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I. Article 1 

 

Bonanno, L., E. Loukiadis, P. Mariani-Kurkdjian, E. Oswald, L. Garnier, V. Michel and 

F. Auvray (2015). "Diversity of Shiga Toxin-Producing Escherichia coli (STEC) O26:H11 

Strains Examined via stx Subtypes and Insertion Sites of Stx and EspK Bacteriophages." 

Applied and Environmental Microbiology 81(11): 3712-3721 

 

I.1. Objectifs  

 

Ces travaux avaient pour objectifs d’explorer la diversité génétique d’une collection de 

STEC O26:H11 d’origines humaine, alimentaire (principalement des produits laitiers) et 

animale (bovins) en étudiant leur principal facteur de virulence. Ils visaient à caractériser les 

sous-types du gène stx et les sites d’insertion chromosomiques des phages Stx. De plus, une 

étude phylogénétique par la méthode MLST (Multi-Locus Sequence Type) a aussi été menée 

en parallèle sur un petit nombre de souches. 

L’étude des sous-types du gène stx a été réalisée par une méthode de PCR 

conventionnelle développée par Scheutz et al., basée sur l’amplification des trois sous-types 

du gène stx1 et des sept sous-types du gène stx2 (Scheutz et al., 2012).  

L’identification des sites d’insertion chromosomiques des phages Stx, a été, dans un 

premier temps, effectuée par PCR conventionnelle à partir de couples d’amorces décrits dans 

la littérature, ou développés au cours des travaux de thèse. Neuf sites d’insertion ont ainsi été 

étudiés. Il s’agit des sites wrbA, yehV, yecE, sbcB, Z2577, ssrA, prfC, argW et de la région 

intergénique torS-torT. Deux études PCR ont été réalisées, la première était basée sur 

l’amplification du site attB et témoigne de l’absence de génome de phage dans un locus 

donné, tandis que la seconde était basée sur l’amplification du site jonction attL et témoigne 

de la présence du prophage (génome du phage intégré dans le chromosome bactérien). 

Dans un deuxième temps, des modèles de PCR en temps réel ont été développés pour 

quatre des neuf sites d’insertion étudiés (wrbA, yehV, yecE et sbcB), afin de réduire le temps 

des analyses et effectuer des dosages des sites attB et attL. Le but du dosage des sites attB et 

attL était d’évaluer la stabilité des prophages Stx au sein d’une culture pure de STEC, selon 

les sites d’insertion dans lesquels ils sont intégrés. Cette étude avait pour but de comprendre 

l’origine des souches stx-négatives.  

 Caractérisation des STEC et des phages Stx 
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Enfin la caractérisation des sites d’insertion des phages Stx a aussi été effectuée sur 

une collection de 29 souches E. coli O26:H11 stx-négatives (AEEC). Cette étude avait pour 

objectif, de déterminer si ces souches peuvent correspondre à des STEC ayant perdu leurs 

phages Stx ou seulement leur gène stx. 

 

I.2. Résultats et discussion 

I.2.1. Détermination des sous-types du gène stx et des sites d’insertion des 

phages Stx 

 

L’étude des sous-types du gène stx a montré que les 74 souches étudiées possèdent 

essentiellement les sous-types stx1a (n = 56) et stx2a (n = 20). Un autre sous-type, stx2d, a été 

retrouvé dans une seule souche d’origine humaine. De plus, trois souches possèdent 

simultanément les deux sous-types (stx1a et stx2a) tandis que cinq souches possèdent deux 

copies du même sous-type. Lorsque l’on prend en compte l’origine des souches, on constate 

que la majorité des souches laitières (88,2%) et la totalité des souches bovines possèdent le 

sous-type stx1a tandis que les souches humaines possèdent en proportion équivalente les deux 

sous-types (stx1a et stx2a).  

L’étude des sites d’insertion des phages Stx a permis de mettre en évidence l’existence 

de quatre sites d’insertion préférentiellement occupés par les phages Stx dans les STEC 

O26:H11. Il s’agit des sites wrbA (37 souches), yehV (28 souches), et dans une moindre 

mesure, des sites yecE et sbcB. Aucun phage Stx n’a été détecté dans les cinq autres sites 

d’insertion étudiés (Z2577, prfC, argW, ssrA et la région intergénique torS-torT). De plus, 

pour les souches possédant deux phages Stx, des méthodes de PCR « long-template », visant à 

amplifier de long fragments d’ADN (>15kb), ont été développées pour déterminer le site 

d’insertion de chacun des phages. Ainsi, pour la souche 09QMA277.2, le phage Stx1a est 

intégré dans le site yehV et le phage Stx2a est intégré dans wrbA. Les souches 3073/00 et 

3901/97 ont leur phage Stx2a localisé dans yecE et leur phage Stx1a intégré respectivement 

dans yehV et wrbA. 

Une analyse des combinaisons formées d’un sous-type du gène stx et d’un site 

d’insertion chromosomique du phage Stx en fonction de l’origine des souches a été effectuée. 

On a constaté que les souches d’origines laitière et bovine ont leurs phages Stx intégrés 

essentiellement dans wrbA et yehV, tandis que les souches humaines ont leurs phages Stx 

intégrés dans wrbA et yehV mais aussi dans le site yecE. En effet, yecE sert de site d’insertion 

dans 28% des souches humaines. Il est important de noter que toutes les souches humaines 

possédant un phage Stx2a intégré dans wrbA et yecE ont été à l’origine de SHU, indiquant une 
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forte virulence de ces souches. En revanche, ces profils sont absents (ou rarement retrouvés) 

dans les souches d’origines laitière et bovine.  

Pour finir, l’état des sites d’insertion a aussi été investigué dans 29 souches stx-

négatives, pour vérifier l’absence de phages Stx ou bien seulement une délétion du gène stx 

qui se serait produite au cours du temps. Les résultats ont montré que les sites d’insertion sont 

intacts pour 25 des 29 souches stx-négatives, indiquant bien l’absence de phage Stx dans la 

majorité d’entre elles. Pour les quatre souches restantes, deux observations ont été faites. La 

première observation concerne les souches 5021/97 et 5080/97 pour lesquelles les sites yehV 

et yecE sont occupés par un phage Stx mais dont le gène stx est a priori délété. L’observation 

suivante concerne les souches 07QMA144.1 et F61-523 pour lesquelles un autre élément 

génétique, différent du phage Stx, a été détecté dans les sites argW et Z2577 respectivement.  

 

I.2.2. Caractérisation phylogénétique des STEC O26:H11 

 

Une étude phylogénétique par typage MLST a été réalisée sur 14 souches STEC de la 

collection. Les données de la littérature ont permis de classer ces souches selon deux 

séquences types, ST21 et ST29. Les souches stx2a qui sont à l’origine de SHU se distribuent 

entre ST21 et ST29. L’association du gène stx2 à ST21 ou à ST29 a été démontrée comme un 

indicateur de SHU. En revanche, aucune combinaison d’un sous-type du gène stx et d’un site 

d’insertion donné du phage Stx n’a révélé de corrélation avec un ST particulier.  

