu et al., 2010). Previous determination of physical-
chemical properties of polystyrene indicates that it was uncharged and highly
hydrophobic compared to stainless steel surfaces (Tresse et al., 2006). The work of
Beresford (2001) also demonstrated the weak effect of the surface on the L.

monocytogenes 10403s adhesion.

L. monocytogenes strains were analysed for their ability to attach to polystyrene at
different pHs. Regardless of temperatures, all L. monocytogenes strains lost their
attachment at pH below 7.3 (Figures 5-11 and 5-12). L. monocytogenes attached well at
neutral pH (pH 7.3). The effect of pH on listerial attachment has been studied: Tresse
et al. (2006) indicated that L. monocytogenes Scott A showed a decrease of adhesion to
polystyrene microplates at pH 5, though Briandet et al., (1999) found that the ability of
L. monocytogenes Scott A increased in a lactic acid-supplemented medium at pH 6.

The effect of pH on the bacterial attachment may be due to the influence on the degree
of D-alanylation in cell wall and hence on the surface charge properties (Nostro et al.,
2012). The deficiency of attachment at low pHs may be explained by the role of pH in
regulation of flagellum expression (Tresse et al., 2006). As known, flagella were
suspected to play a role on the initial attachment of L. monocytogenes which expressed

at 30°C. It was therefore not surprising to find these results.

QRT-PCR is now being widely applied as a rapid and sensitive technique for mRNA
quantification. Several factors may result in inaccurate quantitative analysis; for
example, variation associated with RNA isolation, enzymatic efficiencies and

normalization of quantification results to an internal reference gene (Bustin et al.,
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2005). Since there is no universal internal control reference gene in L. monocytogenes
(Vandecasteele et al., 2001). The housekeeping gene gyrB was used as a reference gene
for normalisation. The gyrBis found in a single copy in L. monocytogenes. The
expression of this gene is known not to change under different environmental condition
hence it has been used for normalisation of gene expression commonly both for L.
monocytogenes (Bhattacharya et al., 2003) and for other bacteria (Martens et al.,

2008).

Previously, Imo2235 and Imo0540 genes were found to be involved in the attachment
defect in transposon mutants B265 and 1366 respectively at 18°C and 30°C but not at
37°C. To investigate the impact of temperature on the expression of Imo2235 and
Imo0540 genes in L. monocytogenes wild type in the exponential phase of growth in
TSB, qRT-PCR was used. The expression of genes Imo2235 and Im0540 was
quantified at 18°C and 30°C relative to 37°C (Figure 5-15). An increase in gene
expression (twofold) was seen in Imo2235 at both tested temperature; meanwhile, the
expression of Imo0450 gene was unchanged at 18°C and 30°C relative to 37°C. The
increase in Imo02235 expression suggests that this gene may have an important role in
attachment in L. monocytogenes, which correlates with the previous data obtained from
the attachment assay as Im02235 was found to be involved in the attachment 30°C of L.
monocytogenes. Unexpectedly, Imo0540 had no increase in expression at 18°C and
30°C. Data from Imo0540 does not agree with the attachment result where the Imo0540
proved to be responsible for the attachment redaction in transposon 1336 mutant; in this
case the redaction in the attachment may be due to the indirect effect of Imo0540 on the
Listeria attachment, for example affecting the growth of cells during initial attachment.
gRT-PCR was also used to investigate the impact of temperature on the expression of

Im02235 and Imo0540 in detached and planktonic cells after attachment of L.
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monocytogenes wild type at 18°C and 30°C (Figure 5-16). Results from the present
study are shown in Figure 5-16. The expressions of Im02235 and Imo0540 genes in
detached cells were compared to the expression of these genes in planktonic cells
following 2 hours contact time of bacteria to polystyrene. The expression of Imo2235 in
detached cells and planktonic cells at 30°C was identical. Likewise at 18°C the
expression in both detached and planktonic cells were similar. Again Imo0540 showed
a decrease in expression at 18°C and 30°C and the expression was not identical in
detached and planktonic cells. It was expected that both genes should be expressed at
higher levels at 30°C in wild type in the detached cells in comparison to planktonic,
indicating that these genes are upregulated in attached cells, and therefore they have a
role in attachment. The results of this thesis found a poor match with the data of
Oggioni et al.,, (2006). They found that the expression of nox of Streptococcus
pneumoniae in biofilm (detached state) was less (fold change between 0.02 and 0.07).
Also in the same study they found the gene expression patterns of 29 genes in S.
pneumoniae were not identical in the detached cells and planktonic cells (Oggioni et

al., 2006).

The expression of Im02235 and Imo0540 genes in the exponential phase of growth was
not fit to record data from the attachment assay (detached and planktonic cells). This
could be explained by the behaviour of Listeria cells during attachment; the transition
from a planktonic to an attached position may occur during the initial attachment and
this may respond to the change in environment factors in the medium. Another factor
that can affect the gRT-PCR result is the chosen appropriate internal control, because
the efficiency of the housekeeping gene has been found to be affected and vary with
experimental conditions (Vandecasteele et al., 2001). Therefore the validity of

reference genes should be the first choice in specific experimental conditions. Recently
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Tasara and Stephan (2007) evaluated the suitability of five housekeeping genes as
reference genes in 16 L. monocytogenes strains under three stress adaption models
including cold, acid and high NaCl concentration. They found that the expression of
these references genes varied under the different stress adaption models, except in 16s
which was consistent at all conditions.

In order to confirm that Tn917 transposon was not influencing the expression of
flanking genes in the transposon mutants B265 and 1366, qRT-PCR was used to
evaluate the expression of Im02236 in 1366 and Imo0539 and Imo0541 in B235 mutant
(Figure 5-18). The regulation of the genes in the transposon mutants was compared to
the expression in the wild type at 37°C. The genes Imo0539 and Imo0541 were
upregulated in 1366, showing an increase of 41 fold and 4.4 fold respectively (P>0.05)
whereas Im02236 exhibited 0.51 fold downregulation in B265 (P<0.05). The decrease
in expression of Imo02236 in the B265 mutant suggests that the gene might be
influenced by the transposon location on the genome and Imo02236 may be involved in
the attachment defect in B265. Therefore it was decided to also create a mutation in this
gene and examine its action in the attachment of L. monocytogenes.

NADH oxidase activity assay was done to investigate the hypothesis that NADH
oxidase activity was downregulated in mutated Imo2235, Imo2471 and Im0103. The
result showed that all tested L. monocytogenes were able to produce NADH oxidase but
at different concentrations (Figure 5-21). The results also showed a significant
reduction of NADH activity in the mutant Imo0103 compared to the other Listeria
strains (P<0.05). This result suggests that the enzyme is being synthesized in each
mutant but may be expressed at a lower level, e.g the organism have three copies of the
NADH genes and only one copy has been knocked out in each mutant, thus the other

two genes can be expressed in mutants.
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Recently Imo0540 was identified as B-lactamase class C domain which plays a control
role in the B-lactam resistance of L. monocytogenes (Korsak et al., 2010). An antibiotic
susceptibility test (Etest) and minimum inhibitory concentration MIC determination
was used to determine whether disruption of the Imo0540 encoding gene had
influenced the B-lactam ring in the L. monocytogenes Almo0540 mutant. Results from
both tests were identical and Imo0540 mutant and wild type showed similar results
(Figures 3-57 and 3-58). These results confirm that the interrupting of Imo0540 did not

change the sensitivity to B-lactam.
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6 General Discussion

Listeria monocytogenes causes problems in food-processing industries because of its
ability to survive and grow in a wide range of environmental conditions. Furthermore
L. monocytogenes can attach to and produce biofilm on a wide variety of different
surfaces in the food-processing environment, allowing the bacterium to be resistant to

antimicrobial and sanitizing agents.

The aim of this study was to identify and investigate genes that are involved in
attachment of L. monocytogenes to abiotic surfaces. This was done by screening a
number of Tn917 transposon insertion mutants of L. monocytogenes, using assays of
attachment to polystyrene and to stainless steel. Transposons are powerful tools in
genetic manipulation for identifying genes related to a characteristic phenotype
(Knobloch et al., 2003; Gaillard et al., 1986). The use of transposon insertion mutants
then provides methods by which one can identify those genes responsible for
attachment of bacteria. For example, in a study by Knobloch et al. (2003) a number of
well characterised biofilm-negative Tn917 mutants of Staphylococcus epidermidis was
screened to identify Tn917 insertion sites using an arbitrary PCR technique. The Tn917
transposon is small in size (5.2kb) and therefore easier to work with; also, this
transposon has not been shown to have a strong preference for intergenic regions
compared to Tn916 (16kb) (Nelson et al., 1997), making insertion of the transposon
into open reading frames more likely. Several published reports have shown that Tn917
insertion is sufficiently random to find mutations throughout the genome (Clewell et
al., 1982; Coulter et al., 1998), but there have also been contradicting reports indicating

that Tn917 does not insert randomly (Garsin et al., 2004).
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Some genes have been indirectly determined as factors required for attachment in L.
monocytogenes, such as superoxide dismutase gene (sod) (Tremoulet et al., 2002) and
the relA gene that encodes (p)ppGpp synthetase (Taylor et al., 2002). Mutated relA
gene in L. monocytogenes was found to indirectly impact on attachment by decreasing
the growth after attachment. They found that the relA mutant was unable to accumulate
(p)ppGpp in response to amino acid starvation compared to wild type that accumulated
(p)ppGpp within 30 min under the same condition. A recent study by Lemon et al.
(2010) demonstrated a new role for virulence regulator PrfA in promoting biofilms in
L. monocytogenes outside host cells. A mutant lacking PrfA resulted in a biofilm defect

in several different strains and serotypes.

This thesis covers the investigation of the ability of a wild type of L. monocytogenes
strain and Tn917 transposon mutants to attach to abiotic surfaces at different
temperatures. The results showed that certain transposon mutants display a
considerably reduced level of attachment and that this reduction was temperature-
dependent. The results showed that a higher level of attachment to polystyrene by the
wild type was observed at 30°C (P<0.05) compared with 37°C and 18°C (Figure 3-3).
The results suggest that the mechanism of attachment at 30°C is different from that at
37°C and 18°C. The influence of temperature on attachment of L. monocytogenes
strains has been investigated by several studies (Di Bonaventura et al., 2008; Chavant
et al., 2002). Also B265 and 1366 transposon mutants showed a significant reduction in
the level of attachment in comparison to wild type at 18°C (P<0.05), whereas there was
no difference in the level of attachment between the mutants (P>0.05). The defect of
mutants in their attachment is obviously temperature dependent and the result from the

attachment assay at 30°C and 18°C suggested that the influence of genes involved in
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surface attachment may be temperature dependent. The results also suggest that the

mechanism of attachment at 37°C is different from that at 30°C and 18°C.

Methods involving direct observation of biofilm, such as microscopy were used to
allow observation of bacteria attached directly on the surfaces. The microphotographs
of the scanning electron microscopy experiment (Figure 3-8, 3-9 and 3-10) showed that
L. monocytogenes strains can attach to stainless steel 304 and polystyrene surface at
different temperatures. Attachment occurs following exposure times of both 2 and 24
hours. A similar study by Beresford (2002) demonstrated that L. monocytogenes
10403s can attach to different surfaces but no EPS matrix production was observed. It
has been hypothesised that L. monocytogenes does not form classic densely populated
biofilm but more a sparse monolayer of cells (Mafu et al., 1990; Sashara & Zottola,
1993). The microphotographs from scanning electron microscopy in this study are in
accordance with the hypothesis of L. monocytogenes does not form true biofilm: single
cells are shown attaching to each of the stainless steel and polystyrene surfaces. At no
point was a dense biofilm of cells observed in this study. Electron microscopy
experiments by Sasahara and Zottola (1993) also reported that L. monocytogenes only

attach to glass in sparse numbers.

