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Abstract

Several obstacles to widespread use of bacterianirfseod have been
identified, including lack of specific, rapid quaation methods, and little data on
their efficacy in food systems. The first objeetiof this study was to develop a
specific, rapid quantitation method for bacterigcthat did not rely on bioassays
and their associated limitations. Phage display @f@sen to reduce reliance on
continued use of animals and produce antibodigbedacteriocins leucocin A,
piscicolin 126, and brochocin-A. Although the &otly libraries generated by
phage display were not successful for antibody gectdn, a strong immune
response to leucocin A and piscicolin 126 was ofegkin mice. The second
objective of the study was to determine the effijcat brochocin-C against
Clostridium botulinum in a model system and in a vacuum-packaged, cldoppe
and formed pork product stored at refrigeration gerature. Group ICl.
botulinum was not controlled by brochocin-C, and was foundiractivate
brochocin-C and several class lla bacteriocins byteplysis. Cell counts
revealed that Group ICl. botulinum was controlled by brochocin-C in a model
meat system, but was not controlled in the chopged formed pork product.
Powdered smoke and NaCl in the pork product hagrergistic interaction
against Group ICI. botulinum, as shown by minimum inhibitory concentration
testing. The choice of media for isolation@f botulinum from the chopped and
formed pork product was important, as the presericeackground microflora
isolated from the meat was found to impact growitiGoup 11 Cl. botulinum on

plating media. In the presence of the backgroundraftiora, which were



identified by 16S rDNA sequencing as carnobactanid staphylococci, inclusion
of phosphate in the plating medium was found tovalyrowth ofCl. botulinum.
Other nutrients such as magnesium, sulphur, oeasad protein sources added to
the medium had no effect on growth ©f. botulinum. Two of the background
microflora strains,Carnobacterium maltaromaticum MH3 and Staphylococcus
pasteuri EIV-21, inhibitedCl. botulinum, while one strainC. maltaromaticum

MH2, stimulated growth ofl. botulinum.
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Chapter Onetntroduction and Literature Review
1.1 Food safety

It is estimated that 11 to 13 million cases of fomhe illness occur in
Canada annually, which is equivalent to approxitgaiae-third of the population
(CFIA, 2010). A similar situation exists in the ithd States, with an estimate of
76 million cases of foodborne illness annually; thiese, 323000 require
hospitalization, while 5000 result in death (Meadak, 1999). Economically,
foodborne iliness exacts a heavy toll, costingtal tof $152 billion (US) annually
as a result of health care costs, productivitgdéssfrom iliness in the workforce,
and loss of earning potential due to lowered lifgestancy (Scharff, 2010).
When added to the costs of implementing recallsles&lof sales through damage
to company reputation, it is clear that foodborh®ess is a major concern from
public health, social, and economic standpointsusT food safety is an important
issue for the food industry, academics, and govemntmegulators.

Food safety has also become an important issueofsumers, especially
following highly-publicized food recalls and foodsociated outbreaks. In a 2008
survey, 45 % of consumers expressed a moderatesiogs concern about
microbial contamination of food, compared to on® % in 1984 (Brewer and
Presat, 2002; Brewer and Rojas, 2008). Compligatirheightened scrutiny of
food safety issues is an increasing concern with ube of preservatives and
nitrates in food, with 40 % and 52 %, respectivefyconsumers reporting being
highly-concerned with these issues (Brewer and $24808). Thus, consumers
have increased demand for foods with increased $adety, but without the use
of perceived “chemical” additives (Sofos, 2008).n Alternative to the use of
anthropogenic chemical additives is the use ofoidiy substances produced by
microorganisms.

1.2 Enhancing food safety and quality using microbial agents

Historically, food preservation has been enhangegdrbducts of microbial
metabolism such as organic acids, alcohol, carbmxidke, and secondary

metabolites (Axelsson, 2004). In particular, laetcid bacteria (LAB) have been
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employed as starter cultures in meat, vegetabld, dairy products, and their
metabolic activities serve to extend storage lifed ainhibit pathogenic

microorganisms in fermented foods.

The LAB are a diverse group of genera which conaeteast 50 % of the
carbon from sugars into two isomers of lactic at¢itereby earning the name
“lactic acid bacteria” (de Vuyst and Vandamme, 19%®hrr et al., 2002,
Axelsson, 2004). Belonging to the clostridial hrlanof the gram-positive
bacteria, LAB are non-spore-forming catalase-nggaticocci, bacilli, or
coccobacilli with a G+C content of 55 mol % or 1¢Ssiles and Holzapfel, 1997).
Food-associated genera included in the LAB grougude Carnobacterium,
Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus,
Pediococcus, Streptococcus, Tetragenococcus, Weissella (Stiles and Holzapfel,
1997; Axelsson, 2004), arigavariicoccus (Schmidt et al., 2009).

The metabolism of LAB can be described as homofetatiee or
heterofermentative based on the composition of timettabolites under standard
conditions of excess carbohydrate source and lthoteygen (Axelsson, 2004).
Homofermentative LAB produce mainly lactic acidngsithe Emden-Meyerhof-
Parnas pathway, with a theoretical yield of 2 nagtit acid and 2 ATP per mol of
glucose consumed (Axelsson, 2004). HeterofermeatatAB use the 6-
phosphogluconate pathway to convert carbon substratich as glucose to
equimolar amounts of lactic acid, carbon dioxidel athanol (de Vuyst and
Vandamme, 1994; Axelsson, 2004). Classification eter homo- or
heterofermentative is exclusive, but certain coodg of oxygenation and
medium composition can cause changes in fermentata products (Kandler,
1983; Condon, 1987).

In addition to lactic acid, which inhibits microbigrowth by lowering the
pH, LAB also produce other inhibitory metabolitesOther antimicrobial
chemicals produced include hydrogen peroxide (Fjaneet al., 2010), formic
acid, acetoin, diacetyl (2,3-butanedione) (Jay,2898ay, 1982b; Lanciotti et al.,
2003), acetaldehyde, benzoate, reutericyclin (Gand Vogel, 2003; Géanzle et
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al., 2000) and free fatty acids (Collins et al.020Desbois and Smith, 2010).
Many genera of LAB in foods also produce a range pobteinaceous
antimicrobial compounds called bacteriocins, sofm@loch have activity against
pathogenic microorganisms, and so these compousans &ttracted attention as

biopreservatives.
1.3 Bacteriocin definition

Bacteriocins are defined as ribosomally-synthespepitides produced by
one microorganism with antimicrobial activity agstitlosely-related organisms,
and sometimes including organisms outside theitogamal niches (Jack et al.,
1995). Bacteriocins are grouped into the ribostyyminthesized group of
peptide antimicrobials, along with certain othechareal, plant, mammalian,
insect, viral, and amphibian antimicrobials (Harlcand Chapple, 1999; Shand
and Leyva, 2008). In contrast, many of the pepthibiotics known for
therapeutic uses, such as gramicidin and polymyxre non-ribosomally
synthesized. These antibiotics are produced byoatered multi-enzyme
complex, and are usually highly modified followiagnthesis (Kleinkauf and von
Doéhren, 1990; Hancock and Chapple, 1999). Anokagr difference between
bacteriocins and other antimicrobials is their mmam inhibitory concentration
(MIC). Bacteriocins have been shown to have Mli@a tre lower than that of
therapeutic antibiotics (Svetoch et al., 2008), ead be in the nanomolar range
(Wiedemann et al., 2001). Although both bactens@and therapeutic antibiotics
are antimicrobial in action, they differ in manyachcteristics, as shown in Table
1-1.



Table1-1 A comparison of bacteriocins and therapeuticigegntibiotic$

Characteristic Bacteriocin Therapeutic Peptide Antibiotic
Application Food Therapeutic
Synthesis Ribosomal Multi-enzyme complex
Activity Usually narrow, centred around Varying spectrum
producing strain
Host cell immunity Yes — dedicated immunity  No — independent expression of
protein associated with resistance
bacteriocin structural gene
Interaction with target ~ Docking molecules seemdo b Specific targets
required
Mode of action Usually pore formation in cell ~ Cell membrane, intracellular
membrane targets
Toxicity to humans One reported (cytolysin of Yes

Enterococcus faecalis)?

Production In growth phase In stationary phasegrsgeary
metabolites

T adapted from Cleveland et al. (2001); Holo e{2002),” Cox et al. (2005)
1.3.1 Classification of LAB bacteriocins

Classification of bacteriocins has evolved overltdst 18 years as further
characterization of the structures of bacteriogas conducted. Klaenhammer’s
four-class scheme (1993) based on structure amggttaell has been the most
widely-used. Classes |, Il, and Il are still rgotzed, while class IV, previously
thought to contain combine lipid or carbohydrateieties with a peptide
component, has been largely discredited, basedluridation of bacteriocin

structures (Nes et al., 1996).

Class | bacteriocins are the lantibiotics, which simall (< 5 kDa) peptides
distinguished by internal ring structures formedboyglging of the unusual amino
acids lanthionine anfl-methyllanthionine (Klaenhammer, 1993). These ualis
amino acid residues are formed upon dehydraticsenhe or threonine, forming
a,pf-unsaturated amino acids didehydroalanine or 2J8kdidrobutyrine (Twomey
et al., 2002). When intra-peptide free cysteiresime covalently linked to these
residues, either lanthionine @rmethyllanthionine is formed. The presence of
lanthionine or B-methyllanthionine has been confirmed in at leagihte
lantibiotics (Twomey et al., 2002). Lantibioticave been subgrouped into type
A, which are cell membrane-active, elongated catigeptides up to 34 amino

acids in length, while type B lantibiotics are gitdr and shorter in length (19
4



amino acids), uncharged, and disrupt enzyme fumctfdung, 1991; Twomey et
al., 2002; Willey and van der Donk, 2007). Nisintype A bacteriocin produced

by Lactococcus lactis, is the most well-characterized lantibiotic.

Class Il bacteriocins are small (<10 kDa) heatistalmon-modified
peptides, and are sub-categorized into four gro@ass lla bacteriocins are
cationic, pediocin-like bacteriocins, ranging izesifrom 37 to 58 amino acids,
and often with activity againdtisteria monocytogenes (Nes and Holo, 2000;
Drider et al., 2006). These bacteriocins also haveonserved N-terminus
sequence, consisting of YGNGV(X)CO(X)V(X)4A, whose disulfide bridge
confers structural integrity necessary for antiwical activity (Eijsink et al.,
1998; Fimland et al., 2000; Drider et al., 2006Representative class lla
bacteriocins include leucocin A (Hastings et aB91; van Belkum and Stiles,
1995), mundticin L (Feng et al., 2009), pediocin-PAalso known as AcH)
(Biswas et al., 1991; Lozano et al., 1992), pidoicd26 (Jack et al., 1996;
Gursky, 2004), and sakacin A (Holck et al., 1992).

The class llb bacteriocins are two-peptide bact@igy which have two
cationic complementary peptides required for opltiatdivity, are associated with
one immunity gene, and have two structural genes dhe in the same operon
(Eijsink et al., 2002). Although the individualgieles may have minimal activity
individually, a synergistic effect requiring a ditephysical interaction between
the two peptides is characteristic of this groupg€ard et al., 2007). Two-
component bacteriocins produced by LAB includedeict 705 (Cuozzo et al.,
2000; Castellano et al., 2003; Cuozzo et al., 20B®)ococcin G (Moll et al.,
1996; Moll et al., 1998), and thermophilin 13 (Masgt et al., 1997), while class
IIb bacteriocins produced by other bacteria inclimechocin-C, produced by
Brochothrix campestris (Siragusa and Cutter, 1993; McCormick et al., 19980
et al., 1999).

Class lic bacteriocins were originally defined bB®ltactivated peptides
with a double glycine leader sequence (Klaenhama#33), but several groups

have proposed different definitions of this clddsg et al., 1996; van Belkum and
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Stiles, 2000; Eijsink et al., 2002; Franz et a0p?). Class lll bacteriocins are
large, heat-labile proteins, and include the bamters helveticin J (Joerger and
Klaenhammer, 1986; Joerger and Klaenhammer, 1980gaterolysin A (Hickey
et al., 2003; Nilsen et al., 2003). Other workkave subdivided class Il into
bacteriolysins (llla) and non-lytic bacteriocingllf) (Heng et al., 2007). Cyclic
bacteriocins have also been proposed as a claggficdistinction by several

workers (Kemperman et al., 2003; Heng et al., 2007)

Classification schemes have proven to be fluid,nghy with the
discovery of more bacteriocins and characterizatibtheir structures. Although
many different classes of bacteriocins have beescodered, bacteriocins
belonging to classes | and Il have attracted thestmaerest for use in food

products, and will be the focus of this review.

1.4 Biosynthesis and M echanism of Bacteriocins
1.4.1 Genetic organization and regulation

The genes required for bacteriocin biosynthesisehbeen found on
plasmids (Ahn and Stiles, 1990; Ryan et al., 19@6et al., 2009), megaplasmids
(Claesson et al., 2006), transposable elements n(Hgir al.,, 1991), and
occasionally in the chromosome (Aymerich et al9&Quadri et al., 1997a). In
general, the biosynthetic blueprint for bacterigginducing bacteria includes
genes encoding proteins for at least four functiobacteriocin structure,
dedicated producer immunity, a dedicated ATP-bigdiassette (ABC) transport

system for export, and an accessory protein (Detlat., 2006).

Bacteriocins produced by LAB are expressed injtigds pre-peptides,
which are composed of an inactive form of the bémtéen attached to a leader
peptide or an N-terminal extension (Twomey et2002). For lantibiotics, there
are additional genes encoding proteins for posistedional amino acid
modifications and processing. For example, thénms gene cluster contains
genes encoding the pre-peptide, two enzymes foydilation and lanthionine

modification, a protease for cleavage of the leguptide, an ABC protein for



secretion, two proteins involved in regulation ofpeession, and four proteins

involved in self-immunity (McAuliffe et al., 2001).

Genes encoding non-lantibiotic bacteriocin struetand self-immunity are
usually located in close proximity, likely to ensuranslation and expression of
the immunity gene temporally close to the strudtgeme (Nes et al., 1996; Diep
and Nes, 2002; Mathiesen et al., 2005). The d¢ladsacteriocin carnobacteriocin
A is an exception to this, with “considerable sapian” between the structural
and immunity genes (Worobo et al., 1994). Thecstmal genes for two-peptide
bacteriocins are located adjacent to each otheghersame operon (Fremaux et
al., 1993; Anderssen et al., 1998; McCormick et B998; Franz et al., 2002),
with only one immunity gene required (Franz et 2002; Garneau et al., 2002;
Hu et al., 2010).

Regulation of many bacteriocins has been shown dmurovia a two-
component regulatory pathway, involving a pheromaeignaling molecule, a
histidine kinase signal receptor, and a respongelatr which modulates gene
expression (McAuliffe et al., 2001; Diep and Ne$02; Rohde and Quadri,
2006). Nisin takes the role of pheromone in thgulatory network of thenis
transcriptional unit (Kuipers et al., 1993; Engekeal., 1994; Kuipers et al.,
1995; Ra et al., 1996), while for most class IlItbaocins, signaling molecules
are small, unmodified cationic peptides which do Imave antimicrobial activity
(Saucier et al., 1995; Quadri et al., 1997b; Nilseal., 1998; Diep et al., 2000).
It was believed that these inducing molecules arestitutively expressed at low
levels; thus, when the cell density reaches acatitevel, induction of bacteriocin
expression occurs, as in a quorum sensing modee(bezem et al., 1997).
However, some workers have hypothesized that tineagy be other as-yet-
unidentified environmental factors affecting indant of bacteriocin production
(Kleerebezem and Quadri, 2001).

1.5 Biosynthesisand export

For many lantibiotics and class Il bacteriocingygasssing of the inactive

pre-peptide into a functional bacteriocin takesceladuring export via the
7



dedicated ABC translocation machinery (Havarsteiale 1995). For the ABC-
dependent transport, two membrane-bound protemseguired for translocation,
a dedicated ABC-transporter (Havarstein et al.5).98nd an accessory protein of
approximately 470 amino acids (Fremaux et al., 199&nke et al., 1996; van
Belkum and Stiles, 2000). ABC-transporters of baotins do not seem to
possess unique structures with related bacteripdios instead share features
common to all ABC-transporters; namely, a cytoplasmi200-amino acid
conserved ATP-binding C-terminus and a hydrophdiiterminus which is
integrated into the membrane and responsible foteplytic processing of the
leader sequence (Havarstein et al., 1995; Venena.,e1995; Ennahar et al.,
2000). In the bacteriocin-specific ABC-transpasterleavage into a biologically-
active bacteriocin takes place concomitantly witktemalization of the

bacteriocin (Havarstein et al., 1995).

Following translation, the pre-peptide, which hlas leader sequence fused
to the N-terminus, is inactive while in the cytogpia (Nes et al., 1996).
Lantibiotics (van der Meer et al., 1993), class, da&d class llb bacteriocins
possess a leader sequence, which is believedaw adicognition for export as
well as protecting the producing cell from the tityi of the active bacteriocin
(Nes et al., 1996). The leader sequences of desized bacteriocins are between
23 — 30 amino acids in length for lantibiotics (Md#¥e et al., 2001), 18 — 27 for
class lla bacteriocins (Ennahar et al.,, 2000), 48d— 30 for two-peptide
bacteriocins (Oppegard et al., 2007). In lantib&tthere are two types of leader
sequences recognized, differing in charge and osusesequences (McAuliffe et
al., 2001). The consensus sequence of one lamtilsiobgroup resembles that of
the class lla bacteriocins, which is highly consenand contains a double-
glycine sequence in the C-terminus (Havarsteinl.et1894; McAuliffe et al.,
2001), which is believed to be the sequence rezednby the dedicated ABC
transport system (Piard et al., 1993; Havarsteinl.et1995; van Belkum et al.,
1997).



However, some bacteriocins have been found to hisegéneral secretory
pathway ¢ec) for transport (Leer et al., 1995; Worobo et 84095; McCormick et
al., 1996; Tomita et al., 1996; Cintas et al., 139&rranz and Driessen, 2005). In
the case of divergicin A, the N-terminal extendi@ars no sequence similarity to
those of other class | and Il bacteriocins. Ittaors a unique sequence, which,
when cleaved by proteases, produces a hydrophapialsig molecule (Worobo
et al., 1995). This molecule allows for exportd¥ergicin A using thesec-
dependent pathway, and also means that less gemktimation is required for
divergicin A production, as the dedicated machinferyexport is not present as
for other bacteriocins. These factors suggest dhedrgicin A-like bacteriocins

may be classified in a unique bacteriocin cate@/grobo et al., 1995).

Finally, two bacteriocins produced hg .lactis BGMN1-5 were found to be
secreted via a multi-drug resistance protein, whidd not been observed
previously (Gajic et al., 2003).

1.6 Mode of action

Bacteriocins produced by LAB are bactericidal iun@, and have varying
spectra of activity, though most are membrane-acfreptides with activity
restricted to gram-positive bacteria (Ennahar ¢t26100). Receptors on the cell
membranes of sensitive targeted cells have beewrsitm be critical for target
recognition for most classes of bacteriocins. Tdribiotics nisin and lacticin
3147 have been shown to bind lipid Il (Breukinkakt 1999; Wiedemann et al.,
2001; Wiedemann et al., 2006), which has a two-&ffect: it renders lipid I
unavailable for peptidoglycan synthesis and submeguell wall formation
(Wiedemann et al., 2001), and forms pores in thleneembrane (Breukink et al.,
1999; Breukink et al., 2003). Such pores causedtfiapse of the proton motive
force (Mitchell, 1966); which disrupts the phospfation of ADP to ATP, ion
accumulation, protein phosphorylation, and transpbmolecules across the cell
membrane (Okereke and Montville, 1992; MontvilledaBruno, 1994; White,
2000); and causes efflux of ATP, amino acids, atiierosmall metabolites
(Héchard and Sahl, 2002).



A target for some class lla bacteriocins has alsenbidentified. Two
proteins involved in the mannose-phosphotransfeastem were found to
interact with lactococcin A (Diep et al., 2007), iath then permeabilized the cell
membrane, allowed efflux of solutes from the catigd caused cell death (Holo et
al., 1991). Other workers have found that sensitito mesentericin Y105
(Héchard et al., 2001), leucocin A (Ramnath et2000; Ramnath et al., 2004),
pediocin PA-1 (Ramnath et al., 2004), and enteréc{fRamnath et al., 2004) was
linked to the mannose-phosphotransferase systeamngth (2004) identified this
sensitivity as due to expression of one componefittlee mannose-
phosphotransferase  system. Recently, a glycerppbod diester
phosphodiesterase encoded ddpQ was identified as a target Enterococcus
faecalis andL. monocytogenes (Calvez et al., 2007; Calvez et al., 2008), altitou
in L. monocytogenes, a homologous open reading frame with 60.7 % aiityl to
olpQ was investigated. One class Il bacteriocin, taetQ, was found to affect
membrane permeability and subsequent protein leakggformation of a huge
toroidal pore, which did not require a docking noolle (Yoneyama et al., 2009).
With a size of 4.6 — 6.6 nm, this pore is much éartpan those formed by other
bacteriocins such as nisin, which forms pores ef 25 nm (Wiedemann et al.,
2004; Yoneyama et al.,, 2009). Regardless of thgetaclass Il bacteriocins
damage the cell membrane, and cause cell deathealage of intracellular
solutes (Cotter et al., 2005).

Some bacteriocins include bacterial endosporelsaim inhibitory spectrum.
Nisin has been found to inhibit outgrowth of spod#sClostridium botulinum
(Scott and Taylor, 1981Bacillus anthracis (Montville et al., 2006; Gut et al.,
2008),B. cereus and otheBacillus spp. (Montville et al., 2006). Brochocin-C, a
two-peptide bacteriocin, can also inhibit outgrovath spores ofBacillus spp.,
Clostridium spp., andCl. botulinum (McCormick et al., 1998). Co-inoculation of
a class Il bacteriocin-producing culture with sgood Cl. botulinum may inhibit
spore outgrowth, but this appears to be strongRuenced by incubation
temperature, producing cell concentration, @hdbotulinum strain (Okereke and

Montville, 1991; Rodgers et al., 2003; Rodgerslet2004). Outgrowth ofl.
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difficile spores was inhibited by lacticin 3147 (Rea et200Q7). Early research
suggested that the dehydroalanine residues of resict with sulfhydryl groups
on the surface of endosporesBfcereus, thereby arresting outgrowth at a low
(10 nM) concentration of nisin (Morris et al., 198Mowever, little else has been
reported about the mechanism of other bacterioaganst spores produced by

other organisms.
1.7 Detection and Quantitation
1.7.1 Bioassays

Bioassays using sensitive indicator bacterial s¢réiave been the method of
choice for bacteriocin detection and quantitationrhany years. Such methods
have included direct plating of bacteriocin-treasemlvivors (Hirsch, 1950), agar
diffusion assays (Tramer and Fowler, 1964; Tagg andGiven, 1971),
turbidometric methods (Berridge and Barrett, 1952yttd and Mattila-Sandholm,
1991; Flores et al., 2003; Turcotte et al.,, 2004y \Ahd Li, 2007) , and
bioluminescence (Waites and Ogden, 1987; WahlsatichSaris, 1999; Valat et
al., 2003a; Reunanen and Saris, 2004; Hakovirgh ,€2006; Immonen and Karp,
2007). In general, quantitative methods, whiclorethe actual concentration of
bacteriocin in g per mL, have focused on the laoti® nisin, because of the
commercial availability of semi-purified preparat# such as Nisaplftha 2.5 %
(w/w) nisin product manufactured by Danisco (Copgén, DK). Semi-
guantitative methods have also been reported fein rand other bacteriocins.
Such methods involve a critical dilution assay tetedmine the most dilute
concentration that effects a certain measure abitibn of a sensitive indicator
under defined conditions (Daeschel, 1992), and llysuaport the value as
arbitrary units (AU) m[*. However, absolute quantitative methods are presde
because of the continuous nature of their measurgeras well as their higher

precision (Nufiez et al., 1996; Delgado et al., 2005
1.7.1.1Agar diffusion quantitation

A nisin dose-bactericidal effect response curvehoetconstructed by

treating cultures ofSreptococcus spp. with dilutions of purified nisin, and
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determining the number of survivors was first répdrin 1950 (Hirsch, 1950).
Since then, variations on this assay have abounbatér bioassay methods using
solid medium involved boring holes into agar plasegded with an indicator
strain, adding dilutions of nisin to the holespaling for an optional pre-diffusion
step, and measuring the zones of inhibition follgyvincubation (Tramer and
Fowler, 1964; Fowler et al., 1975; Pongtharangkald aDemirci, 2004).
Quantitation using this agar diffusion assay wakiea®d by comparing the
diameter of the inhibition zone of unknown sampeshe linear portion of a

standard curve.

Limitations to these methods have been identifiéatiability is an issue,
with sources such as the age of the test organmirtree diluents used (Hirsch,
1950). In agar diffusion assays, consistency hasnbcompromised by
bacteriocin size, which may hinder diffusion thrbuagar and confound results
(Tramer and Fowler, 1964). The addition of thefatant Tween to the agar
reduced this problem somewhat (Mocquot and Lefebt@856; Tramer and
Fowler, 1964). Later workers improved the sensgytiaccuracy, and precision of
this nisin quantitation method by optimizing thetterganism, agar concentration
and depth, buffer used, and the concentration oéefw80 used (Wolf and
Gibbons, 1996). However, some issues still remauch as inability to
distinguish between different inhibitors or baabems, as products such as acids
can also produce inhibition zones. As well, easbag must be optimized for
each different bacteriocin because of differenaessize and hydrophobicity
among bacteriocins, which affects their abilitydiffuse through agar. As well,
the sensitive indicator organisms used for baatero must be determined
individually for each bacteriocin (Papagianni et 28D06). Inhibition zones may
not be uniformly round or may be hazy, leading tfialilties in accurately
measuring the zone diameter (Papagianni et al.6)20Media used may also
cause problems in interpretation of results. Ihsieht buffering capacity of one
medium caused a lowering of pH, leading to inhibitizones in all samples
(Lewus and Montville, 1991). Inhibitors present fimod samples can also

interfere with results (Tramer and Fowler, 1964pdtaanni et al., 2006), thereby
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making this assay unsuitable for quantitative agialin foods, though a modified
method for detection of bacteriocins in meat hasnbdescribed (Saucier and
Greer, 2001).

A related method based on the effect of bactergoim sensitive indicator
organisms involves separating the bacteriocins faghrer peptides by sodium
dodecyl sulphate-polyacrylamide gel electrophoresisl then overlayering the
gel with a culture of an indicator strain in serolid agar (Bhunia et al., 1987;
Bhunia and Johnson, 1992). Following incubati@ames of clearing indicate the
peptide with antimicrobial activity. In this walyacteriocins can be detected and
approximate sizes of bacteriocins can be dedudgdugh quantitation cannot be
done.

1.7.1.2Turbidometric quantitation

Turbidometric bioassays using growth inhibition lajuid cultures by
bacteriocins have also been used for quantitat@erridge and Barrett, 1952;
Skyttd and Mattila-Sandholm, 1991; Flores et @03, Turcotte et al., 2004; Wu
and Li, 2007). In these methods, sensitive cudtimethe same growth phase are
treated with dilutions of bacteriocin, and aftecubating for a defined length of
time and halting growth, the turbidity of the cu#u is determined
spectrophotometrically. A standard curve is camdéd from the growth
response to doses of purified standards, and tlantigy of bacteriocin in
unknown samples can be determined. Efficiency hasn improved by
automating the turbidometry readings (Skyttd andttiMaSandholm, 1991;
Turcotte et al.,, 2004), and by miniaturizing thetmoel in a microplate assay
(Parente et al., 1995; Turcotte et al., 2004). &lmv, these methods still suffer
from the limitations of all bioassays; namely, tdependence on a sensitive
indicator organism, and the length of time for tsswalthough the assay length is
much shorter for these assays than for solid-medissay. Agar-based methods
required 24 to 48 h for results, while turbidometriethods can be completed in 3
to 6 h (Flores et al., 2003; Turcotte et al., 200@Qne major concern for both

liquid- and solid-phase bioassays is the unavaitabof bacteriocins with the
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exception of nisin, as such purified or semi-pedfipreparations are required for
standard curves. Other issues with turbidometthods have been identified,
including variability at low bacteriocin doses, lidnce of lysed and partially-
lysed cellular debris on turbidity readings, andfluence of the initial
concentration of the indicator strain; however,agatocessing improvements
have minimized the effects of these and other fadiGabo et al., 1999; Wu and
Li, 2007).

When turbidometric and agar diffusion methods wdirectly compared,
turbidometric methods were found to be more semsdnd reproducible (Parente
et al., 1995; Papagianni et al., 2006), but thectiffe range of response was
narrower than that of solid medium (Parente et H995). The subjectivity
involved with determining the size of inhibition rems on solid agar can be
partially counteracted by using an automated inaaggysis system (Nuiiez et al.,
1996; Papagianni et al., 2006), but the precisioth® agar diffusion assay is still
quite low, with a reported coefficient of variati@xceeding 20 % in one study
(Parente et al., 1995). Turbidometric methods wagtermined to be more
suitable for food applications, because no interiees as seen in agar diffusion
assays were observed (Papagianni et al., 2006).

Both bioassay-based methods rely on identificatind use of a suitable
indicator organism for each bacteriocin to be tistehich was found to be
critical to accurate and reproducible quantitatigfapagianni et al., 2006).
However, even with the same bacteriocin, there carglicting reports on the
most suitable indicator, based on sensitivity. P@tance Micrococcus luteus,
first proposed as an appropriate nisin-sensitivicator by Hirsch (1950), was
confirmed as the most sensitive indicator in agffuslon assays by Wolf and
Gibbons (1996). However, other workers determionsdobacillus sakei (Rogers
and Montville, 1991; Pongtharangkul and Demirci,020 or Lb. curvatus
(Papagianni et al., 2006) to be more sensitiveisim nhanMicrococcus spp. Lb.
sakel was also found to be more sensitive, preciseremaducible thai. luteus
or Br. thermosphacta (Pongtharangkul and Demirci, 2004). Thus, stadidation
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of bioassays appears to be difficult for differbatteriocins, as well as the same
bacteriocin (nisin).