 

I.2.3. Stabilité des prophages Stx 

 

Pour explorer la relation entre les STEC O26:H11 et les souches stx-négatives, une 

étude de la stabilité des prophages Stx a été effectuée au sein des cultures pures de STEC. Les 

quantités de sites attB et attL, témoignant respectivement de l’absence et de la présence d’un 

phage ont été déterminées. On a pu constater, pour chaque culture pure, une amplification 

simultanée des sites attB et attL, témoignant de l’excision spontanée du prophage Stx au cours 

de la croissance cellulaire. Des calculs de ratio attB/attL ont été effectués au niveau des quatre 

sites d’insertion chromosomiques (wrbA, yehV, yecE et sbcB). Ces ratios ont montré que ce 

phénomène d’excision spontanée n’est pas dépendant des sites d’insertion des phages Stx.  
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I.2.4. Mise en évidence de la présence d’un phage EspK dans le site ssrA 

 

Ces travaux ont aussi permis de mettre en évidence la présence dans les STEC 

O26:H11 d’un phage différent des phages Stx dans un site nommé ssrA. En effet, lors de la 

détermination des sites d’insertion des phages Stx, on a constaté que le site ssrA était souvent 

occupé chez les STEC O26:H11. L’hypothèse de la présence d’un phage EspK, codant un 

effecteur de type III, et intégré dans le site ssrA, a donc été émise. Les résultats ont montré 

que le phage EspK intégré dans ssrA est présent dans la majorité des STEC O26:H11 (soit 

87,8%). En revanche, ce phage n’est présent que dans seulement 17,2% des souches O26:H11 

stx-négatives. 

 

I.3. Conclusion 

 

En conclusion, ces travaux ont permis de mettre en évidence une variabilité des profils 

génétiques entre les souches STEC O26:H11 d’origines différentes. Il a été observé une 

grande diversité des sous-types du gène stx et des sites d’insertion des phages Stx issus de 

STEC O26:H11, avec quelques différences observées entre les souches humaines et les 

souches provenant des aliments et des bovins. Ces différences confirment d’autres travaux 

portant sur l’existence de différents clones de STEC O26:H11 possédant des niveaux de 

pathogénicité variés. 

 



Etude expérimentale – Chapitre 1 

85 

  



Etude expérimentale – Chapitre 1 

86 

 



Etude expérimentale – Chapitre 1 

87 

  



Etude expérimentale – Chapitre 1 

88 

  



Etude expérimentale – Chapitre 1 

89 

  



Etude expérimentale – Chapitre 1 

90 

  



Etude expérimentale – Chapitre 1 

91 

  



Etude expérimentale – Chapitre 1 

92 

  



Etude expérimentale – Chapitre 1 

93 

 



Etude expérimentale – Chapitre 1 

94 

  



Etude expérimentale – Chapitre 1 

95 

II. Travaux complémentaires de l’article 1 

 

Des travaux complémentaires ont été réalisés en lien avec l’article 1. Ces travaux concernent 

plus particulièrement l’étude de la stabilité des phages Stx.  

 

II.1. Mise en évidence de deux populations bactériennes au sein d’une culture pure 

de STEC 

 

Tout d’abord, le phénomène d’excision spontanée des phages Stx au sein d’une culture 

pure de STEC, a été préalablement mis en évidence lors de l’amplification par PCR des sites 

d’insertion des phages Stx. L’amplification d’un site jonction attL devrait corréler avec 

l’absence d’amplification du site attB. Or, ce n’était pas systématiquement le cas puisque des 

amplicons des sites attL et attB ont été observés sur gel d’électrophorèse pour une même 

souche. Cette co-amplification des sites attB et attL a ensuite été observée par PCR en temps 

réel. 

La Figure 19 représente les courbes d’amplification par PCR en temps réel du site attB au 

niveau du gène wrbA de chaque souche STEC O26:H11 permettant de révéler l’absence de 

phage Stx. Les deux populations bactériennes mises en évidence sont représentés par un 

cercle noir ou vert. Les courbes entourées d’un cercle noir possèdent un cycle seuil (Ct, ou 

« Cycle Threshold ») précoce (environ 15-16) et correspondent aux souches d’E. coli stx-

négatives pour lesquelles le site wrbA est inoccupé. En effet, l’absence de phage Stx a été 

vérifiée par l’absence d’amplification du site attL. Ces souches possèdent un phénotype 

attB+++ et attL-. En revanche, l’ADN des souches possédant un phage Stx intégré dans 

wrbA ne devrait pas émettre de signal positif pour l’amplification du site attB. Pourtant, 

l’ADN du site attB de ces souches est bien amplifié comme l’attestent les courbes 

d’amplification entourées d’un cercle vert (Figure 19). De plus, les Ct obtenus sont assez 

tardifs (26 à 35) montrant que la quantité de cibles amplifiées est relativement faible. Ces 

résultats montrent qu’au sein d’une culture pure d’une souche de STEC, une petite partie de la 

population a perdu le phage Stx tandis que la partie majoritaire de la population le possède 

toujours. Ces souches possèdent donc un phénotype attB+ et attL+++. 
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Figure 19. Courbes d'amplification du site attB (gène wrbA) par PCR en temps réel 

Les souches d’E. coli stx-négatives sont cerclées en noir et les souches STEC O26:H11 sont cerclées en vert. 

 

II.2. Fréquence d’excision spontanée au cours du réisolement des STEC 

 

La PCR en temps réel permettant de quantifier les cibles d’ADN présentes au départ, 

les copies de sites attB et attL ont été quantifiées et des ratios ont été déterminés (présentés 

dans l’article). 

Une seconde étude a été effectuée pour évaluer la fréquence d’excision spontanée au 

cours du réisolement des STEC. Les 74 souches STEC de la collection ont été réisolées sur 

des géloses de TSA-YE (« Tryptone Soy Agar Yeast Extract ») incubées à 37°C durant 24h en 

vue d’identifier d’éventuelles colonies dépourvues de phages Stx (et donc de gènes stx). Pour 

chaque réisolement de STEC, 10 à 50 colonies (50 colonies en particulier pour quelques 

souches attL+ ayant une quantité de site attB élevé) ont été récupérées puis remises en 

suspension dans du milieu LB (Lysogeny broth) et les ADN ont été testés pour la présence 

des gènes stx1 et stx2 par PCR en temps réel. Les résultats ont montré que pour 73 des 74 

souches STEC, toutes les colonies récupérées étaient positives pour le gène stx, excepté pour 

une souche d’origine laitière, ITFF3408, où 60 colonies ont été testées et pour lesquelles 

aucune ne possède le gène stx. Il est probable que lors de la mise en conservation de cette 

souche, celle-ci avait perdu son phage Stx. Cette souche témoigne de l’instabilité des phages 

Stx au cours de la conservation des souches à -20°C. 
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Chapitre 2. Etude de l’induction des phages Stx : 

spontanée et en présence de mitomycine C 

I. Article 2 

 

Bonanno, L., M.-A. Petit, E. Loukiadis, V. Michel and F. Auvray (2015). " Induction of 

Stx phages from STEC O26:H11 isolated from humans and dairy products and infection of 

stx-negative E. coli O26:H11."  

Soumis dans le journal Applied and Environmental Mcrobiology 

 

I.1. Objectifs  

 

La première partie de cette étude visait à évaluer l’induction, spontanée et en présence 

d’un agent inducteur, la mitomycine C (MMC), de différents phages Stx provenant de 14 

souches de STEC O26:H11 d’origine laitière (n = 5) et humaine (n = 9). 

Les niveaux d’induction ont été comparés en fonction de l’origine des souches STEC, du type 

de phage Stx (Stx1 et Stx2) et du site d’insertion dans lequel le phage est intégré (wrbA, yehV, 

yecE et sbcB). Parmi cette collection, trois souches humaines et trois laitières possèdent le 

gène stx1. Le gène stx2 est porté par quatre souches humaines et une laitière. Enfin, deux 

souches humaines et une laitière contiennent les deux gènes (stx1 et stx2). 

Des protocoles d’induction des phages ont tout d’abord été mis au point. La quantité 

de phage Stx produit a ensuite été déterminée selon deux méthodes, par PCR en temps réel, 

d’une part, et par dénombrement des plages de lyse, d’autre part.  

