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SOMMAIRE 

Bien que la fibrose kystique soit fondamentalement causee par une defectuosite genetique, les 

infections microbiennes sont la plus grande cause de mortalite des gens qui en sont atteints. La 

bacterie Staphylococcus aureus est un des pathogenes les plus communs associes a cette 

maladie et est la cause d'infections persistantes et difficiles a traiter. Des souches variantes de 

S. aureus formant de petites colonies (les small-colony variants ou SCVs) sont frequemment 

isolees des voies respiratoires des patients atteints de fibrose kystique lors d'infections 

bacteriennes chroniques. 

Mon projet de doctorat a consiste a determiner les bases moleculaires de la persistance des 

infections pulmonaires a S. aureus chez les patients atteints de fibrose kystique et, plus 

particulierement, le role des SCVs dans I'etablissement d'infections chroniques. Mes 

principaux efforts de recherche ont ete diriges vers la comprehension du role de genes et de 

phenotypes influences par le facteur de transcription sigma alternatif sigma B dont I'activite 

est accrue chez les SCVs. Les mecanismes moleculaires par lesquels ce facteur de 

transcription influence la formation de biofilm, la persistance a l'interieur des cellules de 

l'hote et l'infection proprement dite ont ete etudies. Je me suis aussi interesse a la 

comprehension des differents facteurs environnementaux et mecanismes moleculaires 

favorisant la presence et la persistance de S. aureus dans les poumons des patients 

fibrokystiques. Mes efforts de recherche ont egalement ete diriges vers 1'elaboration 

d'antibiotherapies alternatives permettant de combattre les infections chroniques a S. aureus. 

Mots-cles: Staphylococcus aureus, fibrose kystique, sigmaB, infections chroniques, 

pathogenese, antibiotherapies. 
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INTRODUCTION 

1. La fibrose kystique 

1.1. Manifestations cliniques 

La fibrose kystique (FK) est une maladie genetique severe, monogenique et recessive 

retrouvee en predominance chez les populations caucasiennes de descendance europeenne 

avec une incidence approximative de 1 sur 3000 naissances (Davis et al., 1996). Elle est 

associee a une myriade de problemes medicaux allant des infections sino-pulmonaires 

chroniques a des anormalites d'ordre gastro-intestinal. Cependant, les infections pulmonaires 

sont la plus problematique de ses caracteristiques cliniques puisque de 80 a 95% des patients 

FK succomberont a des deficiences respiratoires faisant suite a des infections bacteriennes 

chroniques et a l'inflammation (Lyczak et al., 2002). 

1.2. Fondements moleculaires de la FK 

1.2.1. Structure et fonctions du CFTR 

La FK est causee par des mutations dans le gene CFTR (cystic fibrosis transmembrane 

conductance regulator). Bien qu'un tres grand nombre de mutations causant la FK aient a ce 

jour ete decrites, seulement quelques mutations sont retrouvees a des frequences importantes 

1  



et la plus commune des mutations, une deletion de trois paires de bases encodant une 

phenylalanine en position 508 de la proteine, constitue 70% des alleles retrouves chez les 

Caucasiens atteints de cette maladie (Gibson et al., 2003). 

Le CFTR est membre d'une famille de proteines transmembranaires qui sont des transporteurs 

de type ABC {ATP-binding cassette) (Hyde et al., 1990). Cette proteine comprend deux 

domaines liant des nucleotides et deux domaines transmembranaires caracteristiques de cette 

famille de proteines ainsi qu'un domaine regulateur unique arborant plusieurs sites de 

phosphorylation. La phosphorylation dependante de 1'AMPc du domaine R module l'activite 

du canal (Ostedgaard et al., 2001) et la liaison et I'hydrolyse de l'ATP par les domaines Hants 

les nucleotides controle son ouverture (Gadsby et Nairn, 1999; Hanrahan et Wioland, 2004). 

Le CFTR est exprime a la surface apicale de plusieurs types de cellules epitheliales dont celles 

retrouvees dans les glandes sudoripares et salivaires, les poumons, le nez, le vas deferens des 

males, les canaux biliaires, le pancreas et les intestins. Cette proteine joue un role pivot dans la 

secretion de fluides par les tissus epitheliaux et, en plus d'etre elle-meme un canal chlorure, la 

liste des proteines avec lesquelles elle interagit en tant que regulateur de la conductance 

transmembranaire ne cesse de grandir et comprend des transporteurs, des proteines liees au 

cytosquelette apical des cellules epitheliales ainsi que d'autres canaux ioniques tels que le 

canal a sodium epithelial sensible a I'amiloride ou ENaC {epithelial sodium (Na) channel) 

(Hummler et al, 1996). 
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1.2.2. Impact d'un CFTR defectueux sur la physiologie pulmonaire 

Certaines etudes suggerent un role important des glandes de la sous-muqueuse dans la 

pathophysiologie pulmonaire des patients atteints de la FK (Verkman et al., 2003). Le CFTR 

est en effet hautement exprime dans les glandes de la sous-muqueuse pulmonaire (Engelhardt 

et al., 1993; Guggino, 1999) et la perte de la fonctionnalite du CFTR semble alterer la 

composition macromoleculaire et la viscosite des secretions glandulaires, et ainsi, affecter le 

degagement mucociliaire pulmonaire (Jayaraman et al., 2001; Knowles et Boucher, 2002; 

Verkman et al., 2003). Une autre hypothese, plus controversee, veut que la concentration en 

sel du liquide se retrouvant a la surface des poumons soit plus elevee chez les patients FK, ce 

qui aurait pour effet d'inactiver 1'activite de certains peptides antimicrobiens (Gibson et al., 

2003; Smith et al., 1996). 

La plus evidente des defectuosites pulmonaires des patients FK semble explicable par un 

mauvais transport des sels a travers Pepithelium ainsi que par l'incapacite de l'organisme a 

hydrater correctement ses secretions. Chez ces patients, la secretion pulmonaire d'ions par le 

CFTR et les canaux ioniques dont 1'activite depend du CFTR est reduite ainsi que la quantite 

d'eau qui est normalement parallelement relachee. De plus, le canal ENaC responsable de la 

reabsorption pulmonaire du sodium et de l'eau (Hummler et al., 1996) voit son activite 

augmentee en absence d'un CFTR fonctionnel (Jiang et al., 2000). La combinaison de 

l'augmentation de la reabsorption et de la diminution de la secretion de l'eau a pour resultat un 

manque de fluides dans le systeme respiratoire des patients FK (Matsui et al., 1998). Une des 

consequences hypothetiques de la diminution du volume de liquide a la surface apicale de 

l'epithelium des poumons est l'interference des fonctions ciliaires constituant normalement 

une barriere immunitaire innee importante en entrainant le mucus, ainsi que les 

microorganismes qui y sont prisonniers, vers I'exterieur. La mauvaise hydratation du mucus 

pourrait aussi contribuer au mauvais degagement ciliaire pulmonaire par une augmentation de 
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sa viscosite. Durant les dernieres etapes de la maladie, des plaques tres denses de mucus sont 

retrouvees a la surface apicale de l'epithelium et les secretions pulmonaires deviennent 

stagnantes. 

1.2.3. Association entre la fonctionnalite du CFTR et la susceptibilite aux infections 

bacteriennes 

Plusieurs modeles ont ete proposes afin d'expliquer comment la perte de la fonction du CFTR 

augmente la susceptibilite des patients FK aux infections (Moskowitz et al., 2005). La surface 

alteree des epitheliums pulmonaires FK pourrait promouvoir 1'adherence bacterienne (Zar et 

al, 1995). Par exemple, 1'asialo-GMl est un ligand de Pseudomonas aeruginosa, de 

Staphylococcus aureus et d'Haemophilus influenzae dont 1'expression est augmentee a la 

surface des cellules epitheliales pulmonaires FK (Saiman et al., 1992; Saiman et Prince, 

1993). II est aussi possible que la reponse inflammatoire pulmonaire exageree des patients FK 

promeut les infections bacteriennes (Machen, 2006; Moskowitz et al, 2005). Cependant, il est 

generalement accepte que le transport epithelial altere des ions caracterisant la FK explique en 

grande partie la susceptibilite des patients aux infections, soit en inhibant l'activite des 

peptides antimicrobiens de I'hote (Cole et Ganz, 2002; Smith et al, 1996) ou en empechant le 

degagement mucociliaire des secretions pulmonaires (Matsui et al, 1998). La retention des 

plaques de mucus dans les voies respiratoires semble etre un des premiers evenements 

predisposant les gens ayant la FK aux infections pulmonaires chroniques par des pathogenes 

opportunistes, entre autres en favorisant leur croissance et leur metabolisme anaerobique 

(Worlitzsch et al, 2002). Toutefois, selon d'autres etudes, la retention des secretions 

pulmonaires pourrait etre suffisante au declenchement de 1'inflammation meme en absence 

d'infection, ce qui supporte l'hypothese que 1'inflammation pulmonaire pourrait tout de meme 

preceder I'infection dans les stades precoces de la FK (Khan et al., 1995; Tirouvanziam et al., 

2000). 
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1.2.4. Inflammation chronique chez les patients FK 

L'inflammation locale commence tot dans la vie des patients atteints de la FK et progresse 

jusqu'a contribuer a 1'obstruction et a la destruction des voies respiratoires. Les secretions 

pulmonaires des gens atteints de la FK presentent souvent des concentrations elevees de 

neutrophiles, de cytokines et de chimioattractants, et cela, meme chez les jeunes enfants et 

chez les adultes a I'etat de sante stable ou presentant seulement des symptomes faibles de la 

maladie (Bonfield et al., 1999). La secretion de cytokines et de chimioattractants par les 

cellules epitheliales entraine probablement la migration initiale des neutrophiles dans les voies 

respiratoires. En plus de relacher des mediateurs pro-inflammatoires, ces neutrophiles liberent 

massivement des proteases. Ces proteases satureront les systemes de defense antiproteases, 

blesseront Pepithelium pulmonaire, altereront la structure des voies respiratoires (Elizur et al, 

2008) et interfereront possiblement avec Pimmunite innee de l'hote (Tosi et al, 1990). 

Parallelement a la progression de la maladie, Pinflammation pulmonaire localisee sera de plus 

en plus associee avec une reponse inflammatoire systemique (Elizur et al, 2008). 

Les mecanismes liant la fonction anormale du CFTR, les infections bacteriennes chroniques et 

Tinflammation pulmonaire ne sont pas completement elucides. Bien que certaines etudes 

suggerent fortement que les infections bacteriennes chroniques sont la cause majeure de 

Pinflammation rencontree chez les patients FK (Armstrong et al., 2005; Venkatakrishnan et 

al, 2000), d'autres etudes supportent l'idee que Pepithelium pulmonaire FK a des 

caracteristiques pro-inflammatoires inherentes et que Pinflammation pulmonaire pourrait se 

manifester d'une fa?on independante a Pinfection (Hunter et al, 2010; Joseph et al., 2005; 

Rosenfeld et al, 2001; Rubin, 2007; Teichgraber et al., 2008; Tirouvanziam et al., 2000; 

Tirouvanziam et al, 2002; Vij et al, 2009; Weber et al, 2001). 11 semble plus certain que 

Pinflammation pulmonaire FK est excessive et soutenue relativement aux stimuli infectieux. 

Par exemple, plusieurs modeles in vitro montrent que les cellules pulmonaires FK relachent 
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une quantite accrue de mediateurs inflammatoires suite a une exposition a certains stimuli, soit 

par une deregulation de I'activite du facteur de transcription NF-KB (Tirouvanziam et al, 

2002) et/ou tout simplement par un mauvais controle de la reponse immunitaire (Black et al., 

1998). Bien qu'il semble y avoir une variability considerable parmi les differents modeles 

cellulaires FK en ce qui a trait a leur reponse a des stimuli inflammatoires (Aldallal et al., 

2002), de plus hautes concentrations de neutrophiles et d'IL-8 ont ete retrouvees dans les 

poumons des patients FK en comparaison a des sujets controles independamment de la 

presence ou de l'absence de pathogenes, ce qui supporte I'idee d'une reponse inflammatoire 

excessive et d'un controle defectueux des mecanismes de I'immunite (Nixon et al., 2002). 

En resume, il semble que lors des premieres infections rencontrees par les patients FK, les 

poumons recrutent tres rapidement un tres grand nombre de neutrophiles et sont la plupart du 

temps capables de contenir la menace bacterienne. Durant quelques annees, les infections 

microbiennes sont souvent eradiquees et les colonisations bacteriennes sont intermittentes. 

Cependant, les poumons FK ont tendance a reagir avec une reponse inflammatoire excessive 

aux stimulations bacteriennes et cette reponse se maintient souvent bien apres que I'infection 

ait ete controlee. Ultimement, les facteurs immunitaires pulmonaires servant a contenir les 

infections bacteriennes submergent les mecanismes de defense et les signaux inflammatoires 

initiateurs persistent. Tot ou tard, la reponse inflammatoire devient excessive, dommageable 

pour le patient et pourrait meme promouvoir les infections. 
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1.3. Microbiologic des voies respiratoires FK 

1.3.1. Microflora et dynamique microbienne des patients FK 

La colonisation des voies respiratoires des patients FK par les bacteries a habituellement lieu 

durant l'enfance et conduira a Petablissement d'infections chroniques qui provoqueront 

eventuellement des deficiences respiratoires et la mort (Harrison, 2007; Lyczak et al., 2002). 

Les especes bacteriennes colonisant les voies respiratoires FK originalement decrites 

comprennent P. aeruginosa, S. aureus, Haemophilus influenzae, les bacteries du complexe des 

Burkholderia cepacia et Stenotrophomonas maltophilia, mais les plus recentes etudes 

demontrent que les poumons FK sont colonises par des communautes polymicrobiennes 

beaucoup plus complexes et constitutes de nombreuses autres especes (Sibley et Surette, 

2011). La prevalence des differentes especes bacteriennes varie en fonction de Page des 

patients d'une telle sorte que H. influenzae et S. aureus sont plus frequents lors de la jeune 

enfance et que P. aeruginosa devient de plus en plus important comme les patients vieillissent 

(Harrison, 2007; Lyczak et al., 2002). 

P. aeruginosa et S. aureus sont encore et toujours des especes bacteriennes a hautes 

prevalences chez les patients FK (Canadian Cystic Fibrosis Foundation, 2009; Cystic Fibrosis 

Foundation, 2009; European Cystic Fibrosis Society, 2009). Parmi les autres microorganismes 

retrouves dans les voies respiratoires FK sont les mycobacteries, des virus pathogenes, des 

champignons (p. ex. Aspergillus fulmigatus) et des levures (p. ex. Candida albicans) 

(Harrison, 2007; Moskowitz et al, 2005). La contribution precise de differentes especes 

microbiennes a la progression de la maladie demeure indeterminee, et cela meme pour les 

microorganismes les moins frequemment isoles. 
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1.3.2. Phenotypes microbiens impliques dans le developpement d'infections persistantes 

et recalcitrantes aux antibiotherapies 

Le probleme toujours grandissant des bacteries resistantes aux antibiotiques en medecine 

humaine et veterinaire n'epargne pas les patients FK. En effet, des bacteries resistantes aux 

antibiotiques sont frequemment isolees d'echantillons cliniques FK (George et ah, 2009; 

Parkins et Elborn, 2010) et la resistance des pathogenes FK aux therapies antibiotiques est 

associee a la morbidite de cette maladie (Chmiel et Davis, 2003; Lyczak et ah, 2002). En plus 

d'etre explicable par l'utilisation d'un arsenal d'antibiotiques de plus en plus desuet (Shah, 

2005; Talbot et ah, 2006; Wenzel et ah, 2005), cette resistance aux traitements antimicrobiens 

semble etre favorisees par 1'infection a long terme des voies respiratoires, permettant non 

seulement aux pathogenes de contourner les reactions immunitaires de I'hote, mais aussi de 

s'adapter aux antibiotherapies (Goerke et Wolz, 2010; Hogardt et Heesemann, 2010). Ainsi, 

plusieurs mecanismes diminuant la susceptibilite des bacteries aux antimicrobiens sont actives 

lors d'infections FK telles l'expression de pompes a efflux et la mutation des molecules 

ciblees par les antibiotiques (Hoiby et ah, 2010), la formation de cellules 

dormantes/persistantes (Mulcahy et ah, 2010) et de variants a petites colonies (Goerke et 

Wolz, 2010; Proctor et ah, 2006; Schneider et ah, 2008) ainsi que la croissance en biofilm 

(Hoiby et ah, 2010; Wagner et Iglewski, 2008), reconnu pour son role lors d'infections 

persistantes (Galli et ah, 2007; Stewart, 2002). Les bacteries poussant en biofilm 

favoriseraient la persistance dans les voies respiratoires FK parce qu'elles semblent protegees 

physiquement du systeme immunitaire et sont jusqu'a 1000 fois plus resistantes aux 

antimicrobiens comparativement a leur contrepartie planctonique (Costerton et ah, 1999; 

Davies et Bilton, 2009; George et ah, 2009). 

Par exemple, des changements adaptatifs substantiels sont observes chez P. aeruginosa lors 

d'infections chroniques des voies respiratoires FK (Foweraker et ah, 2005; Smith et ah, 2006; 
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Sriramulu et al, 2005). Ces changements entrainent les bacteries a se diversifier et a montrer 

des caracteristiques phenotypiques differentes de celles retrouvees chez les isolats 

environnementaux. L'adaptation de P. aeruginosa durant les infections persistantes des voies 

respiratoires FK mene souvent a la resistance aux antibiotiques, a la surproduction d'alginate 

et a des changements profonds du metabolisme. En general, P. aeruginosa adoptera avec le 

temps un comportement moins agressif en reprimant I'expression de plusieurs de facteurs de 

virulence et d'autres produits immunostimulateurs, poussera sous forme de biofilms et 

adaptera son metabolisme a l'environnement microaerobique forme par les plaques de mucus 

(Hogardt et Heesemann, 2010). Aussi, les souches non mucoTdes colonisant initialement les 

patients FK pourront acquerir le phenotype mucoTde qui montre une resistance a plusieurs 

antibiotiques et qui est difficile a eradiquer des voies respiratoires (George et al., 2009). 

D'autres variantes phenotypiques de P. aeruginosa ont ete isolees des poumons FK telles les 

cellules persistantes (Mulcahy et al., 2010) et les souches variantes a petites colonies 

(Haussler et al., 1999; Schneider et al, 2008). II est suggere que l'hypermutabilite des souches 

FK de P. aeruginosa accelere le developpement de resistances aux antibiotiques et 

l'acquisition des adaptations requises a la persistance de cette bacterie chez l'hote (Macia et 

al., 2005). 

1.3.3. Interactions microbiennes entre P. aeruginosa et S. aureus 

L'idee que les microorganismes ont la capacite de sentir des signaux moleculaires au-dela de 

la frontiere des especes et que ce phenomene influence le developpement des communautes 

microbiennes ainsi que la virulence des pathogenes durant l'infection est acceptee (Ryan et 

Dow, 2008). Ces mecanismes de communication interspecifique semblent encore plus 

pertinents a l'etude des biofilms puisque les biofilms peuvent etre consideres comme des 

communautes complexes integrants frequemment plusieurs especes de microbes (Stoodley et 

al., 2002). Les biofilms sont d'une importance majeure dans le contexte de la FK (Davies et 
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Bilton, 2009) et il est de plus en plus evident que les tres nombreuses especes bacteriennes 

colonisant les voies respiratoires FK interagissent (Bakkal et al, 2010; Biswas et al., 2009; 

Chattoraj et al., 2010; Duan et al., 2003; Hoffman et al, 2006; Mashburn et al, 2005; 

McAlester et al., 2008; Qazi et al., 2006; Riedel et al, 2001; Ryan et al., 2008; Sibley et al, 

2008; Sibley et Surette, 2011; Weaver et Kolter, 2004; Yang et al, 2011). 

Une attention particuliere a ete portee a I'interaction entre P. aeruginiosa et S. aureus etant 

donne leur haute prevalence et le fait que ces bacteries sont souvent co-isolees des voies 

respiratoires FK (Harrison, 2007; Hoffman et al, 2006). Par le passe, des interactions 

synergiques ont ete proposees entre ces deux especes et il a ete suggere que S. aureus 

sensibilise les poumons aux infections a P. aeruginosa (Lyczak et al, 2002). Cependant, 

certaines etudes recentes suggerent plutot que des interactions antagonistes existent entre ces 

deux pathogenes (Mashburn et al., 2005; Palmer et al, 2005). 11 est maintenant connu que P. 

aeruginosa interagit avec S. aureus en utilisant plusieurs exoproduits tels que le 4-hydroxy-2-

heptylquinoline-jV-oxide (HQNO) (Hoffman et al., 2006) ainsi que d'autres inhibiteurs de la 

chaine de transport des electrons (Biswas et al., 2009; Voggu et al, 2006), I'endopeptidase 

staphylolytique LasA (Kessler et al, 1993) et certaines de ses homoserines lactones 

(Kaufmann et al, 2005; Qazi et al., 2006). Aussi, bien que peu d'etudes aient adresse 

l'influence de S. aureus sur P. aeruginosa, il est probable que P. aeruginosa soit capable de 

sentir et de reagir a la presence de S. aureus dans son environnement en augmentant la 

production de facteurs de virulence (Korgaonkar et Whiteley, 2011). 
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1.4. Nouvelles approches therapeutiques considerees dans le traitement des infections 

microbiennes FK 

L'humanite a actuellement une capacite limitee a combattre les infections microbiennes a 

cause des pathogenes resistants aux antibiotiques. Le nombre d'infections nosocomiales et 

acquises dans la communaute impliquant des souches resistantes a plus d'une classe 

d'antibiotiques devient un probleme de sante publique inquietant. La raison principale de 

I'emergence de ce probleme de multiresistance aux antibiotiques vient du manque 

d'innovation actuel dans l'elaboration d'antibiotherapies et de l'utilisation d'un arsenal 

d'antibiotiques rendu desuet par la dispersion des resistances bacteriennes de par le monde 

(Shah, 2005; Talbot et al., 2006). L'identification de nouvelles cibles antibiotiques et le 

developpement de nouvelles approches therapeutiques pourraient grandement jouir d'une plus 

grande comprehension de la pathogenese bacterienne autant au niveau d'especes singulieres 

qu'au niveau des communautes polymicrobiennes. Plusieurs nouvelles approches 

therapeutiques prenant en compte la pathogenese et l'adaptation des pathogenes FK sont 

envisagees. Plus specifiquement, plusieurs approches ciblant les biofilms bacteriens sont 

considerees telle l'elaboration de traitements contre certains phenotypes persistants (Batoni et 

al., 2011; Hu et al., 2010; Lewis, 2007; Nguyen et al, 2009a; Ooi et al., 2010) ou alterant la 

virulence (Bjarnsholt et al, 2005; Hentzer et al, 2003; Njoroge et Sperandio, 2009; Rasko et 

Sperandio, 2010; Rasmussen et al, 2005; Song et al, 2010; Wu et al., 2011) ainsi que 

l'utilisation de combinaisons de composes synergiques afin d'augmenter 1'efficacite de 

therapies antimicrobiennes existantes (Baltch et al., 2008; Dales et al, 2009; George et al., 

2009; Hoiby, 2011; Nguyen et al., 2009b). Comme souiigne dans la litterature (Mohtar et al., 

2009), de nombreuses nouvelles molecules possedant des activites antimicrobiennes attendent 

potentiellement d'etre decouvertes dans le monde vegetal. De plus, plusieurs produits de 

plantes attenuent la virulence de certains pathogenes humains et pourraient done etre utilises 

afin de moduler la virulence et I'habilete de la bacterie a s'adapter a l'hote. D'autres produits 

de plantes augmentent l'activite de certains antibiotiques en inhibant des pompes a efflux 
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bacteriennes ou en destabilisant les membranes (voir Annexe 2, Resume 5). II est done 

possible que certaines molecules en provenance du monde vegetal puissent servir 

d'echafaudage structural au developpement de nouveaux composes utilisables dans le 

traitement des infections pulmonaires FK. 

Les saponines sont produites de fa<;on constitutive et jouent un role important dans la reponse 

des plantes contre les insectes et microbes pathogenes. Ces molecules glycosylees peuvent etre 

divisees en trois grands groupes selon la structure de leur portion aglycone: les triterpenoides, 

les steroides et les glycoalkaloides stero'i'dales (Osbourn, 1996). La principale saponine 

retrouvee chez la tomate est l'a-tomatine et presente une activite antimicrobienne contre les 

levures et une variete de microbes (Bednarek et Osbourn, 2009; Friedman, 2002; Osbourn, 

1996; Sandrock et Vanetten, 1998). Cependant, plusieurs champignons resistent a I'activite de 

cette molecule en produisant les tomatinases, des enzymes capables d'inactiver la tomatine 

(Martin-Hernandez et al., 2000; Roddick, 1974; Ruiz-Rubio et al., 2001). II a en effet ete 

demontre que ces enzymes constituent un determinant de la virulence de certains champignons 

phytopathogenes lors de I'infection de plantes produisant la tomatine (Bouarab et al., 2002; 

Maor et Shirasu, 2005; Martin-Hernandez et al., 2000). Par exemple, Fusarium oxysporum f. 

sp. lycopersici scinde l'a-tomatine en portions aglycone (tomatidine) et lycotetraose, 

lesquelles montrent une activite antifungique nulle ou considerablement diminuee contre ce 

pathogene (Ruiz-Rubio et al., 2001; Simons et al., 2006). Le spectre d'activite 

antimicrobienne des saponines et de leurs derives est peu caracterise et il demeure possible 

que ces molecules puissent un jour etre utilisees pour combattre les infections chez I'humain. 
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2. Pathogenese de S. aureus infectant les patients FK 

2.1. Importance des infections pulmonaires a S. aureus chez les patients FK 

S. aureus est un pathogene humain Gram-positif opportuniste associe a un taux de mortalite 

considerable dans les hopitaux (Talbot et al, 2006). Cette bacterie cause un impressionnant 

spectre de maladies, est capable d'infecter plusieurs hotes et organes et a la capacite 

d'engendrer a la fois des infections fatales et chroniques (Archer, 1998; Goerke et Wolz, 

2010). Approximativement 30% des humains transported S. aureus d'une fa?on persistante et 

asymptomatique dans leur nasopharynx ou d'autres sites corporels. L'hypothese est qu'un 

processus de convolution ait mene a un etat de tolerance mutuelle, mais que, lors du 

debalancement de l'interaction hote-pathogene, des infections invasives peuvent avoir lieu. 

Alors qu'il est possible que certaines souches soient predisposees a coloniser et/ou infecter 

l'humain, il semble que l'ensemble des souches de S. aureus possede la capacite de devenir 

invasive sous certaines circonstances {p. ex. la presence de traits de susceptibilite chez l'hote) 

(van Belkum et al., 2009). Le traitement des infections a S. aureus est serieusement 

compromis par la resistance de cette bacterie aux antibiotiques qui s'est repandue parmi les 

especes de staphylocoques (Witte et al, 2008). Les S. aureus resistants a la methicilline 

(SARM), bien connus pour causer des problemes dans les hopitaux, presentent maintenant un 

phenotype de multiresistance aux antibiotiques et causent meme des problemes dans la 

communaute (Chambers et Deleo, 2009). 

La contribution de S. aureus a la progression de la maladie chez les patients FK est moins 

evidente que celle de P. aeruginosa. Meme si la presence de cette bacterie dans les voies 

respiratoires inferieures est consideree comme etant representative d'une situation 

pathologique, des questions demeurent concernant l'impact reel de S. aureus sur 1'etat du 
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patient (Goss et Muhlebach, 2011; Kahl, 2010; Lyczak et al, 2002). Bien que certaines etudes 

supportent I'hypothese que S. aureus contribue a la deterioration de l'etat de sante et a 

l'inflammation pulmonaire chez le patient FK (Albus et al., 1988; Armstrong et al, 1997; 

Armstrong et al, 2005; Hudson et al., 1993; Ranganathan et al., 2011; Sagel et al, 2009), il 

est toujours possible que le traitement des infections a S. aureus puisse conduire a une 

acquisition precoce de P. aeruginosa ou meme que les infections a S. aureus aient un effet 

benefique sur la fonction pulmonaire des patients (Lyczak et al., 2002; Mayer-Hamblett et al., 

2007). Cependant, les plus recentes etudes indiquent que la prevalence de P. aeruginosa est 

actuellement en diminution tandis que celle de S. aureus augmente aux Etats-Unis, et cela 

autant pour les souches susceptibles que pour les souches resistantes a la methicilline (Razvi et 

al, 2009). De plus, la persistance de souches SARM dans les voies respiratoires des patients 

FK a ete associee avec une diminution de la survie et avec une deterioration plus rapide des 

voies respiratoires (Dasenbrook et al., 2010; Dasenbrook et al., 2008). La raison(s) pour 

laquelle les SARM ont un plus grand impact sur l'etat de sante du patient reste encore 

inconnue, mais il est possible que la multiresistance aux antibiotiques et la virulence alteree de 

ces souches soient des facteurs impliques (Molina et al., 2008; Pozzi et al, 2012). 

Independamment de sa prevalence relative a celle d'autres pathogenes, il a ete demontre que S. 

aureus persiste souvent dans les voies respiratoires des patients FK pour plusieurs mois ou 

annees et est la cause d'infections recalcitrantes aux traitements antibiotiques (Goerke et 

Wolz, 2010; Kahl, 2010). 
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2.2. Contrdle de ('expression des facteurs de virulence chez le S. aureus prototypique 

2.2.1. Role et fonction des facteurs de virulence dans la pathogenese des infections a S. 

aureus 

Les facteurs de virulence font partie de systemes bacteriens adaptatifs ou accessoires 

impliques dans la pathogenese et dans la survie de la bacterie a l'environnement hostile que 

represente l'hote. Les facteurs de virulence peuvent soit etre presentes a la surface de la 

bacterie ou relaches dans le milieu environnant et permettent aux pathogenes d'eviter le 

systeme immunitaire, d'adherer aux cellules et a la matrice extracellulaire de l'hote, de se 

repandre dans I'organisme ainsi que de degrader cellules et tissus afin de se nourrir et de se 

proteger. La presence de plusieurs genes encodant des facteurs de virulence dans le genome de 

S. aureus explique potentiellement l'habilete qu'a cette bacterie a causer un large spectre de 

maladies (Archer, 1998; Novick, 2003). 

2.2.2. Programme temporel et strategies de regulation de I'expression des facteurs de 

virulence 

L'expression des genes impliques dans la pathogenese est etroitement controlee par des 

reseaux complexes de regulation qui permettent aux bacteries de produire les facteurs de 

virulence en fonction de la densite de leur population (c.-a-dle quorum-sensing) et de leur 

environnement. Les reseaux de regulation de la virulence de S. aureus comprennent plusieurs 

systemes de transduction a deux composants tels que le systeme agr de quorum-sensing ainsi 

que plusieurs facteurs de transcription tels que SarA et le facteur sigma alternatif sigma B 

(Bronner et ah, 2004; Novick, 2003). Vraisemblablement, l'activite d'un ensemble specifique 
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de regulateurs de la virulence permet l'expression des facteurs requis a des etapes precises de 

l'infection ou pour differents types d'infections. 

In vitro, la production des exoproteines suit un programme temporel specifique chez les 

souches prototypes ou la production d'adhesines et de proteines attachees a la surface 

bacterienne precede celle des hemolysines, des proteases et d'autres enzymes de degradation 

(Dunman et al., 2001; Novick, 2003). Tel qu'illustre a la Figure 1, cette transition dans le 

patron d'expression des facteurs de virulence correle avec Paugmentation de la densite de la 

population bacterienne et l'activation du systeme agr, connu pour reprimer l'expression de 

plusieurs proteines liees a la surface bacterienne et pour augmenter celle de certaines proteines 

secretees (Dunman et al, 2001; Novick et al., 1993). Cependant, plusieurs signaux 

environnementaux autres que celui decoulant de la densite bacterienne affectent la production 

des facteurs de virulence: le niveau energetique ou de certains metabolites biosynthetiques 

(McNamara et Proctor, 2000; Somerville et ai, 2002), ainsi que le potentiel hydrogene, la 

force ionique et la presence de concentrations sous-inhibitrices d'ethanol et de certains 

antibiotiques (Herbert et al., 2001; Novick, 2003) n'en sont que quelques exemples. De plus, 

la presence de differents genes encodant des superantigenes dans le genome de certaines 

souches est aussi un facteur influen^ant l'expression des facteurs de virulence chez S. aureus 

(Vojtov et al., 2002). 
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Temps 

FIGURE 1. Programme temporel de I'expression des facteurs de virulence. Parallelement a la 

croissance bacterienne d'une souche prototype de S. aureus, le systeme agr s'active et des 

facteurs de virulence intervenant potentiellement dans la destruction des tissus de l'hote et la 

dissemination des infections, plutot que l'adhesion et la colonisation, sont exprimes. Inspire de 

Novick (2003). 

2.2.3. Le systeme agr 

Le systeme agr est un locus de regulation globale controlant reciproquement I'expression de 

certaines proteines associees a la surface et de proteines secretees par un circuit typique 

d'autoactivation (Morfeldt et al, 1988; Novick, 2003; Peng et al, 1988). Bien que des 

systemes d'autoactivation similaires a agr et reposants sur l'utilisation de peptides 

extracellulaires inducteurs existent chez la plupart des bacteries Gram-positif (Kleerebezem et 

1 7  



al., 1997), le systeme agr des staphylococcies est unique, car il utilise un ARM regulateur en 

tant qu'effecteur au lieu de strictement utiliser un facteur proteique (Novick et Geisinger, 

2008). 

Le locus agr est compose de 5 genes et produit deux transcrits divergents, RNAI1 et RNA1II, 

lesquels sont sous le controle de deux promoteurs distincts (P2 et P3). RNA11 encode AgrB, 

AgrD, AgrC et AgrA. AgrC et AgrA sont respectivement une proteine de detection et de 

regulation de la reponse composant un systeme de transduction a deux composants. Le motif 

N-terminal d'AgrD cible le propeptide vers la membrane oil sa region C-terminale interagira 

specifiquement avec AgrB. AgrB catalysera vraisemblablement la coupure de Pextremite C-

terminale et la formation d'un groupement thiolactone. La partie N-terminale du propeptide 

sera coupee par la signal-peptidase SpsB. Le peptide auto-inducteur (ou auto-inducing 

peptide, AIP) resultant consiste en 7 a 9 residus et contient le groupement thiolactone 

necessaire a sa fonctionnalite. La liaison du peptide auto-inducteur a AgrC entraine 

Pautophosphorylation d'AgrC et, ultimement, la phosphorylation d'AgrA. AgrA sous sa 

forme phosphorylee a la capacite de lier et de transactiver les promoteurs P2 et P3. AgrA 

pourrait aussi interagir avec SarA a la region intergenique du locus agr puisqu'il a ete 

demontre que SarA augmente l'activite transcriptionnelle induite par AgrA aux deux 

promoteurs du locus. RNAI11 est un ARN de 514 nucleotides presentant une structure 

secondaire complexe et qui encode le peptide appele 5-hemolysine. La 8-hemolysine n'a 

aucune fonction regulatrice connue, mais semble influencer la formation du biofilm. 

L'expression de RNAI1I a des effets multiples autant au niveau transcriptionnel que 

traductionnel. 11 a par exemple ete montre que RNAII1 controle le recrutement de la 

machinerie traductionnelle sur des ARNm specifiques par un mecanisme de complementarite 

antisens. Cependant, pendant que RNAI11 semble reguler directement la traduction de 

transcrits specifiques, il est probable que son effet sur la transcription soit indirect et implique 

des facteurs proteiques intermediates (Bronner et al., 2004; Novick et Geisinger, 2008). Bien 

qu'il a ete initialement montre que l'expression de RNAIII retablit Pensemble des fonctions 
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agr dans un mutant agr (Novick et al., 1993), il semble que I'expression de certains genes 

(surtout associes a des fonctions metaboliques) soit influencee par le systeme agr d'une fafon 

independante de RNA111 (Queck et al., Mol cell, 2008). Toutefois, le systeme agr semble bel 

et bien reguler les facteurs de virulence par 1'activite de cet ARN regulateur (Novick et 

Geisinger, 2008; Queck et al., 2008). 

Le systeme agr est active lorsque la concentration extraceiluiaire de 1'AIP atteint un certain 

seuil critique, ce qui est directement lie a une densite cellulaire determinee. II y aura alors une 

augmentation exponentielle de la concentration d'AIP et, rapidement, une reponse sera 

produite au niveau de l'ensemble de la population (c.-a-d. qu'il y aura atteinte d'un quorum-

sensing). Cette reponse menera a ^expression de plusieurs exoproteines et a la repression des 

proteines de surface (Bronner et al, 2004; Novick et Geisinger, 2008). Le mecanisme 

d'autoactivation du systeme agr est presente a la Figure 2. 

L'activite du systeme agr semble pouvoir etre un facteur important a la pathogenese de la 

bacterie in vivo puisque des mutants agr sont attenues dans une variete de modeles 

d'infections experimentales animales (Abdelnour et al., 1993; Cheung et al, 1994; Gillaspy et 

al, 1995; Mayville et al, 1999; Wright et al., 2005), mais il est bien de garder a l'esprit que le 

systeme agr semble sous-active lors de certaines infections telles que les infections 

pulmonaires chez les patients FK (Goerke et Wolz, 2004), la colonisation chronique de 

catheters (Rothfork et al, 2003; Yarwood et Schlievert, 2003) et I'infection prolongee de 

tissus mous (Schwan et al, 2003). 
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FIGURE 2. Organisation genetique et mecanisme d'autoactivation du systeme agr. Le 

systeme agr est un systeme de transduction a deux composants active par un mecanisme de 

quorum-sensing. L'accumulation d'un peptide auto-inducteur dans le milieu extracellulaire 

mene a 1'activation du systeme agr et a la modulation du programme d'expression genetique 

et proteique de la bacterie. L'activation du systeme agr conduit a la production de plusieurs 

exoproteines et a la repression de certaines prolines de surface. Modifie de Novick et 

Geisinger (2008). 

2.2.4. Le facteur de transcription sigma alternatif sigma B 

Chez les eubacteries, la reconnaissance des promoteurs par le complexe proteique de la 

polymerase a ARN implique un facteur sigma. En addition au facteur sigma constitutif (ou 

housekeeping), des facteurs sigma altematifs avec des specificites de promoteurs precises 
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seront habitue]lement presents chez la bacterie. La disponibilite de ces facteurs sigma pour lier 

la polymerase a ARN alterera globalement le programme transcriptionnel de la bacterie en 

reponse a des changements de conditions environnementales (Gruber et Gross, 2003). Par 

exemple, la reponse a certains stress est controlee par le facteur de transcription sigma 

alternatif sigma B chez B. subtilis et certaines autres bacteries Gram-positif par un mecanisme 

de transduction de signaux impliquant des interactions proteine-proteine regulees par 

phosphorylation (Price, 2002). Chez S. aureus et d'autres agents pathogenes Gram-positif, 

SigB regule l'expression des facteurs de virulence en plus d'etre implique dans la reponse a 

differents stress (Bischoff et al, 2004; Chan et al., 1998; Gertz et al, 1999; Giachino et al, 

2001; Horsburgh et al, 2002). L'activite SigB de S. aureus est clairement detectable durant la 

phase de croissance exponentielle (Giachino et al., 2001) et soutient l'expression de genes tels 

que fnbA en phase de croissance exponentielle precoce tout en reprimant l'expression d'autres 

genes encodant des exoproteines en phase de croissance exponentielle tardive (Bischoff et al., 

2004). SigB peut aussi etre active par differents stress environnementaux tels le stress 

ionique, le choc alcalin et le choc thermique (Pane-Farre et al., 2006; Pane-Farre et al., 2009) 

et bien que controverse, possiblement la depletion energetique (Pane-Farre et al, 2006; 

Proctor et von Humboldt, 1998; Senn et al, 2005b). 

Toujours chez S. aureus, l'activite de SigB est regulee par un mecanisme post-traductionnel 

impliquant RsbU, RsbV et RsbW (Pane-Farre et al., 2009; Senn et al., 2005b). Le facteur 

antisigma RsbW peut former des complexes proteiques mutuellement exclusifs avec SigB et 

RsbV. RsbV est normalement sous une forme phosphorylee inactive due a l'activite kinase de 

RsbW, ce qui l'empeche de se complexer avec RsbW, laissant ce dernier libre d'interagir et de 

sequestrer SigB. Lorsque sequestre par RsbW, SigB est incapable de se lier a la polymerase a 

ARN afin de former l'holoenzyme. Lors de stress, RsbU est active et dephosphoryle RsbV, 

qui liberera alors SigB de l'emprise de RsbW. Le mecanisme de regulation post-traductionnel 

de SigB ainsi que l'impact de son activation sur le programme transcriptionnel de la bacterie 

sont illustres a la Figure 3. Contrairement a B. subtilis, le mecanisme exact d'activation de 
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RsbU est meconnu chez S. aureus (Pane-Farre et al, 2009). D'autres facteurs pourraient 

influencer l'activation de SigB (Senn et al, 2005b). 

STRESS 

1 

T 
Adhesines 

Exoproteines 

Resistance aux 
stress 

FIGURE 3. Mecanismes de regulation post-traductionnels de SigB. L'activation de SigB et sa 

liaison a la polymerase a ARN entramera, soit directement ou indirectement, une expression 

de plusieurs proteines de surface et de genes impliques dans la reponse aux stress ainsi que la 

repression de certaines exoproteines. Le mode d'activation de RsbU est encore inconnu et il 

est probable que d'autres facteurs influencent l'activation de SigB, comme souligne par le 

point d'interrogation. 
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II a ete demontre que SigB controle positivement et negativement I'expression de 198 et 53 

cadres de lecture ouverts chez S. aureus, respectivement. Des genes impliques dans divers 

processus cellulaires tels que le metabolisme de la paroi bacterienne, des voies metaboliques 

intermediaires, des voies de signalisation ainsi que des facteurs de virulence sont represents 

dans le regulon SigB (Bischoff et al., 2004). La plupart des genes dont I'expression est 

augmentee par SigB sont precedes par une sequence nucleotidique s'apparentant a la sequence 

consensus des promoteurs SigB chez B. subtilis (Bischoff et al, 2004). SigB est aussi connue 

pour influencer I'expression de plusieurs autres regulateurs globaux de la virulence tel que 

SarA (Bischoff et al, 2001; Deora et al., 1997; Manna et al., 1998), SarS (Tegmark et al, 

2000), Rot (Hsieh et al, 2008) et RNAIII (Bischoff et al, 2001; Horsburgh et al, 2002), ce 

qui suggere que SigB influence indirectement I'expression de certains genes. Differentes 

etudes montrent que SigB est implique dans la resistance a differents stress tels que les chocs 

therm iques, les stress oxydatifs, les champs electriques, la pression hydrostatique, les pH 

acides et alcalins, les UV et la presence de certains antibiotiques (Cebrian et al, 2009; Chan et 

al., 1998; Gertz et al, 1999; Giachino et al., 2001; Horsburgh et al., 2002; Inose et al, 2006; 

Rice et al., 2004; Schulthess et al, 2009; Singh et al, 2003; Tamber et al, 2010). De plus, 

SigB module I'expression de differents facteurs de virulence tels que des adhesines (Cheung et 

al, 2009; Entenza et al, 2005), la capsule (Meier et al, 2007; Schulthess et al, 2009), des 

hemolysines (Herbert et al, 2010; Karlsson-Kanth et al, 2006), des genes de pigmentation 

(Herbert et al, 2010; Karlsson-Kanth et al., 2006), des superantigenes (Kusch et al, 2011) 

ainsi que des proteases, lipases et nucleases extracellulaires (Herbert et al, 2010; Karlsson-

Kanth et al., 2006; Kiedrowski et al, 2011; Lauderdale et al, 2009; Schulthess et al, 2011). 

Bien que SigB influence la formation de biofilm (Herbert et al, 2010; Houston et al, 2011; 

Marti et al, 2010) et l'interaction avec les cellules hotes (Haslinger-Loffler et al, 2005; 

Moisan et al, 2006; Nair et al, 2003), le role de SigB dans la pathogenese de S. aureus 

demeure incertain puisque la virulence de mutants sigB n'est pas alteree dans plusieurs 

modeles d'infection en comparaison a leur contrepartie sauvage (Depke et al, 2012). 
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Toutefois, l'activite de SigB semble importante dans l'etablissement d'infections associees a 

des catheters et dans la formation d'infections d'organes multiples (Lorenz et al, 2008) ainsi 

que dans la persistance de 1'infection dans un modele d'arthrite septique induite (Jonsson et 

al, 2004). SigB a aussi ete associe a une augmentation de la mortalite dans un modele murin 

de sepsie (Herbert et al, 2010). 

En amont de l'operon rsbUVW-sigB se trouve les genes mazE et mazF qui encodent un 

systeme toxine-antitoxine (TA) (Fu et al, 2007; Mittenhuber, 1999). Les systemes TA 

consistent habituellement en une antitoxine labile qui lie et inactive une toxine plus stable, et 

pourraient etre impliques dans la mort bacterienne programmee, l'interruption transitoire du 

metabolisme bacterien, la stabilisation de certaines sections du chromosome, la resistance aux 

phages et l'emergence de cellules persistantes (Aizenman et al, 1996; Gerdes et al., 2005; 

Magnuson, 2007). II a aussi ete demontre que mazE et mazF peuvent etre cotranscrits avec le 

restant de l'operon sigB et que ce transcrit est inductible lors de differents stress tels les chocs 

thermiques, ioniques et l'exposition a des antibiotiques (Fu et al, 2007; Senn et al, 2005b). 

Le promoteur en amont de mazEF (Pmazr) est essentiel a l'atteinte d'une activite SigB 

maximale (Donegan et Cheung, 2009). A la difference des systemes TA typiques, MazEF 

n'est pas controle par autorepression, mais l'activite de PmaZH est reprimee par SigB et activee 

par SarA (Donegan et Cheung, 2009). ClpPC est l'unite fonctionnelle degradant I'antitoxine 

MazE, assurant que MazF est active lorsque la production de MazE est interrompue (Donegan 

et al, 2010). MazF est une endoribonuclease sequence-specifique coupant des ARNm, 

inhibant la synthese proteique et menant a un arret de croissance rapide (Fu et al, 2007; Fu et 

al, 2009). 11 a aussi ete demontre que MazF inactive selectivement certains ARNm, evitant 

certains autres transcrits, sous certaines conditions (Fu et al, 2009). Une etude suggere que 

MazEF pourrait meme jouer un role dans la regulation de l'expression des facteurs de 

virulence et, consequemment, dans la pathogenese de S. aureus (Zhu et al, 2009). 
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2.2.5. Autres systemes de transduction a deux composants et facteurs de transcription 

contrdlant ('expression des facteurs de virulence 

Mis a part le systeme agr et le facteur SigB, le genome de S. aureus contient potentiellement 

de nombreux autres systemes participant a la regulation des facteurs de virulence (Novick, 

2003). Plusieurs systemes de transduction a deux composants dont les systemes sae (Giraudo 

et al., 1999; Giraudo et al., 1994), srr (Throup et al, 2001; Yarwood et al., 2001) et arl 

(Fournier et Hooper, 2000) interviennent dans la regulation de l'expression des facteurs de 

virulence en reponse a des stimuli environnementaux. Le facteur de transcription SarA et ses 

homologues {p. ex. SarS, SarT et Rot) affectent aussi une grande variete de genes dont des 

facteurs de virulence (Cheung et al., 2001; Cheung et Zhang, 2002; Dunman et al, 2001; 

Manna et Cheung, 2001; McNamara et al, 2000; Schmidt et al., 2001; Tegmark et al., 2000). 

Les etudes etablissant globalement la contribution des differents regulateurs de la virulence a 

la pathogenese de S. aureus lors d'infections pulmonaires FK sont rares. Cependant, il a ete 

suggere que sae est une regulateur cle de l'expression des facteurs de virulence de S. aureus 

lors d'infections pulmonaires chez les patients FK (Goerke et Wolz, 2010). II a recemment ete 

montre que l'expression de petits ARN regulateurs peut etre liee a differents types de modes 

de vie (croissance in vitro, colonisation nasale, formation d'abces et infections pulmonaires 

FK) chez des echantillons cliniques de S. aureus (Song et al., 2012), supportant l'hypothese 

que des reseaux de regulation genetique pourraient etre actives d'une fa<?on differentielle lors 

d'infections pulmonaires chez les patients FK. 
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2.3. Mecanismes et facteurs de virulence potentiellement impliques dans ies infections 

chroniques causees par S. aureus 

2.3.1. Adhesion tissulaire et formation de biofllm 

Les biofilms sont des communautes microbiennes sessiles caracterises par des cellules 

attachees a un substrat et entre elles et qui sont enchassees dans une matrice de substances 

polymeriques extracellulaires (Donlan et Costerton, 2002). Bien qu'un biofllm puisse etre 

genere a partir d'une seule bacterie, les differentes conditions presentes a travers la 

communaute d'un biofllm semblent entrainer le developpement de sous-populations distinctes. 

Ainsi, jusqu'a 4 etats metaboliques differents peuvent etre identifies a I'interieur d'un biofllm 

genere in vitro a partir de staphylocoques (Rani et al, 2007). Bien que la formation de biofllm 

ne soit pas un prerequis aux infections persistantes (Kristian et al., 2004), les biofilms ont la 

reputation d'etre difficiles a eradiquer. Les biofilms semblent en effet conferer plusieurs 

avantages aux bacteries en comparaison au mode de croissance planctonique. La matrice 

extracellulaire des biofilms a la capacite de sequestrer et de concentrer certains nutriments en 

provenance de l'environnement (Beveridge et al., 1997). Le biofllm permettrait aussi aux 

bacteries d'eviter certains mecanismes de defense de l'hote ainsi que Taction des antibiotiques 

(De Beer et al, 1994; Lewis, 2010; Singh et al, 2010b; Xu et al, 2000). Aussi, les biofilms 

ont la capacite d'amorcer des processus de dispersion par ('utilisation de reponses 

genetiquement programmees (Boles et Horswill, 2008; Boyd et Chakrabarty, 1994). 

Le developpement d'un biofilm est un processus comportant deux etapes physiologiquement 

bien distinctes : l'adhesion initiale a un substrat et la maturation subsequente vers une 

structure a l'architecture complexe. Dans l'hote, l'adhesion des bacteries a la matrice 

extracellulaire represente done la premiere etape de la formation d'un biofllm. Cet adhesion 
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initiale implique vraisemblablement les douzaines de proteines de S. aureus qui lient des 

composantes de la matrice extracellulaire de I'hote et sont regroupees sous le terme 

MSCRAMM pour microbial surface components recognizing adhesive matrix molecules (Patti 

et Hook, 1994). Tandis que differentes composantes de I'hote (tel que la fibronectine, le 

collagene, le fibrinogene et bien d'autres) sont liees par les MSCRAMM, de la redondance 

fonctionnelle est aussi observee puisqu'une meme composante de I'hote peut etre liee par 

plusieurs MSCRAMM distinctes (Hauck et Ohlsen, 2006). La phase de maturation du biofilm 

est quant a elle caracterisee par l'agregation intercellulaire et par l'utilisation de forces 

structurantes qui meneront a 1'apparence tridimensionnelle typique des biofilms matures, c.-a-

d. des tours en forme de champignons entourees de canaux remplis de fluides. Les differents 

processus permettant le detachement du biofilm pourront alors etre actives et assures la 

dissemination du pathogene vers d'autres sites de Porganisme hote (Otto, 2008). 

Plusieurs mecanismes de formation de biofilm semblent exister chez S. aureus (Archer et al., 

2011). Le biofilm dependant de PIA (polysaccharide intercellular antigen) est produit in vitro 

a partir de I'UDP-yV-acety[glucosamine par Taction des produits du locus ica (intercellular 

adhesion) (Cramton et al., 1999). Le locus ica a ete demontre comme etant important a la 

formation du biofilm et a la virulence, et est exprime sous des conditions particulieres comme 

les environnements anaerobiques (Cramton et al, 2001; Fitzpatrick et al., 2005). Cependant, 

la formation de biofilm peut aussi avoir lieu d'une fa9on independante du locus ica 

(Fitzpatrick et al., 2005; O'Neill et al, 2007; Pozzi et al, 2012; Toledo-Arana et al, 2005). 

Plusieurs etudes suggerent qu'une adhesion intercellulaire impliquant des facteurs proteiques 

peut remplacer PIA lors de la formation d'un biofilm. Ainsi, des resultats ont montre que la 

proteine A est essentielle a la formation d'un biofilm chez un mutant ica (Merino et al, 2009). 

Les FnBPs (fibronectin-binding proteins) semblent aussi promouvoir la formation de biofilm 

par un mecanisme influence par SigB et impliquant l'autolysine Atl (Houston et al, 2011). 

Chez d'autres souches, la proteine Bap {biofilm-associatedprotein) et ses homologues peuvent 

conferer a la bacterie la capacite de s'agreger et de former du biofilm d'une fa?on 

27 



independante de PIA (Lasa et Penades, 2006). L'ADN extracellulaire semble un autre aspect 

important des biofilms et S. aureus utilise un certains nombre de mecanismes afin d'ajouter de 

l'ADN a la matrice de ses biofilms tels que le controle de l'activite de differentes hydrolases 

extracellulaires, l'induction de la mort cellulaire programmee et la lyse cellulaire (Brady et al., 

2006; Mann et al, 2009; Resch et al, 2005; Rice et al, 2007). 

Les regulateurs globaux influencent le developpement du biofilm a plusieurs etapes. Le 

systeme agr influence la formation du biofilm en reprimant les facteurs d'adhesion associes a 

la surface bacterienne (Chan et al, 2004) et promeut 1'initiation des mecanismes de dispersion 

en influenfant l'expression de proteases, de nucleases et de peptides aux activites detergentes 

(Beenken et al., 2010; Boles et Horswill, 2008; Kong et al., 2006; Lauderdale et al., 2009). 

SigB controle aussi la formation du biofilm de differentes fafons. L'expression de plusieurs 

facteurs impliques dans les phases precoces du developpement du biofilm tels que des facteurs 

d'agglutination, FnBPA et la coagulase est augmentee par l'activite SigB (Nair et al., 2003; 

Nicholas et al, 1999) tandis que celle de plusieurs facteurs associes a la dispersion des 

biofilms est reprimee (Kullik et Giachino, 1997). Des souches mutantes pour sigB ne peuvent 

pas former de biofilm et expriment activement RNAIII (Cassat et al., 2006; Rachid et al, 

2000), et I'inactivation d'agr ou l'utilisation d'inhibiteurs de proteases permet a un mutant 

sigB de produire du biofilm (Cassat et al., 2006; Lauderdale et al., 2009). Cependant, il a aussi 

ete suggere que SigB pourrait reguler la formation de biofilm dependant de PIA (Archer et al., 

2011; Jefferson et al., 2003; O'Gara, 2007) et le role de SigB dans le developpement du 

biofilm pourrait varier entre les souches (Valle et al., 2003). Certaines etudes attribuent 

beaucoup d'importance au facteur de transcription SarA qui est exprime dans les biofilms et 

influence leur formation en prevenant la degradation de l'ADN et des proteines 

extracellulaires (Beenken et al., 2003; Valle et al., 2003). Le role potentiel de SigB et du 

systeme agr dans la regulation des differentes etapes du developpement du biofilm de S. 

aureus est illustre a la Figure 4. 
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FIGURE 4. Role de SigB et du systeme agr dans la regulation de la formation du biofilm. 

SigB et le systeme agr interviennent dans les differentes Stapes du developpement du biofilm 

en regulant l'expression des proteines de surfaces, la production de certaines composantes de 

la matrice ainsi que celle d'agents de dispersion. Inspire d'Archer et al. (2011) et d'Otto 

(2008). 

2.3.2. Invasion et persistance dans les cellules de l'hote 

Bien que S. aureus soit maintenant considere comme un pathogene intracellulaire facultatif 

(Garzoni et Kelley, 2009; Sendi et Proctor, 2009; Sinha et Fraunholz, 2010), le role precis de 

la persistance intracellulaire de S. aureus lors d'infections fait encore l'objet de debats et est 

difficile a demontrer sans equivoque experimentalement (Garzoni et Kelley, 2009). 

Cependant, 1'hypothese veut que la persistance intracellulaire de S. aureus soit une strategic 

pour echapper aux phagocytes professionnels et aux antibiotiques se retrouvant dans le milieu 
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extracellulaire. De plus, la niche intracellulaire pourrait servir en tant que reservoir aux 

infections recurrentes ou contribuer a la chronicite de certaines infections (Garzoni et Kelley, 

2009; Lowy, 1998; Sinha et Fraunholz, 2010). 

