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Résumé: L'objectif de ce travail a été de caractériser 'étutlier les facteurs influencant la
production et I'application de la sakacin G prodyparLactobacillus sakeCWBI-B1365. Au
terme d’'une premiére sélection, quatre bactérigglaes produisant des bactériocines ont été
isolées. Les genes de structure de certaines lmaité@s ont été identifiés dans le génome de
ces souches par amplification a l'aide d’amorcescigiues. Lactobacillus sakeilCWBI-
B1365 a été ensuite plus particulierement étudiéesakacin G a été identifée comme la
seule bactériocine produite par cette souche. gaes&gage d’'une partie des genes impliqués
dans sa production a permis d’identifier une org@ion génétique originale. Le pH, la
température, la source de carbone utilisée etseeotration ainsi que la quantité d’extrait de
viande influencent fortement la production de sak&: Celle-ci est par ailleurs produite et a
une activité antilisteria dans de la viande de bd@ahs de la viande de volaille, I'application
de Lb. sakei CWBI-B1365 en combinaison avdd. curvatus CWBI-B28, une souche
productrice de sakacin P, est nécessaire pour iohiee inhibition de la croissance du
pathogene.

Dortu Carine. (2008). Isolation of a sakacin G pi@dg lactic acid bacteria and use in food

matrix. (These de doctorat in French and Engli&@mbloux, Belgium
Gembloux Agricultural University, 135 p., 10 taldl? fig.

Summary : The objective of this work was to chagaze and study the factors affecting the
production and the application of sakacin G produicgLactobacillus sakeCWBI-B1365.
After a first screening, four bacteriocin producitagtic acid bacteria were selected. The
structural genes for some of the bacteriocins waestified in the genome of these strains by
amplification using specific PCR primeish. sakeiCWBI-B1365 has then been specifically
studied. Sakacin G was identified as the only bexm produced. Sequencing of a part of
the sakacin G gene clusters involved in the bamtariproduction allowed to identify an
original genetic organization. The pH, the tempeet the carbon source used and its
concentration, as well as the meat extract quargitpngly influence sakacin G production.
Sakacin G was produced and showed antilisteriavigctn beef. To obtain antilisterial
activity in poultry meat, it was necessary to cometiib. sakeiCWBI-B1365 and_b. curvatus
CWBI-B28, a sakacin P producer.
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General introduction

1.1 Introduction

Malgré [l'utilisation de différentes techniques desgervation des aliments et de
bonnes pratiques d’hygiene, la contamination deswréds alimentaires par des
microorganismes pathogénes tels dusteria monocytogeneeste trés présente. En effet,
suivant les données de I'’Agence Fédérale pour tur§é de la Chaine Alimentaire Belge
(AFSCA), entre 1997 et 2005, 545 cas de listériosg®té observés en Belgique. Le nombre
de cas par année est stable. La contaminationrddseifs alimentaires I'est également.

L. monocytogenesst une bactérie Gram-positive, catalase postiveon sporulée qui
est responsable de la listériose. L'infection semvihabituellement apres lingestion de
produits d’origine animale ou apres contact dir@eéc un animal infecté. Les listérioses
humaines sont rares mais contrairement aux autresozes telles que celles causées par
Salmonellaou Campylobacterelles sont associées a un haut taux de mortaiéée si les
traitements antimicrobiens adéquats sont appliqD&st une bactérie ubiquiste qui peut étre
retrouvée dans une large gamme d’aliments telslemigroduits laitiers, les crustacés et
poissons et les produits viandeux. Les produitd sdactés pendant leur transformation ou
apres transformation, avant I'emballage. Elle meuvivre et croitre a de basses températures
(2 = 4°C), a un pH acide et a une haute conceotragn sel, et donc dans les produits

alimentaires au cours de leur stockage (Gaetal, 2007 ; Lecuit, 2007).

La demande croissante des consommateurs de pdugoéficier de produits frais
préts a I'emploi avec une innocuité et une duréecaeservation maximale tout en ne
contenant qu’une quantité minimale de conservatehiraiques pousse les professionnels de
'agro-alimentaire a se tourner vers des moyeresratifs de préservation des aliments. Des
moyens biologiques de préservation sont actuellereamisagés tels que I'utilisation des
bactéries lactiques produisant des bactériocines,pgptides antimicrobiens dont beaucoup
ont une action contré.. monocytogenesComme nous allons le voir tout au long de
l'introduction bibliographique, cette famille deadtériocines englobe une grande variété de

peptides aux structures, modes d’action et potéasal’application variees.

Notre travail se situe dans ce cadre et vise ariboetr a I'étude des bactériocines
produites par les bactéries lactiques. Pour cee falifférentes souches produisant des
bactériocines ont été isolées de produits variés.dactériocines produites ont été identifiées.

Sur base de ses potentialités d'application, ung sleuches sélectionnées a été plus
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spécifiguement étudiée. Sa bactériocine a été téaisee, ce qui a permis d’en déterminer le
mode et le spectre d’action. D’autre part, I'impdetcertains facteurs sur la production a été
étudié. Enfin, les potentialités d’application desluche dans les produits viandeux ont été

évaluées.
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1.2 Les bactéries lactiques et leurs propriétés anticrobiennes

1.2.1 Définition des bactéries lactiques

Les bactéries lactiques sont un groupe hétérogenaickroorganismes produisant de
I'acide lactique comme produit principal du métasimle. Elles sont non pigmentées, aérobie-
anaérobie facultatives, Gram-positif, catalase tvgm a I'exception de certains genres a
pseudocatalase et tolérantes a des pH acidesfdreue peut étre coccoide, coccobacillaire,
ou bacillaire. Elles sont généralement mésophifst la base des caractéristiques de
fermentation, les bactéries lactiques sont homddataires ou hétérofermentaires. Dans le
premier cas, seul I'acide lactique est produit. Dknsecond, en plus de l'acide lactique sont
produits de l'acide acétique, de I'éthanol, du g de carbone et de l'acide formique.
Actuellement, les bactéries lactiques regroupentizdogenres bactériens différents :
Lactobacillus Leuconostoc Lactococcus Enterococcus Streptococcus Pediococcus

CarnobacteriumOenococcusiWeissella, Aerococcusetragenococcust Vagococcus

1.2.2 Les propriétés antimicrobiennes des bactéridgctiques

Les propriétés antimicrobiennes des bactériesglaesi peuvent étre associées a de
nombreux éléments. Elles résultent de l'effet com@bde différents facteurs biologiques

provenant de leurs activités métaboliques.

1.2.2.1 Le pH et les acides organiques

Les produits principaux du métabolisme des badélaetiques sont les acides
organiques. Les acides organiques sont produitgaoila voie homofermentaire, soit par la
voie hétérofermentaire. Le métabolisme du pyruwaeduit a la formation uniquement
d’acide lactique chez les homofermentaires tandi$l gonduit a la formation d’acide
lactique, acétique et formique, d’éthanol et dexglil® de carbone chez les hétérofermentaires
(Liu, 2003).

Grace a cette production d’acides organiques, daetebes lactiques diminuent le pH

du milieu dans lequel elles se multiplient en imbune partie de la flore qui s’y développe.

5
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Leur compétitivité est améliorée étant donné leande tolérance aux pH bas extra et intra
cellulaires. Outre la diminution du pH du milieteftet antagoniste des acides organiques
résulte de l'action de leur forme non dissociée.effat, la forme non dissociée de l'acide
peut traverser passivement la membrane et acitifieytoplasme par libération du proton, ce
qui affecte le métabolisme cellulaire en inhibaattaines fonctions (Klaenhammer, 1993;
Brul et al, 1999; Capliceet al, 1999; Hsiacet al, 1999; Cotteet al, 2003; Jansseet al,
2007).

Les acides organiques sont un des agents classigyagservation des aliments (Brul
et al.,1999) et sont reconnus comme des additifs alinrestd_es acides couramment utilisés
sont les acides benzoique, sorbique, acétique, rigunea propionique et lactique. lls sont
utilisés pour prévenir ou retarder la croissance lbctéries dégradant la nourritdifsiao et
al., 1999). Le principal probléme consécutif a letitisation est la haute concentration
nécessaire pour inhiber les bactéries pathogenexiésirables et qui est parfois inacceptable
pour le consommateur (Kobilinsleg al., 2007).

La concentration inhibitrice minimale, qui est laig petite quantité d’acide qui peut
empécher la croissance d’'un microorganisme, deuchde ces acides doit étre déterminée
dans des conditions précises de pH mais aussiwdtaal’eau, de température (Hsiaoet al,
1999). Elle varie avec chaque microorganisme abatiHsiaoet al (1999) ont montré
qu’une concentration en acide acétique de 0,105ighibe la croissance dgacillus subtilis
a un pH de 5,3 alors qu'il faut une concentratien2¥,5 g T pour inhiberLactobacillus
plantarum et une concentration de 1,6 § pour inhiberEscherichia colidans les mémes
conditions.Listeria monocytogenesst inhibé par de I'acide lactique & 9,0'get un pH de
3,7 tandis qu’il I'est a un pH de 3,4 par l'acidelarhydrique a la méme concentration
(Graveseret al, 2004).

Les bactéries pathogenes peuvent développer certagcanismes de résistance
appelés « acid tolerance response » vis a vised@dsition a des pH bas. Ceux-ci leur sont
également utiles pour survivre au transit intestiha monocytogenepar exemple peut
survivre a une exposition de 60 minutes a un pk3 @@rul et al, 1999; Gahaet al, 1999;
Cotteret al, 2003).

1.2.2.2 Le peroxyde d’hydrogéne
Les bactéries lactiques ne possédent pas de @atgfague contenant un noyau héme
pour dégrader le peroxyde d’hydrogéne en oxygenenetau. Il peut s’accumuler et étre

inhibiteur de différents micro-organismes par I'dajion des lipides membranaires et la

6
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destruction des structures des protéines cellslgZalanet al, 2005). Certaines bactéries
lactiques peuvent néanmoins se protéger contrertexpde d’hydrogéne qu’elles produisent
par la synthese de catalase hexamérique ou téicaraérontenant du manganése et qui sont
parfois décrites comme étant des pseudocatalases € al, 2006). La concentration de
peroxyde d’hydrogéene produite par destobacilli varie entre 0,001 et 8 mM, en fonction de
'espece, de la souche et des conditions de cslt{Bakamotat al., 1998; Kullisaaret al.,
2002; Zalanet al, 2005; Struset al, 2006). Son action se manifestera aussi bienesur
germes indésirables que sur ceux qui sont indigiies au bon déroulement de la
fermentation. Il est donc rarement utilisé pour aotivité inhibitrice. D’autre part, son action

oxydante peut avoir un effet néfaste sur la samtédine (Zalaret al, 2005).

1.2.2.3 Le dioxyde de carbone

Celui-ci est formé pendant la fermentation hététodae et crée un environnement
anaérobie qui inhibe les microorganismes aérolii@ecumulation de dioxyde de carbone
dans la bicouche lipidique peut causer un dysfonogment de la perméabilité (Ammetr
al., 2006).

1.2.2.4 Le diacétyl

Il est synthétisé par différents genres de bactdaetigues commeactococcussp.,
Leuconostocsp., Lactobacillus sp. et Pediococcussp. Le diacétyl (¢He¢O2) est un des
composants aromatiques essentiels du beurre. élsgobpriétés antimicrobiennes qui sont
dirigées contre les levures, les bactéries Gramadifégt les bactéries Gram-positif non
lactiques, ces derniéres y sont néanmoins moinsitdes (El Zineyet al., 1998). Les
concentrations nécessaires a I'obtention d’unebitibh sont de I'ordre de 100 ppm, et sont
supérieures a celles présentes dans le beurresegpdibles de provoquer son ardbme (2 a 7
ppm) (Capliceet al, 1999).

1.2.2.5 La reutérine

La reutérine (ou 3-hydroxypropionaldehyde) est suestance antimicrobienne qui est
produite comme métabolite intermédiaire pendafgrimentation anaérobique du glycérol par
certaines espéces tactobacillusainsi que par d’autres genres bactériens non lagidels
gueBacillus, Klebsiella Citrobacter, Enterobacteret Clostridium (El-Ziney et al, 1998). La

fermentation du glycérol se déroule en deux étdpeglycérol sera tout d’abord déshydraté

7
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par une « glycerol deshydratase » pour former deugrine qui sera ensuite réduite en 1,3-
propanediol par une oxydoréductase. Cette deuxiétape est inhibée en I'absence de
glucose. La reutérine s’accumule alors dans le corganisme producteur. A haute
concentration, elle est excrétée dans le milieuto®&ité contre la cellule productrice limite
sa production, certaines especes commaetobacillus reuteriy sont plus résistantes
(Vollenweider, 2004).

La reutérine a un large spectre d’activité. Elleree action contre les procaryotes
(Gram-positif ou Gram-négatif), les eucaryotes \viess, les champignons et les protozoaires.
Elle interfere avec la réplication de 'ADN. Elledas applications aussi bien dans le domaine

médical que dans le domaine alimentaire (Volleneweid004).

1.2.2.6 Les bactériocines

Les bactériocines sont des protéines, ou compleeeprotéines, avec une activité
bactéricide contre les espéces proches de la spuotiactrice. Les bactériocines représentent
une large classe de substances antagonistes @gmtvaonsidérablement du point de vue de
leur poids moléculaire, de leurs propriétés bioéhiras, de leur spectre d’action et de leur

mode d’action (Klaenhammer, 1988).
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1.3 Les Dbactériocines produites par les bactéries adtiques :
caractéristiques et intérét pour la bioconservationdes produits

alimentaires

1.3.1 Définition des bactériocines

Le premier prototype des bactériocines produites Ipa bactéries lactiques fat
découvert en 1928 quand I'inhibition de la croissade différentes bactéries lactiques par un
métabolite produit parStreptococcus lactifut observée (maintenant classifi€é comme
Lactococcus lact)s (McAuliffe et al, 2001). En 1953, Jacoét al. proposerent le terme
général «bactériocine ». Elles furent définies @M des antibiotiques protéiques,
caractérisés par une activité bactéricide intra&espet une absorption par des récepteurs
spécifiques sur la surface des cellules ciblesk(&hcal, 1995). En 1976, Taggt al. les
définirent comme des composés protéiques ayantaatien bactéricide contre les especes
apparentées a la souche productrice. Cette définiéist correcte pour la majorité des
bactériocines mais est trop restrictive étant dogueé certaines peuvent avoir une activité

bactéricide contre des espéces plus distantessdeitde productrice.

En 1988, Klaenhammer proposa la définition quiedatplus largement acceptée. I
définit les bactériocines comme des protéines, muptexes de protéines, avec une activité
bactéricide contre les espéces proches de la spuotiactrice. Les bactériocines représentent
une large classe de substances antagonistes dgmtveonsidérablement du point de vue de
leur poids moléculaire, de leurs propriétés biodéhiras, de leur spectre d’action et de leur
mode d’action (Klaenhammer, 1988). Toutes les baci@ées produites par des bactéries
lactiques décrites jusqu’a présent ont une actuliigée contre les bactéries Gram-positive.
Aucune bactériocine produite par des bactérieflaes avec une activité contre des bactéries
Gram-négatif n'a été décrite. En effet, la membrarterne des bactéries Gram-négatif ne

permet pas aux bactériocines d’atteindre la mengbirgerne, siege de leur activité.
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1.3.2 Classification des bactériocines

Les bactériocines produites par les bactériesglaes sont réparties en quatre classes,

comme proposeé par Klaenhammer (1993).

1.3.2.1 Classe | : Les lantibiotiques

Ce sont des peptides de taille inférieure a 5kDiacquotiennent des acides aminés
inhabituels soufrés formés post-traductionnellen®@est a dire la lanthionine, IBeméthyl
lanthionine, la déhydrobutyrine et la déhydroalanilts sont stables a la chaleur. lls peuvent
étre divisés en deux types : la classe la qui enhtiles peptides cationiques hydrophobes
allongés contenant jusqu’'a 34 acides aminés etldase& Ib qui contient les peptides
globulaires chargés négativement ou sans chartg etetontenant jusqu’a 19 acides aminés.
(Mc Auliffe et al., 2001 ; Twomeyet al., 2002). Les séquences et structure de quelques

lantibiotiques se trouvent a la figure 1.

Nisin Mersacidin

Figure 1 : Séquence et structure de lantibiotiques de typaigin) et B (mersacidin) et de
« two-peptides lantibiotic » (lacticin 3147 A1 eRA
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1.3.2.2 Classe |l

Peptides de taille inférieure a 10kDa, stables éhkdeur, ne contenant pas d’acides
aminés modifiés et chargés positivement a un pHtreeles séquences de quelques
bactériocines appartenant a cette classe se troavetableau 1. Cette classe est divisée en

trois sous classes.

Tableau 1 :Liste non exhaustive et séquences de bactérioapmeatenant a la classe |

Mesentericin Y105

Classe lla : “Pediocin-like bacteriocin”
MTNMKSVEAYQQLDNQNLK&EKYYGNGVHCTKSGCSVNWGEAASAGIHRLANGGNGFW

Leucocin A MMNMKPTESYEQLDNSALEQEKYYGNGVHCTKSACSVNWGEAFSAGVHRLANGGNGFW
SakacinP - MEKFIELSLKEVTAIT ~ GCKYYGNGVHCGKHETVDWGTAIGNIGNNAAANWATGWNAGG
CurvacinA  ---- MNNVKELSMTELQTIT GCARSYGNGVYCNNKICWVNRGEATQSIIGGMISGWASGLAGM
Piscicolin 126 ~ ----- MKTVKELSVKEMQLTT GCKYYGNGVSCNKN&TVDWSKAIGIIGNNAAANLTTGGAAGWNKG

Carnobacteriocin Bm1

Carnobacteriocin B2

----- MKSVKELNKKEMQQIN GCAIS YGNGVYCNKEICWVNKAENKQAITGIVIGGWASSLAGMGH
------ MNSVKELNVKEMKQLH GCVNYGNGVSCSKTKCSVNWGQAFQERYTAGINSFVSGVASGAGSIGRRP

Pediocin PA-1 - MKKIEKLTEKEMANII  GGKYYGNGVTCGKHESVDWGKATIINNGAMAWATGGHQGNHK
Enterocin A -MKHLKILSIKETQLIY GCTTHSGRYGNGVYCTKNKCTVDWAKATIIAGMSIGGFLGGAIPGE
SakacinG =~ - MKNTRSLTIQEIKSIT ~ GGKYYGNGVSCNSHESVNWGQAWGVNHLANGGHGGV
Classe b : “Two-peptide bacteriocin
o  KRGPNCVGNFLGGLFAGAAAGVPLGPAGIVGGANLGMVGGALTCL
ABP-118 B KNGYGGSGNRWVHCGAGIVGGALIGAIGGPWSAVAGGISGGFTSCR
) X  NRWGDTVLSAASGAGTGIKACKSFGPWGMAICGVGGAAIGGYFGYTHN
Lactacin F A RNNWQTNVGGAVGSAMIGATVGGTICGPACAVAGAHYLPILWTGVFBKIRIG
] o  MDNLNKFKKLSDNKLQATIGG
Lactocin 705 B MESNKLEKFANISNKDLNKITGG
] o  GTWDDIGQGIGRVAYWVGKAMGNMSDVNQASRINRKKKH
Lactococein G B KKWGWLAWVDPAYEFIKGNIGKGAIKEGNKDKWKN
] M  IRGTGKGLAAAMVSGAAMGGAIGAFGGPVGAIMGAWGGAVGGAMKYSI
LactococcinMN GSIWGAIAGGAVKGAIAASWTGNPVGIGMSALGGAVLGGVTYARPVH
o E FNRGGYNFGKSVRHVVDAIGSVAGIRGILKSIR
Plantaricin EF £ yFHAYSARGVRNNYKSAVGPADWVISAVRGFIHG
o J  GAWKNFWSSLRKGFYDGEAGRAIRR
Plantaricin JK K  RRSRKNGIGYAIGYAFGAVERAVLGGSRDYNK
o o  RNKLAYNMGHYAGKATIFGLAAALLA
Plantaricin S B KKKKQSWYAAAGDAIVSFGEGFLNAW
y A YSGKDCLKDMGGYALAGAGSGALWGAPAGGVGALPGAFVGAHV GMGEMASNKFN
Thermophilin 13 5 o|NWGSVVGHCIGGAIIGGAFSGGAAAGYGCLVGSGKAIINGL

Plantaricin A

Lactococcin A

Lactococcin 972

CLASSE lic

MKIQIKGMKQLSNKEMQKIVGGKSSAYSLQMGATAIKQVKKLFKKWGW
MKNQLNFNIVSDEELSEANGGKLTFIQSTAAGDLYYNTNTHKYVYQ®GABNANTIVNGWMGGAAGGFGLHH
MKTKSLVLALSAVTLFSAGGIVAQAEGTWQHGYGVSSAYSNYHHGIKVNSINTGRQGKDTQRAGVWAKAT
VGRNLTEKASFYYNFW
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Les bactériocines de la sous classe lla contierardrg 27 et 48 acides aminés qui ont
toutes une partie N-terminale hydrophobe contetear#equence consensus YGNGV ainsi
gu’un pont disulfure et une partie C-terminale nsoaonservée, hydrophobe ou amphiphile
qui détermine la spécificité d’action (Fimlaet al., 2000 ; Richarcet al, 2006). Leur point
isolélectrique varie entre 8 et 10. Elles ont teutme activité contré.. monocytogenes
Certaines bactériocines de cette sous-classe oostie également un deuxiéme pont
disulfure dans leur domaine C-terminale qui senéle important dans la stabilisation de la
structure tertiaire. Ces bactériocines semblent gikeurs avoir une meilleure activité
antimicrobienne, une meilleure résistance a l'eimrs a des hautes températures et un
spectre d’action plus large (Eijsirék al., 1998 ; Fimlancet al., 2000 ; Drideret al., 2006 ;
Richard et al, 2006). Cependant, d’autres études ont suggéréslagséquence en acides
aminés de ce domaine C-terminal était le facteéd@minant (Fimlanet al.,2002 ; Johnsen
et al, 2005).

La sous classe llIb contient les bactériocines ayasbin de deux peptides pour avoir
une activité. Deux types de bactériocines de cldsspeuvent étre distingués : le type E
(Enhancing) ou la fonction d’'un des deux peptidgsdéaugmenter I'activité de l'autre et le
type S (Synergy) ou les deux peptides sont compi@res, ils doivent étre présents pour

avoir une activité.

La sous classe llc contient les bactériocines nevgnt pas étre classées dans les

autres sous classes.