A related semi-quantitative growth-based bioassay been developed
based on the change in conductance of a cultuaesehsitive indicator organism
when treated with a bacteriocin-containing prepanafGiraffa et al., 1990). In
this method, the supernatant of a bacteriocin-primdustrain ofLb. delbreuckii
subsp.lactis was added to a defined number of cells afbadelbrueckii subsp.
bulgaricus indicator strain, and the change in conductancsexh by production
of low-molecular-weight charged metabolites was itooed using an automated
system. The results showed that there was a limektionship between
conductance-based parameters and bacteriocin doaem. Although the
authors suggested that this relationship could 48l uo determine the level of
bacteriocin, no verification of this suggestion waarformed (Giraffa et al.,
1990).

Another form of bioassay has been developed whidasures the
decrease in metabolic end products produced byitsengdicator organisms
treated with an antimicrobial. Specifically, theoguction of*“CO; is measured
in cultures provided with radiolabeled carbon sesrand treated with different
concentrations of antimicrobials (Cutler et al.89P These researchers observed
a reproducible dose-dependent relationship betvaetimicrobial concentration
and “CO, produced, although this relationship is not lineadowever, these
workers tested only two therapeutic antibioticsd @o these results may not be
applicable to bacteriocins. Also, specialized pment is required for this assay,
which may limit its widespread application.

1.7.1.3Luminescence bioassay quantitation

A more recent type of bioassay relies on biolunteese to detect and
guantify bacteriocins. One type of bioluminesamethod involves measuring the
level of intracellular, extracellular, or pooled RTin cultures of a sensitive
indicator strain treated with nisin (Waites and ©gd1987; Valat et al., 2003a;
Valat et al.,, 2003b). Methods measuring ATP lehalve reported linear

quantitation in the range of 0.4 — 4 pg Tior nisin in medium usindic. lactis
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subspcremoris as the indicator strain (Valat et al., 2003a), andg mL* in beer,
water, and wort usingib. brevis as a test organism (Waites and Ogden, 1987).
However, these methods require up to 24 h for t&sahd because all ATP is
measured by this method, it is not suitable for mseultures containing both
nisin-producing cells and a sensitive target siragcause the producing strain
may also contribute to the ATP pool (Valat et 2003a).

A second method using bioluminescence for bacteriodetection
involves using the NisRK/R-nisa Signal transduction pathway in a biosensor
system. This method uses the features of the Nemirolled gene Expression
(NICE) system, which was designed to use the audastion feature of the nisin
regulatory operon to express other genes (Kuipéral.e 1995; Mierau and
Kleerebezem, 2005). For nisin quantitation, theegeencoding a luminescent
reporter protein are cloned into a plasmid under ¢bntrol of either thaisA
(Reunanen and Saris, 2004; Hakovirta et al., 2006)onen and Karp, 2007) or
nisk (Wahlstrom and Saris, 1999; Reunanen and Sar33)2fromoter. In the
presence of extracellular nisin, the transmembaresor histidine kinase NiskK
becomes phosphorylated, which results in activatioNisR. NisR then binds to
nisA andnisF, causing transcription of the luminescent genasndtream of the
promoters. The level of luminescence producedahasear relationship with the
amount of nisin present, and so a standard curve bm constructed for
guantitation of nisin (Immonen and Karp, 2007). eGeature of the system is that
the genes for nisin production have been disrugedhat only extracellular nisin
is detected. Two different reporter proteins hbgen used in this type of assay:
green fluorescent protein (Reunanen and Saris,; 288nanen and Saris, 2004;
Hakovirta et al., 2006) or bacterial luciferase (Wg&a6m and Saris, 1999; Simon
et al., 2001; Immonen and Karp, 2007).

Sensitivities for these methods are among the lbreg®rted for any nisin
guantitation method, both in experimental mediund am foods. In broth,
detection limits have been reported to be 2.5 ng fiteunanen and Saris, 2003),
12.5 pg mL* (Wahlstrém and Saris, 1999), 10.5 pg ftiakovirta et al., 2006),
and 0.1-0.3 pg mit. (Immonen and Karp, 2007). In foods, the detediimits are
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slightly higher. The detection limits of liquidqatucts tested are: milk: 45 ng mL
! (Reunanen and Saris, 2003), 75 pg n{lWWahlstrém and Saris, 1999), 200 pg
mL* (Hakovirta et al., 2006), and 0.3 — 3 pg T{lmmonen and Karp, 2007);
processed cheese: 900 ng ¢Reunanen and Saris, 2003) and 3.6 g g
(Hakovirta et al., 2006); salad dressings: 1 ftdReunanen and Saris, 2003) and
1 ng g* (Hakovirta et al., 2006); and 9 ng gHakovirta et al., 2006) in liquid
egg. The only solid food product tested to dateaissage, with a detection limit
of 0.9 pg ¢ (Reunanen and Saris, 2004). This method hasibréztction time of

3 h (Wahlstrom and Saris, 1999), which is comparablturbidometric methods.
Such methods have also proven to be highly-spefofimisin and its variants,
with no cross-reaction reported to subtilin, camnpor sakacin A (Wahlstrém and
Saris, 1999). However, this specificity is alsdrawback, as it is not suitable for
bioassay of other bacteriocins.

1.7.2 Non-bioassay quantitation

Quantitation of nisin in milk using capillary zonelectrophoresis was
achieved, and a sensitivity of 10 pg thwas reported in an assay time of 45 min
(Rossano et al., 1998). This method separatea frisim other milk proteins
based on the difference in protein migration rateshe basis of charge when an
electrical field is applied (Skoog and Leary, 1992Quantitation is done by
comparison with a standard curve constructed ysimigied nisin. One drawback
to this method is that nisin must first be extrdcteom milk using acid and
organic solvent, which is time-consuming for mu#ipamples.

Recently, micellar electrokinetic chromatographyswased to quantify
nisin in a variety of foods (Stanley et al., 208®jiman and Donkor, 2010). This
method is similar to capillary zonal electrophosedbut is revised to allow
separation of uncharged molecules. In this metBadactants such as sodium
dodecyl sulphate are added to the solution at @esdration in excess of that
required for uncharged molecules to form micelléghe uncharged molecules
form the interior of the micelle, while sodium daeglksulphate interacts at the
interface of the micelle and the surrounding soluti The negative charge of the

sulphate allows for movement of micelles in an tleal field. Peptides are
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separated by differences in polarity, which cawufisrent partitioning behaviour
between the micelle interior and the polar solutikoog and Leary, 1992). For
nisin, detection limits were higher than those tdieo methods, with reported
limits stated as 0.4 — 0.8 pg mlin milk and yogurt products, 0.3 pg fLin
salad dressings, 0.3 pg fhiin beer and wine, 0.4 pg nilin canned tomatoes,
and 0.8 pg mt in processed cheese (Soliman and Donkor, 201@hoégh the
detection limits were higher, the assay time wdg 6mmin for all products, and a
small sample size of 300 pL is required, wheregsllasy zone electrophoresis
requires extraction of a much larger sample (Rassral., 1998; Soliman and
Donkor, 2010).

Traditional liquid chromatography/mass spectroméiag also been used
to separate and identify bacteriocins such asciacd81, mundticin KS, and
nisins A, Q, and Z in culture medium (Zendo et 2008), but this method was
not designed for quantitation, though quantitatinay be possible. Similarly,
matrix-assisted laser desorption ionization-time fbfht coupled to mass
spectrometry has also been used for only deteafobacteriocins in culture
supernatant (Rose et al., 1999) and bacteriocidymiag cells (Hindré et al.,
2003).

1.7.3 Immunochemical quantitation

Immunochemical techniques have been attempted telaje detection
methods with increased standardization, immediang,improved specificity and
sensitivity. Immunochemical methods use the higiggeific interaction between
an antibody, either polyclonal or monoclonal, atsdcorresponding antigen as the
basis for detection. Antigens can be classifie@idiger immunogens or haptens.
Immunogens are substances that are able to raissranone response, while
haptens are antigens that are unable to do so $eaafusmall size or close
relationship to self-antigens (Goldsby et al., 2a88nnigan et al., 2009).

Although proteins are strong immunogens (Lewis,120®acteriocins are
considered to be poor immunogens, likely due tar thmall size. Immunogens

usually have one epitope per 5 to 10 kDa of massvid, 2001), and as most
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bacteriocins are between 20 — 60 amino acids igthefDiep and Nes, 2002), it is
likely that their size is not sufficient to eli@n immune response. Neither mice
(Bhunia et al., 1990; Daoudi et al., 2001; Inghdarale 2003) nor rabbits (Bhunia
et al., 1990) produced antibodies to bacteriociosea Antibodies to haptens can
be raised by conjugating to a large carrier immemog protein such as bovine
serum albumin (BSA), cholera toxin (CT), or keyhdlmpet haemocyanin
(KLH). Antibodies can then be raised to epitop@stle carrier protein, the
hapten, and new epitopes formed by combinatiorheftivo. Using bacteriocin
antigens coupled to larger carrier proteins, amiig® to divercin V41; enterocins
A, B, and P; lacticin RM; nisins A and Z; pediociR&\-1/AcH and RS2; and
propionicin PLG-1 have been raised. The type dibady, sensitivity, and
significant cross reactions of various immunoassagdetailed in Table 1-2.

Most immunochemical quantitation methods incorporattibodies in the
form of enzyme-linked immunosorbent assays (ELISA)ost ELISAs reported
the use of polyclonal antibodies, with only threparts of monoclonal antibodies
produced against nisin A, nisin Z, and pediocin R®hunia, 1994; Suéarez et al.,
1996b; Daoudi et al., 2001). All monoclonal antles reported minimal cross-
reaction with related bacteriocins, whereas sevefahe polyclonal antibody-
based assays reported significant cross-reactiotih \wultiple bacteriocins
(Martinez et al., 2000; Leversee and Glatz, 200ich&d et al., 2004).
Sensitivity in aqueous diluents ranged from lesmthO ng ml* (Suéarez et al.,
1996a; Bouksaim et al., 1998; Bouksaim et al., 198910 pg mC* (Bhunia,
1994), but most methods detected between 500 eb@iA@mL* (Table 1-2).

Usin bacteriocin-specific antibodies, several mdthallowed successful
guantitation in food products, including processbdese (Suarez et al., 1996a),
milk, and whey (Bouksaim et al., 1999; Daoudi et @001). Suarez et al.
(1996a) used nisin-specific monoclonal antibodrean ELISA to quantify nisin
A in processed cheese spread spiked with known areaf purified nisin A.
However, samples required acid extraction priomgtmntitation, and although

recovery of added nisin was greater than 86 % lfaraanples in the range of 250
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to 5000 ng g, there was significant variation (up to 17 %) betw assays. Nisin
guantitation in spiked samples of milk and wheygsiisin-specific antibodies in
ELISA also required acid extraction to remove nifiom other constituents
before assay (Bouksaim et al., 1999; Daoudi et2@01). More than 90 % of
added nisin was recovered from milk and whey sasnppleone assay (Bouksaim
et al., 1999).

Instead of the traditional batch ELISA, a variatioging a flow-injection
system with immobilized monoclonal antibodies omochatographic beads in a
column has been developed for the quantitation isihn(Nandakumar et al.,

2000). In this procedure, there is a continuoow fbf reagents over the
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Table 1-2 Antibody-based methods for detection and/or qtatidn of bacteriocins

Bacteriocin

Carrier

Antibody (type)

Detection limit (ngmL ™) Significant crossreactivity Reference
+ -
Divercin V41 (synthetic KLH Polyclonal ns Piscicolin V1b, Bavaricin A, Richard et al,
C-terminus, residues18- (rabbit) enterocin P curvacin A, (2004)
43) enterocins A and B,
mesentericin Y105,
nisin Z, sakacin A
Enterocin A (synthetic N KLH Polyclonal PH4 and PH5: 90 Both: enterocins B Enterocins L50A, Martinez et al.
terminus PH4 (residues 1- (rabbit) and P L50B, AS-48; (2000)
14), synthetic C terminus PH4: sakacin A lactocin S, nisin A,
PH5 (residues 37-47) pediocin PA-1 ' pediocin A, sakacin
Enterocin B BSA Polyclonal 400-1600 (NCI-ELISA) nt Enterocin A Rose et al.
(rabbit) (2001)
Enterocin P (synthetic N-  KLH Polyclonal P1: unable to detect P2: sakacin A Enterocin A, Gutierrez et al.
terminal fragments P1 (rabbit) P2: 50 (buffer); 250 (MRS) pediocin PA-1, (2004)
(residues 1-7) and P2 P3: 10 (buffer); 100 (MRS) sakacins A and P
(residues 1-11), synthetic
C-terminus P3 (residues
34-42)
Lacticin RM (synthetic KLH Polyclonal 160 (immune-blot) None Nisin A, pediocin A Keren et al.
internal fragment, (rabbit) 180 (NCI-ELISA) (2004)
residues 75-92)
Nisin A Egg Polyclonal 1.9 x 10" iu mL™ (buffer) Subtilin Gallidermin, Falahee et al.
albumen (sheep) 231 (9250 iu mL*Y) lacticins B and F, (1990),
pediocin A, Pep5, Falahee and

sakacin A Adams (1992)

quantity calculated and reported in Bouksaim e{1898),? quantity converted using molecular weight repottgdAnonymous (2009). Abbreviations: AU-arbitrary
units; BSA-bovine serum albumin; CD-competitiveedt; Cl-competitive indirect; C-competitive; CT-dbi@a toxin; ELISA-enzyme linked immunosorbent assay
international units; KLH-keyhole limpet haemocyami{CIl-non-competitive indirect; ns-not stated; wit-tested; PBS-phosphate-buffered saline; PAG-pojyamide
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Table 1-2 —continued- Antibody-based methods for detectimaY@r quantitation of bacteriocins

Bacteriocin Carrier Antibody (type) Detection limit (ngmL™) Significant cross-reactivity Reference
+ -
Nisin A KLH Polyclonal 1000 (serum, CD-ELISA) Nisin Z Lactocin S, Suarez et al.
(mouse) 5-10 (MRS, CD-ELISA) pediocins L50 and (1996a)
PA-1
Nisin A CT Polyclonal 1000-5000 (serum, ClI- nt nt Suérez et al.
(mouse) ELISA) (1996a)
Nisin A KLH Monoclonal 10 (CD-ELISA) Nisin Z Lactocin S, Suérez et al.
(mouse) 250-5000 (per g in pediocins L50 and (1996b)
processed cheese) PA-1
Nisin A ns Polyclonal 65 (NCI-ELISA) nt nt Leung et al.
(rabbit) (2002)
Nisin A None Polyclonal Unable to detect nt nt Stringer et al,
(rabbit) (1995)
Nisin A ns Monoclonal 10 000-302 000 (flow nt nt Nandakumar
(ns) immunoassay) et al. (2000)
Nisin Z KLH Monoclonal 78 (PBS, C-ELISA) nt nt Daoudi et al.
BSA (mouse) 87+5.4 (supernatant, C- (2001)
ELISA)
106+8.5 (milk, D-ELISA)
90.5+3 (whey, C-ELISA)
Nisin Z KLH Polyclonal 3 (buffer) nt nt Bouksaim et
(rabbit) 155 (milk) (both al. (1998),
immunoblot) Bouksaim et
0.75 (buffer, ELISA) al. (1999)

1.7 (whey and milk, ELISA)
3.5 (MRS, ELISA)

quantity calculated and reported in Bouksaim e{1898),? quantity converted using molecular weight repottgdAnonymous (2009). Abbreviations: AU-arbitrary
units; BSA-bovine serum albumin; CD-competitiveedi; Cl-competitive indirect; C-competitive; CT-dbi@a toxin; ELISA-enzyme linked immunosorbent assay
international units; KLH-keyhole limpet haemocyariWCI-non-competitive indirect; ns-not stated; mt-tested; PBS- phosphate-buffered saline; PAGamojfamide
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Table 1-2 —continued- Antibody-based methods for detectimaY@r quantitation of bacteriocins

Bacteriocin Carrier Antibody (type) Detection limit (ngmL ™) Significant crossreactivity Reference
+ -
Pediocin AcH BSA Polyclonal Unable to detect nt nt Bhunia et al.
(mouse and rabbit) (1990)
Pediocin PA-1 (synthetic ~ KLH Polyclonal Unable to detect whole nt nt Martinez et al.
N-terminus PH1 (mouse) molecule (1997)
(residues 1-9)
Pediocin PA-1 (synthetic ~ KLH Polyclonal 50 (buffer) None Enterocins A, B, Martinez et al.
N-terminus PH1 (rabbit) 500 (MRS) AS-48, L50A, (1999)
(residues 1-9) 10-250 (PBS, CI-ELISA) L50B; lactocin S,
10 (MRS, CI-ELISA) nisin A, pediocin A,
sakacin A
Pediocin PA-1 (synthetic  KLH Polyclonal 2500 (immunoblot) None Enterocins A, B, Martinez et al.
C-terminus PH2 (residues (rabbit) 1000 (MRS), 25 (buffer) L50A, L50B, AS- (1998)
34-44) (NCI-ELISA) 48; lactocin S, nisin
25 (MRS, CD-ELISA) A; pediocin A
Pediocin RS2 PAG Monoclonal 10 004 (32 000 AU mLY) None Leuconocin LCM1, Bhunia (1994)
(mouse) nisin A, pediocin A,
sakacin A
Propionicin PLG-1 None Polyclonal ns 52 104 Leversee and
(rabbit) Propionibacterium  Propionibacterium Glatz (2001)
strain: strain:
Pediocin PA-1 (synthetic  KLH Polyclonal Unable to detect whole nt nt Martinez et al.
N-terminus PH1 (mouse) molecule (1997)
(residues 1-9)
Pediocin PA-1 (synthetic ~ KLH Polyclonal 50 (buffer) None Enterocins A, B, Martinez et al.
N-terminus PH1 (rabbit) 500 (MRS) AS-48, L50A, (1999)
(residues 1-9) 10-250 (PBS, CI-ELISA) L50B; lactocin S,
10 (MRS, CI-ELISA) nisin A, pediocin A,
sakacin A

quantity calculated and reported in Bouksaim et1898),2 quantity converted using molecular weight repottgdAnonymous (2009). Abbreviations: AU-arbitrary
units; BSA-bovine serum albumin; CD-competitiveedir; Cl-competitive indirect; C-competitive; CT-dbi@ toxin; ELISA-enzyme linked immunosorbent assay
international units; KLH-keyhole limpet haemocyariWCI-non-competitive indirect; ns-not stated; mt-tested; PBS- phosphate-buffered saline; PAGamoifamide
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antibodies, instead of a batch assay. This metlegbrited a much lower
sensitivity than conventional ELISAs, but had artgfroassay time, ranging from
15 — 22 min (Nandakumar et al., 2000). Commergciatbduced cheese samples
containing nisin were analyzed using this methdtiis method suffers from the
same restriction as conventional ELISAs, becausgcahextraction pre-treatment

is required.

Although the potential of bacteriocins in contnaffifoodborne spoilage and
pathogenic microorganisms has been recognized #iecmid-28' century, their
full power has not been harnessed. More prepaati@ve received regulatory
approval as food additives, and as this practiceodmes more commonplace,
methods of quantifying bacteriocins will become enamportant to substantiate
concentrations of semi-purified or purified prepmmas added. For example,
according to the FAO/WHO Food Additive Compendiumsjn preparations must
have a concentration of at least 900 units per mgreparation when assayed
using a validated method (Joint FAO/WHO Expert Cattea on Food Additives,
2007). Limitations of traditional bioassays haveeib identified, and many

researchers have addressed such limitations by aigrnative methods.
1.8 Bacteriocins as agents of food protection

Lactic acid bacteria are indigenous to food, aratipcts of their growth,
including bacteriocins, have long been recognizedeing important for food
preservation and protection. Although many typégoods inherently contain
LAB capable of bacteriocin production, other footsy require addition of
bacteriocins. Bacteriocins can be added to fodttiereindirectly, by adding a
food-grade bacteriocin-producing LAB strain, oredily, by adding a purified or
semi-purified bacteriocin preparation. There amelyoa few bacteriocin

preparations approved for use, the most well-knofathese is nisin.

Nisin preparations are approved for use in foodaane than 40 countries,
usually in products such as processed cheese,upaste spreads, pasteurized

milk, canned vegetables, and other dairy prodi¢gdenbergh, 1993; Twomey
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et al.,, 2002). In the United States, it is clasdifas GRAS, or Generally
Recognized as Safe, and is allowed at a concenrtrafi 250 parts per million in
pasteurized cheese spreads to inhibit the outgrofw@h. botulinum spores (FDA,
2006). Nisaplifi, a preparation of 2.5 % (w/w) nisin A in NaCl athded milk, is
the most well-known nisin product. It was firsbduced by Aplin & Barret in
1962, and is currently manufactured by Danisco @bpgen, DK). Nisin
preparations are also produced by other compani€hina, Ireland, India, and
the Netherlands (Jones et al., 2005). Other Hacterpreparations that have
received regulatory approval are ALTA2341 (Quest International, Sarasota, FL;
now Kerry Bio-Sciences, Kerry, IL), which containsediocin PA-1, and
Micocin®  (Griffith  Laboratories, Mississauga, ON), which neains

carnobacteriocins (Health Canada, 2010).

The deliberate application of bacteriocins for bition of spoilage and
pathogenic bacteria in food began as early as M the use of nisin to control
gas production b¥l. tyrobutyricum in cheese (Hirsch et al., 1951). Since then,
bacteriocins have shown effectiveness in many f@gdsnst a variety of bacteria.
Bacteriocins have showed promise when applied iry ggoducts (Galvez et al.,
2008; Sobrino-Lopez and Martin-Belloso, 2008), &edh meats (Castellano et
al., 2008; Zhang et al., 2010).

Emphasis in the use of bacteriocins to control bmwde pathogens in
ready-to-eat and minimally-processed foods is etidie@m the literature. Nisin
and class lla bacteriocins have been tested inetb@nd ready-to-eat meat
products, and have shown potent activity agdinstonocytogenes (Budde et al.,
2003; Azuma et al., 2007; Jofré et al., 200&)h. sakei 706, which produces
sakacin A, was shown to inhibit monocytogenes in a vacuum-packaged beef
bologna product (Kaban et al., 2010B. cereus was inhibited by the cyclic
bacteriocin enterocin AS-48 in ready-to-eat vedetalbups and purees (Grande
et al., 2007) and on fresh produce (Cobo Molinosakt 2008), whileL.
monocytogenes was also controlled on fresh produce (Cobo Molieoal., 2005).

Partially-purified bacteriocins produced Ihp. casei and Lb. acidophilus were
25



shown to inhibit both.. monocytogenes andStaphylococcus aureus in a vegetable
dish (pulav) (Jamuna et al., 2005).

The spectrum of activity of bacteriocins, combineih the variety of
foods in which they retain activity, makes emplayimacteriocins in minimally-
processed foods an attractive option for food msoes. Consumers’ increasing
awareness of food safety, as well as concern owed fadditives, provide
opportunities for naturally-produced biopreservasivsuch as bacteriocins. To
date, only nisin has been extensively used in fo@dlucts; thus, there is ample

room for new bacteriocins to be used for maximabfprotection.

1.9 Resear ch objectives

Bacteriocins have the potential to be attractiterahtives to “chemical”
food additives, which are perceived to be lessmhtand therefore undesirable to
many consumers. The rise in popularity of minipglilocessed and organic
foods, which minimize or prohibit using additivasch as sodium nitrite, has led
to interest in bacteriocins to replace these adsliti

However, there are several obstacles that musttdessed prior to their
widespread use. First, in order for widespreadepiamce of bacteriocins in
foods, methods of detection and quantitation welifaportant. If bacteriocins are
to be treated as food additives, regulatory agenci@y require validated
guantitation methods for future food additive petis, while the food industry
requires quantitation methods for economic reasaoranely, by avoiding
excessive application of expensive purified or spurified bacteriocins to food
products. Methods currently being used have maawlhacks, and so specific,
rapid methods of quantitation are required.

Second, bacteriocins must be proven to be effeateacements for
currently used food additives. One such additsveadium nitrite, which is used
to prevent spore outgrowth and subsequent toxidymtoon byCl. botulinum in

products such as vacuum-packaged meat productsnoré of sodium nitrite
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leaves such products vulnerable, and so bactesiguimst be able to effectively
prevent spore outgrowth of organisms sucRlasotulinum.
The objectives of this study are as follows:
1. Develop a novel method to detect and quantify baxes using
antibodies produced by phage display.
2. Determine the efficacy of a class llb bacteriodimpchocin-C, to
inhibit Cl. botulinum spore germination in a model meat system and in
a meat system.
3. Determine if brochocin-C is as effective as sodmitrite or a natural

cure at inhibition ofCl. botulinum in a meat product.
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Chapter TwoPhage display for production of bacteriocin-specific antibody
fragments

2.1 Introduction

Although many methods of bacteriocin detection haeen described,
antibody-based methods are specific and sensitee {Table 1-2). Although
there are five different mammalian antibody class&sst antibodies have similar
Y-shaped general structures, consisting of twat l{ghchains weighing ~ 25 kDa
each and two heavy (H) chains of 50 kDa each, asvshin shown in Figure
2-1A. Heavy chains are composed of three or foustant (C) domains linked to
a variable (V) domain, while light chains containeoC domain linked to a V
domain (Hannigan et al., 2009). Antigen bindingeta place in the upper arm
region of the antibody, and antigen specificitydetermined by the ¥ and \{
domains of the antibody. The five classes of aliés are grouped into five
immunoglobulin (Ig) classes based on the heavyncidentity: IgA, IgD, IgE,
IgG, or IgM, with IgG being the major circulatingntdbody class, at a
concentration of 13.;g uL™ serum, which is approximately 75 % of the total
serum immunoglobulin (Madigan et al., 2003; Hannigéaal., 2009). Traditional
antibody-based techniques have employed two typeslg®& antibodies:
polyclonal or monoclonal.

Polyclonal antibodies are produced as a heterogsnenixture by
different B-lymphocyte cells, each specific for #fetent epitope, whereas
monoclonal antibodies are produced by one B-lympteocell clone grown in
cell culture, and therefore are specific for ongoge (Harlow and Lane, 1988).
Production of both types of antibodies involves tmenunization of laboratory
animals with the antigen of interest, periodic nborng of serum antibody titre

via ELISA, and booster immunizations over a penbdeveral months.
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antigen

antigen

Figure 2-1 Structure of an antibody (A) and single-chain Jaleafragment
antibody (scFv; B). Constant and variable regiares abbreviated as C and V,
respectively, while light and heavy chains are sh@ag L and H. In B, the
glycine-rich flexible linking chain is shown by attied line.

However, once the antibody titre reaches an acbkpkavel, methodology
of polyclonal and monoclonal production differs. oly€lonal antibodies are
purified from blood by methods commonly used forotpm purification,
including ammonium sulphate precipitation followddy chromatographic
methods such as ion-exchange or gel filtrationamplication to hydroxyapatite
resin to separate antibodies from other serum imo{glarlow and Lane, 1988).
For purification of antigen-specific antibodies rfrothe pool of polyclonal
antibodies, antigen affinity column purification subsequently performed.
Rabbits are commonly used for polyclonal antibodydpction, with an average
yield of 10 ug total antibodyuL™ serum, of which only 10 % is specific for a
given antigen (Harlow and Lane, 1988). Thus, aitho the purification

methodology is well-established, the yield of spea@ntibodies is low. As well,
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polyclonal antibody production relies on a consisteongoing supply of
immunized animals, which has become an animal welfsue in recent years.

Monoclonal antibody production is more technicatligallenging than
polyclonal methods. Once an immune response $edain an animal (usually
mice), single antibody-producing cells are fusedntgeloma cells, creating
hybridoma cells which secrete antibodies with ahhgpecificity (Koéhler and
Milstein, 1976). If the hybridoma cells are maint&d under suitable
environmental and nutritional conditions, they widontinue to produce
monoclonal antibodies indefinitely. However, désphe advantage of producing
highly-specific antibodies, a high degree of techhiexpertise is required for
myeloma fusion and hybridoma maintenance.

An alternative method of antibody production is gdalisplay (Smith,
1985). Because of its’ ability to readily incorpte foreign DNA, bacteriophage
(phage) has been used as a cloning vector in renamttbiology, though its use
is restricted to fragments of less than 6 kbp (Moded Russel, 1988).
Specifically, filamentous phage or modified fornfpbage known as phagemids
have been used for phage display. Filamentousgshag composed of a circular
single-stranded genome of approximately 6400 ntidle® contained within an
elongated protein cylindrical coat, or capsid (Moded Russel, 1988). Eleven
proteins are encoded by the genome, five of whiehcapsid proteins; of these,
gene VIII protein (pVIIl) is a major capsid protewith 2700 copies, and the
remaining four gene product proteins (plll, pVI, IbVpIX) are minor coat
proteins, with five copies each (Webster, 2001jotétns VII and IX are located
at one end of the capsid, while plll and pVI areaked at the opposite end
(Webster, 2001).

Phagemids are smaller, modified phages whose gemeterial contains a
plasmid origin of replication and an antibioticistance marker gene, to simplify
selection, in addition to all capsid protein gefM&bster, 2001). These factors,
combined with their ease of transformation, makagamids the preferred choice

for phage display.
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Phage display involves cloning genes encoding pretato the phage
genome, at the amino terminus of host coat progeines. When the phage
replicates, the fusion protein is expressed onsilm¢ace of the phage virion,
resulting in a coat protein-foreign protein fusmmthe surface of the phage virion
(Smith, 1985). Fusions to plll or pVIII are moginemon, though fusions to the
other minor coat proteins have been constructedbéiée, 2001). Once the
foreign protein is displayed, phages containingdesired protein can be selected
by an affinity-capture system, in which an antibadythe foreign protein is used
to coat a surface, a mixture of phage particlesaflmaved to bind, and phages
lacking the protein are removed through subseqweshing. Phages expressing
the desired protein can then be released usingidic duffer (Smith, 1985). If
multiple rounds of this assay are performed (kn@srpanning), purified phages
can be harvested, transformed into a suitable balcexpression host, and used
to produce soluble protein. Often, many differgahes have been cloned into
phages concurrently, creating a library of phageis tlie ability to express a wide
diversity of proteins. In this way, many typesprbteins have been produced,
including antibodies (McCafferty et al., 1990).