Subsequently two mutants with significantly reduced levels of attachment, B265 and
1366, were chosen for this study and were examined to determine the site of transposon
insertion, using Arbitrary PCR. Arbitrary PCR has been used widely to analyse
sequences flanking transposon insertions (Dale & Fredericks, 2005). As a result of
Arbitrary PCR and following nucleotide sequence analysis, two ORFs were identified
into which the Tn917 transposon had been inserted. Imo2235 ORF was found to be
similar to a gene for NADH oxidase in B265 strain and Imo0540 ORF was found to be

similar to a gene for penicillin-binding protein. Following these results, deletion
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mutants in Imo02235 and Imo0540 were constructed to investigate whether these genes

were required for L. monocytogenes attachment.

Putative terminators were detected at the end of Imo02235 and Imo0540 genes and are
shown in Figure 6-1 and 6-2. The presence of the terminator at the end of Imo2235 and
Imo0540 means the end of transcription of Imo02235 and Imo0504, it was concluded that

the Imo2235 and Imo0540 an independent genes and are not part of an operon.
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Figure 6-1Terminator map of Imo2235 in L. monocytogenes EGD-e indicates terminator at end
of gene. Terminator is represented as lollipops at end of gene.
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Figure 6-2 Terminator map of Imo0540 L. monocytogenes EGD-¢ indicates terminator at end
of gene. Terminator is represented as lollipops at end of gene.
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The effect of salt and pH on biofilm formation has been investigated, Regardless of
temperatures all strains showed a decrease in their ability to adhere with increasing
NaCl concentration (Figure 5-9 and 5-10) and a loss of attachment at high pHs (Figures
5-11 and 5-12). But neither of the mutants differed from the wild type. These results
suggest that the mutated genes have no impact on the attachment of these mutants in

these conditions.

Reduction in adherence by deletion mutants (Almo2235, Almo2471, Almo0103 and
Almo0540) compared to wild type at 18°C and 30°C (P<0.05) (Figures 5-6, 5-7, and 5-
8) was proved but the question that can be raised is how NADH oxidase (Im02235) and
penicillin binding protein (Imo0540) genes could have such an impact on the ability of
attachment in L. monocytogenes. It is not yet understood why these genes are involved
in attachment, but the following section will present some hypotheses as to why these
genes may be involved.

L. monocytogenes possesses NADH oxidase activity associated with the cell wall and
membrane (Patchett et al., 1991). Therefore it was hypothesised that the mutagenesis to
knock out one of the NADH oxidases in L. monocytogenes may influence the cell wall
structure, which would indirectly affect the attachment mechanism in Listeria. NADH
oxidase is hypothesised to be involved in defense against oxidative stress, by
detoxifying molecular O, by catalysing its reduction by NADH into either H,O or H,0,
and by regulation of competence which that allows the capture of DNA as a source of
nucleotides and DNA fragments for repair of O, —induced damage to the chromosome
(Auzat et al., 1999; Echenique & Trombe, 2001). This possible involvement of NADH
oxidase suggests that its activity is important for attachment of L. monocytogenes
possibly by sensing and adapting to O, concentration in the environment. Although the

three NADH oxidase mutants have shown a reduction in attachment, further work
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would be required to investigate the effect of NADH oxidases by knocking out all the
three genes in L. monocytogenes. NADH oxidase activity has been shown to be
upregulated during growth in L. monocytogenes at a temperature of 30°C as the wild
type strain demonstrated a two fold increase in gene expression. However, NADH
Oxidase expression has been shown to be similar during attachment in the L.
monocytogenes wild type strain. The role of NADH oxidase in adherence was
investigated recently, since a recombinant nox in Streptococcus pneumoniae showed
significant reduction in its adhesion to A549 cells in vitro (europneumo 2011, abstract
by Nurith). This data can be used to determine the role of NADH in vitro in L.

monocytogenes.

The gene Imo0540 was found to be similar to a penicillin binding protein in 1366 strain.
The first identification of penicillin binding protein in L. monocytogenes dates back to
1990, by Vicente et al. So far here are ten penicillin binding proteins predicted in L.
monocytogenes; Imo0441(PBPB3), Imo1438(PBPBL1), Imo1892(PBPAL),
Imo2039(PBPB2),  Im02229(PBPA2),  Imo1916(PBPC2),  Imol1855(PBPD3),
Imo2754(PBPD1), Imo02818(PBPD2) and Imo0540(PBPC1) (Korsak et al., 2010;
Korsak et al., 2002; Guinane et al., 2006). Five of these proteins -PBPB3, PBPBI,
PBPA1, PBPB2 and PBPA2 belong to high molecular class of PBPs, whereas PBPD1

and PBPC1 - belong to low molecular weight (Korsak et al., 2005).

As in other bacteria, penicillin-binding proteins are a group of enzymes involved in the
final stage of the biosynthesis of peptidoglycan (transpeptidation and
transglycosylation), which is the major component in the bacteria cell wall (Ghuysen,
1991). Inactivation of one of these genes could have a detrimental effect on cell wall

construction and subsequently cell division and growth rate. Therefore a decrease in the
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attachment in L. monocytogenes Almo0540 may be due to the effect on cell wall

formation or changes in the structure of the cell wall.

The work presented in this thesis has fulfilled the main objectives of the study which
were to investigate the gene involved in listerial attachment. The results gained from
the mutants indicated that both Imo02235 and Imo0540 ORF were involved in L.
monocytogenes attachment to polystyrene. The role played by Imo02335 and Imo0540
genes in reducing attachment of L. monocytogenes is not yet known. Further
experiments will be required in order to better understand the molecule mechanism of

the NADH oxidase and penicillin-binding protein in L. monocytogenes attachment.

Further work

Further study is required to understand the role of both NADH oxidase and penicillin-
binding protein ORF in listerial attachment. The involvement of both ORF in listerial
attachment is now clear and in this context, further work with these mutants could
focus on establishing the reasons why Almo02235 and Almo0540 are involved in the
attachment process.

Research is also needed to survey the presence of the identified ORF in a large
collection of field L. monocytogenes isolates from different sources, such as dairy,

food, and clinical samples, and therefore to screen their ability to attach.

In the more immediate future, a genetic complementation experiment of deletion
mutants should be carried out to determine if the wild type phenotype is restored and
confirm the roles of NADH oxidase and penicillin-binding protein ORFs in biofilm

formation in L. monocytogenes.
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Deletion mutations could be made to knock out different penicillin-binding protein
genes in L. monocytogenes to investigate their role on biofilm formation. Extra work is
also required to investigate the effect of NADH oxidase on Listeria biofilm by
knocking out the three genes (Almo2235, Almo2471 and AImo0103) in L.

monocytogenes 10403s.

Further work can be done to investigate if antibodies against the L. monocytogenes
NADH oxidase can block Listeria from binding to polystyrene and stainless steel

surfaces.

Analysis of the effect of different surfaces on listerial biofilm formation on a range of
industry devices could be investigated using mutants with wild type for example,

stainless steel, glass, aluminium and rubber.
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917-3.2 primer

nnnnnnnnntnnnnnctattcctnnnncttaagagaattgaatataaaaaataaataggccttgaaacattggtttagtgggaatttgtac

cccttatcgatacaaattcccactaagcgctcgggaccectattaagaaaategtacctgaaacctatgtgatengtgatgctatgactagte
gacgcgtggccaangnaantgntatgctcncnnncgctgtattacaattataatttacattctactcgcetgtaatgtgcagegagtaggatt
cattcggaggaaaacaaaatggaaaatanaatttcnggaacgactaggcttcttggcttaattgggacacccatagaccattcaaaatcte

caatcatgtataattacagttttcaaaaagcgggtttggattatgcttacctagcttttgacacacctactgaaaaagttactgatgctataaag

gcaatcaagacatttaatctgcgtggtgcaaacgtgaccatgecttgtaaaagtgaagttttaaaatacatggatgacctttccectgcanct
cgaatgatcnnnnncnanntgactanncnacgcnngnnnangnnaannn

917-5.2 primer

nnnnnnnnnnNnnnnnnNnnantnnnnggttganactgtaccactaataactcacaatagagagatgtcaccgtcaagttaaatgtacaa
aataacagcgaaatttttaaatctatttcttatcgatacaaattcctcgtaggcgcetcgggacceenaatagtttcttctagtggattataagete
ttgatccgggtcaanttgactagtcgacgegtggecacnnttgnnnngatttgttatctgntatntaaaangttaccgnncatncaacgat
ncttgttacttttgcattcanaacccttttaattttatattcttttaagtcacgcatcatgaatttaccgtgttcagaaataacgtctgetccgactte
gtcgcgaagttcgncaactgtgacatcatgaccnncttnnnnnnaaaatgnnnttgtttcnntacngancataccgecnccenactacna
gnacnttnnncnnnnatttnnnntgactanncgacncgtgnnnan

917-5.2 primer

annnnnnnntnnnnnnattnancggttganactgtaccactaatanctcacaatagagagatgtcaccgtcnngttnnatgtacaaaat
aacagcgaaatttttaaatctatttcttatcgatacaaattcctcgtaggegetcgggaccectaatagttcttctagtggattataagetcttgat
cccattgctagaaccacagagtcaaatccgtcaattcggtgttctttgttatccgctagggaataggttaccecgtcttcaaagaaacttgtta
cttttgcattcgtaacacttttgattttatattcatcgaaatcacgcatcaggaatttacggtgttcagaaataacgtctgctcegacttcatcgeg
aagttctacaactgtgacatcatgaccagcttcacctaaaaatgcagctgtttcactaccaaccatatcnccgcecaactagaatancnnnn

nngaccgcnnnnntctttccentngantannnnnnnngngngnanaagtccagcatcctcaatacctggaatcggcaaaacaagtg

nagtggcgccagttgcaataatgacggcatctggggcaacttcttgaataagttctggtgttactggtgtgtttgttttaatttcgacatcgaac
tgttcacactttttgatgtaacttcgaaccatgtttgttaagtcgectttaccaggaggataggcagctaagegcatttgaccgecaatcatate
nnnnnnnnntgactagtcgangcgtgnnnnnnn

917-5.1 primer

nnnnnnnnnnannntttcttctagtnnnnataagctcttgatcccattgctagaaccacagagtcaaatccgtcaattcggtgttctttgtta
tccgctagggaataggttaccccgtcttcaaagaaacttgttacttttgcattcgtaacacttttgattttatattcatcgaaatcacgcatcagg

aatttacggtgttcagaaataacgtctgctccgacttcatcgcgaagttctacaactgtgacatcatgaccagcttcacctaaaaatgeagct

gtttcactaccaaccatatcgccgecaacttgaataannnnnnnatggcannnctctttcccatngantannnnnnnngngncnanna
gtccagcatcctcaatacctggaatcggcaaaacaagngnannggcgcecagttgcaataatgacggceatctggggcaacttctigaata
agttctggtgttactggtgtgtttgttttaatttcgacatcgaactgttcacactttttgatgtaacttcgaaccatgtttgttaagtcgectttacca

ggaggataggcagctaagcgcatttgaccgccaatcatatcnnnnnnnnnntgactagnnnnnncgtggennn

Figurel- The DNA sequences resulting from arbitrary PCR with different primers of B265
strain
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917-3.2 primer

nnnnnnnnnttnntnnattnnnnggttgnnactgtaccactaataactcacaatagagagatgtcaccgtcaagttaaatgtacaaaata
acagcgaaatttttaaatctatttcttatcgatacaaattcctcgtaggegctcgggaccacnttgatacgttttttcccccatcaacatctttttg
atagtatcctgtatgcttcattcctgcagggttaaatatattttcttgaagatatgtggctaaaggttgcccactaattttttctacaagataacce
actacagtataattagcatccatataatcccatttcccaggttgtgatttaattccccgcttctcaatagctttaacaatttgatcccaattectttgy
actagtcnnncgtgncaannnnnntggacttgtngngctacattttttccgtttgatcaannnntanatgactagccgacncttgnnnnn
ncttatacnnenctgttggngngcnnaaaangaanangannnaaancnannannnaanntccgcgnncnaannatttngagtagn
naacnnnngnnnnnnangnnnnnnanntntnancnn