Bien que 1'adhesion de S. aureus aux structures de I'hote soit un prerequis a la colonisation, 

certaines proteines de la surface bacterienne, tels les FnBPs et la proteine Eap, sont aussi 

impliquees dans I'invasion des cellules de I'hote (Sinha et Herrmann, 2005). Le mecanisme 

d'invasion le mieux caracterise est celui par lequel un pont de fibronectine est forme entre les 

FnBPs et 1'integrine asPi (Sinha et al, 1999). L'internalisation de la bacterie procede alors par 

un mecanisme dependant de l'actine filamenteuse et il a ete demontre que les FnBPs sont non 

seulement importantes pour 1'adhesion, mais aussi pour l'activation du remodelage du 

cytosquelette de la cellule hote via la signalisation couplee aux integrines (Sinha et Herrmann, 

2005). Cependant, des mecanismes independants des FnBPs semblent exister (Kintarak et al, 

2004; Weidenmaier et al., 2005) et certains resultats ont montre que, du moins sous certaines 

conditions, l'internalisation du S. aureus est multifactorielle (Werbick et al, 2007) et possible 

sans FnBPs (Brouillette et al., 2003a). 

Plusieurs etudes rapportent une survie intracellulaire prolongee du S. aureus autant dans des 

lignees de cellules phagocytaires que dans des phagocytes non professionnels (Garzoni et 

Kelley, 2009; Sinha et Fraunholz, 2010) et il a ete montre que S. aureus a la capacite de se 

repliquer dans certains types cellulaires (Kahl et al., 2000; Kubica et al, 2008). Cependant, il 

est aussi possible que certaines lignees cellulaires soient capables de tuer S. aureus (Deitch et 

al., 1995). 11 semble que la destinee des bacteries a 1'interieur de la cellule hote soit influencee 

par l'existence de plusieurs differents compartiments cellulaires accueillants S. aureus et que 

la distribution du S. aureus intracellulaire parmi ces differents compartiments varie selon la 

souche a I'etude (Gresham et al, 2000; Kubica et al, 2008). De plus, il a ete suggere que S. 

aureus a la capacite de s'echapper des compartiments phagolysosomales dans les cellules qui 
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ne sont pas des phagocytes professionnels (Bayies et al, 1998), mais, d'une fa<?on 

contradictoire, il a recemment ete demontre que l'integrite du phagosolysome est 

generalement maintenue suite a I'invasion cellulaire (Lam et al2010). Tel qu'illustre a la 

Figure 5, plusieurs differents scenarios sont envisageables pour le S. aureus intracellulaire : la 

clairance par degradation lysosomale ou par des mecanismes de I'immunite innee (tels les 

peptides antimicrobiens, l'autophagie ou 1'induction de l'apoptose), la persistance dans 

certaines vacuoles intracellulaires, I'evasion du phagolysosome et la persistance a I'interieur 

du cytosol. L'induction de la mort cellulaire ainsi que les mecanismes moleculaires sous-

jacents semblent aussi varier selon la lignee cellulaire et la souche de S. aureus a I'etude 

(Baran et al., 2001; Haslinger-Loffler et al., 2005; Haslinger et al, 2003; Krut et al., 2003; 

Schroder et al, 2006). II a ete suggere que l'acces au cytosol est un prerequis a l'induction de 

la mort de la cellule hote (Haslinger-Loffler et al., 2005; Klein et al., 2006; Sinha et 

Fraunholz, 2010). 

11 a ete demontre que 1'activation du systeme agr precede la sortie de la bacterie du 

phagolysosome (Qazi et al, 2001) et qu'un mutant agr est incapable de sortir de ce 

compartiment (Jarry et al., 2008). Consequemment, des mutants agr ainsi que des mutants 

sigB influencent l'induction de la mort cellulaire (Haslinger-Loffler et al, 2005; Kubica et al, 

2008). Bien que certains resultats suggerent que I'a-hemolysine (Hla) soit le facteur controle 

par le systeme agr qui intervient dans la sortie du phagolysosome (Jarry et al, 2008; Kubica et 

al, 2008), il semble maintenant que cette toxine n'est pas suffisante a elle seule et que la sortie 

du phagolysosome soit un processus multifactoriel (Giese et al., 2009). Une recente etude 

suggere plutot qu'une activite synergique entre la 8-hemolysine (Hid) et la P-hemolysine (Hlb) 

permet la sortie de S. aureus du phagolysosome chez des cellules epitheliales et endotheliales 

(Giese et al, 2011). Des etudes genetiques plus completes examinant les facteurs contribuant a 

la survie intracellulaire du S. aureus ainsi qu'a la reponse de la cellule hote semblent requises. 
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FIGURE 5. Destinees possibles du S. aureus apres son intemalisation par des phagocytes non 

professionnels. Inspire de Sinha et Fraunholz (2010). 
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2.3.3. Modulation de la reponse immunitaire de I'hote 

S. aureus est bien equipe pour contrer les mecanismes de I'immunite innee et acquise de son 

hote. Par diverses strategies, cette bacterie a la capacite d'empecher la migration des 

leucocytes, la fixation du complement, la reconnaissance des opsonines par les neutrophiles, 

1'induction efficace de la reponse a anticorps et de la memoire immunitaire ainsi que de 

survivre a 1'interieur des phagocytes professionnels (Foster, 2005, 2009). De recents travaux 

montrent que la reponse immunitaire des cellules endothelials peut grandement varier et est 

fortement dependante des facteurs de virulence exprimes par les souches invasives de S. 

aureus. Plus specifiquement, il est possible que la repression du systeme agr soit une strategie 

adoptee par S. aureus pour se dissimuler a 1'interieur des cellules de I'hote sans provoquer une 

reponse immunitaire (Grundmeier et ah, 2010). Ceci pourrait permettre a la bacterie 

d'echapper au systeme immunitaire et de causer des infections chroniques. Cependant, il a 

aussi ete demontre que S. aureus est capable de survivre dans les macrophages pendant 

plusieurs jours et que cette survie requiert un systeme agr fonctionnel (Kubica et ai, 2008). 

Les macrophages pourraient alors servir de vehicules a la bacterie et ainsi promouvoir la 

dissemination des infections. 

2.4. Bases tnoleculaires et contrdle de la virulence chez les SCVs de S. aureus 

2.4.1. Manifestations cliniques et infections associees aux SCVs 

Les variants a petites colonies ou SCVs (small-colony variants) sont des sous-populations de 

bacteries a la croissance lente presentant des caracteristiques phenotypiques bien distinctes de 

celles des souches prototypiques (voir Figure 6). Les SCVs se presentent sous la forme de 
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colonies a la morphologie atypique, produisent peu de pigmentation, d'hemolyse et de 

coagulases, sont moins susceptibles a certains antimicrobiens et ont des proprietes 

biochimiques inhabituelles. Des SCVs ont ete decrits chez plusieurs differentes especes 

bacteriennes et isoles de plusieurs maladies. lis re9oivent une attention particuliere par la 

communaute scientifique, car il est possible qu'ils soient la cause d'infections persistantes et 

difficiles a traiter (Proctor et al., 2006; Sendi et Proctor, 2009). 

A B Croissance Hemolyse Infection cellulaire Biofilm 

S. aureus 
Dissemination 

& 
infections aigues 

C 3 
« cr 
S *5. 
00 £ c O 
C3 vS 

<-> a.4-

SCVs 
Colonisation 

& 
infections persistantes 

FIGURE 6. Comparaison de certaines caract^ristiques phenotypiques entre les souches 

normales et SCVs. Tel que montre en A, S. aureus a l'habilete de pouvoir transiter entre le 

phenotype normal et SCV. Par comparaison avec les bacteries au phdnotype normal, les SCVs 

ont un taux de croissance reduit, sont moins hemolytiques et ont une capacite accrue a infecter 

les cellules non phagocytaires et a former un biofilm (B). Les micrographies d'infection de 

cellules montrent I'actine de la cellule hote en vert et les bacteries en rouge. La barre d'echelle 

represente 50 urn. Le biofilm a £te revele par une coloration au cristal violet. Modifie de 

Mitchell et Malouin (voir Annexe 1). 
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L'association entre les SCVs et les infections persistantes a plus particulierement ete observee 

pour S. aureus dans des cas d'osteomyelites (von Eiff et al, 1997a; von Eiff et al., 2006b), de 

colonisation d'implants medicaux (Proctor et al, 2006; Sanderson, 1999; Seifert et al, 2003), 

d'arthrites septiques (Spearman et al, 1996), d'infections pulmonaires chez les patients FK 

(Kahl et al., 1998; Kahl et al., 2003b) et de mammites bovines (Atalla et al, 2008; 

Sompolinsky et al, 1974). Du moins chez S. aureus, les SCVs ne sont pas rares, mais sont 

difficiles a recuperer des echantilions cliniques a cause de leurs exigences de croissance 

fastidieuses (Kipp et al., 2005). Une incidence entre 1% et plus de 30% a ete rapportee selon 

les etudes (Acar et al, 1978; Kahl et al, 2003b; von Eiff et al, 1997a). Les SCVs sont 

particulierement frequents chez les patients FK, non seulement chez S. aureus (Kahl et al, 

2003b), mais aussi chez P. aeruginosa (Haussler et al., 1999) et B. cepacia (Haussler et al, 

2003), et pourraient representer une adaptation optimisee a la survie dans le milieu hostile que 

represente les voies respiratoires FK. 

2.4.2. Facteurs favorisant I'emergence du phenotype SCV 

Les souches SCVs provenant des echantilions cliniques ont souvent un phenotype instable et 

reprennent rapidement un taux de croissance normal, ce qui rend ces souches difficilement 

utilisables afin d'effectuer des experiences en laboratoire. Consequemment, plusieurs de nos 

connaissances actuelles sur les SCVs ont ete obtenues a I'aide de mutants stables de la chaine 

de transport des electrons (Brouillette et al, 2004; von Eiff et al, 1997b; von Eiff et al, 

2006a) et peu de donnees concernant la dynamique de formation des SCVs sont actuellement 

disponibles. II semble que I'emergence de SCVs soit stimulee ou du moins favorisee par une 

exposition aux aminoglycosides (Hoffman et al, 2006; Massey et al, 2001; Schaaff et al., 

2003; von Eiff et al., 1997a), une exposition a certains exoproduits de P. aeruginosa (Biswas 

et al, 2009; Hoffman et al., 2006), les peptides cationiques (Sadowska et al., 2002), Ie milieu 

intracellular de I'hote (Tuchscherr et al, 2011; Vesga et al, 1996) et les infections 
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prolongees (Tuchscherr et al., 2011). Plusieurs questions demeurent ouvertes concernant les 

signaux et mecanismes impliques dans l'emergence de SCVs. Le(s) mecanisme(s) de 

formation de SCVs pourrait reposer sur des evenements genetiques stochastiques tels que 

l'acquisition de mutations aleatoires, des mecanismes genetiques plus complexes tels que ceux 

intervenant dans la variation de phase et des mecanismes de regulation (Abu-Qatouseh et al., 

2010; Massey et al., 2001; Proctor et al, 2006; Schaaff et al., 2003). De plus, les mecanismes 

genetiques et de regulation ne sont pas mutuellement exclusifs. Le role potentiel des 

regulateurs globaux (p. ex. agr, SigB, SarA, etc) dans la formation de SCVs de S. aureus ne 

semble pas avoir ete etudie jusqu'a maintenant. 

2.4.3. Auxotrophies et voies metaboliques associees aux SCVs 

Bien que plusieurs alterations du metabolisme bacterien puissent mener a un ralentissement de 

la croissance, un nombre limite de defectuosites semblent retrouvees chez les SCVs. Ainsi, les 

souches cliniques au phenotype SCV peuvent generalement etre categorisees en deux 

groupes: les SCVs a la chaine de transport des electrons deficiente et les SCVs avec une 

defectuosite dans la biosynthese de la thymidine. Des SCVs avec d'autres types 

d'auxotrophies ou avec des auxotrophies inconnues sont occasionnellement isoles (Proctor et 

al., 2006). Les SCVs dependants de la chaine de transport des electrons sont incapables de 

faire la biosynthese de la menadione ou de l'hemine et, consequemment, leur taux de 

croissance peut etre supplement^ par l'ajout de ces molecules au milieu de croissance. II reste 

cependant difficile de definir precisement la ou les lesion(s) genetique(s) expliquant le 

phenotype SCV des isolats cliniques, mais des mutations dans le gene menB ont ete trouvees 

chez des isolats cliniques et semblaient etre la cause de leur phenotype (Lannergard et al., 

2008). Des mutations generees en laboratoire dans les genes menD, hemB et eta conduisent 

aussi au phenotype SCV (Bates et al., 2003; Clements et al., 1999; von Eiff et al., 2006a). 

Comme illustre a la Figure 7, la defectuosite de la chaine de transport des electrons de ce type 
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de SCVs explique plusieurs de leurs caracteristiques phenotypiques de par les effets attendus 

d'un flux energetique diminue tel qu'un ralentissement de la croissance, une diminution du 

gradient electrochimique transmembranaire requis pour l'entree massive des aminoglycosides 

dans la bacterie et une diminution de certains metabolismes secondaires ou accessoires telle 

que la production de pigments et de toxines (Proctor et al, 2006). 

Le phenotype des SCVs auxotrophes pour la thymidine est presque identique a celui des SCVs 

dependants de la chaine de transport des electrons, mais la raison pour cela n'est pas encore 

connue. Ce type de SCVs emerge a haute frequence lors des traitements a long terme des 

patients FK avec la combinaison trimethoprime-sulfamethoxazole (STX) (Gilligan et al., 

1987; Kahl et al., 1998; Kahl et al, 2003a). Le STX interfere avec la voie de synthese de 

I'acide tetrahydrofolique, un cofacteur de la thymidylate synthase, et interfere avec la synthese 

d'ADN. II a ete demontre qu'une souche clinique SCV auxotrophe pour la thymidine pouvait 

etre complementee par le gene thyA encodant justement la thymidylate synthase (Chatterjee et 

al, 2008) et il est specule que les SCVs auxotrophes pour la thymidine contournent les voies 

inhibees par le STX en effectuant l'acquisition de thymidine extracellulaire. L'acquisition de 

thymidine extracellulaire se fait a I'aide de la pompe NupC chez S. aureus et est dependante 

du gradient electrochimique (Saxild et al., 1996; Smith et al., 2005), soulignant un premier 

lien entre la chaine de transport des electrons et les SCVs auxotrophes pour la thymidine, qui 

requiert de la menaquinone au cours de sa biosynthese (Proctor et al., 2006). Bien que le 

phenotype de cette classe de SCVs soit directement lie a la quantite de thymidine se trouvant 

sans l'environnement, il est specule qu'une deuxieme mutation dans nupC se retrouve dans 

Ieur genome et ralentit ('acquisition de thymidine extracellulaire (Proctor et al., 2006). 
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FIGURE 7. Association entre la chaine de transport des electrons et le phenotype SCV. 

Le point d'interrogation souligne que les detecteurs metaboliques et les regulateurs liant le 

niveau £nergetique de la bacterie et la production de toxines sont encore inconnus chez S. 

aureus. Inspire de Proctor et al. (2006). 
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2.4.4. Controle de 1'expression des facteurs de virulence chez les SCVs 

La production des facteurs de virulence est alteree chez les SCVs par rapport a celle des 

souches a croissance rapide. Concordant tres bien avec leur faible activite hemolytique, il a ete 

demontre que les SCVs produisent de tres faibles quantites de Hla (Kohler et al, 2003; von 

Eiff et al, 1997b). II semble toutefois que 1'expression d'adhesines tels ClfA et les FnBPs soit 

augmentee chez ces variants, ce qui est corrobore par leur plus grande capacite a lier certaines 

molecules de la matrice extracellulaire de l'hote (Vaudaux et al, 2002). Ce patron particulier 

d'expression des facteurs de virulence semble explicable par une activite anormale de certains 

regulateurs globaux (Kahl et al, 2005) ou l'activite SigB est constitutive et celle du systeme 

agr est faible (Moisan et al., 2006; Senn et al, 2005a). Bien que 1'expression de sarA est 

accrue chez les SCVs (Moisan et al, 2006), ce gene n'est probablement pas un des facteurs 

dominants controlant la virulence des SCVs etant donne que sa transcription est sous 

l'influence de SigB (Bischoff et al, 2004; Deora et al, 1997). Pour l'instant, il est difficile 

d'exclure I'idee que d'autres facteurs interviennent dans la regulation de 1'expression des 

facteurs de virulence chez les SCVs. Ainsi, une recente etude montre que de petits ARN non-

codants pourraient participer au phenotype SCV (Abu-Qatouseh et al, 2010). II fut toutefois 

suggere que l'activation alteree de SigB et d'agr des SCVs explique le profil d'expression de 

plusieurs genes encodant des proteines de surface et des exoproteines (Moisan et al, 2006). 

Cependant, 1'impact de l'inactivation genetique de sigB sur 1'expression des facteurs de 

virulence n'a pas encore ete evalue dans une souche SCV. 

2.4.5. Pathogenese des infections aux SCVs 

La caracteristique des SCVs la plus souvent evoquee afin d'expliquer l'importance de ces 

variants lors d'infections persistantes est leur habilete a entrer et a persister a l'interieur des 
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phagocytes non professionnels (p. ex. les cellules epitheliales et les cellules endotheliales) 

(Sendi et Proctor, 2009). A cause de I'expression accrue d'adhesines (p. ex. ClfA et FnBPs) 

(Vaudaux et al, 2002), les SCVs s'attachent efficacement aux cellules de I'hote et activent 

probablement a un niveau superieur la signalisation cellulaire subsequente a l'engagement des 

integrines menant a la reorganisation du cytosquelette et a 1'internalisation des bacteries 

(Clements et al., 1999; Haslinger-Loffler et al., 2005; Vaudaux et al., 2002; Wang et al., 

2006). Une fois internalises, il est suggere que les SCVs facilitent leur survie intracellulaire en 

evitant d'endommager la cellule hote, ce qui est possiblement attribuable au faible niveau 

d'activation du systeme agr (Moisan et al., 2006). Le role du systeme agr et de celui d'autres 

regulateurs de la virulence lors de l'interaction des SCVs avec la cellule hote demeure 

toutefois a definir. 

Les SCVs pourraient etre particulierement bien equipes pour resister aux mecanismes de 

defense intracellulaire de la cellule hote. L'activite SigB des SCVs mene a I'expression de 

genes impliques dans la reponse bacterienne aux stress (Moisan et al., 2006) et permet de 

resister a plusieurs stress environnementaux (Chan et ai, 1998; Gertz et al., 1999; Horsburgh 

et al., 2002). De plus, il a ete montre que leur paroi cellulaire est particulierement epaisse 

(Bulger et Bulger, 1967) et une souche SCVs de S. epidermidis surproduisait le polysaccharide 

PI A (Al Laham et al., 2007), reconnue pour contribuer a la resistance a l'activite bactericide 

rencontree a l'interieur des neutrophiles (Ulrich et al., 2007). Le potentiel de membrane altere 

des SCVs (Baumert et al, 2002; Koo et al., 1996) leur confere possiblement une resistance 

accrue aux peptides antimicrobiens cationiques (Peschel, 2002) qui sont produits par les 

macrophages, les neutrophiles et les cellules epitheliales (Lehrer et Ganz, 1999). Tandis 

qu'une etude suggere que les SCVs sont capables de s'echapper du phagolysosome (Balwit et 

al, 1994), une autre montre que les SCVs resistent mieux que leur contrepartie a la croissance 

normale a l'activite bactericide des phagolysosomes des cellules endotheliales (Schroder et al., 

2006). Finalement, probablement a cause de la faible activite de leur systeme agr (Grundmeier 

et al, 2010), les SCVs semblent capables de persister dans les cellules de I'hote en evitant 
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considerablement l'activation du systeme immunitaire (Tuchscherr et al, 2010; Tuchscherr et 

al, 2011). Cependant, de recents travaux suggerant que FnBPA est implique dans l'induetion 

de NF-KB chez des cellules non phagocytaires viennent brouiller les conclusions (Shinji et al, 

2011). Toutefois, l'hypothese d'une faible stimulation du systeme immunitaire par les SCVs 

est supportee par des cas cliniques ou des infections aux SCVs persistaient d'une fa?on 

asymptomatique pendant plusieurs annees (Kipp et al., 2003; Proctor et al, 1995). 

Les SCVs semblent etre de bons producteurs de biofilm (Al Laham et al., 2007; Haussler, 

2004; Singh et al., 2009, 2010a; von Gotz et al., 2004). Bien que certains resultats suggerent 

que les SCVs des staphylocoques forment du biofilm par un mecanisme dependant de la 

production de PIA (Al Laham et al., 2007; Singh et al, 2010a), le niveau d'expression des 

proteines de surface ainsi que la faible activite du systeme agr semblent plutot suggerer la 

formation d'un biofilm dependant des proteines extracellulaires. L'habilete des SCVs a former 

un biofilm a ete une caracteristique relativement peu etudiee et qui pourrait jouer un tres grand 

role dans la propension de ces souches a causer des infections chroniques. La caracterisation 

des mecanismes moleculaires impliques dans la formation de biofilms des SCVs pourrait done 

reveler de nouvelles cibles therapeutiques. 

Dans les modeles experimentaux d'infections animates, les SCVs ont la capacite de causer des 

infections et peuvent etre reisoles en cultures pures. Dans plusieurs modeles, les SCVs sont 

moins virulents, mais tout de meme capables de persister (Proctor et al, 2006). Dans un 

modele murin d'arthrite septique, une souche SCV causait la maladie a une plus haute 

frequence et avec une plus grande severite qu'une souche normale (Jonsson et al., 2003). II a 

aussi ete observe qu'une souche SCV persistait mieux que sa contrepartie a la croissance 

normale en presence de cephapirine dans un modele de mammite murine (Brouillette et al, 

2004). D'une fa9on semblable, bien qu'une therapie a l'oxacilline dans un modele 

d'endocardite reduisait l'infection de vegetations cardiaques par les SCVs, aucun effet n'etait 
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observe dans le rein et dans la rate pour une souche SCV en comparaison a une souche 

normale (Bates et al, 2003). II a recemment ete montre que le phenotype SCV emerge 

d'infections prolongees et que ce phenotype pourrait constituer une strategic pour echapper au 

systeme immunitaire de l'hote et etablir une infection chronique (Tuchscherr et al., 2011). 

Cependant, l'importance de differents facteurs ou regulateurs de virulence dans la pathogenese 

des SCVs ne semble pas avoir ete etudiee dans les modeles d'infections experimentales. De 

plus, il n'a jamais ete montre que le phenotype SCV confere un avantage lors d'infections 

pulmonaires experimentales. 
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OBJECTIFS ET HYPOTHESES DE DOCTORAT 

Mon objectif general de doctorat a ete d'etudier les fondements moleculaires de la persistance 

de S. aureus lors d'infections pulmonaires chroniques chez les patients FK. 

Deux hypotheses ont ete centrales a mes recherches : 

• Le phenotype SCV confere un avantage a S. aureus lors d'infections chroniques des 

voies respiratoires FK. 

• La virulence des SCVs de S. aureus est controlee ou, du moins, influencee par 

l'activite du facteur de transcription sigma alternatif sigma B. 

Voici mes principaux objectifs specifiques : 

• Caracteriser les mecanismes moleculaires qui influencent la virulence des SCVs (voir 

Chapitres 1, 2, 3, 4, 5 et Annexe 3). 

• Determiner la contribution de certains facteurs environnementaux et genetiques a 

Pemergence de SCVs, la formation de biofilm ou la persistance intracellulaire de S. 

aureus dans un contexte FK. (voir Chapitres 2, 3 et 4). 

• Evaluer la tomatidine dans le contexte du developpement d'antibiotherapies 

alternatives permettant de combattre les infections pulmonaires chroniques a S. aureus 

chez les patients FK (voir Chapitres 6 et 7). 
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CHAPITRE 1 

Staphylococcus aureus SigB activity promotes a strong fibronectin-bacterium interaction 

which may sustain host tissue colonization by small-colony variants isolated from cystic 

fibrosis patients 

1.1. Introduction de 1'article 

L'objectif de cette etude a ete de caracteriser l'interaction entre la fibronectine et des SCVs 

isoles de patients FK ainsi que d'evaluer 1'influence de SigB sur la frequence de cette 

interaction. En collaboration avec 1'etudiant Charles-Antoine Carpin Lamontagne et Gilles 

Grondin, une technique de spectroscopic de force atomique permettant de mesurer 

l'interaction fibronectine-S. aureus a ete developpee dans le laboratoire du Pr Michel 

Grandbois. L'etudiant Rejean Lebel (labo Grandbois) a aussi participe indirectement au projet 

par son expertise en programmation informatique (voir Annexe 2, Resume 6). Le laboratoire 

du Pr Brian G. Talbot a fait la synthese d'un peptide recombinant et Eric Brouillette a 

participe a la generation de mutants. J'ai participe a la mise au point du protocole de 

spectroscopie de force atomique et d'analyse des donnees. J'ai effectue les experiences de 

spectroscopie de force atomique, de PCR quantitative en temps reel et participe a la generation 

d'un mutant. J'ai redige I'ebauche de Particle, effectue la conception des figures et participe a 

la correction du manuscrit jusqu'a sa publication. 

Reference de Particle : 

Mitchell, G., Lamontagne, C.A., Brouillette, E., Grondin, G., Talbot, B.G., Grandbois, M., and 

Malouin, F. (2008). Staphylococcus aureus SigB activity promotes a strong fibronectin-

bacterium interaction which may sustain host tissue colonization by small-colony variants 

isolated from cystic fibrosis patients. Mol. Microbiol. 70, 1540-1555. 
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1.2. Resume en fran^ais de Particle 

Les genes encodant des proteines de surface et regules par SigB sont exprimes de fa9on 

constitutive chez les SCVs de Staphylococcus aureus isoles des patients FK. Notre hypothese 

est que ces SCVs sont verrouilles dans un etat de colonisation en maintenant I'expression 

d'adhesines telles les proteines liant la fibronectine (FnBPs) pendant leur croissance. La 

spectroscopie de force a ete utilisee afin d'etudier l'interaction fibronectine-FnBPs parmi des 

souches dont I'activite SigB differe. L'interaction fibronectine-FnBPs a ete decrite par une 

force de 1000+/-400 pN (vitesse de retraction de 2 (im/s), une barriere energetique d'une 

largeur de 0.6+/-0.1 A et un taux de dissociation de 2 x 10"4 s"1. Un isolat SCV FK exprimait 

fnbA d'une fa9on accrue pendant toutes les phases de croissance et demontrait une capacite 

soutenue a lier la fibronectine tandis qu'une souche prototypique liait la fibronectine a une 

frequence reduite durant la phase stationnaire lorsque I'expression de fnbA etait reprimee. Une 

expression reduite de fiibA etait observee chez les mutants sigB, ce qui etait associe a une 

diminution de 1'adhesion a la fibronectine. Ces resultats suggerent que l'interaction 

fibronectine-FnBPs joue un role dans la formation d'une adhesion mecaniquement resistante 

de S. aureus aux tissus de l'hote et supportent 1'hypothese que les SCVs isoles de la FK sont 

verrouilles dans un etat de colonisation par une activite constitutive de SigB. 
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1.3. L'article scientifique 

Staphylococcus aureus SigB activity promotes a strong fibronectin-bacterium interaction 

which may sustain host tissue colonization by small-colony variants isolated from Cystic 

Fibrosis Patients 
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Running title: SigB Activity and the Fibronectin-S. aureus Interaction. 
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SUMMARY 

Genes encoding cell-surface proteins regulated by SigB are stably expressed in 

Staphylococcus aureus small-colony variants (SCVs) isolated from cystic fibrosis (CF) 

patients. Our hypothesis is that CF-isolated SCVs are locked into a colonization state by 

sustaining the expression of adhesins such as fibronectin-binding proteins (FnBPs) throughout 

growth. Force spectroscopy was used to study the fibronectin-FnBPs interaction among strains 

varying for their SigB activity. The fibronectin-FnBPs interaction was described by a strength 

of 1000 ± 400 pN (pulling rate of 2 jj.m/s), an energetic barrier width of 0.6 ± 0.1 A and an off-

rate below 2 x 10"4 s"1. A CF-isolated SCV highly expressed fnbA throughout growth and 

showed a sustained capacity to bind fibronectin, whereas a prototypic strain showed a reduced 

frequency of fibronectin-binding during the stationary growth phase when its fnbA gene was 

down-regulated. Reduced expression of fnbA was observed in sigB mutants, which was 

associated with an overall decrease adhesion to fibronectin. These results suggest that the 

fibronectin-FnBPs interaction plays a role in the formation of a mechanically resistant 

adhesion of S. aureus to host tissues and supports the hypothesis that CF-isolated SCVs are 

locked into a colonization state as a result of a sustained SigB activity. 
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INTRODUCTION 

Staphylococcus aureus is an opportunistic pathogen causing various nosocomial and 

community-acquired infections, ranging from superficial skin lesions to life-threatening 

diseases (Lowy, 1998). The broad spectrum of diseases caused by S. aureus is related to its 

numerous virulence factors which affect host defenses, allow host colonization, cause 

destruction of tissues and induce sepsis syndromes (Archer, 1998). The expression of these 

virulence factors is under the control of global regulators such as Agr and SigB. It is thought 

that the Agr system controls the transition from the colonization to the invasion phase 

(Novick, 2003), whereas the alternative transcription factor SigB is involved in stress 

responses and positively influences adhesin expression when needed for host colonization 

(Nair et al., 2003;Bischoff et al., 2004; Entenza et al., 2005). 

S. aureus infections are often persistent and a single strain can infect a host for several years. 

In numerous chronic infections, S. aureus isolates were often found to exhibit a dysfunctional 

oxidative metabolism (Proctor et al., 1994). This defect caused an alteration in the expression 

of virulence factors, a slower growth and a loss of colony pigmentation. These S. aureus 

variants were named Small-Colony Variants (SCVs) because of the small-size of the colonies 

when streaked on agar (Looney, 2000). SCVs are frequently isolated from cystic fibrosis (CF) 

patients with chronic infections of the airways (Kahl et al., 1998; Sadowska et al., 2002), as 

well as from other chronic infections such as osteomyelitis (von Eiff et al., 2006), septic 

arthritis (Spearman et al., 1996), bovine mastitis (Sompolinsky et al., 1974; Atalla et al., 

2008) and infections of orthopedic devices (Sanderson, 1999). Various studies showed that 

SCVs possess an increased capacity to adhere, invade and persist in host cells (Kahl et al, 

1998; Kahl et al, 2003; Brouillette et al, 2004; Moisan et al, 2006). In turn, this ability to 

survive within host cells may help the establishment of chronic infections by offering the 
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bacteria a protection from the immune system and the antibiotic action (Alexander and 

Hudson, 2001; Brouillette et al, 2004). 

We have recently demonstrated that the transcription of several virulence factors in S. aureus 

SCVs isolated from CF patients is strongly influenced by SigB. We have also shown that SigB 

activity is associated with an increased capacity of the bacterium to invade and persist within 

cells. Importantly, several genes encoding a variety of known adhesins and cell surface 

proteins were actively expressed in these clinically isolated SCVs (Moisan el al, 2006). This 

agrees with the generally accepted concept that cellular invasion of mammalian cells by S. 

aureus involves the expression of adhesins such as fibronectin-binding proteins or FnBPs 

(Dziewanowska et al., 1999; Vaudaux et al, 2002). 

The FnBPs bind fibronectin, a modular glycoprotein found in the extracellular matrix and on 

the surface of a variety of cells (Pankov & Yamada, 2002). The principal S. aureus FnBPs, 

FnBPA and FnBPB, have similar structures and share many characteristics with fibronectin-

binding adhesins of other staphylococci and streptococci (Joh et al., 1994). The interaction 

between fibronectin and S. aureus FnBPs is highly multivalent and is mediated by several high 

affinity binding sites (Shwarz-Linek et al, 2003; Meenan et al, 2007). It has been suggested 

that the resulting bond might be irreversible under physiological conditions (Proctor et al., 

1982). Reddy and Ross (2001) have shown that FnBPs are involved in the adherence of S. 

aureus to bovine aortic endothelial cells under conditions of flow that mimic the physiological 

shear stress found in blood vessels. Moreover, we have already shown that the presence of 

FnBPs on S. aureus increased the bacteria's capacity to colonize mammary glands under 

suckling pressure in a mouse model of mastitis (Brouillette et al., 2003). Such studies suggest 

that the fibronectin-FnBPs interaction mediates a mechanically resistant adhesion to host 

tissues. 
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Atomic force microscopy (AFM)-based force spectroscopy studies are increasingly being used 

in biology for the characterization of mechanisms involved in single molecular recognition 

pairs (for review see Zlatanova et ah, 2000; Lee et ah, 2007). Microbiologists can use this 

technique to characterize the strength of interactions involved in establishing the contact 

between a bacterium and the host, a process which often takes place under mechanical stresses 

(for review see Dufrene, 2004). Furthermore, Evans & Ritchie (1997) have derived a dynamic 

force spectroscopy approach from Bell's model of cell to cell adhesion (Bell, 1978) that 

allows the study of molecular dissociation pathways under applied forces in order to reveal 

energetic barriers and force-mediated dissociation rates. The dissociation parameters of 

several intermolecular interactions under external forces have since been determined using this 

approach (for review see Lee et ah, 2007). 

The main aim of this study was to evaluate the influence of SigB activity on the fibronectin-

binding ability of S. aureus in prototype and cystic-fibrosis SCV backgrounds. Using AFM-

based force spectroscopy, we have measured the strength, the compliance and have estimated 

the resistance of the fibronectin-FnBPs interaction on living bacteria. We have also examined 

the relation between the level of SigB activity and the fibronectin-binding ability of S. aureus. 

We show that the enhanced influence of SigB in a SCV isolated from a CF patient resulted in 

the up-regulated expression of JnbA throughout growth and thus led to a higher frequency of 

fibronectin-binding. We suggest that the ability of some S. aureus strains or variants to sustain 

elevated SigB activity may allow persistent colonization of host tissues. 
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RESULTS 

•-CM A 
•-Fibronectin 
,S. aureus 

Extension 

Extension 500 nm 

FIGURE 1. AFM-based force spectroscopy of the fibronectin-S1. aureus interaction. (A) The 

experimental setup consists of fibronectin proteins and bacteria covalently linked, 

respectively, to an AFM probe and a glass slide. A carboxymethylamylose (CMA) spacer was 

used to tether the fibronectin to the probe whereas activated citrate was used to immobilize S. 

aureus to the glass slide. During a typical experiment, approach (grey line) and retraction 

(black line) curves showing rupture events were obtained in three steps: the tip was brought 
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into contact with the bacteria (1), the tip was retracted (2) and the interaction between the tip 

and the bacteria was ruptured (3). AF is the force needed to rupture this interaction and ks is 

the apparent spring constant of the system derived from the slope of the rupture peak. (B) 

Typical retraction curves observed with the fibronectin decorated AFM probe and the strain 

Newbould in early exponential growth. The curves 1-3 show the rupture of strong interactions 

whereas the curves 4 and 5 show the rupture of relatively weak and non specific interactions. 

The curve 6 is typical for an approach-retract cycle producing no tip-sample interaction. 

B Immobilized on NHS-aclivated glass slide A Immobilized on poly-L-lysine 

FIGURE SI. Viability of S. aureus following immobilization on NHS-activated glass slides. 

Fluorescence microscopy was used to evaluate the viability of S. aureus Newbould immobilized 
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on the activated glass slide; living bacteria are green and dead bacteria are red. The bacteria were 

grown to the early exponential phase prior to immobilization. A) Bacteria immobilized on poly-L-

lysine Petri dish and B) Bacteria immobilized on NHS-activated glass slide. The scale bar 

corresponds to 10 urn. C) Quantification of the viability of bacteria immobilized on poly-L-lysine 

Petri dish and on NHS-activated glass slide after 0, 6 and 12 h of incubation in PBS at 4"C. 

Quantifications were done by counting between 30 and 300 bacteria in duplicate from two 

independent experiments. Results are expressed as means and standard deviations. Results for the 

tested conditions are not significantly different according to a one-way analysis of variance 

followed by the Tukey's test. 
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FIGURE S2. Effect of the incubation of bacteria for up to 12 h in PBS at 4°C on the 

fibronectin-FnBPs unbinding forces measured. Histograms present unbinding forces of the 

interaction between fibronectin and Newbould in the early exponential growth phase acquired 

between 0 and 6 h (n=805 from 4 independent experiments) (A) or between 6 and 12 h of 
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incubation in PBS at 4°C (n=781 from 5 independent experiments) (B). Numbers beside the 

arrows correspond to the total frequency of rupture events between 0 and 200 pN. Mean 

unbinding forces in (A) and (B) are 1100 ± 400 pN and 1200 ± 500 pN, respectively. Relative 

adhesions are also shown (C). Results have been normalized with the adhesion obtained for 

Newbould incubated between 0 and 6h in PBS at 4°C. Standard deviations are indicated. An 

unpaired /-test revealed no significant differences between the relative adhesions of both 

conditions. 
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FIGURE S3. Localization of bacteria by using the difference in the elasticity of the surfaces 

contacted. Typical approach curves recorded on a glass slide and on bacteria are shown. The first 

curve is representative of the contact between a glass slide and the AFM probe whereas other 

curves are representative of the contact between a bacterium and the AFM probe. The presence of 

bacteria at positions contacted was confirmed according to the surface's elasticity evaluated from 

the retract curves. 
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AFM-based force spectroscopy of the fibronectin-S. aureus interaction. In order to 

evaluate the molecular strength of the fibronectin-,S'. aureus interaction and to explore the 

genetic regulation of the fibronectin-binding process on the surface of living bacteria, we used 

the experimental design depicted in Fig. 1A. This approach is based on a setup consisting of 

fibronectin proteins and bacteria covalently attached, respectively, to an AFM probe and to a 

glass slide. The viability of the bacteria on the glass slide was not altered by the cell 

immobilization technique (Fig. SI). Neither the viability of the bacteria (Fig. SI) nor the 

measured unbinding forces were altered during the experimental procedure (Fig. S2). During a 

typical experiment, the fibronectin-decorated probe is first positioned over the bacterial 

surface using a phase contrast light microscope conjugated to the AFM. The probe is then 

brought into contact with the bacteria and retracted. Forces associated to ruptures of specific 

molecular interactions between fibronectin and S. aureus were measured with a precision of a 

few piconewtons. The elasticity of the surface contacted by the probe was evaluated to 

confirm the presence of a bacterium at all positions studied and for each approach-retract cycle 

(Fig. S3) (for review on the investigation of microbial surface properties using AFM see 

Bolshakova et al., 2004; Ubbink and Shar-Zammaretti, 2005). Typical fibronectin-,S. aureus 

retraction curves are presented in Fig IB. Both strong (curves 1-3) and weak unbinding forces 

(curves 4 and 5) were observed during the retraction of the fibronectin probe from the 

bacterial surface. Weak unbinding forces were considered as non-specific because they were 

observed at a similar frequency with an AFM tip functionalized only with the molecular 

spacer (data not shown). Retraction curves that demonstrated no tip-sample interaction were 

also generated (Fig IB, curve 6). 

The dissociation of fibronectin-5. aureus FnBPs complexes requires strong mechanical 

forces. Recorded forces of the fibronectin dissociation from the prototypic Newbould strain in 

early exponential growth displayed a group of measurements with a mean value of 1100 ± 400 

pN (Fig. 2A) while the force distribution of the dissociation of CMA probes from Newbould 

did not show this grouping (Fig. 2B). This demonstrates that the generation of strong 
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interactions between the probe and bacteria is mediated through the fibronectin and not 

through the molecular spacer used to attach the protein to the probe. Competition experiments 

were carried out using fibronectin proteins added in solution to demonstrate the specific 

involvement of probe-bound fibronectin in the measured interaction with S. aureus. Fig. 2C 

shows that the presence of free fibronectin in the experimental buffer almost completely 

abolished the occurrence of fibronectin-S'. aureus unbinding events. 

FnBPA and FnBPB are considered as the main FnBPs of S. aureus (Greene et al., 1995). To 

study their importance in the ability of the bacterium to bind fibronectin, we also conducted 

competition experiments with the fibronectin-binding region D1D2D3 of these FnBPs. It has 

been shown that the D1D2D3 fragment binds fibronectin and inhibits fibronectin-binding to S. 

aureus (McGavin et al., 1993). The presence of the recombinant protein fragment in the 

experimental media caused a clear decrease in the frequency of high-force interactions (Fig. 

2D). The implication of FnBPA and FnBPB in the interaction of S. aureus with the fibronectin 

decorated probe was further confirmed using strain 8325-4 and its isogenic JhbAB mutant, 

DU5883, in early exponential growth. The differential fibronectin-binding ability of these 

strains has already been characterized by others (Dziewanowska et al., 2000; Reddy and Ross, 

2001; Brouillette et al., 2003). The unbinding forces histogram of the fibronectin dissociation 

from strain 8325-4 still showed a group of rupture forces with a mean value of 900 ± 500 pN 

(Fig. 2E) whereas this group was not observed with the JhbAB mutant DU5883 (Fig. 2F). 

Fig.2G and 2H present relative adhesions of the AFM probe to bacteria derived from these 

various experimental conditions. The statistical significance of our results demonstrates that 

we were indeed measuring the fibronectin-FnBPs interaction. 
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FIGURE 2. The dissociation of fibronectin-S. aureus FnBPs complexes requires strong 

mechanical forces. Histograms present unbinding forces of the interaction between fibronectin 

and Newbould (n=1559 retraction curves from 8 independent experiments) (A), between 

carboxymethylamylose (CMA) and Newbould (n=632 from 4 independent experiments) (B) 
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and between fibronectin and Newbould in the presence of free fibronectin (n=603 from 3 

independent experiments) (C) and free D1D2D3 (n=817 from 4 independent experiments) (D). 

Histograms present unbinding forces of the interaction between fibronectin and the fntf strain 

8325-4 (n=849 from 4 independent experiments) (E) and the fnbAB mutant (DU5883) (n=731 

from 4 independent experiments) (F). Numbers beside the arrows correspond to the total 

frequency of rupture events between 0 and 200 pN. Relative adhesions of the AFM probe to 

Newbould for different experiments are compared (G). Relative adhesions of fibronectin to 

8325-4 and DU5883 are also shown (H). The results have been normalized with the adhesion 

obtained for Newbould or 8325-4. Data were obtained from bacteria in early exponential 

growth. Standard deviations and significant differences compared to relative adhesions of 

Newbould or 8325-4 to fibronectin are indicated (*, P < 0.05; ***, P < 0.001). 

Mechanical characterization of the fibronectin-FnBPs interaction by dynamic force 

spectroscopy. AFM-based force spectroscopy applies an external force on the molecular 

interactions studied. This external force decreases the activation energy needed to reach the 

transition state of dissociation and exponentially increases the rate of dissociation of an 

interaction (Bell, 1978). The resistance and the compliance of a particular molecular 

interaction to a mechanical load can thus be measured by varying the applied force. Since 

there is a correlation between the loading rate of an applied force and the mean unbinding 

force of a particular molecular interaction, it is possible to study the mechanical response of an 

interaction to various external forces by doing experiments at different loading rates (see 

Experimental Procedures) (Evans and Ritchie, 1997; Mitchell et al., 2007). Fig. 3 presents the 

dynamic force spectrum or the mean unbinding force as a function of the logarithm of the 

mean loading rate of the fibronectin-FnBPs interaction obtained with the Newbould strain in 

early exponential growth phase. Variation of loading rates from 7000 ± 3000 pN/s to 300000 ± 

100000 pN/s resulted in an increase of the mean unbinding forces from 1080 ± 50 pN to 1300 

± 100 pN. These data fit (R2= 0.71) with the model established for a molecular interaction 

with one linear regime of mean rupture forces as a function of the logarithm of the mean 

58 



loading rates. However, it is possible that other regimes may appear at loading rates not tested 

here. While it is possible to isolate an energetic barrier width Xb of 0.6 ± 0.1 A from the 

equation describing the fibronectin-FnBPs dynamic force spectrum, it is impossible to obtain a 

precise ^because of the related error. However, this k0ff is obviously below 2 x 10 4 s"1. The 

value Xb describes the deformation that an energetic barrier can sustain (Liphardt et al., 2001) 

whereas the k„)j is inversely linked to its lifetime. 
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FIGURE 3. Dynamic force spectrum of the fibronectin-FnBPs interaction. Mean values of the 

unbinding forces and loading rates are plotted with their standard errors of the mean. The 

correlation between mean unbinding forces and the logarithm of the mean loading rates is 

described by the equation F = (70 ±10) In Lr- (400 ± 200) and a correlation factor of 0.74. 

Data were obtained from the Newbould strain in early exponential growth. 
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FIGURE 4. S. aureus SigB activity promotes a strong fibronectin-bacteria interaction. 

Histograms present unbinding forces of the interaction between fibronectin and Newbould 

(n=932 from 6 independent experiments) (A), NewbouIdA.s/g/i (n=663 from 3 independent 

experiments) (B), CF07 (n= 607 from 3 independent experiments) (C) and CF07As/g2? (n=653 

from 3 independent experiments) (D) in early exponential growth. Numbers beside arrows 

correspond to the total frequency of rupture events between 0 and 200 pN. Relative adhesions 

of Newbould, NewbouldAs/g5, CF07 and CF07As/g5 to fibronectin are shown (E). Results 
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have been normalized with the adhesion obtained for Newbould. Standard deviations and 

significant differences compared to the relative adhesion of Newbould (*, P < 0.05) or CF07 

(A, P < 0.05) to fibronectin are indicated. 
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FIGURE 5. The expression offnbA is influenced by SigB activity in early exponential growth. 

Expression ratios (test strain/Newbould) for the genes asp23 (A), fnbA (B), fnbB (C) and gyrB 

(D) were evaluated by real-time PCR for strains Newbould, NewbouldAs/g#, CF07 and 

CF07As/gi? in the early exponential growth phase. Data are presented as means and standard 

deviations from three independent experiments. Significant differences compared to 

Newbould (*, P < 0.05) and CF07 (A, P < 0.05; AAA, P < 0.001) are indicated. 
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FIGURE 6. The expression of fnbA is locked throughout the growth of CF07. Expression 

ratios (test strain/Newbould in early exponential) for the genes fnbA (A) and fnbB (B) were 

evaluated by real-time PCR over the early exponential, late exponential and stationary phases 

of growth for strain Newbould, NewbouldAs/gS, CF07 and CF07A.s/gZ?. Data are presented as 

means and standard deviations from three independent experiments. Significant differences 

within growth phases in comparison to Newbould (*,P < 0.05; ***, P < 0.001) or CF07 (AA, 

P < 0.01; AAA, P < 0.001) and in comparison to the early exponential growth phase of each 

strains (#, P < 0.05; ##, P < 0.01) are shown. 
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S. aureus SigB activity promotes a strong flbronectin-bacterium interaction. The 

importance of SigB in the ability of S. aureus to bind fibronectin was also evaluated using 

AFM-based force spectroscopy during the early exponential growth phase. Newbould and 

CF07 strains were, respectively, used as a prototype strain and as a clinical SCV with high 

SigB activity (Moisan et al., 2006). Furthermore, sigB knock-outs (AsigB) were generated in 

these backgrounds. We already validated the choice of Newbould as a comparator strain 

(Moisan et al., 2006). Newbould indeed behaves like other prototype strains according to 

growth rate and expression of virulence factors. Fig. 4A represents a second set of experiments 

which characterized the interaction between flbronectin and the Newbould strain. A force 

signature with a mean value of 1100 ± 500 pN was observed, a result highly similar to that 

presented in Fig. 2A. Fig. 4B-D present unbinding forces histograms of flbronectin interacting 

with NewbouIdAs/gZ?, CF07 and CF07AsigB, respectively. CF07 and CF07As/g5 also showed 

force groups with mean values of 1100 ± 500 pN and 1000 ± 500 pN, respectively. CF07 

interacted with the flbronectin at a higher level than Newbould and the interaction frequency 

of both sigB mutants were lower than their parental strains. The amplitude of the fibronectin-

binding differences between these strains was best visualized by plotting their relative 

adhesion (Fig. 4E). Interestingly, the inactivation of sigB in Newbould almost completely 

eliminated flbronectin interactions, whereas CF07As/gi? still significantly binds flbronectin 

suggesting the involvement of additional regulators for the expression of FnBPs. Note that our 

results do not allow us to identify the binding frequency of individual bacteria but instead 

relate to the overall effect of SigB activity on the occurrence of the fibronectin-FnBPs 

interaction in the cell population of a given strain. 

In order to confirm our observations and to further define the relationship between the 

frequency of fibronectin-binding, transcription of fob genes and SigB activity, we conducted 

real-time PCR measurements to evaluate the expression of asp23,fnbA and fobB in the early 

exponential growth phase. The regulation of SigB activity involves multiple protein-protein 

interactions which respond to a variety of stimuli (Price, 2002). Thus, the expression level of 
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sigB is not necessarily representative of bacterial SigB activity. We therefore chose to examine 

the expression level of the asp23 gene, a well-known indicator of SigB activity (Bischoff et 

al., 2004; Moisan et al., 2006). Fig. 5A presents the relative expression ratio of asp23 which 

was indeed significantly reduced in both s/g£-minus strains. Moreover, we were not able to 

directly detect sigB expression in the mutants (data not shown). We also confirmed the 

previously shown elevated expression of asp23 (SigB activity) in CF07 compared to that 

found in the Newbould strain (Moisan et al., 2006). The fnbA gene is also under the influence 

of SigB (Bischoff et al., 2004; Entenza et al, 2005; Senn et al, 2005) and, as expected, 

expression patterns for fnbA were similar to those observed for asp23 (Fig. 5B). However, the 

expression offhbB was not significantly different between strains (Fig. 5C), which suggests 

that SigB activity has a greater impact on fnbA than on fhbB expression during the early 

exponential growth phase. The expression of the housekeeping gene gyrB (Fig. 5D) has also 

been measured for comparison. Interestingly, the expression ratios of asp23 and fnbA correlate 

best with the AFM-based force spectroscopy results. 

The expression of the fnbA gene and the fibronectin-binding ability of the clinical SCV 

strain are sustained throughout growth. The expression patterns offnbA (Fig. 6A) and fhbB 

(Fig. 6B) at different growth phases were obtained by real-time PCR for the prototypic strain 

Newbould, NewbouldAs/gi?, the clinical SCV CF07 and CF07As/g5. FnBPs are usually 

down-regulated after the early exponential growth phase in prototypic strains (Saravia-Otten et 

al, 1997) as indeed observed for Newbould (Fig.6). On the other hand, fnbA was stably 

expressed at relatively high levels in CF07 (Fig. 6A). The inactivation of sigB in the CF07 

background resulted in a down-regulation of the fnbA expression at all time points studied 

(statistically significant for the late exponential and stationary growth phases) which then 

followed a more prototypic pattern of expression. The expression of fnbB was not at higher 

levels in CF07 compared to Newbould for all time points studied and was only significantly 

down-regulated in the stationary phase of growth in CF07As/gi? (in comparison to CF07). This 
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suggests that the sustained activity of sigB increases and locks the expression level offnbA 

throughout the growth of CF07. 
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FIGURE 7. The fibronectin-binding ability of CF07 is sustained up to the stationary growth 

phase. Histograms present unbinding forces of the interaction between fibronectin and 

Newbould (n=1026 from 6 independent experiments) (A), NewbouldAs/gZ? (n=761 from 4 

independent experiments) (B), CF07 (n= 606 from 3 independent experiments) (C) and 
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CFOlAsigB (n=606 from 3 independent experiments) (D) in the stationary growth phase. 

Numbers beside arrows correspond to the total frequency of rupture events between 0 and 200 

pN. Relative adhesions of Newbould, NewbouldAs/gZ?, CF07 and CFOlAsigB to fibronectin in 

the stationary growth phase are shown (E). Results have been normalized with the adhesion 

obtained for Newbould. Standard deviations and significant differences compared to the 

relative adhesion of Newbould (***, P < 0.05) or CF07 (AAA, P < 0.05) to fibronectin are 

indicated. 
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FIGURE S4. Comparison of the fibronectin-binding ability of Newbould and CF03 in the 

stationary growth phase. Histograms present unbinding forces of the interaction between 

fibronectin and Newbould (n=932 from 6 independent experiments) (A) and CF03 (n=653 

from 3 independent experiments) (B) in the stationary growth phase. Numbers beside the 

arrows correspond to the total frequency of rupture events between 0 and 200 pN. Relative 
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adhesions of Newbould and CF03 to fibronectin in the stationary growth phase are shown (C). 

Results have been normalized with the adhesion obtained for Newbould. Standard deviations 

and significant differences compared to the relative adhesion of Newbould to fibronectin are 

indicated (**, P < 0.01 from an unpaired Mest). 

Fig. 7 presents histograms of unbinding forces as well as relative adhesions recorded on 

Newbould, NewbouldAs/g-B, CF07 and CFOlAsigB strains in the stationary phase of growth 

using fibronectin coated AFM probes. Under this condition, Newbould (Fig. 7A) bound 

fibronectin at a much lower frequency than that observed when this strain was used in the 

early exponential phase of growth (Fig. 2A and 4A) and was not binding fibronectin 

significantly more than NewbouldAszg# (Fig. 7B). A force population defined by a mean of 

1000 ± 300 pN can barely be detected with Newbould. On the other hand, a force group of 900 

± 500 pN was clearly observed in the CF07 distribution (Fig. 7C, Table 1) at a frequency close 

to that observed in early exponential growth (Fig. 3C). The observed binding to fibronectin 

was abolished in CF07As/g5 (Fig. 7D). Significant differences between the relative adhesions 

of the strains are reported in Fig. 7E. This suggests that the sustained expression of JnbA in 

CF07 allows strong fibronectin-binding from the early exponential to the stationary phase of 

growth. The fibronectin-binding frequency of another independent cystic fibrosis SCV (isolate 

CF03) is also higher than that of Newbould in the stationary phase of growth (Fig. S4). This 

suggests that the sustained fibronectin-binding ability of CF07 may represent a common 

feature of SCV isolates from cystic fibrosis patients. 

DISCUSSION 

This study defines the potential mechanical contribution of the fibronectin-FnBPs interaction 

in S. aureus adhesion to host tissues. We found that the mean rupture force of the fibronectin-
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FnBPs interaction is around 1000 pN at a pulling rate of 2 |im/s. Table 1 shows adhesion 

frequencies and mean unbinding forces between fibronectin and different S. aureus strains for 

the growth phases studied. The mean forces of dissociation were not significantly variable 

between strains. However, the frequency of fibronectin-FnBPs unbinding events seemed to be 

strain dependant and proportional to the level of expression of fnb genes. This confirms that 

variations in FnBPs expression alter the global fibronectin-binding frequency of a particular 

bacterial population whereas it has no impact on the fundamental force related to the 

dissociation of fibronectin-FnBP complexes. Besides, the variance of the measured unbinding 

forces can be explained by the simultaneous presence of both FnBPs (FnBPA and FnBPB) on 

the bacterial surface and of multiple fibronectin-binding sites of different affinities on each of 

these FnBPs. It has recently been reported that FnBPs have 10 to 11 fibronectin-binding sites 

and that 6 of them have a dissociation constant in the nanomolar range whereas it is in the 

micromolar range for the others (Meenan et al, 2007). Furthermore, the dissociation of a 

molecular complex under equilibrium condition is a stochastic process which is influenced by 

the thermal energy of the system and is modified by an applied force. In this context, before 

one of the molecular partners is pulled off, the complex can present itself in several different 

transitory states of association which may be of different strengths. Here, we can anticipate 

that the highly complex interaction between FnBPs and fibronectin will present a wide number 

of transitory states, which may result in the broadening of the unbinding force distribution. 

Moreover, during the course of our experiments, the complex was potentially in variable 

orientations relative to the pulling direction of the AFM probe. This may also lead to the 

broadening of the unbinding forces measured. The dependence of unfolding forces of p-sheet 

proteins on the pulling direction has indeed been previously noted in several studies (Evans, 

2001; Brockwell et al, 2003) and it has been shown that the mechanical unbinding of the 

amyloid p-peptide from amyloid fibrils is anisotropic (Raman et al, 2007). 
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TABLE 1. Adhesion frequencies and mean unbinding forces between fibronectin and 

different S. aureus strains at the indicated growth phases. 

Early exponential Stationary 

Strain Adhesion Unbinding Adhesion Unbinding 

Frequency3 force (pN)b Frequency" force (pN)b 

Newbould 0.29 1100 ±500 0.09 1000 ±300 

NewbouldAs/gf? 0.05 800 ± 500 0.02 1100 ±300 

8325-4 0.16 900 ± 500 N.D. N.D. 

DU5883 0.03 800 ±300 N.D. N.D. 

CF07 0.55 1100 ±500 0.43 900 ± 500 

CF07AsigB 0.27 1000 ±500 0.08 900 ±500 

CF03° N.D. N.D. 0.24 1100 ±500 

aOverall adhesion frequencies expressed as the probability to observe specific unbinding 

events between 200 and 3000 pN. bMean unbinding forces ± standard deviations were 

calculated by considering the specific unbinding events between 200 and 3000 pN. cSee Fig. 

