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1

1. INTRODUCTION AND REVIEW OF LITERATURE

1.1. General Introduction

1.1.1. Biopreservation of foods by lactic acid bacteria

Preservation of foods may be accomplished through the use of microorganisms, 

chemical agents, and physical properties (often in combination) that are inhibitory to food 

spoilage organisms. The methods used to preserve a particular food may also be 

inhibitory to foodbome pathogens. Preservation of food has been practiced by 

humankind for millennia. It has proven advantageous to have food that can be stored 

longer and is less likely to cause food poisoning.

Traditional methods of food preservation by microorganisms include the 

production of cheese, yoghurt, and other dairy products, fermentation of sauerkraut, and 

brewing of beer, wine, and spirits. The fermentative processes inherent to these foods is 

a direct result of the microflora found within. Chemical preservation of foods has long 

been accomplished by the addition of substances that are inhibitory to the growth of 

microorganisms. Some examples of traditional food preservation by chemicals include: 

smoking, curing, pickling, carbonation, or preserving the food with alcohol, sugar, oils or 

spices. Physical techniques used to preserve foods include cooking, dehydration, 

refrigeration, freezing, pasteurization, or irradiation. All of these techniques are used to 

lengthen the amount of time a particular food can be stored before it is consumed.

Preservation of food can result from the growth of lactic acid bacteria (LAB) 

(Stiles, 1996). Lactic acid bacteria are producers of lactic acid by their metabolism, as 

well as organic acids, acetaldehyde, ethanol, hydrogen peroxide, carbon dioxide, diacetyl, 

and other antimicrobial compounds such as reuterin, reutericyclin, and bacteriocins. In
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addition to modifying the sensory characteristics of the food being fermented, these 

compounds also contribute to preservation of the food.

Preservation of food is not always advantageous to the prevention of food 

spoilage or the inhibition of foodbome pathogens. Sometimes the processes used to 

preserve a food will create a biological niche for food spoilage organisms or foodbome 

pathogens to grow. In this case, additional hurdles to the growth of these undesirable 

organisms are often necessary in the production of a particular food. For example, 

refrigeration is an excellent method to prevent the growth of microorganisms (ICMSF, 

1988). However, psychrophilic and psychrotrophic microorganisms are still able to grow 

at reduced holding temperatures. Problems can arise in refrigerated foods when a 

foodbome pathogen is able to grow at refrigeration temperatures, as is the case with 

Listeria monocytogenes. The lack of growth of a competitive microflora in some ready- 

to-eat refrigerated foods leaves a nutrient rich environment in which L. monocytogenes is 

able to thrive (McMullen and Stiles, 1989).

Consumers are becoming cautious of the additives found in the foods they buy. 

They are increasingly adverse to artificial preservatives, and products that contain these 

chemicals may be perceived as undesirable. Consumers may also not be conscious of the 

possibility of the presence of foodbome pathogens in particular foods, and often do not 

learn proper methods of home food preparation and preservation (Wilcock et al., 2004). 

This poses a challenge in to food scientists to develop socially accepted methods of 

preserving foods that are viewed as safe.

Bacteriocins are a type of antimicrobial peptide produced by bacteria that inhibit 

other bacteria, usually of closely related species to the producer organism (Tagg et al.,
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1976). They are generally considered to be non-toxic to humans by ingestion because 

they are naturally found in many foods and have been unwittingly consumed by mankind 

for thousands of years (Cleveland et al., 2001). Each bacteriocin effectively kills or 

inhibits the growth of a spectrum of bacteria. Research in our laboratory focuses on the 

use of bacteriocin-producing LAB species to inhibit food spoilage organisms and 

foodbome pathogens. In particular, our research involves strains that produce leucocin 

A, enterocin B, brochocin-C, camobacteriocins A, BM1, B2, and piscicolin 126. These 

bacteriocins all belong to the class II non-lantibiotic group and have a relatively narrow 

activity spectrum. None of these bacteriocins is inhibitory to gram-negative organisms. 

However, all have the potential for application in the inhibition of food spoilage 

microorganisms or foodbome pathogens.

Bacteriocin-producing LAB are of interest for their usefulness as natural 

preservative agents in foods (Stiles, 1996). Either a bacteriocin-producing culture or a 

preparation of semi-purified or pure bacteriocin could be added to a food. Primarily, the 

use of bacteriocins as food preservatives is desirable as an alternative to the use of 

chemical additives and the requirement for certain physical methods of food preservation. 

Many LAB found in foods are generally considered to be nonpathogenic, can be defined 

as ‘food grade’, and can be used for preservation of food. These factors are of benefit in 

fulfilling regulatory requirements and consumer acceptance.

C. maltaromaticum UAL26 (formerly C. piscicola UAL26) was isolated from 

vacuum-packaged ground beef (Bums, 1987). It produces a detectable amount of 

bacteriocin when grown on solid agar-based media using the deferred inhibition assay, 

yet bacteriocin activity can not be detected in the supernatant when C. maltaromaticum
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UAL26 is grown in broth culture. This is atypical, as bacteriocin production can usually 

be detected in solid and liquid media. The antibacterial activity produced by C. 

maltaromaticum UAL26 is inhibitory to strains of L. monocytogenes (Bums, 1987; 

Rosario, 2001). The purpose of studying bacteriocin production in C. maltaromaticum 

UAL26 is two-fold. It is of interest as a strain for application in food preservation to 

reduce or prevent the growth of L. monocytogenes in refrigerated food products. It is also 

of interest because it has an uncharacterized system of control of bacteriocin production 

with unusual characteristics that have not yet been reported.

1.1.2. Objectives

The objectives of this research were to:

1.) improve production of the bacteriocin(s) produced by C. maltaromaticum UAL26;

2.) develop methods to purify sufficient quantities of the bacteriocin(s) produced by C. 

maltaromaticum UAL26 so that they can be identified and genetically characterized;

3.) investigate the basis for control of bacteriocin expression in C. maltaromaticum 

UAL26.
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1.2. Literature review

1.2.1. Taxonomy and general description of lactic acid bacteria

Lactic acid bacteria (LAB) belong to the clostridial branch of gram-positive 

bacteria, and morphologically they are cocci, coccobacilli, or bacilli. They are catalase- 

negative, non-sporulating and typically have a guanosine plus cytosine (G+C) content 

below 55 % molar. Lactic acid bacteria are defined as such by their metabolism. To 

produce energy, LAB require a fermentable carbon source, which is metabolically 

converted to lactic acid in homofermentative species, or a mixture of lactic and acetic 

acids and/or ethanol and carbon dioxide in heterofermentative species (Caplice and 

Fitzgerald, 1999). They can be facultative anaerobes (including microaerophilic) or 

anaerobes (including aerotolerant anaerobes). Although current and developing 

molecular methods for taxonomic identification continue to make classification of LAB 

difficult, they also clear the way for the introduction of a comprehensive and consensus 

polyphasic classification system (Vandamme et al., 1996).

With reclassifications taken into account, the primary species in the group of LAB 

include: Streptococcus, Lactococcus, Lactobacillus, Carnobacterium, Enterococcus, 

Leuconostoc, Pediococcus, Oenococcus, Tetragenococcus, Vagococcus, and Weissella 

(Stiles and Holzapfel, 1997).

Lactic acid bacteria are found in a wide variety of environments. They are 

commonly isolated from a variety of foods, including meat and meat products, dairy 

products, fermented beverages (including beer and wine), fruit (mashes) and vegetable 

fermentations, breads (sourdough), sauces and marinades, a multitude of cultural 

traditional foods, and certain grain and crop products (sugar). They can grow in these
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foods and be the cause of either spoilage or preservation. Lactic acid bacteria may also 

be added to foods as starter cultures. They are also commonly found on plants, in soil, 

sewage, manure, and water. As well, LAB have been isolated from the oral cavity and 

intestinal tract and the urogenital tract of humans and other animals (Hammes et al., 

2002).

I.2 .I.I. The genus Carnobacterium

Initially classified as the ‘atypical’ lactobacilli, Carnobacterium was deemed to be 

a separate genus (Collins et al., 1987) based on biochemical and physiological 

characteristics that set it apart from the lactobacilli. Some of the ‘atypical’ characteristics 

of Carnobacterium include: growth at pH 9.0, no growth at pH 4.5 or on acetate agar at 

pH 5.4, and production of the L(+) isomer of lactic acid as the major endproduct of 

carbohydrate metabolism (>95%). They have been classified as heterofermentative 

organisms due to the production of a small amount of acetate, formate, and CO2 under 

certain growth conditions (Hammes et al., 2002). Camobacteria are most often linked to 

the lactobacilli, even though they are phylogenetically more closely related to the genera 

Enterococcus and Vagococcus (Stiles and Holzapfel, 1997). Despite this, camobacteria 

are typically described, with much similarity to the lactobacilli, as gram-positive, non- 

sporulating bacilli, with most species being non-motile. They are catalase-negative, and 

do not reduce nitrate. Camobacteria are psychrotrophic, being able to grow at 

temperatures as low as 0°C, while no growth is observed at or above 45°C (Collins et al., 

1987). Cresol red thallium acetate sucrose inulin (CTSI) agar can be used to selectively 

isolate Carnobacterium spp. (Wasney et a l, 2001).
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At the time of the creation of this genus, four species were included: 

Carnobacterium piscicola (Shaw and Harding, 1985), C. divergens (Holzapfel and 

Gerber, 1983), C. gallinarum and C. mobile (Thomley, 1957). These species were 

differentiated by ribosomal RNA homology (Wallbanks et a l, 1990), phenotype, and 

physiological differences, such as: sugars usable as fermentable energy sources, motility, 

growth in the presence of toxic heavy metals, and antibiotic sensitivity (Hammes et al., 

2002). Four species have subsequently been added: C.funditum and C. alterfunditum, 

both of which are motile species most closely resembling C. mobile (Franzmann et al., 

1991), C. inhibens (Jobom et al., 1999), and C. viridans (Holley et al., 2002). New 

molecular techniques are being used to further differentiate species within the genus. 

These include randomly amplified polymorphic DNA polymerase chain reaction (RAPD- 

PCR) (Lai et al., 2000), multiplex PCR (Yost and Nattress, 2000), restriction fragment 

length polymorphism PCR (Kabadjova et al., 2002), and numerical phenetics (Lai and 

Manchester, 2000). In these studies, the heterogeneity observed in the representatives of 

the species C. piscicola suggests that the genus could be underspeciated in its current 

delineation; and also that subspecies of this species exist (Lai and Manchester, 2000; Lai 

et al., 2000).

Camobacteria can be commonly isolated from meats, poultry, mould-ripened soft 

cheese (Milliere and Lefebvre, 1994), salmonid fish (Ringo et al., 2001), and, in the case 

of C. funditum and C. alterfunditum, in Antarctic lakes (Franzmann et al., 1991). More 

recently, a case report described the isolation of C. piscicola from human pus after a 

traumatic amputation of the right hand while operating an industrial water sawmill 

(Chmelar et al., 2002).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

I.2.I.2. The species Carnobacterium maltaromaticum

Carnobacterium piscicola drew its name from two synonymous predecessors, Lb. 

piscicola (Hiu et al., 1984), and Lb. carnis (Shaw and Harding, 1985). However, C. 

piscicola shares 100% identity in rRNA sequence with the species Lb. maltaromicus 

(Miller et al., 1974). As Lb. maltaromicus was the first name to be scientifically 

described, C. piscicola should more properly be called C. maltaromicus (Collins et al., 

1991). However, the wide acceptance of this nomenclature has been slow in gaining 

acceptance. More recently, C. piscicola and Lb. maltaromicus have been proposed as a 

novel combination named C. maltaromaticum (Mora et al., 2003). Hence, in this thesis 

this organism is referred to as C. maltaromaticum.

Many strains of C. maltaromaticum have been isolated from meat and meat 

products, the most prominent source being unprocessed, refrigerated red meat (Hammes 

et al., 2002). However, the species name C. piscicola was derived from the fact that it is 

a fish pathogen. C. maltaromaticum infects salmonid fish, including rainbow trout 

(Salmo gardneri), cutthroat trout (Salmo clarki), and chinook salmon (Oncorhynchus 

tshawytscha) (Cone, 1982; Hiu et al., 1984). Infection causes blistering and lesion 

formation on the skin surface and sub-cutaneously, and the internal organs become 

diseased (Hammes et al., 2002), including peritonitis (Humphrey et al., 1987). 

Additionally, C. maltaromaticum is the cause o f ‘lactobacillosis’ septicaemia in these and 

other fish species (Hiu et al., 1984).

C. maltaromaticum can be phenotypically differentiated from other species of 

Carnobacterium by its ability to ferment mannitol, mellibiose, and a-methyl-D- 

mannoside. It is generally more resistant to adverse growth conditions than its
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counterparts within the Carnobacterium genus, including resistance to some heavy metal 

salts, some antibiotics, and conditions of higher acidity (Hammes et a l, 2002).

1.2.2. Use of lactic acid bacteria in foods

Lactic acid bacteria are found ubiquitously in fermented foods and food products. 

They can be found in all four major food groups. LAB have the status of being 

adventitious microflora and some species are recognized as ‘generally recognized as 

safe’, meaning they are considered to be generally safe for consumption and should not 

pose a threat to human health (Stiles, 1996). Preservation of foods by LAB occurs 

through utilization of carbohydrates as an energy source to produce metabolites. These 

metabolites have several effects upon the fermented food into which they are released. 

They may improve the organoleptic properties of the food by introducing desirable 

flavour compounds, creating a more favourable aroma, or modifying the texture of the 

food. As well, LAB fermentation may have other beneficial effects, including increasing 

the digestibility of a food and adding functional attributes; a property likely to be used in 

future research, product development, and marketing (Caplice and Fitzgerald, 1999). 

Addition of functionality may include probiotic effects or the introduction of desirable 

value-added ‘health’ compounds such as vitamins and antioxidants (Steinkraus, 1998). 

Finally, fermentation allows the introduction of metabolites important in maintaining and 

improving food quality, food safety and extension of shelf life.

Examples of metabolites that may exert these effects include: organic acids 

(lactic, acetic, propionic), acetaldehyde, ethanol, hydrogen peroxide, carbon dioxide, 

diacetyl, reuterin, reutericyclin, and bacteriocins. When these compounds are produced
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by LAB, food quality and shelf life may be improved through the inhibition of spoilage 

organisms. Food safety may be improved through the inhibition of foodbome pathogens.

1.2.2.1. The genus Carnobacterium in foods

Of the known species within the Carnobacterium genus, only C. maltaromaticum 

and C. divergens are commonly reported to be isolated from food. These two species are 

most commonly found in meats, including beef (Buchanan and Klawitter, 1992a; Borch 

et al., 1996), pork (Grant and Patterson, 1991; Borch et al., 1996), chicken (Grant and 

Patterson, 1991), and fish (Stoffels et al., 1992a; Leisner et al., 1994; Duffes et al., 

1999b). They are isolated from food stored, processed, or packaged under the following 

conditions: raw (Holzapfel and Gerber, 1983; Buchanan and Klawitter, 1992a), chill- 

stored (Duffes et a l, 1999b; Nilsson et al., 2002), vacuum packaged (Hastings et al., 

1996; Duffes et al., 1999b), or modified-atmosphere packaged products (Grant and 

Patterson, 1991). Additionally, C. viridans has been isolated from chill-stored vacuum 

packaged bologna (Holley et a l, 2002). While the original habitat of Carnobacterium is 

unknown, species may also be found in other foods, including various French soft 

cheeses (Milliere and Lefebvre, 1994; Herbin et al., 1997). Anaerobic, reduced oxygen, 

or microaerophilic environments (as in vacuum packaging or modified atmosphere 

packaging) and refrigeration create environmental conditions for camobacteria to flourish 

due to their anaerobic metabolism and psychrotrophic nature. These species can act as 

spoilage organisms because they can contribute to development of off-odours and 

flavours, even though they are desirable in many products because they produce organic 

acids which aid in preservation (Borch et al., 1996). An aerobic atmosphere in meat 

packaging can lead to the production of acetoin (sweet, cheesy off-odour) by
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camobacteria, and the formation of hydrogen peroxide by C. diver gens, which results in 

green discolouration of meat. Carnobacterium spp. have also been noted for production 

of buttery, acidic, and sulphurous off-odours (Borch et al., 1996).

1.2.2.2. Carnobacterium maltaromaticum in foods

Carnobacterium spp. flourish in vacuum-packed fish products. The species C. 

maltaromaticum has been isolated from cold smoked salmon (Pilet et a l, 1995; Duffes et 

al., 1999b; Nilsson et al., 1999), and studied for its impact on sensory characteristics. 

Spoilage of cold smoked salmon occurs rapidly, because it is only minimally preserved 

by salting and smoking, and therefore it is highly perishable and has a very short shelf life 

(Stohr et al., 2001). Spoilage and sensory modification of cold smoked salmon products 

is primarily due to LAB and some gram-negative species, although the process of 

spoilage is unclear, because not all species present in smoked salmon contribute to 

spoilage (Leroi et al., 1998; Stohr et al., 2001). C. maltaromaticum produces mostly 

buttery odours, with occasional plastic and rubbery odours (Stohr et al., 2001). This has 

been attributed to the production of 2,3-butanedione (diacetyl) and 2,3-pentanedione; 

volatile compounds which have a characteristic odour of butter when in pure form 

(Joffraud et al., 2001). This buttery odour can be detected when C. maltaromaticum 

grows in meat products (Borch et al., 1996) and broth. This is also likely the odour from 

which the previously used species name (C. maltaromicus) stems (Miller et al., 1974). 

The sensory effects produced by C. maltaromaticum in cold-smoked salmon are not 

considered to be overt spoilage, because samples inoculated with C. maltaromaticum fall 

into a statistical grouping with control samples that had no sensory changes (Joffraud et 

al., 2001; Stohr et al., 2001). In fact, samples containing C. maltaromaticum are usually
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not regarded as spoiled, because the odours produced by it are usually not regarded as 

unpleasant. High numbers of C. maltaromaticum inoculated into salmon products do not 

affect sensory quality (Leroi et al., 1996; Paludan-Muller et a l, 1998; Nilsson et al.,

1999; Joffraud et al., 2001; Stohr et al., 2001).

1.2.3. Antibacterial activity of lactic acid bacteria

It is widely known that LAB that grow in foods have the ability to inhibit spoilage 

and pathogenic microorganisms. This occurs through a variety of mechanisms, centering 

on competitive inhibition. LAB species that grow in a particular food exhibit strong 

forces that promote their own growth and inhibit the growth of competitors. This is 

achieved not only by physically occupying space available for growth, but also through 

chemical and biological processes. Through their metabolism, LAB produce a variety of 

metabolic products, many of which are exported as compounds required in the 

extracellular medium or secreted as waste products. Often, these endproducts are 

compounds that become toxic to cellular growth at a particular concentration. While they 

may be inhibitory to the producer strain, they also serve to discourage the growth of 

competitors. This usually results in preservation of the food product. Metabolic 

endproducts produced by LAB that have an effect of preservation include: carbon 

dioxide, hydrogen peroxide and other reactive oxygen species (ROS), organic acids, 

acetaldehyde, ethanol, and diacetyl (Holzapfel et al., 1995; Caplice and Fitzgerald, 1999). 

These compounds are ‘metabolic waste’ products: inhibitory substances that are secreted 

out of the cell into the surrounding medium to maintain the internal stability of the 

cytoplasmic environment, thereby prolonging growth and survival. They are catabolic 

products of fermentation. As these compounds are usually toxic to the producer as well
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as competitors, they eventually become self-inhibiting once a critical concentration in the 

growth medium is exceeded.

Carbon dioxide is formed from heterolactic fermentation of hexoses, and exerts its 

antimicrobial effect against those microorganisms which cannot survive in a reduced- 

oxygen or anaerobic environment. This may be directly inhibitory in the case of strict 

aerobes (Holzapfel et al., 1995), or may allow anaerobic organisms to outcompete 

facultative aerobes if available oxygen becomes scarce. Carbon dioxide also reduces 

permeability when it accumulates in cell membranes, inhibits enzymatic decarboxylation 

reactions, and will reduce intra- and extracellular pH through the formation of carbonic 

acid when in solution (Eklund, 1984).

Hydrogen peroxide is bactericidal depending on various intrinsic factors such as 

pH and temperature (Juven and Pierson, 1996), and exerts its effect by oxidative damage 

to DNA (Ananthaswamy and Eisenstark, 1977; Imlay and Linn, 1988). More 

specifically, it causes breakage of the DNA phosphate backbone, preventing DNA 

replication and the release of nucleotides (Freese et al., 1967). Hydrogen peroxide and 

hydroxyl radicals are formed from the superoxide anion (White, 1995). Together, these 

three chemical species exert powerfully damaging oxidative effects upon cellular 

macromolecules, including oxidizing membrane lipids (thus increasing membrane 

permeability) or sulphydryl groups of proteins (especially critical enzymes or co

enzymes) (Haugaard, 1968), and causing oxidative stress on DNA, including reaction 

with thymine or guanine residues (Morris, 1976; Byczkowski and Gessner, 1988; Di 

Mascio et al., 1989). Many microorganisms are able to negate the inhibitory effects of 

hydrogen peroxide, superoxide anions, and hydroxyl radicals enzymatically through the
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use of catalases, peroxidases, and other ROS scavenging enzymes (Archibald and 

Fridovich, 1981; Condon, 1983; Condon, 1987; Moradas-Ferreira et al., 1996). Gram- 

negative organisms are intrinsically more resistant to ROS because the 

lipopolysaccharide layer of the outer membrane helps to trap these molecules and 

sequester them outside of the cell. However, other mechanisms of defense, including 

enzymatic inactivation, may not be sufficient for ROS tolerance in certain gram-negative 

organisms, such as Escherichia coli and Pseudomonas spp. in food products such as milk 

(Rolfe et al., 1978). Peptidoglycan is unable to act as a barrier to ROS, and it does not 

provide the same protection to gram-positive organisms as the LPS layer provides to 

gram-negative organisms (Dahl et al., 1989). Overall, ROS show variable inhibitory 

activity among LAB species. Some, but not all, lactococci are inhibited by hydrogen 

peroxide (Condon, 1987) at a concentration of 0.2 pmol/ml, and are killed by 

concentrations of 1.5 pmol/ml (Anders et al., 1970). Other lactococci make use of 

oxidases and peroxidases to ameliorate the effects of hydrogen peroxide. Lactobacilli, on 

the other hand, are generally not as susceptible to hydrogen peroxide (Gregory and 

Fridovich, 1974; Yousten et al., 1975; Condon, 1983), because they make use of other 

ROS defense mechanisms (Archibald and Fridovich, 1981; Condon, 1983; Murphy and 

Condon, 1984).

Organic acids, primarily lactic (from homofermentative and heterofermentative 

LAB) and acetic acid (produced by heterofermentative LAB only), and occasionally 

benzoic (from LAB that can metabolize hypuric acid) (Holzapfel et al., 1995), propionic, 

and formic acids, reduce the pH of the surrounding medium. They also reduce the 

intracellular pH, because the undissociated form of the acid is able to cross the cell
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membrane. Once inside the cell, the acid spontaneously dissociates due to the higher 

internal physiological pH, and may inhibit growth through alteration of intracellular pH 

and interference with the membrane potential (Salmond et al., 1984), increased 

concentration of anions leading to osmotic stress (Piard and Desmazeaud, 1991) or 

toxicity (Eklund, 1985), and inhibition of some critical enzymatic reactions (Accolas et 

al., 1980; Krebs et al., 1983). Fermentation by LAB can reduce the pH of a growth 

medium, and this is often sufficient to inhibit the growth of many food spoilage 

organisms and foodbome pathogens. At a pH of 4.4 (an endpoint to acidification by 

many LAB, including Carnobacterium spp., Lactobacillus spp., and Lactococcus spp.), 

gram-negative organisms such as E. coli, Klebsiella pneumoniae, Ps. aeruginosa, 

Salmonella typhi, Sal. paratyphi, Vibrio parahaemolyticus, and Proteus vulgaris, and 

gram-positive organisms such as Bacillus cereus, Clostridium botulinum, Staphylococcus 

aureus, and Brevibacterium linens are inhibited (Stadhouders and Langeveld, 1966; 

Accolas et al., 1980; Asperger, 1986). Most bacteria do not possess innate resistance to 

low pH conditions; however, some species may use mechanisms of acid tolerance that 

allow survival in extremely acidic environments. Acid tolerance has been most notably 

observed in the foodbome pathogens E. coli 0157:H7 (Lin et al., 1996), and Listeria 

monocytogenes (Davis et al., 1996). E. coli 0157:H7 has been reported to be tolerant to 

acidity as low as pH 2.5 (Benjamin and Datta, 1995), which is well below the 

acidification endpoint of LAB fermentations.

Ethanol is a product of heterofermentative metabolism. At sufficient 

concentrations, it has the antimicrobial effect of solubilization of lipids, which 

compromises the integrity of the cellular membrane. It can also denature protein
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structure. Ethanol may effectively killing or inhibit of foodbome pathogens such as L. 

monocytogenes (Oh and Marshall, 1993; Barker and Park, 2001) S. aureus, Sal. enterica 

serovar Choleraesuis, Ps. aeruginosa, or E. coli 0157:H7 (Jordan et al., 1999; Rutala et 

al., 2000), although the concentration of ethanol required for inhibition in foods may be 

much higher than that produced by LAB fermentations.

Acetaldehyde may be produced by certain LAB species that utilize threonine 

aldolase, which enzymatically converts threonine into acetaldehyde and glycine (Accolas 

et al., 1980). Acetaldehyde becomes inhibitory at a concentration of 10 pg/ml, and can 

reduce the population of species such as Lc. lactis and Str. thermophilus by as much as 

10'1 at 100 pg/ml concentrations (Kulshrestha and Marth, 1975). Growth of the 

pathogens S. aureus, Sal. enterica serovar Typhimurium, and E. coli is also inhibited by 

concentrations of acetaldehyde of 10 to 100 pg/ml (Kulshrestha and Marth, 1975). 

Cellular division of E. coli is inhibited by 44 pg/ml of acetaldehyde (Egyud, 1967). 

Comparably, up to 25 pg/ml of acetaldehyde may be found by natural fermentation of 

yoghurt, primarily produced by Lb. bulgaricus (Accolas et al., 1980).

Diacetyl is produced by many LAB that can metabolize citrate (Cogan, 1980; 

Lindgren and Dobrogosz, 1990). Gram-positive organisms are generally more resistant 

to diacetyl than are gram-negative organisms, yeasts, or moulds. Lactic acid bacteria are 

bacteriostatically inhibited by concentrations exceeding 350 pg/m l, while slight 

bactericidal inhibition o f  gram-negative organisms begins at 100 |o,g/ml, and near total 

bactericidal inhibition is observed at 200 pg/ml (Jay, 1982; Motlagh et al., 1991). Lc. 

lactis ssp. lactis biovar. diacetylactis produces an average of 4 pg/m l diacetyl during
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fermentation (Cogan, 1980), which is below the concentration required for inhibition of 

either gram-positive or gram-negative bacteria.

In most food fermentations, ethanol, acetaldehyde, and diacetyl may not be 

present in high enough concentrations individually to be inhibitory (Caplice and 

Fitzgerald, 1999). In combination, concentrations of these compounds can be a hurdle to 

the survival and growth of both food spoilage organisms and foodbome pathogens (Ross 

et al., 2002). These compounds may also act synergistically with each other or other 

inhibitory factors (Gilliland, 1985).

Compounds such as reuterin (Axelsson et al., 1989), reutericyclin (Ganzle et al., 

2000; Holtzel et al., 2000), and bacteriocins are metabolically synthesized, often during 

the later phases of culture growth, and actively or passively exported from the cell into 

the surrounding medium. These compounds are usually toxic to their producers; 

however, the producer organisms may have specific methods of preventing or limiting 

self-toxicity. In the case of bacteriocins, a gene encoding a bacteriocin immunity protein 

is usually required. Notably, while resistance to reuterin has not been observed 

(Dobrogosz et al., 1989), resistance to bacteriocins is well documented (Bouttefroy and 

Milliere, 2000; Eijsink et al., 2002; Gravesen et al., 2002).

Reuterin and reutericyclin are both produced by Lb. reuteri. Reuterin (3- 

hydroxypropionaldehyde; Figure 1.1) is converted enzymatically from glycerol or 

glyceraldehyde, either of which is required in addition to glucose in the growth medium 

of Lb. reuteri for the production of reuterin. Reuterin is present as a mixture of its 

monomeric, hydrated monomeric, and cyclized dimeric forms (Talarico and Dobrogosz, 

1989). It has a very wide spectrum of activity, including gram-positive and gram-
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negative bacteria, yeasts and moulds, protozoa, and viruses (Axelsson et al., 1989; Chung

et al., 1989). A concentration threshold of 15 to 30 jag/ml inhibits gram-negative

bacteria, most gram-positive bacteria, fungi, and protozoa, while a concentration of 60 to

150 pg/ml is required to inhibit LAB, including Lb. reuteri (Chung et al., 1989).

Reuterin likely exerts its antimicrobial activity by inhibiting ribonucleotide reductases

(Dobrogosz etal., 1989). 

o

h ' ------------OH

Figure 1.1. The structure of reuterin.

Reutericyclin is a tetramic acid antibiotic with net negative charge, and strong 

hydrophobicity (Figure 2.2). It is only active against some gram-positive organisms, 

because it is unable to cross the outer membrane of gram-negative organisms (Ganzle et 

al., 2000).

CH.

OH

,CH

Figure 1.2. The structure of reutericyclin.

1.2.3.1. Bacteriocins of lactic acid bacteria

The antibacterial activity of bacteriocins has been observed since the late 19th 

century (Florey and Jennings, 1949). This activity was defined more specifically when it
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was discovered that certain bacteria produce proteinaceous compounds inhibitory to 

related strains (Rogers and Whittier, 1928; Whitehead, 1933), and the specific term 

‘bacteriocin’ was coined more than fifty years ago (Jacob et al., 1953). While most early 

research and literature on the subject dealt with the bacteriocins of gram-negative bacteria 

(primarily the colicins of E. coli), a greater surge of research emerged with the discovery 

(Rogers, 1928) and characterization (Gross and Morell, 1971) of the lanthionine- 

containing antibacterial peptide nisin (Figure 1.3). Nisin is commonly used as the 

prototypical example of a bacteriocin. Nisin was originally found to be produced by a 

strain of Lc. lactis (Rogers, 1928), but it has since been isolated from a large number of 

other strains of Lc. lactis (Hurst, 1981). It has a broad spectrum of activity, including 

many LAB, as well as spores of Bacillus and Clostridium spp. (Delves-Broughton et al., 

1996).

Leu
Ala Met

Gly Gly
DHA

AlaLeu ABA

Ala Ala Lys Asn

Ala] MetDHB ABA

Pro YGly Lys

A la i HisABA

Figure 1.3. The amino acid sequence o f  nisin. ABA: aminobutyric acid; DHA: 
dehydroalanine; DHB: dehydrobutyrine; Ala-S-Ala: lanthionine; ABA-S-Ala: P- 
methyllanthionine.

Nisin has been approved for use as a natural food preservative in over 50 countries 

worldwide (Delves-Broughton et a l, 1996). It is accepted in the European Union (EU)
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and it has been accepted by the Food and Agriculture Organization (FAO) branch of the 

World Health Organization (WHO) (Ross et al., 2002). Nisaplin®, a commercial 

preparation containing 2.5% w./w. nisin, has been produced since 1953, and is used “to 

control bacterial spoilage in both heat-processed and low pH foods” (Aplin and Barrett,

2003). While nisin cannot be used in certain foods such as meats (Rose et al., 1999; Rose 

et al., 2002), it is very effective at controlling food spoilage organisms and foodbome 

pathogens in dairy products and many other foods (Delves-Broughton et al., 1996).

The bacteriocins of gram-positive bacteria have been divided into 4 main classes 

(Klaenhammer, 1993): I. the lantibiotics (such as nisin): small, membrane-active, heat- 

stable peptides containing thioether modified amino acids (lanthionine or P-methyl 

lanthionine) and dehydrated residues; II. non-lantibiotics: small, heat-stable, membrane- 

active peptides without thioether modified amino acids; III. large, heat labile proteins; 

and IV. bacteriocins containing other chemical moieties (carbohydrate or lipid).

Although ‘small’ peptides of the first two groups generally refers to a molecular 

weight of less than 10 kDa, the third group contains proteins as Targe’ as 30 kDa. Heat 

stability refers to the ability of the bacteriocin to withstand heating temperatures of 100°C 

for at least 30 min (Klaenhammer, 1993). Class I bacteriocins have been further 

subdivided into two groups (Jung, 1991): A. elongated peptides with one or more ring 

structures, and one or more positive charges that permeabilize the target cell membrane; 

and B. globular peptides with a single ring structure, with a low positive, neutral, or low 

negative net charge, which inhibit specific enzymes. Thioether rings are introduced to 

lantibiotic peptides by special protein machinery after the peptide has been synthesized 

on the ribosome (Kaletta and Entian, 1989; Van der Meer et al., 1993).
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While class II bacteriocins do not contain lanthionine or (3-methyl lanthionine, 

they are characterized as typically having a double-glycine motif as the last two residues 

of a leader peptide, although some make use of the general secretory pathway (using a 

signal peptide) for export. This class is subdivided into three groups (Klaenhammer, 

1993): A. peptides that contain the N-terminal motif YGNGVXC and are active against 

Listeria spp.; B. two-component bacteriocins; and C. peptides with cysteine residues 

which must be in reduced form for antibacterial activity.

This ‘taxonomy’ of bacteriocins has been subject to several restructuring 

alterations and reclassifications in an attempt to amend their organisation according to 

more current knowledge (Nes et a l,  1996; van Belkum and Stiles, 2000), but no single 

reclassification is yet widely or unanimously agreed upon.

Bacteriocins of LAB exert their inhibitory effect typically by one or both of two 

mechanisms. The primary mode of action is formation of a pore within the target cell 

membrane causing efflux of ions and cytoplasmic material, and dissipation of the proton 

motive force (Wiedemann et a l, 2001). The secondary mode of action involves specific 

binding to a receptor molecule in the cellular membrane. The receptor molecule is 

usually associated with a critical process necessary for growth or survival. Bacteriocin 

binding prevents the target cell from normal cellular function through steric interference 

with the activity of the receptor molecule (Guder et a l, 2000; Wiedemann et a l, 2001).

Genetic components of the bacteriocins of LAB can be found on plasmid or 

chromosomal DNA, or both in combination. A bacteriocin operon must contain at least 

the structural gene, an immunity gene, and a method for export. This export may be 

through general secretion using a signal sequence at the 5’-end of the structural gene for
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the sec-dependent general secretion pathway (Worobo et a l, 1995), or through a specific 

leader sequence at the 5’-end of the structural gene that tags the bacteriocin for export by 

genes encoding a specific ATP-binding cassette exporter protein and its accessory protein 

(Cintas et a l, 2001). The bacteriocin operon may also contain other genes, such as a 

histidine kinase sensory molecule, a response regulator, a gene encoding an induction 

peptide, or genes required for post-translational modification (Sahl, 1994). For example, 

the nisin operon contains genes encoding proteins responsible for the formation of its 

thioether rings (Guder et a l, 2000). The genes required for LAB to produce and export 

functional bacteriocin are generally clustered together, although some ‘sharing’ of 

particular genes or their protein products between operons is known: for example, in C. 

maltaromaticum LV17B, the operon for camobacteriocin BM1 production is 

chromosomally encoded and does not have transport genes associated with it, and it is 

hypothesized that it shares this function with genes located in the camobacteriocin B2 

operon, which is located on a plasmid (Quadri et a l , 1994). Immunity proteins are 

usually very specific for their particular bacteriocin, although cross-immunity may also 

be conferred (Franz et a l, 2000). The immunity protein is usually inserted into the cell 

membrane and may interact with the bacteriocin by binding it and preventing its 

antibacterial effect, returning it to the external medium, inactivating it (reversibly or 

irreversibly) or some combination of these effects (Abee, 1995).

A bacteriocin may include residues of one or more amino acids that are necessary 

in either an exact or close position, and must be either of exact type (e.g. specifically 

leucine) or of a particular chemical or physical property (acidic, basic, hydrophobic, ring 

structure) (Zvelebil et a l, 1987). These specific amino acids or domains may be active
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sites where some interaction with the target cell occurs and critical to the activity of the 

bacteriocin as a whole. Alteration of residues may constitute a drastic change in the 

physical properties of the bacteriocin. For example, nisin Z differs from nisin A by 

containing asparagine at residue 27 instead of histidine, resulting in greater solubility in 

water, better diffusion in solids, and better heat stability, yet there is little difference in 

spectrum of activity (Hugenholtz and de Veer, 1991).

Control of bacteriocin production in LAB is widely varied. The mechanisms of 

control may include type of promoter, repression systems, transcription factors, a-factors, 

signal molecules, signal receptors (histidine kinases), response regulators, and induction 

factors (Sahl, 1994). A wide variety of environmental factors may exert an effect on 

bacteriocin production, including availability of nutrients, cell-density responses (such as 

quorum sensing and pheromones) (Kuipers et al., 1998; Quadri, 2002), stimulation by the 

presence of competitor strains (Maldonado et al., 2004), presence of inhibitory factors 

(Diep et al., 2001), and temperature of growth (Keren et al., 2004).

1.2.3.2. Bacteriocins of Carnobacterium spp.

Camobacteria produce a variety of bacteriocins. To date, bacteriocins produced 

by camobacteria reported in the literature have been characterized from C. 

maltaromaticum or C. divergens. The only bacteriocin that falls under the class I 

lantibiotic type is camocin UI49 from C. maltaromaticum UI49 (Stoffels et al., 1992b). 

Bacteriocins from the class II non-lantibiotic type include piscicolin 126 from C. 

maltaromaticum JG126 (Jack et al., 1996), camobacteriocin A, BM1, and B2, from C. 

maltaromaticum LV17 (Quadri et al., 1994; Worobo et al., 1994), divergicin A from C. 

divergens LV13 (Worobo et al., 1995), divergicin 750 from C. divergens 750 (Hoick et
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al., 1996), divercin V41 from C. divergens V41 (Metivier et al., 1998), and camocin H 

from Carnobacterium sp. 377 (Blom et a l, 2001). There are no particular unifying traits 

of immunity, export, genetic organization, or control of production among the 

bacteriocins from Carnobacterium spp., but most exhibit an antibacterial effect against L. 

monocytogenes. Developing ways to use these bacteriocins in foods may prove to be 

very effective in the control of this important foodbome pathogen, and may contribute to 

the enhancement of the safety of the food supply.

1.2.3.3. Bacteriocins of Carnobacterium maltaromaticum

C. maltaromaticum is inhibitory to the survival and growth of L. monocytogenes 

in foods. In particular, strains of C. maltaromaticum have been used to control the 

growth of L. monocytogenes in smoked salmon (Leroi et al., 1996; Duffes et al., 1999a; 

Nilsson et al., 1999). Other foods in which the antibacterial activity of C. 

maltaromaticum has been studied for its preservative effects include: skimmed milk 

(Mathieu et al., 1994), UHT milk, canned cooked beef dog food, raw ground beef, 

irradiation-sterilized raw ground beef, chicken roll, pasteurized crabmeat, canned 

creamed com, wieners (Buchanan and Klawitter, 1992b), vacuum packaged cooked 

chicken (Campos et al., 1997), pork sausages (Roller et al., 2002), and beef steaks 

(Schobitz et al., 1999). The bacteriocins that have been characterized from C. 

maltaromaticum include: piscicolin 126, camobacteriocins A, BM1, and B2, and 

camocin UI49.

Piscicolin 126 is produced by C. maltaromaticum JG126, which was isolated 

from spoiled ham. This bacteriocin is a class Ila peptide. It is heat and acid stable, but 

alkaline labile at a pH greater than 8. It has a spectrum of activity inhibitory to a variety
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of LAB species, including some foodbome pathogens such as L. monocytogenes (Jack et 

al., 1996).

Camobacteriocin A is produced by C. maltaromaticum LV17, a strain isolated 

from vacuum packaged meat (Shaw and Harding, 1984). Camobacteriocin A is plasmid 

encoded in this strain. C. maltaromaticum LV17 was cured of plasmids and the resultant 

plasmidless strain was named C. maltaromaticum LV17C (Ahn and Stiles, 1992). A 49- 

kb plasmid named pCP49, originating from C. maltaromaticum LV17 and containing the 

camobacteriocin A operon, was introduced into C. maltaromaticum LV17C with as C. 

maltaromaticum LV17A (Ahn and Stiles, 1992). Camobacteriocin A is a class Ila 

bacteriocin with a molecular weight of 5052.85 Da. It is characterized as being unstable 

in acidic conditions of pH 6 or lower, and it is hydrophobic. Its structure shares little 

homology with other class Ila bacteriocins, but it contains a disulphide bridge between 

two cysteine residues at amino acid positions 22 and 51. Camobacteriocin A is active 

against P. acidilactici, Lb. sakei, Ent. faecalis, Ent. faecium, and L. monocytogenes.

Camobacteriocin BM1 is produced by C. maltaromaticum LV17, and also by C. 

maltaromaticum LV17B, a strain created by the introduction of the 61-kb plasmid pCP40 

into C. maltaromaticum LV17C (Ahn and Stiles, 1992). Camobacteriocin BM1 is a class 

Ila bacteriocin with a molecular weight of 4524.6 Da. Its genetic elements consist of a 

structural gene and an immunity gene located on the chromosome. Camobacteriocin 

BM1 is co-expressed in C. maltaromaticum LV17 with camobacteriocin B2 (Quadri et 

al., 1997). Camobacteriocin B2, another class Ila bacteriocin with a molecular weight of 

4969.9 Da, is genetically encoded on the plasmid pCP40. Plasmid pCP40 is necessary 

for expression of the camobacteriocin BM1 structural and immunity genes, because it
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may encode crucial trans-acting factors related to export (Quadri et al., 1995). These 

two bacteriocins are active against Lb. plantarum, P. parvulus, Ent. faecalis, Ent. 

faecium, and L. monocytogenes.

Camocin UI49 is a class I lantibiotic produced by C. maltaromaticum UI49, a 

strain that was isolated from fish. While the complete sequence of camocin UI49 has not 

been elucidated, it reportedly has a molecular weight of 4635.1 Da (Stoffels et al.,

1992b). This value, if accurate, makes it the largest bacteriocin known in the lantibiotic 

family. Camocin UI49 is active against Lb. reuteri, Lb. sakei, Lc. lactis, and P. 

acidilactici. Strains of Lc. lactis that carry the nisin gene cluster have more than 10-fold 

increased sensitivity to camocin UI49. This phenomenon has been postulated to be 

attributable to the use of NisP, a membrane associated protein, by camocin UI49 as a 

receptor (Stoffels et al., 1994).

1.2.3.4. Piscicolin 126

Piscicolin 126 belongs to the class Ila bacteriocin group, because it has an 

intrapeptide disulfide bridge, and contains the YGNGVXC amino acid motif near the N- 

terminus of the mature peptide. It has a molecular mass of 4416.6 +/-1.9 Da (Jack et al., 

1996). It contains 44 amino acids, with the intrachain disulfide bridge connecting the 

cysteine residues at positions 9 and 14 (Figure 1.4). It shares the greatest homology with 

other class Ila bacteriocins, particularly sakacin P (from Lb. sakei) and pediocin PA-1 

(from P. acidilactici)', having 75% and 55% identity, respectively (Jack et al., 1996).

Piscicolin 126 is subject to proteolysis by the proteases trypsin, a-chymotrypsin, 

P-chymotrypsin, protease I, protease XIV, and protease XXIII, and its antibacterial 

activity is not affected by treatment with catalase, lipase, or lysozyme (Jack et al., 1996).
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TrpYSer
AlaGly

GlyAsp) ( LysAsn Asn
Asn

AlaGlyVal ValGly AlaAsn LeuAla ThrThrSerTyr Asn
ThriS Si

Cys CysTyr

AlaGlyAsn

Lys Y Asn Gly

Trp

Figure 1.4. The amino acid sequence of piscicolin 126. S-S: disulphide linkage. 

Piscicolin 126 is stable at low pH values, and its antibacterial activity may be destroyed 

by exposure to alkaline conditions, and more so by alkaline conditions combined with 

heat (Jack et al., 1996).

Piscicolin 126 is active against numerous gram-positive organisms, including 

strains of Brochothrix thermosphacta, Carnobacterium spp., Ent. faecalis, Ent.faecium, 

Lb. curvatus, Lb. sakei, Leuconostoc dextranicus, Leu. mesenteroides, P. pentosaceus, 

Str. thermophilus, L. grayi, L. innocua, L. ivanovii, L. seeligeri, and L. monocytogenes. 

Piscicolin 126 does not inhibit the growth of strains of the following gram-positive 

organisms: B. cereus, B. polymyxa, B. stearothermophilus, B. subtil is, Cl. botulinum, Cl. 

sporogenes, Corynebacterium spp., Debaryomyces hansei, Lb. plantarum, Lc. lactis, Leu. 

cremoris, L. denitrificans, Micrococcus luteus, M. va.ria.ns, P. acidilactici, S. aureus, S. 

carnosus, S. epidermidis, or strains of the following gram-negative species: Aeromonas 

hydrophila, Enterobacter aerogenes, E. coli, Proteus vulgaris, Ps. aeruginosa, Ps. 

fluorescens, Sal. enterica serovar Typhimurium, Sal. enterica serovar Salford, Serratia
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marcescens, or Yersinia enterocolitica. Piscicolin 126 is also not active against the yeast 

Saccharomyces cerevisiae (Jack et al., 1996).