1.3.2.3 Classe llI

Elle contient les protéines de taille supérieurg0&Da et sensibles a la chaleur. La
structure et le mode d’action de ces bactériocidéerent complétement des autres
bactériocines produites par les bactéries lactiq@s=te classe ne contient que quatre
bactériocines : I'helveticin J produite paactobacillus helveticug, I'enterolysin A produite
par Enterococcus faeciuyma zoocin A produite paBSpreptococcus zooepidemicaes la
millericin B produite parStreptococcus miller{Nilsen et al, 2003 ; Papagianni, 2003 ;
Nigutovaet al.,2007).

1.3.2.4 Classe IV
Elle contient les peptides requérant une partieataydratée ou lipidique pour avoir
une activité. Aucune bactériocine de cette classét@ décrite.
12
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1.3.3 Le mécanisme de production des bactériocinessa régulation

Différentes protéines sont impliquées dans la prtodo des bactériocines et sa
régulation. Les bactériocines sont produites sousnd d’'un prépeptide non-biologiquement
actif qui subira des modifications post-traductielles pour aboutir au peptide actif. Cette
production est souvent régulée par un systeme deu@uSensing, un mécanisme permettant

a certains genes d’étre exprimés en fonction desité de la population bactérienne.

1.3.3.1 Les lantibiotiques

L’organisation génétique et de la production d'antibiotique, la nisine, est montrée a
la figure 2. Les génes de biosynthése des lantijpies ont été désignés par le symbole
communLan, avec un nom plus spécifique pour chaque lantduiet fis pour la nisine par
exemple). Le gene de structuleanA code pour un peptide précurseur du lantibiotique
contenant une ségquence N-terminale de 23 a 30saaidmés qui sera clivée lors du transport
a I'extérieur de la cellule. Ce prépeptide subifférentes modifications post-traductionnelles
afin d’acquérir les acides aminés inhabituels que & lanthionine et I8-méthyllanthionine.
La premiére étape de ces modifications consistéaaeeshydratation de la sérine et de la
thréonine pour former la déhydroalanine et la déblydtyrine. La deuxiéme étape consiste en
la formation d’un lien thioéther entre ces résidéshydratés et les cystéines environnantes,
donnant aux lantibiotiques une structure cycligles enzymes impliquées sont une
déshydratase et une cyclase codée soit par les hanB et LanC ou le génd.anM. Apres
ces modifications, le prépeptide sera clivé lor$a@erétion hors de la cellule par la protéase
codée pailanP ou le domaine protéasique de I'ABC transporteutécpar le genéanT.
Cette derniere modification permettra d’avoir lefide biologiguement actifMcAuliffe et
al., 2001; Kleerebezem, 2004; Xe¢ al, 2004; Pattort al, 2005).

La production des lantibiotiques est sous le cémtddun mécanisme de régulation a
deux composantes basé sur le Quorum Sensing. @escdenposantes sont une histidine
kinase, codée par le geneanK, qui réagira a un stimulus extérieur et induira la
phosphorylation d’'un régulateur de réponse, le dene composant, codé par le géraR
Une fois phosphorylé, il va permettre I'activatide I'expression de I'opéron. Le stimuli
extérieur est la bactériocine elle-méme qui essgmte dans la culture a basse concentration
en début de croissance. Elle s’accumule et, quandedain seuil est atteint, elle interagit

13
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avec le systeme de régulation pour activer la trgoson du gene de structure mais
également de ceux d'immunité et de transport. Qtefgadonc d’autorégulation (McAuliffe

et al, 2001; Twomeyet al, 2002; Kleerebezem, 2004; Pattet al, 2005). Les génes

d'immunités sontLanl qui code pour une protéine d'immunitéletnF, LanE et LanG qui

code pour un ABC transporteur. Ces protéines péemetie protéger la bactérie productrice

de I'action de sa propre bactériocine.

Qutside

NisF NisE NisG

Figure 2 : Régulation de la production, modifications postitretionnelles et auto-immunité

de la nisine« NisA substrate » est le prépeptide non biologiquenaetif qui sera déshydraté par NisB et
cyclisé par NisC avant sa translocation par 'ABé@nsporteur NisT et le clivage de la séquence Eigaala
protéase NisP. Ces modifications conduiront au igepbiologiquement actif. La nisine interagira avec
I'histidine kinase NisK, ce qui induira la phospylation du régulateur de réponse NisR et I'actmatde la
transcription des génes nécessaires a la produttida nisine. La protection de la cellule vis & @€ la nisine
est réalisée par deux mécanismes : la lipoprogimenunité Nisl et 'ABC transporteur formé par Ms NisE

et NisF (inspiré de Pattast al.,2005).
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1.3.3.2 Les bactériocines de classe |l

La figure 3 montre I'organisation génétiqgue de déaxtériocines de classe lla, la
sakacin P et la piscicolin 126, ainsi que d'unetér@acine de classe llb, TABP118. Les
bactériocines de classe lla sont également pradwstais forme d'un pré-peptide non
biologiqguement actif dont la séquence N-terminppedée séquence signal et contenant une
vingtaine d’'acides aminés avec des séquencesdnsemvées, sera clivée du cété C-terminal
d’'un motif GG par le domaine protéasique de I'AB@nsporteur lors de la translocation
membranaire pour donner le peptide biologiquemetif éEnnaharet al, 2000). Avec la
formation d'un ou deux ponts disulfures cruciauxumpd’activité, ce sera la seule
transformation post-traductionnelle (Drideral, 2006). Certaines bactériocines de classe lla
sont excrétées par le « sec-dependent pathwayss»péptides signaux de ces bactériocines
ne contiennent donc pas de doublet glycine mais laiséquence signal typique des protéines
secrétées par ce systeme qui sera clivé par uniel@sp durant la translocation (van Wety
al., 2001 ; De Kwaadsteniet al, 2006 ; Sancheat al, 2007).

10769 bp

Figure 3: Organisation génétique de bactériocines de class8pp : Sakacin P, pis:
piscicolin 126, abpl118 : Bactériocine abplibA, pisA, abpli8alphat abp118 beta géne de
structure spiA, pisl, AbpIM geéne d'immunitésppK pisK, abpK: gene de I'histidine kinassppR, pisR, abpR
géne du régulateur de réponspplP, pisN, abplP peptide d'inductionsppT, pisT et abpTgéne de 'ABC
transporteursppE, pisEetabpD: protéine accessoir€DS1a9 : protéines hypothétiques dont la fonction n’est

pas connue.
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La régulation de la production des bactériocinegldsse lla est sous le contrdle d’'un
systeme de Quorum Sensing a trois composantesomdi: sin peptide d’induction, une
histidine kinase et un régulateur de réponse. Eeggcodant pour ces trois protéines sont co-
transcrits (Eijsinket al, 2002). Le peptide d’induction est produit a leassncentration
comme un prépeptide de bas poids moléculaire, sansvec une trés faible activité
inhibitrice, stable a la chaleur, cationique etropthobe et dont la partie N-terminal est clivée
au niveau d'un doublet glycine lors de I'excrétien dehors de la cellule par I'ABC
transporteur également impliqué dans I'excrétionlal®actériocine (Ennahaat al., 2000;
Eijsink et al, 2002). A une certaine concentration externe quige d’induction, I'histidine
kinase transmembranaire est activée, ce qui méesa phosphorylation. Le groupement
phosphate est transféré au régulateur de réporiseagactiver I'expression des genes de
structure, immunité et transport de la bactérioonaés également du systeme de régulation a
trois composantes. Le systeme est donc auto-ifdij#ink et al, 2002; Drideret al, 2006).
Cependant, il a été récemment suggéré que le g&lamicpour le régulateur de réponse de la
sakacin P gppR pouvait produire deux protéines: une protéinenglete et cette méme
protéine dont I'extrémité N-terminal est tronqué&ette deuxieme protéine tronquée peut
alors réprimer I'expression des génes codant ppwakacin P, probablement en interférant
avec l'action de la molécule complete (Strawghal, 2007).

Les genes codant pour la production des bactéaedie classe lla sont, la plupart du
temps, organisés en trois opérons, le premier nantdes genes de structure et d’immunite,
le deuxiéme les genes nécessaires a la sécrétianbdetériocine (’ABC transporteur et une
protéine accessoire) et le troisieme les geneystarme de régulation a trois composantes. Le
gene d'immunité code pour une protéine permettamd @dactérie d'étre résistante a la
bactériocine qu’elle produit.

Peu d’informations sont disponibles concernantégulation de la production des
bactériocines de classe llb. Néanmoins, il a ététrdagqu’'un systéme de régulation a trois
composantes identique a celui retrouvé pour legebacines de classe lla est impliqué dans
la production de 'ABP-118 et des plantiricin EAFRJ& (Flynnet al.,2002 ; Oppegardt al.,
2007).
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1.3.4 Les mécanismes d’'action des bactériocines

Le siege d’activité des bactériocines est la men@ellulaire, raison pour laquelle
les bactériocines n’ont pas d’activité contre lastéries Gram-négatif. Cependant, les modes

d’action des bactériocines sur la membrane sonds/ar

1.3.4.1 Les lantibiotiques

Les lantibiotiques interagissent avec la membragBulaire par des interactions
électrostatiques ou par liaison a des réceptedsfgpes tels que le lipide I, un précurseur
de peptidoglycanes dont la structure se trouve diglare 4. Suite a cette liaison, les
lantibiotiqgues peuvent former des pores larges @t spécifiques dans la membrane
cytoplasmique, ce qui va causer 'efflux rapidepeéts composés cytoplasmiques tels que les
ions, les acides aminés, I'ATP... Cette augmentatienla perméabilité membranaire va
conduire a la dissipation des deux composantes derte proton motrice, c’'est a dire le
potentiel transmembranair\¥) et le gradient de pHApH), a la cessation rapide des
activités cellulaires et a la mort de la cellul€interaction avec le lipide Il permet
d’augmenter la stabilité des pores formés et deiméda concentration du lantibiotique
nécessaire pour former un pore (Pat&tral., 2005). La liaison des lantibiotiques avec le
lipide Il peut également conduire a I'inhibition thesynthése de la paroi cellulaire. D’autre
part, certains lantibiotiques peuvent inhiber largfation (McAuliffeet al, 2001; Twomeet
al., 2002; Baueet al, 2005; Pattort al, 2005).
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*tettcce. caeet®ttt | 0000y ccccsese®®®®

Undecaprenyl membrane anchor

Figure 4 : Structure du lipide IlLa nisine interagit au niveau du MurNAc tandis daemersacidine

interagit au niveau du GIcNAc

Les lantibiotiques de type A dissipent la forcetpremotrice par formation de pores et
interferent avec la synthése des peptidoglycarms gle la plupart des lantibiotiques de type
B agissent par inhibition de la synthése des peglydanes. Néanmoins, certains forment
eégalement des pores dans la membrane des celibles (Baueret al, 2005; Pattoret al,
2005). La nisine, un lantibiotique de type A, iaigit avec le lipide Il au niveau du MurNAc
tandis que la mersacidine, un lantibiotique de tBpenteragit avec le GIcNAc du lipide 1l
(Willey et al.,2007).

Certains lantibiotiques ont besoin de deux peptieggissent ensemble pour avoir une
activite. Ces lantibiotiques sont aussi produitsne® des prépeptides qui seront ensuite
modifiés comme les lantibiotiques simples afin diavtous les deux des acides aminés
modifiés. La lacticin 3147, un «two-peptide lafdiit » dont la séquence se trouve a la
figure 2, agit également par formation de poressdiEn membrane des cellules cibles
(McAuliffe et al, 2001). Elle a un spectre d’action large. Un dasxdoeptides, la lacticin A1,

a une activité qui est plus élevée en présenceeduigime peptide, la lacticin A2. Il a été

récemment proposé que la lacticin Al agit en s& ke lipide Il, inhibant la synthese des

peptidoglycanes et permettant a la lacticin A2 alener un pore dans la membrane de la
cellule cible (Morgaret al, 2005; Wiedemanat al, 2006).
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1.3.4.2 Les bactériocines de classe Il

Le mécanisme d’action supposé des bactériocinedadee lla est l'interaction de la
bactériocine avec la membrane ou un récepteuratmmose perméase, pour ensuite former un
pore dans la membrane de la cellule ce qui in@ufidrméabilisation de la membrane et la
mort de la cellule (Dale¢t al, 2000; Hécharet al, 2001; Graveseat al, 2002a; Arouset
al., 2004; Vadyvalocet al, 2004a). Le mécanisme de formation des pores pa&s connu
méme si I'hypothese la plus courante est I'assegeblde différentes molécules de la
bactériocine (Ennahaat al, 2000; Fimlancet al., 2000; Diepet al, 2007). Les pores formés
par les bactériocines de classe lla causent |la p@dn potassium ainsi que d’acides aminés
et d’autres molécules de faible poids moléculageyai dissipe les deux composantes de la
force proton motrice (Bauet al.,2005).

Les bactériocines de classe llb ont en généralpacatse d’action inhibant une large
gamme de bactéries Gram-positif. Elles rendentdanbrane perméable a différentes petites
molécules, des cations monovalents ou des aniomsgqui dissipe une ou les deux
composantes de la force proton motrice. Les iomamsportés sont spécifigues de la
bactériocine (Oppegar@t al., 2007). Le ratio optimal d’activit¢ de la plupare ctes
bactériocines est 1:1 (Oppegatdal, 2007). Pour la lactocin 705, il est de 4:1 (Céeste et
al., 2007). Néanmoins, les mécanismes d’interactiendéeix bactériocines entre elles et avec
la membrane cellulaire ne sont que trés peu cornhasété montré qu’il n'y avait pas de
liaison au méme récepteur que pour les bactérisaileeclasse lla (la mannose transférase)
(Diep et al, 2007). Castellanet al. (2007) ont recemment montré que les deux peptides
composant la lactocin 705 ont des activités bigtifigues. La lactocin 7@binteragit avec la
surface de la membrane cellulaire et la déshydtatéactocin 708 interagit avec cette partie

déshydratée pour former des pores.

1.3.4.3 Les bactériocines de classe Il

Le mode d’action de ces bactériocines differe cetaphent des bactériocines des
autres classes. En effet, I'enterolysin A, la zndkiet la millericin B agissent par I'hydrolyse
des liens peptidiques des peptidoglycanes deslesliensibles. La zoocin A a un spectre
d’action étroit alors que l'enterolysin A et la taiicin B ont un spectre d’action large.
L’helveticin J a un mode d’action bactéricide (Mitet al, 2003).

19



General introduction

1.3.5 L’auto-immunité et la résistance aux bactéricines

1.3.5.1 L'auto-immunité
L’auto-immunité consiste en la protection de lautel productrice de bactériocines

contre la bactériocine qu’elle produit.

1.3.5.1.1 L’auto-immunité des lantibiotiques
Deux mécanismes peuvent étre responsables de-lmaotanité :

* La production d’'une lipoprotéine d'immunité codéar pe géneLanl: Cette protéine
s’attache a la surface externe de la membranetatagit avec le lantibiotique afin de
'empécher de former des pores dans la membrane cidlule productrice. La structure
de ces protéines est trés variable, ce qui permesupposer une certaine spécificité
d’interaction avec le lantibiotique (McAuliffet al.,2001; Twomeyet al, 2002). Pour la
nisine, il semblerait que l'extrémité C-terminal dette lipoprotéine d’immunité soit

impliquée dans l'interaction spécifique avec latbaocine (Takalat al, 2006).

 L’ABC transporteur codé par les geneanE, LanF et LanG: Ce systeme permettrait
d’exporter le lantibiotique a I'extérieur de la merane cellulaire, permettant de garder la
concentration intracellulaire en dessous du settijoe. Le mode d’action est toujours
sous étude. Néanmoins, méme s'il est évident queysteme permet d’augmenter I'auto-
immunité, il semblerait qu’il ne soit pas suffisgmaur conférer une immunité totale et
doive étre complété par le premier (McAuli#ge al, 2001; Twomeyet al, 2002; Steiret
al., 2003; Liet al, 2006).

1.3.5.1.2 L’auto-immunité des bactériocines desgds
1.3.5.1.2.1 Laclasse lla

Pour les bactériocines de classe lla, l'auto-imnguréemblerait provenir de la
production d’'une protéine d'immunité intracelluaicontenant entre 88 et 115 acides aminés
(Ennaharet al, 2000). Ces protéines globulaires sont catiorsgiehydrophobes (Ennahetr
al., 2000). Le géne les codant est la plupart du terogmnscrit avec le gene de structure de
la bactériocine, les deux géenes constituant unoopéCependant, des genes d'immunité
indépendants ont déja été décrits conamf¥ qui donne une protection contre la leucocin A et
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'enterocin A (Fimlancet al, 2002). Les protéines d'immunités des bactériccoheclasse lla

sont classées en trois sous-groupes sur la bdsarddignement de séquence.

Sous-groupe A :

Leucocin A : Irknnillddakiytnklylllidrkddag-ygdicd vifqvskkldstk---nvealinrlv-nyiritastnrikfskdeeaviie Igvigg-kaginggymadfsd—ksafysifer-------
Mesentericin Y105 : mkkkyryledsknytstlysllvdnvdkpg- ysdicdvllgvskkldntg---svealinrlv-nyiritastykiifskke eeliiklgvigg-kaginggymadfsd—ksqfysvfdqg-------
Enterocin A: - mkknakgivhelyndi-siskdpk-ysdil evigkvylklekgkyeldpsplinrlv-nylyftaytnkirfteygeelir niseigr-taginglyradygd—ksqf------------

orfyY : ----mtngeiakenihtlynsimahpdksnallditdvisqv yltletak---npevivnrla-nyiysvgf-gkihinkseeqllidigayg g-ragwngvyrgdcis—-kaeffnysdarkyarv

Pediocin PA-1 : --mnktksehikqqaldlftrigfiigkhdtiep yayvidiletgisktkhnggtpergarvvynkiasgalvdkihftaeenkv laainelahsqkgwgefnmldtintwpsg-------------

Sous-groupe B :

Carnobacteriocin Bm1  -mikdekinkiyalvksaldntdvkndkkl sliimri-—qetsingelfy-dykkelgpaismysighnfrvpddivklla L e e ———
Curvacin A : Ikadykkinslitytstalknpkiikdkdivvlltii- —qeeakqnrify-dykrkfrpavtrftidnnfeipdclvklisavetpkaw [ ———
Carnobacteriocin B2 ---mdiksqtlylniseaykdfevkanefls klvvgcagkitasnsfnsyievislisrgissyylshkriipssmltiytq igkdikngnidtekirkyeiakglmsvpyiyf

Sous-groupe C :
Piscicolin 126 : mgklkwfsggkersngaeniitdilddiktdidn eslkkvlenyleelkgkgasvplilsrmnldiskairndgvtlsdyqskkl keltsisnirygy
Sakacin P mkilkwysggkdrgerandiiggllldinhdpknehleai linygneikrkessvpfilsrmnisiantirrdrliltdfgedklkiital snirygy

Figure 5 : Sous-groupe et alignement de quelques protéinesrdinité des bactériocines de
classe lla (Drideet al, 2006)

Comme montré a la figure 5, il y a une grandeat@m entre les séquences des
différentes protéines dimmunité, malgré le hauigrde d’homologie des bactériocines
correspondantes (Fimlanet al, 2002). Les protéines d'immunité ont un haut dede
spécificité. Néanmoins, elles peuvent donner uraunité aux bactériocines contenant des
séquences C-terminales homologues. Une clasdificakes bactériocines sur la base de ces
séquences a donc été réalisée. Brievement, leggoupel contient I'enterocin A, la pediocin
PA-1, la sakacin P et la piscicolin 126 ; le sousdge 2 contient la leucocin A et la
mesentericin Y105 tandis que le sous-groupe 3 eonta curvacin A, la carnobacteriocin
Bm1 et I'enterocin P (Fimlandt al, 2002). De plus, il semble que la séquence C-teximi
des protéines d'immunité permette également derdéter la spécificité d’action (Johnsen
al., 2004). La fonctionnalité de la protéine d'immeniest par ailleurs dépendante de la
souche (Drideet al, 2006).

Les protéines d'immunité ont une action intracelid. Différentes études ont pu
montrer qu’elles se trouvaient principalement dansytoplasme et qu’elles interagissent peu
avec la membrane cellulaire (Johnstral, 2004). Cependant, leur mode d’action reste peu
compris (Ennahaet al., 2000; Fimlandet al, 2002; Drideret al, 2006). Diepet al. (2007)
ont montré récemment que les protéines d'immunéélad lactococcin A mais aussi de
bactériocines de classe lla (I'enterocin P, la s@ka et la pediocin PA-1) agissaient en se
liant & un complexe formé par les sous unités QIR de la mannose transférase et la

bactériocine en inhibant ainsi son action, probakle en I'empéchant de former les pores
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qui menent a la mort de la cellule. En I'absencéadsactériocine dans le milieu de culture, il
n'y a pas ou trés peu d’interaction entre la pra@’immunité et les sous-unités IIC et IID de

la « mannose transférase ». Ce modele de mécadianimn est montré a la figure 6.

Bactériocine

T

Al — A2
Sesses, paneeettssg,
Formation
D D D D ) de pores
......‘ '...."....... '....'
AB AB AB AB

Bactériocine

\\\

Bl B2 B3
C— —
®vose, w.f“'"”"..... et S \ﬁ“

r Pas de
| I I - formation
D D D D D ) de pores
AB AB AB AB AB AB

Figure 6 : Modeéle d’action de la lactococcin A et de bactéries de classe lla (A) ainsi que

de leurs protéines d'immunité (BEn absence de protéine dimmunité (Al et A2), latédocine
interagit avec la « mannose permease » (AB, C gidD) ensuite former des pores. Si les protéiniesnolinité
() sont présentes, elles se trouvent sous forbme tans le cytoplasme et n’interagissent quedaibht avec la
membrane (B1). En présence de la bactériocines elteragissent avec le complexe formé entre I#hbacine

et la « mannose perméase » et empéche la baatéridei former des pores (B2 et B3) (inspiré de Riepl,

2007)
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1.3.5.1.2.2 Laclasse llb

Comme pour la classe lla, la résistance de laleddlla bactériocine qu’elle produit se
fait par I'intermédiaire de la production d’'une foe d’immunité. Il n’y a qu’un seul gene
d'immunité. L’information génétique est localiséar ¢ méme opéron que celui des deux

géenes de structure (Garneztal., 2002 ; Oppegardt al, 2007).

1.3.5.2 Le mécanisme de résistance des cellulds<iéux bactériocines

Etant donné qu’une des utilisations principales lo@sériocines est leur application
dans l'industrie alimentaire pour prévenir des aamhations par des bactéries pathogenes
telles quel. monocytogenese développement de souches résistantes peutrépbléeme.