S4. N.D., not determined. 

The rupture force of the fibronectin-FnBPs interaction is high compared to that required to 

break most of the molecular recognition pairs measured by AFM-based force spectroscopy 

(for review see Zlatanova et al., 2000; Lee et al., 2007). The strength of several ligand-

receptor interactions is effectively found to be around 100 pN (Busscher et al., 2008). 

However, many of the ligand-receptor interactions already studied by force spectroscopy can 

either be considered as simple interactions involving small molecules and thus a limited 

number of intermolecular interactions (i.e., the streptavidin-biotin interaction) or interactions 

requiring reversible binding to fulfill biological functions such as the interaction between 
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actin-binding proteins and actin filaments (Ferrer et al., 2008) or fibronectin and integrins 

(Sun et al, 2005). On the other hand, protein-protein interactions can be more complex, 

involving several type of interactions, such as hydrogen bounding, saline bridges and 

hydrophobic residue partitioning all occurring in a larger interface of interaction. There are 

indeed examples of protein-protein interactions structurally similar to the fibronectin-FnBPs 

interaction (i.e., involving (3-sheets addition as part of the mechanism of interaction) that have 

been shown to have high unbinding forces (Yip et al., 1998, McAllister et al., 2005; Raman et 

al., 2007). 

McAllister et al. (2005) used the AFM to study homo-interactions of three unrelated and 

structurally distinct proteins, amyloid P-peptide, a-synuclein, and lysozyme. At low pH, they 

obtained unbinding forces as high as 300 pN, 850 pN and 1200 pN for the amyloid P-peptide, 

a-synuclein and the lysozyme, respectively (at a pulling rate of 0.25 (.im/s). Interestingly, it 

was demonstrated that the increase in unbinding forces was due to a conformational transition 

in the amyloid p-peptide and a-synuclein proteins leading to the formation of a structure with 

an elevated content of P-sheet conformations. Interestingly, the formation of extensive P-sheet 

structures by fibrillization of polypeptides is a common feature of amyloids, which are 

remarkably stable against denaturation and are essentially irreversible under physiological 

conditions (Serpell, 2000; Hamada and Dobson, 2002). In the case of the interaction between 

amyloid P-peptides and amyloid fibrils, the mechanical unbinding characteristics are 

determined by a combination of intrafibril interactions including Lys-Asp electrostatic 

contacts, hydrophobic interactions and backbone H-bonds. According to steered-molecular 

dynamics simulations, these result in a stability greater than most protein domains (Raman et 

al., 2007). Molecular dynamics simulations have also shown that the insulin-insulin complex 

is held together by numerous hydrophobic interactions and H-bonds (Yip et al., 1998). 

Moreover, some residues involved in dimerization adopt a p-sheet structure and the dimer-

forming interface is formed by an antiparallel contact between these p-sheets (Blundell et al., 
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1972). Yip et al. (1998) found that a force of approximately 1300 pN is required to break this 

interaction. 

The unusual strength of the interaction taking place between fibronectin and FnBPs finds its 

rationale in many studies revealing its complexity. The existence of several repeats of FnBP-

binding domains along the fibronectin has been reported by Hayashi and Yamada (1981). In 

addition, Bozzini et al. (1992) demonstrated that both the N-terminal and the heparin-binding 

domains of fibronectin bind the staphylococcal receptors. These authors speculated that 

multiple fibronectin-binding sites cooperated in a synergistic mechanism by which the binding 

of one domain enhances the interaction of the other domains. It has also been proposed that 

the bacterial FnBPs exploit the modular structure of fibronectin by forming extended tandem 

p-zippers during the interaction (Shwarz-Linek et al., 2003). Extension of P-sheets (p-zipper) 

during intermolecular interactions has been observed before (for review see Remaut and 

Waksman, 2006), but the fibronectin-FnBPs interaction is probably the only one known to 

involve the formation of P-strands on adjacent domains (extended tandem P-zippers). 

Sequence analyses of regions of FnBPs from Streptococcus pyogenes and S. aureus indeed 

revealed a repeating pattern of F1 -binding motifs that match the pattern of F1 modules in the 

5F1 fibronectin region (Shwarz-Linek et al., 2003). This was confirmed by NMR 

spectroscopic analysis of the complex formed by fibronectin 'F-2F peptide and the B3 domain 

of Steptococcus dysgalactiae, which demonstrated Ha-Ha intermolecular distances typical of 

P-sheet formation. In S. aureus, up to four antiparallel p-sheets can be formed with the '"5F1 

fibronectin region at high affinity fibronectin binding sites of FnBPs. Furthermore, the binding 

of FnBPs to fibronectin is predicted to also involve hydrophobic and electrostatic interactions 

(Ingham et al., 2004). The nature of the interaction between FnBPs and fibronectin may thus 

explain its high resistance to mechanical load. 
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Dynamic force spectroscopy experiments were also conducted in order to further characterize 

the mechanical properties of this interaction. We have found that an energetic barrier width of 

0.6 ± 0.1 A and an off-rate below 2 x 10"V describe the compliance and the resistance of this 

interaction under load, respectively. Whereas the energetic barrier width of this interaction is 

of a common magnitude, its resistance is high when compared to other molecular recognition 

pairs already studied by dynamic force spectroscopy (for review see Lee et al2007). 

Dissociation rates for receptor-ligand interaction are typically in the range of 0.01-10 s"1 

(Thoumine et al., 2000). Bustanji et al. (2003) found an off-rate of 4.8 s'1 for the fibronectin-

Staphylococcus epidermidis interaction. Despite the high structural homology between S. 

aureus and S. epidermidis FnBPs, previous results support the idea that S. aureus is much 

more adherent to immobilized fibronectin than S. epidermidis (Vaudaux et al., 1993) and it was 

suggested that the flbronectin-S. aureus interaction might be irreversible under physiological 

conditions (Proctor et al., 1982). Indeed, Holmes et al. (1997) were barely able to detect 

binding of S. epidermidis to fibronectin by using surface plasmon resonance while the 

dissociation of S. aureus following fibronectin-binding was not possible to achieve. The limit 

of ^measurement of their system was approximately 10'5 s"1. These authors have also shown 

that S. aureus preferentially binds to the N-terminal region of fibronectin whereas S. 

epidermidis binds to the C-terminal domain. Joh et al. (1994) found a k0jf of 7.8 ± 0.8 x 10"4 s" 

1 between the D1D2D3 recombinant fibronectin-binding fragment of S. aureus and 

fibronectin, which also corroborates our results. 

Yongsunthon et al. (2007) indeed reported fibronectin-5'. aureus unbinding events obtained 

using AFM-based force spectroscopy in the same force range as us. Furthermore, in vitro and 

in vivo studies have demonstrated that the presence of FnBPs on the surface of S. aureus 

increased the ability of this bacterium to colonize tissues under physiological shear stresses 

(Reddy and Ross, 2001; Brouillette et al., 2003). These findings suggest that the fibronectin-

FnBPs interaction efficiently resists physiological mechanical stresses and allows the 

bacterium to remain attached to host tissues. The large magnitude of the force measured here 
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also supports the hypothesis that S. aureus is so tightly attached to fibronectin that it actually 

needs to use exoproteases on its own adhesins to disseminate from colonization sites (Karlsson 

et al., 2001). 

SigB activity has been associated with an increase in S. aureus adherence to host cells and 

extracellular matrix components (Entenza et al., 2005). Since the expression of JhbA was 

shown to be positively influenced by SigB (Bischoff et al., 2004; Entenza et al., 2005; Senn et 

al., 2005), we propose that the increased ability of CF strains to adhere to cells and matrix 

components is, at least in part, due to an increase in FnBPA expression. Interestingly, Inose et 

al. (2006) found natural variant strains having higher concentrations of SigB in methicillin-

resistant S. aureus (MRSA) and we have shown that S. aureus SCVs isolated from cystic 

fibrosis patients have a strong SigB activity (Moisan et al., 2006). SigB could then be related 

to particular chronic or difficult-to-treat infections. The results presented here support the 

hypothesis that SigB activity locks CF-isolated SCVs into a colonization state, which is likely 

to contribute to the establishment of chronic infections. 

Our results also indicate that the deletion of sigB may have different effects depending on the 

genetic background of the strain used. Indeed, the inactivation of sigB in Newbould almost 

completely abolished the fibronectin-binding ability of this strain in the early exponential 

growth phase, whereas a significant fibronectin-binding ability still remained when this 

inactivation was realized in CF07. This may be easily explained if other regulators also 

influence the expression of FnBPs, which is indeed the case in S. aureus where the Agr system 

is known to down-regulate the expression of FnBPs (Saravia-Otten et al, 1997). This reliance 

on both control mechanisms may explain the more drastic effect of the sigB deletion in the 

prototypic strain Newbould that was shown to normally activate the Agr system in comparison 

to the clinical SCV strain CF07, which failed to show significant expression of the agr locus 

(Moisan et al, 2006). Interestingly, the expression of the V8 protease is under the control of 
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Agr (Arvidson and Tegmark, 2001) and it was reported that this protease is the most important 

in the release of cell-bound FnBPs (Karlsson et al, 2001). It is thus possible that a synergism 

between the sustained JnbA expression and the down-regulation of the V8 protease combines 

to increase the fibronectin-binding ability of the cystic fibrosis isolated SCVs. 

It is tempting to speculate that the physiological benefit to have two fnb genes is to allow a 

more subtle and complex regulation of their expression. Li et al. (2005) have provided 

evidences that the induction of FnBPs by SigB-mediated and ciprofloxacin-triggered 

responses involve separate regulatory networks and that the RecA-LexA pathway induces 

fibronectin-binding by the up-regulation offtibB. Furthermore, it has been shown that SarA is 

up-regulating the transcription of JhbA but not fnbB (Wolz et al., 2000; Xiong et al., 2004). 

The expression of fnb genes can thus be induced individually following different stimuli. 

However, the Agr, SarA and SigB regulatory networks are not totally independent and it has 

been demonstrated that SigB increases sarA expression while simultaneously reducing RNAIII 

expression (Bischoff et al., 2001). It is then possible that the effect of SigB activity on the 

expression offnb genes observed here is not direct and implies other regulatory networks. 

Several lines of research suggest that SCVs from other microorganisms are associated with 

certain types of infection. Interestingly, S. aureus and Pseudomonas aeruginosa SCVs have 

been linked to chronic infections in CF patients (Zierdt & Schmidt, 1964; Kahl et al., 1998; 

Haussler et al., 1999; Sadowska et al., 2002). SCVs from Stenotrophomonas maltophilia have 

also been isolated from the sputum of five CF patients presenting persistent infections 

(Anderson et al., 2007). Haussler et al. (2003) have isolated P. aeruginosa SCVs in CF-

infected airways, which were highly adherent and similarly, SCVs from Streptococcus 

pneumoniae biofilms were found to have a marked adherence (Allegrucci & Sauer, 2007). 

These observations suggest that SCVs of many pathogens may have a selective advantage in 

CF airways and are involved in the establishment of chronic infections. Multiple mechanisms 
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are likely to play a role in the overall pathogenesis of SCVs but an increased and sustainable 

adherence may represent one common feature of persistent bacteria able to successfully 

challenge the compromised mucociliary clearance of CF airways. 

EXPERIMENTAL PROCEDURES 

Bacterial strains and growth conditions 

S. aureus Newbould (ATCC 29740) was used as a representative control (prototype strain) for 

the wild-type phenotype (Moisan et al, 2006). An isogenic mutant of S. aureus Newbould, 

NewbouldAs/g5, in which sigB had been disrupted by the emrA cassette (Moisan et al, 2006), 

was used to evaluate the importance of sigB in a prototypic background. Isolates CF03 and 

CF07, both having elevated intrinsic SigB activity, are previously characterized independent 

menadione-auxotroph SCVs recovered from CF patients (Moisan et al., 2006). The strains 

8325-4 and DU5883 (fnbAB mutant) were kindly provided by Dr. T. J. Foster (Moyne Institute 

of Preventive Medicine, Dublin, Ireland). DU5883 is an isogenic strain of 8325-4 that has 

been mutated by the insertion of a tetracycline resistance cassette in jhbA and an erythromycin 

resistance cassette in fnbB (Greene et al., 1995). For all experiments presented in this paper, 

cultures grown overnight were used to inoculate brain heart infusion broth at ^595™ of 0.1. 

The bacteria were then grown aerobically at 35°C until they reached a specific growth phase. 

The A595nm values for the early and the late exponential growth phases were, respectively, 0.4 

and 3.0-3.5 for the prototype strains and, 0.250 and 0.9-1.0 for the SCV strains (Moisan et al., 

2006). The stationary phase samples were taken after 12 h of growth. 

Construction of S. aureus CF07As/gJ? 

An isogenic mutant of the CF07 strain was constructed, in which the sigB gene was disrupted 

by the insertion of the emrA cassette by homologous recombination. The temperature-sensitive 
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pBT2-sigBv.emrA plasmid was used combined to a strategy previously described (Bruckner, 

1997; Moisan et al., 2006). Briefly, pBT2-sigBwemrA was transferred for propagation into 

RN4220 (res'). After bacterial lysis with lysostaphin (200 ng/ml for 1 h at room temperature), 

plasmid DNA was then isolated using the QIAfilter Plasmid Midi kit (Q1AGEN, ON, Canada) 

and used to transform CF07 by electroporation. Bacteria were firstly grown overnight at 30°C 

with 10 fig/ml of erythromycin and 1 fig/ml of menadione (Sigma-Aldrich, ON, Canada). 

Bacteria were then diluted 1:1000 and grown overnight at 40°C with 2.5 p.g/ml of 

erythromycin and 1 (.ig/ml of menadione. This step was repeated once. Finally, bacteria were 

diluted 1:1000 and grown overnight at 40°C withl |ig/ml of menadione. Homologous 

recombinants with the inactivated sigB gene were selected as resistant to erythromycin and 

sensitive to chloramphenicol. The knockout of sigB in the strain CF07As/g5 was confirmed by 

PCR. 

S. aureus immobilization on NHS-activated glass slides 

Bacteria were covalently bound to glass slides using carbodiimide chemistry without being in 

direct contact with chemical agents. Clean glass slides were incubated for 5 h at 80°C and 23 

mm Hg vacuum in the presence of A^-[3-(trimethoxysilyl)-propyl]-diethylenetriamine (Sigma-

Aldrich) vapor, rinsed with distilled water and cured for 1 h at 80°C and 23 mm Hg vacuum. A 

drop of 500 fil of a 40 mM citrate (Laboratoire Mat, QC, Canada) solution, pH 5.3, activated 

with 100 mg/ml of N-P-DimethylaminopropyO-A^-ethylcarbodiimide (EDC) (Sigma-Aldrich) 

and 40 mg/ml of TV-hydroxysuccinimide (NHS) (Sigma-Aldrich) was added to the amino-

functionalized slides and incubated for 15 min at room temperature. Glass slides were washed 

rigorously with phosphate buffered saline (PBS) and a 500 |AI drop of concentrated bacterial 

culture at approximately 1010 CFU/ml was incubated on the activated glass slides for 40 min at 

room temperature. Bacteria were then washed several times with PBS and incubated for 15 

min in tris-buffered saline (138 mM NaCl, 2.7 mM KC1 and 25 mM Tris-Base, pH 7.3) in 

order to quench the remaining reactive groups on the glass slides. Bacteria coated slides were 
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kept in PBS and at 4°C for a maximum of 12 h until use. This did not significantly alter the 

viability of the bacteria (Fig. SI) and the unbinding forces recorded (Fig. S2). 

Fluorescence microscopy 

The immobilization efficiency and the viability of S. aureus Newbould covalently attached to 

glass slides were evaluated using LIVE/DEAD® BacLight™ Bacterial Viability Kits 

(Molecular Probes, OR, USA) as described by the manufacturer. 

Fibronectin functionalization of AFM tips 

Human plasma fibronectin (Calbiochem, ON, Canada) was covalently attached to silicon 

nitride tips (Veeco, CA, USA) using carboxymethylamylose (CMA) spacers (Sigma-Aldrich) 

and the carbodiimide chemistry as previously described (Mitchell et al., 2007). The CMA was 

used as a molecular spacer because non-specific interactions between the bacteria and the 

CMA-modified probe without fibronectin were rare and did not have the same properties as 

those of the studied interaction. The CMA is also likely to allow the high mobility of the 

anchored molecules and to be in a highly hydrated state. This may mimic the physiological 

environment of soluble proteins. Briefly, the tips were dipped in 12.5% hydrofluoric acid 

(Fischer scientific, ON, Canada) for 30s, rinsed with water and incubated for 10 min in 

concentrated nitric acid (Fischer scientific). The tips were then incubated over an JV-[3-

(trimethoxysilyl)-propyl]-diethylenetriamine bath for 4 h at 80°C and 23 mm Hg vacuum. 

After the amino-silanization, cantilevers were rinsed in distillated water and cured for 1 h at 

80°C and 23 mm Hg vacuum. A 10 mg/ml CMA solution in PBS was activated with 50 mg/ml 

of EDC and 20 mg/ml of NHS. The amino-functionalized tips were incubated in this solution 

for 15 min, thoroughly rinsed in PBS and incubated for 1 h with 1 mg/ml of fibronectin at 

room temperature. Excess reactive groups on the CMA functionalized tips were quenched 

with 1M ethanolamine (Sigma-Aldrich), pH 8.5, for 10 min at room temperature. Fibronectin 

functionalized tips were kept at 4°C for a maximum of 12 h until use. 
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AFM-based force spectroscopy 

All AFM experiments were performed with a soft silicon-nitride cantilever (nominal spring 

constant: 0.01 N/m) (MLCT-AUHW). Cantilevers were calibrated before and after each 

experiment using the thermal noise amplitude method (Hutter & Boechhoefer, 1994). Force 

measurements were performed using a laboratory-assembled force spectroscope optimized for 

vertical approach-retract cycles. An x-y piezo was also used in order to facilitate microscopic 

lateral positioning of the AFM tip over the bacteria. Force-extension curves were analyzed by 

Igor Pro Software (WaveMetrics, OR, USA). Unbinding forces were calculated from the 

vertical excursion of the last peak seen on the retraction curves. 

Except for the dynamic force spectroscopy study, all approach-retract cycles were done at a 

velocity of 2 jxm/s, with no contact time and with a low contact force. Our aim was to evaluate 

the fibronectin-binding frequency related to different strains or conditions. The experimental 

setting (force and time of contact) was then kept constant and may have resulted in multiple 

binding events explaining the presence of unbinding events around 2000 pN (as exemplify by 

Fig. 4C). The retraction velocity of 2 fim/s resulted in a mean loading rate of 2 ± 1 x 104 pN/s, 

which is within the range of loading rates reported for a system mimicking the physiological 

situation found in blood vessels (Chen and Springer, 2001). All experiments were carried out 

in PBS, pH 7.3 and at a temperature of 37°C. To confirm that the data were collected over the 

bacteria, each approach curve was analyzed to evaluate the stiffness of the surface contacted, 

bacteria being softer then the glass slide (Fig. S3). Each experiment was performed at least 

three times using different bacteria-coated glass slides and functionalized AFM probes. No 

more than 50 retraction curves were usually taken from a single position. Retraction curves 

which did not show tip-sample interactions were considered as 0 pN unbinding events. 

Binding frequencies presented in unbinding forces histograms were obtained by dividing the 

number of unbinding events of each bin by the total number of retractions. Offsets (between 0 

and 200 pN) present in unbinding force histograms reflected the probability that no or 

unspecific binding would be observed between the fibronectin decorated probe and the 
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bacteria. Mean rupture forces were only calculated on data from the 200 to 3000 pN range in 

order to estimate the mean unbinding force of the fibronectin-FnBPs interaction. Relative 

adhesions were calculated by dividing the adhesion of a particular strain or condition by the 

adhesion of Newbould or 8325-4 where the adhesion was defined by the sum of all unbinding 

forces divided by the number of retractions. The competition experiments were carried out by 

adding 30 nM of fibronectin or 300 nM of the recombinant fragment D1D2D3 in the AFM 

medium 30 min prior to the experiments. The recombinant fragment D1D2D3 was produced 

as described elsewhere (Gaudreau et al., 2007). The bacterial contamination of the tip was 

evaluated by comparing the interaction of each probe on clean glass slides before and after 

experiments. Tips were also routinely observed during experiments with the AFM-conjugated 

phase contrast light microscope. 

AFM-based dynamic force spectroscopy 

Over 2000 unbinding forces and their related loading rates were obtained in order to generate 

the dynamic force spectrum of the fibronectin-FnBPs interaction at the following pulling rates: 

500 nm/s (n=341), 1000 nm/s (n=129), 2000 nm/s (n=306), 5000 nm/s (n=193), 6000 nm/s 

(n=99), 7500 nm/s (n=98), 10000 nm/s (n=308), 12500 nm/s (n=104), 15000 nm/s (n=132), 

17500 nm/s (n=123) and 20000 nm/s (n=280). The time and force of contact between the 

AFM probe and the bacteria were set to maximize the frequency of isolated events and to 

minimize the probability of multiple rupture events. For each AFM probe, bacterial culture 

and pulling rate, the mean unbinding force and loading rate were calculated. Results expressed 

in the dynamic force spectrum are the means and standard errors of the mean that had been 

obtained from at least three independent experiments for each pulling rate. Force 

measurements were corrected for hydrodynamic drag with a coefficient of 2 pNxs/^im 

(Wojcikiewicz et al, 2006). The loading rate at which an unbinding event occurs is defined by 

ksv where ks is the apparent spring constant (Fig. 1) and v is the pulling rate or the probe 

retraction velocity. The mean rupture forces were than plotted as a function of the logarithm of 
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the mean loading rates. The dynamic force spectrum curve fitting was obtained with GraphPad 

Prism 5.00 (GraphPad Software, CA, USA). 

Briefly, there is usually a correlation between the logarithm of the loading rate and the mean 

unbinding force of a particular molecular interaction. This is described by the following 

equation (Evans and Ritchie, 1997; Mitchell et al., 2007): 

kB * T Lr x xb 

Fm  =( ) In (  )  

Xb k 0/r x kfi  x T 

(1) 

where Fm is the most probable unbinding force, ka * T is the thermal energy of the system, Xb 

is the energetic barrier width or the length over which the force must be applied to reach the 

transition from the equilibrium position of the bound state, Lr is the loading rate and k„ff is the 

off-rate. The slope of the dynamic force spectrum is knx T+ xb- The dissociation rate constant 

can be extrapolated to zero force in order to obtain k„ff(0) (Schwesinger et al., 2000). Using 

equation 1, it is possible to isolate the dissociation parameters (k„ff and xb) defining the 

energetic barrier(s) of a specific molecular interaction. 

Real-time PCR. 

Bacteria were collected at specific time points and treated with RNAprotect (QIAGEN). RNA 

was extracted from the pellets after bacterial lysis with lysostaphin (200 )ig/ml during 1 h at 

room temperature) using the RNeasy Mini kit and the RNase-free DNase set (QIAGEN). One 

microgram of total RNA was reverse transcribed with 0.5 mM deoxynucleotide triphosphate, 
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50 ng of random hexamers and 200 U of Invitrogen Superscript II reverse transcriptase 

according to the manufacturer's recommendations (Invitrogen, ON, Canada). RNA was 

hydrolyzed and the cDNAs were purified with the QIAquick PCR purification kit (QIAGEN). 

One microliter of the cDNA preparation was amplified on the Stratagene MX3000P Real-

Time PCR instrument with the Jump Start Taq DNA polymerase (Sigma-Aldrich), SYBR 

Green and lOOnM of the following primers: 

as/?23-RT-FWD 5'-TCGCTGCACGTGAAGTTAAA-3', 

as/?23-RT-REV 5'-CAGCAGCTTGTTTTTCACCA-3', 

JhbA268-RT-FWD 5'-ACAAGTTGAAGTGGCACAGCC-3 

JhbA341 -RT-REV 5'-CCGCTACATCTGCTGATCTTGTC-3', 

fnbB803-RT-FWD CACCGAAAACTGTGCAAGCA-3', 

JhbB889-KT-REV 5'-TTCCTGTAGTTTCCTTATCAGCAACTT-3', 

16SRNA-RT-FWD 5'- TCGTTTAACACGTTTAGGTTCA-3', 

16SRNA-RT-REV 5'- GAACTGTATCAGTTGGTTTCGCAC-3', 

gynB-RT-FWD5'-GGTGCTGGGCAAATACAAGT-3\ 

gyrS-RT-REV 5'-TCCCACACTAAATGGTGCAA-3'. 

Reaction mixtures were denatured for 10 min at 95°C, followed by 35 cycles of 30 s at 95°C, 1 

min at 55°C and 1 min 30 s at 72°C. Dissociation and standard curves were obtained to insure 

the specificity and the efficiency of reactions. cDNA reactions without reverse transcriptase 

were also routinely carried out. 

The relative expression ratios in the early exponential growth phase were calculated by using 

the cycle threshold (Ct) of the 16S RNA of each strain as the calibrator («-fold expression = 2" 

ACl, where AC, represents the difference between the C, of the gene studied and the Ct of the 
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16S RNA for each strain). In order to obtain the expression patterns of JhbA and JhbB during 

growth, bacteria were isolated in the early exponential, late exponential and stationary phases 

(Moisan et al., 2006). Relative expression ratios were calculated by using the Ctof gyrB as the 

calibrator gene for each strain at each growth phase. We used gyrB as a calibrator during 

growth because gyrB expression was not varying significantly from the early exponential to 

the stationary growth phase (data not shown). 

Statistical analysis. 

The statistical significance of the AFM-based force spectroscopy competition experiments was 

evaluated by one-way analysis of variance followed by the Dunnett's multiple comparisons 

test. Data from experiments using the strains 8325-4 and DU5883 were analyzed with an 

unpaired t test. Statistically relevant differences between strains from the data obtained in 

AFM-based force spectroscopy or real-time PCR experiments (ACt) were evaluated by one­

way analysis of variance followed by the Bonferroni's multiple comparisons test. Statistical 

analyses were achieved with GraphPad Prism 5.00. 
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CHAPITRE 2 

A role for sigma factor B in the emergence of Staphylococcus aureus 

small-colony variants and elevated biofilm production resulting from an exposure to 

aminoglycosides 

2.1. Introduction de I'article 

L'objectif de cette etude a ete de determiner in vitro et in vivo le role de SigB dans la 

formation de SCVs et de biofilm lors d'une exposition aux aminoglycosides, une classe 

d'antibiotiques utilisee dans le traitement des patients FK. L'etudiant David Lalonde Seguin et 

moi avons effectue Pensemble des experiences de microbiologic a l'aide de la stagiaire Ann-

Elise Asselin. J'ai assiste le professionnel de recherche Eric Brouillette lors des experiences 

utilisant le modele d'infection de la mammite murine. L'etudiant Christian Lebeau Jacob et 

moi avons effectue les PCR quantitatives en temps reel. J'ai redige l'ebauche de I'article, 

effectue la conception des figures et participe a la correction du manuscrit jusqu'a sa 

publication. 

Reference de I'article : 

Mitchell, G., Brouillette, E., Seguin, D.L., Asselin, A.E., Jacob, C.L., and Malouin, F. (2010). 

A role for sigma factor B in the emergence of Staphylococcus aureus small-colony variants 

and elevated biofilm production resulting from an exposure to aminoglycosides. Microb. 

Pathog. 48, 18-27. 

92 



2.2. Resume en fran^ais de Particle 

Les variants a petites colonies (SCVs) et les biofilms de Staphylococcus aureus sont associes 

aux infections chroniques. II est connu que la presence d'antibiotiques de la classe des 

aminoglycosides peut contribuer a l'emergence de SCVs et on assume que des mecanismes 

moleculaires sont impliques dans Phabilete qu'a S. aureus d'adopter ce phenotype. Aucune 

etude n'a encore adresse le possible role du facteur sigma alternatif sigma B (SigB) dans 

l'emergence des SCVs, meme si une activite constitutive de SigB a ete rapportee chez ces 

souches. Ici, nous demontrons que SigB est implique dans l'emergence de SCVs lors 

d'expositions a une concentration sous-inhibitrice d'aminoglycosides. Le suivi de l'expression 

de genes chez une souche prototypique traitee aux aminoglycosides ou chez des SCVs 

cliniques a montre I'activation de SigB tandis que le systeme agr ne I'etait pas. En outre, les 

bacteries prototypiques traitees a la gentamicine et les SCVs avaient une habilete augmentee a 

former du biofilm seulement dans un contexte oil SigB etait fonctionnel. L'administration 

d'une concentration sous-inhibitrice de gentamicine augmentait significativement la formation 

de SCVs pour une souche prototypique, mais par pour un mutant sigB, dans un modele murin 

de mammite induite a S. aureus. Collectivement, nos resultats montrent que SigB peut 

influencer positivement l'emergence de SCVs et la production d'un biofilm suite a une 

exposition de S. aureus aux aminoglycosides. 
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ABSTRACT 

Staphylococcus aureus small-colony variants (SCVs) and biofilms are linked to chronic 

infections. It is known that the presence of aminoglycoside antibiotics may contribute to the 

emergence of SCVs and it is thought that molecular mechanisms are involved in the ability of 

S. aureus to adopt this phenotype. No study has addressed the possible role of the stress- and 

colonization-related alternative sigma factor B (SigB) in the emergence of SCVs, although a 

sustained SigB activity was reported in these variants. Here, we demonstrate that SigB is 

involved in the emergence of SCVs resulting from an exposure to a sub-inhibitory 

concentration of aminoglycosides. Monitoring of gene expression in an aminoglycoside-

treated prototypical strain or in clinical SCVs showed the activation of SigB, whereas the 

accessory gene regulator {agr) system was not. Furthermore, gentamicin-treated prototypical 

bacteria and SCVs had an increased ability to form biofilm only in a SigB functional 

background. The administration of a sub-inhibitory concentration of gentamicin significantly 

increased the formation of SCVs for a prototypical strain but not for the sigB mutant in a 

mouse model of S. awrews-induced mastitis. Collectively, our results show that SigB may 

positively influence the appearance of S. aureus SCVs and the production of biofilm upon 

aminoglycoside exposure. 
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1. INTRODUCTION 

Staphylococcus aureus is an opportunistic pathogen which can cause multiple types of serious 

infections with high morbidity rates but also persistent and recurring infections. The ability of 

S. aureus to cause diverse diseases has been linked to the numerous virulence factors which 

allow the bacterium to evade host defenses, to adhere to or destruct host tissues and to induce 

sepsis syndromes [1], Diverse and complex regulatory networks control the expression of 

these virulence factors in a time- and environment-dependent manner. 

It is thought that the transition from the colonization to a dissemination phase during infection 

is controlled by the accessory gene regulator (agr) system [2, 3], whereas stress responses and 

adhesin expression needed for host tissues colonization are positively influenced by the 

activity of the alternative transcription factor sigma B (SigB) [4-7]. During the exponential 

growth of prototypical S. aureus strains in vitro, the transcription of the hid gene which 

encodes RNAII1, a regulatory RNA, is induced through the agr quorum sensing dependent 

two-component system. The agr system impacts on the expression of several exotoxins (e.g., 

a-hemolysin) and proteolytic enzymes, and represses the expression of cell-surface proteins 

involved in colonization [2], On the other hand, SigB plays an important role in regulating 

genes in response to environmental stresses, as for example, during stationary phase, heat 

exposure and change in osmotic pressure (for review see [8]). An important consequence of 

SigB activity is the up-regulation in expression of a multitude of cell-surface proteins such as 

the fibronectin-binding protein A (FnBP A) and the down-regulation of a variety of exotoxins 

[4, 9], The genes regulated by SigB also include another global regulator of virulence, sarA 

(staphylococcal accessory regulator) [4, 9]. SarA modulates the expression of several 

virulence factors either by stimulating RNAIII transcription or by pathway(s) independent of 

the agr system. Overall, the sarA locus affects at least 120 genes in S. aureus, up-regulating 

the expression of hemolysins as well as the FnBPs [10], To add further complexity, there is a 
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possible interplay between SigB and agr since mutants in the sigB operon show an altered agr 

activity [11]. 

Previous studies have demonstrated that the formation of biofilm by S. aureus can be 

influenced by agr [12, 13], SigB [12-15] and SarA [13, 16]. It has been shown that bacterial 

biofilm may confer protection from host defenses as well as tolerance to at least some 

antibiotics, biocides and hydrodynamic shear forces [17], The intrinsic resistance of biofilm-

associated bacteria to antibiotics may be explained by a reduced growth rate that alters their 

susceptibility to antibiotics that target cell wall biosynthesis whereas a reduced oxidative 

metabolism impedes uptake of aminoglycoside antibiotics. It was estimated that biofilm 

formation is involved in 65% of nosocomial infections in the United States [18] and most of 

chronic infections [19, 20]. More particularly, S. aureus intra-mammary infections often lead 

to chronic and difficult-to-treat bovine mastitis [21-23], and genomic loci involved in biofilm 

formation are found in most clinical bovine mastitis strains [24, 25], Biofilm formation also 

appears to play a role in lung infections persisting in cystic fibrosis (CF) patients [26]. 

S. aureus small-colony variants (SCVs) are often described as a sub-population of slow-

growing respiratory deficient bacteria that are auxotroph for hemin or menadione with a 

reduced susceptibility to aminoglycosides [27]. Interestingly, SCVs are frequently isolated 

from chronic infections [27, 28] as in the case of infections of the airways of CF patients [7, 

29-31] and infections of the bovine mammary gland during mastitis [30, 32], Several studies 

have shown that S. aureus SCVs possess an increased capacity to invade and persist in host 

cells [7, 29, 33], which may help the establishment of chronic infections by offering the 

bacterium a protection against the immune system and the action of antibiotics [33, 34], Using 

SCVs isolated from cystic fibrosis patients, we have previously demonstrated that SigB 

activity influences the transcription of several virulence factors and is associated with an 

increased capacity to invade and persist within host cells [7], In addition, we have also 
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recently shown that CF-isolated SCVs are locked into a colonization state as a result of a 

sustained SigB activity and expression of genes encoding cell-surface proteins [6, 7], 

Interestingly, many biofilm-associated genes are transcribed in SCVs isolated from cystic 

fibrosis patients [7] and the SCV phenotype was recently associated with an increased in 

biofilm formation [35], 

It has been shown that some environmental factors such as the mammalian intracellular milieu 

[36] and the presence of aminogycosides such as gentamicin and tobramycin [27, 37-40] may 

contribute to the emergence of the SCV phenotype. Noteworthy, aminoglycosides are often 

used for treatment of infections in CF patients [26] and have also been used to treat bovine 

mastitis [41, 42], It is thought that the ability of S. aureus to switch between the SCV and the 

prototypical wild-type phenotype may involve underlying regulatory and/or genetic 

mechanisms [38], Although results from Schaaff et al. [39] suggest that mutations play a role 

in the development of SCVs, experiments were performed in the S. aureus strain 8325-4, 

which is a strain characterized by a lower SigB activity resulting from a "natural" deletion in 

the rsbU locus [43]. Therefore, questions about the possible influence of the alternative sigma 

factor B on the emergence of the SCV phenotype are still unanswered at this time [27, 39, 44], 

The aim of this work was to investigate the possible role played by SigB in the emergence of 

the SCV phenotype upon an exposure to aminoglycosides. We found that the activity of the 

SigB contributes to the emergence of SCVs resulting from an exposure to aminoglycosides by 

comparing the quantity of SCVs generated by a prototypical strain and its sigB mutant. While 

SigB-dependent genes were up-regulated in both SCVs isolated from cystic fibrosis patients 

and from bovine mastitis, and also in prototypical bacteria exposed in vitro to 

aminoglycosides, the agr system was not activated. Interestingly, the observed modulations in 

gene expression were consistent with a SigB-dependent increased in biofilm formation in the 

clinical SCV isolates as well as in the gentamicin-treated prototypical bacteria. A role for SigB 
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in the emergence of the SCV phenotype in response of prototypical bacteria to an 

aminoglycoside treatment was also established in vivo in a mouse model of S. am>w.v-induced 

mastitis. 

2. RESULTS 

2.1. SigB is involved in the emergence of SCVs resulting from an exposure to a sub­

inhibitory concentration of aminoglycosides. In order to investigate the role of SigB in the 

emergence of the SCV phenotype upon exposure to aminoglycosides, strains Newbould and 

NewbouldAs/gi? were exposed to sub-inhibitory concentrations of antibiotics and the 

frequency of SCVs was determined. NewbouldAs/gi? is a sigB knock-out isogenic to the 

prototypical strain Newbould which has already been used before [6, 7], The pictures from 

Fig. 1A illustrate the ability of a sub-inhibitory concentration (0.5 * MIC) of gentamicin to 

favor the emergence of the SCV phenotype in a S. aureus sigB' background only. Fig. IB 

shows that a sub-inhibitory concentration of gentamicin significantly increased the presence of 

SCVs generated from strain Newbould (283 fold, P < 0.01). The ability of gentamicin to 

quantitatively increase the number of SCVs in S. aureus populations was also seen with strains 

of other genetic backgrounds such as ATCC 29213, SHI000 and N315 as well as with three 

non-SCV strains isolated from CF patients and one from bovine mastitis (strain 3231 described 

in the methods section) (data not shown). Another aminoglycoside, tobramycin, also promoted 

the emergence of the SCV phenotype in strain Newbould (42 fold, P < 0.05, Fig. IB) as well 

as in strain ATCC 29213 (data no shown). Besides, no significant increase in SCVs was 

observed with Ne\vbouldA.v/g5 in the presence of gentamicin when compared to the untreated 

condition and significantly fewer SCVs were recovered from NewbouldA.s/gB in comparison 

to Newbould in presence of a sub-inhibitory concentration of gentamicin (P < 0.01). A role for 

SigB in the emergence of SCVs resulting from an exposure to gentamicin was also 
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demonstrated with strains SHI000 and 8325-4 (data not shown), which are isogenic strains 

with a functional and dysfunctional rsbU gene that impacts on SigB activity, respectively. 

Untreated + Gentamicin 

l ime (hours) Time (hours) 

FIGURE 1. SigB is involved in the emergence of SCVs resulting from an exposure to a sub­

inhibitory concentration of aminoglycosides. (A) Pictures show SCV colonies grown on agar 

containing a selective concentration of gentamicin following or not an overnight treatment of 

strains Newbould and NewbouldAs/g# with a sub-inhibitory concentration of gentamicin. (B) 

Relative number of SCV CFU recovered after 18 h of growth for strains Newbould and 
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NewbouldAs/gi? following (black or grey bars for gentamicin or tobramycin, respectively) or 

not (open bars) an overnight treatment with a sub-inhibitory concentration of antibiotic. 

Results are normalized relatively to untreated Newbould. Data are presented as means with 

standard deviations from at least three independent experiments. Kinetics of SCV formation 

(C) and growth curves (D) for Newbould (•) and NewbouldAsigB (A) exposed (black 

symbols, dotted lines) or not (open symbols, solid lines) to a sub-inhibitory concentration of 

gentamicin for the indicated time. Data are presented as means with the standard errors of the 

mean from three independent experiments. Significant differences between untreated and 

antibiotic-treated conditions (*, P<0.05; **, P<0.01; unpaired /-test) and between Newbould 

and NewbouldAj/gZ? for same experimental conditions (A, P<0.05, AA, ^<0.01; ANOVA with 

Tuckey's post test) are shown. 

The kinetics of SCV formation was also studied. SCV formation from Newbould and 

NewbouldAs/gfi, exposed or not to gentamicin, was monitored as a function of time (Fig. 1C). 

The SCV sub-population from strain Newbould was quickly and significantly increased by 

more than 1000 times in the presence of gentamicin (P < 0.05), in contrast to that observed 

with NewbouldAs/gi? or any of the two strains in the absence of gentamicin. Notheworthy, the 

growth curves of Newbould and NewbouldAs/gZ? with and without gentamicin at 0.5 * MIC 

were not significantly different (Fig. ID), suggesting that the differences in the kinetics of 

SCV formation observed in Fig. 1C were not due to differences in growth. These results 

suggest that SigB supports the emergence of SCVs resulting from an exposure to a sub­

inhibitory concentration of aminoglycosides. 

2.2. SigB and agr activities are modulated by exposure to a sub-inhibitory concentration 

of aminoglycosides. We performed transcriptional analyses of key genes in order to verify the 

hypothesis that SigB is activated during exposure to aminoglycosides. Fig. 2 shows qPCR 

measurements of the expression of asp23, JhbA, hid (RNAIII), hla, sarA and gyrB in 
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Newbould and NewbouldAs/gZ? strains exposed or not to a sub-inhibitory concentration of 

aminoglycosides during exponential growth. The gene asp23 is a well-known marker for SigB 

activity as for the gene JhbA, although the transcription of the latter is not exclusively 

influenced by SigB [4-7, 45]. The expression level of these genes was used instead of the 

expression of sigB itself because the regulation of the activity of SigB involves multiple 

protein-protein interactions rather than only transcriptional regulation [8], Fig. 2A and 2B 

show that a sub-inhibitory concentration of gentamicin and tobramycin induced SigB activity 

in S. aureus Newbould. The expression of asp23 (Fig. 2A) was significantly induced by both 

gentamicin (3.7 fold, P < 0.05) and tobramycin (7.4 fold, P < 0.001) as was the expression of 

JhbA (Fig. 2B) (25.7 fold [P < 0.01] and 35.5 fold [P < 0.05], respectively). These results also 

show a significant down-regulation of asp23 in both untreated and gentamicin-treated 

NewbouIdAj/g5 in comparison to Newbould (P < 0.001 for both comparisons). Similarly, the 

expression of JhbA in Newbould treated with gentamicin was significantly higher than that of 

NewbouldAs/gi? under the same condition (P < 0.05). The effect of gentamicin on the 

expression of asp23 and JhbA was also observed in strains of other genetic backgrounds such 

as the sequenced strain Newman as well as in an isolate from bovine mastitis (strain 3231) 

(data not shown). This confirms the role of SigB in the up-regulation of asp23 and JhbA 

expression under exposure to aminoglycosides. 

The activity of the agr system was also monitored since it is known to be reduced in SCVs [7, 

32, 46, 47], Fig. 2C shows that a sub-inhibitory concentration of gentamicin significantly 

repressed the expression of hid (the effector of the agr system) in strain Newbould (13.7 fold, 

P < 0.01) although the observed reduction with the tobramycin treatment was not statistically 

significant. However, the expression of hla was significantly repressed by both treatments 

(respectively 2.3 fold, P < 0.01 and 2.9 fold, P < 0.01) in strain Newbould (Fig. 2D) and the 

expression of hid and hla was also decreased by gentamicin treatment in NewbouIdA.s7g/?, 

although not significantly (Fig. 2C and 2D). Furthermore, the expression of hla was, in both 

untreated and gentamicin-treated conditions, significantly increased in NewbouldAs/gi? in 
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comparison to Newbould (P < 0.05 for both conditions), which confirms the negative 

influence of SigB on hla expression [43]. The effect of gentamicin on the expression of hid 

was also confirmed in strain Newman and in an isolate from bovine mastitis (strain 3231) 

(data not shown). These transcriptional results show that the activation of the agr system can 

be reduced by a sub-inhibitory concentration of aminoglycosides. 

FIGURE 2. SigB and agr activities are modulated by exposure to a sub-inhibitory 

concentration of aminoglycosides. Relative expression ratios for the genes asp23 (A), fnbA 

(B), hid (C), hla (D), sarA (E) and gyrB (F) were evaluated by qPCR for strains Newbould and 

NewbouldAs/gZ? grown to the exponential phase in the presence (black or grey bars for 

103 



gentamicin or tobramycin, respectively) or in the absence (open bars) of a sub-inhibitory 

concentration of antibiotic. Results are normalized to untreated Newbould. Data are presented 

as means with standard deviations from three independent experiments (the exception was in 

B, where the assay with tobramycin was done twice). Significant differences between 

untreated and antibiotic-treated conditions (*, P<0.05;**, JP<0.0 1; ***, P<0.001; ANOVA 

with Dunnett's post test and unpaired /-test for Newbould and NewbouldA.s/gfi, respectively) 

and between Newbould and NewbouldAs/gi? for same experimental conditions (A, P<0.01; 

AA, /'<0.01; AAA, /><0.001; ANOVA with Tuckey's post test) are shown. 

The expression level of sarA was also measured because of its partial dependency on SigB [4, 

9] as well as for its role in the regulation of expression of virulence factors [10]. Of striking 

interest, sarA expression was significantly induced by gentamicin and tobramycin in strain 

Newbould (respectively 2.2 fold, P < 0.05 and 1.9 fold, P < 0.05) whereas this phenomenon 

was not observed with NewbouldAs/gi? (Fig. 2E).The amplitude, although small, of this SigB-

dependent increase in sarA expression is in the range of values also obtained by Bischoff et al. 

(2004) when comparing sarA expression of different bacterial strains with their respective 

sigB operon mutants. Besides, Fig. 2F shows that aminoglycoside treatments had no impact on 

the expression of the housekeeping gene gyrB in Newbould or in NewbouldAs/g£, further 

validating the observed modulations of sarA expression. These results suggest that a sub­

inhibitory concentration of aminoglycoside induces the expression of sarA only in a SigB-

positive background. 

2.3. Status of SigB, agr and sarA in clinical SCVs isolated from cystic fibrosis patients 

and bovine mastitis. Since SigB is apparently needed for the emergence of SCVs and that 

sarA expression is only induced in a SigB-positive background upon exposure to 

aminoglycosides, it is relevant to also evaluate SigB and agr activities in preformed, naturally-

occurring, clinical SCVs. We indeed previously showed that clinical SCVs have a 
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transcriptional signature of their own and that many genes under the positive control of SigB 

are specifically up-regulated in comparison to that seen in prototypical strains [7], In order to 

further confirm that the activities of SigB and agr as well as the expression of sarA are 

specifically modulated in naturally-occurring clinical SCVs, we conducted qPCR experiments 

with strains CF07 and C¥07 AsigB in the early exponential phase of growth. Since CF07 is a 

menadione-auxotroph clinical SCV [7], we were able to use a chemical complementation of 

the SCV phenotype to compare SigB, agr and sarA status in an isogenic background (CF07 vs. 

CF07 with menadione) in addition to the comparison of CF07 to CF07AsigB. Fig. 3A shows 

that CF07 can indeed achieve a growth rate comparable to that of the non-SCV prototypical 

strain Newbould when grown in presence of menadione. For this part of the study, we also 

used an additional pair of naturally-occurring SCV and non-SCV isogenic strains (Heba3231 

and 3231, respectively) which were previously confirmed as derivatives of the same clone 

isolated from a case of chronic bovine mastitis [32]. 

Fig. 3B shows the expression level of asp23 (marker of SigB activity) in the studied strains. 

The SigB activity of CF07 was found to be significantly reduced by supplemental menadione 

according to asp23 expression (P < 0.01). The SigB-dependency for expression was also once 

again validated by the significant repression in CF 07 AsigB in comparison to CF07 (P < 

0.001). Also, the expression level of asp23 was significantly lower in strain 3231 than that 

observed in its isogenic counterpart SCV Heba3231 (5.0 fold, P < 0.01). These results confirm 

that the activity of SigB is increased in at least two different SCV backgrounds comparatively 

to non-SCV strains. 

Fig. 3C shows the expression level of hid in the studied strains. The expression level of hid 

was significantly up-regulated when the growth of the SCV CF07 was complemented by the 

presence of menadione (P < 0.05). The inactivation of sigB in CF07 also resulted in a 

significant up-regulation of the expression of hid (P < 0.001), which confirmed the interplay 
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between the agr system and SigB [11], Noteworthy, the hemolysis caused by CF07A.v/gZ? is 

indeed notably higher than that of CF07 when grown overnight on agar plates containing 5% 

of sheep blood (data not shown). The expression of hid was also higher in strain Heba3231 in 

comparison to the isogenic SCV Heba3231 (33.7 fold, P < 0.001). These results confirm that 

the agr system is relatively not activated in SCVs. 

The expression level of sarA in the studied strains is shown in Fig. 3D. As for asp23, the 

expression level of sarA was repressed by the presence of menadione in the growth medium 

(P < 0.01). Furthermore, the expression of sarA was down-regulated in CF07AsigB in 

comparison to CF07 (P < 0.01), which confirmed the previously shown influence of SigB on 

sarA expression [4, 9]. The up-regulation of sarA expression in SCVs was also confirmed with 

the SCV and non-SCV 3231 pair (Fig. 3D). Strain 3231 was indeed expressing sarA 

significantly less than the SCV Heba3231 (3.7 fold, /><0.05). These results suggest that sarA is 

specifically up-regulated in SCVs, possibly through a SigB-dependent mechanism. Overall, 

these results suggest that SigB activation and agr repression specifically occur in naturally-

occurring SCVs isolated from either CF patients or bovine mastitis. This cellular status is thus 

likely to modulate the expression of virulence factors and the pathogenesis of SCVs 

differently than that normally occurring in prototypical S. aureus. 
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FIGURE 3. Status of SigB, agr and sarA in clinical SCVs isolated from cystic fibrosis patients 

and bovine mastitis. (A) Growth curves for the non-SCV strain Newbould (open circles) and 

the menadione-auxotroph SCV CF07, with (black squares, dotted line) and without (open 

squares, solid line) menadione in the growth medium. Relative expression ratios for the genes 

asp23 (B), hid (C) and sarA (D) were evaluated by qPCR for strains CF07, CF07 with 

menadione, CF07AsigB, SCV Heba3231 and 3231, in the early exponential phase of growth. 

Results are normalized to the SCV CF07 (open bars) or SCV Heba3231 (hatched bars). Data 

are presented as means with standard deviations from at least three independent experiments. 

Significant differences in comparison to CF07 (*, P<0.05; **, /><0.01; ***, P<0.001; 

ANOVA with Dunnett's post test) or SCV Heba3231 (A, P<0.05; AA, P<0.01; AAA, P<0.001; 

unpaired /-test) are shown. 
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FIGURE 4. SigB is involved in biofilm formation of clinical SCVs and gentamicin-treated 

prototypical bacteria (A) Relative biofilm formation of strains CF03, CF03 with menadione, 

CF07, CF07 with menadione and CF07Ai/g5. Significant differences in comparison to CF03 

(*, PO.OS; unpaired /-test) and CF07 (A, p<0.05; AA, PO.Ol; ANOVA with Dunnett's post 

test) are shown. (B) Relative biofilm formation of 3231 and SCV Heba 3231. A significant 

difference between 3231 and SCV Heba3231 (*, ,P<0.05; unpaired /-test) is shown. (C) 

Relative biofilm formation of Newbould and NewbouldAs/gS exposed or not to a sub­

inhibitory concentration of gentamicin. Significant differences in comparison to untreated 

Newbould (*, P<0.05; unpaired /-test) or between Newbould and NewbouldAs/gZ? exposed to 
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gentamicin (A, P<0.05; ANOVA with Tuckey's post test) are shown. All biofilm results are 

normalized to the untreated Newbould strain (dotted line). Data are presented as means with 

standard deviations from at least three independent experiments. 

2.4. SigB is involved in biofilm formation of clinical SCVs and gentamicin-treated 

bacteria. According to the relative role of SigB, SarA and agr on the formation of S. aureus 

biofilm, we hypothesized that SCVs as well as gentamicin-treated prototypical bacteria should 

demonstrate an increased ability to form biofilm. Fig. 4A shows that two clinical menadione-

auxotroph SCVs isolated from CF patients formed significantly more biofilm than these same 

stains under metabolic complementation using supplemental menadione (P < 0.05 and P < 

0.01 for CF03 and CF07, respectively). The use of supplemental menadione did not alter the 

biofilm formation of three non-SCV strains (data not shown). Interestingly, the biofilm 

formation of CF07 was significantly reduced in the sigB mutant (P < 0.01). The increased 

biofilm formation of SCVs in comparison to the non-SCV strains was also demonstrated using 

the clonal derivatives 3231 and SCV Heba3231 in Fig. 4B (1.6 fold, P < 0.05). Fig. 4C shows 

that exposure of Newbould to a sub-inhibitory concentration of gentamicin significantly 

increased biofilm formation (2.8 fold, P < 0.05), whereas the antibiotic could not further 

increase biofilm formation in NewbouldAs/gZ?. The effect of gentamicin on biofilm formation 

was also observed in other genetic backgrounds with strain Newman and with a non-SCV 

strain isolated from a CF patient (data not shown). These results suggest that SCVs and 

gentamicin-treated prototypical S. aureus have an increased ability to form biofilm. Results 

with the two A sigB mutants suggest that this ability is mediated trough a SigB-dependent 

mechanism. 

2.5. SigB is involved in the emergence of SCVs resulting from gentamicin exposure in 

vivo. We used a mouse model of S. aureus-induced mastitis in order to confirm the relevance 

of our findings in vivo. Strain Newbould was chosen for these experiments because it was 
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originally isolated from a case of bovine mastitis [48] and is thus more relevant for this 

infection model. Gentamicin was chosen as the test aminoglycoside because it has been used 

to treat bovine mastitis [41, 42], Gentamicin was administered intravenously twice during the 

course of the infection and the emergence of the SCV phenotype was evaluated after 18 h. 

Several concentrations of gentamicin were tested in preliminary experiments (data not shown) 

and a concentration that was sub-inhibitory for S. aureus colonization of the mammary gland 

but sufficiently high to promote the emergence of SCVs was selected. Fig. 5A shows that 

neither the concentration of gentamicin used nor the knock-out of sigB in the Newbould 

background altered the number of CFU recovered from the mammary glands 18 h post­

infection. This is suggesting that SigB does not significantly contribute to the short-term 

colonization of the mouse mammary glands or at least in the absence of a suckling pressure (or 

milking by analogy to the cow). However, the administration of a sub-inhibitory concentration 

of gentamicin significantly increased the number of SCVs isolated from the infected glands 

for the Newbould strain (P < 0.05) but not for NewbouldAs/gZ? (Fig. 5B). The median number 

of SCVs recovered from the mammary glands infected by Newbould was increased by about 

49 fold when mice were treated with a sub-inhibitory concentration of gentamicin. These 

observations support the hypothesis that treatment of S. aureus infections with 

aminoglycosides can favor the emergence of SCVs and that SigB is involved in this 

phenomenon in vivo. 
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FIGURE 5. SigB is involved in the emergence of SCVs resulting from gentamicin exposure in 

vivo. For each lactating mouse, the R4 and L4 mammary glands were infected with Newbould 

and NewbouldAsigB, respectively. Two doses of gentamicin (0.5 mg kg"1) were provided by 

intravenous administration at 2h and 10 h post-infection. Medians values (dotted bars) of CFU 

(A) and SCV CFU (B) per gram of gland respectively recovered on TSA plates and on 

selective gentamicin plates are indicated. The detection limit (d.l.) was of 25 SCV CFU per 

gland. The statistical difference between SCV CFU recovered from strain Newbould in treated 

and untreated animals is shown (non-parametric Kruskal-Wallis ANOVA with Dunn's post 

test). The number of glands used in both A and B is indicated at the bottom of panel. 
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3. DISCUSSION 

The association between the SCV phenotype and persistent infections is now generally 

recognized (for review see [27]). SCVs are thought to be a subpopulation of bacteria that can 

hide from the immune system and antibiotics by invading or being internalized by host cells. 

This, combined to the slow growth rate and the ability to revert to the wild-type phenotype, 

may explain the difficulty encountered in treating some staphylococcal infections and why 

recurrence sometimes happen days or months after apparently successful treatments. 

Importantly, SCVs have previously been recovered from patients who had been treated with 

gentamicin beads [40] and an association between aminoglycoside therapy and persistent SCV 

has been proposed [29]. The present study confirms the in vitro observation that gentamicin 

and tobramycin favor the emergence of the SCV phenotype and demonstrates for the first time 

that systemic administration of gentamicin can indeed provoke the emergence of SCVs in 

vivo. 

It has indeed been known for quite some time that in vitro exposure of S. aureus to gentamicin 

results in the emergence of aminoglycoside-resistant variants which are non-hemolytic [49] 

and that gentamicin inhibits the production of hemolysins by S. aureus [50], Our results 

suggest that this decreased production of hemolysins is probably caused by the repression of 

the agr system and/or the induction of SigB activity. Interestingly, sub-inhibitory 

concentrations of gentamicin induce the expression of genes associated with the heat shock 

response in Bacillus subtilis [51], which has been related to SigB in B. subtilis as well as in S. 

aureus [8]. Our results showed that aminoglycosides affect the activity of SigB and agr in S. 

aureus and also suggest that aminoglycosides stimulate the formation of biofilm by 

influencing SigB, agr and SarA. 
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At least two different mechanisms of biofilm formation exist in S. aureus [16, 52, 53]. The 

first mechanism implies the production of the polysaccharide intercellular adhesin (PA1), 

which requires the ica gene cluster, whereas the second mechanism is /co-independent. It has 

been shown that SarA and agr are both involved in the /ca-independent mechanism of biofilm 

formation, SarA being required for the initial attachment step while agr is controlling the 

dispersal process [12, 16, 52]. Lauderdale et al. [13] has recently shown that SigB is also an 

essential regulator of the /ca-independent mechanism of biofilm formation and suggests that 

SigB acts upstream of the agr system, allowing the biofilm formation to be regulated as a 

function of environmental factors. We observed no significant effects on the expression of 

icaC and icaB when Newbould was treated with a sub-inhibitory concentration of either 

gentamicin or tobramycin (data not shown). Collectively, our results thus suggest that 

gentamicin stimulates S. aureus to form biofilm by the /ca-independent mechanism and 

confirm the predominant role of SigB in this mechanism. 

