
HAL Id: tel-01785630
https://theses.hal.science/tel-01785630

Submitted on 4 May 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Étude des mécanismes de virulence du pathogène
nosocomial Acinetobacter baumannii

Stéphanie Gagné

To cite this version:
Stéphanie Gagné. Étude des mécanismes de virulence du pathogène nosocomial Acinetobacter bau-
mannii. Maladies infectieuses. Université de Lyon, 2018. Français. �NNT : 2018LYSE1045�. �tel-
01785630�

https://theses.hal.science/tel-01785630
https://hal.archives-ouvertes.fr


 
 
 
 
 
 
N°d’ordre NNT :  
 

THESE de DOCTORAT DE L’UNIVERSITE DE LYON 
opérée au sein de 

l’Université Claude Bernard Lyon 1 
 

Ecole Doctorale N° 205 
Ecole Doctorale Interdisciplinaire Sciences Santé 

 
Spécialité de doctorat :  

Infectiologie 
 
 
 

Soutenue publiquement le 30/03/2018, par : 
Stéphanie Gagné 

 
 

Etude des mécanismes de virulence du 
pathogène nosocomial  

Acinetobacter baumannii 
 

 
 
 
 
 
Devant le jury composé de : 
 
Guignot, Julie             Docteure Inserm Rapporteure  
O’Callaghan, David     Docteur Inserm   Rapporteur 
Doublet, Patricia   Professeure Université Lyon 1 Présidente du jury 
Jeannot, Katy   Docteure CHRU Jean Minjoz  Examinatrice 
Lina, Gérard               Professeur           Université Lyon 1  Examinateur 
Salcedo, Suzana         Docteure Inserm   Directrice de thèse 

 





UNIVERSITE CLAUDE BERNARD - LYON 1 
 

Président de l’Université 

Président du Conseil Académique  

Vice-président du Conseil d’Administration 

Vice-président  du Conseil Formation et Vie Universitaire  

Vice-président de la Commission Recherche 

Directrice Générale des Services 

M. le Professeur Frédéric FLEURY 

M. le Professeur Hamda BEN HADID 

M. le Professeur Didier REVEL 

M. le Professeur Philippe CHEVALIER 

M. Fabrice VALLÉE 

Mme Dominique MARCHAND  
 

COMPOSANTES SANTE 
 

Faculté de Médecine Lyon Est – Claude Bernard 

Faculté de Médecine et de Maïeutique Lyon Sud – Charles 
Mérieux 

Faculté d’Odontologie  

Institut des Sciences Pharmaceutiques et Biologiques 

Institut des Sciences et Techniques de la Réadaptation 

Département de formation et Centre de Recherche en Biologie 
Humaine 

Directeur : M. le Professeur G.RODE  

Directeur : Mme la Professeure C. BURILLON 

Directeur : M. le Professeur D. BOURGEOIS 

Directeur : Mme la Professeure C. VINCIGUERRA 

Directeur : M. X. PERROT 

Directeur : Mme la Professeure A-M. SCHOTT 

 

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE 

Faculté des Sciences et Technologies 
Département Biologie 
Département Chimie Biochimie 
Département GEP 
Département Informatique 
Département Mathématiques 
Département Mécanique 
Département Physique 

UFR Sciences et Techniques des Activités Physiques et Sportives 

Observatoire des Sciences de l’Univers de Lyon 

Polytech Lyon 

Ecole Supérieure de Chimie Physique Electronique 

Institut Universitaire de Technologie de Lyon 1 

Ecole Supérieure du Professorat et de l’Education 

Institut de Science Financière et d'Assurances 

Directeur : M. F. DE MARCHI 
Directeur : M. le Professeur F. THEVENARD  
Directeur : Mme C.  FELIX 
Directeur : M. Hassan HAMMOURI 
Directeur : M. le Professeur S. AKKOUCHE 
Directeur : M. le Professeur G. TOMANOV 
Directeur : M. le Professeur H. BEN HADID 
Directeur : M. le Professeur  J-C PLENET  

Directeur : M. Y.VANPOULLE   

Directeur : M. B. GUIDERDONI  

Directeur : M. le Professeur E.PERRIN 

Directeur : M. G. PIGNAULT 

Directeur : M. le Professeur C. VITON 

Directeur : M. le Professeur A. MOUGNIOTTE 

Directeur : M. N. LEBOISNE 
 





Docteure Julie Guignot, au Docteure Katy Jeannot, au Professeur Gérard Lina ainsi qu’au 

Docteur David O’Callaghan pour avoir accepté de faire partie de mon

d’évaluer mes travaux.