1.3.5.2.1 La résistance aux lantibiotiques

Le mécanisme de résistance des lantibiotiquesuke tlidié est celui de la résistance a
la nisine. Les résistances vis a vis de la nisamesdles souches non résistantes apparaissent a
la fréquence de 1D & 10° pour L. monocytogeneet 10° & 10° pour les autres
microorganismes apres exposition a des concermigtimissantes. Leur stabilité est variable
(Graveseret al, 2002b; Guinanet al, 2006; Krameeet al, 2006; Guinanet al, 2007). La
fréquence d’apparition des résistances varie eatifomde la souche cible et des conditions
environnementales (pH, concentration en chloruresatium et température). L’apparition
d’une résistance est souvent associée a une dionindil taux de croissance maximale de la

cellule (Gravesent al, 2002a).

Il a été montré que les mutants résistants n’avquas de modification au niveau du
lipide Il (Krameret al.,2004). La résistance a la nisine a été attribuaeeadifférence de la
composition en acide gras dans la membrane et andddications au niveau de la paroi
cellulaire (Krameret al, 2006; Naghmouchet al, 2007). Récemment, Kramet al. (2006)
ont montré que des souches Hactococcus lactisrésistantes a la nisine exprimaient
differemment 93 génes par rapport a la souche gauvan résistante, 62 étant plus exprimes
et 31 étant sous exprimés. Cette étude a permmaidrer que le mécanisme principal de
résistance semblait étre d’empécher la bactériodiatieindre le lipide Il par différents

modes (Krameet al, 2006) :
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e Changer la paroi cellulaire en I'épaississant,dsant plus dense ou en changeant sa

charge
* Elever le pH local a I'extérieur de la membranepiasmique

» Changer I'expression de I'opéron fab qui est impdiglans I'élongation et la saturation
des phospholipides, ce qui augmente la fluiditdadmembrane et empéche la nisine de

former des pores

* Changer les ABC transporteurs présents. lls peldteatimpliqués dans I'excrétion de la

nisine hors de la membrane cytoplasmique, 'emp@&atiiatteindre le lipide II.

D’autre part, il a été montré que I'adsorption dddcticin 3147 sur la membrane des
cellules cibles était diminuée chez les mutantstasts (Guinanet al, 2006).

L’apparition d’'une résistance contre un lantibiaggpeut induire une résistance contre
un autre. Par exemple, I'apparition d’'une résistagontre la lacticin 3147 induit une

résistance a la nisine (Guinagieal., 2007).

1.3.5.2.2 Larésistance aux bactériocines de cldase

Les résistances aux bactériocines de classe lla smuvent trés élevées avec une
souches sauvages Hemonocytogenesolées sont résistantes (Graveseml, 2002a). Les
mutations spontanées apparaissent aprés expositian bactériocineL. monocytogenes
développe des résistances aux bactériocines deeclés a la fréquence de iG 10°

(Graveseret al, 2004). Cette fréquence d’apparition des résismmarie en fonction de la

souche, de la bactériocine et de facteurs enviraentaux tels que le pH, la concentration en

chlorure de sodium et la température (Gravedtea., 2002a). La stabilité de ces mutants est
variable. Par exemple, des mutants spontanés.dmonocytogenegl12 résistants a la
pediocin PA-1 gardent cette résistance apres 10@rgons (Graveseet al, 2002a).

Différents mécanismes sont a I'origine de cettéstasce :

» L'augmentation du pourcentage d’acides gras inéatdans la membrane et du nombre
de chaines courtes. Ces modifications augmentdhiidité de la membrane en diminuant
les potentialités d’insertion de la bactériocindaetormation des pores (Vadyvaleb al.
2002).
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L’absence de la mannose phosphoenolpyruvate-depeptiesphotransférase (PSTS), la
molécule transmembranaire réceptrice de la bacigao(Vadyvalooet al, 2004b). Il a
été montré que, chdz monocytogened'inactivation du geneapoN et de I'opérormpt
codant pour la mannose perméase induit la résestdab. monocytogened.a mannose
perméase est une protéine transmembranaire quieagstransport du sucre (mannose,
glucose et 2-deoxyglucose ché&z monocytogengset sa phosphorylation de part et
d’autre de la membrane cellulaire. CHezmonocytogenesette molécule contient trois
sous-unités. Le génmpoN code pour la sous-unité” de la RNA polymérase bactérienne
qui dirige I'activation de la transcription de 'émnmpt Dans les mutants résistants, une
diminution de I'expression du gene codant pour daanose perméase et une augmentation
de I'expression du géne codant pour la phosphdérease spécifique dfisglucosides ont
été remarquées (Gravesenal, 2002a; Graveseat al, 2002b; Gravesest al, 2004;
Vadyvalooet al, 2004). Par ailleurs, il a été montré que des nsteésistants avaient un
taux de croissance maximal réduit (Graveseral, 2002a). Cette réduction peut étre
attribuée a la diminution de la capacité a transpates nutriments, comme le glucose, de

part et d'autres de la membrane cellulaire (Naghohoet al, 2007).

1.3.5.2.3 Les cross-résistances

Les mécanismes de résistances aux lantibiotiquasgxelbactériocines de la classe lla ne

sont pas les mémes. Cependant, la résistance atillidiques peut parfois entrainer une

résistance aux bactériocines de classe lla ou sauent. Par exemple, Naghmouehial.

(2007), ont montré que la résistance ldemonocytogenescquise a la nisine A ou Z

augmente la résistance a la pediocin PA-1 et av&gicin M35, deux bactériocines de classe

lla. D’autre part, les mutants résistant a la dji@n M35 montrent une résistance accrue a la

nisine Z mais réduite a la nisine A. Les mutanssstant a la pediocin PA-1, quand a eux, ont

une résistance plus élevée a la nisine Z et lagitiee mais diminuée a la nisine A.
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1.3.6 La production et le conditionnement des baaté@cines

1.3.6.1 La production des bactériocines

Les bactériocines sont généralement produitesfia de la phase exponentielle et au
début de la phase stationnaire de croissance. pdasent ensuite étre dégradées par les
protéases produites par la bactérie lactique ptadac(Savijoki et al, 2006) ou étre
adsorbées a sa surface ce qui méne a la baisseadedentration de bactériocines dans la
culture. Les facteurs influencant la productiorbdetériocines sont principalement la souche
productrice, la température, le pH, la compositionmilieu et la technologie de fermentation

employée.

Comme l'ont montré Moretret al. (2000) pour la production de sakacin P phar
sakej une méme bactériocine peut étre produite pasdashes ou espéces différentes dont la
capacité de production peut étre variable. Lorsnel’wptimisation de production, si

différentes souches sont disponibles, le choixelle-ci pourra étre déterminant.

Les conditions de culture influencent fortementpladuction de bactériocines. En
effet, 'optimalisation de la croissance ne réspls nécessairement en I'optimalisation de la
production de bactériocines (Parepteal., 1999). Il a méme été suggéré que des conditions
de croissance défavorables permettent de stimetlergroduction (Verluytert al, 2004).

Les températures et pH optimaux de production soavent inférieurs a ceux optimaux pour
la croissance. C’est par exemple le cas pour ldymtion de bactériocine pab. curvatus
LTH1174 (Messenst al., 2003), Leuconostoc mesenteroidéd24, Lb. curvatusL442
(Mataragaset al, 2003), de sakacin P pab. sakeiCCUG42687 (Moretrcet al., 2000),
d’amylovorin L471 paiLb. amylovorudDCE471 (De Vuyset al., 1996) et de pediocin PA-1
parPediococcus damnos(Nel et al.,2001).

La composition du milieu, tout particulierement Issurces et concentrations de
carbone et azote, affectent fortement la produatierbactériocines. Les bactéries lactiques
productrices requiérent de nombreux nutriments peur croissance et des milieux riches,
contenant de I'extrait de viande, de levure etldalolysats de protéines, sont nécessaires. Il
a déja été montré que I'augmentation des conc@rigaén extrait de levure, extrait de viande
ou peptone peut permettre une augmentation deotduption de bactériocines (Aasenal.,
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2000 ; Nelet al.,2001 ; Mataragast al.,2004 ; Todoro\et al.,2004 ; Verluyteret al.,2004).
D’autre part, quelques études ont montré que leceale carbone utilisée et sa concentration
est un facteur important dans I'optimisation dgiaduction de bactériocines (Leal-Sanchez
et al.,2002 ; Leroyet al.,2006 ; Cheret al.,2007 ; Anastasiadoet al.,2008). L'ajout de ces
nutriments lors d'une culture fed-batch permet smiivd’augmenter la production
comparativement a une culture en batch (Calleweteat., 2000 ; Guerrat al., 2005 ; Lvet

al., 2005).

L'utilisation de la technique des cellules immad@éles peut permettre d’augmenter la
durée et la stabilité de la production de bactérex: Les cellules peuvent étre immobilisées
dans des biofilms ou des billes d’alginates deigaicCette technique a déja été utilisée avec
succes pour la lacticin 3147 et la nisine (Scaretedl.,2000 ; Pongtharangket al, 2006b).

1.3.6.2 Le conditionnement des bactériocines

Il est trés difficile de conditionner les bactérims sous une forme purifiée. La
purification des bactériocines est une procédungue et colteuse qui nécessite la mise en
ceuvre de nombreuses techniques a savoir une pafopi des protéines au sulfate
d’ammonium, différentes combinaisons de chromapiges sur colonne telles que des
échanges d’ions ou des interactions hydrophobesnetétape finale de chromatographie
liquide a haute performance en phase inverse. aggenents ne sont pas applicables a
I'échelle industrielle. La stratégie souvent miseceuvre consiste des lors en l'adsorption de
la bactériocine sur la cellule productrice suiviegng centrifugation ou d’une ultrafiltration de
la culture et de la désorption de la bactériocimegbaissement du pH a 2 et augmentation de
la concentration en chlorure de sodium. Les bamténes semi-purifiées peuvent alors étre
conditionnées sous forme seche par atomisatiogaphilisation par exemple (Parergeal,
1999). La nisine, la seule bactériocine légalenagprouvée comme additif alimentaire, est

commercialisée sous une forme semi-purifiée.
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1.3.7 Les applications des bactériocines dans l'indtrie alimentaire

1.3.7.1 Les propriétés avantageuses des bactérgzcpour une application alimentaire

Les bactériocines sont habituellement reconnuesneoralres, sont sensibles aux
protéases digestives et ne sont pas toxiques pswellules eucaryotes (Wijagaal.,2006).
Elles ont une grande tolérance aux variations deeplux traitements thermiques. Leur
spectre antimicrobien peut étre large ou étrolesepeuvent donc cibler sélectivement des
bactéries pathogénes ou détériorantes sans irlkibactéries indispensables et ont un mode
d’action bactéricide (Galvezt al., 2007). Les bactériocines doivent cependant étre
considérées comme un moyen de préservation comptaireea ceux déja existant (Deegan
et al.,2006).

1.3.7.2 L’application des bactériocines dans letsec alimentaire

Les bactériocines peuvent étre appliquées sousoumef purifiee, semi-purifiée ou
sous la forme d'une concentré obtenu apres fermental’'un substrat alimentaire. Les
bactéries productrices peuvent également étre qa@ds dans les produits alimentaires, la

bactériocine sera alors produiitesitu.

1.3.7.2.1 Application de la bactériocine purifiée semi-purifiée

Les bactériocines purifiées ou semi-purifiées sappliquées apres production en
fermenteur, purification ou semi-purification enditionnement par les techniques adéquates,
qui peuvent étre relativement colteuses. D’'un pdéntue |égislatif, une telle préparation est
considérée comme un additif alimentaire. Jusquéaemt, seule la nisine, un lantibiotique, est
acceptée comme additif alimentaire (E234) (Guiretrad.,2005).

Les bactériocines peuvent également étre appligaées la forme d’'un concentré
obtenu apres fermentation par la souche producattiGgomisation d’'un substrat alimentaire
tel que le lait par exemple. Cette préparation sersidérée comme un ingrédient fermente.
Elle contiendra la bactériocine mais également tdgsumétabolites antimicrobiens tels que
'acide lactique. La pediocin, une bactériocine aigsse lla, est commercialisée sous cette
forme sous le nom ALTA 2341. Des essais ont étéméaeent fait avec la lacticin 3147, un
lantibiotic (Deegaret al., 2006 ; Galvezt al, 2007). Au niveau législatif, cette forme ne
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nécessite pas d’approbation. Cependant, si lareuttest pas traditionnellement consommeée,

il faudra se référer a la législation sur les «aidood » (EC258/97).

Un autre mode d’application des bactériocines sb@agn leur immobilisation sur les
cellules productrices, dans des gels ou des figissque I'alginate de calcium, la gélatine, la
cellulose, les protéines de soja, des films de gamigharides,... La bactériocine sera alors
libérée dans le produit au cours de sa conservafepuis peu, des emballages en
polyéthyléne ou d’autres films plastiques contertias bactériocines ont été développés. Ces
emballages permettent de réduire la croissance rdigsoorganismes pathogenes ou
indésirables pouvant se développer en surface dl@aronservation du produit (Luchansky
et al, 2004, Deegaat al, 2006 ; Ghalfet al, 2006a ; Galveet al., 2007).

1.3.7.2.2 Application de la bactérie productriceltériocines

L'utilisation des bactéries productrices de baotries peut étre intéressante tant au
niveau législatif qu'économique. Les bactéries pabdces de bactériocines peuvent étre
ajoutées comme starter dans des produits fermentésomme culture protectrice. Elles
doivent étre capables de croitre et de produirddetgriocines dans l'aliment a conserver. La
composition du produit (nutriments accessibles, aditlitifs alimentaires...) et les conditions
de stockage (température, atmosphére, activitdud’@aloivent donc permettre la croissance
et la production de bactériocines. Cette producttent souvent sous le contréle d'un
systeme de quorum sensing, la concentration encoielénductrice doit étre suffisante pour

l'induire. Son interaction avec la matrice alimerggeut donc étre un facteur limitant.

Si les bactéries sont ajoutées en tant que stdates des produits fermentés, elles
doivent pouvoir conférer au produit les propriét@ganoleptiques désirables tout en
produisant des bactériocines. Les bactéries prodest de bactériocines peuvent étre
€galement ajoutées en combinaison avec un autréerstqui produira les propriétés
organoleptiques désirables. Dans ce cas, la baqiésductrice de bactériocines ne doit pas
détériorer les qualités organoleptiques de I'alirfermenté et la bactériocine produite ne doit

pas avoir d’'activité contre le starter (Deegaial.,2006; Galvezt al.,2007).

Si la bactérie est appliquée en tant que cultuoteptrice, elle doit étre capable de
produire sa bactériocine sans modifier les progsiairganoleptiques (Rodgers, 2001). La
concentration cellulaire maximale atteinte danprteduit doit par ailleurs étre inférieure a la

limite de 18 cfu g* généralement admise pour les produits non ferraenté
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1.3.7.3 Les facteurs influencant I'activité des Wédocines dans les produits alimentaires

Lors d’'une application alimentaire, la compositidn produit est un des premiers
facteurs pouvant réduire ou totalement dissipectiVaé des bactériocines de part son
adsorption sur des composantes du produit, ladtmoit de sa solubilité et de sa diffusion
dans le produit, sa dégradation par les protéisgsraction avec des additifs alimentaires ou
des ingrédients et/ou un pH inapproprié. Les tnadtiets appliqgués aux produits constituent un
deuxieme facteur pouvant limiter l'activité inhitdde des bactériocines dans un produit
alimentaire. En effet, des traitements thermiquesp télevés peuvent dégrader les
bactériocines présentes. La température de stogi@agea également réduire I'activité des
bactériocines, qui varie en fonction de la tempéea(Galvezt al.,2007).

Un autre facteur limitant l'activité des bactérioes est la flore autochtone,
principalement sa concentration, la présence ddéles resistantes, la présence de
microorganismes produisant des protéases dégridbattériocine et I'état physiologique de
cette flore. Un état physiologique stationnairestressé ainsi que la formation de spores peut
conduire a une résistance accrue. En outre, dansdeuits solides, les bactéries forment des
microcolonies ou des biofilms dont la résistance hactériocines peut étre plus élevée
(Schobitzet al.,2003).

Ces phénoménes peuvent conduire a (i) une absatade d’'activité antimicrobienne,
(i) une inhibition partielle des bactéries cibl@g) une diminution initial de la concentration
des bactéries cibles sous la limite de détectatsliivie d’une reprise de croissance au cours
du stockage, un phénomene appelé « rebond » (Boytet al, 2000 ; Vignoloet al.,2000 ;
Schdbitzet al.,2003).

1.3.7.4 La combinaison de différentes bactériocingsur augmenter la durée de vie du
produit
La combinaison de différentes bactériocines pediatgmenter 'activité et le spectre
d’action, tout particulierement en combinant desté@ocines appartenant a des classes
différentes (Vignolcet al.,2000). Cependant, une attention toute particutierga étre portée
au développement de résistances chez les bactilrles. Le mécanisme de résistance aux
bactériocines de classe lla, par exemple, semidadintique pour toutes les bactériocines de
cette sous-classe. Une bactérie résistante a utérioaine de classe lla sera donc résistante a

d’autres bactériocines de classe lla. D’autre fagparition de résistance a des bactériocines
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de classes difféerentes chez des bactéries ciblgségalement étre observé, un phénomeéne

appelé « cross-résistance » (Naghmoethil, 2007; Deegaet al, 2006).

1.3.7.5 La combinaison des bactériocines avec d'asitagents

La combinaison des bactériocines avec d’autregetn@nts de conservation chimique
ou physique donne des résultats prometteurs paamservation des aliments. Les molécules
chimiques peuvent étre des acides organiquestrigenle chlorure de sodium, I'éthanol, des
huiles essentielles (I'impact sur les propriétégapleptiques doit &tre soigneusement évalue)
ou des agents chélatants tel que I'EDTA, le phagphiasodique, le citrate. Ces agents
chélatants permettent de séquestrer les ions magnédes lipopolysaccharides de la
membrane externe des bactéries Gram-négatif pemmediux bactériocines d’atteindre la
membrane interne, siége de leur activité. Les emaints physiques peuvent étre des
traitements thermiques, le stockage sous atmosptam&dlé, I'application de champs
électriques ou l'application de hautes pressior@i{fers, 2004 ; Deegaat al, 2006; Galvez
et al.,2007). D’autre part, l'utilisation d’inhibiteursedorotéases ou de protéines de soja a été
suggéree afin de prévenir la dégradation des hacitées par les protéases présentes dans le

produit a conserver.
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1.4 Conclusion

Les études realisées précédemment ont mis en éeideme grande variabilité de
séquences, structures, mode et spectre d’'action ks différentes bactériocines produites
par les bactéries lactiques. Cette variabilité iqy# également des spécificités d’application
alimentaire. Il apparait donc important de profiér maximum de la diversité microbienne
afin de disposer de collections élargies de badgdactiques produisant des bactériocines

variées avec des potentialités d’applications dieer

D’autre part, méme s'’il existe de nombreuses damnéacernant les bactériocines, de
nombreux facteurs restent a étre compris afin d@igper leurs applications industrielles

potentielles. En voici une liste non exhaustive :

» Comprendre I'impact de la séquence et de la streictur le mode et le spectre

d’'action

» Comprendre I'impact des facteurs nutritionnels e¥i®nnementaux sur la

production de bactériocines

 Comprendre l'impact des facteurs environnementaux Kactivité des

bactériocines

 Comprendre la fagcon dont les genes codant pour bkstériocines se

transmettent phylogénétiquement.

Notre travail a eu pour objectif de contribuer &dempréhension de ces facteurs. Il a
consisté tout d’abord a profiter de la biodiversiggproduits alimentaires divers sénégalais et
belges pour sélectionner des bactéries lactiqueufgant des bactériocines avec une activité
contre L. monocytogenesde les identifier, de décrire les propriétés eucitres des
bactériocines produites et d’évaluer leurs potétésa d’'applications dans de la viande.
Ensuite, la souche produisant la bactériocine las pbriginale et présentant le plus
d’applications potentielles a été étudiée plus iigéement. Son spectre d’action, les facteurs
régulant la croissance et la production ainsi qaecdractérisation partielle des génes
nécessaires a la production de la bactériocine@nétudiés. Ses potentialités d’applications

dans de la viande ont ensuite été évaluées.
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Objective

The aim of this work is to contribute to the contmesion of the phenomenons

involved in the production and the food applicasiaf bacteriocins and the producer lactic

acid bacteria to decrease the contamination of fpamucts byL. monocytogenesThe

objectives of this thesis are:

The evaluation of the antimicrobial propertiesautic acid bacteria isolated from food

product and the identification of the compoundsiagd

The selection of bacteriocin producing lactic abmcteria with activity againdt.
monocytogengsthe study of the properties of these bacterioeaind their genetic

identifications
The selection of the lactic acid bacteria that hheewider applications potential
The characterisation of the produced bacteriotia,lmochemical and genetic level

The understanding of some factors controlling tlrewth and the bacteriocin

production

The evaluation of the impact of the bacteriocindmaiion during the raw meat
applications of the producing strains to inhlhitmonocytogenes
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Material and methods

3.1 Microorganisms

3.1.1 Lactic acid bacteria

Lactic acid bacteria used in this study are:

Lactobacillus sakeiLMG17302, a non bacteriocin-producer isolated froaw

sausage.

Lactobacillus curvatusCWBI-B28 isolated from raw meat and producing an
unidentified bacteriocin (Ghalét al, 2006a; Ghalfet al, 2006b; Ghalfet al.,2007a;
Ghalfi et al.,2007Db).

Lactobacillus sakeCWBI-B1365 isolated from raw poultry during thisigy.

Carnobacterium maltaromaticut@WBI-B1369 isolated from raw poultry during this

study.

Carnobacterium maltaromaticut@WBI-B1436 isolated from raw poultry during this

study.
Lactococcus lactis lacti€WBI-B1437 isolated from fermented fish duringststudy

Carnobacterium piscicola(now Carnobacterium maltaromaticumh  8A, which

produces carnobacteriocins BM1 and A.
Lactobacillus sakeib 706, which produces sakacin A (Diepal., 2000).
Lactobacillus sake?521, which produces sakacin G (Sinatral, 2002).

Lactobacillus curvatuSM 20019 used as type strain for DNA-DNA hybridisa

experiments.

Lactobacillus sakeiDSM20017 used as type strain for DNA-DNA hybridisat

experiments.