Piscicolin 126 reduced the viable counts of L. monocytogenes 4A in ham paste 

stored at 10°C to below the detectable limit (-100 CFU/g) with a starting population of 

-1.6 x 103 CFU/g. As well, piscicolin 126 inhibited the growth of L. monocytogenes 4A 

for more than 20 d in milk inoculated with 102 CFU/ml. Piscicolin 126 also reduced the 

population of L. monocytogenes 4A by as much as 105 in milk inoculated with 104 to 106 

CFU/ml. However, at higher inoculum levels, regrowth of resistant L. monocytogenes 

occurred within 24 h (Wan et a l, 1997). The addition of piscicolin 126 to milk used to 

make Camembert cheese containing an initial inoculum of 102 CFU/ml of L. 

monocytogenes had a 104 lower viable population of the pathogen compared with the 

control without added piscicolin 126 (Wan et al., 1997). Viable population count and 

acid production by starter strain bacteria and moulds from the milk and cheese remained 

unaffected with the inclusion of piscicolin 126. Piscicolin 126 was likely degraded by 

proteolytic enzymes produced by the starter strains in the Camembert cheese, resulting in 

the eventual recovery of the L. monocytogenes 4A population during cheese ripening 

(W ane/ al., 1997).

Piscicolin 126 can be purified by adsorption onto a variety of food-grade 

adsorbents, including the commercial products Hi-Sil HOA (PPG Industries, Pittsburgh, 

PA, U.S.A.), Micro-Cel E, Filter Cel (Celite Corporation, CA, U.S.A.), Celite 521 (Sigma 

Aldrich, U.S.A.), and titanium dioxide (BDH Chemicals, U.K.). This purification 

method removes up to 99% of proteinaceous substances from culture supernatants (Wan 

etal., 1996).
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The genetic sequence encoding the mature piscicolin 126 bacteriocin (pisA) was 

cloned into an expression vector in E. coli and expressed as a thioredoxin-piscicolin 126 

fusion protein (Gibbs et a l, 2004). This fusion protein was purified by affinity 

chromatography and cleaved using cyanogen bromide. Reversed-phase HPLC was used 

to purify the cleavage product, namely recombinant piscicolin 126. The purified peptide 

retained the molecular mass, biochemical properties, and antibacterial activity against L. 

monocytogenes 4A of piscicolin 126 (Gibbs et a l, 2004). This method of bacteriocin 

purification resulted in a yield of 26 mg of pure bacteriocin/L, and was useful as an 

efficient large-scale preparatory method to produce active piscicolin 126 (Gibbs et a l,

2004).

Intravenous injections of 2 pg of piscicolin 126 reduced viable counts o f L. 

monocytogenes 4A in vivo in mice challenged by intravenous injections of up to 104 CFU 

of the pathogen (Ingram et a l, 2003). Piscicolin 126 retained antilisterial activity in vivo 

in mice, and was not degraded by proteases in the blood within a minimum 15 min time 

frame (Ingram et a l, 2003). The piscicolin 126 peptide was shown to be non-toxic to the 

mice by intravenous or intraperitoneal injection (Ingram et a l, 2003). However, it was 

assumed that piscicolin 126 was highly likely to be recognized as foreign antigen by the 

immune system, and which was expected to produce antibodies to remove piscicolin 126 

from the bloodstream (Ingram et a l, 2003). As well, it was postulated that piscicolin 126 

would not be able to cross the eukaryotic cell membrane without specific modifications 

for receptor uptake, which limits the potential for use as a replacement for conventional 

antibiotic therapy (Ingram et al., 2003).
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1.2.3.5. Conclusion

Lactic acid bacteria are primarily of interest for their biopreservative effects in 

food. This is primarily due to their ability to produce antimicrobial compounds, 

including bacteriocins. Bacteriocins and bacteriocin-producing cultures have the 

potential to increase the shelf life of foods and decrease the incidence of foodbome 

disease. C. maltaromaticum UAL26 is a lactic acid bacterium that produces bacteriocin 

activity inhibitory to food spoilage organisms such as L. sakei, and foodbome pathogens, 

such as L. monocytogenes, and may be useful as a biopreservative. Use of C. 

maltaromaticum UAL26 as a biopreservative requires elucidation of the genetics of 

bacteriocin production. However, C. maltaromaticum UAL26 does not produce 

detectable amounts of bacteriocin activity when grown in broth media at 25°C.

Evaluating the effect of different growth conditions and media composition may allow 

isolation and characterization of the bacteriocins produced by C. maltaromaticum 

UAL26. Reverse genetics can then be used to identify the genetic elements encoding the 

bacteriocin(s) produced by C. maltaromaticum UAL26. The genetic elements can then 

be characterized for their involvement in bacteriocin expression and control of production 

in C. maltaromaticum UAL26.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

1.3. References

Abee, T. 1995. Pore-forming bacteriocins of Gram-positive bacteria and self-protection 
mechanisms of producer organisms. Ferns Microbiology Letters 129: 1-9.

Accolas, J. P., D. Hemme, M. J. Desmazeaud, L. Vassal, C. Bouillanne and M. Veaux. 
1980. Thermophilic lactic starters: properties and behaviour in dairy technology.
A Review. Lait 60: 487-524.

Ahn, C. and M. E. Stiles. 1992. Mobilization and expression of bacteriocin plasmids from 
Carnobacterium piscicola isolated from meat. Journal of Applied Bacteriology 
73: 217-28.

Ananthaswamy, H. N. and A. Eisenstark. 1977. Repair of hydrogen peroxide-induced 
single strand breaks in Escherichia coli deoxyribonucleic acid. Journal of 
Bacteriology 130: 187-91.

Anders, R. F., D. M. Hogg and G. R. Jago. 1970. Formation of hydrogen peroxide by 
group N streptococci and its effect on their growth and metabolism. Applied 
Microbiology 19: 608-12.

Aplin and Barrett. 2003. Nisaplin® Technical data. Aplin & Barrett Ltd. Dorset, U.K.
Archibald, F. S. and I. Fridovich. 1981. Manganese, superoxide dismutase and oxygen 

tolerance in some lactic acid bacteria. Journal of Bacteriology 146: 928-36.
Asperger, H. 1986. Effects of lactic acid bacteria on other microorganisms. Austrian 

Dairy Farming 41(811: 1-22.
Axelsson, L., T. C. Chung, W. J. Dobrogosz and S. E. Lindgren. 1989. Production of a 

broad spectrum antimicrobial substance by Lactobacillus reuteri. Microbial 
Ecology in Health and Disease 2: 131-36.

Barker, C. and S. F. Park. 2001. Sensitization of Listeria monocytogenes to low pH, 
organic acids, and osmotic stress by ethanol. Applied and Environmental 
Microbiology 67: 1594-600.

Benjamin, M. M. and A. R. Datta. 1995. Acid tolerance of enterohemorrhagic
Escherichia coli. Applied and Environmental Microbiology 61: 1669-72.

Blom, H., T. Katla, H. Nissen and H. Ho. 2001. Characterization, production, and 
purification of camocin H, a bacteriocin produced by Carnobacterium 377. 
Current Microbiology 43: 227-31.

Borch, E., M. L. Kant-Muermans and Y. Blixt. 1996. Bacterial spoilage of meat and 
cured meat products. International Journal of Food Microbiology 33: 103-20.

Boutteffoy, A. and J. B. Milliere. 2000. Nisin-curvaticin 13 combinations for avoiding 
the regrowth of bacteriocin resistant cells of Listeria monocytogenes ATCC 
15313. International Journal of Food Microbiology 62: 65-75.

Buchanan, R. L. and L. A. Klawitter. 1992a. Characterization of a lactic acid bacterium, 
Carnobacterium piscicola LK5, with activity against Listeria monocytogenes at 
refrigeration temperatures. Journal of Food Safety 12: 199-217.

Buchanan, R. L. and L. A. Klawitter. 1992b. Effectiveness of Carnobacterium piscicola 
LK5 for controlling the growth of Listeria monocytogenes Scott A in refrigerated 
foods. Journal of Food Safety 12: 219-36.

Bums, K. A. 1987. Potential of a Lactic Acid Bacterium for the Biological Preservation 
of Ground Beef. M.Sc. Thesis. University of Alberta, Edmonton, Alberta.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32

Byczkowski, J. and T. Gessner. 1988. Biological role of superoxide ion-radical. 
International Journal of Biochemistry 20: 569-80.

Campos, C. A., A. S. Mazzotta and T. J. Montville. 1997. Inhibition of Listeria 
monocytogenes by Carnobacterium piscicola in vacuum-packaged cooked 
chicken at refrigeration temperatures. Journal of Food Safety 17: 151-60.

Caplice, E. and G. F. Fitzgerald. 1999. Food fermentations: role of microorganisms in
food production and preservation. International Journal of Food Microbiology 50: 
131-49.

Chmelar, D., A. Matusek, J. Korger, E. Dumova, M. Steffen and E. Chmelarova. 2002. 
Isolation of Carnobacterium piscicola from human pus - case report. Folia 
Microbiologica 47: 455-57.

Chung, T. C., L. Axelsson, S. E. Lindgren and W. J. Dobrogosz. 1989. In vitro studies on 
reuterin by Lactobacillus reuteri. Microbial Ecology in Health and Disease 2: 
137-44.

Cintas, L. M., M. P. Casaus, C. Herranz, I. F. Nes and P. E. Hernandez. 2001. Review:
Bacteriocins of lactic acid bacteria. Food Science and Technology International 7: 
281-305.

Cleveland, J., T. J. Montville, I. F. Nes and M. L. Chikindas. 2001. Bacteriocins: safe, 
natural antimicrobials for food preservation. International Journal of Food 
Microbiology 71: 1-20.

Cogan, T. M. 1980. Mesophilic lactic starters. A review. Lait 60: 397-425.
Collins, M. D., J. A. E. Farrow, B. A. Phillips, S. Ferusu and D. Jones. 1987.

Classification of Lactobacillus divergens, Lactobacillus piscicola, and some 
catalase negative, asporogenous, rod-shaped bacteria from poultry in a new genus, 
Carnobacterium. International Journal of Systematic Bacteriology 37: 310-16.

Collins, M. D., U. Rodrigues, C. Ash, M. Aguirre, J. A. E. Farrow, A. J. Martinez-
Murcia, B. A. Phillips, A. M. Williams and S. Wallbanks. 1991. Phylogenetic 
analysis of the genus Lactobacillus and related lactic acid bacteria as determined 
by reverse transcriptase sequencing of 16S rRNA. FEMS Microbiology Letters 
77: 5-12.

Condon, S. 1983. Aerobic metabolism of lactic acid bacteria. Irish Journal of Food 
Science and Technology 7: 15-25.

Condon, S. 1987. Responses of lactic acid bacteria to oxygen. FEMS Microbiology 
Reviews 46: 269-80.

Cone, D. K. 1982. A Lactobacillus sp. from diseased female rainbow trout, Salmo
gardneri Richardson, in Newfoundland, Canada. Journal o f Fish Diseases 5: 479- 
85.

Dahl, T. A., W. R. Midden and P. E. Hartman. 1989. Comparison of killing of Gram- 
negative and Gram-positive bacteria by pure singlet oxygen. Journal of 
Bacteriology 171: 2188-94.

Davis, M. J., P. J. Coote and C. P. O'Byme. 1996. Acid tolerance in Listeria
monocytogenes: The adaptive acid tolerance response (ATR) and growth-phase- 
dependent acid resistance. Microbiology 142: 2975-82.

Delves-Broughton, J., P. Blackburn, R. J. Evans and J. Hugenholtz. 1996. Applications of 
the bacteriocin, nisin. Antonie van Leeuwenhoek International Journal of General 
and Molecular Microbiology 69: 193-202.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

Di Mascio, P., H. Wefers, H. P. Do-Thi, M. Y. M. Lafleur and H. Sies. 1989. Singlet
molecular oxygen causes loss of biological activity in plasmid and bacteriophage 
DNA and induces single-strand breaks. Biochimica et Bionhvsica Acta 1007: 151- 
57.

Diep, D. B., O. Johnsborg, P. A. Risoen and I. F. Nes. 2001. Evidence for dual
functionality of the operon plnABCD in the regulation of bacteriocin production in 
Lactobacillusplantarum. Molecular Microbiology 41: 633-44.

Dobrogosz, W. J., I. A. Casas, G. A. Pagano, T. L. Talarico, B. M. Sjoferg and M. 
Karlsson 1989. Lactobacillus reuteri and the enteric macrobiota. In: The 
Regulatory and Protective Role of the Normal Microflora. R. Gruff, T. Medtvedt 
and E. Norin. Eds. Macmillan Press, Ltd., London, UK.: 283-92.

Duffes, F., C. Corre, F. Leroi, X. Dousset and P. Boyaval. 1999a. Inhibition of Listeria 
monocytogenes by in situ produced and semipurified bacteriocins of 
Carnobacterium spp. on vacuum-packed, refrigerated cold-smoked salmon. 
Journal of Food Protection 62: 1394-403.

Duffes, F., F. Leroi, P. Boyaval and X. Dousset. 1999b. Inhibition of Listeria
monocytogenes by Carnobacterium spp. strains in a simulated cold smoked fish 
system stored at 4°C. International Journal of Food Microbiology 47: 33-42.

Egyud, L. G. 1967. Studies on cell division, the effect of aldehydes, ketones, and a-
ketoaldehydes on the proliferation of Escherichia coli. Current Medical Biology 
1: 14-20.

Eijsink, V. G. H., L. Axelsson, D. B. Diep, L. S. Havarstein, H. Holo and I. F. Nes. 2002. 
Production of class II bacteriocins by lactic acid bacteria; an example of 
biological warfare and communication. Antonie Van Leeuwenhoek International 
Journal of General and Molecular Microbiology 81: 639-54.

Eklund, T. 1984. The effects of carbon dioxide on bacterial growth and on uptake 
processes in the bacterial membrane vesicles. International Journal of Food 
Microbiology 1: 179-85.

Eklund, T. 1985. The effect of sorbic acid and esters of para-hydroxybenzoic acid on the 
proton motive force in Escherichia coli membrane vesicles. Journal of General 
Microbiology 131: 73-76.

Florey, H. W. and M. A. Jennings 1949. Antibiotics. H. W. Florey, E. Chain, N. G.
Heatley, M. A. Jennings, A. G. Sanders, E. P. Abraham and M. E. Florey. Eds. 
Oxford University Press, London, UK.: 417-565.

Franz, C. M. A. P., M. J. van Belkum, R. W. Worobo, J. C. Vederas and M. E. Stiles. 
2000. Characterization of the genetic locus responsible for production and 
immunity of camobacteriocin A: the immunity gene confers cross-protection to 
enterocin B. Microbiology-UK 146: 621-31.

Franzmann, P. D., P. Hopfl, N. Weiss and B. J. Tindall. 1991. Psychrotrophic lactic acid 
bacteria from anoxic waters in Ace Lake, Antarctica; C. funditum sp. nov. and C. 
alterfunditum sp. nov. Archives of Microbiology 156: 255-62.

Freese, E. G., J. Gerson, H. Taber, H. J. Rhaese and E. Freese. 1967. Inactivating DNA 
alterations induced by peroxides and peroxide-producing agents. Mutation 
Research 4: 517-31.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

Ganzle, M. G., A. Holtzel, J. Walter, G. Jung and W. P. Hammes. 2000. Characterization 
of reutericyclin produced by Lactobacillus reuteri LTH2584. Applied and 
Environmental Microbiology 66: 4233-333.

Gibbs, G. M., B. E. Davidson and A. J. Hillier. 2004. Novel expression system for large- 
scale production and purification of recombinant class Ha bacteriocins and its 
application to piscicolin 126. Applied and Environmental Microbiology 70: 3292- 
97.

Gilliland, S. E. 1985. Concentrated starter cultures. In: Bacterial Starter Cultures for 
Food. S. E. Gilliland. Ed. CRC Press, Boca Raton, FL.: 145-57.

Grant, I. R. and M. F. Patterson. 1991. A numerical study of lactic acid bacteria isolated 
from irradiated pork and chicken packaged under various gas atmospheres.
Journal of Applied Bacteriology 70: 302-07.

Gravesen, A., A. M. J. Axelsen, J. M. da Silva, T. B. Hansen and S. Knochel. 2002.
Frequency of bacteriocin resistance development and associated fitness costs in 
Listeria monocytogenes. Applied and Environmental Microbiology 68: 756-64.

Gregory, E. M. and I. Fridovich. 1974. Oxygen metabolism in Lactobacillusplantarum. 
Journal of Bacteriology 117: 166-69.

Gross, E. and J. L. Morell. 1971. The structure of nisin. Journal of the American 
Chemical Society 93: 4634-35.

Guder, A., I. Wiedemann and H. G. Sahl. 2000. Posttranslationally modified bacteriocins 
- The lantibiotics. Biopolvmers 55: 62-73.

Hammes, W. P., N. Weiss and W. Holzapfel 2002. Lactobacillus and Carnobacterium 
The Prokaryotes. A. Barlows, H. G. Truper, M. Dworkin, W. Harder and K. H. 
Schleifer. Eds. Springer-Verlag, New York: 1535-94.

Hastings, J. W., P. T. Gibson, R. Chauhan, G. A. Dykes and A. Von Holy. 1996.
Similarity of bacteriocins from spoiled meat lactic acid bacteria. South African 
Journal of Science 92: 376-80.

Haugaard, N. 1968. Cellular mechanisms of oxygen toxicity. Physiological Reviews 48: 
311-73.

Herbin, S., F. Mathieu, F. Brule, C. Branlant, G. Lefebvre and A. Lebrihi. 1997.
Characteristics and genetic determinants of bacteriocin activities produced by 
Carnobacterium piscicola CP5 isolated from cheese. Current Microbiology 35: 
319-26.

Hiu, S. R., R. A. Holt, N. Sriranganathan, R. J. Seidler and J. L. Fryer. 1984.
Lactobacillus piscicola, a new species from salmonid fish. International Journal 
of Systematic Bacteriology 34: 393-400.

Hoick, A., L. Axelsson and U. Schillinger. 1996. Divergicin 750, a novel bacteriocin 
produced by Carnobacterium divergens 750. FEMS Microbiology Letters 136: 
163-68.

Holley, R. A., T. Y. Guan, M. Peirson and C. K. Yost. 2002. Carnobacterium viridans sp. 
nov., an alkaliphilic, facultative anaerobe isolated from refrigerated, vacuum- 
packed bologna sausage. International Journal of Systematic and Evolutionary 
Microbiology 52: 1881-85.

Holtzel, A., M. G. Ganzle, G. J. Nicholson, W. P. Hammes and G. Jung. 2000. The first 
low-molecular-weight antibiotic from lactic acid bacteria: reutericyclin, a new 
tetramic acid. Angewandte Chemie. International Edition 39: 2766-68.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

Holzapfel, W. H., R. Geisen and U. Schillinger. 1995. Biological preservation of foods 
with reference to protective cultures, bacteriocins and food-grade enzymes. 
International Journal of Food Microbiology 24: 343-62.

Holzapfel, W. H. and E. S. Gerber. 1983. Lactobacillus divergens sp. nov., a new
heterofermentative Lactobacillus species producing L(+)-lactate. Systematic and 
Applied Microbiology 4: 522-34.

Hugenholtz, J. and G. J. C. M. de Veer 1991. Application of nisin A and Z in dairy
technology. In: Nisin and Novel Lantibiotics. G. Jung and H. G. Sahl. Eds. Escom 
Publishers, Leiden, The Netherlands: 440-47.

Humphrey, J. D., C. E. Lancaster, N. Gudkovs and J. W. Copland. 1987. The disease 
status of Australian salmonids bacteria, and bacterial diseases. Journal of Fish 
Diseases 10: 403-10.

Hurst, A. 1981. Nisin. Advances in Applied Microbiology 27: 85-123.
ICMSF 1988. International Commission on Microbiological Specifications for Foods. 

HACCP in Microbiological Safety and Quality. International Commission on 
Microbiological Specifications for Foods. HACCP in Microbiological Safety and 
Quality. Blackwell Scientific Publications, Boston, MA.

Imlay, J. A. and S. Linn. 1988. DNA damage and oxygen radical toxicity. Science 240: 
1302-09.

Ingram, A., M. Ford, R. J. Moore and M. Tizard. 2003. The bacteriocin piscicolin 126 
retains antilisterial activity in vivo. Journal of Antimicrobial Chemotherapy 51: 
1365-71.

Jack, R. W., J. Wan, J. Gordon, K. Harmark, B. E. Davidson, A. J. Hillier, R. E. H. 
Wettenhall, M. W. Hickey and M. J. Coventry. 1996. Characterization of the 
chemical and antimicrobial properties of piscicolin 126, a bacteriocin produced by 
Carnobacterium piscicola JG126. Applied and Environmental Microbiology 62: 
2897-903.

Jacob, F., A. Lwoff, A. Siminovitch and E. Wollman. 1953. Definition de quelques 
termes relatifs a la lysogenie. Annales de l'lnstitut Pasteur 84: 222-24.

Jay, J. M. 1982. Antimicrobial properties of diacetyl. Applied and Environmental 
Microbiology 44: 525-32.

Jobom, A., M. Dorsch, J. C. Olsson, A. Westerdahl and S. Kjelleberg. 1999.
Carnobacterium inhibens sp. nov., isolated from the intestine of Atlantic salmon 
(Salmo salar). International Journal of Systematic Bacteriology 49: 1891-98.

Joffraud, J. J., F. Leroi, C. Roy and J. L. Berdague. 2001. Characterisation of volatile
compounds produced by bacteria isolated from the spoilage flora of cold-smoked 
salmon. International Journal of Food Microbiology 66: 175-84.

Jordan, S. L., J. Glover, L. Malcom, F. M. Thomson-Carter, I. R. Booth and S. F. Park. 
1999. Augmentation of killing of Escherichia coli 0157 by combinations of 
lactate, ethanol, and low-pH conditions. Applied and Environmental 
Microbiology 65: 1308-11.

Jung, G. 1991. Lantibiotics - a survey. In: Nisin and Novel Lantibiotics. G. Jung and H. 
G. Sahl. Eds. Escom Publishers, Leiden, The Netherlands: 1-34.

Juven, B. J. and M. D. Pierson. 1996. Antibacterial effects of hydrogen peroxide and
methods for its detection and quantification. Journal of Food Protection 59: 1233- 
41.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

Kabadjova, P., X. Dousset, V. Le Cam and H. Prevost. 2002. Differentiation of closely 
related Carnobacterium food isolates based on 16S-23S ribosomal DNA 
intergenic spacer region polymorphism. Applied and Environmental 
Microbiology 68: 5358-66.

Kaletta, C. and K. D. Entian. 1989. Nisin, a peptide antibiotic: cloning and sequencing of 
the nisA gene and posttranslational processing of its peptide product. Journal of 
Bacteriology 171: 1597-601.

Keren, T., M. Yarmus, G. Halevy and R. Shapira. 2004. Immunodetection of the
bacteriocin lacticin RM: Analysis of the influence of temperature and Tween 80 
on its expression and activity. Applied and Environmental Microbiology 70: 
2098-104.

Klaenhammer, T. R. 1993. Genetics of bacteriocins produced by lactic acid bacteria. 
FEMS Microbiology Reviews 12: 39-86.

Krebs, H. A., D. Wiggins, S. Sole and F. Bedoya. 1983. Studies on the mechanism of the 
antifungal action of benzoate. Biochemistry Journal 214: 657-63.

Kuipers, O. P., P. G. G. A. de Ruyter, M. Kleerebezem and W. M. de Vos. 1998. Quorum 
sensing-controlled gene expression in lactic acid bacteria. Journal of 
Biotechnology 64: 15-21.

Kulshrestha, D. C. and E. H. Marth. 1975. Some volatile and nonvolatile compounds 
associated with milk and their effects on certain bacteria. A review. Journal of 
Milk and Food Technology 38: 604-20.

Lai, S. and L. N. Manchester. 2000. Numerical phenetic study of the genus
Carnobacterium. Antonie Van Leeuwenhoek International Journal of General and 
Molecular Microbiology 78: 73-85.

Lai, S., H. Shojaei and L. N. Manchester. 2000. The differentiation of Carnobacterium
divergens using the random amplification of polymorphic DNA polymerase chain 
reaction technique. Letters in Applied Microbiology 30: 448-52.

Leisner, J. J., J. C. Millan, H. H. Huss and L. M. Larsen. 1994. Production of histamine 
and tyramine by lactic acid bacteria isolated from vacuum-packed, sugar-salted 
fish. Journal of Applied Bacteriology 76: 417-23.

Leroi, F., N. Arbey, J. J. Joffraud and F. Chevalier. 1996. Effect of inoculation with lactic 
acid bacteria on extending the shelf-life of vacuum-packed cold smoked salmon. 
International Journal of Food Science and Technology 31: 497-504.

Leroi, F., J. J. Joffraud, F. Chevalier and M. Cardinal. 1998. Study of the microbial
ecology of cold-smoked salmon during storage at 8°C. International Journal of 
Food Microbiology 39: 111-21.

Lin, J. S., M. P. Smith, K. C. Chapin, H. S. Baik, G. N. Bennett and J. W. Foster. 1996. 
Mechanisms of acid resistance in enterohemorrhagic Escherichia coli. Applied 
and Environmental Microbiology 62: 3094-100.

Lindgren, S. E. and W. J. Dobrogosz. 1990. Antagonistic activities of lactic acid bacteria 
in food and feed fermentations. FEMS Microbiology Reviews 87: 149-63.

Maldonado, A., R. Jimenez-Diaz and J. L. Ruiz-Barba. 2004. Induction of plantaricin 
production in Lactobacillus plantarum NC8 after coculture with specific gram- 
positive bacteria is mediated by an autoinduction mechanism. Journal of 
Bacteriology 186: 556-64.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

Mathieu, F., M. Michel, A. Lebrihi and G. Lefebvre. 1994. Effect of the bacteriocin
camocin CP5 and of the producing strain Carnobacterium piscicola CP5 on the 
viability of Listeria monocytogenes ATCC 15313 in salt solution, broth and 
skimmed milk, at various incubation temperatures. International Journal of Food 
Microbiology 22: 155-72.

McMullen, L. M. and M. E. Stiles. 1989. Storage life of selected meat sandwiches at 4°C 
in modified gas atmospheres. Journal of Food Protection 52: 792-98.

Metivier, A., M. F. Pilet, X. Dousset, O. Sorokine, P. Anglade, M. Zagorec, J. C. Piard,
D. Marion, Y. Cenatiempo and C. Fremaux. 1998. Divercin V41, a new 
bacteriocin with two disulphide bonds produced by Carnobacterium divergens 
V41: primary structure and genomic organization. Microbiology-UK 144: 2837- 
44.

Miller, I., A., M. E. Morgan and L. M. Libbey. 1974. Lactobacillus maltaromicus, a new 
species producing a malty aroma. International Journal of Systematic 
Bacteriology 24: 346-54.

Milliere, J. B. and G. Lefebvre. 1994. Carnobacterium piscicola, a common species of 
French soft cheeses from cows raw milk. Netherlands Milk and Dairy Journal 48: 
19-30.

Mora, D., M. Scarpellini, L. Franzetti, S. Colombo and A. Galli. 2003. Reclassification of 
Lactobacillus maltaromicus (Miller et al. 1974) DSM 20342(T) and DSM 20344 
and Carnobacterium piscicola (Collins et al. 1987) DSM 20730(T) and DSM 
20722 as Carnobacterium maltaromaticum comb. nov. International Journal of 
Systematic Evolutionary Microbiology 53: 675-8.

Moradas-Ferreira, P., V. Costa, P. Piper and W. Mager. 1996. The molecular defenses 
against reactive oxygen species in yeast. Molecular Microbiology 19: 651-58.

Morris, J. G. 1976. Oxygen and the obligate anaerobe. Journal of Applied Bacteriology 
40: 229-44.

Motlagh, A. M., M. C. Johnson and B. Ray. 1991. Viability loss of foodbome pathogens 
by starter culture metabolites. Journal of Food Protection 54: 873-78.

Murphy, M. G. and S. Condon. 1984. Comparison of aerobic and anaerobic growth of
Lactobacillus plantarum in a glucose medium. Archives of Microbiology 138: 49- 
53.

Nes, I. F., D. B. Diep, L. S. Havarstein, M. B. Brurberg, V. Eijsink and H. Holo. 1996. 
Biosynthesis of bacteriocins in lactic acid bacteria. Antonie Van Leeuwenhoek 
International Journal of General and Molecular Microbiology 70: 113-28.

Nilsson, L., L. Gram and H. H. Huss. 1999. Growth control of Listeria monocytogenes on 
cold-smoked salmon using a competitive lactic acid bacteria flora. Journal of 
Food Protection 62: 336-42.

Nilsson, L., M. K. Nielsen, Y. Ng and L. Gram. 2002. Role of acetate in production of an 
autoinducible class Ha bacteriocin in Carnobacterium piscicola A9b. Applied and 
Environmental Microbiology 68: 2251-60.

Oh, D. H. and D. L. Marshall. 1993. Antimicrobial activity of ethanol, glycerol
monolaureate, or lactic acid against Listeria monocytogenes. International Journal 
of Food Microbiology 20: 239-46.

Paludan-Muller, C., P. Dalgaard, H. H. Huss and L. Gram. 1998. Evaluation of the role of 
Carnobacterium piscicola in spoilage of vacuum and modified atmosphere

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



38

packed smoked salmon stored at 5°C. International Journal of Food Microbiology 
39: 155-66.

Piard, J. C. and M. Desmazeaud. 1991. Inhibiting factors produced by lactic acid bacteria. 
1. Oxygen metabolites and catabolism end-products. Lait 71: 525-41.

Pilet, M. F., X. Dousset, R. Barre, G. Novel, M. Desmazeaud and J. C. Piard. 1995. 
Evidence for two bacteriocins produced by Carnobacterium piscicola and 
Carnobacterium divergens isolated from fish and active against Listeria 
monocytogenes. Journal of Food Protection 58: 256-62.

Quadri, L. E. N. 2002. Regulation of antimicrobial peptide production by autoinducer- 
mediated quorum sensing in lactic acid bacteria. Antonie Van Leeuwenhoek 
International Journal of General and Molecular Microbiology 82: 133-45.

Quadri, L. E. N., M. Kleerebezem, O. P. Kuipers, W. M. de Vos, K. L. Roy, J. C.
Vederas and M. E. Stiles. 1997. Characterization of a locus from Carnobacterium 
piscicola LV17B involved in bacteriocin production and immunity: evidence for 
global inducer-mediated transcriptional regulation. Journal of Bacteriology 179: 
6163-71.

Quadri, L. E. N., M. Sailer, K. L. Roy, J. C. Vederas and M. E. Stiles. 1994. Chemical 
and genetic characterization of bacteriocins produced by Carnobacterium 
piscicola LV17B. Journal of Biological Chemistry 269: 12204-11.

Quadri, L. E. N., M. Sailer, M. R. Terebiznik, K. L. Roy, J. C. Vederas and M. E. Stiles. 
1995. Characterization of the protein conferring immunity to the antimicrobial 
peptide camobacteriocin B2 and expression of camobacteriocins B2 and BM1. 
Journal of Bacteriology 177: 1144-51.

Ringo, E., M. S. Wesmajervi, H. R. Bendiksen, A. Berg, R. E. Olsen, T. Johnsen, H. 
Mikkelsen, M. Seppola, E. Strom and W. Holzapfel. 2001. Identification and 
characterization of camobacteria isolated from fish intestine. Systematic and 
Applied Microbiology 24: 183-91.

Rogers, L. A. 1928. The inhibiting effect of Streptococcus lactis on Lactobacillus 
bulgaricus. Journal of Bacteriology 16: 321-25.

Rogers, L. A. and E. D. Whittier. 1928. Limiting factors in lactic fermentation. Journal of 
Bacteriology 16: 211-29.

Rolfe, R. D., D. J. Hentges, B. J. Campbell and J. T. Barett. 1978. Factors related to the 
oxygen tolerance of anaerobic bacteria. Applied and Environmental Microbiology 
36: 306-13.

Roller, S., S. Sagoo, R. Board, T. O'Mahony, E. Caplice, G. Fitzgerald, M. Fogden, M. 
Owen and H. Fletcher. 2002. Novel combinations of chitosan, camocin and 
sulphite for the preservation of chilled pork sausages. Meat Science 62: 165-77.

Rosario, M. 2001. Studies on the Isolation of an Antibacterial Peptide Produced by 
Carnobacterium piscicola UAL26. M.Sc. Thesis. University of Alberta, 
Edmonton, Alberta.

Rose, N. L., M. M. Palcic, P. Spoms and L. M. McMullen. 2002. Nisin: a novel substrate 
for glutathione S-transferase isolated from fresh beef. Journal of Food Science 67: 
2288-93.

Rose, N. L., P. Spoms, M. E. Stiles and L. M. McMullen. 1999. Inactivation of nisin by 
glutathione in fresh meat. Journal of Food Science 64: 759-62.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

Ross, R. P., S. Morgan and C. Hill. 2002. Preservation and fermentation: past, present 
and future. International Journal of Food Microbiology 79: 3-16.

Rutala, W. A., S. L. Barbee, N. C. Aguiar, M. D. Sobsey and D. J. Weber. 2000.
Antimicrobial activity of home disinfectants and natural products against potential 
human pathogens. Infection Control and Hospital Epidemiology 21: 33-38.

Sahl, H. G. 1994. Gene-encoded antibiotics made in bacteria. Antimicrobial Peptides 
186: 27-42.

Salmond, C. V., R. G. Kroll and I. R. Booth. 1984. The effect of food preservatives on 
pH homeostasis in Escherichia coli. Journal of General Microbiology 130: 2845- 
50.

Schobitz, R., T. Zaror, O. Leon and M. Costa. 1999. A bacteriocin from Carnobacterium 
piscicola for the control of Listeria monocytogenes in vacuum-packaged meat. 
Food Microbiology 16: 249-55.

Shaw, B. G. and C. D. Harding. 1984. A numerical taxonomic study of lactic acid
bacteria from vacuum-packaged beef, pork, lamb, and bacon. Journal of Applied 
Bacteriology 56:25-40.

Shaw, B. G. and C. D. Harding. 1985. Atypical lactobacilli from vacuum-packaged
meats: comparison by DNA hybridization, cell composition and biochemical tests 
with a description of Lactobacillus carnis sp. nov. Systematic and Applied 
Microbiology 6: 291-97.

Stadhouders, J. and L. P. M. Langeveld 1966. The microflora of the surface of cheese: 
factors affecting its composition. In: Proceedings of the 17th International Dairy 
Congress. The microflora of the surface of cheese: factors affecting its 
composition. In:. Munich, Germany.

Steinkraus, K. H. 1998. Bio-enrichment: production of vitamins in fermented foods. In: 
Microbiology of Fermented Foods. B. J. B. Wood. Ed. Blackie Academy and 
Professional, London: 603-09.

Stiles, M. E. 1996. Biopreservation by lactic acid bacteria. Antonie Van Leeuwenhoek 
International Journal of General and Molecular Microbiology 70: 331-45.

Stiles, M. E. and W. H. Holzapfel. 1997. Lactic acid bacteria of foods and their current 
taxonomy. International Journal of Food Microbiology 36: 1-29.

Stoffels, G., A. Gudmundsdottir and T. Abee. 1994. Membrane-associated proteins
encoded by the nisin gene cluster may function as a receptor for the lantibiotic 
camocin UI49. Microbiology-UK 140: 1443-50.

Stoffels, G., I. F. Nes and A. Gudmundsdottir. 1992a. Isolation and properties of a
bacteriocin-producing Carnobacterium piscicola isolated from fish. Journal of 
Applied Bacteriology 73: 309-16.

Stoffels, G., J. Nissenmeyer, A. Gudmundsdottir, K. Sletten, H. Holo and I. F. Nes.
1992b. Purification and characterization of a new bacteriocin isolated from a 
Carnobacterium spp. Applied and Environmental Microbiology 58: 1417-22.

Stohr, V., J. J. Joffraud, M. Cardinal and F. Leroi. 2001. Spoilage potential and sensory 
profile associated with bacteria isolated from cold-smoked salmon. Food 
Research International 34: 797-806.

Tagg, J. R., A. S. Dajani and L. W. Wannamaker. 1976. Bacteriocins of Gram-positive 
bacteria. Bacteriological Reviews 40: 722-56.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

Talarico, T. L. and W. J. Dobrogosz. 1989. Chemical characterization of an antimicrobial 
substance produced by Lactobacillus reuteri. Antimicrobial Agents and 
Chemotherapy 33: 674-79.

Thomley, M. J. 1957. Observations on the microflora of minced chicken meat irradiated 
with 4 MeV cathode rays. Journal of Applied Bacteriology 20:286-98.

van Belkum, M. J. and M. E. Stiles. 2000. Nonlantibiotic antibacterial peptides from 
lactic acid bacteria. Natural Product Reports 17: 323-35.

Van der Meer, J. R., J. Polman, M. M. Beerthuyzen, R. J. Siezen, O. P. Kuipers and W.
M. de Vos. 1993. Characterization of the Lactococcus lactis nisin A operon genes 
nisP, encoding a subtilisin-like serine protease involved in precursor processing, 
and nisR, encoding a regulatory protein involved in nisin biosynthesis. Journal of 
Bacteriology 175: 2578-88.

Vandamme, P., B. Pot, M. Gillis, P. de Vos, K. Kersters and J. Swings. 1996. Polyphasic 
taxonomy, a consensus approach to bacterial systematics. Microbiological 
Reviews 60: 407-38.

Wallbanks, S., A. J. Martinez-Murcia, J. L. Fryer, B. A. Phillips and M. D. Collins. 1990. 
16S rRNA sequence determination for members of the genus Carnobacterium and 
related lactic acid bacteria and description of Vagococcus salmoninarum sp. nov. 
International Journal of Systematic Bacteriology 40: 224-30.

Wan, J., J. Gordon, M. W. Hickey, R. F. Mawson and M. J. Coventry. 1996. Adsorption 
of bacteriocins by ingestible silica compounds. Journal of Applied Bacteriology 
81: 167-73.

Wan, J., K. Harmark, B. E. Davidson, A. J. Hillier, J. B. Gordon, A. Wilcock and M. J. 
Coventry. 1997. Inhibition of Listeria monocytogenes by piscicolin 126 in milk 
and Camembert cheese manufactured with a thermophilic starter. Journal of 
Applied Microbiology 82: 273-80.

Wasney, M. A., R. A. Holley and D. S. Jayas. 2001. Cresol red thallium acetate sucrose 
inulin (CTSI) agar for the selective recovery of Carnobacterium spp. International 
Journal of Food Microbiology 64: 167-74.

White, D. 1995. The Physiology and Biochemistry of Prokaryotes. The Physiology and 
Biochemistry o f Prokaryotes. Oxford University Press, New York.

Whitehead, H. R. 1933. A substance inhibiting bacterial growth, produced by certain 
strains of lactic streptococci. Biochemistry Journal 27: 1793-800.

Wiedemann, I., E. Breukink, C. van Kraaij, O. P. Kuipers, G. Bierbaum, B. de Kruijff 
and H. G. Sahl. 2001. Specific binding of nisin to the peptidoglycan precursor 
lipid II combines pore formation and inhibition of cell wall biosynthesis for potent 
antibiotic activity. Journal of Biological Chemistry 276: 1772-79.

Wilcock, A., M. Pun, J. Khanona and M. Aung. 2004. Consumer attitudes, knowledge 
and behaviour: a review of food safety issues. Trends in Food Science and 
Technology 15: 56-66.

Worobo, R. W., T. Henkel, M. Sailer, K. L. Roy, J. C. Vederas and M. E. Stiles. 1994. 
Characteristics and genetic determinant of a hydrophobic peptide bacteriocin, 
camobacteriocin A, produced by Carnobacterium piscicola LV17A. 
Microbiology-UK 140: 517-26.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

Worobo, R. W., M. J. van Belkum, M. Sailer, K. L. Roy, J. C. Vederas and M. E. Stiles. 
1995. A signal peptide secretion-dependent bacteriocin from Carnobacterium 
divergens. Journal of Bacteriology 177: 3143-49.

Yost, C. K. and F. M. Nattress. 2000. The use of multiplex PCR reactions to characterize 
populations o f lactic acid bacteria associated with meat spoilage. Letters in 
Applied Microbiology 31: 129-33.

Yousten, A. A., J. L. Johnson and M. Salin. 1975. Oxygen metabolism of catalase 
negative and catalase positive strains of Lactobacillus plantarum. Journal of 
Bacteriology 123: 242-47.

Zvelebil, M. J., G. J. Barton, W. R. Taylor and M. J. Sternberg. 1987. Prediction of
protein secondary structure and active sites using the alignment of homologous 
sequences. Journal of Molecular Biology 195: 957-61.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

2. EFFECT OF MEDIA COMPOSITION AND TEMPERATURE ON 

BACTERIOCIN PRODUCTION BY Carnobacterium maltaromaticum

UAL26

2.1 Introduction

New strains of bacteriocin-producing lactic acid bacteria (LAB) are commonly 

isolated from food sources. Typically, LAB are isolated from a selected food sample and 

screened for antibacterial activity against a selection of indicator strains. Strains that are 

bacteriocin-producers are characterized taxonomically, and the bacteriocin is identified. 

The types of food and number of isolates screened may be large (e.g. 746,533 strains 

from 112 dairy, meat, fish, and vegetable sources) (Coventry et al., 1997), or small (e.g. 

40 strains of LAB isolated from commercial food products and local farms, 49 strains of 

LAB isolated from commercially available ready-to-eat meat products) (Garver and 

Muriana, 1993; Amezquita and Brashears, 2002), and may involve either plating for all 

microorganisms or enrichment for a particular species. Whichever methods are chosen 

for screening, the goal is usually the same: identification of novel organisms and their 

bacteriocins to be studied for use in foods.

Bacteriocin-producing LAB are typically screened using assays that demonstrate 

the inhibitory effect of any antibacterial compound. Use of a range of indicator 

organisms allows for more efficient screening for bacteriocin production, because 

bacteriocins are often limited to a narrow spectrum of activity. Two of the m ost typical 

methods for detecting and quantifying bacteriocin activity include the spot-on-lawn 

(critical dilution) assay (Ahn and Stiles, 1990), and the deferred inhibition assay (Tagg et

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

al., 1976). Other methods have been reported as effective in the selection of bacteriocin 

producing organisms (Saucier and Greer, 2001; Somkuti and Steinberg, 2002).

Once a new bacteriocin-producing strain is isolated, it is usually tested for 

bacteriocin production across a range of growth conditions, including variation in media 

composition (Parente and Hill, 1992; Nilsson et al., 2002), temperature (Parente and Hill, 

1992), and pH of the growth medium (Parente and Hill, 1992). These factors can affect 

the amount of bacteriocin produced. Characterization of bacteriocins requires sufficient 

quantity to be used in applications such as protein sequencing and biochemical testing, 

thus optimization is often done to increase the amount of bacteriocin produced by a 

culture.

Carnobacterium maltaromaticum UAL26 was isolated from vacuum packaged 

ground beef (Bums, 1987). It was characterized as producing antibacterial activity 

through inhibition of the growth of indicator organisms by deferred inhibition tests. This 

antibacterial activity was confirmed to be proteinaceous in nature by its inactivation when 

treated with protease enzymes. The spectrum of activity spans a variety of gram-positive 

bacteria, including species within the genera Pediococcus, Lactobacillus, Leuconostoc, 

Enterococcus, Bacillus, Clostridium, and Listeria (Bums, 1987). Although the inhibition 

produced by C. maltaromaticum UAL26 can be detected using a deferred inhibition 

assay, antibacterial activity can not be detected in the supernatant by the spot-on-lawn 

technique.

The starting pH of APT agar plates used to grow C. maltaromaticum UAL26 had 

little effect on the diameter of the zone of inhibition observed in deferred inhibition 

assays against several indicator organisms within the pH range of 6.5 to 7.5. At pH 6.0
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no inhibition is observed, and the producer organism grows poorly from pH 5.5 to 5.0 

(Bums, 1987). Temperature of incubation affects bacteriocin production in C. 

maltaromaticum UAL26 when zones of inhibition are measured using a deferred 

inhibition assay against the indicator strains Leu. mesenteroides ATCC 23368 and Lb. 

viridescens ATCC 12706 (Bums, 1987). Attempts to isolate plasmid DNA from C. 

maltaromaticum UAL26 were unsuccessful, leading to the conclusions that this is a 

plasmidless strain and that the genetic determinants for bacteriocin production in C. 

maltaromaticum UAL26 are chromosomally mediated (Bums, 1987).