La seconde partie consistait à évaluer la capacité de quelques phages Stx à infecter des 

souches d’E. coli stx-négatives (AEEC) par un test de lyse des bactéries (dépôt d’une goutte 

de phage sur un tapis bactérien). L’obtention de lysogènes a ensuite été recherchée. 

Enfin, une analyse morphologique de quelques phages Stx a été effectuée, par l’intermédiaire 

d’un microscope électronique à transmission (MET). 
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I.2. Résultats et discussion 

I.2.1. Induction des phages Stx 

 

Les résultats ont montré que toutes les souches étaient inductibles, et capables de 

produire des phages Stx. En revanche, le niveau d’induction était variable entre les phages. 

Cette capacité d’induction a été mise en évidence en présence de l’agent inducteur, la MMC, 

mais aussi de façon spontanée. L’induction a tout d’abord été observée grâce à la mesure de la 

densité optique (DO600nm) de la culture bactérienne à 600nm. En présence de MMC, il a été 

observé une diminution drastique de la DO600nm au bout de 24h.  

La PCR en temps réel a ensuite permis de doser les particules de phages Stx issues de 

l’induction spontanée et en présence de MMC. Les résultats ont montré qu’en présence de 

MMC, le niveau moyen d’induction est plus important de 2log10 par rapport au niveau 

d’induction spontanée. De plus, l’induction est plus importante pour les souches possédant un 

phage Stx2 par rapport à celles ayant un phage Stx1. En revanche, aucune différence de 

niveaux d’induction n’a pu être mise en évidence selon l’origine des souches et selon le site 

d’insertion du phage Stx. Une exception concerne l’induction spontanée des phages Stx2 

intégrés dans yecE qui était significativement plus élevée que pour les phages intégrés dans 

wrbA et yehV. On pourrait se demander si cette caractéristique implique une virulence accrue 

des souches possédant un phage Stx2 intégré dans yecE. Cette hypothèse a déjà été entrevue 

lors des travaux décrits précédemment (article 1). 

Pour finir sur la quantification des phages Stx, le dénombrement des plages de lyse a 

permis de démontrer que la quasi-totalité des souches étaient capables de produire des 

particules phagiques infectieuses. En revanche, quelques phages Stx étaient incapables de 

générer des plages de lyse isolées. De plus, les quantités observées étaient légèrement 

inférieures à celles identifiées par la méthode PCRq qui dose tous les phages (y compris les 

non infectieux ou défectifs).  

 

I.2.2. Pouvoir infectieux des phages Stx 

 

Des tests de lyse en goutte ont été effectués afin d’évaluer la capacité infectieuse des 

phages Stx sur 17 souches d’E. coli stx-négatives (AEEC) et sur une souche d’E. coli de 

laboratoire de type K12 (DH5α). Des différences de sensibilité des souches aux phages Stx 

ont été observées. La souche DH5α est très sensible aux phages Stx, tandis que seulement 

54% (55/102) des interactions AEEC/phage Stx testées, étaient positives pour l’infection. Sur 

les 17 souches AEEC, une souche était même totalement insensible aux six phages testés. De 



Etude expérimentale – Chapitre 2 

99 

plus, les souches humaines semblent plus sensibles aux phages Stx par rapport aux souches 

laitières.  

 

I.2.3. Obtention d’E. coli lysogènes 

 

Des expériences de conversion lysogénique ont été menées sur des souches AEEC et 

deux souches d’E. coli K12 (DH5α et MG1655). Les résultats ont montré que des bactéries 

lysogènes issues des souches K12 contenant un prophage Stx2 intégré dans le site yecE ont pu 

être isolées. A la différence, les tentatives de lysogénisation des souches AEEC n’ont pas été 

concluantes. En revanche, une étude préliminaire de lysogénisation a été effectuée sur une 

souche AEEC (21474) infectée par un phage Stx2. La particularité est que le phage Stx2 

utilisé, est issu d’une purification sur cette même souche. Les résultats ont montré que dans le 

mélange phage/bactérie, il y avait potentiellement des bactéries lysogènes car le gène stx2 et 

le site jonction yecE-attL ont été amplifiés par PCR. En revanche, aucune colonie lysogène 

n’a pu être isolée. D’après la littérature, la lysogénisation des souches d’E. coli stx-négatives 

de terrain est assez rare comparé aux souches K12. 

 

I.2.4. Morphologie des phages 

 

Six phages Stx ont pu être caractérisés morphologiquement, grâce à une observation 

par microscopie électronique à transmission effectuée au laboratoire de l’INRA de Jouy en 

Josas (unité Micalis). La morphologie de ces six phages est observable dans la Figure 20. 

D’après cette étude, trois types de morphologie ont pu être mis en évidence. 

Le premier type de morphologie concernait deux phages, Φ3901 (phage Stx2) et ΦH19 

(phage Stx1), qui présentent une tête allongée et une longue queue flexible (Figure 20A et 

20B). 

Le second type de morphologie concernait trois phages, Φ11368 (Stx1), Φ5917/97 (Stx2) et 

Φ21765 (Stx2) et correspond à celle des phages de type Siphoviridae (Figure 20C, 20D et 

20E). 

Enfin, le phage Φ2976-1 est aussi un phage de type Siphoviridae, mais il possède une queue 

très longue (environ 411nm), comparée à la taille moyenne des queues des autres phages de 

type Siphoviridae (environ 150 nm) (Figure 20F).  

Ces résultats montrent que la morphologie des phages Stx des souches STEC O26:H11, est 

très diverse et n’est pas corrélée avec le type du gène stx (stx1 ou stx2). 
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Figure 20. Observation au microscope électronique à transmission (MET) de particules 

de phages Stx issues de STEC O26:H11 
(A) phage Φ3901; (B) phage ΦH19; (C) phage Φ11368; (D) phage Φ5917; (E) phage Φ21765; (F) phage Φ2976-

1. (A) et (B) représentent des phages Stx avec une tête allongée et une longue queue flexible. (C) à (E) 

représentent des phages Stx de type Siphoviridae avec une longue queue. (F) est un phage Stx de type 

Siphoviridae avec une très longue queue. L’échelle est matérialisée par une barre qui équivaut à 100 nm. 

 

I.3. Conclusion 

 

En conclusion, les phages Stx1 et Stx2 des STEC O26:H11, sont très diversifiés y 

compris au sein de chaque type. Cette variabilité a été observées, à la fois au niveau de 

l'induction, morphologiquement et dans la capacité des phages à infecter les souches d’E. coli. 
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ABSTRACT 23 

The Shiga toxin producing Escherichia coli (STEC) are food-borne pathogens responsible for 24 

human infections ranging from mild watery diarrhea to hemorrhagic colitis (CH), which may 25 

be complicated by hemolytic uremic syndrome (HUS), sometimes fatal. Shiga toxin, the main 26 

STEC virulence factor, is encoded by the stx gene located in the genome of a bacteriophage 27 

inserted into the bacterial chromosome. The serotype O26:H11 is considered as the second 28 

HUS-causing serotype worldwide after O157:H7, and the first detected in dairy products. The 29 

consumption of raw milk cheeses contaminated with STEC O26:H11 could therefore 30 

contribute to HUS cases although only a small number of HUS cases caused by serotype 31 