Culture conditions are indicated below.
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3.1.2 Indicator strains

Indicator strains used in this study were:

» Listeria monocytogeneSWBI-B715, BFE 181, BFE 104, BFE 250, BFE 172, BFE
188, BFE 411, BFE 286, BFE 171, BFE 384, BFE 236:-HB22, BFE 227, BFE 60,
LMG21263 and LMG23905 originating from various fishd meat products

» Salmonellaryphimuriumisolated from poultry
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3.2 Media

« MRS (de Man, Rogosa and Sharp): casein peptoneg(Lf) (Organotechnie, La
Courneuve, France), yeast extract (5 (Organotechnie, La Courneuve, France),
meat extract (5 g*) (Organotechnie, La Courneuve, France), ammoniuphate (2
g I, dipotassium hydrogen phosphate (2'g Tween 80 (1 ml1), sodium acetate
(59 ™), magnesium sulphate (0.19,l manganese sulphate (0.05% lglucose (20 g
IY. For solid medium: agar( 15 Q)|

« MMRS: meat extract (5g7) (Organotechnie, La Courneuve, France), ammonium
sulphate (2 g7), dipotassium hydrogen phosphate (2y, Mween 80 (1 ml?),
sodium acetate (5 @), magnesium sulphate (0.19,l manganese sulphate (0.05 g |
1, glucose (20 g¥).

 MRSS the same as MRS except that glucose is reptac20 g of sucrose;

* MRST, the same as MRS except that glucose is regliag 20 g of trehalose;
* MRSM, the same as MRS with 20 g of meat extract;

* MRSSM, the same as MRSS with 20 g of meat extract

« PALCAM: agar (10 g 1), ammonium ferric citrate (0.5 g"), esculin (0.8 g},
glucose (0.5 g¥), lithium chloride (15 g1), D-mannitol (10 gt), peptone (23 g7,
phenol red (0.08 g%, sodium chloride (5 g%, starch (1 g1), Polymyxin-B-sulfate
(5 g I'"), Ceftazidim (0.01 g¥), acriflavine (0.0025 g%, final pH 7.

« Peptone water: NaCl (5 §), casein peptone (1 g)l and Tween 80 (1 mt')

« M17 broth: soy peptone (5 &), meat peptone (2.5 @), casein peptone (2.5 §)|
yeast extract (2.5 ¢'), meat extract (5 %), glucose (5 g1), ascorbic acid (0.5 @),
magnesium sulphate (0.25 9), agar (15 g 1), dipotassium hydrogenophosphate
(13.3 g 1Y), potassium dihydrogenophosphate (5.7)g |

« Standard-1 broth: peptone (15 ), yeast extract (3 g*), sodium chloride (6 g%,
glucose (1 g1), agar (12 g1) (not present in the broth).

« Plate count agar: casein peptone (0.5)g Yeast extract (2.5 ¢*), glucose (1 g¥),
agar (15 g1).
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Culture conditions are indicated below.

3.3 PCR primers

Table 2 shows the sequence of the primers usedgitimis study.

Table 2: Primers used during this study

Name

Sequence (5’-3’)

16Sp0
16Sp6
Cbfw
CbBm1lrev
CbB2rev
CbArev
Piscfw
Piscrev
Nisfw
Nisrev
Sakfw
SakArev
SakPrev
SakQ rev
PheSfw
PheSrev
sakimm5fw
sakstruc4rev
saktrans2fw
saktranslrev
sakimmé6rev
saktrans3fw
sakG2fw
sakG2rev
sagCrev
sakgCfw
sakimmfw
16sp0
R3seql18
ImmQrev
ImmQfw
ImmArev
ImmAfw
OrfYr
OrfYf
SppiAf

GAAGAGTTTGATCCTGGCTCAG
CTACGGCTACCTTGTTACGA
AAAGAAATG(C/A)AACAA(T/A)TT(CIA)(CIA)(TIC)GG
CCTCTTTAATGTCCCATTCC
CACCACCTTGCTCTATATTG
CCAACTCTTTGGTCTACAGTC
GATGTGATACAGTCAGCATG
GACTTTAATTATCCTTTGTTC
AGATTTTAACTTGGATTTGG
TTATTTGCTTACGTGAATAC
GAA(T/A)T(A/G)(C/IA)(A/C)ANCAATTA(C/T)(A/C)GGTGG
GGCCCAGTTTGCAGCTGCAT
GGCCCAGTTTGCAGCTGCAT
TACCACCAGCAGCCATTCCC
CAYCCNGCHCGYCAYATGC
GGRTGRACCATVCCNGCHCC
AGCTTCGGGATTCTTAGCTATATCAATTTT
ACGTAGCTTAACGATCCAAG
CTGAACAACCATGAGAGTTACAGCTAACACCAT
GCTTGCTGTCCTTGGTCAGCTATCG
CAACATCGAAGCTCTCTTGCACTTACTAGAA
GCAGCATTATTGAATTCTGCAATAATCGAAAACG
GTAAAAATTATTTAACAGGAGG
TTAGTGCTTTTTTATCTGGTA
CAATCTACCACACAAAAAACTCATAAC
CGGATAATAACTCAGTTAAAGC
GTGTTTTGGTATGTGCTCTGAG
GAAGAGTTTGATCCTGGCTCAG
CCAACATCTCACGACACG
GTTGACGCCTTAAAAAGAATATAACG
GTGTCTCTAAACAAGCGTGTTGC
CAATACTAACTTACACATCTACTGC
CAGACCACGCCTTAGGTGTTTC
TAAACGCGAGCGTATTTACGG
AACGCGCTTCTCGACATTACC
ATGAAAATATTGAAGTGGTATTCAGG
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SppiAr ATAGCCATATCTTATATTAGACAACG

3.4 General methods

3.4.1 Analytical procedure

3.4.1.1 Antimicrobial activity assay

Depending on the experiment, the antimicrobial vitgtiwas tested using cell-free
supernatants, the semi-purified bacteriocin or agawic acid and hydrogen peroxide
solutions. The preparation of the cell-free supemsa was made by centrifugation of a
culture samples and filtration of the supernatdhtsugh a 0.2 um cellulose acetate filters

(Acrodisc, Sartorius).

Antimicrobial activity against indicator strains svéested by a modified agar well-
diffusion method. Briefly, overnight cultures at°€7of the indicator strains in 10 ml of the
suitable medium (M17 foL. monocytogeneand nutrient broth fof. Typhimurium) were
made. The overnight culture was used to inoculatgrd of the same growth medium at
approx. 50°C. Following inoculation, the agar wasiied immediately into Petri dishes and
allowed to solidify. Wells of 7 mm diameter were drainto the agar plates. 80 ul of the
supernatants were placed into the wells. The plate then incubated during 24 hours at
30°C.

For quantitative determination, the antilisteriatiety was evaluated by the critical
dilution method (Benkerrourat al., 2002). Briefly, the sample was diluted using a-foiol
dilution series in distilled water. One arbitranyituper millilitre (AU mI™) was defined as the
reciprocal of the highest two-fold dilution showiaglefinite zone of growth inhibition of the
indicator strain. The specific production was defiras the bacteriocin production per unit of
ODgoo nm (AU mi™* OD™).

Quantitative determination was also performed byttspy ten pul of the neutralised
cell-free supernatants on the solidified surface&standard-1 agar plates inoculated with the
indicator strains. Plates were then incubated &€ 3a@r 16 hours. The inhibitory activity was

evaluated by measuring the diameter of the inlibiione.
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3.4.1.2 Determination of sugar and organic acid amntration and pH in LAB culture

supernatants

Cultures were centrifuged. The pellet was discardé@ pH of the supernatants was
measured using a pH meter (Consort, Turnhout, Belpi Lactic acid, acetic acid, glucose,
sucrose and fructose concentration in the cultuothbwere determined by HPLC (Agilent
1100 series, Agilent Technologies, Massy France)gus C-610H ion exchange column (300
mm x 7.8 mm, 9 uM, Supelco, Bellefonte, PA) equippéth a refractometer detector (RID).
The mobile phase was phosphoric acid 0.1 % in ®illiater at a flow rate 0.5 ml minThe
temperature of the column was fixed at 30°C. A déad curve was generated in the range
0.125 to 4 g't. A ten-fold dilution of the sample was preparedbéoin this range.

3.4.2 General genetic techniques

Standard molecular genetic techniques were usedi{®@ket al, 2001). Restriction
enzymes and T4 DNA ligase were obtained from Fetase@MBH (St. Leon-Rot, Germany)
or New England Biolabs (Beverly, MA, USA). Total BNwas extracted using the Wizard
Genomic DNA purification kit (Promega, Madison, USér using the guanidium extraction
method of Pitcheet al. (1989) as modified by Bjorkroth and Korkeala (1p38asmid DNA
was extract using the QIAGEN plasmid midi kit (Q@ag Venlo, Netherland). RNA were
isolated using RNA protect reagent and RNeasy Mihi(Qiagen, Hilden, Germany). For
cDNA synthesis, the RevertAid H Minus First StratldNA synthesis kit (Fermentas, St
Leon-Rot, Germany) or the RT-PCR beads (AmershdratrRacia, Freiburg, Germany) were
used with random hexamer as primer. DNA and RNA ceatration were
spectrophotometrically determined by measuring dizgsee at 260 nm. PCR amplification
were performed with Taq polymerase (Amersham, Paeian Freiburg, Germany), Taqg DNA
polymerase (Promega) and/or FideliTag DNA polymerdslSB corporation, Staufen,
Germany). PCR fragment were purified using llluséf@X DNA and gel band purification kit
(GE Healthcare) or using the Quantum Prep PCR Kligpim Columns (Biorad). DNA
sequencing was performed at the GIGA Genomicsitiasil (University of Liege, Liege,
Belgium) or at GATC Biotech (Konstanz, Germany)niarity search were performed using

Blast softwarelfttp://www.ncbi.nlm.nih.gov/blastf{Altschul et al., 1990).
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3.5 Selection of bacteriocin producing lactic acithacteria for applications

in meat and genetic characterization of the bacteoicin

3.5.1 Collection of samples and isolation of lact@&cid bacteria

Various food samples or samples associated witd fmoduction were collected in
Senegal, Tunisia and Belgium. The samples colleictegenegal consisted of salted fish (17
samples) which were collected from artisanal preiogsoperations for fish along the Atlantic
coast. The samples from Tunisia consisted of mirmmsf (2 samples) and poultry intestine
samples (2 samples). The samples collected in @algncluded poultry meat (2 samples)
and poultry faeces (3 samples). All the samplesewstored at 4 °C until analysis in the
laboratory, which was done within 24 h, excepttfoe Tunisian samples, which were frozen

before analysis.

Ten grams of samples were diluted in 90 ml of peptavater and homogenised in a
stomacher for 180 s. The samples were seriallytetiluusing a 10-fold dilution series and
plated onto MRS agar containing CaC( g [*) and novobiocin (0.05 ¢g%) to prevent
growth of moulds. All plates were incubated at 3G8&€ 48 h. Predominant colonies were
randomly collected and pure cultures were obtamectepeated streaking out onto MRS agar
containing CaC@ (5 g ') to visualize acidification properties. The iseft were
characterised by Gram and catalase reaction. elyGram-positive and catalase-negative
bacteria, i.e. presumptive lactic acid bacteriatengelected. They were stored at —80°C in

50% glycerol.

3.5.2 Selection of bacteriocin producing lactic adibacteria

The LAB strains were grown for 16 h in 10 ml MR®br at 30°C, after which the
activity of the cell-free supernatants was deteedinisolates showing antimicrobial activity

were selected.

The antimicrobial activity of organic acids prodddgy the bacteria was suppressed by
adjustment of the pH of the cell-free supernatémisH 6.0 with 5 molt NaOH. In addition,
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possible hydrogen peroxide activity was suppressenleatment of the cell-free supernatants
with catalase from bovine liver (Sigma, Steinhe{dgrmany). Briefly, the pH of the cell-free
supernatant was adjusted to pH 6 with 5 MfoNROH. 300 pl of this neutralised cell-free
supernatant were treated during 1 hours at 30°€ edtalase at a final concentration of 1 mg
ml™. The reference was the supernatants without ada¢alase. Antimicrobial activity
against the indicator strains following the catalaatment were determined as described

before.

The proteinaceous nature of the inhibitory compowad confirmed by treatment of
the neutralised cell-free supernatant with difféneroteases. 300 pl of the supernatant were
treated with proteases (papaine fr@arica papaya pronase fromStreptomyces griseus
pepsin from hog stomacki-chymotrypsine from bovine pancreas and trypsimfioovine
pancreas, all from Fluka) at a final concentratibrimg mi* and incubated at 37°C for 2 h.
After this, the protease was denatured at 105°G fimin. 300 pl of the supernatants without
proteases treatment serve as reference. Antimalralotivities against the indicator strains

following the protease treatment were determinedessribed before.

3.5.3 Determination of the minimal inhibitory concentration (MIC) value of organic

acid and hydrogen peroxide

For the estimation of the minimal inhibitory contration (MIC) of the lactic, acetic
and propionic acids, solutions of each acid werdarat pH 3.5, 4.0, 4.5 and 5.0. For lactic
acid, 5.0, 10.0 and 15.0 ¢ solutions were used, while for acetic and propiamiids 1.0 and
3.0 g I' solutions were used. In order to estimate the Wfi®ydrogen peroxide, a 4 mot |
solution was diluted down to 0.12 mmof lin saline peptone water at pH 6.0. For
determination of the inhibitory activity, the waliffusion method was used as described

above.

3.5.4 Identification of bacteriocin-producing strans

The bacteriocin-producing strains were identifiesing biochemical identification
techniques, as well as genotypic methods. The rahgagars fermented was assessed using
the API 50CHL test kit (Biomérieux S.A., Marcy l&te, France) and identification to the
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species-level was done by 16SrRNA gene sequenBi@& amplification of the 16S rDNA
was done using the primers 16SP0 and 16SP6.

For DNA-DNA hybridisation, DNA isolation and spegprhotometric determination of
DNA-reassociation was done by the method of Hatsal (1983). The type strains used in
DNA-DNA hybridisation studies includedLactobacillus curvatus DSM20019 and
Lactobacillus sakeDSM20017.

3.5.5 Effect of pH and temperature on the bacterian activity

The bacteriocin-producing isolates were grown in3stoth at 30°C for 16 h and the
cells were harvested by centrifugation at 8@p@r 10 min at 4°C. The effect of pH and
temperature was studied by adjusting the pH ofstigernatants to 4.0, 5.0, 6.0, 7.0, 8.0 and
10.0 with either 5 molt HCI or 5 mol I* NaOH (three samples for each pH). The aliquots
were filtrated through a 0.2 um filter (Acrodiscarf®rius). In addition, supernatant was
heated at 72°C for 15 min and at 105°C for 20 mihile cell free supernatant kept at 4°C
was used as a control. The antimicrobial activitthe supernatants after treatment was tested

against_. monocytogeneSWBI-B715 as described before.

3.5.6 Genetic characterization of the bacteriocin

3.5.6.1 Characterization of the bacteriocin strucél gene

Numerous structurally different bacteriocins haveerp described to date. To
determine whether the selected and identified biacia-producing strainsLp. sakeiCWBI-
B1365, Lc. lactis subsp.lactis CWBI-B1437 andC. maltaromaticumCWBI-B1369 and
CWBI-B1436) in this study produced bacteriocinsniiieal to those described previously, we
performed PCR amplification experiments for detectof specific bacteriocin genes using
specific primers. The specific primers for PCR afigation were custom designed on the
basis of bacteriocin gene sequences depositedeirGénBank database. The bacteriocins
under investigation, the specific primers pairsduged the expected amplicon size are shown
in Table 3.
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Table 3 : Identified bacteriocin produced by the specieshef $trains of the collection and

primers pairs for specific PCR-amplification of tsteuctural gene.

Bacteriocin structural . _ Expected amplicon Bacteriocin
gene targetted Primer pair size (bp) reference
Carnobacteriocin Bm1 Cbfw-CbBmlrev 164 Quaadral., 1994
Carnobacteriocin B2 Cbfw-CbB2rev 205 Quaatral, 1994
Carnobacteriocin A Cbfw-CbArev 234 Worobbal., 1994

Piscicolin 126 Piscfw-Piscrev 253 Jastkal., 1996
Nisin Nisfw-Nisrev 163 /
Sakacin A Sakfw-SakArev 124 Holek al, 1992
Sakacin P Sakfw-SakPrev 125 Eijsietkal., 1996
Sakacin G SakG2fw-SakG2rev 492 Sinegral, 2002
Sakacin Q Sakfw-SakArev 131 Cocoéhal, 2005

For theC. maltaromaticumCWBI-B1369 and CWBI-B1436 strains, primers for the
carnobacteriocins A, BM1 and B2, as well as focigslin 126 genes, were used. For Lhe
sakeistrain CWBI-B1365, primers for sakacin P, Q, G @&ndenes were used. For straio
lactis subsp.lactis strain CWBI-B1437, primers for the detection oé thisin A or Z genes

were used.

The reference strains used as controls for bactargenes include@. piscicola(now
C. maltaromaticuph 8A which produces carnobacteriocins BM1 andLA, sakeiLb 706
which produces sakacin A (Diegt al, 2000) and_b. sakei2521, which produces sakacin G
(Simonet al, 2002).

3.5.6.2 Genetic localisation of the structural gene
Plasmidic DNA was extracted from the different leaicicin producing lactic acid
bacteria strains. The extracted plasmids wereicesdr usingXba | and Hind Il restriction

enzymes at 37°C for 2 h. The unrestricted and icéisin enzyme treated products were
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analysed by gel electrophoresis using 1% agardse After electrophoresis at 100 V, DNA
fragments were visualised by UV exposure.

For Southern blot hybridisation, the DNA was retéd as follows: forC.
maltaromaticum CWBI-B1369 and CWBI-B1436, the plasmid DNA was ausing a
combination ofXba | and Hind I, while the total DNA was cut using a combiioat of
EcoRI andHindlll. For Lb. sakeiCWBI-B1365, the plasmid DNA was cut with eith¢ind

[ll or EcoRI in separate reactions. The reactions mixtureae weubated at 37°C for 2 h.

For Southern blot, the restriction products wengasated on 1% agarose gels using a
500 bp marker (Biorad, Munich, Germany) and the Bige Marker (Roche, Penzberg,
Germany). Southern transfers were performed usiogjtipely charged nylon membrane
(Hybaid). The DIG-labelled oligonucleotide probes tacteriocin structural genes were
synthesised by using the PCR DIG Probe synthedigRGche, Penzberg, Germany) using
DNA of the strains of this study. Prehybridisatiwvas performed for 6 hours at 65-69°C with
prehybridisation solution [5X SSC (0.75 mot NaCl, 0.075 mol 1 sodium citrate), N-
laurosylsarcosine 0.1%, SDS 0.02%, blocking reag@férring sperm DNA) 1%].
Hybridisation was performed during 20 h at 65°C.bbwnd probe was removed and the
membrane was washed once for 5 min in 2 x SSC icamga0.1% SDS and twice for 15 min
with 0.1% SDS and 0.1 % SSC at 68°C. Bands werelised using the DIG DNA Labelling
and Detection kit (Boehringer, Mannheim, Germany).

3.5.7 Growth of the selected strains and bacteriatiproduction

MRS plates were inoculated with the selected sdrainstreaking and incubated for 24
h at 30°C. 150 ml of MRS broth were inoculated frtime plates and incubated at 30°C
without agitation for 48 h. Optical density readin=600 nm) and antilisterial activity
guantification were monitored every 2 h. Three tipas were done. For the quantification
of bacteriocin activityL.. monocytogene€WBI-B715 was used as sensitive indicator strain.
From the growth curves, the maximal growth rate Hrel generation time were calculated

during the exponential growth phase.
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3.5.8 Expression studies of the bacteriocin structal gene

The LAB producer strains were grown on MRS plate8&C for 24 h. They were
then inoculated into 50 ml MRS broth and incubdi@dl15 h at 30°C. Based on previous
correlations with optical density and cell courgssample containing 1@ells was harvested
during the end exponential growth phase by cemfaifion at 9500xg. The total RNA was
then isolated as described before.

For reverse transcription-PCR, RT-PCR beads (AnaenshPharmacia, Freiburg,
Germany) were used. The primers used were the aarased previously for amplification of
the bacteriocin genes (see Table 3). pheS (phenylalanyl t-RNA synthase) housekeeping
gene was used as a positive control, using theegpsirrheSfw and PheSrev. For optimal
reaction, 200 ng of RNA were used for each RT-P&tion. To assess the absence of DNA
in the isolated RNA samples, 200 ng of RNA werated with RNase for 30 minutes and this

was used as a negative control in a further RT-R&2Rtion with the primers for thEhes.

3.5.9 Meat application of the bacteriocin-producindactic acid bacteria

Pieces without skin of fresh poultry meat were bdug a supermarket in Germany
(Karlsruhe). The meat was cut into 100 g portid®sB cultures were grown in MRS broth
for 16 h at 30°C. Overnight cultures lof monocytogenestrain were grown in M17 broth at
30°C.

Poultry meat was surface inoculated witf ¢fu g* of the LAB and 18 cfu g* of L.
monocytogenesfter appropriate ten-fold dilution of the culturesaline-peptone water. The
reference was poultry meat inoculated only withmonocytogenesSamples were stored at
4°C in sealed bags. Samples of 10 g were aseptizden every 7 days. 10 ml of peptone
water was added and samples were homogenisedamacher for 180 s. Cell concentration
of L. monocytogeneand LAB were determined after decimal ten-foldutidns in saline
peptone water by plating the appropriated dilutmm PALCAM and MRS agar plates,
respectively. Plates were incubated for 48 h ataB@d 30°C, respectively. Results were

analysed by Student-t test analysis (p=0.95).
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3.6 Study of the antilisterial bacteriocin from Lactobacillus sakeiCWBI-
B1365 and improvement of its production

3.6.1 Purification and characterisation of the baatriocin produced by Lactobacillus
sakeiCWBI-B1365

3.6.1.1 Purification of the bacteriocin

After 20 hours culture in MMRS medium at 30°C, lesicicin present ircell-free
supernatant was purified by hydrophobic chromafagyaon an Amberlite XAD-4 column
(Across Organics, Geel, Belgium) followed by an-exthange chromatography on a SP-
Sepharose Fast Flow column (GE healthcare, Upsaleden). Active fraction, were further
purified by reverse phase high pressure liquid mlatography on a semi-preparative
Chromspher 5 C18 column (250 x 10mm, 7 um packifagian Technology, Walnut Creek,
CA) and on an analytical LIChroCART column (250 x5%um packing, Merck, Darmstadt,
Germany).