Attempts to isolate the antibacterial activity from the supernatant of a liquid 

culture by ammonium sulphate precipitation or by variations of an agar extraction 

technique (Barefoot and Klaenhammer, 1983) were unsuccessful (Bums, 1987). Other 

attempts to purify the antibacterial peptide from C. maltaromaticum UAL26 resulted in 

poor recovery of active bacteriocin, which prohibited isolation and identification of the 

bacteriocin from other antibacterial components within the culture fermentation (Rosario, 

2001). To improve the quantity of bacteriocin produced by C. maltaromaticum UAL26, 

modifications of the growth conditions for production of bacteriocin by C. 

maltaromaticum UAL26 included media supplementation, shaking of the culture, time of 

bacteriocin isolation, increasing the temperature of incubation, alteration of initial pH of 

the media, and maintenance of pH of the media during growth (Rosario, 2001). These 

modifications did not result in recovery of increased amounts of bacteriocin from the 

culture supernatant. Various purification methods were also attempted, yet an 

insufficient concentration of bacteriocin, combined with the presence of traces of other
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antibacterial components intrinsic to the media, prevented purification of the bacteriocin 

(Rosario, 2001).

The objective of this research was to find suitable growth conditions for C. 

maltaromaticum UAL26 that would result in recovery of the bacteriocin in quantities 

sufficient for purification.

2.2. Materials and Methods

2.2.1. Bacterial strains and growth media

C. maltaromaticum UAL26 was acquired from the University of Alberta Lactic 

Acid Bacteria collection (University of Alberta, Edmonton, AB). Stock cultures of C. 

maltaromaticum UAL26 were maintained at -70°C in All Purpose Tween broth (APT; 

Difco, BD Diagnostics, Sparks, MD) with glycerol (20% vol./vol.; Fisher Scientific, 

Edmonton, AB). Cultures of C. maltaromaticum UAL26 used in this study were 

prepared by inoculation of cells from frozen stock culture into broth media. Cultures 

were subcultured at least once more at an inoculation volume of 1% vol./vol. before use 

in experiments.

Bacteriocin production in C. maltaromaticum UAL26 was evaluated in various 

media, including APT, Casamino acids (CAA) (Hastings et a l, 1991), APT without 

Tween 80 (APTNT), CAA without Tween 80 (CAANT), and a defined medium named 

Roswell Park Memorial Institute-1640 Auto mod (RPMI; Sigma-Aldrich, Saint Louis, 

MO). Media variations not including Tween 80 were made using the formulation of the 

manufacturer, except for the exclusion of the Tween 80.

Cultures used as indicator organisms in the deferred inhibition assay and their 

sources are listed in Table 2.1. All lactic acid bacteria were stored and grown in APT as
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described above for C. maltaromaticum UAL26. Brochothrix thermosphacta and 

Listeria monocytogenes were stored as described above for C. maltaromaticum UAL26, 

and grown in APT broth at incubation temperatures of 30°C and 37°C, respectively.

Table 2.1. Cultures used as indicator organisms in the deferred inhibition assay.

Indicator organism Reference or Source

Carnobacterium maltaromaticum UAL26 UALABCC*

Carnobacterium maltaromaticum LV17 (Shaw and Harding, 1984)

Carnobacterium divergens LV13 (Shaw and Harding, 1984)

Brochothrix campestris ATCC 43754 ATCC**

Brochothrix thermosphacta ATCC 11509 ATCC

Enterococcus faecalis ATCC 7080 ATCC

Enterococcus faecium ATCC 19434 ATCC

Enterococcus faecium BFE900 (Franz et al., 1996)

Lactococcus lactis ssp. lactis ATCC 11454 ATCC

Lactobacillus sakei 706 (Schillinger et al., 1991)

Lactobacillus sakei 1218 UALABCC

Lactobacillus sakei UAL 185 UALABCC

Leuconostoc gelidum UAL 187 UALABCC

Leuconostoc mesenteroides Y105 (Hechard et al., 1992)

Pediococcus acidilactici PAC1.0 (Pucci et a l,  1988)

Listeria monocytogenes ATCC 15313 ATCC
Listeria monocytogenes CDC 7762 CDC***

Listeria monocytogenes ATCC 43256 ATCC

Listeria monocytogenes HPB 642 Health Canada****

Listeria monocytogenes UAFM 1 UAFMCC*****

Listeria monocytogenes UAFM 15 UAFMCC

* UALABCC: University of Alberta Lactic Acid Bacteria Culture Collection
** ATCC: American Type Culture Collection
*** CDC: Centers for Disease Control and Prevention
**** Obtained from E. Daley, Health Canada, Ottawa, ON
***** UAFMCC: University of Alberta Food Microbiology Culture Collection

2.2.2. Antibacterial activity of C. maltaromaticum UAL26

L. monocytogenes ATCC 43256 was grown from frozen stock culture in APT 

broth at 37°C for 24 h, and subcultured at least once before use in experiments as the 

indicator organism to determine arbitrary activity units (A.U.) of bacteriocin activity in 

spot-on-lawn assays. Arbitrary activity units were calculated as the reciprocal of the
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highest dilution in a doubling dilution series that showed a clear zone of inhibition, and 

are expressed in A.U./ml (Ahn and Stiles, 1990). For the spot-on-lawn assay, 10 pi of 

each dilution of cell-free (centrifuged at 10,000 x g for 5 min), heated (65°C for 30 min) 

supernatant was spotted onto APT agar plates, and overlayered with 7 ml of soft APT 

agar (0.75% agar) seeded with a 1% inoculum of L. monocytogenes ATCC 43256. Plates 

were incubated at 37°C for 24 h, and zones of inhibition were measured and A.U./ml 

calculated.

The indicator strains used to measure the antibacterial activity and spectrum of 

activity of C. maltaromaticum UAL26 by deferred inhibition are listed in Table 2.1. For 

the deferred inhibition assay, a 1 pi spot of a culture was inoculated onto APT agar plates 

(1.5% agar), allowed to dry, and incubated until the culture reached maximum population 

(1 to 12 d) at temperatures that ranged from 1 to 25°C, depending on the experiment. The 

plate was overlayered with 7 ml of soft APT agar (0.75% agar) that was seeded with a 

1% inoculum of the indicator strain. The plates were incubated at different temperatures 

to allow growth of the indicator strain. Zones of inhibition were measured as the 

diameter (mm) across a zone of inhibition of growth of the indicator organism (Tagg et 

al., 1976).

2.2.3. Effect of medium and inoculum size on growth and bacteriocin production by

C. maltaromaticum UAL26

C. maltaromaticum UAL26 was inoculated from frozen stock into tempered broth 

(APTNT, 15°C; RPMI, 4°C) and subcultured twice using a 1% inoculum volume. The 

third subculture was inoculated (APTNT, 1L; RPMI, 2L) using a 0.1% inoculum volume. 

Samples were removed at hourly or daily intervals. Counts of C. maltaromaticum
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UAL26 were determined by preparing standard serial dilutions and spread-plating 100 pi 

samples onto the surface of prepoured plates of APT agar. Counts were determined in 

duplicate and converted to log CFU/ml and then averaged. The pH of the broth was 

measured using an Accumet AR15 pH meter (Fisher Scientific). Bacteriocin activity was 

measured by the spot-on-lawn assay described in section 2.2.2.

C. maltaromaticum UAL26 was subcultured from frozen stock into liquid broth 

media (APT, APTNT, CAA, CAANT, or RPMI) at 4°C, subcultured twice, and the 

second subculture was assayed for bacteriocin titre by spot-on-lawn using L. 

monocytogenes ATCC 43256 as the indicator organism. The second subculture of C. 

maltaromaticum UAL26 in APT, APTNT, CAA, and CAANT was subcultured into 

RPMI medium at an inoculum of 1% vol./vol. to measure the effect of switching from 

complex media to a minimal medium on bacteriocin production.

To determine the effect of inoculum size on bacteriocin production, the second 

subculture of C. maltaromaticum UAL26 in APT, APTNT, and CAA was serially diluted 

from 10'1 to 10"10, grown at 4°C for 5 d, and tested for bacteriocin production by the spot- 

on-lawn assay.

2.2.4. Effect of time and temperature on bacteriocin production by C. 

maltaromaticum UAL26

To determine the effect of incubation temperature on bacteriocin production, C. 

maltaromaticum UAL26 was subcultured from frozen stock into APT or APTNT broth 

media that had been tempered and incubated at temperatures between 1°C and 25°C, until 

the culture had reached maximum population (1 to 12 d). Two successive subcultures
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were done, and the third subculture was tested for bacteriocin titre by the spot-on-lawn 

assay.

To determine the effect of a change in incubation temperature on bacteriocin 

production, C. maltaromaticum UAL26 was subcultured from frozen stock into APT or 

APTNT broth that had been held at 15°C for at least 1 h before inoculation, incubated at 

15°C, and subcultured daily or once every 2 d. During incubation, cultures were assayed 

by standard spread-plate count to ensure that maximum population had been reached, and 

for bacteriocin activity by the spot-on-lawn assay. The second subculture that had 

detectable antibacterial activity was subcultured into APT or APTNT broth at 25°C, and 

either held at 25°C without further subculturing for up to 5 d, or subcultured up to three 

more times at 25°C. These cultures were also tested daily for bacteriocin production 

using a spot-on-lawn assay.

2.3. Results

2.3.1. Antibacterial activity of C. maltaromaticum UAL26

Table 2.2 lists the inhibitory activity measured by the deferred inhibition assay of 

C. maltaromaticum UAL26 grown at different temperatures. C. maltaromaticum UAL26 

was most active against the indicator organisms when both the producer and indicator 

organisms were grown at 10°C. C. maltaromaticum UAL26 had the largest zones of 

inhibition against indicator strains of L. monocytogenes.

2.3.2. Effect of medium and inoculum size on growth and bacteriocin production by 

C. maltaromaticum UAL26

The viable count (CFU/ml) and the change in media pH was monitored in cultures 

of C. maltaromaticum UAL26 grown at 4°C for 70 d in RPMI, a minimal medium
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Table 2.2. Antibacterial activity of C. maltaromaticum UAL26 grown at 10, 15, and 
25°C against indicator strains grown at 10,15, or 25°C.

Growth temperature o f  C. m alta rom a ticum  UAL26 (°C)

10 15 25

Indicator organism /  growth 
temperature (°C)

10 15 25 10 15 25 10 15 25

C. maltaromaticum UAL26 - -- -- -- - -- - - -

C. maltaromaticum LV17 + + ++ + + + - + + + -

C. divergens LV13 +++ +++ +++ ++ ++ ++ -- + -

Br. campestris ATCC 43754 +++ + +++ + + ++ + + + + + + + +

Br. thermosphacta ATCC 11509 + + ++ ++ + + ++ + + + + +

Ent.faecalis ATCC 7080 + + ++ ++ + ++ + + + +

Ent. faecium  ATCC 19434 + ++ + + + + + + + ++ + + + + + + +

Ent. faecium  BFE900 ++ + + ++ + + ++ + + + + + + +

Lc. lactis ssp. lactis ATCC 11454 + + + + ++ + + ++ + + + + + + ++

Lb. sakei 706 + + + ++ + + + + + + + + + + + +

Lb. sakei 1218 ++ ++ + + ++ + + + + -- +

Lb. sakei 185 ++ ++ + + + + + + + +

Leu. gelidum  UAL 187 ++ ++ + + + + + + + + +

Leu. mesenteroides Y105 ++ ++ + + + + ++ -- - +

P. acidilactici PAC1.0 ++ + + + + + + ++ + + - + + +

L. monocytogenes ATCC 15313 + + + + + ++ + + + + + + + + + + - + -

L. monocytogenes CDC 7762 + + + + + + + + + + + + + + + + + + + + + ++ + + +

L. monocytogenes ATCC 43256 + + + + + + + + + + + + + + + + + ++ + + + - + --

L. monocytogenes HPB 642 + + + + + + + ++ + ++ + + + + - - -

L. monocytogenes UAFM 1 + + + + + + + + + ++ + + ++ + + + - - --

L. monocytogenes UAFM 15 + + + + + + + + + + + + + + ++ + +++ + + + - - --

(--) No inhibition, or small rings of inhibition around producer colony of up to 1 mm 
width assumed to be due to acid diffusion, (+) inhibition zone up to 1 cm diameter, (++) 
inhibition zone up to 2 cm diameter, (+++) inhibition zone up to 3 cm diameter, (++++) 
inhibition zone up to 4 cm diameter, (+++++) inhibition zone of 5 cm diameter or larger.
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(Figure 2.1). The population reached a maximum of 108 to 109 CFU/ml within 14 d of 

incubation. The pH of the RPMI media dropped from 7 to 4.5 by the end of the 

experiment. Bacteriocin titre was tested but no activity was detected.

When grown in APTNT at 15°C, the population of C. maltaromaticum UAL26 

reached a maximum of 109 to 1010 CFU/ml after 30 h of incubation (Figure 2.2). The pH 

of the APTNT media dropped from 7 to 5.0 by the end of the experiment. Bacteriocin 

activity was detected in the APTNT broth in the late logarithmic phase of growth, and 

reached a final titre of 400 A.U./ml.

The effect of growth medium composition and inoculum size on bacteriocin 

production showed that C. maltaromaticum UAL26 produced the highest titre of 

bacteriocin when grown in APTNT (Figure 2.3). Growth in APT broth produced less 

activity than was observed in APTNT, and growth in CAA generated almost negligible 

amounts of activity. Bacteriocin activity was observed in APTNT at inoculum volumes 

from 10'1 to 10'8 CFU/ml, in APT broth from 10'1 to 10'6 CFU/ml, and in CAA broth from 

10"2 and 10"3 CFU/ml. C. maltaromaticum UAL26 did not produce detectable amounts of 

bacteriocin activity in CAANT or RPMI throughout the experiment (data not shown). 

Switching from a rich medium (APT or APTNT) to a defined medium (RPMI) had no 

effect on production of bacteriocin activity (data not shown).

2.3.3. Effect of time and temperature on bacteriocin production by C.

maltaromaticum UAL26

Growth of C. maltaromaticum UAL26 in APTNT broth produced greater 

antibacterial activity over a broader range of temperatures than growth in APT broth 

(Figure 2.4). In APTNT, the maximum temperature for production of detectable amounts
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Figure 2.1. Viable count (•) and change in pH ( a )  of C. maltaromaticum UAL26 grown 
at 4°C in RPMI. (n=2)
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Figure 2.2. Viable count (•), change in pH ( a ) , and bacteriocin activity (a ) of C. 
maltaromaticum UAL26 grown at 15°C in APTNT. L. monocytogenes ATCC 43256 was 
used as the indicator organism. (n=2)
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Figure 2.3. Effect of inoculum size on bacteriocin production by C. maltaromaticum 
UAL26 grown in APTNT (■), APT (H), and CAA (□) at 4°C for 5 d. L. monocytogenes 
ATCC 43256 was used as the indicator organism. (n=2)
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ATCC 43256 was used as the indicator organism. (n=3)
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of bacteriocin was 16°C, and bacteriocin was produced at the lower temperature limit of

the assay (1°C). Bacteriocin production in APT was restricted to a range of 4°C to 13°C.

At incubation temperatures where bacteriocin activity was detected in broth media, the

titre of activity was equal.

The optimum temperature for bacteriocin production in regard to time of

fermentation is summarized in Table 2.3. The most efficient growth temperature for

bacteriocin production in C. maltaromaticum UAL26 is 15°C. Bacteriocin production

was detected at this temperature within 3 subcultures from a frozen stock culture. At

15°C, subcultures took 24 h to grow to full population, and these cultures had the highest

titre of bacteriocin activity (800 A.U./ml) once adapted to production.

Table 2.3. Effect of growth and subculture time on bacteriocin production by C. 
maltaromaticum UAL26 grown in APTNT broth.

Temperature of 
growth (°C)

Time (d) for 
subculture growth

Total time (d) of growth 
from frozen stock

Bacteriocin 
activity (A.U./ml)

4 ~3 -10 400
10 ~2 ~6 800
15 ~1 -3 800
25 ~1 -3 0

The effect of subculturing daily or every second day showed that regardless of 

frequency of subculture, C. maltaromaticum UAL26 in APTNT produced detectable 

bacteriocin after 3 d, while subcultures in APT only produced bacteriocin after 5 d (Table 

2.4). When a culture that was producing antibacterial activity at 15°C was subcultured 

and incubated at 25°C, the amount of detectable activity rapidly decreased. In a culture 

held continuously at 25°C without further subculturing, activity remained detectable for 4 

d regardless of medium type. With further subculturing under the same conditions, 

activity was undetectable after 3 d, again regardless of medium type.
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Table 2.4. Effect of frequency of subculturing and temperature of incubation on 
bacteriocin production in C. maltaromaticum UAL26 grown at 15°C and moved to 25°C, 
using a spot-on-lawn assay. L. monocytogenes ATCC 43256 was used as the indicator 
organism.

Subculture frequency and growth temperature

Daily 15°C Every 2 days 15°C
15°C subcultured 

into 25°C and held
15°C moved to 25°C 

subcultured daily

Day APT APTNT APT APTNT APT APTNT APT APTNT

1 — — — — + + + +

2 — — + + ~ ~

3 — + — + + + — —

4 — + ~ ~ — —

5 + + + + — —

6 + +

7 + +

8

9 + +

(+) Inhibition >100 A.U./ml, (~) Inhibition <100 A.U./ml, (--) No visible zone of 
inhibition.

2.4. Discussion

The antibacterial activity produced by C. maltaromaticum UAL26 has a spectrum 

of activity against a variety of gram-positive organisms, with many of the sensitive 

species being members of the lactic acid bacteria. The spectrum of activity includes food 

spoilage organisms, such as Lb. sakei, and it has strong antibacterial activity against the 

pathogen L. monocytogenes. C. maltaromaticum UAL26 produces higher levels of 

detectable activity against the indicator organisms tested when it is grown at lower 

temperatures. The activity also increases when these indicators are also grown at lower 

temperatures, possibly due to greater susceptibility of the indicator organism to inhibition 

by the antibacterial compound (Buchanan and Klawitter, 1992). The majority of the 

difference in activity results from temperature of growth of the producer organism, rather 

than the indicator, as observed by the increase and consistency in the diameter of zones of
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inhibition in deferred inhibition assays when the producer organism is grown at 10°C as 

compared to 25°C.

Both complex (APTNT) and minimal (RPMI) media formulations resulted in 

typical bacterial growth curves. The pH of the media decreased in the expected fashion. 

Bacteriocin production was not detected in RPMI, but it could be detected in the late 

logarithmic growth phase in APTNT, and reached a maximum when the culture entered 

the stationary growth phase, based on the plateau of A.U./ml observed at this point of the 

growth curve.

The trend of loss of detection of antibacterial activity with decreasing subculture 

inoculum volume suggests that the value of using larger inoculation volumes is two-fold: 

an increase in final bacteriocin titre, and a reduction in the time needed for a culture to 

reach its maximum population density, and thereby maximum bacteriocin activity. 

However, if the culture has not been adapted to growth at a temperature permissive to 

bacteriocin production (<19°C), large inoculum size may cause the culture to grow to 

maximum population too quickly to produce bacteriocin, as shown in Figure 2.3 for CAA 

medium. The observation that bacteriocin production is not detectable below a certain 

inoculum level (below 10'9 in APTNT, 10'6 in APT, and 10'3 in CAA) may be due to 

dilution of an induction peptide to below the concentration needed to induce bacteriocin 

production, as observed in C. maltaromaticum LV17 (Saucier et al., 1995).

A cutoff temperature exists for the detection of bacteriocin activity in the 

supernatant of C. maltaromaticum UAL26. This temperature (>16°C for C. 

maltaromaticum UAL26 grown in APTNT) is well below the optimum growth 

temperature of the organism. Increases in bacteriocin production when cultures are
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grown at lower temperatures have been observed for C. maltaromaticum (Buchanan and 

Klawitter, 1992; Pilet et al., 1995; Campos et al., 1997), C. diver gens (Pilet et al., 1995), 

Lactobacillus sakei (Moretro et al., 2000), and Lactococcus lactis ssp. lactis (Keren et al., 

2004), but none report a specific temperature cutoff point as observed in C. 

maltaromaticum UAL26. Other intrinsic factors have also been reported as having an 

influence on bacteriocin production. Not only may temperature play a role, but a culture 

may require a particular pH (Hindre et al., 2004), osmotic concentration (Sashihara et al., 

2001), competitor microflora (Maldonado et al., 2004), or proteolytic enzymes (Gomez et 

al., 2002) to stimulate bacteriocin production.

Bacteriocin production by C. maltaromaticum UAL26 was originally shown to be 

affected by the temperature of incubation during growth on solid media. This was 

evaluated against a pair of indicator organisms using the deferred inhibition method of 

measuring antibacterial antagonism (Bums, 1987), and later against four more indicator 

organisms (Gursky et al., 2002). The results of the current study showed that not only 

does temperature play a role, but also medium type and the components of the medium. 

Production of increased titres of bacteriocin by C. maltaromaticum UAL26 occurs at 

temperatures below 16°C, and only in complex media such as APT or CAA, but not in a 

minimal medium such as RPMI. In CAA, Tween 80 (a surfactant) increased the amount 

of the bacteriocin from undetectable to 200 A.U./ml. However, the inclusion of Tween 

80 in APT resulted in no activity at the high (16°C) and low (1°C) temperatures of 

incubation. This finding is different from the effect of Tween 80 on bacteriocin 

production observed in production of lacticin RM by Lc. lactis ssp. lactis (Keren et al., 

2004), which demonstrated that Tween 80 increased the concentration of bacteriocin
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eightfold in tryptic soy yeast broth. There are several other examples in the literature that 

show that Tween 80 improves production of bacteriocin (Huot et al., 1990; Parente and 

Hill, 1992; Moretro et al., 2000). Tween 80 may act by preventing the aggregation of 

bacteriocin molecules (Huot et al., 1990; Nissen-Meyer et a l, 1992); however, the effect 

of Tween 80 on bacteriocin producing cultures, and on bacteriocins in broth culture, may 

differ for each bacteriocin. In the current study, it is possible that other differences in 

media composition between APT (a standardized medium) and APTNT (formulated from 

individual components of APT) could contribute to the variation in bacteriocin 

production.

C. maltaromaticum UAL26 should be grown for the purpose of bacteriocin 

production within the temperature that permits production of detectable levels of 

bacteriocin in the supernatant (1 to 19°C). To optimize the time needed to prepare a large 

volume of culture for bacteriocin isolation, growth at 15°C in APTNT reached maximum 

population in 24 h, produced the highest titre of bacteriocin in the supernatant, and was 

sufficiently below the temperature cutoff of 19°C to ensure that any variation in incubator 

temperature would not affect bacteriocin production.

Growth in APTNT allows faster adaptation to increased bacteriocin production by 

C. maltaromaticum UAL26. Regardless of subculture frequency, cultures grown in 

APTNT produced bacteriocin in the supernatant after 3 d of incubation at 15°C. Growth 

in APT was more restrictive, as it allowed the full titre of bacteriocin to be produced after 

5 d of incubation at 15°C. It took 3 d for the metabolic processes of C. maltaromaticum 

UAL26 to fully adapt to cold incubation temperatures (i.e. 15°C), but increased 

bacteriocin production is rapidly lost when a reduced growth temperature-adapted culture
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is subcultured and incubated at 25°C. The loss of bacteriocin production when cultures 

were moved from 15°C to 25°C suggests that bacteriocin production in C. 

maltaromaticum UAL26 is dependent on a mechanism of adaptation to change in 

incubation temperature. Temperatures that permit high levels of bacteriocin production 

are sub-optimal for the growth rate of C. maltaromaticum UAL26. C. maltaromaticum 

UAL26 subcultured at a 1% inoculum reached maximum population within 16 h when 

grown at 25°C, but took 24 h when grown at 15°C.

Amino acid sequencing of a bacteriocin by Edman degradation requires that 

enough active peptide is present in the supernatant so that purification will result in a 

quantity of pure peptide that can be sequenced. Previous attempts to sequence the 

bacteriocin from C. maltaromaticum UAL26 failed because an insufficient quantity of 

peptide was produced to allow for successful purification. In purifications where a 

desired biological compound is present in too low of a concentration to be isolated, two 

solutions are typically applied: increase the culture volume, or alter the fermentation 

conditions to increase production of the desired compound. At some point, increase of 

culture volume becomes prohibitive in regard to time and labour required for purification. 

Therefore, the conditions of culture growth or metabolism must be altered in such a way 

to increase production levels. Discovery of the temperature dependent nature of 

bacteriocin production in C. maltaromaticum UAL26 allows further research on 

purification and characterization of the bacteriocins produced by this organism.
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3. PURIFICATION AND IDENTIFICATION OF A BACTERIOCIN 

PRODUCED BY Carnobacterium maltaromaticum UAL26, AND 

GENETIC CHARACTERIZATION OF BACTERIOCINS 

PRODUCED BY C. maltaromaticum UAL26 AND C. maltaromaticum

JG126

3.1. Introduction

Purification of bacteriocins can be challenging because of the low concentrations 

that may be present in culture supernatant, or because of the chemical nature of the 

bacteriocin. As bacteriocins often contain hydrophobic regions and carry ionic charge, 

chromatography methods which separate compounds based upon hydrophobicity and 

charge are useful for purification. Hydrophobic interaction (Queiroz et al., 2001), ionic 

exchange (Choudhary and Horvath, 1996), and molecular size exclusion (Irvine, 2003) 

are three of the most common principles used in column chromatography purifications. 

These methods are often used in combination in a series of purifications. Other methods, 

such as ammonium sulphate precipitation (Hastings et a l,  1991; Hoick et al., 1996; 

Herbin et al., 1997; Schobitz et al., 1999), solvent extraction (Burianek and Yousef, 

2000), detergent phase partitioning (Metivier et al., 2000), affinity column (Gibbs et a l, 

2004), and immunoaffinity purification (Suarez et al., 1997) have also been demonstrated 

as useful methods to purify bacteriocins, although some of these methods require the 

bacteriocin to have been previously purified and characterized. Continuous fermentation 

has also been demonstrated as a method to increase bacteriocin production (Parente and 

Ricciardi, 1999).
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Several bacteriocins have been characterized from Carnobacterium spp., 

including camobacteriocin A (Worobo et al., 1995), camobacteriocin BM1 (Quadri et al., 

1994), camobacteriocin B2 (Quadri et al., 1994), piscicolin 126 (Jack et al., 1996), 

camocin UI49 (Stoffels et al., 1992), camocin H (Blom et al., 2001), divergicin A 

(Worobo et al., 1995), divergicin 750 (Hoick et al., 1996), and divercin V41 (Metivier et 

al., 1998). These bacteriocins were purified using hydrophobic interaction, ionic 

exchange, or size exclusion chromatography, or a combination of these, and other 

methods.

The difficulty in detecting bacteriocin activity in culture supernatant of C. 

maltaromaticum UAL26 prevented purification of its bacteriocin activity (Rosario, 2001). 

The bacteriocin was known to be proteinaceous, as studied by proteolysis sensitivity in 

deferred inhibition assays of C. maltaromaticum UAL26 (Bums, 1987). Other 

characteristics of the bacteriocin, such as heat and pH stability, or the phase of culture 

growth during which bacteriocin is produced, could not be evaluated because of the 

inability to detect the bacteriocin in the culture supernatant. The potential for isolation of 

sufficient quantities of peptide for sequencing and identification increased with the 

discovery that reduction in growth temperature increased bacteriocin production, which 

allowed detection of antibacterial activity in broth media (Chapter 2, this thesis).

The possibility of isolating enough bacteriocin for sequencing led to the goal of 

using reverse genetics to identify and sequence the structural gene encoding the 

bacteriocin produced by C. maltaromaticum UAL26. Examination of the bacteriocin 

operon, including its methods of immunity, induction, regulation, and transport (secretion 

into the surrounding media), by genetic characterization could then be done. The primary
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objectives of this research were to purify and characterize the bacteriocins produced by 

C. maltaromaticum UAL26 and to characterize the genetic elements involved in 

bacteriocin production.

3.2. Materials and methods

3.2.1. Bacterial strains and growth media

C. maltaromaticum UAL26 was acquired from the University of Alberta Lactic 

Acid Bacteria collection (University of Alberta, Edmonton, AB). C. maltaromaticum 

JG126 was acquired from the Australian Food Industry Science Centre (Werribee, 

Victoria, Australia). Stock cultures of C. maltaromaticum UAL26 and C. 

maltaromaticum JG126 were maintained at -70°C in All Purpose Tween broth (APT; 

Difco; BD Diagnostics, Sparks, MD) with glycerol (20% vol./vol.; Fisher Scientific, 

Edmonton, AB). Cultures of C. maltaromaticum UAL26 and JG126 used in this study 

were prepared by inoculation of cells from frozen stock culture into tempered broth (by 

holding the media at 15 or 25°C for at least 1 h before inoculation). Cultures were 

subcultured twice more at an inoculation volume of 1% vol./vol. before use in 

experiments. C. maltaromaticum UAL26 was grown at 15°C in APT without Tween 80 

(APTNT), made using the formulation of the manufacturer, except for the exclusion of 

the Tween 80. Stock cultures of C. maltaromaticum UAL26 adapted to production of 

bacteriocin at 15°C were maintained at -70°C in APTNT with glycerol (20% vol./vol.).

3.2.2. Antibacterial activity of C. maltaromaticum UAL26

Listeria monocytogenes ATCC 43256 was grown from frozen stock culture in 

APT broth at 37°C for 24 h, and subcultured at least once before use in experiments as 

the indicator organism to determine arbitrary activity units (A.U.) of bacteriocin activity
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in spot-on-lawn assays. Arbitrary activity units were calculated as the reciprocal of the 

highest dilution in a doubling dilution series that showed a clear zone of inhibition, and 

are expressed in A.U./ml (Ahn and Stiles, 1990). For the spot-on-lawn assay, 10 pi of 

each dilution of cell-free (centrifuged at 10,000 x g  for 5 min), heated (65°C for 30 min) 

supernatant was spotted onto APT agar plates, and overlayered with 7 ml of soft APT 

agar (0.75% agar) seeded with a 1% inoculum of L. monocytogenes ATCC 43256. Plates 

were incubated at 37°C for 24 h, and zones of inhibition were measured and A.U./ml 

calculated.

3.2.3. Protease sensitivity, temperature, and pH stability of a bacteriocin from C.

maltaromaticum UAL26

C. maltaromaticum UAL26 was grown for three subcultures in 100 ml of APTNT 

broth at 15°C. Preparations of cell-free supernatant containing bacteriocin activity were 

made by centrifugation of 1 ml of fully grown culture (12,000 x g  for 5 min) in a 1.5 ml 

microcentrifuge tube, pipetting the supernatant into a new microcentrifuge tube, and 

heating at 65°C for 30 min. Sensitivity of the bacteriocin produced by C. 

maltaromaticum UAL26 to proteolytic enzymes was evaluated using the following 

modified method of the spot-on-lawn assay. Proteinase K (Sigma-Aldrich Canada, 

Oakville, ON), pronase E (Sigma-Aldrich), and trypsin (Sigma-Aldrich) were stored as 1 

mg/ml stock solutions at -70°C. The active supernatant (10 pi) was spotted onto an APT 

agar plate and allowed to dry. Once dried, 10 pi of a 1 mg/ml solution of protease was 

spotted 1 cm away from the first spot and allowed to dry before the plate was overlayered 

with 7 ml of soft APT agar inoculated with 1% vol./vol. of a culture of L. monocytogenes 

ATCC 43256.
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Stability of the bacteriocin across a range of temperatures was evaluated by 

exposing 1 ml samples of cell-free supernatant of C. maltaromaticum UAL26 grown at 

15°C to temperatures ranging from -80°C to 121°C. These samples were assayed for 

bacteriocin activity at various time intervals by the spot-on-lawn assay.

Stability of the bacteriocin across a pH range from 0.5 to 12 was evaluated by 

altering the pH of 1 ml samples of cell-free, heated supernatant of C. maltaromaticum 

UAL26 containing bacteriocin activity using either hydrochloric acid (HC1; Fisher 

Scientific) or sodium hydroxide (NaOH; Fisher Scientific). These samples were stored at 

4°C for up to 40 d, and tested for activity at various time intervals using a spot-on-lawn 

assay.

3.2.4. Purification of a bacteriocin from C. maltaromaticum UAL26

Prior to sterilization of the APTNT media to be used for fermentation, a 1 L 

volume of the medium without glucose was prepurified by washing it through an 

Amberlite XAD-16 resin column (Sigma-Aldrich). The medium was sterilized and the 

glucose was added by filter sterilization (10 pm low-protein binding PVDF Millex-GV 

Durapore syringe filter; Millipore, Cork, Ireland). C. maltaromaticum UAL26 was 

grown from frozen stock and subcultured at 1% inoculum three times at 15°C in 

prepurified APTNT broth. The culture was inoculated (1% vol./vol.) into 1 L of 

prepurified APTNT broth. After the culture had grown for 24 h it was centrifuged at 

16,000 x g  at 10°C for 15 min, and the cell-free supernatant was subjected to a series of 

column purifications.

The first column (2.5 x 30 cm) was prepared by shaking a slurry of ~50 to 70 g of 

Amberlite XAD-16 nonionic polymeric adsorbent resin (Sigma-Aldrich) in 300 ml Milli-
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Q water for 10 min, then pouring the column by gravity flow-through. Milli-Q water 

(300 ml) was used to pack and rinse the column before the centrifuged culture 

supernatant was loaded onto the column. Once the supernatant was loaded onto the 

column by gravity flow-through, 500 ml of 30% ethanol (Fisher Scientific) solution was 

rinsed through the column by pumping (Econo Pump; BioRad, Hercules, CA) at a 

constant rate of 20 ml/min, followed by 500 ml of 70% propan-2-ol (Fisher Scientific) 

adjusted to pH 2 by addition of 1 M HC1 at 20 ml/min to elute the bound bacteriocin.

This fraction was concentrated by rotary evaporation (Rotavapor R-205, vacuum V-511, 

controller V-805, heating bath B-490; Buchi Labortechnik, Flawil, Switzerland) under 

vacuum of approximately 34 mbar with gentle heating at 30°C to remove the solvent and 

to decrease the working volume to approximately 100 ml.

The second column (2.5 x 50 cm) was prepared by shaking a slurry o f -150 to 

200 g of Amberlite IR-120 PLUS strongly acidic cationic exchanger resin (Sigma- 

Aldrich) in 400 ml of 75% propan-2-ol for 15 min. The column was poured by gravity 

flow-through, and 500 ml of 75% propan-2-ol was used to pack and rinse the column. 

Milli-Q water (1 L) was rinsed through the column by gravity flow-through to restore the 

hydration of the resin. The 100 ml concentrate from the Amberlite XAD-16 column 

purification was applied by gravity flow-through, and washed successively with the 

following solutions: 500 ml Milli-Q water by gravity flow-through, 500 ml 1 M NaCl by 

gravity flow-through, and 500 ml 50% propan-2-ol by pump (20 ml/min). The 

bacteriocin was eluted from the cation-exchange column with 500 ml 50% propan-2-ol 

containing 0.1 M NaCl at 20 ml/min. This fraction was concentrated by rotary
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evaporation under vacuum of approximately 34 mbar with gentle heating at 30°C to 

remove the solvent and decrease the working volume to approximately 50 ml.

The third column was a Cig Mega-Bond Elut (10 g, 60 ml) disposable cartridge 

(Varian Canada, Inc., Mississauga, ON), prepared for use by vacuum filtering 1 column 

volume (-60 ml) of 100% methanol (Fisher Scientific) through the column, followed by 

1 column volume of Milli-Q water. The 50 ml concentrate from the Amberlite IR-120 

PLUS cation exchange column purification was applied by vacuum filtering, and washed 

successively with 1 column volume of each of the following solutions: Milli-Q water, 

30% ethanol, 30% acetonitrile (Fisher Scientific), 20% propan-2-ol, 40% propan-2-ol.

The bacteriocin was eluted with 40 ml of 70% propan-2-ol adjusted to pH 2. This 

fraction was concentrated by rotary evaporation under vacuum of approximately 34 mbar 

with gentle heating at 30°C to remove the solvent and decrease the working volume to 

approximately 5 ml.

The final purification was done on a HPLC apparatus (System Gold with 

programmable solvent module 126 pumps using 32 Karat software; Beckman Coulter, 

Fullerton, CA), using a Cig Protein and Peptide Semi-preparative RP-HPLC column 

(model #218TP510 with a 259FSK810 guard column; Grace-Vydac, Hesperia, CA). 

Separation was done using a 0.1% trifluoroacetic acid (TFA; Sigma-Aldrich) in Milli-Q 

water (solvent A):propan-2-ol with 0.1% TFA (solvent B) gradient of the following 

method: a gradient from 25 to 35% solvent B for 15 min, a gradient from 35 to 80% 

solvent B for 0.5 min, 80% solvent B for 5 min, a gradient from 80 to 20% solvent B for 

0.5 min, and 20% solvent B for 9 min. Fractions were collected based on polypeptide 

absorbance at 220 nm (System Gold 166 detector; Beckman Coulter). Bacteriocin
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activity was determined for each fraction using a spot-on-lawn assay. The active 

fractions from 6 runs of HPLC purification were combined and repurified using the 

HPLC method described above.

3.2.5. MALDI-TOF MS of a bacteriocin from C. maltaromaticum UAL26

Samples for MALDI-TOF mass analysis were prepared using 3,5-dimethoxy-4- 

hydroxycinnamic acid (sinapinic acid) as a matrix. Solutions containing the sample 

peptide were mixed in a 1:1 ratio (vol./vol.) with a stock solution of sinapinic acid (10 

mg/ml) in 60% acetonitrile containing 0.1% TFA before depositing them on the probe.

To prepare the samples on the probe, sinapinic acid (0.7 pi; 4 mg/ml) in a 1:1 

acetone:methanol mixture was pipetted onto a gold target plate. The solvent was allowed 

to evaporate, leaving a thin layer of sinapinic acid on the surface of the probe.

Samplermatrix solution (0.3 pi) was dried on top of this layer at a pressure of 1 atm.

Mass spectra were recorded using a single-stage reflectron MALDI-TOF mass 

spectrometer (API QSTAR Pulsar with an oMALDI source; Applied BioSystems, Foster 

City, CA).

3.2.6. Amino acid sequencing of a semi-purified bacteriocin from C. 

maltaromaticum UAL26

A portion of the semi-purified bacteriocin sample was sent to the Alberta Peptide 

Institute (University of Alberta) for amino acid sequencing. Amino acid sequencing was 

done using a HP 1005A protein sequencer running Routine 3.1 for HPLC detection of 

phenylthiohydantoin-amino acids (PTH-a.a.’s). The amino acid sequencer was coupled 

to a HPLC instrument (Series I I 1090; Hewlett Packard, Palo Alto, CA). Automated 

Edman degradation of the peptide sample generated isothiocyanate derivatives and TFA-
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catalyzed cleavage of amino acids. Downstream HPLC characterization of PTH-a.a.’s 

was achieved using a Cig analytical HPLC column (Hypersil Cig 2.1 x 250 mm 5 pm; 

Agilent, Palo Alto, CA). The HPLC method used a two-solvent method: solvent A was 

15% acetonitrile containing 0.1% TFA, and solvent B was 31% isopropanol containing 

0.1% TFA. PTH-a.a.’s were eluted in a gradient from 100% solvent A to 100% solvent B 

over 16 min at a flow rate of 300 pl/min. The resulting sequence was analysed for 

similarity to known peptides using a BLAST-protein search (Altschul et al., 1990; NCBI- 

BLAST, 2004) and by visual examination of the results.

3.2.7. Genetic probing of the piscicolin 126 operon in C. maltaromaticum UAL26

DNA primers were designed based on the sequence of piscicolin 126 from C. 

maltaromaticum JG126 (Jack et al., 1996), synthesized (Applied Biosystems 394/8 

DNA/RNA Synthesizer using phosphoramidite chemistry; DNA Core Facility, University 

of Alberta), and used in a PCR reaction (Kleppe et al., 1971; Saiki et al., 1985; Mullis et 

al., 1986) to amplify the structural gene. To increase the chance of at least one of the 

possible four primer pairs amplifying the desired region, two primers were selected at the 

ends of the coding region for the structural gene, and the other two were selected further 

upstream or downstream of the structural gene. The sequence of the primers was as 

follows:

primer FI 5’-ATATGAATTCCGATGTTACAATCAATTAAC-3’, 

primer F2 5 ’ - ATATGAATTCATGAAAACTGTTAAAGAACT-3 ’, 

primer R1 5’-ATATTCTAGACTTTTCCTCCAGAAAACCA-3 ’, and 

primer R2 5 ’-ATATTCTAGATTATCCTTTGTTCCAACC-3 ’.
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For all four reactions, DNA was amplified in 100 pi PCR reactions using 0.5 pi of 

Platinum Taq DNA polymerase High Fidelity (Invitrogen Canada Inc., Burlington, ON), 

10 pi of HIFI Platinum Taq Buffer, 4 pi of 50 mM MgS0 4 , 1 pi of each primer at 200 

nM (pairings of the primers listed above), 2 pi of 10 mM dNTP solutions (Invitrogen), 

and 1 pi of DNA template isolated from C. maltaromaticum UAL26. C. maltaromaticum 

UAL26 DNA template was prepared using the following protocol: cell culture (1 ml) was 

centrifuged (model 5417C; Eppendorf, Hamburg, Germany) at 20,000 x g  for 5 min, the 

supernatant was discarded, and the cell pellet was resuspended in 500 pi of sterile Milli- 

Q water. The cells were centrifuged again, resuspended in 100 pi sterile Milli-Q water, 

and heated at 100°C for 5 min.

The following PCR protocol was used on a GeneAmp PCR system 2400 thermal 

cycler (version 2.11; Perkin Elmer Corp., Norwalk, CT): 2 min denaturation at 94°C, 25 

cycles of: 1 min denaturation at 94°C, 1 min annealing at 50°C, 1 min extension at 68°C, 

then a final 5 min extension at 72°C. The samples were cooled and held at 4°C. Each 

reaction mixture (20 pi) was loaded onto a 1% w./vol. agarose (BD Diagnostics) gel 

[dissolved in 1 x TBE buffer: 10.778 g of tris(hydroxymethyl)aminomethane (TRIS) 

(Fisher Scientific), 0.744 g of disodium ethylenediaminetetraacetic acid (EDTA) (Fisher 

Scientific), 5.5 g of boric acid (Fisher Scientific)/L] and separated in 1 x TBE buffer by 

electrophoresis at 110 V for approximately 30 min using a Mini-Sub Cell GT gel box 

(BioRad). The gel was visualized with a Gel Doc 1000 UV transilluminator (BioRad) 

and photographed.
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3.2.8. Identification of the piscicolin 126 operon and sequencing of the structural

gene, promoter region, and induction gene in C. maltaromaticum UAL26

To determine if the piscicolin 126 operon was present in C. maltaromaticum 

UAL26, primers were designed spanning the piscicolin 126 operon sequence, making use 

of known conserved amino acid residues or motifs within the genes to be amplified 

(Axelsson and Hoick, 1995; Diep et al., 1996; Dutta et al., 1999; Holland and Blight, 

1999; O'Keeffe et al., 1999; O'Connell-Motherway et al., 2000; Kim and Forst, 2001; 

Fimland et al., 2002; Stephenson and Hoch, 2002; Varughese, 2002), to increase the 

chance of annealing to C. maltaromaticum UAL26 genomic DNA. The primers were 

synthesized (DNA Core Facility, University of Alberta) and used in paired combinations 

using the PCR protocol described in section 3.2.7 to probe for the presence of each of the 

genes in the operon of piscicolin 126. The sequence of the primers was as follows: 

primer U2 5’-ATATGAGCTCGTTATTAGTGAATTGACAGAA-3\ 

primer FI 5’-CTAATATCCATATCTAATATTG-3’, 

primer R I5 ’-ATGGGTAAGTTAAA ATGGTTT-3 ’, 

primer D1 5 ’ -AT ATGG ATCCTAC AGT AC AACC ATTTTTATT A-3 ’, 

primer FP 5’-AAGTTCTTTAACAGTTTTCAT-3 ’, 

primer D2B 5 ’-ATATCCCGGGTTAACAGTGATAGTATGCCA-3 ’, 

primer FN 5 ’ - ATGAACGATAAAAAATACTTG-3 ’, 

primer RN 5 ’-TTAGCATTTTTTAAAAAAAGAAA-3 ’, 

primer FK1 5 ’ -TTGTAAAGTATAGTTCTATTA-3 ’, 

primer D2A 5’-ATATCCCGGGTTGTTCCAACTGATCAGTG-3’, 

primer FK2 5 ’-GATAATGCAATTGAAGCGG-3 ’,
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primer RK2 5 ’ -CAATCCTAATCCTTTATGG-3 ’, 

primer FR 5’-GAAGATCAAATCATTCAAC-3’, 

primer RR 5 ’ -TTTGAACTAACCTTTGCCG-3 ’, 

primer FT1 5 ’-GGTGTTAGTGGATCTGGA-3 ’, 

primer RT1 5 ’ -CTTC AATAAAGCACGAGCA-3 ’, 

primer FT2 5 ’ -GCG ACC AT GG ACT GG AT-3 

primer RT2 5’-ATCCAGTCCACTGGTCGC-3’, and 

primer RE 5 ’ -AGTGGTACTTGTAGTTTAT-3 ’.