O26:H11 are identified each year in France. 32 

Here we evaluated the induction rate in vitro of different Stx phages from human and dairy 33 

strains of STEC O26:H11, either spontaneously or in the presence of mitomycin C. Overall 34 

the Stx2 phages were more inducible than Stx1 phages. However no correlation was found 35 

between the Stx phage levels produced and the origin of the strains tested or the phage 36 

insertion sites. Morphological analysis by electron microscopy showed that Stx phages 37 

displayed various shapes that were unrelated to Stx1 or Stx2 types. In addition, sensitivity of 38 

stx-negative E. coli O26:H11 to six Stx phages varied among the 17 strains tested and our 39 

attempts to convert them into STEC were unsuccessful indicating that their lysogenization 40 

was a rare event.  41 

 42 

 43 

Keywords: STEC, O26:H11, Stx phages, induction, dairy product 44 

 45 

  46 



Etude expérimentale – Chapitre 2 

103 

INTRODUCTION 47 

 48 

Shiga toxin-producing Escherichia coli (STEC) O26:H11 were first identified as 49 

causes of hemolytic uremic syndrome (HUS) in 1983 (1, 2). O26:H11 is the most commonly 50 

isolated non-O157:H7 serotype in Europe, accounting for 12% of all clinical 51 

enterohaemorrhagic E. coli (EHEC) isolates in 2012 (3, 4). Since the early 2000s, InVS has 52 

observed a significant increasing proportion of HUS cases identified in France due to non-53 

O157 serogroups including O26 which accounted for 11% of cases for the period 1996-2013 54 

(5). This serogroup also accounted for 22% of clinical non-O157 EHEC isolates in the United 55 

States, between 1983 and 2002 (6).  56 

Transmission of STEC to humans occurs through food, water and direct contact with 57 

animals and their environment. At the end of 2005, STEC O26:H11 was involved in an 58 

outbreak in France that included 16 HUS cases and was linked to consumption of 59 

contaminated unpasteurized Camembert cheese (7). Another outbreak of STEC O26:H11 60 

occurred in Denmark in 2007 and was caused by beef sausage. Twenty cases of diarrhea were 61 

reported, the majority of which occurred in children (average age of two years) (8).  62 

Shiga toxins (Stx) are considered as the major virulence factor of STEC, and stx genes 63 

are located in the genome of temperate bacteriophages (Stx phages) inserted as prophages into 64 

the STEC chromosome (9-11). There are two Stx groups, Stx1 and Stx2, each divided into 3 65 

(a, c and d) and 7 subtypes (a-g), respectively (12). Recently, a panel of 74 STEC O26:H11 66 

strain was characterized, showing that the majority of food and cattle strains possessed the 67 

stx1a subtype, while human strains carried mainly stx1a or stx2a (13). Stx1 and Stx2 can be 68 

produced either singly or together by STEC O26:H11 (6) and STEC carrying the stx2 gene 69 

only are generally associated with more severe clinical case compared to STEC possessing 70 

the stx1 gene (14). The first Stx1 phage described was phage H19B and was isolated from a 71 

clinical EHEC O26 strain (9). In the 1990s, a shift of the stx genotype was observed in 72 
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Germany in EHEC O26:H11, from isolates carrying stx1 to isolates possessing the stx2 gene 73 

either alone or together with stx1 (15).  74 

Stx phages insert their genome into specific sites in the bacterial chromosome where 75 

they remain silent (16), allowing their bacterial hosts to survive as lysogenic strains. The main 76 

Stx phage insertion sites in STEC O26:H11 were wrbA and yehV genes followed distantly by 77 

yecE and sbcB (13). Stx phages are inducible from their host strain by DNA-damaging agents 78 

such as antibiotics (17, 18). These observations led to controversy regarding treatment of 79 

STEC infection with antibiotics. Wong et al. showed that the risk of developing HUS was 80 

significantly increased in children receiving antibiotics (19). DNA damages trigger the SOS 81 

response of E. coli (20), resulting in the derepression of phage lytic genes, lysis of the 82 

bacterial host cells and release of the phage particles. In addition, other conditions such as 83 

ultraviolet irradiation (21) or high hydrostatic pressure treatment (22) were also shown to 84 

induce Stx phages.  85 

STEC O26:H11 have the particularity to frequently lose and acquire Stx phages (23, 86 

24). The acquisition of an Stx phage by stx-negative E. coli O26:H11 was demonstrated in 87 

vitro (10, 23). The Stx1 phage H-19B can also be transferred in vivo in mice from STEC 88 

O26:H11 to an E.coli recipient strain (25). Moreover, the recent outbreak which occurred in 89 

Germany in 2011 with 4000 infected humans including 900 HUS cases and 50 deaths (26), 90 

was caused by an enteroaggregative E. coli O104:H4 strain that had acquired an Stx phage 91 

(27).  92 

Loss of Stx phage can generate E. coli stx-negative O26:H11 strains which might 93 

interfere in the detection of STEC O26:H11, especially when they are isolated from food 94 

samples initially identified as stx-positive by PCR. Except for the absence of stx gene, these 95 

strains are similar to STEC O26:H11 and are referred to as “Attaching/Effacing E. coli” 96 

(AEEC) O26:H11. Madic et al. have demonstrated the presence of STEC and AEEC 97 

O26:H11 in raw milk cheese samples (28). Monitoring plans carried out in France between 98 
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2007 and 2009 also showed the presence of STEC and AEEC in raw milk cheeses, including 99 

the serotype O26:H11 (29). Finally, Trevisani et al. also revealed the presence of both E. coli 100 

O26 stx-positive and stx-negative strains in samples of milk (0.4% and 2%, respectively) or in 101 

milk filters (0.4% and 0.9%, respectively) (30). The fact that E. coli stx-negative or AEEC 102 

O26:H11 strains were isolated from stx-positive food samples raises some questions about the 103 

diagnostic result since the possibility that these strains are derivatives of STEC that have lost 104 

their Stx phage and hence their stx gene during the enrichment procedure or isolation cannot 105 

be excluded.  106 

 107 

In this study, the induction of Stx phage from different STEC O26:H11 strains was 108 

evaluated in the presence and absence of mitomycin C (MMC), an antibiotic known to 109 

effectively induce Stx phages (31). The objective was to compare the induction level of Stx 110 

phages according to their Stx type (Stx1 or Stx2) and insertion site in the bacterial 111 

chromosome, and to the origin of the STEC strains. The sensitivity of stx-negative E. coli to 112 

Stx phages was also investigated in addition to their lysogenic conversion. Finally the 113 

morphology of Stx phages was studied to evaluate the diversity of Stx phages circulating in 114 

STEC O26:H11. 115 

 116 

MATERIALS AND METHODS 117 

Bacterial strains. 118 

 Fourteen STEC O26:H11 isolated from humans (n = 9) and dairy products (n = 5), 17 119 

stx-negative O26:H11 E. coli isolated from humans (n =8) and dairy products (n = 9), and the 120 

E. coli K12 strains DH5α and MG1655 were used in this study (Table 1). The human and 121 

dairy STEC strains contained stx1 (n = 3, each), stx2 (n = 4 and n = 1, respectively) and both 122 

stx1 and stx2 genes (n = 2 and n = 1, respectively). E. coli strains were cultivated in Luria 123 

broth (LB) at 37°C.  124 
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 125 