3.6.1.2 Molecular weight determination

The molecular mass of the purified bacteriocin wasermined in 10-20 % Tris-
Tricine-SDS gel (BioRad Laboratories, Ivry-sur-SginFrance) as previously described
(Schaggett al., 1987) using ultra-low range molecular weight stadd(Sigma-Aldrich, St
Louis, Il). For matrix-assisted laser desorptionization-time of flight mass spectrometry
(MALDI-TOF), measurement was performed on a Brulkiraflex tof (Bruker Daltonics)
equipped with a pulsed nitrogen lasier 837 nm). The analyser was used at an acceleration

voltage of 10 kV and samples were measured indfhectron mode.
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3.6.1.3 Activity spectrum determination

Activity spectrum against a wide range of bactesias determined as described
previously using 100 pl of a 400 AU thactive culture supernatant.

3.6.1.4 Mode of action determination

The membrane electrical potentiahy) was measured by monitoring the distribution
of the fluorescent probe 3,3'-dipropylthiadicarkertiye iodide [DiSE5)] on intact listerial
cells. Cells were harvested in the exponential gngghase by centrifugation, washed twice
with 10 mM Tris-HCI at pH 5, 5.5 or 6 and resuspeshth the same buffer to a final @9nm
of 0.1, and stored on ice until use. Fluorescenas measured with a Perkin-Elmer LS50
spectrofluorometer at 25°C in a stirred cuvette.ekaitation wavelength of 643 nm and an
emission wavelength of 666 nm were used with aeshidth of 10 mm. The pH gradient
(ApH) was depleted by addition of thé/K™ exchanger nigericin to a final concentration of 5
M. After a stable-stat&y was reached, 10 pl of a 400 AU frdctive culture supernatant
were added to the reaction mixture. The potassamophore valinomycin was used at a final
concentration of 5 pM to obtain control sample withAy. Dissipation of the\y for a given
strains was express as a percentage obtained cednjpathat of valinomycin.

3.6.2 Characterization of the bacteriocin gene cltesr in Lb. sakeiCWBI-B1365

For the partial sequencing of the Sakacin G gengt@l, an inverse polymerase chain
reaction (IPCR) (Ochmaet al, 1988) was used. First, the plasmid extracteohfob. sakei
CWBI-B1365 (pCWBI01) waKpnl digested. Secondly, a 6 kb fragment, containing the
sakacin G structural genes determined by Southdoh \Bas self-ligated and used as a
template for DNA walking using primer sakimm5fwkstuc4rev, saktrans2fw, saktranslrev,
sakimme6rev, saltrans3fw, salG2fw, sakGZ2rev, sagCeakgCfw and sakimmfw. In an
attempt to identify the immunity genes of sakacin Aand Q, PCR amplification were
performed using primers IMMArev-IMMAfw, OrfYr-OrfY,f SppiAf-SppiAr and IMMQrev-
IMMQfw respectively. Identification and sequencing the genes involved in Sakacin P
synthesis was performed using the PCR primers itbestcby Moretrcet al. (2005).
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3.6.3 Expression analysis

Total RNAs were extracted from 3€ells and subjected to reverse transcription using
RevertAid H Minus First Strand cDNA synthesis kiefmentas). cDNAs were used as a
template to amplifyskgAl-skgA2, skgC, skgl, skgihd orfY genes using primers pairs
sakG2fw/sakG2rev, sagCrev/sakgCfw, sakimmfw/sakinewmGsaktrans3fw/saktranslrev and
OrfYf/OrfYr, respectively. The 16SrRNA gene, usepmsitive control, was amplified using
primers pairs16sp0/R3seql8. To assess the abskebd¢Aocontamination in RNA samples,
200 ng of extracted RNAs were used as a templaefaify the 16SrRNA gene by PCR.

3.6.4 Study of the effect of various factors on dedrowth and bacteriocin production

3.6.4.1 Cultures conditions

Flask cultures, referred below as “static culturegre performed in 100 ml of medium
adjusted to an initial pH as stipulated in the .t&ktey were inoculated at an @nmof 0.01
and incubated without agitation. Culture in bioteas were performed in a 20 | LSL Biolafite
fermentor (Monze-sur-le-Mignon, France) with a wogkvolume of 16 | and equipped with
an automatic pH regulation system. KOH 1.5 N wadeddto maintain a constant pH value.
Cultures were conducted at a stirring speed ofp8® without medium aeration. Pre-cultures
were carried out successively at 25°C for 16 haurs00 ml and 800 ml of the final culture

medium.

3.6.4.2 Optimum pH and temperature for growth anddberiocin production

To determine the optimal temperature and pH fomtjncand bacteriocin production,
static cultures were performed in MRS medium adgi$o an initial pH of 6.5 and incubated
at 20, 25, 30 and 37°C. Cell density and bacteriditie were determined at various time
periods for 48 h. Similarly, the effect of the pH the bacteriocin production was investigated
in non regulated condition at 25 °C in MRS standinfjure adjusted at an initial pH of 5, 5.5,
6 and 6.5. Cultures under pH controlled conditiomsre performed in bioreactor at a

regulated pH value of 5.0, 5.5 and 6.0. All cultuweere performed in duplicate.
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3.6.4.3 Effects of sugars and nitrogenous sourcasbacteriocin activity

Cell density and bacteriocin titre were determimleding static cultures for 48 h in
either MRS, MRSS, MRST, MRSM and MRSSM medium iratad withLb. sakeiCWBI-
B1365. Culture with feeding of either glucose, sser, glucose and meat extract, sucrose and
meat extract were performed in bioreactor at 259 wH regulated at 5.5. Feeding with
concentrated solution was performed between 6 @nd df culture at a constant flow rate of
10 g I* h* for both glucose and sucrose and 5'chf for meat extract. All cultures were

performed in duplicate.
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3.7 Control of Listeria monocytogenem raw meat

3.7.1 Identification of sakacin bacteriocin gene irLb. curvatus CWBI-B28 and Lb.
sakeiLMG17302

PCR amplification of the structural gene of saka&inQ, P and G were made using
primers pairs described in table 3. PCR productsyewanalysed by agarose gel

electrophoresis. If present, they were purified emghmercially sequenced.

3.7.2 Meat applications

Fresh beef and chicken meat was bought in a supleemia Belgium (Liege). The
meats were cut into 100 g portions. The LAB strawese grown in 100 ml MRS broth at
30°C for 16 hours. Overnight cultureslafmonocytogeneSWBI-B715 were grown in M17
broth at 30°C.

Beef and chicken meat was surface inoculated wifhcfu g* of L. monocytogenes
after appropriate ten-fold dilutions of the culturesaline peptone watefhe meats were
surface inoculated with 2&fu g* of Lb. sakeiCWBI-B1365,Lb. curvatusCWBI-B28, Lb.
sakeiLMG17302, or a combination afb. sakeiCWBI-B1365 and_b curvatusCWBI-B28 at
a concentration of 5 x 2@fu g* each. LAB strains were inoculated after approprian-fold
dilutions of the culture in saline-peptone wateedt inoculated only with. monocytogenes

were used as controls.

Samples were stored at 5°C in sealed bags. Sample8 g were aseptically taken
every 7 days. 10 ml of peptone water were added samdples were homogenised in a
stomacher for 180 4.. monocytogeneand LAB counts were determined after decimal ten-
fold dilutions of the suspension in saline peptarager, by plating the appropriated dilutions
onto PALCAM (Fluka) and MRS agar plates for 48 IBatand 30°C, respectively. Each trial

was done in three repetitions. Results were andlygeStudent-t test analysis £.95).
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4.1 Selection of bacteriocin producing lactic acitbacteria for applications
in meat and genetic characterization of the bacteoicin

The aim of this study was to select bacteriocirdpaing LAB with antilisterial and/or
anti-Salmonella activity, to identify the mechanisms involved, tcharacterize their
bacteriocins at the genetic level and to evaluaé potential for meat application. The main
tasks are:

 The isolation of lactic acid bacteria from diffetefood products. To increase the
probability of isolating original strains, we chas® study food products from different

origin and different environments that has not beetely studied before.

» The selection of the lactic acid bacteria straimat toroduce antimicrobial compounds

active towardd.isteria monocytogenas Salmonellalyphimurium

» The identification of the antimicrobial compoundisit are responsible for the inhibitory

activity.
* The selection of the bacteriocin-producing LAB stsaand their polyphasic identification.
* The genetic identification of the bacteriocin proed.
» The study of the growth and bacteriocin productbthe bacteriocin-producing strains.

» The study of the application of the bacteriocinearaing strains in raw poultry meat.

4.1.1 Collection of samples and isolation of lacti&cid bacteria

The microbial count on MRS plates of salted fishd aiells samples studied in
Senegal varied between®#énd 10 cfu g* and between ftand 10 cfu g* respectively. For
the Tunisian food samples, counts on MRS plates wetermined to be 1x1@fu g* for the
two minced beef samples and 3%ifju g* for the poultry intestine sample. The Belgian
chicken meat samples were contaminated at leveixt® cfu g*, while the contamination
level were higher at 7x®@fu g* for chicken meat stored for 3 weeks at 4°C un@euum,

and ranging between 2x18nd 5x18 cfu g* for chicken faeces.
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Predominant colonies were isolated from the plates purified on MRS-CaC{agar
plates. After preliminary characterization, 10latate-negative, Gram-positive strains which
showed good acidification on MRS-Cag@yar plates after 48 h of incubation at 30°C were
selected for further studies. Based on these piieperthese strains were identified as
presumptive LAB. To reduce the selection of clonadllated strains, the number of colonies

selected from each samples was limited to a maximiuime.

4.1.2 Antimicrobial activity assay

The 101 selected presumptive LAB strains were se@dor antagonistic activity
againstL. monocotogene<WBI-B715, L. innocua and S. Typhimurium. Of these, 92
inhibited the growth of at least one of these pgéms tested.

After ruling out that the inhibitory activity was esult of either organic acid or
hydrogen peroxide action, four strains remainedctvishowed antimicrobial activity against
L. monocytogene€WBI-B715 andL. innocua These strains were the strains CWBI-B1436,
CWBI-B1437, CWBI-B1365 and CWBI-B1369. No inhibiyoractivities againstS.
Typhimuriumcould be detected after eliminating hydrogen petexr organic acid activity.
The MIC of lactic acid against this pathogen watedrined to be between 5 and 10%gat
pH 4.0 and between 10 and 15k pH 4.5. For hydrogen peroxide, the MIC was leetwl
and 2 mmol T for S. Typhimurium. The lactic acid concentrations in thpernatants of the
strains showing inhibitory activity against thistipagen varied between 7.1 and 15.6%g |
while the pH measured varied between 3.8 and h&.Hydrogen peroxide concentration in

the supernatant of cultures was not determined.

The proteinaceaous nature of the inhibitory agtivitas assessed by the action of
different proteases on the neutralised cell-frepematants. The activity againdt.
monocytogenesvas lost after treatment with different proteast#tgys confirming the
proteinaceaous nature of the inhibitory activitheTbacteriocins produced by strain CWBI-
B1365 were sensitive to all the proteases testedteiocins produced by strain CWBI-
B1437 were sensitive only to pronase. Bacteriogprmsluced by strains CWBI-B1369 and
CWBI-B1436 were sensitive to all the proteasestbetinhibitory activity of the bacteriocins

only decreased, but was not completely abolishgpepsin.
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The strain CWBI-B1437 originated from salted fislonh Senegal, strains CWBI-
B1369 and CWBI-B1436 were both isolated from oma@a of chicken meat from Belgium,
while the strain CWBI-B1365 was isolated from amotBelgian chicken meat sample.

4.1.3 Identification of the strains

Selected strains were identified using both phesotand genotypic methods. The
strains CWBI-B1369 and CWBI-B1436 were characterias Carnobacteriumspp, while
strain CWBI-B1437 could be characterised_aslactissubsp lactisand strain CWBI-B1365
as a Lactobacillus using phenotypic methodsThe sequencing of the 16SrRNA genes
confirmed these results. The strains CWBI-B1437 wharacterised akc. lactis subsp.
lactis, and the two strains CWBI-B1369 and CWBI-B1436Gsmaltaromaticunstrains,
while the strain CWBI-B1365 was identified &b. sakei The identification of the strain
CWBI-B1365 was also confirmed by DNA-DNA hybridigat with the type strains
belonging to the closely relatdd. sakeiandLb. curvatusspecies group. The DNA-DNA
hybridisation with Lb. sakei DSM 20017 showed 89% reassociation, while a lower
reassociation value of 21% was obtained with lthe curvatusDSM 20019 type strain,
confirming that the CWBI-B1365 strain id&. sakeli

4.1.4 Effect of pH and temperature on the bacterian activity

The activity of all bacteriocins was pH-dependead, activity decreased when pH
increased (table 4). Heat-treatment of supernatanht32°C for 15 min did not affect
bacteriocin activity, while treatment of 121°C dwi20 min completely destroyed the
inhibitory activity of the bacteriocin from straltb. sakeiCWBI-B1365, at pH values > 5 for
bacteriocin from strain€. maltaromaticumCWBI-B1436, pH > 6 forC. maltaromaticum
CWBI-B1369 and pH > 4 for the bacteriocin fram. lactisCWBI-B1437.

61



Results - Genetic characterization of bacteriocin

Table 4: Effect of pH and thermal treatment on the actiatythe bacteriocins produced by
the selected strains

. Thermal Remaining activity after heat stress at differdrt p
Stains treatment 4 S 6 7 8 10
None ++ ++ ++ ++ ++ +
CWBI-B1436 72°C -1% ++ ++ ++ ++ + +
121°C - 20 ++ + - - - -
None ++ ++ ++ ++ ++ +
CWBI-B1369 72°C -1%’ ++ ++ ++ ++ ++ +
121°C - 20° ++ + + - - -
None ++ ++ ++ ++ ++ +
CWBI-B1365 72°C - 15’ ++ ++ ++ ++ ++ +
121°C - 20’ - - - - - -
None ++ ++ ++ ++ ++ ++
CWBI-B1437 72°C-15 ++ ++ ++ ++ ++ ++

121°C - 20’ ++ - - - - -

++: No decrease of activity after treatment commato the reference
+: Intermediate inhibitory activity after treatmeam@mparing to the reference
-: No inhibitory activity after treatment.

4.1.5 Genetic characterization of the bacteriocin

To determine if the selected strains carry thectimal genes of known bacteriocins
produced by other strains of the same species, BQ&HRysis using specific primers for
individual bacteriocin genes was done. PCR prodootsesponding to the expected sizes of

known bacteriocin genes are shown in figure 7.
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Figure 7 : Agarose-gel electrophoresis of PCR product amplifsth specific primers for

know bacteriocins.ane A1, B1, C1 and D1: 100 bp molecular weightkea(Biorad), Lane A2: nisin from

CWBI-B1437, Lane B2: Sakacin G from CWBI-B1365, da@2: Carnobacteriocin Bm1 from CWBI-B1369,
lane C3: Carnobacteriocin Bm1 from CWBI-B1436, Ldéb& Piscicolin 126 from CWBI-B1369 and Lane D3:
Piscicolin 126 from CWBI-B1436.

In Lb. sakeiCWBI-B1365, the geneSkgAland SkgA2encoding sakacin G are
present, whereas the bacteriocin structural geoessdkacin P, Q and A could not be
amplified. Sequencing of the PCR products showstltegie was 100 % sequence similarity to
the SkgAlandSkgA2sequences as described by Simbal (2002). The nucleotide sequence
of the amplified PCR product froirc. lactissubsp.lactis CWBI-B1437 was identical to that
of the nisin Z gene. BotlC. maltaromaticunstrains were shown to harbour the genes for
carnobacteriocin BM1 and piscicolin 126, but noe thenes for carnobacteriocin A or
carnobacteriocin B2. Again the nucleotide sequeridie PCR products was 100% identical
to those reported for carnobacteriocin BM1 andipddim 126 by Quadri (1994) and Jack
(1996), respectively.

After plasmids extraction, a single band was olegron agarose gel after
electrophoresis for strainisb. sakeiCWBI-B1365, C. maltaromaticumCWBI-B1369 and
CWBI-B1436 indicating that a single plasmid is pably present in these isolates. No
plasmid DNA could be isolated froirc. lactissubsplactis CWBI-B1437 indicating that the
structural gene for nisin is probably located oe thromosome. Southern blot analysis
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showed that the sakacin G structural genes ardeldaan a plasmid ihb. sakeiCWBI-
B1365. Restriction of the plasmid, gel electropb@m@nd analysis of the molecular weight of
the fragment shows that it was an approximatelki2®lasmid. The gene for piscisolin 126
was located on a plasmid @. maltaromaticumCWBI-B1436 and CWBI-B1369, while the
genes for carnobacteriocin BM1 were located on mmsiomal DNA inC. maltaromaticum
CWBI-B1436 and CWBI-B1369. Restriction of the pladnand analysis of the molecular
weight of the fragments after gel electrophoresmaged that this was an approximately 35-kb

plasmid.

4.1.6 Growth of the selected strains and bacteriatiproduction

Figure 8 shows the optical density of the cultunel anhibitory activity against.
monocytogenesiuring growth in MRS flasks at 30°C. Results shdwattthe inhibitory
activities of the supernatants obtained from the @v maltaromaticuncultures were higher
than for the two others strains (CWBI-B1365 and OWBB437). Table 5 shows the cell
concentration at the end of the exponential phdsgrawth, the maximal growth rate and
generation time of the strains in these cultureddmns. The generation time was noticeably
longer for theC. maltaromaticunstrains. For all the strains, the bacteriocinseapgo be
produced mainly at the end of the exponential phas# during the stationary phase of
growth.
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C. maltaromaticum CWBI-B1369 C. maltaromaticum CWBI-B1436
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Figure 8 : Growth and bacteriocin production of the selectedirss in MRS broth at 30°C

during 38 hours.x) Optical density evolution,&) Inhibitory activity evolution.

Table 5: Cell concentration at the end of the exponentialwin phase, maximal growth rate

and generation time during growth in MRS broth @@ without agitation.

Cell concentration Maximal growth Generation time

Strain (cfu mr) rate () (min)

C. maltaromaticunCWBI-B1369 1.4x10 0.54 77
C. maltaromaticunCWBI-B1436 2.1x10 0.55 75
Lc lactis lactisCWBI-B1437 3.2x19 0.84 49
Lb. sakeiCWBI-B1365 6.8x19 0.73 57
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4.1.7 Expression studies of the bacteriocin structal gene

PM Al A2 AT A4 Bl B2 B B4 1 C2 C3 DI D2 D3

Figure 9 : Agarose gel electrophoresis of RT-PCR product diaglirom isolated RNA with

specific primer for structural bacteriocin gene dmlise keeping geneM: 100 bp molecular
weight marker (Biorad), ACb. maltaromaticunCWBI-B1436, B:Cb. maltaromaticunCWBI-B1369, C:Lb.
sakeiCWBI-B1365, D:Lc. lactis lactisCWBI-B1437. Al, B1, C1 and D1: House keeping gek,and B3:
Carnobacteriocin Bm1, A3 and B2: piscicolin 126,: Gdkacin G, D2: nisin, A4, B4, C3 and D3: negative
reference (RNase treated RNA).

To determine that the bacteriocins identified ardeed actively produced by the
selected strains, we studied the expression oéthasteriocin genes at the RNA level. Total
RNA was extracted after 16 h of growth, which cep@nded to the end of the exponential
growth phase. Figure 9 shows the amplified prodaftsr RT-PCR. It shows that all the
bacteriocins were expressed at the end of the expah growth phase, except for the
structural gene for piscicolin 126. Indeed, no RIRPproduct could be obtained for this

structural gene.
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4.1.8 Meat application of the bacteriocin producind_AB

C. maltaromaticum CWBI-B1369 C. maltaromaticum CWBI-B1436
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Figure 10 Growth of Listeria monocytogeneéA, ¢) and lactic acid bacteriae( m) in
chicken meat stored during 28 days at 4%Cmj Reference (no inhibitory strains addedk;,(
o) with added inhibitory bacteria. Each value repres the mean of triplicates.

L. monocytogenesell counts and LAB concentration were assessathicken meat
stored at 4°C under vacuum during 28 days (figudg The inhibitory strains grew on
chicken meat at 4°C under vacuum, and increased hyg cfu g in 7 days, with the
exception ofLc. lactissubsp lactis CWBI-B1437. This strain did not show as good gloas
the other strains and increased only by 0.50lcfu g* in 7 days. In the reference, growth of

other LAB occurred from the beginning to approxiivelty 10’ cfu g* on day 21.

L. monocytogenegrew on the meat, increasing by 1.6 log from dako Glay 14.
Addition of the strains CWBI-B1369, CWBI-B1436 oM®BI-B1365 inhibited slightly but
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not significantly (Student-t test (p=0.95)) the wtb of L. monocytogeneduring the first 7
days. After 14 days, the concentration increasegtitf, but was still 1 log unit lower than in
the control without bacteriocin-producing bacterfd. the end of the storage period, the
concentration of.. monocytogenewas still 1 to 2 log lower than the reference. aldition

of the strain CWBI-B1437 did not affect the grovathL. monocytogeneasthe cell numbers
were similar to those of the control samples thhmug storage.

4.1.9 Discussion

The activity spectrum of many bacteriocins is leditto Gram-positive strains,
including Gram-positive pathogens suchLasnonocytogene8ecause of the impermeability
of the Gram-negative outer membrane, bacteriociasganerally not active against Gram-
negative pathogens such@almonellaspecies. Nevertheless, as we were able to showsin t
study, organic acids and possibly also hydrogenxp@e in combination with organic acids,
sufficed to inhibit the Gram-negative pathogémsitro. Thus the MIC, pH and organic acid
concentration values determined here showed tleaartount of organic acids present in the
culture supernatants of the investigated straing wefficient to inhibitS. Typhimurium. The
MIC value of hydrogen peroxide was between 1 amdo2 . Previous studies have shown
that the hydrogen peroxide concentration in theeswgtants of hydrogen peroxide-producing
Lactobacillusstrains grown in MRS broth ranged from 1.6 to 8 iffo(Annuk et al, 2003;
Otero et al, 2006). In our study, we could find no other methiam associated with the
inhibition of S. Typhimurium by culture supernatant of LAB strairishibition of Gram-
negative bacteria is generally known to be dueh® production of organic acid and/or
hydrogen peroxide, while inhibition by bacteriods unusual and has thus far only been
reported for a few structurally unusual bacteriscproduced by LAB (Kwaadstniett al,
2005; Makrast al, 2006).

The selected bacteriocin-producing LAB were isadat@®m poultry or fish samples.
Lb. sakeiis commonly associated with meat, whtarnobacteriaare commonly associated
with fish, poultry and meat samples (Quadri, 1994dffes et al., 1999; Nilssoret al, 2002;
Nilssonet al, 2004; Tahiriet al.,2004; Chaillouet al, 2005; Gurskyet al, 2006).Lc. lactis
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strains have previously been isolated from milkh fand meat products (Olasugtcal,, 1999;
Palludan-Mulleret al, 1999; Noonpakdeet al, 2003; Nga, 2005; Zamfet al.,2006).