917-5.2 primer

Nnnnnnnntttttnnattnnncggttganactgtaccactaatanctcacaatagagagatgtcaccgtcnngttaaatgtacaaaataac
agcgaaatttttaaatctatttcttatcgatacaaattcctcgtaggegetcgggacceenttgatacgttttttcccecatcaacatctttttgata
gtatcctgtatgcttcattcctgcagggttaaatatattttcttgaagatatgtggctaaaggttgcccactaattttttctacaagataacccact
acagtataattagcatccatataatcccatttcccaggttgtgatttaattccccgcttctcaatatctttaacaatttgaccagnegtnnennn
nnnnnntaagtttggtcgtccaacaataccagatgtatgattcataaagttcticactaaaatcttattaccattaggaaaatcaggtatatact
tcgaaattggatcattcgtgtttattttacctttttcttctaattgtaaaagtgcagttgctatgattgcttittgagaagatccaatataaaacaaag
tatctggtgtattcaatactttgtcatcacgatttgcatacatataccctttttgtatgatagtttctccatcgcgaactacaagtgccgaaccact
aaaaccaattttttgtaaatagttatcaatttcttgattitttacaattgtttcctttggcttticttctactggttennctetttegtttcttctggetcatt
agttgctgceattttccgatgggtttgtcgeagttgctgcetttcttettagttggtgcgganactgtttgetettgtttacttttgaattcgtatatcnn
nnnnnnnnnnngactannnnnnnnnnnnngnnnnn

917-5.1 primer

nnnnnnnnnnnnnannttttttcccentcaacatctttttgatagtatcctgtatgcttcattcectgcagggttaaatatattttcttgaagatat
gtggctaaaggttgcccactaattttttctacaagataacccactacagtataattagcatccatataatcccatttcccaggttgtgatttaattc
cccgcttctcaatatctttaacaatttgatccggtgtcatattnnnnnnnaagtttggtcgtccaacaataccagatgtatgattcataaagttc
ttcactaaaatcttattaccattaggaaaatcaggtatatacttcgaaattggatcattcgtgtttattttacctttttcttctaattgtaaaagtgcag
ttgctatgattgctttttgagaagatccaatataaaacaaagtatctggtgtattcaatactttgtcatcacgatttgcatacatataccctttttgta
tgatagtttctccatcgcgaactacaagtgccgaaccactaaaaccaattttttgtaaatagttatcaatttcttgattttttacaattgtttcctttg

gcttttettctactggttcaggctctttegtttettctggetcattagttgetgceattttccgatgggtttgtcgeagttgetgcetttettettagttggt
gcggatactgtttgctcttgtttacttttgaattcgtatatcannnnnnnnntgactagnnnnnnccnngnnnnnnnctnnaccnnaaaa
tcatgttcttgcgtcttttgtgtttacgtctttcncgtcgattcatatcnccnnnnnnatgactancnacncgtgnennnn

917-3.2 primer

nnnnnnnnnnnnnnanctattcctannacttaagagaattgaatataaaaaataaataggccttgaaacattggttnantgggaatttgta
ccecttatcgatacaaattcccactaagegctcgggaccectcaacaggctataaaattgatgaaaatggagtctttcaaagtccaaagett

gcagacttaacgaaattatatggtgcaggggacattagtatgtctacaacggatatgtatttgtttgacaaagcattgatggataaaaaattga
tttctgaagcaagttgaaaaaanangncgngnnnnnaagcaaatcaacttatggaatgggattctatgtggatccagggagttataatag

tcacggagttgtgaccggatgggacgtgtctaatagctttagccataccggaagaacttacgttatattattctccaacgtccaaaactacatt
gcttcattcggaaaagtaaataatgatatttatggtttcttaaataaataataaaaaactcgattctgtitgtagaatcgagtttttttattatttacca
gtaatttgttttacagcatcttccatttgataaagttgagcagcggceactgtagtcgctecatttagtattatccactttatacacttggtttttcttc

acggctggaatatcnnnnnnaanatgactagtcnanncgtgncnannnannaatantnnnnncnnnannnanannnangnnnn

gntnnnnnnntcnannnn
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917-5.2 primer

Nnnnnnnnnttnntnnattnnnnggttgnnactgtaccactaataactcacaatagagagatgtcaccgtcaagttaaatgtacaaaata
acagcgaaatttttaaatctatttcttatcgatacaaattcctcgtaggcegctcgggaccacnttgatacgttttttcccccatcaacatctttttg
atagtatcctgtatgcttcattcctgcagggttaaatatattttcttgaagatatgtggctaaaggttgcccactaattttttctacaagataacce
actacagtataattagcatccatataatcccatttcccaggttgtgatttaattccccgcttctcaatagcetttaacaatttgatcccaattecttty
actagtcnnncgtgncaannnnnntggacttgtngngctacattttttccgtttgatcaannnntanatgactagccgacncttgnnnnn
ncttatacnncnctgttggngngcnnaaaangaanangannnaaancnannannnaanntccgcgnncnaannatttngagtagn
naacnnnngnnnnnnangnnnnnnanntntnancnn

9175.1 primer

nnnnnnnnnnnnnnnnnttttttcccnntcaacatctttttgatagtatcctgtatgcttcattcctgcagggttaaatatattttcttgaagat
atgtggctaaaggttgcccactaattttttctacaagataacccactacagtataattagcatccatataatcccatttcccaggttgtgatttaat
tcceegcttctcaatagcetttaacaatttgatccceccccecttgactagtcgacgegtgncaanggetgacggeatggnggagectgcettt
ttatnattaaaacggttgaaaactgnnccnnnaataacncnnaataaaaanangnccccnncnagttaaatgnnnaaaanaannncn
aaatttttaaatcnatttcttatcnanacaaattccccnnangggctcgggancncnttgatccnntntttcccnnnnaannnnntttnnn
nnnnnnncngnangnntnnttnnngcngggnnaaatannntttnnnggannannnnnnnnnannnntgnenntaattttttnnn
chnnanaannnnnnnnnnnNnNnNnnnnNNNtnnnnannnnncantnnnnnnnngnnantnaannnncnnnnnNnnnnnannn
nnnnnnnnNnNnNnnnNNNannnnNNNNNNNNNNNNNNaNNNNNNgRNNNNNNNNNANNNNNNNNNNNNNN

Figure 2- The DNA sequences resulting from arbitrary PCR with different primers of 1366
strain
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Gene Imo0103 nucleotide sequence
atgacttatttaaataatgattttgaagacttaatgaaaaaccgccgctcgattcgagaatacgatgaaacggtgaaaattagccaagagga
aatgaaagctattttagaggatgcggtaactgctccttcttctgtaaacatgcaaccatggcegttttgttgtcgtagaaagtgacgcggggaa
agaaaaattaagctcgttagttcgctttaatacacgtcaaaatgaatcttcttccgegatgattttagtitttggagacttacagaattttgaaaac
ggtgaaaaaatttacggagaatcagttgaacggggcttgatgccggcagaagtgaaagaacaacaaatggctaaattaagecagtacttt
gcttccattccacgctcagaagetgaacgtgttgtecttattgatggtgggattgtggegatgeaattaatgttagttgetcgggegeatggtt
atgatacaaatccaattggtggttttgaacgtacggaagttgctgaggccttcaatatggatccagagcgttatgtaccggttatgattgtttct
atcggtaaagctaaaaattctggctaccagtcttatcgattaccgattacggatgttacgacttttgcttaa

Gene Imo02471 nucleotide sequence
ttatttccacgcgegtgaatattgttttggtgcttcaattgtttcgectaattgtttggetgegtctttagcaaaataaggatttcgtaataattcac
gaccaacaataattaaatcagctcgttcattacacaaaatttcttctgcttgttcgectegtgtaataagcccaagegecccagtegeaatace
cgccccgegacgaatttcatctgcgaatggcacttgataacctgggaaaactggtggagetacattaactaaaccacctgtactaacatca
attagttccacgccatctgctttcatccatttcgcaaaaggaatatgatcttctagttgcaaaccgecatgtgcatagtcagtagcggaaactce
gaacgataatcgggccgtcccatacttccttcacggctttaataatatcacttaaaattttatatcgattgccagcaggtecgecgtaattatctt
cgcgacgattcgtaattggtgataagaattggtgaattaaataaccatgcgcagcegtgaatctcaatcacatcaaatcccgcttcttttgeac
gataagctgcacgtttaaaatcagccacaacctctttaatcgcettctttcgtaagctctactggtttgtctgacttttcatcaaaagcaatagcag
aaggagcaactatttcacctggtaatacagcttttcttccagegtgcgcetaattgaattectgcttttgetecgtgataatgaagtccacctact
aattttttcaaagctggaacttgctcgtcattccataaccctaaatcaaattcagaaatccggcctacttcttgaacagecgtagettctaaaat
gacaagccctgtaccaccagcagctctcgagacatagtgtgcaaaatgaaagtctgttgcaatcccgtctttattttctactgaatacataca
cattggcgacataacaattctgttttttagcgttacatcttttaatttatattctgaaaataattttgacat

Gene Im02236 nucleotide sequence
atggaaaatagaatttcaggaacgactaggcttcttggcttaattgggacacccatagaccattcaaaatctccaatcatgtataattacagtt
ttcaaaaagcgggtttggattatgcttacctagcctttgacacacctatccaaaaagttgcagatactattaaggcaatcaagacatttaatctt
cgtggtgcaaatgtaaccatgecttgtaaaagtgaagttttaaaacacatggatgacctttccecctgecgeacggatgattggegetgttaac
actatcgtaaatgaagacgggaaactaactgggcatatcacagacggccttggttttattgcaaatttgcgagatgctagtgtagatgttgec
ggcaaaaaaatgactataattggtgctggtggcgcggctacagcaatccaagtccagtgtgcacttgatggggccaaggaaatcaccatt
ttaatattaaagacgctttttatgacaaagcgaaacaaaccgttgcttctattaaacaagaagtcccaaattgcatcgtacatatttatgatttga
acgatacagaaaaactaaatgcagaaattaccactagcgatatccttgttaatgcaacactcgttggtatgcatccgaatgaacatgaaaca
cctattagcgatacatccgtttttagaaaagaacttatcgttgcagatattatttataatcctaaaaaaacgcaacttctactagatgctgaagct
gctggttgtaagactgtaggcgggttaggaatgcttttgtggcaaggegcetgaagceatacaaattgtttactggtaaagatatgecagtttca
gaagtaaaagatctatatttcaactaa