Table 1. Panel of stx-positive and stx-negative Escherichia coli strains. 126 

Origin a Strain Stx phage Type Insertion site of Stx phage b 127 
STEC O26:H11 128 
Dairy product 2976-1 Stx1a yehV 129 
Dairy product 10d Stx1a wrbA 130 
Dairy product 09QMA277.2 Stx1a – Stx2a yehV (Stx1), wrbA (Stx2) 131 
Dairy product 09QMA245.2 Stx1a yecE 132 
Dairy product F46-223 Stx2a wrbA 133 
Human (NK) VTH7 Stx1a sbcB 134 
Human (D) H19 Stx1a yehV 135 
Human (HUS) 3901/97 Stx1a – Stx2a wrbA (Stx1), yecE (Stx2) 136 
Human (HUS) 11368 Stx1a wrbA 137 
Human (HUS) 3073/00 Stx1a – Stx2a yehV (Stx1), yecE (Stx2) 138 
Human (HUS) 5917/97 Stx2a wrbA 139 
Human (HUS) 29348 Stx2a wrA 140 
Human (HUS) 31132 Stx2a yecE 141 
Human (HUS) 21765(1) Stx2a yecE 142 
 143 
stx-negative O26:H11 144 
Dairy product 09QMA04.2 - - 145 
Dairy product 09QMA315.2 - - 146 
Dairy product 09QMA306.D - - 147 
Dairy product FR14.18 - - 148 
Dairy product 4198.1 - - 149 
Dairy product 191.1 - - 150 
Dairy product 64.36 - - 151 
Dairy product 09QMA355.2 - - 152 
Dairy product F61-523 - - 153 
Human (HUS) 5021/97 - - 154 
Human (HUS) 5080/97 - - 155 
Human (HUS) 318/98 - - 156 
Human (HUS) 21474 - - 157 
Human (HUS) 21766 - - 158 
Human (NK) MB04 - - 159 
Human (NK) MB01 - - 160 
Human (HUS) 29690 - - 161 
 162 
Other E. coli 163 
K12 DH5α - - 164 
K12 MG1655 - - 165 
 166 
a D, Diarrhea; HUS, Hemolytic Uremic Syndrome; NK, Not known. 167 
b Previously described (13) 168 

 169 

Bacteriophage induction. 170 

An overnight culture of STEC O26:H11 was inoculated at 2% in a fresh LB medium 171 

with 5mM of CaCl2 and incubated at 37°C. At the exponential growth phase (OD600 0.3), the 172 

culture was divided into two subcultures, A and B. In subculture A, MMC was added to a 173 

final concentration of 0.5 µg/ml. The subculture B, without MMC, was used to evaluate the 174 

spontaneous induction of Stx phages. Cultures were then further incubated overnight at 37°C 175 
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with shaking at 240 rpm. After incubation, the rate of phage production was evaluated by 176 

measuring with a spectrophotometer at 600nm the optical density of induced and non-induced 177 

cultures. All cultures were centrifuged at 7,200 x g for 10 min, and the supernatants were 178 

filtered through low-protein-binding 0.22 µm-pore-size membrane filters (Millex-GP PES; 179 

Millipore) for phage purification.  180 

 181 

Enumeration and isolation of Stx phages by double-agar overlay plaque assay. 182 

The E. coli DH5α was used as the host strain to screen for the presence of 183 

bacteriophages. The suspensions of phage particles obtained after induction (see above) were 184 

diluted tenfold. Two hundred microliters of an overnight culture of the host strain was mixed 185 

with 100 µl of each diluted phage suspension and incubated 1 h at 37°C. This mixture was 186 

added to molten LB top agarose (LB modified broth with agarose at 2g/L, 10 mM CaCl2 and 187 

10 mM MgSO4) immediately poured on LB-agar plates and allowed to solidify. After 188 

incubation for 18-24 h at 37°C, the plates were examined for the presence of lysis zones. 189 

Plaques were counted to determine the titer of the original phage preparation in plaque-190 

forming units per millilitre (pfu/ml) by using the following calculation: number of plaques x 191 

10 x inverse of the dilution factor (32). 192 

 193 

Quantification of Stx phage by quantitative PCR. 194 

Filtered supernatants obtained after Stx phage induction were treated with DNase 195 

using the Turbo DNA-free™ kit (Ambion®, life technologies). Removal of any contaminating 196 

genomic DNA by DNase was verified by detection of chromosomal STEC O26:H11 eae gene 197 

by quantitative PCR (qPCR), as described previously (33). Phage DNA was released by heat 198 

treatment for 10 min at 100°C. As Stx phages carry only one stx gene copy (GC), phage 199 

numbers were determined by qPCR assays targeting stx1 or stx2 genes. These were performed 200 

with the LightCycler® 480 instrument (Roche Diagnostics) as described by Derzelle et al. 201 
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(34), with minor modifications as follows. The amplification reaction mixture contained 1X 202 

LightCycler® 480 Probes Master mix (Roche Diagnostics), 500 nM of each primer (stx1B-203 

for, stx1-rev, stx2-for, stx2-rev), and 200 nM of each probe (stx1 and stx2 probes). Three 204 

microliters of extracted DNAs were used as templates in qPCR. Linearity and limit of 205 

quantification of the qPCR assay was formerly determined by using calibrated suspensions of 206 

STEC corresponding to dilutions of pure cultures of stx1 and stx2-positive control EDL933 207 

strain containing both stx1 and stx2 genes. The amplification efficiency (E) was calculated 208 

using the following equation: E = 10-1/s -1, where s is the slope of the linear regression curve 209 

obtained by plotting the log genomic copy numbers of E. coli strains in the PCR reaction 210 

against Ct values. The cycle threshold value (Ct) was defined as the PCR cycle at which the 211 

fluorescent signal exceeded the background level. The Ct was determined automatically by 212 

the Lightcycler 480 software with the second derivative maximum method and the stx1 and 213 

stx2 gene copy (GC) numbers were calculated from the standard curve.  214 

 215 

Evaluation of the infectious capacity of Stx phages. 216 

To evaluate the ability of the Stx1 and Stx2 phages to infect E. coli, the E. coli K12 217 

strain DH5α and 17 stx-negative E. coli O26:H11 strains were used as host strains. Each host 218 

strain was grown in LB at 37°C overnight with shaking. Two hundred microliters of each 219 

culture were added to 5 ml of molten LB top agarose and immediately poured on LB-agar 220 

plates. Ten microliters of filtered supernatants containing Stx phages obtained after induction 221 

of six strains (H19, 5917/97, 3901/97, F46-223, 09QMA277.2, and 21765), were spotted onto 222 

plates containing the LB top agarose overlay and incubated overnight at 37°C.  223 

 224 

Construction of lysogens. 225 

E. coli K12 strains (DH5α and MG1655) and stx-negative E. coli O26:H11 strains 226 

were grown overnight in LB broth at 37°C with shaking. One milliliter of host culture was 227 
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mixed with 100, 250 or 500 µl (MOI between 0.1 and 0.5) of the different Stx phages such as 228 

Stx1, Stx2 or a mix of Stx1 and Stx2 phage suspensions resulting from the mitomycin C 229 

induction of the H19 strain (phage ΦH19s), 5917/97 strain (phage Φ5917s) and 3901/97 strain 230 

(phage Φ3901m), respectively, and incubated 1 h at 37°C without shaking. The mixtures were 231 

then diluted tenfold, plated onto LB-Agar and incubated 24 h at 37°C. After incubation, 232 

colonies were enumerated and compared to the enumeration of the uninfected strains used as 233 

a control, to check that a majority of the host cells had been lysed and thus infected upon 234 

contact with the phage. Finally, 5-10 colonies were purified and tested for lysogeny by PCR 235 

amplification of stx1 and stx2 genes (as described above) and of host-phage attL junction sites 236 

(13). 237 

 238 

Propagation and purification of Stx phages and transmission electron microscopy. 239 

The E. coli laboratory strain MG1655 was used as the host for purification and 240 

propagation of Stx phages from strains H19, 5917/97, 3901/97, 21765(1), 2976-1 and 11368 241 

(Table 1). Stx phage particles, obtained after induction, were amplified and purified in solid 242 

medium, as follows. Stx phages were isolated by the double-agar overlay plaque assay, as 243 

described above. One lysis plaque was removed with a sterile toothpick and resuspended in 244 

50 µl of 10 mM MgSO4 buffer. Two hundred microliters of an overnight culture of the host 245 

strain was mixed with 5ml of molten LB top agarose, immediately poured onto LB-agar 246 

plates and allowed to solidify. Fifty microliters of phage suspension were spotted onto these 247 

plates and incubated 8 hours at 37°C. The spots were collected and resuspended in 100 µl of 248 