Je remercie particulièrement Suzana de m’avoir permis d’intégrer son laboratoire durant 

mon master puis de m’avoir préparée au mieux pour me permettre de réaliser cette thèse. 

Alpes d’

travers l’ARC1 Santé.

Je remercie l’ensemble des membres de l’équipe c2bp, les membres actuels mais j’ai 

également une pensée pour les anciens membres. Je vous remercie pour toute l’aide 

précieuse que vous m’avez apportés lors de la révision de ce manuscrit.

bienveillance. C’est 

Je remercie l’ensemble du personnel de l’IBCP, scientifique et non scientifique, pour leurs 

discussions intéressantes et les services rendus. Je remercie toutes les personnes que j’ai 

pu croiser et qui m’ont transmises leur bonne humeur 

J’ai une pensée particulière pour les doctorants avec qui j’ai pu faire un bout de chemin. 

J’ai fait de belles rencontres durant cette thèse. Merci pour votre soutien au quotidien. Je 



Je remercie tout particulièrement Christelle. Merci pour l’important soutien que tu m’as 

à l’amélioration du manuscrit.

J’ai une pensée pour mes amis connus en Master

Louisa, Maïté, et bien d’autres. Merci à vous. 

Je remercie particulièrement mes proches, ma famille, d’avoir cru en moi, de m’avoir 

soutenue au cours de toutes ces années d’études et d’avoir pensé que je pouvais le faire. 

C’est grâce à vous si j’en suis arrivée là et je ne vous 

la distance et les doutes. Tu auras subi toutes ces années avec moi mais j’espère que tu 





: Ab résistante à l’imipenème

: protéine présente à la membrane externe d’Ab contenant des phosphorylcholines
: Dulbecco’s Modified Eagle Medium

: DMEM+SVF contenant de l’hygromycine B à 300 
l’apramycine à 50 μg/mL 

: Séquence d’insertions

d’infection 

κB : nuclear factor κ B

: récepteur du facteur d’activation plaquettaire



: sérum de veau fœtal

TNFα α



cœur

Tableau 2. Souches utilisées au cours de l’étude
Tableau 3. Résistance aux antibiotiques des souches d’Ab

’ABRI (N=343) et proportion de signalements d’ABRI rapportée 
à l’ensemble des signalements pour des cas d’infections nosocomiales reçus à l’InVS en 

e 3. Pourcentage d’infection par des souches d’

Mécanisme d’adhésion et d’interaction d’Ab avec les cellules épithéliales 

ΔompA.
et lors d’infection 

Figure 7. Les fonctions d’OmpA identifiées chez 

lors de l’infection d’une 

Figure 9. Réponse immunitaire induite lors de l’infection par 
Figure 10. Cartographie des systèmes essentiels à la virulence d’

Figure 11. Modèle illustrant les différentes étapes d’assemblage, de translocation 
d’effecteurs vers la cellule cible et de recyclage des composants du SST6.

Figure 13. Expression et sécrétion de Hcp par les différentes souches d’Ab

Figure 15. Analyse du pourcentage d’adhésion des différentes souches d’Ab

e l’adhésion des souches 17978 et DSM30011 d’Ab

IC par l’infection d’Ab.

souches d’
Figure 20. Différences de cytotoxicité observées par mesure d’incorporation de IP lors de 
l’infection des cellules pulmonaires épithéliales par les différentes souches d’Ab

κB dans le 

κB par Ab.



Figure 23. Sécrétion d’IL
souches d’

hypervirulentes à l’intérieur des cellules eucaryotes.

à l’intérieur des cellules infectées.

e infectée par la souche 5075 d’Ab présentant un nombre important de 

Figure 30. Variation de phase chez la souche 5075 d’Ab.
Figure 31. Images de microscopie à épifluorescence des constructions d’Ab

Figure 35. Mise au point des conditions d’utilisations du système de gène rapporteur 
permettant l’évaluation de l’activation de la voie NF κB.