Gene Imo0540 nucleotide sequence
atgaatcgacgcgaaagacgtaaacacaaaagacgcaagaacatgattatcgtgttgagtactgtatttctaatgtttattgccactagttgg
atgatatacgaattcaaaagtaaacaagagcaaacagtatccgcaccaactaagaagaaagcagcaactgcgacaaacccatcggaaa
atgcagcaactaatgagccagaagaaacgaaagatcctgaaccagtagaagaaaagccaaaggaaacaattgtaaaaaatcaagaaat
tgataactatttacaaaaaattggttttagtggttcggcacttgtagttcgcgatggagaaactatcatacaaaaagggtatatgtatgcaaatc
gtgatgacaaagtattgaatacaccagatactttgttttatatiggatcttctcaaaaagcaatcatagcaactgcacttttacaattagaagaa
aaaggtaaaataaacacgaatgatccaatttcgaagtatatacctgattttcctaatggtaataagattttagtgaagaactttatgaatcatac
atctggtattgttggacgaccaaacttaacaagtaatatgacaccggatcaaattgttaaagctattgagaagcggggaattaaatcacaac
ctgggaaatgggattatatggatgctaattatactgtagtgggttatctigtagaaaaaattagtgggcaacctttagccacatatcttcaaga
aaatatatttaaccctgcaggaatgaagcatacaggatactatcaaaaagatgttgatgggggaaaaaacgtatcaacaggctataaaatt
gatgaaaatggagtctttcaaagtccaaagcttgcagacttaacgaaattatatggtgcaggggacattagtatgtctacaacggatatgtat
ttgtttgacaaagcattgatggataaaaaattgattictgaagcaagtttgaagaaaatgttcacaaaaggaagcaaatcaacttatggaatg
ggattctatgtggatccagggagttataatagtcacggagttgtgaccggatgggacgtgtctaatagctttagccataccggaagaactta
cgttatattattctccaacgtccaaaactacattgcttcattcggaaaagtgaataatgatatttatggtttcttaaataaataa
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Gene Im02235 nucleotide sequence
ttgaaatttaattcgatgttttcacctattgatatcgggccgatgaaagtgcctaacagatttgtcgtatcaccaatgtgcaacaactatgcaaa
tacagatggaactttatcagacacttcccttgcttactataaagaacgagcacttggagggttcgggcttattacttttgaagcaacggttgta
gatgtacgcgcaaaaggtggcgcaaataaagcttgcctatatagtgatcatcaaattgctagttttaaacgagtgattgatgtatgtcacgat
gctggagcaaaaatttctgttcagttacagcacgcetggaccagaaggaaattccaaagtatctggttatcctttaagagcagectcagegat
tgcctcggetgcagggegaaatactccagaagecatttcgcgagaagaactttatgagttgattgaactttacggagaagetgcecttacga
gcaaaaaaagctggtgctgatgcagttgaagttcactgtgcacacggttatttagtaagtagtttcttatcggcacggacaaacaaacgtgt
agatgaattcggcggctgttttgaaaatagaatgcgattacctcgacttatcattgaaagtattcgtaaacgtgttggtcattctattgcaattctt
tgccgaattaatagtactgacggtgtcgacggtggattaagtgttcaagacagcgcgacggttgcagcettatttggaagattgtggtttggat
ggtttacatgtctctcgeagtgttcatattcgegatgaatacatgtgggegcecaaccgtcttgcatgetggatttagetctgatettgtaacgea
aattaaacgcgctgtttctatcccagtaattactgtgggtegtttcacagagecgcattacgcggaattaatggttcgtgaaggecgtgcetga
cttggttgctttcgggcegteagtctttagcagatccagagacaccaaacaaagctgcagcaggaaaactagacgagttacttccttgtattg
cttgtcttcaaggttgtgtggctaacatgtacgccggaaaaccaattacttgtctagtaaatccattactcggacgtgaatccgaagcettactt
accaaaaactccaagtaaaaaagtggtggttgttggtggeggegttggtggactttatgccggatggatggetggatecegtggteatgat
gtgacagtttatgaagcatcagatatgattggtggtcaaatgcgattagctgectatcctectggtaaaggcgacttaacaaatatggttegta
gttacattaaaaaatgcgaacagtttgatgtcgaaattaaaacaaacacacccgtaacattagaacttattcaagaagttgcaccagatgctg
tcattattgcaactggcgccactccactagttttaccaatcccaggtatcgaggacgcaggattgattcatgcagttgacttactggatggaa
aagagaaatgtggtcaaaaagttcttgttgtaggtggcggtatggttggtagtgaaacagetgcatttitaggtgaggctggtcatgatgtta
ccgttgtagagcttcgcgatgaagttggggcagatgtcatttctgagcaccgtaagtttcttatgcatgatttcgatgaatataaaatcaaaag
tgttactaatgccaaagtaacgagtttctttgaagacggagtaacctattccctagctgacaacaaagaacagcegaatcgatggttttgactc
tgtagttctagcaatgggatcaagagcctataatccactagaagaagctattaaggcaattgtaccggaaacctatgttatcggtgatgetgt
acgcgcacgccgcgcactcgacgcaacgaaagaagcacttgacgctgtattacaattataa

Gene Imo0541 nucleotide sequence
ttatttaccagtaatttgttttacagcatcttccatttgataaagttgagcagcggcactgtagtcgctccatttagtattatccactttatacacttg
gtttttcttcacggctggaatatctttccaaacaccttttagcatttcatccacagaatccgtgttgccatcagctggcattaagatgaagagac
gatctgctccagcetgcatattcaggaattgcttcactagaaatagcttttgtttctttgtttgcetttagcagegtetgttggtgtgaaacccgege
cggagtataagccgtcaaagacttttgcatcgtgcacatagatttctttaccataaaattgaattactgcagctttttcgticgcaacaccagcea
tctttgagtgttgcttttgcttctitggagcettgcegegtaatetttgteccatttttctttctetgettttttatttaagagattagcaatgttagaaagt
tgtttgtccggagtatcaccaaaatgcgtgatataaacaggagcecactttttccaaattctctaaaagatctttttggtaatcactaataataatta
agtctggttttaaattagcgattttttcaatactaggtttgtcattaccaacactttctgtcccttttgttgcatcagggtatgtagtgatgtaataat
cagttgtaccaacaggtttaacgccaagaatttccatttcgcttacgttttgaagtgcgacaattcttttcggegttgtaggaacttctactttge
ggtccgttgtatcagtgaccgtttttgttgcggattecttttctttgettgagtecttatctgaagaactgccacaageggttaatactactgetaa
aagaacagtcatcaaaatagcagcccatttatgcttttggtacat

Gene Imo0539 nucleotide sequence

ctattgtttttctactacatgtacatcttcgaaag aaccatattttgtccaccaaggaacg gcaccttcatcaagtaatttatcaag ag aagtaat
attttctttcccttgagtacgaagccattcgecgtaaagegtcatcgecttgtttaccataaacttcgataccatcagcccaagttgcacgaccg
Caaagtacaccactatattgcacattatgttggttcgcgaattggattgttttatggaacatttcagaagttacaccagcacttagataaataaat
ggaagtgggcttaagtcagagcactcttcaaaatgacgagctgcctcgtcttgcgtataagctacttcaccttcagcaaaaccttccacatat
ttaaagttaactggaacttcaagtttaagtacatctacaccataacgaggtttagagaattctttaatagaagcttttacttttgctggtttcaattt
agcatattctagagaaccagaatcagtaactgttgcatcataagtaattggctctaagaaaaatggaatatcaactgcgcgacattcagcac
caattctttctaaaaaggcatatttgatttcattaatttcagcaggctcatctggatcataataaacaagaattttaactgcatctccaccattttctt
taatacgaagtgctgataaatcttcaattaaatcaggaagtttaccaggagtagttgcgtcatatcctgttttttcataagaagttaaaagtccg
ctaccttcgtggcgagctttgattgctggagtaccatattctaaatcaagcaaaatigcagaagcataaggagttagttcttcagaaacaagtt
gtttgaagtcctctacatcctttttattttctgttcctttagcettgttggatcatttttttgagtgagccacgttggtcaatggcaagegcetgcaatga
Cacctttatcgttggagagtctttgtaaaccatcaaattta
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A

Query 219
Subject 227384
Query 277

Subject 227443

Query 337

Subject 227503
Query 397
Subject 227563
Query 456
Subject 227622
Query 516

Subject 227682

B

Query 153

Subject 227301

Query 212
Subject 227241
Query 272
Subject 227181
Query 332
Subject 227121

Query 392

Subject 3
Query 452
Subject 227001
Query 512
Subject 226942
Query 571
Subject 226883
Query 631

Subject 226823

227061

CGCTGTATTACAATTATAATTTACAT-T-CTACTCGCTGTAATGTGCAGCGAGTAGGATT

L B e e e R R R R N e
CGCTGTATTACAATTATAATTTA-TTGTCCTACTCGCTCTAATATGTAGCGAGTAGGATT

CATTCGGAGGAAAACAAAATGGAAAATANAATTTCNGGAACGACTAGGCTTCTTGGCTTA

Frrrrrrrrrrrrrrrrrrrrrrrrerr rerr et ter e
CATTCGGAGGAAAACAAAATGGAAAATAGAATTTCAGGAACGACTAGGCTTCTTGGCTTA

ATTGGGACACCCATAGACCATTCAAAATCTCCAATCATGTATAATTACAGTTTTCAAAAA

FEEEEEEEE et e et e et el
ATTGGGACACCCATAGACCATTCAAAATCTCCAATCATGTATAATTACAGTTTTCAAAAA

GCGGGTTTGGATTATGCTTACCTAGCTTTTGACACACCTA-CTGAAAAAGTTACTGATGC

Frrrrrrrrrrerrrerrrrrrere e rrrrrrrrr e e o rrrrr e b
GCGGGTTTGGATTATGCTTACCTAGCCTTTGACACACCTATCC-AAAAAGTTGCAGATAC

TATAAAGGCAATCAAGACATTTAATCTGCGTGGTGCAAACGTGACCATGCCTTGTAAAAG

FEErrrrrrrrrrrrrrrrrrrr e e e e et e e e
TATTAAGGCAATCAAGACATTTAATCTTCGTGGTGCAAATGTAACCATGCCTTGTAAAAG
TGAAGTTTTAAAATACATGGATGACCTTTCCCCTGC 551
FEEEEErrrr e rrr e e e e ey

TGAAGTTTTAAAACACATGGATGACCTTTCCCCTGC 227717

TAATAG-TTCTTCTAGTGGATTATAAGCTCTTGATCCCATTGCTAGAACCACAGAGTCAA

FEErrr rrrrrrrrrr e e et rrr e e e e e e rr e
TAATAGCTTCTTCTAGTGGATTATAGGCTCTTGATCCCATTGCTAGAACTACAGAGTCAA

ATCCGTCAATTCGGTGTTCTTTGTTATCCGCTAGGGAATAGGTTACCCCGTCTTCAAAGA

I R e R R R
AACCATCGATTCGCTGTTCTTTGTTGTCAGCTAGGGAATAGGTTACTCCGTCTTCAAAGA

AACTTGTTACTTTTGCATTCGTAACACTTTTGATTTTATATTCATCGAAATCACGCATCA

FEErrrrrrrer rerrr trrr e e e e e e e e
AACTCGTTACTTTGGCATTAGTAACACTTTTGATTTTATATTCATCGAAATCATGCATAA

GGAATTTACGGTGTTCAGAAATAACGTCTGCTCCGACTTCATCGCGAAGTTCTACAACTG

b rrrrrrrr rerrrrrr e rrr et e e e rrr e
GAAACTTACGGTGCTCAGAAATGACATCTGCCCCAACTTCATCGCGAAGCTCTACAACGG

TGACATCATGACCAGCTTCACCTAAAAATGCAGCTGTTTCACTACCAACCATATCNCCGC
Forrrrrrrrrrrrre rerrrer e e e e e e e e b

TAACATCATGACCAGCCTCACCTAAAAATGCAGCTGTTTCACTACCAACCATACCGCCAC

CAACTAGAATANCNNNNNNGACCGCNNNNNTCTTTCCCNTNGANTannnnnnnnGNGNGN

e r e LI FErrr e | |
CTACAACAAGAACTTTTT-GACCACATTTCTCTTTTCCATCCAGTAAGTCAACTGCATGA

AN-AAGTCCAGCATCCTCAATACCTGGAATCGGCAAAACAAGTGNAGTGGCGCCAGTTGC

N R R
ATCAA-TCCTGCGTCCTCGATACCTGGGATTGGTAAAACTAGTGGAGTGGCGCCAGTTGC

AATAATGACGGCATCTGGGGCAACTTCTTGAATAAGTTCTGGTGTTACTGGTGTGTTTGT
FEEErrrrr rrrrrerr rerrr e e e e e et et e
AATAATGACAGCATCTGGTGCAACTTCTTGAATAAGTTCTAATGTTACGGGTGTGTTTGT
TTTAATTTCGACATCGAACTGTTC 654
FEEEEEEEE e rrrrrrnd