When antibodies are produced via phage display, thel fragments of the
antibodies that bind antigen are required; nantély,\i. and \{; domains. Two
forms of antibody fragments have been producedfitsiebeing the single-chain
variable fragment (scFv), consisting of the twoiafale domains connected by a
flexible glycine-rich linking sequence, as showrFigure 2-1B (Bird et al., 1988;
Huston et al., 1988; McCafferty et al., 1990). Témcond form is the Fab
fragment, consisting of two chains connected bycthreserved cysteine residues:
the first Gy connected to V, and the € connected to V. Although Fab
fragments are more stable than scFv because obtdi®lity conferred by a
disulfide bond (Kabat and Wu, 1991), their assennblynore complex, requiring
the assembly of two chains, as opposed to theesicighin of scFV. In addition,
scFv is better-tolerated by bacteria, has a higlffarity for antigens, and is less
likely to be degraded, making it a more attractth®ice for many applications
(Bradbury and Marks, 2004).
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To construct a phage display library, antibody gefigpically 1gG) are
amplified by PCR from RNA extracted from B cells mdive (unimmunized) or
immune (immunized) animals (Jrum et al., 1993; Amésl., 1995), and are
cloned into an appropriate phage or phagemid vectdntibodies originating
from immune libraries are important because theyeh&doth an increased
specificity to and affinity for the antigen usedtire immunization (Williamson et
al., 1993), but naive libraries can be useful waerrantigen is toxic to the animal.
Different oligonucleotide primer sets have beenettgyed for amplification of
antibody genes, with the sequences optimized fergbecies of animal from
which the library is derived. To preserve the ggsaamount of diversity in the
library, and thereby increase the chance of selgdine antibody fragment of
interest, degenerate primer mixes are often usedbfger et al., 1997), with
primer sequences based on known antibody sequenwssas those found in the
Kabat database (Johnson and Wu, 2000; Johnson).2008

Antibody fragments to various haptens have beemymed, including
pesticides and herbicides (Yau et al., 1998; Tduale 2001; Kramer, 2002a;
Brichta et al., 2003; Olea-Popelka et al., 2005;etial., 2006; Sheedy et al.,
2006), antibiotics (Burmester et al., 2001; Korpkmét al., 2002; Yang et al.,
2007; Makvandi-Nejad et al., 2010; Zhang et al1®0 antiparasitics (Zhang et
al., 2010), other drugs (Moghaddam et al., 2008; &aal., 2006; Alvarez-Rueda
et al., 2007; Kobayashi et al., 2008), phytoplanitdoxins (Nagumo et al., 2004;
Finlay et al., 2006; Shaw et al., 2008; Garet et 2010), and mycotoxins
(Moghaddam et al., 2001; Doyle et al., 2008). Menedess, there have been no
reports of phage display being used to producebadyi fragments to haptenic
bacterial metabolites. Although traditional pobal or monoclonal antibodies
have been produced to bacteriocins (see Table krithune response can be
variable, and so a consistent source of solubldauhy fragments, such as those
produced by phage display, is preferred. In thislyy attempts were made to
produce an immune phage display library to threetdsencins, including two
class lla bacteriocins, leucocin A and piscicol#6,land a class llb bacteriocin,
brochocin-C.
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2.2 Materials and methods

2.2.1 Culture maintenance

The strains and vectors, as well as their relechatacteristics, are given

in Table 2-1. All bacterial strains were stored&Q1°C in 20 % (v/v) glycerol in

appropriate medium Escherichia coli strains were stored in Luria-Burtani (LB)

broth containing appropriate antibiotics (Difco,dB@n Dickinson; Sparks, MD),

while Leuconostoc gelidum and both carnobacteria were stored in All-Purpose
Tween broth (APT, Difco).

Table2-1 Organisms, vectors, and their relevant characiesist

Bacteria, phage, or
phagemid

Characteristics

Source or reference

Carnobacterium
divergens NCIMB
702855
Carnobacterium
mal tar omaticum
NCIMB 702852

E. coli IM83

E. coli TG1

E. coli XL1-Blue

Leuconostoc gelidum
UAL187

Leucocin A-sensitive indicator strain

Leucocin A-sensitive indicator strain

F ara A(lac-proAB) rpsL (Str) thi
[©80dA(lacZ)M15]; Amber codon non-
suppressor strain

A(lac-proAB) A(mcrB-hsdSM)5 (rK- mK-)
thi-1 supE [F” traD36 proAB laclZAM15;
Amber codon suppressor strain
recAl endAl gyrA96 thi-1 hsdR17 supE44
relAllac (F’ proAB lacl? ZDM15 Tnl0
[Tet]); amber codon suppressor strain
Leucocin A producer

Worobo et(4P95), National
Collection of Industrial and
Marine Bacteria; Aberdeen,

SF
Ahn and $ti(@990)
National Collection of
Industrial and Marine
Bacteria; Aberdeen, SF
ATCC 53607

Stratagene/Agilent
Technologies Canada,;
Mississauga, ON
Stratagene

Hastings et al. (1991)

pAK100 6.4 kbp, cam tet Krebber et al. (1997)
pJB12 7.4 kbp, caim tef Krebber et al. (1997)
Burmester and Plickthun
(2001)
puC18 2.7 kbp, Ap Stratagene
VCSM13 helper phage Interference-resistant Stramge

*ag, ampicillin-resistant; camchloramphenicol-resistant, Sttreptomycin-resistant; tet

tetracycline-resistant

2.2.2 Leucocin-A purification

A modified method of Hastings et al. (1991) wasdufe production and

purification of leucocin A. Briefly, 3.2 L of Casano Acids Medium (Hastings
et al., 1991) supplemented with 2 % (w/v) filteerdtzed glucose (Fisher
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Scientific Canada; Ottawa, ON) was inoculated viitBo (v/v) of an overnight
culture ofLeuconostoc gelidum UAL187. Cultures were incubated at 26°C with
stirring at 100 rev min, with a constant pH of 6.0 under a sterileH¢adspace in
a Minifors 5 L fermentor (Infors HT; Bottmingen, GHAfter 24 h fermentation,
the bacteriocin-containing supernatant was recavbyecentrifugation at 6000 x
g for 15 min. The supernatant was transferredenlstflasks, heated at 60°C for
30 min, and the bacteriocin was precipitated usimgnonium sulphate [Fisher;
70 % (w/v) saturation, calculated at 4°C] for 1@ith gentle stirring at 4°C. The
precipitates were recovered by centrifugation a@06@ g for 15 min at 4°C,
followed by resuspension in 100 mL of a solutiomtaming 6 M urea (Fisher)
and 10 mM glycine-HCI (final pH 2.5) per L cultuseipernatant. The fractions
were applied (8 mL mif) to Amberlite XAD-2 (Sigma-Aldrich Canada Ltd;
Oakville, ON) columns (6 x 25 cm column) equilitrdt with 0.1 % (v/v)
trifluoroactetic acid in Milli® water (Millipore; Billerica, MA). The columns
were washed with 1.5 L of 0.1 % TFA, followed by ¥ach of 25 % and 45 %
(viv) ethanol, and finally 75 % (v/v) ethanol, atla flow rate of 12 mL mih All
fractions were tested for antimicrobial activitynda active fractions were
concentrated by rotary evaporation (Buchi; Fla@i{) at 35°C to a final volume
of 80 mL L* culture supernatant, lyophilized to dryness, aslspended in 1.5
mL MilliQ water per L culture supernatant. Volumes0.5 mL were applied
onto a Superdex Peptide 10/300 GL column (GE Heatt) Uppsala, SE)
connected to an HPLC system (Varian Prostar, Agileechnologies Canada;
Missisauga, ON), with 50 mM sodium phosphate bufief9 g NaHPO, and
6.90 g NaHPQO, L™), 0.15 M NaCl (pH 7) at a flow rate of 1 mL rifiras a
mobile phase. Purification was monitored using\adétector set to 220 nm, and
1-mL fractions were collected from 12 to 45 minradtions with antimicrobial
activity were pooled, re-purified by gel filtratipand stored at 4°C until use.

2.2.3 Antigen preparation

For immunization, bacteriocins were conjugated teyHole limpet
haemocyanin (KLH) to increase immunogenicity, wiide antibody titre ELISA,

bovine serum albumin (BSA)-conjugated bacteriocaswsed. For leucocin A, a
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sulfhydryl group was required on the N-terminusiow conjugation. This was
created by incubating 4.48 pmoles leucocin A (diesb in 50 mM sodium
phosphate buffer, 0.15 M NaCl, 3 mM EDTA) with 44u80les 2-iminothiolane-
HCI (Traut’'s reagent, Pierce/Thermo Fisher; Rodkfoll) at 23°C for 1 h.
Excess Traut's reagent was removed by passing dlsio through a D-salt
polyacrylamide desalting column (Pierce) equilibchtwith phosphate-buffered
saline (PBS), pH 7.2, containing 10 mMN&Q,, 2 mM KH,PQy, 2.7 mM KCI,
137 mM NaCl, and 3mM EDTA (Harlow and Lane, 1988he thiolated peptide
was eluted with 500-puL volumes of PBS containing BL EDTA (pH 7.4) and
peptide-containing fractions were identified by tpio quantitation and
lyophilized to dryness. BSA or KLH were conjugatidleucocin A using the
Imject Maleimide Activated Immunogen kit (Piercayd unconjugated KLH or
BSA were removed by passing the solution througb-salt dextrose column
(Pierce). The conjugated peptide was eluted utiegsupplied buffer, protein-
containing fractions were identified using proteumantitation, and stored at 4°C
until use.

Piscicolin 126 and brochocin-A antigens were chaihicsynthesized by
Alberta Peptide Institute (Edmonton, AB) and SigAldrich Canada (Oakuville,
ON), respectively. KLH conjugates were prepareadrfomunization, while BSA-
conjugated peptides were prepared for use in atyilitre assays. Conjugation
was done at the N-terminus for both carrier praeifor piscicolin 126, the first
15 amino acids of the C-terminus of piscicolin 12@&s synthesized @N-
AANLTTGGAAGWNKG-COOH). Both component peptides bfochocin-C
were analyzed for antigenic potential and hydrop#th using an antigen
prediction tool (Reche, 2007) using a method baselolaskar and Tongaonkar,
(1990), and a hydropathicity tool (Bowen, 1998)ngsthe method of Kyte and
Doolittle (1982). Based on the results, a 21-amawad fragment at the N-
terminus of brochocin-A was chosen 20H
LAAGLGAIPGAFVGAHFGVIGGSAA-COOH) as an antigen.
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2.2.4 lmmunization of mice

For unconjugated leucocin A, a concentration 0685y mL™* was used,
while all peptides conjugated to KLH were used@ fuig mL* in sterile PBS, pH
7.4. Initial injection antigens were prepared id:4 ratio of peptide conjugate:
Freund’s Complete Adjuvant (Pierce), while lateroster injections used
Freund’s Incomplete Adjuvant (Pierce) in place ainfplete Adjuvant. For
unconjugated leucocin and KLH-leucocin A, five fden8ALB/c mice (Charles
River Laboratories; Wilmington, MA) at five weekd age were used per
immunogen, while for KLH-piscicolin 126(30-44) aKd H-brochocin-A(25-71),
six mice each were used. On days 0 and 14, mice gieen 2-100 pL injections,
one subcutaneous and one intraperitoneal, and pr2Haa 0.1 mL volume of
blood was tested for antibody titre. If the timas not sufficiently high, booster
injections were administered two weeks later, vatibsequent blood samples
taken two weeks later, to a maximum of five boostgections. Once an
adequate antibody titre of 1:500 had been reachedipnal intravenous tail
injection was given using no adjuvant, and thregsdkter, the mice were
euthanized, and spleens and blood were collecadeens were placed in 5 mL
RNAlater solution (Ambion/Applied Biosystems; St®elle, ON), and were
stored at 4°C overnight, then at -20°C until us@ll animal studies were
conducted in accordance with the Canadian Coumcihimimal Care Guidelines
and Policies (Canada Council on Animal Care, 200Rh approval from the
Biosciences Animal Policy and Welfare CommitteéhatUniversity of Alberta.

2.2.5 Antibody titre quantitation

An ELISA method was used to determine antibody tittUpon receipt,
blood samples were prepared according to Harlow bade (1988), with
exclusion of sodium azide addition. Samples wecebated at 37°C for 1 h, then
at 4°C overnight. Red blood cells were removeddnytrifugation at 10 600 g
for 10 min at 4°C, removal of the serum supernatand another round of
centrifugation to remove any remaining cells. &emvas stored at -20°C until
use. For ELISA, 96 — well flat-bottom Maxisorp Immaplates (Nalge Nunc
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International; Rochester, NY) were coated with 50 ¢f a 5 ug mL* BSA-
peptide conjugate solution, plates were sealed,iacwbated overnight at 4°C.
Wells were washed twice with sterile PBS, and 1@0qgi 1 % (w/v) BSA
(Fraction V, Sigma) in PBS were added per welléduce unspecific binding.
Plates were sealed and incubated with gentle rafaaking at room temperature
for 1 h. Blocking solution was removed by washeagh well three times with
PBS containing 0.05 % (v/v) Tween 20 (PBST) (Baeeiet al., 1982), 200 pL of
serially-diluted serum (19— 10° was added, and plates were incubated at room
temperature for 4 h with gentle rotary shaking. ll8Vevere washed twice with
PBST, and then 200 pL of goat anti-mouse IgG-pease conjugate (Sigma)
diluted 1:10000 in PBS was added. Plates wereitierbated with gentle rotary
shaking for 2 h at room temperature. After incidrgtwells were washed three
times with PBST, and then 100 pL of 2,2’-azino-8sethylbenzythiazoline-6-
sulfonic acid) treated with enhancer solution (S\ynvas added. Plates were then
incubated with gentle shaking until colour develgmmat 15 min. Absorbance
was read on a microtitre plate reader (Varioskaslhsl Thermo Electron Corp;
Gormley, ON) at 405 nm. Antibody titre was cal¢athby plotting the reciprocal
of the serum dilution against the,8 and, using the method of Martinez et al.
(1998), determining the maximum dilution that proeld an absorbance at least
twice that of pre-immune control serum.

2.2.6 Protein quantitation

Protein concentration was determined by the bi@natic acid microtitre
plate method in the BCA protein assay kit (Pieraging a standard curve
prepared with BSA from 25 — 2000 pg thand analyzed using a microtitre plate
reader (Varioskan Flash, Thermo Electron Corp.ps862 nm.

2.2.7 Antibacterial activity of bacteriocins

A spot-on-lawn bioassay was used to determine actiial activity of
leucocin-A. Leucocin-A was diluted in a two-foleerees with 0.1 % (v/v)
trifluoroacetic acid (Sigma), and 10 pL of eachutidn was spotted onto APT

agar containing 1.5 % (w/v) agar. Plates wereembatith a semi-solid APT agar
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[0.75 % (w/v) agar] overlay seeded with 1 % (v/¥)ao overnight culture of the
sensitive indicator organisnC. maltaromaticum NCIMB 702852 andC.
divergens NCIMB702855. Plates were incubated anaerobiel30°C, and were
examined at 24 h for zones of clearing. Arbitracyivity units per mL (AU mL)
were calculated from the reciprocal of the lastutibn showing inhibition
(McCormick et al., 1998).

2.2.8 Total RNA and mRNA isolation

Approximately 1/3 of each spleen was disrupted gisin rotor-stator
homogenizer for three pulses of 20 s each. RNA igakted from mouse
splenocytes with the RNEasy mini kit (Qiagen; Missiuga, ON), and was
guantified using a Nanodrop 2000c (Thermo SciamtifiPurification of mMRNA
was done using the illustra kit (GE Healthcare; §dp, SE), and the resulting
MRNA was concentrated by adding 100 pL of a satutiontaining 10 mM tris-
HCI, 1 mM EDTA, and 3 M NaCl, at pH 7.4, to whichbsequently 10 mg
glycogen mr* and 2.5 mL ice-cold 98 % ethanol was added. Tihatisn was
gently mixed, incubated at -20°C overnight, andticieiged at 11 950 x for 10
min at 4°C to pellet the mRNA. Following precipitan, mMRNA was resuspended
in nuclease-free water [diethylpyrocarbonate (DERE€3ted, Fisher], and
immediately used for cDNA synthesis using the fatsand cDNA Synthesis kit
(GE Healthcare) and the random primer mix. Sampie®NA were stored at
-20°C until PCR amplification.

2.2.9 PCR amplification of heavy- and light-chain fragment DNA

Antibody fragment DNA (scFv) was amplified usingethmethod of
Krebber et al. (1997), as modified by Burmester Biictkthun (2001). Primers
were obtained from Integrated DNA Technologies @Balie, IA), and primer
mixes for amplification of light- and heavy-chaioFs were prepared with the
same degree of degeneracy and added in the sammaeslas in Burmester and
Pluckthun (2001). For amplification of scFv, 2 pDNA template was added to
a reaction mixture containing 5 pL 10X buffer, r1 MgCl,, 2 uM each of
primer mixes LB and LF (light-chain) or HB and HRe@vy-chain), 200 pM
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dNTP mix, and 2 U Platinum Taqg polymerase (InvisongCanada, Burlington,
ON) in a final reaction volume of 50 uL. Both tiiel and VL primers contained
sequence encoding the flexible polypeptide linkiagion (GS). Products were
amplified using the following program: 94°C for Srmb5 cycles of 92°C, 55°C,
and 72°C for 1 min each; 20 cycles of 92°C, 63 @2°C for 1 min each; with
a final extension step of 7 min at 72°C. Annealiamperature was optimized
prior to experimentation. PCR products were vigedl on a 1.5 % (w/v) agarose
gel in 1X Tris-acetate-EDTA buffer, bands corregfing to the expected size
were excised, and the DNA extracted using the QiaQugel extraction kit
(Qiagen). DNA was eluted in 50 pL tris-HCI buffeH 8, and subsequently used
in single-overlap extension PCR for assembly ofabmplete scFv gene. When
necessary, PCR products were concentrated by étipaecipitation at -20°C
overnight (Sambrook and Russell, 2001).

To assemble the complete scFv gene, 10 ng eadte ofariable-light and
variable-heavy antibody genes was used in a 50egttion mixture containing 5
pL 10X buffer, 1.5 mM MgGl, 2 uM each of primers scfor and scback, 200 uM
dNTP mix, and 2 U Platinum Tag polymerase (Invisoganada). Primers scfor
and schack encoded tig8il restriction site; while cback encodes the FLAG
sequence which allowed for detection of recombirettbodies (Knappik and
Pluckthun, 1994). The product was amplified ugimg following program: 94°C
for 5 min; 7 cycles of 92°C for 1 min, 63°C for 8058°C for 50 s, and 72°C for 1
min; 23 cycles of 92°C for 1 min, 63°C for 30 sdaf2°C for 1 min; with a final
extension step of 7 min at 72°C. The product wasalized on a 1 % (w/v)
agarose gel in 1X tris-acetate-EDTA buffer, and DhfAthe expected size was
extracted as described previously.

2.2.10 Cloning and transformation

The phagemid vectors used for display were pAK100 pJB12, both
obtained from Andreas Pluckthun (Krebber et al97tBurmester and Plickthun,
2001). Both the vector and extracted scFv fragméntl ng each) were digested
with 10 U il (New England Biolabs; Pickering, ON) for 4 h &°€, analyzed

on a 1 % (w/v) agarose gel, and extracted as destpreviously. Aliquots of
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purified vector and scFv fragments were analyzeé dn% (w/v) agarose gel to
determine concentration, using 10 pL of E-Gel Quatnte DNA Ladder
(Invitrogen) as a standard. Digested scFv andovewtre ligated using 1.5:1, 5:1,
and 10:1 molar ratios of vector to insert usingRapid DNA Ligation kit (Roche
Diagnostics GmbH; Mannheim, DE) and transformed &ither electrocompetent
or chemically-competeri. coli TG1 cells. A transformation efficiency control
was also included, which consisted of pUC18 dilutelD in sterile MilliQ water.
Electroporation was performed using 1 pL of ligatmixture or pUC18 added to
40 pL cellsin a 0.1 cm gap cuvette (Biorad Labmias; Mississauga, ON), using
an electroporation device (Biorad). A single 10lsecond pulse (25 pF) of
1700 V was delivered, with a resistance of ZBO0 Following electroporation, 1
mL prewarmed (37°C) Super-Optimal broth with catdborepression (SOC)
(Hanahan, 1983; Sambrook and Russell, 2001) wasdadzhd the cells were
incubated at 37°C for 1 h. Controls that utilizégation mixtures with native
pPAK100 or pJB12 and non-transformé&d coli TG1 cells were also included.
Chemically-competent cells were transformed by agldiO pL ligation mixture
to 100 pL cells, and incubating on ice for 20 niallowed by 2 min each at 42°C
and on ice. Subsequently, 500 uL SOC broth wasddthd cells were incubated
at 37°C for 3 h.

Transformants were selected by spreading 150 (queatis on the surface
of 2xYT agar (Sambrook and Russell, 2001) contgidi®o (w/v) glucose and 30
ng mL* chloramphenicol. Contaminating unrestricted vestas identified by
spreading an aliquot on the surface of 2xYT mediontaining 30 pg mt
chloramphenicol and 12.5 pg mMLtetracycline. Transformation efficiency
controls were spread on the surface of LB mediumtaining 100 ug mt
ampicillin.  Plates were incubated at 37°C for 24ahd transformants were
pooled for panning.

2.2.11 Library amplification and panning

Transformants were scraped from the medium suriacey sterile rubber
policemen (Fisher) and 1 mL 2xYT containing 1 %\glucose and 30 pg riL

chloramphenicol per plate was used to wash thes @atface. One hundred
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microlitres of the pooled suspension was useddoulate 5 mL of 2xYT medium
containing 1 % (w/v) glucose and 30 pg ™thloramphenicol, and the culture
was incubated at 37°C with shaking at 250 rev mikvhen an Oy, of 0.7 was
reached, VCSM13 helper phage and isoprofyD-1-thiogalactopyranoside
(IPTG) were added to give final concentrations of 50° PFU mL* and 1 mM,
respectively. Cultures were incubated at 26°C migéat with shaking, and cell
debris was removed by centrifugation at 1009 for 20 min at 4°C. Phage-
containing supernatant was transferred to stegleiseable 50 mL centrifuge
tubes, 2 mL of sterile polyethylene glycol (200G Eisher) and NaCl (146.1 g L
!y were added to precipitate the phage. Tubes thereinverted 12 times to mix,
and then incubated on ice for 1.5 h. Phagemidas#scted by centrifugation at
10 000 xg for 20 min at 4°C, and the resulting pellet wasuspended in 500 pL
of PBS.

For panning, 100 pL of antigen conjugated to BS@ gy pL*) was used
to coat eight-well flat-bottomed Maxisorp Immundpka microtitre plates (Nalge
Nunc) overnight at 4°C. Wells were washed threees with sterile PBS to
remove unbound antigen, and 200 pL of 3 % (w/vjnskiilk powder in PBS
were added per well to reduce unspecific bindinBlates were sealed and
incubated with gentle rotary shaking at room terapege for 1 h. Blocking
solution was removed by washing each well threedimith PBS, and 100 pL of
the phagemid suspension was added {(~férticles). Plates were then incubated
at room temperature for 2 h with gentle rotary singik Subsequently, wells were
washed 20 times with PBST, and bound phagemid viatede with 100 pL
sodium acetate buffer (0.1 M acetic acid, 0.15 MCNgH 2.8) for 8 min
followed by neutralization with 12 yL 2 M Tris beff pH 9.5. Neutralized
phagemid was used immediately to infect 5 mL logg@E. coli TG1 cells
(ODgoo ~ 0.5) for 30 min at 37°C followed by a 30 min ubation at room
temperature. Aliquots were then spread onto th#ase of 2xYT medium
containing 1 % (w/v) glucose and 30 ug tnehloramphenicol, and incubated at
30°C overnight. The panning procedure was repestézhst three times, and the
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phagemid which remained after three rounds of payiere subjected to ELISA
to determine the relative strength of their binding

2.2.12 ELISA for identification of strong-binding clones

Individual colonies remaining after three rounds p&nning were
inoculated into 5 mL 2xYT containing 1 % (w/v) ghse and 30 pg mb
chloramphenicol broth, and incubated at 37°C withking to an Ok, of 0.5.
The protocol for phage library amplification, phegé precipitation, and
preparation of microtitre plates was followed agesd in Section 2.2.11, with two
changes: the precipitated phagemid pellet was peswed in 1 % (w/v) skim
milk powder in PBS, and uncoated control wells aorihg 100 pL PBS were
included in the ELISA. Following the incubatioregtallowing for phagemid
binding to antigen, wells were washed three timék ®BS and then, three times
with PBST. Finally, 100 pL of mouse anti-M13 molwl-peroxidase
conjugate (GE Healthcare) diluted 1:2500 in 2 %vjvwekim milk powder in PBS
was added. Plates were incubated with gentle yathaking for 1 h at room
temperature, and then, wells were washed threesteaeh with PBS followed by
PBST. Finally, 100 pL of 2,2’-azino-bis (3-ethylizgthiazoline-6-sulfonic acid)
treated with enhancer solution (Sigma) were addethtes were incubated with
gentle shaking until colour development at 30 mamg absorbance was read on a
microtitre plate reader (Varioskan Flash, Thermeckbn Corp.) at 405 nm.
Strong-binding clones were defined as those produan absorbance of at least
0.2, with an absorbance at least twice that obemekground controls.

2.2.13 Verification of scFv fragment production

Once strong-binding clones were identified, phagesmivere isolated
using the Qiagen Maxi Prep kit (Qiagen), and wemedu to transform
electrocompetenE. coli JM83 cells, using 1 pL phagemid in 40 uL competent
cells under the same conditions as previously destr Aliquots of 100 puL were
spread onto the surface of 2xYT medium containifg (w/v) glucose and 30 pg
mL™* chloramphenicol, and then incubated at 37°C ogétni Transformants

containing each phagemid were transferred to 2x%khbcontaining 1 % (w/v)
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glucose and 30 pg miLchloramphenicol, and incubated at 37°C with shgkin
250 rev miftt overnight. Five milliliters of fresh medium wasoculated with 50
ML of overnight culture, and once an gpof 0.4 was reached, IPTG to final
concentrations ranging from 0 to 1 mM was addediltutes were incubated at
37°C with shaking at 250 rev mitrovernight. Cells (1.5 mL) were harvested by
centrifugation at 20 000 g for 2 min, and were lysed using the CelLytic B<lu
kit (Sigma). Tris-glycine SDS-PAGE followed by Wes blot analysis was
performed on the resulting cell lysate.

For tris-glycine SDS-PAGE, samples were preparedabgling 5 pL
loading dye (Sigma) to 10 pL of sample, while 10 pf.loading dye was added
to 5 puL of a 20 ng Pt FLAG™-containing control peptide (FLAGBAP,
Sigma). The control peptide was included to enfumetionality of the primary
anti-FLAG " antibody. Samples and a low molecular weightspeéned standard
(5 pL, Biorad) were heated at 95°C for 4 min andew®aded onto a Mini
Protean system (Biorad) with a 5 % (v/v) stackired and 12 % (v/v) resolving
gel (Sambrook and Russell, 2001). The gel wasats0 V for 30 min, 90 V for
45 min, and finally 110 V until the dye front wasrim from the plate bottom.
Proteins were transferred from the gel to a nitfolmse membrane using the
Biorad Protein transfer unit run at 30 V overnight4°C. The membrane was
rinsed in MilliQ water for 5 min, and blocked wil% (w/v) polyvinylpyrrolidone
40 [Sigma; Ge et al. (1995)] in PBST for 1 h witknle rotary shaking at room
temperature. The membrane was then incubatedatuéion containing a 1:1000
dilution of the primary antibody (Monoclonal anti&£G ™ M2 antibody, Sigma)
in blocking solution [1% (w/v) polyvinylpyrrolidond0 in PBST] for 2 h at room
temperature. The membrane was then washed thmes in PBST for 5 min, and
incubated in a 1:30000 dilution of goat anti-moug&-peroxidase conjugate
(Sigma) made in blocking solution for 1 h at ro@mperature. The membrane
was washed three times for 5 min in PBST. Develmmpnvas done for 5 min
using a chemiluminescent peroxidase conjugate isal{Sigma) added as per
supplier directions. Peptide bands were visualimethg an imaging system
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(Typhoon Trid Variable Model, GE Healthcare) set to chemilumiess mode at
600 V with normal sensitivity.

2.2.14 Helper phage production and titring

Helper phage was propagated by inoculating 10 mLBfbroth with a
single colony of E. coli XL1-Blue grown on supplemented M9 medium
containing 5 mM MgS@and 0.01 % (w/v) thiamine (Sambrook and Russell,
2001). The culture was incubated at 37°C with stakt 250 rev mith until an
optical density (Olgyg) of 0.3 at 600 nm was reached. VCSM13 was adtied a
multiplicity of infection of 20:1 (phage:cells), drthe culture was incubated at
37°C with shaking at 250 rev mitn Thirty minutes post-infection, kanamycin
was added to a final concentration of 70 pug'maénd incubation under the same
conditions was continued for 8 h. The culture Wweated at 65°C for 15 min, and
the cell debris was removed by centrifugation atll53 g for 5 min.
Dimethylsulfoxide was added to the supernatant fma concentration of 7 %
(v/v) as a cryoprotectant, the titre of the phagspension was determined, and
aliquots were frozen at -80°C until use.

Helper phage was titred by diluting phage in 50 mnistEDTA buffer to
achieve dilutions of IHto 107, 100 pL of each dilution was added to 200 pL of
ice-coldE. coli XL1-Blue cells at an Oy of 1.0, and dilutions were incubated at
37°C for 15 min to allow phage attachment. Threlilitnes of molten (~48°C)
sterile 2xYT solidified with 0.7 % (w/v) agarosadasupplemented with 5 mM
MgCl, was added, and the dilution was immediately powetb pre-warmed
(37°C) 2xYT medium solidified with 1.5 % (w/v) agand supplemented with 5
mM MgCl,. Plates were allowed to solidify for 5 min, anéres incubated at
37°C overnight. Plaques were counted, and phdge [plaque-forming units
(PFU) mLY] was calculated.

2.2.15 Antibody specificity

Cross-reactivity of the phages which were iderdifass strongly-binding
leucocin-A as an antigen was determined by ELISFne peptides tested were

brochocin-C, nisin, sakacin A, enterocin 7A, petoPAl, brochocin-A-BSA,
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brochocin-A-KLH, piscicolin 126-BSA, piscicolin 126LH, leucocin A,
leucocin A-BSA, and BSA. Production or procuremehtbrochocin-C, nisin,
sakacin A, enterocin 7A, and pediocin PA1 are desdrin Chapter Four:. One
hundred microlitres of each antigen dissolved irSRBO ng pL') was added in
triplicate wells of a Maxisorp microtitre plate (lda Nunc), including an ELISA
antibody control containing 6.7 x T PFU mL* of VCSM13 helper phage. The
same coating, washing, and ELISA protocols desdribethe previous section
were used.