2. Réservoir naturel d’

5. 1. Caractéristiques du génome d’Ab

5. 2. Diversification génomique d’Ab

6. Mécanismes de virulence d’Ab

6. 1. Mécanismes d’adhésion d’Ab

6. 2. Internalisation d’A

l’infection par Ab

7.1. Reconnaissance d’Ab par les PRR

7. 2. Effecteurs de la RI innée impliqués dans l’infection à Ab



Présence d’un SST6 inactif chez les souches cliniques hypervirulentes

Analyse de la virulence des souches hypervirulentes dans le modèle d’infection 

Analyse de la capacité d’adhésion des souches d’Ab

Observation par microscopie de l’adhésion d’Ab aux cellules épithéliales humaines

aison de l’induction de cytotoxicité chez les cellules infectées par les différentes souches 
d’Ab

Evidence d’une phase intracellulaire et multiplication des souches cliniques hypervirulentes à 
l’intérieur des cellules eucaryotes

Annexe 2. Construction de souches GFP d’Ab.

Annexe 6. Résistance aux antibiotiques d’Ab





 INTRODUCTION





appartenant à l’ordre des 

nouvelles propositions d’

l’identification n’a pas encore 

font partie d’un regroupement phylog

d’

ci a été possible grâce à l’avancé des 

aujourd’hui l’espèce la

de l’arbre est
sur l’alignement de 

appartenant au génome cœur.

d’identité nucléotidique (ANI) 
Les nœuds en 

L’arbre a été



L’analyse des éléments l’identification

d’ L’étude de c

l’analyse de 

d’Oxford. D’autres mét

’ l’électrophorè

d’

pour l’identification de composants 

’

’effectuer un –

’ancrent à un point d’attache puis se rétractent. 

t capable de vivre à l’état libre

d’

d’augmenter sa persistance sur les surfaces jusqu’à deux fois plus 



’

souches d’

extracellulaire, composée d’une grande 

d’échapper au système immu de l’hôte d’

–

Réservoir naturel d’

dans l’environnement, notamment dans les sols, les eaux usées ou encore l’eau 

– Des animaux de compagnie porteurs d’

naturel d’Ab n’est pas connu. Ab n’est que très rarement isolée dans l’

reste l’espèce 

es d’

différents gènes impliqués dans l’adhésion

d’interagir avec l’

d’

d’



d’Ab 

l’Homme

l’

règles strictes d’hygiène

à l’origine d’infections du système 

–

l’origine d’infections 

, d’infections de plaies ou d’ISU. 

être à l’origine d’infections communautaires et d’infection

Ce contexte clinique et l’importance des infections 

à la mise sous respiration assistée d’un patient 

l’

jusqu’à % de l’ensemble des PN



L’implication des autres souches 

n’est pas renseignée dans la littérature. 

sont des pneumonies qui n’ont pas été contractées suite 

es cas d’inf

font état d’ d’environ 62 –

sexe, l’âge, le l’

l’année –

’

’ ; bien qu’

n’est pas toujours clairement identifiée mais 

d’infections 

d’infections urinaires

l’utilisation de tube 

–

e jusqu’à 

– L’incidence de bactériémies causées par Ab est en 

état de santé général et de l’antibiorésistance de la souche à l’origine de l’infection. 



Une influence saisonnière sur l’apparition des bactériémies attribuées à Ab 

mbre d’infections causées par Ab 

durant les mois d’été 

notre organisme de l’entrée de pathogène

cause d’infection –

puisqu’elle

–

l’impact de l’infection par Ab sur le

est à l’origine de moins de 3 des cas d’ISU 

de ce type d’infection –

Unis ont constaté l’émergence de cas d’infections 



e recrudescence d’infections 

L’origine ’est 

d’

est à l’or

de greffe d’organe. En e

d’infections nosocomiales car ils effectuent plusieurs séjours prolongés à l’hôpital

suivent un traitement d’immunosuppression afin d’éviter tout risque de rejet d

% selon l’efficacité du 

–

qu’au niveau

qu’elles représentent. 

nosocomiale est la première source d’inquiétude lors d’une hospitalisation

l’office parlementaire d’évaluation des politiques de santé publique a dressé un bilan des 

€ à 40 € par patient selon le type d’infection –

éoccupante avec l’émergence de souches de plus en plus 



 

d’antimicrobiens

 