Amplified DNA fragments and primers surrounding the piscicolin 126 structural 

gene (FI and R2 primers), promoter region, and induction gene (FP and RN primers) 

were sent to the Core DNA Facility (University of Alberta) where the DNA was 

sequenced by automated capillary electrophoresis (CEQ2000XL DNA Analysis System; 

Beckman Coulter). DNA sequencing was done using the Sanger dideoxynucleotide 

termination sequencing protocol. Sequencing reactions were prepared by thermocycler 

amplification, separated by electrophoresis, and analysed as described in section 3.2.7.

3.2.9. Identification of the camobacteriocin BM1 structural gene in C.

maltaromaticum UAL26 and JG126

The camobacteriocin BM1 gene was originally amplified in C. maltaromaticum 

UAL26 independently of this thesis research (Stiles, unpublished data). To determine if 

the camobacteriocin BM1 structural gene was present in C. maltaromaticum JG126,

DNA primers specific for the known DNA sequence of camobacteriocin BM1 from C. 

maltaromaticum LV17 were designed by Dr. Marco van Belkum (Canbiocin; University
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of Alberta, Edmonton, AB) and originally used in other thesis research (Gameau, 2003). 

Sequences of the primers (DNA Core Facility, University of Alberta) were as follows: 

primer BM1F1 5’- ATATGAATTCATGAAAAGCGTTAAAGAACT-3’, and 

primer BM1R2 5 ’ -ATATTCTAGATTAAAACCCTGACCAAGC-3 ’.

The piscicolin 126 gene was amplified using primers FI and R2 described in section

3.2.7.

DNA was amplified in 100 pi PCR reactions using the reagents, enzymes, and 

DNA template prepared from C. maltaromaticum UAL26 and C. maltaromaticum JG126 

as described in section 3.2.7.

The following PCR protocol was used on a GeneAmp PCR system 2400 thermal 

cycler (Perkin Elmer): hot start addition of Taq polymerase (D'Aquila et al., 1991; Erlich 

et a l, 1991; Mullis, 1991), 2 min denaturation at 94°C, 35 cycles of: 1 min denaturation 

at 94°C, 1 min annealing at 50°C, 1 min extension at 68°C, then a final 5 min extension at 

72°C, and the samples were cooled and held at 4°C. Each reaction mixture (20 pi) was 

loaded onto a 1% w./vol. agarose, separated by electrophoresis, and visualized as 

described in section 3.2.7.

3.3. Results

3.3.1. Protease sensitivity, temperature, and pH stability of a bacteriocin from C. 

maltaromaticum UAL26

The protease sensitivity, and the temperature and pH stability o f the bacteriocin 

activity in cell-free supernatant of C. maltaromaticum UAL26 is shown in Table 3.1.

The antibacterial activity in the supernatant was sensitive to the three proteolytic enzymes 

used, which indicates that the antibacterial activity is due to a proteinaceous compound.
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Table 3.1. Protease sensitivity, and temperature and pH stability of bacteriocin activity in 
cell-free supernatant of a culture of C. maltaromaticum UAL26 grown at 15°C.

Characteristic Sensitivity / stability
Protease sensitivity Proteinase K +

Pronase E +
Trypsin +

Temperature stability 121°C 1 h
100°C 8 h
65°C lOh

<25°C >30 d
pH stability pH 0.5 35 d

pH 1 to 8 >40 d
pH 9 21 d

pH 10 7 d
pH 11 2 d
pH 12 <1 d

(+) Sensitive to protease degradation.

The antibacterial activity was very heat stable, withstanding treatment of 121°C for 1 h, 

and heating at 100°C for 8 h. The bacteriocin activity is also very stable at acidic pH. At 

alkaline pH, bacteriocin activity begins to decrease. The higher the pH, the more rapid 

the inactivation; at pH 12, antibacterial activity was not detectable after 24 h.

3.3.2. Purification of a bacteriocin from C. maltaromaticum UAL26

The antibacterial activity of the fractions collected after elution from the XAD-16, 

IR-120 PLUS and Ci8 Mega-Bond columns is summarized in Table 3.2. The sample was 

eluted from the Cis column and purified by RP-HPLC. Antibacterial activity was eluted 

at approximately 17.5 min. The chromatogram of the pool of fractions collected from the 

RP-HPLC is shown in Figure 3.1.
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Table 3.2. Antibacterial activity detected using the spot-on-lawn assay on samples taken 
during purification of the supernatant of C. maltaromaticum UAL26 grown at 15°C in 
APTNT using XAD-16, IR120 PLUS, and Cis Mega-Bond columns. L. monocytogenes 
ATCC 43256 was used as the indicator organism. (n=4)

Column Eluent Bacteriocin activity
XAD-16 30% Ethanol —

70% Propan-2-ol pH 2 +
IR120 PLUS Water —

1M Sodium chloride —

50% Propan-2-ol —

50% Propan-2-ol + 0.1M Sodium chloride +
Cis Mega-Bond Water —

30% Ethanol —

30% Acetonitrile —

20% Propan-2-ol —

40% Propan-2-ol —

70% Propan-2-ol pH 2 +
( - )  no activity detected, (+) visible zone of inhibition

3.3.3. MALDI-TOF MS of a bacteriocin from C. maltaromaticum UAL26

Analysis of MALDI-TOF mass spectrometry data showed a major peak at an 

experimental mass of 4415.5 Da (Figure 3.2). This molecular mass corresponds with the 

molecular mass of piscicolin 126, a bacteriocin isolated from C. maltaromaticum JG126 

(Jack et al., 1996).

3.3.4. Amino acid sequencing of a semi-purified bacteriocin from C. 

maltaromaticum UAL26

Amino acid sequencing of the semi-purified peptide revealed a major sequence of 

approximately nine residues that was characterised by large PTH-a.a. peak changes 

between sequencing cycles. The major sequence was composed of the following amino 

acids, using the common ‘single-letter’ abbreviation format: H2N-FARLMASIG-COOH. 

Smaller PTH-a.a. peak changes were observed in an underlying sequence twelve residues 

long: H2N-YYGNGVSCNKNG-COOH. This underlying sequence shared 100% identity
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Figure 3.1. RP-HPLC chromatogram of pooled semi-purified bacteriocin from C. 
maltaromaticum UAL26. A.) Detector plot of A220nm and solvent gradient method. B.) 
Expansion of the peak where bacteriocin activity was detected.
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Figure 3.2. MALDI-TOF mass spectrum of Cig RP-HPLC semi-purified peptide from C. 
maltaromaticum UAL26.

with the first twelve residues of piscicolin 126 from C. maltaromaticum JG126 (Jack et 

a l, 1996) when entered into a BLAST-protein search (Altschul et al., 1990; NCBI- 

BLAST, 2004) of known bacterial protein sequences. The major peptide sequence was 

not similar to any known bacteriocins, and the closest protein sequence match was 

somewhat similar to the neuropeptide CP2 precursor from the eukaryote Aplysia 

californica (California sea hare) (Altschul et al., 1990; NCBI-BLAST, 2004).

3.3.5. Genetic probing of the piscicolin 126 operon in C. maltaromaticum UAL26

Primer pairs were chosen surrounding the piscicolin 126 structural gene based on 

the sequence from the piscicolin 126 operon in C. maltaromaticum JG126 (Gibbs et al., 

2000). The four sites were chosen to increase the chance that one of the four possible 

primer pair combinations would amplify the region, given that genetic differences could 

interfere with the attempt to amplify the gene by PCR. The location of the four primers
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on either side of the piscicolin structural gene is shown in Figure 3.3, and the expected 

and observed sizes of each possible combination are shown in Table 3.3. Amplification 

of fragments by PCR was successful for three of four possible primer combinations, with 

bands of the expected size detected (Figure 3.4).

R 1

 ----------
F2 FI

Figure 3.3. Location of primers based upon the sequence of the piscicolin 126 structural 
gene from C. maltaromaticum JG126, and used to probe genomic DNA of C. 
maltaromaticum UAL26.

Table 3.3. Expected and observed sizes of PCR products using primer combinations to 
amplify the piscicolin 126 structural gene in C. maltaromaticum UAL26.

Primer pair Expected size (bp) Observed size (bp)
FI &R1 599 N/A
F2& R1 463 -450
FI &R2 324 -350
F2& R 2 188 -200

Figure 3.4. PCR amplification products of the piscicolin 126 structural gene in C. 
maltaromaticum UAL26. Primers were chosen at either end of the gene (F2 and R2), or 
upstream (Rl) or downstream (FI), and used in pairs for amplification of genomic DNA. 
Lane 1: 100 bp DNA ladder, Lane 2: F2 & R2, Lane 3: FI & R2, Lane 4: F2 & R l, Lane 
5: FI & R l.
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3.3.6. Identification of the piscicolin 126 operon and sequencing of the structural 

gene, promoter region, and induction gene in C. maltaromaticum UAL26

The primer pairs listed in Table 3.4 were designed based upon conserved residues 

or motifs in homologous genes to those found in the piscicolin 126 operon (Figure 3.5). 

The fragments listed represent amplification between these conserved regions in C. 

maltaromaticum UAL26. The sequences of the structural gene, promoter region, and 

induction gene showed 100% identity with the sequence of C. maltaromaticum JG126 

(Gibbs et al., 2000) when compared using the BLAST search tool (NCBI-BLAST, 2004).

Table 3.4. Expected and observed sizes of PCR products using the listed primer pairs to 
amplify regions of the piscicolin 126 operon in C. maltaromaticum UAL26.

Primer pair Expected size (bp) Observed size (bp)
U 2& R I 527 -550
FI & Rl 296 -300

D1 &D2A 1200 -1150
D1 & D2B 310 -350
FP& R N 393 -400
FN & RN 143 -150

FK2&RK2 221 -200
FR & R R 403 -425

FT1 & RT1 365 -375
FT1 & RT2 410 -425
FT1 & RE 822 -850
FT2& RE 429 -425

1 kb

pis pis pis pis p is pis pis
I  A N  K  R T E

Figure 3.5. Genetic organization of the piscicolin 126 operon, encoding the immunity 
gene (pisl), the structural bacteriocin gene (pisA), the induction gene (pisN), the histidine 
kinase gene (pisK), the response regulator gene (pisR), the dedicated ABC-transporter 
gene (pisT), and the transport accessory gene (pisE). Adapted from Gibbs et al., 2000.
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3.3.7. Identification of the carnobacteriocin BM1 structural gene in C. 

maltaromaticum UAL26 and JG126

The PCR amplified DNA fragments shown in Figure 3.6 identify the presence of 

both the piscicolin 126 and carnobacteriocin BM1 structural genes in C. maltaromaticum 

UAL26 and JG126. Amplified fragments are of the expected size for the primers used in

the PCR reaction. The carnobacteriocin BM1 operon is shown in Figure 3.7.

Figure 3.6. PCR amplified bands of the piscicolin 126 and carnobacteriocin BM1 genes 
in C. maltaromaticum UAL26 and JG126. Lane 1: 100 bp marker; lane 2: piscicolin 126 
amplified gene product in C. maltaromaticum UAL26; lane 3: carnobacteriocin BM1 
amplified gene product in C. maltaromaticum UAL26; lane 4: piscicolin 126 amplified 
gene product in C. maltaromaticum JG126; lane 5: carnobacteriocin BM1 amplified gene 
product in C. maltaromaticum JG126.

0.1 kb

cbn cbi
RM1 Ft M l

Figure 3.7. Genetic organization of the carnobacteriocin BM1 operon, encoding the 
bacteriocin structural gene (cbnBMl), and the immunity gene (cbiBMl). Adapted from 
Quadri et al., 1994.
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3.4. Discussion

The antibacterial activity from C. maltaromaticum UAL26 has the characteristics 

of a typical class Ha bacteriocin. It is proteinaceous, heat-stable, and it is acid tolerant, 

but it is inactivated at alkaline extremes of pH. These characteristics are common to 

several other members of the class Ila bacteriocin group.

The XAD-16 resin used during pre-HPLC purification is a non-ionic, aromatic 

hydrophobic resin. It effectively binds hydrophobic compounds but does not retain 

highly charged ones. As a general rule, the more hydrophobic the compound, the higher 

percentage of hydrophobic solvent needed for elution (Mant and Hodges, 1991; Nollet, 

2000). Elution of bacteriocin activity required the use of 70% propan-2-ol at pH 2 

(which will impart a net positive charge to proteinaceous compounds), which suggested 

that the bacteriocin from C. maltaromaticum UAL26 contains both hydrophobic regions 

and amino acid residues that are capable of being positively charged. This characteristic 

made the bacteriocin a prime candidate for further purification by cation exchange.

IR120 PLUS resin is a strongly acidic cationic exchange resin. To achieve elution from 

this resin, a strongly electrolytic hydrophobic solvent (0.1 M NaCl, 50% propan-2-ol) 

was necessary to interfere with the binding of the bacteriocin to the resin. The Cig Mega- 

Bond pre-HPLC cartridge separates compounds on hydrophobicity, but uses a long linear 

aliphatic chain to bind the bacteriocin instead of an aromatic matrix as found in the XAD- 

16 resin. This is a useful pre-HPLC purification due to its ability to remove coloured 

impurities and various other compounds from the bacteriocin.

RP-HPLC is typically used in a semi-preparative application to purify proteins or 

peptides for further analytical work, such as mass spectrometry, nuclear magnetic
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resonance, or amino acid sequencing. While the semi-purified sample of bacteriocin had 

a single major peak by MALDI-TOF MS analysis, the same sample gave ambiguous 

results when amino acid sequencing was done. It contained a major sequence and an 

underlying sequence when PTH-a.a. peak changes were analysed. The major sequence 

bore no similarity to any known protein in the database; however, the underlying 

sequence contained similarities to the class Ha bacteriocin protein sequence motif 

YGNGVXC. As the experimental molecular mass from the MALDI-TOF MS analysis 

was identical to the reported mass of piscicolin 126 (Jack et al., 1996), DNA primers 

were designed based upon the published sequence of the piscicolin 126 structural gene. 

PCR amplification was successful using three pairs of these primers, and the amplified 

DNA sequence showed that the gene in C. maltaromaticum UAL26 was identical to that 

in C. maltaromaticum JG126. The fourth primer pair did not amplify the target DNA 

sequence, possibly because of problems with primer design and composition.

Isolation of bacteriocins that have already been characterized is not an occurrence 

new to this study. There are several examples in the literature of isolation of supposedly 

‘novel’ bacteriocins, which, upon further characterization, were found to be homologous 

to previously reported bacteriocins. In particular, piscicocin V ia (BhugalooVial et al., 

1996) is identical in molecular mass to piscicolin 126; piscicolin 61 (Hoick et al., 1994) 

has the same molecular mass as carnobacteriocin A; piscicocin V lb (BhugalooVial et al.,

1996) and camocin CP51 (Herbin et al., 1997) are identical to carnobacteriocin BM1; and 

camocin CP52 (Herbin et al., 1997) and the bacteriocin produced by C. maltaromaticum 

A9b (Nilsson et al., 2002) are homologous to carnobacteriocin B2. This occurrence is 

also not unique to bacteriocins from camobacteria. Examples have been shown in other
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LAB: nisin has been isolated from a variety of Lactococcus lactis ssp. lactis strains 

(Hurst, 1981; Harris et al., 1992; Rodriguez et al., 1995), and plantaracin S has been 

found to be widely distributed in Lactobacillusplantarum strains (Maldonado et al., 

2002).

Further genetic analysis, using primers based on the sequence of the piscicolin 

126 operon in C. maltaromaticum JG126, showed that all other genes in the piscicolin 

126 operon were present in the genome of C. maltaromaticum UAL26. The sequencing 

of both the bacteriocin structural gene, the promoter region, and the induction gene 

revealed that there were no genetic differences within these regions.

Lactic acid bacteria commonly carry the genetic elements for production of 

multiple bacteriocins. C. maltaromaticum LV17 (Quadri et al., 1994; Worobo et al., 

1994), Leuconostoc mesenteroides TA33a (Papathanasopoulos et al., 1997), and Lc. 

lactis subsp. lactis biovar diacetylactis DPC938 (Morgan et al., 1995) carry the genes for 

at least three bacteriocins. Lb. gasseri LF221 (Majhenic etal., 2004), Leu. mesenteroides 

Y105 (Morisset and Frere, 2002), and Enterococcus faecium E13 (Marekova et al., 2003) 

produce at least two bacteriocins, while several two-component bacteriocins have also 

been identified (McCormick et al., 1998; Cuozzo et al., 2000; Gameau et al., 2002; 

Martin et al., 2004). Often, when more than one bacteriocin is produced, they act 

synergistically, exhibiting a stronger inhibitory effect against sensitive strains when found 

together (Gameau et al., 2002; Limonet et al., 2004; Martin et al., 2004), although they 

may also act antagonistically (Mulet-Powell et al., 1998). The identification of the 

carnobacteriocin BM1 gene in C. maltaromaticum UAL26 (Stiles, unpublished data) and
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in C. maltaromaticum JG126 in addition to the piscicolin 126 operon showed that these 

strains carry the genetic elements for the production of at least two bacteriocins.

The carnobacteriocin BM1 operon in C. maltaromaticum LV17B does not contain 

closely-linked genetic elements for its own export (Quadri et al., 1994; Quadri et a l,

1997). It consists of the bacteriocin structural gene and the immunity peptide, and it does 

not make use of the general secretory pathway. The prebacteriocin gene encodes a leader 

peptide for dedicated specific export. Because the genetic elements of the plasmid- 

encoded carnobacteriocin B2 operon are essential for the expression of carnobacteriocin 

BM1, carnobacteriocin BM1 may make use of the transport machinery encoded by the 

carnobacteriocin B2 operon in C. maltaromaticum LV17B (Quadri et al., 1994; Quadri et 

al., 1997). As the genetic elements for carnobacteriocin B2 are not present in either C. 

maltaromaticum UAL26 or C. maltaromaticum JG126 (results not shown), one possible 

explanation is that export of carnobacteriocin BM1 in C. maltaromaticum UAL26 

requires the presence of the piscicolin 126 operon.

In the search for novel bacteriocins to be used for food preservation, lactic acid 

bacteria are often screened in large numbers for inhibitory activity against food spoilage 

organisms and foodbome pathogens. The most common source for isolating these 

bacteria is directly from food. C. maltaromaticum UAL26 was isolated from vacuum 

packaged ground beef in Edmonton, Alberta, Canada (Bums, 1987), while C. 

maltaromaticum JG126 was isolated from spoiled ham in Victoria, Australia (Jack et a l, 

1996). These two isolates are sufficiently closely related to be classified as the same 

species, and are similar enough that both carry the genetic elements for production of the 

same two bacteriocins on their chromosomal DNA. However, having been isolated from
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two different types of food, and from two geographically distant locations, a certain 

degree of genetic variation could be expected. The phenomenon of temperature control 

of bacteriocin production observed in C. maltaromaticum UAL26 (Chapter 2, this thesis) 

is not observed in C. maltaromaticum JG126, although the genes of the piscicolin 126 

operons are similar in size. C. maltaromaticum JG126 produces a detectable amount of 

bacteriocin in the supernatant at its optimal growth temperature of 25°C when assayed by 

spot-on-lawn (Jack et al., 1996); however, C. maltaromaticum UAL26 only produces 

enough bacteriocin to be detected in the supernatant at sub-optimal growth temperatures 

(<19°C; Chapter 2, this thesis). Furthermore, the production of increased titre of 

bacteriocin in C. maltaromaticum UAL26 has a temperature cutoff point which varies 

depending on the composition of the medium. This indicates that perhaps some 

difference of control of bacteriocin production exists at either the genetic level, or control 

of bacteriocin production is related to the expression (mRNA) of the genetic elements of 

the piscicolin 126 operon.
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4. GENETIC MANIPULATION OF Carnobacterium maltaromaticum

UAL26

4.1. Introduction

Engineering genetic mutations into a bacteriocin operon can be achieved using 

several methods. Desired mutations can be made using random mutagenesis (Van der 

Wal et al., 1998), site-directed mutagenesis (Kazazic et al., 2002), transposon 

mutagenesis (De Oliveira et al., 1998), or engineering of specific gene fusions 

(McCormick et al., 1998). Unfortunately, these methods require that the operon be 

cloned from the strain of origin. In cases where the operon is chromosomally encoded, 

the use of in vitro mutagenesis precludes study of the effects of the mutations in the strain 

of origin. Instead, in vivo mutation techniques were necessary to study the effects of 

specific gene knockout in C. maltaromaticum UAL26.

After the characterization of the piscicolin 126 operon in C. maltaromaticum 

UAL26, it was necessary to determine if other bacteriocins with antilisterial activity were 

present in the genome. One method of assessing this would be to inactivate the piscicolin 

126 structural gene using a double-crossover replacement of the gene with an inactive 

copy. This procedure has been successfully used previously in lactic acid bacteria 

(Leenhouts, 1990). A piscicolin 126-negative clone of C. maltaromaticum UAL26 would 

reveal the presence of other bacteriocins produced by the strain, possibly including novel, 

uncharacterized antibacterial peptides. If other bacteriocin activity was not found, a 

bacteriocin-negative clone would be useful as a negative control in experiments 

measuring the antilisterial activity of C. maltaromaticum UAL26, including its use in a 

food system.
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Bacteria use specific transport machinery to export proteins into the extracellular 

medium. Bacterial exporters are proteins with a highly conserved ATP-binding cassette 

(ABC) region that function to translocate a protein or polypeptide through the cell 

membrane (Fath and Kolter, 1993). This export function is powered by the hydrolysis of 

ATP (Fath and Kolter, 1993). Some bacteriocin operons contain a gene which encodes 

an ABC-transport protein which is specifically dedicated to the task of processing the 

prebacteriocin into its active form and exporting it from the cell.

The discovery of the presence of the carnobacteriocin BM1 gene in the genome of 

C. maltaromaticum UAL26 (Stiles, unpublished data) precluded the possibility of making 

a bacteriocin-negative clone without two successive structural gene replacements. It has 

been suggested that carnobacteriocin BM1 makes use of the transport machinery of 

carnobacteriocin B2 in C. maltaromaticum LV17 for export from the cell (Quadri et al., 

1994; Quadri et a l, 1997). Because carnobacteriocin B2 is not present in C. 

maltaromaticum UAL26 (unpublished data), it is possible that the machinery of 

piscicolin 126 performs the same surrogate task. A comparison of the DNA and protein 

sequences of piscicolin 126, carnobacteriocin BM1, and carnobacteriocin B2 would show 

the sequence similarity of these proteins. The hypothesis of sharing transport machinery 

provided the justification for attempts to create a genetic knockout of the piscicolin 126 

transporter gene in C. maltaromaticum UAL26. A genetic knockout of the transport 

machinery in C. maltaromaticum UAL26 should prevent the prebacteriocins from being 

exported from the cell, leaving translated prebacteriocin in its unprocessed, inactive form. 

This should reduce or eliminate the production of bacteriocin by C. maltaromaticum 

UAL26 .
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In vivo mutagenesis is a relatively new technique primarily used in eukaryotic 

genetic manipulation (Storici et al., 2001). The protocol for in vivo mutagenesis as an 

alternative to in vitro mutagenesis, could be a quick and simple method to produce a 

clone of C. maltaromaticum UAL26 that is unable to export either piscicolin 126 or 

carnobacteriocin BM1. However, the limitations of the experimental design precluded 

using selection by an antibiotic marker gene, and dictated modification and adaptation of 

the protocol used in eukaryotic organisms. In the event that in vivo mutagenesis was 

unsuccessful because of lack of selection, knocking out the piscicolin 126 transporter or 

transport accessory gene by Campbell-like integration (Leenhouts, 1990) could also be 

attempted. The objectives of this research were to alter the piscicolin 126 operon in C. 

maltaromaticum UAL26 with a knockout of the piscicolin 126 structural or transporter 

gene to make a bacteriocin-negative clone, and to determine if carnobacteriocin BM1 

utilizes the transport protein in the piscicolin 126 operon.

4.2. Materials and methods

4.2.1. Bacterial strains and growth media

C. maltaromaticum UAL26 was acquired from the University of Alberta Lactic 

Acid Bacteria collection (University of Alberta, Edmonton, AB). Stock cultures of C. 

maltaromaticum UAL26 were maintained at -70°C in All Purpose Tween broth (APT; 

Difco, BD Diagnostics, Sparks, MD) with glycerol (20% vol./vol.; Fisher Scientific, 

Edmonton, AB). Cultures of C. maltaromaticum UAL26 used in this study were 

prepared by inoculation of cells from frozen stock culture into tempered (by holding the 

media at 25°C for at least 1 h before inoculation) liquid broth. Cultures were subcultured 

at least once more at an inoculation volume of 1 % volVvol. before use in experiments
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Escherichia coli MH1 (Casadaban and Cohen, 1980) was acquired from the 

University of Alberta Food Microbiology culture collection (University of Alberta, 

Edmonton, AB). Stock cultures of E. coli MH1 were maintained at -70°C in Luria 

Bertani (LB) broth (BD Diagnostics) with glycerol (20% vol./vol.). E. coli MH1 carrying 

the plasmid pGS30 (Vieira and Messing, 1987) was also acquired from the University of 

Alberta Food Microbiology culture collection. Stock cultures of E. coli MH1 pGS30 

were maintained at -70°C in LB containing chloramphenicol (25 pg/ml; Fisher Scientific) 

and glycerol (2 0 % vol./vol.).

4.2.2. Antibacterial activity of C. maltaromaticum UAL26

Listeria monocytogenes ATCC 43256 was grown from frozen stock culture in 

APT broth at 37°C for 24 h, and subcultured at least once before use in experiments as 

the indicator organism to determine arbitrary activity units (A.U.) in spot-on-lawn assays. 

Arbitrary activity units were calculated as the reciprocal of the highest dilution in a 

doubling dilution series that showed a clear zone of inhibition, and are expressed in 

A.U./ml (Ahn and Stiles, 1990). For the spot-on-lawn assay, 10 pi of each dilution of 

cell-free (centrifuged at 10,000 x g  for 5 min), heated (65°C for 30 min) supernatant was 

spotted onto APT agar plates, and overlayered with 7 ml of soft APT agar (0.75% agar) 

seeded with a 1% inoculum of L. monocytogenes ATCC 43256. Plates were incubated at 

37°C for 24 h, and zones of inhibition were measured and A.U./ml calculated.

For the deferred inhibition assay, a 1 pi spot of the C. maltaromaticum culture to 

be assayed was inoculated onto APT agar plates (1.5% agar), allowed to dry, and 

incubated at 25°C for 1 d. The plates were overlayered with 7 ml of soft APT agar 

(0.75% agar) seeded with a 1% inoculum of L. monocytogenes ATCC 43256. The plates
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were incubated at 37°C for 24 h and the zones of inhibition were measured. The zone of 

inhibition was measured as the diameter (mm) across a zone of inhibition of growth of 

the indicator organism (Tagg et al., 1976)

4.2.3. Construction of the plasmid pLG26X

C. maltaromaticum UAL26 was grown in APT from frozen stock at 25°C for 20 

h. The culture (1 ml) was centrifuged (model 5417C; Eppendorf, Hamburg, Germany) at

15,000 x g  for 3 min, the supernatant discarded, and the cells were resuspended in 1 ml 

TN150 buffer [10 mM TrisCl (Fisher Scientific), 150 mM NaCl (Fisher Scientific), pH 

8 ]. The cell suspension (1 ml) was transferred into a sterile 2 ml bead-beating tube 

containing 0.3 g of 0.1 mm silica/zirconium beads (Biospec Products, Bartlesville, OK). 

The samples were subjected to rotary shaking (Mini Beadbeater; Biospec Products) for 3 

min at maximum speed. The tube was cooled on ice for 5 min to allow the beads to 

settle. The homogenate (500 pi) was transferred into a sterile microcentrifuge tube and 

extracted by vortexing for 10 s with an equal volume of buffer-saturated phenol. This 

mixture was separated by centrifuging at 10,000 x g  for 3 min, and the aqueous layer was 

transferred to a new microcentrifuge tube. An equal volume of chloroform:isoamyl 

alcohol (24:1) was added to the tube and separated by centrifuging at 10,000 x g  for 3 

min. The aqueous layer was transferred to a new tube, to which 50 pi of 3 M sodium 

acetate (Fisher Scientific) pH 5.3 and 1 ml cold (-20°C) 70% ethanol (Fisher Scientific) 

were added, and the contents o f the tube were mixed by vortexing. The mixture was 

stored for 1 h at -80°C to allow the nucleic acids to precipitate. The tube was centrifuged 

at 15,000 x g  for 20 min at 4°C, and the supernatant was removed. The precipitated 

nucleic acids were redissolved in 500 pi TE buffer [10 mM TrisCl, 1 mM EDTA (Fisher
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Scientific), pH 7.5] with 25 pi of RNase A (2 mg/ml; Sigma-Aldrich Canada, Oakville, 

ON) and the mixture was incubated at 37°C for 1 h. The solution was subjected to a 

second phenol/chloroformrisoamyl alcohol extraction, precipitation, and centrifugation. 

The remaining DNA was resuspended in 20 pi TE buffer and stored at -80°C. The 

purified DNA was diluted 1 in 20 with sterile Milli-Q water before use as template for 

PCR reactions.

To prepare electrocompetent cells of C. maltaromaticum UAL26, a culture was 

grown from frozen stock in APT broth at 25°C for 20 h. The culture (1 ml) was 

inoculated into 100 ml of APT broth containing 2% glycine (Fisher Scientific) and 

incubated at 25°C for 6  h. The culture was centrifuged at 16,000 x g  at 4°C for 5 min.

The supernatant was discarded, and the cells were resuspended in 10 ml of ice-cold sterile 

Milli-Q water. The centrifugation and resuspension were repeated twice, and the cells 

were resuspended in 1 ml of electroporation buffer [0.5 M sucrose (Fisher Scientific), 1 

mM MgCb, 5 mM KPO4 (Fisher Scientific), and 10% glycerol]. These cells were 

centrifuged at 20,000 x g  at 4°C for 3 min, the supernatant was discarded, and the pellet 

was resuspended in 500 pi o f electroporation buffer. This volume was split evenly into 5 

aliquots and stored at -80°C for further use.

E. coli MH1 pGS30 was subcultured from frozen stock culture in 5 ml of LB 

broth containing chloramphenicol (25 pg/ml) and grown at 37°C with shaking for 24 h. 

Template DNA for gene amplification was prepared using the following protocol: cell 

culture (1 ml) was centrifuged at 20,000 x g  for 5 min, the supernatant was discarded, and 

the cell pellet was resuspended in 500 pi sterile Milli-Q water. The cell suspension was
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centrifuged at 20,000 x g  for 5 min, resuspended in 100 pi sterile Milli-Q water, and 

heated at 100°C for 5 min.

E. coli MH1 was made competent for transformation by growing the culture from 

frozen stock in 5 ml of LB broth at 37°C with shaking for 20 h. The culture (1 ml) was 

subcultured into 100 ml of fresh LB broth and incubated at 37°C with shaking for 3 h.

The culture (10 ml) was aliquoted into 1 ml portions and centrifuged at 20,000 x g  for 1 

min. The supernatant was discarded and 1 ml of sterile, ice-cold 0.1 M CaCL (Fisher 

Scientific) was added. The cells were resuspended using a vortex mixer, and held on ice 

for 30 min. The tubes were centrifuged at 20,000 x g  for 1 min. The supernatant was 

discarded and each pellet was resuspended in 200 pi of 0.1 M CaCk with glycerol (20% 

vol./vol.) and stored at -80°C.

DNA primers, designed based upon the sequence of piscicolin 126 from C. 

maltaromaticum JG126 (Jack et al., 1996), were synthesized on an Applied Biosystems 

394 DNA/RNA Synthesizer by the DNA Core Facility (University of Alberta), with a 10 

bp sequence at the 5’-end to allow the appropriate restriction endonuclease to cut the 

amplified DNA fragment. The primers were used in a PCR reaction (Sambrook and 

Russell, 2001) to amplify the region surrounding the piscicolin 126 structural gene. Two 

primers were selected at the middle of the coding region for the structural gene (U 1 and 

Dl), and the other two primers were selected approximately 1200 bp upstream (D2D) and 

850 bp downstream (U2A) of the structural gene. The primer used to amplify the 

chloramphenicol resistance gene DNA fragment from E. coli MH1 pGS30 was designed 

based upon the sequence of the palindromic multiple cloning site (MCS) containing a 

BamYil restriction site. The sequence of the primers was as follows:
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primer U1 5 ATATGGATCCGATTGGAGC AAAGCTATTG-3 ’, 

primer U2A 5 ’ -AGAGGAGCTCGTTATTAGTGAATTGAC AGAA-3 ’, 

primer D1 5 ’ - ATAT GGATCCTAC AGTAC AACC ATTTTT ATT A-3 ’, 

primer D2D 5 ’ - AG AGGC AT GC AT GTTTAAATTT ATTTAGCTTTT-3 ’, and 

primer CAMR 5 AAGAATTCCCCGGATCCGT-3 ’.

For all reactions, DNA was amplified in 100 pi PCR reactions using 0.5 pi of 

Platinum Taq DNA polymerase High Fidelity (Invitrogen Canada Inc., Burlington, ON), 

10 pi of 10 x HIFI Platinum Taq Buffer, 4 pi of 50 mM MgS0 4 , 1 pi of each primer at 

200 nM (pairings of the primers listed above), 2 pi of 10 mM of dNTP solutions 

(Invitrogen), and 1 pi of purified DNA template isolated from C. maltaromaticum 

UAL26.

The following PCR protocol was used on a GeneAmp PCR system 2400 thermal 

cycler (version 2.11; Perkin Elmer Corp., Norwalk, CT): 5 min denaturation at 94°C, 40 

cycles of: 1 min denaturation at 94°C, 1 min annealing at 50°C, 2 min extension at 6 8 °C, 

then a final 5 min extension at 72°C, and the samples were cooled and held at 4°C. Each 

reaction mixture (20 pi) was loaded onto a 1% w./vol. agarose (BD Diagnostics) gel 

dissolved in 1 x TBE buffer [10.778 g tris(hydroxymethyl)aminomethane (Tris; Fisher 

Scientific), 0.744 g disodium ethylenediaminetetraacetic acid (EDTA; Fisher Scientific), 

5.5 g boric acid (Fisher Scientific)/L] and separated in 1 x TBE buffer by electrophoresis 

at 110 V for approximately 30 min using a Mini-Sub Cell GT gel box (BioRad 

Laboratories, Hercules, CA). The gel was visualized with a Gel Doc 1000 UV 

transilluminator (BioRad) and photographed.
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To prepare stock amounts of plasmid pGS30, a maxiprep (Sambrook and Russell, 

2001) of E. coli MH1 pGS30 was performed and purified by cesium chloride (CsCl) 

gradient ultracentrifugation. DNA ( 6  ml) from the maxiprep was used to dissolve 6  g of 

CsCl in a plastic ultracentrifuge tube. Ethidium bromide (300 pi; BioRad) was added, 

and centrifuged in an ultracentrifuge (model L8 -M; Beckman Coulter, Fullerton, CA) at

250,000 x g  under vacuum for 20 h. The tube containing the centrifuged DNA was 

examined for the presence of plasmid DNA under UV light at 260 rnn (UV 

transilluminator; Fotodyne, Hartland, WI). Plasmid DNA was transferred into a plastic 

tube by glass pipette. The ethidium bromide was extracted from the plasmid DNA 

sample four times by mixing 4 ml of isoamyl alcohol with the DNA solution, inverting 

the tube 20 times, and removing the isoamyl alcohol layer. The DNA solution was put 

into dialysis tubing (Spectra/por 6000 to 8000 Da cutoff; Spectrum Laboratories, Rancho 

Dominguez, CA), and dialysed in 500 ml of TE buffer for 3 h, changing the buffer at 

hourly intervals. After dialysis, the DNA solution was transferred into a microcentrifuge 

tube, and extracted 3 times with phenol/chloroform:isoamyl alcohol as described above. 

The purified DNA was precipitated by adding 0.1 volume of 3 M sodium acetate (Fisher 

Scientific) and 2 volumes of 100% ethanol (Fisher Scientific), and the solution was stored 

at -20°C for 1 h. The precipitated DNA was centrifuged at 20,000 x g  at 4°C for 10 min, 

and the supernatant was removed. The DNA pellet was washed with 500 pi of 70% 

ethanol. After removing the final volume of ethanol, the purified DNA was allowed to 

dry for 15 min and then redissolved in 500 pi of TE buffer.

DNA fragments from PCR amplification were cleaned using a QiaQuick PCR 

purification columns (Qiagen Inc., Hilden, Germany), eluted with a final volume of 50 pi
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EB buffer (10 mM TrisCl, pH 8.5), and then cut sequentially with the appropriate 

restriction endonuclease(s). Purified DNA fragments (40 pi) were added to 5 pi of 10 x 

React 1 restriction enzyme buffer (Invitrogen), and 5 pi of the first restriction enzyme 

(Invitrogen) was added according to Table 4.1. For the pUCl 18 plasmid (kindly 

provided by Dr. Marco van Belkum; Canbiocin, University of Alberta), 20 pi o f CsCl 

gradient purified pUCl 18 plasmid DNA was added to 2.5 pi of the restriction enzyme 

buffer (React 1), and then 2.5 pi of each restriction enzyme was added. The mixtures 

were incubated at 37°C for 3 h, repurified by phenol/chloroform:isoamyl alcohol 

purification as described above, concentrated using a QiaQuick PCR purification column, 

and eluted with 40 pi of Milli-Q water. The process was repeated using the second set of 

restriction enzymes and the DNA was cleaned using a QiaQuick PCR purification 

column and eluted with 50 pi of Milli-Q water.

Table 4.1. Summary of restriction enzymes used to cut PCR-amplified DNA fragments 
and pUCl 18 plasmid DNA.

Restriction enzymes
DNA fragment First enzyme Second enzyme

U1:U2A Sstl BamKl
D1:D2D BamKl Sphl
CAMR BamKl N/A
pUC118 Sstl Sphl

Ligation was done by adding 6  pi of sterile Milli-Q water and 4 pi of 5 x ligation 

buffer (Invitrogen) to 2 pi of each piece of cut PCR-amplified DNA. T4 DNA ligase (2 

pi; Invitrogen) was added, and the solution mixed using a vortex. This solution was 

incubated at 25°C for 1 h, and held in a water bath at 4°C for 24 h. The ligation mixture 

(5 pi) was loaded onto a 1% w./vol. agarose (BD Diagnostics) gel (dissolved in 1 x TBE
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buffer), separated by electrophoresis, and visualized as described above. A diagrammatic 

representation of the intended pLG26X plasmid construct is shown in Figure 4.1.

Ligated DNA (15 pi) was added to 200 pi of competent E. coli MH1 cells, mixed 

by vortex, and held on ice for 30 min. The mixture was incubated at 37°C for 5 min in a 

block heater. LB broth (500 pi) was added and the culture was incubated at 37°C for 1 h. 

The culture was plated in 100 pi portions onto LB agar plates with chloramphenicol (20 

pg/ml) to select for resistant colonies. Resistant colonies that grew within 48 h were 

picked from the agar plates, and grown in LB broth containing chloramphenicol (20 

pg/ml) at 37°C with shaking for 24 h, supplemented with glycerol (20% vol./vol.) and 

frozen at -80°C as stock cultures.

MCS
P126U2A-U1

pLG26X CamR

pUC118

6.5 kb

P126 D1 - D2D

MCS

Figure 4.1. The intended structure of plasmid pLG26X used in transformation of C. 
maltaromaticum UAL26.
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Minipreps (Sambrook and Russell, 2001) of plasmid DNA from E. coli MH1 

pLG26X isolates were made from stock cultures grown in LB broth containing 20 pg/ml 

chloramphenicol at 37°C with shaking for 24 h. Each cell culture (1 ml) was centrifuged 

at 20,000 x g  for 5 min, the supernatant was discarded, and the cells were resuspended in 

250 pi ice-cold STE (10 mM TrisCl pH8 , 0.1 M NaCl, and 1 mM EDTA, pH 8 ) buffer. 

The centrifugation was repeated and the cells were lysed by the alkaline lysis method 

(Sambrook and Russell, 2001) and extracted by phenol/chloroform:isoamyl alcohol 

extraction as described above. Purified DNA of pLG26X (20 pi) was cut with the 

appropriate restriction enzymes, incubated for 1 h, loaded onto a 1 % w./vol. agarose 

(Becton Dickinson) gel, separated by electrophoresis, and visualized as described above.

A maxiprep (Sambrook and Russell, 2001) of plasmid DNA from an E. coli MH1 

pLG26X transformant was done and then purified by CsCl gradient ultracentrifugation as 

described above.

To transform C. maltaromaticum UAL26 with pLG26X, purified pLG26X 

plasmid DNA, electrocompetent C. maltaromaticum UAL26 (100 pi), and an 

electroporation cuvette (BioRad) were placed on ice. Plasmid DNA (10 pi) was added to 

the electrocompetent cells and mixed briefly. The mixture was transferred into the 

electroporation cuvette and held on ice for 2 min, then transformed using a Gene Pulser 

Electroporator (BioRad) at 1 kV and 800 Q resistance. APT (1 ml) supplemented with 

0.5 M sucrose and 20 mM MgCL was added to the cuvette and the mixture was 

transferred to a microcentrifuge tube. The culture was incubated at 25°C for 4 h, plated 

in 100 pi volumes onto APT agar plates containing chloramphenicol (20 pg/ml), and 

incubated at 25°C. Colonies that grew within 6  d were picked from the agar plates,
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grown in APT broth with chloramphenicol (20 pg/ml) at 25°C for 24 h, supplemented 

with glycerol (20% vol/vol.), and stored at -80°C as stock cultures.

To determine if Campbell-like integration using pLG26X was successful, the 

chromosomal DNA from C. maltaromaticum UAL26 isolates transformed with pLG26X 

was evaluated for integration of the plasmid using PCR. For all reactions, DNA was 

amplified in 100 pi PCR reactions using 0.5 pi of recombinant Taq DNA polymerase 

(Invitrogen), 10 pi of 10 x Taq Buffer, 4 pi of 50 mM MgCh, 1 pi of each primer at 200 

nM (primers FI and RP), 2 pi of 10 mM of dNTP solutions (Invitrogen), and 1 pi of DNA 

template isolated from three C. maltaromaticum UAL26 pLG26X transformants, or from 

wildtype C. maltaromaticum UAL26, prepared using the following protocol: cell culture 

(1 ml) was centrifuged at 20,000 x g  for 5 min, the supernatant was discarded, and the 

cell pellet was resuspended in 500 pi of sterile Milli-Q water. The cells were centrifuged 

again at 20,000 x g  for 5 min, resuspended in 100 pi sterile Milli-Q water, and heated at 

100°C for 5 min.

The following PCR protocol was used on a GeneAmp PCR system 2400 thermal 

cycler: hot start addition of Taq polymerase (D'Aquila e ta l,  1991; Erlich etal., 1991; 

Mullis, 1991), 2 min denaturation at 94°C, 40 cycles of: 1 min denaturation at 94°C, 1 

min annealing at 50°C, 2 min extension at 6 8 °C, and a final 5 min extension at 72°C. The 

samples were cooled and held at 4°C. Each reaction mixture (25 pi) was loaded onto a 

1 % w./vol. agarose gel, separated by electrophoresis, and visualized as described above.

Upon failure to isolate any transformant colonies of C. maltaromaticum UAL26 

that had integration of the pLG26X plasmid when transformed, pLG26X plasmid 

template was sent to the Core DNA Facility (University of Alberta) where the DNA was
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sequenced by automated capillary electrophoresis (CEQ2000XL DNA Analysis System; 

Beckman Coulter) using universal primers supplied by the sequencing facility. DNA 

sequencing was done using the Sanger dideoxynucleotide termination sequencing 

protocol. Sequencing reactions were prepared by thermocycler amplification, separated 

by electrophoresis, and analysed as described above.

4.2.4. Direct transformation of electrocompetent C. maltaromaticum UAL26 with

ligated PCR products

Competent C. maltaromaticum UAL26 was transformed using a linear construct 

similar to the insert in pLG26X, with a smaller upstream fragment, and without being 

inserted into a plasmid vector. The upstream fragment was approximately 600 bp in 

length, using the primers U1 and U2C, of the following sequence: 

primer U2C: 5’-AGAGCCCGGGCTAATATCCATATCTAATATTG-3’.

PCR and agarose gel electrophoresis were done according to the protocol 

described in section 4.2.3. The DNA products from PCR were cut with BamHl at 37°C 

for 3 h, cleaned by QiaQuick column, and ligated according to the protocol described in 

section 4.2.3.

Electrocompetent C. maltaromaticum UAL26 cells were transformed with the 

protocol described in section 4.2.3 at a setting of 2.5 kV and 200 Q resistance. The 

culture was incubated at 25°C for 6  h, plated in 100 pi volumes onto APT agar plates 

containing chloramphenicol (20 pg/ml), and incubated at 25°C. A diagrammatic 

representation of the intended construct is shown in Figure 4.2.
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LG26X
3.0 kb

Figure 4.2. The structure of the linear construct LG26X used for direct transformation of 
C. maltaromaticum UAL26.