TTTAATTTCGACATCAAACTGTTC 226800

276
227442
336
227502
396
227562
455
227621
515

227681

211
227242
271
227182
331
227122
391
227062
451
227002
511
226943
570
226884
630

226824
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C

Query 30

Subject 227279

Query 90

Subject 227219

Query 150

Subject 227159

Query 210

Subject 227099

Query 270

Subject 227039

Query 330

Subject 226979

Query 390

Subject 226919

Query 450

Subject 226859

Query 510
Subject 226799
Query 570

Subject 226739

ATAAGCTCTTGATCCCATTGCTAGAACCACAGAGTCAAATCCGTCAATTCGGTGTTCTTT

R A
ATAGGCTCTTGATCCCATTGCTAGAACTACAGAGTCAAAACCATCGATTCGCTGTITCTTT

GTTATCCGCTAGGGAATAGGTTACCCCGTCTTCAAAGAAACTTGTTACTTTTGCATTCGT

N A EEEn e
GTTGTCAGCTAGGGAATAGGTTACTCCGTCTTCAAAGAAACTCGTTACTTTGGCATTAGT

AACACTTTTGATTTTATATTCATCGAAATCACGCATCAGGAATTTACGGTGTTCAGAAAT

CEEErrrrrrrr e e e e e e e e reer v e e e
AACACTTTTGATTTTATATTCATCGAAATCATGCATAAGAAACTTACGGTGCTCAGARAT

AACGTCTGCTCCGACTTCATCGCGAAGTTCTACAACTGTGACATCATGACCAGCTTCACC

FErrrre e rrrrrrrrrr e teerr et et e e e
GACATCTGCCCCAACTTCATCGCGAAGCTCTACAACGGTAACATCATGACCAGCCTCACC

TAAAAATGCAGCTGTTTCACTACCAACCATATCGCCGCCAACTTGAATaannnnnnnatyg

FEEEEErrrr e e e e e e e v e N
TAAAAATGCAGCTGTTTCACTACCAACCATACCGCCACCTACAACAAGAACTTITTTGACC

yncnannaGTCCAGCATCCTCAATACC
FEEEE T

gcannnctctttc

“atngantannnnnnnng

e | b
ACATTTCTCTTTTCCATCCAGTAAGTCAACTGCATGAATCAATCCTGCGTCCTCGATACC

TGGAATCGGCAAAACAAGNGNANNGGCGCCAGTTGCAATAATGACGGCATCTGGGGCAAC

e R R A R R
TGGGATTGGTAAAACTAGTGGAGTGGCGCCAGTTGCAATAATGACAGCATCTGGTGCAAC

TTCTTGAATAAGTTCTGGTGTTACTGGTGTGTTTGTTTTAATTTCGACATCGAACTGTTC

R e
TTCTTGAATAAGTTCTAATGTTACGGGTGTGTTTGTTTTAATTTCGACATCAAACTGTTC

ACACTTTTTGATGTAACTTCGAACCATGTTTGTTAAGTCGCCTTTACCAGGAGGATAGGC

e e
GCATTTTTTAATGTAACTACGAACCATATTTGTTAAGTCGCCTTTACCAGGAGGATAGGC

AGCTAAGCGCATTTGACCGCCAATCATATC

FEEEEE Trrrr e v
AGCTAATCGCATTTGACCACCAATCATATC

599

226710

89

227220

149

227160

209

227100

269

227040

329

226980

389

226920

449

226860

509

226800

569

226740

Figure 3- Results showing the alignment of the DNA sequences from B265 in Basic Local
Alignment Search Tool (BLAST) with the L. monocytogenes EGD-e genome available on

NCBI.
Key:

Query,

refers to nucleotide sequences from DNA amplified and sequenced in L.

monocytogenes 10403s. Subject, refers to nucleotide sequences from nucleotide BLAST
database of L. monocytogenes EGDs: putative NADH oxidase Im02235. A, B, and C, refer
DNA amplified with 917-3.2, 917-5.2 and 917-5.1 primers respectively.

181



Appendix

A

Query 154
Subject 219702
Query 214
Subject 219642
Query 274
Subject 219582
Query 334

Subject 219522

B

Query 153
Subject 219702
Query 213
Subject 219642
Query 273
Subject 219582
Query 333
Subject 219522
Query 392
Subject 219463
Query 452
Subject 219403
Query 512
Subject 219343
Query 572
Subject 219283
Query 632
Subject 219223
Query 692
Subject 219163
Query 752
Subject 219103
Query 811
Subject 219043
Query 871

Subject 218983

TTGATACGTTTTTTCCCCCATCAACATCTTTTTGATAGTATCCTGTATGCTTCATTCCTG 213

FEEEEErrrr e e e e e e e et e e e e e e e e e e e
TTGATACGTTTTTTCCCCCATCAACATCTTTTTGATAGTATCCTGTATGCTTCATTCCTG 219643

CAGGGTTAAATATATTTTCTTGAAGATATGTGGCTAAAGGTTGCCCACTAATTTTTTCTA 273

FEEEEErrrr e e et r e e e e et e e e e e e e e e e e
CAGGGTTAAATATATTTTCTTGAAGATATGTGGCTAAAGGTTGCCCACTAATTTTTTCTA 219583

CAAGATAACCCACTACAGTATAATTAGCATCCATATAATCCCATTTCCCAGGTTGTGATT 333

FEEEEEErrr e e e e e e e e et e e e e e
CAAGATAACCCACTACAGTATAATTAGCATCCATATAATCCCATTTCCCAGGTTGTGATT 219523

TAATTCCCCGCTTCTCAATAGCTTTAACAATTTGATCC 371

FEEEEEErrr et e e e e e e
TAATTCCCCGCTTCTCAATAGCTTTAACAATTTGATCC 219485

TTGATACGTTTTTTCCCCCATCAACATCTTTTTGATAGTATCCTGTATGCTTCATTCCTG 212

FEEEEEEE e et e e e e e e e e e e e e e e e e e e e
TTGATACGTTTTTTCCCCCATCAACATCTTTTTGATAGTATCCTGTATGCTTCATTCCTG 219643

CAGGGTTAAATATATTTTCTTGAAGATATGTGGCTAAAGGTTGCCCACTAATTTTTITCTA 272

FEEEEEEr e e e e e e e et e e e e e e e e e e
CAGGGTTAAATATATTTTCTTGAAGATATGTGGCTAAAGGTTGCCCACTAATTTTITCTA 219583

CAAGATAACCCACTACAGTATAATTAGCATCCATATAATCCCATTTCCCAGGTTGTGATT 332

FEEEEEEr e et e e e e e e e e e e e e e e e e e e e
CAAGATAACCCACTACAGTATAATTAGCATCCATATAATCCCATTTCCCAGGTTGTGATT 219523

TAATTCCCCGCTTCTCAATATCTTTAACAATTTGA-CCAGNCGTNNCnnnnnnnnnTAAG 391

FEEEEErrrrrr e rererrrr e e e 1]
TAATTCCCCGCTTCTCAATAGCTTTAACAATTTGATCCGGT-GTCATATTACTTGTTAAG 219464

TTTGGTCGTCCAACAATACCAGATGTATGATTCATAAAGTTCTTCACTAAAATCTTATTA 451

FEEEEEE e e e e e e e e e et e e e e e e e e e e e
TTTGGTCGTCCAACAATACCAGATGTATGATTCATAAAGTTCTTCACTARAAATCTTATTA 219404

CCATTAGGAAAATCAGGTATATACTTCGAAATTGGATCATTCGTGTTTATTTTACCTTTT 511

FEEEEEE e e e e e e e e e e e e e e e e e e e e e
CCATTAGGAAAATCAGGTATATACTTCGAAATTGGATCATTCGTGTTTATTTTACCTTTT 219344

TCTTCTAATTGTAAAAGTGCAGTTGCTATGATTGCTTTTTGAGAAGATCCAATATAAAAC 571

FEEEEEEE e e e et e e e e e e e e e e e e e e e e
TCTTCTAATTGTAAAAGTGCAGTTGCTATGATTGCTTTTTGAGAAGATCCAATATARAAC 219284

AAAGTATCTGGTGTATTCAATACTTTGTCATCACGATTTGCATACATATACCCTTTTTGT 631

FEEEEEEE e et e e e e e e e e e e e e e e e e e e e
AAAGTATCTGGTGTATTCAATACTTTGTCATCACGATTTGCATACATATACCCTTITTTIGT 219224

ATGATAGTTTCTCCATCGCGAACTACAAGTGCCGAACCACTAAAACCAATTTTTTGTAAA 691

FEEEEEEE et e e e e e e e et e e e e e e e e e
ATGATAGTTTCTCCATCGCGAACTACAAGTGCCGAACCACTAAAACCAATTTTTTIGTAAA 219164

TAGTTATCAATTTCTTGATTTTTTACAATTGTTTCCTTTGGCTTTTCTTCTACTGGTTCN 751

FEEEEEEE e e e e e e e e e e e e e e e e e e e e
TAGTTATCAATTTCTTGATTTTTTACAATTGTTTCCTTTGGCTTTTCTTCTACTGGTTCA 219104

NC-TCTTTCGTTTCTTCTGGCTCATTAGTTGCTGCATTTTCCGATGGGTTTGTCGCAGTT 810

FCEEEEEr e e e e e e e e e e e e e e e e e e e
GGATCTTTCGITTCTTCTGGCTCATTAGTTGCTGCATTTTCCGATGGGTTTGTCGCAGTT 219044

GCTGCTTTCTTCTTAGTTGGTGCGGANACTGTTTGCTCTTGTTTACTTTTGAATTCGTAT 870

FEEErrrrrr e e e e e e et e e e e e e e e e e
GCTGCTTTCTTICTTAGTTGGTGCGGATACTGTTTGCTCTTGTTTACTTTTGAATTCGTAT 218984