à l’exception d’une ou

 

d’antibiotiques disponibles sur le marché

l’

ive des signalements d’infection

d’Ab résistantes à l’imipenème (ABRI), un carbapénème (Figure

groupe des β

s pour le traitement d’infections aux 

d’

d’

l’ensemble des 

cas d’

l’InVS

ebdomadaire de l’



signalement croissant d’infections à des souches d’Ab en France mais également 

l’Europe, a conduit l’introduction d’Ab 

que près de la moitié des souches d’ isolées lors d’infections 

d’Europe % des souches d’Ab isolées sont 

la Grèce, l’Italie ou encore la Croatie se retrouve

tements efficaces en cas d’infections deviennent limités. 

souches d’ au moins 3 classes différentes d’antibiotiques 

Pourcentage d’infection d’

l’

l’



d’

d’action mondial 

r l’en

des membres de l’Organisation Mondiale de la Santé (OMS). Ce programme 

d’obtenir des données fiables, exploitables et comparables entre les différents pays

e, d’identification et de caract

En 2017, l’OMS a aussi placé

nouvelles souches d’Ab

n’appartenant pas aux trois clones les plus répandus au niveau international,

pas d’importants risque

l’infection 

à l’inverse des

suggérant l’acquisition de nouveaux mécanismes de virulence.

’

l’

lui d’ près de cinq cents millions d’années

’

d’

d’un nombre limité de clone

d’infection

nombreux cas d’infections. 

–



La taille du génome d’Ab 

C) d’environ 39

souches d’un

appartenant soit au génome « cœ cœur

ent l’ensemble des gènes ubiquitaires c’est

de l’ cœur

e l’ensemble des gènes 

ne sont pas partagés par l’ensemble de la 

plus d’

cœur

cœur
aison des génomes de l’espèce



jusqu’à 

cœur d’

’

permet d’émettre sur l’importance de 

ogène d’Ab.

accessoire d’Ab e

virulence d’Ab pourrait s’expliquer 

contrôlant notamment l’expression de ces 

’
’

’é d‘ ’

, montrant l’importance de l’acquisition d’éléments 

à l’origine d’épidémies en 

l’hypothèse de

l’acquisition de nouveaux matériaux génétiques

’ d’acquérir de l’ADN 

c’est

d’

représenter jusqu’à 2

bactériens dans l’apport de 



séquences d’insertion 

l’apparition des pre ’infection

durant l’infection

l’insertion d ’ISAba1

du génome d’Ab ou 

d’insertion d’ISAba1 sont davantage r

l’antibiorésistance ou des gènes apportant une adaptation à l’hôte

’acquisition e par l’apparition 

et l’affinité 

la régulation d’une fonction de la bactérie

sensibilité d’Ab à 

s l’enroulement de l’ADN et dans les mécanismes 

de réplication de l’ADN, entraîne une résistance aux quinolone

la population d’Ab au cours de l’infection d’un patient. 

d’

s à l’antibiorésistance ou à l’interaction avec l’hôte



mportante à s’adapter à son environnement

à l’ensemble de

d’

d’exemple ors d’un épisode infectieux en Belgique, un 

’

vaporisation de peroxyde d’hydrogène , Ab n’a pas 

plus en plus d’études ’  

’ des génomes, l’utilisation de souches 

l’adhésion aux surfaces biotiques et abiotique

l’acquisition

d’Ab

l’interaction 

l’ l’ l’

de l’hôte l’un des

Mécanismes d’adhésion d’

’



d’une matrice extracellulaire 

d’ et de protéines.  Ces structures permettent la formation d’une 

la réponse immunitaire de l’

’attachement 

d’abord 

Chez Ab, l’attachement initial 

l’opéron , codant le système d’

’expression de cet opéron est régulé

L’absence de BfmS 

par d’autres kinases ont aussi identifié d’autres gè

une protéine structurale d’un pilus de type I dont la fonction n’a pas encore 

d’Ab

plus abondante à la membrane externe d’Ab Il s’agit d’

dans la résistance d’Ab à certains antibio

–

s d’Ab n’exprimant pas OmpA ou Bap

mutant de l’ Ata, présent à la surface d’Ab

d’un mode de vie 



de l’ ’infection chez 

l’humain. En effet, chez l’homme

alors qu’ n’

Au contraire, d’autres souches cliniques ne 

. L’

d’Ab chez l’Homme

l’ de l’hôte

ensuite se disséminer dans l’organisme. 