10 mM MgSO4 buffer. Serial dilution of the lysates were then performed and used in a new 249 

round of plaque assay and incubated 8 hours at 37°C to produce confluent lysis of the host 250 

strain. Finally, 5 ml of 10 mM MgSO4 buffer were placed onto the top agar and incubated 8 251 

hours at 4°C and then recovered and filtered through low-protein-binding 0.22 µm-pore-size 252 

membrane filters (Millex-GP PES; Millipore).  253 
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The lysates (5 to 10 mL) were concentrated by ultra-centrifugation at 20,000xg for 2 h in a 254 

swinging rotor SW32Ti and the pellets were resuspended in 100µL of 10 mM MgSO4 buffer. 255 

Five microliters of these suspensions were placed onto copper grids with carbon-coated 256 

Formvar films and negatively contrasted with 2% uranyl acetate dehydrate. Samples were 257 

examined using a transmission electron microscope (HITACHI HT 7700) (Elexience – 258 

France) at 80kV. Microphotographs were acquired with a charge-coupled device camera 259 

AMT. 260 

 261 

RESULTS 262 

 263 

Evaluation of Stx phage induction from STEC O26:H11. 264 

Fourteen STEC O26:H11 strains were used to measure the level of induction of their 265 

Stx phages, either spontaneously (i.e. in the absence of MMC) or with the addition of MMC. 266 

For all the strains tested, the OD600 was lower after 24h of incubation with MMC (OD600 < 267 

1.25) than that obtained in the absence of MMC (OD600 > 2) (Table 2). This low OD600 was an 268 

indicator of bacterial cell lysis and induction. qPCR tests and plaque assays were then 269 

performed to assess the amount of Stx phages produced by each strain in the presence and 270 

absence of the inducing agent. 271 

  272 
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Table 2. Level of induction of Stx phage expressed in OD600 units. 273 

 OD600 
a   274 

Strain - MMC + MMC  275 
2976-1 3.50 ± 0.10 0.31 ± 0.09  276 
10d 3.33 ± 0.22 0.71 ± 0.17  277 
09QMA277.2 3.10 ± 0.14 0.37 ± 0.08  278 
09QMA245.2 3.20 ± 0.36 0.73 ± 0.11  279 
F46-223 3.25 ± 0.26 0.34 ± 0.14  280 
VTH7 2.73 ± 0.09 0.88 ± 0.04  281 
H19 2.80 ± 0.29 0.78 ± 0.04  282 
3901/97 2.67 ± 0.33 0.68 ± 0.07  283 
11368 2.75 ± 0.06 0.60 ± 0.11  284 
3073/00 3.03 ± 0.38 0.45 ± 0.41  285 
5917/97 2.86 ± 0.33 0.22 ± 0.05  286 
29348 3.28 ± 0.22 0.25 ± 0.06  287 
31132 2.98 ± 0.26 0.37 ± 0.09  288 
21765(1) 2.75 ± 0.17 1.23 ± 0.13  289 
 290 
a OD600 of untreated (-MMC) and MMC-treated (+MMC) STEC O26:H11 culture after 24h of 291 

incubation at 37°C. The values are the mean of three independent experiments. 292 

 293 

Stx phages could be detected by qPCR in all the STEC O26:H11 culture supernatants tested, 294 

indicating that all the strains were capable of producing Stx phages. Stx phage production was 295 

highly variable between the strains (Fig. 1), and in most cases, MMC increased the phage 296 

particle yield. There was no significant difference in the basal induction level of Stx phages 297 

between the human and dairy strains, and the same was true in the presence of MMC (Fig. 1). 298 

Similarly there was no significant difference in the induction rates of Stx phages according to 299 

their insertion site, except for the spontaneous induction of Stx phages inserted into yecE 300 

which was significantly higher than that of Stx phages integrated into wrbA (P < 0.05) or 301 

yehV (P < 0.01) (Fig. 1).  302 
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 303 

Figure 1. Quantification of Stx1 and Stx2 phages DNA. Quantification by qPCR of Stx1 304 

and Stx2 phages DNA extracted from culture supernatants obtained from untreated (-MMC, 305 

grey bars) or MMC-treated (+MMC, black bars) STEC O26:H11 cultures. The STEC strains 306 

were from dairy (D) and human (H) origins and their Stx phages were integrated into wrbA, 307 

yehV, yecE or sbcB sites. The concentration of Stx phages was expressed in log10 of stx gene 308 

copies per milliliter (log10 GC/ml). The data were obtained from three independent analyses, 309 

and the average copy numbers for each phage DNA are shown. Bars indicate standard 310 

deviations.  311 

 312 

Production of Stx phages was observed in both conditions, i.e. in the presence and absence of 313 

MMC. In the absence of MMC, the level of Stx phage particles spontaneously produced 314 
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varied between 3.49 log10 and 7.67 log10 GC/ml (no. of stx gene copies/ml) whereas when 315 

MMC was added, the Stx phage levels were between 3.47 log10 and 9.46 log10 GC/ml. 316 

Overall, the addition of MMC resulted in an average increase of 2 log10 relative to the 317 

spontaneous induction (P < 0.05). Two exceptions were observed. For strain 3901/97, the 318 

levels of the Stx1 phage were not significantly different with and without MMC, and for 319 

strain 09QMA277.2 which contains both Stx1 and Stx2 phages, production of the Stx1 phage 320 

became undetectable when MMC was added.  321 

When the production levels of Stx1 phages were compared to those of Stx2 phages, a 322 

difference was observed (P < 0.001). This was true both in the presence and in the absence of 323 

MMC, since the amount of Stx2 phages was higher of 2.11 and 3.16 log10, respectively, 324 

compared to that of Stx1 phages.  325 

The Stx phage titers were then determined by enumeration of infectious Stx phages 326 

using the double-agar layer method and compared to the concentrations of Stx phage DNA 327 

determined by qPCR. Except for one strain (11368), all the strains generated infectious 328 

particles capable of producing plaques with the E. coli recipient strain DH5α. Four strains 329 

(2976-1, 09QMA245.2, VTH7 and 3073/00) also produced infectious Stx phages but these 330 

failed to generate isolated plaques (Fig. 2). As observed with qPCR, the mean titers for Stx2 331 

phages were higher of 2 log10 than that for Stx1 phages. However, the Stx phage titers 332 

determined by plaque enumeration were lower on average of 1.98 log10 ± 1.01 (decrease of 333 

min. 0.79 for 3901/97 strain and of max. 4.28 log10 for H19 strain ) than the concentrations of 334 

Stx phage genomes determined by qPCR. 335 

 336 
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 337 

Figure 2. Quantification of Stx1 and Stx2 phage particles. Quantification by enumeration 338 

of lysis-plaques from Stx1 and Stx2 phages particles obtained from culture supernatants 339 

derived from MMC-treated STEC O26:H11 cultures. The STEC strains were from dairy (D) 340 

and human (H) origins and their Stx phages were integrated into wrbA, yehV, yecE or sbcB 341 

sites. The titer of the original phage preparation was expressed in plaque-forming units per 342 

milliliter (pfu/ml). The data were obtained from three independent analyses, and the average 343 

titers for each phage are shown. Bars indicate standard deviations. 344 

 345 

Host infectivity of Stx phages and construction of lysogens. 346 

Seventeen stx-negative E. coli O26:H11 strains and the E. coli K12 strain DH5α were 347 

evaluated using spot agar tests for their sensitivity to six filtered supernatants containing Stx 348 

phages (obtained after induction of strains H19, 5917/97, 3901/97, F46-223, 09QMA277.2, 349 

and 21765). The results obtained from the 102 different E. coli / Stx phage interactions tested 350 

are reported in Table 3. 351 
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The 17 strains were not equally infected by Stx phages. One strain (64.36) was not sensitive 352 

to any of the six Stx phages, and two strains (09QMA04.2 and 09QMA355.2) were infected 353 

by only one Stx phage. By contrast, other strains such as 191.1, 5080/97 or 5021/97 were 354 

sensitive to all of the 6 Stx phages. Overall, 55 (54%) out the 102 E. coli / Stx phage 355 

interactions tested were positive for infection. Among the human strains, 68.7% were 356 

sensitive to Stx phages while only 40.7% of dairy strains were infected, a difference which 357 

was statistically significant (P = 0.008 with a chi2 test). In addition, the turbidity of the lysis 358 

area varied among the strains tested (Table 3). Clear lysis was obtained with DH5α in contrast 359 

to most stx-negative E.coli O26:H11 strains which generated more opaque lysis area.  360 