The agr system was shown not to be activated in SCVs [7, 32, 46, 47] while SigB activity 

appeared constitutive [6, 7, 45]. The SCVs studied here also demonstrated a decreased agr and 

an increased SigB activity but also an up-regulated expression of sarA in comparison to non-

SCV strains. This was in accordance to their increased ability to form biofilm, possibly 

through a SigB-dependent mechanism. The idea of an /ca-independent mechanism of biofilm 

formation in SCVs was also supported by the demonstration that the expression of icaC and 

icaB genes was not influenced by the metabolic complementation of CF07 with menadione 

(data not shown). We have recently shown that the constitutive SigB activity in SCVs isolated 

from cystic fibrosis locks the ability of S. aureus to strongly bind fibronectin during growth by 

sustaining the expression of JhbA [6], Because of the also recent demonstration of the 

involvement of FnBPs in the /ca-independent mechanism of biofilm formation [52] and 

because of the low activity of the agr system in SCVs, it is tempting to speculate that these 

variants are not only locked in a colonization state, but also in a biofilm-forming state. 

1 1 3  



Overall, the S. aureus SigB factor was described as having a role in stress resistance [8, 54], a 

role in biofilm formation [13-15] and a positive influence for the expression of adhesins 

needed for host colonization [4, 5, 7]. Despite these clear links between SigB and bacterial 

factors influencing pathogenesis, the role of SigB in vivo is still not well established. As 

examples, no influence of SigB has been detected in experimental endocartitis [5, 55, 56] or in 

an abscess model [43, 54] while a role for SigB was demonstrated in catheter-associated 

infections [57] and in a murine model of bacteria-induced septic arthritis [58]. The results of 

the present study suggest that SigB does not significantly contribute to the short-term 

colonization of the mouse mammary glands (Fig. 5A). This however remains to be confirmed 

in a model in which a suckling pressure can be added (or milking by analogy to the cow). 

Indeed, we have previously demonstrated that differences in the colonization of the mammary 

gland between FnBP+ and FnBP" strains in the mouse mastitis model could only be observed 

under suckling pressure where adhesion is thought to be critical [59]. On the other hand, our 

results may certainly suggest a long-term influence of SigB in the pathogenesis of S. aureus, 

for instance, in the establishment of a persistence or chronic disease. Indeed, the significant 

difference we observed in the number of SCVs recovered from mice infected with Newbould 

and NewbouldAs/gi? following gentamicin treatment supports this hypothesis since SCVs 

have been associated with chronic infections. 

Our results suggest that SigB is involved in the emergence of the SCV phenotype resulting 

from an exposure to a sub-inhibitory concentration of aminoglycoside antibiotics. To our 

knowledge, this is the first study supporting the idea that a regulatory component may 

influence the emergence of SCVs in S. aureus, or taken more generally, in a Gram positive 

bacteria. However, our results only suggest that SigB is required to generate quantitatively 

more SCVs in a population of S. aureus exposed to aminoglycosides and questions about the 

specific role SigB in the formation and/or the survival of SCVs remains to be fully answered. 

Furthermore, it should be kept in mind that the SCV phenotype is likely to be heterogeneous 

in regard to the type of auxotrophies and antibiotic resistance patterns that may occur or even 
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to the relative ability of SCVs to revert to the wild-type phenotype, and that this heterogeneity 

could reflect the existence of various mechanisms leading to the occurrence of SCVs [39], The 

mechanism(s) of SCV formation may fundamentally imply genetic events such as random 

mutations, genetic mechanisms such as that involved in phase variation of pathogenic bacteria 

and/or regulatory mechanisms [27, 38, 39]. Moreover, genetic and regulatory mechanisms are 

not necessarily mutually exclusive. For example, it has been shown that SigB may regulate a 

genetic mechanism involved in biofilm phenotypic variation in Staphylococci [60], While the 

specific mechanism(s) of SCV formation still remains largely unresolved, our results suggest 

that regulatory components may be required for the emergence of this phenotype upon 

exposure to aminoglycosides. 

The association found here between the stress-associated sigma factor B of S. aureus and the 

SCV phenotype raises the possibility that this phenotype confers a selective advantage to the 

bacterium in difficult environments. In this regard, the slower metabolism of SCVs may 

decrease their susceptibility to antibiotics and other harmful molecules, thus enabling the 

survival of the bacterium in stringent conditions and the establishment of chronic and difficult-

to-treat infections. Furthermore, we have previously shown that SCVs isolated from CF 

patients also express stress-related genes such as clp, htrA, katA, spoVG and proP at a higher 

level than prototypical strains [7], which is supporting the hypothesis that SCVs may 

effectively be better equipped to survive in harsh environments. The increased ability of these 

variants to form biofilm is likely to also play a role in the survival of the bacterium since 

biofilms are thought to confer protection from the immune host response and action of 

antibiotics [17]. This study supports the hypothesis that S. aureus virulence regulators, such as 

SigB, may influence the emergence of the SCV phenotype and the formation of biofilms 

which are frequently associated to chronic infections. Consequently, it may be possible to 

prevent or, at least, minimize the establishment of these persistent infections by altering the 

activity of specific S. aureus regulatory networks. 
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4. MATERIALS AND METHODS 

4.1. Bacterial strains and growth conditions 

S. aureus Newbould (ATCC 29740) was used as a representative for the wild-type 

prototypical phenotype and because it was originally isolated from a case of bovine mastitis 

and is thus more relevant for the mouse mastitis infection model used in this study (see 

below). We already validated the choice of Newbould as a control/prototypical strain [7], 

Newbould indeed behaves like other prototypical strains according to growth rate and 

expression of virulence factors. NewbouldA.«gj3, in which sigB had been disrupted by the 

emrA cassette, was used to evaluate the importance of sigB in a prototypical background. 

CF03 and CF07 are previously characterized menadione-auxotroph SCVs isolated from CF 

patients [7], CF07AsigB has been constructed by disrupting the sigB gene in CF07 by the 

insertion of the ermA cassette by homologous recombination [6], Strains 3231 and SCV 

Heba3231 are derivatives of the same genetic background that have been isolated from the 

same milk sample of a case of chronic bovine mastitis [32], 

For all experiments presented in this study, 18-20 h broth cultures were used to inoculate brain 

heart infusion (BHI) broth (BD, ON, Canada) at an A 595nm of 0.1. The bacteria were then 

grown aerobically at 35°C with shaking (225 rpm) until reaching a specific growth phase. The 

^595nm values for the early exponential growth phase were, respectively, 0.4 and 0.25 for the 

prototypical and the SCV strains. In the case of SCVs, cultures were carried out for at least 

12h after the last sampling point in order to insure that no reversion to the non-SCV phenotype 

(increased growth rate and formation of large prototypical colonies) had occurred during the 

experiment. To study the effect of sub-inhibitory concentrations of gentamicin and tobramycin 

on the expression of target genes, bacteria were collected when the culture reached an ^595nm 

values between 0.9 and 1.0 (exponential phase of growth). The growth of CF07 was 
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prototypical when its growth medium contained 1 |ig ml"' of supplemental menadione (Sigma-

Aldrich, ON, Canada). 

4.2. Growth curves 

Samples were taken at different time points for the determination of CFUs by plating 10-fold 

dilutions on trypticase soy agar (TSA) medium (BD, ON, Canada). Plates were incubated at 

35°C for 24 and 48 h for prototypical and SCV strains, respectively. 

4.3. Antibiotic susceptibility 

The minimal inhibitory concentrations (MICs) of tobramycin and gentamicin for all strains 

were determined by a broth microdilution technique, following the recommendations of the 

Clinical and Laboratory Standards Institute (CLSI) guidelines [61]. A sub-inhibitory 

concentration (0.5 x MIC) of each antibiotic for each strain was used for the quantification of 

SCVs formed under gentamicin and tobramycin exposure. 

4.4. Quantification of small-colony variants 

Broth cultures (18-20 h) were used to inoculate BHI broth at a dilution of 1:100, supplemented 

or not with 0.5 * the MIC for gentamicin or tobramycin. Cultures were incubated 18 h at 35°C 

with shaking (225 rpm) and then adjusted to an 595,1m of 2.0 in PBS at 4°C. Determination of 

CFU and SCV colonies was done by serial dilution plating. SCV counts were obtained by 

plating on TSA containing gentamicin at a concentration of 4 p.g ml"1 followed by an 

incubation of 48 h at 35°C. The frequency of SCV formation was determined as the number of 

SCVs per total CFU counts on antibiotic free TSA. The pinpoint colonies selected by this 

method were confirmed to be SCVs by streaking several of them on TSA plates. Non-SCV 

colonies (larger) were also rarely selected on TSA containing gentamicin, but were not 

considered in our analysis. 
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4.5. Quantitative PCR (qPCR) 

Bacteria were collected at specific time points and treated with RNAprotect (QIAGEN). RNA 

was extracted from the pellets after bacterial lysis with 200 fig ml"1 lysostaphin (Sigma-

Aldrich) during 1 h at room temperature using the RNeasy Mini kit and the RNase-free DNase 

set (QIAGEN). A second DNase treatment was also done with the DNA-free kit (Applied 

Biosystems/Ambion, CA, USA). One jxg of total RNA was reverse transcribed with 0.5 mM 

deoxynucleotide phosphate, 50 ng of random hexamers and 200 U of Invitrogen Superscript 11 

reverse transcriptase, according to the manufacturer's recommendations (Invitrogen, ON, 

Canada). RNA was hydrolyzed and the cDNAs were purified with the QIAquick PCR 

purification kit (QIAGEN). One microliter of the cDNA preparation was amplified on the 

Stratagene MX3000P Real-Time PCR instrument with the Jump Start Taq DNA polymerase 

(Sigma-Aldrich), SYBR Green and 100 nM of the following primers: 

as/?25-RT-FWD 5 '-TCGCTGCACGTGAAGTTAAA-3 

G5/725-RT-REV 5'-CAGCAGCTTGTTTTTCACCA-3 

>M26S-RT-FWD5'-ACAAGTTGAAGTGGCACAGCC-3', 

JhbA341-KY-KEW 5'-CCGCTACATCTGCTGATCTTGTC-3', 

M/-RT-F WD 5 '-T A ATT A AGG A AGG AGTG ATTTC A ATG-3' 

Wd-RT-REV 5'-TTTTTAGTGAATTTGTTCACTGTGTC-3' 

hla-KY-FWD 5 '-AATGAATCCTGTCGCTAATGCCGC-3' 

Wa-RT-REV 5'-CTGAAGGCCAGGCTAAACCACTTT-3' 

sarv4-RT-FWD 5 '-CAAACAACCACAAGTTGTTAAAGC-3' 

w/l-RT-REV 5'-TGTTTGCTTCAGTGATTCGTTT-3' 

16SrRNA-RT-FWD 5'- TCGTTTAACACGTTTAGGTTCA-3', 

16SrRNA-RT-REV 5'- GAACTGTATCAGTTGGTTTCGCAC-3', 

gyrB-KY-YWD 5 '-GGTGCTGGGC A A AT AC AAGT-3', 

gyrS-RT-REV 5'-TCCCACACTAAATGGTGCAA-3'. 
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Reaction mixtures were denatured for 10 min at 95°C, followed by 35 cycles of 30 s at 95°C, 1 

min at 60°C and 1 min 30 s at 72°C. Dissociation and standard curves were obtained to insure 

the specificity and the efficiency of reactions. cDNA synthesis reactions without reverse 

transcriptase were also routinely carried out. The relative transcription ratios were calculated 

by using the cycle threshold (Ct) of the 16S RNA or gyrB of each condition as the calibrator 

(n-fold expression = 2"ACt, where ACt represents the difference between the Ct of the gene 

studied and the Ct of the 16S RNA or gyrB for each condition). 

4.6. Biofilm formation 

Biofilm formation was evaluated by spectrophotometry in microplates using crystal violet 

staining, as previously described with few modifications [62], Briefly, strains were cultured 

from frozen stocks onto blood agar plates and incubated at 35°C overnight. Three colonies 

were then inoculated into 7 ml of BHI containing 0.25% of supplemental glucose and 

incubated at 35°C for 18 h with shaking at 225 rpm. This culture was then diluted to 0.5 

McFarland in BHI 0.25% glucose and transferred into wells of a flat-bottom polystyrene 

microtiter plate containing half volume of the same medium. To test the effect of gentamicin 

on biofilm formation by Newbould and NewbouldAs/gi?, the antibiotic was added in each well 

at a final concentration of 0.5 x MIC. The plates were then incubated at 35°C for 24 or 48 h. 

The supernatant was then discarded and the wells were delicately washed three times with 200 

JJ.I of PBS. The plates were dried, stained for 30 min with crystal violet, washed twice with 

200 jxl of water and allowed to dry again. A volume of 200 |j.l of 95% ethanol was added to 

each well and plates were incubated at room temperature for 1 h with frequent agitation. The 

absorbance of each well was then measured at 560 nm using a plate reader (Bio-Tek 

Instruments). The results were collected from at least three independent experiments in which 

the biofilm formation of each culture tested was evaluated in four replicates. 
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4.7. Quantification of SCVs in the mouse mastitis model 

The mouse mastitis mode! of S. aureus infection has been previously described [33, 59, 62, 

63], Briefly, 1 h following removal of the 12-14 day-old offspring, lactating CD-I mice 

(Charles River, St.-Constant, Quebec, Canada) were anesthetized with ketamine and xylazine 

at 87 and 13 mg kg"1 of body weight, respectively, and mammary glands were inoculated 

under a binocular. Mammary ducts were exposed by a small cut at the near end of the teats 

and a 100 |il-bacterial suspension, containing approximately 100 CFU in phosphate-buffered 

saline (PBS), was injected through the teat canal using a 32-gauge blunt needle. Two glands 

(fourth on the right [R4] and fourth on the left [L4], from head to tail) were inoculated for 

each animal with Newbould and NewbouldAs/gZ?, respectively. Mice were injected 

intravenously with 0.5 mg kg"1 of body weight of gentamicin at 2 h and 10 h post-infection. 

Mammary glands were aseptically harvested after 18 h of infection and the bacterial content 

was evaluated after tissue homogenization in PBS by serial logarithmic dilutions and plating 

on TSA for CFU counting. TSA containing 1.5 ^g ml'1 of gentamicin were used in order to 

determine the counts of SCVs present in the glands. The institutional ethics committee on 

animal experimentation of the Faculte des Sciences of Universite de Sherbrooke (QC, Canada) 

approved these experiments and the guidelines of the Canadian Council on Animal Care were 

respected during all the procedures. 

4.8. Statistical analysis 

One-way analysis of variance followed by Dunnett's multiple comparisons test or Tukey's 

multiple comparisons test were used when several conditions or strains were compared at the 

same time whereas unpaired /-tests were used when only two conditions were compared. 

Statistical analyses of qPCR data were done on mean AC,. For the in vivo SCV formation 

experiments, statistical significance was evaluated by the non-parametric Kruskal-Wallis one­

way analysis of variance followed by the Dunn's multiple comparisons test. CFU counts or 

SCV frequencies were transformed in based-10 logarithm values before being used for 

1 2 0  



statistical analyses that were carried out with the GraphPad Prism Software (v.5.00). Statistical 

tests used for the analysis of each experiment are specified in figure legends. 
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CHAPITRE 3 

Staphylococcus aureus sigma B-dependent emergence of small-colony variants and 

biofilm production following exposure to Pseudomonas aeruginosa 4-hydroxy-2-

heptylquinoline-/V-oxide 

3.1. Introduction de Particle 

Le but de cette etude etait d'investiguer 1'association entre l'activite de SigB, l'emergence de 

SCVs et la production de biofilm chez S. aureus lorsqu'expose aux exoproduits de P. 

aeruginosa. L'etudiant David Lalonde Seguin et moi avons effectue les experiences de 

microbiologic et supervise la stagiaire Ann-Elise Asselin. J'ai effectue les experiences de PCR 

quantitatives en temps reel. Le Pr Eric Deziel nous a fourni des souches mutantes de P. 

aeruginosa. Le Dr Andre M. Cantin, le Pr Eric H. Frost et la Dre Sophie Michaud ont 

contribue intellectuellement au projet. J'ai redige l'ebauche de Particle, effectue la conception 

des figures et participe a la correction du manuscrit jusqu'a sa publication. 

Reference de Particle: 

Mitchell, G., Seguin, D.L., Asselin, A.E., Deziel, E., Cantin, A.M., Frost, E.H., Michaud, S., 

and Malouin, F. (2010). Staphylococcus aureus sigma B-dependent emergence of small-

colony variants and biofilm production following exposure to Pseudomonas aeruginosa 4-

hydroxy-2-heptylquinoline-N-oxide. BMC Microbiol. 30, 10:33. 
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3.2. Resume en fraii9ais de ('article 

CONTEXTE : Staphylococcus aureus et Pseudomonas aeruginosa sont souvent retrouves 

simultanement dans les voies respiratoires des patients FK. II a ete montre precedemment que 

l'exoproduit 4-hydroxy-2-heptylquinoline-iV-oxide (HQNO) de P. aeruginosa inhibe la 

croissance de S. aureus et provoque l'emergence de SCVs. La presence de SCVs de S. aureus 

ainsi que la formation de biofilm ont ete associees aux infections chroniques chez les patients 

FK. RESULTATS : Nous avons demontre que le HQNO stimule S. aureus a former un 

biofilm en association avec la formation de SCVs. L'emergence de SCVs et la production de 

biofilm suite a l'exposition au HQNO etaient dependantes de Factivite du facteur sigma 

alternatif sigma B (SigB), lie a la reponse aux stress et a l'etat de colonisation. L'analyse de 

l'expression de genes a revele que l'exposition d'une souche prototype au HQNO active SigB, 

menant a une augmentation de l'expression d'un gene encodant une proteine liant la 

fibronectine (FnBPA) et du gene sarA associe a la formation de biofilms. Inversement, le 

regulateur de genes accessoires dependant du quorum-sensing (agr) et le gene encodant Hla 

etaient reprimes par le HQNO. Des experiences utilisant du surnageant de culture obtenu de la 

souche PAOl de P. aeruginosa et un modele de coculture utilisant des chambres doubles ont 

confirme que P. aeruginosa stimule la formation de biofilm et active SigB chez une souche de 

S. aureus isolee d'un patient FK. De plus, le surnageant de mutants de P. aeruginosa 

incapables de produire du HQNO induisait la formation de biofilm par S. aureus a une 

moindre mesure que la souche sauvage seulement lorsque SigB etait fonctionnel. 

CONCLUSIONS : Ces resultats suggerent que S. aureus repond au HQNO de P. aeruginosa 

en formant des SCVs et du biofilm suite a I'activation de SigB. Ce phenomene pourrait 

contribuer a l'etablissement d'infections chroniques chez les patients FK. 
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3.3. L'article scientifique 

Staphylococcus aureus sigma B-dependent emergence of small-colony variants and 

biofilm production following exposure to Pseudomonas aeruginosa 4-hydroxy-2-

heptylquinoline-A'-oxide 
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Cantin3, Eric H. Frost4, Sophie Michaud4and Francis Malouin1* 
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ABSTRACT 

Background: Staphylococcus aureus and Pseudomonas aeruginosa are often found together 

in the airways of cystic fibrosis (CF) patients. It was previously shown that the P. aeruginosa 

exoproduct 4-hydroxy-2-heptylquinoline-jV-oxide (HQNO) suppresses the growth of S. aureus 

and provokes the emergence of small-colony variants (SCVs). The presence of S. aureus 

SCVs as well as biofilms have both been associated with chronic infections in CF. Results: 

We demonstrated that HQNO stimulates S. aureus to form a biofilm in association with the 

formation of SCVs. The emergence of SCVs and biofilm production under HQNO exposure 

was shown to be dependent on the activity of the stress- and colonization-related alternative 

sigma factor B (SigB). Analysis of gene expression revealed that exposure of a prototypical S. 

aureus strain to HQNO activates SigB, which was leading to an increase in the expression of 

the fibronectin-binding protein A and the biofilm-associated sarA genes. Conversely, the 

quorum sensing accessory gene regulator (agr) system and the a-hemolysin gene were 

repressed by HQNO. Experiments using culture supernatants from P. aeruginosa PAOl and a 

double chamber co-culture model confirmed that P. aeruginosa stimulates biofilm formation 

and activates SigB in a S. aureus strain isolated from a CF patient. Furthermore, the 

supernatant from P. aeruginosa mutants unable to produce HQNO induced the production of 

biofilms by S. aureus to a lesser extent than the wild-type strain only in a S. aureus SigB-

functional background. Conclusions: These results suggest that S. aureus responds to HQNO 

from P. aeruginosa by forming SCVs and biofilms through SigB activation, a phenomenon 

that may contribute to the establishment of chronic infections in CF patients. 
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BACKGROUND 

Although cystic fibrosis (CF) is fundamentally a genetic disorder, the majority of patients with 

CF may ultimately succumb to respiratory failure subsequent to chronic bacterial infections 

[1 ]. In early childhood, lungs of CF patients are often infected with Staphylococcus aureus and 

Haemophilus influenzae, but these organisms are usually outnumbered by Pseudomonas 

aeruginosa as patients become older. However, S. aureus often persists in the airways of CF 

patients and the role of S. aureus in the progression of CF patients to respiratory failure is not 

yet understood whereas infections with P. aeruginosa is considered as one of the main factors 

for a decline in lung function and mortality [1]. Interestingly, both organisms are commonly 

co-isolated from CF airways [2, 3]. 

Infections with mixed microbial communities are common, although very little is known about 

the importance and the impact of interspecies interactions [4]. It is now becoming obvious that 

the different bacteria found in CF airways interact together in several different ways [5-10], 

One possibility is that polymicrobial interactions influence pathogenic processes such as 

biofilm formation [1, 9]. Accordingly, the biofilm lifestyle is now recognized as an integrated 

and complex polymicrobial community and it is thought that cell-to-cell interspecies signals 

play a role in the control of this behavior [11], 

It has recently been shown that prolonged growth of S. aureus with physiological 

concentrations of the P. aeruginosa exoproduct 4-hydroxy-2-heptylquinoline-iV-oxide 

(HQNO) selects for a sub-population of slow-growing respiratory deficient S. aureus named 

small-colony variants (SCVs) [2], The respiratory deficiency of SCVs provides resistance to 

aminoglycoside antibiotics, which can contribute to microbial persistence during 

antibiotherapy [12]. Furthermore, it has been recently demonstrated that SCV selection is a 
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survival strategy of S. aureus against P. aeruginosa [13]. S. aureus SCVs are often isolated 

from chronic infections [12], as in the case of lung infections of CF patients [14-16]. Several 

studies have shown that S. aureus SCVs possess an increased capacity to invade and persist in 

host cells [14, 15, 17], which is thought to confer the bacterium protection against the immune 

system and the action of antibiotics [17, 18]. Using SCVs isolated from cystic fibrosis 

patients, we have previously demonstrated that the alternative transcription sigma factor B 

(SigB) influences the expression of several virulence factors and is associated with an 

increased ability to adhere, invade and persist within host cells [15, 19]. Furthermore, our 

more recent results suggest that SigB is involved in the emergence of SCVs under 

aminoglycoside pressure [20], which suggests that the appearance of SCVs may be a regulated 

process influenced by environmental cues. Our current hypothesis is that SigB plays an 

important role in the establishment of chronic and difficult-to-treat S. aureus infections. 

SigB is involved in the response to environmental stresses such as during stationary phase, 

heat exposure and change in osmotic pressure [21]. Moreover, the activity of SigB positively 

influences the expression of several cell-surface proteins whereas it down-regulates a variety 

of toxins [22], which suggest an important role for SigB in pathogenesis. The effect of SigB 

on virulence gene expression can be direct or indirect, since the genes regulated by SigB also 

include at least another global regulator of virulence, sarA (Staphylococcal accessory 

regulator) [22, 23]. SarA modulates the expression of several virulence factors either by 

stimulating RNAIII transcription or by pathway(s) independent of the agr (accessory gene 

regulator) system [24], In turn, it is proposed that the quorum-sensing agr system controls the 

transition from colonization to dissemination by up-regulating the expression of several 

exotoxins and proteolytic enzymes and by repressing the expression of cell-surface proteins 

involved in colonization [25]. agr [26], SigB [27, 28] and SarA [29] are known to influence 

the formation of biofilms by S. aureus. 
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At least two different mechanisms of biofllm formation exist in S. aureus [26, 29-33]. The first 

mechanism implies the production of the polysaccharide intercellular adhesin (PIA), which 

requires the ica gene cluster, whereas the second mechanism is /ca-independent. With 

opposite effects, SarA and agr are both involved in the /ca-independent mechanism of biofilm 

formation. SarA is thought to be indirectly required for the initial attachment step to biological 

matrices [29, 32, 33], while agr is controlling the dispersal process of biofilms [26]. Recently, 

Lauderdale et al. [30] have shown that SigB is an essential regulator of the /ca-independent 

biofilm formation and suggested that SigB acts upstream of the agr system, allowing the 

formation of biofilm to be regulated as a function of environmental factors. Noteworthy, 

biofilms have been linked to chronic infections, especially in the case of those found in the 

airways of CF patients [1, 34], and an increased formation of biofilms has been associated 

with the SCV phenotype [20, 35]. 

The aim of this study was to investigate the association between the activity of SigB, the 

emergence of SCVs and biofilm production in S. aureus when exposed to P. aeruginosa 

HQNO. 

RESULTS 

HQNO inhibits the growth of normal strains and provokes the emergence of SCVs in S. 

aureus. Fig. 1 confirms that HQNO suppresses the growth of S. aureus and causes the 

emergence of SCVs. Isolates CF1A-L and CF1D-S are two related strains co-isolated from a 

CF patient which have a normal and a SCV phenotype, respectively (see Methods). At a 

concentration of 10 HQNO significantly attenuated the growth of CF1A-L (P < 0.01 

from 6 to 12 h of growth; two-way ANOVA followed by a Bonferroni's post test) whereas 

HQNO had no apparent effect on the growth of CF1D-S which was already significantly 
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slower than that of CF1A-L in the absence of HQNO (P < 0.001 from 6 to 12 h of growth; 

two-way ANOVA followed by a Bonferroni's post test) (Fig. 1 A). Similar observations were 

also reproduced with other strains (two normal and one SCV; data not shown). Fig. IB shows 

that an overnight treatment with HQNO provokes the emergence of SCVs from CF1 A-L, as 

determined by plating the culture on solid medium containing a concentration of gentamicin 

selective for the SCV phenotype. Very little or no SCV were detected on gentamicin plates 

when cultures were not exposed to HQNO (Fig. IB). Hence, this technique allowed detection 

and quantification of SCVs emerging during the growth of normal bacteria exposed or not to 

HQNO. This approach was thus used to distinguish the transitory suppression of growth of 

normal S. aureus by HQNO from the emerging slow-growing SCVs for which gentamicin 

resistance and slow growth persist even after removal of HQNO. Fig. 1C shows that 10 (j.g of 

HQNO/ml significantly increased the presence of SCVs in cultures of the prototypical strains 

ATCC 29213, Newman and Newbould as well as of the other normal strains isolated from CF 

patients CF03-L, CF07-L and CF1A-L. Differences in HQNO-mediated SCV emergence 

between strains were not significant, except between ATCC 29213 and Newbould (P <0.01; 

one-way ANOVA followed by a Tuckey's post test). These results corroborate that HQNO 

generally suppresses the growth of normal S. aureus populations and provokes the emergence 

of SCVs from strains of different origins. 

HQNO stimulates biofilm production in normal strains but does not alter high biofilm 

production in SCVs. Several pairs of related normal and SCVs strains were used in order to 

study the effect of HQNO on biofilm production by S. aureus. Fig. 2A shows that SCVs 

produce significantly more biofilm than their normal counterparts. The use of the strain 

Newbould/?ew5 (which is a stable laboratory-derived SCV) ensured that SCVs (and not 

revertants) are indeed responsible for this increase in biofilm production (at least in the case of 

Newbouldfe/w5). Furthermore, as shown in Mitchell et al. [20], supplementation of the SCV 

strains CF03 and CF07 with menadione abolished this phenomenon and thus demonstrated 
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that if there was a reversion of SCVs to the normal phenotype, the biofilm production would 

be greatly reduced. 

Time (hours) 

Untreated + HQNO 

*** 
*** 
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FIGURE 1. HQNO inhibits the growth of normal S. aureus strains and provokes the 

emergence of SCVs. (A) Growth curves of the normal strain CFIA-L (•) and the SCV CF1D-

S (•) exposed (dotted lines) or not (solid lines) to 10 jig/ml of HQNO. (B) Pictures show SCV 

colonies grown on agar containing a selective concentration of gentamicin following or not an 

overnight treatment of strain CFIA-L with 10 ]ng/ml of HQNO. (C) Relative number of SCV 

CFUs recovered after 18 h of growth from strains ATCC 29213, Newman, Newbould, CF03-

L, CF07-L and CF1A-L following (black bars) or not (open bars) treatments with 10 ng/ml of 

HQNO. Data are presented as means with standard deviations from at least three independent 

experiments. Results are normalized to the non exposed condition for each strain (dotted line). 

Significant differences between untreated and HQNO-treated conditions are shown (*, P < 

0.05; **, P < 0.01; ***, P < 0.001; unpaired /-test). 

Besides, the presence of HQNO at 10 jig/ml did stimulate biofilm production in the normal 

strains (Fig. 2B-C). This observation was statistically significant for the normal strains ATCC 

29213, Newman, Newbould, CF03-L, CF07-L and CFIA-L whereas HQNO had no detectable 

effect on the already high biofilm production of the SCV strains Newbould/?em.8, CF03-S, 

CF07-S and CF1D-S (Fig. 2C). Moreover, CF03-L produced significantly more biofilm than 

ATCC 29213 and Newman in presence of HQNO, revealing that the amplitude of the response 

of normal strains to HQNO may individually differs (Fig. 2C). Interestingly, an overnight 

exposure to 10 |ig/ml of HQNO resulted in a significant increase in biofilm production (P < 

0.05) for strain Newman, CF03-L and CF1 A-L even after sub-culturing strains in HQNO-free 

medium (data not shown). This indicates that an exposure of S. aureus to HQNO may result in 

a sustained increase in biofilm production. Overall, these results suggest that HQNO increases 

biofilm production in normal S. aureus strains and that the sustained effect of HQNO on 

biofilm production in subsequent HQNO-free medium may result from the relative increase in 

the sub-population of SCVs which are good biofilm producers. 
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FIGURE 2. HQNO stimulates biofilm production in normal strains but does not alter high 

biofilm production in SCVs. (A) Relative biofilm production in related normal (open bars) and 

SCV (grey bars) strains. Results are normalized to the normal strain for each pair (dotted line). 

(B) Pictures show the biofilm formation of the normal strain CFl A-L in the absence or in the 

presence of HQNO as detected by crystal violet staining. (C) Relative biofilm production in 

strains exposed (black bars) or not (open bars) to 10 p.g/ml of HQNO. Results are normalized 

to the unexposed condition for each strain (dotted line). Data are presented as means with 

standard deviations from at least three independent experiments. Significant differences 

between normal and SCV strains (-L and -S suffixes, respectively) or between unexposed and 
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HQNO-exposed conditions are shown (*, P < 0.05; **, P < 0.01; ***, P < 0.001; unpaired t-

test). 
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FIGURE 3. SigB is involved in HQNO-mediated emergence of SCVs and biofilm production. 

(A) Pictures show SCV colonies grown on agar containing a selective concentration of 

gentamicin following or not an overnight exposure to 10 (ig/ml of HQNO for strains 

Newbould and NewbouldAs/gZ?. (B) Relative number of SCV CFUs recovered after 18 h of 

growth for strains Newbould and NewbouldA.s/g/? in the presence (black bars) or not (open 

bars) of 10 ng HQNO/ml. Results are normalized to unexposed Newbould (dotted line). Data 

are presented as means with standard deviations from at least three independent experiments. 
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Significant differences between unexposed and HQNO-exposed conditions (*, P < 0.05), and 

between strains in the same experimental condition (A, P < 0.05) were revealed by a one-way 

ANOVA with tuckey's post test. (C) Growth curves of Newbould (•) and NewbouldAsigB (•) 

exposed (dotted lines) or not (solid lines) to 10 |ig/ml of HQNO. (D) Relative biofilm 

formation as a function of the concentration of HQNO for strains Newbould (open bars) and 

NewbouldAs/gZ? (grey bars). Results are normalized to the unexposed condition for each strain 

(dotted line). Data are presented as means with standard deviations from two independent 

experiments. Significant differences between Newbould and NewbouldAs/gZ? for each 

concentration of HQNO are shown (*, P < 0.05; **, P < 0.01; two-way ANOVA with 

bonferroni's post test). 

SigB is involved in HQNO-mediated emergence of SCVs and biofilm production 

Strains Newbould and NewbouldAs/gB were used to determine whether SigB is involved in 

the emergence of SCVs and biofilm production under an exposure to HQNO. Fig. 3A 

illustrates the ability of HQNO (10 ng/ml, overnight) to favor the emergence of the SCV 

phenotype only in a sigB+ background. HQNO significantly increased the presence of SCVs in 

strain Newbould, but not in NewbouldAs/gS (Fig. 3B). This result was confirmed with strains 

SHI000 and 8325-4 (data not shown), which are isogenic strains with a functional and 

dysfunctional SigB system, respectively [36], Fig. 3C demonstrates that the presence of 

HQNO significantly inhibits the growth of both Newbould and NewbouldAs/gi? (P < 0.05 at 

24h of growth for both; two-way ANOVA followed by a Bonferroni's post test). However, the 

ability of HQNO to increase biofilm formation was observed with strain Newbould, but not 

with NewbouldAs/g5 (Fig.3D). These results suggest that, even if the inhibition of growth 

caused by HQNO is not influenced by SigB (Fig. 3C), HQNO-mediated emergence of SCVs 

and biofilm production is triggered by a SigB-dependent mechanism (Fig. 3D). 
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SigB and agr activities are modulated by an exposure to HQNO 

Fig. 4 shows qPCR measurements of the expression of the genes asp23,fhbA, hid (RNAIII), 

hla, sarA and gyrB at the exponential growth phase for strains Newbould and NewbouIdAj7gZ? 

exposed or not to HQNO. The expression of asp23 and fnbA was evaluated in order to verify 

the hypothesis that SigB is activated during HQNO exposure. The gene asp23 is a well-known 

marker for SigB activity as for the gene fnbA, although the transcription of the latter is not 

exclusively influenced by SigB [15, 19, 22, 37]. Fig. 4A and 4B show that HQNO at 10 (J.g/ml 

induced SigB activity in strain Newbould, as revealed by significant increases of asp23 and 

fnbA expression. The effect of HQNO on the expression of asp23 and fnbA was further 

confirmed with the sequenced strain Newman (data not shown). These results suggest that 

SigB activity is increased by HQNO. 

The activity of the agr system is known to be reduced in SCVs [15, 38-41]. We have thus 

hypothesized that HQNO exposure would repress the agr quorum-sensing system due to the 

general suppression of growth toward normal strains (likely mediated through the inhibition of 

the electron transport chain by HQNO [42]) but also due to the overall emergence of the SCV 

sub-population as seen in Fig. 1. Indeed as expected, Fig. 4C shows that exposure of 

Newbould and NewbouIdAs/gZ? to HQNO significantly repressed the expression of hid (the 

effector of the agr system). 

With the increased in SigB activity and the reduced expression of agr observed under 

exposure to HQNO, it was also justified to measure the expression of the a-hemolysin gene 

hla which can be influenced by both agr and SigB [36, 43]. hla was only significantly 

repressed in Newbould and not in NewbouldA.v/gZ? by the presence of HQNO (Fig. 4D). 

Furthermore, the expression of hla was, in both exposed and unexposed conditions, 

significantly increased in NewbouldAs/gi? in comparison to Newbould, which confirms the 

negative influence of SigB on hla expression [36], These results show that the expression of 
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hla is reduced by HQNO and that the influence of SigB on hla expression under HQNO 

exposure seems to be predominant over the agr system. 
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FIGURE 4. SigB and agr activities are modulated by an exposure to HQNO. Relative 

expression ratios for the genes asp23 (A), fnbA (B), hid (C), hla (D), sarA (E) and gyrB (F) 

were evaluated by qPCR for strains Newbould and NewbouldAs/gi? grown to the exponential 

phase in the presence (black bars) or in the absence (open bars) of 10 fig/ml of HQNO. Results 

are normalized to unexposed Newbould (dotted line). Data are presented as means with 

standard deviations from at least three independent experiments. Significant differences 

between the unexposed and HQNO-exposed conditions (*, P < 0.05; ***, P < 0.001) and 
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between Newbould and NewbouldAs/g# for the same experimental condition (A, P < 0.05; 

AA, P < 0.01; AAA, P < 0.001) were revealed by one-way ANOVA followed by the tuckey's 

post test. 

The expression level of sarA was also measured because of its partial dependency on SigB for 

expression [22, 23], and its roles in the regulation of virulence factors expression [24] and in 

biofilm formation [29]. Fig. 4E shows that sarA expression is significantly induced by HQNO 

in strain Newbould but not in NewbouldAs/gi?. The specificity of the observed modulations in 

gene expression was validated by monitoring the impact of HQNO on the expression of the 

housekeeping gene gyrB. The expression of gyrB was not modulated in the different 

conditions tested (Fig. 4F). These results suggest that HQNO induces the expression of sarA 

by a SigB-dependent mechanism. 

Overall, these results suggest that exposure of S. aureus to HQNO reproduces the 

transcriptional signature found in SCVs [12, 15, 19, 20, 41] and stimulates biofilm production 

by having opposite effects on the activity of SigB (up) and agr (down) as well as on the 

expression of sarA (up by a SigB-dependent mechanism). 
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FIGURE 5. P. aeruginosa stimulates biofilm formation and increases the activity of SigB of a 

5. aureus CF isolate. (A) CFU/ml recovered after 48 h of growth of CFIA-L (open bar) and 

CFIA-L in the presence of supematants from overnight cultures of P. aeruginosa PAOl 

(black bar) or of E. coli K12 (hatched bar). The picture shows the specific inhibitory effect of 

P. aeruginosa on the growth of S. aureus. (B) Relative biofilm production by CF1A-L grown 

in the presence of supematants from overnight cultures of P. aeruginosa or E. coli. Pictures 

show the biofilm formation of CFIA-L in the absence or in the presence of culture 

supematants of P. aeruginosa or E. coli as detected by crystal violet staining. (C) Relative 
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number of SCV CFUs recovered after 6 h of growth for S. aureus CF1A-L in co-culture with 

PAOI or K12 as determined using the double chamber co-culture model. (D) Relative 

expression ratios for the gene asp23 were evaluated by qPCR for CF1A-L in co-culture with 

PAOI or K12. For B, C and D, results are normalized to unexposed CF1A-L (dotted line). 

Data are presented as means with standard deviations from three independent experiments. 

Significant differences between unexposed CF1A-L and the exposed conditions (*, P < 0.05; 

***, P < 0.001) and between CF1 A-L exposed to PAOI or K12 (A, P < 0.05; AAA, P < 0.001) 

were revealed by one-way ANOVA followed by the tuckey's post test. 

P. aeruginosa stimulates biofilm formation and increases the activity of SigB of a S. 

aureus CF isolate. In order to ascertain that the effect of HQNO on S. aureus is representative 

of what may happen when P. aeruginosa and S. aureus are in close proximity during a co-

infection, we conducted experiments in which S. aureus was exposed to supernatants from 

overnight cultures of P. aeruginosa as well as experiments using a double chamber co-culture 

model. We used the E. coli strain K12 in control experiments to ensure that the observed effect 

was specific to P. aeruginosa and was not only caused by the close proximity of a Gram-

negative bacterium or non specific alterations of the growth medium. We used E. coli because 

it is known that this bacterium does not produce HQNO (E. Deziel, unpublished data). Fig.5A 

shows that P. aeruginosa PAOI inhibits the growth of the S. aureus strain CF1A-L whereas 

this phenomenon was not observed with E. coli K12. The supernatant collected from an 

overnight culture of PAOI significantly inhibited the growth of S. aureus. This growth 

inhibition was accompanied by a significant increase in biofilm production (Fig. 5B). Fig. 5C 

shows that when S. aureus CF1A-L was co-cultured with PAOI for 6 h, significantly more 

SCVs were recovered than that seen when the co-culture was done with E. coli K12. Of 

striking interest, the co-cultivation of S. aureus CF1 A-L with P. aeruginosa PAOI specifically 

and significantly increased the expression of asp23. These results confirm that P. aeruginosa 

has the potential to specifically inhibit the growth, stimulate biofilm production, favor the 
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emergence of the SCV phenotype and increase the activity of SigB in non-SCV S. aureus 

strains. 

HQNO from P. aeruginosa stimulates S. aureus biofilm production by a SigB-dependent 

mechanism. We used thepqsA andpqsL mutants derived from P. aeruginosa PAH to further 

confirm the specific effect of HQNO on biofilm production by S. aureus. The pqsA mutant 

does not produce any 4-hydroxy-2-aIkylquinolines (HAQs) at all [44, 45], whereas the pqsL 

mutant is specifically altered in HQNO biosynthesis [46]. Thus, we have used both pqsA and 

pqsL mutants in order to distinguish the global impact of all P. aeruginosa HAQs from the 

specific impact of HQNO on biofilm production by S. aureus. Fig. 6A shows that the growth 

of the pqsA and pqsL mutants is not impaired compared to that of the parental strain PAH, 

thus excluding variations in supernatant composition caused by differences in growth rates 

among strains. Fig. 6B shows that the supernatant from an overnight culture of P. aeruginosa 

PAH stimulates biofilm production by S. aureus CF1A-L in comparison to the supernatant 

from the pqsL mutant (specific HQNO-minus strain). The effect of different doses of 

supernatants from overnight cultures of P. aeruginosa PAH, the pqsA mutant, the pqsL 

mutant or E. coli K12 on biofilm production by S. aureus CF1A-L is shown in Fig. 6C. While 

supernatants from both mutants significantly induced less biofilm production in comparison to 

PAH, this attenuated effect was more pronounced for the pqsA mutant (negative for the 

production of all HAQs) than the pqsL mutant. This result can be explained by the fact that 

other HAQs secreted by P. aeruginosa, although less potent than HQNO, can also have a 

growth-inhibitory activity against S. aureus [47]. Noteworthy, all three strains of P. 

aeruginosa stimulated biofilm production in comparison to E. coli, suggesting that other P. 

aeruginosa exoproducts can indeed stimulate biofilm production by S. aureus. 
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FIGURE 6. HQNO from P. aeruginosa stimulates biofilm production of S. aureus strains by a 

SigB-dependent mechanism. (A) Growth curves of P. aeruginosa strain PAH and the pqsA 

and pqsL mutants. (B) Pictures show relative biofilm production of CF1A-L in the absence or 

in the presence of supernatants from overnight cultures of P. aeruginosa PA 14 or the pqsL 

mutant as determined by crystal violet staining. (C) Relative biofilm production by S. aureus 

CF1A-L as a function of the proportion of supernatant from overnight cultures of P. 

aeruginosa PA14, the pqsA mutant, the pqsL mutant or E. coli K12. Results are normalized to 

unexposed CF1A-L (dotted line). Significant differences between CF1A-L+PA14 and the 

other conditions for each proportion of supernatant are shown (*, P < 0.05; two-way ANOVA 

with Bonferroni's post test). (D) Relative biofilm production by S. aureus strains Newbould 

and NewbouIdAs/gS as a function of the proportion of supernatant from overnight cultures of 

P. aeruginosa PA 14, the pqsA or the pqsL mutant. Significant differences between Newbould 

+ PAH and the other conditions for each proportion of supernatant (*, P < 0.05; two-way 

ANOVA with Bonferroni's post test), and between NewbouldA.s/g/i + PAH and Newbould 

AsigB + the pqsA or the pqsL mutant (A, P < 0.05; two-way ANOVA with Bonferroni's post 

test) are shown. The significant difference between untreated Newbould and NewbouldA.v/g/i 

is also shown (#, P < 0.05; unpaired /-test). Data are presented as means with standard 

deviations from at least three independent experiments. 

Fig. 6D confirms that HQNO from the supernatant of strain PAH stimulates biofilm 

production by a SigB-dependent mechanism. The increase in biofilm production observed 

when S. aureus Newbould is in contact with the supernatant from PAH is significantly higher 

than that seen with supernatants from the pqsA and pqsL mutants. Surprisingly, both mutants 

did not significantly stimulate biofilm production by Newbould as that observed for CF1 A-L, 

suggesting that differences between S. aureus strains may exist in respect to their response to 

the presence of non-HQNO exoproducts. As expected, biofilm production by NewbouldAs/gZ? 

in contact with supernatants from the three P. aeruginosa strains was significantly inferior to 

that observed using the PAH supernatants with strain Newbould. Moreover, supernatants 
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from PAH generally did not significantly stimulate biofilm production by NewbouldAs/gi? in 

comparison to supernatants from pqsA and pqsL mutants, which confirms that SigB is 

involved in HQNO-mediated S. aureus biofilm production. Overall, the results of this section 

support the hypothesis that HQNO from P. aeruginosa stimulates biofilm production by S. 

aureus through a SigB-dependent mechanism. 

DISCUSSION 

We found that the P. aeruginosa exoproduct HQNO increases the production of biofilm by S. 

aureus. The effects on biofilm production, as well as on growth, were only seen on normal 

strains whereas the already high biofilm formation and slow growth rate of SCVs were not 

altered by the presence of HQNO. It is known that HQNO specifically inhibits electron 

transport in Gram-positive bacteria [42] and its immediate action toward normal strains is 

likely to reduce ATP production and growth to a similar level to that observed in SCVs. 

Interestingly, our results also indicate that HQNO provokes a sustained stimulatory effect on 

the production of biofilms by S. aureus. We indeed found that a pre-treatement of S. aureus 

with HQNO still led to a subsequent increase in biofilm formation even after HQNO removal. 

This sustained effect is probably associated with the increased proportion of the sub-

population of SCVs resulting from HQNO exposure. An exposure of S. aureus to HQNO may 

thus, in addition to its immediate effect, favor the emergence of SCVs having a long-term 

impact on biofilm formation. 

Aminoglycosides are also known to favor the emergence of SCVs [12] and are often used in 

CF patient care [1], Interestingly, a synergistic effect between HQNO and tobramycin for the 

formation of S. aureus SCVs was previously observed by Hoffmann et al. [2], It is thus 

possible that the administration of aminoglycosides to CF patients co-infected with both S. 
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aureus and P. aeruginosa further increases the formation of biofilm by S. aureus. Besides, it is 

well known that the abnormal function of the CF transmembrane conductance regulator 

(CFTR) protein in CF patients has profound consequences on the airway physiology and it 

will be of great interest to determine whether other parameters related to the CF airways 

influence the emergence of SCVs and the production of biofilms by S. aureus. The expression 

of virulence factors in S. aureus is indeed controlled by diverse and complex regulatory 

networks in a time- and environment-dependent manner, being influenced for example by 

ionic forces, pH and O2 [48], Consequently, it is likely that S. aureus specifically responds to 

the particular environment of CF airways. Whether this response is SigB-dependent and will 

lead to the emergence of SCVs and biofilm production remains to be determined. 

Naturally-occurring mutations altering the activity of virulence regulators in S. aureus have 

been previously reported [36, 49-52]. Our results suggest that the inactivation of sigB will 

importantly influence the outcome of the HQNO-mediated interaction between P. aeruginosa 

and S. aureus. We are currently studying S. aureus isolates from CF patients co-infected with 

P. aeruginosa which are not influenced by the presence of P. aeruginosa. This, in addition to 

the observation that differences between S. aureus strains exist relative to their response to 

HAQs (Fig. 6C and D), suggest that S. aureus strains isolated from CF patients may adapt or 

evolve toward a long-term coexistence with P. aeruginosa. Whether this involves mutations in 

sigB or any other genes encoding regulators is now under investigation and will greatly help to 

understand the dynamic behavior and the adaptation of S. aureus in response to the CF airway 

environment as well as to the presence of P. aeruginosa. 

The effect of HQNO on the regulators SarA, agr and SigB suggests that several virulence 

factors should be influenced by the presence of HQNO. A concomitant activation of SigB and 

repression of agr should result in the up-regulation of a variety of cell-surface proteins (such 

as FnBA) involved in adhesion to host tissues, and in the repression of several exotoxins (such 
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as a-hemolysin, Hla) and proteolytic enzymes [22, 25], It is then tempting to speculate that the 

presence of HQNO will prevent S. aureus from disseminating and will rather favor tissue 

colonization, biofilm production and invasion of host cells. It has indeed been suggested that 

S. aureus FnBPs mediates cellular invasion [53, 54] whereas the capacity of the bacterium to 

remain intracellular is helped by the repression of hla [55]. Accordingly, we showed that an 

exposure of S. aureus to HQNO up-regulates the expression of fnbA and represses the 

expression of hla. However, whether or not HQNO and P. aeruginosa increase the invasion of 

host cells by S. aureus remains to be confirmed. Interestingly, O'Neil et al. [32] have recently 

demonstrated that the FnBPs are also involved in the /ca-independent mechanism of biofilm 

formation. It is thus possible that FnBPs are directly responsible for the observed HQNO-

mediated SigB-dependent increase in biofilm production and, more specifically, FnBPA which 

is under the control of SigB for expression [15, 19, 22, 37]. As such, the FnBPs would 

represent the main effectors for both biofilm formation and cellular invasion in S. aureus 

SCVs. 

HQNO may be one of several bacterial exoproducts influencing S. aureus during 

polymicrobial infections. Our results and those of Machan et al. [47] suggest that other HAQs 

may also affect S. aureus, although not as efficiently as HQNO. Moreover, it is known that 

other P. aeruginosa exoproducts such as pyocyanin have an inhibitory activity against the 

electron transport chain of S. aureus [13]. Loss of pyocyanin production has been associated 

with mutations in the pqsA-E genes [45, 56], which may provide an additional explanation for 

the different effects of the pqsA and pqsL mutants we have observed on the growth (data not 

shown) and biofilm formation of S. aureus (Fig. 6C). Furthermore, Qazi et al. [7] found that 

an jY-acyl-homoserine-lactone from P. aeruginosa antagonizes quorum sensing and virulence 

gene expression in S. aureus. More precisely, it was shown that the 3-oxo-Ci2-HSL interacts 

with the cytoplasmic membrane of S. aureus and down-regulates both sarA and agr 

expression. Although we also observed here a down-regulation of agr, the HQNO-mediated 

up-regulation of sarA suggests further complexity in the response of S. aureus to P. 
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aeruginosa exoproducts. It is possible that the outcome of the S. aureus-P. aeruginosa 

interaction is dependent on the amount and the types of exoproducts secreted by the specific 

strain of P. aeruginosa interacting with S. aureus. 

It should be kept in mind that the diversity of diffusible bacterial signals and their role in 

interspecies communication are just beginning to be appreciated [9] and that potentially 

numerous other bacterial species may be interacting with S. aureus, especially during 

infectious diseases. It is then likely that S. aureus interacts with other bacterial genus than 

Pseudomonas during infection of the airways of CF patients. As an example, the CF pathogen 

Burkholderia cepacia also produces TV-acylhomoserine lactones [57] and some Burkholderia 

species are able to synthesize HAQ analogues [58]. Nevertheless, the observation that P. 

aeruginosa favors the emergence of SCVs and biofilm production by S. aureus is likely to 

have a significant clinical impact. The clinical consequences may actually surpass the 

previously anticipated formation of aminoglycoside-resistant SCVs by Hoffman et al. [2]. 

Persistence of bacteria in chronic infections has been associated with biofilm production [1, 

59] and biofilms are known to confer protection from host defenses and antibiotic treatments 

at large [34, 60]. In the cystic fibrosis context, where obstructive infections worsen the health 

prognosis of patients, the clinical significance of biofilm production by normal S. aureus and 

SCV strains will need to be further investigated. 

CONCLUSIONS 

This study strongly supports the hypothesis that P. aeruginosa influences the pathogenicity of 

S. aureus by producing HQNO, which favors the acquisition of the SCV phenotype through 

the activation of the stress- and colonization-related S. aureus alternative sigma factor B. 

Although several P. aeruginosa exoproducts may potentially influence S. aureus, our 
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observations with pure HQNO were confirmed and supported by experiments using whole 

supernatants from two P. aeruginosa strains as well as mutants unable to produce HQNO. 

Considering that biofilms and SCVs are both suspected to play a role in chronic infections of 

CF airways, the observation that P. aeruginosa increases the emergence of SCVs and biofilm 

formation by S. aureus may influence the patient health prognosis. New therapeutic strategies 

should aim at preventing interspecies interactions and the development of specific phenotypes 

such as biofilm-producing SCVs in order to reduce the likelihood of chronic infections. 

METHODS 

Bacterial strains and growth conditions 

The relevant characteristics of the strains used in this study are shown in Table 1. 

Staphylococcus aureus ATCC 29213, Newman and Newbould were used as representatives of 

prototypical control strains. NewbouldAs/gi? and NewbouldfewS, in which the genes sigB or 

hemB had been disrupted by the ermA cassette [15, 17], were used to evaluate the importance 

of SigB in a prototypical background and to generate a stable SCV, respectively. CF03-

L/CF03-S, CF07-L/CF07-S and CFl A-L/CFID-S are related pairs of strains co-isolated from 

CF patients, which respectively have a normal and a SCV phenotype. The genetic relatedness 

of each strain among the pairs was confirmed by the analysis of multiple loci with a variable 

number of tandem repeats (see below). Except where otherwise stated, S. aureus strains were 

grown in brain heart infusion (BHI) broth (BD, ON, Canada). The use of BHI to study our 

SCV strains as well as in the experiments involving quantification of SCVs is validated in the 

Additional file 1. Pseudomonas aeruginosa PAOl [61], PA 14 [62], the PA14-derived pqsA 

and pqsL mutants [44, 46] and Escherichia coli K12 were grown in trypticase soy broth (TSB) 

(BD, ON, Canada). 
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TABLE 1. Bacterial strains used in this study. 

Strains Relevant characteristics Auxotrophism References 
S. aureus strains 

ATCC 29213 Laboratory strain, normal - -

Newman ATCC 25904 Laboratory strain, normal - -

Newbould ATCC 29740 Laboratory strain, normal - -

NewbouldAs/gB Newbould AsigB:\emrA\ ErmR 
- |15] 

Newbould/iem/j Newbould hemB::ermA; ErmR Hemin (17] 

CF03-S SCV strain isolated from a CF patient Menadione [15] 

CF03-L Normal strain co-isolated with CF03-S - This study 

CF07-S SCV strain isolated from a CF patient Menadione [15] 

CF07-L Normal strain co-isolated with CF07-S - This study 

CF1D-S SCV strain isolated from a CF patient Unknown This study 

CF1A-L Normal strain co-isolated with CF1D-S - This study 

P. aeruginosa strains 

PAOl Laboratory strain - [61] 

PA 14 Clinical strain, Rif* - [62] 

pqsA PA 14pqsAv.TriphoA; Rif*, Km" - [44] 

pqsL P A H A pqsL; Rif* - [46] 

E. coli strains 

K 1 2  Laboratory strain - -
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A C 

Newbould 
• Newbou Id hemB 
-€> NewbouldftemB + hemin 
— CF07-L 

CF07-S 
-O- CF07-S + menadione 

Time (hours) 

ADDITIONAL FILE 1. Validation of the use of BHI as the growth medium to induce and 

study SCVs. (A) Growth curves expressed in absorbance at 595 nm for the strains Newbould, 

Newbould/zew5, CF07-L and CF07-S. The growth of Newbould/zewiB and CF07-S was 

supplemented or not with 5 ng/ml of hemin and 1 p.g/ml of menadione, respectively. Results 

show that SCVs present their slow-growth phenotype in BHI unless supplemental hemin or 

menadione is added to the broth. (B) Pictures of colonies from strains Newbould, 

NewbouldAemi?, CF07-L and CF07-S grown on BHI agar for 16 hours. Results show that 

SCVs retain their slow-growth phenotype on BHI A in comparison to normal strains. (C) 
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Appearance of the colonies obtained from the cultures shown in A at the 12-h time point and 

plated on Mueller-Hinton agar (MHA) for 36 hours. Results show that normal strains grow 

efficiently on MHA whereas SCVs taken from BH1 broth (cultures shown in A and 

supplemented or not with hem in or menadione) still present their slow-growth phenotype once 

plated back on MHA. 