ATC 873

1]
ATC 218981
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C

Query 17

Subject 219694

Query 76

Subject 219634

Query 136

Subject 219574

Query 196

Subject 219514

Query 256

Subject 219454

Query 316

Subject 219394

Query 376

Subject 219334

Query 436
Subject 219274
Query 496

Subject 219214

Query 556
Subject 219154
Query 616
Subject 219094
Query 676

Subject 219034

TTTTTT-CCCCNTCAACATCTTTTTGATAGTATCCTGTATGCTTCATTCCTGCAGGGTTA 75
R R R
TTTTTTCCCCCATCAACATCTTTTTGATAGTATCCTGTATGCTTCATTCCTGCAGGGTTA 219635
AATATATTTTCTTGAAGATATGTGGCTAAAGGTTGCCCACTAATTTTTTCTACAAGATAA 135
FEEEEEE e e e e e e e e et e e e e e e e e e e e
AATATATTTTCTTGAAGATATGTGGCTAAAGGTTGCCCACTAATTTTTTCTACAAGATAA 219575
CCCACTACAGTATAATTAGCATCCATATAATCCCATTTCCCAGGTTGTGATTTAATTCCC 195
FEEEEEEr e e e e e e e e et e e e e e e e e e e e
CCCACTACAGTATAATTAGCATCCATATAATCCCATTTCCCAGGTTGTGATTTAATTCCC 219515
CGCTTCTCAATATCTTTAACAATTTGATCCGGTGTCATATTNNNNNNNaaGTTTGGTCGT 255
FEEEEEEEr e e e e e et e e e e e FEEEEEErr
CGCTTCTCAATAGCTTTAACAATTTGATCCGGTGTCATATTACTTGTTAAGTTTGGTCGT 219455
CCAACAATACCAGATGTATGATTCATAAAGTTCTTCACTAAAATCTTATTACCATTAGGA 315
FEEEEEEE e e e e e e e e et e e e e e e e e e e e
CCAACAATACCAGATGTATGATTCATAAAGTTCTTCACTAAAATCTTATTACCATTAGGA 219395
ARATCAGGTATATACTTCGAAATTGGATCATTCGTGTTTATTTTACCTTTTICTTCTAAT 375
FEEEEEEE e e e e e e e et e e e e e e e e e e
ARATCAGGTATATACTTCGAAATTGGATCATTCGTGTTTATTTTACCTTTTICTTCTAAT 219335
TGTAAAAGTGCAGTTGCTATGATTGCTTTTTGAGAAGATCCAATATAAAACARAGTATCT 435
FEEEEEE e et e e e e e e e e e e e e e e e e e e
TGTAAAAGTGCAGTTGCTATGATTGCTTTTTGAGAAGATCCAATATAAAACAAAGTATCT 219275
GGTGTATTCAATACTTTGTCATCACGATTTGCATACATATACCCTTTTTGTATGATAGTT 495
CEEEEEEEE e e e e e e e e e e e e e e e e e e
GGTGTATTCAATACTTTGTCATCACGATTTGCATACATATACCCTTTITGTATGATAGTT 219215
TCTCCATCGCGAACTACAAGTGCCGAACCACTAAAACCAATTTTTTGTAAATAGTTATCA 555
FEEEEEEE e e e e e e e e e e e e e e e e e et
TCTCCATCGCGAACTACAAGTGCCGAACCACTAAAACCAATTTTTTGTARATAGTTATCA 219155
ATTTCTTGATTTTTTACAATTGTTTCCTTTGGCTTTTCTTCTACTGGTTCAGGCTCTTIC 615
FEEEEEEE e e e e e e e e e e e e e e e e e e
ATTTCTTGATTTTTTACAATTGTTTCCTTTGGCTTTTCTTCTACTGGTTCAGGATCTTTC 219095
GTTTCTTCTGGCTCATTAGTTGCTGCATTTTCCGATGGGTTTGTCGCAGTTGCTGCTTTC 675
FEEEEEEEE e e e e e e e e e e e e e e e e e e
GTTTCTTCTGGCTCATTAGTTGCTGCATTTTCCGATGGGTTTGTCGCAGTTGCTGCTTTC 219035
TTCTTAGTTGGTGCGGATACTGTTTGCTCTTGTTTACTTITTGAATTCGTATATCa 730
FEEEEEEE e e e e e e e e e e e e e e e e e e e
TTCTTAGTTGGTGCGGATACTGTTTGCTCTTGTTTACTTTTGAATTCGTATATCA 218980

Figure 4- Results showing the alignment of the DNA sequences from 1366 in Basic Local
Alignment Search Tool (BLAST) with the L. monocytogenes EGD-e genome available on

NCBI.
Key:

Query,

refers to nucleotide sequences from DNA amplified and sequenced

in L.

monocytogenes 10403s. Subject, refers to nucleotide sequences held at nucleotide BLAST
database of L. monocytogenes EGDs: putative penicillin binding protein Imo0540. A, B, and C,
refer to DNA amplified with 917-3.2, 917-5.2 and 917-5.1 primers respectively.
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Query 28
Sbjct 108747
Query 88
Sbjct 108807
Query 148
Sbjct 108867
Query 208
Sbjct 108927
Query 268
Sbjct 108987

GCTCCTTCTTCTGTAAACATGCAACCATGGCGTTTTGTTGTCGTAGAAAGTGACGCGGGG

FEEEEEErrrr et e e e e e e e e e e e e e e e e e e e e
GCTCCTTCTTCTGTAAACATGCAACCATGGCGTTTTGTTGTCGTAGAAAGTGACGCGGGG

AAAGAAAAATTAAGCTCGTTAGTTCGCTTTAATACACGTCAAAATGAATCTTCTTCCGCG

FEETEEEE e e e e e e e e e b e e e e e e e e e e e e
AAAGAAAAATTAAGCTCGTTAGTTCGCTTTAATACACGTCAARATGAATCTTCTTCCGCG

ATGATTTTAGTTTTTGGAGACTTACAGAATTTTGAAAACGGTGAAAAAATTTACGGAGAA

FEETEEEE e e e e e e e b e e e e e e e e e e
ATGATTTTAGTTTTTGGAGACTTACAGAATTTTGAAAACGGTGAAAAAATTTACGGAGAA

TCAGTTGAACGGGGCTTGATGCCGGCAGAAGTGAAAGAACAACAAATGGCTAAATTAAGC

FEEEEEErrrr et e e e e e e e e e e e e e e e e e e e e
TCAGTTGAACGGGGCTTGATGCCGGCAGAAGTGAAAGAACAACAAATGGCTARATTAAGC

CAGTACTTTGCTTCCATTCC 287

FETEEEETEEr e
CAGTACTTTGCTTCCATTCC 109006

87

108806

147

108866

207

108926

267

108986

Figure 5- Aalignment of the Imo0103 insert in plasmid pGEM-T-Easy with the L.
monocytogenes EGD-e genome available on NCBI.

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

Figure 6- Alignment of the Imo0103 gene sequences from Almo0103 with the
monocytogenes EGD-e genome available on NCBI. Confirming Imo0103 has been mutated.

15

108593

75

108653

135

108713

195

108773

255

108833

315

108893

375

108953

ACGCCNCTTGCGAGANAAGGAGGanaaaaaTATGACTTATTTAAATAATGATTTTGAAGA

FEEEE bt v e e e e e e e e e e e e
ACGCCACTTGCGAGATAAGGAGGAGAAAAATATGACTTATTTAAATAATGATTTTGAAGA

CTTAATGAAAAACCGCCGCTCGATTCGAGAATACGATGAAACGGTGAAAATTAGCCAAGA

FEEEEEErr et e et e e e e e e e e e e e e et e et e e
CTTAATGAAAAACCGCCGCTCGATTCGAGAATACGATGARACGGTGARAATTAGCCAAGA

GGAAATGAAAGCTATTTTAGAGGATGCGGTAACTGCTCCTTCTTCTGTAAACATGCAACC

FEEEEEErr et et et e et e e e e e e e e e e e et e e e e
GGAAATGAAAGCTATTTTAGAGGATGCGGTAACTGCTCCTTCTTCTGTAAACATGCAACC

ATGGCGTTTTGTTGTCGTAGAAAGTGACGCGGGGAAAGAAAAATTAAGCTCGTTAGTTCG

FEETEEEE R E e e e et e e e e e e e e e e e e e e e e
ATGGCGTTTTGTTGTCGTAGAAAGTGACGCGGGGAAAGAAAAATTAAGCTCGTTAGTTCG

CTTTAATACACGTCAAAATGAATCTTCTTCCGCGATGATTTTAGTTTTTGGAGACTTACA

FEEEEEErr et e et e e e e e e e e e e e e et e et e e
CTTTAATACACGTCAAAATGAATCTTCTTCCGCGATGATTTTAGT TTTTGGAGACTTACA

GAATTTTGAAAACGGTGAAAAAATTTACGGAGAATCAGTTGAACGGGGCTTGATGCCGGC

FEEEEEEEEE e e e e e e e e e e e e e e e e e
GAATTTTGAAAACGGTGAAAAAATTTACGGAGAATCAGTTGAACGGGGCTTGATGCCGGC

AGAAGTGAAAGAACAACAAATGGCTAAATTAAGCCAGTACTTTGCTTCCATTCCACGC

FEEEEEEr et et e e e e et e e e e e e e e e e
AGAAGTGAAAGAACAACAAATGGCTAAATTAAGCCAGTACTTTGCTTCCATTCCACGC

74

108652

134

108712

194

108772

254

108832

314

108892

374

108952

432

109010
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Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

37

227509

97

227449

157

227389

217

227329

277

227269

337

227209

397

227149

457

227089

517

227029

577

226969

TCCCAATTAAGCCAAGAAGCCTAGTCGTTCCTGAAATTCTATTTTCCATTTTGTTTTCCT

FEETEEEE e e et et e e e e e e e e e e e e e e e e e e e
TCCCAATTAAGCCAAGAAGCCTAGTCGTTCCTGAAATTCTATTTTCCATTTTGTTTTCCT

CCGAATGAATCCTACTCGCTACATATTAGAGCGAGTAGGACAATAAATTACAATTGTAAT

FEEEEEErr et et et e e e e e e e e e e e e e e e
CCGAATGAATCCTACTCGCTACATATTAGAGCGAGTAGGACAATAAATTATAATTGTAAT

ACAGCGTCAAGTGCTTCTTTCGTTGCGTCGAGTGCGCGGCGTGCGCGTACAGCATCACCG

FEEEEEEEr et et e et e e e e e e et e e e e e e et e et
ACAGCGTCAAGTGCTTCTTTCGTTGCGTCGAGTGCGCGGCGTGCGCGTACAGCATCACCG

ATAACATAGGTTTCCGGTACAATTGCCTTAATAGCTTCTTCTAGTGGATTATAGGCTCTT

FEEEEEErrrr e e e et e e e e e e e e e e et r e e e
ATAACATAGGTTTCCGGTACAATTGCCTTAATAGCTTCTTCTAGTGGATTATAGGCTCTT

GATCCCATTGCTAGAACTACAGAGTCAAAACCATCGATTCGCTGTTCTTTGTTGTCAGCT

FEETEEEE e e e e e e e e e e e e e e e e e e e e e e
GATCCCATTGCTAGAACTACAGAGTCAAAACCATCGATTCGCTGTTCTTTGTTGTCAGCT

AGGGAATAGGTTACTCCGTCTTCAAAGAAACTCGTTACTTTGGCATTAGTAACACTTTTG

FEEEEEEE e e e e e e e e e e e e e e e e e e e
AGGGAATAGGTTACTCCGTCTTCAARAGAAACTCGTTACTTTGGCATTAGTAACACTTTTG

ATTTTATATTCATCGAAATCATGCATAAGAAACTTACGGTGCTCAGAAATGACATCTGCC

FEEEEEEEr et e et e e e e e e e e e e e e et e e e e
ATTTTATATTCATCGAAATCATGCATAAGAAACTTACGGTGCTCAGAAATGACATCTGCC

CCAACTTCATTGCGAAGCTCTACAACGGTAACATCATGACCAGCCTCACCTAAAAATGCA

FEEEEEErer rrr e e e e e e e e e e e e e e e e
CCAACTTCATCGCGAAGCTCTACAACGGTAACATCATGACCAGCCTCACCTAAAAATGCA

GCTGTTTCACTACCAACCATACCGCCACCTACAACAAGAACTTTTTGACCACATTTCTCT

FEEEEEErr et e et e e e e e e e e e e e e e e e e
GCTGTTTCACTACCAACCATACCGCCACCTACAACAAGAACTTTTTGACCACATTTICTCT

TTTCCATCCAGTAAGTCAACTGCATGAATCAATCCTGCGTCCTCG 621

FEEEEEEE e e b e e e e e e e e e
TTTCCATCCAGTAAGTCAACTGCATGAATCAATCCTGCGTCCTCG 226925

96

227450

156

227390

216

227330

276

227270

336

227210

396

227150

456

227090

516

227030

576

226970

Figure 7- Alignment of the Imo02235 insert in pAUL-A with the L. monocytogenes EGD-e
genome available on NCBI. Using M13R

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

37

152040

97

151980

157

151920

217

151860

2717

151800

337

151740

397

151680

457

151620

TGAGGAGCACAACGAGGCAATTTGCGCTTTGATGAACCAATTTGATCTTAACGCGCGAAC

FEEEEEErr et e et e e e e e e e e e e e e et e et e e
TGAGGAGCACAACGAGGCAATTTGCGCTTTGATGAACCAATTTGATCTTAACGCGCGAAC

GCTTGAACGGAAAAATGGTTTTATTACCTATTTGAAAGAAGCGGAAAAAATCACGGAATT

FEEEEErrrrr e e e et e e e e e e e e e e e e e e e e
GCTTGAACGGAAAAATGGTTTTATTACCTATTTGAAAGAAGCGGAAAAAAT CACGGAATT

CTTGAGTATTATCGGAGCAACTAGCGCGCTTCTTCATTTTGAGGATGTTCGGATTATGCG

FEEEEEErr et er et e e e e e et e e e e e et e e e
CTTGAGTATTATCGGAGCAACTAGCGCGCTTCTTCATTTTGAGGATGTTCGGATTATGCG