Phages Φ5917 and Φ3901m could infect 76.4 and 70.6% of stx-negative E. coli O26:H11, 361 

respectively, while phages ΦF46-223, Φ277.2 and Φ21765 could infect between 47 and 59% 362 

of stx-negative E. coli O26:H11. By contrast, phage ΦH19 infected only 23.5% of the stx-363 

negative E. coli O26:H11 strains. These differences between the phages were not significant 364 

however, except for phages Φ5917 and Φ3901m whose infectivity was significantly higher 365 

than that of the phage ΦH19 (P = 0.006 and P = 0.016 respectively with a chi2 test). Finally, 366 

the E. coli K12 strain DH5α used as a control was susceptible to infection with all the phages 367 

tested, showing marked lytic areas.  368 

  369 
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Table 3. Stx phage infectivity of E. coli hosts. 370 

     Phages    371 
Origina Strain ΦH19 Φ5917 Φ3901m ΦF46-223 Φ277.2 Φ21765 Total 372 
Dairy product 09QMA04.2 - - + - - - 1 373 
Dairy product 09QMA315.2 + ++ + - + - 4 374 
Dairy product 09QMA306.D - + - - + - 2 375 
Dairy product FR14.18 - + + - - - 2 376 
Dairy product 4198.1 - - + ++ ++ + 4 377 
Dairy product 191.1 + + + + + + 6 378 
Dairy product 64.36 - - - - - - 0 379 
Dairy product 09QMA355.2 - + - - - - 1 380 
Dairy product F61-523 - + - - ++ - 2 381 
Human (HUS) 5021/97 + + + + + + 6 382 
Human (HUS) 5080/97 + + +b + + ++ 6 383 
Human (HUS) 318/98 - - + + ++ - 3 384 
Human (HUS) 21474 - +c ++++d +++ ++ +++ 5 385 
Human (HUS) 21766 - + + - - + 3 386 
Human (NK) MB04 - + + + - + 4 387 
Human (NK) MB01 - + - + + + 4 388 
Human (HUS) 29690 - + ++ - - - 2 389 
K12 DH5αe ++++c ++++c ++++ ++++c ++++c +++ 6 390 
Total 18 5 14 13 9 11 9 391 
 392 
a HUS, Hemolytic Uremic Syndrome; NK, Not known 393 

b Presence of small lysis plaques instead of a confluent lysis area 394 

c Presence of a blurred halo around the lysis area 395 

d Net lysis with colonies in the lysis plaque 396 

e E. coli K12 strain was used as a control strain 397 

-, Non-detectable lysis in the spot area; ++++, clear lysis in the spot area; +++ to +, lysis 398 

increasingly opaque in the spot area 399 

 400 

Attempts to lyzogenize E. coli K12 strains DH5α and MG1655 with filtered 401 

supernatants containing Stx phages were then performed. Supernatants containing only an 402 

Stx1 phage (ΦH19) or only an Stx2 phage (Φ5917), obtained from the induction with MMC 403 

of H19 and 5917/97 strains, respectively, were tested, as well as a mix of both Stx1 and Stx2 404 

phages (Φ3901m) obtained from the induction with MMC of 3901/97 strain. A maximum 405 

decrease in DH5α bacterial viability was observed from -5.32 to -6.19 log10 in the presence of 406 

phages Φ5917 and Φ3901m, respectively, compared to the same conditions in the absence of 407 

phages, and similar results were observed with MG1655 (data not shown). By contrast only a 408 
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small decrease (< 1.01 log10) in DH5α bacterial viability was observed using phage ΦH19. 409 

Lysogens could only be obtained with Φ3901m, with both DH5α and MG1655 (data not 410 

shown), and these acquired the Stx2 phage but not the Stx1 phage (data not shown). For these 411 

two lysogens, PCR amplification of attL junction tested from their DNA was positive at the 412 

yecE site (data not shown), suggesting that the Stx2 phage integrated its genome into the 413 

bacterial chromosomal gene yecE. 414 

When the same lysogenization assays were conducted with four stx-negative E. coli O26:H11 415 

strains (318/98, 191.1, 5080/97 and 21766), there was no difference in bacterial 416 

concentrations in the presence or absence of phages, and no lysogens could be recovered (data 417 

not shown). This suggested to us some level of resistance to infection in liquid, although 418 

growth occurred in top-agar, as turbid plaques were obtained (see above). To test whether 419 

phage resistance was due to restriction/modification, the Stx2 phage Φ3901 was propagated 420 

on the stx-negative E. coli O26:H11 strain 21474 and this new stock was used for a 421 

lysogenization assay on strain 21474.No lysogens could be isolated either. However, after the 422 

adsorption step of phage Φ3901 on the 21474 strain, the mixture was positive for PCR 423 

amplification of the attL junction at the yecE site suggesting that lysogenic bacterial cells 424 

were present (data not shown).  425 

 426 

Electron microscopy. 427 

Six Stx phages, including an Stx1 phage (ΦH19), and five Stx2 phages (Φ5917, 428 

Φ3901, ΦF46-223, Φ277.2 and Φ21765) were plaque-purified and amplified on the MG1655 429 

K12 strain that is devoid of functional prophages (see Methods). The six purified Stx phages 430 

from STEC O26:H11 were observed by Transmission electron microscopy. Three different 431 

kinds of phages were identified (Fig. 3). Two phages (Φ3901 and ΦH19) presented an 432 

elongated (prolate) capsid measuring 42-52 nm wide and 106-121 nm long, with a long 433 

flexible tail of ca 190-209 nm, and were member of the Siphoviridae family (Fig. 3A and 3B). 434 
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Three phages (Φ11368, Φ5917 and Φ21765) showed a morphology of Siphoviridae, with a 435 

head of ca 44-64 nm diameter and a long tail of ca 150-195 nm (Fig. 3C, 3D and 3E). Finally, 436 

phage Φ2976-1 was also a member of the Siphoviridae family, with an isometric-head of ca 437 

56 nm diameter and a very long tail of ca 411 nm (Fig. 3F). 438 

 439 

Figure 3. Electron micrographs of Stx phage particles obtained from STEC O26:H11. 440 

Electron micrographs of six phages. (A) phage Φ3901; (B) phage ΦH19; (C) phage Φ11368; 441 

(D) phage Φ5917; (E) phage Φ21765; (F) phage Φ2976-1. (A) and (B), Stx phage particles 442 

with an elongated head and a long flexible tail. (C) to (E), Siphoviridae phages with a long 443 

tail. (F), Siphoviridae phage with a very long tail. Bars, 100 nm.  444 

  445 



Etude expérimentale – Chapitre 2 

119 

DISCUSSION 446 

 447 

In this study the level of Stx phages induction from 14 STEC O26:H11 was analyzed. 448 

Various strains were selected according to their origin (i.e. human and dairy) and Stx phages 449 