Our results clearly showed that the activity of baeteriocin is affected by exposure
to alkaline conditions, as well as to heat treatnzarl21°C for 20 min at pH values higher
than 4.0 to 5.0. Most of the bacteriocins are knoavbe heat tolerant, especially at low pH
(Kwaadsteniett al, 2005). Nisin produced blyc. lactis WNC20 was inactivated after 15
min at 121°C at pH 7.0, but remained stable at ténsperature when in solution at pH 3.0
(Noonpakdeeet al, 2003). Piscicolin 126 remained stable aftertineat at 100 °C for 120
min at low pH, but was completely inactivated atlpbher than 6 (Jack, 1996).

In previous times when data on bacteriocins wallessiarce, new bacteriocins were
characterised by purification from the culture supéants, chromatography and Edman
degradation sequencing. These methods of coursetimee consuming and success is
dependent on many factors. First, it is necessahate a high production of the bacteriocin.
Nevertheless, bacteriocin production is often arstalsle trait, complex and strongly
dependent of the growth conditions (Nesal, 2004) as it may also be regulated by a quorum
sensing system dependent on cell density. Furthesntioe purification yield is usually very
low. For example, the yield of divergicin M35, acbexiocin produced b¢. divergensupon
purification was very low at 10%. Most of the baiein losses occurred during ion
exchange and reverse phase HPLC steps (Tehml, 2004). The loss during purification
may also result in the loss of one specific bagteni if different bacteriocins are produced by
the same strain. For example, purification of sak&cfromLb. sakeiLb674 didn’t allow co-
purification of sakacin Q, a bacteriocin which widentified only by the use of genetic
methods (Eijsinlet al.,1998; Mathieseet al, 2005).

In recent years, many new bacteriocins have begtrided and these have been often
well characterised at the genetic level. This, togewith the previously described problems
of low production and losses during purificatioed lus to adopt the strategy to identify
unidentified bacteriocins in newly identified antomobial strains by using bacteriocin-
specific PCR primers. Using this approach, we cadéahtify the genes for nisin z, piscicolin
126 and carnobacteriocin BM1, as well as sakacin &rains ofLc. lactis subsp lactis C.
maltaromaticumandLb. sakej respectively. Southern blot analyses showedthigasakacin G
gene was located on a 25-kb plasmidlin sakeiCWBI-B1365, while it was located on a 35-
kb plasmid inLb. sakei2512 (Simoret al.,2002). The piscicolin 126 gene was located on a
35-kb plasmid inC. maltaromaticumCWBI-B1369 and CWBI-B1436. The structural gene
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for the carnobacteriocin BM1 was located on theostosomal DNA in both strains. These
results suggest that these two strains are muligolate of the same strains. Quaeial.
(1997) have previously shown that the sti@irpiscicolaLV17B produces a plasmid-encoded
carnobacteriocin B2 and a chromosomally encodedobacteriocin BM1, and that the genes
coding for the regulation of the production of a#@vacteriocin BM1 are located on the
plasmid. Gurskyet al (2006) reported the production of carnobacteni@ii1l and piscicolin
126 by C. maltaromaticumUAL26. In C. maltaromaticumUAL26, the genes for the
regulation, export, structure and immunity for balkese bacteriocins were located on the
chromosomal DNA. Some single nucleotide differenteshe immunity, histidine kinase,
ABC-transporter and accessory gene in the sttaimaltaromaticumJAL26 were present
comparing to the strainS. maltaromaticundG126 (Gurskt al.,2006; Rohdeet al, 2006).
The nisin Z gene was probably located on the chemme ofLc. lactis subsp lactis strain
CWBI-B1437. It has been shown several times alréhdi/nisin is encoded by a conjugative
transposon that is capable of integrating into tbst chromosome (Kinet al, 1997), and

thus this possibility cannot be ruled out alsoun case.

Bacteriocin production is influenced by several immvmental factors such as pH,
temperature and composition of the culture brotiis@én et al, 2002). Despite a longer
generation time, the bacteriocin productionGiymaltaromaticunCWBI-B1369 and CWBI-
B1436 in MRS broth at 30°C was considered to bg kggh. These results do not agree with
those obtained by Gurslat al. (2006), who showed that production is completalgsed at
temperatures above 19°C. However, Jack (1996) dhathet piscicolin 126 was still
produced at 25°C b¢. maltaromaticumlG126. MRS culture broth is not the best growth
medium for C. maltaromaticumdue to the presence of acetate, but acetate @arcan
bacteriocin production by carnobacteria (Nilsseinal., 2002; Tahiriet al., 2004). The
maximal inhibitory activity reached in the supeards ofLb. sakeiCWBI-B1365 was only
320 UA mi*. A lot of studies have indicated that the higHesstteriocin production bib.
sakei was obtained at pH and temperatures values lokgan the optimal conditions for
growth (Aasenet al, 2000; Mataragagt al., 2003; Hequetet al., 2007). The maximal
inhibitory activity reached in the supernatant of@ lactis lactisCWBI-B1437 culture in
MRS broth was only 112.5 UA | while production of nisin Z by.c. lactis WNC20 in
MRS broth at 30°C was at 18 000 UA h{Noonpakdeet al, 2003). All the bacteriocins in
this study were produced at the end of the exptalegtowth phase and in the early

stationary phase, as it has already been descaisedor other bacteriocins. Our bacteriocin
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expression studies showed that not only the gemaébdése bacteriocins were present, but also
that these were being actively expressed undegtbeth conditions used, except for the
piscicolin 126 gene. In the strafh maltaromaticunJAL26, the structural gene for the two

bacteriocins seems to be co-transcribed (Gueslay, 2006).

Our poultry meat applications studies showed that@. maltaromaticumCWBI-
B1369 and CWBI-B1346 anidb. sakeiCWBIB-1365 strains could slightly inhibit the grdw
of L. monocytogenes poultry meat, whildc. lactis subsp. lacti€WBI-B1437 did not show
an effect. In the case of nisin, it has been shihahin meat the activity is very low, probably
as a result of inactivation of the bacteriocin bhytathione S-transferase in fresh meat (Reise
al., 2002). The inhibitory effect was more pronount@dheCarnobacteriunstrains than for
theLb. sakeiCWBI-B1365 strain. It has been reported that tteelpction of two bacteriocins
may result in a synergistic effect and thus theseexhibit a stronger inhibitory effect against
sensitive strains when occurring together (Gursy al, 2006). Bacteriocins from
carnobacteria or bacteriocin produci@grnobacteriunstrains themselves have already been
applied for the biopreservation of fish such as leedesalmon and meat (Azuneaal., 2007,
Gurskyet al.,2006; Nilssoret al, 1999; Schobitet al, 1999;). The results of this study have

led to the successful detection and applicatiooaateriocin-producing strains.

The results obtained urged us to focus our next¢stigations orlLb. sakeiCWBI-
B1365. Indeed, this strain has the sakacin G sirakcgene and expresses it. These genes are
located on a smaller plasmid than in stian sakei2512 (Simoret al, 2002). The properties
and the factors affecting the application and potidn of sakacin G have not been widely
studied until now. In additior,b. sakeiis a species that is recognized as non-pathogeic
commonly found and applied in meat products. Iltsalma@ism is well adapted to the fresh
meat environment (Chailloet al., 2005).
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4.2 Study of the antilisterial bacteriocin from Lactobacillus sakeiCWBI-
B1365 and improvement of its production

We showed previously thatb. sakei CWBI-B1365 was able to inhibit.
monocytogenegirowth in raw poultry meat. The well known role blb. sakeiin meat
preservation and fermentation was attributed to pmeduction of lactic acid and/or
antibacterial compounds active on food-borne pahmgor spoilage bacteria. Among those
compounds, several bacteriocins known as sakadidolRk et al., 1994; Tichaczelet al,
1994), sakacin A (Holclet al, 1992), sakacin Q (Mathiesat al., 2005) and sakacin G
(Simonet al, 2002) have been described to date. SakacinahdAG belong to the subclass
lla bacteriocins, while sakacin Q belongs to thbctass lic. Different studies have already
demonstrated the effectiveness of different bamters producingd-b. sakeistrains to inhibit
growth of L. monocytogenesr food spoilage bacteria in meat, poultry or figtoducts
(Castellancet al.,2006; Ghalfiet al, 2006; Héqueet al, 2007; Katikouwet al.,2005; Katlaet
al., 2001; Katlaet al, 2002). However, a better understanding of tlwtofa affecting the
bacteriocin production is still required in orderihcrease the application and the commercial
use of thelLb. sakeibacteriocins as food preservative. As explainedchiapter 1, the
production of class lla bacteriocin is most of tinees regulated by a three-component system
consisting of an induction factor, a histidine lsaaand a response regulator. Two additional
gene clusters are required for bacteriocin produactiThe first one consisting of the
bacteriocin structural gene and a cognate immuatye, and the second encoding a dedicated

ABC transporter and an accessory transport protein.

Bacteriocin production is growth associated but ltheel of their production is not
necessary directly correlated with cell growth {Dgystet al, 1996; Kimet al.,1997; Aasen
et al, 2000). Culture parameters such as pH, temperatatere and availability of carbon
and nitrogenous sources were found to modulatdetred of bacteriocin production ihb.
sakeiandLb. curvatusits closer related phylogenic species (Lesbwl, 1999; Aaseret al,
2000; Diepet al, 2000; Moretroet al., 2000; Leroyet al, 2001; Messengt al, 2002;
Messenst al, 2003; Verluyteret al, 2004; Héqueet al, 2007). However, it is admitted that
those regulation factors are, in most of the cagsain and bacteriocin dependent (Moredto
al., 2000).
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Therefore, in the present chapter, the antilistertanpound produced blb. sakei
CWBI-B1365 was partially purified and characterizéd mode of action on sensitive cells
was determined. A part of the genes involved in ltaeteriocin production ib. sakei
CWBI-B1365 were sequenced. Finally, factors affegtthe growth ofLb. sakei CWBI-
B1365 and the bacteriocin biosynthesis were ingastd during batch and fed-batch

fermentations.

4.2.1 Characterization of the bacteriocin producedy Lactobacillus sakeilCWBI-B1365

The antimicrobial properties of cell-free culturepsrnatants ot.b. sakei CWBI-
B1365 were investigated toward an array of 23 bectey the well diffusion method. The
spectrum of activity seems to be focus on ltieteria genus. However, a growth inhibition

was also observed f@nterococcus faecal@ndCarnobacterium maltaromaticufTable 6).
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Table 6: Inhibitory spectrum of the bacteriocin produced by sakeiCWBI-B1365

. . Inhibition zone
Indicator strain

diam (mm)

Staphylococcus auredsI CC43300 -

Staphylococcus epiderndsl CC1228 -

Listeria monocytogenes&VNBI-B715 12
Listeria monocytogendsMG21263 12
Listeria monocytogenddMG23905 12
Listeria innocuaATCC33090 12
Enterococcus faecali#H22 13

Enterococcus faeciuttMG11423 -
Bacillus cereu$ -
Bacillus megateriurf -
Clostridium perfingen$ -
Micrococcus luteu8 -
Carnobacterium maltaromaticu@WBI-B1369 15
Lactobacillus curvatu€WBI-B28 -
Weissella paramesenteroideEE7601 -
Weissella paramesenteroideEE7608 -
Campylobacter jejuniGM6446 -
Campylobacter colL.GM6640 -
Salmonella typhf -
Escherichia colK12 -
Pseudomonas putidaTP1 -
Pseudomonas putid@lr2240 -
Pseudomonas aerugindsa -

2 Wells (6 mm in diameter) were filled with 100 pl aeh active 400 AU i
supernatant frorhb. sakeiCWBI-B1365 culture.

® Laboratory stock

- no inhibitory activity

The purification of the bacteriocin was conductgdabthree-step procedure. After
adsorption and subsequent desorption on Amberlit®D-X resin, the concentrated
antibacterial agent was purified by ion exchangd esverse phase chromatography. The
fraction corresponding to the major peak colleateding the last step of purification and
active againsi.. monocytogenesyas used for further characterisation (figure 11Ahe
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molecular mass of the purified molecule was appnaxely 3.5 kDa according to Tris-
Tricine-SDS PAGE (data not shown). MALDI-TOF magedrometry of the semi-purified
molecule showed a signal at 3835.14 Da whereas ditf@iotreitol treatment, a signal at
3838.92 Da was obtained, indicating the presencewof possible disulfide bonds in the

molecule (figure 11B).
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Figure 11 Reverse-phase high performance liquid chromatogrgph and MALDI-TOF
analysis of the 23-min major peak before (B) artdrateduction treatment with dithiotreitol
(€).

75



Results - Study and production of the bacteriocin

The biological mode of action of the bacteriocinswavestigated by measuring its
ability to dissipate the transmembrane electricateptial AY) for three differentL.
monocytogenessolates. This was performed by measuring therdésience of the\\W-
sensitive dye DiS§5) upon addition of the bacteriocin td.amonocytogenesell suspension
at different pH. An important fluorescence signedmparable to that obtained with the
ionophore valinomycin, could be observed upon a&mditof the bacteriocin to the cell
suspension for the three strains tested (figur@. Tis traduces the disruption of th&V
following the formation of transmembrane pore bg feptide. No significant differences
could be observed for the three pH values testéitating that the activity is not pH
dependent in those conditions (figure 121I).
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Figure 12: (1) Evolution of the fluorescence after additiontbé H/K™ exchanger nigericin
(A), addition of the bacteriocin containing cultigepernatants dfb. sakeiCWBI-B1365 (B)
and addition of the potassium ionophore valinomy{€i to a 0.1 Olgyonm Suspension of.
monocytogenedMG21263 at pH 5,5. (II) Dissipation of the trarsmmbrane electrical
potential A¥) of L. monocytogenesMG21263, LMG23905 and CWBI-B175 upon addition
of 4 AU of sakacin G at pH 5 (white), 5.5 (grey)}da® (black). Values were normalised to
that obtained with 1 uM of valinomycin normalisedthe fluorescence signal obtained with 1

KM valinomycin.

All these informationsife. molecular mass, two disulfides bonds, a narrdwhbition
spectrum, a mode of action similar to that of thess lla bacteriocin and the presence of
sakacin G structural gene in this strain) suggest the bacteriocin produced bhy. sakei
CWBI-B1365 could correspond to sakacin G.
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4.2.2 Characterization of the Sakacin gene clusten Lb. sakeiCWBI-B1365

We located previously by Sounthern hybridation 8teuctural genes coding for
sakacin G on the 25 kb plasmid @b. sakei CWBI-B1365 (pCWBIO01). To further
characterise this genetic locus, the sequence3dfafragment was determined by an inverse
PCR technique (Ochmaet al. 1988). For a 2.1-kb fragment of this sequencasBanalysis
showed a 100% homology with partsig locus published by Simon and collaborators. A
531 bp ORF coding for a putative 176-residues proteas also identified that could
correspond to skgC (figure 13). Indeed, this Igtiesent good similarity with papC (54 %),
an accessory factor involved in pediocin PA-1 ettare(Miller et al, 2005). This sequencing
also led to the determination of the 5' terminiskfl and a part of the 3’ termini afkgD,
respectively. The entire sequence was depositethenGene Bank database under the

accession number EU570253.

SkgC s k{,l‘\ SkgAZ 5 kg<1' JfS kgD
2050bp

Figure 13 Schematic representation of the sequenced 2.9-&apmient from plasmid
pCWBIOL.

Despite the apparent absence of the structural getiee other known sakacin Lb.
sakeiCWBI-B13650n the chromosome and the pCWBIO01 plasmid, PCR iiogpions were
performed in an attempt to point out the preseridbesr immunity gene. A 273 bp fragment
was shown to present 98% homology wattiY, an immunity gene of the sakacin P gene
cluster inLb. sakeiLTH673 (Brurberget al, 1997). Based on this observation, the sakacin P
gene cluster was further caracterised.im sakeiCWBI-B1365 by PCR amplification using
the primer described by Moretret al. (2005). Two fragments of 553 bp and 692 bp
presenting, respectively, 97 % and 96% homologh Witend ofsppKandsppRgene oflLb.
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sakeiLTH673 were obtained. A fragment of 496 bp presgnhomology of 56 % with the
5-end of sppK of Lb. sakeiLTH673 was also detected. By contragipT and sppE
homologue were not detected. The sequence corrésgpito orfY, sppK and sppRwere
deposited in the GeneBank database under the amtessnber EU 676003 and EU 676002.

The expression analysis of the sakacinsi@j(gene cluster an@rfY was determined
during growth in sucrose-meat extract fed-batcméntation (see below) after 26 and 50 h
corresponding to the maximal bacteriocin productenmd to the late stationary phase,
respectively. RT-PCR were performed with the speg@fimers forskgG skgl, skgA2 skgAl
skgD and OrfY amplification. All theskg genes tested were expressed at both times culture

whereaOrfY was never expressed.

4.2.3 Regulation of sakacin G production by tempetare and pH

The effect of various culture temperatures on bo#ii growth and bacteriocin
production was monitored during 48 hldd. sakeiCWBI-B1365 culture in MRS broth. The
lower doubling time was found at 37°C whereas tteimal bacteriocin titre and specific
production were obtained at 25 °C (table 7). Thdidates that there is a discrepancy between

the optimal temperature for cell growth and baot@n production.

The optimal pH value for bacteriocin production wagestigated during both pH non-
regulated and regulated cultures. After 14 h ofaging the production of lactic acid led to an
acidification of the medium to pH 4.1 for the n@gulated culture whatever the initial pH
value (data not shown). However, an initial pH ealof 6 and 6.5 led to the highest
bacteriocin titre and specific production. pH-colied cultures were performed in a 20-litres
fermentor with a maximal pH variation of 0.1 us shown in table 7, a maximal inhibitory
activity of 400 AU mI* was found at pH 5.5. This value is similar to tbiatained for the non-
regulated cultures performed at an initial pH adr6.5. However, the specific production is
clearly lower in this case. For the culture regedadit pH 5 and 6, a lower antilisterial activity
was obtained. For the different pH value testeslight modulation of doubling time could be
observed during pH non-regulated culture whereasdifferences were observed during
cultures in bioreactor. For the pH controlled crdtua 3-fold increased cell concentration was
obtained compared to non regulated culture. Thedtion of a biofilm was observed during
growth in standing flask cultures.
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Table 7: Effect of various factors on growth and bacterigoroduction byLb. sakei

CWBI-B1365

Doubling time Antilisterial activity — Specific production

Factor (min) (AU ml}) (AU ml”x 0D
Growth temperature (°C) under non-controlled pHurels
20 78 50 44
25 84 400 151
30 73 200 94
37 47 100 46
Growth pH during non-controlled pH cultures
5.0 63 200 109
55 87 200 116
6.0 80 400 182
6.5 84 400 151
Growth pH during controlled pH cultures
5.0 85 200 31
5.5 84 400 59
6.0 85 25 3
Carbon source
MRS 84 400 151
MRST 73 400 107
MRSS 66 800 174
MRSM 59 400 123
MRSSM 63 600 138

! Static cultures were performed at an initial pHo

2 Static cultures were performed at 25°C

3 Culture were performed in 20-| fermentor at 25A@4RS medium
4 Static cultures were performed at an initial pH6cF and at 25°C

4.2.4 Influence of carbon and nitrogen sources oreloteriocin production
Various carbon and nitrogen sources were testedtteir capacity to support
bacteriocin production and cell growth during statulture ofLb. sakeiCWBI-B1365 (table

7).
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The highest bacteriocin titres (800 AU thiand specific production (174 AU thOD
) were obtained in MRSS, indicating that sucrosethis carbon source of choice for
bacteriocin production. By contrast, the use ahdtese or glucose as primary carbon source
led to lower bacteriocin titres and specific pradluts. Addition of meat extract in MRS or
MRSS medium led to similar or lower antilisteriattigities. In both case, the specific
productions were lower compared to the correspandion-supplemented culture. Glucose,
sucrose and meat extract influences on bacteriponduction were further investigated

during batch and fed-batch cultures.

Feedings with concentrated solutions of either gdec¢ sucrose or both carbon source
and meat extract were performed during the expaadegtowth phase at a constant feeding
rate to obtain a final carbon source and meat extancentration of 60 g'land 25 g,
respectively. By contrast to the static culture sigmificant differences in both the antilisterial
activity and specific production could be obserf@dglucose or sucrose media during batch
cultures (table 8). However, the specific produttibtained in sucrose medium (61 AU'mI
ODY) is approximately 3-fold lower than that obtainduting the static culture without pH
regulation (174 AU mt OD™). During batch cultures, sugar and lactic acidcemniration
were monitored for 50 h. As shown in fig. 14, glseavas totally consumed within 20 hours
of culture whereas sucrose was almost completglietil after 8 hours of culture (fig. 15).
Surprisingly, in sucrose medium, glucose could né&een detected in the culture broth (data
not shown) whereas fructose tended to first accatauin the culture broth before being
finally metabolised then after (fig. 15). Lacticigdaconcentration increased to a value of 60
mM during the first 26 hours of growth, corresparglio the fructose consumption phase. No
further variation in lactic acid concentration abble observed then after (data not shown).
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Table 8 Effect of batch cultures in MRS or MRSS medium (Bcgse or B sucrose), fed
batch addition of glucose or sucrose during cutumreMRS or MRSS medium (F glucose or
F sucrose) and fed batch addition of glucose orosecand meat extract during culture in
MRS or MRSS medium (F glucose + ME and F sucros€lE) on growth, bacteriocin
production, specific production and yield coeffididor the conversion of the substrate to
lactic acid (Y/s) at pH controlled at 5.5 and 25°C.