AGATATGCGAAATTCGGTGAACAGGCTAGTAAACTGCGAAACAGCGAATCTCAACAAGAC

FEEEEErrrrr e e e et e e e e e e e e e e e e e e e e
AGATATGCGAAATTCGGTGAACAGGCTAGTAAACTGCGAAACAGCGAATCTCAACAAGAC

AATTAATGCGGCTGTTAGGCAAATCGATAATATCAAATATATCCAATCAACCGTTGGACT

FEEEEErrrrr et e e e e e e e e e e e e e e e e e
AATTAATGCGGCTGTTAGGCAAATCGATAATATCAAATATATCCAATCAACCGTTGGACT

AGAAGCTTTACCAGAACGATTGCGTGAGATTGCAGCGCTTCGTATAGCTAATGAGGATGT

FEEEEEErr et er et e e e e e et e e e e e et e e e
AGAAGCTTTACCAGAACGATTGCGTGAGATTGCAGCGCTTCGTATAGCTAATGAGGATGT

TACCTTAAAAGAGCTAGGCGAAATGCTGACAACGGGTCAAGTAAGTAAATCAGGTATTAA

FErrrrrrrrrrrerrrrrr e et e et r e e e e e e
TACCTTAAAAGAGCTAGGCGAAATGCTGACAACGGGTCAAGTAAGTAAATCAGGTATTAA

TCATCGTCTCCGGAAACTAGATCGGATTGCAGAGCGCCTTAGAAGCGGAGAAACACCAGC

FEEEEEErrrrr et et e e e e e e e e e e e et
TCATCGTCTCCGGAAACTAGATCAGATTGCAGAGCGCCTTAGAAGCGGAGAAACACCAGC

96

151981

156

151921

216

151861

276

151801

336

151741

396

151681

456

151621

516

151561

185



Appendix

Query 517 GCAAGTAGGGCTGAAAATCAGTAATAGTTAATTAAAAAGAAAAGGATGCGAATTAGAATG 576

FEETEEEE e e e e e e e e b e e e e e e e e e e e
Sbjct 151560 GCAAGTAGGGCTGAAAATCAGTAATAGTTAATTAAAAAGAAAAGGATGCGAATTAGAATG 151501

Query 577 TCAAAATTATTTTCAGAATATAAATTAAAAGATGTAACGCTAAAARACAGAATTGTTATG 636
FEEEEEErrrr et e e e e e e e e e e e e e e e e e et e e
Sbjct 151500 TCARAATTATTTTCAGAATATAAATTAAAAGATGTAACGCTAAARAAACAGAATTGTTATG 151441

Query 637 TCGCCAATGTGTATGTATTCAGTAGAAAATAAAGACGGGATTGCAACAGACTTTC 691

FEEEET TR E e e e e e e e e e e e e e e e e e e e e
Sbjct 151440 TCGCCAATGTGTATGTATTCAGTAGAAAATAAAGACGGGATTGCAACAGACTTTC 151386

Figure 8- Results show the alignment of the Imo2471 insert in pAUL-A with the L.

monocytogenes EGD-e genome available on NCBI. Using M13R primer.

Query 496 CGTTTGTTTGTCCGTGCCGATAAGAAACTACTTACTAAATAACCGTGTGCACAGTGAACT 555
FEEEEEErr et e et e e e e e e e e e e e e e e e e
Sbjct 226030 CGTTTGTTTGTCCGTGCCGATAAGAAACTACTTACTAAATAACCGTGTGCACAGTGAACT 225971

Query 556 TCAACTGCATCAGCACCAGCtttttttGCTCGTAAGGCAGCTTCTCCGTAAAGTTCAATC 615

FEEEEEEEEE e e e e e e e e e e e e e e e e e
Sbjct 225970 TCAACTGCATCAGCACCAGCTTTTTTTGCTCGTAAGGCAGCTTCTCCGTAAAGTTCAATC 225911

Query 616 AACTCATAAAGTTCTTCTCGCGAARATGGCTTCTGGAGTATTTCGCCCTGCAGCCGAGGCA 675
FEEEEEErr et e et e e e e e e e e e e e et e e e e
Sbjct 225910 AACTCATAARAGTTCTITCTCGCGAAATGGCTTCTGGAGTATTTCGCCCTGCAGCCGAGGCA 225851

Query 676 ATCGCTGANGCTGCTCTTAAAGGATAACCAGATACTTTGGAATTTCCTTCTGGTCCAGCG 735

FEEEEEEr rrrr et e e e e e e e e e e e e e e e e e e
Sbjct 225850 ATCGCTGAGGCTGCTCTTAAAGGATAACCAGATACTTTGGAATTTCCTTCTGGTCCAGCG 225791

Query 736 TGCTGTAACTGAACAGAAATTTTTGCTCCAGCATCGTGACATACATCAATCACTCGTTTA 795

FEETEEEE e e e e et e e e e e e e e e e e e e e e
Sbjct 225790 TGCTGTAACTGAACAGAAATTTTTGCTCCAGCATCGTGACATACATCAATCACTCGTITTA 225731

Query 796 ARACTAGCAATTTGATGATCACTATATAGGCAAGCTTTATTTGCGCCACCTTTTGCGCGT 855
FEEEEEErr et e et e e e e e e e e e e e e et e et e e
Sbjct 225730 AAACTAGCAATTTGATGATCACTATATAGGCAAGCTTTATTTGCGCCACCTTTTGCGCGT 225671

Query 856 ACATCTACAACCGTTGCTTCAAAAGTAATAAGCCCGAACCCTCCAAGTGCTCGTTCTTTA 915

FEEETEEEEE e e e e e e e e e e e e e e e e
Sbjct 225670 ACATCTACAACCGTTGCTTCAAAAGTAATAAGCCCGAACCCTCCAAGTGCTCGTTICTITTA 225611

Query 916 TAGTAAGCAAGGGAAGTGTCTGATAAAGTTCCATCTGNATTTGCATAGTTGNTGCACATT 975
FEEErrrrrrr et et er e e e e e e e e e et e
Sbjct 225610 TAGTAAGCAAGGGAAGTGTCTGATAAAGTTCCATCTGTATTTGCATAGTTGTTGCACATT 225551

Query 976 GGNGATACGACNAATCNNNTAGGCACTTTCATC 1008

FEPrrrrrrr el FEEEEErrrrrrrl
Sbjct 225550 GGTGATACGACAAATCTGTTAGGCACTTTCATC 225518

Figure 9- Alignment of the Imo2235gene sequences from Almo2235 with the
monocytogenes EGD-e genome available on NCBI. Confirming Imo2235has been mutated.

L.
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Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

Figure 10- Alignment of the Imo2471gene sequences from Almo2471 with the
monocytogenes EGD-e genome available on NCBI. Confirming Imo2471 has been mutated.

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct

Query

Sbjct

467

151386

527

151446

587

151506

647

151566

707

151626

1

220376

61

220316

121

220256

181

220196

241

220136

301

220076

361

220016

421

219956

GAAAGTCTGTTGCAATCCCGTCTTTATTTTCTACTGAATACATACACATTGGCGACATAA

FEETEEEE e e e e e e e e e e e e e e e e e e e
GARAGTCTGTTGCAATCCCGTCTTTATTTTCTACTGAATACATACACATTGGCGACATAA

CAATTCTGTTTTTTAGCGTTACATCTTTTAATTTATATTCTGAAAATAATTTTGACATTC

FEEEEEErrrr et e e e e e e e e e e e e e e e e e e e e
CAATTCTGTTTTTTAGCGTTACATCTTTTAATTTATATTCTGAAAATAATTTTGACATTC

TAATTCGCATCCTTTTCTTTTTannnnnnTATTACTGATTTTCAGCCCTACTTGCGCTGG

FEETEEEE R Er e e FEELETEEEEEE e e e el
TAATTCGCATCCTTTTCTTTTTAATTAACTATTACTGATTTTCAGCCCTACTTGCGCTGG

TGTTTCTCCGCTTCTAAGGCGCTCTGCAATCTGATCTAGTTTCCGGAGACGATGATTAAT

FEEEEEErrrr e e e et e e e e e e e e e e et r e e e
TGTTTCTCCGCTTCTAAGGCGCTCTGCAATCTGATCTAGT TTCCGGAGACGATGATTAAT

ACCTGATTTACTTACTTGACCCGTTGTCA 735

FEETEEEE e e e
ACCTGATTTACTTACTTGACCCGTTGTICA 151654

GCAAACAAAGAAACAAAAGCTATTTCTAGTGAAGCAATTCCTGAATATGCAGCTGGAGCA

FEETEEEE e e e e e e e e e e e e e e e e e e e e
GCAAACAAAGAAACAAAAGCTATTTCTAGTGAAGCAATTCCTGAATATGCAGCTGGAGCA

GATCGTCTCTTCATCTTAATGCCAGCTGATGGCAACACGGATTCTGTGGATGAAATGCTA

FEEEEEEr e et e et e e e e e e e e e e e e et e e e e e
GATCGTCTCTTCATCTTAATGCCAGCTGATGGCAACACGGATTCTGTGGATGAAATGCTA

AAAGGTGTTTGGAAAGATATTCCAGCCGTGAAGAAAAACCAAGTGTATAAAGTGGATAAT

FCEETEEEE e e e e et e e e e e e e e e e e e e e e
AAAGGTGTTTGGAAAGATATTCCAGCCGTGAAGAAAAACCAAGTGTATAAAGTGGATAAT

ACTAAATGGAGCGACTACAGTGCCGCTGCTCAACTTTATCAAATGGAAGATGCTGTAAAA

FEEEEEErr et e et e e e e e e e e e e e e et e et e e
ACTAARATGGAGCGACTACAGTGCCGCTGCTCAACTTTATCARATGGAAGATGCTGTARAA

FEEEEEErr e e et e e e e e e e e e e e e et e et e e e
CAAATTACTGGTAAATAATAAAAAARACTCGATTCTACAAACAGAATCGAGTTTTTTATTA

TTTATTTAAGAAACCATAAATATCATTATTCACTTTTCCGAATGAAGCAATGTAGTTTTG

FEEEEEEE e e e e et e e e e e e e e e e e e e e e
TTTATTTAAGAAACCATAAATATCATTATTCACTTTTCCGAATGAAGCAATGTAGTTTTG

GACGTTGGAGAATAATATAACGTAAGTTCTTCCGGTATGGCTAAAGCTATTAGACACGTC
FEEEEEErr e e e e e e e e e e e e e e e e e e
GACGTTGGAGAATAATATAACGTAAGTTCTTCCGGTATGGCTAAAGCTATTAGACACGTC
CCATCCGGTCACAA 434

FEEETEEEEErnd
CCATCCGGTCACAA 219943

526

151445

586

151505

646

151565

706

151625

60

220317

120

220257

180

220197

240

220137

300

220077

360

220017

420

219957

Figure 11- Alignment of the Imo0540 gene sequences from AImo0540 with the L.

monocytogenes EGD-e genome available on NCBI. Confirming Imo0103 has been mutated.
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Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

20

218403

80

218463

140

218523

200

218583

260

218643

320

218703

380

218763

440

218823

500

218883

GTGGCGAGCTTTGATTGCTGGAGTACCATATTCTAAATCAAGCAAAATTGCAGAAGCATA

\\II\\II\\IIIII\\II\\II\\II\\II\\I\II\\III\\II\\II\\II\\II\
ATTGCTGGAGTACCATATTCTAAATCAAGCAAAATTGCAGAAGCATA

AGGAGTTAGTTCTTCAGAAACAAGTTGTTTGAAGTCCTCTACATCCTTTTTATTTTCTGT

FEETEEEE e e e e e e e e e b e e e e e e e
AGGAGTTAGTTCTTCAGAAACAAGTTGTTTGAAGTCCTCTACATCCTTTTTATTTTCTGT