Colonies of transformed C. maltaromaticum UAL26 that grew in 6  d or less on

APT agar plates containing chloramphenicol (20 pg/ml) were selected and transferred to

APT agar plates to test for activity by deferred inhibition using L. monocytogenes ATCC

43256 as the indicator organism. The plates were incubated at 15°C for 48 h for growth

of the producer organism and at 37°C for 24 h for growth of the indicator organism.

Ten colonies that had the fastest growth but failed to inhibit L. monocytogenes

ATCC 43256 were subcultured into APT broth with chloramphenicol (20 pg/ml) and

grown at 15°C for 48 h to test for chloramphenicol resistance. These ten cultures were

also subcultured into APT broth without chloramphenicol and assayed by the spot-on-

lawn assay using L. monocytogenes ATCC 43256 as the indicator organism.

The chromosomal DNA from C. maltaromaticum UAL26 isolates transformed

with LG26X was evaluated for integration of the linear DNA using PCR. PCR was done

on the direct transformants using the protocol described in section 4.2.3.

4.2.5. Comparison of the genetic and protein sequences of the structural genes of

ca rn o b a cter io c in  B M 1 , ca rn o b a cter io c in  B 2 , and  p isc ico lin  126 , an d  th e

piscicolin 126 and carnobacteriocin B2 ABC-transporters

To evaluate DNA and protein sequence similarity between the piscicolin 126,

carnobacteriocin BM1, and carnobacteriocin B2 prebacteriocins, mature bacteriocins, and
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leader sequences, and the piscicolin 126 and carnobacteriocin B2 transporter genes, 

comparisons of the gene sequences from C. maltaromaticum LV17B (Stiles, 1995;

Quadri et al., 1997) and C. maltaromaticum JG126 (Jack et al., 1996; Wettenhall et al., 

2000) were made using the DNAStar program (DNAStar Inc., Madison, WI.) using the 

ClustalW alignment method (Slow/Accurate, IUB settings for DNA sequences,

Slow/Accurate, Gonnet settings for translated protein sequences).

4.2.6. In vivo mutagenesis of the piscicolin 126 transport gene in C. 

maltaromaticum UAL26

To produce a genetic knockout of the transporter gene in C. maltaromaticum 

UAL26, a protocol for in vivo mutagenesis was designed based on a protocol used in 

eukaryotic cells (Storici et al., 2001). A 99-bp single stranded DNA oligomer was 

designed with identical sequence to the piscicolin 126 transporter gene (Gibbs et al., 

2000) except for two specific bp insertions at either end of the oligonucleotide. This 

oligonucleotide sequence, named LGPISTM, containing the insertion mutations is shown 

in Figure 4.3.

5’-ATGAAACAATGTTACTCATATTCAGCAACAAGATGAAAAAGATTGTGGT

GTAGCATGTATAGCAATGATTTTAAAACATTACAAAACAGCAAATTCCCA-3’

Figure 4.3. Base-pair insertions in oligonucleotide LGPISTM. The two insertions are 
marked in bold, underlined letters. The remaining sequence is derived from the PisT 
gene in C. maltaromaticum JG126 (Gibbs et al., 2000).

Two primers of 20 bp length complementary to the 99-bp oligonucleotide were

also synthesized:

primer PISTF: 5’-ATGAAACAATGTTACTCATA-3’, and 

primer PISTR: 5 ’ -TGGGAATTTGCTGTTTTGTA-3 ’.
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These primers were used to amplify the 99-bp oligonucleotide template by PCR 

according to the protocol described in section 4.2.3.

The purified PCR amplified 99-bp oligomer was purified with a QiaQuick 

purification column (Qiagen), heated at 100°C for 2 min to denature the double-stranded 

DNA, and placed on ice to cool for 2 min. A mixture of the PCR-amplified DNA (10 pi), 

and a tube of electrocompetent C. maltaromaticum UAL26 (100 pi) was electroporated 

as described in section 4.2.4. APT (1 ml) supplemented with 0.5 M sucrose and 20 mM 

MgCb was added to the electroporation cuvette and the mixture transferred to a new 

microcentrifuge tube. The culture was incubated at 25°C for 24 h and serially diluted 

1:100 three times, giving 10"2 ,10 '4, and 10' 6 dilutions. Portions of the 10' 6 dilution (100 

pi) were plated onto APT agar plates, incubated at 15°C for 48 h, and stored at 4°C for 

the remainder of the experiment. A total of 950 colonies were removed from the plates 

using a sterile wire and inoculated into fresh APT agar plates in duplicate. These plates 

were incubated at 15°C for 48 h, and one of the two duplicate plates was overlayered with 

7 ml of soft APT agar that was seeded with a 1% inoculum of L. monocytogenes ATCC 

43256. This plate was incubated at 37°C for 24 h. Colonies that had little or no activity 

against the indicator were isolated from the corresponding duplicate plate, grown on a 

new APT agar plate and overlayered using the same method. The colonies were also 

inoculated and grown in 10 ml of APT broth at 15°C for 24 h, and then assayed by a spot- 

on-lawn assay.

One colony of C. maltaromaticum UAL26 was isolated that had potentially 

incorporated the 99-bp oligomer (referred to as C. maltaromaticum 35-19). C.
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maltaromaticum 35-19 was grown on APT agar at 15°C and 25°C and assayed for 

antibacterial activity by deferred inhibition.

To determine if the engineered mutations were present in C. maltaromaticum 35- 

19, template for DNA sequencing from isolate C. maltaromaticum 35-19 was prepared by 

the boiling method described in section 4.2.3. The DNA was sent for sequencing with 

the following primers:

primer LG3519F: 5’-TGAGTCTGACTTAGTAAGGC-3and 

primer LG3519R: 5’-CATCGTTATCAGCTTGGATAG-3\

The DNA was sequenced by automated capillary electrophoresis (CEQ2000XL 

DNA Analysis System; Beckman Coulter; DNA Core Facility, University of Alberta) as 

described in section 4.2.3.

4.2.7. Construction of the plasmid pLGPISTM

DNA primers (Applied Biosystems 394 DNA/RNA Synthesizer, DNA Core 

Facility, University of Alberta) were designed based upon the sequence of the piscicolin 

126 transport gene from C. maltaromaticum JG126 (Jack et al., 1996), with a 10 bp 

sequence at the beginning (5’-end) to allow the appropriate restriction endonucleases to 

cut the PCR amplified DNA fragment. The primers were used in a PCR reaction 

(Sambrook and Russell, 2001) to amplify a region within the piscicolin 126 transport 

gene. The primers used to amplify the fragment were designed to contain the BamUl and 

Sphl restriction sites at either end of the amplified region. The sequence of the primers 

was as follows:

primer LG26PTF1 5 ’ - AG AGGAGCTCC AT ATT C AGC AAC AAGAT GA-3 ’, and 

primer LG26PTR2 5’-ACACGGATCCAATGTTGCACCAGCAACC-3’.
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PCR and agarose gel electrophoresis were done as described in section 4.2.3, but using an 

annealing temperature of 60°C.

PCR amplified fragments were cleaned using QiaQuick PCR purification 

columns, eluted with a final volume of 35 pi, and then digested twice with the 

appropriate restriction endonucleases (BamHl and Sphl in 10 x React 1 buffer, each 10% 

vol./vol.). Plasmid vector pUCl 18 was cut using the same protocol, without the 

QiaQuick purification step. The mixtures were incubated at 37°C for 3 h and then 

subjected to the phenol/chloroform:isoamyl alcohol purification as described in section

4.2.3, and precipitated using 0.1 vol./vol. of 3 M sodium acetate (pH 5.2) and 2 vol./vol. 

of 100% ethanol at -20°C for 24 h. The precipitated DNA was centrifuged at 20,000 x g 

at 4°C for 10 min. The supernatant was removed, the precipitate washed briefly in 75% 

ethanol, and resuspended in a total volume of 35 pi of Milli-Q water for ligation.

Ligation was achieved by adding 10 pi of 5 x ligation buffer and 5 pi of T4 DNA ligase 

enzyme. The solution was mixed by vortexing and incubated at 25°C for 1 h.

Ligated DNA (50 pi) was added to 200 pi o f competent E. coli MH1 cells, mixed 

by vortex, and incubated on ice for 30 min. The tube was incubated at 37°C for 5 min in 

a block heater. LB broth (500 pi) was added and the culture incubated at 37°C for 1 h. 

The culture was plated in 100 pi portions onto LB agar plates supplemented with 

erythromycin (200 pg/ml; Fisher Scientific) to select for resistant colonies. Colonies that 

grew in 72 h or less were picked from the agar plates, grown in LB broth with 

erythromycin (200 pg/ml) at 37°C with shaking for 24 h. Cell cultures (1 ml) were 

centrifuged at 20,000 x g  for 5 min, the supernatant was discarded, and the cells were 

resuspended in 250 pi of ice-cold STE (10 mM TrisCl, 0.1 M NaCl, and 1 mM EDTA,
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pH 8 ) buffer. The centrifugation was repeated and the cells were lysed by the alkaline 

lysis method (Sambrook and Russell, 2001), and extracted using the 

phenol/chloroform:isoamyl alcohol extraction method described in section 4.2.3.

Purified pLGPISTM DNA was cut with the appropriate restriction enzymes and 

incubated for 1 h, then loaded onto a 1 % w./vol. agarose gel, separated by 

electrophoresis, and visualized as described in section 4.2.3. Those cultures which 

showed the correct sized insert were supplemented with glycerol (2 0 % vol./vol.) and 

frozen at -80°C as stock cultures.

A maxiprep of an E. coli MH1 pLGPISTM transformant was performed 

(Sambrook and Russell, 2001) and the DNA was purified by CsCl gradient 

ultracentrifugation as described in section 4.2.3.

The pLGPISTM plasmid DNA was used to transform electrocompetent C. 

maltaromaticum UAL26 according to the protocol described in section 4.2.4. The culture 

was incubated at 25°C for 4 h and then plated in 100 pi volumes onto APT agar plates 

supplemented with erythromycin (5 pg/ml) and incubated at 25°C. Resistant colonies 

that grew within 1 0  d were picked from the agar plates, and assayed by deferred 

inhibition.

4.2.8. Construction of the plasmids pLGPISKM, pLGPISRM, and pLGPISEM

Three plasmids, pLGPISKM, pLGPISRM, and pLGPISEM were prepared 

following the above PCR protocol using the following primer pairs: 

primer PISKMF1 5 ’ - AG AGG AGCTC AAGCGT ACTT ACT AAG AAT G-3 ’, 

primer PISKMR2 5’-ACACGGATCCTTACCAAATAAGGATAATGC-3\ 

primer PISRMF1 5 ’-AGAGGAGCTCTGCGAAGATCAAATCATTCA-3 ’,
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primer PISRMR2 5 ’ -ACACGGATCCCTTTAATTTGCTTTGCCTTAC-3 ’, 

primer PISEMF1 5 ’ -AGAGGAGCTC ATGC ATAATAATAACTGGCG-3 ’, and 

primer PISEMR2 5 ’ - AC ACGGATCCTT ATTCTT GATTT AGC AAC AC-3 ’.

The plasmids were cut, ligated, transformed into competent E. coli MH1, characterized, 

and purified by large scale maxiprep following the protocol used for pLGPISTM.

C. maltaromaticum UAL26 was transformed with pLGPISEM plasmid DNA 

following the protocol described in section 4.2.4.

4.3. Results

4.3.1. Evaluation of C. maltaromaticum UAL26 transformants for double 

crossover gene replacement of the piscicolin 126 structural gene

Isolated DNA of pLG26X from an E. coli MH1 transformant was used to 

transform electrocompetent C. maltaromaticum UAL26, and the resultant colonies were 

analysed by PCR to determine the presence of the piscicolin 126 structural gene. All 

transformants analysed by PCR showed that amplification of the piscicolin 126 structural 

gene was of identical size to the untransformed C. maltaromaticum UAL26 

(approximately 950 bp band using primers FI and RP; data not shown). No transformants 

containing the correct insert were isolated. To determine why no transformants 

containing the correct insert were found, the purified plasmid DNA from one of the three 

E. coli MH1 pLG26X transformants was sent for DNA sequencing and a deletion in the 

D1-D2D region was revealed (Figure 4.4).
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MCS
P126U2A-U1

pLG26X

5.3 kb
CamR

pUC118

MCS

pLG26XD1 - D2D deleted portion
1.2 kb

Figure 4.4. The resultant structure of pLG26X from the transformed E. coli MH1 host.

4.3.2. Evaluation C. maltaromaticum UAL26 direct transformants for double

crossover gene replacement of the piscicolin 126 structural gene

The ligated PCR fragments (without pUCl 18) were used to directly transform C. 

maltaromaticum UAL26. Ten of the resultant colonies were analysed by PCR 

amplification of the piscicolin 126 structural gene. All transformants analysed by PCR 

showed that amplification of the piscicolin 126 structural gene was of identical size to 

untransformed C. maltaromaticum UAL26. All isolates grew in the presence of 

chloramphenicol, and showed inhibition of L. monocytogenes ATCC 43256 in deferred 

inhibition tests. Six of ten isolates produced detectable activity by the spot-on-lawn 

assay.
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4.3.3. Comparison of the genetic and protein sequences of the structural genes of 

carnobacteriocin BM1, carnobacteriocin B2, and piscicolin 126, and the 

piscicolin 126 and carnobacteriocin B2 ABC-transporters

A comparison of the DNA and protein sequences of the three bacteriocins and two 

transport proteins is shown in Figure 4.5. There is a high percentage of identity between 

the DNA sequences of piscicolin 126, carnobacteriocin BM1, and carnobacteriocin B2, 

particularly in the leader portion (~70%), but less so in the remainder (mature portion) of 

the genes. The translated protein sequence shows similar results, except that the entire 

protein sequence is slightly higher in overall identity between the bacteriocins (-40%) 

than in the mature portion of the peptide (-30 to 35%); however, the leader portions share 

strong identity in protein sequence (-60 to 70%). The DNA and protein sequences of the 

piscicolin 126 and carnobacteriocin B2 transporters are over 70% identical, indicating 

that these proteins are highly homologous.

4.3.4. In vivo mutagenesis of the piscicolin 126 transport gene in C. maltaromaticum 

UAL26

Of the 950 colonies screened for loss of antilisterial activity, only one had reduced 

activity in a deferred inhibition assay using L. monocytogenes ATCC 43256 as the 

indicator organism. This mutant, C. maltaromaticum 35-19, did not have the specific 

mutations engineered into the 99-bp oligonucleotide fragment used in the transformation, 

as verified by DNA sequencing of the 99-bp region in the chromosomal DNA of C. 

maltaromaticum 35-19.
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Figure 4.5.A.) Comparison of the DNA sequence of the piscicolin 126 (P126), 
carnobacteriocin BM1 (BM1), and carnobacteriocin B2 (B2) structural genes, and the 
P126 and B2 transporter genes, and B.) Comparison of the protein sequence of the P126, 
BM1, and B2 structural proteins, and the P I26 and B2 transporter proteins. P I26 to BM1 
(H); P I26 to B2 (■); BM1 to B2 (■); and P I26 transport to B2 transport (■).

4.3.5. Transformation of electrocompetent C. maltaromaticum UAL26 with the

plasmids pLGPISTM and pLGPISEM

The transformation of C. maltaromaticum UAL26 with pLGPISTM plasmid DNA 

resulted in the growth of 18 colonies. None of the colonies had reduced antibacterial 

activity when assayed by deferred inhibition using L. monocytogenes ATCC 43256 as the 

indicator organism. The transformation of C. maltaromaticum UAL26 with pLGPISEM 

plasmid DNA resulted in the growth of 24 colonies. One colony from transformed C. 

maltaromaticum UAL26 had reduced antibacterial activity when assayed by deferred 

inhibition using L. monocytogenes ATCC 43256 as the indicator organism.
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4.4. Discussion

Efforts to transform C. maltaromaticum UAL26 with a modified version of the 

piscicolin 126 structural gene were unsuccessful, both when indirectly amplified in an E. 

coli host, and by direct transformation. After the discovery of the carnobacteriocin BM1 

gene in the C. maltaromaticum UAL26 genome, it became clear that a successful 

knockout of the piscicolin 126 structural gene would not be sufficient to create a 

bacteriocin negative strain, and another successive knockout of the carnobacteriocin BM1 

structural gene would also be necessary. Instead of attempting this, the focus was shifted 

to knocking out the piscicolin 126 transporter gene, which should also create a 

bacteriocin-negative strain.

With the hypothesis that carnobacteriocin BM1 may make use o f the transport 

machinery of carnobacteriocin B2 for export from the cell (Quadri et al., 1994), 

comparisons o f the DNA and protein sequences of different activity domains of the three 

bacteriocins (leader peptide, active bacteriocin), and comparisons of the carnobacteriocin 

B2 and piscicolin 126 transporter genes were done. The high degree o f identity found 

between the bacteriocin leader sequences suggests that carnobacteriocin BM1 may use 

the piscicolin 126 transport machinery as a surrogate export pathway, in a manner 

homologous to that hypothesized in C. maltaromaticum LV17 (Quadri et al., 1994).

Proof of this hypothesis required the knockout of the piscicolin 126 transporter gene. 

Achieving a successful knockout was attempted in vivo with the C. maltaromaticum 

UAL26 strain, because it contains both bacteriocin operons on the genome.

Unfortunately, of the methods attempted, none resulted in indisputable proof of the 

desired knockout. Two isolates showed reduced activity, but failed to entirely eliminate
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activity against the indicator strain. Explanation for the reduced activity remains 

undetermined. The isolate from the in vivo mutagenesis showed only a small diameter 

zone of inhibition (~4 mm), much smaller than the wildtype culture grown under the 

same conditions (results not shown). The isolate from the transformation with 

pLGPISEM showed a similar reduction in activity, however, it was later determined that 

the transport accessory gene fragment inserted into plasmid pLGPISEM should contain a 

functional copy of the pisE  gene, therefore Campbell-like integration should not result in 

altered gene function.

A strain of Propionibacterium jensenii, that produces the bacteriocin propionicin 

T l, was evaluated for the presence of a gene in the bacteriocin operon with high 

homology to known ABC-transporters (Faye et al., 2004). The strains that carried the 

gene showed normal bacteriocin expression; however, three strains in which the 

transporter gene was absent had reduced or completely eliminated bacteriocin activity. 

The reduction in antimicrobial activity by these strains suggests that the transporter gene 

is potentially necessary for proper propionicin Tl activity (Faye et al., 2004). The results 

of the P. jensenii study may be related to the reduced antibacterial effect observed in C. 

maltaromaticum UAL26 isolates created by the in vivo mutagenesis and Campbell-like 

integration experiments in this study. Further study of the reason for reduced 

antimicrobial activity against the L. monocytogenes indicator strain is necessary in both 

cases.
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5. EFFECT OF TEMPERATURE AND INDUCTION ON 

BACTERIOCIN EXPRESSION IN Carnobacterium maltaromaticum

UAL26

5.1. Introduction

Production of bacteriocins is often regulated by specific requirements and 

expression is not always constitutive. Instead, a particular growth condition, a 

component of the medium, or a growth factor may be required to induce bacteriocin 

production. For example, lactacin 481 production by Lactococcus lactis is dependent on 

an acidic pH and involves transcription of the required genes for bacteriocin production, 

regulation, and export under the control of two promoter regions. These promoter 

regions are activated by production of lactic acid by the producer strain, or by artificial 

acidification of the growth medium (Hindre et al., 2004). In the case of the lantibiotic 

nukacin ISK-1, produced by Staphylococcus warneri ISK-1, bacteriocin production can 

be increased by increasing the osmolarity of the growth medium by addition of sodium 

chloride. This increase in bacteriocin production by higher salt concentrations is the 

result of increased transcription of the bacteriocin structural gene (Sashihara et al., 2001). 

A complex mechanism of induction, involving proteolytic cleavage of an inducer peptide 

in the extracellular medium, is required for transcriptional activation of the bacteriocin 

operons for production of ruminococcin A by Ruminococcus gnavus E l (Gomez et al., 

2002).

With the knowledge that bacteriocin production in C. maltaromaticum UAL26 is 

temperature dependent (Chapter 2, this thesis), the next logical step was to elucidate the 

nature of regulation of bacteriocin production. It is possible that control of bacteriocin
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production in C. maltaromaticum UAL26 is either a result of genetic influences within 

the piscicolin 126 operon, controlled during expression, during translation, by 

posttranslational modification, by enzymatic action, or possibly by some other cellular 

process.

It is possible that production of piscicolin 126 and carnobacteriocin BM1 by C. 

maltaromaticum UAL26 (Chapter 3, this thesis) is regulated by the same cellular process. 

The most likely of the above possibilities is at the genetic level of the piscicolin 126 

operon or during expression (mRNA). Any difference in control at the genetic level 

would most likely be evident in the promoter region. This was evaluated by comparison 

of the promoter region sequence to that found in C. maltaromaticum JG126 (Chapter 3, 

this thesis). Comparison showed no difference in these DNA sequences. It was 

discovered that C. maltaromaticum JG126 also carries the genes for carnobacteriocin 

BM1 in addition to those for production of piscicolin 126, but was not subject to the same 

temperature control of bacteriocin production observed in C. maltaromaticum UAL26, 

therefore C. maltaromaticum JG126 can be used as a reference strain in experiments. 

Regulation of gene expression was the next most likely means of explaining the effect of 

temperature on bacteriocin production in C. maltaromaticum UAL26.

Because mRNA species may be very short lived (from less than 1 min up to 20 

min) during production of certain proteins (Grunberg-Manago, 1999; Rauhut and Klug, 

1999; Regnier and Arraiano, 2000), comparing the amount of mRNA transcribed from 

the bacteriocin structural genes requires extraction of RNA samples when mRNA levels 

for these genes would be fully induced. Isolation of sufficient quantities of mRNA 

requires that the culture from which mRNA was extracted must be at a high population
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density to avoid the use of cumbersome volumes of culture. This requires a fully grown 

culture that is in the midst of bacteriocin production.

Induction often plays a very important role in the regulation of bacteriocin 

production. The operons of class II bacteriocins may include genes for the bacteriocin, 

an immunity peptide, transport machinery and a regulatory feedback system. 

Transcription of the bacteriocin structural gene is regulated by the induction factor, 

histidine kinase, response regulator, dedicated transporter, and transport accessory genes. 

A concentration-dependent signalling, or ‘quorum sensing’, extracellular concentration of 

the induction peptide determines whether a culture will produce bacteriocin 

(Kleerebezem et al., 1997; Kleerebezem and Quadri, 2001; Quadri, 2002; Quadri, 2003). 

Once the concentration of the induction peptide reaches a critical level, the histidine 

kinase is activated and phosphorylates the response regulator, which has a regulatory 

effect on transcription of the target operon (Dutta et al., 1999; Kim and Forst, 2001; 

Stephenson and Hoch, 2002). This upregulates transcription of the bacteriocin structural 

and immunity genes, which results in increased translation of the corresponding mRNA 

(Varughese, 2002). The transport machinery processes the bacteriocin to its mature form 

and exports it from the cell, where the bacteriocin becomes active in the extracellular 

environment.

The production of piscicolin 126 is regulated in a manner such that presence of 

the induction peptide in the culture supernatant induces production of piscicolin 126 in C. 

maltaromaticum UAL26. Because the genes for carnobacteriocin BM1 and its immunity 

peptide are also present in the C. maltaromaticum UAL26 genome, induction of 

carnobacteriocin BM1 production could be linked to induction and control of the
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piscicolin 126 operon. The objectives of this study were to isolate and compare the 

amount of mRNA transcribed for genes in the piscicolin 126 and carnobacteriocin BM1 

operons in C. maltaromaticum UAL26 and JG126 at different growth temperatures, to 

evaluate the effect of induction of the piscicolin 126 operon by the piscicolin 126 

induction peptide, and to determine its role in control of bacteriocin expression and 

production.

5.2. Materials and methods

5.2.1. Bacterial strains and growth media

C. maltaromaticum UAL26, LV17, LV17A, LV17B, and LV17C were acquired 

from the University of Alberta Lactic Acid Bacteria collection (University of Alberta, 

Edmonton, AB). C. maltaromaticum JG126 was acquired from the Australian Food 

Industry Science Centre Culture Collection (Werribee, Victoria, Australia).

Stock cultures of all C. maltaromaticum strains were maintained at -70°C in All 

Purpose Tween broth (APT; Difco; BD Diagnostic, Sparks, MD) with glycerol (20% 

vol./vol.; Fisher Scientific, Edmonton, AB). Cultures of C. maltaromaticum used in this 

study were prepared by inoculation of cells from frozen stock culture into APT broth at 

15°C or 25°C. Cultures were subcultured at least once more at 1% vol./vol. before use in 

experiments.

Listeria monocytogenes ATCC 43256 was grown from frozen stock culture in 

APT broth at 37°C for 24 h, subcultured at least once before use in experiments, and used 

as the indicator organism to determine arbitrary activity units (A.U.) by the spot-on-lawn 

assay. Arbitrary activity units are calculated as the reciprocal of the highest dilution in a 

doubling dilution series that showed a clear zone of inhibition, and are expressed in
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A.U./ml (Ahn and Stiles, 1990). For the spot-on-lawn assay, 10 pi of each dilution of 

cell-free (centrifuged at 10,000 x g  for 5 min) heated (65°C for 30 min) supernatant was 

spotted onto APT agar plates, and overlayered with 7 ml of soft APT agar (0.75% agar) 

seeded with a 1% inoculum of L. monocytogenes ATCC 43256. Plates were incubated at 

37°C for 24 h, zones of inhibition were measured, and A.U./ml calculated.

Antibacterial activity produced by C. maltaromaticum LV17, LV17A, or LV17B 

was assayed using C. maltaromaticum LV17C as the indicator organism.

5.2.2. Bacteriocin production by C. maltaromaticum UAL26 and JG126

To determine the optimum time for RNA isolation, C. maltaromaticum UAL26 

and C. maltaromaticum JG 126 were grown in APT broth from frozen stock at 15°C and 

25°C for 24 h. These cultures were subcultured a second time at an inoculum volume of 

10%, and grown at 15 and 25°C for 24 h. The cultures were subcultured a third time 

using an inoculum volume of 1% and grown for 24 h. The cultures (10 ml) were 

centrifuged at 13,000 x g  for 10 min. All but 100 pi of the supernatant was removed, and 

the pelleted cells were resuspended in the remaining volume. This was used to inoculate 

10 ml of fresh APT broth. Samples for the spot-on-lawn assay were removed every 10 

min for cultures incubated at 25°C, and every 20 min for those incubated at 15°C. The 

samples were measured for bacteriocin titre by the spot-on-lawn assay.

5.2.3. Synthesis, purification, and analysis of the piscicolin 126 induction peptide 

The piscicolin 126 induction peptide was synthesized using

fluorenylmethoxycarbonyl methodology (Bodanszky, 1993) and characterized (Figures

6.2.6.3. and 6.4) by our collaborators, Darren J. Derksen and Dr. John C. Vederas 

(Department of Chemistry, University of Alberta). The synthetic peptide sequence was
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based on the translated amino acid sequence from the piscicolin 126 operon in C. 

maltaromaticum JG126 (Jack et al., 1996). To ensure that the synthetic peptide was pure 

and of the correct molecular mass, it was subjected to RP-HPLC and MALDI-TOF MS 

analyses by our collaborators.

The purified peptide (0.239 mg) was diluted with 91 pi of sterile water and frozen 

(-20°C) for further use. The synthetic peptide solution (1 mM) was diluted to 10 pM 

concentration (10 pi in 1 ml APT broth) and heated at 70°C for 30 min, then cooled at 

4°C for 10 min.

5.2.4. Induction of bacteriocin production in C. maltaromaticum UAL26, JG126, 

and LV17

To determine if bacteriocin production could be induced using spent supernatant, 

C. maltaromaticum UAL26, JG126, LV17, LV17A, LV17B, and LV17C were grown in 

10 ml of APT broth at 15°C for 24 h and subcultured three times. Each culture was 

assayed by the spot-on-lawn assay to determine the bacteriocin titre. The cultures were 

centrifuged at 13,000 x g  for 10 min. The supernatant of each culture was decanted into 

14 ml plastic tubes. Half of the supernatant was removed and filtered through a 10 pm 

low-protein binding PVDF Millex GV Durapore syringe filter (Millipore, Cork, Ireland). 

Supernatant (5 ml) was filtered into a fresh 14 ml plastic tube and stored at 4°C for 

further use. The remaining supernatant (5 ml) was heated at 70°C for 30 min, then stored 

at 4°C for further use in experiments.

Each sample of spent supernatant was assayed for bacteriocin activity at 1% 

concentration in sterile APT broth by the spot-on-lawn assay. This was to ensure there 

was no background bacteriocin activity at a 1% dilution that could affect the spot-on-
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lawn results o f an induced culture. C. maltaromaticum UAL26 cultures grown at 25°C 

were induced by addition of 1% vol./vol. of spent supernatant at the time of subculturing.

To determine the effect of synthetic induction peptide concentration on 

bacteriocin production in C. maltaromaticum UAL26 grown at 25°C, the induction 

peptide was serially diluted into APT broth to obtain concentrations of 10 pM to 10 pM. 

The APT broth containing induction peptide was heated at 70°C for 30 min, cooled to 

25°C, and inoculated with 1% vol./vol. C. maltaromaticum UAL26 culture previously 

grown at 25°C. The cultures were incubated at 25°C for 24 h and then tested for 

bacteriocin activity by spot-on-lawn assay.

To determine if induction of bacteriocin production could be diluted out by 

subculturing, C. maltaromaticum UAL26 was grown from frozen culture in 10 ml APT 

broth at 15°C for two subcultures, and then subcultured a third time by serial dilution to a 

concentration of 10'10. Likewise, C. maltaromaticum JG126 was grown at 25°C and 

serially diluted in the same manner. The cultures were incubated for up to 4 d, and tested 

for bacteriocin activity by the spot-on-lawn assay. The cultures that grew but did not 

exhibit bacteriocin activity were subcultured again (using the 10'10 culture) to confirm the 

absence o f bacteriocin production by the growing cultures. These bacteriocin-negative 

cultures were subcultured into APT broth with 10 pM of piscicolin 126 induction peptide 

and tested for bacteriocin activity using the spot-on-lawn assay.

To evaluate DNA and protein sequence similarity between the induction peptide 

genes, comparisons of the sequences o f the induction genes from C. maltaromaticum 

LV17B (Stiles, 1995; Quadri et al., 1997) and C. maltaromaticum JG126 (Jack et al., 

1996; Wettenhall et al., 2000) were made using the DNAStar program (DNAStar Inc.,
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Madison, WI) using the ClustalW alignment method (Slow/Accurate, IUB settings for 

DNA sequences, Slow/Accurate, Gonnet settings for translated protein sequences).

5.2.5. Preparation of total RNA samples

All RNA work was carried out wearing gloves, and taking precautions to prevent 

RNase contamination. Subcultures used in the preceding experiment were used for 

isolation of total RNA. When the optimum time for isolation of bacteriocin structural 

mRNA (defined as the time when ~100 to 200 A.U./ml had been reached in the spot-on- 

lawn assays), 10 ml of each culture was centrifuged at 13,000 x g  for 10 min. The 

supernatant was discarded except for 500 pi, which was heated in a water bath at 65°C 

for 1 h, and then used in a spot-on-lawn assay to determine the bacteriocin titre at the 

time of mRNA isolation. The pelleted cells were resuspended by vortex in 1 ml RNApro 

Solution (FastRNA Pro Blue Kit; Qbiogene, Carlsbad, CA) and the cell suspension was 

transferred into a sterile 2 ml bead-beating tube (Qbiogene) containing Lysing matrix B 

(Qbiogene). The samples were shaken for 3 min in a Mini Beadbeater (Biospec Products, 

Bartlesville, OK) set at maximum speed. The tubes were cooled on ice for 5 min to allow 

beads to settle and centrifuged at 15,000 x g  for 5 min. The upper phases of the samples 

were transferred to microcentrifuge tubes and incubated at 25°C for 5 min. Chloroform 

(300 pi; Fisher Scientific) was added and the samples mixed by vortexing for 10 s. The 

samples were incubated at 25°C for 5 min and centrifuged at 15,000 x g  at 4°C for 5 min. 

The aqueous phases were transferred to new microcentrifuge tubes and 500 pi o f cold 

(4°C) 100% ethanol was added to each sample. The tubes were inverted five times to mix 

the contents and incubated at -20°C for 30 min to precipitate the RNA. The precipitated 

samples were centrifuged at 15,000 x g  at 4°C for 15 min. The supernatant was removed
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and the RNA pellet was washed with 500 pi of cold (4°C) 75% ethanol [prepared using 

diethylpyrocarbonate(DEPC)-treated RNase-free water]. The wash solution was removed 

and the RNA was dried at 25°C for 5 min. DEPC-treated RNase-free water (100 pi) was 

used to resuspend the RNA pellets, which were stored at -80°C.

To determine the effect of the synthetic induction peptide on bacteriocin 

production, C. maltaromaticum UAL26 and JG126 were each grown in 10 ml of APT 

broth, and C. maltaromaticum UAL26 was grown in APT broth supplemented with 5 pM 

induction peptide at 25°C for 24 h. The cultures were subcultured twice in APT broth at 

an inoculum volume of 1%. The mRNA from these cultures was isolated 40 min after the 

final subculture as described above.

5.2.6. Northern analysis of the RNA samples

The concentration of RNA was quantified using a GeneQuant spectrophotometer 

(Biochrom Ltd., Cambridge, U.K.) to measure absorbance at 260 nm. The GeneQuant 

also compared the ratio of A260 to A280- Final RNA concentration in pg/ml was 

calculated as the multiple of the A260 x sample dilution x 40 pg/ml.

All glassware and utensils used in experiments involving RNA were heated at 

250°C for 8 h. Ultra-pure agarose (1.4 g; Invitrogen Canada Inc., Burlington, ON) was 

added to 120 ml of sterile DEPC-treated RNase free water (Qbiogene) and brought to a 

boil in a microwave oven. The solution was cooled to approximately 55°C and 14 ml of 

10 x MOPS [3-(N-morpholino)propanesulphonic acid, 10 mM ethylenediaminetetraacetic 

acid (EDTA); BioShop Canada, Inc., Burlington, ON)] buffer was added. Formaldehyde 

(7.6 ml) was added as a 37% solution, and the solution was mixed gently by shaking.

The agarose gel was poured into an agarose gel electrophoresis unit and allowed to
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solidify for 1 h, then immersed in 1 x MOPS buffer. RNA samples were prepared by 

mixing 15 pg of total cellular RNA extract in fresh sample buffer [12 samples: 96 pi of 

deionized formamide (Invitrogen) + 34.6 pi of 37% formaldehyde + 69.4 pi of loading 

dye {40 pi of 10 x MOPS + 46 pi of DEPC-treated RNase-free water + 6 pi of ethidium 

bromide (10 mg/ml) + 20 pi of glycerol + 20 pi of saturated bromophenol blue 

solution}]. The mixture was heated at 100°C for 2 min and immediately cooled on ice. 

The tubes were centrifuged at 10,000 x g for 5 s to collect the condensate, then the 

samples were loaded onto the agarose gel.

The agarose gel was run at 100 V until the bromophenol blue dye had reached the 

lower portion of the gel (approximately 4.5 h). The gel was analysed on a Gel Doc 1000 

UV transilluminator with the Molecular Analyst v. 2.12 program (BioRad Laboratories, 

Hercules, CA). The gel was prepared for Northern transfer by soaking it in 2 changes of 

10 x SSC buffer (87.65 g of NaCl + 44.1 g of trisodium citrate/L, pH 7.0) for 10 min 

each. The Northern transfer was done for 18 h by stacking NitroPure supported 0.45 

micron pure nitrocellulose membrane (Micron Separations Inc., Westborough, MA), 

Whatman filter paper (Whatman International, Inc., Kent, U.K.), and paper towels on top 

of the gel. After the transfer was completed, the membrane was visualized by UV 

illumination. The membrane was allowed to dry in ambient air at 25°C for 1 h, and then 

the RNA was fixed to the membrane by heating in a vacuum oven at 80°C for 2 h.

DNA probes for hybridization to the fixed membrane were prepared using the 

following primers:
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piscicolin 126:

primer LG126F2: 5’-ATATGAATTCATGAAAACTGTTAAAGAACT-3’, and 

primer LG126R2: 5’-ATATTCTAGATTATCCTTTGTTCCAACC-3’. 

camobacteriocin BM1 :

primer BM1F1: 5’-ATATGAATTCATGAAAAGCGTTAAAGAACT-3’, and 

primer BM1R1: 5’-ATATTCTAGATTAATGTCCCATTCCTGC-3’. 

control 16S rRNA:

primer RNA3: 5’-TAGCGGTGAAATGCGT- 3’, and 

primer RNA4: 5’-TCGAATTAAACCACATGCTC- 3’.

These primers were chosen because they spanned the majority of the sequences 

transcribed in production of mRNA for the genes to be assayed. The control 16S rRNA 

primers were designed based on the C. maltaromaticum 16S ribosomal RNA sequence.

For all reactions, DNA was amplified in 100 pi PCR reactions using 0.5 pi of 

Platinum Taq DNA polymerase High Fidelity (Invitrogen), 10 pi of 10 x HIFI Platinum 

Taq Buffer, 4 pi of 50 mM MgSC>4, 1 pi of each primer at 200 nM (pairings of the 

primers listed above), 2 pi of 10 mM dNTP solutions (Invitrogen), and 1 pi of purified 

DNA template isolated from C. maltaromaticum UAL26.

The following PCR protocol was used on a GeneAmp PCR system 2400 thermal 

cycler (version 2.11; Perkin Elmer Corp., Norwalk, CT): 5 min denaturation at 94°C, 40 

cycles of: 1 min denaturation at 94°C, 1 min annealing at 50°C, 1 min extension at 68°C, 

a final 5 min extension at 72°C, and the samples were cooled and held at 4°C. The 

samples were cleaned using a QiaQuick PCR purification column (Qiagen Inc., Hilden, 

Germany) and eluted in 30 pi of DEPC-treated RNase free water. Each reaction mixture
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(5 pi) was loaded onto a 1% w./vol. agarose (BD Diagnostics) gel [dissolved in 1 x TBE 

buffer: 10.778 g of tris(hydroxymethyl)aminomethane (Tris), 0.744 g of disodium 

ethylenediaminetetraacetic acid (EDTA), 5.5 g of boric acid/L] and separated in 1 x TBE 

buffer by electrophoresis at 110 V for approximately 30 min using a Mini-Sub Cell GT 

gel box (BioRad). The gel was visualized with a Gel Doc 1000 UV transilluminator 

(BioRad) and photographed.

The remainder of the PCR product sample was labelled using a Random Primers 

DNA Labelling system (Invitrogen). For each sample, the following reaction was set up: 

each PCR product (23 pi) was placed in a microcentrifuge tube, heated at 100°C for 5 

min, and held on ice. To each tube 15 pi of random primers buffer mixture, 2 pi of 

dATP, 2 pi of dGTP, 2 pi of dTTP, and 5 pi of [a-32P]dCTP, 3000 Ci/mmol, 10 pCi/pl 

(Amersham Biosciences Corp., Piscataway, NJ) were added. The mixture was briefly 

mixed by vortexing, 1 pi of Klenow fragment (Invitrogen) was added, the tube was 

mixed by vortexing, and centrifuged at 10,000 x g  for 5 s. The tubes were incubated at 

25°C for 1 h, and 5 pi of stop buffer (Invitrogen) was added to stop the reaction.

Prior to hybridization, the RNA membrane was cut into three equal pieces, with 

each piece containing a set of the four mRNA samples. The membrane was submerged 

in deionized water for 5 s to remove excess salt. The membrane pieces were placed into 

glass hybridization tubes (5 cm x 20 cm). Prehybridization solution [8 ml, 6 x SSPE (900 

mM  sodium chloride, 60 mM monosodium phosphate, 60 mM EDTA), 0.5% SDS, and 5 

x Denhardt’s solution {50 x Denhardt’s solution = 1% Ficoll 400 (Serva Electrophoresis 

Inc., Heidelberg, Germany), 1% polyvinylpyrrolidone (Sigma-Aldrich Canada, Oakville, 

ON), 1% bovine serum albumin fraction IV (Sigma-Aldrich)}] was warmed to 60°C,
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added to each membrane, and prehybridized in a hybridization oven (series 942; Labtime 

Instruments Inc., Melrose Park, IL) at 65°C for 2 h. Hybridization was done by adding 

100 pi of tRNA (10 mg/ml) to each labelled probe (50 pi), heating the mixture at 100°C 

for 2 min, and cooling on ice. This solution was added to the prewarmed 

prehybridization solution in the hybridization tubes containing the membrane pieces. 

Hybridization was done in a hybridization oven at 65°C for 24 h.

The hybridized membrane was washed 3 times with 2 x SSPE containing 0.1% 

SDS at 25°C for 10 min, and then once in 0.1 x SSC containing 0.1% SDS at 65°C for 10 

min. The hybridized membranes were sealed in a plastic bag and exposed to a BAS-IP- 

SR 20 x 25 cm imaging plate (Fuji Photo Film Co. Ltd., Valhalla, NY) in a BAS 20 x 25 

cm cassette (FujiFilm) for 3 h. The image was visualized and recorded using a BAS- 

1800 IP reader running the Image Reader 1.7E program (FujiFilm).

5.2.7. RT-PCR of the RNA samples

Reverse transcription PCR was performed twice: on the four RNA samples used 

in the Northern Transfer described in section 5.2.6, and on the three RNA samples from 

the cultures with induction peptide added. RNA samples were treated with DNase 

(DNA-ffee; Ambion, Austin, TX) to ensure that residual DNA would not act as a 

template during PCR. To remove DNA from the four purified RNA samples, purified 

total cellular RNA (17 pi) was added to 2 pi DNase I buffer in a microcentrifuge tube, 

and mixed by vortexing. Recombinant DNase (1 pi) was added, the mixture was mixed 

by vortexing, and incubated at 37°C for 1 h. DNase inactivation reagent (2 pi) was added 

to the reaction mixture. Inactivation was done at 25°C for 3 min, with gentle mixing
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every 30 s to ensure suspension of the inactivation reagent. The tubes were centrifuged at

10,000 x g  for 1.5 min and the supernatant was transferred to a new microcentrifuge tube.

The following primers were used: 

pis/: *primer FI: 5’-CTAATATCCATATCTAATATTG-3’,

primer RI: 5’-ATGGGTAAGTTAAAATGGTTT-3\ 

pis A: primer LG126F2: 5 ’ -ATATGAATTC ATGAAAACTGTTAAAGAACT-3 ’, 

♦primer LG126R2: 5’-ATATTCTAGATTATCCTTTGTTCCAACC-3’, 

pisN: primer FN: 5 ’ - AT G AACGAT A AAA AAT ACTTG-3 ’,

♦primer RN: 5’-TTAGCATTTTTTAAAAAAAGAAA-3’, 

pisK: primer FK1: 5 ’ -TTGTAAAGTATAGTTCTATTA-3 ’,

♦primer RK1: 5 ’ - ATGTTTAAATTTATTTAGCTTTT-3 ’, 

pisR: primer FR: 5 ’ -GAAGATCAAATCATTCAAC-3 ’,

♦primer RR: 5 ’ -TTTGAACTAACCTTTGCCG-3 ’, 

pisT: primer FT1: 5 ’ -GGTGTTAGTGGATCTGGA-3 ’,

♦primer RT1: 5 ’-CTTCAATAAAGCACGAGCA-3 ’, 

pisE: primer FE: 5 ’ - AT GC AT AAT AAT A ACT GGCG-3 ’,

♦primer RE: 5 ’ - AGTGGTACTTGTAGTTTAT-3 ’, 

cbnBMl: primer BM1F1: 5’-ATATGAATTCATGAAAAGCGTTAAAGAACT-3’, 

♦primer BM1R1: 5’-ATATTCTAGATTAATGTCCCATTCCTGC-3’, 

control 16S rRNA: primer RNA3 5’-TAGCGGTGAAATGCGT- 3’,

♦primer RNA4: 5’-TCGAATTAAACCACATGCTC- 3’.

♦ = antisense primer
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For each RNA sample for each gene tested, 1 pi of each antisense (noncoding 

strand) gene specific primer, 1 pi of dNTP (10 pM) mixture, and a volume of RNA 

containing 2 pg of total RNA sample, was added to each tube and DEPC-treated RNase 

free sterile water was added to bring the reaction volume to 13 pi. The reaction mixtures 

were heated at 65°C for 5 min and cooled on ice for 1 min. The tubes were centrifuged at

10,000 x g  for 5 s, and 4 pi of 5 x first-strand buffer, and 1 pi of 0.1 M dithiothreitol 

(DTT) were added to each tube. The tubes were vortexed briefly and incubated at 42°C 

for 2 min. Superscript III reverse transcriptase (1 pi, 200 U/pl; Invitrogen) was added. 

The reactions were mixed by vortexing, and incubated at 50°C for 1 h. The reaction was 

inactivated by heating at 70°C for 15 min. Residual RNA was removed by treating the 

mixtures with RNase A (0.5 pi; 2 mg/ml) and incubating at 37°C for 30 min.