Multiple-locus variable-number of tandem repeat analysis (MVLA) of strains co-isolated 

from CF patients 

The relatedness of each of the co-isolated strains within the pairs CF03-L/CF03-S, CF07-

L/CF07-S and CF1A-L/CF1D-S was confirmed by MVLA as described by Sabat et al. [63]. 

The strains of each pair had identical MVLA patterns. 

Growth curves 

S. aureus overnight cultures were used at an 595nm of 0.1 to inoculate BHI broths 

supplemented or not with 10 ng/ml of HQNO (Axxora, CA, USA). Cultures were then 

incubated at 35°C/225 RPM and samples were taken at different time points for determination 

of CFU by spreading 10-fold dilutions on trypticase soy agar (TSA) plates (BD, ON, Canada). 

Plates were incubated at 35°C for 24 and 48 h for normal and SCV strains, respectively. For 

the growth curves of P. aeruginosa PA 14 and the pqsA and pqsL mutants, overnight cultures 

were used to inoculate TSB. Cultures were then incubated at 35°C/225 RPM and samples were 

taken at specified time points in order to evaluate their turbidity at ̂ 595nm. 

Quantification of SCVs 

We have quantified SCVs by taking advantage of their reduced susceptibility to 

aminoglycosides as described elsewhere with few modifications [20, 64, 65], A 1:100 dilution 

of overnight broth cultures was used to inoculate BHI broths supplemented or not with 10 
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Hg/ml of HQNO. Cultures were incubated 18 h and then adjusted to an ^595nm of 2.0 in PBS at 

4°C. Determination of SCV CFUs was done by serial dilution plating. SCV counts were 

obtained by plating on TSA containing gentamicin (Sigma-Aldrich, ON, Canada) at 4 |J.g/ml 

followed by an incubation of 48 h at 35°C. As shown in Additional file 2, this concentration of 

gentamicin is selective for SCVs as it allows the growth of SCVs, but not that of normal 

strains. The frequency of SCVs is defined as the number of SCVs per total CFU counts on 

antibiotic-free TSA. The pinpoint colonies detected by this gentamicin-plate method were 

confirmed to be SCVs by streaking several of them on TSA plates (See Additional file 3). We 

have also evaluated the auxotrophism (as described below) of several HQNO-induced SCVs 

generated from strains CFIA-L and CF07-L in order to further validate the ability of this 

technique to detect typical SCVs (see Additional file 4). 

ADDITIONAL FILE 2. Minimal inhibitory concentrations (MICs) of gentamicin for the 

studied strains. 

TABLE 2. Minimal inhibitory concentrations (MICs) of gentamicin for the studied strains 

Strains |ig/ml 

ATCC29213 0.5-1 

Newman 1 
Newbould 0.5-1 

NewbouldAszg# 0.5-1 

Newbould/?e/wZ? 8 

CF03-S 8 

CF03-L 0.5-1 

CF07-S 8 

CF07-L 1 
CF1D-S 8 

CFIA-L 1 
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Antibiotic susceptibility 

The minimal inhibitory concentrations (MICs) of gentamicin for all strains were determined 

by a broth microdilution technique, following the recommendations of the Clinical and 

Laboratory Standards Institute (CLSI) guidelines [66], except that the incubation period was 

extended to 48 h and that the medium used was BHl in order to allow SCVs to reach maximal 

growth. 

CF07-L CF07-S 

HQNO-induced SCVs 
(from CF07-L) 

ADDITIONAL FILE 3. Appearance of HQNO-induced SCVs selected on gentamicin-

containing agar and streaked back on TSA plates. Pictures are showing CF07-L, CF07-S and 

HQNO-induced SCVs selected on gentamicin-containing agar and streaked back on TSA 

plates. The bottom pictures show streaks of three isolated SCVs on TSA plates. Many more 

SCVs were similarly tested and our results showed that at least 85% of the SCVs isolated from 

gentamicin plates were keeping their slow-growth phenotype when subsequently grown on 

TSA without gentamicin. 
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Auxotrophism of SCVs. 

In the context of SCVs, auxotrophism is defined as the requirement of specific compounds in 

order to regain a normal growth phenotype [41]. An agar diffusion method was used to 

characterize the auxotrophism of SCVs using hemin or menadione (10 ng each/well) on an 

inoculated Mueller-Hinton agar (MHA) plate. Thymidine at 1.5 ng/well was also tested as 

previously described [67], Auxotrophy for specific supplements was detected by a zone of 

normal growth surrounding the well after 18 h of incubation at 35°C. The photography of the 

Additional file 5 shows the normal growth of NewbouIdAewi? in proximity of a well loaded 

with hemin as an example of a positive auxotrophism result. 

ADDITIONAL FILE 4. Auxotrophism found among HQNO-induced SCVs. 

TABLE 3. Auxotrophism of SCVs recovered after an exposure to HQNO 

Auxotrophism 
Number of SCV colonies for each strain exposed to HQNO 

CF07-L CF1A-L 

Hemin 0 0 

Menadione 15 12 

Thymidine 0 0 

Unknown 1 1 

1 5 9  



ADDITIONAL FILE 5. Growth of Newbould/iewi? in proximity of a well loaded with hemin. 

Growth of Newbould/iemi? in proximity of a well loaded with hemin as an example of a 

positive auxotrophism result. The auxotrophism of Newbould/iemi? for hemin is seen by 

observing normal growth only within the diffusion zone of a well loaded with hemin. 

Preparation of supematants from P. aeruginosa and E. coli strains 

Overnight cultures were used to inoculate TSB at a dilution of 1:100. Cultures were then 

incubated 20 h at 35°C/225 RPM before collecting the culture supematants by centrifugation. 

Similar culture conditions were previously shown to allow maximal production of HQNO by 

P. aeruginosa PAOl [68]. The supematants were then filter-sterilized using 0.22 [x pore size 

(Millipore, MA, USA) and used immediately. The sterility of the supematants was confirmed 

by plating samples on TSA plate. 
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ADDITIONAL FILE 6. Non-normalized absorbance values at 560 nm representing biofilm 

production for each of the strains used in Fig. 2. Non-normalized absorbance values at 560 nm 

representing biofilm production for each of the strains used in Fig. 2. Results show that strains 

vary in their relative production of biofilms but that for each related pairs of normal and SCV 

strains, SCV counterparts always produce more biofilm than their respective normal strains. 

Biofilm formation 

For studying the effect of HQNO on biofilm production by S. aureus, three colonies grown on 

blood agar plates were used to inoculate BHI broths containing 0.25% glucose with or without 

10 ng/ml of HQNO and cultures were incubated for 18 h. These cultures were used to adjust 

an appropriate volume of BHl-0.25% glucose to 0.5 Mcfarland for transfer into wells of a flat-

bottom polystyrene microtiter plate containing half volume of the same medium with or 

without HQNO (final concentration 10 fig/ml). For experiments evaluating the effect of 

culture supernatants from P. aeruginosa and E. coli on S. aureus biofilm production, a S. 

aureus 0.5 Mcfarland suspension was prepared in BHI-0.5% glucose and transferred into wells 
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of a microtiter plate containing half the volume of the supernatant to be tested. The plates were 

incubated at 35°C for 48h. The supernatant was then discarded and the wells were delicately 

washed three times with 200 p.1 of PBS. The plates were dried, stained for 30 min with crystal 

violet, washed twice with 200 |jJ of water and allowed to dry again. A volume of 200 jil of 

95% ethanol was added to each well and plates were incubated at room temperature for 1 h 

with frequent agitation. The absorbance of each well was then measured at 560 nm using a 

plate reader (Bio-Tek Instruments). The biofilm formation of each culture tested was 

evaluated in four replicates. The ^560nm values (non-normalized data) representing the biofilm 

production for each of the strains used in Fig. 2 can be seen in the Additional file 6. 

Quantitative PCR (qPCR). 

In order to evaluate the effect of HQNO (10 fig/ml) on S. aureus gene expression, overnight 

cultures were used to inoculate broth at an ^595™ of 0.1. Bacteria were then grown until the 

unexposed control culture reached an As^snm between 0.9 and 1.0. Bacteria were collected and 

treated with RNAprotect (QIAGEN, ON, Canada). RNA was extracted from the cell pellets 

after treatment with lysostaphin (Sigma-Aldrich) (200 fig/ml, 1 h) using the RNeasy Mini kit 

and the RNase-free DNase set (QIAGEN). A second DNase treatment was also done with the 

DNA-free kit (Applied Biosystems/Ambion, CA, USA). One |ig of total RNA was reverse 

transcribed with 0.5 mM deoxynucleotide phosphate, 50 ng of random hexamers and 200 U of 

Invitrogen Superscript II reverse transcriptase, according to the manufacturer's 

recommendations (Invitrogen, ON, Canada). RNA was hydrolyzed and the cDNAs were 

purified with the QIAquick PCR purification kit (QIAGEN). One microliter of the cDNA 

preparation was amplified on the Stratagene MX3000P Real-Time PCR instrument with the 

Jump Start Taq DNA polymerase (Sigma-Aldrich), SYBR Green and lOOnM of the following 

primers: 

OSJP23-RT-FWD 5 '-TCGCTGCACGTGAAGTTAAA-3 

as/;23-RT-REV5'-CAGCAGCTTGTTTTTCACCA-3\ 
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>M26S-RT-FWD 5'-ACAAGTTGAAGTGGCACAGCC-3 

JhbA341-RT-REV 5 '-CCGCTACATCTGCTGATCTTGTC-3 

/fW-RT-FWD 5'-TAATTAAGGAAGGAGTGATTTCAATG-3' 

hid-RT-REV 5' -TTTTTAGTGAATTTGTTCACTGTGTC-3' 

Ma-RT-FWD 5'-AATGAATCCTGTCGCTAATGCCGC-3' 

Wa-RT-REV 5'-CTGAAGGCCAGGCTAAACCACTTT-3' 

w^-RT-F WD 5 '-C AA ACAACC AC A AGTTGTTA A AGC-3' 

w/i-RT-REV5'-TGTTTGCTTCAGTGATTCGTTT-3' 

16SrRNA-RT-FWD 5'- TCGTTTAACACGTTTAGGTTCA-3', 

16SrRNA-RT-REV 5'- GAACTGTATCAGTTGGTTTCGCAC-3', 

gyrfl-RT-F WD 5 '-GGTGCTGGGCAAATACAAGT-3', 

g>W?-RT-REV 5-TCCCACACTAAATGGTGCAA-3'. 

Reaction mixtures were denatured for 10 min at 95°C, followed by 35 cycles of 30 s at 95°C, 1 

min at 60°C and 1 min 30 s at 72°C. Dissociation and standard curves were obtained to insure 

the specificity and the efficiency of reactions. cDNA synthesis reactions without reverse 

transcriptase were also routinely carried out. The relative expression ratios were calculated by 

using the cycle threshold (Ct) of the 16S RNA or gyrB of each condition as the calibrator (n-

fold expression = 2 ACt, where ACt represents the difference between the Ct of the gene studied 

and the C, of the 16S RNA or gyrB for each condition). 

Double chamber co-culture model. 

Overnight cultures of S. aureus, E.coli and P. aeruginosa in TSB were used to inoculate 

bottom {S. aureus, E. coli or P. aeruginosa) or top (S. aureus) chambers of 0.4-jjm pore 

polycarbonate membrane inserts (Transwell [Corning, MA, USA]). S. aureus was inoculated 

at an of 0.01, whereas P. aeruginosa or E. coli were inoculated at an A^j„m of 0.1. The 

cultures were incubated at 35°C/80 RPM for 6 h and samples were taken for SCV enumeration 
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and total CFU counts as well as for RNA extraction. No bacterial cross-contamination was 

detected by culture plating up to at least 9 h of incubation. 

Statistical analysis 

One-way analysis of variance followed by Dunnett's multiple comparisons test or Tukey's 

multiple comparisons test were used when several conditions or strains were compared at the 

same time whereas unpaired /-tests were used when only two conditions were compared. Two-

way ANOVA with Bonferroni's post tests were used to compare the response of different 

strains and/or different conditions as a function of the concentration of HQNO or bacterial 

culture supernatants. Statistical analyses of qPCR data were done on mean AC,. CFU counts 

or SCV frequencies were transformed in based-10 logarithm values before being used for 

statistical analyses that were carried out with the GraphPad Prism Software (v.5.00). Statistical 

tests used for the analysis of each experiment are specified in figure legends. 
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CHAPITRE 4 

Infection of polarized airway epithelial cells by normal and small-colony variant strains 

of Staphylococcus aureus is increased in cells with abnormal cystic fibrosis 

transmembrane conductance regulator function and is influenced by NF-KB 

4.1. Introduction de Particle 

Le but de cette etude a ete de developper et de caracteriser un modele d'infection a S. aureus 

permettant la comparaison de cellules epitheliales non-FK et FK ainsi que de verifier 

I'hypothese que les SCVs de S. aureus ont une habilete plus grande que les souches normales 

a infecter ces lignees cellulaires. Nous avons aussi etudie l'effet de l'interaction entre le CFTR 

et NF-KB sur le niveau d'infection de cellules epitheliales pulmonaires polarisees par des 

souches normales et SCVs. J'ai fait I'apprentissage de la methode de culture au laboratoire du 

Dr Andre M. Cantin sous la supervision de la professionnelle de recherche Ginette Bilodeau. 

M. Gilles Grondin a fait les experiences de microscopie. J'ai mis au point le modele 

d'infection et effectue 1'ensemble des essais d'infection, des experiences de microbiologic et 

des PCR quantitatives en temps reel. J'ai redige l'ebauche de Particle, effectue la conception 

des figures et participe a la correction du manuscrit jusqu'a sa publication. 

Reference de l'article : 

Mitchell, G., Grondin, G., Bilodeau, G., Cantin, A.M., and Malouin, F. (2011). Infection of 

polarized airway epithelial cells by normal and small-colony variant strains of Staphylococcus 

aureus is increased in cells with abnormal cystic fibrosis transmembrane conductance 

regulator function and is influenced by NF-KB. Infect. Immun. 79, 2541-2551. 
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4.2. Resume en fran^ais de I'article 

L'infection de cellules non phagocytaires par Staphylococcus aureus, et plus particulierement 

par les SCVs, pourrait contribuer a la persistance de ce pathogene dans les voies pulmonaires 

des patients FK. On suppose egalement que le developpement d'infections chroniques est 

facilite par l'etat proinflammatoire des voies respiratoires FK induit par une activation 

anormale de NF-KB. Le but de cette etude etait de comparer l'infection de cellules epitheliales 

non-FK et FK par des souches de S. aureus (normal et SCVs) ainsi que de determiner I'impact 

de I'interaction entre le CFTR et NF-KB sur le niveau d'infection de ces cellules. Nous avons 

developpe un modele d'infection a S. aureus utilisant des cellules epitheliales pulmonaires 

polarisees cultivees a l'interface air-liquide et exprimant de petits ARN en tete d'epingle 

(shRNA) diriges contre le CFTR afin de mimer la condition FK. Une paire de co-isolats FK 

genetiquement lies avec le phenotype normal et SCV a ete caracterisee et utilisee. L'infection 

des deux lignees cellulaires (non-FK et FK) etait plus prononcee avec la souche SCV qu'avec 

sa contrepartie normale. Cependant, les souches normales et SCVs infectaient plus les cellules 

FK que les cellules non-FK. De plus, l'inhibition de la fonction CFTR par le CFTR/n/?-172 

augmentait le niveau d'infection a S. aureus. L'activation experimental de NF-KB augmentait 

aussi le niveau d'infection des cellules epitheliales pulmonaires polarisees par S. aureus, ce 

qui pourrait etre associe avec les resultats obtenus lorsque la fonction du CFTR etait inhibee 

ou compromise. Cette etude supporte 1'hypothese que l'etat proinflammatoire des tissus FK 

facilite l'infection des cellules epitheliales pulmonaires par S. aureus. 
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4.3. L'article scientifique 

Infection of polarized airway epithelial cells by normal and small-colony variant strains 

of Staphylococcus aureus is increased in cells with abnormal CFTR function and is 

influenced by NF-KB 
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ABSTRACT 

The infection of non-phagocytic host cells by Staphylococcus aureus and more particularly by 

small-colony variants (SCVs) may contribute to the persistence of this pathogen in the lungs 

of cystic fibrosis (CF) patients. The development of chronic infections is also thought to be 

facilitated by the proinflammatory status of CF airways induced by an activation of NF-KB. 

The aim of this study was to compare the infection of non-CF and CF-like airway epithelial 

cells by S. aureus strains (normal and SCVs), and to determine the impact of the interaction 

between CFTR and NF-KB on the infection level of these cells by S. aureus. We developed an 

S. aureus infection model using polarized airway epithelial cells grown at the air-liquid 

interface and expressing short hairpin RNAs directed against CFTR to mimic the CF 

condition. A pair of genetically related CF co-isolates with the normal and SCV phenotypes 

was characterized and used. Infection of both cell lines (non-CF and CF-like) was more 

productive with the SCV strain than that observed with its normal counterpart. However, both 

normal and SCV strains infected more CF-like than non-CF cells. Accordingly, inhibition of 

CFTR function by CFTR/«/?-172 increased S. aureus infection. Experimental activation of 

NF-KB also increased the infection level of polarized pulmonary epithelial cells by S. aureus, 

an event that could be associated with that observed when CFTR function is inhibited or 

impaired. This study supports the hypothesis that the proinflammatory status of CF tissues 

facilitates the infection of pulmonary epithelial cells by S. aureus. 
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INTRODUCTION 

Cystic fibrosis (CF) is the most common lethal single gene disease affecting Caucasians. This 

disorder is autosomal recessive and is caused by mutations affecting the function of the Cystic 

Fibrosis Conductance Regulator (CFTR), which is a cyclic 5'-monophosphate (cAMP)-

regulated chloride channel localized in the apical membrane of epithelial cells. The 

malfunction of CFTR has an impact on multiple systems and mainly affects the respiratory 

and the gastrointestinal tracts. Ultimately, the majority of patients with CF will succumb from 

respiratory failure subsequent to chronic bacterial infections (31, 48). Pseudomonas 

aeruginosa and Staphylococcus aureus are currently the most common pulmonary pathogens 

in North American subjects with CF (7, 13). 

S. aureus is an important human pathogen which has the ability to cause both life-threatening 

diseases as well as chronic and difficult-to-treat infections of several organs and tissues (2, 20, 

45). One of the mechanisms thought to be involved in the development of chronic S. aureus 

infections is the ability to persist within non-phagocytic host cells, which confers to the 

bacterium protection against the immune system and the action of antibiotics (1, 6). It was 

indeed observed that antibiotic treatments are often ineffective against S. aureus infecting CF 

lungs and are subsequently often associated with relapsing infections (19, 26). These relapsing 

infections are thought to re-emerge from bacteria persisting inside host cells (30). Jarry and 

Cheung (23) suggested that the fate of intracellular S. aureus may actually differ in CF 

epithelial cells compared to that seen in non-CF cells. Consequently, the ability of S. aureus to 

persist within epithelial cells may represent an important factor contributing to the specific 

persistence of S. aureus in CF patients. 
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How CFTR malfunction promotes pulmonary infections is still not completely understood. It 

was argued that bacterial lung colonization may be facilitated by the proinflammatory status of 

CF tissues and it was shown that dysfunctional CFTR is associated with an elevated level of 

NF-KB mediated IL-8 signalling in the airways (25, 49, 56, 58). Recent studies convincingly 

demonstrated that CFTR is indeed a negative regulator of NF-KB mediated innate immune 

response (22, 64). Interestingly, it is now known that S. aureus can activate NF-KB in airway 

epithelial cells (47) and that NF-KB may influenced the interaction between this bacteria and 

host cells (41, 66). It is thus possible that the proinflammatory status induced through NF-KB 

activity in CF airways encourages S. aureus intracellular infections and, consequently, the 

development of chronic infections. 

Small-colony variants (SCVs) are bacteria often isolated from chronic infections as in the case 

of lung infections in CF patients but also in infections such as osteomyelitis, septic arthritis, 

infection of orthopaedic devices and bovine mastitis (1, 38, 45). SCVs are characterized by 

either a dysfunctional oxidative metabolism or a lack in thymidine biosynthesis, both causing 

an alteration in the expression of virulence factors, a slower growth and a loss of colony 

pigmentation (45). Whereas normal strains usually repress cell-surface proteins and express 

exoproteins when growing toward the stationary phase (40), SCVs stably express SigB-

dependent genes encoding cell-surface proteins such as adhesins instead of activating the 

quorum-sensing dependent agr system and producing exoproteins (38). These differences in 

expression of virulence factors result in an increased ability to adhere to host components (36) 

and to form biofilm (34, 37) and should also be linked to the ability of SCVs to invade and 

persist within host cells (45). 

The aims of this study was to develop and characterize a S. aureus infection model allowing 

the comparison of non-CF and CF-like polarized pulmonary epithelial cells as well as to verify 

the assumption that SCVs have a greater ability to infect these cell lines compared to normal 
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S. aureus. We also studied the impact of the interaction between CFTR and NF-KB on the 

infection level of polarized pulmonary epithelial cells by normal and SCV strains. 

MATERIALS AND METHODS 

Bacterial strains 

The strains CF07-L, CF07-S and CF1A-L were previously described (34, 36-38). Briefly, 

CF07-L and CF07-S are genetically related S. aureus strains co-isolated from a CF patient and 

respectively have a normal and a SCV phenotype (37, 38). The genetic relatedness of these 

two strains was previously demonstrated by multiple-locus variable-number of tandem repeat 

analysis (MLVA) (37). Multilocus sequence typing (MLST) was additionally performed here 

using the procedure previously described (16). Sequences for internal fragments of arcC, 

aroE, glpF, gmk,pta, tpi and yqiL housekeeping genes were obtained for CF07-L and CF07-S 

strains and submitted to the MLST homepage (http://www.mlst.net) in order to determine their 

sequence type (ST). CF1A-L was isolated from a CF patient and has a normal growth 

phenotype (37). 

Growth curves 

Brain heart infusion (BH1) cultures inoculated at an A6oo nm of 0.1 were incubated at 35°C/225 

RPM. Samples were taken at different points in time for CFU determination by spreading 10-

fold dilutions on trypticase soy agar (TSA) plates (BD, Mississauga, ON, Canada). TSA plates 

were incubated at 35°C for 24 and 48 h before enumeration of colonies for CF07-L and CF07-

S, respectively. 
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Hemolysis 

Bacterial suspensions (0.5 McFarland) prepared for each strain were spotted (2 fil) on Mueller 

Hinton agar (BD) supplement with 5% horse blood (Oxoid, Nepean, ON, Canada). Hemolysis 

was observed after 24 h of incubation at 35°C. 

Quantitative PCR 

BHI broth cultures (Aeoo nm of 0.1) were grown for 3 h at 35°C/225 RPM. RNA extraction, 

cDNA synthesis and qPCR for the evaluation of asp23, JhbA, hid and hla expression were 

performed as previously described (34, 36-38). The relative expression ratios were calculated 

by using the cycle threshold (Ct) of the housekeeping gene gyrB («-fold expression = 2"ACt, 

where AC, represents the difference between the Ct of the gene studied and the Ct of gyrB for 

each strain). 

Cell lines and growth conditions 

The human airway epithelial cell line Calu-3 (ATCC HTB 55) and its derivatives were 

cultured in Eagle's minimum essential medium supplemented with 0.1 mM of minimum 

essential medium nonessential amino acids, 1 mM of sodium pyruvate, 100 U/ml penicillin, 

0.1 mg/ml streptomycin, 2.5 (ig/ml of Fungizone and 10% fetal bovine serum (FBS) at 37°C in 

5% CO2. In order to compare non-CF and CF-like cells in the Calu-3 background, we used the 

stable cell lines expressing shCFTRAi:n:R and shCFTR, respectively (42). SIICFTRALTER cells 

act as the control that express a short hairpin RNA (shRNA) that does not match nucleotide 

sequences from any known cloned cellular proteins whereas shCFTR cells express a shRNA 

directed against CFTR. For routine culture of shCFTRALTER and shCFTR cell lines, 4 |ig/ml of 

puromycin was added to culture media. All cell culture reagents were purchased from Wisent 

(St-Bruno, QC, Canada). 
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Transepithelial electrical resistance measurements 

Transepithelial electrical resistance (TEER) measurements were done by using chopstick 

electrodes and an EVOM voltohmmeter (World Precision Instruments, Sarasota, FL, USA) on 

cells grown at the air-liquid interface in Transwells (Corning, NY, USA) as described by 

Grainger et al. (21). Before each measurement, medium was added to the apical chamber. 

TEER was calculated by subtracting the resistance of a cell-free culture insert and correcting 

for the surface area of the Transwell cell culture support. 

cAMP-dependent iodide efflux assays 

cAMP-dependent iodide efflux assays were performed as previously described (9, 10) in order 

to assess the functionality of CFTR. Briefly, cells were cultured to 90% confluence in six-well 

plates and labeled with 15 (.iCi/well 125I for 1 h at room temperature. The cells were washed 

six times and covered with efflux buffer (119 mM Na gluconate, 1.2 mM K2HPO4, 0.6 mM 

KH2PO4, 25 mM NaHCOj). Supernatants were collected over time, and the buffer was 

replaced with fresh efflux buffer every minute. When indicated, efflux buffer containing 

0.5mM 2'0-dibutyryl cAMP, 10 fiM 3-isobutyl-l methylxanthine, and 10 p.M forskolin 

(cAMP buffer) was added. Supernatants were then collected, and fresh cAMP buffer was 

added to cells every minute for the remaining of the experiment. The radioactivity of the 

supernatants was determined in a y-counter. 2'O-dibutyryl cAMP, 3-isobutyl-l 

methylxanthine, and forskolin were from Sigma (Oakville, ON, Canada). 

Apical surface liquid measurements 

Cells were grown for 9-10 days in Transwells at the air-interface. The basal medium was then 

supplemented or not with 0.5mM 2'O-dibutyryl cAMP, 10 p.M 3-isobutyl-l methylxanthine, 

and 10 jiM forskolin, the cells were incubated at 37°C/5% CO2 for 24 h and the volume of 

apical surface liquid was measured. 
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Cell infection assays 

Cell infection assays were performed as previously describes with few modifications (35). 

Briefly, cells were seeded at ~1.5 x 10s cells/insert on 12-wells Transwells and cultured for 9 

to 10 days in an air-liquid system. This yielded to 1 x 106 nucleus/insert independently of the 

cell line used (See protocol for Hoescht staining below). The complete medium in basal 

compartments was replaced by the invasion medium (1% FBS and no antibiotics) 18 h before 

the invasion assay. Inocula were prepared by suspending bacteria grown 20 h on BHI agar 

plates in ice-cold phosphate buffered saline (PBS). Bacteria were then washed three times in 

ice-cold PBS and suspended in the invasion medium supplemented with 0.5% BSA at a 

density of approximately 4 x 108 CFU/ml. Results were corrected according to inoculum 

density. Cells were washed twice with PBS and 250 pi of bacterial suspension were apically 

added to each insert. Invasion was allowed for 3 h, inserts were emptied and washed three 

times with PBS. Invasion medium supplemented with 20 pg/ml of lysostaphin (Sigma) was 

then added to both apical and basal compartments to kill extracellular bacteria and the cells 

were further incubated for the indicated time. The use of lysostaphin to kill extracellular 

normal and SCV bacteria was previously validated in cell invasion assays (38, 61, 63, 65, 67). 

The concentration of lysostaphin used in our assays was at least 2.5 fold higher than the 

minimal inhibitory concentrations of lysostaphin determined against a collection of 40 strains 

of S. aureus that included 17 normal-SCV co-isolate pairs. The MIC of lysostaphin against 

strain CF07-L and SCV CF07-S was identical (4 ng/ml). DMSO, CFTR/nA-172 (EMD, 

Gibbstown, NJ, USA), human recombinant TNF-a (Bioshop, Burlington, ON, Canada), LPS 

from Escherichia coli 0127:B8 (Sigma) and the NF-KB activation inhibitor 6-amino-4-(4-

phenoxy-phenylethylamino)quinazoline (QNZ) (EMD) were added after bacterial invasion 

when indicated in order to evaluate the post-invasion effect of these molecules. Twenty-four 

hours post-invasion and/or 1 h before cell lysis, cells were washed again once with PBS and 

the invasion medium supplemented with lysostaphin was replaced to ensure that no bacteria 

survive or replicate outside cells. At the end of the incubation time and following three washes 

with PBS, cells were detached with 100 p.1 of trypsin 0.25% and lysed for 10 min by the 

addition of 400 p.1 of water containing 0.05% of Triton X-100. The use of triton X-100 
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allowed optimal recovery of intracellular S. aureus bacteria. Lysates were serially diluted 10-

fold and plated on agar for CFU determination. 

Fluorescence microscopy 

For microscopic examination following the cell invasion protocol, cells on inserts were fixed 

120 min in 4% paraformaldehyde in PBS instead of being lysed. They were then 

permeabilized with a 5 min incubation in 50% methanol at -20°C followed by a 10 min 

incubation at room temperature in PBS supplemented with 50 mM glycine, 0.06% saponin, 

0.06% Tween 20, 0.5% NP40 and 0.5% Triton X-100 (PBSP). The permeabilized cells were 

then incubated 30 min with image-iT® FX signal enhancer (Invitrogen, Burlington, ON, 

Canada). S. aureus was probed with the rabbit antibody AB20920 (Abeam, Cambridge, MA, 

USA) 1:250 and F actin was stained with AlexaFluor 488 Phailoidin (Invitrogen) 1: 20 in PBS 

with 2% normal goat serum, 2% BSA and 0.45 % of fish gelatin (PBSB) for 180 min at room 

temperature. After five washes in PBS with 0.01% saponin and 0.01% tween-20 (PBSD), 

primary antibodies were detected by an incubation of 90 min at room temperature with 

AlexaFluor 555 goat anti-rabbit IgG (Invitrogen) at a dilution of 1:1000 in PBSB. The DNA 

was then stained 10 min with Hoechst (Invitrogen) at 1:5000 after five washes in PBSD and 

five washes in water. Inserts were washed five other times in water and were mounted in 

Prolong Gold anti-fade reagent (Invitrogen). Pictures were taken using an inverted Olympus 

IX 70 microscope with a Cool SNAP-Pro cf. monochrome camera and Image-Pro Plus 

software or an Olympus Fluoview FV 300 confocal system or a Zeiss microscope equipped 

with the Apotome system. To obtain transversal sections images, fixed inserts were embedded 

in paraffin with standard method and 7|im cross sections were deparaffinised before labeling. 

Light and transmission electron microscopy 

Cells on inserts were fixed for 1 h in 0.1 M cacodylate buffer (pH 7.2) containing 2% 

paraformaldehyde, 2.5% glutaraldehyde, 2 mg/ml tannic acid, 0.3 mg/ml saponin, 50 mM 
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KC1 and 5 mM MgCh, rinsed three times in 0.1 M cacodylate buffer and post-fixed for 1 h in 

dark with OSO4 at 4°C. Samples were then washed three times in H2O, incubated 1 h in a 

solution of 2 % uranyl acetate and washed again three times in H2O. Samples were dehydrated 

by subsequent 5 min incubations in ethanol 50%, 70%, 90%, 100% (3x) and 1:1 

ethanohacetone (2x). Samples were incubated in a solution of lead acetate, washed twice in 

1:1 ethanohacetone, washed twice in propylene oxide and embedded in Epon. For light 

microscopy, sections of 1 were mounted on slides and stained in toluidine blue (1.0% 

wt/vol toluidine blue in 1 % aqueous sodium borate) for 1 min and examined in a Zeiss Axio 

Imager.Zl light microscope. For electron microscopy, sections of 90 nm were examined in a 

Philips EM 201 electron microscope at an operating voltage of 60Kv. 

Cell viability assays 

The effect of CFTR/wA-172 on cell viability was determined by a XTT (2,3-bis-[2-methoxy-4-

nitro-5-sulfophenyl]-2//-tetrazolium-5-carboxanilide)-based assay. Briefly, Calu-3 cells were 

seeded at ~2 x 104 cells/well in 96-well plates and grown to confluence. The cells were then 

incubated with CFTR/n//-172 at concentrations up to 300 p.M for 24 h at 37°C and 5% CO2 in 

complete medium. Cells were washed 3 times in Earle's balanced salt solution (EBSS) 

(Invitrogen) and incubated with 100 (il/well of a PBS-EBSS 1:1 mixture containing 3.75 

^g/ml of phenazine methosulfate (Sigma) and 0.5 mg/ml of the XTT reagent (Invitrogen) for 

45 min in the dark at room temperature. The ^450 nm was measured using a microplate reader 

(Bio-Tek Instruments). All assays were performed using four replicates. 

Statistical analysis 

Intracellular bacterial CFU ratios (see Figure legend for specifications) were transformed in 

base-10 logarithm values before being used for statistical analyses that were carried out with 

the GraphPad Prism Software (v.5.00). Statistical analyses on qPCR data were done on mean 
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AC,. Statistical tests used for the analysis of each experiment are specified in the figure 

legends. 

RESULTS 
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FIGURE 1. Characterization of an infection model allowing the comparison of non-CF and 

CF-like polarized airway epithelial cells grown at the air-liquid interface. (A) Optical 

microscopy showing the transversal cross section of polarized Calu-3 cells grown for 10 days 

at the air-liquid interface. Cells were stained with toluidine blue. Scale bar is 50 |a.m. (B) 

Electron microscopy demonstrating that Calu-3 cells grown for 10 days at the air-liquid 

interface are polarized according to the specialization of their apical and basolateral sides. 

Scale bar is 5 urn. (C) Electron microscopy confirming that intimate contacts are formed 

between Calu-3 cells. Scale bar is 1 urn. cAMP-dependent iodide efflux assays (D) and apical 

surface liquid measurements (E) confirming the functionality of CFTR in the Calu-3 and 

SIICFTRALTER control cell lines and demonstrating the abnormal CFTR function in shCFTR 

cells. Significant differences between the volume of liquid recovered from control and cAMP-

stimulated cells are indicated for each cell lines (*, p < 0.05; **, p < 0.01; unpaired /-test). In 

(D) the efflux curves are expressed as percentages of the control measured before the addition 

of the cAMP buffer (indicated by an arrow). Data are presented as means with standard 

deviations from at least two independent experiments. 

Development of an infection model using non-CF and CF-like polarized airway epithelial 

cells grown at the air-liquid interface. The Calu-3 cell line produces features of 

differentiated human airway epithelial cells and forms tight junctions when grow in vitro, 

which allow it to be used as a model of airway epithelial barrier (21). As shown by Fig. 1 A, the 

Calu-3 cells form a pseudo-stratified layer of columnar cells with a rugged apical topography 

when grown at the air-liquid interface for 10 days. Apical microvilli and tight junctions were 

also detected by transmission electron microscopy (Fig. 1B and 1C). After few days of culture, 

Calu-3 cell layers produced an effective barrier to hydrostatically driven medium from the 

basolateral to the apical side and reached a transepitheliai electrical resistance above 1000 

Q.- cm2 (data not shown). 
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FIGURE 2. Confocal microscopy of non-CF and CF-like polarized airway epithelial cells 

infected by S. aureus. (A) Z-series images of Calu-3 cells infected with CF07-L 24 h post-

invasion are shown. Distances from the bottom of the insert are indicated in microns (urn) for 

each image. Scale bar is 50 nm. Stacked images of selected layers obtained with confocal 

microscopy showing CF07-L (B) or CF07-S (C) S. aureus bacteria within shCFTR cells. Scale 
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bar is 5|im. (D) Transversal section of SIICFTRALTER cells grown on Transwells infected with 

the SCV CF07-S. Scale bar is 10 ^m. S. aureus bacteria, nucleus (only in D) and F-actin are 

stained red, blue and green, respectively. 

In order to compare non-CF and CF-like cells in the Calu-3 background, stable cell lines 

expressing shCFTRAni-.R and shCFTR were used (42). As mentioned above, SIICFTRALTER 

cells act as the control that express a short hairpin RNA (shRNA) that does not match 

nucleotide sequences from any known cloned cellular proteins whereas shCFTR cells express 

a shRNA directed against CFTR. Fig. ID and IE confirm that shCFTR cells have an abolished 

CFTR activity while the functionality of CFTR is preserved in SIICFTRALTER cells. We first 

performed cAMP-dependent iodide efflux assays in order to assess the functionality of CFTR 

(9, 10). Calu-3 and SIICFTRALTER cells previously loaded with 125I and stimulated with IBMX, 
• 1 

forskolin and dibutyryl cAMP secreted high level of I whereas this was not observed with 

the shCFTR cells (Fig. ID). This confirmed the abnormal CFTR activity in shCFTR cells. The 

apical-basolateral fluid transport across cultured epithelial cells is also associated with the 

activity of CFTR (17). Fig. IE shows that the transport of liquid across the epithelial barrier 

formed by shCFTR cells was indeed not stimulated with IBMX, forskolin and dibutyryl cAMP 

in comparison to Calu-3 and SIICFTRALTER cells. This further demonstrated that the normal 

level of CFTR activity is importantly reduced by the expression of shCFTR. Noteworthy, all 

cell lines still reached a significant transepithelial electrical resistance when grown at the air-

liquid interface and no significant difference in the number of Hoescht-stained nucleus per 

microscopic field was observed between cell lines after 10 days of growth in these conditions 

(data not show). These Calu-3 derived cell lines were used in order to develop an infection 

model of polarized airway epithelial cells allowing the comparison of non-CF and CF-like 

backgrounds. 

1 8 8  



To allow comparison of outcomes when using different bacterial strains, the cell invasion 

protocol was adjusted to set the internalization level of normal strains (e.g. CF07-L) below 

saturation (<lCFU/cell) but above the CFU detection limit of the system. In order to confirm 

the internalization of bacteria in polarized epithelial cells, we acquired z-series images of 

CaIu-3, SIICFTRALTER and shCFTR cells infected with a normal S. aureus (CF07-L) strain and 

its SCV counterpart (CF07-S) using confocal microscopy at 24 and 48 h post-invasion. 

Bacteria and cellular F actin were detected using a specific S. aureus antibody and phalloidin, 

respectively (See Material and Methods). Detection of actin was used to reveal cell shapes as 

actin is known to have extensive and intimate interactions with cellular membranes. Fig. 2A 

shows typical z-series images obtained with Calu-3 cells infected with S. aureus 24 h post-

invasion. The presence of intracellular bacteria validated our infection protocol. Intracellular 

bacteria were also detected within SIICFTRALTER and shCFTR cells infected with either CF07-

L or CF07-S 24 h post-invasion, but also 48 h post-invasion (data not shown). Fig 2B and 2C 

further supports the validity of the use of the anti-51. aureus antibodies in the detection of 

intracellular bacteria by clearly showing cocci inside shCFTR cells infected with CF07-L or 

CF07-S, respectively. The different morphologies of cells shown in Fig 2B and 2C are 

explained by the z-postion of the confocal microscopy section within the pseudo-stratified cell 

layer, which typically presents cells with various sizes and shapes. The cell section showed in 

Fig 2B is on top of the cell layer (stacked microscopic images taken from 20 to 23 |im from 

the bottom of the insert) whereas the cell section in Fig 2C is in the middle of the cell layer 

(stacked microscopic images taken from 7.5 to 10 nm from the bottom of the insert). Fig. 2D 

shows a transversal section of SIICFTRALTER cells grown on Transwells infected with the SCV 

CF07-S where bacteria, actin and nucleus (stained in blue using Hoescht staining) are 

revealed. Images from Fig. 2 clearly show the intracellular localization of S. aureus when 

polarized epithelial cells are infected according to our protocol. Overall, this section validates 

an intracellular infection model using non-CF and CF-like polarized airway epithelial cells 

derived from the Calu-3 cell line. 

1 8 9  



Characterization of the genetically related normal CF07-L and SCV CF07-S strains co-

isolated from a CF patients. The genetic relatedness of the CF07-L and CF07-S co-isolates 

was demonstrated by MLVA (37) with a protocol previously described and validated (33, 50, 

57). Accordingly, the sequences of MLST-gene fragments we determined for strains CF07-L 

and CF07-S were 100% identical and corresponded to the ST45 lineage, which is frequent 

among human isolates (12). Some of our previous studies examined the growth, adhesion 

properties, biofilm formation and virulence gene expression of the SCV strain CF07-S (34, 36-

38), but these characteristics were not always directly compared to those of the normal 

phenotype counterpart CF07-L. Fig. 3 now compares the growth characteristics of CF07-L and 

CF07-S strains and the expression of some key virulence genes. Fig. 3A and 3B confirmed 

that the growth rate of CF07-L is higher than that of CF07-S and that CF07-S forms pin-point 

colonies when streaked and grown on agar plates. Noteworthy, CF07-S is an SCV auxotroph 

for menadione, i.e., it grows at a normal rate when in presence of this supplement (38). The 

SCV phenotype of CF07-S is relatively stable and reversion to the normal phenotype is rarely 

observed when the strain is streaked on agar plates (Fig. 3C). Accordingly, non-SCV colonies 

were rarely detected from CF07-S inocula used for cell invasion assays (e.g. detection 

threshold of approximately 2.5 * 10"7 normal/SCV colonies). The low reversion rate of CF07-

S is thus very useful for our cell invasion assays that compare the intracellular persistence of 

normal and SCV phenotypes. The use of a naturally occurring SCV instead of a laboratory-

derived mutant (e.g. a SCV hemB mutant) that possibly lacks compensatory mutations and the 

intrinsic ability of natural SCV to switch back to the normal phenotype further support the 

choice of the CF07-S and CF07-L co-isolate pair for our experimental objectives. Indeed, the 

switch between the SCV and normal phenotypes and vice versa is thought to be an important 

part of S. aureus pathogenesis (61) and the use of naturally occurring SCVs rather than 

laboratory mutants should be encouraged in studies comparing S. aureus interactions with the 

host or host cells. 
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FIGURE 3. Characterization of the genetically related normal CF07-L and SCV CF07-S 

strains co-isolated from a CF patient. (A) Growth curves of CF07-L and CF07-S. (B) Colonies 

of CF07-L and CF07-S grown for 16 h on BHI agar plates at 35°C. (C) Streaks of CF07-S 

grown for 16h on a BHI agar plates at 35°C showing the stability of the SCV phenotype of the 

CF07-S strain. (D) Hemolytic activities of CF07-L and CF07-S. (E-H) Relative expression 

ratios for the genes asp23,JnbA, hid and hla in CF07-L and CF07-S. Results are normalized 
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according to CF07-L (dotted line) and are expressed as means with standard deviations. 

Significant differences between the expression of each gene in CF07-L and CF07-S are shown 

(*, P < 0.05; **, P < 0.01; ***, P < 0.001; unpaired f-test). 

Bacteria Merge 

Hours post-invasion 

192 



FIGURE 4. Both non-CF and CF-like polarized airway epithelial cells are more infected by a 

SCV than by a normal S. aureus strain. (A) Fluorescence microscopy showing that more SCV 

CF07-S bacteria are found in polarized cells 48 h post-invasion in comparison to the normal S. 

aureus strain CF07-L (here shown for the Calu-3 cells). S. aureus bacteria and cellular F-actin 

are stained red and green, respectively. Pictures are from stacked images covering the entire 

thickness of the cell layer obtained with a Zeiss microscope equipped with an ApoTome 

attachment. Scale bar is 50 |im. (B) Infection kinetics of Calu-3 cells by strains CF07-L and 

CF07-S. A significant difference between CFU ratios of strains CF07-L and CF07-S recovered 

from cells 48 h post-invasion is indicated (***, p < 0.001) and was determined by a two-way 

ANOVA with the Bonferonni's post test. Results are from 2 to 5 independent experiments and 

are normalized according to the inoculum ratio of CF07-L within cells 3 h post-invasion (note: 

the number of CFU recovered from CF07-L-infected cells 3 h post-invasion was 3.5±0.7 

Logio CFU/insert). (C) CFU ratios recovered from Calu-3, SIICFTRALTER and shCFTR cells 

infected with CF07-L and CF07-S 48h post-invasion. Significant differences between the CFU 

ratios of strains CF07-L and CF07-S are indicated for each cell line (*, P < 0.05; ***, P < 

0.001; unpaired /-test). Results are normalized according to the inoculum ratio of CF07-L 

within each cell line (note: the numbers of CFU recovered from CF07-L-infected cells 48 h 

post-invasion were 4.5±0.7, 3.3±0.4 and 4.1±0.8 Logio CFU/insert, for Calu-3, SIICFTRALTER 

and shCFTR cells, respectively). Data are from 2 to 3 independent experiments performed in 

duplicate and are presented as means with standard deviations. 

The hemolytic activity of CF07-S was also lower than that of CF07-L (Fig. 3D) as usually 

observed for other SCV and normal strain pairs (45, 53). The expression of genes known to be 

differentially modulated between normal and SCV strains were also studied in CF07-L and 

CF07-S (Fig. 3E-H). Results confirmed that the SigB-activity marker gene asp23 and the gene 

encoding the fibronectin binding protein A (JhbA) are both upregulated in CF07-S in 

comparison to that found in CF07-L (Fig. 3E-F). The expression of asp23 and fnbA are indeed 

known to be positively influenced by the activity of SigB and to be upregulated in SCVs (34, 
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36-38, 54). As anticipated from previous studies (27, 34, 38), the hid (the effector of the agr 

system) and hla genes (encoding the a-hemolysin) were down-regulated in CF07-S in 

comparison to CF07-L (Fig. 3G-H). Overall, this section confirmed that strains CF07-L and 

CF07-S behave as usually observed for otherS. aureus normal and SCV strain pairs (53). 

Both non-CF and CF-like polarized airway epithelial cells are more infected by a SCV 

than by a normal S. aureus strain. SCVs are believed to have an increased ability to invade 

and persist within non phagocytic host cells (45). One of our aims was to confirm that SCVs 

could infect cells of the Calu-3 background, including SIICFTRALTER and shCFTR. We used 

the genetically related normal CF07-L and SCV CF07-S strains to perform those experiments. 

Fig. 4A shows fluorescent microscopy pictures obtained from non infected Calu-3 cells or 

from cells that were infected by CF07-L or CF07-S. These 48-h post-invasion images clearly 

demonstrate that the SCV CF07-S causes a higher level of intracellular infection 

comparatively to the normal strain CF07-L. Similar results were obtained with shCFTR and 

SIICFTRALTER cells using fluorescent microscopy (data not shown). Results of Fig 4B confirms 

the microscopy results and demonstrated that the SCV CF07-S has the ability to replicate 

within Calu-3 cells whereas CF07-L does not, explaining the higher level of intracellular 

infection 48-h post-invasion when these cells are infected by CF07-S. More precisely, non-

normalized results correspond to 3.5±0.7 and 3±2 logioCFU for CF07-L, and 3.0±0.5 and 

6.4±0.7 logioCFU for CF07-S, at 3 and 48 h post-invasion, respectively. Fig 4C shows that 

significantly more SCV CF07-S than normal CF07-L CFU were indeed recovered from the 

three cell lines 48 h post-invasion. These observations suggest that the SCV CF07-S is able to 

cause a higher level of cellular infection in comparison to its normal counterpart 

independently of the cell line used in this study. These observations were also confirmed using 

another pair of co-isolated and genetically-related SCV and normal CF strains (data not 

shown). Noteworthy, despite the use of naturally occurring SCV strains in these cell invasion 

assays, normal size colonies were rarely recovered from cells 48 h post-invasion. 
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FIGURE 5. Normal and SCV strains infect CF-like cells more than non-CF cells. (A) CFU 

ratios recovered from SIICFTRALTER (non-CF) and shCFTR (CF-like) cells infected with 

CF07-L, CF07-S and CFI A-L, 24 h post-invasion. Significant differences between CFU ratios 

recovered from each cell line are indicated for each strain (*, P < 0.05; **, P < 0.01; unpaired 

/-test). Results are normalized according to the inoculum ratio of each strain within 

shCFTRALTER cells (note: the numbers of CFU recovered from infected shCFTRALTER cells 24 

h post-invasion were 3.1±0.7, 4.0±0.6 and 3.3±0.4 Logio CFU/insert, for CF07-L, CF07-S and 

CFI A-L, respectively). CFU ratios recovered from shCFTRALTER and shCFTR cells 0.5, 24 

and 48 h post-invasion for strains CF07-L (B) and CF07-S (C). Significant differences 
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between CFU ratios recovered from each cell line are indicated for each post-invasion time (*, 

P < 0.05; **, P < 0.01; two-way ANOVA with the Bonferonni's post test). Results are 

normalized according to the inoculum ratio of each strain within SIICFTRALTER cells 0.5 h 

post-invasion (note: the numbers of CFU recovered from infected SIICFTRALTER cells 0.5 h 

post-invasion were 4.5±0.4 and 3.9±0.8 Logio CFU/insert, for 5B and 5C respectively). Data 

are from 2 to 4 independent experiments performed in duplicate and are presented as means 

with standard deviations. 

Normal and SCV strains infect CF-like cells more than non-CF cells. Using non-polarized 

monolayers, it was previously suggested that the fate of S. aureus intracellular infections may 

be different in CF epithelial cells than in their normal counterpart (23). Consequently, we next 

compared infections of polarized non-CF and CF-like cell lines by normal S. aureus strains as 

well as by SCVs. Fig. 5A shows that more CFU from two normal and one SCV strains were 

recovered from shCFTR (CF-like) than from SIICFTRALTER (non-CF) cells 24 h post-invasion. 

This demonstrates that higher levels of infection can be obtained by S. aureus in polarized 

cells with an altered CFTR function compared to those reached in non-CF cells. Infection 

kinetics with CF07-L and CF07-S in both cell lines (non-CF and CF-like) were also done in 

order to discriminate between differences in infection levels caused by invasion (evaluated at 

0.5 h post-invasion) or post-invasion mechanisms (evaluated at 24 and 48 h post-invasion). 

Fig. 5B shows that although there was not a significant difference between the invasion of 

CF07-L in both cells lines (0.5-h time point), the survival of the strain was higher in the CF-

like shCFTR cells than that observed in the SIICFTRALTER cells 24 h post-invasion. On the 

other hand, the SCV CF07-S showed a significantly higher invasion rate in shCFTR cells in 

comparison to that found in SIICFTRALTER cells (Fig. 5C, 0.5-h time point), and thereafter, the 

high number of intracellular CFU recovered for the SCV strain was sustained up to 48 h post-

invasion independently of the cell line used (Fig. 5C). Overall, these results show that 

polarized CF-like cells are more susceptible to infection by S. aureus strains (normal and 

SCV) than non-CF cells. 
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FIGURE 6. CFTR/«/z-172 confirms that a CFTR-dependent post-invasion mechanism helps 

reduce the infection of polarized cells by normal and SCV strains. Fluorescence microscopy of 

control (DMSO) and CFTRm/?-172-treated Calu-3 cells infected with CF07-L (A) and CF07-S 

(B) 24 h post-invasion. 5. aureus bacteria and cellular F-actin are stained red and green, 

respectively. Pictures are from stacked images covering the entire thickness of the cell layer 

obtained with a Zeiss microscope equipped with ApoTome attachment. Scale bar is 50 |i.m. 

CFU ratios recovered from Calu-3 cells infected with CF07-L (C) and CF07-S (D) 24 h post-

invasion. Significant differences between CFU ratios recovered from DMSO- and CFTR/M/Z-

172-treated infected culture are shown (*, P < 0.05; **, P < 0.01; one-way ANOVA followed 

by the Dunnett's post test). Results are normalized according to the inoculum ratio of each 

strain within DMSO-treated cells (note: the numbers of CFU recovered from infected DMSO-

treated cells 24 h post-invasion were 3.0±0.7 and 5.3±0.9 Logio CFU/insert, for 6C and 6D 

respectively). Data are from 2 to 5 independent experiments performed in duplicate and are 
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presented as means with standard deviations. DMSO and CFTR/«/?-172 were added to 

cultures after bacterial invasion (i.e., 0 h post-invasion). 

CFTRIVI/I-172 confirms that a CFTR-dependent post-invasion mechanism helps reduce 

the infection of polarized cells by normal and SCV strains. In order to further demonstrate 

the importance of CFTR function in the observed differences in infection levels between non-

CF and CF-like cells, the CFTR inhibitor CFTR/«/?-172 (32) was used. As expected, we first 

showed that CFTR//2/2-172 inhibited the activity of CFTR in Calu-3 cells by using l25I efflux 

assays and measurements of apical fluid transport under stimulation with IBMX, forskolin and 

dibutyryl cAMP (data not shown). Importantly, we also verified that incubation of cells with 

CFTR/w/2-172 at concentrations up to 300 fxM did not significantly affect cell viability 

compared to untreated cells by using a XTT-based assay (one-way ANOVA followed by the 

Dunnett's post test). CFTR/w/?-172 was then added to cultures of polarized Calu-3 cells after 

allowing cell invasion (i.e., 0 h post-invasion) in order to evaluate the post-invasion effect of 

CFTR activity on S. aureus infection levels. Fig. 6A shows that when CFTR/WJ-172 was 

added to cells infected with CF07-L, more bacteria were observed 24 h post-invasion. This 

experiment was also done with Calu-3 cells infected with the SCV CF07-S (Fig. 6B) and 

showed that the CFTR inhibitor further increases infection by this SCV. Fig. 6 also presents 

the CFU ratios recovered from Calu-3 cells treated with CFTR/«/*-172 (or control DMSO) and 

infected with CF07-L (Fig. 6C) and CF07-S (Fig. 6D) and reveals that our microscopic 

observations can be supported by statistically significant quantitative data. Overall, this 

section suggests that a CFTR-dependent post-invasion mechanism helps reduce the infection 

of polarized epithelial cells by both normal and SCV S. aureus strains. 
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FIGURE 7. NF-KB activation increases the infection of pulmonary epithelial cells by S. 

aureus. CFU ratios recovered from Calu-3 cells infected with the normal S. aureus strain 

CF07-L in presence of different concentrations of LPS (A) and TNF-a (B). Significant 
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differences between CFU ratios recovered from control and treated cultures are shown (*, P < 

0.05; one-way ANOVA followed by the Dunnett's post test). Results are normalized 

according to the inoculum ratio of CF07-L within untreated cells (note: the numbers of CFU 

recovered from untreated CF07-L-infected cells 24 h post-invasion were 3.6±0.3 and 3.6±0.4 

Logio CFU/insert, for 7A and 7B respectively) and are from 3 independent experiments 

performed in duplicate. (C) Combined effects of the NF-KB activation inhibitor QNZ (100 

nM) and LPS (10 ng/ml), TNF-a (10 ng/ml) and C?TKinh-\12 (200 pJVl) on the infection of 

Calu-3 cells by CF07-L 24 h post-invasion. Significant differences between CFU ratios 

recovered from DMSO- and QNZ-treated cultures are shown (*, P < 0.05; **, P < 0.01; 

unpaired /-test). (D) Combined effects of QNZ and CFTR/«/?-172 on the infection of Calu-3 

by the SCV strain CF07-S 24 h post-invasion. A significant difference between CFU ratios 

recovered from DMSO- and QNZ-treated cultures is shown (**, P < 0.01*; unpaired /-test). 

Results are normalized according to the inoculum ratio of each strain within untreated cells 

(note: the numbers of CFU recovered from untreated cells 24 h post-invasion were 3.9±0.5 

and 5.7±0.3 Logio CFU/insert, for 7C and 7D respectively). Data are from 2 to 5 independent 

experiments performed in duplicate and are presented as means with standard deviations (C 

and D). DMSO, TNF-a, LPS, CFTRZ>I/J-172 and QNZ were added to cultures after bacterial 

invasion (i.e., 0 h post-invasion). 

NF-KB activation increases the infection of pulmonary epithelial cells by S. aureus. We 

also tested the hypothesis that the increased infection level observed in CF-like cells or in 

Calu-3 cells treated with CFTR/M/Z-172 is associated with an activation of NF-KB. Indeed, it 

was previously shown that CFTR is a negative regulator of NFicB-mediated innate immune 

response (22, 64) and that the NF-KB status may influence the interaction between S. aureus 

and the host cells (41, 66). Importantly, it was suggested that NF-KB may influence the 

internalization of S. aureus (41), but to date, there was no demonstration that NF-KB could 

influence the course of S. aureus infections after cellular invasion. Fig. 7A and 7B show that 

post-invasion treatments of cells with LPS and TNF-a, two well-known activators of NF-KB 
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(43), increased the CFU of CF07-L recovered from Calu-3 cells 24 h post-invasion. In order to 

be sure that these results were associated with NF-KB, we also used the NF-KB activation 

inhibitor QNZ (29, 59). Indeed, LPS- and TNF-a-induced 5. aureus cellular infections were 

abolished in presence of the NF-KB activation inhibitor QNZ (Fig. 7C). Moreover, the 

presence of QNZ also abolished CFTR/W?-172-induced S. aureus cellular infections with both 

normal (Fig. 7C) and SCV (Fig. 7D) strains. These results suggest that activation of NF-KB 

can increase the infection levels of pulmonary epithelial cells by both normal and SCV 51. 

aureus strains after invasion and that inhibition of CFTR functions may trigger such a 

mechanism. 