TCCTTTAGCTTGTTGGATCAL Lttt L L tGAGTGAGCCACGTTGGTCAATGGCAAGCGCTGC

FEEEEEErr et e et e e e e e e e e e e e e e e e e e
TCCTTTAGCTTGTTGGATCATTTTTTTGAGTGAGCCACGTTGGTCAATGGCAAGCGCTGC

AATGACACCTTTATCGTTGGAGAGTCTTTGTAAACCATCAAATTTACCTTTTGTTATTTG

FEETEEEE e e e e e e e e e e e e e e e e e e e e e
AATGACACCTTTATCGTTGGAGAGTCTTTGTAAACCATCAAATTTACCTTTTGTTATTTG

TACCATTTTTATCTAGTCTCCTTTATAGCAATTTGTTGTTGCTTTAATCAATTTATCCTT

FEEEEEErr et e e e e e e e e e e e e e e e e e e
TACCATTTTTATCTAGTCTCCTTTATAGCAAT TTGTTGTTGCTTTAATCAATTTATCCTT

CCTTATCATACCACTGAATAALLLLLLLAAAACATAGGTATATTTCCGCATTGATTTATC

FEEEEE TEr e e e e e e e e e e e e e e e e e e
CCTTATTATACCACTGAATAATTTTTTTAAAACATAGGTATATTTCCGCATTGATTTATC

TGAAGTAATAAATTACGATGTATGTGGAGTGTTAGGTATTAATAGAAATTTGGGATAATT

FEETEEEE e et e e et e e e e e e e e e e e e e e e
TGAAGTAATAAATTACGATGTATGTGGAGTGTTAGGTATTAATAGAAATTTGGGATAATT

TCTACTAATACATTCTCTTTTGGGAAAGTCATTTAACGATAAGACTAGACCAGGAGTGAT

FEEEEEErr et e et e e e e e e e e e e e e e e e e
TCTACTAATACATTCTCTTTTGGGAAAGTCATTTAACGATAAGACTAGACCAGGAGTGAT

GAAATGAATCGACGCGAAAGACGTAAACACAAAAGACGCAAGAACATGATTATCGTGTT

FEETEEEErr e e e e e e e e e e e e e e e e e e e e e e e
GAAATGAATCGACGCGAAAGACGTAAACACAAAAGACGCAAGAACATGATTATCGTGTT

79

218462

139

218522

199

218582

259

218642

319

218702

379

218762

439

218822

499

218882

558

218941

Figure 12- Alignment of the Imo0540 insert in pAUL-A with the L. monocytogenes EGD-e
genome available on NCBI.
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Sbjct
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Sbjct
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Sbjct
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Sbjct
Query

Sbjct

21

226728

81

226788

141

226848

201

226908

261

226968

321

227028

381

227088

441

227148

501

227208

ATGCGATTAGCTGCCTATCCTCCTGGTAAAGGCGACTTAACAAATATGGTTCGTAGTTAC

FEEEEEErr et e et e e e e e e e e e e e e et e et e e
ATGCGATTAGCTGCCTATCCTCCTGGTARAAGGCGACTTAACAAATATGGTTCGTAGTTAC

ATTAAAAAATGCGAACAGTTTGATGTCGAAATTAAAACAAACACACCCGTAACATTAGAA

FEETEEEE e e e et e e e e b e e e e e e e e e e e
ATTAAAAAATGCGAACAGTTTGATGTCGAAATTAAAACAAACACACCCGTAACATTAGAA

CTTATTCAAGAAGTTGCACCAGATGCTGTCATTATTGCAACTGGCGCCACTCCACTAGTT

FEEEEEErr et er et e e e e e et e e e e e et e e e
CTTATTCAAGAAGTTGCACCAGATGCTGTCATTATTGCAACTGGCGCCACTCCACTAGTT

TTACCAATCCCAGGTATCGAGGACGCAGGATTGATTCATGCAGTTGACTTACTGGATGGA

FEEEEEErr et er et e e e e e et e e e e e et e e e
TTACCAATCCCAGGTATCGAGGACGCAGGATTGATTCATGCAGTTGACTTACTGGATGGA

AAAGAGAAATGTGGTCAAAAAGTTCTTGTTGTAGGTGGCGGTATGGTTGGTAGTGAAACA

FEEEEErrrrr e e e et e e e e e e e e e e e e e e e e
ARAGAGAAATGTGGTCAAAAAGTTCTTGTTGTAGGTGGCGGTATGGT TGGTAGTGARACA

GCTGCATTTTTAGGTGAGGCTGGTCATGATGTTACCGTTGTAGAGCTTCGCGATGAAGTT

FEEEEEErr et er et e e e e e et e e e e e et e e e
GCTGCATTTTTAGGTGAGGCTGGTCATGATGTTACCGTTGTAGAGCTTCGCGATGAAGTT

GGGGCAGATGTCATTTCTGAGCACCGTAAGTTTCTTATGCATGATTTCGATGAATATAAA

FEEEEErrrrr e e e et e e e e e e e e e e e e e e e e
GGGGCAGATGTCATTTCTGAGCACCGTAAGTTTCTTATGCATGATTTCGATGAATATAAA

ATCAAAAGTGCTACTAATGCCAAAGTAACGAGTTTCTTTGAAGACGGAGTAACCTATTCC

FEEEEEErrer e e e e e e e e e e e e e e e e e e e e
ATCAAAAGTGTTACTAATGCCAAAGTAACGAGTTTCTTTGAAGACGGAGTAACCTATTCC

CTAGCTGACAACAAAGAACAGCGAATCGATGGTTTTGACTCTGTAGTTCTAGCAATGGGA

FEEETEEEE et et e e e e e e e e e e e e e e e e e e et
CTAGCTGACAACAAAGAACAGCGAATCGATGGTTTTGACTCTGTAGTTCTAGCAATGGGA
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226787

140

226847

200

226907
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320

227027

380
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440

227147

500

227207

560
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Query 561 TCAAGAGCCTATAATCCACTAGAAGAAGCTATTAAGGCAATTGTACCGGAAACCTATGTT 620

FEETEEEE e e e e e e e e e e e e e e e e e e e e
Sbjct 227268 TCAAGAGCCTATAATCCACTAGAAGAAGCTATTAAGGCAATTGTACCGGARACCTATGIT 227327

Query 621 ATCGGTGATGCTGTACGCGCACGCCGCGCACTCGACGCAACGAAAGAAGCACTTGACGCT 680

Frrrrrrrrerrrrrrrerr et e et e et et e e e e e
Sbjct 227328 ATCGGTGATGCTGTACGCGCACGCCGCGCACTCGACGCAACGAAAGAAGCACTTGACGCT 227387

Query 681 GTATTACAATTATAATTTATTGTCCTACTCGCTCTAATATGTAGCGAGTAGGATTCGTTC 740

FEETEEEE e e e e e e e e e b e e e e e e e e e e e
Sbjct 227388 GTATTACAATTATAATTTATTGTCCTACTCGCTCTAATATGTAGCGAGTAGGATTCATTC 227447

Query 741 GGAGGAAAACAAAATGGAAAATAGAATTTCAGGAACGACTAGGCTTCTTGGC 792

FEEEEEEr e e e et e e et e e e e e e e e e e
Sbjct 227448 GGAGGAAAACAAAATGGAAAATAGAATTTCAGGAACGACTAGGCTTCTTGGC 227499

Figure 13- Alignment of the Im02236 insert in pAUL-A with the L. monocytogenes EGD-e

genome available on NCBI. Using M13R primer.

Query 557 GCCAAGAAGCCTAGTCGTTCCTGARATTCTATTTTCCATTTTGTTTTCCTCCGAATGAAT 616

FEETEEEE e e e e e e e b e e e e e e e e e e e e
Sbjct 227499 GCCAAGAAGCCTAGTCGTTCCTGAAATTCTATTTTCCATTTTGTTTTCCTCCGAATGAAT 227440

Query 617 CCTACTCGCTACATATTAGAGCGAGTAGGACAATAAATTATAATTGTAATACAGCGTCNA 676

FEEEEEEEr et e et e e e e e e e e e e e e e e e e e |
Sbjct 227439 CCTACTCGCTACATATTAGAGCGAGTAGGACAATAAATTATAATTGTAATACAGCGTCAA 227380

Query 677 GTGCTTCTTTCGTTGCGTCGAGTGCGCGGCGTGCGCGTACAGCATCACCGATAACATAGG 736

FErrrrrrrrrrrrrrrr e e et e et et e e e e e
Sbjct 227379 GIGCTTCTTTCGTTGCGTCGAGTGCGCGGCGTGCGCGTACAGCATCACCGATAACATAGG 227320

Query 737 TTTCCGGTACAATTGCCTTAATAGCTTCTTCTAGTGGATTATAGGCTCTTGATCCCATTG 796

FEETEEEE e e e e e e e e e e e e e e e e e e e e e
Sbjct 227319 TTTCCGGTACAATTGCCTTAATAGCTTCTTCTAGTGGATTATAGGCTCTTGATCCCATIG 227260

Query 797 CTAGAACTACAGAGTCAAAACCATCGATTCGCTGTTCTTTGTTGTCAGCTAGGGAATAGG 856

FEEEEEErr et e et e e e e e e e e e e e e et e et e e
Sbjct 227259 CTAGAACTACAGAGTCAAAACCATCGATTCGCTGTTCTTTGTTGTCAGCTAGGGAATAGG 227200

Query 857 TTACTCCGTCTTCAAAGAAACTCGTTACTTTGGCATTAGTAACACTTTTGATTTTATATT 916

FEETEEEE e e e e et e e e e b e e e e e e e e e e e
Sbjct 227199 TTACTCCGTCTTCAAAGAAACTCGTTACTTTGGCATTAGTAACACTTTTGATTTTATATT 227140

Query 917 CATCGAAATCATGCATNANANN-TTANNN-GCTCANAAATGACATCTGCCCCNACTTCAT 974

FEEEEEEErrrrrrrr 11 FEEEE FEEEE e e e
Sbjct 227139 CATCGAAATCATGCATAAGAAACTTACGGTGCTCAGAAATGACATCTGCCCCAACTTCAT 227080

Query 975 CGCGAAGCTCTACNACGGTAACATCATGACCAGCCTC 1011

FEEEEEErrrrrr rrrrr e e e e el
Sbjct 227079 CGCGAAGCTCTACAACGGTAACATCATGACCAGCCTC 227043

Figure 14- Alignment of the Imo2236gene sequences from Almo2236 with the
monocytogenes EGD-e genome available on NCBI. Confirming Imo2236 has been mutated.
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Concentration

Figure 15- The PCR efficiency for RT235 and RT540 primers used in qRT-PCR (primers

efficiency was 0.95)
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Figure 16- The melting curve analysis of RT235 and RT 540 primer pairs showing single
peaks.
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Figure 17- The PCR efficiency for RT236, RT 539 and RT 541 primers used in gRT-PCR

(primers efficiency was 0.96)
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Figure 18- The melting curve analysis of gRT-PCR primer of RT236, RT 539 and RT 541
showing single peaks.
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Figure 19- Growth curves of L. monocytogenes strains performed in TSB at 37°C using
Varioscan. This was done in triplicate starting from three different stocks.
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Figure 20- Growth curves of L. monocytogenes strains performed in TSB 37°C and in 2%
(w/v) NaCl using Varioscan. This was done in triplicate starting from three different stocks.
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Figure 21- Growth curves of L. monocytogenes strains performed in TSB at 37°C and in 4%

(w/v) NaCl using Varioscan. This was done in triplicate starting from three different stocks.
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Figure 22- Growth curves of L. monocytogenes strains performed in TSB at 37°C and pH 6.5
using Varioscan. This was done in triplicate starting from three different stocks.
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Figure 23- Growth curves of L. monocytogenes strains performed in TSB at 37°C and pH 5.5
using Varioscan. This was done in triplicate starting from three different stocks.
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