. Antilisterial - : Yus
Factor t?rr?g?lrlr?ig) activity S(Kﬁcmﬁl[;rcgg(i;on g lactic acid x (g
(AU ml™)* substrate}
B glucose 84 400 59 Nd
B sucrose 89 400 61 0.56
F glucose 86 400 a7 0.43
F sucrose 90 1600 201 0.28
F glucose + ME 86 800 61 0.57
F sucrose + ME 84 4800 478 0.41

* Calculated when the maximal inhibitory activigyieached during the culture

During glucose and sucrose fed-batch culture, dmtisities at the end of the growth
phase were not significantly different comparedbatch culture (Fig. 14 and 15). Addition of
sucrose led to a significant increase in the atitial activity and specific production (1600
AU ml?* and 201 AU mf OD?, respectively) compared to batch culture. In acdjta
decrease in the D% coefficient could be observed, indicating that khetic acid production
decreases in those conditions. By contrast, forcage fed-batch culture, the specific
production was equal to 47 AU thDD?, indicating that addition of glucose had a negativ
influence on the production yield. However, no effen the antilisterial activity could be
observed in those conditions. Similarly to thateved during sucrose batch culture, the
carbon source was completely depleted in the medifier 8 h of culture whereas glucose
was never detected during the feeding period. Bsgctlso tended first to accumulate in the
fermentor vessel before being completely consumedlaw rate in a second step (Fig. 15).
During glucose fed batch culture, the carbon sowrae consumed at the same rate than for
batch culture within the first 6 h of culture (4n@M h™); it then accumulates during the
feeding period before being consumed at a lower tleen after (2.3 mM1). At the end of
the culture, glucose concentration in the fermeméssel was equal to 60 mM. In both type of
fed-batch, lactic acid accumulates during both eeptial and stationary phase of growth.
However, the Y;swas higher in glucose medium indicating that higlmount of lactic acid
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were produced. During the stationary phase, atsiigitease of the optical density could be

observed while the inhibitory activity remains ctam.

Feeding with both meat extract and glucose or secidid not lead to significant
differences in the doubling time compare to glucaise sucrose fed-batch cultures. However,
an increase in the cell densities during the statipphase could be observed (fig. 14 and 15).
During sucrose and meat extract feeding; sucrose raaidly depleted in the culture broth
leading to an accumulation of fructose during thret f10h. The latter was then totally
consumed after 26 hours of culture (fig. 15). Asviwusly observed, glucose was never
detected in the culture broth. Similarly, duringigggse and meat extract feeding, glucose
tended first to accumulate during the first 10 Fobe being totally consumed after 26 hours.
In both types of cultures, the ¥ coefficient increased compare to glucose or secfed
batch culture. As shown in fig. 14 and 15, lactaavas produced during the first 30 hours
and accumulates in the medium. Addition of botlcgie and meat extract led to a two-fold
increased bacteriocin activity compare to gluceskeldatch and to a slight increase in specific
production (table 8). By contrast, addition of bathcrose and meat extract, led to a
significant increased bacteriocin titre and spegtfoduction. Indeed, a bacteriocin titre of
4800 AU mI* and a productivity of 478 AU ilOD™ were obtained in those conditions.

During all these cultures, the maximal antilistergctivity was reached at the
beginning of the stationary phase of growth andaieed constant then after. The acetate
concentration and proteolytic activity were detered as a time function. No variation in the
acetate concentration could be measured wheregsateolytic activity could be detected

(data not shown).

4.2.5 Discussion

Development of alternative solutions to chemicaisprvatives and heat treatments for
the suppression of food-borne pathogens has bemmeajor issue in food science.
Bacteriocin and especially, those from the subdlasgresents a very promising perspectives
in the field due to their antibacterial activity aagst the major food pathogeh.
monocytogenesHowever, development of cost effective bacterigmioduction process are

still limited due to a lack of knowledge on thettas controlling their biosynthesis.
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Lb. sakeiCWBI-B1365 was shown to express sakacin G stratigenes. Based on
biochemical evidences, we demonstrated here tearhlisterial compound produced bl.
sakeiCWBI-B1365 correspond to sakacin G. It was alsmwshthat the sakacin G biological
mode of action consist in the formation of transrbeane pores similarly to what was
reported for several pediocin-like bacteriocin. Tgenetic characterisation of the strain
permitted to complement the sequence previouslgrteg by Simon and collaborators. The
sequence ofskgl encoding an immunity protein was completed and #satme papC
homologue involved in membrane translocation, narskegiC, was identified. This latter
confirm the original organization of the sakacingénetic determinant (Simaet al, 2002).
Indeed,skgCis not located upstream of the ABC transporteodimg gene (i.eskgD as it is
usually the case in most of class lla bacterio@negclusterSkgCwas found on a different
transcriptional unit, on the opposite orientati@mwdstreanmskgl The high similarity between
the sakacin G genetic determinant found in streimssakei2512 and_b. sakeiCWBI-B1365
suggest that these genes could be conserved amehf.tsakeisakacin G producer. Such a
conservation of bacteriocin genes have already beserved inLb. sakeifor sakacin P and
sakacin Q (Cocoliet al.,2007; Moretraet al, 2005; Urseet al, 2006a).

Expression analysis showed that all kg genes are expressed at the beginning and
late stationary phase. Nevertheless, the antidtactivity does not increase during this
period. These results are similar to that obseri@dsppA, responsible for sakacin P
production inLb. sakeil1l51. In this latter strailsppAwas found to be expressed during the
late stationary phase of growth without increasedilisterial activity in the culture
supernatants (Urset al, 2006b).

It is well established that sakacin production tsorggly regulated by pH and
temperature and that optimal temperature for bacier production do not necessary
correlates with optimal growth conditions (Diepal.,2000; Messenst al, 2002; Moretrcet
al., 2000). Our results agree with those observatidf@wvever, optimal conditions for
bacteriocin production are slightly differentlib. sakeiCWBI-B1365 compare to that ab.
sakei 2512 although no significant differences were fbuim the sakacin G genetic
determinant. This suggests that trans-acting régutould differ between those two strains.
The strain dependence for the optimal conditiomaxteriocin production was also reported
for sakacin A, sakacin P and for nisin, suggestivaj this phenomenon is not restricted to
sakacin G (Diepet al, 2000; Moretroet al., 2000, Pongtharangkudt al, 2006). The pH

regulation of the bacteriocin production is a coemplphenomenon which is not well
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understood. Some authors have suggested that lowi)phave a positive effect on the
posttranslational modification and transport precés) lead to a less stringent binding of the
bacteriocin to the cell wall of the producer steaand/or (ii) have a reducing effect on the
bacteriocin degradation (Guertal, 2003; Messenat al, 2002; Moretreet al, 2000, Nekt
al., 2001; Yanget al, 1994). Our results suggest that the pH droghefdulture, due to the
production of lactic acid, could also be a key pagter in those regulations. Indeed, for the
non-regulated cultures, a free medium acidificatram an initial pH of 6 or above led to the
higher bacteriocin titre whereas culture regulatedH 6 led to very low level of production.
In addition, pH value of 5.5 also seems to be irtgmirfor the obtainment of high level of
production. Indeed, culture starting from pH of 5/5below (and thus decreasing rapidly to
lower pH) led to lower antilisterial activity whexg culture at a regulated pH of 5.5 led to

high bacteriocin titre.

Carbon and nitrogenous sources were reported taulatedthe level of bacteriocin
production inLb. sakeibut they are in most of the case, strain and bacte dependant. This
study demonstrated that sucrose increased thefispg@duction of sakacin G ihb. sakei
CWBI-B1365. However, values obtained for statictutd were significantly higher than
those obtained in agitated cultures. Another charistic trait of static cultures is the
formation of an immerged biofilm. Therefore, we raad correlation between those two
observations and hypothesized that the formatiohiaflm could have a positive effect on
the bacteriocin productivity. This hypothesis isnferced by the fact that increased
production yield has already been reported forgraeuction of nisin in biofilm bioreactor

compare to free culture (Pongtharangéual, 2006b).

Cultures with medium containing meat extract higlithat this latter could play a
role in sakacin G production. However, its benefi@ffect seems to depend of the carbon
source used and how it is added in the culturehbidotdeed, no significant effect could be
observed either in glucose or in sucrose batchuultBy contrast, significant increase in
bacteriocin productivity was observed when meatagextaddition was fractionated during
sucrose based culture. This suggests that suarasambination with meat extract could act

as an activator of the bacteriocin synthesis.

During this chapter, the sakacin G gene cluster fuaher characterized and was
found to display an unusual genetic organizatiohis Tstudy highlights that Sakacin G
production is subjected to a complex mechanisnegifilation in which the culture conditions,
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the nature of carbon and nitrogenous source usevdehsas the strain physiology seems to

play a crucial role.

The next study will focus on the evaluation of taeteriocin production and activity

in raw poultry and beef.
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4.3 Control of Listeria monocytogenes raw meat

Lb. sakeiis commonly associated with the meat environmadtia recognized as one
of the most important components of starter cutureed for production of fermented meat
products (Chenatt al., 2006, Hifneet al, 2007). As explained previously, it may inhilhiet
growth of unwanted microorganisms in the raw mesatrenment by nutrient competition,
acid production and pH reduction, as well as bamtar production (Chaillowet al., 2005;
Hufneret al.,2007; Katlaet al.,2002, Vermeirert al.,2006a).

Lactobacillus curvatusis phylogenetically closely related tbb. sakei The
bacteriocins produced kyb. curvatuswhich have been described include curvacin A, twhic
is identical to sakacin A, sakacin P and sakaci(CQcolin et al, 2007; Tichaczelet al.,
1993).

Lb. sakeiandLb. curvatusmay be applied as a protective culture in meatr{\&ren
et al., 2004). For example, sakacin P and sakacin P-pioglud. sakeihave proven anti-
listerial activity in cold smoked salmon and chicleold cuts (Katlaet al.,2001; Katlaet al,
2002), while sakacin G producingdp. sakeihas activity againdt. monocytogenesn slicked
cooked ham (Héquett al, 2007). Bacteriocin-producingb. curvatusstrains have also
proven activity in pork meat and vacuum-packagextdlbeef (Castellanet al.,2006; Ghalfi
et al, 2006; Katikouet al., 2005). Non-bacteriocin produciig. sakei,on the other hand,
were also described to be able to extend the $feeléf a model cooked ham and cooked

meat products (Vermeireet al.,2006a, Vermeireet al.,2006b).

The objective of this study was to evaluate theatfbfLb. sakeiCWBI-B1365 onL.
monocytogene€WBI-B715. The strairLb. curvatusCWBI-B28 andLb. sakeiLMG17302
were chosen as references. Indekd, curvatus CWBI-B28 has already proven good
antilisterial activity in various meat products @het al, 2006a). As it will be shown in this
chapter,Lb. sakeiLMG17302 do not produce bacteriocin and exhibhies $ame growth rate
and acidification properties tham. sakeiCWBI-B1365 in standard growth medium. During
meat application, it allows the evaluation of thiée& of the nutrient competition and

acidification properties compared to the bacten@aitivity onL. monocytogenegrowth.
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4.3.1 PCR amplification of the sakacin structural gnes

Lb. curvatusCWBI-B28 has already been show to produce baciesaGhalfiet al,
2006b). Nevertheless, the bacteriocin has not belmtified. We performed PCR
amplifications of the sakacin structural genes vgitlecific primers. A 120-bp PCR product
was obtained with primers used to specifically amghe sakacin P structural gene lib.
curvatus CWBI-B28. Sequencing of the resulting PCR prodslobwed that the nucleotide
sequence is identical to that of thgpAgene inLb. curvatusL442 and LTH1174 (Cocoliet
al., 2007). Other structural sakacin genes were etgotied in this strain.

No antilisterial activity could be detected in tbalture supernatants dfb. sakei
LMG17302 in the culture conditions used (statictunds in 100 ml MRS medium at 25°C
during 48 hours). Nevertheless, since the cultuomditions may affect bacteriocin
production, we checked by PCR amplification tha #tructural sakacin genes were not
present. No PCR products were obtained from DNAated fromLb. sakeiLMG17302,

indicating that this strain does not carry anyhaf known sakacin structural genes.

4.3.2 Spectrum of activity of the neutralised celfree supernatants

The activity spectrum dfb. sakeiCWBI-B1365 and_b. curvatusCWBI-B28 against
16 strains oL.. monocytogenesom various food origins was evaluated. As showaible 9,
the neutralised cell-free supernatant (NCFS) dirstcb. curvatusCWBI-B28 had activity
against all the strains tested, while the NCF.lof sakeiCWBI-B1365, which produces
sakacin G, had activity against only 9 of the twsstrains. The sensitivities of the

monocytogenestrains to the NCFS fractions varied greatly betwtne strains.
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Table 9: Activity spectrum of neutralised cell-free cultusapernatants dfb. sakeiCWBI-
B1365, which produces sakacin G, addl curvatusCWBI-B28, which has the structural

gene of sakacin P, against sevérainonocytogenestrains

L. monocytogenes Zone of inhibition (diameter in mrh)
strain Lb. sakeiCWBI-B1365  Lb. curvatusCWBI-B28
BFE 181 0 11
BFE 104 8 20
BFE 250 0 12
BFE 172 10 19
BFE 188 9 20
BFE 411 0 11
BFE 286 0 10
BFE 171 10 18
BFE 384 0 12
BFE 236 6 12
BFE 422 10 19
BFE 227 0 15
BFE 60 0 11
CWBI-B715 10 20
LMG21263 10 20
LMG23905 10 20

2Spot of 10 pl of NCFS were made in the surfaceafdard-1 agar inoculated by the
monocytogenestrain

4.3.3 Effect of Lb. sakei CWBI-B1365, Lb. curvatus CWBI-B28 and Lb. sakei
LMG17302 onL. monocytogenegrowth in raw beef and chicken meat

Lb. sakei CWBI-B1365 andLb. sakeiLMG17302 exhibited similar acidification
properties in MRS broth during growth at 25 °C ##% hours. In both cultures, the pH
dropped to pH 4.0 £ 0.1. Sindé. sakeiLMG17302 did not produce any bacteriocin, this
strain was chosen to compare the effect of theebacin production to the acid production

89



Results - Application in raw meat

and nutrient competition effects, on the survivad @rowth ofL. monocytogeneis raw beef

or chicken meat. Statistical analysis was donegusia student-t test (p = 0.95).
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Figure 16. Effect of inhibitory culture on the growth &f monocytogeneduring storage at
5°C in beef meat (A) or poultry meat (B Lb. sakeiCWBI-B1365, A : Lb. curvatusCWBI-
B28, x: Lb. sakeiCWBI-B1365 +Lb. curvatusCWBI-B28, ¢: Lb. sakeiLMG17302, e:
Control. Data are mean and standard deviation ftbree replicates. Counts below the

detection limit (2*16 cfu g*) were consider as equal to zero.

In both meats, the developments of the LAB coneigins in the inoculated samples
were very similar, irrespective of the matrix andhielh LAB strains were used. The
concentrations of the LAB strains increased fror tb010 cfu g* at day 0 to 1®to 5 x16

cfu g* after 14 days of incubation, and remained stapléou21 days. The numbers bf
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monocytogeneduring meat applications is showed in Figure b6the raw beef inoculated
with an initial concentration of approx. 4D. monocytogenesfu g*, the concentration df.
monocytogene the control decreased slightly during storagenf3.1 x 16 cfu g* to 1 x
107 cfu g* after 21 days. The addition &b. sakeiCWBI-B1365 led to a significant (p =
0.95) reduction of the. monocytogenesoncentration by 1.5 log units after 7 days ofage,
to 2 log units after 14 days, and finally to belthe detection limit (2 x T0cfu g*) at the end
of the storage period. The addition bb. curvatusCWBI-B28 allowed a reduction of
numbers oL. monocytogene® below the detection limit after 7 days and o1 days. The
addition ofLb. sakeiLMG17302 led to a lower, yet significant (p = 0)9®duction ofL.
monocytogenesumbers. These counts were only 0.2 log units |dineen those of the control
after 7 days, and 0.5 and 0.7 log units lower thia@ control after 14 and 21 days,
respectively. The addition dfb. curvatusCWBI-B28 andLb. sakeiCWBI-B1365 together
decreased. monocytogenesounts to below the detection limit after 7 dayd ap to 21 days
of storage. The application of the bacteriocin-pi@dg LABs led to a significantly (p = 0.95)
better inhibition ofL. monocytogenethan the application of the non-bacteriocinogdric
sakeiLMG17302.

The L. monocytogenesoncentration in the poultry meat inoculated abacentration
of 2 x 17 cfu g* increased to 5 x f@&fu g* after 7 days of storage, and remained stable at
this level up to 21 days in the control. The additof Lb. sakeiCWBIB-1365,Lb. curvatus
CWBI-B28 orLb. sakeiLMG17302 separately did not significantly redlicemonocytogenes
numbers during the storage of poultry meat. Thelioed application of.b. sakeiCWBI-
B1365 andLb. curvatusCWBI-B28 was able to inhibit the growth &f monocytogenes
through the storage period. The reduction of tlwvgn of L. monocytogenewas significant
(p = 0.95) under these conditions when comparinipeocontrol and the separate application
of the LAB strains.

4.3.4 Discussion

The sakacin P structural gersppA was shown to be presentlib. curvatusCWBI-
B28, while the structural genes for sakacin Q, & @écould not be detected. The presence of
the sakacin P gene Ith. curvatuswas previously described for strains LTH1174 add2.
(Cocolin et al, 2007). However, in these two straisppQ (encoding sakacin Q) was also
detected, which is not the caselih. curvatusCWBI-B28. This is the third_b. curvatus
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strain where a nucleotide mismatch at position B88ppAis described, in which a cytosine is
substituted with a thymine. This substitution isuling in a modification at protein level
where a histidine is replaced by a tyrosine (Cacetial, 2007). It is thus common among
Lb. curvatusstrains which possess the structural genes facsal. No sakacin structural
genes could be detectedlib. sakeiLMG17302. This fits well with the observation that

bacteriocin activity againgt. monocytogenesould be detected.

The common feature of class lla bacteriocins isr taetilisterial activity. However,
the present study shows natural variation in tlsstance olL. monocytogenestrains. The
level of resistance df. monocytogeneagainst class lla bacteriocin may vary accordinthe
type of resistance mechanism present, i.e. thd t#vexpression of thenpt operon or cell
surface modification (Daleet al., 2001; Héchardet al., 2001; Vadyvalooet al., 20043,
Vadyvalooet al, 2004b).

The inhibition of L. monocytogenesn meat may be due to several factors like
bacteriocin activity, nutrient competition and agpiebduction. In raw beef, the success of the
bacteriocin-producing strains was significantly Heg for inactivation ol.. monocytogenes
when compared to the non-bacteriocin-produdibhgsakeilLMG17302. Therefore, it is clear
that the antilisterial effect is predominantly dtm bacteriocin, rather than to nutrient
competition and/or acid production. Bacteriocin dquwoed byLb. curvatusCWBI-B28 has
already proven activity in smoked salmon, pork naeat bacon (Ghalkt al, 2006a; Ghalfi
et al, 2007b), while sakacin G-producingo. sakei 2512 were successfully used for
biopreservation in sliced cooked ham (Héqeteal, 2007). A sakacin P-produciridp. sakei
strain has also been successfully applied in varproducts like fermented sausages (l&iso
al., 2006b), poultry meat and cold smoked salmonl&&ital, 2001; Katleet al, 2002). The
results obtained in this study demonstrate thecti¥ieness of sakacin G producing strains for

biopreservation in various meat products.

In poultry meat, the application of the LAB straseparately could not decrease lthe
monocytogenesoncentration in our study. Under these conditidims bacteriocins produced
did not seem to have noticeable activity. SinceltAB concentrations were the same in the
chicken samples, it was hypothesised that the bacie activity was negligible compared to
the antimicrobial effects of nutrient competitionaxid production. This could be due to the
absence of production of bacteriocin in the pouttat, to its inactivation through binding to
food ingredient or possibly by the activity of egdoous protease (Aasenal, 2003; Galvez
et al.,2007; Katikouet al, 2005; Katleet al., 2002; Vermeireret al, 2006b).
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The application of the bacteriocin produciigy. curvatus and Lb. sakei in
combination in raw chicken meat led to the sucegdshibition of thelL. monocytogenes
growth, but not to a reduction below the detectionts. Since the LAB concentration during
this trial was the same than that of the trialshwiite bacteriocin-producing strains employed
singly, it seems that this effect is due to theesgistic interaction between the bacteriocins
produced by the two strains. This increased eftectl. monocytogenesvhen different
bacteriocins are applied together has already beemonstrated for nisin and curvaticin 13
(Bouttefroyet al., 2000) and lactocin 705, nisin and enterocin CR{gnolo et al.,2000).

To our knowledge, this is the first example of aesgistic effect between a sakacin G

producinglLb. sakeistrain and a probable sakacin P-produtibgcurvatusstrain.

This study demonstrated thiab. sakeiCWBI-B1365 andLb. curvatusCWBI-B28,
which produce sakacin G, and sakacin P, respegtirey be applied in raw beef to avaid
monocytogenegsontamination. In poultry meat, the inhibitory effels strongly reduced.
However, the combined application of the two ssamsults in a successful growth inhibition
of L. monocytogenes

93






Chapitre 5 : General discussion

95



General discussion

At the beginning of this thesis, we showed thatdlere a lot of data about bacteriocins
from lactic acid bacteria. Nevertheless, numeregsofs still have to be understood like:

* The phylogenetic origin of the genes necessarpdateriocin production

 The impact of the sequence and the structure orbaleteriocin and the immunity

protein activities
» The impact of nutritional and environmental factonsthe bacteriocin production
* The limits, applicability and legislation of thedbariocin applications

During this discussion, we will evaluate how owdst allows answering these questions.