(i.e. Stx types 1 and 2, and insertion sites wrbA, yehV, yecE and sbcB), in order to evaluate the 450 

variability of Stx phages inducibility depending on these parameters. Induction of Stx phages 451 

was evaluated in spontaneous conditions as well as in the presence of an inducing agent, 452 

mitomycin C.  453 

All of the 14 (100%) STEC O26:H11 strains examined here contained inducible Stx 454 

phages and were capable of producing Stx phages both spontaneously and in the presence of 455 

MMC. Other studies showed that from 18% to 89% of STEC isolated from cattle or 456 

wastewaters and belonging to a wide variety of serotypes contained inducible Stx2 phages 457 

(35, 36).  458 

According to previous work, the concentrations of phage DNA obtained after 459 

induction are inversely proportional to the optical densities of the culture (35). This was also 460 

the case here although several exceptions were observed. For example, for strains 31132 and 461 

21765(1) which showed the same Stx2 phage concentration of ca 9 log10 GC/ml, the OD600 462 

values were 0.37 and 1.23, respectively. Conversely, for strains VTH7 and H19 whose OD600 463 

values were similar (i.e. 0.88 and 0.78 respectively), H19 produced hundred times more Stx1 464 

phage than VTH7. Although OD600 values might represent a good indicator of qualitative Stx 465 

phage induction, quantitative assessment using other assays seems therefore preferable.  466 

In this study, the induction levels of Stx phages in the presence of MMC were 467 

significantly 2 log10 higher than those obtained from spontaneous induction, and a higher 468 

induction was observed for Stx2 phages compared to Stx1 phages. This less pronounced 469 

effect of MMC on Stx1 production was also observed by Ritchie et al. (37). Moreover, it has 470 

been shown previously that spontaneous induction of Stx1 phages could be increased 471 
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significantly when STEC were grown in a low-iron medium (38) although no correlation was 472 

observed between Stx1 phage induction levels obtained in low-iron medium and in the 473 

presence of MMC (37). Finally, although the levels of Stx phages evaluated here showed a 474 

high variability, there was no significant difference in the Stx phage induction levels 475 

depending on the origin of the strains (human versus dairy), whatever the presence or absence 476 

of MMC. No difference were observed either according to the Stx phage insertion sites, 477 

except for the spontaneous induction which was higher for Stx phages inserted into yecE 478 

versus wrbA and yehV. Interestingly, strains with Stx2 phage integrated into yecE were 479 

described previously as highly virulent (13).  480 

Enumeration of Stx phages demonstrated that 13 out of 14 strains generated infectious 481 

phage particles capable of producing plaques on the E. coli DH5α recipient strain. As some 482 

Stx phages were also unable to generate isolated plaques, improvements of our protocol could 483 

be considered, as described by Islam et al. (39). In addition, the phage titers determined by 484 

plaque enumeration were lower than the concentrations of phage genomes determined by 485 

qPCR suggesting that only a fraction of phage particles were infectious, the remaining ones 486 

corresponding to defective particles which could not generate plaques. Nevertheless, despite 487 

this difference, the relative levels of Stx phages produced by the STEC O26:H11 strains and 488 

determined by both methods were in agreement.  489 

When considering the infectivity of different stx-negative E. coli O26:H11 strains 490 

towards a group of six Stx phages from STEC O26:H11, variability in sensitivity was 491 

observed as one stx-negative E. coli strain (64.36) was not infected by any six Stx phages 492 

while, at the opposite, three strains (191.1, 5080/97 and 5021/97) were sensitive to all Stx 493 

phages. This phenomenon was previously observed by Muniesa et al. with different serotypes 494 

of E. coli including the E. coli serogroup O26 strains for which 1 and 7 out 11 phages tested 495 

on strain 216 and 224, respectively, resulted in positive infection (40). Interestingly, a higher 496 

sensitivity of the human strains was observed here compared to the dairy strains. 497 
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When the lysogenic conversion was investigated, lysogenic E. coli DH5α and MG1655 498 

isolates could be obtained, with Stx2 phages integrated into yecE. However, all our attempts 499 

to lysogenize stx-negative E. coli O26:H11 strains failed. This could be due to a low 500 

frequency of lysogenization preventing the isolation of lysogenic strains on agar plates. 501 

Indeed, Bielaszewska et al. showed that three Stx2 phages lysogenized only two or three of 502 

six clinical stx-negative E. coli strains, with rates of lysogenization ranging from 1 x 10-7 to 6 503 

x 10-6 per recipient cell, i.e. 10x lower than that obtained with laboratory strain E. coli C600. 504 

More importantly, in the same study, only one out of four Stx1 phages was successful in 505 

lysogenization, and this event occurred with only one out of six clinical stx-negative E. coli 506 

strains, at a rate similar to that of Stx2 phages (23).  507 

The stx-negative E. coli strains tested in our study contained vacant Stx phage integration 508 

sites, indicating that availability of free insertion site was not the reason for the low 509 

lysogenization rates observed here. Interestingly, insertion of Stx phage genomes into the 510 

chromosome of an stx-negative E. coli O26:H11 strain (21474) could be demonstrated here by 511 

PCR amplification of attL junction at the yecE site within suspensions corresponding to a 512 

mixture of phage and recipient strain. This result suggested that Stx phage have the ability to 513 

lysogenize stx-negative E. coli O26:H11, presumably with a low frequency that did not allow 514 

the isolation of lysogens in the absence of selective pressure. Alternatively, it is also tempting 515 

to speculate that a certain degree of instability of Stx prophage might have prevented the 516 

isolation of lysogens. Indeed, although lysogenization of stx-negative E. coli such as 517 

Enteropathogenic E. coli (EPEC) and Enteroaggregative E. coli (EAEC or EAggEC) with Stx 518 

phages was shown previously (23, 41, 42), the stable Stx phage acquisition was also observed 519 

to rarely occur (23, 42).  520 

Finally 3 types of morphology were observed by electron microscopy among the six 521 

Stx phages analyzed. Two phages (Φ3901 and ΦH19) presented an elongated (prolate) capsid 522 

and a long flexible tail and were considered as Siphoviridae. The Stx1 phage ΦH19 studied 523 



Etude expérimentale – Chapitre 2 

122 

here was identical to Stx1 phage H-19B isolated from the strain (H19) and described 524 

elsewhere (43). The fact that Stx2 phage Φ3901 was also similar to the Stx1 phage H-19B 525 

indicated that phages harboring either an stx2 or an stx1 gene in their genomes can share a 526 

similar shape, as previously observed by Muniesa et al. (2003) (44). The second phage 527 

morphology observed here corresponded to the family of Siphoviridae and was shared by an 528 

Stx1 phage (Φ11368) and two Stx2 phages (Φ5917/97 and Φ21765). This morphology was 529 

similar to that of Stx2 phages previously observed (35, 40). Finally, the third type of phage 530 

morphology was found for phage Φ2976-1 and corresponded to a Siphoviridae with a very 531 

long tail of about 411 nm. This type of tail of a particularly large size was observed by Hoyles 532 

et al. for virus-like particles corresponding to bacteriophages and associated with human 533 

faecal or caecal samples (45). Altogether these results are consistent with previous reports, 534 

showing that there was no relationship between the presence of a particular stx variant and the 535 

morphology of the corresponding phage (36). This also confirmed the diversity of phage 536 

morphologies circulating in STEC population, and in STEC O26:H11 strains in particular. 537 

In conclusion, Stx1 and Stx2 phages of STEC O26:H11 are characterized by a high 538 

diversity with variations observed in their induction levels, morphologies and ability to infect 539 

E. coli strains. Interestingly, we noted that the lysogenization of stx-negative E. coli with Stx 540 

phages was a rare event requiring more appropriate conditions to successfully isolate stable 541 

lysogens. Molecular methods such as PCRq could represent alternative assays to identify and 542 

quantify lysogens within an E. coli population infected by Stx phages. 543 
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