2.3 Results

2.3.1 Purification of leucocin A

The modified method of purifying leucocin A proddca single peak at
7.6 min following re-injection of the pooled framtis containing antibacterial
activity (Figure 2-2). Fractions of this highly+piied peptide were collected and
used in subsequent experiments. Following conjagat KLH and desalting to
remove excess KLH, fractions were collected antkete$or protein content to
determine the location of the KLH-leucocin A comgitgy Two broad protein-
containing peaks were observed (Figure 2-3). Basegroduct literature, the
first peak was determined to be the conjugate, taedsecond peak is excess
KLH. Analysis by matrix-assisted laser desorpii@mization-time of flight was
considered, but due to the wide range of largessifekKLH (450 — 1300 kDa)
relative to the leucocin A (3930 Da), the additadrieucocin A would be difficult
to identify (R. Whittal, University of Alberta, pgonal communication). SDS-
PAGE was also attempted, but the maximum massvasel by SDS-PAGE [5
% (w/v) acrylamide] is 57 — 212 kDa (Sambrook angssell, 2001), which is
much lower than KLH or the conjugate. Thus, thaction in the first peak

(fraction six) was used for subsequent immunizatibmice.
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Figure 2-2 HPLC trace showing purified leucocin A following avgel filtration
purification steps
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Figure 2-3 Results of purification of KLH-leucocin A conjugater use as an
antigen in mice
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2.3.2 Immune response to bacteriocinsin mice

Antibodies were raised in mice to unconjugated deut A, and KLH
conjugates of leucocin A, piscicolin 126, and bagh-A. Maximum antibody
titres were highest for leucocin A conjugated toH{Land were lowest for the
brochocin-A(27-71)-KLH fragment (Table 2-2). Ungogated leucocin A was
able to induce an immune response, though notgts &8 that produced by its
conjugated form. Leucocin A required three boostgections to reach a
minimum antibody titre of 1:500, piscicolin 126 waed four booster injections,

while brochocin-A required five booster injections.

Table 2-2 Maximum serum antibody titres in BALB/c mice immgad with
bacteriocin or bacteriocin fragments

Bacteriocin Portion used as antigen Antibody tftnéce/total mice)
Leucocin A Leucocin A 1:5000 (3/5): 1:1000 (2/5)
Leucocin A KLH-leucocin A 1:10000 (3/5); 1:5000 %2/
Piscicolin 128 KLH-(30-44 C-terminus) 1:5000 (2/5); 1:1000 (3/5)
Brochocin-A KLH-(27-51 C-terminus) 1:500 (1/6)

1 mouse was euthanized prematurely due to anapsylaring final injection
2.3.3 Amplification of V| and Vy genes, and single overlap extension PCR

Amplification of V| genes was successful for mice inoculated with
leucocin A preparations. A strong band in the etgx size range of 375 and 402
bp (Burmester and Pluckthun, 2001) was obtainedddn leucocin A alone and
the leucocin A conjugate (Figure 2-4). An annegliamperature of 55°C was
determined to be optimal for both samples. Amgaifion of \{; genes was also
successful, as shown by the bands shown in FigbrenZhe expected size range
of 386 bp to 440 bp (Burmester and Plickthun, 20@t)nealing temperatures of
either 50°C or 55°C were suitable for amplificatmiiVy genes. One observation
is that amplification of \ genes required freshly-synthesized primer mix, as
primer mixes more than several months in age esgutt low PCR product yield

(data not shown). Amplification of Mwas more successful than amplification of
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Vy, with Vy PCR products often requiring concentration priorstibsequent
single overlap extension PCR. A band at the 70@dxition was also observed

when \{; was amplified (Figure 2-5).

bp ladder KLH-leucocin A leucocin A KLH-leucocin A notemplate

45 50 55 45 650 55 45 50 55 50 55

1517
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Figure 2-4 Results of PCR amplification of Vgenes from cDNA of mice
immunized with leucocin A preparations using diéier annealing temperatures.
Two different preparations of mMRNA from the sameHkleucocin A-immunized
mouse are shown in lanes 2-4 and 8-10.

Single overlap extension PCR resulted in a prodtithe expected size of
approximately 800 bp (Figure 2-6). Products ofragpmately 10 PCR reactions
were pooled and concentrated to have sufficierit ftie proceed with restriction
digestion, ligation, and cloning. For ligationcter:insert ratios of 1.5:1, 5:1, and
10:1 were tested, and a ratio of 10:1 was founblet@ptimal for leucocin A and

piscicolin 126, as it produced the most transfortslan
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Figure 2-5 Results of PCR amplification of }/genes from cDNA of mice
immunized with KLH-leucocin A using different antieg temperatures.

Two related phagemid vectors, pAK100 and pJB12,ewmmsted to
determine which would yield the highest numberrahsformants in the library.
It was observed that restriction digestion of pARI@sulted in a much clearer
product than digestion of pJB12. Running the gelaflonger time did not result
in a more defined band (data not shown). AlthopgtK100 demonstrated a
much clearer band following restriction digestiarnen transformation dt. coli
TG1 was performed in a preliminary experiment wiilbH-leucocin A samples,
pJB12 produced a higher number of transformant8)(%% compared to 30

colonies by pAK100, and so pJB12 was selectedIfguasequent experiments.
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Figure 2-6 Results of single-overlap extension PCR ¢f &hd M genes from
cDNA of mice immunized with KLH-leucocin A.

Approximately 20 transformations were performed tfoe KLH-leucocin
A sample, with a total library size of approximstdl0® clones. Of these, eight
clones were determined to strongly bind BSA-leuco&i The results of the

ELISA assay are shown in Figure 2-7.

0.8 1

O -
control 7 8 20 25 40 50 135 150 158
Clone

Figure 2-7 Identification of clones oE. coli TG1pJB12 with strong ability to
bind BSA-leucocin A by ELISA. Strong-binding clanevere defined as those
producing an absorbance of at least 0.2, with &orélance at least twice that of
the background control.
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The KLH-piscicolin 126(30-44) library was approxitely the same size
as the KLH-leucocin A library. Following three ms of panning, 126 clones
remained, and were tested by ELISA for their apii@t bind BSA-piscicolin 126.
However, no strongly-binding clones were identifiadd so no further work was
conducted.

2.3.4 Soluble antibody production

Following transformation into a strain suitable fepluble antibody
production, the Western blot analysis revealed tmate of the clones had
produced a peptide containing the FLAGequence, as shown by a representative
Western blot of one clone in Figure 2-8. Althouple background is high, no

strong band was observed.

control IPTG (mM)
kDa 05 01 005 O

mﬁmw

#w“ﬂ

Figure 2-8 Western blot of BSA-leucocin A-binding clone 7 gl by varying
concentrations of IPTG. Presence of the FLA@eptide is shown by the control
peptide in lane one.

As none of the clones were found to produce a FlA®@ntaining
peptide, the sequence of the scFv insert and tB&2pJ¥ector was determined.
Based on these results, it was found that all edflthe clones had retained the
original tet cassette found in the original phagemid vectod, @id not contain a
scFv sequence.

To determine the nature of this unexpected bindinSA-leucocin A-
coated plates, further ELISA studies were done gugither bacteriocins and

bacteriocin fragments of different classes. Nohehe clones demonstrated
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binding of leucocin A when tested (Table 2-3), bute of the eight clones did
bind the KLH conjugate of piscicolin 126(30-44).roBhocin-C was bound by
five of the eight clones, as well as one clone Wwtnad previously been identified
as weakly binding leucocin A, but no binding wasetved with the brochocin-A
C-terminus conjugated to either BSA or KLH. NeritiBSA- nor KLH-specific
antibodies were responsible for the initial bindilgcause BSA conjugated to
piscicolin 126(30-44) or brochocin A(27-51) and Kigiscicolin 126(30-44)
were not bound. No other bacteriocins were bouyndrly clones.

2.4 Discussion

Immunochemical methods of detection are suitable detection of
bacteriocins because of their specificity and smityi. However, bacteriocins
have been found to induce a weak immune respaked; tlue to their small size
(Diep and Nes, 2002). Attempts to raise antibodebacteriocins alone have
been unsuccessful with the bacteriocins pediocinlfunia et al., 1990),
piscicolin 126 (Ingham et al., 2003), and nisin ¢Ddi et al., 2001). However, in
this study, relatively high antibody titres (1:500@ere observed in mice
immunized with the class lla bacteriocin leucocinwiich is the first report of
antibodies to this bacteriocin. The higher antijptttes observed when leucocin
A or a 15-amino acid fragment of piscicolin 126 wamjugated to the carrier
protein KLH is expected, as carrier proteins ardiebed to improve
immunogenicity by increasing the number of epitopeailable for recognition
(Lewis, 2001).

This is in agreement with published reports of l@dies to divercin
V41(Richard et al., 2004), enterocin A (Martinezakt 2000), enterocin B (Rose
et al., 2001), enterocin P (Gutierrez et al., 20@xticin RM (Keren et al., 2004),
nisin A (Falahee et al., 1990; Falahee and AdarB92;1Suarez et al., 1996a;
Suarez et al.,, 1996b; Leung et al.,, 2002), nisin(Bouksaim et al., 1998;
Bouksaim et al., 1999; Daoudi et al., 2001), pedidtA-1 (Bhunia et al., 1990;
Martinez et al., 1997; Martinez et al., 1998; Maa1 et al., 1999), and pediocin
RS2 (Bhunia, 1994), all of which were produced wveitimjugation to larger carrier

proteins. Thus, the murine immune system can r@zeghe complete class lla
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Table 2-3 Cross-reactivity of leucocin A-binding clones tdfelient bacteriocins and proteins as indicated ky i an ELISA

Clone Auos
Nisin  Leucocin Sakacin Enterocin Pediocin BSA- KLH- Brochocin-C BSA- KLH- BSA
A A TA PA-1 Piscicolin Piscicolin Brochocin- Brochocin-
126(30-44)  126(30-44) A(27-51) A(27-51)
7 0 0 0 0 0 0 0.16 0.25 0 0 0
8 0 0 0 0 0 0 0.13 0.32 0 0 0
20 0 0 0 0 0 0 0.14 0.19 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0 0 0 0 0
125 0 0 0 0 0 0 0 0.12 0 0 0
150 0 0 0 0 0 0 0 0 0 0 0
158 0 0 0 0 0 0 0 0.42 0 0 0
19 0 0 0 0 0 0 0 0 0 0 0
143 0 0 0 0 0 0 0 0.14 0 0 0
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bacteriocin leucocin A, complete leucocin A conjiegato KLH, or a fragment of
another class lla bacteriocin, piscicolin 126.

Despite an immune response to KLH-leucocin A andHHKiiscicolin
126(30-44)in vivo, phagemids bearing strong bacteriocin-specifiossaftibody
fragments were not isolated from the murine immilil@ries. Several possible
explanations for this exist. First, because of shaall size of the bacteriocin
relative to the carrier KLH, a low proportion ofdbariocin-specific B cells may
have been activated. Hapten size limits the nurobdrapten-specific epitopes
available for recognition by the immune system; hesitopes are at least six
amino acids in length, so the smaller size of bamtms relative to their carriers
means less chance of recognition because of a lowaber of epitopes (Harlow
and Lane, 1988). Second, PCR amplification ankifop of V. and \j; genes
may have led to assembly of carrier-specific andtdyacin-specific antibody
chains in the same molecule, resulting in an adgdoagment with low affinity
or non-functional capabilities (Kramer, 2002b).

To avoid these problems, Kramer (2002b) enrichedfoells bearing the
relevant anti-hapten V genes by immunomagneticesing prior to cloning and
phage display. These workers isolated 0.16 % eftotal B cell population by
linking the herbicide triazine to paramagnetic joés, and separated B cells
capable of binding triazine from all others usingnagnet. In this way, the B
cells containing the relevant anti-triazine V gemesre selected, irrelevant V
genes were discarded, and specific soluble scFgmieats were produced
(Kramer, 2002b). Compared to an unenriched cofitna@ry, the enriched library
contained a significantly higher number of haptpaesfic scFv. Based on the
unsuccessful results of the current study, thiatestry may be useful for phage
display of bacteriocin-specific antibody fragments.

Another possibility for the lack of bacteriocin-sjfec scFv in this study is
the small size of the immune library. Immune li#a can be smaller than naive
libraries because their B cells are biased to neieeghe antigen of interest; most
immune libraries have £6- 10" clones (Brichta et al., 2005), as compared to the

larger naive libraries of £0- 10" clones (Sblattero and Bradbury, 2000; Brichta
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et al., 2005). The libraries in this study wereanil0’), but because strong-
binding clones were identified, no further work veasnpleted to expand the size.
Future work could expand the library size to immgrogiversity and locate
bacteriocin-specific scFv; however, there is evagethat library size may not be
the only factor in the success of phage displayafdi-hapten antibody fragments
(Yau et al., 2003). Yau et al. (2003) reported fditure of a large (5.4 x £0
clones) naive llama library to yield phage spedidicthe pesticide picloram, and
instead successfully constructed a ribosome-disgilanary specific for this
hapten. Thus, forms of antibody display other tbhage or phagemid may be
necessary for some haptenic antigens.

In previous reports of the production of antibodies divercin V41,
enterocins A and P, lacticin RM, and pediocin PAynthetic fragments of each
bacteriocin were capable of inducing immune respsnsin this experiment,
synthetic fragments consisting of the first 15 amactids of the C-terminus of
piscicolin 126 and 21 amino acids at the N-termimisbrochocin-A were
conjugated to KLH, and used as antigens. A redftihigh titre of antibodies
(1:5000) was raised to the synthetic fragment s€ipolin 126, but antibodies to
brochocin-A were present at a 10-fold lower titte500). Although antibodies
have been raised to several class Ila bacteriosuw) as enterocin and pediocin,
there have been no reports of strong antibodiesedato a hydrophobic, two-
peptide bacteriocin such as brochocin-C, thoughetle one report of weakly-
binding antibodies raised in rabbits to a fragmanibrochocin-A (Kwok, 1997).
Although attempts were made to choose the most mogenic portion of both
brochocins-A and -B using predictive modeling saiitey the complex nature of
immunogenicity precludes prediction of definite inmogenic synthetic peptides
(Van Regenmortel, 2001). Animal species may plawla, as shown by the
example of a synthetic nine-amino acid N-termintipediocin PA-1 conjugated
to KLH. Functional polyclonal antibodies could peduced in rabbits (Martinez
et al., 1999), but antibodies raised in mice wearahle to detect the bacteriocin
(Martinez et al.,, 1997). Absence of a class lltggrorequired for a specific
immune response is more common in animals suchkasdtory strains of mice
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than in outbred animals such as rabbits (Harlow laantk, 1988); thus, choice of
animal for optimal immune response may be imporianthe case of some
bacteriocins.

In the case of brochocin-A, one key point is therbphobicity of the
peptide. Brochocin-A has a calculated grand avedcddydropathicity (GRAVY)
(Kyte and Doolittle, 1982; Gasteiger et al., 2008).880, which means that it is
highly hydrophobic. This property has led to diffities with purification and
sequencing (Garneau et al., 2003), and may alseecptoblems in immune
response. Hydrophilic amino acids are favourahlemmunogens for several
reasons; first, they are more exposed and thudablaifor recognition, and
second, hydrophilic peptides are more readily deldbr coupling reactions
(Harlow and Lane, 1988). Some solubility issuesewencountered during
peptide resuspension in the current study, whiclko aillustrates the
hydrophobicity of the conjugate. Thus, the hydph nature of brochocin-A
may be one reason for its low immunogenicity.

One unexpected result from this study was the giegothat intact pJB12
phagemid bound bacteriocin in ELISA, although thisding did not appear to be
reproducible. In the initial ELISA screening fotrag leucocin-A binding
clones, eight clones were identified; in a latesags leucocin A was not bound.
However, the C-terminus of piscicolin 126 and ihtaochocin-C were bound by
several clones. Although non-specific binding naagount for this observation,
another possibility is that the tefassette recognizes bacteriocins, either complete
or a portion thereof, in addition to tetracyclingn pJB12, the tétcassette is
composed of tetA and tetR (Krebber et al., 199hictv encode a membrane-
bound efflux protein (Chopra and Roberts, 2001).owkler, tetracycline is
composed of four fused rings (Chopra and Rober@)1R and bears little
resemblance to the linear structures of leucocipisgicolin A, or brochocin-C.
Thus, the nature of this proposed interaction islaar, and would benefit from

further study.
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Chapter ThreeEffect of brochocin-C on Clostridium botulinum growth in
model and meat systems

3.1 Introduction

Clostridium botulinum is a gram-positive, anaerobic, spore-forming
bacillus indigenous to soil and aquatic habitdtss also a potent pathogen which
exerts its pathogenicity via a neurotoxin with atirated LB, of one ng ki in
mice (Gill, 1982), making it one of the most toxstbstances known.Cl.
botulinum is subclassified by immunogenticity of toxin proed, with eight toxin
serotypes observed (A, B3, D, E, F, and G). Some strains possess the genes
for multiple toxin types (Santos-Buelga et al., 898arash and Arnon, 2004),
though expression of a second toxin may not oc&uanciosa et al., 1994;
Cordoba et al., 1995; Hutson et al., 1996). Cliassion is also done on the basis
of proteolysis of casein, serum proteins, meat,coagulated egg (Bell and
Kyriakides, 2000), and classification into Groughrough IV based on genotypic
and phenotypic traits has been accepted (Hutsah.,e1993; Collins and East,
1998; Lindstrom and Korkeala, 2006). A summarythe characteristics of the
four Cl. botulinum groups is presented in Table 3-1.

Although strains ofCl. botulinum are classified as one species based on
neurotoxin production, 16S rRNA analysis of difier€l. botulinum strains has
revealed that toxin serotypes A, B and F are cjosshted, whereas types C, D,
E, and G are more closely related to otB&wstridium spp. (Hill et al., 2007).
Most human botulism is caused by ingestion of fawdb toxin; specifically, the
toxins produced b{l. botulinum serotypes A, B, and E (Sobel et al., 2004). The
spores themselves are not a concern, but the posgotuced during vegetative cell
growth is a hazard. Thus, inhibition of spore geation and subsequent

outgrowth is key to preventing botulism.
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Table 3-1 Properties of the four groupsCbstridium botulinum

Properties Group Reference
I I 1 v
Neurotoxin A B, F B,E F G GC,D G Bell and Kyriakides (2000)
serotype
Proteolytic Yes No No Weakly Lynt et al. (1982);IBand Kyriakides
(2000)
Lipolytic Yes Yes Yes No Bell and Kyriakides (2000)
Source Soil, marine and lake  Soil, marine and Rotting vegetation, Soil, human Huss (1980)
sediments lake sediments, soil, lake sediments autopsy
fish, mammals, specimens
birds
Geographical A — Argentina, China, US B — Europe Bangladesh, Argentina Smith (1978); Huss (1980); Bell and
predominance B- Europe E — Japan subtropical areas Kyriakides (2000); Austin (2003b)
Canada, Alaska,
Denmark, Iran
Organism affected Humans Human Waterfowl (C), Humans Ricketts et al. (1984); Divers et al. (1986);
chickens (C), mink, Kinde et al. (1991); Whitlock and Buckley
cattle (A, B, C, D), (1997); Whitlock and Williams (1999); Bell
horses (B, @, mules and Kyriakides (2000); Kelch et al. (2000);
Songer (2005)
Minimum/optimum 10/35-37 3/26-30 nr nr Austin (2003b)
growth temperature
)
Minimum pH 4.3-4.6 5.0-5.1 nr nr Austin (2003b)
Maximum NacCl in 10 5 nr nr Austin (2003b)
aqueous phase (%)
Heat resistance of High (D121.110.6 0.15-0.18 Moderate ([gs-c, nr nr

spores

min)

1-98 min)

Bell and Kyriakides (2000)

Adapted from Rhodehamel et al. (1992); Lindstrom Korkeala (2006) and Peck (2006); nr — not refbrte
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To control Cl. botulinum in food, chemical and physical interventions
have been developed. Factors such as oxygen |evader activity, pH,
temperature, and chemical additives such as soditrite have been manipulated
to prevent spore outgrowth (Bell and KyriakidesD@D In particular, low-acid
canned foods undergo a heat treatment known a%dtelinum cook” or 12-D
process, which is a 3 min treatment at 121°C méantduce the number of
organisms by 12 log units (Pflug and Odlaug, 1B&k, 2009). This process
was developed by the canning industry to inactivateup | (proteolytic)Cl.
botulinum spores, which are more heat-resistant than Grb@poh-proteolytic)
Cl. botulinum (Stumbo et al., 1975). Acidification of produttsa pH less than
4.6 (Ito and Chen, 1978), or adding sodium nittdecured meats (Johnson and
Loynes, 1971; Roberts and Smart, 1974) have alsn peven effective. When
combined, these treatments have adequately cadrdll. botulinum in
commercially-processed foods, as proven by therdamber of cases associated
with such products. From 1950 to 2005, 405 casesitbreaks were reported in
the United States; of these, 7 % were traced tonuentially-processed foods,
including restaurants, with failures in commergabcessing responsible for only
1 % (CDC, 2007). The most recent figures availaipli@icate that home-
processed foods were responsible for all 17 oftibeilism cases in the United
States in 2008 (CDC, 2010).

However, the advent of minimally-processed, refiag¢ed foods in the last
20 years led to concerns thak botulinum spores may germinate and grow in
these foods (Conner et al., 1989), and these cosid¢erve not abated (Lund and
Peck, 1994; Peck et al., 1995; Peck and Strind®5;2Lindstrom et al., 2006;
Peck, 2006; Peck et al., 2008). Many consumereuelthat processed foods
containing additives are not healthy (Van Wezeneaell., 2010), and so natural,
minimally-processed foods are becoming more pop{Hapnd Safety Inspection
Service, 2010). Organic food regulations prohibé& use of sodium nitrite as a
food additive in foods labelled as organic in Can@danadian General Standards
Board, 2008) and the United States (USDA, 2010knreds in Europe, sodium
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nitrite is currently allowed in organic meat prottu¢European Commission,
2008). However, a review of this policy is undeywly the European
Commission, and there is a proposal under reviealitoinate the use of sodium
nitrate in organic cured meats by 31 December 2ELfopean Commission,
2008; Stones, 2010). Thus, other treatments meistsed to control harmful
pathogens such &3%. botulinum.

To retain freshness and preserve desirable seasdrputritional qualities
of minimally-processed foods, these products urmlergnimal heat treatment,
often do not contain chemical preservatives, ang Ineavacuum-packaged (Peck,
2006). By heating at sub-sporocidal temperatuwes)petitive native microflora
may be killed, potentially leavinGl. botulinum spores as the dominant species in
the product. Vacuum-packaging excludes oxygenchvhilows for selection of
anaerobic microorganisms suchGsbotulinum. “Sous vide”, or “cooked under
vacuum”, treatments do not destroy spore€lobotulinum, and germination and
growth of Group IICI. botulinum can occur during refrigerated storage (Hyytia-
Trees et al., 2000). Removing barriers in minignplocessed foods can result in
germination, outgrowth, and toxin production K. botulinum; particularly,
Group Il type BCI. botulinum is of concern, as it has been shown to grow and
produce toxin at refrigeration temperatures asds\v@.3°C (Eklund et al., 1967).

Novel methods such as high-pressure processing dlawebeen proposed
for inactivation of spores ofCl. botulinum.  Combined with elevated
temperatures, high-pressure processing has betead tiesdetermine inactivation
of spores of eithe€l. botulinum or its closely-related surroga@. sporogenes in
buffer (Reddy et al., 2006; Ahn et al., 2007), neaklcarrots (Margosch et al.,
2004), crabmeat (Reddy et al., 2003; Reddy et 2006), salmon slurry
(Ramaswamy and Shao, 2010), and milk (Ramaswanay.,e2010). However,
inactivation of Cl. botulinum by high pressure depends on the food product,
processing temperature, and the strailClofootulinum tested (Bull et al., 2009);

thus, more research must be performed under pragecific conditions before
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commercial application of high-pressure processmgnactivate spores ol.
botulinum in minimally-processed foods (Margosch et al.,&00

Reliance on refrigeration to control microbial gtowin minimally
processed foods is critical to the safety of theselucts, as there are few other
barriers present to control the growth@f botulinum. Air temperatures around
refrigerated vacuum-packaged meats in a commestipermarket have been
reported to be at or below 5°C for 68 % of sampbess,only below 8°C for 23 %
of samples (Sagoo et al.,, 2007). In a recent sureely 37 % of consumers
reported ensuring their home refrigerators maimeichia temperature less than 4°C
(Lagendijk et al., 2008), and average temperatureBome refrigerators have
been reported to be higher than 5°C (Gilbert et28102; Laguerre et al., 2002).
Other factors, such as temperature variance bytitwcawithin the same
commercial refrigeration unit (Gilbert et al., 200&@nd differences between air
and product temperature, mean that there is opmtytior temperature abuse
which could allow the growth of Group@l. botulinum.

Although contamination of meat products w@h botulinum has not been
high in the past (Abrahamsson and Riemann, 197ith), mported average most
probable numbers of 0.1 spores’kim North America and 2.5 spores kdn
Europe (Austin, 2003b), this movement towards maliprocessing may increase
the risk of Cl. botulinum intoxication. Types A and EI. botulinum are most
commonly associated with meats (Austin, 2003b), iandlaces such as central
Europe, most foodborne botulism is caused by con@led meat (Austin,
2003a). Despite its low reported prevalence inpared foods, type ECI.
botulinum has been identified in 62 % and 75 % of fecal dasmmfrom pigs and
cattle, respectively (Dahlenborg et al., 2001; Bahbrg et al., 2003), and the
opportunity exists for meat to become contaminahee to unhygienic handling
practices during slaughter.

Bacteriocins have been proposed as an alternatigther preservatives in
pasteurized meats, because of the perception tieyt &re more natural.

Bacteriocins are ribosomally-synthesized antimi@blpeptides produced by
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bacteria with activity against closely-related leaiet (Jack et al., 1995). One
well-studied bacteriocin is nisin, which has besediin foods for over 40 years,
and has shown activity againGt. botulinum (Rayman et al., 1981; Scott and
Taylor, 1981). Brochocin-C, produced Byochothrix campestris (Siragusa and
Cutter, 1993), has also been identified as a pialgntiseful bacteriocin effective
againstCl. botulinum spores (McCormick et al., 1998).

However, inactivation of bacteriocins caused by dbig to meat
constituents has been observed with nisin (Ros#.,e1999; Aasen et al., 2003)
and sakacin P (Aasen et al., 2003). Fat had dictimd impact on efficacy of
bacteriocins in foods; in one study, fat signifitpmeduced the efficacy of nisin
(Glass and Johnson, 2004). Aasen et al. (2008ytexpthat fat had no impact on
efficacy of nisin and sakacin P in foods, but thla¢ activity of the same
bacteriocins was reduced in the presence of olle. date there have been no
reports of the use of purified brochocin-C beingted in either liquid or solid
food products, and no data is available on anyaetens with food constituents.
The objective of this study was to determine theca&ty of brochocin-C as an
anti-botulinal agent in a model meat system, and oshopped and formed pork
product.

3.2 Materialsand Methods

3.2.1 Culture maintenance and spore production

Group Il strains ofCl. botulinum used in this study were 17B, DB2, and
2B (University of Alberta).Br. campestris ATCC 43754 (American Type Culture
Collection; Manassas, VA) was used to produce lwochC, and
Carnobacterium maltaromaticum NCIMB 702852 (National Collection of
Industrial and Marine Bacteria; Aberdeen, SF) wasduas the brochocin-C-
sensitive indicator strainBr. campestris andC. maltaromaticum were stored at -
80°C in All-Purpose Tween broth (APT) (Difco, BeatDickinson; Sparks, MD)
containing 20 % (v/v) glycerol, whil€l. botulinum strains were stored as spore
stocks in sterile 0.9 % (w/v) NaCl at 4°C. Enuntiera of both spores and

vegetative cells o€l. botulinum was done using Reinforced Clostridial Medium
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(RCM; Difco) containing 2.5 % (w/v) agar. Spordsstrains 17B and 2B were
produced in Trypticase-Peptone-Glucose-Yeast BxtBaoth (TPGY) (USDA,
1998) containing, per litre: 50 g tryptone, 5 g foee, 20 g yeast extract (Difco),
4 g glucose (Fisher Scientific Canada; Ottawa, OMjd 1 g sodium
thioglycollate (Sigma-Aldrich Canada Ltd; Oakvill®N). Sporulation medium
containing 50 g L tryptone and 10 gt peptone was used to produce spores of
strain DB2. Before use, all media was incubatedriranaerobic chamber for at
least 24 h (Coy Laboratory Products Inc; Grass LBKg under an atmosphere of
5 % CQ, 10 % H, and balance N(Praxair Canada; Edmonton, AB) to ensure
anaerobic conditions.

For spore production, 100 pL of spore suspensiare wmoculated into 5
mL of appropriate medium, heat-shocked in a waath lior 15 min at 55°C, and
incubated at 37°C under anaerobic conditions fan.4Bhe 5-mL culture was then
used to inoculate 250 mL of the appropriate mediamg the culture was
incubated at 37°C under anaerobic conditions fod With periodic monitoring
by phase contrast microscopy. Spores were havésteentrifuging at 16270 x
g for 20 min, followed by ten washes of 100 mL eaol a final resuspension (10
mL) in sterile 0.9 % (w/v) NaCl, and heating at 65for 1 h (Gao, 2001) to
destroy residual toxin and vegetative cells.