DISCUSSION 

Several investigators have observed that the level of differentiation of cells used for bacterial 

invasion experiments may alter the interaction between pathogens and host cells (11, 18, 39, 

44). We therefore determined that there was a need to develop and validate an infection model 

using CF polarized epithelial cells to study cellular invasion with bacterial pathogens 

commonly encountered by CF patients. Calu-3 cells can form a layer of polarized columnar 

cells with apical microvilli and tight junctions when grown at the air-liquid interface and such 

cells are thus useful as a model representative of the airway epithelium (21). This study 

developed and characterized a S. aureus infection model allowing the comparison of non-CF 

and CF-like backgrounds in polarized Calu-3 cells grown at the air-liquid interface. The use of 

Calu-3 cells expressing a short hairpin RNA directed against CFTR to create a CF-like 

background has been validated and discussed elsewhere (43). 

Several studies suggested that SCVs have a greater ability to infect host cells (53, 60). Our 

results confirmed that this is true for both non-CF and CF-like polarized airway epithelial 
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cells. SCVs are indeed particularly endowed with strategies to infect host cells: their 

adherence and uptake by host cells are increased (36, 38, 62), they cause less damage to host 

cells (3, 4, 60) and seem to be more resistant to intracellular host defences (5, 52, 60). These 

abilities are related to the moderate virulence of SCVs that fail to activate the quorum-sensing 

dependent agr system and to the predominant role of the alternative sigma factor SigB that 

allows expression of genes encoding surface proteins, adhesins (such as the fibronectin-

binding protein FnBA) and proteins involved in stress tolerance (34, 36-38). 

One of the striking results of this study is that SCVs are more internalized by cells that have a 

defect in CFTR expression than by normal cells. The reason for this difference between both 

cell lines is not known, but it is possible that the SCV cellular receptors) may be differentially 

distributed or expressed in CF-like cells in comparison to non-CF cells. As an example, it was 

shown that CF cells express an increased number of asialylated glycolipids such as asialoGMl 

(51), which is known to be a receptor for many pulmonary pathogens including S. aureus (28). 

We also cannot exclude that S. aureus invasion may be helped by an atypical distribution of 

the a5Pi integrin (44) in shCFTR cells in comparison to that taking place in normal 

SIICFTRALTER cells. Indeed, S. aureus is able to invade host cells by indirectly binding to C^Pi 

integrins via fibronectin (55), a strategy which may be especially important for SCVs that 

show a strong and sustained expression offnbA (36, 62). 

Our results strongly suggest that a defect in CFTR helps S. aureus to achieve higher levels of 

infection after invasion. Accordingly, we observed a significant reduction of infection with the 

SCV strain CF07-S by treating non-CF Calu-3 cells with activators of CFTR (IBMX, forskolin 

and dibutyryl cAMP) after cellular invasion (data not shown). Jarry and Cheung (23) 

suggested a model in which S. aureus escapes the normal endocytic/degradative pathway into 

the cytoplasm of CF host cells, thus avoiding degradation within the lysosomal compartment. 

Another study showed that CFTR regulates acidification and alters the bactericidal activity of 
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macrophages (14). It is thus possible that the antibacterial activity of CF epithelial cells is 

similarly altered and facilitates intracellular survival of S. aureus. CaIu-3 cells are known to 

produce several antimicrobials (24, 46) and it is also possible that the production or activity of 

these molecules are differentially modulated in non-CF and CF-like backgrounds (15, 24). 

Moreover, it was observed that the induction of apoptosis is defective in CF cells in 

comparison to non-CF cells (8, 23, 56), and this may allow the population of bacteria to reach 

a higher density in CF cells before their ultimate death. The exact mechanism(s) for the very 

productive infections we observed in cells with abnormal CFTR functions remains unknown. 

While further investigations are required, such as studies using primary epithelial cell cultures 

from non-CF and CF patients, our results agree with the conclusion that normal CFTR 

functions help reducing S. aureus intracellular infection. 

It was demonstrated that the internalization of S. aureus by bovine endothelial cells is 

associated with the status of NF-KB (41), but the impact of the activity of NF-KB on cellular 

mechanisms influencing S. aureus intracellular multiplication had never been investigated 

prior to the present study. It is well established that NF-KB regulates apoptosis (43) and it was 

recently observed that S. aureus-induced apoptosis is influenced by NF-KB (66). It is therefore 

possible that the induction of NF-KB delays apoptosis of infected host cells and allows S. 

aureus bacteria to reach a higher density per cell. This study shows that activation of NF-KB 

can indeed increase the infection levels of pulmonary epithelial cells by S. aureus 24h post-

invasion and that inhibition of CFTR functions may trigger such a mechanism. However, the 

relation between CFTR, NF-KB and the induction of apoptosis during infection of airways 

epithelial cells still remain to be specifically studied. 

This report supports the hypothesis that long-term colonization of lungs by S. aureus may be 

facilitated by the proinflammatory status found in CF. We showed that CFTR malfunction 

helps intracellular infections and since the intracellular milieu itself may trigger the formation 
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of SCVs (63), it is possible that phenotypic switching further encourages the persistence of 

bacteria in the lungs of CF patients. 
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CHAPITRE 5 

Interleukin-6 and interleukin-8 secretions by polarized airway epithelial cells infected by 

normal and small-colony variant Staphylococcus aureus strains are similar despite 

differences in infection levels. 

5.1. Introduction de ('article 

Le but de cette etude etait d'evaluer la reponse inflammatoire enclenchee lors de I'infection de 

cellules epitheliales pulmonaires polarisees avec des souches normales et SCVs de S. aureus. 

Nous avons ici collabore avec le Pr Brian G. Talbot et son etudiante Myriame Lafrance. J'ai 

effectue les essais d'infection de cellules et participe au dosage des cytokines dans les 

surnageants de culture cellulaire. J'ai redige l'ebauche de 1'article, effectue la conception de la 

figure et participe a la correction du manuscrit jusqu'a sa publication. 

Reference de l'article: 

Mitchell, G., Lafrance, M., Talbot, B.G., and Malouin, F. (2011). Interleukin-6 and 

Interleukin-8 Secretions by Polarized Airway Epithelial Cells Infected by Normal and Small-

Colony Variant Staphylococcus aureus Strains are Similar Despite Differences in Infection 

Levels. J. Bacteriol. Parasitol. 2:122. 
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5.2. Resume en fran^ais de I'article 

Les SCVs de Staphylococcus aureus peuvent efficacement infecter les phagocytes non 

professionnels et sont maintenant consideres comme des pathogenes intracellulaires 

facultatifs. L'habilete a se cacher a I'interieur des cellules contribue vraisemblablement au 

developpement d'infections chroniques a S. aureus tel que celles observees dans les voies 

respiratoires des patients FK. Des cellules pulmonaires humaines Calu-3 polarisees furent 

utilisees afin de confirmer que les SCVs persistent a I'interieur des cellules epitheliales sans 

exacerber la reponse immunitaire innee. Tandis que toutes les souches de S. aureus etudiees 

induisaient significativement la secretion d'interleukine-6 (IL-6) et d'interleukine-8 (IL-8) par 

les Calu-3 48 heures suivant l'invasion cellulaire, cela n'etait pas le cas de bacteries mortes. 

D'une fa9on surprenante, aucune difference dans la secretion de ces interleukines n'etait 

detectee entre des cellules infectees avec des souches normales et SCVs malgre la difference 

marquee dans les niveaux d'infections. Cette etude supporte l'hypothese que malgre leur 

habilete augmentee a persister a I'interieur des cellules epitheliales, les SCVs n'activent pas la 

reponse immunitaire en comparaison aux souches normales. Les SCVs pourraient done aider 

la perpetuation de l'infection sans toutefois exacerber la reponse immunitaire de l'hote. 
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5.3. L'article scientifique 

Interleukin-6 and interleukin-8 secretions by polarized airway epithelial cells infected by 

normal and small-colony variant Staphylococcus aureus strains are similar despite 

differences in infection levels 
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Running title: IL-6 & IL-8 secretions by SCV infected cells. 

Keywords: innate immunity, intracellular infections, cystic fibrosis, SCVs. 
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ABSTRACT 

Staphylococcus aureus small-colony variants (SCVs) can efficiently infect non-professional 

phagocytes and are often referred to as facultative intracellular pathogens. The ability to hide 

and persist within host cells is likely to contribute to the development of chronic S. aureus 

infections such as those observed in the lungs of cystic fibrosis patients. Polarized human 

pulmonary Calu-3 cells were used to confirm that S. aureus small-colony variants (SCVs) 

persist within epithelial cells without exacerbating the innate immune response. Whereas all 

studied S. aureus strains significantly induced the secretion of interleukin-6 (IL-6) and 

interleukin-8 (IL-8) by Calu-3 cells 48 hours after cellular invasion, dead bacteria did not. 

Surprisingly, no difference in the secretion of these interleukins was detected between cells 

infected with normal and SCV strains despite the marked difference in infection levels. This 

study supports the hypothesis that despite their increased ability to persist inside epithelial 

cells, SCVs do not over activate the host immune response in comparison to normal strains. 

SCVs may thus help to perpetuate infection without exacerbation of the host immune 

response. 

Abbreviations: agr, accessory gene regulator; CF, cystic fibrosis; CFU, colony-forming unit; 

D.B., dead bacteria; FBS, fetal bovine serum; G-CSF, granulocyte colony-stimulating factor; 

IL-ip, interleukin-iP; IL-6, interleukin-6; IL-8, interleukin-8; 

INF-y, interferon-y; IP-10, INF-y inducible protein lOkD; MCP-1, monocyte chemoattractant 

protein-1; PBS, phosphate buffered saline; SCVs (or SCV), small-colony variants; TNF-a, 

tumor necrosis factor-a. 
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MAIN TEXT 

Strains forming pin-point colonies and called small-colony variants (SCVs) are often isolated 

from Staphylococcus aureus chronic infections such as those encountered in the lungs of 

cystic fibrosis (CF) patients and also from osteomyelitis, septic arthritis and infections of 

orthopedic devices. Several SCVs are respiratory deficient strains that show a dysfunctional 

electron transport system. Such characteristic affects the growth rate, disrupts the proton 

motive force and decreases the susceptibility to aminoglycoside antibiotics, and also alters the 

expression of several virulence factors [1]. SCVs are now known to have an increased ability 

to form biofilms [2, 3] and to infect non-professional phagocytes [4], This may promote the 

development of chronic infections by shielding the bacteria against the host immune system 

and the action of some antibiotics [4-6]. 

The distinct virulence profile of SCVs may result from the inability of the bacteria to properly 

activate the accessory gene regulator (agr) quorum-sensing system and/or by a sustained 

activity of the alternative transcription factor sigma B [7-9], Interestingly, S. aureus activation 

of the agr system has been associated with the production of an innate immune response in 

both endothelial [10] and airway epithelial [11] cells. It was also demonstrated that normal S. 

aureus strains cause an inflammatory response in endothelial cells whereas SCVs did not [12], 

In light of these results, we conducted a study aimed to evaluate the inflammatory response 

triggered by the infection of polarized human airway epithelial cells with normal and SCV 

strains, since these cells constitute the first line of defense against lung pathogens [13]. 

We used Calu-3 cells grown at the air-interface as our infection model. These cells are known 

to have many features of polarized and differentiated airway epithelial cells when grown in 

vitro [14-16] and should thus help in the study of interactions between the airway epithelium 
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and S. aureus. The Calu-3 cell line (ATCC HTB 55) was cultured in Eagle's minimum 

essential medium supplemented with 0.1 mM minimum essential medium nonessential amino 

acids, 1 mM of sodium pyruvate, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2.5 ng/ml of 

Fungizone and 10% fetal bovine serum (FBS) at 37°C in 5% CO2 (Wisent, QC, Canada). Cell 

infection assays were performed as previously described with few modifications [8, 15, 16]. 

Briefly, cells were seeded at 1.5 x 105 cells/inserts on 12-wells Transwells (Fischer, ON, 

Canada) and cultured for 9 to 10 days in an air:liquid system. Approximately 1 x 106 Hoescht-

stained nucleus/insert were then observed. The complete medium in the basal compartments 

was replaced by the invasion medium (1% FBS and no antibiotics) 18 h before assays. Inocula 

were prepared by suspending bacteria grown 20 h on brain heart infusion agar plates in ice-

cold phosphate buffered saline (PBS). Bacteria were then washed three times in ice-cold PBS 

and suspended in the invasion medium supplemented with 0.5% bovine serum albumin at a 

density of approximately 4 x 108 colony-forming unit (CFU)/ml. Cells were washed twice 

with PBS and 250 p.1 of the bacterial suspension was added to the apical side of each insert. 

Invasion was allowed for 3 h, inserts were emptied and washed three times with PBS. Invasion 

medium supplemented with 20 (ig/ml of lysostaphin (Sigma, ON, Canada) was then added to 

kill extracellular bacteria and the cells were further incubated for a varying amount of time. 

Following three washes with PBS, cells were detached with 100 p.1 of trypsin 0.25% and lysed 

for 10 min by the addition of 400 nl of water containing 0.05% of Triton X-100. Lysates were 

serially diluted 10-fold and plated on agar for bacterial CFU determination. The intracellular 

localization of bacteria was confirmed by fluorescence microscopy using the anti-S1. aureus 

antibody AB20920 (Abeam, MA, USA) and the Olympus Fluoview FV 300 confocal system 

[15, 16]. 

The strains CF07-L and CF07-S were previously compared for their ability to infect polarized 

Calu-3 cells [16]. CF07-L and CF07-S are genetically related S. aureus strains co-isolated 

from a CF patient, which respectively have a normal and a SCV phenotype [2]. Infection 

kinetics revealed no significant differences in the level of intracellular CFU recovered from 
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Calu-3 cells infected with these strains 3, 9 and 24 h post-invasion, whereas a striking 

difference was found 48 h post-invasion [16]. This result was confirmed with another pair of 

genetically-related non-SCV/SCV strains (CF1A-L and CF1D-S, respectively) co-isolated 

from another CF patient [2]. Fig.lA confirms that CFU recovered from cells infected by the 

SCV of both pairs of strains are markedly higher than those of their normal counterpart 48 h 

post-invasion (more than a 2 logio increase in magnitude). 

In order to evaluate the immune response of Calu-3 cells to S. aureus infections, combinations 

of flowcytomix™ simplex kits were used according to the recommendations of the 

manufacturer (eBioscience, San Diego, CA). The extent of granulocyte colony-stimulating 

factor (G-CSF), interleukin-ip (IL-ip), IL-6, IL-8, interferon- y (INF-y), INF-y inducible 

protein lOkD (IP-10), monocyte chemoattractant protein-l(MCP-l) and tumor necrosis factor-

a (TNF-a) secretion by Calu-3 cells infected by S. aureus at 3, 9, 24 and 48 hours post-

invasion was initially evaluated to establish detectable and reproducible thresholds (data not 

shown). Only IL-6 and IL-8 secretions at 48 h post-invasion were selected to compare the 

effect of different strains on the activation of the immune response because only these 

cytokines were significantly induced during the infection of Calu-3 cells by S. aureus, 

although the biological significance of the low IL-6 secretion levels in these infected cells may 

be marginal. According to the manufacturer, the sensitivity of the method was of 1.2 and 0.5 

pg/ml for IL-6 and IL-8, respectively. As expected, treatment of cells with 100 ng/ml of TNF-

a or 10 ng/ml of LPS for 48 h also stimulated IL-6 and IL-8 secretion (data not shown). The 

induction of the pro-inflammatory mediators IL-6 and IL-8 in epithelial cells infected by S. 

aureus has also been reported by others [11, 13, 17-19] and is thought to constitute a critical 

part of the lung immune response to bacterial pathogens [13]. 

The secretion of IL-6 and IL-8 was then measured from Calu-3 cells infected with the normal 

and SCV strains CF07-L, CF07-S, CF1A-L and CF1D-S, and compared to that from non-
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infected Calu-3 cells. In addition, the immune response of cells exposed to approximately 

1X108CFU of heat inactivated CF07-L bacteria (30 min at 72°C) was evaluated since live or 

dead S. aureus may not trigger the same response in host cells [20, 21]. Fig. 1B and 1C show 

that all studied S. aureus strains induced IL-6 and IL-8 secretion in airway epithelial cells 48 h 

post-invasion in comparison to uninfected cells (one-way ANOVA followed by the Dunnett's 

post test), whereas dead bacteria had no effect on the cells (unpaired /-test). Surprisingly, no 

difference was observed in the extent of IL-6 and IL-8 secretion by airway epithelial cells 

despite their being infected with different S. aureus strains (one-way ANOVA followed by the 

Tukey's post test) and notwithstanding the markedly greater ability of SCV strains CF07-S 

and CF1D-S to persist 48 h post-invasion in comparison to their normal counterparts. 

Noteworthy, normal colony-forming bacteria were recovered at a low frequency 48 hours 

post-invasion from cells infected with SCVs. It is thus possible that the induction of IL-6 and 

IL-8 secretions in SCV infected cells may have arisen by phenotypic switching during 

intracellular infections especially that the SCV strains used in this study are clinical isolates 

that have kept the natural ability to revert back to the normal phenotype. 

This study supports the hypothesis that SCVs do not particularly activate the host immune 

system despite their marked intracellular persistence [4, 12]. This may help to explain why 

some infections caused by SCVs can be sustained asymptomatically for many years [22-24], 

Tuchscherr et al. [25] have recently proposed that the switch from the normal to the SCV 

phenotype and vice versa could be an integral part of the infection process. It is likely that the 

SCV phenotype can confer the ability to S. aureus to remain hidden inside non-professional 

phagocytes for some periods of time until reversion to normal phenotype occurs and a new 

acute phase of infection begins. Therapeutic tools to tackle both the normal and persistent 

phenotypes seem implicitly needed [15]. 
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FIGURE 1. IL-6 and IL-8 secretions by polarized airway epithelial cells infected with normal 

and SCV strains are similar despite marked differences in infection levels. (A) Bacterial CFU 

recovered 48 h post-invasion from polarized Calu-3 cells infected with the S. aureus SCV 

strains CF07-S and CF1D-S and their normal counterparts CF07-L and CF1A-L, respectively. 

Significant differences between CFU recovered from cells for normal and SCV strains of each 
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pairs are indicated (**, P < 0.01; ***, P < 0.001; unpaired t-test). Figures IB and 1C show the 

concentrations of IL-6 and IL-8 in the basal compartment of Transwells seeded with polarized 

Calu-3 cells, respectively. Cells were either non-infected (untreated control), treated with dead 

bacteria (D.B.) or infected with the various strains CF07-L, CF07-S, CF1A-L and CF1D-S. 

The medium from the basal compartment of the Transwell was collected 48 h post-invasion 

for the measurement of IL-6 and IL-8 concentrations. Significant differences between the 

control and the infected conditions are shown (*, P < 0.05; **, P < 0.01; one-way ANOVA 

followed by the Dunnett's post test). No difference between strains was revealed by a one-way 

ANOVA followed by the Tukey's post test. Results are from three independent experiments 

performed in duplicate. 
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CHAPITRE 6 

Tomatidine inhibits the replication of Staphylococcus aureus small-colony variants in 

cystic fibrosis airway epithelial cells. 

6.1. Introduction de ('article 

Le but de cette etude etait d'evaluer I'activite antibacterienne de la tomatidine contre les SCVs 

de S. aureus et d'investiguer son mode d'action. En collaboration avec le Pr Kamal Bouarab, 

1'etudiante Mariza Gattuso du laboratoire du Pr Francis Malouin a debute un projet adressant 

l'effet de la tomatidine sur l'expression de genes de virulence chez les souches normales de S. 

aureus. Lorsque j'ai ete recrute afin de contribuer aux travaux de cette etudiante, j'ai 

decouvert I'activite bacteriostatique de la tomatidine contre les SCVs. J'ai effectue toutes les 

experiences de microbiologic, les essais de susceptibilite aux antibiotiques et les essais 

d'infections de cellules. Gilles Grondin a effectue les experiences de microscopie et le Pr Eric 

Marsault est un collaborates au projet. J'ai redige l'ebauche de Particle, effectue la 

conception des figures et participe a la correction du manuscrit jusqu'a sa publication. A noter 

que ce projet a mene au depot d'un brevet (voir Annexe 2, Resume 3). 

Reference de Particle : 

Mitchell, G., Gattuso, M., Grondin, G., Marsault, E., Bouarab, K., and Malouin, F. (2011). 

Tomatidine inhibits replication of Staphylococcus aureus small-colony variants in cystic 

fibrosis airway epithelial cells. Antimicrob. Agents Chemother. 55:1937-1945. 
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6.2. Resume en fran^ais de 1'article 

Les SCVs sont souvent associes aux infections chroniques a Staphylococcus aureus tel que 

celles rencontrees chez les patients FK. Nous rapportons ici que la tomatidine, la forme 

aglycone du metabolite secondaire de plante tomatine, a une activite inhibitrice de la 

croissance efficace contre les SCVs (CMI de 0.12 fig/ml) tandis que la croissance des souches 

normales de S. aureus n'etait pas significativement alteree par la tomatidine (MIC >16 fag/ml). 

L'action specifique de la tomatidine etait bacteriostatique contre les SCVs et etait clairement 

associee a leur chaine de transport des electrons dysfonctionnelle puisque la presence de 

l'inhibiteur de transport d'electrons 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) rendait les 

souches normales de S. aureus susceptibles a la tomatidine. A 1'inverse, la complementation 

de la deficience respiratoire des SCVs conferait une resistance a la tomatidine. A une 

concentration correspondante a sa CMI contre les SCVs, la tomatidine causait une reduction 

generate de la biosynthese de macromolecules et affectait particulierement 1'incorporation de 

leucine radiomarquee dans les proteines de S. aureus lorsqu'en presence du HQNO. De plus, 

la tomatidine inhibait la replication intracellulaire d'un SCV clinique dans des cellules 

epitheliales au phenotype FK. Nos resultats suggerent que la tomatidine pourrait 

eventueilement etre utile en therapie combinee avec d'autres antibiotiques traditionnels afin 

d'eliminer les formes persistantes de S. aureus. 
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ABSTRACT 

Small-colony variants (SCVs) are often associated with chronic Staphylococcus aureus 

infections such as those encountered by cystic fibrosis (CF) patients. We report here that 

tomatidine, the aglycon form of the plant secondary metabolite tomatine, has a potent growth 

inhibitory activity against SCVs (MIC of 0.12 |ig/ml) whereas the growth of normal S. aureus 

strains was not significantly altered by tomatidine (MIC >16 fig/ml). The specific action of 

tomatidine was bacteriostatic for SCVs and was clearly associated to their dysfunctional 

electron transport system as the presence of the electron transport inhibitor 4-hydroxy-2-

heptylquinoline-N-oxide (HQNO) caused normal S. aureus strains to become susceptible to 

tomatidine. Inversely, complementation of SCVs' respiratory deficiency conferred resistance 

to tomatidine. Tomatidine showed a general reduction of macromolecular biosynthesis but 

more specifically affected incorporation of radiolabeled leucine in proteins of HQNO-treated 

S. aureus at a concentration corresponding to the MIC against SCVs. Furthermore, tomatidine 

inhibited the intracellular replication of a clinical SCV in polarized CF-like epithelial cells. 

Our results suggest that tomatidine may eventually find some use in combination therapy with 

other traditional antibiotics in order to eliminate persistent forms of S. aureus. 
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INTRODUCTION 

Staphylococcus aureus is an opportunistic pathogen that can affect several hosts, organs and 

body sites and may become both life-threatening as well as chronic (2, 14). The ability of S. 

aureus to cause chronic infections is thought to be helped by the formation of biofilms and the 

persistence of the bacterium within non-phagocytic host cells, which may both offer protection 

against the host immune system and the action of antibiotics (1, 7, 12, 44). 

Small-colony variants (SCVs) are known to form biofilms (27, 29, 42, 43) and to persist 

within non-phagocytic host cells (39). SCVs have a dysfunctional oxidative metabolism 

causing an alteration in the expression of virulence factors, a slow growth and a loss of colony 

pigmentation (33). This dysfunctional oxidative metabolism was associated to a decreased 

susceptibility to aminoglycosides because these antibiotics require the proton-motive force in 

order to penetrate the bacterium (8). This respiratory deficiency is often caused by mutations 

affecting the electron-transport system and several SCV isolates are auxotrophs for either 

hemin or menadione, which are needed to synthesize electron-transport system components. 

SCVs are often isolated from chronic infections, as in the case of lung infections in cystic 

fibrosis (CF) patients but also from osteomyelitis, septic arthritis, bovine mastitis and infection 

of orthopaedic devices (3, 30, 33). It was recently shown that switching from the normal to 

the SCV phenotype and than back to the normal phenotype in vivo is an integral part of the 

pathogenesis of S. aureus, a phenomenon that may be involved in the establishment of chronic 

infections (46). 

Nosocomial and community-acquired infections caused by bacteria that are resistant to 

antibiotics represent an increasingly important public health concern. One of the reasons 

explaining the spread of antibiotic resistance resides in that the current arsenal of antibiotics 
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was largely designed on limited chemical scaffolds with only few innovations since the 1980s, 

leaving an opportunity for pathogens to develop and spread mechanisms of resistance 

worldwide (40, 45). There are now numerous reports of plant products providing antibiotic 

activities against a wide variety of pathogenic bacteria (10, 15, 34). 

Several species of plants accumulate sterol and triterpene antimicrobials termed saponins (31). 

These molecules are constitutively produced in the plant and play an important role in the host 

defence against pathogenic insects and microbes. Among these saponins, tomatine is a 

steroidal glycoalkaloid that presents some antimicrobial action against yeast and a variety of 

microbes (4, 11, 31, 37). Many tomato fungal pathogens produce extracellular enzymes, 

commonly referred to as tomatinases, that are able to detoxify the a-tomatine (23, 35, 36). As 

an example, Fusarium oxysporum f. sp. lycopersici was reported to cleave a-tomatine into its 

aglycon (tomatidine) and tetrasaccharide moieties (lycotetraose), which by-products have little 

to no antifungal activity against the pathogen (36, 41). Some of our recent work on bacteria 

exposed to plant products shed light on the bioactivity of tomatidine against S. aureus and 

suggested a possible application for this molecule as a virulence attenuator for typical S. 

aureus strains (6) and, more recently, for SCVs (28). The chemical structures of tomatine and 

tomatidine are shown in Fig.l. 

The aim of this study was to evaluate the antibacterial activity of tomatidine against S. aureus 

SCVs and to investigate its mode of action. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Staphylococcus aureus ATCC 29213, Newbould (ATCC 29740), and cystic fibrosis isolates 

CF07-L and CF1A-L were used as representatives of the normal phenotype whereas the 

strains NewbouldAAemfi and cystic fibrosis isolates CF07-S and CFID-S were used as SCV 

representatives. NewbouldA/?tw/? was generated from Newbould by disrupting the hemB gene 

with the ermA cassette by homologous recombination (7). CF07-L/CF07-S and CF1A-

L/CF1D-S are genetically related pairs of strains co-isolated from cystic fibrosis patients (29, 

30). The dysfunctional oxidative metabolism of NewbouldA/jemZ? and CF07-S can be 

complemented by hemin and menadione, respectively (29). Except where otherwise stated, 

bacteria were grown in brain heart infusion (BHI) broth (BD, Mississauga, ON, Canada). 

Chemical reagents and antibiotics 

Menadione (Sigma, Oakville, ON, Canada) was solubilized in DMSO at a concentration of 10 

mg/ml and used at 1 p.g/ml whereas hemin (Sigma) was solubilized in 1.4 M NH4OH at a 

concentration of 10 mg/ml and used at 5 jag/ml. The electron transport inhibitor 4-hydroxy-2-

heptylquinoline-N-oxide, HQNO (AXXORA, San Diego, CA, USA), was solubilized in 

DMSO at a concentration of 5 mg/ml and used at 20 ng/ml. Tomatidine, gentamicin, 

vancomycin, erythromycin, ciprofloxacin, oxacillin, rifampicin and norfloxacin were from 

Sigma whereas tomatine and chloramphenicol were from ICN biomedicals (Irvine, CA, USA) 

and Fisher (Ottawa, ON, Canada), respectively. Tomatine and tomatidine were solubilized at 

10 mg/ml and 2 mg/ml in DMSO, respectively. Gentamicin, vancomycin, ciprofloxacin, 

oxacillin and norfloxacin were solubilized in water at 10 mg/ml. NaOH 2.5 and 0.1 N 

solutions were used during the solubilization of ciprofloxacin and norfloxacin, respectively. 

Erythromycin and chloramphenicol were solubilized at 10 mg/ml in 1:1 watenethanol. 

Rifampicin was solubilized at 10 mg/ml in methanol. 
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Antibiotic susceptibility testing 

Minimal inhibitory concentrations (MICs) were determined by a broth microdilution 

technique, following the recommendations of the Clinical and Laboratory Standards Institute 

(CLSI) (9), except that the incubation period was extended to 48 h and that the medium used 

was BHI in order to allow SCVs to reach maximal growth as previously described (3, 29). We 

confirmed that the MICs obtained against ATCC 29213 for all antibiotics tested were similar 

in BHI and in cation-adjusted Mueller-Hinton broth (CAMHB) (BD) to insure that the use of 

BHI did not influence results. The MICs of the control antibiotics used in the macromolecular 

synthesis assays were determined in CAMHB. 

Time-kill experiments 

Time-kill experiments were performed in order to determine whether the effect of compounds 

was bacteriostatic or bactericidal. Bacteria were inoculated at ~5xl05 CFU/ml in BHI in the 

absence or presence of antibiotics at the specified concentrations (see figure legends). At 

several time points at 35°C (225 RPM), bacteria were sampled, serially diluted and plated on 

tryptic soy agar (TSA) for CFU determinations. Plates were incubated for 24 or 48 h at 35°C 

for normal and SCV strains, respectively. 

Macromolecular biosynthesis assays 

The complete defined medium (CDM) was used for macromolecular biosynthesis assays. 

CDM was constituted of the following chemicals per liter: 5 g glucose, 50 mg MgSC>4, 7 g 

K2HPO4, 2 g KH2PO4, 0.5 g of Na-Citrate dihydrate, 1 g (NH4)2S04, 1 mg thiamine, 1.2 mg 

niacin, 0.25 mg calcium pantothenate, 0.005 mg of biotin, 10 mg of L-tryptophan, 5 mg 

adenine, 5 mg guanine, 5 mg cytosine, 5 mg uracil, 100 mg L-glutamic acid, 90 mg L-aspartic 

acid, 80 mg L-proline, 50 mg L-arginine, 50 g glycine, 50 mg L-lysine, 60 mg L-alanine, 30 

mg L-serine, 20 mg L-cysteine, 10 mg L-methionine, 50 mg L-tyrosine, 40 mg L-

phenylalanine, 20 mg L-histidine, 30 mg L-threonine, 30 mg L-isoleucine, 80 mg L-valine, 90 
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mg L-leucine and 20 mg thymine. The medium CDM-LEU had 22.5 mg/l of L-Leucine 

instead of 90 mg/l whereas the medium CDM-ALA had 15 mg/l of L-alanine instead of 60 

mg/l. 

Protein, DNA, RNA and cell wall peptidoglycan biosynthesis were evaluated by measuring 

the incorporation of the appropriate radiolabeled precursors into bacteria prior to treatment 

with trichloroacetic acid (TCA). Inocula were prepared by incubating bacteria overnight at 

35°C (225 RPM) in the CDM medium. Cultures were then adjusted to an optical density at 

600nm (/*600nm) of 0.1 and grown until an ^600nm of 0.3 in CDM, CDM-LEU (protein) or 

CDM-ALA (cell wall) was achieved. An amount of 3|iCi/ml of [3H]leucine, l(xCi/ml of 

[3H]thymine, l|j.Ci/ml of [3H]uridine or 2|iCi/ml [3H]D-alanine was added to aliquots of 

cultures in presence of the different antimicrobial compounds in order to evaluate protein, 

• • • • 3 DNA, RNA or cell wall peptidoglycan synthesis, respectively. The incorporation of [ H]-

molecules into macromolecules were allowed for 45 min for the protein and cell wall assays 

and for 35 min for the DNA and RNA assays. Cold 10% TCA was then added to all samples 

to stop the incorporation and precipitate macromolecules for 1 h on ice. All samples were 

filtered through a glass microfiber filter (Piscataway, NJ, USA) by using a dot-blot filtration 

system. Each filter was washed with 100 p.1 of 10% TCA containing 1.5 M NaCl and 100 pJ of 

10% TCA. Filters were dried overnight and their radioactivity was measured in a liquid 

scintillation counter. MICs of the control antibiotics chloramphenicol (protein), norfloxacin 

(DNA), rifampicin (RNA) and vancomycin (cell wall) against S. aureus ATCC 29213 were 8-

16, 1, 0.008-0.015 and 0.5-1 ng/ml, respectively. 

Cell culture 

The CF-like human airway epithelial cells shCFTR (32), derived from the Calu-3 cell line 

(ATCC HTB 55), were cultured in Eagle's Minimum Essential Medium (EMEM) 

supplemented with O.lmM MEM nonessential amino acids, 1 mM of sodium pyruvate, 100 

234 



U/ml penicillin, 0.1 mg/ml streptomycin, 2.5 ng/ml of Fungizone and 10% fetal bovine serum 

(FBS) at 37°C in 5% CO2. For routine culture, 4 H-g/ml of puromycin was added to culture 

media. All cell culture reagents were purchased from Wisent (St-Bruno, QC, Canada). 

Cell infection assays 

Cell infection assays were performed as previously described with few adaptations for the 

Transweils system (26, 30). Cells were seeded at 2.5 x 105 cells/inserts on 12-well Transwell 

plates and cultured for 9 to 10 days in an ainliquid system. The complete medium in the basal 

compartment was replaced by the invasion medium (1% FBS and no antibiotics) 18 h before 

assays. Inocula were prepared by suspending bacteria grown 20 h on BHIA plates in ice-cold 

PBS. Bacteria were then washed three times in ice-cold PBS and suspended in the invasion 

medium supplemented with 0.5% BSA at a density of approximately 4 x 108 CFU/ml. Cells 

were washed twice with PBS and 250 fil of bacterial suspension were apically added to each 

insert. Invasion was allowed for 3 h, inserts were emptied and washed three times with PBS. 

Invasion medium supplemented with 20 {xg/ml of lysostaphin (Sigma) was then added to kill 

extracellular bacteria and the cells were further incubated 24 or 48 h in presence of 

lysostaphin. DMSO or the different concentrations of tomatidine were added after invasion. At 

24 h post-internalization for the 48-h assays, cells were washed once with PBS and the 

invasion medium supplemented with lysostaphin, DMSO and/or tomatidine was replaced. 

Fresh invasion medium supplemented with lysostaphin was also added 1 h before cell lysis to 

ensure that only intracellular bacteria were counted. Following three washes with PBS, cells 

were detached with 100 fil of trypsin 0.25% and lyzed for 10 min by the addition of 400 p.1 of 

water containing 0.05% of Triton X-100. Lysates were serially diluted 10-fold and plated on 

agar for CFU determination. Plates were incubated for 24 or 48 h at 35°C for normal and SCV 

strains, respectively. 
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Fluorescence microscopy 

Cells on inserts were fixed 120 min in 4% paraformaldehyde in PBS. They were then 

permeabilized using a 5-min treatment with 50% methanol at -20°C followed by a 10-min 

incubation at room temperature in PBS supplemented with 50 mM glycine, 0.06% saponin 

from quillaja bark (Sigma), 0.06% Tween-20, 0.5% NP40 and 0.5% Triton X-100 (PBSP). 

The permeabilized cells were then incubated 30 min with image-iT® FX signal enhancer 

(Invitrogen, Burlington, ON, Canada). S. aureus was probed with the rabbit antibody 

AB20920 (Abeam, MA, USA) 1:250 and F actin was stained with AlexaFluor 488 Phalloidin 

(Invitrogen) 1:20 in PBS with 2% normal goat serum, 2% BSA and 0.45 % of fish gelatin 

(PBSB) for 180 min at room temperature. After five washes in PBS with 0.01% saponin and 

0.01% Tween-20 (PBSD), primary antibodies were detected by an incubation of 90 min at 

room temperature with AlexaFluor 555 goat anti-rabbit IgG (Invitrogen) at a dilution of 

1:1000 in PBSB. The DNA was stained 10 min with Hoechst (Invitrogen) at 1:5000 after five 

washes in PBSD and five washes in water. Inserts were washed five additional times in water 

and were mounted in Prolong Gold anti-fade reagent (Invitrogen). Pictures were taken using 

an Olympus Fluoview FV 300 confocal system or a Zeiss microscope with the Apotome 

system. 

Effect of the combination of tomatidine and gentamicin 

Bacteria were inoculated at ~5xl05 CFU/ml in BHI in absence or presence of gentamicin 

and/or tomatidine at 4 and 0.12 ng/ml, respectively. Cultures were incubated 48 h at 35°C/225 

RPM and pictures were taken. ^600nm of the different cultures were also measured. 

Statistical analysis 

Statistical analyses were carried out with the GraphPad Prism Software (v.5.00). Statistical 

tests used for the analysis of each experiment are specified in figure legends. 
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RESULTS 

RO' 

FIGURE 1. Structures of tomatidine (TO) and tomatine (TN). For TO, R= H. For TN, R= 

lycotetraose. 

Tomatidine is a potent inhibitor of SCVs. Our previous works showed that although 

tomatidine (TO, Fig. 1) alters the expression of some virulence factors in normal S. aureus 

strains, it allows the growth of those bacteria at concentrations up to 128 ng/ml (6). After 

having observed that tomatidine also had the ability to inhibit the production of biofilms by S. 

aureus SCVs (28), we were interested to determine whether this result was attributable to a 

direct antimicrobial effect of tomatidine on SCVs. Table 1 shows the MICs of tomatidine, 

tomatine and control antibiotics (gentamicin, vancomycin, erythromycin, ciprofloxacin and 

oxacillin) against normal (ATCC 29213, Newbould, CF07-L and CF1A-L) and SCV 

(NewbouldAAewB, CF07-S and CF1D-S) strains. Remarkably, the MIC of tomatidine against 

all SCVs was 0.12 (j.g/ml whereas no MIC was measurable for normal strains. Also, no MIC 

was observed for tomatine, the lycotetraose-substituted derivative of tomatidine, against 

SCVs. MICs of gentamicin for the different strains were in accordance with the known 

decreased susceptibility of SCVs to aminoglycosides (33). The MIC of erythromycin against 

NewbouldA/?em.B (>16 ng/ml) is explained by the insertion of ermA in the genome of this 

strain (see Materials and Methods). MICs obtained for the other control antibiotics were in the 

expected CLSI ranges and did not seem to vary significantly among strains, except maybe for 
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ciprofloxacin MICs which were slightly lower for SCV strains. These results demonstrated 

that tomatidine specifically inhibits the growth of SCV strains. 

TABLE 1. Susceptibility (MIC in jig/ml) of normal and SCV S. aureus strains to tomatidine, 

tomatine and control antibiotics with or without the presence of HQNO. 

Strain0 HQNOb TO TN GEN VAN ERY CIP OXA 

ATCC29213 . >16 >16 1 2 0.12-0.25 0.5 0.12-0.25 

+ 0 12-0.25 >16 4 2 0.25 0 25 0.12 

Newbould - >16 >16 0.5-1 1 0.25 0.25-0.5 0.06-0.12 

NewbouldA/rcm/j • 0.12 >16 4-8 2 >16 0.12-0.25 0.03-0.06 

CF07-L - >16 >16 1-2 2 0,25 0.5 0.06-0.12 

+ 0.5 >16 4 2 0.25 0.25 0.06-0.12 

CF07-S - 0.12 >16 8 2 0.12 0.12 0.06-0.12 

+ 0.12 >16 4-8 2 0 06-0 12 0.12 0.06-0.12 

CFI A-L - >16 >16 1-2 1-2 0.25 0.5 0.25 

CF1D-S - 0.12 >16 8 2 0.12 0.12 0.06-0.12 

"ATCC292I3, Newbould, CF07-L and CFI A-L are normal strains whereas NewbouldA/iemfl.CF07-S and CF1D-S are SCVs. 

b4-hydroxy-2-heptylquinoline-N-oxide (HQNO) was used at 20 ng/ml 

TO: tomatidine, TN: tomatine, GEN: gentamicin, VAN: vancomycin, ERY: erythromycin, CIP: ciprofloxacin, OXA: oxacillin. 

Inhibition of the electron transport system by HQNO sensitizes normal strains to 

tomatidine. We used 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) to inhibit the electron 

transport system of normal strains and to generate the SCV phenotype (17, 20, 29). Table 1 

shows MICs of tomatidine, tomatine and control antibiotics (gentamicin, vancomycin, 

erythromycin, ciprofloxacin and oxacillin) against the normal strains ATCC 29213 and CF07-

L as well as the SCV CF07-S in the presence of 20 |ig HQNO/ml. HQNO allowed tomatidine 

to generate a growth inhibitory effect against normal strains similar to that was observed 

against SCVs. HQNO did not however alter the susceptibility of SCVs to any other antibiotics. 

HQNO also decreased the susceptibility of normal strains against the aminoglycoside 

gentamicin, further supporting that the effect of HQNO on normal strains generates the SCV 

phenotype. Accordingly, subinhibitory concentrations of the proton motive force uncoupler 

carbonyl cyanide /w-chlorophenylhydrazone also caused ATCC 29213 to become susceptible 

238 



to the growth inhibitory activity of tomatidine (data not shown) and decreased the 

susceptibility to gentamicin as previously reported (25). These results confirm that tomatidine 

possesses a specific antibacterial activity against SCVs because of their defective electron 

transport system. 

Tomatidine is bacteriostatic against SCVs. We performed experiments in order to determine 

whether tomatidine is bactericidal or bacteriostatic against SCVs. Fig. 2A shows that 

tomatidine at concentrations up to 4 (J.g/ml is not able to completely kill SCVs 

(Newbouldd/;e/«5, CF07-S and CF1D-S) in culture, but clearly inhibited their growth in 

comparison to the normal strains Newbould, CF07-L and CF1A-L. Noteworthy, the 

susceptibility of the hemin-dependent SCV NewbouldAhemB and menadione-dependent SCV 

CF07-S to tomatidine was abolished in the presence of hemin and menadione, respectively 

(also Fig. 2A), which again confirmed that a defective electron transport is required for the 

antibacterial activity of tomatidine. The antibacterial activities of tomatidine and control 

antibiotics (erythromycin and ciprofloxacin) against normal and SCV strains as a function of 

time are presented in Fig. 2B and 2C, respectively. The antibacterial activity of tomatine 

against the SCV strain was also evaluated (TN in Fig. 2C). Fig. 2C clearly demonstrates that 

the presence of tomatidine at 0.250 ng/ml (2*MIC) induced bacteriostasis in SCVs whereas it 

does not affect the growth of normal strains (Fig. 2B). Overall, our results demonstrate that 

tomatidine (and not tomatine) has a specific bacteriostatic activity against SCVs. 
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FIGURE 2. Tomatidine is bacteriostatic against SCVs, but not against normal strains. (A) 

Samples (10 jil) from cultures treated with various concentrations of tomatidine following the 

antibiotic susceptibility testing procedure (see Materials and Methods) were spotted on agar 
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plates and photographed. (B) Time-kill experiments showing the effect of tomatidine (TO), 

tomatine (TN), erythromycin (ERY) or ciprofloxacin (CIP) on the growth of the normal strain 

CF07-L and (C) of the SCV CF07-S. In (B), concentrations of 16 jig/ml of TO (n=3), 0.5 

fig/ml of ERY (n=3) and 1.0 |J.g/ml of CIP (n=3) were used against CF07-L, whereas 

concentrations of 0.25 ng/ml of TO (n=4), 16 ng/ml of TN (n=3), 0.25 ng/ml of ERY (n=3) 

and 0.5 ^g/ml of CIP (n=2) were used against CF07-S. The no drug control experiments are 

from 4 independent experiments. 

Effect of tomatidine on the biosynthesis of macromolecules in HQNO-treated S. aureus. 

In order to get insight into the mechanism of action of tomatidine on SCVs, we performed 

macromolecular biosynthesis assays with the normal strain ATCC 29313 in the presence or 

absence of 20 \ig HQNO/ml. We used HQNO-treated bacteria instead of SCVs because it was 

more reliable and allowed a reproducible production of elevated cell densities until the 

addition of HQNO. Fig 3A-3D show the results for the control antibiotics chloramphenicol, 

norfloxacin, rifampicin and vancomycin, which are well-known to target protein synthesis, 

DNA replication, RNA transcription and cell wall peptidoglycan synthesis, respectively. As 

expected, each of those antibiotics used at 4><MIC preferentially and significantly inhibited the 

incorporation of radiolabeled precursors into the targeted macromolecules although inhibition 

of other or all macromolecular biosynthesis also occur at concentrations >4><MIC, consistent 

with a collapse of cellular functions (data not shown). Tomatidine diluted in DMSO at a 

concentration of up to 125 (ig/ml did not alter the synthesis of any macromolecule in ATCC 

29213 in comparison to the DMSO-treated control (Fig. 3E). However, in the presence of 20 

Hg HQNO/ml, tomatidine decreased the biosynthesis of all macromolecules at concentrations 

equal or greater to 0.12 (ig/ml (i.e., the MIC recorded for all SCV strains tested) when 

compared to the HQNO-treated control (Fig.3F). In presence of HQNO, the inhibition of 

protein synthesis was significantly more affected by tomatidine (P < 0.05) than was the 

biosynthesis of all other macromolecules (Fig. 3F). This indicates that the primary cellular 

target of tomatidine could be the bacterial protein biosynthesis machinery. 
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FIGURE 3. Effect of tomatidine on the biosynthesis of macromolecules in HQNO-treated S. 

aureus. (A-D) The effect of control antibiotics at approximately 4><MIC on the biosynthesis of 

proteins (chloramphenicol [CHL]; 64 ng/ml), DMA (Norfloxacin (Scott el al.); 4 ng/ml), RNA 

(Rifampicin (Beenken et al.); 0.06 ng/ml) and cell wall peptidoglycan synthesis (Vancomycin 

[VAN]; 4 ng/ml) was evaluated for strain ATCC 29213. (E) Effect of TO at 125 |ig/ml on the 

biosynthesis of macromolecules in ATCC 29213. (F) Effect of different concentrations of TO 

on the biosynthesis of macromolecules in ATCC 29213 in the presence of HQNO at 20 ng 

/ml. Significant decreases of the biosynthesis of one macromolecule in comparison to all the 

three others are indicated (*, P<0.05, one-way ANOVA with Dunnett's post test for A,B,C,D 

and E and two-way ANOVA with a Bonferroni's post test for F). Results are from three 

independent experiments and are expressed as percentages of incorporation of radiolabeled-

molecules by untreated (A-D), DMSO-treated (E) or HQNO-treated bacteria (F). 

Tomatidine inhibits the replication of a clinical small-colony variant of S. aureus in 

polarized CF-like airway epithelial cells. SCVs are known to possess an increased ability to 

persist within non-phagocytic host cells (39) as confirmed by us in polarized CF-like airway 

epithelial cells (26). Fig. 4A shows that, although both strains caused similar level of infection 

at 24 h post-internalization, the intracellular load of SCV CF07-S 48 h post-internalization is 

clearly larger than that resulting from the normal strain CF07-L. These differences in cellular 

infection levels are likely to be explained by the ability of SCVs to persist and replicate within 

epithelial cells. 
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FIGURE 4. Tomatidine (TO) inhibits the replication of a clinical small-colony variant of S. 

aureus in polarized CF-like airway epithelial cells. (A) Infection levels of the polarized CF-

like airway epithelial cells (the shCFTR cell line) with CF07-L and CF07-S 24 and 48 h post-

internalization (from 2 to 3 independent experiments performed in duplicate). A significant 

difference between cells infected with CF07-L and CF07-S 48 h post-internalization is shown 
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(*, /><0.05; two-way ANOVA with the Bonferroni's post test). (B) Effect of different 

concentrations of TO on the intracellular load of CF07-S 24 h post-internalization. Data are 

from 2 independent experiments performed in duplicate. (C) Effect of different concentrations 

of TO on the intracellular load of CF07-S 48 h post-internalization. Data are from 3 

independent experiments performed in duplicate. Significant differences in comparison to the 

control are shown (**, PO.Ol; **, /*<().001; one-way ANOVA with a Dunnett's post test). 

Data are presented as means with standard deviations. (D) Fluorescence microscopy 

confirmed the capacity of tomatidine (1.25 p.g/ml) to decrease the number of SCVs within 

cells in comparison to DMSO (0 p.g/ml of tomatidine) 48 h post-internalization. S. aureus 

bacteria and cellular F-actin are stained red and green, respectively. Pictures are from stacked 

images acquired with a Zeiss microscope with ApoTome attachement. Scale bar is 100 p.m. 

We then evaluated the impact of tomatidine on the infection of epithelial cells by SCVs. We 

speculated that the bacteriostatic agent tomatidine could have a greater impact at 48 h post-

internalization since replication of SCVs is most evident within these cells between 24 and 48 

h. Indeed, Fig. 4B demonstrated that tomatidine did not have any effect on the infection of 

cells by the SCV CF07-S 24 h post-internalization. However, cells treated with 1.25 and 12.5 

|ig/ml of tomatidine contained significantly less SCVs than DMSO-treated cells 48 h post-

internalization (Fig. 4C). Fig. 4D shows images obtained by fluorescence microscopy that 

confirmed the capacity of tomatidine to decrease the number of SCVs within cells 48 h post-

internalization. Notheworthy, there was no differences in the number of nucleus per observed 

areas between cells treated for 48 h with DMSO and tomatidine at 12.5 fig /ml (data not 

shown), suggesting that the effect of tomatidine on the level of infection was not caused by a 

possible toxicity toward cells. These results demonstrated that tomatidine can significantly 

decrease the infection of polarized CF-like airway epithelial cells by SCVs. 
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FIGURE 5. Confocal microscopy of polarized CF-like airway epithelial cells infected by the 

SCV CF07-S. (A) Z-series images of cells infected with CF07-S 48 h post-internalization. 

Distances from the bottom of the insert are indicated in microns (um) above each picture. 

Scale bar is 100 um. (B) Stacked images of selected layers obtained with confocal microscopy 
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showing S. aureus bacteria. Scale bars are 5 |.im. S. aureus bacteria and cellular F-actin are 

stained red and green, respectively. 

In order to confirm that the SCV CF07-S was still intracellular 48 h post-internalization, we 

performed confocal microscopy. Fig 5A shows an example of z-series images of shCFTR cells 

infected with CF07-S 48 h post-internalization. These images clearly suggest that almost all 

bacteria are inside the cell layers. Fig. 5B shows images acquired at higher magnifications and 

in which bacteria are clearly seen inside cells. Some antigenic materials were also detected at 

lower levels in the extracellular medium but are likely to represent dead bacteria or bacterial 

debris resulting from the action of the added lysostaphin. Overall, these results suggest that 

tomatidine inhibits the intracellular replication of SCVs in polarized CF-like airway epithelial 

cells. 

Synergistic effect of tomatidine and gentamicin against a heterogeneous S. aureus 

population composed of both normal and SCV strains. We think that tomatidine could 

eventually be used in combination with classical antibiotics during therapies, especially that 

phenotypic switching between the normal and SCV phenotypes seems an integral part of S. 

aureus pathogenesis (46). We were therefore interested to evaluate if tomatidine could 

complete the antibacterial effect of the aminoglycoside gentamicin against a bacterial 

population composed of both normal and SCV strains (Table 2). Gentamicin at 4 |ig/ml 

inhibits the growth of the normal strain CF07-L whereas tomatidine at 0.12 fig/ml does not. 

On the other hand, gentamicin at 4 p.g /ml does not inhibit the growth of the SCV CF07-S 

while tomatidine at 0.12 ng /ml does. Hence, a combination of gentamicin at 4 ng /ml and 

tomatidine at 0.12 ng /ml inhibits the growth of a heterogeneous population composed of both 

the normal strain CF07-L and the SCV CF07-S whereas neither molecule alone can. These 

results support the hypothesis that tomatidine could be used in combination with classical 
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antibiotics and more particularly, in the context of chronic infections where the normal and 

SCV phenotypes co-exist. 

TABLE 2. Combination of tomatidine and gentamicin inhibits the growth of a mixed 

population of normal and SCV strains co-isolated from a CF patient. 

Strain3 GEN TO GEN+TO 

CF07-L 

CF07-S 

CF07-L and CF07-S 

aCF07-L is a normal strain whereas CF07-S is a SCV. 

The precense (+) or the absence (-) of growth is indicated. 

TO: tomatidine (0.12 ug/ml), GEN: gentamicin (4 ug/ml). 

DISCUSSION 

+ 

+ 

There are now numerous examples of plant secondary metabolites active against clinically-

relevant pathogens and their use as antimicrobial agents, "antibiotic potentiators" or "virulence 

attenuators" for the control of infectious diseases is promising (15). Our preliminary work 

demonstrated that tomatidine has the ability to decrease the hemolytic activity and toxin 

production of normal S. aureus strains while also affecting the expression of virulence factors 

and biofilm formation in SCVs (6, 28). SCVs are often isolated from diffi cult-to-treat chronic 

infections (3, 30, 33) but no specific therapeutic approach against these variants had been 

considered to date. The present study demonstrated that tomatidine has in fact a specific 
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growth inhibitory activity against SCVs whereas it does not significantly affect the growth of 

normal strains. Tomatidine can thus be seen as both a virulence attenuator and an anti-SCV 

agent. 

While the fundamental reason for the intrinsic resistance of normal strains to tomatidine is still 

unkown, our results suggest that the specific effect of tomatidine on SCVs is linked to their 

electron transport deficiency. Indeed, the metabolic complementation of either hemin- or 

menadione-dependent SCVs abolished the susceptibility of SCVs to tomatidine. Furthermore, 

we demonstrated that the electron transport inhibitor HQNO allows tomatidine to inhibit the 

growth of normal S. aureus strains. Interestingly, HQNO is an exoproduct of Pseudomonas 

aeruginosa recently associated with the formation of S. aureus SCVs (17, 29). This effect of 

P. aeruginosa on the phenotype of S. aureus could be especially relevant to cystic fibrosis 

(CF) as both organisms are commonly co-isolated from the airways of CF patients (16, 17). It 

is therefore possible that the presence of tomatidine could prevent the development of the SCV 

phenotype induced by interspecies interactions, thus reducing the likelihood of chronic S. 

aureus infections. 

Although further investigations remain to be performed in order to completely understand the 

mechanism of action of tomatidine on S. aureus, our work suggests that tomatidine induces 

bacteriostasis in SCVs at a concentration as low as 0.12 |xg/ml by inhibiting the biosynthesis 

of macromolecules, with a pronounced effect on protein synthesis. Other approaches such as 

ribosome binding experiments will need to be performed to verify this hypothesis. Based on 

our results, tomatidine may represent a new tool to combat SCV infections without exerting a 

selection pressure on S. aureus isolates of the normal phenotype. Moreover, reversion of SCVs 

to the normal phenotype, as observed during some of our experiments (data not shown), would 

provide resistance to the growth inhibitory activity of tomatidine but not necessarily to its anti-

virulence effect. Furthermore, a combination therapy targeting both normal and SCV 
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phenotypes would presumably better control reversion and resistance. The toxicological and 

pharmacological properties of tomatidine have not yet been fully investigated and, 

consequently, the real potential of tomatidine as a therapeutic agent remains to be explored. 

As mentioned before, SCVs are often isolated from chronic infections, more particularly from 

infections of the airways of cystic fibrosis patients. This propensity to cause chronic infections 

is thought to be related, at least in part, to the persistence of SCVs within non-phagocytic host 

cells (39). Antibiotic treatments are often ineffective against S. aureus infecting CF lungs and 

relapsing infections are often observed (13, 18). These relapsing infections are precisely 

thought to be caused by bacteria persisting inside host cells in the lungs (21). In fact, it is now 

thought that switching from the normal to the SCV phenotype and than back to the normal 

phenotype is an integral part of the pathogenesis of S. aureus in vivo and that novel therapeutic 

strategies targeting SCVs are needed to combat infections caused by bacterial species capable 

of generating such transitory variants (46). Our results show that the antimicrobial activity of 

tomatidine is effective against intracellular SCVs, which suggest that the clinical use of 

tomatidine may help to defeat difficult-to-treat and relapsing S. aureus infections caused by 

SCVs. 