PCR was done according to the protocol described in section 5.2.6, using DNA 

template from the reverse transcription reactions and amplifying for 25 cycles. The 

samples (15 pi) were analysed by gel electrophoresis as described in section 5.2.6.

5.2.8. Construction of the plasmid pLG26PISNC and transformation of C.

maltaromaticum UAL26

To determine if  the induction peptide of piscicolin 126 could induce bacteriocin 

production in vivo, it was necessary to transform C. maltaromaticum UAL26 with a 

plasmid construct containing the gene for the PisN induction peptide. To construct the 

plasmid, DNA primers (Applied Biosystems 394 DNA/RNA Synthesizer, DNA Core 

Facility, University of Alberta) were designed based on the sequence of the piscicolin 

126 induction gene from C. maltaromaticum JG126 (Jack et al., 1996; Gibbs et al.,

2000), with a 10 bp sequence at the beginning (5’-end) to allow the appropriate restriction
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endonucleases to cut the DNA fragment amplified by PCR. The primers were used in a 

PCR reaction (Sambrook and Russell, 2001) to amplify the piscicolin 126 induction gene. 

The primers used to amplify the fragment were designed to contain the Clal and Sphl 

restriction sites at either end of the amplified region. The sequence of the primers was: 

primer PISNCF1: 5’-AGAGATCGATAATTGGAGGGAATAAAAATGAACG-3and

DNA was amplified in a 100 pi PCR reaction using 0.5 pi of Platinum Taq DNA 

polymerase High Fidelity (Invitrogen), 10 pi of HIFI Platinum Taq Buffer, 4 pi of 50 

mM MgSC>4 , 1 pi of each primer at 200 nM (pairings of the primers listed above), 2 pi of 

10 mM dNTP solutions (Invitrogen), and 1 pi of purified DNA template isolated from C. 

maltaromaticum UAL26.

The following PCR protocol was used: 2 min denaturation at 94°C, 40 cycles of: 1 

min denaturation at 94°C, 1 min annealing at 60°C, 2 min extension at 68°C, then a final 

5 min extension at 72°C, and the sample was cooled and held at 4°C. The reaction 

mixture (10 pi) was loaded onto a 1% w./vol. agarose gel, separated by electrophoresis, 

and visualized as described in section 5.2.6.

To ligate the pisN  PCR product into the vector for transformation of C. 

maltaromaticum UAL26, the PCR amplified fragment was cleaned using a QiaQuick 

PCR purification column, eluted with a final volume of 50 pi EB buffer (10 mM TrisCl, 

pH 8.5), and double digested with the appropriate restriction endonucleases (Clal and 

Sphl in 10 x React 1, each 10% vol./vol.). Plasmid vector pMG36e (Van de Guchte et 

al., 1989) was cut using the same protocol, without the QiaQuick purification step. The 

fragment and plasmid were incubated at 37°C for 2 h and purified by agarose gel
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electrophoresis using a gel extraction kit (Qiagen) according to the manufacturer’s 

protocol. Ligation was done by mixing the cut fragment with the cut plasmid, and adding 

10 pi of 5 x ligation buffer and 5 pi of T4 DNA ligase enzyme (Invitrogen). The solution 

was mixed by vortexing and incubated at 25°C for 2 h. The resulting plasmid was named 

pLG26PISNC.

To transform C. maltaromaticum UAL26 with pLG26PISNC, the ligation mixture 

containing pLG26PISNC, a 100 pi tube of electrocompetent C. maltaromaticum UAL26, 

and an electroporation cuvette were placed on ice. Plasmid DNA (10 pi) was added to 

the electrocompetent cells, mixed briefly, and transferred into the electroporation cuvette. 

The mixture was held on ice for 2 min, and electroporated using a Gene Pulser 

Electroporator (BioRad) at 2.5 kV and 200 Q resistance. APT supplemented with 0.5 M 

sucrose and 20 mM MgCh (1 ml) was added to the cuvette and the mixture transferred to 

a microcentrifuge tube. The culture was incubated at 25°C for 4 h, plated in 100 pi 

volumes onto APT agar plates containing erythromycin (5 pg/ml; Fisher Scientific) and 

plates were incubated at 25°C. Colonies that grew within 6 d were picked from the agar 

plates and grown in APT broth with erythromycin (5 pg/ml) at 25°C for 24 h. To 

determine if  the transformant cultures carried pLG26PISNC, cultures (1 ml) were 

centrifuged at 20,000 x g  for 2 min, the supernatant discarded, and the cells were 

resuspended in 250 pi ice-cold STE (10 mM TrisCl, 0.1 M NaCl, and 1 mM EDTA, pH 

8) buffer. The centrifugation was repeated, the cells were lysed by the alkaline lysis  

method (Sambrook and Russell, 2001), and extracted by vortexing for 10 s with 500 pi of 

buffer-saturated phenol. This mixture was separated by centrifuging at 10,000 x g  for 1 

min, and the aqueous layer was transferred to a new microcentrifuge tube. An equal
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volume of chloroform:isoamyl alcohol (24:1) was added to the tube, and separated by 

centrifuging at 10,000 x g  for 1 min. The aqueous layer was transferred to a new 

microcentrifuge tube. Purified pLG26PISNC was cut with the appropriate restriction 

enzymes for 1 h as described above, and loaded onto a 1% w./vol. agarose gel, separated 

by electrophoresis, and visualized as described in section 5.2.6.

5.3. Results

5.3.1. Bacteriocin production by C. maltaromaticum UAL26 and JG126

The time of bacteriocin production during growth of cultures stored at 15°C and 

25°C is shown in Figure 5.1. Using the spot-on-lawn assay, it was observed that 

bacteriocin-producing cultures of C. maltaromaticum UAL26 or C. maltaromaticum 

JG126 subcultured at an inoculum of 1% vol./vol. would produce sufficient bacteriocin 

activity for detection using a spot-on-lawn assay within 2 h. Even though the cultures 

had been diluted to 1% of their maximum population (diluting out any residual 

bacteriocin activity from the inoculum volume), the bacteriocin titre increased rapidly 

until it had reached that of a fully grown culture. This enabled the determination of the 

time during culture growth at which the mRNA of the bacteriocin structural gene should 

be transcribed at its highest level. Using a full population of cells (~109 CFU/ml) 

allowed greater amounts of the desired mRNA to be harvested during this time. The 

times that RNA was harvested from the cultures grown at 15°C or 25°C are shown in 

Figure 5.1. Because C. maltaromaticum JG126 grown at 15°C produced bacteriocin at a 

faster rate than C. maltaromaticum UAL26 grown at 15°C, RNA was harvested from C. 

maltaromaticum JG126 after 80 min, and from C. maltaromaticum UAL26 after 120 min.
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Figure 5.1. Bacteriocin production by C. maltaromaticum UAL26 grown at 15°C (■) and 
25°C (□), and C. maltaromaticum JG126 grown at 15°C (•) and 25°C (O). Cultures 
were prepared by inoculating APT broth with 109 CFU/ml. L. monocytogenes ATCC 
43256 was used as the indicator organism. Arrows indicate time of mRNA isolation:
 •---- ►: C. maltaromaticum UAL26 and C. maltaromaticum JG126 grown at 25°C;
 ♦---- ►: C. maltaromaticum JG126 grown at 15°C culture; ►: C. maltaromaticum
UAL26 grown at 15°C.

5.3.2. Synthesis, purification, and analysis of the piscicolin 126 induction peptide

The structure of the synthetic induction peptide is shown in Figure 5.2. It was 

synthesized and purified by RP-HPLC (Figure 5.3). The peptide was subjected to 

MALDI-TOF MS to determine its molecular mass. The MALDI-TOF MS results (Figure 

5.4) had a peak at 2629.2 Da, which agreed with the calculated molecular weight of 

2629.06 Da.
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Figure 5.2. Diagrammatic structure of the piscicolin 126 induction peptide. Obtained 
from Darren Derksen (Department of Chemistry, University of Alberta).
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A.)

3

B.)

3

Figure 5.3. RP-HPLC chromatogram of purified synthetic piscicolin 126 induction 
peptide. A.) piscicolin 126 induction peptide solvent gradient and elution profile. B.) 
Expansion of the synthetic piscicolin 126 induction peptide peak. Obtained from Darren 
Derksen (Department of Chemistry, University of Alberta).
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Figure 5.4. MALDI-TOF MS analysis of purified cyclized synthetic piscicolin 126 
induction peptide. Obtained from Darren Derksen (Department of Chemistry, University 
of Alberta).

5.3.3. Induction of bacteriocin production in C. maltaromaticum UAL26, JG126,

and LV17

C. maltaromaticum UAL26 grown at 25°C did not produce a detectable amount of 

bacteriocin activity, but C. maltaromaticum UAL26 grown at 15°C and C. 

maltaromaticum JG126 grown at 25°C produced 800 A.U./ml. Bacteriocin activity was 

not detected in 1% dilutions of the supernatant from C. maltaromaticum UAL26 grown at 

15°C and C. maltaromaticum JG126 grown at 25°C. A 10 pM solution of the induction 

peptide (IP) in APT broth showed no antibacterial activity. Bacteriocin production could 

be induced in C. maltaromaticum UAL26 grown at 25°C by the addition of synthetic 

induction peptide, or 1% spent supernatant from either C. maltaromaticum UAL26 grown 

at 15°C or C. maltaromaticum JG126 grown at 25°C (Figure 5.5). The bacteriocin titre

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sample

Figure 5.5. Bacteriocin activity of cultures of C. maltaromaticum UAL26 and C. 
maltaromaticum JG126 grown at 25°C, C. maltaromaticum JG126 grown at 35°C, and C. 
maltaromaticum LV17 grown at 25°C, supplemented with spent supernatant (sup) from 
C. maltaromaticum UAL26 grown at 15°C or C. maltaromaticum JG126 grown at 25°C 
or with 10 pM purified piscicolin 126 induction peptide (IP). (n=2)

reached a maximum of 100 A.U./ml when 1% spent supernatant was added, and reached

200 A.U./ml after three subcultures when the synthetic induction peptide was added. A

subculture of C. maltaromaticum UAL26 from frozen stock supplemented with induction
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peptide and grown at 15°C reached 800 A.U./ml without the necessary time (5 d) to adapt 

to cold temperatures as previously observed (Chapter 2, this thesis). Heating at 70°C for 

30 min or filtration of the spent supernatant did not affect the bacteriocin titre observed in 

induced cultures of C. maltaromaticum UAL26.

Cultures of C. maltaromaticum UAL26 supplemented with spent supernatant 

from C. maltaromaticum LV17 and LV17A took 48 and 24 h to grow, respectively, in 

comparison to 16 h for the other cultures. The supernatant from C. maltaromaticum 

LV17 or its derivatives did not induce bacteriocin production in C. maltaromaticum 

UAL26 grown at 25°C (data not shown).

C. maltaromaticum JG126 grew in 24 h when incubated at 35°C, and showed 

marked reduction in bacteriocin titre after the first subculture (100 A.U./ml), and no 

bacteriocin activity was detected after the second subculture (data not shown). As 

previously demonstrated (Franz et a l, 2000), C. maltaromaticum LV17 produces 

bacteriocin activity against C. maltaromaticum LV17C when subcultured at 1% 

inoculum, but bacteriocin activity was not detected when the inoculum size was reduced 

to 0.0001%. In the current study, bacteriocin-negative cultures of C. maltaromaticum 

JG126 and LV17 were grown in APT broth containing 10 pM piscicolin 126 induction 

peptide, but neither was induced to produce detectable amounts of bacteriocin activity.

Although the induction genes from C. maltaromaticum UAL26 and LV17B share 

sequence identity of ~60%, they are less similar (-45%) when aligned as peptides (Figure 

5.6). The leader sequence shares higher identity in DNA (-60%) and amino acid (-40%) 

sequence, while the remainder of the induction gene (encoding the mature induction
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Entire gene Leader only Remainder

Figure 5.6. Percentage identity of the sequences of the induction gene and translated 
peptide of piscicolin 126 from C. maltaromaticum JG126 and camobacteriocin B2 from 
C. maltaromaticum LV17B. DNA (■), protein (□).

peptide) shares almost as much identity in DNA sequence (-55%), yet much less identity 

when aligned as the mature peptide (-20%).

Addition of synthetic piscicolin 126 induction peptide at a concentration as low as 

1 pM resulted in induction of bacteriocin production in C. maltaromaticum UAL26 

grown at 25°C, but the presence of induction peptide at concentrations below 1 pM did 

not induce bacteriocin production (Table 5.1).

When cultures of C. maltaromaticum UAL26 grown at 15°C and C. 

maltaromaticum JG126 grown at 25°C are serially diluted to an inoculum below 10'5, 

bacteriocin production is not induced (Table 5.2). Cultures do not regain the ability to 

produce bacteriocin upon further subculturing unless bacteriocin production is induced 

using synthetic piscicolin 126 induction peptide.
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Table 5.1. Effect of concentration of synthetic piscicolin 126 induction peptide on 
bacteriocin production by C. maltaromaticum UAL26 grown at 25°C.

Concentration o f  
induction peptide

Bacteriocin Activity 
(A.U./ml)

10 pM 200

1 uM 200

100 nmol 0

10 nmol 0

1 nmol 0

100 pmol 0

10 pmol 0

Table 5.2. Bacteriocin activity of serially diluted cultures of C. maltaromaticum UAL26 
grown at 15°C and C. maltaromaticum JG126 grown at 25°C as detected by the spot-on- 
lawn assay using L. monocytogenes 43256 as the indicator organism. (n=2)

Bacteriocin Activity

Subculture
Inoculum

level
C. maltaromaticum 

UAL26
C. maltaromaticum 

JG126

1 IO'2 + +

2 10'2 + +

3 10'1 + +

10‘2 + +

10'3 + +

io-4 + +

10‘5 + +

io-6 - -

IO'7 - _

10'8 - -

10'9 - -

io-.° - -

4 IO'2 - -

io-4 - -

10-6 - -

IO’8 - -

10-1° - -

5 IO'2 - -

IO'2 + IP + +

(+) bacteriocin activity detected, (-) bacteriocin activity not detected 
IP: Induction peptide (10 pM) added
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5.3.4. Northern analysis of the RNA samples

The concentrations of the RNA samples harvested from the cultures used to 

determine the effect of temperature on RNA transcription of the piscicolin 126 operon, 

and the effect of the presence of the synthetic induction peptide are shown in Table 5.3 

and Table 5.4, respectively. The results indicate that a sufficient amount of RNA for 

Northern analysis and RT-PCR was isolated from all samples. The concentration of 

RNA isolated from C. maltaromaticum JG126 was higher than that isolated from C. 

maltaromaticum UAL26 regardless of growth temperature (Table 5.3).

Table 5.3. Concentration of total cellular RNA isolated from C. maltaromaticum UAL26 
and JG126 grown at 15°C and 25°C.

Culture and growth 
temperature

RNA
concentration (ug/pl)

UAL26 25°C 2.830

JG126 25°C 1.786

UAL26 15°C 3.488

JG126 15°C 1.948

Table 5.4. Concentration of total cellular RNA isolated from C. maltaromaticum 
UAL26, C. maltaromaticum UAL26 supplemented with synthetic induction peptide (IP), 
and C. maltaromaticum JG126 grown at 25°C.

Culture and growth 
temperature

RNA
concentration (ug/pl)

UAL26 25°C 3.976

UAL26 25°C + IP 3.840

JG126 25°C 3.480

Northern analysis was done to compare the amount of piscicolin 126 and 

camobacteriocin BM1 structural mRNA transcribed in C. maltaromaticum UAL26 and

C. maltaromaticum JG126 grown at 15 and 25°C. The DNA probes used for labelling 

were created by PCR and were analysed to ensure enough product of the correct size had 

been synthesized. The PCR product bands (Figure 5.7) were of the expected molecular
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size based on the calculated length from the DNA sequence of the piscicolin 126 operon 

in C. maltaromaticum JG126.

Figure 5.7. PCR amplification of the DNA probes used for labelling and hybridization to 
the RNA transfer membrane. Lane 1: 100 bp marker; lane 2: piscicolin 126 probe; lane 
3: camobacteriocin BM1 probe; lane 4: 16S rRNA control probe.

The RNA samples were visualized after the completion of electrophoresis. The 

results showed the presence of the 23 S and 16S ribosomal RNA subunits, and a smear of 

bands above and below the 23S and 16S bands (Figure 5.8). These smears indicate that 

the mRNA has not been degraded by RNase action. The presence of mRNA indicates 

that the samples were acceptable for Northern transfer and probe hybridization.

After hybridization, radioactivity from the labelled probe binding to the target 

mRNA was visualized (Figure 5.9). The autoradiography of the piscicolin 126 and 

camobacteriocin BM1 probes to the RNA samples isolated from C. maltaromaticum 

UAL 26 and JG126 showed that the probe could bind to its target mRNA in samples 

isolated from C. maltaromaticum UAL 26 grown at 15°C and C. maltaromaticum JG126 

grown at 15 and 25°C. The probes did not bind to their target mRNA in the sample 

isolated from C. maltaromaticum UAL 26 grown at 25°C, indicating that the bacteriocin 

structural genes were not transcribed.
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Figure 5.8. Total cellular RNA isolated from C. maltaromaticum UAL26 and C. 
maltaromaticum JG126 grown at 15°C and 25°C, and separated on an agarose gel to be 
used for Northern transfer. The gel includes three sets (A., B., C.) of the four RNA 
samples from each of the four cultures. Lane 1: RNA from C. maltaromaticum UAL26 
grown at 25°C; lane 2: RNA from C. maltaromaticum JG126 grown at 25°C; lane 3: 
RNA from C. maltaromaticum UAL26 grown at 15°C; lane 4: RNA from C. 
maltaromaticum JG126 grown at 15°C.

A.) B.) C.)

Figure 5.9. Hybridization of 32P ATP-labelled DNA probes to RNA samples from C. 
maltaromaticum UAL26 and JG126 grown at 15 and 25°C. A.) piscicolin 126 probe; B.) 
camobacteriocin BM1 probe; C.) 16S rRNA control probe. Lane 1: C. maltaromaticum 
UAL26 grown at 25°C; lane 2: RNA from C. maltaromaticum JG126 grown at 25°C; lane 
3: RNA from C. maltaromaticum UAL26 grown at 15°C; lane 4: RNA from C. 
maltaromaticum JG126 grown at 15°C.
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5.3.5. RT-PCR of the RNA samples

To compare the expression of the genes of the piscicolin 126 operon in cultures of 

C. maltaromaticum UAL26 and JG126 grown at 15°C and 25°C, RT-PCR was performed 

on the RNA samples isolated from these cultures. The amplified PCR products from the 

RT-PCR of the genes in the piscicolin 126 operon in the four different RNA samples are 

shown in Figure 5.10. Marker bands were not included in the figure for compactness and 

simplicity; however, all bands were of correct size based on the expected fragment size 

calculated from the sequence of the piscicolin 126 operon in C. maltaromaticum JG126. 

The results showed that for all the genes in the piscicolin 126 operon the amount of RT- 

PCR product was comparable for C. maltaromaticum UAL 26 grown at 15°C and C. 

maltaromaticum JG126 grown at 15 and 25°C. The amount of RT-PCR product in C. 

maltaromaticum UAL 26 grown at 25°C is comparably less or absent, indicating that 

transcription of the genes in the piscicolin 126 operon is downregulated when C. 

maltaromaticum UAL26 is grown at 25°C. Transcription of the piscicolin 126 structural 

gene (pisA) was not detected by RT-PCR, suggesting that this gene is not expressed, or 

expressed at very low levels in cultures of C. maltaromaticum UAL26 grown at 25°C. 

RT-PCR was performed on the RNA samples isolated from C. maltaromaticum UAL26,

C. maltaromaticum UAL26 supplemented with induction peptide, and C. 

maltaromaticum JG126 grown at 25°C to compare the expression of the genes in the 

piscicolin 126 operon and the camobacteriocin BM1 structural gene. The amplified PCR 

products from the RT-PCR are shown in Figure 5.11. The results showed that for all the 

genes in the piscicolin 126 operon the amount of RT-PCR product was comparable for C. 

maltaromaticum UAL 26 supplemented with synthetic induction peptide and C.
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Figure 5.10. RT-PCR agarose gel electrophoresis of the genes in the piscicolin 126 
operon from RNA samples isolated from C. maltaromaticum UAL26 and JG126. A.) 
pisl; B.) pis A; C.) pisN; D.) pisK; E.) pisR; F.) pisT; G.) pisE; H.) 16S rRNA control. 
Lane 1.) C. maltaromaticum UAL26 grown at 25°C; lane 2.) C. maltaromaticum JG126 
grown at 25°C; lane 3.) C. maltaromaticum UAL26 grown at 15°C; lane 4.) C. 
maltaromaticum JG126 grown at 15°C.
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Figure 5.11. RT-PCR agarose gel electrophoresis of the genes in the piscicolin 126 and 
camobacteriocin BM1 operons from RNA samples isolated from C. maltaromaticum 
UAL26 and JG126. A.) pisl; B.) pis A; C.) pisN; D.) pisK; E.) pisR; F.) pisT; G.) pisE; 
H.) cbnBMl; I.) 16S rRNA control. Lane 1.) C. maltaromaticum UAL26 grown at 25°C; 
lane 2.) C. maltaromaticum UAL26 + 5 pM induction peptide grown at 25°C; lane 3.) C. 
maltaromaticum JG126 grown at 25°C.
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maltaromaticum JG126 grown at 25°C. The amount of RT-PCR product in C. 

maltaromaticum UAL26 grown at 25°C without induction peptide is less or absent. This 

indicates that addition of induction peptide induces transcription of the genes in the 

piscicolin 126 operon in cultures of C. maltaromaticum UAL26 grown at 25°C to 

amounts comparable to that observed in C. maltaromaticum JG126. Transcription of the 

camobacteriocin BM1 structural gene (cbnBMl) was detected in the sample from C. 

maltaromaticum UAL26. This may indicate that camobacteriocin BM1 is transcribed in 

C. maltaromaticum UAL26 cultures grown at 25°C, but that transcription may not occur 

at the same time as piscicolin 126.

5.3.6. Construction of the plasmid pLG26PISNC and transformation of C.

maltaromaticum UAL26

An attempt was made to create a strain of C. maltaromaticum UAL26 that carried 

a plasmid containing the gene for the induction peptide of piscicolin 126. The 

transformation of C. maltaromaticum UAL26 with pLG26PISNC resulted in the growth 

of 24 colonies. None of the colonies had an increased amount of bacteriocin activity as 

compared to untransformed C. maltaromaticum UAL26 when assayed by spot-on-lawn 

inhibition at 25°C using L. monocytogenes ATCC 43256 as the indicator organism.

While all of the colonies contained the pMG36e plasmid, none had the insert containing 

the functional pisN  gene.

5.4. Discussion

The discovery that cultures of C. maltaromaticum UAL26 and C. maltaromaticum 

JG126 would rapidly restore bacteriocin activity to maximum titre allowed isolation of 

sufficient quantities of RNA for analysis. In previous experiments, it was observed that
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production of bacteriocin activity began in mid-log phase (Chapter 2, this thesis); 

however, a smaller inoculum (0.1%) was used than that used in the RNA analysis (1%). 

This difference may have led to faster restoration of maximum bacteriocin titre, possibly 

due to a higher concentration of induction peptide carried over by subculturing using a 

larger inoculum volume. The development of this method allowed isolation of mRNA 

that revealed differences in bacteriocin gene expression between two strains o f C. 

maltaromaticum when grown at two temperatures. The results of the Northern analysis 

showed the absence of transcription of the structural genes for bacteriocin production in 

C. maltaromaticum UAL26 grown at 25°C, while the piscicolin 126 structural gene in C. 

maltaromaticum UAL26 grown at 15°C was transcribed at levels comparable to that 

observed in C. maltaromaticum JG126 grown at 15°C and 25°C. This demonstrates that 

temperature is a factor in the expression of piscicolin 126 genes in C. maltaromaticum 

UAL26. Other researchers (Saucier et a l,  1997) have shown that bacteriocin production 

can be dependent on inoculum size. Bacteriocin expression in C. maltaromaticum LV17 

can be stopped by subculturing at an inoculum of less than IO-4 CFU/ml and a bacteriocin 

non-producing culture can be induced by the addition of cell-free supernatant from a 

bacteriocin producing culture. Northern analysis of an induced culture demonstrated 

transcription of camobacteriocins A, BM1, and B2. This proved that transcription of 

bacteriocins in C. maltaromaticum LV17 is dependent on inoculum size (Saucier et al., 

1997). Lactobacillus sakei 5, which produces the bacteriocins sakacin P, T, and X, also 

has transcription-regulated control. The genes responsible for this are located on two 

separate operons, one sensitive to extracellular population (quorum sensing), and the 

other makes use of a histidine kinase sensory molecule and a response regulator
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molecule. Upon activation of either of these regulatory mechanisms, an increase in 

transcription of the regulatory operons is observed, followed by activation of 

transcription of the bacteriocin structural genes (Vaughan et al., 2004). Both C. 

maltaromaticum LV17 and L. sakei 5 bear similarity to C. maltaromaticum UAL26 in 

that bacteriocin transcription, translation, and export commences once the required 

conditions to stimulate bacteriocin production are met.

RT-PCR results demonstrated the downregulation of transcription of all genes in 

the piscicolin 126 operon in C. maltaromaticum UAL26 when the culture was grown at 

25°C. Transcription of the bacteriocin structural gene pisA was not detected. The 

remaining genes in the piscicolin 126 operon were transcribed but not folly expressed. 

Several genes (pisR and pisE  in Figure 5.10, and pisA, pisR, pisE, and cbnBMl in Figure 

5.11) had faint larger bands or smears of amplified PCR product. It is possible that the 

primers used to amplify these genes by PCR bind to other genomic DNA, most likely to 

genes with homologous sequence. The absence of piscicolin 126 bacteriocin mRNA 

supports the findings of the Northern analysis: the piscicolin 126 structural gene was not 

expressed in C. maltaromaticum UAL26 grown at 25°C. In the mRNA sample taken for 

RT-PCR analysis from an induced culture of C. maltaromaticum UAL26, mRNA from 

the camobacteriocin BM1 gene was detected. This was contrary to the results observed 

in the Northern analysis, and indicates that camobacteriocin BM1 may be transcribed by 

C. maltaromaticum UAL26 grown at 25°C.

Induction of bacteriocin operons is well documented, and regulation of class II 

bacteriocin production has been reviewed (Quadri, 2003). Methods of control by 

regulatory proteins in bacteriocin operons have been demonstrated, including the
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induction peptide (Kleerebezem et al., 1997; Diep et al., 2001; Kleerebezem et al., 2001), 

the histidine kinase (Diep et al., 2001), and the response regulator (Diep et al., 2003). 

Genetic engineering of bacteriocin induction systems has allowed the development of 

promoter (Mathiesen et al., 2004) and induction peptide (Hickey et al., 2003) regulated 

gene expression, which may prove useful as novel bacteriocin expression systems. 

Bacteriocin induction in C. maltaromaticum LV17 is quite different from that observed in 

C. maltaromaticum UAL26 and JG126. Camobacteriocin B2 can act as an autoinducer 

of its own expression although the operon also contains a gene encoding an induction 

peptide (Kleerebezem et al., 2001). The ability to dilute the induction peptide by serial 

dilution of a subculture inoculum in C. maltaromaticum UAL26 or JG126 illustrates that 

the induction mechanism in C. maltaromaticum UAL26 and JG126 is similar to that 

found in C. maltaromaticum LV17 (Saucier et al., 1995; Saucier et al., 1997), and its 

derivative strains (Franz et al., 2000).

The induction peptide in the piscicolin 126 operon plays an important role in the 

regulation of bacteriocin production in C. maltaromaticum UAL26. Supplementing broth 

media with spent supernatant from a culture that produces piscicolin 126 (either C. 

maltaromaticum UAL26 grown at 15°C, or C. maltaromaticum JG126 grown at 25°C) 

induces bacteriocin production within growth of the first subculture in C. 

maltaromaticum UAL26 grown at 25°C. Although bacteriocin production can be 

eliminated in C. maltaromaticum JG126 when it is grown at 35°C, the induction peptide 

is not able to induce bacteriocin production in a bacteriocin-negative culture under these 

conditions. The piscicolin 126 induction peptide was unable to induce bacteriocin 

production in C. maltaromaticum LV17. This indicates that there is no cross-induction
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between cultures that produce piscicolin 126 and C. maltaromaticum LY17. This also 

indicates that camobacteriocin BM1 production in C. maltaromaticum LV17 is not 

induced by the piscicolin 126 induction peptide. The slower growth of C. 

maltaromaticum UAL26 when supplemented with supernatant from C. maltaromaticum 

LV17 may be attributed to the presence of bacteriocins produced by C. maltaromaticum 

LV17 to which C. maltaromaticum UAL26 has no cross-immunity.

C. maltaromaticum LV17 does not inhibit the growth of L. monocytogenes ATCC 

43256 (results not shown). This indicates that none of the bacteriocins produced by C. 

maltaromaticum LV17 are active against this indicator organism, which is highly 

sensitive to piscicolin 126. As all three Carnobacterium strains carry the gene for 

camobacteriocin BM1, it can be concluded that camobacteriocin BM1 does not inhibit L. 

monocytogenes ATCC 43256, and any bacteriocin activity against this indicator organism 

is likely due to the presence of piscicolin 126. All genes in the piscicolin 126 operon in 

C. maltaromaticum UAL26 grown at 25°C with addition of synthetic induction peptide 

are transcribed at levels comparable to those observed in C. maltaromaticum JG126.

This indicates that the reduced bacteriocin titre produced by C. maltaromaticum UAL26 

supplemented with induction peptide and grown at 25°C may be due to some limitation of 

the export of active bacteriocin at this temperature.

Attempts to create a strain of C. maltaromaticum UAL26 with a plasmid that 

contained the gene for the piscicolin 126 induction peptide were unsuccessful. This 

prevented collection of in vivo evidence of induction of piscicolin 126 production in C. 

maltaromaticum UAL26 grown at 25°C. Attempts to transform C. maltaromaticum 

UAL26 with a plasmid containing the piscicolin 126 induction gene did not result in the
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isolation of viable transformants. This prevents conclusions as to the exact cause of the 

difference between bacteriocin expression in C. maltaromaticum UAL26 and C. 

maltaromaticum JG126. One approach to elucidating the difference would be to 

sequence the complete piscicolin 126 operon of C. maltaromaticum UAL26 and compare 

it to the sequence of the operon of C. maltaromaticum JG126.
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6. SEQUENCING OF THE PISCICOLIN 126 OPERON IN 

Carnobacterium maltaromaticum UAL26

6.1. Introduction

C. maltaromaticum UAL26 and JG126, two strains identified as the same species, 

but isolated from different sources [vacuum packaged ground beef in Canada (Bums, 

1987), and spoiled ham in Australia (Jack et a l, 1996), respectively], contain the operons 

necessary to produce piscicolin 126 and camobacteriocin BM1, yet show remarkable 

difference in the growth conditions necessary for bacteriocin production. Sequencing of 

the piscicolin 126 operon in C. maltaromaticum UAL26 showed that the bacteriocin 

structural gene, promoter region, and induction gene were of identical DNA sequence to 

that found in C. maltaromaticum JG126 (Chapter 3, this thesis), and it is known that other 

regions of the operon are of similar size. However, there still exists the possibility that 

differences reside in unsequenced regions. The remaining genes in C. maltaromaticum 

UAL26 for which no sequence data is available include the immunity, the histidine 

kinase, response regulator, dedicated transporter, and transport accessory genes. 

Differences in these genes may be involved in the effect of temperature on bacteriocin 

production in C. maltaromaticum UAL26.

Differences in the piscicolin 126 operon that cause alteration of the characteristics 

of bacteriocin production between C. maltaromaticum UAL26 and JG126 could allow 

genetic manipulation that may result in bacteriocin production in C. maltaromaticum 

UAL26 at 25°C. The primary objective of this research was to obtain the complete 

sequence of the piscicolin 126 operon in C. maltaromaticum UAL26 and compare it with 

the sequence of the piscicolin 126 operon in C. maltaromaticum JG126.
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6.2. Materials and methods 

6.2.1. Bacterial strains and growth media

C. maltaromaticum UAL26 was acquired from the University of Alberta Lactic 

Acid Bacteria collection. (University of Alberta, Edmonton, AB). C. maltaromaticum 

JG126 was acquired from the Australian Food Industry Science Centre Culture Collection 

(Werribee, Victoria, Australia).

Stock cultures of C. maltaromaticum UAL26 and C. maltaromaticum JG126 were 

maintained at -70°C in All Purpose Tween broth (APT; Difco; BD Diagnostics, Sparks, 

MD) with glycerol (20% vol./vol.; Fisher Scientific, Edmonton, AB). Cultures of C. 

maltaromaticum UAL26 and JG126 used in this study were prepared by inoculation of 

cells from frozen stock culture into APT broth. Cultures were then subcultured at least 

once more with an inoculation volume of 1% voL/vol. before use in experiments.

6.2.2. Sequencing template and primer design and preparation

Sequencing templates were prepared using 1 pi of Platinum Taq DNA polymerase 

High Fidelity (Invitrogen Canada Inc., Burlington, ON), 10 pi of HIFI Taq Buffer, 4 pi of 

50 mM MgS0 4 , 1 pi of each primer at 200 nM, 2 pi of 10 mM dNTP solutions 

(Invitrogen), and 1 pi of purified genomic DNA from C. maltaromaticum UAL26 

isolated as described previously (Chapter 3, this thesis).

The following protocol was used on a GeneAmp PCR system 2400 (version 2.11; 

Perkin-Elmer Corp., Norwalk, CT): 5 min denaturation at 94°C, then 40 cycles of: 1 min 

denaturation at 94°C, 1 min annealing at 50°C, 3 min extension at 68°C, then a final 5 

min extension at 72°C, and the samples were cooled and held at 4°C. Each template 

reaction mixture (20 pi) was loaded onto a 1% w./vol. agarose (BD Diagnostics) gel
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[dissolved in 1 x TBE buffer: 10.778 g of tris(hydroxymethyl)aminomethane (Tris; Fisher 

Scientific), 0.744 g of disodium ethylenediaminetetraacetic acid (EDTA; Fisher 

Scientific), 5.5 g of boric acid (Fisher Scientific)/L] and separated in 1 x TBE buffer by 

electrophoresis at 110 V for approximately 30 min using a Mini-Sub Cell GT gel box 

(BioRad, Hercules, CA). The gel was visualized with a Gel Doc 1000 UV 

transilluminator (BioRad) and photographed.

Sequencing templates were designed to be between 1.7 to 2.1 kb, with 

approximately 200 bp overlap between adjacent templates. The sequences of the primers 

used to sequence the piscicolin 126 operon are listed in Table 6.1. The primer 

combinations used to synthesize and sequence each template are listed in Table 6.2. 

Template PCR products were designed with multiple overlap of the entire piscicolin 126 

operon in both directions to ensure that any differences from the piscicolin 126 operon in 

C. maltaromaticum JG126 were not the result of sequencing errors. Differences that 

were found were resequenced using newly amplified template to ensure that mutations 

were not due to errors in PCR replication of the templates used.

6.2.3. Sequencing and data processing of the piscicolin 126 operon in C.

maltaromaticum UAL26

Sequencing reactions were performed by the Molecular Biology Services Unit 

(Biological Sciences, University of Alberta) using the Applied Biosystems Big Dye v3.1 

dye sequencing kit (Applied Biosystems, Foster City, CA) and analysed on an AB-373 

DNA Sequencer (Applied Biosystems). Sequence data was compiled using Sequencher 

4.1 (Gene Codes Corporation, Ann Arbor, MI).
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Table 6.1. Primers used to sequence the piscicolin 126 operon in C. maltaromaticum 
UAL26.

Primer name Primer sequence
D1 5 ’ - ATATGG ATCCT AC AGTAC AACC ATTTTTATTA-3 ’

D2E 5’-AGAGGCATGCTGAACTAATGATTGATATACT-3’
F2 5 ’-ATATGAATTCATGAAAACTGTTAAAGAACT-3 ’
FI 5 ’-CTAATATCC ATATCTAATATTG-3 ’
FP 5 ’-AAGTTCTTTAAC AGTTTTCAT-3 ’

NCF1 5 ’-AGAGATCGATAATTGGAGGGAATAAAAATGAACG-3 ’
PKF1 5 ’ - AG AGG AGCTC AAGCGT ACTT ACTAAGAATG-3 ’

R2 5 ’-ATATTCTAGATTATCCTTTGTTCC AACC-3 ’
RI 5 ’-ATGGGTAAGTTAAAATGGTTT-3’
RN 5 ’ -TTAGCATTTTTTAAAAAAAG AAA-3 ’
RP 5’-TTTTATTCCCTCCAATTTTTT-3 ’
U1 5 ’-ATATGGATCCGATTGGAGCAAAGCTATTG-3 ’
U2 5 ’-ATATGAGCTCGTTATTAGTGAATTGACAGAA-3 ’

U2A 5 ’-AGAGGAGCTCGTTATTAGTGAATTGACAGAA-3’
D2 5’-ATATCCCGGGTTAGCCGCTTCAATTGCAT-3’

D2A 5 ’-ATATCCCGGGTTGTTCC AACTGATC AGTG-3 ’
FK1 5 ’-TTGTAAAGTATAGTTCTATTA-3 ’
FK2 5 ’-GATAATGC AATTGAAGCGG-3 ’
FN 5 ’ - ATG AACGAT AAAAAATACTTG-3 ’
FR 5 ’ -G AAG ATC AAATC ATTC AAC-3 ’

PKR2 5 ’-ACACGGATCCTTACCAAATAAGGATAATGC-3’
RK1 5 ’-AT GTTT AAATTTATTTAGCTTTT-3 ’
RK2 5 ’-CAATCCTAATCCTTTATGG-3 ’
RR 5 ’-TTTGAACTAACCTTTGCCG-3 ’

PRF1 5’-AGAGGAGCTCTGCGAAGATCAAATCATTCA-3’
PRR2 5 ’-AC ACGGATCCCTTTAATTTGCTTTGCCTTAC-3 ’
TCF1 5 ’-AGAGATCGATATTTTGAAAGGACCGCTGTATCG-3 ’

TSEQF1 5’-GGCGTGTGGAAACATTA-3’
TSEQF2 5’-GCTAAAGAATGGACAGG-3
TSEQR1 5 ’-ATAGTCTAGAATTCCTTGA-3 ’

FT1 5 ’-GGTGTTAGTGGATCTGGA-3 ’
PTF1 5 ’ - AGAGGAGCTCC ATATTC AGC AAC AAGATGA-3 ’
PTR2 5’-ACACGGATCCAATGTTGCACCAGCAACC-3’
RT1 5 ’-CTTCAATAAAGC ACGAGC A-3 ’
RT2 5 ’-ATCC AGTCC ACTGGTCGC-3 ’

TSE0F3 5 ’ -AAAGC AAATC AAG AAG AAA-3 ’
TSEQF4 5’-GTTATATTGGGGCAACGAA-3’
TSEQF5 5’-ATCATCAAGTCGATAGAGAA-3 ’
TSEQR2 5 ’-TCAACGTTGGAGCTTTC-3 ’
TSEQR3 5 ’-TAGATGATTGATACGGCCA-3 ’
TSEQR4 5 ’-AGC AACTTGGGCTGTCTG-3 ’

ECF1 5 ’ - AGAGCTGC AG AAAAGG AAGGCT AAATTATGC ATAA-3 ’
ECR2 5 ’-ATATGCATGC ACTTTATTCTTGATTTAGC AACAC A-3 ’

ESEQF1 5 ’-GC AAGTCTTGGCTACAA-3 ’
ESEQF2 5 ’-TTGAGGGAACTCTAAAAG-3 ’
ESEQR1 5 ’-TCCTCGTAC AAGCTGTTC-3 ’
ESEQR2 5 ’-TTGGTCATGTATCAATGAA-3 ’

FE 5’-ATGCATAATAATAACTGGCG-3’
FT2 5 ’-GCGACCATGGACTGGAT-3 ’

PEF1 5 ’-AGAGGAGCTC ATGC ATAATAATAACTGGCG-3 ’
PER2 5 ’-ACACGGATCCTTATTCTTGATTTAGC AAC AC-3 ’

RE 5’-AGTGGTACTTGTAGTTTAT-3’
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Table 6.2. Piscicolin 126 operon sequencing template and primer combinations. Seven 
templates were amplified from genomic DNA of C. maltaromaticum UAL26 by PCR. 
The forward and reverse strands of each template were sequenced using the sets o f the 
primers listed.

Template Template 

PCR primers

Template size 

(bp)

Forward sequencing 

primers

Reverse sequencing 

primers

1 U2A/D2E -1700 D 1 ,FI,FP,NCF 1 ,PKF 1 ,R2,U2,U2A D2E,F2,RI,RN,RP,U 1

2 FN/RR -1900 FK1 ,FK2,FN,FR,PKF 1 D2,D2A,D2E,PKR2,RK 1 ,RK2,RR

3 PRF1/PTR2 -1700 PRF1 ,TCF 1 ,TSEQF 1 ,TSEQF2 PRR2,PTR2,RR,TSEQR1

4 PTF1/TCR2 -2100 FT 1 ,PTF 1 ,TSEQF2,TSEQF3, 
TSEQF4.TSEQF5

PTR2.RT 1 ,RT2,TSEQR 1 ,TSEQR2, 
TSEQR3.TSEQR4

5 FT1/ESEQR2 -1900 ECF1 ,ESEQF 1,ESEQF2,FE,FT1, 

FT2,PEF1

ECR2.ESEQR1 ,ESEQR2,PER2,RE, 

RT1.RT2

6 TSEQF3/RT1 -900 TSEQF3,TSEQF5 TSEQR3.RT1

7 PEF1/PER2 -1000 ESEQF1.FI ESEQR1.PER2

6.2.4. Amino acid similarity analysis, hydropathy plots, and secondary structure 

prediction

Amino acid similarity was done using the Zvelebil amino acid property table 

(Zvelebil et al., 1987), assigning values for each o f ten chemical properties to each amino 

acid to compare the degree of similarity between the piscicolin 126 operons from C. 

maltaromaticum UAL26 with those from C. maltaromaticum JG126.

Hydropathy plots (Kyte and Doolittle, 1982) were generated using the ProtScale 

engine (Gasteiger et al., 2003; ExPASy, 2004) with a window size of 5, relative window 

edge weight of 100%, linear weight variation model, and a non-normalized scale.

Secondary structures of the proteins in the piscicolin 126 operon were predicted 

using the nnPredict engine (McLelland and Rumelhart, 1988; Kneller et al., 1990; 

NnPredict, 2004) without tertiary structure class.
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6.2.5. Three-dimensional modelling of the piscicolin 126 structural peptide

The three-dimensional structure of the piscicolin 126 peptide was modelled and 

characterized by our collaborators, Dr. Kamaljit Kaur (Department of Pharmacy, 

University of Alberta) and Dr. John C. Vederas (Department of Chemistry, University of 

Alberta) using the following protocol.

The sequence corresponding to piscicolin 126 was analysed using the 

SWISSPROT (Boeckmann et a l, 2003) and Protein Data Bank (PDB) (Berman et al., 

2002) databases using both FASTA (Pearson, 1990) and BLAST (Altschul et al., 1990). 

Piscicolin 126 showed 77% sequence identity to sakacin P (PDB code 10G7), for which 

the 3-dimensional nuclear magnetic resonance (NMR) structure in trifluoroethanol (TFE) 

has been determined (Uteng et al., 2003). Multiple amino acid sequence alignment and 

initial homology based structure was done using the “magic fit” module of Swiss- 

PDBViewer 3.7 (Guex and Peitsch, 1997). This homology-based structure was chosen as 

the starting structure for subsequent molecular dynamics (MD) simulations. The 

structure consisted of 43 amino acids of the piscicolin 126 sequence, without the last 

glycine residue. MD simulations of solvated bacteriocin in TFE were performed using a 

parallel version of the GROMACS 3.1 molecular dynamics simulation package 

(GROMOS96 forcefield) (Spoel et al., 2002) on a dual Pentium III personal computer 

processor machine running LAM-MPI version 6.5.4 (Gropp et al., 1999). TFE solvent 

was parameterized (Fioroni et al., 2000), which attributed the following charges to the 

TFE atoms: F = -0.17 e, C = 0.452 e, CH2 = 0.273 e, OA = -0.625 e, and HO = 0.410 e 

(where OA and HO are the hydroxylic oxygen and hydrogen atoms, respectively, for the 

GROMOS forcefield).
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The system was simulated in an NPT ensemble at 298 K using periodic boundary 

conditions. Weak coupling of the protein to a solvent bath of constant temperature was 

maintained using the Berendsen thermostat (Berendsen et a l, 1984) with a coupling 

constant of t t  = 0.1 ps. The pressure was controlled using the Berendsen algorithm at 1 

bar with a coupling constant t p = 4 ps, using a compressibility of liquid TFE of 1.22 x 

10"4 kJ'1 mol nm3 at 298 K (Fioroni et a l, 2000). The electrostatic and van der Waal’s 

interactions were truncated at a cut-off distance of 1.2 nm. The integration time step was 

2 fs, and the coordinates and velocities were saved every 2 ps. The linear constraint 

solver algorithm was used to restrain all bond lengths (Hess et a l, 1997).