l’ensemble des tissus

l’

qu’Ab interagi L’

I, III, IV et V ainsi qu’à la ’

d’héparane D’autre part

d’Ata est avirulent lors de l’infection d’Ab

L’adhésion à la 

–

présentes à la membrane externe d’Ab

apporte l’énergi

ligand de l’extérieur de la bactérie 

La souche 19606 d’Ab possède plusieurs protéines TonB, elles n’ont 



dans l’interaction avec la fibronectine

l’

être impliquées dans l’adhésion aux cellules eucaryotes. C’est le cas ’auto 

ermet l’adhésion aux cellules 

l’adhésion – ’

dont la cible n’a pas encore été idnetifiée,

augmentation de la formation de biofilm ainsi qu’une augmentation de l’adhésion aux 

’étude de l’interaction entre Ab et son hôte

de l’infection des cellules épithéliales humaines par Ab

l’

avec d’autres partenaires 

ont été mises en évidence. C’est le cas des

d’Ab. Les intégrines sont des l’adhésion des 

D’autres

l’organisation du cytosquelette

l’actine

d’ancrage aux filaments 

l’intégrité du tissu épithéliale

ne permet pas d’aff



e récepteur du facteur d’activatio

aujourd’hui le seul récepteur 

l’internalisation d’A

d’Ab 

qu’Ab a la capacité d’en de l’infection

d’études

l’internalisation d’ mis en évidence l’interaction entre l

présentes à la surface d’Ab duit à l’internalis d’Ab

leur confère une protection lors de l’infection par Ab. En effet, elles 

ant l’importance 

pour la virulence d’Ab 

’ l’

l’ l’augmentation de la concentration 

ors d’infection l’internalisation n’est pas totalement abolie chez le mutant ne 

suggérant que d’autres facteurs sont impliqués 

également dans l’internalisation d’Ab

, l’utilisation de banques de mutant

en évidence l’importance s dans l’internalisation d’Ab 

s dans l’invasion des cellules 

épithéliales et ont un effet cumulatif. L’utilisation de modèles mammifères et non 



dissémination d’Ab 

d’adhésion et 
d’interaction d’

les clathrines, les β 

’activité des filaments d’actine est nécessaire à l’internalisation d’Ab 

l’utilisation de drogues telles que l

significativement l’entrée d’Ab dans la cellule 

l’internalisation d’ β

D’autre part, le

contre l’infection que d’autres

d’ ’observation par 

’



l’ d’

intracellulaire d’Ab. Néanmoins peu d’éléments

’ampleur, la nature et la durée de 

, présents à la surface d’Ab ou sécrétés, perturbant l’homéostas

. L’apoptose

permet l’élimination

et extrinsèque d’apoptose sont induites lors de l’infection par Ab. 

de l’apoptose

à l’ADN ou encore 

formant l’apoptosome, un complexe 

–

’ADN

L’infection par Ab l’

l’apoptose ’augmentation de la 



l’entrée du Ca

L’infection par Ab 

l’apparition des 

d’au

indépendante de l’activation des 

l’utilisation d’ inhibiteur de l’ensemble des caspases n’abolit pas 

libéré lors de l’infection par Ab 

de l’apoptose

de l’infection 

. L’activation de de l’apoptose

n’

α TNFα), une importante cytokine 

. Le TNFα est un des ligands majeurs 

associé à la voie extrinsèque de l’apoptose. 

d’Ab induisant l’apoptose

rôles dans l’adhésion, 

’ impliqué dans l’ ction de la voie intrinsèque de l’apoptose. Lors de sa 

l’ADN grâce à son activité endonucléase 

’

’



lors de l’infection d’un 

Δ l’absence d’

vu de l’effet pléiotropique d’OmpA chez Ab, 

et non à un effet direct d’OmpA

Δ

Δ

OmpA, il y a induction d’apoptose chez les cellules 

D’autres phénotypes liés à l’apoptose 

une fragmentation de l’ADN

, un intercalant de l’ADN

du cytosquelette d’actine

de cultures d’Ab d’

comme d’autres

–

d’exposition sub



et lors d’infection 

onique A) d’une préparation du surnageant de la souche 

e l’infection d’une
sacrifiées après 48h. Images de microscopie électronique d’une coupe de poumon 

L’internalisation ’

sente à la surface d’Ab

ΔompA 

OMV d’une

à l’autre d’Ab L’

à l’ l’antibiorésistance mais aussi en protéine



Réponse immunitaire induite lors de l’infection par

. Elle conduit à l’activation de diverses 

Chez l’Homme, dix TLR permettent la détection de motifs 

Molecular Patterns). Chaque TLR a sa spécificité de ligands. D’autres PRR, tels que les NLR 

ne l’activation de la transcription de gènes par 

l’intermédiaire de

L’

κB (Nuclear Factor κB)

chez l’hôte l’infection.