3.2.2 Brochocin-C production

An abbreviated method of McCormick et al. (1998)swased for
production and partial purification of brochocin-@riefly, 90 L of Casamino
Acids Medium (Hastings et al., 1991) supplementét 2.5 % (w/v) glucose was
inoculated with 2 % (v/v) of an overnight culturé Br. campestris. Cultures
were incubated at 26°C at a controlled pH of 6.thwstirring at 250 rev mihfor
18 h in a Biostdt C Plus fermentor (Sartorius Mechatronics Canadasissauga,
ON), and the bacteriocin-containing supernatant wasovered by on-line
centrifugation.  To obtain sufficient brochocin-Qr f the study, several
fermentations of 30 L each were performed. Theeswgiant was heated at 60°C

for 30 min to inactivate any remaining cells, aheért extracted twice with 1-
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butanol (Fisher Scientific Canada) with a butanglesnatant ratio of 1:2. The
organic phase was mixed in a 1:1 ratio with Mifli@ater (Millipore; Billerica,
MA), and concentrated by rotary evaporation (Bu€tawil, CH) at 36°C until no
butanol remained. Antibacterial activity of brocheC was assayed by diluting
the semi-purified brochocin-C in a two-fold seneish 0.1 % (v/v) trifluoroacetic
acid (Sigma), spotting 10 pL of each dilution oMBT agar containing 1.5 %
(w/v) agar, and overlaying with semi-solid APT a§@75 % (w/v) agar] seeded
with 1 % (v/v) of an overnight culture of the seéin& indicator organisncC.
maltaromaticum NCIMB 702852. Plates were incubated anaerobicall30°C,
and were examined at 24 h for zones of clearingbitiary activity units per mL
(AU mL™) were calculated from the reciprocal of the ladutibn showing
inhibition (McCormick et al., 1998). Following guot#ation, the semi-purified
brochocin-C was lyophilized.

3.2.3 Model meat system preparation, inoculation, and sampling

A cocktail of Group IICl. botulinum was diluted in 0.9 % (w/v) NaCl to
contain 3 x 16 CFU mL*" of each strain. Three hundred millilitres of geer
anaerobic Cooked Meat Medium (CMM; Difco) was seppénted with
brochocin-C at concentrations of 0, 800, or 1600 AU in triplicate. One
millilitre of heat-shocked spore cocktail was intatad into CMM to give a final
spore concentration of 100 CFU thLas recommended by Doyle (1991). Solids-
free controls were prepared in triplicate by aworlg CMM, filtering through
several layers of cheesecloth to remove large gbesti then filter-sterilizing
through a 0.22 um filter before supplementatiorhvi00 AU mL* brochocin-C
and inoculation. Cultures were incubated anaertipieq 4°C for the duration of
the study. On selected days, samples of the ligh@se were removed in an
anaerobic chamber for enumeration. The pH of tmeu Il Cl. botulinum
cultures was measured at the beginning and endhef experiment using
ColorPhast pH indicator strips (EMD Chemicals; Gifolovn, NJ). Total crude fat

[% (w/w)] was determined using a Goldfisch fat extor (Labconco; Kansas
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City, MO) by extracting 2 g of ground commercial @M\pellets with petroleum
ether for 4 h.

3.2.4 Meat preparation, inoculation, and sampling

The meat product was a chopped and formed porkagaugrepared by
Griffith Laboratories (Toronto, ON). Briefly, grad pork was prepared by
grinding through a kidney plate and a 1/8” platepextively, and added to a
Hobart mixer (North York, ON). For both trials hdh2, a proprietary industry
product formulation was used containing equal art®wh sodium erythorbate
and sodium chloride (2.28 % w/w) in the finishedbdwct. Trial 1 used a
formulation incorporating smoke powder [0.12 % (W/wand sodium
tripolyphosphate (STPP) in all treatments, wherteas 2 excluded smoke and
included STPP-free controls. Treatments with otheut STPP, natural cure,
sodium nitrite, and brochocin-C (Table 3-2) werepared and mixed for 1 min
before addition of water. The natural cure used wasommercially-available
formulation containing extracts of celery, lemongareen tea, as well as sea salt
(Bindmax Proteins; New Berlin, WI). The emulsiorasvblended for 2 min,
stuffed into moisture-proof casings, and cookea ismokehouse on the steam-
cook setting to an internal temperature of 72°Qe Product was shipped to the
University of Alberta on cold packs, and was staeel°C until inoculation.

Table 3-2 Formulation of ingredients in treatments of cheghand formed pork
products

Treatment Ingredient
Sodium Natural cure Brochocin-C Nitrite
tripolyphosphate  [% (w/w)] (AU g¥) [% (wiw)]
[%0 (W/w)]
Natural cure + brochocin-C + STPP 0.33 3.0 1600 0
Natural cure + Brochocin-C* 0 3.0 1600 0
Natural cure + STPP 0.33 3.0 0 0
Brochocin-C + STPP 0.33 0 1600 0
STPP only 0.33 0 0 0
Nitrite + STPP 0.33 0 0 6.4
Control — no added antimicrobials* 0 0 0 0

" included only in trial 2

Meat samples were prepared by aseptically openalp €ehub using a
knife dipped in 70 % (v/v) ethanol and passed tbhoa flame. The meat was
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aseptically cut into three equal sections, and essdtion was inoculated on
separate days to give three replicates. Eacioeests sliced into 0.5 cm slices
using a sanitized commercial meat slicer (Model3X-Berkel Equipment; Troy,
OH). Each slice was cut in half, giving a surfacea of 14.2 cfper sample, and
aseptically placed into a vacuum-package bag (oxygensmission rate of 52
cm® m? Allied Pak; Toronto, ON). A cocktail containinggual numbers of
spores of each strain was heat-shocked (55°C, 1% amd inoculated onto the
surface of each slice to give a final concentrabbrd00 (trial 1) or 500 (trial 2)
spores cii. The inoculum was spread evenly over the medasaiby manual
manipulation of the package, allowed to soak i@ meat surface for 10 min,
and the package was sealed using a commercial va@ackaging machine
(Model C200, Multivac Canada; Woodbridge, ON). $&s were incubated at
10°C for the study. On selected days, two dumicsample packages per
treatment were aseptically opened in an anaerdt@mber using a sterile scalpel,
and 25 mL of sterile 0.1 % (w/v) peptone was adtte@ach. Samples were
manually homogenized for 5 min, and 15 mL was resdofrom each replicate
for cell enumeration.

3.2.5 Proximate analysis of meat

Uninoculated samples of each treatment were wejgnadl water activity
(Aw) was determined using an Aqualab Series 3 metguglab Devices;
Pullman, WA). Total moisture [% (w/w)] was detenad by weighing meat
samples before and after freeze-drying for 48 HalTorude fat [% (w/w)] was
determined using a Goldfisch fat extractor (Lab@)rxy extracting 2 g of freeze-
dried ground samples (48 h) with petroleum ethedfb. Sodium chloride in the
aqueous phase of the product was calculated bylidgithe amount of NacCl
added per kg final product (2.28 g) by the totalghe minus the weight of the
total crude fat.

3.2.6 Enumeration of Cl. botulinum and background microflora

For the model meat broth cultures, samples weiallsediluted in 0.1 %

(w/v) peptone and enumerated by spreading ontcstinface of RCM medium
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containing 2.5 % (w/v) agar. For the pork prodwsamples were plated in a
similar fashion to the model meat system, but thadditional types of media
were used. Clostridium botulinum Isolation Agar (CBI) (Dezfulian et al., 1981)
and de Man, Rogosa, Sharpe agar (MRS, Difco) (D@ Klaal., 1960) were
included for the enumeration o€l. botulinum and lactic acid bacteria,
respectively. Plate Count Agar (PCA,; Difco) wagdin later sampling times in
trial 1 to determine the total bacterial count. 1GBedium was prepared by
combining 40 g tryptone (Difco), 7.5 g pHPO,-H,O (Fisher), 2 g NaCl (Fisher),
5 g yeast extract (Fisher), and 20 g agar (Difeco)9b0 mL distilled water,
sterilizing by autoclaving, and adding 50 mL st&elgg yolk suspension (Difco),
and sterile volumes of the following ingredientsgige final concentrations (per
L) of 0.01 g MgSQ (Sigma), 2 g D-glucose (Fisher), 0.25 g cycloserin076 g
sulphamethoxazole, and 0.004 g trimethoprim (alibgotics Sigma). Both
diluent and solid media were incubated in the ast@aerchamber overnight prior
to use to ensure anaerobic conditions. After itadmn, RCM and CBI plates
were incubated anaerobically at 37°C for 48 h piwocounting, while MRS and
PCA plates were incubated in a jar containing a@eeobic sachet (GasPak EZ
Anaerobic sachet, Becton-Dickinson) at 30°C for 24 Colonies displaying
lipolytic activity on CBI agar, as evidenced byranslucent halo surrounding the
colony, and spreading colonies with irregular, ieatd margins on RCM agar
were presumptively identified &l. botulinum based on preliminary work with
these strains. Other colonies with different mofpgies on CBI and RCM media
were counted as background microflora.

3.2.7 Effect of fat on brochocin-C activity

To determine if the presence of fat had an effecamatimicrobial activity
of brochocin-C, 10 mL of CMM or solids-free CMM wasepared (described in
Section 3.2.3) in triplicate. Brochocin-C was adide a final concentration of
1600 AU mL?, followed by the addition of 1 mL of autoclavednherendered
pork fat. Samples were mixed using a vortex fos i&fore and after brochocin-
C addition, and were incubated at 25°C for 5 mithwghaking at 100 rev nifm
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followed by incubation at 25°C overnight with noaking. The amount of
activity of brochocin-C remaining in the aqueousgd was determined by the
bioassay method described in Section 3.2.2.

3.2.8 Anti-botulinal activity of ingredients

To determine the antimicrobial potential of sevengredients included in
all treatments of the first trial, a minimum inhiyy concentration (MIC) assay
was done for vegetative cells and spores of theuib Cl. botulinum strains
17B, DB2, and 2B. An MIC assay was done in a 96-merotitre plate using
serial two-fold dilutions of smoke in sterile TPG¥edium, with highest and
lowest levels of 0.5 % and 0.002 % (w/v), respetyiv to include the
concentration used in the product. A range of Ne@icentrations was also
tested in conjunction with the smoke assay to détex the MIC at different NaCl
concentrations. The range of NaCl concentratieatet was 0, 1, 2, 2.5, 3, and 5
% (w/v), which spanned the concentration in thedpob. For the assay, each well
containing 250 pL of sample was inoculated withul8of either an 18 h culture
of vegetative cells (corresponding to 2X0FU mL?) or a 3 x 16 spores mt:
stock of heat-shocked spores (55°C, 15 min) in%.0n/v) NaCl. Plates were
incubated for 18 h at 37°C in an anaerobic atmagphand were examined
visually for growth. Samples were taken from weliswhich no growth was
observed, and were spread on the surface of TPGumecontaining 1.5 %
(w/v) agar to determine if the effect was eitherctbeo- or sporostatic, or
bacterio- or sporocicidal, and incubated at 37°€C 24 h under anaerobic
conditions. All assays were performed in duplicate

3.2.9 Confirmation of CI. botulinum and identification of background
microflora from pork product

Representative colonies were chosen from either REKZBI, examined
using phase contrast microscopy, and inoculateal 5SninL of RCM broth. All
manipulations were performed in an anaerobic charf@ey Laboratory Products
Inc; Grass Lake, MI) containing an atmosphere & £0,, 10 % H, and balance

N, (Praxair Canada; Edmonton, AB), and cultures weceabated in an anaerobic
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chamber at 37°C for 24 h. The Qiagen DNeasy Blaod Tissue kit (Qiagen;
Mississauga, ON) was used for genomic DNA extractivith a modified pre-
treatment for gram-positive bacteria. Briefly, sellere harvested and prepared
for DNA extraction by centrifuging 2 mL aliquots &000 xg for 10 min,
washing the cell pellet in 0.5 mL of enzymatic $/suffer [20 mM Tris-Cl, pH
9.6; 2 mM EDTA; 1.2 % (v/v) Triton X-100], and regéng the previous
centrifugation step. Pellets were re-suspendetBihuL enzymatic lysis buffer
containing 50 mg L lysozyme, and incubated at 37°C for 1 h, with foméxing
by vortex every 10 min. The remainder of the pcotavas performed as per the
manufacturer’s instructions. DNA was eluted in 300 10 mM Tris-HCI, 0.5
mM EDTA (pH 9.0), and was quantified using the Naéwp 2000c (Thermo
Scientific; Wilmington, DE).

Polymerase chain reaction for 16S rDNA fragments p&formed using
the general bacterial primers 616V and 630R (Bmositual., 1981). Briefly, each
50 pL reaction mixture contained 5 pL 10X buffe§ lnM MgCh, 0.5 uM each
of primers 616V and 630R, 200 uM dNTP mix, 1.5 @tidum Taqg polymerase
(Invitrogen Canada; Burlington, ON), and 2 pL teatpl DNA. Products were
amplified using the following program: 94°C for 3nnfollowed by 35 cycles of
94°C for 1 min, 52°C for 1.5 min, and 72°C for Irtn, with a final extension
step of 7 min at 72°C. PCR products were purifisthg the Qiaquick PCR
Purification kit (Qiagen), and were eluted in 50 puclease-free water. Products
were visualized on a 2 % (w/v) agarose gel in 0B¥-borate EDTA buffer.
Sequencing was performed by Macrogen USA (RockviM®) using the PCR
primers 616V and 630R. Template concentrations \&dpasted to 40 ng piLin
nuclease-free water prior to sequencing. Sequgmneisults were analyzed using
Basic Local Alignment Search Tool (BLAST, Natior@@nter for Biotechnology

Information; Bethesda, MD) to identify the isolates
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3.2.10 Statistical analysis

Data from three replicates were subjected to a veme-analysis of
variance using a general linear model with Duncamtiple range testE0.05)
run on SAS software, version 9.2 (Cary, North Gagl
3.3 Results

3.3.1 Model meat system

In the model meat system, brochocin-C at both 1880(AU mL*) and
high (1600 AU ml%) concentrations inhibited the growth of Group Gl.
botulinum (Figure 3-1). Counts for all samples except tméraated control
remained below the detection limit of log 1 CFU Tfor the duration of the
study, although counts in the 800 AU thkample and 1600 AU miLsolids-free
control briefly reached a maximum of log 1.4 CFU hat 13 d before decreasing
to below detection again (Figure 3-1). In cultulasking brochocin-C, growth
began after a brief lag period of 1 d, with a ne@aximum cell count of log 7.3
reached by 5 d post-inoculation. Meat solids didhrave an effect on growth. In
all cultures, the pH dropped slightly to a final j@H6.5 in all treatments except
samples containing 800 AU BrC-C Tiwhich had a final pH of 6.7 + 0.3. There
was no crude fat present in the CMM used in theegrgent.

3.3.2 Cl. botulinum growth in chopped and formed pork product

To overcome any potential interaction of brochoCinwith food
constituents, the brochocin-C concentration of 1800 g" was chosen for the
chopped and formed pork product. The water agtioit all samples was a
minimum of 0.96, the fat content ranged from a loiv7.1 % (w/w) in the
samples with brochocin-C + STPP to a high of 12.6M4v) in the samples with
natural cure + STPP, and the NaCl content rangenh f8.20 to 3.48 % (in
aqueous phase) (Table 3-3). In trialCl, botulinum remained at or below the
detection limit in all samples enumerated on CBI RCM media over the 79-day

course of the experiment in all samples. Beginwminglay 58, enumeration on
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Figure 3-1 Growth of a cocktail of Group ICI. botulinum (strains 17B, 2B, and
DB2) in the presence of different concentrationdmichocin-C in a model meat
system. Brochocin-C concentratiom) 0 AU mL*, (m) 800 AU mL?, (A) 1600
AU mL™, (A) solids-free control + 1600 AU mL Data points represent the
mean of n=3, and error bars represent + SEM. Lahdetection is minimum y-
axis value.

PCA was performed to determine the total bacteoant, and counts were found
to be below detection for all samples in two regiles from day 58 to day 79. In
replicate 2, the sample containing only brochociar@d the untreated control had
total bacterial counts of 2.8 and 2.2 log CFU”cmespectively, on day 65. At the
end of the experiment (79 days), counts for thaseptes had increased to 4.0 and
2.7 log CFU crf, respectively. The pH of all samples remainedhtietly
constant throughout the experiment, with a finalgit.5 to 7.0.
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Table 3-3 Proximate analysis of chopped and formed pork prbdu

Treatment A Moisture Crude fat NacCl
[% (wiw)]  [% (wiw)] [% (w/w) in aqueous
phase]

Natural cure + brochocin-C +

STPP 0.96 67.0 8.6 3.40
Natural cure + brochocin-C 0.96 65.9 9.1 3.46
Natural cure + STPP 0.97 65.6 12.6 3.48
Brochocin-C + STPP 0.97 71.1 7.1 3.20
STPP only 0.98 67.8 9.3 3.36
Nitrite + STPP 0.97 67.8 9.6 3.36
Control — no added antimicrobials 0.98 nd nd nd

nd — not done because of insufficient sample gtyanti

The lack of growth of botl€l. botulinum and background microflora led
to identification of ingredients in the formulati@@mmon to all treatments, and
investigation of these ingredients for antimicrébactivity, as described in
Sections 3.2.8 and 3.3.4. Based on these resétsneat product formulation
was revised in trial 2 to exclude powdered smokalirtreatments, and include
samples that omitted STPP so that any antimicradffalct of brochocin-C was
not masked by inhibition from other ingredients. addition, the initial inoculum
of Cl. botulinum spore cocktail was increased from 100 CFU?dm 500 CFU
cm? to ensure that microbial growth could be read#jedted.

The results of trial 2 are shown in Figure 3-2. aWhenumeration was
performed using CBI medium, the numbersGbf botulinum (lipolytic colonies)
remained relatively constant throughout the expenimfor all treatments,
beginning with a value of 2.5 + 0.08 log CFU trin all the samples at the
beginning of the experiment, and finishing withaue of 2.2 + 0.1 log CFU ¢
on day 50 (Figure 3-2A). No significant differesda counts obtained from CBI
among samples were observed on any sampling daly,thhe exception of the
untreated control which was higher than sampledagang natural cure and

brochocin-C after 7 days of storage and was highan samples containing
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natural cure and STPP after 15 days of storageweMer, by the end of the
experiment, all counts were comparable.

However, when RCM agar was used as the enumeratieium, the
results were different from those obtained on CRldiam for several treatments
(Figure 3-2B). Counts for all treatments were sighificantly different from O to
7 days of storage, but following day 7, the countthe untreated control, sample
containing only STPP, and the sample containinghwoin-C + STPP began to
decline, reaching a level below detection afterd2§s of storage. The counts
obtained on RCM for these samples were signifigdother then the counts from
samples containing sodium nitrite and natural @fter 28 days of storage. After
50 days of storage, the counts in the samples $MRAP and brochocin-C were
significantly lower than those treated with sodiaitnite or natural cure.

The results of the enumeration of the backgroundrafiora on MRS
medium are shown in Figure 3-2C. After a lag phafsé days, the counts in the
untreated control, STPP only, and brochocin-C + FSTitreased rapidly to a
maximum concentration of ~7 log CFU énafter 21 days of storage. Samples
that contained either nitrite or natural cure inrimas combinations with
brochocin-C and STPP reached a final concentraifobackground microflora
near or below 2 log CFU cfrby the conclusion of the experiment.

Small, white, colonies with regular margins grewlmth CBI and RCM
medium, and these were later identified as eitBarnobacterium spp. or
Saphylococcus spp. by 16S rDNA sequencing (Table 3-4). On Cgdrathese
colonies were non-lipolytic. The growth trends tbe counts of these small
colonies on CBI and RCM were similar to that obsedren MRS medium (Figure
3-2C), with high vegetative cell counts (8 log CEWi?) observed in samples
lacking either sodium nitrite or natural cure aft28 days of storage and
continuing to the end of the experiment. Growthtledse small colonies in
samples containing sodium nitrite or natural cwached a high of ~4 log CFU
cm? at 14 days of storage, but subsequently decrehsmaghout the experiment,
whereas the cell count remained high in all otlaen@es on both medium types.
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Figure 3-2 Growth of cocktail of Group ICI. botulinum on CBI medium (A) and RCM medium
(B), and growth of background microflora on MRS rioea (C) originating from chopped and
formed pork product with different ingredient forkations. Treatments:e] natural cure +
brochocin-C + STPP m) natural cure + STPPp) brochocin-C + STPP,K) sodium nitrite +
STPP, A ) STPP, ¢) natural cure + brochocin-C9)( control with no added antimicrobials.
Lipolytic colonies on CBI were counted & botulinum, data points represent the mean of n=3,
and error bars represent + SEM. Minimum y-axisigdb limit of detection.
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Table 3-4 Identification by 16S rDNA sequencing and comparigoth BLAST
database of background microflora isolates origigatrom a vacuum-packaged
pork product

Identificatior Maximum identity (% Strain designatic
Carnobacterium maltaromaticum- 99 MH1*

C. maltaromaticum 99 MH2?

C. maltaromaticum 9¢ MH3?

C. maltaromaticum 9¢ G117

C. maltaromaticum 97 MF3
Staphylococcus pasteuri 97 ElV-21°

S warneri 97 S46

! identified asLactobacillus maltaromaticum, now C. maltaromaticum (Mora et al.,

2003),? designated in this studydesignated from BLAST search
3.3.3 Effect of fat on brochocin-C activity

Pork fat eliminated the activity of brochocin-C anmodel meat system.
The results were the same in the presence and@beémeat solids, with growth
of the indicator strain in the undiluted samplestloé agqueous phase of the
samples with added pork fat. In samples lacking pat, brochocin-C remained
active, with 1600 AU ml* observed in the aqueous phase of samples comjainin
and lacking solids.

3.3.4 MI C of powdered smoke against Group 11 ClI. botulinum

Several potential antimicrobial candidates weratified following trial 1
in the pork product: powdered smoke, NaCl, and STHRRe effect of smoke
powder and NaCl, at concentrations found in thedpeg on both spores and
vegetative cells of Group Il strains @i. botulinum was investigated. It was
observed that at a NaCl concentration of 2.5 % jwitwe MIC of powdered
smoke was at or below the concentration of 0.12) found in the product for
two of the threeCl. botulinum strains used in the cocktail (Table 3-5). Spafes
strain 2B, and both spores and vegetative cellstrafn 17B were inhibited by a
powdered smoke concentration of 0.125 % (w/w) &t %. (w/w) NaCl, while
vegetative cells of 2B were inhibited by 0.063 %vvsmoke. Strain DB2 was

more resistant to powdered smoke at the same NatCkatration, requiring 0.25
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% and 0.5 % (w/w) powdered smoke to inhibit vegetatcells and spores,
respectively. When 3 % (w/w) NaCl was used, which level slightly less than
that found in the aqueous phase of the meat, the WAlues of smoke powder
were further reduced, to less than 0.002 % (w/w)fbspores of strain DB2, and
both spores and vegetative cells of strain 17Braiist2B was slightly more
resistant to smoke powder, with an MIC of 0.03 %wjwfor spores and
vegetative cells.

To determine if the nature of the antimicrobialiatt of smoke powder
and NaCl was either bacterio- or sporostatic, samfitom each combination
were enumerated on TPGY medium in the absence okermpowder. The
antimicrobial effect determined to be was bacteaiod sporostatic for vegetative
cells and spores, respectively, of all strain€lobotulinum tested.

Table 3-5 Minimum inhibitory concentrations [in % (w/w)] ofommmercial
powdered smoke against cells and spores of GroGh botulinum strains in the
presence of different NaCl concentrations.

Cl. botulinum strain

NacCl DB2 17B 2B
(% wiw)
Vegetative  Spores Vegetative Spores Vegetative Spores
cells cells cells

0 >0.5 >0.5 >0.5 >0.5 0.5 0.5
1 0.25 >0.5 >0.5 0.5 0.125 0.5
2 0.125 0.5 0.25 0.25 0.063 0.25

25 0.25 0.5 0.125 0.125 0.063 0.125
3 <0.002 0.063 <0.002 <0.002 0.03 0.03
5 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002

3.4 Discussion

Initial characterization studies of brochocin-C riduthat 800 AU m[
was sufficient to inhibiCl. botulinumin a spot-on-lawn assay (McCormick et al.,
1998), which was the basis of this study. Whewrcentration of 800 AU nit
brochocin-C was tested in the model meat produesisting of broth containing
12.5 % (w/v) cooked meat solids, as in CMM (BD, 200brochocin-C was

effective at inhibiting the growth ofl. botulinum. However, in a solid pork
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product containing near 30 % (w/w) solids and deutile concentration of
brochocin-C, samples containing bacteriocin and FSTd not significantly
inhibit the growth ofCl. botulinum. Comparison of the formulations of each
product indicates that several key differencestedjsincluding product form
(solid or liquid) and fat content.

Purified bacteriocins have been incorporated irdth lhomogenized and
whole-muscle meat products. Previous work witleerdins A and B (Aymerich
et al.,, 2000) found that bacteriocin efficacy waréased in comminuted
products over whole-muscle meats. However, Aasah @003) concluded that
bacteriocins, particularly sakacin P and nisin, m@st effective when used on
meat surfaces, rather than incorporated into grqamducts. The results of the
current study are in agreement with Aasen et &0320with no detectable activity
of brochocin-C observed in a chopped and forme# parduct.

Fat content of the model and meat systems is andine difference.
Although beef heart, the largest constituent bygwein CMM (BD, 2009), is
known to contain 6.0 % (w/w edible portion) fat (Beet al., 2004), commercial
CMM was determined to be defatted, as crude falysisadid not detect any fat.
In contrast, all treatments of the chopped and éofmpork product contained at
least 7 % (w/w) crude fat. However, there are lkctirig reports of the influence
of fat on bacteriocin activity. In liquid media tehich melted milkfat or soybean
oil was added, a decrease in anti-botulinal agtiait nisin was observed at a
concentration of 20 % fat, but a less-consistefe@cefwas observed at 10 % fat
(Glass and Johnson, 2004). Similarly, the actieitiarnocin H was reduced in
the presence of soy oil (Blom et al., 2001), and #mti-listerial activity of
Lactobacillus curvatus is reduced in the presence of oil (Ghalfi et aD06).
However, loss of efficacy may be transient, becageeous solutions of sakacin
P and nisin, which had lost activity when mixedhwvgalmon or cod liver oil,
regained activity in the aqueous phase after tresgdh separated (Aasen et al.,
2003). It is well-known that bacteriocins have &ipathic properties that effect
their mode of action in the cell membrane (Drideale 2006), and in the case of
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nisin, have also demonstrated potent emulsifyintiviac (Bani-Jaber et al.,
2000).

In solid products such as meats, the influencebdh bacteriocin activity
is not clear. One report indicated equal recowdrgakacin P from salmon and
chicken containing 12 % and 1.6 % fat, respectivélasen et al., 2003).
However, a mixture of semi-purified enterocins AdaB demonstrated better
inhibition of Listeria innocua in higher-fat products such as paté (20 %) and
minced pork (13.09 %) than in cooked ham (3.48 A6l eéhicken breast (1.36 %),
respectively (Aymerich et al., 2000). Nisin was sheffective in sausages
containing 15 % fat, which is comparable to thatnfd by Davies et al. (1999).
However, in sausages with higher fat contents (24 %), the activity was lower
(Davies et al., 1999), which fits well with the uéts of the current study, as the
addition of rendered pork fat to aqueous medium whewn to eliminate
brochocin-C activity in the model meat system.

In the presence of fat, differences in efficacy agibacteriocins may be
caused by differences in physicochemical propesties$ as hydrophobic profiles.
Sakacin P has a calculated grand average of hyithiopg (GRAVY) (Kyte and
Doolittle, 1982; Gasteiger et al., 2003) value @574, which indicates that it is
much more hydrophilic than nisin (GRAVY=0.415), either brochocin-A or
brochocin-B peptides, with values of 0.880 and B,58spectively. The activity
of more hydrophobic bacteriocins such as broch@cimay be impacted to a
greater degree in fat-containing foods than mowrdphilic bacteriocins. Lipid-
bound bacteriocin appears to lose activity (Aaseal.e¢ 2003), and so this may
account for the lack of brochocin-C activity in tikbopped and formed pork
product. Thus, choice of bacteriocin to be used product will depend on the
physicochemical properties of the product, suctlfaascontent, as well as the
properties of the bacteriocin, such as hydropathici Such factors must be
considered when designing a biopreservation sy&iemn particular food.

Sodium tripolyphosphate, NaCl, and smoke powderewdentified as
potential antimicrobial agents in the meat formolatso product with only STPP
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was included as a treatment. Some workers hawategpinhibitory effects of
phosphate on growth and toxin formation ©Y. botulinum (Tompkin, 1983;
Wagner and Busta, 1984; Wagner and Busta, 198%uBat al., 1986), but other
studies have found that phosphate either stimul@eterts et al., 1981a; Barbut
et al., 1986) or had no effect on growth and tgxiaduction (lvey et al., 1978;
Barbut et al., 1986). The chemical form of the ggtate is important, as sodium
acid pyrophosphate was found to be inhibitory Gb botulinum in turkey
frankfurters, whereas STPP stimulated toxin pradac{Barbut et al., 1986).
Another factor to be considered is pH of the prodas polyphosphate was found
to increase toxin production in pasteurized potkrg#s with a pH of 5.5 — 6.3
(Roberts et al., 1981a), whereas when the pH wgtsehi the effect was reversed
(Roberts et al., 1981b). Although the enumeratiesults on RCM medium
showed thatCl. botulinum decreased when meat samples contained only STPP,
the same observation was found for the untreatatt@o When enumerated on
CBI medium, there was no difference in number€lobotulinum recovered from
the products; thus, the true effect of STPP remaimdear. As there were no
differences in pH between samples, inhibitionGbf botulinum because of pH
change can be excluded as the cause of the immbiti

NaCl is also inhibitory to Group ICI. botulinum, but the concentration
required for complete inhibition in the absenceotifer inhibitory ingredients is
relatively high (5 %), and likely would not be palble for consumers. However,
NaCl, in combination with ingredients such as sodiwnitrite, sodium
isoascorbate, sodium acid pyrophosphate, and patasorbate, is inhibitory at
lower concentrations (Roberts et al., 1981c; Wagmret Busta, 1984). In this
study, the presence of NaCl at a concentratiorrairal 3.2 % in a pork product,
without any other potential inhibitors present, weftective in controllingCl.
botulinum, which disagreed with the MIC data, which foundttB % NaCl alone
was not effective at controllinGl. botulinum. However, NaCl alone may not be
responsible for inhibition ofl. botulinum, because it is possible that the presence

of a background microflora may have impacted ttwsvtin of Cl. botulinum.
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When smoke powder is added as an additional bathierconcentration of
NaCl required for inhibition decreases from 5 %atound 3 %, which was the
concentration used in the first meat trial. Tlsisn agreement with other studies
with CI. botulinum types A and E in fish products (Eklund et al., 298Although
little has been reported on the efficacy of smokenhibition of Cl. botulinum in
meat, the results in this study indicate that ebrecentration of 0.12 %, and in the
presence of other inhibitory factors such as Na@l eefrigeration, powdered
smoke inhibited Group IICI. botulinum, based on counts that were below
detection when smoke was present and the low Ml@Gevabserved.