The use of tomatidine in combination with a classical antibiotic such as an aminoglycoside 

antibiotic is promising. Aminoglycosides are often used in the treatment of CF patients (22). 

However, it is known that SCVs are less susceptible to this class of antibiotics and are 

frequently isolated from the airways of CF patients (5, 19, 30). Moreover, it was shown by us 

and others that aminoglycosides can in fact induce the formation of SCVs (24, 27, 38). Thus, 

the combination of tomatidine with an aminoglycoside antibiotic in the treatment of CF 

patients should efficiently eradicate a population of S. aureus consisting of both the normal 

and SCV phenotypes. We are presently working at better characterizing the proprieties of 
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tomatidine but also at exploring derivatives to optimize their physico-chemical, antibacterial 

and anti-virulence properties. 
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CHAPITRE 7 

Tomatidine acts in synergy with aminoglycoside antibiotics against multiresistant 

Staphylococcus aureus and prevents virulence gene expression 

7.1. Introduction de Particle 

Le but de cette etude etait d'evaluer I'activite antibacterienne de la tomatidine en combinaison 

avec d'autres antibiotiques ainsi que d'evaluer 1'effet de la tomatidine sur l'expression des 

facteurs de virulence chez S. aureus. J'ai decouvert que la tomatidine et les aminoglycosides 

ont un effet synergique sur les souches normales de S. aureus au cours de mes experiences au 

laboratoire. J'ai par la suite participe a la supervision des etudiants Myriame Lafrance, Simon 

Boulanger et Isabelle Guay dans le cadre des essais de susceptibilite aux antibiotiques et de 

synergie. David Lalonde Seguin a mis au point et effectue les PCR afin de pouvoir detecter les 

differents genes de resistance aux aminoglycosides. Mariza Gattuso a effectue les essais de 

PCR quantitative en temps reel. J'ai aussi effectue quelques essais de susceptibilite aux 

antibiotiques et de synergie ainsi que les essais d'hemolyse. J'ai fait l'analyse des resultats. 

Les Prs Eric Marsault et Kamal Bouarab sont des collaborateurs au projet. J'ai redige 

l'ebauche de Particle, effectue la conception des figures et participe a la correction du 

manuscrit jusqu'a sa publication. A noter que ce projet a mene au depot d'un brevet (voir 

Annexe 2, Resume 3). 

Reference de I'article : 

Mitchell, G., Lafrance, ML, Boulanger, S., Seguin, D.L., Guay, I., Gattuso, M., Marsault, E., 

Bouarab, K., and Malouin, F. (2012). Tomatidine acts in synergy with aminoglycoside 

antibiotics against multiresistant Staphylococcus aureus and prevents virulence gene 

expression. J. Antimicrob. Chemother. 67, 559-568. 

257 



7.2. Resume en fran^ais de Particle 

OBJECTIFS: Cette etude a caracterise les multiples activites biologiques du compose naturel 

tomatidine contre Staphylococcus aureus. Notamment, ce travail examine l'activite de la 

tomatidine en combinaison avec d'autres antibiotiques et l'influence de ce compose sur 

1'expression de certains facteurs de virulence chez S. aureus. METHODES : L'effet de la 

tomatidine sur la susceptibilite de S. aureus a plusieurs classes d'antibiotiques a ete determine 

par une procedure de microdilution en milieu liquide et un protocole de microdilution en 

damier (chekerboard) afin de mesurer les indices de concentrations inhibitrices fractionnelles 

et de reveler les interactions entre les composes. Des experiences de courbes de bacteridie 

avec des combinaisons aminoglycosides-tomatidine ont aussi ete effectuees. L'activite 

hemolytique de plusieurs souches a ete mesuree en presence de tomatidine sur des geloses 

sang. L'expression de genes associes a la virulence a ete evaluee chez la souche ATCC 29213 

traitee a la tomatidine. RESULTATS : La tomatidine potentialisait specifiquement l'effet 

inhibiteur des aminoglycosides mais pas celui d'autres classes d'antibiotiques. Cet efifet de 

synergie etait observe contre des souches de differentes origines cliniques (sang humain, voies 

respiratoires FK, osteomyelite, peau humaine et mammite bovine) incluant des bacteries 

resistantes aux aminoglycosides possedant les genes aac(6)-aph(2"), ant(4)-la et/ou 

aph(3 )-IIIa. Les courbes de bactericidie pour les combinaisons aminoglycosides-tomatidine 

ont revele une activite bactericide forte. Meme si la tomatidine ne possede pas d'activite 

inhibitrice de la croissance en soi contre les souches normales, elle inhibait l'activite 

hemolytique de plusieurs d'entre elles et, plus specifiquement, interferait avec l'expression de 

plusieurs genes normalement influences par le systeme agr. CONCLUSIONS : Ces resultats 

montrent que la tomatidine potentialise Faction des aminoglycosides et agit en tant qu'agent 

antivirulence ciblant a la fois les souches de S. aureus susceptibles et resistantes aux 

antibiotiques. 
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SYNOPSIS 

Objectives: This study characterized the multiple biological activities of the natural 

compound tomatidine against Staphylococcus aureus. Notably, this work examined the 

antibacterial activity of tomatidine in combination with other antibiotics and the influence of 

this compound on the expression of virulence factors in S. aureus. Methods: The effect of 

tomatidine on the susceptibility of S. aureus to several antibiotic classes was determined by a 

broth microdilution procedure and a checkerboard protocol to measure fractional inhibitory 

concentration indices and to reveal drug interactions. Time-kill experiments for 

aminoglycoside-tomatidine combinations were also performed. The hemolytic ability of 

several strains in presence of tomatidine was measured on blood agar plates and the expression 

of virulence-associated genes in strain ATCC 29213 treated with tomatidine was monitored by 

quantitative PCR. Results: Tomatidine specifically potentiated the inhibitory effect of 

aminoglycosides but not of other classes of drugs. This potentiating effect was observed 

against strains of different clinical origins (human blood, cystic fibrosis airways, 

osteomyelitis, skin tissues and bovine mastitis) including aminoglycoside-resistant bacteria 

possessing the aac(6')-aph(2"), ant(4')-Ia and aph(3 ')-IIIa genes. The killing kinetics for the 

combination of aminoglycosides with tomatidine revealed strong bactericidal activity. 

Although tomatidine did not possess growth-inhibitory activity of its own against prototypical 

S. aureus, it inhibited the hemolytic activity of several strains and more specifically, blocked 

the expression of several genes normally influenced by the agr system. Conclusions: These 

results show that tomatidine is an aminoglycoside potentiator that also acts as an anti-

virulence agent targeting both antibiotic-susceptible and antibiotic-resistant S. aureus. 
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INTRODUCTION 

Antibiotic resistance now represents an overwhelming problem in human and veterinary 

medicine since pathogens have developed mechanisms to circumvent almost all antibiotics of 
> 2 . • • 3 

the current arsenal. ' Staphylococcal infections are often refractory to antibiotic treatments 

and cause both life-threatening and chronic diseases affecting several hosts and body sites.4"6 

Staphylococcus aureus is a significant pathogen causing difficult-to-treat infections2 and is 

commonly recovered from cystic fibrosis (CF) patients.7"9 Antibiotic therapy usually leads to 

better clinical prognostics in CF.10' 11 However, the emergence of antibiotic-resistant bacteria 

is a major problem for patients afflicted by this disease and the prevalence of methicillin-

resistant S. aureus (MRSA) is currently increasing among CF patients." This is alarming 
1") 

considering that MRSA are most often resistant to multiple antibiotic classes and are 

associated with declines of lung function and worse survival in CF patients.13' 14 MRSA are 

associated with hospital- and community-acquired infections (HA- and CA-MRSA)14 but are 

also found in livestock (LA-MRSA) and companion animals and transmission from colonized 

animals to humans has been reported.15'16 

The ability of S. aureus to cause multiple diseases is related to its collection of virulence 

factors, the expression of which is controlled by a variety of global regulators that allow 

diverse strategies for pathogenesis. Such strategies include bacterial adhesion to extracellular 

matrix components, the formation of biofilms, immunomodulation, the destruction of host 

tissues and the invasion of host cells.4 The quorum-sensing dependent agr system is known to 

be a major regulator of staphylococcal virulence.17,18 Once activated, the agr system leads to 

down-regulation of several cell-surface proteins such as adhesins and to up-regulation of 

several exotoxins and hydrolytic enzymes. It was shown that the agr system greatly influences 

the outcome of S. aureus infection in several experimental models.18 Targeting virulence 

would thus be an interesting new avenue for drug development. 
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Plant products providing antibiotic-like activities against a wide variety of pathogenic bacteria 

may represent new chemical scaffolds for the development of antimicrobials.19 These plant 

products may directly inhibit or kill pathogenic bacteria, but some may alternatively increase 

the antimicrobial activity of already known antibiotics ("antibiotic potentiators") or alter the 

virulence and/or the adaptation of pathogen toward the host ("virulence attenuators").19 The 

plant product tomatidine and other closely related steroidal alkaloids do not have any 

clinically significant growth-inhibitory activity against prototypical S. aureus.20'21 We recently 

discovered serendipitously that tomatidine possess an important and specific bacteriostatic 

activity against respiratory-deficient S. aureus small-colony variants (SCVs).20 The clinical 

importance of SCVs is increasingly recognized as their ability to persist in non-professional 

phagocytes and their association with chronic infections is now well established.22 The 

development of antibiotics able to target both extra and intracellular SCVs such as 

tomatidine20 could represent interesting alternatives for clinicians. However, SCVs are rarely 

found alone during infections and are often co-isolated with strains harboring the normal 
2-•> 23 

phenotype. In fact, it has been proposed that phenotypic switching is intrinsic to S. aureus 

pathogenesis.24 Consequently, this study examined the interaction of tomatidine with 

antibiotics of several classes in order to reveal useful combination therapies targeting both the 

normal and SCV phenotypes of S. aureus. Furthermore, although tomatidine alone does not 

significantly affect the growth of prototypical S. aureus, we evaluated its influence on 

virulence gene expression to reveal additional beneficial effects of this natural product. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

A variety of S. aureus clinical strains of human and veterinary origins were used in this study. 

MRSA Sa220c and Sa228c were isolated from human skin and soft tissue infections at the 

Centre Hospitalier Universitaire de Sherbrooke (CHUS). Several S. aureus isolates (CF07-L, 
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CFIA-L, CF2A-L, CF4B-L, CF6B-L, CF7A-L, CF8E-L, CF9A-L, CF35A-L) were isolated 

from the airways of CF patients by the clinic of the CHUS. The strains were collected 

following a consent protocol approved by the ethics review board of the CHUS (protocol 06-

158-R4). MA078038 is a human blood isolate (CMRSA-10/USA300) from the Laboratoire de 

Sante Publique du Quebec (LSPQ). Strain SHY97-3906 is a bovine mastitis isolate.25 

NewbouldAs/gi? was generated from Newbould (ATCC 29740, another bovine mastitis 

isolate) by disrupting the sigB gene with the ermA cassette by homologous recombination.26 

Additional S. aureus reference strains were also used such as ATCC 29213, Newman, MRSA 

COL, MRSA ATCC 43300, MRSA ATCC BAA-41, MRSA N315, and MRSA Mu50, which 

is also a vancomycin intermediate resistant S. aureus (VISA). Strain 8325-4 is characterized 

by lower SigB activity resulting from a "natural" deletion in the rsbU locus.27 SHI000 is 

isogenic to strain 8325-4, but with a functional rsbU allele.27 Except where otherwise stated, 

bacteria were grown in cation-adjusted Mueller-Hinton broth (CAMHB) (BD, Mississauga, 

ON, Canada). 

Chemical reagents and antibiotics 

Tomatidine hydrochloride, oxacillin, erythromycin, ciprofloxacin, tetracycline, vancomycin, 

gentamicin, kanamycin, tobramycin, amikacin and streptomycin were from Sigma (Oakville, 

ON, Canada). Tomatine, the lycotetraose-substituted derivative of tomatidine, was from ICN 

biomedicals (Irvine, CA, USA). Tomatidine and tomatine were solubilized at 2 g/L in DMSO. 

Tomatidine was warmed at 70°C during the solubilisation process. Oxacillin, ciprofloxacin, 

tetracycline, vancomycin, gentamicin, kanamycin, tobramycin, amikacin and streptomycin 

were solubilized in water at 10 g/L. NaOH 2.5 N was used during the solubilisation of 

ciprofloxacin. Erythromycin was solubilised at 10 g/L in 1:1 watenethanol. The chemical 

structures of tomatidine and tomatine are shown in Figure 1. 
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FIGURE 1. Chemical structures of tomatidine (TO) and tomatine (TN). 

Antibiotic susceptibility testing 

Minimal inhibitory concentrations (MICs) were determined by a broth microdilution 

technique, following the recommendations of the Clinical and Laboratory Standards Institute 

28 (CLSI). S. aureus ATCC 29213 was used as a comparator strain in all MIC tests. Resistance 

phenotypes were attributed using the following susceptibility breakpoints: oxacillin 4 mg/L, 

erythromycin 8 mg/L, ciprofloxacin 4 mg/L, tetracycline 16 mg/L, vancomycin 16 mg/L, 

gentamicin 16 mg/L, kanamycin 64 mg/L and tobramycin 16 mg/L. Intermediate resistance to 

gentamicin and vancomycin was defined by concentrations of 8 and 4-8 mg/L, respectively. 

The concentration of tomatidine chosen for antibiotic combinations in MIC assays was 4-8 

mg/L, which was well above the minimal tomatidine concentration showing a potentiating 

effect in synergy studies (see the Results section). 
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Synergy studies 

A checkerboard protocol29 was conducted by a broth microdilution method similar to that used 

for standard MIC determinations in order to evaluate the effect of varying concentrations of 

tomatidine on the activity of aminoglycoside antibiotics against S. aureus strain ATCC 29213. 

The fractional inhibitory concentration (FIC)29 indices were calculated as follows: FIC index = 

FICA + FICB = A/MICA+ B/MICB, where A and B are the MICs of compounds A and B in 

combination, MICA and MICB are the MICs of compound A and compound B alone and 

FICA and FICB are the FICs of compound A and of compound B. Indifference for drug 

interactions or an additive effect is demonstrated if the FIC index is >0.5-4 and synergy if the 

FIC index is < 0.5, whereas an antagonistic effect is represented by an FIC index of >4.30 

Time-kill experiments 

Time-kill kinetics were followed in order to determine whether the effect of compounds alone 

or in combination was bacteriostatic or bactericidal. Bacteria were inoculated at ~105-106 

cfu/mL in 100 mL CAMHB and grown at 35°C with shaking in the absence or presence of 

antibiotics at the following concentrations (as specified in figure legends): tomatidine and 

tomatine, 8 mg/L; ciprofloxacin and erythromycin, 1 mg/L; gentamicin, 0.12-4 mg/L. At 

several timepoints, bacteria were sampled, serially diluted and plated on tryptic soy agar 

(TSA) for cfu determinations. 

Aminoglycoside resistance determinants 

The aminoglycoside-resistant strains used in this study were screened by PCR for the presence 

of genes encoding aminoglycoside-modifying enzymes. PCR detection of the aac(6 ')-aph(2'') 

(351 bp), ant(4')-Ia (172bp) and aph(3)-IIIa (268bp) amplicons was done by using the 

following primer sequences: aac(6)-aph(2"), FWD 5'-

ACAGAGCCTTGGGAAGATGAAGT-3', REV 5'-
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GCCCTCGTGTAATTCATGTTCTGGC-3'; ant(4)-Ia, FWD 5'-

CTGCTAAATCGGTAGAAGC-3', REV 5'-CAGACCAATCAACATGGCACC -3'; 

aph(3 )-IIIa, FWD 5'-CTGATCGAAAAATACCGCTGC-3', REV 5'-

TCATACTCTTCCGAGCAAAGG-3'. Primers for the amplification of aac(6 )-aph(2 ") were 

designed using the aac(6')-aph(2") DNA sequence of strain Mu50. Primers for the 

amplification of ant(4')-la and aph(3)-HIa were from Schmitz el a/.31 Samples were 

denatured at 94°C for 10 min followed by 35 amplification cycles using the following 

parameters: 94°C for 30 s, 55°C for 30 s and 72°C for 30 s. A final extension cycle of 72°C 

for 10 min was used. After amplification, PCR products were resolved using 1.5% (w/v) 

agarose gels. 

Hemolysis 

Bacterial suspensions of 0.5 McFarland were prepared for each strain and were spotted (2 jxL) 

on Mueller-Hinton agar (BD, Mississauga, ON, Canada) with 5% horse blood supplemented 

or not with 8 mg/L of tomatidine or tomatine. Hemolysis was observed after 24 h of 

incubation at 35°C followed by an overnight incubation at 4°C. 

Quantitative PCR 

In order to evaluate the effect of tomatidine or tomatine on S. aureus gene expression, 

overnight cultures were used to inoculate CAMHB at an A6oo nm of 0.1. Bacteria were then 

grown until an Am nm of 0.6 and exposed to tomatidine or tomatine for 3 h. RNA extraction, 

cDNA synthesis and qPCR were performed as previously described26' 32 using the primers 

described in Table 1. The relative expression ratios were calculated by using the cycle 

threshold (Ct) of the untreated culture (no-drug control) and that of the housekeeping gyrA 

gene («-fold expression = 2"AACt, where AACt = ACt (treated culture) / ACt (untreated culture) 

and ACt represents the difference between the Ct of the gene studied and the Ct of gyrA). 
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Statistical analysis 

Statistical analyses were carried out with the GraphPad Prism Software (v.5.00). For qPCR 

results, analyses were performed on AACt. Statistical tests used for the analysis of each 

experiment are specified in the Results section and the Figure legends. 

TABLE 1. Quantitative PCR Primers used in this study. 

ORF 
SACOL 

Gene Description Primer Sequence 

6 gyrA DNA gyrase, A subunit 6-RT-FWD 

6-RT-REV 

CATTGCCAGATGTTCGTGAC 

CACCAACGATACGTGCTGAT 

78 pic Phospholipase 78-RT-FWD 

78-RT-RV 

GGAGGCAGCGATTTAATAG 

AGCCAACCCGTTCTAGCCTTT 

860 nuc Thermonuclease 860-RT-FWD 

860-RT-REV 

TCGCTTGCTATGATTGTGGTAGCC 

T ACAGGCGT ATTCGGTTT CACCGT 

1173 Ma a-Hemolysin 1173-RT-FWD 

1173-RT-REV 

AATGAATCCTGTCGCTAATGCCGC 

CTGAAGGCCAGGCTAAACCACTTT 

1867 splC Serine protease 1867-RT-FWD 

1867-RT-REV 

AACGGTGACAAAGGAAATGG 

CTTTTGGTCCACGTTCGACT 

2022 hid 8-Hemolysin, RNA ill 2022-RT-FWD 

2022-RT-REV 

TAATTAAGGAAGGAGTGATTTCAATG 

TTTTTAGTGAATTTGTTCACTGTGTC 

2694 f>eh Lipase 2694-RT-FWD 

2694-RT-REV 

GTTGGCTCAATGGGGTCTAA 

CTCACGCGTCAGATCGT AAA 

ORF SACOL, open reading frame number in S. aureus COL. 

RT-FWD, real-time PCR forward primer; RT-REV, real-time PCR reverse primer. 

RESULTS 

Tomatidine potentiates the action of aminoglycoside antibiotics against S. aureus. We 

showed previously that tomatidine had potent inhibitory activity against S. aureus SCVs but 
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that this natural product had no clinically significant MIC against normal strains of S. 

aureus20 In order to further characterize the effect of tomatidine on S. aureus and to better 

understand its therapeutic potential, we evaluated the activity of tomatidine in combination 

with several classes of antibiotics. We found that tomatidine increased the susceptibility (e.i. 

decreased the MIC) of ATCC29213 to the aminoglycoside antibiotics gentamicin (8-32 fold), 

kanamycin (4-8 fold), tobramycin (4-8 fold), amikacin (4 fold) and streptomycin (4-8 fold), 

whereas it did not alter that of other classes of antibiotics (oxacillin [P-lactams], erythromycin 

[macrolides], ciprofloxacin [fluoroquinolones], tetracycline [tetracyclines], vancomycin 

[glycopeptides]) (Table 2). The specificity of tomatidine as an aminoglycoside potentiator was 

also demonstrated by the use of the structurally related tomatine (Figure 1), which did not 

influence the susceptibility of ATCC 29213 to aminoglycosides or any other classes of 

antibiotics (data not shown). 

TABLE 2. Effect of tomatidine on the susceptibility of S. aureus ATCC 29213 to several 

antibiotics. 

Antibiotic 

MIC (mg/L) 

FIC indexb Antibiotic 

-TO +TO FOLD3 

Gentamicin 0.5-1 0.03-0.06 8-32 <0.116 

Kanamycin 2-4 0.5 4-8 <0.193 

Tobramycin 0.25-0.5 0.06 4-8 <0.133 

Amikacin 2 0.5 4 <0.133 

Streptomycin 4-8 1 4-8 <0.199 

Oxacillin 0.25 0.25 1 ND 

Erythromycin 0.5 0.5 1 ND 

Ciprofloxacin 0.5 0.5 I ND 

Tetracycline 0.25-0.5 0.25-0.5 1 ND 

Vancomycin 1 1 1 ND 

"Ratios expressed as fold differences between MICs without (-) and with (+) TO were determined for 

each independent experiment. 

bFIC indexes were determined by the checkerboard protocol. 

TO: tomatidine, ND: not determined. 
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The activity of tomatidine in combination with gentamicin and/or tobramycin was also studied 

against other Gram-positive bacteria. Tomatidine potentiated the activity of gentamicin and 

tobamycin against Staphylococcus epidermidis (2-8 fold), Staphylococcus haemolyticus (4-16 

fold), Staphylococcus saprophyticus (1-8 fold) and Staphylococcus hominis (2-4 fold), but not 

against Enterococcus faecalis and Enterococcus faecium (data not shown). For evaluation 

against Gram-negative bacteria, the activity of tomatidine in combination with tobramycin was 

tested against Pseudomonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922 with 

no effect. Other E. coli strains tested that also showed no increase in susceptibility to the 

tomatidine-aminoglycoside combination included a strain highly permeable to large antibiotic 

molecules like erythromycin and vancomycin (imp4213)?3 a strain that lacks one of the major 

efflux pump systems (acrAB::aph(3)f4 and a rough strain (E. coli J5) lacking the long 

lipopolysaccharide (LPS) chains that prevent lipophilic molecules from interacting with 

bacterial membranes.35 

The effect of tomatidine on the susceptibility of ATCC 29213 to several aminoglycoside 

antibiotics (gentamicin, kanamycin, tobramycin, amikacin and streptomycin) was confirmed 

using the checkerboard method. Results showed that tomatidine markedly increased the 

susceptibility of ATCC 29213 to all aminoglycoside antibiotics tested at a concentration as 

low as 0.12 mg/L (data not shown). At this concentration and above (tested up to 8 mg/L), a 

reduction of 4 to 32 fold in the MICs of aminoglycosides was observed. To approximate the 

FIC indices, we considered an MIC of 32 mg/L for tomatidine against ATCC 29213. This 

MIC was knowingly overestimated because there is still no complete growth inhibition of 

normal S. aureus strains in the presence of tomatidine at concentrations as high as 128 mg/L.19 

The approximate FIC values characterizing the interaction of tomatidine with aminoglycoside 

antibiotics are reported in Table 2 and demonstrate strong synergy between the antimicrobial 

activities of these molecules (FIC < 0.5). 
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TABLE3. Effect of tomatidine on the susceptibility of S. aureus strains of diverse origins and antibiotic suceptibility profiles to aminoglycosides 

Strains Details8 

Aminoglycoside 

modifying 

enzyme-encoding 

MIC (mg/L) 
b 

Strains Details8 

Aminoglycoside 

modifying 

enzyme-encoding 
OXA ERY CIP TET VAN GEN GEN +TO FOLD' KAN KAN +TO FOLD 1  TOB TOB + TO FOLD' 

Strains suceptible to GEN, KAN and TOB 

8 3 2 5-4 0  12 0  2 5-0 .5  0 .2  5-0.5 0 .2  5 1 0  .12 -0  2  5  0  03-0.06 4 2-8 0  5-4 2-4 0.12-0 2 5 0  03-0 06 4 

COL MRSA >64 (R)  0  5 0  5 1-2 2  0 .5-1 0  06 8-16 4  0 5  8  0  5-1 0 .06 8-16 

Newman OS 0 5-1 0.5 0 .2  5 0  25-0 .5  1 0 .5-1 0 .06 8-16 4 0 .5  8  0.25-0.5 0  06-0 12 2-8 

Newbould BM - 0.12 0  5 0.25 0  25-0.5 0  5-1 0.5-1 0  06 8-16 4  0  5 8  0  5-1 0 .06-0 12 8  

SHY97-390A BM 0.12-0.25 0  12-0.2 5  0 .2  5 0  25-0 5  0.5-1 0 .25 0  03-0.06 4-8 2 0  5  4 0 .25 0.03 8 

Sa220 c  SSTLMRSA 16-32 (R)  0  5-1 32 (R) 0  5  1 0  5 006-0 12 4-8 4 0.5 8  0.5-1 0  06-0 12 4-16 

CF07-L CF - 0.12-0.2 5  0  5 0.5 0 .5  1-2 0 .5-1 0 .06-0.25 4-8 4 0  5-1 4-8 0.5-1 0 06-0.12 4-8 

CFIA-L CF 0 25-0 5  0  2 5-0 .5  0 .5-1 0  25 1 0 .5-1 0  12 4-8 4 0.5 8  ! 0.06-0 25 4-16 

CF2A-L CF 0.2 5  0.5 0.2 5 2 1 I 0.12-0.25 4-8 4 0.5 8  1 0 06-0.12 8-16 

CF4B*L CF - 0 5 0.5 0 .2  5-0 5  0  25 1 0  5 0 .06-0.12 4-8 4 0 .5  4-8 0 5-1 0  06-0 12 4-16 

CF8E-L CF - 0.12 5  0.5 1 0 .25-0.5 1-2 1 0 25-0.5 2-4 16 2-8 2-4 I 0 .25 4 

CF35A-L CF.  MRSA >64 (R)  >64 (R) >64 (R) 0.5 1 0.5-1 0 .06-0.12 8  4 1 4 0.5-1 0 .06 8-16 

Strains resistant to GEN, KAN and/or TOB 

ATCC 43300 MRSA ND J  16-32 <R) >64 (R) 0.5 0 .5  0  5-1 64-128 (R) 16-3 2 (R)  4 512-1024 (R) 2 56 <R) 2-4 512-1024 (R) 128 (R)  4-8 

ATCC BAA-4 1 MRSA ant(4 )-ki >64 (R) >64 (R) >64 (R) 0 .5  1 0.5 0  12-0.25 2-4 256-512 (R) 64 (R) 4-8 512 (R)  128 (R)  4 

N3 15 MRSA ant(4 )-b 8 (R) >64 (R) 0.2 5 0 .5  0.5 1 0 .12 8  256 (R) 64 (R) 4 512 (R)  128-256 (R) 2-4 

Mu50 MRSA. VISA aac(6 )-aph(2 ') 

ant<4 )-la 

>64 (R) >64 (R) 32-64 (R) >16 (R)  4(0 128 (R)  16 (R)  8  >1024 (R)  256-512 (R)  >2 -4 1024 (R)  12 8  (R)  8  

MAO 78038 Bl ,  MRSA aph(3 )-Uh 64 (R) 64 <R) 16 (R)  0 .5  0.5-1 0.25-0.5 0 .06 4-8 >1024 (R)  1024 (R)  >1 0  5  0.06-0.12 4-8 

Sa2 2 8c SSTLMRSA aac(6 )-apb(2 ") 

am (4 )-Ja 

>64 (R) >64 (R) >64 <R) >16 (R)  1 64-128 (R) 8-16 (I)  8  512-1024 <R) 128-256 (R)  2-8 1024 (R)  128-256 (R) 4-8 

CF6B-L CF aac(6 )-aph(2 ') 0,2 5-1 0 .5-1 >64 (R) 0 .25 0 5-1 128-256 (R) 16-32 (R)  4-8 1024 <R) 128-256 (R)  4-8 256 (R) 16-64 (R)  4-16 

CF7A-L CF.  MRSA ant(4 )-b >64 (R) >64 (R) >64 (R) 0  25-0.5 1 0.5-1 0 .12-0 25 2-8 256-512 (R) 64-256 (R) 2-4 1024 (R) 128-512 (R)  2-8 

CF9A-L CF.  MRSA ant(4 ~)-k> >64 (R) >64 <R) >64 (R) 0  25-0.5 I  0 .5-1 0 .06-0.12 4-8 256(R) 128-256 (R)  1-2 512-1024 (R) 64-256 (R) 4-8 

*M RSA mcthici l l in-resis tant  S aureus .VISA vancomycin intermediate  res is tant  .V aureus ,  Bl  b lood.  BM: bovine mast i t is .  CF.  cyst ic  f ibrosis  a i rways.  OS:  osteomyeli t is .  SST1:  skin and so f t  t i ssue infect ion.  

"OXA: oxaci l l in .  ERY: erythromycin,  CIP:  c iprof loxacin.  TET tetracycl ine.  VAN: vancomycin.  GEN gentamicin.  TOB: tobramycin.  KAN kanamycin.  TO tomatidine Intermediate  res is tance (F)  and resis tance (R> are  indicated.  

Rat ios  expressed as  fo Id d i f ferences between the aminoglycoside M1C w i thout  and with the presence of  tomatidine were determined for  each independent  experiment  and show the increase in .S '  aureus suscept ib  i l i ty  

ND: not  determined 
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Tomatidine specifically potentiates the action of aminoglycosides against S. aureus 

strains of various clinical origins and antibiotic susceptibility profiles. The antibacterial 

effect of tomatidine in combination with aminoglycosides was next evaluated against a group 

of S. aureus strains of diverse origins. These strains were isolated from a variety of diseases 

and body sites, such as bovine mastitis, human osteomyelitis, blood, skin and soft tissue 

infections and from the airways of CF patients, and are shown in Table 3. Table 3 also 

presents the MICs of oxacillin, erythromycin, ciprofloxacin, tetracycline, vancomycin and 

three aminoglycosides (gentamicin, kanamycin, tobramycin) against these S. aureus strains. It 

is noteworthy that several of these strains were resistant to multiple classes of antibiotics 

and/or are MRSA. Importantly, Table 3 shows that tomatidine increased the susceptibility of 

all the studied strains to aminoglycoside antibiotics. More precisely, the presence of 

tomatidine could increase the susceptibility of aminoglycoside-susceptible S. aureus strains to 

gentamicin, kanamycin or tobramycin by 2 to 16 fold. 

Interestingly, the potentiating effect of tomatidine on the activity of aminoglycoside antibiotics 

was also detectable against aminoglycoside-resistant S. aureus strains (Table 3). Strains 

resistant to gentamicin, kanamycin and/or tobramycin were screened for genetic determinants 

encoding aminoglycoside-modifying enzymes (AMEs), which represent the main mechanism 

of aminoglycoside resistance.31' 36' 37 The detected AME genes suited the expected 

aminoglycoside-suceptibility pattern for each strain. The presence of aac(6)-aph(2") 

correlated with resistance to gentamicin, kanamycin and tobramycin, that of ant(4)-Ia, with 

resistance to kanamycin and tobramycin and that of aph(3')-IIIa with resistance to kanamycin 

(Table 3). Interestingly, as for the aminoglycoside-susceptible strains, the activity of 

aminoglycosides against strains carrying AME genes was also generally increased by 2-16 

fold in the presence of tomatidine although in this case MICs did not drop below the resistance 

breakpoints (Table 3). Notably, although we have previously shown that tomatidine possesses 

a strong antibacterial effect of its own against S. aureus SCVs (MIC of 0.12 mg/L),20 we did 

not observe any synergy with aminoglycosides against such variants, which are already highly 
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susceptible to tomatidine but less susceptible to aminoglycosides with gentamicin MIC of 4-8 

mg/L (data not shown). 

The combination of tomatidine with aminoglycoside antibiotics is bactericidal. Time-kill 

experiments were performed in order to determine whether the combination of tomatidine with 

aminoglycoside antibiotics is bacteriostatic or bactericidal against S, aureus. Figure 2(a) 

shows the effect of tomatidine and control antibiotics (erythromycin and ciprofloxacin at 

2xMIC) on the viability of S. aureus ATCC 29213 as a function of time. As expected, 

tomatidine did not affect the growth or viability of S. aureus (MIC >128 mg/L), while 

erythromycin was bacteriostatic and ciprofloxacin was bactericidal (>3 logio reduction in cfu). 

Figure 2(b) shows that gentamicin alone at ~1-2><MIC (gentamicin MIC was 0.5-1 mg/L, 

Table 3) was also bactericidal against S. aureus,38 although, as anticipated for 

aminoglycosides, regrowth was observed within 24 h.39' 40 However, Figure 2(b) also shows 

that re-growth of bacteria was markedly reduced when tomatidine was combined with 

gentamicin at 1 mg/L and shows that this combination produced a significant synergy and a 

bactericidal effect that was sustained for 24 h. Interestingly, the combination of a 

subinhibitory concentration of gentamicin (0.12 mg/L, i.e., about 1/4 to 1/8 of the MIC) with 

tomatidine resulted in a bactericidal effect (Figure 2c) that was quicker than that seen with 

ciprofloxacin at 2><M1C (Figure 2a), although, as for the aminoglycoside alone at ~l-2xMIC, 

regrowth was observed within 24 h. Again, this potentiating effect was not observed with 

tomatine, confirming the specificity of tomatidine. Note that similar results were obtained for 

tobramycin at 0.12 and 1 mg/L in combination with tomatidine (data not shown). 

In order to examine the possibility that tomatidine can actually prevent the emergence of 

bacteria with decreased susceptibility to aminoglycosides, we followed the regrowth of 

bacteria in cultures exposed to various concentrations of gentamicin alone or in combination 

with tomatidine at 8 mg/L. Figure 2(d) further demonstrates that the presence of tomatidine 
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could significantly decrease the number of cfu recovered from cultures exposed to 

concentrations of gentamicin ranging from 0.5 to 2 mg/L for 24 h (unpaired /-test between 

control and tomatidine-exposed conditions for each gentamicin concentration). From these 

time-kill experiments, isolated colonies obtained from cultures exposed to gentamicin 

combined or not with 8 mg/L of tomatidine were analysed for their susceptibility to 

gentamicin. When ATCC 29213 was exposed to gentamicin alone, the emergence of 

numerous normal-growing isolates showing decreased susceptibility to gentamicin (MIC 

ranging from 1 to 4 mg/L) was easily detected. Such an exposure to gentamicin also yielded 

numerous isolates with the SCV phenotype showing the expected reduced susceptibility to 

gentamicin (MIC ranging from 4 to 8 mg/L). It is noteworthy that these SCVs maintained their 

high susceptibility to tomatidine (MIC <0.5 mg/L). Besides, although much fewer colonies 

were recovered from cultures exposed to the various combinations of gentamicin and 

tomatidine (Figure 2d), normal-growing isolates with decreased susceptibility to gentamicin 

were found as seen with the gentamicin alone in cultures. Interestingly, small pinpoint 

colonies recovered from the combination cultures were particularly unstable and easily 

reverted to the normal-growing phenotype when sub-cultured. It was therefore not possible to 

adequately measure the susceptibility of these SCVs to gentamicin or tomatidine and see if 

resistance of SCVs to tomatidine could develop from exposure to the combination. Finally, it 

is important to mention that the normal-growing isolates having reduced susceptibility to 

gentamicin (recovered from either the gentamicin or the gentamicin-tomatidine combination 

cultures) were still subject to the potentiating effect of tomatidine although it required about 

two times more gentamicin to attain the level of growth inhibition observed with the parental 

strain ATCC 29213, i.e., a concentration of gentamicin related to the new MIC. 

Overall, the results in this section clearly demonstrate that tomatidine potentiates the 

bactericidal action of aminoglycoside antibiotics against S. aureus and suggest that tomatidine 

can also reduce the emergence of bacteria with decreased susceptibility to aminoglycosides. 
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FIGURE 2. Tomatidine (TO) potentiates the bactericidal activity of aminoglycoside 

antibiotics against ATCC 29213. (a) Time-kill experiments showing the viability of ATCC 

29213 untreated or in the presence of 8 mg/L of TO, 1 mg/L of erythromycin (ERY) and 

lmg/L of ciprofloxacin (CIP). (b) Time-kill experiments showing the viability of ATCC 

29213 untreated or in the presence of 1 mg/L of gentamicin (GEN) in the absence or in the 

presence of 8 mg/L of TO. (c) Time kill-experiments showing the viability of ATCC 29213 

untreated or in the presence of 0.12 mg/L of gentamicin (GEN) in the absence or presence of 8 

mg/L of TO or tomatine (TN). The cfu detection limit is indicated by a dotted line and 

corresponds to 10 cfu/mL. (d) cfu/mL recovered from 24-h cultures treated with GEN at 

concentrations ranging from 0.25 to 4 mg/L combined or not with 8 mg/L of TO. Significant 

differences between the CTRL and TO conditions are shown (**, p < 0.01; *, p < 0.05; 
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unpaired /-test). Data are presented as means with standard deviations from at least two 

independent experiments. 

Tomatidine affects the hemolytic ability of S. aureus and represses several a#r-rcgulated 

virulence factors. The quorum-sensing dependent agr system is known to repress the 

expression of many cell-surface proteins while allowing expression of several exoproteins.17'18 

Importantly, the ability of S. aureus to lyse red blood cells is regulated by the agr system.17 

This association between hemolysis and the activity of agr was used to easily detect if 

tomatidine could have an impact on the virulence of S. aureus. Figure 3(a) shows that 

inclusion of tomatidine in blood agar plates strikingly reduced the hemolytic activity of all S. 

aureus strains tested, whereas tomatine did not. It is noteworthy that NewbouldAs/gi? and 

8325-4 are strains with dysfunctional SigB activity, resulting in increased agr activity and, 

consequently, in an increase in hemolytic ability.27' 4143 Figure 3(a) shows that both the 

increased hemolytic activity of these strains and the hemolytic activity of their counterpart 

strains having a functional sigB operon (Newbould and SHI000, respectively) were inhibited 

by tomatidine. 

Quantitative PCR was then used to measure the expression of hid (encoding the 5-toxin and a 

fragment of RNAIII, the effector of the agr system)18 in ATCC 29213 treated with different 

concentrations of tomatidine. As expected, the expression of hid was decreased as a function 

of tomatidine concentration (Figure 3b). Figure 3(c) shows the effects of tomatidine and 

tomatine at 12.8 mg/L on the expression of some of the agr-upregulated genes (hla, hid, geh, 

nuc, pic and splC).17 As expected, tomatidine significantly repressed the expression of the agr-

upregulated genes whereas tomatine did not (one-tailed unpaired /-test between tomatidine-

and tomatine-exposed conditions for each gene). These results demonstrate that exposure to 

tomatidine represses several virulence factors in S. aureus. 
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FIGURE 3. Tomatidine (TO) alters the expression of agr-regulated virulence factors in S. 

aureus, (a) Haemolytic ability of several strains in the absence or presence of 8 mg/L of TO or 

tomatine (TN). (b) Concentration-dependent effect of TO on the expression of hid (encoding 

the 8-hemolysin and a fragment of RNA11I, the effector of the agr system). Data are presented 

as means with standard deviations from at least three independent experiments, (c) Effect of 

12.8 mg/L of TO or TN on the expression of the agr-regulated genes hla, hid, geh, nuc, pic 
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and splC. Significant differences between the TO and TN conditions for the expression of 

each gene are shown (**, P < 0.01; *, P < 0.05; one-tailed unpaired /-test). Data are presented 

as means with standard deviations from at least two independent experiments. Ctrl, control. 

DISCUSSION 

This study demonstrates that the plant product tomatidine specifically potentiates the 

bactericidal activity of aminoglycoside antibiotics against S. aureus and also more broadly 

against staphylococci. This effect was documented for several strains of diverse clinical 

origins and included multi-resistant S. aureus strains. Surprisingly, tomatidine also potentiates 

the activity of aminoglycoside antibiotics against aminoglycoside-resistant bacteria carrying 

AMEs although the MICs against such strains did not drop below the resistance breakpoints. 

Although we could not demonstrate a potentiating effect of tomatidine on the inhibitory 

activity of aminoglycosides against P. aeruginosa, E. coli or even Enterococcus spp., it 

remains to be seen whether such a biological activity can be observed in other clinically 

relevant bacterial genera. 

A major challenge in the clinical use of aminoglycosides is to empirically evaluate the dose 

and administration schedule needed to obtain a non-toxic, but still successful, therapy.44 If the 

development of tomatidine as an adjunct therapy is successful eventually, the use of 

tomatidine in combination with aminoglycoside antibiotics could allow new efficient 

treatment regimens with reduced aminoglycoside amounts and a lower risk of drug toxicity. 

Moreover, the emergence of bacteria that are less susceptible after exposure to 

aminoglycosides has been fully documented by others39'40 and the results from this study also 

suggest that the presence of tomatidine could reduce the incidence of bacteria that are less 
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susceptible to aminoglycosides. Thus, an aminoglycoside potentiator such as tomatidine could 

possibly extend the clinical applications and safe usage of aminoglycosides. 

In addition to the potentiating effect of tomatidine demonstrated here on the inhibitory activity 

of aminoglycosides against prototypical S. aureus, we recently reported that tomatidine also 

has a specific bacteriostatic activity against S. aureus SCVs.20 More importantly, we showed 

that tomatidine has the ability to inhibit the replication of SCVs internalized in CF-like human 

airway epithelial cells.20 Because S. aureus of the normal and SCV phenotypes are often 

recovered simultaneously from CF patients22'23 and because aminoglycoside antibiotics are 

already used in the management of bacterial infections in CF,10' 45' 46 this suggests that a 

combination therapy of tomatidine and aminoglycosides could be especially effective in the 

context where S. aureus and S. aureus SCVs co-infect a CF patient. Aminoglycoside 

antibiotics have a wide spectrum of antimicrobial activity that affects both Gram-positive and 

Gram-negative pathogens,47 and in this new era plagued by multi-resistant organisms48 the 

revitalization of a well-known class of antibiotics by potentiators such as tomatidine would 

certainly have its merit. 

The mechanism by which tomatidine increases the activity of aminoglycoside antibiotics 

against prototypical S. aureus is not yet understood. It is possible that tomatidine increases the 

uptake of aminoglycoside-antibiotics by increasing the permeability of S. aureus. This would 

explain the improved bactericidal activity of the combination of tomatidine with subinhibitory 

concentrations of aminoglycosides since the activity of such antibiotics is intimately 

associated with their uptake into bacteria.38 Inversely, it is also possible that subinhibitory 

concentrations of aminoglycosides allow tomatidine to reveal its own antimicrobial activity 

against S. aureus. As an example, it is known that the action of aminoglycosides causes 

channel formation in bacterial membranes that support influx of antibiotics,38 and this may 

allow the uptake of tomatidine to occur. Tomatidine could then act on protein synthesis as 
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previously anticipated.20 We currently tend to rule out that the action of tomatidine on S. 

aureus is through membrane permeabilization because of the lack of activity of the 

structurally related tomatine, the lack of potentiating activity of tomatidine on other antibiotic 

classes against S. aureus and the inability of tomatidine to potentiate aminoglycoside activity 

against both hyperpermeable, LPS-rough and efflux-pump-deficient E. coli strains. 

The inhibition of S. aureus hemolytic activity we noticed in the presence of tomatidine was 

associated with the inability of the bacterium to activate the quorum-sensing agr system, 

which normally up-regulates the expression of several virulence factors, such as a-hemolysin 

and other exoproteins.17' 18 Accordingly, we demonstrated that tomatidine inhibits the 

expression of several genes known to be up-regulated by the agr system. Our results thus 

suggest that tomatidine could alter the virulence of S. aureus by repressing the expression of 

several agr-upregulated genes. Here again, the mechanism by which tomatidine acts on the 

agr system is not known, but it is possible that tomatidine influences the production of 

virulence factors by interacting with the bacterial surface and/or interfering with signal 

transduction, as proposed for other virulence inhibitors in staphylococci.49"52 

Overall, this study demonstrates that tomatidine exerts different biological effects on S. aureus 

that are likely to be useful once translated into therapeutic applications. We have shown here 

that the synergy between tomatidine and aminoglycosides could help reduce the amounts of 

these drugs required for a bactericidal effect against prototypical S. aureus while also reducing 

the incidence of resistance. This synergy, in addition to the standalone inhibitory activity of 

tomatidine previously reported against extracellular and intracellular S. aureus SCVs, remains 

to be confirmed in vivo, however. In the meantime, tomatidine now represents an interesting 

new structural scaffold on which to base future investigations aiming at the development of 

anti-staphylococcal agents efficient against strains causing chronic and difflcult-to-treat 

infections. 
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DISCUSSION 

Les nombreux efforts de recherche entourant les SCVs de S. aureus sont justifies par leur 

association avec les infections chroniques (Proctor et al, 2006). Cette association est 

particulierement observee chez les patients FK affectes par des infections pulmonaires 

chroniques a S. aureus (Kahl et al., 1998; Kahl et al., 2003b). Une etude clinique realisee 

dernierement au laboratoire du Pr Francis Malouin montre que les SCVs sont isoles 

d'environ 23% des patients FK traites a la Clinique de fibrose kystique du Centre hospitalier 

universitaire de Sherbrooke et n'a revele aucun effet detectable des SCVs sur la fonction 

pulmonaire des patients malgre la plus grande habilete de ces souches a former du biofilm 

(voir Annexe 2, Resume 1). Cependant, cette etude n'offrait que des images instantanees de la 

situation des differents patients et une etude longitudinale evaluant l'effet a long terme de la 

colonisation des poumons FK par les SCVs est necessaire avant de porter une conclusion. II 

est aussi possible que les SCVs contribuent a la progression de la maladie sans toutefois 

influencer directement la fonction pulmonaire. Par exemple, le biofilm des SCVs pourrait 

promouvoir ou interferer avec les infections a P. aeruginosa ou bien constituer un reservoir de 

bacteries recalcitrantes aux antibiotherapies. Bien que plusieurs des proprietes in vitro des 

SCVs (p.ex. leur moins grande susceptibilite a certains antibiotiques, leur persistance a 

I'interieur des cellules non phagocytaires et leur habilete a former du biofilm) supportent 

1'hypothese d'une virulence dirigee vers l'etablissement d'infections persistantes, il n'a jamais 

ete clairement demontre que les infections aux SCVs ont bel et bien une tendance significative 

a la chronicite. II est toutefois envisageable que le phenotype SCV soit optimise a la 

coexistence avec son hote en evitant la destruction tissulaire et I'activation du systeme 

immunitaire (Kipp et al., 2005; Proctor et al., 1995; Proctor et al., 2006; Tuchscherr et al, 

2010; Tuchscherr et al., 2011), expliquant l'absence d'impact des SCVs sur la fonction 

pulmonaire des patients FK. 
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Une des decouvertes recentes dans le domaine des SCVs et de la FK fut la demonstration que 

la presence de P. aeruginosa favorise I'apparition de SCVs chez S. aureus (Hoffman et al, 

2006) et, par consequent, la formation de biofilm (Chapitre 3). Ces dernieres etudes ont ete 

effectuees avec des souches types de P. aeruginosa et seulement quelques souches de S. 

aureus. Une des etudes actuellement en cours dans le laboratoire du Pr Franfois Malouin a 

pour but de caracteriser la diversite des interactions interspecifiques entre plusieurs isolats (et 

co-isolats) FK de ces deux pathogenes ainsi que de determiner les mecanismes moleculaires 

impliques dans leur coexistence. Une des conclusions emergeant de ces etudes est que les 

isolats FK de 5. aureus montrent une tres grande diversite de reponses aux isolats de P. 

aeruginosa, ce qui suggere que la complexity des interactions entre ces deux pathogenes est 

plus grande que ce qui etait initialement suspecte (voir Annexe 2, Resume 2). De plus, aucune 

association entre l'emergence du phenotype SCV et la co-infection avec P. aeruginosa ne se 

degage des etudes cliniques menees actuellement au laboratoire du Pr Francis Malouin (voir 

Annexe 2, Resume 1). L'hypothese actuelle est que le S. aureus persistant dans les voies 

respiratoires CF acquiert des mutations conferant une resistance aux exoproduits de P. 

aeruginosa lors d'une co-infection. Bien que nous ne possedions pas encore d'evidence que de 

telles mutations sont presentes chez les isolats FK de S. aureus, il est concevable que des 

mutations dans la chaine de transport des electrons puissent empecher les exoproduits de P. 

aeruginosa de lier leur cible (Voggu et al., 2006). II est aussi possible que des mutations dans 

certains facteurs ou regulateurs de virulence empechent S. aureus de former des SCVs et du 

biofilm en reponse a ces exoproduits. II sera aussi important de montrer que la presence de 

souches de P. aeruginosa peut bel et bien mener a la formation de SCVs et a la modulation de 

la virulence de S. aureus dans des modeles d'infections experimentales. Ainsi, le nombre de 

CFU au phenotype normal et SCV pourrait etre determine chez S. aureus lors de co-infections 

avec P. aeruginosa (Voir methodologie Chapitre 2). De plus, l'expression de certains genes 

pourrait etre suivie (p. ex. a l'aide du qPCR) afin d'etablir plus precisement l'effet de P. 

aeruginosa sur la virulence de S. aureus in vivo. L'etude de la pathogenese de S. aureus se 

doit d'etre effectuee en considerant le contexte souvent polymicrobien des voies respiratoires 

FK (voir Annexe 1). 
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Plusieurs autres facteurs favorisent l'emergence du phenotype SCV tels que Pexposition a 

certaines classes d'antimicrobiens (Proctor et al, 2006), notamment les antibiotiques de la 

classe des aminoglycosides, ce qui a ete confirme in vitro et in vivo dans le chapitre 2. 

L'utilisation d'antibiotiques, et plus particulierement d'aminoglycosides, est courante dans le 

traitement des infections bacteriennes chez les patients FK (Lyczak et al, 2002). Cependant, 

aucune association entre l'emergence du phenotype SCV et les traitements antibiotiques n'est 

encore degagee des etudes cliniques menees au laboratoire du Pr Malouin (voir Annexe 2, 

Resume 1). Comme mentionne precedemment, l'etude menee ne represente que des images 

instantanees de la situation des patients et une etude longitudinale est requise afin de savoir si 

certains antibiotiques peuvent favoriser l'emergence du phenotype SCV. II est toujours 

possible qu'un autre facteur retrouve dans les poumons des patients FK favorise l'emergence 

de SCVs. Par exemple, dans le contexte hypothetique ou certains peptides antimicrobiens 

cationiques seraient moins actifs dans les voies respiratoires FK (Gibson et al., 2003; Smith et 

al, 1996), il est possible que des doses sous-inhibitrices de ces peptides soient alors presentes 

dans Penvironnement de la bacterie et favorisent l'emergence de SCVs (Sadowska et al, 

2002). II est aussi possible que le phenotype SCV soit tout simplement une adaptation a 

I'environnement anaerobique rencontre dans les voies respiratoires FK puisque les SCVs 

n'utilisent pas leur chaine de transport des electrons. Finalement, les metabolites requis au 

fonctionnement de la chaine de transport des electrons sont peut-etre en abondance dans les 

voies respiratoires FK, assurant aux SCVs un metabolisme normal au cours de I'infection. 

Comme mentionne dans 1'introduction, relativement peu des connaissances actuelles sur les 

SCVs proviennent d'isolats cliniques a cause de leur grande instability phenotypique. Bien 

qu'il soit souvent considere que le phenotype SCV pourrait etre strictement cause par des 

mutations dans des genes impliques dans la chaine de transport des electrons ou dans la 

biosynthese de la thymidine, peu d'etudes decrivent precisement de telles mutations dans des 

souches cliniques (Chatterjee et al, 2008; Lannergard et al., 2008). Les recentes avancees 

technologiques permettant le sequenfage d'ADN a haut debit vont permettre de comparer le 
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genome de plusieurs paires d'isolats cliniques genetiquement lies au phenotype normal et SCV 

afin de trouver les potentielles mutations expliquant le phenotype SCV. Cependant, dans le cas 

des SCVs au phenotype tres instable, il faudra trouver le moyen de sequencer le genome 

bacterien a partir de petites quantites de materiel biologique afin de s'assurer d'avoir des 

resultats representatifs de l'isolat tel qu'il etait chez le patient. 

La frequence avec laquelle certains isolats cliniques passent d'un phenotype SCV a un 

phenotype normal (et vice versa) peut suggerer que des mecanismes de regulation ou 

genetiques sont impliques dans I'acquisition et la perte de ce phenotype (Massey et al, 2001). 

L'implication du facteur SigB dans I'acquisition du phenotype SCV est la premiere 

demonstration que 1'emergence du phenotype SCV est un phenomene regule chez S. aureus 

(Chapitre 2 et 3), ce qui est d'autant plus interessant en considerant que SigB est un facteur de 

transcription activable par differents stress. L'idee que le phenotype SCV est specialise dans la 

reponse a certains stress est done envisageable. Le mecanisme complet de formation des SCVs 

dependant de I'activation de SigB reste cependant a elucider. 11 est possible que SigB soit 

implique dans la regulation de la transposition de sequences d'insertion a I'interieur de genes 

lies a la chaine de transport des electrons comme il a ete demontre pour des genes impliques 

dans la formation de biofilm (Valle et al., 2007). II est aussi possible que I'activite du systeme 

antitoxine/toxine MazEF (dont l'expression est influencee par SigB) puisse conduire a la 

formation de SCVs en reponse a differents stress (Fu et al., 2007; Gertz et al., 1999; Senn et 

al, 2005b). Une interaction avec des systemes influen9ant la mutabilite bacterienne (Schaaff 

et al., 2003) ou I'acquisition de modifications epigenetiques controlant l'expression de genes 

demeurent des avenues a explorer. Une etude recente a demontree que 1'inversion reversible 

d'une grande partie de genome {flip-flop inversion) permet a S. aureus de passer rapidement 

d'un phenotype normal a un phenotype SCV (et vice-versa) et que cette inversion est regulee 

par RecA (Cui et al, 2012). Dans le cas oil la seule activite de SigB ou d'autres regulateurs 

puissent conferer le phenotype SCV a la bacterie, le sequen^age de genomes ne pourra pas 

repondre a nos questions. II serait alors pertinent de moduler artificiellement I'activite de SigB 
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en surexprimant des genes impliques dans la regulation de ce facteur, notamment RsbU (Pane-

Farre et al., 2009). II serait egalement interessant de mener une etude utilisant des techniques 

de generation de collections de mutants afin d'obtenir une vue plus globale des genes 

potentiellement impliques dans l'acquisition du phenotype SCV. 

L'activite de SigB n'est pas seulement impliquee dans l'acquisition du phenotype SCV 

puisqu'elle a un role central et constitutif dans la regulation de l'expression de plusieurs genes 

chez ces variants (Chapitre 1). Cependant, dans la litterature, un role plus important semble 

habituellement attribue a l'absence d'activation du systeme agr dans le controle de 

l'expression des facteurs de virulence chez les SCVs (Proctor et al, 2006), l'hypothese etant 

que la faible croissance des SCVs ne permet pas l'atteinte de la concentration critique de 

peptides auto-inducteurs requise a l'autoactivation de ce systeme. Mes resultats ont bel et bien 

demontre que la complementation de la croissance d'un SCV auxotrophe pour la menadione 

active le systeme agr et reprime l'activite de SigB (Chapitre 2). Cependant, des resultats plus 

recents supportent I'idee que SigB pourrait etre le facteur dominant dans le controle de la 

virulence des SCVs (voir Annexe 3). Tandis que l'inactivation genetique de SigB influence 

fortement la formation de biofilm et l'activite nuclease des SCVs, la surexpression de RNAIII 

dans un SCV affecte peu ou pas ces phenotypes (voir Annexe 3, Figure 2, 3 et 6). De plus, le 

niveau d'expression de RNAIII semble fortement controle par l'activite SigB (voir Annexe 3, 

Figure 3). II serait cependant pertinent d'effectuer des experiences controles consistant a 

evaluer l'effet de la surexpression d'agrA et A' agr ACDD chez CF07-S afin de confirmer que 

I'activation du systeme agr n'a pas (ou peu) d'influence sur la formation de biofilm et 

l'activite nuclease des SCVs par une voie independante de RNAIII (Queck et al, 2008). II 

aurait aussi ete pertinent de faire un double mutant CF07-SAsigBAagr afin d'etudier plus en 

detail l'interaction entre SigB et le systeme agr dans le controle de la virulence des SCVs. 