κB est présent sous forme inactive, complexé à IκB α

IκB α est ubiquitiné et dégr κB. Après la 

κB est transloqué dans le 

l’induction de l’expression et la sécrétion de cytokines

recrutement et l’activation de cellules immunitaires sur le site d’infection



’

d’Ab.
A permet l’adhésion d’Ab

. L’internalisation de 
OmpA induit l’apoptose de la cellule en s’insérant au niveau de la membrane 

d’
–  

j’ai choisi de détailler a reconnaissance d’Ab 

l’interaction d’Ab 

l’infection par 

souches MDR d’Ab

Reconnaissance d’Ab par les 



Différentes études ont montré l’implication du TLR4 de 

d’Ab et son élimination. 

après 4h et 24h d’infection

Ceci s’explique par un délai dans l’induction d’une réponse inflammatoire ainsi qu’une 

L’infection par Ab

d’IκB α

κB

lors de l’

l’infection d’une cellule 

κB, la 

reconnaissance d’Ab par le 

l’inflammation.



L’élimination d’Ab par le macrophage est directement dépendante de la signalisation 

impliqué dans l’expression de l’oxyde nitrique synthase inductible

s les phases précoces de l’infection par Ab

puisqu’il est impliqué 

protection de l’hôte lors de l’infection par

à l’inverse un délai dans l’élimination d’Ab, selon la souche 

l’expression d’IL

différence dans l’induction de cytokines n’est observé

souches d’Ab déficientes en LPS stimulent de manière moins importante l’activation de 

κB et la production α

les motifs CpG non méthylés de l’ADN d’origine bactérienne

TLR9 et induit l’activation de NF κB

l’absence de TLR9 chez les souris infectées entraîne une charge bactérien

ainsi que l’augmen

’une diminution de la production de TNFα et d’ γ

Ab se dissémine au sein de l’organisme avec une charge plus importante dans l

. L’utilisation du m

de l’infection d’Ab



l’Homme. Les NL

l’adaptateur de Nod1/2

e de la phase intracellulaire d’Ab par l’ de la sécrétion d’IL

TNFα κB β

l’ l’

jusqu’à 48h après infection ’inverse

’intervi

survie intracellulaire d’Ab (TNFα et IL

participent à la formation de l’inflammasome, 

d’ 1β et d’ est capable d’induire les signaux de et d’activation 

conduisant à la formation de l’inflammasome L’infection des macrophages 

murins par Ab induit la production d’IL 1β, 

’IL 1β

d’IL 1β est observé

les concentrations en TNFα, IL
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Abstract
Gram-negative bacteria, such as Acinetobacter baumannii, are an increasing burden in

hospitals worldwide with an alarming spread of multi-drug resistant (MDR) strains. Herein,

we compared a type strain (ATCC17978), a non-clinical isolate (DSM30011) and MDR

strains of A. baumannii implicated in hospital outbreaks (Ab242, Ab244 and Ab825), reveal-

ing distinct patterns of type VI secretion system (T6SS) functionality. The T6SS genomic

locus is present and was actively transcribed in all of the above strains. However, only the

A. baumannii DSM30011 strain was capable of killing Escherichia coli in a T6SS-dependent

manner, unlike the clinical isolates, which failed to display an active T6SS in vitro. In addi-

tion, DSM30011 was able to outcompete ATCC17978 as well as Pseudomonas aeruginosa
and Klebsiella pneumoniae, bacterial pathogens relevant in mixed nosocomial infections.

Finally, we found that the T6SS of DSM30011 is required for host colonization of the model

organism Galleria mellonella suggesting that this system could play an important role in A.
baumannii virulence in a strain-specific manner.