Piscicolin 126 was considered to have positively and negatively charged N- 

terminal NH3+ and C-terminal COO' groups. Lysine residues were considered to be 

charged. Piscicolin 126 had a total final charge of +4 e. The simulation system was 

generated by peptide insertion into a cubic box with an edge length of ~6 nm, followed 

by solvation of the protein using 1512 TFE molecules. The system was initially 

subjected to 1000 steps of steepest descent energy minimization. The protein coordinates 

of the resulting system were then restrained while allowing solvent molecules to relax 

their positions and optimize interactions with the protein during a 200 ps simulation.

After initial equilibration, a 5 ns MD simulation was run. Snapshots of the peptide 

structure extracted from the last 1 ns of the MD simulation were averaged and minimized 

further using a conjugate gradient algorithm. A measure of the overall peptide stability 

was obtained by plotting the root-mean-square deviation (RMSD) of the peptide structure 

fitted onto its initial structure as a function of time (Figure 6.5). The final RMSD for all
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C a atoms of the bacteriocin averaged over the last 1 ns of the simulation was 0.35 ns. 

Simulations were analyzed using GROMACS routines.

6.2.6. Construction of the plasmids pLG26PISTC and pLG26PISEC, and 

transformation of C. maltaromaticum UAL26

DNA primers (Applied Biosystems 394 DNA/RNA Synthesizer; DNA Core 

Facility, University of Alberta) were designed based upon the sequence of the piscicolin 

126 ABC-transporter gene (pLG26PISTC) and the transport accessory gene 

(pLG26PISEC) from C. maltaromaticum JG126 (Jack et al., 1996), with a 10 bp 

sequence at the beginning (5’-end) to allow the appropriate restriction endonucleases to 

cut the PCR amplified DNA fragment. The primers were used in a PCR reaction 

(Sambrook and Russell, 2001) to amplify the piscicolin 126 transport and accessory 

genes. The primers used to amplify the pisT  gene (PISTCF1 and PISTCR2) were 

designed to contain the Clal and Pstl restriction sites at either end of the amplified 

region, while the primers used to amplify the pisE  gene (PISECF1 and PISECR2) 

contained the Pstl and Sphl restriction sites. The sequence of the primers was as follows: 

primer PISTCF1 5 ’ - AG AGATCG AT ATTTT GA AAGGACCGCT GTAT CG-3 ’, 

primer PISTCR2 5’-ATATCTGCAGTTAAATATCCCATAACTGTTGATAAA-3’, 

primer PISECF1 5’-AGAGCTGCAGAAAAGGAAGGCTAAATTATGCATAA-3’ and 

primer PISECR2 5’-ATATGCATGCACTTTATTCTTGATTTAGCAACACA-3’.

For all reactions, DNA was amplified in 100 pi PCR reactions using 0.5 pi of 

Platinum Taq DNA polymerase High Fidelity (Invitrogen), 10 pi of 10 x HIFI Platinum 

Taq Buffer, 4 pi of 50 mM MgSC>4 , 1 pi of each primer at 200 nM (pairings of the 

primers listed above), 2 pi of 10 mM dNTP solutions (Invitrogen), and 1 pi of DNA
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template isolated from C. maltaromaticum JG126 prepared using the following protocol: 

cell culture (1 ml) was centrifuged (model 5417C; Eppendorf, Hamburg, Germany) at 

20,000 x g  for 5 min, the supernatant was discarded, and the cell pellet was resuspended 

in 0.5 ml sterile Milli-Q water. The cells were centrifuged again, resuspended in 100 pi 

sterile Milli-Q water, and heated at 100°C for 5 min.

The following PCR protocol was used on a GeneAmp PCR system 2400 thermal 

cycler (version 2.11; Perkin Elmer Corp.): 2 min denaturation at 94°C, 40 cycles of: 1 

min denaturation at 94°C, 1 min annealing at 60°C, 2 min extension at 68°C, then a final 

5 min extension at 72°C, and the samples were cooled and held at 4°C. Each reaction 

mixture (10 pi) was loaded onto a 1% w./vol. agarose (BD Diagnostics) gel, separated by 

electrophoresis, and visualized as described in section 6.2.2.

PCR amplified fragments were cleaned using QiaQuick PCR purification columns 

(Qiagen Inc., Hilden, Germany), eluted with a final volume of 50 pi, and then digested 

with the appropriate restriction endonucleases (pisT: Clal and Pstl in 10 x React 1, each 

10% vol./vol.,pisE: Pstl and Sphl in 10 x React 1, each 10% vol./vol.). Plasmid vector 

pMG36e (previously isolated; Chapter 4, this thesis) was cut using the same protocol, 

without the QiaQuick purification step. The mixtures were incubated at 37°C for 2 h and 

purified by agarose gel electrophoresis using a gel extraction kit (Invitrogen) according to 

the manufacturer’s protocol. Ligation was achieved by adding 10 pi of 5 x ligation buffer 

and 5 pi of T4 DNA ligase enzyme to each mixture. The solutions were mixed by vortex 

and incubated at 25°C for 2 h. The ligation mixture (10 pi) was transferred into an 

electroporation cuvette (BioRad) and left on ice for 2 min, then electroporated using a 

Gene Pulser Electroporator (BioRad) at 2.5 kV and 200 Q resistance. APT supplemented
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with 0.5 M sucrose and 20 mM MgC^ (1 ml) was added to the cuvette and the mixture 

was transferred to a microcentrifuge tube. The culture was incubated at 25°C for 4 h, 

plated in 100 pi volumes onto APT agar plates containing erythromycin (5 pg/ml; Fisher 

Scientific), and incubated at 25°C. Colonies which grew within 6 d were picked from the 

agar plates, grown in APT broth with erythromycin (5 pg/ml) at 25°C for 24 h. Cell 

cultures (1 ml) were centrifuged at 20,000 x g  for 2 min, the supernatant was discarded, 

and the cells were resuspended in 250 pi ice-cold STE (10 mM TrisCl, 0.1 M NaCl, and 1 

mM EDTA, pH 8) buffer. The centrifugation was repeated and the cells were lysed by 

alkaline lysis (Sambrook and Russell, 2001), and extracted by vortexing for 10 s with 500 

pi of buffer-saturated phenol. This mixture was separated by centrifuging at 10,000 x g  

for 1 min, and the aqueous layer transferred to a new microcentrifuge tube. An equal 

volume of chloroform:isoamyl alcohol (24:1) was added to the tube, and separated by 

centrifuging at 10,000 x g  for 1 min. The aqueous layer was transferred to a new tube. 

Purified pLG26PISTC DNA was cut with the appropriate restriction enzymes for 1 h as 

described above, loaded onto a 1% w./vol. agarose gel, separated by electrophoresis, and 

visualized as described in section 6.2.2.

6.3. Results

6.3.1. Sequencing reactions and data processing of the piscicolin 126 operon in C.

maltaromaticum UAL26

A total of 6767 bp of sequence from the piscicolin 126 operon was obtained from 

analysis of data from 74 sequencing reactions, using 7 overlapping templates and 52 

primers. When the sequence was compared with that of C. maltaromaticum JG126, 34 

single bp differences were found (Table 6.3). These differences included 8 single bp
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Table 6.3. Summary of differences between the sequence of the piscicolin 126 operon in 
C. maltaromaticum UAL26 and the sequence of the piscicolin 126 operon in C. 
maltaromaticum JG126 (Jack et al., 1996; Gibbs et al., 2000).

Type #
Base
pair

location

JG 126:U A L 26
base

difference

Codon
Position

JG 126:U A L 26
a.a.

difference
Gene Comment

Non-ORF 1 1089 T : C

2 1139 G : A

3 1201 > o

4 1202 A : T

5 1211 C : T

6 1250 G : A

7 1591 T : A

8 7289 T : G N o n - O R F  d u e  t o  f r a m e s h i f t

Silent 1 2356 T : A 3 pisN
2 3418 G : T 3 pisK
3 5110 A : T 3 pisT
4 5356 G : C 3 pisT
5 5386 C : T 3 pisT
6 5941 C : T 3 pisT
7 5947

<O

3 pisT
8 6160 T : C 3 pisT
9 6199 C : T 3 pisT
10 6233 T : C 1 pisT
11 6406 C : T 3 pisT
12 7155 G : A 3 pisE

Non-silent 1 1418 C : T 1 G : S pisl
2 2953 G : A 3 M : I pisK
3 4801 T : A 3 N : K pisT
4 4957 A : T 3 L : F pisT
5 4982 T : C 1 F : L pisT
6 5084 G : A 1 A : T pisT S a m e  c o d o n  a s  5 0 8 6

7 5086 T : A 3 A : T pisT S a m e  c o d o n  a s  5 0 8 4

8 5171 A : T 1 I : L pisT
9 5900 C : T 1 P : S pisT
10 5905 C : A 3 D : E pisT
11 5916 C : T 2 T : I pisT
12 5933 C : A 1 Q : K pisT
13 7196 C : A 1 P : T pisE I n  t r u n c a t e d  U A L 2 6  g e n e  

a f t e r  8 th  f r a m e s h i f t  r e s id u e  
( 3 rd T ) .

Frameshift 1 7175 C : - pisE B a s e  p a i r  d e le t io n  a t  
r e s id u e  1 7 1 . F i r s t  1 7 4  
r e s id u e s  a r e  id e n t ic a l .  
R e m a in in g  r e s id u e s :  
T K K K I T I T F K I
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differences which did not reside in open reading-frames (non-ORF), 12 single bp changes 

that would not alter the translated amino acid sequence (silent difference), 13 single bp 

differences which would alter the translated amino acid sequence (non-silent), and one 

frameshift caused by the absence of a single bp in C. maltaromaticum UAL26. A 

comparison of the differences between the piscicolin 126 operon C. maltaromaticum 

UAL26 and C. maltaromaticum JG126 is included in the Appendix. The differences are 

shown in Figure 6.1.

1 kb

pisp is p is pis p is pispis
I  A N  K  R T E

Figure 6.1. Differences in the piscicolin 126 operon in C. maltaromaticum UAL26 
compared with the sequence of the piscicolin 126 operon in C. maltaromaticum JG126. 
pish  immunity gene; pis A: structural gene; pisN: induction gene; pisK: histidine kinase 
gene; pisR: response regulator gene; pisT: dedicated transport gene; pisE: transport
accessory gene. *------►: silent bp difference; •------►: nonsilent single bp difference;
\IZ): pisE  gene in C. maltaromaticum JG126. Differences residing in non-ORF regions 
are not shown.

The frameshift in the pisE  transport accessory gene in the piscicolin 126 operon in 

C. maltaromaticum UAL26 caused a premature truncation of the gene. Absence of a 

single cytosine bp at residue 7175 changed the reading frame of the remainder of the 

gene, resulting in a different amino acid sequence. The new reading frame coded the next 

4 amino acids as identical to those in C. maltaromaticum JG126, and the following 3 

amino acids were different. An additional single bp difference at residue 7196 changed
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the amino acid for this codon in C. maltaromaticum UAL26 to threonine, as found in C. 

maltaromaticum JG126. The next three amino acids were different, and the twelfth 

codon after the frameshift encoded a translation stop signal, which resulted in truncation 

of the protein (Figure 6.2).

6.3.2. Amino acid similarity analysis, hydropathy plots, and secondary structure 

prediction

Changes in the properties of the amino acids in the piscicolin 126 operon in C. 

maltaromaticum UAL26 compared with those found in C. maltaromaticum JG126 are 

summarized in Table 6.4. Most of the differences showed a slight increase in molecular 

size, or a change from a non-polar residue to a polar one. Only one difference resulted in 

alteration of charge, with a glutamine residue in C. maltaromaticum JG126, and a lysine 

residue in C. maltaromaticum UAL26.

A comparison of the amino acid sequence of the piscicolin 126 operon in C. 

maltaromaticum UAL26 and in C. maltaromaticum JG126 showed that the hydropathy of 

most of the areas containing different residues did not appear to change a predicted 

hydrophobic region (Score > 0) into a hydrophilic region (Score < 0), or vice-versa. The 

differences found in hydrophobicity of the amino acid sequences of the dedicated 

transport (PisT) and transport accessory (PisE) proteins showed the greatest differences 

between C. maltaromaticum UAL26 and JG126 (Figure 6.3). Hydropathy plots for the 

other proteins in the piscicolin 126 operon that had differences in amino acid sequence 

(PisI, PisK) showed very slight differences in hydropathy (results not shown).
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J 4*1 R T G C R T R A T R A T A R C TG G C G C G A C C A C T C C A G T G T R T A T R G T C A R C R G C R T C A R RAA
n H N N M W R D H S S U V S Q Q H Q K

u 4*1 R T Q C R T A R T A R T A R C T Q Q C G C GAC C R C T C C A G T G T R T A T A G T C A R C R G C A T C A R AAA
M H IS IS IS bl R D H S S U V S Q Q H Q K

J 4 * 5 8 T T T T A T C G T TG G G T G T T A T A T C C T G T R A T T C T T T T T T T G T T T T T G G T T A G T T T A T T T
F V R Ul U l_ V P U I L F L F L U 8 L F

U 4 * 5 8 T T T T A T CG T TG G G T G T T A T A T C C T G T R A T T C T T T T T T T G T T T T T G G T T AGT T T A T T T
F V R Ul U L V P U I l_ F L F L U S L F

J 4 * 1 1 5 T T G G C T T T T GCG AAA AAA G R A G T T G T C G T T CG G G T R C C T G C T C A R C T A A C C G C R A C T
L A F A K K . E U Kf y R U P A Q l_ T R T

U 4 * 1 1 5 T T G G C T T T T GCG AAA A RA GA R G T T G T C G T T CG G G T R C C T G C T C A R C T A R C C G C R A C T
L A F R K K E U U U R U P A Q I . T R T

U 4 * 1 7 2 A RA A T A G A T AAA C T A C A R  QTA C C A C T G GA R Q C A AAC A T C AAA G T R R A T A A T C T T AAA
K I □ K l_ Q  U P L E A M I K U IS IS L K

U 4 * 1 7 2 A RA A T A G A T AAA C T A C A R  QTA C C A C T G GAR G C R R A C A T C AAA G T R R A T A R T C T T ARA
K I D K L. Q U P L E A N I K U IS N L. K

4 * 2 2 ? G A R A R T ARA GAG G T C ARA R R R GG R G RA G T T T T A G T G R T G T T T G A T A C T R G T G T T T T A
E IS K E U K K G E U L V M F D T S U L

U 4 * 2 2 ? G A R A R T A RA GAG G T C AAR R R R GG R GRA G T T T T R G T G RT G T T T G R T A C T R G T G T T T T R
E IS K E y K K G E V L U M F D T S U L.

J 4 * 2 8 6 C A R A R T G A R RA G G RG C A R T T T G R R C A R G R R A R T R C G T C T C T T G R R G R C C A R RA G R R R
Q IS E K E Q F E Q E IS T S L E D Q K K

u 4 * 2 8 6 C A R R A T G A R RA G G RG C R A T T T G R R C A R GRA R A T R C G T C T C T T G A R G R C C R A AAG AAA
Q M E K E Q F E Q E IS T S L E D Q K K

y 4 * 8 4 3 G C T G C G C A R C T A T T T A T T GRA A G T R T R G C T R R R G A R C R G A R C T T R T T T GA R G A C GAG
R R Q l_ F I E S I R K E Q IS L F E D E

u 4 * 3 4 3 G C T G C G C A R C T R T T T A T T GAR R G T A T A G C T R R R G A R CR G A R C T T A T T T GA R G A C GAG
R R Q L. F 1 E 3 I R K E Q IS F E D E

J 4 * 4 8 8 G R T G A R T T T GGR TA G A G T A R T C R G C T R RAG R G T T T A T T A C T C G A R RA G G R R R C R CR A
D E F G V S N G) l_ K S l_ L_ I . E K E T Q

U 4 * 4 0 0 G R T G A R T T T GG R T A C A G T A A T C R G C T R RAG R G T T T A T T A C T C G A R RA G GA R A CA CA R
D E F G V S N Q U K S l_ L. L E K E T Q

•J 4 * 4 5 7 R A T R C A GA G CR A G T C T T G G C T R C A A C C RA G C A R AAG AT A G C C G T R C T R A T T G A R A C C
IS T E Q y 1_ R T T K Q K I A U L I E T

u 4 * 4 5 7 R A T R C R G R G C R A G T C T T G G C T R C A A C C RA G C R A AA G AT A G C C Q T A C T A A T T G A R A C A
IS T E Q U L A T T K Q K I A U L X E T

y 4 * 5 1 4 R R R R R R R R R A R T AAC T A T R C C C T T C A R A R T A TA A C T GAR C A G C T T G T A CG A G G R A C R
K K K IS N V T L Q M I T E Q U y R Q T

u 4 * 5 1 4 R R R R R R R R R A T R A C T A T A R C C T T C AAA A T A T A R
K K K I T I T F K I •

•  • •  • *  • •  «• •  •
sJ 4 * 5 7 1 T T A RA A T C T C C T T C A A C T G G R R T A G T T C R C T T G A R T GRG G A R G T R R C R G G C CR A A T A

L K S P S T G I U H l_ N E E y T G Q X

y 4 * 6 2 8 G A T G T R T C A ARA G G R R C G G T R C T T G C R GAR A T C T A T CC A AA G C A R AAA GA R T C A C A G
D U S K G T U L A E I V P K Q K E 3 Q

y 4 * 6 8 5 C T R R T G T T T A C T GCG C T A T T R C C T G C T G R T GRA G T R RCA CG A R T A ARA G T A G G T A T G
L M F T A L L P A D E P T R 1 K y G 11

J 4 * 7 4 2 G R C G T T C A T T T T AAA T T R G A T RAA RA A G G T G T T G CA T C C C A R R C R A T T GAG G G R A C T
P V H F K L D K K G V A S Q T I E G T

y 4 * 7 3 ? C T R A RA G R G A T T T C A G R G A C T A G T R T Q R C R A C T G A R CA R G G R R C C T T C T A C A CA A T A
L. K E I < S E T S M T ' T E Q G T F V T I

y 4 * 8 5 6 R A A G G T R C G T T A C A R T C T T C A AAA T A T T T T AAT R A T AGA T A T G G T R T G A CA GGG G A R
K G T l_ Q 3 3 K V F IS N R V G M T G E

y 4 * 3 1 3 G T T T C G C T C A T T A T T G G R A A R R A R A G C T A T TG G C A R CA R R T C AAA G A T G T G T T G C T R
U S L I I G K K S V Ul Q Q I K D y L

J  4 * 3 7 0  A R T  C A R  G A R T A R  
M Q E

Figure 6.2. Nucleotide sequence and corresponding protein sequence of the pisE  genes in 
C. maltaromaticum UAL26 (U) and C. maltaromaticum JG126 (J).
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Table 6.4. Amino acid similarity properties for the differences in amino acid sequence 
found in the piscicolin 126 operon in C. maltaromaticum UAL26 and C. maltaromaticum 
JG126.

Gene
a.a.

position JG126:UAL26 difference Characteristic change

1 pisl 52/98 G : S G l y c i n e : S e r in e H y d r o p h o b ic ,  T i n y  : P o la r ,  T i n y

2 pisK 180/428 M : I M e t h i o n i n e : I s o le u c i n e H y d r o p h o b i c : H y d r o p h o b ic ,  A l ip h a t i c

3 pisT 102/716 N : K A s p a r a g i n e : L y s in e P o la r ,  S m a l l : H y d r o p h o b ic ,  P o s i t iv e ,  P o la r

4 pisT 154/716 L : F L e u c i n e : P h e n y la la n in e H y d r o p h o b ic ,  A l ip h a t i c  : H y d r o p h o b ic ,  A r o m a t ic

5 pisT 163/716 F : L P h e n y l a l a n i n e : L e u c in e H y d r o p h o b ic ,  A r o m a t i c  : H y d r o p h o b ic ,  A l ip h a t i c

6 pisT 197/716 A : T A l a n i n e : T h r e o n in e H y d r o p h o b ic ,  T i n y  : H y d r o p h o b ic ,  P o la r ,  S m a l l

7 pisT 197/716 A : T A l a n i n e : T h r e o n i n e H y d r o p h o b ic ,  T i n y  : H y d r o p h o b ic ,  P o l a r ,  S m a l l

8 pisT 226/716 I : L I s o l e u c i n e : L e u c in e H y d r o p h o b ic ,  A l ip h a t ic  : H y d r o p h o b ic ,  A l ip h a t i c

9 pisT 470/716 P : S P r o l i n e : S e r in e S m a l l ,  C y c l ic  : P o la r ,  T in y

10 pisT 471/716 D : E A s p a r t i c  a c i d  : G lu t a m ic  a c id N e g a t i v e ,  P o la r ,  S m a l l : N e g a t i v e ,  P o la r

11 pisT 475/716 T : I T h r e o n i n e : I s o le u c in e H y d r o p h o b ic ,  P o la r ,  S m a l l : H y d r o p h o b ic ,  A l ip h a t i c

12 pisT 481/716 9  : K G l u t a m i n e : L y s in e P o l a r : H y d r o p h o b ic ,  P o s i t iv e ,  P o la r

13 pisE 178/181 P : T P r o l i n e : T h r e o n i n e S m a l l ,  C y c l ic  : H y d r o p h o b ic ,  P o la r ,  S m a l l

A computer neural network (NnPredict, 2004) was used to analyse the protein sequence

of each gene in the piscicolin 126 operon and to predict the secondary structure of the 

proteins. Changes in predicted secondary structure were found as a result of single bp 

differences between the nucleotide sequence of the piscicolin 126 operons found in C. 

maltaromaticum UAL26 and C. maltaromaticum JG126. Differences found in secondary 

structure of the dedicated transport (PisT) and transport accessory (PisE) proteins are 

shown in Figure 6.4. Predicted a-helical and {3-sheet structures are observed in regions 

consisting of multiple residues predicted to have similar structure (e.g. AAAAA... or 

BBBBB...). Those residues not predicted to be in either a-helix or P-sheet were assumed 

to be part of turn elements in protein folding.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sc
or

e 
™ 

S
c

o
re

177

A.)

5
H p h o b .  /  K y t e  & D o o

4

3

2

1

0

1

2

500400100
P o s i t i o n

H p h o b .  s  K y t e  & D o o

-3

-4
500100

P o s i t i o n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



178

C.)

-  J

- 2

- 3

- 4
3Q825015050

Pos i "t i on

D.)

H p h o b .  ^  Kyfei

- 1

-4
250 300150 20050

Figure 6.3. Hydropathy analysis of proteins from the piscicolin 126 operon in C. 
maltaromaticum UAL26 and JG126. A.) PisT in C. maltaromaticum UAL26; B.) PisT in 
C. maltaromaticum JG126; C.) PisE in C. maltaromaticum UAL26; D.) PisE in C. 
maltaromaticum JG126. Regions with score values above zero are hydrophobic in
character, regions with score values below zero are hydrophilic in character. -------►: site
of hydropathic difference.
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A.)
MKQFTHIQQQDEKDCGVACIAMILKHYKTEIPIHKLRDFSGTDLEGTSAFGLKKTFEKLFFDCPAIQADNDVWKEKELPLPLIAHILIDN
----- A---------- AAAAAAAA----- AA------------- AA-AAAAAAAAA----------- A-------- AAABBBB—
----- A---------- AAAAAAAA------AA------------- AA-AAAAAAAAA----------- A-------- AAABBBB—
MKQFTHIQQQDEKDCGVACIAMILKHYKTEIPIHKLRDFSGTDLEGTSAFGLKKTFEKLFFDCPAIQADNDVWKEKELPLPLIAHILIDN

SYMHYVWYKINGETLSIDDPARGKIKKTVEEFAKEWTGILLLPTPKDSYVPSKEKVARISSFLPVIWLQKGFVFHIIVASIFITLFGIG
 BBBBBBBB---------------- AAAAAAAAAAABB------------- AAABA---- BBBA----BBBBBBBBBBBBBB---
 BBBBBBB----------------- AAAAAAAAAAABB------------- AAABB---- BBBAA---BBBBBBBBBBBBBB---
SYMHYVVVYKIKGETLSIDDPARGKIKKTVEEFAKEWTGILLLPTPKDSYVPSKEKVARISSFFPVIWLQKGLVFHIIVASIFITLFGIG

SSYYFQGILDYFIPNHARSTLNIVSVGLIVVYLFRVMFEYSRNYLIVILGQRMSMVVMLQYFKHILSLPMNFFATRKSGEIISRFLDANK
— BBBB---BB--------BBBBBB-BBBBABAAAAAAA---- BBBBA----ABAAAAAAAAAA----- A----- ABBBAAA---A
— BBBB---BB--------BBBBBB-BBBBABAAAAAAA--- ABBBBA----ABAAAAAAAAAA----- A------ABBBAAA---A
SSYYFQGILDYFIPNHTRSTLNIVSVGLIVVYLFRVMFEYSRNYLLVILGQRMSMVVMLQYFKHILSLPMNFFATRKSGEIISRFLDANK

IIDAIiASATLSVFLDIGMVLIVGITLAVQNGILFLITLASLPFYLVSILAFVKSYEKANQEEMVAGATLNSSIIESLKGIETIKAYSGEE
AAAAAAAAAABBBAAA-ABBBBBBBBA-A— AABBBBA--- AABBABAAAAAAA--- AAAAAA------ AAABA-- BBBB----- A
AAAAAAAAAABBBAAA-ABBBBBBBBA-A— AABBBBA--- AABBABAAAAAAA--- AAAAAA------ AAABA-- BBBB----- A
IIDALASATLSVFLDIGMVLIVGITLAVQNGILFLITLASLPFYLVSILAFVKSYEKANQEEMVAGATLNSSIIESLKGIETIKAYSGEE

KVYHQVDREFVQLMKKSFRTATLDNVQQGIKHAIQLISSALILWLGSYYVMEGSISLGQLITYNALLVFFTDPLQNIINLQVKMQTAQVA
AAAAAA-AAAAAAAAAA------- AAAAAAAAAAAAAAAABBB---BBBB------BBBAAAABBBB-------AAAAAA-AAAAAAA
AAAAAA-AAAAAAAAAA------- AAAAAAAAAAAAAAAABBB---BBBB------BBBAAAABBBB-------AAAAAA-AAAAAAA
KVYHQVDREFVQLMKKSFRTATLDNVQQGIKHAIQLISSALILWLGSYYVMEGSISLGQLITYNALLVFFTDPLQNIINLQVKMQTAQVA

NKRLNEIFAIEPESTNQHPDRVVTNQTFQQGITLEGVSFSYNMKAPTLSNLSCTILPHSKVALVGVSGSGKSTMAKLLVNFYPPSEGTIR
AA-A-AABB------------------- B-BBBB----------------- BB----- BBBBB----- AAAAABB---------BB
AA-A-AABB---------- BBBB------- BBB----------------- BB----- BBBBB----- AAAAABB---------BB
NKRLNEIFAIEPESTNQHSERVVINQTFQKGITLEGVSFSYNMKAPTLSNLSCTILPHSKVALVGVSGSGKSTMAKLLVNFYPPSEGTIR

YGRINHLDIPFHQLRDRVTYIPQESFFFSGSIIENLTFSLDTPPSFERIMEVCDAVQLGTFINQQPLRYDTILEEGGTNISGGQRQRLAI
B----------------------- BBB---BBBBAB----------- AAAAA-AAA------------ BBA----B------ AAAAA
B----------------------- BBB---BBBBAB----------- AAAAA-AAA------------ BBA----B------ AAAAA
YGRINHLDIPFHQLRDRVTYIPQESFFFSGSIIENLTFSLDTPPSFERIMEVCDAVQLGTFINQQPLRYDTILEEGGTNISGGQRQRLAI

ARALLKDADILILDEATSGLDTLLEHAILDYLINLEEKTLIFIAHHLSIAKACNQILVLNDGKLVEQGTHSDLRYNQGVYQQLWDI
AAAAAAAA-AABBAA----AAAAAAAAAAAAAAAAAAAAAAAAAAA-AAAAAAAAABB----ABB-------B---- AAB----
AAAAAAAA-AABBAA--- AAAAAAAAAAAAAAAAAAAAAAAAAAA-AAAAAAAAABB----ABB------ B---- AAB----
ARALLKDADILILDEATSGLDTLLEHAILDYLINLEEKTLIFIAHHLSIAKACNQILVLNDGKLVEQGTHSDLRYNQGVYQQLWDI

B.)
MHNNNWRDHSSVYSQQHQKFYRWVLYPVILFLFLVSLFLAFAKKEVVVRVPAQLTATKIDKLQVPLEANIKVNNLKENKEVKKGEVLVMF

-AAAAAAABB ABBBBAAAAAAAAAA— ABBBB--------------------- A-A----- AA— A-------- AAAA— ABBBBA
-AAAAAAABB ABBBBAAAAAAAAAA— ABBBB--------------------- A-A----- AA— A-------- AAAA— ABBBBA
MHNNNWRDHSSVYSQQHQKFYRWVLYPVILFLFLVSLFLAFAKKEVVVRVPAQLTATKIDKLQVPLEANIKVNNLKENKEVKKGEVLVMF

DTSVLQNEKEQFEQENTSLEDQKKAAQLFIESIAKEQNLFEDEDEFGYSNQLKSLLLEKETQNTEQVLATTKQKIAVLIETKKKNNYTLQ
--------- AAAA----AAAAAAAAAAAAAAAAAAA------------- AAAAAAAA--AAAAAAAAAAAABBBAAAA-------- A
--------- AAAA--- AAAAAAAAAAAAAAAAAAA------------- AAAAAAAA--AAAAAAAAAAAABBBAAA----- BBBB-
DTSVLQNEKEQFEQENTSLEDQKKAAQLFIESIAKEQNLFEDEDEFGYSNQLKSLLLEKETQNTEQVLATTKQKIAVLIETKKKITITFK

NITEQLVRGTLKSPSTGIVHLNEEVTGQIDVSKGTVLAEIYPKQKESQ1MFTALLPADEVTRIKVGMDVHFKLDKKGVASQTIEGTLKEI 
-AAAAAAA------------------BBBB--------------BB----------BBBBA--------------AAAAAA----------- AABBB AAAA---------------- BBAA— AAAA

I

SETSMTTEQGTFYTIKGTLQSSKYFNNRYGMTGEVSLIIGKKSYWQQIKDVLLNQE 
------------B --------BBBBB-------------------------------------BBBBB------------AAAAAAA-------

Figure 6.4. Predicted secondary structure of the proteins in the piscicolin 126 operons 
found in C. maltaromaticum UAL26 and JG126. A.) PisT, B.) PisE. The first two lines 
in each set of four are the protein sequence and predicted secondary structure for C. 
maltaromaticum JG126, while the bottom two lines are the predicted secondary structure 
and protein sequence for C. maltaromaticum UAL26. A) a-helix; (B) P-sheet; (-) turn 
element. Differing residues are underlined, different predicted secondary structure is 
highlighted in bold.
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6.3.3. Three-dimensional modelling of the piscicolin 126 structural peptide

The RMSD data showed that over 5 ns of simulation time the structure of 

piscicolin 126 solvated in TFE was stabilized after approximately 1 ns, and showed little 

structure variation over the remaining 4 ns of simulation time (Figure 6.5).
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O
CO
2
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Figure 6.5. Root-mean-square deviation (RMSD) of the piscicolin 126 peptide solvated 
in trifluoroethanol fitted onto its original structure. Obtained from Dr. Kamaljit Kaur 
(Department of Pharmacy, University of Alberta).

The 3-D structure of the piscicolin 126 structural peptide is shown in Figure 6.6.

The side chain model shows the side chain groups of each amino acid in the peptide,

including a hydrophobic region of (3-sheet structure at the N-terminus (light blue ribbon)

and an a-helical coil in the central region of the peptide (red coil). The disulphide bridge

is represented by two yellow spheres located after the region of (3-sheet structure. In the

backbone model, the N-terminal region shows a 3-stranded anti-parallel (3-pleated sheet

held together by the disulphide linkage, followed by the a-helical region.
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Figure 6.6. Minimized average structure of the piscicolin 126 peptide solvated in TFE 
over the last 1 ns of MD simulation. The N-terminus of the peptide is on the left side of 
the diagram, the C-terminus on the right. A.) side chain model; B.) backbone model. 
Arrows indicate regions of p-sheet structure, coils indicate regions of a-helical structure. 
Obtained from Dr. Kamaljit Kaur (Department of Pharmacy, University of Alberta) and 
Dr. John C. Vederas (Department of Chemistry, University of Alberta).
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6.3.4. Construction of the plasmids pLG26PISTC and pLG26PISEC, and 

transformation of C. maltaromaticum UAL26

The transformation of C. maltaromaticum UAL26 with pLG26PISTC plasmid 

DNA resulted in the growth of 15 colonies. While all of the colonies contained the 

pMG36e plasmid, none were observed to have the engineered insert containing the 

functional pisT  gene. The transformation of C. maltaromaticum UAL26 with 

pLG26PISEC plasmid DNA resulted in no growth of colonies.

6.4. Discussion

The discovery of 34 differences in the sequence of the piscicolin 126 operon in C. 

maltaromaticum UAL26 compared with the sequence of the piscicolin 126 operon in C. 

maltaromaticum JG126 is important because it may lead to an understanding of the 

difference in bacteriocin production between C. maltaromaticum UAL26 and JG126.

The frameshift in the pisE  gene in C. maltaromaticum UAL26 truncates the PisE protein 

at 181 of 326 residues. Additionally, there were 13 non-silent single bp differences, of 

which 10 are located in the pisT  transporter gene. Only 2 non-silent differences resided 

in genes not involved in bacteriocin export; one in the immunity gene, and the other in 

the histidine kinase gene. This suggests that the functionality of transport in C. 

maltaromaticum UAL26 may be different than that in C. maltaromaticum JG126. 

Transport functionality may also affect bacteriocin processing (cleavage of the leader 

peptide) of both piscicolin 126, and camobacteriocin BM1. Export of the induction 

peptide may also be hindered by the altered transport genes. Detection of bacteriocin by 

spot-on-lawn assay is achievable in C. maltaromaticum UAL26 grown at 25°C by 

supplementing growth media with synthetic induction peptide (Chapter 5, this thesis), but
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does not reach the bacteriocin titre produced by a culture of C. maltaromaticum UAL26 

grown at 25°C. It is possible that the bacteriocins and the induction peptide are not being 

properly processed and exported at full efficiency in C. maltaromaticum UAL26 when 

grown at 25°C. In this case, it is hypothesized that some bacteriocin is able to exert 

antibacterial activity against L. monocytogenes ATCC 43256. As the bacteriocin titre of 

a culture of C. maltaromaticum UAL26 supplemented with induction peptide is lower 

than the bacteriocin titre produced by C. maltaromaticum UAL26 when grown at 15°C or 

that of C. maltaromaticum JG126 grown at 25°C, either unprocessed bacteriocin has 

some minor antibacterial activity against the indicator organism, or the transport proteins 

are able to properly process and transport bacteriocin at reduced efficiency. Differences 

in the sequences of the transport and accessory genes have also been shown in 

Leuconostoc mesenteroides Y105 and L. mesenteroides FR52 (Aucher et al., 2004). Both 

strains of L. mesenteroides produce the bacteriocins mesentericin Y105 and B105. 

Although differences in the sequence of the dedicated bacteriocin transport genes were 

found, either strain is capable of maturation and export of both bacteriocins.

The differences in the amino acid sequence of the proteins of the piscicolin 126 

operons found in C. maltaromaticum UAL26 and JG126 generally do not suggest a large 

change in their physical or chemical characteristics. Most of the changes observed 

involve either a change in polarity of the amino acid (polar to nonpolar or vice-versa), 

and increase in size (from tiny to small or small to average), or aromaticity (aliphatic to 

aromatic, or vice-versa). Amino acid residue differences numbers 4 and 5 in Table 6.4 

are inverted, suggesting that these two residues may be necessary together in that region 

of the PisT protein. The two residue differences of greater importance are numbers 12
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and 13 (Table 6.4). In difference number 12, there is a hydrophobic, polar, positive 

charge at this residue instead of only the polar trait. Gain of a positive charge could 

affect tertiary protein structure, causing a difference in protein folding. Difference 

number 13 is a change from a proline residue (a cyclic amino acid commonly found in 

turn elements in protein secondary structure) to threonine, a hydrophobic and polar 

residue. This difference may also affect secondary structure and folding of the PisT 

protein.

Hydropathy plots show some differences in hydrophobicity in the PisT and PisE 

proteins from C. maltaromaticum UAL26 and JG126. Most of the peaks that are 

different showed only a slight reduction or increase in hydrophobicity. The only notable 

changes in hydrophobicity were those found in the last 7 amino acids in the truncated 

PisE transport accessory protein in C. maltaromaticum UAL26, and the 145 additional 

amino acids present in the non-truncated version found in C. maltaromaticum JG126. 

Lack of difference in hydropathy suggests that the proteins may be similar in tertiary 

structure, regardless of amino acid difference.

Prediction of secondary structure showed some minor differences in predicted 

folding of the proteins of the piscicolin 126 operon that have differences in amino acid 

sequence. However, the differences observed are four amino acids or less in length. This 

suggests that secondary structure of the protein is unlikely to differ, as a length of only 

four amino acids is unlikely to constitute any large change in a-helix or P-sheet structure.

It is hypothesized that the pisE  gene in C. maltaromaticum UAL26 is most likely 

to result in different hydropathy and secondary structure of the PisE transport accessory 

protein. The PisT protein also contained some differences, but showed less potential
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alteration in hydropathy or secondary structure than the PisE protein. The PisI immunity 

and PisK histidine kinase proteins may also be different from those in C. maltaromaticum 

JG126, but the results from amino acid similarity, hydropathy, and secondary structure 

prediction imply that these differences are far less likely to alter protein conformation 

than those found in the PisE accessory protein.

Attempts to create a strain o f C. maltaromaticum UAL26 with a plasmid that 

contained the pisT  or pisE  gene from C. maltaromaticum JG126 were unsuccessful. This 

was similar to the attempts to create transformants of C. maltaromaticum UAL26 in 

Chapters 4 and 5 of this thesis. Transformation of C. maltaromaticum UAL26 with these 

elements of the piscicolin 126 operon from C. maltaromaticum JG126 did not result in 

the isolation of viable transformants which carried the plasmid with the correct insert. 

This prevented evaluation of the effects on bacteriocin production of these genes in C. 

maltaromaticum UAL26 grown at 25°C.
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7. GENERAL CONCLUSIONS

C. maltaromaticum UAL26 was isolated from ground beef, and was shown to 

produce antibacterial activity (Bums, 1987) Since this discovery, the goal has been the 

identification and characterization of the active compound(s) and the application of C. 

maltaromaticum UAL26 for use as a biopreservative in foods. For seventeen years, 

efforts to purify the antibacterial compounds were unsuccessful (Stiles, unpublished 

data). Although many common methods of isolating bacteriocins were attempted, none 

resulted in the isolation of enough bacteriocin at a quality pure enough for amino acid 

sequencing (Bums, 1987; Rosario, 2001).

Progress on the isolation of the bacteriocin from C. maltaromaticum UAL26 

began with the evaluation of the differences between two assays used to measure 

bacteriocin activity. The deferred inhibition technique is more sensitive than the spot-on- 

lawn technique for the detection of antibacterial activity produced by C. maltaromaticum 

UAL26. Bacteriocin activity is observable when C. maltaromaticum UAL26 is grown on 

solid media, yet it is not detectable when the culture is grown at 25°C in liquid media. 

Upon observation that the diameter of the zone of bacteriocin activity from C. 

maltaromaticum UAL26 increased with decreased incubation temperature (Gursky et al., 

2002), evaluation of bacteriocin production in broth at decreased temperatures was 

attempted. Growth of C. maltaromaticum UAL26 at 4°C took significantly longer for the 

culture to reach maximum population, but bacteriocin was detectable by the spot-on-lawn 

assay. Growing C. maltaromaticum UAL26 at reduced temperatures (<19°C) increased 

the amount of bacteriocin that could be isolated from the supernatant, allowing both the 

isolation and characterization of the bacteriocin. A protocol was developed that allowed
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purification of sufficient quantities of a bacteriocin that had the same molecular mass as 

piscicolin 126. Amino acid sequencing of the bacteriocin revealed the presence of the 

YGNGVXC motif that is common in class Ila bacteriocins.

Probing the genome of C. maltaromaticum UAL26 revealed the presence of the 

piscicolin 126 and camobacteriocin BM1 operons, although the camobacteriocin BM1 

peptide was never isolated from a broth culture of C. maltaromaticum UAL26. A 

possible reason that camobacteriocin BM1 was not detected during the purification of 

piscicolin 126 could be that the indicator organism was L. monocytogenes ATCC 43256, 

a strain that is insensitive to camobacteriocin BM1.

Piscicolin 126 was originally isolated from C. maltaromaticum JG126 (Jack et al., 

1996), and camobacteriocin BM1 was originally isolated from C. maltaromaticum 

LV17B (Quadri et al., 1994). The discovery of the genes encoding both bacteriocins in 

C. maltaromaticum UAL26 was welcomed, although with some despondency, because 

neither of these bacteriocins was a novel, uncharacterized compound. However, the 

phenomenon of temperature as a control for bacteriocin production had not been reported.

Piscicolin 126 and camobacteriocin BM1 are class Ila bacteriocins. They have a 

spectrum of activity that is mainly limited to lactic acid bacteria and species closely 

related to LAB (Jack et al., 1996). These bacteriocins are important because of their 

ability to inhibit strains of the foodbome pathogen L. monocytogenes. Both bacteriocins 

are present in the genomes of C. maltaromaticum UAL26 and JG126; however, the genes 

for production of piscicolin 126 are not present in C. maltaromaticum LV17 (unpublished 

data). In strains that contain the genetic elements for multiple bacteriocins, it can be 

difficult to attribute the cause of antibacterial activity to a particular bacteriocin.
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Synergistic activity between bacteriocins can compound this problem (Limonet et al., 

2004).

Before the presence of the camobacteriocin BM1 gene was discovered in the 

genome of C. maltaromaticum UAL26, the focus was to knock out piscicolin 126 

production in C. maltaromaticum UAL26 by inserting an antibiotic resistance marker into 

the structural gene. This was attempted to determine if any other bacteriocin activity was 

being produced. If another bacteriocin was detected, it could be isolated and identified.

If no other activity was found, the bacteriocin-negative strain could be used as a control 

organism in fundamental or applied food studies. Identification of the genes for 

camobacteriocin BM1 in the genome of C. maltaromaticum UAL26 meant that two 

successive knockouts of the bacteriocin structural genes would be necessary. However, 

upon consideration of bacteriocin expression in C. maltaromaticum LV17B (Quadri et 

al., 1994; Quadri et al., 1997), it was hypothesized that camobacteriocin BM1 might 

make use of the piscicolin 126 export machinery in a manner analogous to that of 

camobacteriocin B2 in C. maltaromaticum LV17B. If the hypothesis was correct, a 

knockout of the piscicolin 126 transport or accessory gene should be sufficient to prevent 

the maturation and export of both bacteriocins.

Unfortunately, attempts at genetic manipulation of C. maltaromaticum UAL26 

were unsuccessful. Transformation of C. maltaromaticum UAL26 with native plasmid 

DNA was successful, but attempts to transform it with plasmid DNA containing an insert 

encoding part of the piscicolin 126 operon always met with failure to isolate any colonies 

or growth of a very small number of background colonies containing the native plasmid 

without the insert. C. maltaromaticum UAL26 is apparently intolerant to attempts at
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insertion, replacement, or complement of elements of the piscicolin 126 operon. It 

remains possible that C. maltaromaticum UAL26 produces more than two bacteriocins.

Expression is one of the primary levels of control in bacteriocin production. 

Bacteriocins that are not always constitutively expressed will only be transcribed and 

translated when prompted to do so by a control mechanism. Piscicolin 126 production is 

controlled by this type of mechanism. Piscicolin 126 transcription in C. maltaromaticum 

UAL26 was not induced at 25°C and the expression of the piscicolin 126 operon is 

downregulated. Transcription of the other genes in the operon is detectable, but at lower 

levels than under temperatures permissive to increased bacteriocin production (15°C). At 

15°C, levels of expression were comparable to that seen in C. maltaromaticum JG126. 

Camobacteriocin BM1 may be transcribed at 25°C, but its antibacterial activity was not 

observed in spot-on-lawn assays.

Piscicolin 126 production can be induced in C. maltaromaticum UAL26 grown at 

25°C by addition of supernatant containing the piscicolin 126 induction peptide or 

addition of synthetic piscicolin 126 induction peptide. Induction of the piscicolin 126 

operon was possible using the spent supernatant from a culture of C. maltaromaticum 

JG126, but not with supernatant from a culture of C. maltaromaticum LV17. This 

suggested that there is no cross-induction between strains producing camobacteriocins A 

or B2, and that camobacteriocin BM1 production is not involved in induction of the 

piscicolin 126 operon.