The natural cure used in this experiment contaceddry extract, though
the exact level in the commercial product is nobwn. Celery is known to
contain both nitrate and nitrite, with average @nrations of 3151 and 0.8 mg
kg (fresh weight) reported (Walker, 1990), whichémcentrated to 2.5 x 1@ng
kg in commercial celery juice powder (Sindelar anduster, 2009). According
to the product literature for the natural cureisiintended to replace the curing
agent sodium nitrite, and gives a final concerdratf 200 mg kg nitrite in the
finished product when used at the recommended otrati®n (W. Yien, Griffith
Laboratories, personal communication). Thus, lehtments containing nitrite
should give comparable results, which was the caben samples were
enumerated on either RCM or CBI media.

In this study, C. maltaromaticum, S pasteuri, and S warneri were
identified as part of the microflora of the vacupackaged pork productC.
maltaromaticum has been isolated from numerous vacuum-packagestclenu
products, including chicken (Barakat et al., 20@®ef (Brightwell et al., 2009),
smoked salmon (Leroi et al., 1998; Nilsson et1899), and pork (McMullen and
Stiles, 1993). Saphylococcus pasteuri is a ubiquitous organism originating from
human, animal, and foods (Chesneau et al., 1993)e 8. warneri is found on
human skin and some domestic animals (Kloos andeeh 1975; Gotz et al.,
2006). BothS pasteuri andS. warneri have been isolated from sausages (Blaiotta

et al., 2004), and so it is not surprising thaséherganisms were isolated from a
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pork product. One result that was surprising v the background microflora
grew on CBI, as this medium is designed to be seketor Cl. botulinum.

In this study, treatments containing nitrite frofther the natural cure or
from sodium nitrite directly demonstrated signifita inhibition of C.
maltaromaticum and Staphylococcus spp. Lactic acid bacteria have been shown
to be resistant to nitrite (Gonzalez and Diez, 208&2d in fact a selective medium
for lactic acid bacteria was designed based onpilisumed resistance (Davidson
and Cronin, 1973). However, nitrite has been fotmmtdave a variable effect on
lactic acid bacteria, homofermentative strains ¢peimore resistant to its effects
than heterofermentative strains (Dodds and Collinempson, 1984). While
relatively high nitrite concentrations (200 — 406 mi') are required for inhibition
of some strains (Dodds and Collins-Thompson, 18&4keala et al., 1992), other
strains are inhibited by as little as 50 mg (Dodds and Collins-Thompson,
1984). Several studies have reported inhibition ladtobacilli, including
Lactobacillus curvatus (Verluyten et al., 2003; Ghalfi et al., 2006; K&oa et al.,
2009) and_b. sakei (Leroy and de Vuyst, 1999; Lyhs et al., 1999; lyeand De
Vuyst, 2005). Although the carnobacteria are dioselated to the lactobacilli
(Collins et al., 1987; Champomier et al., 1989; Met al., 2003), and share many
phenotypic properties, this is the first reporirdfibition of Carnobacterium spp
by nitrite. Because of its origins from meat anbility to grow at low
temperaturesCarnobacterium has been identified as a likely candidate for
biopreservation of meats (Ahn and Stiles, 1990)oweler, the results of this
study indicate that preliminary work must be dooeehsure that any potential
strain is not inhibited by ingredients in the folation such as nitrite.

One interesting observation from this study wasdifference in numbers
of Cl. botulinum on CBI and RCM media for the untreated controg samples
containing brochocin-C and STPP, and the sampleaitong only STPP after 21
days of storage. Several possibilities for thispdrity have been identified,
including bacteriocin production by the non-botalirsolatesC. maltaromaticum

and Staphylococcus spp. found in increased levels in these threertreats, or an
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enhanced ability for recovery @li. botulinum by CBI. Both of these possibilities
require further investigation.

In summary, brochocin-C was shown to effectivellilat outgrowth of
spores ofCl. botulinum in liquid culture at a concentration of 800 AU thlbut
was not effective as an antimicrobial in a meatipod at twice the concentration.
Interactions with food constituents such as fatliikplayed a role in the loss of

activity.
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Chapter Fourtnactivation of bacteriocins by Group |1 (proteolytic)
Clostridium botulinum

4.1 Introduction

Bacteriocins have been proposed as alternativénteszds for inhibiting
outgrowth of Cl. botulinum spores in foods. Bacteriocins are ribosomally-
synthesized antimicrobial peptides produced by dyactwith activity against
closely-related bacteria (Jack et al., 1995). @g#-studied bacteriocin is nisin,
which has been used in foods for over 40 years,h@msddemonstrated activity
againstCl. botulinum (Rayman et al., 1981; Scott and Taylor 1981). éJior
recently, brochocin-C, produced Byochothrix campestris (Siragusa and Cutter,
1993), has also been identified as a potentialfuldacteriocin effective against
Cl. botulinum spores (McCormick et al., 1998). Brochocin-C isne@-peptide
bacteriocin consisting of the two peptides brochgtiand brochocin-B, which
have reported masses of 5244 Da and 3944 Da, tasgppdMcCormick et al.,
1998; Garneau et al., 2003).

However, dependence on one bacteriocin may presémd safety risk,
as nisin resistance has been identifiedCinbotulinum (Mazzotta et al., 1997,
Mazzotta and Montville, 1999). Dehydropeptide-sipec enzymes have
accounted for nisin resistance in organisms sudBeei$lus cereus (Jarvis, 1967,
Jarvis and Farr, 1971), and although nisin resigtdras been demonstrateddin
botulinum (Rayman et al.,, 1983), no mechanism has been gedpfor any
bacteriocin resistance in this organism. Extradail proteases are produced by
Cl. botulinum, and are involved in botulinal toxin activation g8Gupta, 1971,
DasGupta, 1972; DasGupta and Sugiyama, 1972; Nak&1@&). In this study,
we propose that the proteolytic enzymes of GroGh botulinum are responsible
for proteolysis of brochocin-C, and demonstrate tha proteases involved are
not bacteriocin-specific.
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4.2 Materialsand M ethods

4.2.1 Culture maintenance and spore production

Group ICl. botulinum strains used in this study we@é botulinum 368B,
1B, 6A, and 62A, while the Group Il strain w&. botulinum 2B (University of
Alberta). Br. campestris ATCC 43754 (American Type Culture Collection;
Manassas, VA) was used to produce brochocin-C, @adnobacterium
maltaromaticum NCIMB 702852 (National Collection of Industrial carMarine
Bacteria; Aberdeen, SF) was used as the brochoserSitive indicator strain.
Br. campestris and C. maltaromaticum were stored in APT broth (All-Purpose
Tween) (Difco, Becton Dickinson; Sparks, MD) contag 20 % (v/v) glycerol at
-80°C, whileCl. botulinum strains were stored as spore stocks in sterile®.9
(w/v) NaCl at 4°C. Enumeration of both spores andetative cells was done
using Reinforced Clostridial Medium (RCM; Difco)maining 2.5 % (w/v) agatr.
Medium for spore production for strain 6A was RCOMjile spores of all other
strains were produced in Trypticase-Peptone-Glud@sest Extract broth
(TPGY) (USDA, 1998) containing, per litre: 50 g ptgne, 5 g peptone, 20 g
yeast extract (Difco), 4 g glucose (Fisher Scientifanada; Ottawa, ON), and 1 g
sodium thioglycollate (Sigma-Aldrich Canada Ltd;akville, ON). Before use,
all media was incubated in an anaerobic chamberatoieast 24 h (Coy
Laboratory Products Inc; Grass Lake, MI) under tamogphere of 5 % C010 %
H,, and balance N(Praxair Canada; Edmonton, AB) to ensure anaerobic
conditions.

For spore production, 100 pL of spore suspensiare wmoculated into 5
mL of appropriate medium, heat-shocked in a watgh dor 15 min at 75°C
(Group I) or 55°C (Group 1), and incubated at 31i@er anaerobic conditions
for 48 h. The 5-mL culture was then used to inaeu2b0 mL of the appropriate
medium, and the culture was incubated at 37°C uadaerobic conditions for 14
days with periodic monitoring by phase contrast roscopy. Spores were

harvested by centrifuging at 16270yXor 20 min, followed by ten washes (100
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mL) and a final resuspension (10 mL) in sterile @9qw/v) NaCl, and heated at
65°C for 1 h (Gao, 2001) to destroy residual tama vegetative cells.
4.2.2 Brochocin-C production

An abbreviated method of McCormick et al. (1998swsed to produce
brochocin-C. Briefly, Casamino Acids Medium (CAAji4stings et al., 1991)
supplemented with 2.5 % (w/v) glucose was inocdlatgth 2 % (v/v) of an
overnight culture oBr. campestris. Cultures were incubated at 26°C with stirring
at 250 rev mift for 24 h, and the bacteriocin-containing supemataas
recovered by centrifuging at 8000gX¥or 20 min. The supernatant was heated at
60°C for 30 min to inactivate any remaining cedlad then extracted twice with
1-butanol (Fisher Scientific Canada) with a butasapernatant ratio of 1:2. The
organic phase was mixed in a 1:1 ratio with Mifli@ater (Millipore; Billerica,
MA), and concentrated by rotary evaporation (Bu€tawil, CH) at 36°C until no
butanol remained. Antibacterial activity of brocheC was assayed by diluting
the semi-purified brochocin-C in a two-fold seneish 0.1 % (v/v) trifluoroacetic
acid (Sigma), spotting 10 pL of each dilution o®BT agar containing 1.5 %
(w/v) agar, and overlaying with semi-solid APT af@75 % (w/v) agar] seeded
with 1 % (v/v) of an overnight culture of the sein& indicator organisncC.
maltaromaticum NCIMB 702852. Plates were incubated anaerobicall30°C,
and were examined at 24 h for zones of clearingbitiary activity units per mL
(AU mL™) were calculated from the reciprocal of the ladutin showing
inhibition (McCormick et al., 1998).

4.2.3 Model meat system preparation

A cocktail of Group ICI. botulinum was diluted in 0.9 % (w/v) NaCl to
contain 3 x 16 spores mL* of each strain. Three hundred millilitres of #eer
anaerobic Cooked Meat Medium (CMM; Difco) was seppénted with
brochocin-C at concentrations of 0, 800, or 1600 U™ in triplicate. One
millilitre of heat-shocked spore cocktail was intatad into CMM to give a final
spore concentration of 100 spores ‘mlas recommended by Doyle (1991).

Solids-free controls were set up in triplicate bytoglaving CMM, filtering
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through several layers of cheesecloth to removgelgrarticles, then filter-
sterilizing through a 0.22 pm filter before suppéetation with 1600 AU mt
brochocin-C and inoculation. Plate counts of vetyetacells were done on
selected days. The pH of the cultures was measirdee beginning and end of
the experiment using ColorPhast pH indicator stri@&MD Chemicals;
Gibbstown, NJ).

4.2.4 Confirmation of proteolysis

Samples were drawn on day 40 from one replicateefGroup | cultures
containing 1600 AU mt of brochocin-C, and from one replicate of the dwli
free control. Aliquots of each were centrifuge@®@800 xg for 5 min, and 10 pL
of each of the supernatant and culture was spbtsdie 5 pL of brochocin-C on
APT agar, and was allowed to dry. Controls comgisof only brochocin-C and
only culture were also spotted. Plates were oyer&d with 5 mL of semi-solid
APT agar inoculated with 1 % (v/v) of an overnightture ofC. maltaromaticum
NCIMB 702852, incubated at 30°C under anaerobicditmms, and were
examined at 24 h for evidence of proteolysis.

Proteolysis of other classes of bacteriocins shimwhable 4-1 was tested
by similar methods. Briefly, viable cultures Gf. botulinum strains 11B, 368B,
6A, 62A, and 2B were grown by inoculating 5 mL o€ ® with 200 pL of a 3 x
10" spores mL* stock, heat-shocking at 75°C (55°C for 2B) for rhin, and
incubating at 37°C under anaerobic conditions.eAf2 h incubation, supernatant
was collected by centrifuging 1 mL at 10 00@ xor 2 min, and 5 pL of each
strain was spotted onto the center of an air-dsigd. spot of bacteriocin on APT
agar plates.

Additional confirmation of proteolysis of brochoeth was done by
matrix-assisted laser desorption/ionization-timdlight analysis (MALDI-TOF)
(Mass Spectrometry Facility, University of AlbertaBrochocin-C used in this
analysis underwent additional purification stepydmel the extraction with 1-
butanol described in Section 4.2.2. A chloroforrtraction followed by gel
filtration was performed as described by Garneaal.R003). Briefly, following

concentration of the 1-butanol extract, the broain@ preparation was
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Table4-1 Bacteriocins and indicator organisms used

Bacteriocin (source) Concentration Indicator orgemused

Brochocin-C (partially purified from 1600 AU mL* Carnaobacterium

Brochothrix campestris ATCC 43754) maltaromaticum NCIMB
702852

Nisin [as Chrisin (2.5 % nisin), Chr. Hansen; 25 pug mL* Lactobacillus sakei Lb 7068
Hgrsholm, DK]

Sakacin A (partially purified from na Listeria monocytogenes CDC
Lactobacillus sakei Lb 706} 7762

Leucocin A (partially purified from na C. maltaromaticum NCIMB
Leuconostoc gelidum UAL187) 702852
Enterocin 7A (purified) 1.8 mgm* L. monocytogenes CDC 7762
Pediocin PA-1 (crude preparation from na C. divergens NCIMB 702855
Pediococcus acidilactici PAC1.0

Subtilosin A (purified) 12.5 pyg mt* L. monocytogenes FS-1%
Carnocyclin A (purified) 73.2 pg mtt L. monocytogenes FS-15

*Schillinger and Liicke (1989), renamedLas sakei (Triiper and de'Clari, 1997)Hastings et al.
(1991); Hastings and Stiles (1993 Gonzalez and Kunka (198%%ourtesy of X. Liu’courtesy of

Dr. J. Vederas® University of Alberta; na-not available, ATCC-Anigan Type Culture
Collection, CDC-Centers for Disease Control, NCINMBtional Collection of Industrial and
Marine Bacteria

resuspended in 10 mL MilliQ water per L of origirallture supernatant volume.
The resuspended preparation was then extractedl®thmL chloroform (Fisher
Scientific Canada) per L original culture supernateolume, and centrifuged in
Teflon® centrifuge bottles (Fisher Scientific Canada) 283 xg for 4 min at 4°C
to break any emulsion formed. The preparation w@ascentrated by rotary
evaporation (Buchi; Flawil, CH) at 30°C to a fimalume of ~ 1mL. This
concentrate was resuspended in a 1:1 ratio of alolon:methanol, and was
stored under nitrogen at 4°C. The concentrategpkawas loaded onto an SR-25
solvent-resistant column (GE Healthcare; Uppsag, c®ntaining Sephadex LH-
20 resin (GE Healthcare) equilibrated with chlorafanethanol (1:1) at a flow
rate of 2 mL miff. Fractions were collected, and were tested féimaerobial

activity as described in Section 4.2.2.
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To prepare samples for MALDI analysis, viable crdgiofCl. botulinum
strains [IB, 368B, 6A, and 62A were grown by in@tiig 5 mL of TPGY broth
with 200 pL of a 3 x 1Dspores mL* stock, heat-shocking at 75°C for 15 min, and
incubating at 37°C under anaerobic conditions. eAf4 h incubation, cultures
were subcultured [1 % (v/v)] into 5 mL fresh TPGYoth. After 24 h of
incubation at 37°C under anaerobic conditions,siingernatant was collected by
centrifuging 1 mL at 10 000 g for 5 min. For a heat-denatured control, half of
the clarified supernatant was autoclaved at 1216€ 40 min to inactivate
proteases produced b@l. botulinum. Following autoclaving, 50 pL of the
supernatant was added to 50 pL of semi-purifie¢towoin-C, and the sample was
incubated overnight at 30°C. For treatments incWwhihe proteases retained
activity, 50 pL of clarified supernatant was usedreat 50 pL of semi-purified
brochocin-C, and the samples were incubated ovetrragy 30°C. Following
incubation, samples were autoclaved (121°C, 40 tunjestroy the botulinum
toxin. Samples of brochocin-C were also autoclaveder the same conditions to

ensure no loss of brochocin-C from autoclaving.

For MALDI-TOF analysis, 1 pL of sample was spotteda ground steel
MALDI target, air-dried, and 1 pL of a saturatedusion of sinapinic acid in
50:50 mixture of acetonitrile:trifluoroacetic acid water [(0.1 % (v/v)] was
added. The spots were washed three times with &f |OL1 % (v/v) trifluoroacetic
acid in water. Mass spectra were obtained on adrukrafleXtreme MALDI-
TOF/TOF mass spectrometer (Bruker Daltonics; Brenig). lonization was
performed with a 1 kHz smartbeam Il laser, andrtiass spectrometer was used
in a reflectron mode of operation.

4.2.5 ldentification of protease class

To characterize the protease(s) responsible fastiwraion of brochocin-
C, protease inhibitors specific for different prade classes were used. The
protease inhibitors, protease class inhibited,taedinal concentrations are listed
in Table 4-3. All protease inhibitors were purarthsrom Sigma, with the
exception of AEBSF and EDTA, which were purchasednf Fisher Scientific
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Canada. Briefly, 1.2 x fospores mt* of Group ICl. botulinum strains 1B,
368B, 6A, and 62A were inoculated into anaerob@MRbroth, heat-shocked at
75°C for 15 min, and incubated at 37°C under araeroonditions for 72 h.
Supernatant was collected from each strain by ifegitng at 5000 >g for 10 min,
and volumes of the clarified supernatant were #ckatith protease inhibitors at
the aforementioned concentrations for 1 h at 3@ untreated control of each
strain was also heat-treated and used. Followhgpitor treatment, 5 pL of the
supernatant was spotted directly onto brochocip@sson APT agar plates (5-uL
spots containing 2.9 x AU mL™ brochocin-C). Plates were overlayered with
semi-solid APT seeded with 1 % (v/v) of an overmigtulture of C.
maltaromaticum NCIMB 702852, and were incubated at 30°C underegoiac
conditions. Plates were examined at 24 h for cdeaes, indicating that proteases
had been inhibited.

4.3 Results

4.3.1 Model meat system

In the presence of brochocin-C and cooked meatisothe cocktail of
Group ICI. botulinum strains grew rapidly following a lag phase of ¥sléFigure
4-1). The solids-free control had a much longey phase nearing 13 days, at
which point growth began, reaching a maximum cotreéon of 9 log CFU mL
1. All other treatments reached a maximum cell eatration at 28 days, with a
value of 8 log CFU mtt. Brochocin-C up to a concentration of 1600 AU L
did not inhibit outgrowth of Group Il. botulinum spores and subsequent
vegetative cell growth. Cultures did not demorstra pH decrease in any
treatment except the treatment lacking meat solidéch showed a pH of 6.5 +
0.5. Treatments containing 0, 800, and 1600 Altwoin-C mL™* had final pHs

of 7.7 £0.3, 7.5, and 7.3 £ 0.3, respectively.
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Figure 4-1 Growth of a cocktail of Group Cl. botulinum in the presence of
different concentrations of brochocin-C in a modeat system. Brochocin-C
concentration:€) 0 AU mL™, (m) 800 AU mL*, (A) 1600 AU mL*, (A) solids-

free control + 1600 AU mE. Data points represent the mean of n=3, and error
bars represent £ SEM.

4.3.2 Confirmation of proteolysis

To confirm that proteolysis was the mechanism obchocin-C
inactivation, samples of supernatant taken frontuces were spotted adjacent to
brochocin-C, and loss of bacteriocin activity wdsserved (Figure 4-2). Both
clarified culture supernatant and culture contagriells exhibited inactivation of
brochocin-C, as demonstrated by the characterifiitening” of the zone of
clearing (Figure 4-2). When other bacteriocins evegsted, all four Group |
strains inactivated the class lla bacteriocins ciakd and pediocin PA-1, and
three strains inactivated leucocin A (Table 4-Risin, enterocin 7A, subtilosin
A, and carnocyclin A retained their activity, inditng no inactivation byCl.
botulinum supernatants. The supernatant from the Grouprdins2B did not
inactivate any of the bacteriocins tested.
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Figure 4-2 Inactivation of brochocin-C by Groupdl. botulinum. I. In solids-
free medium, Il. In medium containing solids. Arothocin-C only; B,
brochocin-C + Group CI. botulinum cocktail culture supernatant; C, Groug@ll

botulinum cocktail culture only; D, brochocin-C + Grou|€l. botulinum cocktail
culture. Petri dishes are 15 mm diameter

Table 4-2 Growth of indicator strains exposed to bacteriodireated with
supernatants dtl. botulinum

Bacteriocin Class of Indicator strain Cl. botulinum strain
bacteriocin
IIB 368B 6A 62A 2B none
Nisin | Lb. sakei Lb 706B - - - - - -
Pediocin lla C. divergens NCIMB + + + + - -
PA-1 702855
Sakacin A lla L. monocytogenes CDC  + + + + - -
7762
Leucocin A lla C. maltaromaticum + + + - - -
NCIMB 702852
Brochocin- lib C. maltaromaticum + + + + - -
C NCIMB 702852
Enterocin llc L. monocytogenes CDC - - - - - -
7A 7762
Subtilosin A v L. monocytogenes FS- - - - - - -
15
Carnocyclin v L. monocytogenes FS- - - - - - -
A 15

+ indicates growth of indicator organism, - indesho growth of indicator
organism. Growth of indicator organism signifiesadtivation of
bacteriocin, while lack of growth signifies actiwacteriocin.
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To determine if the enzymes present in the supanhaff the strains dl.
botulinum were responsible for inactivation of brochocinMALDI-MS analysis
was performed. This analysis revealed that only @inthe component peptides,
brochocin-A (5242 Da, monoisotopic molecular iomjas visualized in all
untreated samples, but brochocin-B was not observedl strains of Cl.
botulinum showed the same pattern, so only the resul@Gl.dbotulinum 62A are
shown (Figure 4-3). Mass spectra of samples thiatatmed supernatant that had
been heat-treated prior to addition to brochocire@aled the presence of a peak
at 5242 Da (Figure 4-3). After treatment w@h botulinum supernatant that had
not been heat-treated prior to addition to broamdsi the peak at 5242 Da
disappeared. Autoclaving brochocin-C with no ad@&dbotulinum supernatant

had no effect on the presence of brochocin-A (datashown).
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Figure 4-3 Destruction of brochocin-A in samples treated veitipernatant ofl.
botulinum 62A as shown by MALDI-MS analysis. The sampleoal#ved pre-
treatment is shown in A, and the sample autoclggest-treatment is shown in B.
Position of brochocin-A is indicated (5242 Da, misetopic molecular ion).
Brochocin-B was not observed by this method.
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4.3.3 Mode of proteolysis

To determine the class(es) of protease(s) respen$ib brochocin-C
inactivation, inhibitors of different classes obprases were used to treat culture
supernatants of GroupQl. botulinum strains. If a specific class of protease is
present in the strain &l. botulinum strain tested, it is inactivated by a protease
inhibitor of that class, leaving the bacteriocinoddtocin-C with full activity
against growth of the indicator organism.

Differences in proteases produced among the sttasied were evident,
as shown in Table 4-3. At least one protease iyp=achCl. botulinum strain
was inactivated by the protease inhibitors testethis assay, with the exception
of strain 6A. Inhibition of the indicator straina observed when the supernatant
of Cl. botulinum strain IIB was treated with cysteine proteasehlitbrs, and this
was the only class of proteases inhibited in sttln Strains 62A and 368B
displayed an inhibition spectrum similar to eacheot with both producing all
classes of proteases with the exception of serm¢eg@ses, which were not
produced by 368B. One interesting result was tiratproteolytic activity of the
supernatant ofl. botulinum 62A was eliminated by the serine protease inhibito
PMSF, but not by the serine protease inhibitor AEBS
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Table 4-3 Growth of indicator straifC. maltaromaticum NCIMB 702852exposed to brochocin-C and the culture supernatint
Group ICl. botulinum treated with protease inhibitors. Absence of dghowef the indicator strain demonstrates that aifipestass of
protease was inactivated by the protease inhibitor.

LET

Protease inhibitor Final concentration Target Cl. botulinum strain
(mM)

IIB 368B 6A 62A
4-(2-Aminoethyl) benzenesulfonyl fluoride 1 Serine proteases + + + +
hydrochloride (AEBSF)
Bestatin 0.001 Leucine and alanyl Aminopeptidases + - + -
N-(trans-Epoxysuccinyl)-L-leucine 4- 0.01 Cysteine proteases - - + -
guanidinobutylamide (E-64)
EDTA 1 Metalloproteases + - + -
Pepstatin 0.001 Aspartic proteases + - + -
1,10-phenanthroline 10 Zinc metalloproteases + - + -
phenylmethanesulfonyl fluoride (PMSF) 1 Serine aysteine proteases + + + -
Na-Tosyl-L-lysine chloromethyl ketone 0.1 Trypsin-like serine proteases, + - + -
hydrochloride (TLCK) clostripain
No inhibitor control + + + +

" concentration recommended either by manufacturby Galveson and Nagase (2001). + indicates growihdicator organism, - indicates no growth of
indicator organism. Growth of indicator signifieofease inhibitor inactive against protease, whdegrowth indicates protease inhibitor active again

protease.



4.4 Discussion

Resistance to bacteriocins is common in gram-negatiganisms due to
protection conferred by the lipopolysaccharide-aonhg outer cell membrane
(Jack et al., 1995), but it has also been obsemegram-positive organisms.
Nisin resistance in gram-positive bacteria has llbemmost-studied, and has been
reported inListeria monocytogenes (Crandall and Montville, 1998)8. cereus
(Jarvis, 1967; Jarvis and Farr, 197 8xeptococcus thermophilus (Alifax and
Chevalier, 1962; Garde et al., 2008, bovis (Mantovani and Russell, 2001),
Lactobacillus casei (Breuer and Radler, 1996), a@tl botulinum (Rayman et al.,
1983).

Nisin resistance resulting from enzymatic actios haen observed. B.
cereus, a dehydropeptide reductase was identified whicteda upon the C-
terminal dehydroalanyllysine, reducing it to aldysine, and reducing its’
efficacy by 76 % (Jarvis and Farr, 1971). Moreerdgly, proteolysis been
identified as a mechanism of bacteriocin resistandeactococcus lactis. Sun et
al. (2009) found that the 35-kDa nisin resistana#gin in a non-nisin-producing
strain ofLc. lactis was responsible for inactivating nisin via a spegroteolytic
cleavage of the peptide bond between residues @2%@n Interestingly, the nisin
resistance protein is specific for these two ressduone of which is &-
methyllanthionine ring. In both cases, enzymatactivation of nisin was due to
specificity towards the dehydropeptide amino aesidues unique to the class |
lantibiotics. Because of this specificity, it igdly that the protease(s) believed
responsible for brochocin-C inactivation in Grouptiains ofCl. botulinum are
differentthan those described earlier in eitBercereus (Jarvis and Farr, 1971) or
Lc. lactis (Sun et al., 2009).

Cl. botulinum has been reported to produce proteases that éeet@b
hydrolyse casein (Elberg and Meyer, 1939; Bonveattd Kempe, 1960) and
liquefy gelatin (Elberg and Meyer, 1939; lida, 196dnd in fact proteolysis of

such substrates is one of the main propertiesrdifteating botulinal groups (Bell
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and Kyriakides, 2000). Aminopolypeptidases havenbebserved by several
workers, including those which demonstrated tasgefuence specificity (Elberg
and Meyer, 1939; Millonig, 1956) and one that owclgaved proteins at the
linkage proximal to the amino group (Millonig, 1956 More specific studies
revealed thaCl. botulinum Type B strain Lamanna produces a protease specific
for the carboxyl group of arginine and lysine ressl (DasGupta, 1971,
DasGupta, 1972), and in fact was identified as phetease responsible for
cleavage and subsequent activation of the lesgeabttulinum progenitor toxin.
Thus, extracellular proteases are known to be medilyCl. botulinum, but no
studies of their action on peptides such as badies have been reported.

Until the results reported in this paper, proteslyas a mechanism of
bacteriocin inactivation has not been observe@dliotulinum. In fact, Mazzotta
and Montville (1999) determined that proteolysisswet responsible for nisin
inactivation in a proteolytic strain dfl. botulinum. The current study agreed
with their conclusion in regards to nisin, becanisen was not inactivated by cell-
free supernatants dfl. botulinum, but proteolysis of the class Il bacteriocins
brochocin-C, sakacin A, leucocin A, and pediocin-PAvas observed in this
study. Previous observations (see Chapter 3) ledvé¢laat Group ICI. botulinum
strains were inhibited by brochocin-C, which lenfisther support to the
conclusion that proteolysis is responsible for eaotin inactivation.

Although all the bacteriocins inactivated &Y. botulinum were class Il
bacteriocins, enterocin 7A, a class llc bacteridgtin, 2010), was not inactivated,
suggesting that the protease(s) responsible possess degree of specificity.
According to the results of the protease inhibaesay,Cl. botulinum strain 6A
did not produce proteases of any class; howevéa, fdam the spot-on-lawn assay
shows that brochocin-C is inactivated, while MALBIS analysis indicates that
one of the component peptides of brochocin-C (lworhA) is destroyed.
Further research is required to determine the re&sothe conflicting results in

this strain, and to elucidate the proteases redplenfor bacteriocin inactivation
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of the Cl. botulinum strains 368B and 62A, both of which produce midtip
classes of proteases.

The circular structures of subtilosin A and carraicy A offer an
explanation for their resistance to proteolysis. characterization studies of the
circular bacteriocins carnocyclin A (Martin-Vissehet al., 2008), gassericin A
(Kawai et al., 2003), circularin A (Kawai et al.p@B; Kawai et al., 2004),
enterocin A (Joosten et al., 1996), and microcib (Blond et al., 1999), all
bacteriocins were resistant to one or more progeassted. The rigid
conformation resulting from circularizing the baadeins renders specific
proteolytic target sites inaccessible, thereby ewifg resistance to proteolysis
(Maqueda et al., 2008).