Introduction
The Acinetobacter genus comprises a heterogeneous group of strictly aerobic Gram-negative
bacterial organisms endowed with large metabolic versatility and including pathogenic and
non-pathogenic environmental species. Acinetobacter baumannii is frequently associated with
disease in the context of hospital-acquired infections, implicated in severe ventilator-associated
pneumonia, bacteraemia and surgical site or wound infections [1]. Infections due to multi-
drug resistant (MDR) A. baumannii strains, in particular carbapenem-resistant, are an increas-
ing burden on health care facilities. A. baumannii shows a remarkable ability to acquire genetic
elements [2] and is inherently resistant to disinfection and desiccation [3]. Biofilm formation
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enables its persistence on abiotic surfaces such as medical equipment, a true impediment to its
eradication in the clinical setting [4]. Numerous factors have been implicated in formation of
biofilm in A. baumannii and adherence to abiotic surfaces, namely the CsuA/BABCDE chaper-
one-usher pili assembly system [5]. The O-glycosylation system has also been implicated in
early stages of biofilm formation as well as virulence in model organisms commonly used to
assess virulence of A. baumannii strains, such as the larvae from the insect Galleria mellonella
and a mouse model of peritoneal sepsis [6,7]. Additional factors have been associated with bio-
film formation such as the outer membrane protein A [8], which also plays a role in adherence
to host cells during infection [8]. The ability of A. baumannii to adhere to biotic surfaces such
as lung epithelial cells also constitutes an essential aspect of its virulence [9].

Recently, several groups have shown the presence of functional T6SS in different Acineto-
bacter species [10–12]. The T6SS, known to inject protein effectors across both prokaryotic
and eukaryotic target cell membranes [13], provides a colonization advantage in the environ-
ment or during infection for many pathogens. More recently, T6SS-mediated killing has also
been shown to lead to DNA release and enhanced horizontal gene transfer events which may
contribute to spread of antibiotic resistance [14]. The T6SS consists of a contractile bacterio-
phage sheath-like structure, an assembly of different proteins forming a needle or spike struc-
ture used to penetrate the target cell. In the T4 bacteriophage this structure encompasses the
gene products gp5 and gp27, which associate into a huge complex in which the distinctive nee-
dle-like shape is provided by the C-terminal domain of gp5 [13]. In bacterial T6SSs the equiva-
lent proteins are fused into a large protein known as VgrG, in which the gp27 and gp5 folds are
represented by the N-terminal and C-terminal domains, respectively [13]. The dynamic activ-
ity of the T6SS leads to the secretion of proteins that comprise the spike/tube complex, VgrG
and Hcp, with the concomitant disruption of the envelope of the target cell with potentially
lethal effects. Some VgrG proteins, designated as evolved VgrGs, also display a number of C-
terminal domains that may act as effectors or bind specific effector proteins adding more diver-
sity to the T6SS roles in cell-cell interactions [12,13,15].

The role of T6SS in Acinetobacter is still unclear: while the T6SS of the pathogenic species A.
nosocomialisM2 and the environmental strain A. baylyi were shown to mediate killing of
Escherichia coli laboratory strains [11,12] in the case of A. baumannii ATCC17978 this system
was neither implicated in bacterial competition nor virulence [10]. Recent comparative analysis
of the genomes of phylogenetically- and epidemiologically-related MDR A. baumannii clinical
strains indicated the complete loss of the T6SS genomic locus in isolates of a particular clade
[16,17]. This additionally suggests that this system is not absolutely necessary in the conditions
prevailing in the clinical setting.

In this study we carried out a comparative analysis of A. baumannii strains ATCC17978
and DSM30011 as well as MDR clonally-related strains implicated in outbreaks in hospitals in
Argentina [18]. We found significant differences between these strains regarding T6SS func-
tionality. Interestingly, although apparently endowed with all necessary gene components in
their genomes, it does not seem that the MDR clinical strains tested have a fully active T6SS. In
contrast to the ATCC17978 and clinical strains, the T6SS of DSM30011 mediated killing of E.
coli, other A. baumannii and several pathogens often associated with nosocomial infections
and was found critical for virulence in vivo in the Galleria mellonellamodel organism.