In deferred inhibition assays, some antibacterial activity is observed when C. 

maltaromaticum UAL26 is grown at 25°C. The piscicolin 126 induction peptide may 

become sufficiently concentrated in solid media to induce transcription of the piscicolin
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126 operon. Camobacteriocin BM1 also may contribute to the size of the zones of 

inhibition observed when C. maltaromaticum UAL26 is grown on solid media.

C. maltaromaticum UAL26 and JG126 come from geographically distant 

locations. C. maltaromaticum UAL26 was isolated from vacuum packaged ground beef 

in Edmonton, Alberta, Canada (Bums, 1987), and C. maltaromaticum JG126 was isolated 

from spoiled ham in Victoria, Australia (Jack et al., 1996). Both strains contain the same 

bacteriocin operons, but they have dramatic differences in the control of bacteriocin 

production. The genetic differences between the two strains include thirteen non-silent 

base pair differences and a single base pair deletion causing a frameshift in the pisE  

transport accessory gene. Although it is unknown which strain evolved from the other, it 

is plausible that the piscicolin 126 operon in C. maltaromaticum UAL26 was originally 

identical to that found in C. maltaromaticum JG126, but developed a truncation of the 

pisE  transport accessory gene and other mutations in the operon during evolution. It is 

also possible that C. maltaromaticum JG126 developed an insertion of a single bp into its 

pisE  transport accessory gene (extending the translated length of the protein) and other 

mutations in the operon.

It would be interesting to compare the genetic differences found in C. 

maltaromaticum UAL26 to other strains isolated from various food sources in different 

parts of the world. C. maltaromaticum strains that produce piscicolin 126 could be 

isolated from samples of vacuum packaged ground beef and spoiled ham, collected from 

around the world to see how these strains compare in the sequence of the piscicolin 126 

operon with C. maltaromaticum UAL26 and JG126.
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The phenomenon of temperature control remains unexplained at the biochemical 

level, yet elucidation of its ultimate cause may prove difficult due to the arduousness of 

genetic manipulation of the piscicolin 126 operon in C. maltaromaticum UAL26.

The genetic differences found between the piscicolin 126 operons in C. 

maltaromaticum UAL26 and JG126 may be related to the reduced bacteriocin activity 

observed when C. maltaromaticum UAL26 is grown at 25°C. Further evaluation of these 

differences and how they are related to the cause of reduced bacteriocin expression is the 

primary goal of further research with C. maltaromaticum UAL26. Specifically, 

evaluation of the pisE transport accessory and pisT  ABC-transporter genes and their 

translated proteins would be the most obvious choice of a starting point. Additionally, 

evaluation of the relationship between camobacteriocin BM1 and the piscicolin 126 

transport machinery is of interest. Sequencing of the region surrounding the 

camobacteriocin BM1 structural gene would reveal the presence of other genes in this 

operon in C. maltaromaticum UAL26. It is hypothesized that the lack of detection of 

bacteriocin activity in C. maltaromaticum UAL26 cultures grown in broth at 25°C may 

be due to differences in PisE and PisT protein folding, association, and substrate 

specificity. Conformational change in the transport proteins (due to differences in amino 

acid sequence) could prevent recognition of bacteriocin structural and induction peptides, 

thus preventing their maturation and export. Additionally, altered ability of the histidine 

kinase and response regulator to recognize the induction peptide in the extracellular 

media and activate piscicolin 126 transcription could interfere with induction of 

bacteriocin production. Genetic engineering of the pisE  and pisT  genes between C. 

maltaromaticum UAL26 and JG126 might explain the phenomenon of reduced
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bacteriocin activity produced by C. maltaromaticum UAL26 grown at 25°C when 

supplemented with synthetic induction peptide. Transcriptional analysis of the genes in 

the piscicolin 126 operon in C. maltaromaticum UAL26 could explain the differences in 

levels of gene expression, and the absence of piscicolin 126 structural gene expression 

when C. maltaromaticum is grown in broth at 25°C. The phenomenon of temperature 

control of piscicolin 126 expression in C. maltaromaticum UAL26 may be directly 

related to the differences found in the piscicolin 126 operon between C. maltaromaticum 

UAL26 and C. maltaromaticum JG126. These two effects could explain why full 

bacteriocin titre and transcription is observed in C. maltaromaticum UAL26 at 15°C, 

while reduced bacteriocin activity and full bacteriocin transcription at 25°C is detected 

under induced conditions, and no activity or transcription of the piscicolin 126 structural 

gene is observed in uninduced cultures grown in broth at 25°C. Clearly, the mechanism 

of control o f piscicolin 126 production in C. maltaromaticum UAL26 is different and 

more complex than that in C. maltaromaticum JG126.
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APPENDIX
Comparison of the piscicolin 126 operon in C. maltaromaticum UAL26 (U) with the 
piscicolin 126 operon in C. maltaromaticum JG126 (J).
J #1 ATCGATARAA TTTTTCATTA ACTAATAAAC AGRTGTGCTB TTTTTTTGTA TAA9AATGTT TAAAACGATA

J #71 ATGTTTATTT AGAAAATTTG ATATCAAATA GTTCAAGGAT GATAATAGGA TTCACGATGT TGATAATATT

J #141 AGCCTGCCTA AAGATACTGT GACATAAACA AAAAAATACA TTAAAAAAGA GAATGGGACA AAAGTCATAA

J #211 AATAGCAAAR AAGCATGAAA TCCATTRTTA CARATGCTGA TTTCACACTA TTTTTTAATA GGTTGCTATT

J #281 TACTAGAAAA TGGAGTTTTG TCCCRCACTC TTTTTATTTT TTTATAAAAT AGATTAAATA GTTATTAGTA

J #351 TTTTAAAAAA ATTCAGTTTA AAATTTGAAA TGACTACAAA TTAAAATGAG TGTTTAATTG AGTTTAGTAA

J #421 AAAAATACTA TRATTATTTA TGGTACAAGA TAGTRTTCAR ATGTAACTAT ACGAAATTTA TAAATAAAGA

J #491 TGTTTTTTTT AGCACAATAT GTTACATTAT TTRTGTGRGC RAGTTCGATR AAAGTTCGTC TCCCTAAAGT

J #561 GATATAAAAC ACTTGAAGCT ATCTAAATAT TCATAAGTTT AAAAAGCTAT TATAACTTTT TCTTCTGAAA

J #631 AATAATCAAA GGARRTTTTT RCGGCRTCGC CCATGTGCTC GGGTARGGGT CCTATAATAA GTGGGATACG

J #781 CTAAATTTTT CCGTCTGTAA AGTTTAGRAG AGATTRTCAG ACTAGCGATG CATGATGCCT GTTAGGCGGC

J #771 TAATGTTCAG CGAAACCTTA RTAGCATGAC TATGARCGTR GHTGTCTAAG TGCCGATATG CTTGGACAGG

J #841 GGTTCGACTC CCCTCGTCTC CATRTTGTGG TTATTTTAGA TGATRACCTA AAAATGAAAC CTATTTAAAA

J #911 CGTTGATTTA ACAACGATTT ARATAGGTTT TTTTGTTTTA GGGAAATTAA AATAATAGTT AGTTTTAATT

J #981 ATTTCAGTAC ACTAATTGTA CACT6AAATC AARTTTAATA RTTTCCATAA AAATTCTATT TTTGTTRTTA
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J #1051 GTGAATTGAC A6AATCCGAT TCACTTTTTT CTAATCTGTT TAAAATACCT TCATAAATAG TTAAACTTGT 
U >#1071> TCACTTTTTT CTAATCTGCT TAAAATACCT TCATAAATAG TTAAACTTGT

J #1121 AATAATTTAC TATGACCTGA TCATTTTGAC GCATATTTAC TGGCATTATT TTCTTAACTA TTTTTATGAC
U #1121 AATAATTTAC TATGACCTAA TCATTTTGAC GCATATTTAC TGGCATTATT TTCTTAACTA TTTTTATGAC

J #1191 TAGTCGTAAA AATTTATAAG CCGATTTAAA GTAAATAGAT CAAATTTAAT TAAGATAGTG GGAGTTATAT
U #1191 TAGTCGTAAA CTTTTATAAG TCGATTTAAA GTAAATAGAT CAAATTTAAT TAAGATAGTA GGAGTTATAT

• •  •  *

J #1261 AGGTATATGC AGTACTARTh TCCATATCTA m ThTTG G hG h TAGAAGTCAfi CTCTTTAAGT TTTTTTGPTT
U #1261 AGGTATATGC AGTACTAATA TCCATt-TCTA ATPTTGGAGA ffiGSAGTCAA CTCTTTAAGT TTTTTTGATT

.....................Pis!.............................
J #1331 Gf'TAGTCA®> TpdwGWCG CCPTCATriC TGATTGCTTT mGRPPFPTCT AAGTTCATTC GPCTTAAAAT
11 #1331 GATAGTCAGA TpdfiGlPCCG CCA TCP FT TC T6AFTGCTTT flGABdTQTCT AAGTTCATTC GACTTAOfiQT

J #1401 CPGAGGÂCP G;:iiGCGCCCT TTTGTTTfAA CTCTTCMGA T̂ TTTTCTh ACACTTTTTT TAGCGhTTCG
U #1401 ChGAGSkACm GAAGCGCTCT H T G T T T T A m  CTCT'ICmAGh FHHTTTTCTii i-C P C T T T T T T  TAGCGATTCG

J #1471 TTGTCTAAGT CTGTTTrTfiA ATCATCTAAT AAATCAGTGR TPRTGTTUC TGCCTGHTTT GATCGTTCTT
U #1471 TTGTCTAAGT CTGTTTTTAfi ATCATCTAAT AACTCRGTGA TBATGTTTTC TGCCTGATTT GATCGTTCTT

J #1541 TTCCTCCAGA puhCChTHT AhCTTACCCA TAAAATATCA CTCCTTAATT TTATATATTT ATGATTTTAG
U #1541 TTCCICCAGm hAhCCmIITT AwCTTACCCh TAAAATATCA CTCCTTAATT ATATATATTT ATGATTTTAG

J #1611 TTGATAGTAT AAGTTTCTTT ACATCATGTT GAAACTAGCC TATTTTTGTT AGTATAACAT AATTCCTAAG
U #1611 TTGATAGTAT AAGTTTCTTT ACATCATGTT GAAACTAGCC TATTTTTGTT AGTATAACAT AATTCCTAAG

J #1681 ACTATAAAAA AATATTTTTA TATATTTATT TTTGTTTTAA ATGTAACTTA CAAATATAAA GACCCATCTA
U #1681 ACTATAAAAA AATATTTTTA TATATTTATT TTTGTTTTAA ATGTAACTTA CAAATATAAA GACCCATCTA

J #1751 TGTTATGTCA CAGCATTGAT GCGTATCATC TTTTTTACAA GATAAAAAAT AAGAGACTTT AATTRTCCTT
U #1751 TGTTATGTCA CAGCATTGAT GCGTATCATC TTTTTTACAA GATAAAAAAT AAGAGACTTT AATTRTCCTT

J #1821 TQTTCChhCC RGCGGCTCCh CCTQThGTCR PAT1TGCTGC TGChITGTTT CCTATflATCC CAATAGCTTT
U #1821 tqttCChhCC HGCGGCTCCh CC'GTRQTCh hhTITGCTGC TGChTTQTTT CCThTAPTCC CAAThGCTTT
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J #1891 QCTCCflflTCT ACfiGTHCrtfiC CATTTTTATT fiCfiGGRMCG CCATTTCCQT iWTfiCTTRCC TCCTGTRGTT
U #1891 GCTCCfiflTCT ACfiGTACraC CUTTTTTRTT SCfiGGfiftACG CCflTTTCCGT lOTRCTTRCC TCCTGThGTT

.............................PisA..................................... -•
J #1961 fiGTTGCSTTI CTTTAACGCT RAGTTCTTTA SCRGTTTTCt TGCGTflflflCfl CGCTCCTTTT TflflftflTflTTT.
U #1961 HGTTGCfiTTT CTTTfiACGCT AAGTTCTTTfl AChGTTTTCS TGCGTflflflCfl CGCTCCTTTT TAfifiATATTT

J #2831 TTTACARCAT GCTGACTGTA TCACflTCTTT TTTACTTflTA GATTTTTTAT TCCTGAACTA TCACGATATT
U #2031 TTTflCAACAT GCTGACTGTA TCACflTCTTT TTTACTTflTA GATTTTTTAT TCCTGAACTA TCACGATATT

J #2101 flTTCATGAAC TTATflAAGTT AATTGATTGT flflCATCCAAG AflTCflTTTflC TAGTGCTTCfl GGAATGTTTT
U #2101 flTTCATGAAC TTATflAAGTT AATTGATTGT AfiCATCCAAG AATCflTTTAC TAGTGCTTCfl GGAATGTTTT

J #2171 TCGTTTTATA ATTAAflTGTA TGGCflTACTA TCflCTGTTAA flflflAATTGGfl GGGflATAAAA ATGflACGATA
U #2171 TCGTTTTATA ATTAAflTGTA TGGCflTACTA TCflCTGTTAA AAAAATTGGA GGGflATAAAA ATGfiRCGRTfi

J #2241 HAAmATRCTT GMhSITGh#! GAATGTTCflG fiAHAAiAAATT AAAACfiRfiTA CAGGGAGGTR ATAAATCAGT
U #2241 APAARTACTT GIWflTTGflflH GAftTGirCfiG APPARflflflTT AAfiACftfiATft CAGGGflGGTA ATflAATCflGT

.............................. PisN......................................
J #2311 TflTflflflHGGG AACCCCGCnT CTmkTTTmGC iCmOTGTGTT rTTTCTTTTT TTAflfiftRATG CTnRTGATTT
U #2311 TflTAAAfiGGG fiACCCCGCAT CTflHTTTAGC TCflflTGTGTT TTTTCfiTTTT TTAfiflflflfiTG CTfiHTGATTT

J #2381 TTATTTTTGG TRTflATTTAA TCAAGGAGGG ATTTTCTTGR TTATCATCGP ThCRAASGCG TflCTTfiCTflA
U #2381 TTATTTTTGG TflTAATTTAA TCAAGGAGGG ATTTTCTTGft TTATCRTCGfi TACHflAAGCG TACTTACTAft

J #2451 GflflTGTTGCT PARTh T T T T T  ATTTTGTATT TC C ThA TTC T ATTTATTflCT AfifiGATGPPG CTflflflCCCflG
U #2451 GflflTGTTGCT OiWfiTTTTT MTTTTGTfiTT TCCTAATTCT ATTTATTflCT HflHGATGAAG CTflflflCCCflG

............................. PisK.......................................
J #2521 TABhTATGTA fiAGRTSCTTG TflCTTfiTCCC TATTACCTTT TTTGTGGfifff TP.TTCflCTGfi TTTTTCTGAT
U #2521 TflfiflTATGTA AfiGflTKCTTS TACTTPTCCC TATTACCTTT TTTGTGGAAT TATTCHCTQfT TTTTTCTGAT

J #2591 TTGGTACCGA TGCTT̂GCNG T TA TTTTTTb TTGNflAGPGA AAGGflfiflflftA GGAWTTATw CTTTTflfiftTA
U #2591 TTGGTflCCGri TGCTTS-iGCfiG TTATTTTTTA TTfflftfiGfiGA fifiGGRfiMRfi GGAWlTTATfl CTTTTflflATA

J #2661 fiflCTTATTCT ATGTTTflflTT GTfiAGCTflCfl GTfiTATCflflT CATTfiGTTCfi TTGATGflTQG TOAflCflflATT
U #2661 flPCTTOTTCT ATGTTTflftTT GTAAGCTACfi GTPTftTCfiPT CfiHfiGTTCiT TTGfiTGftTGG TAAfiCflAATT
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J #2731 flTTTGGRGGT -jTT̂ JGijCT flCPCCTflTGT flfCTGTnCRfl -jTTm TTTTTG WGTCTCTT GGTflflCTCTfi
U #2731 filTTGGAGGT hTTRv.TGfiCT ACflCCTATGT ilfiCTSTPCRA PTTPTTTTT6 rtPTGTCTCTT GGTRfiCTCTfi

J #2801 TJTRTTTTGT raTRCfwfVi: GCTflGGflfiTT CfiGGBfiPTCfi TTGTflRfiGTS TSGUCTfiTT flCflPClTTm
U #2801 TTTPTTTTGT TflTPCHPPfiCp GCTflGGHflTT CflGGflfiPTCfi TTGrflfiflGTO TftSTTCTPTT ACflPCTTlTh

............................. PisK.......................................
J #2871 TGTGCftTGPT FThCTTP1TGS GGflfiTTTCTT TTTTCGWC TTflTflCfiGCT CPTCfiflTATrt rtftGTflTTTGft
U #2871 TGTGCflTGST TTACTTftTGG GGfiRTTTCTT TTTTCGTflTC TTfiTfiCfiGCT CfiTCftRTflTft fiftGTftTTTGfl

J #2941 TCfiBTTCfiTT fiTGGGTGTGT CR6TTTTCCT TGTCGTGChG RTT.RTflTTTfi TTTGCflTTTT RGGfiGTTCfifi
U #2941 TCPPTTCPFT MFftGGTGTGT CMaHTTCCT TGTCGTGCflG RTTPTflTTTfl rtTGCHTTTT flGGflGTTCRft

J #3011 mCWiCT̂ GR RGCflMRflGA apipGTTTGRfl flfiGCAGTTTH flfiGMftCPPGfl fiCTTftTTCRT TTflflflfiflfifiT 
U #3011 PCfiRCTRflGfl MGCWftflfiGft fiflfiGTTTGfifi fiRGCfiGTTTw ftfiGMCRfiGfl fiCTTQTTCRT TTftftfiflflfifiT

J #3081 ftCftCTGATCfl GTTGGflflCRfl RGTCflflGPftfl ftGCTflflMTRft fflTTSflfiCRT GflTTfiTflflflR RCTTRTTflCT
U #3081 mCmCTGRTCR GTTGGfiwCW. flGTCfiHGflfifl HGCTWpr* RTTTWCAT GRTTPTflflflfl PCTTflTTflCT

J #3151 CfiGTTreflHfi G’-GPTRTCTT TC TTfififtfiflp  H6ACTCH8HT TTTTCGflflftC AfiGTTCftfiGC fiTTRGATGfifi
U #3151 CPGFTTRAftP, GhGRThTCTT TCTWIfififiP RGPCTCPGhT TTTTCGWC Hl'-lGTTCflflGC flTTRGfiTGfifi

J #3221 TfiTTCTRflCC hTIRTCTTGC GPflAGfiTflTfi TCWBTftflCR QTCMCMTT RflflGflfflWR fiftflfiflTTCRT 
U #3221 TRTTCTflRCC ATTflTCTTGC GfWiSPTOTh TCAAGTMCfi GTCftACPPTT flflflGftflTRTfl fiPWftTTCflT

J #3291 PTTTGflPflPG CCTTTTTflTT TCfifiPfiPTflT flTCRfiQCCM TQfiGCfiTGRT CTTGflTflTTfl flflTTGGARTG
U #3291 RTTTGftfWlG CCTTTTTHTT rCflfifflrtTflT RTCSfiGCCRR TGflGCflTGflT CTTGftTSTTfi fiflTTGGflflTG

J #3361 TflfiTCftfifiCT fiTTGWTRfi TCCCTflTTCC Tfll'TTTTGflT TGTGTAfiGflR TfiTTGGGGfiT TGTTTTTGflT
U #3361 TflfiTCflPflCT hTTGRmCTRR TCCCTflTTCC TPTTTTJGflT TGTGTflftGUfi TflTTGGGTfiT TGTTTTTGflT

J #3431 HfiTGCftflTTG APGCGGCTAh RGHfiflGTGAfl GfiTCflflflflflfl TCTCTCTTflT GATTTATCftH GflCCCTTCflC
U #3431 fiflTGCsWTTG AftGCGGCTAfl FiGftflfiGTGAfi GHTCBRflf¥¥i TCTCTCTTflT GPTTTflTCrtH GflCCCTTCflC

J #3501 flflCTTGRATT TCTTCTCGfllT flRTRGTTG'Tfi WflflfiCGflS TflTTCCTRTC flGflflflGTTGfl TGGflGfififlGG
U #3501 flflCTTGPPTT rCTTCTCGBA fiPTflGTTGTfl f-lflRflflPCGflfl TflUCCTPTC flGflflflGTTGfl TGGftGflflflGG
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J #3571 flfiTTTCRfiCTl f|MRGTM8«CC flTMfifiGGPTT AGGATTGART MCGaTTCflPQ RfifiTfiflflTGM AAfiGfiCClW
U #3571 flflTTTCRfiCfl ffiflGTfiGfiCC HlHfifiGGATT SGGfiTTGRRT RCGhTTCRAG ftftfiTOiWGR fif'lfiGfiCCflRfl

.............................. PisK..................................
J #3641 SRTfiTGTTTA TTCPGTflTPW RRTGWlRGfiC TGTRCGTTCP CCRCTRGCRT TflTCCTTRTT TGGTRRGRRfl
U #3641 RPTRTGTTTR TTCftflTfiTRC, RRTGRRRGRC TGTPCGTTCfl CCRCTRGCRT TRTCCTTRTT TGGTfiRGRflfl

J #3711 GGRGCTRTT-1 TGRCTTfiCCC CPTTflTWTT TGCGRRGRTC hRRTCRTTCH hCTRCRGCRm flTTGRflflCflfi
U #3711 GGRGCTRTTh TGPCTTRCCC CRiTwTTRTT TGCGAfiGPTC RMCRTTCR RCTRCRGCRri HTTGRflflCflfi

J #3781 TTRTTCRRPR TTTCGCRCTT TTTCRTRGTG RGCTTTTTCR HRTCRGTTTP flflQfiCflCflflfJ GTCCCGRT6R
U #3781 TTRTTCRRRfi FTTCGCmCTT TTTCaTRGTG RGCTTTTTCR hPTCRGTTTCI RfipRD'-iCfiftf. GTCCCGRTGfi

J #3851 RGTPGRRRRT IRTTTGRRRh RGTTTRRRCC TRRGCRGGGR ATTTm CTTTT IRGRTRTTGh TTTRRRTCRT
U #3851 RGTRGRRRRT TPTTTGRWi hG T T T W R C C  TRRGChGGGA RTTTRCTTTT TRGRTRTTGR TTTftfiflTCRT

........................PisR'..........................
J #3921 RCTRCGAACG GMTTGPTCT 6GCRGfiflflf« RTRCGTGTRC RRGRTGTCCR AGCRWfifiTT RTTTTTRTTR
U #3921 rCTRCGRRCG GRRTTGRTCT GGCRGRRRRR RTRCGTGTRC RRGRTGTCCR wGCRRRPRTT RTTTTTRTTR

J #3991 CflfiCGCRTGR TGRRRTGRTT CCTTTftACTR TCRRRRGGCG TGTGGRRRCR TThGGRTTTG TGRTRflfifiGfi
U #3991 CRRCGCRTGR TGRRRTGRTT CCTTTPMCTfi TCflflfiRGGCG TGTGGRRPCR TTRGGRTTTG TGRTRflflflGfl

J #4861 TCRPCCTTTG G8T0PTTRTC GGTCRGRRRT TGTCGRGTTS CTRCTCCTTG CTCfiflCRPfiG fifiTTGRTSCG
U #4061 TCPPCCTTTG GRTRRTTR1C G G TCPG RRPT TG iC G PG TTm  CTRCTCCTTG CTCRRCflflRG RPTTGRTGCG

J #4131 GCRfifiGG 1'TR GTTCflRRTCR RGCRTTTRTT TTTTCTATCG GRTCTChRnC nTTTRCTCTT GfiTTTfiCflAG
U #4131 GCftfifiGGTTR GTTCMRRTCR hGCRTTTRTT TTTTCTRTCG GfiTCTCftWC RTTTRCTCTT GRTTTRCRRG

J #4201 RTRTTTRTTT TTTRGRRCCT TCTRRGCTRC CCCRTRGRTT RRCCCTfiTRT ACTfiflflfiGTG GRCRRTRTGR
U #4201 RTRTTTRTTT rffSGWCCT TCTRhGCTRC CCChTRGwIT hhCCCTRTHT hCTRRRRGTG GRCRRTRTGR

J #4271 ATTTTATGGR PPGTT̂GTTG RTTTRGRRRR RRRRTRCRCT '-CTTThTCCR rrrttrrtcg RTCCTGCTTR
U #4271 RTTTTRTGGR Rl'iGTTRGTTG uTTTSGWW iWlTRCflCT RCTTTRTCCfi RRRTTRRTCG RTCCTGCTTR

J #4341 GCGRRTTTPR TTRRTGCRRR RGRRGTTRRT TTTRRRRCGC GTGCTGTTTP TTTTGRGTCT GRCTTRGTRR
U #4341 GCGMTTTflR TTRRTGCRRR RGRRGTTRRT TTTRRRRCGC GTGCTGHTR TTTTGRGTCT GRCTTRGTRR
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J #4411 GGC'iTTTTGC hTTh66ih*G GCflfifiGCfififi TTflfifiGfiflfifi imMOTB* CPGTflflCTTA ATTTTGfiAAG 
U #4411 GGCTTTTTGC ftTTffG G TffiG  GCfififiGCRfiP TTBflflGfififlfi fiTTflfifiTG flfi CfiGTflftCTTA flTTTTGflflflGGCflflfiGCflflp T T ffi

J #4481 GflCCGCTGTfl TCGTflfiTGfifi flCWTTflCT CSTflTTCflGC RwCm̂GRTGh MfififlGflTTGT GGTGTfiGCflT
U #4481 GflCCGCTGTfl TCGTARTGSf. fiCAfiT rr^T CPTflfTChGC APCPfiGATGA flflflPGflTTGT GGTGTfiGCflT

J #4551 GTflTfiGCflflT GATTTTflfifiP CftTTfiCRfiftP CfiGfiRfiTTCC CfiTTCflCfiAR TTflCGTGflTT TTTCflGGflflC
U #4551 GMflGWF GfiTTTTflflflfi CflTTfiCflflfifi CftGfiftfiTTCC CATTCflCflflfl TTflCGIGfiTT TTTCflGGflflC

J #4621 TGRCTTflGflft GGCflCfiTCGG CTTTTGGflTT fifflGfififiriCG TTTGPRfiflGT ThTTTTTTG A TTGTCCTGCT
U #4621 TGfiCTTflGflfi GGCfiCATCGG CTTTTGGflTT fiflfiGAPPfiCG TTTGAfiPflGT TMTTTTTTGf. TTGTCCTGCT

............................ PrsT........................................
J #4691 ATCCfiRGCTG fiTwHCGflTGT GTGGfiflfi&4« AfifiGflflTTflC CCCTACCTTT AfiTTGCGCfiC flTCTTGflTTG
U #4691 fiTCCflflGCTG fiTfifiCGSTGT GTGGfiflfiGflfi SfiflGflfiTTfiC CCCTmCCTF AfiTTGCGCfiC flTCTTGflTTG

J #4761 flTflflTRGCTfl TfiTGCfCTRT GTPGTTGTCT flTAflGRTPAA TGGflGflfiflCfl TTfiTCTflTTG flTGflTCCTGC
U #4761 ATfiPTAGCTfl TRTGCfiCTPT GTfiQTTGTCT flTflfiGATflflft AGGfiGflflfiCfl TTflTCTflTTG flTGflTCCTGC

*

J #4831 TflGGGGGfifiii ATfiHfififWifi CAGTT&tPGfi fiTTTGCTflflfi GfiATGGfiCPG GTflTTTTflTT ATTACCTflCT
U #4831 TfiGGGGGfiffi fiTSWflflflfi CftGTTGfiftGP ATTTGCTW GflflTGGflCftG GTflTTTTHTT ATTRCCTflCT

J #4901 CCflflflflGfiTfl GTTRCGTCCC fiflGTftflflGfifl flflflGTTGCGfl GflflTflftGCTC TTTTTTflCCfi GTTflTTTGGC
U #4901 CCPfififiGPTfl GTTfiCGTCCC fifiGTflfiAGfifi AfifiQTTGCGP GflflTflflGCTC TTTTTTTCCfl GTTflTTTGGC

J #4971 TGCflfiflflflGG TTTTGTTTTT CACflTTATRG TAGCflTCflflT TTTTflTTflCT TTGTTC6GTA TRGGfifiGTTC
U #4971 TGCflflflflflGG TCTTGTTTTT CflCATTPTflG TfiGCRTCflfiT TTTTfiTTflCT TTGTTCGGTfl TRGGfiBGTTC

•

J #5041 TTRCTflTTTT CfiflGGfiATTC TfiG PCTfiTTT TfiTTCCflflST CfiTGCTCGTT CTPCfiTTftflfl TfiTTGTflTCfl
U #5041 TTfiC TftTTTT CHflGGfipTTC TfiGACTPTTT TflTTCCPAfiT CPiTflCfiCGTT CTflCPTTflflfl TPTTGTflTCT

* # •

J #5111 GTCGGTTTflfi ITGTTGITIn TTTflTTTCQ T GTCfiTGTTTG ARTflTflGTCG AAATTATCTC ATAGTTflTflT
U #5111 GTCGGTTTflfi TTGTTGTTTh ITTflTTTCGT GTCfiTGTTTG flHTfiTRGTCG flflfiTTPTCTC TTfiGTTflTflT

•
J #5181 TGGGGCflflCG fiftTGAGTfiTG GTGGTCfiTGC TTCflGTflCTT TflHflCflTPTfi CTTTCCTTflC CflflTGflflTTT
U #5181 TGGGGCflfiCG fiATGfiGTSTG GTGGTCfiTGC TTCflGTflCTT TflfiflCflTflTfl CTTTCCTTflC CflflTGflflTTT
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J #5251 TTTJQCTPCT CGTijppTCi-6 eTGfr4iTCHT TTCftCGiTT" CTT&P'GCTP ATfiWCAT TGATGCTTTfi
U #5251 TTTTGCTRCT CGTfifiPTCfiG GTQARfiTCAT TTCPCGTTTT CTTGfiTGCTfi fiTSRWTCftT TGfiTGCTTTfl

J #5321 GCfifiGTGCCn CTTT6TC88T TTTTTTfiGfiT hTTGGGCTGG TCTThRTPGT AGGGfiTTfiCG TT3GCCGTTC 
U #5321 GCPfiGTGCCfi CTl'TGTCGGT TTTTTT i<GflT fiHGGCPTGG TCHPPTrGT RGGGPTTfiCG HfiGCTGTTC

J #5391 HfififiTGGCCT CTTATTTTTm HTTfiCATTQG CTTCfiTTACC TTTTThTCTh GTTTCTfiTTT TftGCTTTTGT
U #5391 fiflfiflTGGCflT CTThTTTTTA HTTfiCRTTGG CTTCfiTTfiCC TTTTTSTCTh GTTTCTfiTTT TfiGCTTTTGT

.......................PisT...........................
J #5461 TfifififiGCTnT GftfifiPfiGCfifi HTCfifiGfifiGfi RfiTGGTTGCT GGTGCfiftCfiT TfififiTTCTPG TRTTRTTGfift
U #5461 TOhPmGCTmT Gî fiPhGCMf, fiTCfiPGRPG-* fiPTGGTTGCT GGTGCAPCMT TWWTrCTRG TPTTfiTTGRPl

J #5531 '-GTCTThPGG GGRTTGhGPC TRTThhGGCh TfiCPGCGGTG =WiGT(fifiHGGT TThTCPTChm GTCGRTfiGfiG
U #5531 MGTCTTRftGG GGhTTGhĜC TmTTCRGGCh TfiCfiGCGGTG fiAGfififtfiGGT mTCfiTCM GTCGfiTfiGfiG

J #5601 RfiTTTGTTCfi ACTfifiTGHfifi fifiGTCTTTTC GTfiCGGCGfiC fiTTfiGPTfiSlT GTTCfiGCWG GTfiTTPfiflCA
U #5601 RhTTTGTTCfi mCThPTGPAh APGTCTTTTC GTfiCGGCGfiC RTTfiGfiTfiRT GTTCfiGCfifiG GTMTflfiflCfi

J #5671 T6CTATTCPG rrfiA7CHGT« GTGCATTfiAT TTTQTGGCTA GGTTCTIPTT fiTGTWGGw fiGGGTCGATT
U #5671 TGCTfiTTCfiG TTfiBfCfiGTA GTGCRTTiW TTTGTGGCTfi QGTTCTTfiTT ATGTTRTGGfi fiGGGTCGfiTT

J #5741 RGCCTfiGGCC PQCTTRTTfiC TTfiTfifiTGCC TTACTTGTTT TTTTTfiCTGP TCCTTTGCfifi IWTPTTflTTfl
U #5741 hGCCThGGCC PfiCTTfiTTfiC TTflTPPTGCC TTfiCTTGTTT TTTTTflCIGR TCCTTTGCfifi fiPTQTTATTfi

J #5811 fiCTTfiCfifiGT GfifififiTGCfiG fiCfiGCCCfifiG TTGCTfifiTfifi ACGCTTPflPT GfififiHTTTG CTPTCGRGCC
U #5811 PCTTrtCfifiGT GfWfiTGCfiG fiCAGCCCfifiG TTGCTfifiTRw ACGCTTfiW GfifiHTTTTTG CTfiTCGPiGCC

J #5881 TGfwTCPfiCT MPTCwfiCfiCC CTGhCCGTGT TGTTSCiWT CfiliHCATTTC WCfiGGGAAT CQCCTTGGfifi
U #5881 TGfiPTCflfiCT mATCAhCPCT CTGGPCGTGT TGlTATPfiRT CfiPfiCfiTTTC MfififiGGGPPT TftCCTTfiGfift

J #5951 GGGGTTTCCT i rrCTTaCfin CfiTGPMfiGCT CCmhCGi'TGh GC-fiTCfCTC TTSTfiCGATT CTPCCflCflTP
U #5951 GGGGTTTCfiT riTCnfiCi-H-i CfiTGi-Mi-iGCT CCHi'CGITGh GCWTCTCTC i TGTmCGhI'I CTfiCCfiCfiTR

J #6021 GCfifiGGTTGC CTThGTTGGT GTTfiGTGGfiT CTGGfWtTC TfiCCfiTGGCH nfiHTTPCTflG TGfi&TTTTTfi
U #6021 GCfiRGGTTGC CTTWGTTGGT GTrRGTGGPT CTGGfflWTC TRCOTIGGCfi mmRTThCTRG TGHfiTTTTTfl
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J #6091 
U #6091

J #6161 
U #6161

J #6231 
U #6231

J #6301 
U #6301

J #6371 
U #6371

J #6441 
U #6441

J #6511 
U #6511

"CCCCCnTCT QhhGG-i'-On 1TCQ1T-7Q6 CCGThi'CWT CRTCTR6&TR rrCCTTTTCC* TCRRTTmCGT
TCCCCCftTCT GfiRGGfifiCfift TTCGTTRTGG CCGTRTCflRT CfiTCTftGfiTS TTCCTTTTCA TCfifiTTfiCGC
............................. PisT.......................................

•

GfiCCGPGTM CCTfiTRTTCC TCfifiGfWTCfi TTTTTTTTCfi GTGGftTCTfiT CRTTGRSflfiT TTfifiCRTTTR
GRCCGRGTmh CCTRTfiTTCC TChPGWTCm TTTTTTTTTh GTGSRTCTRT CRTTGRPRP! TTfifiCPTTTfi

GCTTGGPTmC RCCRCCThGT TTTGPPCGmP TPhTGGhPGT TTGTGflTGCfi GTTCRPTTGG GTfiCRTTTRT 
GCCTGGhThC PCChCCTRGT TTTGfifiCGfifi TfiflTGGHfiGT TTGTGfiTGCR GTTCflflTTBG GTRChTTThT

TSRTChPChH CCTTTPCGTT PTGhChCGRT fiCTPGPGGPG GGTGGGRCCr hTSTTTCTGG TGGGCPfiCGT 
TRRTCfiPCRR CCTTTi-iCGI'T PTGRChCGPT RCTfiGPGGfiG GGT6G8fiCCfi RTRTTTCTGG TGGGCRmCGT

CPHPGHTTi-G CThTTGCTCG TGCTTTijTTG RfiGGfiCGCCG RChTCCTRhT CTTftGrtTGSG GCGRCCPGTG 
CRGRGRTTRG CTPTTGCTCG T6CTTTRTT6 hmGGhTGCCG mChTCCTRhT CTTfiGPTGRG GCGhCCRGTG

GRCTGGfiTSC RCTCTTRGRfi CmTGCChTRT TfiGRCTPCTT fW R P P T T T P  GRRGRftfififiR CCTTGPTTTT 
GPCTGGPTfC hCTCTTPGhP CRTGCCRTRT ThG!;CTPCF RRTPAkTTTR GRflGRPPRRfi CCTTQPITTT

CfllTGCTCPT CfiTTTPTCfift TfiGCCfififtGC CTGTOTDW iJT7TTmGTRC TCftftCGfiTGG fififlfiTTpQTp 
CflTTGCTCfiT CRTTTRTCRfi TfiGCCflftflGC CTGTfiHTCflfi PTTTTRGTRC TCRRCGRTGG fiflfifiTTfiGTfi

J #6581 GhGCPPGGTP CGCRCPGCGfl TTTGCGRTST QSTChGGGmG TTTRTCRPCh GTTmTGGGRT RTTTRfiflflflR
U #6581 GRGCRPGGTR CGCfiChGCGR tttgcgRTRT RRTCfiGGGfiG TTTPTCPPCfi GTTPTGGGPT flTTTPftflflflA

J #6651 GGRRGGCTflfl RTTOTGCRTm RTRffifiRCTG GCGCGRCCfiC TCChGTGTPT ATfiGTCHfiCP GCPTCflflfififi
U #6651 GGRRGGCTflfl RTTRTGChTR RTRRTWTG GCGCGRCCRC TCChGTGM RTRGTCRRCR GCRTCRflftfifl

J #6721 TTTTRTCGTT GGGTGTTRTR TCCTGTRRTT CTTTTTTTGT TTTTGGTTRG TTTflTTTTTG GCTTTTGCGfi
U #6721 TTTTSTCGTT SGGTGTTRTh TCCTGTPmU CTTTTTTTGT TTTTGGTTRG TTTflTTTTTG GCTTTTGCGfi

............................... PisE.....................................
J #6791 MPMfiPGPfiGi rGTCGTTCGG GTnCCTGCTC RftCTRRCCGC phCThPPPTh GRTfiflftCTRC RRGTfiCCRCT
U #6791 HfiRfiPGPQGT TGTCGTTCGG GTflCCTGCTC fifiCiriPCCGC RRCTRRfiSTR GRTWRCTRC RRGTRCCflCT

J #6861 GGfifiGCfiflfiC PTCRRRGTRS RTRRTCTTftfi RGttfiflRTRSR GflGGTCfiRRR flRGGRGRRGT TTTRGTGRTG
U #6861 GGflftGCRRfiC PTCfififiGTRfi RTHRTCTTRfi RGfiflfifiTflfift Gf4GGTCfifiHfi RfiGGfiGfifiGT TTTRGTGRTG
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J #6931 TTTGRTfiCTfl G T Q rn T H C R  HfiPTS&irtRfte 0RGCPRTTT6 SRChRGmMR TrtCGTCTCTT GflflGRCCflAft
U #6931 TTTSfllfiCia GTGTTTTfiCfi WtfUGHflfifiG GhGOMTTG QflCHnGRRfttt TRCGTCTCTT GflfiGRCCflflfi

........................................................P i s E ...........................................................................

J #7001 PGflflSGCTGC GCflPCTSTTT RTTGRrtflGTfi TfiGCTPflflGP RCRGflfiCTTfi TTTGflftGfiCG RGGRTGRRTT
U  #7001 hGPPRGCTGC GCRRCTRT H  qTTGPflflGTR TRGCTPRRGR hC PG R PC TTR  TTTGRRGRGG RGGRTGRRTT

J #7071 TGGRTRCRGT hhIChGCTRm SGi.-GiTTi.lTT flCTCG*flflfiG GHhSChCmRh T̂hCRGhGCP HGTCTTGGCT
U #7071 TGGfi'iTiCfiGT RftTCflBCIflfl RGRGTTTRTT flCTCGRPlfWG GRRRCflCBRfi fiTRCRGRGCfi flQTCTTGGCT

J #7141 RCRRCCRRGC RflflfiffilTRGC CGTRCTBRTT GRSSCCBftRR flPRRflfiflTPR CTflTfiCCCTT CflfiflRTRTfifi
U #7141 hCRRCCRRGC RRPPRflTRGC CGTflCTftPTT GRBfliCBflflfi flfiflRRRRTflfl CTRTfiftCCTT CRRRRTRTflfl

J #7211 CTGBRCRGCT TGTPCGhGGp RCPTTflflflflT CTCCTTCRRC TGGhRTRGTT CRCTTGhmTG RGGRRGTflflC
U #7211 CTGhhChGCT TGTPCGRGGB fiCRTTOWff CTCCTTCRRC TGGRiTFmGTT CBCTTGRhTG RGGfifiGTRRC

J #7281 RGGCCfiRRTR GRTGTRTCflfi RRGGRflCGGT RCTTGCRGRR flTCTRTCCfifl ftGCflfiflftRGf! STCRCRGCTfi
U #7281 ..GGCCGRBGfi GRTGTfiTCRR RRGGBRCGGT ■-iCTTGCmGQP flTCTPTCCRP RGCPflflPflGR RTCftCHGCTfi

J #7351 -TGTHhCTG CGCTRTTdcc TGCTGRTGPfl G'FinCfiCGi-iH Ŵ fGTPGG WGGRCGTT CPTTTTflfiflT
U #7351 PTGTTThCTG CGCTfiTTfiCC TGCrGBTGW* GTHIiĈCGRk TfiWfiTfiGG TflTGGftCGTT CRTTTTflftfiT

J #7421 TflGRTRRflflfl flGGTGTTGCfl TCCCPPflCRR ITGBGGGftf-C TCTRBfiftGfiG RTTTCPGfiGft CTflGTRTGRC
U #7421 TRGBTflflflflfl flGGTGTTGCfl TCCCrtfiftCfift TTGRGGGfifiC TCTRAflflGBG PTTTCBGRGfl CTfiGTRTGflC

J #7491 RfiCTGflfiCfifi GGRRCCTTCT RCRCPRTCiftfl RGGTRCGTTB CfiflTCTTCRfi RPTRTTTTRR TRRTRGRTBT
U #7491 RfiCTGRRCflfl GGRRCCTTCT fiCRCRRTRRfi RGGTRCGTTR CRRTCTTCflfi flnTRTTTTflfl TflflTflGRTRT

J #7561 GGTfiTGRCRG GGGPRGTTTC GCTCRTTRTT GGRRPfiRRfifl GCTRTTGGCfl RCfififiTCRRfl GRTGTGTTGC
U #7561 GGTPTGPCnG GGGhRGTTTC GCTCRTTRTT GGRflftflPRRR GCTPTTGGCft flCflAPTCW* GRTGTGTTGC

J #7631 TRRfiTCRMGR BTflflfiGTTTG TGTRRTRCCT GRRGGRRTTR RTRflflflTRRfl RTTTRGRTCR TGTCGTRTGC
I) #7631 lflOflrCflfiGR hTROBGTTTG TGTflfiiflCCT GRRGGflflTTR RTflflflflTflflfl RTTTRGRTCR TGTCGTRTGC

J #7701 TRTTGTRTCT RflfiflflfiflTfifl TGTGTTGTTT TRCTTTRRGT RRRRCflflCflC RTTRTTRRTC THGflflflTRGT
U #7701 TRTTGTRTCT RflflflflflflTflfl TGTGTTGTTT TRCTTTRRGT RRRRCflflCflC RTTRTTRRTC TRGRRRTRGT
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J #7771 ATCTTRRRTT RflfifiGTTRRG TGTTTTRTTT TGRCRRTTRT TflflCRTRRRG RTTRTGRGGR TRGGGTRTRC
U #7771 RTCTTRRRTT RRflflGTTflflG TGTTTTRTTT TGRCRRTTRT TflRCRTRRRG RTTRTGRGGR TRGGGTRT

J #7841 CRTTRTTTTR GTRRCTTRCT RTTTRRTTTT TTCRTTGRTR CRTGRCCRflfl TRTTRRTCflfl RRTTCTTCGR

J #7911 GTRTCRTTTG CRTTTRRRCT TGTTTflflflTG CRGRGTRGRR TTTRTTGRRR TTRRGTCRRT TRRGCTTRCR

J #7981 TRGRTTTRTR RRTCTCRTTR CRCRGTCRRR GCTCCCCTCR TCTCCRTRTT TRGTRCflflflC CRGRflTRARC

J #8851 TflflflflGGGCT RTRRGGGTTG RTTTRRRTGC GTTTTTRGCT CTTTTTGTTT TTRTRCGGGR GRCTRGflflflfl

J #8121 RRTRflflGRGT GCRRRRTGTT TTRGGflflflflT GTRTGflflflTfl TCGRCTTflflfi CRRGTRGRRC GCTRRRCCflfl

J #8191 CTTCRGTRRR CGTRRRRTTG CTTTGRRGCR CTTGflflflRTfl TTTGGCCCTT TTTCCRRCflfl TRTTRRTRTT

J #8261 TGCCGTTRRC GGGflflflflGGfl RCflflflGTRGT TGT
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