Bien que toujours sujet a la controverse, une association entre le niveau energetique de la 

bacterie et l'activite SigB reste toujours possible (Proctor et von Humboldt, 1998) et pourrait 

291 



expliquer pourquoi et comment SigB se retrouve en amont du controle de l'expression des 

facteurs de virulence chez les SCVs. 

En lien avec I'activite des regulateurs globaux, plusieurs proteines de surface sont activement 

exprimees chez les SCVs comparativement aux souches normales {p. ex. FnBPA, ClfA, 

SceD) tandis que plusieurs facteurs secretes sont reprimes (Moisan et al, 2006). Une des 

hypotheses supportees par mes travaux de doctorat est que les SCVs isoles des patients FK 

sont verrouilles dans un etat de colonisation par une expression constitutive d'adhesines. II a 

ete montre que l'expression de JnbA est soutenue a toutes les phases de croissance chez les 

SCVs et la spectroscopie de force atomique a ete utilisee afin de confirmer que les SCVs lient 

effectivement la fibronectine d'une fa?on accrue et soutenue, et cela d'une fa?on dependante 

de I'activite de SigB (Chapitre 1). En plus de la regulation de l'expression des proteines de 

surface, il est connu que les proteases secretees par S. aureus sont utilisees pour degrader les 

adhesines et ainsi reguler 1'adhesion bacterienne a des ligands specifiques (Karlsson et al, 

2001). L'activite proteolytique presque nulle des SCVs isolees de patients FK (voir Annexe 3, 

Figure 1) supporte aussi cette hypothese de specialisation phenotypique des SCVs favorisant 

la colonisation des tissus de l'hote. 

L'etude utilisant la spectroscopie de force atomique a aussi permis de supporter la fonction de 

l'interaction FnBPs-fibronectine dans la formation d'une adhesion aux tissus de l'hote 

considerablement resistante aux tensions mecaniques, ce qui est en accord avec des etudes 

montrant que les FnBPs sont importants a la colonisation tissulaire sous des forces de 

cisaillement (Brouillette et al, 2003b; Reddy et Ross, 2001). Cette etude ne permet 

evidemment pas de conclure de Pimportance relative de l'interaction des proteines de surfaces 

de S. aureus avec d'autres ligands que la fibronectine. Cependant, elle permet de conclure que 

les FnBPs sont les determinants majeurs de la formation d'une interaction resistante aux 

tensions mecaniques avec la fibronectine. Etant donne qu'une seule population de force 
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specifique a i'interaction fibronectine-51. aureus a ete observee et que l'inactivation genetique 

de fnbAB a presqu'abolie la presence de cette derniere, il semble que les autres adhesines Hants 

la fibronectine sont soit retrouvees a faible frequence chez les souches a 1'etude ou sont 

impliquees dans des interactions dissimulees par le bruit de fond de la technique. 

Bien que la capacite accrue a former du biofilm ait deja ete soulignee chez des SCVs d'autres 

especes bacteriennes (Al Laham et al., 2007; Haussler, 2004; von Gotz et al., 2004), la 

recherche a surtout ete dirigee vers l'habilete des SCVs a infecter les cellules non 

phagocytaires chez S. aureus (Proctor et al., 2006; Sendi et Proctor, 2009). 11 semble 

cependant que les SCVs de S. aureus soient bel et bien d'excellents producteurs de biofilm 

(Chapitre 2 et 3) et le role potentiel que ce facteur joue dans l'etablissement d'infections 

chroniques ne doit pas etre neglige, surtout dans le contexte d'infections pulmonaires chez les 

patients FK (Costerton et al., 1999; Davies et Bilton, 2009; Hoiby et al., 2010; Stewart, 

2002). Jusqu'a maintenant, les mecanismes impliques dans la formation de biofilm des SCVs 

etaient meconnus, bien que certains resultats semblent suggerer une implication de PIA (Al 

Laham et al., 2007; Singh et al., 2010a). Cependant, le role que joue SigB, agr et les FnBPs 

dans la formation de biofilm des souches normales suggerent que les SCVs devraient former 

un biofilm dependant des proteines de surface. Mes resultats montrent tres clairement que le 

biofilm des SCVs est constitue de proteines (voir Annexe 3, Figure 1) et que I'interaction entre 

SigB et le systeme agr controle la formation d'un biofilm en permettant une expression accrue 

et constante de FnBPA (voir Annexe 3, Figures 2, 3 et 4). Mes resultats suggerent aussi que 

l'ADN extracellulaire est une autre composante importante du biofilm des SCVs, car 1'activite 

autolytique des SCVs est accrue et que SigB inhibe leur activite nuclease (voir Annexe 3, 

Figures 5 et 6). 11 est interessant de constater que les MRSA utilisent un mecanisme similaire 

de formation de biofilm et que la formation d'un biofilm dependant de proteines 

extracellulaires est habituellement accompagnee d'une absence de production de PIA chez ces 

souches (O'Neill et al., 2008; O'Neill et al., 2007; Pozzi et al., 2012). II reste a savoir si 

d'autres proteines de surface et regulateurs de virulence sont impliques dans la formation du 
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biofilm chez les SCVs. 11 serait aussi pertinent d'etudier la formation de biofilm des SCVs en 

contexte polymicrobien {p. ex. en presence de P. aeruginosa) et en utilisant des techniques 

plus raffinees {p. ex. les chambres a flot et la microscopie confocale). 

Certaines etudes ont demontre que l'internalisation de S. aureus dans les cellules non 

phagocytaires est influencee par SigB (Moisan et al., 2006; Nair et al., 2003) et les FnBPs 

(Sinha et Herrmann, 2005). Cependant, aucune difference d'internalisation significative n'a 

ete observee entre une souche normale et un SCV dans les cellules Calu-3 (Chapitre 4). De 

plus, bien qu'une difference marquee d'internalisation ait ete observee entre 8325-4 et 

DU5883 (AJhbAB), aucune difference d'internalisation significative n'a ete observee entre 

CF07-S, CF07-SAs/g5 et CFOl-SAJhbA dans les cellules FK derivees des Calu-3 (voir Annexe 

3, Figure 7). L'hypothese la plus simple est que la seule expression de FnBPB assure deja un 

certain niveau d'internalisation aux differentes souches et que l'expression accrue de FnBPA 

chez les SCVs isoles des patients FK a plutot pour fonction de conferer aux SCVs une 

adhesion tissulaire accrue et une plus grande propension a former des biofilms. L'implication 

des FnBPs dans l'internalisation des SCVs pourrait etre plus clairement confirmee en generant 

et utilisant une souche SCV dont les deux genes encodant les FnBPs ont ete interrompus. 11 

serait aussi interessant d'utiliser la spectroscopie de force afin de pouvoir etudier directement 

1'interaction entre S. aureus et la cellule hote. 11 serait ainsi possible de suivre en temps reel 

l'internalisation de bacteries en absence ou presence de FnBPs en mesurant la deflexion d'un 

cantilevier decore de bacteries (sauvages ou mutantes) en fonction du temps lors d'un contact 

avec la cellule hote (Cuerrier et al, 2009). II est aussi envisageable que les voies de 

signalisation impliquees ou activees dans la cellule lors de l'internalisation de S. aureus 

pourraient etre etudiees a l'aide de cette technique. Les avenues possibles sont ici 

innombrables surtout lorsque nous considerons que les microscopes/spectroscopes de force 

atomique peuvent etre conjugues aux techniques conventionnelles de microscopie 

(Lamontagne et al., 2008). 
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Les resultats de mes etudes doctorales demontrent tres clairement que SigB est un facteur des 

plus importants a la replication ou survie des SCVs a 1'interieur des cellules epitheliales 

pulmonaires FK (voir Annexe 3, Figure 7). Etant donne qu'il a deja ete demontre que SigB 

influence l'induction de la mort cellulaire par les souches a la croissance normale (Haslinger-

Loffler et al, 2005; Kubica et al., 2008), que la surexpression de Hla peut etre impliquee dans 

l'induction de la mort de la cellule hote (Haslinger et al., 2003; Jarry et al., 2008; Klein et al., 

2006; Kubica et al, 2008) et que SigB module tres clairement l'hemolyse et I'expression d'hla 

chez une souche SCV (voir Annexe 3, Figure 8), nous avons tout d'abord pose 1'hypothese 

que SigB permet aux SCVs de se repliquer/survivre dans la cellule hote sans induire la mort de 

cette derniere, ce qui ne semble finalement pas etre le cas (voir Annexe 3, Figure 8). En 

considerant que SigB est fortement implique dans la survie des SCVs en phase stationnaire 

(Annexe 1, Figure 8) et qu'il est connu pour controler la reponse a certains stress chez les 

souches normales (Chan et al, 1998; Gertz et al, 1999; Giachino et al, 2001; Horsburgh et 

al, 2002), il est possible que SigB influence I'expression de genes directement impliques dans 

la survie des SCVs a 1'interieur des divers compartiments de la cellule hote. Plus precisement, 

il a ete montre que SigB influence la resistance a des pH acides et a des stress oxydatifs (Chan 

et al, 1998), deux stress potentiellement rencontres dans la cellule hote (p. ex. dans les 

phagolysosomes). Cependant, la localisation intracellulaire des SCVs reste indeterminee, bien 

que la repression du systeme agr et de Hla suggere que les SCVs sont bel et bien incapables 

d'acceder au cytosol de la cellule hote (Giese et al., 2009; Giese et al, 2011; Jarry et al, 2008; 

Kubica et al., 2008). II reste aussi a savoir si la localisation intracellulaire des SCVs est 

identique chez les cellules epitheliales non-FK et FK (Jarry et Cheung, 2006). Cela pourrait 

etre effectue en utilisant des anticorps diriges contre les marqueurs d'endosomes LAMP-1 et 

LAMP-2, qui sont respectivement presents dans les membranes des endosomes tardifs et des 

lysosomes, et la V-ATPase, une proteine permettant d'acidifier les vesicules endosomales (Jarry 

et Cheung, 2006; Jarry et al., 2008). Alternativement, des lignees cellulaires exprimant YFP-Fc 

pourraient etre utilisees afin de suivre la sortie du S. aureus des phagolysosomes (Giese et al., 

2011). II serait aussi interessant d'evaluer la capacite des SCVs a survivre dans les phagocytes 
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professionnels en infectant des macrophages avec ces variants et en evaluant le nombre de 

CFU intracellulars en fonction du temps (Kubica et al., 2008). 

Nos resultats confirment que la destinee du S. aureus intracellulaire est influencee par la 

fonctionnalite du CFTR chez les cellules epitheliales (Chapitre 4) (Jarry et Cheung, 2006). 

Ainsi, nous avons demontre que les infections intracellulaires a S. aureus suivent des 

cinetiques differentes dans les cellules FK et que cela se traduit entre autres par des niveaux 

superieurs d'infection a 24 heures post-invasion. Par la suite, les niveaux d'infection 

redeviennent similaires entre les cellules non-FK et FK, les souches normales disparaissant 

presque completement tandis que les SCVs s'accumulent de plus en plus a l'interieur des 

cellules independamment de la fonctionnalite du CFTR. Une des hypotheses expliquant la 

propension des voies respiratoires FK a etre infectees par des bacteries stipule que la 

colonisation bacterienne des voies respiratoires est facilitee par 1'etat pro-inflammatoire induit 

par une activite NFKB accrue (Hunter et al., 2010; Joseph et al., 2005; Rubin, 2007; 

Tirouvanziam et al, 2000; Vij et al., 2009). Etant donnee la possibility que I'activite NF-KB 

influence I'interaction entre le S. aureus et la cellule hote (Oviedo-Boyso et al., 2008; Ratner 

et al., 2001; Wang et al., 2010), nous avons teste l'hypothese que l'influence du CFTR sur les 

infections intracellulaires a S. aureus implique ce facteur (Chapitre 4). II semble en effet que 

I'interaction entre le CFTR et NF-KB influence le niveau d'infection intracellulaire a S. 

aureus, mais le mecanisme complet reste a elucider. Une des possibilites est que I'activite de 

NF-KB inhibe l'induction de la mort des cellules epitheliales lors d'infections (Perkins, 2007; 

Wang et al., 2010). II serait pertinent de determiner d'une fa9on plus globale les voies de 

signalisation activees par le S. aureus intracellulaire lors de I'infection de cellules FK ainsi 

que celles pouvant promouvoir ou inhiber I'infection. Mes travaux suggerent que l'etat pro-

inflammatoire des poumons FK favorise les infections intracellulaires a S. aureus et, par 

consequent, pourrait partiellement expliquer la recurrence des infections a S. aureus. Mes 

travaux supportent aussi I'idee que l'utilisation d'anti-inflammatoires pourrait contrer les 

infections chroniques a S. aureus chez les patients FK. 
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La capacite des SCVs de S. aureus a causer des infections chroniques n'a toujours pas ete 

clairement demontree dans un modele d'infection experimentale et il n'est pas certain que ce 

phenotype confere un avantage a la bacterie in vivo. II semble tout de meme que ce phenotype 

puisse permettre une plus grande persistance malgre les traitements antibiotiques dans deux 

differents modeles d'infections (Bates et al, 2003; Brouillette et al, 2004), mais il ne peut pas 

etre conclu que cette persistance est causee par la formation de biofilm, la persistance 

intracellulaire ou tout simplement le metabolisme plus lent de la bacterie. Aucune etude a 

propos des facteurs de virulence importants aux SCVs in vivo n'a ete publiee a ce jour. II a 

recemment ete montre que le phenotype SCV emerge d'infections prolongees (Tuchscherr et 

al., 2011), mais cette etude ne permet pas de conclure des avantages dont les SCVs jouissent 

au cours des infections ou des facteurs de virulence importants a leur pathogenese. Au cours 

de mes etudes doctorales, j'ai demontre que SigB est important a l'emergence de SCVs in vivo 

lors d'une exposition aux aminoglycosides en utilisant un modele de mammite murine 

(Chapitre 2). J'ai aussi montre dans un modele d'infection pulmonaire que les SCVs sont 

favorises lors d'infections combinees avec des bacteries normales et que SigB (mais pas 

FnBPA) est important a ce phenomene (voir Annexe 3, Figure 9). II est interessant de 

constater que le phenotype SCV semble prendre de Pimportance dans un contexte d'infection 

ou des bacteries au phenotype normal sont presentes puisque les SCVs sont rarement trouves 

seul au cours des infections (Proctor et al., 2006). Ceci constitue les premieres demonstrations 

que SigB a une importance reelle a la pathogenese des SCVs. 

II serait particulierement interessant d'analyser l'importance de SigB dans la co-infection de 

souches SCVs avec P. aeruginosa puisque le phenotype SCV permet a S. aureus de mieux 

survivre lorsqu'en presence de P. aeruginosa (Biswas et at., 2009). Le modele de mammite 

murine avec la pression de la tetee pourrait aussi etre utilise pour confirmer le role des FnBPs 

dans la pathogenese des SCVs. Mais, par-dessus tout, il serait bien d'utiliser des modeles 

experimentaux d'infections pulmonaires chroniques ou mimant les conditions retrouvees chez 

le patient FK (Kukavica-Ibrulj et Levesque, 2008) afin d'etudier la pathogenese des SCVs. II 
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est connu que les differentes lignees de souris n'ont pas la tneme susceptibilite aux infections 

a S. aureus (von Kockritz-Blickwede et al, 2008) et les souris CD-I utilisees pendant mon 

doctorat eliminent les infections pulmonaires a S. aureus avec le temps. 11 serait interessant 

d'utiliser une lignee hautement susceptible aux infections pulmonaires a S. aureus afin de 

verifier plus facilement I'hypothese que les infections aux SCVs sont associees a des 

symptomes moins fulgurants. 

II a ete demontre que l'invasion des cellules non phagocytaires par les SCVs n'est pas 

accompagnee par l'activation d'une reponse immunitaire prononcee et que l'apparition de 

SCVs in vivo est associee a une diminution de la reponse pro-inflammatoire dans des modeles 

d'infections a long terme (Chapitre 5) (Tuchscherr et al., 2010; Tuchscherr et al., 2011), 

offrant une explication a comment les SCVs peuvent persister chez I'hote d'une fa?on 

asymptomatique. Cependant, bien que le systeme agr joue un role dans l'activation du 

systeme immunitaire lors de l'invasion de cellules non phagocytaires par des souches 

nonnales (Grundmeier et al, 2010), les facteurs qui, par leur absence ou presence, expliquent 

cette moins grande stimulation du systeme immunitaire par les SCVs restent inconnus. 11 sera 

important de mener des etudes au niveau de la reaction immunitaire de cellules ou 

d'organismes mimant les conditions FK lors d'infection a S. aureus etant donne I'etat 

particulier du systeme immunitaire dans cette pathologie. Si S. aureus doit bel et bien etre 

considere comme un pathogene intracellulaire facultatif (Sendi et Proctor, 2009), il pourrait 

etre benefique de developper des vaccins diriges vers une immunite a mediation cellulaire afin 

de pouvoir eliminer efficacement les infections chroniques a S. aureus. L'utilisation de 

nouveaux adjuvants, tels que les dinucleotides cycliques, pourrait permettre de donner cette 

direction a la reponse immunitaire (Chen et al., 2010; Ebensen et al., 2010; Karaolis et al., 

2007). 
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Comme deja souligne, la resistance des bacteries pathogenes aux antibiotiques est un 

probleme majeur auquel l'humanite doit remedier rapidement. En plus de la multiresistance 

aux antibiotiques rencontree chez plusieurs souches de staphylocoques (Witte et ai, 2008), S. 

aureus est capable d'adopter le phenotype SCV et d'ainsi se proteger de Taction des 

antibiotiques en se cachant dans les cellules de l'hote et en formant du biofilm. De plus, les 

SCVs sont moins susceptibles a certains antibiotiques, dont ceux de la classe des 

aminoglycosides. II est possible que les SCVs constituent un phenotype tolerant a plusieurs 

autres antibiotiques tel que decrit chez les cellules dormantes/persistantes (Lewis, 2007) et que 

ce facteur soit meconnu a cause de Putilisation de techniques inappropriees a la caracterisation 

de la tolerance aux antibiotiques. La tolerance aux antibiotiques est l'habilete d'un 

microorganisme a ne pas etre tue par l'activite d'un antibiotique et est differente de la 

resistance aux antibiotiques d'un point de vue mecanistique puisqu'elle est attribuable a 

l'acquisition transitoire d'un etat de dormance ou de croissance tres lente (Lewis, 2007). Etant 

donne que le metabolisme des SCVs est considerablement plus lent que celui des souches 

normales, il est possible que ces variants soient moins susceptibles a 1'effet bactericide de 

certains composes. Bien que la susceptibilite des SCVs aux antibiotiques ait ete etudiee d'une 

fa9on assez exhaustive a l'aide de protocoles determinants les concentrations minimales 

inhibitrices, il serait pertinent d'evaluer 1'effet d'une collection d'antibiotiques sur les SCVs 

en utilisant un protocole de courbes de bactericidie (voir Chapitre 6 et 7) et ainsi determiner la 

tolerance aux antibiotiques des SCVs. L'utilisation d'antibiotherapies prenant en compte le 

phenotype SCVs aidera vraisemblablement a combattre les infections chroniques a S. aureus. 

La tomatidine a plusieurs des caracteristiques requises a une molecule afin de contrer les 

infections chroniques a S. aureus. Elle a une activite bacteriostatique contre les SCVs et a la 

capacite d'inhiber la replication intracellulaire de ces souches variantes (Chapitre 6). La 

tomatidine a aussi la capacite d'augmenter l'efficacite des aminoglycosides contre les souches 

normales et les souches MRSA en plus d'inhiber l'activite de leur systeme agr (Chapitre 7). II 

semble done que les proprietes de la tomatidine pourraient aider a ('elimination des SCVs 
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intracellulaires tout en contrant les infections aigues a S. aureus lors d'une utilisation 

combinee avec les aminoglycosides. Cependant, un des majeurs problemes de la tomatidine 

est sa faible solubilite, ce qui nous ajusqu'a maintenant empeches de verifier l'efficacite de 

cette molecule dans les difTerents modeles d'infections experimentaux utilises au laboratoire 

du Pr Francis Malouin et qui constitue immanquablement un obstacle a l'utilisation de cette 

molecule en clinique. Actuellement, le Pr Eric Marsault et son equipe synthetisent des 

analogues structuraux afin d'optimiser les proprietes de cette molecule. Nous esperons obtenir 

un compose cliniquement utilisable dans le combat des infections pulmonaires chroniques a S. 

aureus rencontrees chez les patients FK. 
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CONCLUSION 

Mes travaux de recherche suggerent que le phenotype SCV confere un avantage a S. aureus 

lors d'infections pulmonaires chroniques chez les patients FK et que la virulence de ces 

souches variantes est fortement influencee par le facteur sigma alternatif SigB. Plus 

specifiquement, il a ete montre que l'activite SigB des SCVs est constitutive et soutient 

1'expression de FnBPA, ce qui mene a une forte adhesion aux tissus de l'hote et a la formation 

de biofilm. II a aussi ete montre que SigB permet aux SCVs de se repliquer et de survivre dans 

les cellules epitheliales pulmonaires FK. Finalement, les SCVs arborant un gene SigB 

fonctionnel semblent etre favorises lors d'infections pulmonaires en presence de bacteries au 

phenotype normal. II serait interessant d'etudier SigB en tant que cible therapeutique comme il 

a ete fait chez Listeria monocytogenes. En effet, il a recemment ete montre que le fluoro-

phenyle-styrene-sulfonamide est un inhibiteur de l'activite SigB chez cette bacterie, mais aussi 

chez B. subtilis, suggerant que ce compose pourrait etre actif contre plusieurs bacteries 

pathogenes Gram-positif (Palmer et ah, 2011). 

11 est connu depuis longtemps que certains facteurs environnementaux favorisent I'emergence 

de SCVs. Cependant, bien que plusieurs de ces facteurs environnementaux puissent etre 

retrouves dans les poumons des patients FK, aucune association clinique entre ces facteurs et 

la presence des SCVs n'a encore ete etablie, surtout pour les souches deficientes dans la 

chaine de transport des electrons. Mes travaux de recherche suggerent que la formation de 

SCVs est un phenomene regule et que des facteurs de transcription (p. ex. SigB) peuvent 

intervenir dans I'emergence de ce phenotype. Cependant, le mecanisme complet sous-jacent a 

cette regulation est loin d'etre elucide et devrait faire l'objet de travaux supplementaires. En 

effet, plusieurs possibilites peuvent ici etre explorees : l'effet de SigB sur la transposition de 

sequences d'insertion, le controle du temps de demi-vie d'ARN specifiques, la frequence de 
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I'inversion flip-flop, l'activation de systemes toxine-antitoxine et le controle de modifications 

epigenetiques. 

L'etude des interactions microbiennes dans le cadre d'infections impliquant simultanement 

des pathogenes de plusieurs especes est une voie de recherche excitante et prometteuse. 

Plusieurs questions pourront etre etudiees concernant le role des interactions microbiennes 

interspecifiques dans le contexte de la FK : quels sont les mecanismes moleculaires et 

genetiques impliques dans la coexistence des differentes especes bacteriennes colonisant les 

voies respiratoires FK? Quel est 1'impact de I'interaction entre ces pathogenes in vivo et sur la 

progression de la maladie? II est possible que 1'interference ou la modulation de ces 

interactions microbiennes puissent constituer une nouvelle approche therapeutique (voir 

Annexe 1). 

La tomatidine a des proprietes tres prometteuses dans le contexte du traitement des infections 

chroniques a S. aureus : inhibition de la replication des SCVs en bouillon et dans les cellules 

hote, action en synergie avec les antibiotiques de la classe des aminoglycosides et alteration de 

la virulence des souches a la croissance normale. Cependant, beaucoup de questions 

fondamentales restent encore sans reponses au sujet du mode ou des modes d'action de la 

tomatidine et de son efficacite in vivo. De plus, certaines des proprietes de cette molecule 

rendent sont utilisation clinique difficilement envisageable. II reste a souhaiter que la synthese 

d'analogues structuraux debouche sur un compose aux proprietes ameliorees. 

L'elucidation des mecanismes moleculaires determinant les differentes proprietes bacteriennes 

impliquees dans la persistance des infections pourrait avoir un impact autant biomedical que 

fondamental. II est probable que l'elaboration d'une therapie ciblant un ou plusieurs des 
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facteurs contribuant a Petablissement d'infections pulmonaires chroniques chez les patients 

FK augmentera Pefficacite des traitements actuels. 
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ANNEXE 1 

Outcome and prevention of Pseudomonas aeruginosa-Staphylococcus aureus interactions 

during pulmonary infections in cystic fibrosis 

RESUME : Les patients FK succombent frequemment a des complications cliniques 

subsequentes aux infections bacteriennes chroniques. II devient evident que plusieurs des 

especes bacteriennes retrouvees dans les voies respiratoires FK interagissent afin d'influencer 

la progression de la maladie. P. aeruginosa et S. aureus sont communement, et souvent 

simultanement, retrouves chez les patients FK. Des etudes ont souligne l'influence de P. 

aeruginosa sur la virulence de S. aureus et ont revele que certains exoproduits de P. 

aeruginosa provoquent l'emergence de SCVs chez S. aureus. En comparaison aux souches 

prototypes, les SCVs produisent moins de toxines et d'autres exoproduits impliques dans la 

destruction des tissus et le declenchement de la reponse immunitaire de l'hote. A l'inverse, les 

SCVs expriment des adhesines, produisent du biofilm et sont persistants dans les cellules non 

phagocytaires. L'emergence de SCVs pourrait contribuer au developpement d'infections 

chroniques en protegeant la bacterie contre le systeme immunitaire et Faction de certains 

antibiotiques. Les efforts actuels sont diriges vers le developpement de nouvelles approches 

therapeutiques interferant avec les interactions bacteriennes interspecifiques et les processus 

pathogeniques qui sont impliques dans la persistance des infections pulmonaires FK. 

REFERENCE: Mitchell, G., and Malouin, F. (2012) Outcome and prevention of 

Pseudomonas aeruginosa-Staphylococcus aureus interactions during pulmonary infections in 

cystic fibrosis. In Cystic Fibrosis - Renewed Hopes Through Research, D. Sriramulu, ed. 

(Rijeka, Croatia: InTech), pp. 181-206. Page web: http://www.intechopen.com/books/cvstic-

fibrosis-renewed-hopes-through-research/outcome-and-prevention-of-pseudomonas-

aeiuainosa-staphylococcus-aureus-interactions-during-pulmonarv. 

304 



ANNEXE 2 

Resumes des contributions supplementaires 

1- Staphylococcus aureus and biofilm-forming small-colony variants from airways of 

adult cystic fibrosis patients 

RESUME/ABSTRACT : Staphylococcus aureus is a predominant pathogen in cystic fibrosis 

(CF) but little is known about its presence in the adult population. Here, we evaluated the 

prevalence and characteristics of S. aureus among 32 adult CF patients over a three-year 

study. Isolates were characterized by their genotype, toxins profiles, antibiotic susceptibility 

profiles, SCCmec types, biofilm production and persistence. From the 18 (56%) patients that 

were positive for S. aureus, eight were positive for small-colony variants. Presence of S. 

aureus was affected by patient's antibiotic treatment and presence of P. aeruginosa. Overall, 

78% of S. aureus-positive patients have been colonized with S. aureus showing resistance to at 

least one of tested antibiotics. Although isolated SCVs produced more biofilm than 

prototypical 5. aureus (P < 0.05), neither had an impact on the patient forced expired volume 

in 1 second comparatively to P. aeruginosa (P < 0.05). Results suggest that S. aureus isolates 

played a significant role in persistent infections in adult CF patients. 

REFERENCE : Seguin, D.L., Lafrance, M., Mitchell, G., Rodrigue, S., Frost, E.H., 

Michaud, S., Cantin, A.M., et Malouin, F. Staphylococcus aureus and biofilm-forming small-

colony variants from airways of adult cystic fibrosis patients. En preparation pour soumission. 
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2- Interspecific molecular interactions between clinical isolates of Pseudomonas 

aeruginosa and Staphylococcus aureus retrieved from adult cystic fibrosis patients 

RESUME/ABSTRACT: Pseudomonas aeruginosa (PA) and Staphylococcus aureus (SA) are 

the most prevalent pathogens in cystic fibrosis (CF) associated airway infections. It is 

suspected that interspecific molecular interactions can modulate virulence and 

pathophysiology. This study aims to characterize the influence of PA exoproducts on SA 

growth and biofilm formation. 65 clinical PA isolates were obtained from the respiratory tract 

of 32 adult CF patients. From those, some were co-isolated with SA and a total of 31 SA-PA 

pairs were collected. PA strains were grown for 20 h and culture supernatants were analyzed 

by LC/MS for detection and dosage of quorum sensing-related compounds. PA culture 

supernatants were also used to supplement, in a dose-dependent manner, SA cultures to 

measure their impact on growth and biofilm production. Supernatants from PA showed a wide 

range of growth-inhibitory and biofilm-stimulatory activities against a control SA strain. PA 

supernatants able to reduce SA growth were more efficient in stimulating biofilm production 

by SA. The extent of biofilm formation by SA exposed to PA supernatants was positively 

correlated to the level of 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) and Pseudomonas 

Quinolone Signal (PQS) production by PA isolates. Also, supernatants of PA14-isogenic 

mutants deficient in PQS and HQNO production significantly stimulated less biofilm 

formation than that seen with wild type PA 14. Interestingly, when tested in pairs, supernatants 

from PA isolates did not stimulate much biofilm production by the co-isolated SA strains 

compared to the stimulatory effect observed on the control SA strain. Accordingly, some of 

the clinical SA isolates were not stimulated by strain PA 14 despite adequate production of 

HQNO. Although HQNO and PQS can inhibit growth and stimulate biofilm formation of a 

control SA in a dose-dependent manner, results obtained from co-isolated PA-SA pairs did not 

follow this trend and suggests that co-existence requires specific adaptations by either 

counterpart. Overall, this study gives insights on microbial interactions occurring in the 

establishment of polymicrobial infections in CF. 
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REFERENCE: Fugere, A.*, Seguin, D.L.*, Brouillette, E, Mitchell, G., Boulanger, S., 

Deziel, E., Frost, E.H., and Malouin, F. Interspeccific molecular interactions between clinical 

isolates of Pseudomonas aeruginosa and Staphylococcus aureus retrieved from adult cystic 

fibrosis patients. En preparation pour soumission. 

*Alexandre Fugere et David Lalonde Seguin ont contribues egalement a cette etude. 

3- Steroid alkaloids and uses thereof as antimicrobial agents against electron transport-

deficient microbes and as potentiators for antimicrobial agents against pathogenic 

bacteria 

RESUME/ABSTRACT: The present invention includes novel compounds and compositions 

comprising said compounds which exhibit antimicrobial activity against extracellular or 

intracellular electron transport-deficient microbes and/or increase the antimicrobial activity of 

aminoglycoside antibiotics against their targets, and which are useful as antibacterial agents 

for treatment or prophylaxis of monomicrobic or polymicrobic bacterial infections or for the 

reduction of antibiotic resistance development in animals or in humans, or for use as 

antiseptics or agents for sterilization or disinfection. 

REFERENCE: Malouin, F., Mitchell, G., Bouarab, K., Marsault, E., Chagnon, F., 

Boulanger, S., and Guay, I. Steroid alkaloids and uses thereof as antimicrobial agents against 

electron transport-deficient microbes and as potentiators for antimicrobial agents against 

pathogenic bacteria. International patent application # PCT/CA2012/050087. Depose le 15 

fevrier2012. 
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4- Transcriptional analysis of antibiotic resistance and virulence genes in multiresistant 

hospital-acquired MRSA 

RESUME/ABSTRACT: The staphylococcal chromosome cassette mec cannot solely explain 

the multiresistance phenotype or the relatively mild virulence profile of hospital-acquired 

methicillin-resistant Staphylococcus aureus (HA-MRSA). This study reports that several 

multiresistant HA-MRSA strains differently expressed genes that may support antibiotic 

resistance, modify the bacterial surface and influence the pathogenic process. Genes encoding 

efflux pumps (norA, arsB, emrB) and the macrolide resistance gene ermA were found to be 

commonly expressed by HA-MRSA strains, but not in the archetypal MRSA strain COL. At 

equivalent cell density, the agr system was considerably less activated in all MRSA strains 

(including COL) in comparison with a prototypic antibiotic-susceptible strain. These results 

are in contrast to those observed in recent community-acquired MRSA isolates and may partly 

explain how multiresistant HA-MRSA persist in the hospital setting. 

REFERENCE: Pruneau, M., Mitchell, G., Moisan, H., Dumont-Blanchette, E., Jacob, C.L., 

and Malouin, F. (2011). Transcriptional analysis of antibiotic resistance and virulence genes in 

multiresistant hospital-acquired MRSA. FEMS Immunol. Med. Microbiol. 63, 54-64. 

5- Plant antimicrobial agents and their effects on plant and human pathogens 

RESUME/ABSTRACT: To protect themselves, plants accumulate an armoury of 

antimicrobial secondary metabolites. Some metabolites represent constitutive chemical 

barriers to microbial attack (phytoanticipins) and others inducible antimicrobials 

(phytoalexins). They are extensively studied as promising plant and human disease-controlling 

agents. This review discusses the bioactivity of several phytoalexins and phytoanticipins 
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defending plants against fungal and bacterial aggressors and those with antibacterial activities 

against pathogens affecting humans such as Pseudomonas aeruginosa and Staphylococcus 

aureus involved in respiratory infections of cystic fibrosis patients. The utility of plant 

products as "antibiotic potentiators" and "virulence attenuators" is also described as well as 

some biotechnological applications in phytoprotection. 

REFERENCE: Gonzalez-Lamothe R., Micheli, G., Gattuso, M., Diarra, M.S., Malouin, F., 

and Bouarab, K. (2009). Plant antimicrobial agents and their effects on plant and human 

pathogens. Int. J. Mol. Sci. 10, 3400-3419. 

6- Single-molecule dynamic force spectroscopy of the fibronectin-heparin interaction 

RESUME/ABSTRACT: The integrity of cohesive tissues strongly depends on the presence 

of the extracellular matrix, which provides support and anchorage for cells. The fibronectin 

protein and the heparin-like glycosaminoglycans are key components of this dynamic 

structural network. In this report, atomic force spectroscopy was used to gain insight into the 

compliance and the resistance of the fibronectin-heparin interaction. We found that this 

interaction can be described by an energetic barrier width of 3.1+/-0.2A and an off-rate of 

0.2+/-0. Is"1. These dissociation parameters are similar to those of other carbohydrate-protein 

interactions and to off-rate values reported for more complex interactions between cells and 

extracellular matrix components. Our results indicate that the function of the fibronectin-

heparin interaction is supported by its capacity to sustain significant deformations and 

considerable external mechanical forces. 

REFERENCE: Mitchell, G., Lamontagne, C.A., Lebel, R., Grandbois, M., and Malouin, F. 

(2007). Single-molecule dynamic force spectroscopy of the fibronectin-heparin interaction. 

Biochem. Biophys. Res. Commun. 364, 595-600. 
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ANNEXE 3 

Resultats supplementaires 

Les resultats de cette section sont une extension de ma these de doctorat et visent a mieux 

definir les mecanismes moleculaires par lesquels SigB influence la virulence des SCVs isoles 

des patients FK. Plus precisement, cette etude a les objectifs suivants : 

1- Determiner le(s) mecanisme(s) moleculaire(s) par lequel les SCVs forment une 

quantite accrue de biofilm. 

2- Caracteriser le(s) mecanisme(s) moleculaire(s) par lequel les SCVs persistent dans les 

cellules FK. 

3- Caracteriser le role(s) de SigB et de FnBPA dans la virulence des SCVs. 

Ces resultats ont ete obtenus en tres grande majorite au cours de mes experiences au 

laboratoire. Par contre, certains autres resultats ont ete generes par Karine Pepin Gaudreau au 

cours de sa maitrise. 

J'anticipe completer et ecrire un manuscrit en lien avec les resultats de cette annexe. 
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souche SCV CF07-S en fonction de la concentration de glucose (A) et de NaCl (B) apres 48 

heures d'incubation. Les differences significatives entre CF07-L et CF07-S sont indiquees (**, 

P < 0.01; ***, P < 0.001) et ont ete determinees par I'ANOVA a deux facteurs suivi d'un 

post-test de Bonferonni («=3). (C) Formation de biofilm de souches normales (CF03-L et 

CF1A-L) et de souches SCVs (CF03-S et CF1D-S) exposees a 0.25% de glucose pendant 48 

heures. Les differences significatives entre les souches normales et SCVs sont indiquees (**, 

P < 0.01; ***, P < 0.001) et ont ete determinees par le test de student («=3-4). (D) Essais de 

detachement a la proteinase K. de biofilms formes par des souches SCVs (n=3). Les 

differences significatives entre les conditions controles et traitees sont indiquees (*, P < 0.05; 

**, P < 0.01) et ont ete determinees par le test de student. Les donnees ont ete normalisees 

pour chacune des souches en condition controle. Les donnees sont representees par des 

moyennes avec les deviations standards. (E) Evaluation de I'activite proteolytique de 

differentes souches normales et SCVs sur petris-Iait (BHI agar glucose (BHIg) ou MH agar 

contenant du lait en poudre et incubes 24 et 48 heures, respectivement). 

INTERPRETATION DES RESULTATS : II a ete demontre que I'exposition de S. aureus au 

glucose et au NaCl favorise la formation de biofilms dependants des proteines et des 

polymeres de N-acetyle-glucosamine, respectivement (O'Neill et ah, 2008). Les Figures 1A et 

1B montrent que la formation de biofilm de la souche SCV CF07-S est significativement plus 

grande que celle de sa contrepartie normale lorsqu'en presence de glucose, ce qui suggere que 

les proteines extracellulaires jouent un role dans la formation de biofilm par les SCVs. La 

formation accrue de biofilm des SCVs lorsqu'en presence de glucose est montree a la Figure 

1C pour deux autres paires de co-isolats. Des essais de detachement a la proteinase K. 

confirment que les proteines sont un des constituants importants des biofilms formes par les 

SCVs (Figure ID). II est connu que des mecanismes impliquant des proteases extracellulaires 

assurent la dispersion des biofilms dependants des proteines (Boles et Horswill, 2008). La 

Figure IE montre que I'activite proteolytique de trois souches SCVs est presque nulle et 

suggere que les mecanismes de dispersion du biofilm dependants des proteases extracellulaires 

ne sont pas actives chez les SCVs. 
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FIGURE 2. SigB module la formation de biofilm des SCVs sans influencer l'activite 

proteolytique. (A) Ratio d'expression du gene marqueur de l'activite SigB asp23 en phase de 

croissance exponentielle precoce tel qu'evalue par PCR quantitative en temps reel. Les 

differences significatives par rapport a CF07-S sont indiquees (*, P < 0.05; **, P < 0.01; ***, 

P < 0.001) et ont ete determinees par l'ANOVA a un facteur suivi d'un post-test de Dunnett 

(«=3-4). Les donnees sont exprimees par rapport a CF07-L. (B) Formation relative de biofilm 
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apres 48 heures d'incubation en presence de CdCh (0.25 ^M) de CF07-L, CF07-S et CF07-

SAsigB transportant un vecteur d'expression inductible vide ou contenant le gene sigB. Les 

differences significatives pertinentes sont indiquees (**, P < 0.01; ***, P < 0.001) et ont ete 

determinees par I'ANOVA a un facteur suivi d'un post-test de Tuckey («=3). Les donnees 

sont exprimees par rapport a CF07-L transportant un vecteur vide. (C) Evaluation de l'activite 

proteolytique de CF07-L, CF07-S et CF07-SAs/gi5 incubes 48 heures sur petris-lait BHIg avec 

ou sans supplementation a la menadione. (D) Formation relative de biofilm de CF07-L, CF07-

S et CF07-SA.v/gZ? en presence de 1'inhibiteur de protease PMSF (phenylmethylsulfonyl 

fluoride) pendant 48 heures d'incubation. Les differences significatives entre les conditions 

controles et traitees au PMSF sont indiquees (*, P < 0.05) et ont ete determinees par le test de 

student (w=3). Les donnees ont ete normalisees pour chacune des souches en condition 

controle. Les donnees sont representees par des moyennes avec les deviations standards. 

INTERPRETATION DES RESULTATS : La Figure 2A confirme que l'activite SigB est 

accrue chez le SCV CF07-S en comparaison a sa contrepartie normale CF07-L et qu'elle est 

liee a la fonctionnalite de la chaine de transport des electrons puisque la supplementation 

metabolique de cette souche auxotrophe pour la menadione retablit un niveau d'expression 

normale d'aspU. La Figure 2B confirme que SigB est implique dans la formation d'un 

biofilm par les SCVs (voir Chapitre 2). II a ete demontre que SigB reprime l'activite 

proteolytique des souches normales et influence ainsi la dispersion des biofilms (Lauderdale et 

al., 2009; Marti et al, 2010). Cependant, la Figure 2C montre que l'activite proteolytique de 

CF07-S n'est pas activee par l'interruption genetique de sigB, bien qu'un effet de SigB sur 

l'activite proteolytique de cette souche soit observe lorsque sa croissance est supplementee par 

la menadione. II a ete montre que 1'inhibiteur de proteases PMSF empeche les mutants sigB au 

phenotype normal de degrader leur biofilm (Lauderdale et al., 2009). La Figure 2D montre 

que le PMSF stimule bel et bien la formation (ou l'accumulation) de biofilm chez la souche 

normale, mais qu'il n'a pas d'effet sur la souche CF07-S et CF07-SAsigB. Les Figures 2C et 

2D suggerent done que SigB n'est pas le facteur reprimant la dispersion des biofilms par les 

proteases extracellulaires chez les SCVs. 
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FIGURE 3. L'activite du systeme agr est modulee par SigB et influence la formation de 

biofilm sans moduler l'activite proteolytique chez les SCVs. (A) Cinetiques de ratio 

d'expression de RNAIII en fonction de la croissance tel qu'evalue par PCR quantitative en 

temps reel. Les differences significatives par rapport a CF07-S sont indiquees (*, p < 0.05; **, 
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P < 0.01; ***, P < 0.001) et ont ete determinees par l'ANOVA a un facteur suivi d'un post-

test de Dunnett («=3-4). Les donnees sont exprimees par rapport a CF07-L en phase de 

croissance exponentielle precoce. (B) Formation relative de biofilm apres 48 heures 

d'incubation en presence de CdCh (0.12 JIM) de CF07-L, CF07-S et CF07-SAsigB 

transportant un vecteur d'expression inductible vide ou contenant RNAIII («=3). Les 

d i f f e r e n c e s  s i g n i f i c a t i v e s  s o n t  i n d i q u e e s  ( n s ,  n o n - s i g n i f i c a t i f ;  * , P  <  0 . 0 5 ;  * * ,  P  <  0 . 0 1 ;  * * * ,  P  

< 0.001) et ont ete determinees par l'ANOVA a un facteur suivi d'un post-test de Tuckey. Les 

donnees sont exprimees par rapport a CF07-S transportant un vecteur vide. Les donnees sont 

representees par des moyennes avec les deviations standards. (C) Evaluation de l'activite 

proteolytique de CF07-S transportant un vecteur d'expression inductible vide ou contenant 

RNAIII incubes 48 heures sur petris-lait BHIg en presence de CdCl2(4 jiM). 

INTERPRETATION DES RESULTATS : II est connu que l'activite du systeme agr influence 

la formation de biofilm en reprimant certains facteurs d'adhesion (Chan et al., 2004) et en 

activant des mecanismes de dispersion (Beenken et al., 2010; Boles et Horswill, 2008; Kong 

et al, 2006; Lauderdale et al., 2009). De plus, les SCVs repriment le systeme agr d'une fafon 

dependante de l'activite SigB (voir Chapitre 2). La Figure 3A montre que I'expression de 

RNAIII (I'effecteur du systeme agr) est retardee chez CF07-S en comparaison a la souche 

normale CF07-L et que ce retard d'expression est cause par l'etat metabolique altere du SCV. 

L'expression de RNAIII s'emballe drastiquement chez CF07-SAs/g5, ce qui confirme que 

SigB reprime l'activite agr de CF07-S. Cependant, le role de SigB dans la formation de 

biofilm des SCVs implique possiblement une autre voie independante du systeme agr puisque 

la surexpression de RNAIII chez CF07-S n'abolit pas completement la formation de biofilm 

(Figure 3B). La Figure 3C suggere que l'effet de la surexpression de RNAIII sur le biofilm de 

CF07-S n'est pas cause par les proteases extracellulaires. 
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FIGURE 4. SigB module la formation de biofilm des SCVs en controlant entre autres 

I'expression de JhbA. (A) Cinetiques de ratio d'expression de fnbA en fonction de la croissance 

tel qu'evalue par PCR quantitative en temps reel. Les differences significatives par rapport a 

CF07-S sont indiquees (*, P < 0.05; **, P < 0.01; ***, P < 0.001) et ont ete determinees par 
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l'ANOVA a un facteur suivi d'un post-test de Dunnett («=2-8). Les donnees sont exprimees 

par rapport a CF07-L en phase de croissance exponentielle precoce. (B) Formation relative de 

biofilm apres 48 heures d'incubation en presence de CdCb (0.25 fj.M) de CF07-L, CF07-S, 

C¥Ql-ShfribA et CF07-SA.y/g.8 transportant un vecteur d'expression inductible vide ou 

contenant le gene fnbA. Les differences significatives pertinentes sont indiquees (ns, non-

significatif; *, P < 0.05; **, P < 0.01; ***, P < 0.001) et ont ete determinees par l'ANOVA a 

un facteur suivi d'un post-test de Tuckey. Les donnees sont exprimees par rapport a CF07-L 

transportant un vecteur vide (n-3). Les donnees sont representees par des moyennes avec les 

deviations standards. 

INTERPRETATION DES RESULTATS : L'activite SigB constitutive des SCVs entraine une 

expression soutenue de fnbA au cours de toutes les phases de croissance (voir Chapitre 1). II a 

ete demontre que les FnBPs peuvent constituer la matrice des biofilms dependants des 

proteines extracellulaires chez S. aureus (O'Neill et al., 2008). La Figure 4A confirme 

l'expression accrue et soutenue de fnbA chez CF07-S en comparaison aux bacteries a la 

croissance normale et en comparaison a la souche CF07-SA,s/gi?. FnBPA semble bel et bien 

implique dans la formation de biofilm des SCVs (Figure 4B). Cependant, la formation de 

biofilm de CFOl-S&jhbA est encore superieure a celle de CF07-L (Figure 4B), suggerant que 

d'autres facteurs jouent un role dans la formation de biofilm chez les SCVs. 
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FIGURE 5. L'activite autolytique des SCVs est plus grande que celle des souches normales, 

mais n'est pas controlee par SigB. Autolyse de CF07-L, CF07-S et CF07-SA.v/gi? en fonction 

du temps en presence ou absence de triton dans un tampon glycine (A) ou Tris-HCl (B). Les 

resultats ont ete analyses par I'ANOVA a deux facteurs suivi d'un post-test de Bonferroni et 

les differences significatives a 10 heures sont indiquees en (C) (ns, non-significatif; **,/>< 

0.01; ***, P < 0.001; ****, P < 0.0001) (n=2-4). Les resultats sont exprimes en pourcentage 

de la turbidite initiale pour chacune des conditions. Les donnees sont representees par des 

moyennes avec les deviations standards. 

INTERPRETATION DES RESULTATS : L'autolyse est une forme de mort cellulaire 

programmee qui contribue a la formation de biofilm par la liberation d'ADN genomique 

extracellulaire servant alors de matrice (Houston et al, 2011; Mann et al, 2009; Rice et al, 

2007). II a ete demontre que l'autolyse est influencee par la force proton-motrice (et, par 

consequent, l'activite de la chaine de transport des electrons) (Patton et al., 2006) ainsi que par 

l'activite de SigB (Patton et al, 2005). La Figure 5 montre que l'autolyse de la souche SCV 

CF07-S est superieure a celle de la souche normale CF07-L, mais que SigB n'est pas implique 

dans ce processus. 
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FIGURE 6. SigB regule I'activite nuclease des SCVs. (A) Essais de detachement a I'ADNase 

de biofilms formes par des souches SCVs (n=3). Les differences significatives entre les 

conditions controles et traitees sont indiquees (*, P < 0.05; **, P < 0.01) et ont ete determinees 

par le test de student (n=3). Les donnees ont ete normalisees pour chacune des souches en 

condition controle et sont representees par des moyennes avec les deviations standards. (B) 

Evaluation de I'activite nuclease de souches normales (CF03-L, CF07-L et CF1A-L) et SCVs 

(CF03-S, CF07-S et CF1D-S) incubees pendant 24 heures sur petris-ADN. (C) Evaluation de 

I'activite ADNase de CF07-L, CF07-S, CFOl-SAsigB, CF07-SAsigB + vecteur vide et CF07-

SAsigB + vecteur sigB incubes pendant 48 heures sur petris-ADN en presence de de CdCh 

(0.25 nM). (D) Evaluation de I'activite proteolytique de CF07-S transportant un vecteur 
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d'expression inductible vide ou contenant RNAIII incubes 48 heures sur petris-lait BHIg en 

presence de CdCh (4 JLIM). 

INTERPRETATION DES RESULTATS : U a ete demontre que la production de nucleases 

par les souches normales de S. aureus est controlee par SigB et qu'elle constitue un 

mecanisme de dispersion des biofilms (Kiedrowski et ai, 2011). La Figure 6A confirme que 

I'ADN genomique extracellulaire est un constituant important du biofilm des SCVs. La Figure 

6B montre que les SCVs ont une activite nuclease diminuee comparativement aux souches 

normales. Cette activite nuclease est controlee par SigB, mais pas par le systeme agr, chez 

CF07-S. Ces resultats suggerent que l'activite SigB des SCVs inhibe la production de 

nucleases et la dispersion des biofilms constitues d'ADN genomique extracellulaire. 
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FIGURE 7. SigB est necessaire a la persistance des SCVs dans des cellules epitheliales 

pulmonaires FK (Calu-3 shCFTR). (A) Cinetiques d'infection intracellulaire en CFU (colony-

forming unit) par insert pour les souches CF07-L, CF07-S, CF07-SAs/g5 et CF07-SAfnbA. 

Les differences significatives sont indiquees (**,/>< 0.01; ***, P < 0.001; ****, P < 0.0001) 

et ont ete determinees par l'ANOVA a deux facteurs suivi d'un post-test de Bonferonni (n=3-

6). (B) Niveaux d'internalisation relatifs de 8325-4 et DU5883 (AfnbAB) determines a 3 

heures post-invasion. La difference significative est indiquee (***, p < 0.001) et a ete 
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determinee par un test de student («=3). Les donnees sont exprimees par rapport a 8325-4. (C) 

Niveaux relatifs d'infection de CF07-L, CF07-S, CF07-SAs7g5 ,CF07-SAsigB + vecteur vide 

+ 0.25 (J.M CdCb et CF07-SAsigB + sigB + 0.25 pM CdCh a 48 heures post-invasion. Les 

differences significatives pertinentes sont indiquees (*, P < 0.05; ***, P < 0.001) et ont ete 

determinees par l'ANOVA a un facteur suivi d'un post-test de Tuckey (»=3-7). Les donnees 

sont exprimees par rapport a CF07-L et sont representees par des moyennes avec les 

deviations standards. 

INTERPRETATION DES RESULTATS : II a ete suggere que SigB influence ('invasion 

cellulaire et la persistance intracellular des SCVs (Moisan et al., 2006). La Figure 7A 

confirme que les SCVs ont la capacite de s'accumuler dans des cellules epitheliales 

pulmonaires FK. L'internalisation des SCVs ne semble pas influencee significativement par 

JhbA, suggerant que la seule presence de JhbB permet une internalisation efficace. En effet, 

l'experience controle mesurant l'internalisation d'un mutant fnbAB confirme l'implication des 

FnBPs dans l'invasion de ces cellules par S. aureus (Figure 7B). Les Figures 7A et 7C 

montrent que SigB est necessaire a la persistance des SCVs dans les cellules FK. 
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FIGURE 8. SigB module I'activite hemolytique et la survie en phase stationnaire des SCVs. 

(A) Cinetiques de ratio d'expression d'hla en fonction de la croissance tel qu'evaluees par 

PCR quantitative en temps reel. Les differences significatives par rapport a CF07-S sont 

indiquees (*, p < 0.05; **, p < 0.01; ***, p < 0.001) et ont ete determinees par l'ANOVA a 
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un facteur suivi d'un post-test de Dunnett («=3-5). Les donnees sont exprimees par rapport a 

CF07-L en phase de croissance exponentielle precoce. (B) Evaluation de I'activite 

hemolytique de CF07-L, CF07-S, CFOl-SAsigB, CFOl-SAsigB + vecteur vide et CF07-

SAsigB + vecteur sigB incubes pendant 48 heures sur petris-sang en presence de CdCL (0.25 

|iM). (C) Evaluation de la lyse celluiaire durant des infections de 48 heures de cellules 

epitheliales pulmonaires FK avec CF07-L, CF07-S et CFOl-SAsigB a l'aide d'essais de 

cytotoxicity a la lactate dehydrogenase. Un ANOVA a un facteur suivi d'un post-test de 

Tuckey ne revele aucune difference significative («=2). (D) Courbes de croissance de CF07-L, 

CF07-S et CFOl-SAsigB. La difference significative entre CF07-S et CFOl-SAsigB est 

indiquee (****, P < 0.0001) et a ete determinee par I'ANOVA a deux facteurs suivi d'un post-

test de Bonferonni (n=3-6). Les donnees sont representees par des moyennes avec les 

deviations standards. 

INTERPRETATION DES RESULTATS : Certaines etudes suggerent que SigB influence 

l'induction de la mort de la cellule hote lors d'infections a S. aureus (Haslinger-Loffler et al, 

2005; Kubica et al., 2008). L'a-hemolysine (Hla) pourrait etre un facteur important a cette 

induction (Jarry et al, 2008; Kubica et al., 2008; Sinha et Fraunholz, 2010) et est sous le 

controle de SigB (Horsburgh et al., 2002). La Figure 8A montre que hla est tres faiblement 

exprime chez CF07-S en comparaison a CF07-L et CF07-S en presence de menadione. De 

plus, I'expression d'HLA est fortement induite chez CFOl-SAsigB en comparaison a CF07-S. 

Les resultats d'expression d'HLA corroborent ceux d'hemolyse montrant que SigB est 

responsable de l'inhibition de l'activite hemolytique chez CF07-S. Cependant, la cytotoxicite 

induite par CF07-S et CFOl-SAsigB n'est pas differente lors d'infections de cellules 

epitheliales pulmonaires FK (Figure 8C). Ces resultats suggerent que le role de SigB dans la 

persistance intracellulaire des SCVs n'implique pas le controle de l'induction de la mort 

celluiaire, mais plutot la replication ou la survie intracellulaire. II est connu que SigB joue un 

role dans la resistance a plusieurs stress tels que ceux rencontres en phase de croissance 

stationnaire (Figure 8D). Certains de ces stress pourraient etre rencontres par les SCVs au 

cours du cycle d'infection intracellulaire (voir Discussion). 
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FIGURE 9. Role du phenotype SCV, de SigB et de FnBPA lors d'infections simples et 

combinants des souches normales et SCVs dans un modele d'infection pulmonaire murin. (A) 
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CFU recuperes de poumons de souris infectes avec CF07-L, CF07-S et une combinaison des 

deux souches 48 heures post-inoculation. Une difference significative est indiquee (*, P < 

0.05) et a ete determinee par un test de Kruskal-Wallis suivi d'un post-test de Dunn. (B) CFU 

recuperes de poumons de souris infectes avec CF07-L, CF07-SAs/gZ? et une combinaison des 

deux souches 48 heures post-inoculation. Un test de Kruskal-Wallis suivi d'un post-test de 

Dunn ne revele aucune difference significative. (C) CFU recuperes de poumons de souris 

infectes avec CF07-S, C¥01-SAsigB et CFOl-SAjhbA en presence de CF07-L 48 heures post-

inoculation. Une difference significative est indiquee (*, P < 0.05) et a ete determinee par un 

test de Kruskal-Wallis suivi d'un post-test de Dunn. 

INTERPRETATION DES RESULTATS : Comme discute precedemment, le role des SCVs 

lors d'infections a S. aureus n'a pas ete demontre clairement dans les modeles d'infections 

experimentaux. Pratiquement aucune information n'est disponible concernant la contribution 

in vivo de regulateurs ou facteurs de virulence a la pathogenese des SCVs. II est important de 

noter que les SCVs sont habituellement retrouves simultanement avec des bacteries au 

phenotype normal chez les patients FK (Proctor et al., 2006). Les Figures 9A-C montrent que 

les SCVs sont favorises lors d'infections pulmonaires combinees avec des souches normales et 

que SigB (mais pas FnBPA) est important a ce phenomene. 
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