One interesting observation is that in strain 62#¢ sulfonyl fluoride
serine protease inhibitor AEBSF, but not PMSF, bited proteolysis. These two
protease inhibitors share many common targets éSaivand Nagase, 2001), and
therefore similar action against the serine praégsproduced b¢l. botulinum
is expected. Similar observations were noted evipus studies of a protease
from Candida boidinii (Stewart et al., 2002) and in protein storage istud
(Sharma and Luthra-Guptasarma, 2009). Although B8EEBNnd PMSF are serine
protease inhibitors, only PMSF inhibited proteasé3ne possible explanation
given is that the phenyl group present in PMSFrmttin AEBSF is necessary for
enzyme binding and subsequent inhibition (Stewksdl.e 2002), which may be
the case with the serine protease producedl blyotulinum 62A.

This study is the first to demonstrate that protsisl byCl. botulinum is a
mechanism of resistance to class Il bacteriocAthough bacteriocins have been
touted as more “natural” alternatives to chemicajmthesized preservatives, the
results of this study clearly indicate that carefdearch must be undertaken to
identify routes of resistance, as well as pathogessessing such mechanisms.
One potential avenue of circumventing proteolysi<Ch botulinum is to replace
known proteolytic target sites with sequences that not targeted by the

proteases, which may allow previously-unusable dramtins to be used to
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inhibit Group ICl. botulinum.
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Chapter FiveEffect of media formulation on growth of Clostridium botulinum
in the presence of competitive microflora

5.1 Introduction

Many chemical and physical interventions have hessd to inhibit spore
germination and subsequent outgrowth Gfostridium botulinum in food.
Strategies have included use of aerobic conditi@sCl. botulinum is an
anaerobe. Other strategies employed include logesiater activity by addition
of salt or other solutes, reducing pH to less tha&) adding sodium nitrite, or
maintaining a low storage temperature to controrsputgrowth and subsequent
vegetative cell growth (Bell and Kyriakides, 200@ften, multiple interventions
are used in order to ensure that microorganismglwirniay not be inhibited by
one individual barrier will be inhibited by a comhtion of barriers, which is
known as the hurdle concept (Leistner, 1992). Byleying multiple hurdles,
these treatments have proven effective in cont@lliCl. botulinum in
commercially-prepared foods. However, changingsaomer preferences has led
to modification of product formulations, which mayprove the ability ofCl.
botulinum to grow and produce toxin. Removal of, or reduttiof the
concentration of, sodium nitrite and reduced salels are two examples of this
trend in the food industry. Thu€;l. botulinum is considered an important
foodborne pathogen.

Testing forCl. botulinum in food products can be done by assaying for the
presence of the viable organism, the neurotoxialtiag from its growth, or both.
The gold standard for determining if food has akdvwgrowth ofCl. botulinum is
the mouse bioassay (Health Protection Branch, 19&fjtter et al., 1992).
However, there are several issues with this assEye presence of other toxic
substances in the sample or infection stemming fiteninjection can also cause
death, so results must be interpreted correctiyaddition, animal welfare is also
a concern. Typically, testing for growth Gf. botulinum in samples is done by
culture methods. Growth medium that approximatesfobod products in which

Cl. botulinum was a major problem (meat) was developed, fsgtgiactual meat
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extract preparations (Robertson, 1915; Henry, 1@i&gliaro, 1977), which was
later replaced by a commercially-prepared dehydrateoked meat medium
(Difco, Becton Dickinson; Sparks, MD). Complex dnem for Cl. botulinum
was first described in the literature in 1928, andorporated a high protein
content in the form of peptone and dried egg wiidack et al., 1928). Since that
time, media has been formulated with a high proteintent from extracts of beef
and yeast, combined with protein or casein hydeisgl such as soya peptone,
tryptone, peptone, or casitone. Several manufaturave produced clostridial
media, including Reinforced Clostridial Medium (RCNDifco) (Hirsch and
Grinsted, 1954; Barnes et al., 1963), McClung Toagar (Difco) (McClung and
Toabe, 1947), and Clostridial Count Agar (NissaarRtaceutical; Tokyo, JP),
but these media are not selective @r botulinum. Differential Reinforced
Clostridial Medium (Gibbs and Freame, 1965) is R@Mt allows for partial
selectivity for clostridia because of the presemdesodium acetate, while
differentiation of clostridia is achieved by blaockeg of the medium from the
formation of iron sulphide (BD, 2009).

Attempts have been made to improve the selectioftynedia forCl.
botulinum by addition of antibiotics such as cycloserine {fDéan et al., 1981,
Mills et al., 1985; Gibson, 1986; Carminati et &001; Bagenda et al., 2008),
kanamycin (Gibson, 1986; Bagenda et al., 2008pavidomycin (Gibson, 1986),
polymyxin (Rahmati and Labbe, 2008), sulphadiazi{@ibson, 1986),
trimethoprim (Dezfulian et al., 1981; Mills et all985), or sulphamethoxazole
(Dezfulian et al., 1981; Mills et al., 1985; Caratinet al., 2001; Bagenda et al.,
2008). Selection for Group Cl. botulinum was achieved by addition of
gentamicin and nalidixic acid to RCM (Gibson, 198d)hese antibiotics inhibit
the growth of Group IICl. botulinum (Swenson et al., 1980; Gibson, 1986).
Neomycin was found to inhibit a type E strain obGp 1l Cl. botulinum, but not
Group | (types A and B) strains (Spencer, 1969).

The addition of egg yolk to media allows for diteatiation of Cl.
botulinum, based on the opaque zones surrounding presuhetbotulinum
colonies. The opaque zones are a result of lipatieity of Cl. botulinum, and
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several media formulations are based on this @a¢icClung and Toabe, 1947;
Dezfulian et al., 1981; Mills et al., 1985; Saguale, 2009). The most common
of these selective media @ostridium botulinum isolation agar (CBI), developed
for the enumeration ofl. botulinum in fecal samples (Dezfulian et al., 1981).
CBI contains egg yolk and antibiotics in a basatimen of McClung Toabe agar,
which contains proteose peptone as its protein ceownd phosphates for
buffering. A revised version of this medium basedheart infusion to replace
proteose peptone with a lower concentration of ggidy has been developed
(Mills et al., 1985), and is known as Botulinum &zion Medium. Cl. botulinum
Selection medium or Botulinum Selection Medium haween used foICl.
botulinum enumeration in many studies (Rodriguez and Deziuli1997,
Dufresne et al., 2000; Pavic et al., 2001; Daifiaale 2003; Bianco et al., 2008;
Sagua et al., 2009).

Most researchers do not use a standard medium dolation or
enumeration ofCl. botulinum (or its closely-related surrogate organisth
sporogenes), despite the recommendation by authorities sscHealth Canada to
use either McClung Toabe agar or CBI agar (Heattteetion Branch, 1989; J.
Austin, Health Canada, personal communication).vié¥e of the literature has
identified many different medium formulations uskmt Cl. botulinum or Cl.
sporogenes isolation or enumeration, including Clostridial @ Agar (Kimura et
al., 2008), trypticase-peptone-glucose-yeast extraedium (TPGY) (USDA,
1998; Glass and Johnson, 2004; Mah et al., 200RBYT + 0.1 M phosphate
(Peck et al., 2010), tryptic soy medium (Agostomlet2009), tryptic soy medium
amended with salicin (Rodgers, 2004; Rodgers et 2004), peptone-yeast
extract-glucose-starch medium (Stringer et al.,91®&ringer et al., 2009), RCM
(Hibbert and Spencer, 1970; Barnes, 1985; Jinejal.et1995; Joannou et al.,
1998; Carminati et al., 2001; Margosch et al., 208£M with hemin (Matos et
al., 2008), brain heart infusion (Okereke and Mdlsty 1991), blood agar
(Johnston et al., 2005), yeast extract medium (@pknd Pflug, 1977), Wynne-
egg yolk medium (Hauschild and Hilsheimer, 1971 anutrient-salt medium
(Lekogo et al.,, 2010). More detailed investigatiomo the minimal nutrient
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requirements of representative strains in group®roteolytic) and Il (non-
proteolytic) Cl. botulinum has also been done (Whitmer and Johnson, 1988), bu
such formulations may not be practical for enumenadf multiple strains oCl.
botulinum. These formulations were optimized for the nutrisguirements of a
limited number of strains within each group, and/mat be suitable for recovery
of organisms or spores @1. botulinum from a complex ecological niche such as
food. As a result, the complex media have beercliogce of most investigators.
However, in most cases, no justification for the w$ the medium chosen is
given, and differences in formulations among mediaes questions about the
accuracy of the results and makes it difficult tonpare results among different
experiments.

In a previous challenge study in which groull botulinum was isolated
from a chopped and formed pork product (Chaptehi8,thesis), recovery dZl.
botulinum was significantly higher on CBI than RCM in sangptéat contained
high numbers (~TOCFU mL?Y) of a background microflora. To determine the
underlying reason for this large discrepancy inntsuthe growth of Group [Tl.
botulinum on CBI and RCM were compared, and factors influgnthe recovery
of Cl. botulinum on these media were investigated.

5.2 Materialsand Methods

5.2.1 Culture maintenance

Group Il strains ofCl. botulinum used in this study were 17B, DB2, and
2B (University of Alberta). Spores were preparad anumerated as described in
Section 3.2.1, and were stored in 0.9 % (w/v) NalC4°C until use. Strains of
Carnobacterium maltaromaticum (MH1, MH2, MH3, MF, and G117),
Staphylococcus warneri, and S. pasteuri were stored at -80°C in All-Purpose

Tween (Becton Dickinson; Sparks, MD) broth contain20 % (v/v) glycerol.
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5.2.2 Media analysis and amendments

5.2.2.1Media composition for recovery ofl. botulinum from chopped and
formed pork product

To determine the impact of media composition onovecy of Cl.
botulinum from a chopped and formed pork product, commerBi@€M was
amended individually with egg yolk; the antibioticscycloserine,
sulphamethoxazole, and trimethoprim; MgS@r total protein source to the
concentration of each found in CBI (Dezfulian et 4081), as shown in Table
5-1. The total protein source of commercial RCMIludes yeast extract, beef
extract, and peptone (23 g'), while the total protein source of CBI (45 @)L
originates from tryptone and yeast extract. Taradate commercial RCM with
increased protein source, the amounts of beefebdral peptone were doubled to
20 g L* each, and 5 gtof yeast extract, giving a total protein sourcé®fy L.
The pH of all media was determined and adjustetiQat 0.5 if necessary prior to
use.

5.2.2.2Media composition for growth of vegetative cellsdaspores ofCl.
botulinum in presence of background microflora

To investigate the effect of media composition ko growth of vegetative
cells and spores ofl. botulinum in the presence of background microflora
isolates, five media were used in deferred intohitassays: CBI (Dezfulian et al.,
1981), commercial RCM, commercial RCM amended wiMlgSO, at the
concentration found in CBI (Table 5-1), and comr@r&CM amended with
either MgC} or K;SO, at the same concentration as MgS@Replacing MgS®
with equimolar amounts of Mg&br K,SO, tested the effect of magnesium and
sulphur separately on growth of straingGbfbotulinum. The pH of all media was
determined and adjusted to 7.0 £ 0.5 if necessany fo use.

5.2.2.3Media composition for growth of heat-shocked and-heat-shocked
spores ofCl. botulinumin presence of background microflora

Further investigation into the effect of media casiion on growth of
heat-shocked and non-heat-shocked sporeSl.obotulinum in the presence of

background microflora was conducted in deferredbitibn assays. Six different
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media based on commercial RCM were tested, incjudimamended commercial
RCM, commercial RCM containing the following ingredts at the same
concentrations as found in CBI: Mg$@0 uM) MgCl, (80 uM; same Mg
concentration as MgSQd NaHPO,- 2H,0 (84 mM), and NaCl (11 mM) (Table
5-1). To determine if ion strength of salts such NMgHPO,-2H,O0 was
responsible for observed differences in growth lketww RCM and CBI,
NaHPO,- 2H,0O was replaced by NaCl at the same concentratibm(&).

To assess the effect of removing acetate as a rmgfeagent in
commercial RCM, five media with formulations simileo that of RCM were
assembled in the laboratory using individual inggets rather than commercial
RCM. The individual ingredients on which the |adtory-prepared RCM is
based are shown in Table 5-1, with the removabdifsn acetate and NaCl. All
laboratory-prepared RCM was formulated with 84 mbHPO,- 2H,0, which is
the concentration found in CBI, to replace sodiucetate for buffering.
Amendments were added to this base formulatioegsbthe effect of varying the
amount of total protein source, NaCl, and N#@otal protein source was increased
to 45 g L* (the concentration in CBI), using the method désxtipreviously in
Section 5.2.2.1. NaCl was added to achieve theesdaCl| concentration as
found in commercial RCM (86 mM) and CBI (11 mM).o &ssess the effect of
Na’" concentration, NaCl (2 mM) was added to the basedlation to increase
the N& concentration in the laboratory-prepared mediumntaiaing
NaoHPOy- 2H,0 (84 mM) to the concentration of Naontributed by NaCl in
commercial RCM (86 mM). The effect of total proteiource and Nawas also
tested by increasing the protein source contedt5tg L*, and adding NaCl to
achieve a total Naconcentration equal to that of commercial RCM.e it of
all media was determined and adjusted to 7.0 # Gi&cessary prior to use.

5.2.3 Analysis of medium ingredients

Elemental analysis was performed by the Analytarad Instrumentation
Laboratory (University of Alberta) to determine th&ulphur content of

commercial RCM (Difco). Magnesium content of comoed RCM and sodium
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content of commercial RCM, tryptone, yeast extréeief extract, and peptone
were determined by inductively coupled plasma nspegtroscopy using an Elan
6000 analyzer (Perkin-Elmer; Waltham, MA) at thediRgenic Isotope Facility
(University of Alberta).

Table5-1 Composition of RCM and CBI media used in this study

Ingredient Source RCM CBI
gL? mM gL! mM
total Nd total N4
Yeast extract Difco 3 0.73 5 1.3
Tryptone Difco 0 40 40.5
Beef extract Difco 10 8.0 0
Peptone Difco 10 7.1 0
Glucose Fisher 5 28 2 11
NacCl Fisher 5 86 86 2 34 34
Soluble starch Nichols 1 0
Chemical Co.,
Montreal, QC
Sodium acetate Sigma 3 37 0
Na,HPO,2H,0 Fisher 0 7.5 42 84
MgSQO, Sigma 0 0.2 0.08
Cysteine hydrochloride Sigma 0.5 2.9 0
Egg yolk (50 %) Difco 0 50 mL
Cycloserine Sigma 0 0.25 2.4
Sulfamethoxazole Sigma 0 0.076 0.3
Trimethoprim Sigma 0 0.004 0.01

5.2.4 Recovery of Cl. botulinum from a chopped and formed pork product

Samples used for plating experiments originatednftbe chopped and
formed pork product as described in Chapter 3. efBti meat samples were
manually homogenized for 5 min in 25 mL 0.1 % (wp€ptone, serially-diluted
in the same diluent, and enumerated on CBI, andneengial RCM with the
amendments detailed in Section 5.2.2. All platmgs done in an anaerobic
chamber (Coy Laboratory Products Inc; Grass Lak@,udder an atmosphere of
5% CQ, 10 % H, and balance NPraxair Canada; Edmonton, AB).

5.2.5 Deferred inhibition assays against Cl. botulinum

The role of different media formulations in growtn inhibition of Cl.
botulinum in the presence of background microflora was iigated using a

deferred inhibition assay (Ahn and Stiles, 1990)thwiseven strains of
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carnobacteria and staphylococci previously isolatedhe background microflora
of a chopped and formed pork product (Table 3-Background microflora

isolates were inoculated into 5 mL APT broth, inatdd for 18 h at 30°C, and
subcultured [1% (v/v)] into 5 mL fresh APT brotiCultures were subcultured
three times prior to the deferred inhibition assay.

5.2.5.1Deferred inhibition of spores and vegetative celfsCl. botulinum in
presence of background microflora on amended media

In deferred inhibition assays using spores and tegéige cells ofCl.
botulinum, the background microflora isolates were spottetb dhe surface of
CBI or commercial RCM with amendments describedSection 5.2.2.2. A
Cathra replicator equipped with 1-mm pins (Cathreerhational Inc; St. Paul,
MN), which delivers a volume of 04l (Rousseau and Harbec, 1987), was used,
and spots were allowed to dry for 10 min. Platesawncubated anaerobically for
24 h at 30°C in an anaerobic jar containing thne@eeobic sachets (GasPak EZ
Anaerobe System, Becton Dickinson) until growth \wpparent. The plates were
then overlayered with 5 mL of either sterile sewligsagar [0.75 % (w/v) in 0.85
% (w/v) NaCl] containing ~1DCFU mL* of Cl. botulinum or sterile semi-solid
agar [0.75 % (w/v)] agar containing 3 x®Ieat-shocked (55°C, 15 min) spores
mL™. Plates were incubated anaerobically at 37°C4&h prior to observation
for inhibition or growth ofCl. botulinum. Assays were performed in triplicate.

5.2.5.2Deferred inhibition of heat-shocked and non-heaickhd spores ofl.
botulinumin the presence of background microflora on amemdedia

In deferred inhibition assays investigated the oesp of heat-shocked and
non-heat-shocked spores dl. botulinum to the growth of background
microflora, the background microflora isolates wepmotted onto the surface of
amended commercial RCM or laboratory-prepared RG¥cdbed in Section
5.2.2.3 using the method described in the precegamggraph. Plates were
overlayered with 5 mL sterile semi-solid agar [0%b (w/v)] agar containing
either heat-shocked (55°C, 15 min) or non-heatdsbspores at a concentration

of 3 x 1¢ spores mL. Plates were incubated anaerobically at 37°@8oh prior
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to observation for inhibition or growth @l. botulinum. Assays were performed
in triplicate.
5.3 Results

5.3.1 Analysis of medium ingredients

The results of the chemical analysis of selectiewis in ingredients in
commercial RCM and ingredients of CBI are showrTable 5-2. The protein
concentration of RCM is nearly half that of CBldathe concentration of Nand
PQO;” in RCM is lower than that found in CBI. Chemiealalysis of commercial
RCM revealed that Mg and $ are higher in RCM than in CBI.

Table 5-2 Chemicalanalysis of selected constituents of Reinforcedstidial
Medium andClostridium botulinumisolation agar

Ingredien or ion RCM CBI
gL mM gl! mMm
Protein sourc 23 45
Na" 1022 14€2
Mg* 0.2 0.0¢!
S 2.1 0.0¢
PCZ 0 42"

" calculated concentratiohanalyzed concentration

5.3.2 Recovery of Cl. botulinum from pork product

Addition of egg yolk, cycloserine, sulfamethoxazolgimethoprim,
magnesium, sulphate to commercial RCM, or increpsie protein concentration
to the concentration found in CBI did not improeeavery ofCl. botulinum from
the pork product. No growth was observed on angratad commercial RCM,
compared to a count of 2 log CFU thbn CBI medium. Because of limited pork
samples and very low levels @l. botulinum recovered following these initial
experiments, further work was done usi@f botulinum spores grown in the

presence of the seven background microflora iselate
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5.3.3 Deferred inhibition against Cl. botulinum

5.3.3.1Deferred inhibition of spores and vegetative celfsCl. botulinum in
presence of background microflora on amended media

When vegetative cells and spores @f botulinum were exposed to
background microflora isolates in deferred inhiiti assays on amended
commercial RCM, the background microflora affectdte growth of Cl.
botulinum, as shown in Table 5-3. Two background microflssalates, C
maltaromaticum MH3 andS. pasteuri EIV-21, did not grow anaerobically on CBI
agar, so their effect o@l. botulinum on this medium type could not be assessed.
However, these two strains inhibited the growtlspdres and viable cells af.
botulinum 2B on all amended commercial RCM formulations,wadl as the
spores ofCl. botulinum 17B and DB2 on unamended commercial RCN.
pasteuri EIV-21 also inhibited growth of spores ©F. botulinum 17B and DB2 on
all commercial RCM formulations, growth of vegetaticells of strain 17B on all
commercial RCM formulations, and growth of vegemtcells ofCl. botulinum
DB2 on commercial RCM containing either MgS@ K,SOs. The other strains
of background microflora tested did not inhiflt. botulinum as effectively, as
growth of either spores or vegetative cells oftlatee Cl. botulinum strains was
observed on at least one RCM formulation.

Media amendments changed the inhibitory effect leg background
microflora on growth ofCl. botulinum. The vegetative cells and spores of all
threeCl. botulinum strains grew on CBI in the presence ofGlimaltaromaticum
and staphylococci, but none of the medium formareti based on commercial
RCM allowed growth of both vegetative cells andrsgoof all strains. Some
amendments allowed growth on commercial RCM; in gresence ofC.
maltaromaticum MH3, addition of MgCJ or K,SO, to commercial RCM allowed
growth of spores or vegetative cells ©F. botulinum 17B, respectively, while
addition of KSO, to commercial RCM allowed growth of vegetative lsedf
strain DB2 (Table 5-3). Although unamended conuiaRCM did not allow
growth of vegetative cells ofl. botulinum 2B in the presence of any of the

carnobacteria, addition of KO, allowed growth of some of the vegetative cells.
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Table 5-3 Effect of amended media on the growth of vegetatilés or heat-shocked spores@f botulinumin the presence of background microflora isolates
of Carnobacterium maltaromaticum andStaphyl ococcus spp.using deferred inhibition assays.

Cl. botulinum 17B

Medium
Background microflora isolate CBI RCM RCM + MgSQ RCM + MgCh RCM + K:SO
Vegetative Spores Vegetative Spores Vegetative Spores Vegetative Spores Vegetative Spores
cells cells cells cells cells
C. maltaromaticum MH1 + + + + + - + + + +
C. maltaromaticum MH2 + + + + + + + + + (NG) +
C. maltaromaticum MH3 + (NG) + (NG) - - - - - + + -
C. maltaromaticum G117 + + + + + - + + - +
C. maltaromaticum MF + + + + + - + + - +
S. pasteuri EIV-21 + (NG) + (NG) - - - - - - - -
S. warneri S46 + + + + + - + + + +
Cl. botulinum 2B
Medium
Background microflora isolate CBI RCM RCM + Mg80 RCM + MgCh RCM + K:SO
Vegetative Spores Vegetative Spores Vegetative Spores Vegetative Spores Vegetative Spores
cells cells cells cells cells
C. maltaromaticum MH1 + + - + - + NS + + +
C. maltaromaticum MH2 + + - + + + NS + + +
C. maltaromaticum MH3 + (NG) + (NG) - - - - NS - - -
C. maltaromaticum G117 + + - + - + NS + + +
C. maltaromaticum MF + + - + - + NS + + +
S pasteuri EIV-21 + (NG) + (NG) - - - - NS - - -
S. warneri S46 + + + + + + NS + + +
Cl. botulinum DB2
Medium
Background microflorasolate CBI RCM RCM + MgS(C, RCM + MgCh RCM + K;SC,
Vegetative Spores Vegetative  Spores Vegetative  Spores Vegetative  Spores Vegetative  Spores
cells cells cells cells cells
C. maltaromaticum MH1 + + NS + - + NS + + -
C. maltaromaticum MH2 + + NS + - + NS + + (NG) +
C. maltaromaticum MH3 + (NG) + (NG) NS - - - NS - + -

C. maltaromaticum G117 + + NS + - + NS + - +
C. maltaromaticum MF + + NS + - + NS + - +
S. pasteuri EIV-21 + (NG) + (NG) NS - - - NS - - -

S. warneri S46 + + NS - - - NS + + -

NG indicates no growth of background microflordase on medium, NS indicates insufficient growthCbfbotulinum on medium, + indicates growth Gf. botulinum, -

indicates inhibition ofCl. botulinum
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There were differences in growth among strain€lofbotulinum on the
same medium, particularly in the case of vegetatels (Table 5-3). Vegetative
cells of strain 17B grew well on commercial RCM hviadded MgGl in the
presence of warneri and all carnobacteria except maltaromaticum MH3, but
vegetative cells o€l. botulinum strains 2B and DB2 grew only isolated colonies
that did not form a confluent lawn. This preventaoservation of inhibition
zones near the background microflora isolates enrttedium. Vegetative cells
of Cl. botulinum 2B were inhibited by all strains of carnobactexal S. pasteuri
on commercial RCM, but vegetative cells of stratBIgrew in the presence of
four of the five carnobacteria.

There was also a difference between growth of spanel vegetative cells
of the same strain ofl. botulinum on the same medium Most sporesGbf
botulinum strains 2B and DB2 grew on commercial RCM, and mencial RCM
amended with either MgSQor MgCh, whereas most vegetative cells did not
grow (Table 5-3). In contrast, the growth pattefivegetative cells and spores of
Cl. botulinum 17B was not very different on the same media (@&bhB) with the
same background microflora. On commercial RCM a&odnmercial RCM
containing MgCJ, vegetative cells ofl. botulinum DB2 did not form a confluent
lawn, which was also the case 6. botulinum strain 2B in commercial RCM
containing MgCJ. However, spores of both strains grew readilytlom same
media.

5.3.3.2Deferred inhibition of heat-shocked and non-heaickhd spores ofl.
botulinumin the presence of background microflora on amemdedia

Because spores are more likely than vegetative teetontaminate food
products, further work was done using o@ly botulinum spores. Heat-shocked
spores were used to replicate the conditions o$ploees directly after inoculation
into the chopped and formed meat product. Spbasaere not subjected to a
heat-shock treatment were also tested to simybeiees that did not undergo a
recent stimulation of germination. Both commer&&M containing
amendments and laboratory-prepared RCM contaimmgndments were tested,

to determine the impact of substituting,N&O,2H,0 for sodium acetate for
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buffering. The effect of adding different conceins of NaCl and Nawas also
assessed in both media. The result<lobotulinum 17B, 2B, and DB2 are
shown in Table 5-4, Table 5-5, and Table 5-6, rethypaly.

For Cl. botulinum 17B, spores which had not been heat-shocked did no
grow on any medium based on commercial RCM, with éxception of the
medium with added N&IPO,2H,0O (Table 5-4). All heat-shocked spores were
inhibited on commercial RCM containing added Na&id most heat-shocked
spores were inhibited on unamended commercial RCMoonmercial RCM
containing added MgSQOor MgCh. Media amendments had a slight effect on
growth of heat-shocked spores, as addition of M¢ggctommercial RCM resulted
in growth of spores of strain 17B spores in thespnee ofC. maltaromaticum
MH2 and S warneri S46. When laboratory-prepared media containing
NaHPO,2H,0 in place of sodium acetate was used, spores igréve presence
of all background microflora (Table 5-4).

The results of the deferred inhibition assay ugbhgbotulinum strain 2B
in the presence of background microflora are showhable 5-5. Spores of this
strain which had not been heat-shocked were irddbdn all media based on
commercial RCM, with the exception of the mediumntaming added
NaHPO,2H,0 (in the presence of all background microfloraldbrmM NacCl (in
the presence d@. maltaromaticum MH2). Addition of MgC} allowed growth of
heat-shocked spores in the presenc€.afialtaromaticum strains MH1 and MF,
andS. pasteuri. Growth was observed all heat-shocked sporeseirptesence of
one background microflora isolat€, maltaromaticum MH2, on all media based
on commercial RCM. Several interesting observatiovere seen withCl.
botulinum strain 2B when plated on laboratory-prepared RQlb(e 5-5). All
background microflora strains except maltaromaticum G117 andS pasteuri
inhibited growth of non-heat-shocked sporesChfbotulinum 2B on laboratory-
prepared medium containing 11 mM NaCl; however,itamd of 86 mM NacCl
allowed growth in the presence ©f maltaromaticum MH1, MH2, or MH3.

In the case of. maltaromaticum G117,Cl. botulinum 2B was inhibited by 2 mM
NacCl, but grew in the presence of 86 mM NaCl, a?8 thM NaCl.
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Table 5-4 Effect of RCM containing amendments on the growitheat-shocked and non-heat-shocked spor€¥.diotulinum 17B in the presence of strains of
Carnobacterium maltaromati cum and Staphylococcus spp.

Background Commercial RCM + Laboratory-prepared RCM (- 37 8iM;COONa + 84 mM
microflora isolate NaHPQ,- 2H,0) +
Unamended 8aM 80uM 84 mM 11 mM 84 mM 86 mM 2mM 45¢g L* 459 L 11mM
MgSsQ;! MgCl,? NaHPQ,-2H,0O'  NaCf Nacf Nacr NacCf protein protein NacCt
source’ source$+
123 mM
NaCP
HS NHS HS NHS HS NHS HS NHS HS NHS HS NHS HS NH&S NHS HS NHS HS NHS HS NHS
C. maltaromaticum - - - - - - + + - - - - + + + + + + T + T T
MH1
C. maltaromaticum ~ + - - - + - + + - - - - + + + + + + + + + +
MH2
C. maltaromaticum - - - - - - + + - - - - + + + + + + + + + +
MH3
C. maltaromaticum - - - - - - + + - - - - + + + + + + + + + +
G117
C. maltaromaticum - - + - - - + + - - - - + + + + + + + + + +
MF
S pasteuri EIV-21 - - - - - - + + - - - - + + + + + + + + + 4+
S warneri S4¢ - - - - + - + + - - - - + + + + + + + + + +

* concentration same as in CBI mediumVig®" concentration same as CBkame NaCl concentration as,N®Q,- 2H,0, * concentration in commercial RCNI,
Na'" balanced from removing sodium acetate and addmbIRO,- 2H,0, ° Na" concentration same as commercial RCM; HS indidages-shocked spores; NHS
indicates non-heat-shocked spores; + indicatestgrofCl. botulinum, - indicates inhibition o€l. botulinum; NS indicates insufficient growth &l. botulinum
on medium
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Table5-5 Effect of RCM containing amendments on the growithaat-shocked and non-heat-shocked spor€d.diotulinum 2B in the presence of strains of
Carnobacterium maltaromati cum and Staphylococcus spp.