Phylogenetic origin of the genus necessary for bagtocin production

The objective during the LAB selection was to iselatrains of unknown species
and/or producing original antimicrobial compoun@ée had then chosen to isolate the LAB
from products originating from different environmg&nWe also studied African products that
have not been widely studied. After the selectimmy strains producing bacteriocins with
anti-Listerial activity were selected. It was not possible teeselLAB that produce anti-
Salmonellacompounds other than organic acid and/or hydrogeoxue. In addition, the
selected strains belong to well known species aank hthe structural genes for already
described bacteriocins i.e. sakacin GLim sakeiCWBI-B1365, nisin Z inLc. lactis lactis
CWBI-B1437, piscicolin 126 and carnobacteriocin Bnml Cb. maltaromaticumCWBI-
B1369 and CWBI-B1436. Fdrb. sakeiCWBI-B1365, it was also shown that the bacteriocin
present in the culture supernatants was sakacbutzhat part of the genes necessary for the
production of sakacin PsppK and sppR, as well as an immunity gen®1fY), commonly

associated to the sakacin P gene cluster, werergres

As shows in table 10, these bacteriocins and gbags already been identified in
LAB isolated from various food products from arouthe world. The genes coding for the
same bacteriocins in different strains presengh bdegree of similarity. They are localized on
the chromosome like for nisin and carnobacterid@uiml, on the chromosome or on a plasmid
like for sakacin P and piscicolin 126 or only oplasmid like for sakacin G. Some parts of
the sakacin P gene cluster have been detectetitire&lb. sakeistrains studied until now (16

strains from different food environments).
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Table 10: LAB strains isolated from all around the worlddaproducing sakacin G, sakacin

P, piscicolin 126, carnobacteriocin Bm1 or nisin Z

Strain Food product Country Ge”“r‘“c. Reference
localization
Sakacin G
Lb. sakei2512 Nd Nd Plasmid (35kb) Simeah al, 2002
Lb. sakeiCWBI-B1365 Poultry meat Belgium Plasmid (25kb) This study
Sakacin P
Lb. sakelLTH673 Fermented sausages Germany Chromosome Talhetcal., 1994
Lb. sakelLb674 Nd Nd Chromosome Hiheeal, 1996
Lb. sakeiCCUG 42687 Nd Nd Nd Aasest al, 2000
Lb. sakei5 Malted barley Ireland Plasmid Vaughetral, 2001
Lb. sakeill51 Fermented sausages Italy Nd Usesal, 2006
Lb. curvatud 442 Fermented sausages Greece Chromosome Cetalin2007
Lb. curvatud TH1174 Nd Italy Chromosome Cocolat al, 2007
Lb. curvatusCWBI-B28 Raw meat Belgium Nd Ghalfi, 2006b
Sakacin P non producer containing part of the sakdan P gene cluster
Lb. sakeilCWBI-B1365 Poultry meat Belgium Nd This study
Lb. sakei 15 different Meat and fish Nd Nd Moretret al, 2005
strains
Piscicolin126
Cb. piscicolalG126 Ham Australia Nd Jaekal, 1996
Cb. maltaromaticum Minced beef Canada chromosome Gurskgl, 2006
UAL26
Cb. maltaromaticum Poultry meat Belgium Plasmid (35kb) This study
CWBI-B1369
Carnobacteriocin Bm1
Ch. maltaromaticum Minced beef Canada Chromosome Gurskgl, 2006
UAL26
Cb. piscicolaLV17B Meat Canada Chromosome Quaatral, 1994
Cb. piscicolavl Fish France Nd Buhgaloo-Viakt al,
1996
Cb. piscicolaCP5 Cheese France Plasmid Hewdtiml, 1997
Ch. maltaromaticum Poultry meat Belgium Chromosome This study
CWBI-B1369
Nisin Z
Lc. lactisNIZO2186 Nd Nd Nd Mulderst al,, 1991
Lc. lactis|O-1 Nd Nd Nd Matsusaleat al., 1996
Lc. lactisUL719 Cheese France Nd Meghraisl, 1997
Lc. lactisHPB1688 Beans Canada Chromosome etal, 1997
Lc. lactisN8 Nd Nd Chromosome Immonenal, 1998
Lc. lactisBFE1500 Wara  (fermented milk Nigeria Chromosome Olasugb al, 1999
product)
Lc. lactisINIA415 Cheese Spain Nd Gardeal, 2002
Lc. lactisWNC20 Nham (Fermented sausages)  Thailand Chromosome Noonpakdeet al, 2003
Lc. lactis Kimchi (Fermented cabbage) Japan Chromosome Ral 2003
Lc. lactisIPLA729 Cheese Spain Nd Martinetzal,, 1995
Lc. lactis Cheese Tunisia Nd Ghrast al, 2004
Lc. lactisCM1 Dahi (fermented milk) India Nd Mitret al.,2007
Lc. lactisCWBI-B1437  Fermented fish Senegal Chromosome This study

Nd : not determined

A specified bacteriocin is only produced by stramesonging to the same species or to
close phylogenetically related species. Nevertseldg® amino acid sequence of the different
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bacteriocins may have a high degree of similaggpecially for class lla bacteriocins like
already described in chapter lll. The mechanisnmsthe regulation of the production, the
immunity, the maturation and the excretion of bacten are similar in most of the class lla
bacteriocin producing LAB. Nevertheless, the genairganisation and position of the
bacteriocin gene cluster may vary. Since the psehntwo structural genes and the position
of SkgCin the sakacin G gene cluster, the genetic orgtiars differs from those of other
class lla bacteriocin. Piscicolin 126 is anotheasraple. The prebacteriocin gene of piscicolin
126 is located on a plasmid @b. maltaromaticunCWBI-B1369 and CWBI-B1436 while
Carnobacteriocin Bm1 prebacteriocin gene is onctim®@mosome. These positions seem to
have an impact on the bacteriocin production. Iddea Cb. maltaromaticumUAL26
(Gursky et al, 2006), the piscicolin 126 prebacteriocin genecadranscribed with the
carnobacteriocin Bm1 prebacteriocin gene, whicmas the case irCb. maltaromaticum
CWBI-B1369 and CWBI-B1436.

Given that the genes coding for bacteriocins witsed structural characteristics are
highly varied, we can hypothesize about their phgteetic origin. They are only a few studies
about this. Nevertheless, the genomes of 18 LAR® lieen sequenced recently. These data
allow understanding the evolution of thieactobacillales The common ancestor of
Lactobacillaleshad lost 600 to 1200 genes and gain <100 genes diftergence from the
Bacilli ancestor. The gains have been made by btwoti gene transfer (HGT) through
bacteriophage or conjugation. This evolution setnise related to the transition made by the
LAB to the existence in nutritionally rich mediuhm. the genome of seven of the sequenced
LAB, gene for putative bacteriocins and associgteateins were identified, these novel
putatives bacteriocins are all homologues to pewdlillike bacteriocins (Makarovat al,
2007). Bacteriocin-production-related genes seerbet@among those that are often transfer
via HGT as indicated by the analysis of the phytagie trees and differences in the operon
organization, even in closely related genomes. rTiprgisence is the result of their long term
existence in complex microbial communities. Bacens allowed increasing the LAB

competitivity in rich environments like food prodadMakaroveet al.,2007).

Sakacin P is a good example of the transmissidraoferiocin genes. Indeed, parts of
the sakacin P gene cluster are present in alLthesakeistrains studied until nowsppK 3'-
end andsppR, even if they do not produce the bacteriocin. §aes organization is varied
in the non-producer strains. The presence of acgalkaproducer common ancestor and the

loss of the genes or their recombination throughlgion has thus been suggested (Moretro
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et al., 2005). The presence of genes for bacteriocin mtiau in non-bacteriocin producer
has also been describedLiactococcus lactigMoschettiet al.,1996; Venemat al.,1996). In
conclusion, we can presume that the genes for thadtes have been acquired via HGT

followed by vertical transfer to obtain the actdalersity.

If the bacteriocin genes are located on a plasrthé, transfer of this genetic
information between closely related bacteria thlouglasmids conjugation could be
interesting for industrial application. Indeed, agts that have interesting technological
properties but that do not produce bacteriocins thayp acquire this property. The plasmid

stability in the strains has to be carefully evétda

Impact of the sequence and the structure on clastalbacteriocin and immunity proteins

activities

Even if the sequences of class lla bacteriocin havegh degree of similarity, the
activity spectrum of these bacteriocins is highdyiable. Nevertheless, they all have activity
againstL. monocytogenesAs described in chapter lll, the N-terminal paftthe peptide
interacts with the hydrophilic external surfacetlé cell membrane while the C-terminal part
interacts with the internal hydrophobic part. Thanmose permease, a membrane receptor, is
involved in this interaction. Two hypotheses haeer suggested to understand the activity
spectra. The first one suggests that the seconidfides bridge present in the C-terminal part
of some bacteriocins give them a higher activityd aan wider inhibitory spectrum by
stabilisation of the C-terminal tertiary structyigjsink et al., 1998; Fimlandet al., 2000;
Richardet al, 2006). The second suggests that the sequenegesitat the C-terminal side of
the hinge region is the main factor determiningdhbgvity spectrum. The C-terminal tertiary
structure is stabilised by a second disulfide k&idg by a tryptophan residue, which are both
important for the activity (Johnset al,, 2005; Fimlancet al, 2002).

As show in figure 17, class lla bacteriocin mayclassified in different sub-group on
the basis of their sequence similarity. The bagtami of sub-group 2 have a narrow inhibitory
spectrum almost limited t&. monocytogened.ike mesentericin Y105, sakacin G has a
narrow inhibitory spectrum, despite the presenca sécond disulfide bridge in its C-terminal
part. Like previously suggested (Simat al., 2002), our study confirms the second
hypothesis highlighting that C-terminal sequencetltd bacteriocin is the major factor
determining the inhibitory spectrum. Nevertheled® mechanism behind has not been
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explained until now. Diept al. (2007) have recently suggested that the spedficity is due
to the interaction with the mannose permease. thdmeen if this phosphotransferase system
is widely spread in bacteria, it may vary accordinghe genus, the species and the strain.

The bacteriocin recognition could then be specific.

I oy

leucocin A
[mesemen'cin Y105

sakacin G
L sakacin G mesentericin Y103 A
pediocin PA-1 leucocin A

piscicolin 126
— e Pediocin PA-1
enterocin A _ }
| B
e
T -_ piscicolin 126
sakacin P } ¢

Figure 17: Classification on the basis of sequence simylaritclass lla bacteriocin (I) and of
their immunity proteins (11)On the basis of the similarity of their C-terminairt, the class lla bacteriocins
may be sub-classified in three sub-groups (in lmgyety: sub-group 1; in white: sub-group 2, in dgrky: sub-
group3) (Fimlancet al, 2002). The immunity proteins may also be clasdiiin three subgroups (A, B and C)
(Drider et al.,2006).

On the basis of their sequence similarities, theimity proteins are also classified in
three sub-groups (figure 17). The specificity ahd functionality of the immunity protein
have been attributed to the specific recognitiothefC-terminal part of the bacteriocin by the
C-terminal part of the immunity protein and to #teains were this process arise (Johreten
al.,, 2004; Johnsemrt al., 2005). Indeed, it has been suggested that theesegquand the
structure of the mannose permease have a strohgengE on the interaction with the
immunity protein (Diepet al., 2007). The sakacin G immunity protein belongshie $ame
group than the immunity protein of the sub-groupazteriocins. During this study, it has
been showed thaCb. maltaromaticumCWBI-B1369, which has the piscicolin 126 and
carnobacteriocin Bm1 prebacteriocin gene, is seesib sakacin G. The immunity proteins
associated have thus no protective activity agaakacin G. The strainb. curvatusCWBI-
B28 that produce sakacin P is not sensitive tosaka. It is probable thadrfY, which is part
of the spp cluster, is present in this strain and gives # thsistance. Although, the strain
could be naturally resistant. It has already bdemwed thatOrfY may gives resistance to

leucocin A and enterocin A. Their immunity protelmedong also to the sub-group A (Fimland
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et al., 2002). Results obtained with sakacin G confirm ithpact of the sequence on the

specificity of the immunity proteins.

The narrow inhibitory spectrum of sakacin G, whisHimited to food pathogenic or
spoilage bacteria, could be useful for food applice. Indeed, one type of application of the
bacteriocin producer strains or the bacteriociglfiis the application in fermented products in
combination with a starter culture that will be @lib carry out the desired fermentation
process optimally (Galveet al.,2007). The adjunct cultures do not need to coutiilbo the
fermentations, but they must not interfere with gremary function of the starter cultures.
The bacteriocin should then specifically inhibibébspoilage or pathogenic bacteria without
affecting the starter strains. For this reasontdsacin resistance of the starter culture may be
a key factor. The bacteriocin with a narrow intebyt spectrum could then be useful.

A problem associated to the use of bacteriocirntb®@producer strains in food product
is the apparition of resistant pathogenic straiks for the resistance to antibiotics. It was
showed that 1 to 8 percents of the wild-type sfrahlL. monocytogeneare resistant to
bacteriocins. In addition, spontaneous mutationsy nogcur after exposition to the
bacteriocins. To avoid contamination of food prddig resistant strains, it is important to
consider the bacteriocins as an additional foodsguration process. In addition, the
successive use of bacteriocin from different claksuld allow decreasing the level of
resistance since the resistance mechanisms asrediff Nevertheless, the development of

cross-resistance should be carefully considered.

Impact of nutritional and environmental factors on bacteriocin production

A lot of factors, including pH, temperature and gasition of the culture broth, have
an impact on bacteriocin production. The growtlhef strains is a requirement for bacteriocin
production. However, it has been often suggestatldptimal conditions for growth do not
correlate with optimal conditions for bacteriociroguction. The study of the growth and
sakacin G production byb. sakei CWBI-B1365 confirms this. Indeed, the optimal
temperature for bacteriocin production is lowemthlae optimal temperature for growth. pH
and composition of the culture broth have also msierable impact on the sakacin G
production without affecting the growth. Small pHriations may strongly affect bacteriocin
production. The carbon and nitrogen sources usedyadl as their concentration, are also
factors of great importance for bacteriocin prodrct
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The different factors limiting bacteriocin produmti already described are protease
production, bacteriocin adsorption to the surfat¢éhe producer cells, nutriments limitation
and genes repression (Straurae al, 2007). For sakacin G, the stop of the apparent
production of bacteriocin (evaluated by the intabjtactivity of the cell-free supernatants)
seems to be due to nutriments limitation rathen tta gene repression, since bacteriocin

genes were still expressed in the late stationlaag® of growth.

During production optimization, it is also importato consider the possible
applications of the bacteriocin and the cost ofghmduct that the users are ready to give. A
compromise should be found between the price isectaf the growth medium and the
resulting additional inhibitory activity. The yielof the down-stream process, which has not
been studied here, will also be a critical point.

A successful application of bacteriocins: some esdml factors

During chapter 1, we showed that factors affectimgbacteriocins efficacy in a food
product are complex. Some of these factors are ptlogluct composition, the storage
temperature, the transformation process, the peis#tht concentration, the adsorption of the
bacteriocin to the food constituent, the endogenougoflora, the protease present in the
product and, if the producer strain is used, the@pction of the bacteriocin inside the food
product (Galvezet al., 2007). The user may then wonder: “How can we irsgethe
probability of a successful application of bactems or the producer LAB to inhibit.

monocytogeneis a specific food product?” We will try to poiatit some important aspects.

One of the conclusions of chapter IV.1 is that lactis subsp. lacti€WBI-B1437 can
not inhibitL. monocytogenegrowth in poultry meat. There are two reasonsthyirthe strain
did not growth in the meat at this temperature.o8dly, nisin may be inactivated in meat as
show by Roset al. (2002).Lc. lactiscolonise mainly milk products whileb. sakeiandCb.
maltaromaticumare mainly present in the meat environm@&taillou et al.,2005; Leisneet
al., 2007). The selected strains belonging to theseiesp&ave a good growth in poultry meat
and inhibitL. monocytogenegrowth as showed in chapter IV.1. One of the assiohs of
this study is that the first parameter to be cosr&d for successful application of bacteriocin
producing LAB is to choose strains that belongdecses that are well adapted to the product
and to the storage temperature. Since the foodcapiphs of LAB are well studied, a lot of
informations are present in the scientific literatuThe product composition (pH, salt, fat
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content, conservator...) and the production proct#ssrrhal treatment...) will also have a

strong impact. The in vitro evaluation of the impafcsuch factors (i.e. pH or temperature) on
the bacteriocin activity will allow eliminating theAB and/or the bacteriocins that are not
well adapted. That will permit reducing the timaisaming trials that have to be made in the

products before industrial applications.

Two application types of the bacteriocins are gaes(i) the semi-purified bacteriocin
or (i) the producer strain. Each one has its ogwaatages and inconvenient. The advantage
of the application of the producer strain is the lmost and the absence of specific legislative
agreement. The main inconvenience is the necegsawth of the strain and the bacteriocin
production in the food product. Indeed, the trialmde in chapter VI.3 show that the
bacteriocin produced hyb. sakeiCWBI-B1365 and_b. curvatusCWBI-B28 are responsible
for the inhibition ofL. monocytogenes beef meat. Nevertheless, the LAB cell concéiana
reached is 10cfu g*. This is higher than the acceptable limit of &fu g* for non-fermented
food products. The impact of growth of the LAB dre torganoleptic properties of the food
product has not been evaluated here but will besidened for industrial applications. The
growth is not always sufficient to guarantee théliaterial effect of the strains through
bacteriocins production. Indeed, despite a gooaviir@f the LAB strains in chicken meat,
the bacteriocins produced hyp. sakeiCWBI-B1365 andLb. curvatusCWBI-B28 have no
antilisterial activity. This could be due to thesahce of the bacteriocin production in chicken
meat or the degradation of the produced bacteso&urprisingly, the combined application
of these two strains allows a good inhibitionLofmonocytogened his could be the result of
a synergic effect between the two strains and/eir thacteriocins. To our knowledge, this is
the first time that such effect has been reportgéen two class lla bacteriocins producing
LAB.

The application of the purified bacteriocin has ma&en tested during this work
because it has a main disadvantage: it is considesea food additive. In addition, the semi-
purified bacteriocin may be degraded in the fooddpct by endogenous protease and
proteases produced by the endogenous microfloragkauet al.,2008). It is also necessary
to apply a sufficient quantity of bacteriocin tdibit the entire pathogenic flora in the food
matrix. This may result to an expensive processooa modification of the organoleptic
properties of the food product. Even if the appilaa of the semi-purified bacteriocin to
inhibit L. monocytogenesas led to good results, a rebound phenomenoadmastimes been

observed. This rebound is due to the growth ofradetectable quantity @f. monocytogenes
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that has not been destroy at the beginning of tbage and/or to the degradation of the
bacteriocin or its inactivation (Ghalt al, 2006; Kouakowt al.,2008).
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Conclusion and perspectives

Bacteriocins from lactic acid bacteria are antimigal peptides that kill closely
related bacteria. A high number of bacteriocin haweactivity against the food pathogenic
bacterial. monocytogenesnd have been studied for their use as food vatbes.

The genes involved in the production of bacteriotom lactic acid bacteria have
been described for numerous bacteriocins. Mosthef time, they are organized in three
operons. An operon contains the structural and imtygenes. The second contains the ABC
transporter and accessory protein genes while hilid tontains the genes coding for the
proteins involved in the regulatory system (thditlise kinase, the response regulator and the
inducing peptide). These genes are located onttt@mrmsome or on a plasmid. During this
work, we contributed to the identification of thiegmid located genes involved in sakacin G
production.

These data may be use to improve the productiobacteriocin by LAB strains
through genetic engineering. If the genetic infaiorais plasmid linked, the transfer of this
plasmid to another strain of the same species @osed related species, which have other
good technological properties (i.e. a good stantdiure or a good resistance to freeze-drying
and storage), could be interesting. Indeed, it afllbw the industrial to have strains with
different useful properties. It has also been ssggkthat combining the N-terminal part of a
bacteriocin and the C-terminal part of another &amtin may allow having bacteriocin with
a wider inhibitory spectrum and a higher activinother improvement is the addition of
copies of the genes responsible for the produatibtacteriocin to make overproducing
mutant. However, even if all these transformatians technologically possible, the main
guestion remains in the use of genetically engetkestrains for the food consumption. In
Europe, this will be a problem at the legislativel ahe consumer point of view. Attempts

should be done to use a method that will allowttaesformation of the bacteria naturally.

Another option to improve the bacteriocin productis the use of an optimized
fermentation process. Since the production of badi@ is regulated by a quorum sensing
system, the cell concentration in the culturestbase sufficient to allow the induction of the
production. It also appears that the formation dficfiim at the bottom of the flask during
static cultures may improve the production. Sonteeiofactors have also a great impact on
bacteriocin production. Indeed, as show in thislgtahe pH regulation, the temperature, the
carbon source used and its concentration as wethasitrogen source concentration are
some key parameters for bacteriocin production. dseeof a fed-batch to add the nutriments,

sugar and meat extract for example, during theuilallow also improving the bacteriocin
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production. Optimising these parameters for sak@&cproduction by b. sakeiCWBI-B1365
led to a 12-fold improvement of the bacteriocin qurction. The impact of the culture
conditions on the bacteriocin production seemsédadbacteriocin and strains dependent. It

should then be studied for each bacteriocin ant bacteria.

In most of the studies, the optimisation of thenfentation condition is made at a
small scale (maximum 20 litres fermentors). Howevdre industrial application of
bacteriocin will require a large-scale producti®he scale-up of the production of bacteriocin
has not been studied here but is a perspectiviei®fmork. For an industrial application, the
cost of the production process has to be evaluatdded, the optimization of the bacteriocin
production may require the addition of expensivé&itional sources like meat extract. The
use of by-product from the food industry may peehae an alternative.

After the optimization of the production of the t&tocin, the next challenge will be
the purification of the bacteriocin. Several pwafion techniques are available from the
literature. At a laboratory scale, the classicaiffmation process of bacteriocin is the use of
ammonium sulphate precipitation followed by reverghase and ion exchange
chromatography and RP-HPLC. Its application at rmotustrial scale will be difficult and
expensive. Another way to purify the bacteriocintasadsorb them onto the wall of the
producer strains. This adsorption is pH depend&né culture is then centrifuged and the
bacteriocin may be recovered after desorption. Tladter, the bacteriocin may be
concentrated by ultrafiltration for example. Aftadsorption, the culture may also be heat
killed and subsequently centrifuged and freezeddriehe final product will be a powder
containing the bacteriocin but also the heat kitbadteria. The purification process has to be
chosen depending of the applications planned. Tieeteof the different formulation on the
survival of the pathogenic bacteria and on the roggptical properties of the product has to
be evaluated. One important factor for the choicthe purification process will also be the

cost of the product that the consumer is readyve. g

The use of bacteriocin or the producer bacterifoaa products can be an alternative
to the use of chemical preservatives. Indeed,dbeltis obtained during this work and those of
several studies available in the literature shoat tacteriocin may successfully inhibit food
pathogenic or spoilage bacteria. Neverthelessetlaee several limitations to their use.
Indeed, the activity of the bacteriocin in the fqm@duct may be limited by the inactivation
by the food constituents, the storage conditios, tiansformation process, the endogenous

microflora, the protease present in the product, ahdhe producer strains is used, the
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production of the bacteriocin inside the food pretdrhe activity of the bacteriocin or the

producer bacteria is also influenced by the mats&d. The use of strains with a metabolism
adapted to the food product is necessary. The tho wtudies of the bacteriocin and the
producer bacteria may allow determining the eftéalifferent parameters on the bacteriocin
activity and on the producer bacteria. These irouwigsts are important in order to reduce the
time-consuming trials in food. As suggested befamd as showed in this study, the use of
different bacteriocin may lead to a synergic atgiveven if they belong to the same class. It

could be interesting to study the mechanism leattirthis effect.

Depending of the product, a choice should be madeden the different formulation
possible (i.e. protective culture, purified baatem or the cell adsorbed bacteriocin). In
addition to the cost and the impact on the actiahd the organoleptic properties, the
legislative status of these formulations has alsobé considered. The use of purified
bacteriocin is considered as a food preservatimds@quired a specific agreement. The use of

the producing bacteria as protective culture shoefier to the legislation “novel food”.
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