Background Commercial RCM + Laboratory-prepared RCM (- 37 8iMsCOONa + 84 mM
microflora isolate NaHPQ,- 2H,0) +
Unamended 8(M 80uM 84 mM 11 mM 84 mM 86 mM 2mM 459 L* 459 L* 11mM
MgSQ? MgCl,? Na,HPQ-2H,0'  NaCl NaCF NacCP NacP protein protein NaCF
source$ sourceb+
123 mM
NacP
HS NHS HS NHS HS NHS HS NHS HS NHS HS NHS HS NH&S NHS HS NHS HS NHS HS NHS
C. maltaromaticum ~ + - - - + - + + - - - - + + + + + + + + + -
MH1
C. maltaromaticum ~ + - + - + - + + + + + - + + + + + + + - + -
MH2
C. maltaromaticum - - - - - - + + - - - - + + + + + + + + + -
MH3
C. maltaromaticum - - - - - - + + - - - - + - + - + + + + + +
G117
C. maltaromaticum - - - - + - + + - - - - + - + + + + + + + -
MF
S pasteuri EIV-21 - - - - + - + + - - - - + + + + + + + + + o+
S warneri S46 - - - - - - + + - - - - + - + + + - + + + -

* concentration same as in CBI mediunVig®" concentration same as CBkame NaCl concentration as,N®Q,- 2H,0, * concentration in commercial RCNI,
Na'" balanced from removing sodium acetate and addmbIRO,- 2H,0, ° Na" concentration same as commercial RCM; HS indidages-shocked spores; NHS
indicates non-heat-shocked spores; + indicatestgrofCl. botulinum, - indicates inhibition o€l. botulinum; NS indicates insufficient growth @l. botulinum
on medium
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Table 5-6 Effect of RCM containing amendments on the growtheat-shocked and non-heat-shocked sporé&3.dfotulinum DB2 in the presence of strains

of Carnobacterium maltaromaticum andStaphyl ococcus spp.

Background Commercial RCM + Laboratory-prepared RCM (- 37 8iM;COONa + 84 mM
microflora isolate NaHPQ,- 2H,0) +
Unamended 8aM 80uM 84 mM 11 mM 84 mM 86 mM 2mM 45¢g L* 459 L 11mM
MgSsQ;! MgCl,? NaHPQ,-2H,0O'  NaCf Nacf Nacr NacCf protein protein NacCt
source$ sources+
123 mM
NaCP
HS NHS HS NHS HS NHS HS NHS HS NHS NHS HS NH&HS NHS HS NHS HS NHS HS NHS
C. maltaromaticum - - - - - - + + - - - - + NS + NS + NS + NS + NS
MH1
C. maltaromaticum ~ + - + - + - + + + - + - + NS + NS + NS + NS + NS
MH2
C. maltaromaticum - - - - - - + + - - - - + NS + NS + NS + NS + NS
MH3
C. maltaromaticum - - - - - - + + + - - - + NS + NS + NS + NS + NS
G117
C. maltaromaticum - - + - - - + + - - - - + NS + NS + NS + NS + NS
MF
S pasteuri EIV-21 - - + - - - + + + - - - + NS + NS + NS + N+ NS
S warneri S4¢€ - - + - + - + + - - - - + NS + NS + NS + NS + NS

" concentration same as in CBI meditmVg“* concentration same as CBame NaCl concentration as,N®O,- 2H,0, * concentration in commercial RCM,
Na'" balanced from removing sodium acetate and addablRO,- 2H,0, ® Na" concentration same as commercial RCM; HS indidagées-shocked spores; NHS
indicates non-heat-shocked spores; + indicatestrofyCl. botulinum, - indicates inhibition o€l. botulinum; NS indicates insufficient growth @l. botulinum

on medium
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Table 5-6 shows the results of the deferred inloibitassay usindCl.
botulinum DB2 on different media in the presence of backgdounicroflora.
Using media based on commercial RCM, non-heat-seskores only grew on
media containing N&PO,2H,0. As was the case wit@il. botulinum 2B, the
background isolat€. maltaromaticum MH2 stimulated growth of heat-shocked
spores of strain DB2 on all media based on commeRCM. Addition of
MgSO, or MgChL allowed growth of heat-shocked spores of strair2 8 the
presence o€. maltaromaticum MF, S. pasteuri, andS. warneri, while addition of
11 mM NacCl allowed growth of the heat-shocked sparethe presence @.
maltaromaticum G117 andS pasteuri. As was the case witlel. botulinum
strains 17B and 2B, all heat-shocked spore€lofotulinum DB2 grew on all
formulations of laboratory-prepared RCM in the pres of all background
microflora (Table 5-6). However, spores of strBiB2 that had not been heat-
shocked did not form a confluent lawn on laborajargpared media, so no
determination of inhibition could be made.

5.4 Discussion

RCM has been used for enumeration of many cloatrigicludingCl.
botulinum, since its formulation was first reported (Hirsehd Grinsted, 1954).
Originally, the formulation was designed for enuatem of Cl. butyricum based
on a general yeast-glucose medium with the additfoh g L* soluble starch to
adsorb growth inhibitors such as free fatty acfdlsén and Scott, 1950), 0.5 ¢ L
cysteine as a reducing agent, and 5”'gsbdium acetate. Sodium acetate was
added based on a previous study that showed tatttads required for growth of
the lactate-fermenting butyric acid bacteri@h lacto-acetophilum [now known
as Cl. beijerinckii (Cummins and Johnson, 1971)] when grown on lactate
containing medium (Bhat and Barker, 1947). Howgewther researchers have
shown that addition of acetate to medium can intlgbowth of Cl. beijerinckii,

Cl. butyricum, andCl. perfringens (Weenk et al., 1995). Group dl. botulinum
is closely related t&l. beijerinckii and Cl. butyricum (Hill et al., 2007), and so
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acetate may also be inhibitory to GrougCll botulinum. Although inhibition of
Cl. botulinum by acetate has not been reported in a direct astaytville (1981)
did observe lower counts of GroufCl. botulinum on RCM than on a botulinum
assay medium (Huhtanen, 1975), which is in agreeméh the results of the
present study in which lower numbers of Groulll botulinum were recovered
from a chopped and formed pork product on RCM thauCBI.

One difference between CBI and RCM is the presehegg yolk in CBI.
The purpose of egg yolk in CBI is to differentidtetween lipase-producingl.
botulinum and other organisms that may grow on this mediDeef{ulian et al.,
1981). Addition of egg yolk to recovery medium ladso been shown to increase
the number ofCl. botulinum recovered after heating, which was attributechi t
presence of lysozyme (Hauschild and Hilsheimer,7197eck et al., 1992).
However, lysozyme has not been found in chickenyadig (Burley and Vadehra,
1979; Guilmineau et al., 2005), although it is présas a major protein in the
outer vitelline membrane surrounding the yolk (Boaad Stockx, 1986; Mann,
2008). During the processing of egg yolk, lysozymginating from the vitelline
membrane may contaminate the yolk and provide acsoof lysozyme for
spores; however, there is no direct evidence of thithe literature, and is
unlikely (J. Zhang, Neova Technologies, personahmmoinication). Regardless,
in the current study, addition of egg yolk to comoed RCM had no effect on
recovery ofCl. botulinum from the chopped and formed pork product. This
agrees with the results of several studies thatdahat addition of lysozyme did
not enhance recovery of spores of Grouglll botulinum after treatment with
high-pressure and heat (Reddy et al., 2010) or hleate (Scott and Bernard,
1985). Lysozyme has been shown to improve recovkEhgated spores of Group
| (Alderton et al., 1974) and Group@. botulinum (Alderton et al., 1974; Peck et
al., 1992). In the current study, the spores werteexposed to heat sufficient to
induce injury, but were in the presence of compgetmcroflora. Thus, the type
of prior sample treatment (heating, competitive roflora, high-pressure, etc.)

may be important choosing media formulations fawgh or enumeration ofl.
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botulinum. Even with the sam@l. botulinum strains, recoveries may differ based
on sample treatment, as spores of strains 17B Bnatfich had been heated at
85°C were recovered at higher numbers on mediaaoong) egg yolk (Peck et al.,
1992), while in the current study, recovery of tb@me two strains from a
chopped and formed pork product in which there werapetitive microflora was
not improved by addition of egg yolk.

The amount of nitrogen, in the form of protein roslfates, is also not the
cause of decreased growth of Grougll botulinum on RCM, because addition
of nitrogen sources to commercial RCM to the cotre¢ion found in CBI did not
allow growth of the Group ICI. botulinum in this study. The results of Montville
(1981) are in agreement with the results of theerurstudy, as addition of
tryptone to RCM allowed no additional recovery abGp | Cl. botulinum spores
over unamended RCM. Montville (1981) concludedt tBatulinum Assay
Medium (Huhtanen, 1975) was a better choice tharMRfGr recovery of
unstressedCl. botulinum spores. Although the authors did not suggestaore
why Botulinum Assay Medium is more efficient at spoecovery, this medium
does contain 14.4 mM KPQ,, so this may account for increased recovery
observed with its use.

Numerous ion and nutrient requirements for sporengetion and/or
outgrowth have been identified for several sporeafog organisms. One such
required nutrient is sulphur, either in the formhswlphate or cysteine, which was
required at a minimum concentration of 0.05 mM bulpfor post-germinative
development ofBacillus megaterium spores (Hyatt and Levinson, 1957).
Clostridium botulinum isolation agar contains 0.08 mM Mg&Qvhich is above
the minimum requirements; however, RCM does notainradded sulphates, but
does contain 2.1 mM?S originating mainly from cysteine hydrochloridéhe
availability of this form of sulphur to Group ({TI. botulinum is unknown, but
sulphur does not appear to limit growth of Grouglll botulinum, as addition of

neither MgSQ nor K;SO, increased growth.
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Magnesium has also been identified as a nutriequired for spore
germination or outgrowth. When added to a turkesatmsystem, magnesium
improved the growth of Group@l. botulinum (Barbut et al., 1986), though no
studies were done with magnesium in the enumeratiedium. Cazemier et al.
(2001) found that counts of heat-injured spore®.ofubtilis were increased by
0.5 log CFU m[* when magnesium was added to a final concentrafi@d3 M
in the recovery medium. A defined minimal mediusn Group 11Cl. botulinum
contained 30QuM magnesium; however, it was not indicated if lessgnesium
was sufficient for growth (Whitmer and Johnson, 898 The results of the
current study did not show increased recovery aju@rll Cl. botulinum when
magnesium was added to RCM. This result, combimg the results of the
elemental analysis that show that unamended RCNarmn250uM magnesium,
leads to the conclusion that magnesium limitatiorRCM does not explain the
reduced ability for Group ICl. botulinum to grow on this medium.

One key difference between RCM-based media andBatilinum Assay
Medium (Huhtanen, 1975) and CBI (Dezfulian et &B81) is the presence of
phosphate in CBI instead of acetate as a buffeaiggnt. Some of the early
formulations of RCM, such as that devised by Bhat Barker (1947), included
phosphate as a buffering agent, but the later mersi RCM reported by Hirsch
and Grimstead (1954) omitted phosphate, leavingatzeas the sole buffering
agent. No reason for this change was identifi€de role of acetate in RCM and
its derivative Differential RCM is unclear in praditerature; in RCM, acetate is
stated to be a buffering agent, while in DifferahRCM acetate is reported to be
a selective agent (BD, 2009). Acetate may be @ugiffe as a buffering agent in
RCM, as the useful buffering range of sodium aedaaetic acid is only pH 3.7 -
5.6 (Physical and Theoretical Chemistry Laborat@303) whereas the reported
pH of RCM is 6.8 + 0.2 (BD, 2009); however, no athriffering agents are
present.

Based on the results of the current study, it kelyi that absence of

phosphate in RCM limits recovery of Groupdl. botulinum from systems with
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competitive microflora. Addition of phosphate tontmercial RCM allowed
growth of all three strains dl. botulinum tested in this study. However, when
purified spores of the same three strains thatrfwdbeen inoculated into meat
were enumerated on RCM and CBI agar, there wasiffiereshce in counts
between the two media (data not shown). The sdithe current work and the
work of Montville (1981) point to phosphate-coniam media as more suitable
for recovery of both groups | and @l. botulinum, particularly for cultures
originating from food.

Phosphate has previously been shown to improveveegoof heated
spores oB. cereus, but recovery of unheated spores was unaffectexti@r and
Busta, 1982). Spores of several strains of GioQp botulinum were recovered
more effectively using Botulinum Assay Medium (Hamhén, 1975) than RCM
with or without heat shocking the spores at 80°@htdnen, 1975; Montville,
1981). Phosphate has not been reported to be nairgett for Cl. botulinum
spores, but has been identified as a co-germir@long with N&) for food
poisoning isolates oCl. perfringens (Paredes-Sabja et al., 2009). Hyatt and
Levinson (1957) observed that sporefBomegaterium germinated in phosphate-
free medium, but no post-germinative developmemuoed. They suggested
that phosphate may play a role in spore outgrov@imilarly, spores oB. cereus
have been shown to germinate when supplied witbraarminants in a buffered
solution of 3.3 mM phosphate, but they did not gaate with deionized water as
the solvent (Rode and Foster, 1962). The sameg siisd concluded that sodium
is required for germination of this strain. Sodides not appear to be required
for growth of the Group ICI. botulinum in this study, as there was over 100 mM
Na" in unamended RCM, and addition of Nia the concentration found in CBI
did not increase growth.

The background microflora isolated from the chopped formed pork
product appeared to have an impact on growt@lobotulinum. In particularC.
maltaromaticum MH3 and S, pasteuri inhibited both spores and vegetative cells

of Group IICl. botulinum, and this inhibition was not countered by the addiof
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ions or nutrients to commercial RCM, with the exemp of phosphate. C.
maltaromaticum produces at least seven different bacteriocings(iez et al.,
2007), including piscicolin 126 (Jack et al., 199Bursky et al.,, 2006),
carnocyclin A (Martin-Visscher et al., 2008), cdoaoteriocin BM1 (Quadri et
al., 1994), carnobacteriocin B2 (Quadri et al., 4)99and piscicocin V1b
(Bhugaloo-Vial et al., 1996). There are no repoftbacteriocins produced &
pasteuri; however, production of bacteriocins 8y warneri has been reported
(Sashihara et al., 2000; Minamikawa et al., 20081 et al., 2006)S. pasteuri
andS. warneri are closely-related, and belong to the same clgstaip based on
16S rRNA sequencing (Takahashi et al., 1999); thihe production of
bacteriocins bys warneri is possible. Bacteriocins have been shown to ihhib
spores ofCl. botulinum (Okereke and Montville, 1991; Rodgers et al., 2003
Rodgers et al., 2004), and so bacteriocin inhibitga possibility.

Bacteriocin production may account for the obserigdbition of Cl.
botulinum, but no characterization of any such products e@spleted in the
current study. If bacteriocin production does aetdor the inhibition, the reason
for phosphate reversing the inhibition ©f. botulinum is unknown. In fact, the
addition of inorganic phosphate to culturesLaictococcus lactis subsp.lactis
significantly stimulated nisin production in seVestudies (Kozlova et al., 1972;
Kozlova et al., 1979; De Vuyst and Vandamme, 1993)is effect was attributed
to the effect of pH buffering (Kozlova et al., 19Kbzlova et al., 1979). The pH
of all media used in the current study was 7.05:f¥ior to use (Section 5.2.2),
but sodium phosphate has a higher pH bufferingeaid.8 — 8.0 , compared to
sodium acetate (3.7 — 5.6) (Physical and Theoteizmistry Laboratory,
2003). This difference may have impacted bactaripcoduction by the isolates
of background microflora. Future research shoel@ddnducted to investigate the
presence of bacteriocins from these strains, asd evaluate the effect of pH
buffering on bacteriocin production by carnobaetemd staphylococci.

Although several of the background microflora iseda inhibited Cl.

botulinum, one strainC. maltaromaticum MH2, appeared to stimulate the growth
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of the Cl. botulinum strains tested. This type of stimulation of growvaf Cl.
botulinum by any LAB has not been reported in the literatuféere is one report
of increased growth of a Groupdl. botulinum strain in the presence of the
aerobic microorganismAcinetobacter Iwoffi and aPseudomonas sp. (Giménez et
al., 1988). As well, the presence Rdeudomonas mendocina in cultures ofCl.
argentinense, a toxigenic clostridial species, caused a fold-foigher biomass
level than that found whe@l. argentinense was grown alone (Centorbi and Silva,
2000). This increase was attributed to the pradonadf a complex alginate-like
carbon source bf. mendocina that was used bgl. argentinense (Centorbi and
Silva, 2008). However, based on the results ofctireent study, there is no clear
explanation for the increased growth GF. botulinum in the presence of.
maltaromaticum MH2.

From the results of the current study, it is cldaat choice of medium
ingredients is an important consideration when waykwith spore-forming
organisms, particularly those of significant impartfood. In this study, the
presence of phosphate in CBI medium was shownldevajrowth of spores of
Group II Cl. botulinum in the presence of competing microflora. Another
commonly-used medium, RCM, was shown to be ingffecin allowing for
growth of these spores, unless phosphate was adbleel. mechanism by which
phosphate allows recovery is unknown, and requirgber research. Also, the
effect of phosphate on recovery of otk@r botulinum groups should be assessed,
because Groups | and @l. botulinum strains are genetically quite divergent
(Collins and East, 1998; Hill et al., 2007). Imtstingly, one manufacturer of
RCM, Becton Dickinson, reports good recoveryGbf botulinum ATCC 3502, a
group | organism, on RCM but not on Differential RGBD, 2009). Other
manufacturers do not teGt. botulinum at all, though Oxoid (Nepean, ON), PML
Biologicals (Wilsonville, OR), and Merck ChemicgBarmstadt, DE) all report
good or very good growth of the closely-relatedamigm Cl. sporogenes on
RCM. None of the manufacturers report testing group 11 Cl. botulinum, and

SO its use may not suitable.
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This research has shown that RCM is not an apm@tpmedium for the
isolation ofCl. botulinum from food. Results observed using RCM as an tiswla
medium could underestimate the growth of Grou@lllbotulinum in refrigerated

foods.
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Chapter SixGeneral Discussion and Conclusions

Lactic acid bacteria have been used for many yteadelay food spoilage
and enhance food safety, both by competitive inioibi of spoilage and
pathogenic microorganisms, as well as through prioolu of antimicrobials such
as bacteriocins. Key product categories such gang, ‘natural’, and minimally-
processed foods may be at increased risk of foogbdiness because of the
absence of chemical hurdles to microbial growtthese products. To maintain a
safe food supply without such additives, alterregivnust be found. Increased
emphasis on more “natural” food preservatives hasated a niche for

bacteriocins in food preservation and safety.

To date, deliberate bacteriocin application in ®dds been limited, with
only several semi-purified or purified preparationeing marketed for this
purpose. Until recently, nisin has captured thgomanarket share of these
preparations, based on a long history of use antrezrcial availability (Jones et
al., 2005). Nisin has been approved for use si®&9 by the FAO/WHO (Joint
FAO/WHO Expert Committee on Food Additives, 200TfioAymous, 2009), and
since 1988 in the United States by the FDA (FDA)®0 However, resistance to
nisin has been reported in pathogenic bacteria asichmonocytogenes (Crandall
and Montville, 1998) andCl. botulinum (Mazzotta et al., 1997; Mazzotta and
Montville, 1999). Thus, there has been more emphas diversification of the
bacteriocin arsenal available for food protectias, evidenced by the recent
approval of Micocif, a product containing class Ila bacteriocins (He@lanada,
2010).

For bacteriocins other than nisin to be harnesséectvely in food
products, several issues must be addressed. @heissue is lack of specific,
validated methods for detection and quantitationbatteriocins. Although
manuals such as the FAO/WHO Food Additive Compenditecognize a
validated method for nisin quantitation, this methis bioassay-based, and
therefore is subject to the limitations of such moels; namely, the requirement

for a suitable sensitive indicator organism, ladkspecificity, and the time
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required for results. Antibody-based methods aglELISA eliminate many of
the limitations of bioassays, but have their owfiialilties. ELISA requires a
reliable, consistent source of antibodies, which bea difficult when multiple
immunizations of different animals are performeBhage display of antibody
fragments specific for bacteriocins would provideamsistent, renewable supply
of antibodies independent of animal immunizations. addition, the technical
ease of polyclonal antibody production and the i$ppgg of monoclonal

antibodies are combined in phage display.

In the current study, attempts were made to produdbodies to the
bacteriocins leucocin A, piscicolin 126, and braaheA by phage display. The
first step toward this goal was to produce an imenuesponse to these
bacteriocins in mice, which was successful fortlaleée bacteriocins. Antibodies
for the class lla bacteriocin leucocin A conjugatedKLH were raised in mice to
a maximum titre of 1:10000, which is a relativelghtn titre (Harlow and Lane,
1988; Burmester and Pluckthun, 2001). Antibodiesewvalso raised to KLH
conjugates of a C-terminal fragment of piscicol#6land an N-terminal fragment
of brochocin-A, though the titres were lower thhnge obtained with antibodies
for leucocin A. This was the first report of amthes to either leucocin A or
piscicolin 126 in any animal model, which demortstsa that these two
bacteriocins are sufficiently immunogenic to proglentibodies by traditional

polycolonal or monoclonal methods if desired.

Although amplification of scFv antibody fragmentsrh mouse splenocytes
and cloning of these fragments into phagemid wasessful, the resulting phage
library bearing antibody fragments did not prodpbage capable of specifically
and strongly binding leucocin A or piscicolin 126The antibody titre of
brochocin-A was quite low (1:500), and so phageldiswas not attempted with
this bacteriocin. Although these attempts at peauy antibodies with phage
display were unsuccessful, strategies to overcoatengial obstacles have been
described, including enriching for B cells bearohgsired anti-bacteriocin genes

prior to phage display (Kramer, 2002) or using otteems of antibody display,
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such as ribosomal display (Schaffitzel et al., 1988u et al., 2003; Groves et al.,
2006). Future work could incorporate these stiatefpr successful development

of antibody production techniques that reduce mekaon animals.

Despite the failure of phage display to producebanty fragments to the
class lla bacteriocins tested in this study, thecessful production of antibodies
to unconjugated leucocin A in mice following immmgaiion is of interest.
Previous work by other researchers failed to rass#ibodies to other
unconjugated class lla bactericions (Bhunia et #)90; Ingham et al., 2003).
Comparison of the differences in sequence andtsteibetween leucocin A and
the non-immunogenic class lla bacteriocins maywallor determination of the
features acting as epitopes. This information swysequently be used to design
bacteriocins that are capable of maximum immunaiggni Some attempts have
been reported in the literature to increase thetspm, stability, or activity of
bacteriocins by engineering amino acid changeshatderiocins (Johnsen et al.,
2000). Depending on the changes incorporateddditi@nal benefit from such
engineering could be to increase immunogenicitpaaiteriocins; for instance, by
replacing hydrophobic residues with more hydrophédimino acids (Harlow and
Lane, 1988). Such altered bacteriocins could therused in the production of
antibody display libraries from immunized animaknother potential outcome of
engineering changes in amino acids of bacterio@nmcreasing resistance to
proteases (O'Shea et al., 2010; Rink et al., 28a€H as those produced by Group
II' Cl. botulinum. This would increase the repertoire of useful téxdacins
available for application in foods to control prase-producing pathogens such as
Cl. botulinum.

Comparable efficacy to chemical additives is anotbsue that must be
addressed for bacteriocins to replace chemicaltigddi in foods. This is
particularly relevant to products that possess igAy®r chemical characteristics
that render them vulnerable to pathogens, as isabe withCl. botulinum growth
in minimally-processed, vacuum-packed meat produ@&gcause of increasing

health concerns over nitrite usage in processedsmé&zod manufacturers are
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searching for alternatives to the addition of sodnitrite to inhibit the outgrowth
of Cl. botulinum spores. To avoid labelling cured meat product witrite or
nitrate as chemical additives, some meat processerformulating their products
with celery powder or sea salt as flavouring inggats. These ingredients act as
a “natural” source of nitrite and nitrate; thuspgessors avoid adding sodium
nitrite or nitrate to the product ingredients deatmn. However, the efficacy of
“natural cure” to control the outgrowth @f. botulinum spores in meat products
has not been reported in the research literatémeother approach to removing
sodium nitrite or nitrate is to use bacteriocinBrochocin-C is a two-peptide
bacteriocin that inhibited the outgrowth Gf. botulinum spores in a bioassay
under laboratory conditions (McCormick et al., 199 well as in a model meat
system (Chapter 3, this thesis), and it was prapasean anti-botulinal agent in a
meat product.

In this study, brochocin-C was tested in a modedtnsgstem composed of
commercial cooked meat medium, and effectively bited Group Il Cl.
botulinum in this system. However, the same concentrationndt have any
effect on Group ICl. botulinum. Further investigation led to the discovery that
Group | Cl. botulinum inactivated brochocin-C, as well as several cldas
bacteriocins, and that this inactivation was thsuite of proteolysis. The
proteolysis observed was relatively specific, as albbacteriocins tested were
inactivated, likely due to lack of specific aminadtargets or protective circular
structures possessed by unaffected bacteriocinever& different classes of
proteases may be responsible for inactivation atdsecins, and although the
production of proteases b@l. botulinum has been reported (DasGupta, 1971;
DasGupta, 1972; DasGupta and Sugiyama, 1972; NaKe8), the current
study established that such proteases inactivaieniarobial peptides such as
bacteriocins. More detailed study is requiredeétedmine which protease classes
are responsible for inactivation of bacteriocins.

Brochocin-C was purified in sufficient quantitiew fuse as an additive in
a chopped and formed pork product, and the samduptowas formulated

without sodium nitrite but with “natural” cure tasess the anti-botulinal effects
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of a commercially-available “natural” cure. Howevédrochocin-C did not
provide the expected anti-botulinal effects in goek product. When spores of
Group Il Cl. botulinum were added to the product, there was no significan
difference in counts among treatments containingjuso nitrite, natural cure,
brochocin-C, or a control containing no antimicadgj as all counts remained at
the same concentration throughout the 50-day exyeti when enumerated on
CBI medium. However, in combination, some ingratkein the chopped and
formed pork product were identified as being intubi to Group Il Cl.
botulinum; namely, powdered smoke and NaCl. In an MIC assdly both
ingredients, the concentration of smoke and Na@hdoin the pork product
inhibited several strains of Groupdl. botulinum. Although commercial smoke
products have been shown to inhiGit botulinum (Eklund et al., 1982), this is
the first report examining the synergistic intel@ct between these two
ingredients in a meat product.

Although brochocin-C was not effective as an aotubnal ingredient in
the chopped and formed pork product, its proveeradtion with pork fat in this
study (Chapter 3, this thesis) has offered insigtd interactions of bacteriocins
with food constituents. In the presence of poitk flae activity of brochocin-C
was eliminated in the aqueous phase. Furtherngs&arequired to determine if
other interactions occur in food products, as atgon of bacteriocins with food
components is one of the barriers to their appboain food systems. The
interaction of brochocin-C with fat makes it undahle for antimicrobial activity;
thus, its application in food systems that cont@ihis not recommended for
control of outgrowth ofCl. botulinum spores. These results draw attention to the
importance of considering the potential chemicalpprties of the bacteriocin
being considered (such as hydrophobicity), and o®mand physical
characteristics of the intended product into whiclwill be incorporated (fat
content), in order to achieve maximum food safety.

During the course of the research on the anti-batlleffects of
brochocin-C in a meat product, differences wereeolel in the recovery of

Group 1l Cl. botulinum on media that are commonly used for isolationCaf
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botulinum from foods. RCM, a commonly-used medium for entatien of Cl.
botulinum, did not efficiently recover Group @l. botulinum from a pork product,
whereas another medium, CBI, was efficient at recpvof Cl. botulinum.
Previous studies attributed higher recoveryCof botulinum to the presence of
lysozyme in egg yolk added to the medium (Hauschidd Hilsheimer, 1977,
Peck et al., 1992), but addition of egg yolk did mzrease recovery of Group Il
Cl. botulinum from this product. When other ingredients founddBIl were
added to RCM, no increase in recovery was observed.

The presence of a background microflora had an ¢npathe recovery of
Group 1l Cl. botulinum from the pork product. The differences in medium
composition and influence of background microflongere investigated to
understand their impact on the recovery and graitBl. botulinum. The ability
of RCM to support growth oEl. botulinum in the presence of different strains of
background microflora was greatly enhanced by audiof phosphate to the
medium. Addition of other nutrients such as magmas NaCl, sulphur, or
additional protein sources had little impact on gnewth of Cl. botulinum when
exposed to the background microflora. Thus, tlesgmce of phosphate in CBI
was identified as the factor which allowed for i@msed recovery @l. botulinum
from the pork product, and also allowed growthCbfbotulinum in the presence
of background microflora isolated from the samedpit. However, further
research is required to determine the mechanisrwhogh phosphate acts. In
addition, the novel observation that growth of lgagokind microflora combined
with medium composition may impact growth ©f. botulinum requires further
investigation to determine the nature of this reteghip. The discovery that
RCM is not optimal for recovery or growth 6f. botulinum has significance for
both the food industry and academics, becausertatium or its derivatives have
been used for isolation and enumerationGbf botulinum from food. Careful
consideration must be given to the choice of medmngrowth ofCl. botulinum
in the presence of background microflora to avaidarestimating the growth of

ClI. botulinum.
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Several strains of carnobacteria and staphylocdbat effectively
inhibited Group IICl. botulinum were isolated from the pork product. Although
the carnobacteria are known to produce bacteriotkisn and Stiles, 1990;
Gursky, 2004), it is unknown whether these paréicudtrains are capable of
bacteriocin production. Investigation of the natof the inhibition may identify
additional bacteriocins with potent activity agai®. botulinum. Surprisingly,
one strain ofC. maltaromaticum was found to stimulate growth of Groupdl.
botulinum. To date, there is only one report of two orgamsishat had this effect
on CI. botulinum (Giménez et al., 1988), and so this discovery megufurther
investigation to determine the reason for this gtation of growth.

Overall, of the three objectives identified forgtproject, two have been
fulfiled. A phage display method for quantitatiaxf bacteriocins was not
achieved, though some insights into immunogenigitipgacteriocins were gained.
Brochocin-C was found to be effective at inhibit@goup [ICl. botulinum strains
in a model meat system, but was inactive againstist Cl. botulinum because
of proteolysis by these strains. Brochocin-C aggtion in a chopped and formed
pork product did not reduce Group@l. botulinum, though other factors such as
powdered smoke in the presence of salt were foartaketinhibitory. However,
other insights were gained into the limitations ofedia for accurately
enumeratingCl. botulinum that originate from food systems, and the impa#an

of considering this factor when performing challengtudies in food.
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