Materials and Methods

Bacterial cultures
Bacteria were routinely cultured in liquid Tryptic Soy Broth (TSB) or Tryptic Soy Agar (TSA).
Antibiotics, when appropriate, were added to Acinetobacter culture media at the following
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concentrations: apramycin 30 μg/ml, gentamicin 50 μg/ml, kanamycin 50 μg/ml, and tetracy-
cline 10 μg/ml. For E. coli cultures antibiotics were added at the following concentrations:
ampicillin 100 μg/ml, apramycin 50 μg/ml, nalidixic acid 20 μg/ml, and kanamycin 20 μg/ml.
Bacterial strains used are summarized in S1 Table.

Biofilm assays
Adherence assays were performed in 24-well polystyrene microtitre plates, as previously
described [19]. Bacteria were grown in BM2 minimal medium [20] supplemented with 10 mM
potassium glutamate (BM2G) as the carbon source. Cultures performed in quadruplicates were
inoculated at an initial Abs600 of 0.1 from an overnight culture grown in TSB, and subsequently
incubated under static conditions for 24 h at 37°C. One of the wells for each strain was thor-
oughly resuspended and used to measure Abs600. Attached bacteria to the plastic surface on the
three remaining wells were stained with 1% Crystal Violet for a period of 15 min and rinsed
twice with water. The dye attached to the bacteria was solubilized in 400 μl 70% ethanol, to
which 600 μl of water were added and Abs580 was measured to quantify the levels of Crystal
Violet. The Abs580/Abs600 ratio was used to normalize the amount of biofilm formed to the
total cell content of each sample tested, to account for biofilm variations due to differences in
bacterial growth. All assays were done in triplicates using fresh samples each time.

For biofilm imaging, overnight cultures of A. baumannii strains were re-inoculated into
glass-bottom 24-well plates containing BM2G medium. The plates were incubated at 37°C for
24 h under static conditions and then labelled with anti-A. baumannii antiserum or DAPI.
Images were taken with a confocal Zeiss 710 microscope (z-stacks) and analysed with ImageJ.

RNA isolation and RT-PCR
For total RNA isolation, A. baumannii strains were grown overnight in 2 mL of TSB medium
and then sub-cultured (1/100 dilution) up to Abs600~1. The cells were then harvested by centri-
fugation at 4°C and total RNA was extracted with the RNeasy Mini kit. Subsequently, the
QuantiTect Reverse Transcription kit was used to remove DNA from the samples, and synthe-
tize the corresponding cDNAs from 1 μg of total RNA. HcpF/HcpR and TssMF/TssMR prim-
ers sets (S2 Table) were used to detect transcripts corresponding to hcp and tssM genes,
respectively. The RNA not subjected to RT was also run in PCR (negative control) to ensure
that PCR positive reactions were due to the presence of transcripts and not to contaminating
DNA. The rpoB transcripts were used as endogenous control (S2 Table).

Construction of mutant and complemented strains
All plasmids and primers used in this study are listed in S1 and S2 Tables. Two DNA fragments
encompassing each 500 bp flanking the A. baumannii ATCC17978 tssM gene were PCR-
amplified using primers 17UpF and 17UpR (upstream region) and 17DoF and 17DoR (down-
stream region), which were designed after the sequences of tssM and neighboring regions of
this strain available on databases (A1S_1302 and A1S_1303). These segments were cloned into
a SmaI pre-digested pEX100T/Kan plasmid using the In-Fusion commercial kit (Clontech)
and following manufacturer indications. The resulting plasmid, pEX-TssM17 was electropo-
rated into A. baumannii ATCC17978 and unmarked tssM deletion mutants were obtained fol-
lowing the protocol described by Hoang & Schweizer [21]. Deletion of the tssM gene was
verified by PCR using primers 17ChUp and 17ChDo.

For the construction of a tssM (DSM30011_11660) deletion mutant of A. baumannii
DSM30011, fragments of 2 kb flanking this gene were amplified using the primers DSMUpF
and DSMUpR for the upstream region, and DSMDoF and DSMDoR for the downstream

T6SS Function in Acinetobacter

PLOSONE | DOI:10.1371/journal.pone.0138265 September 24, 2015 3 / 20



region. Subsequently, the amplimers were digested with EcoRV (restriction sites are carried in
the sequence of DSMUpR and DSMDoF), blunt-ligated through this site and cloned into
pGEM

1

-T Easy using A-overhangs remaining at the other side of each amplimer, originating
pGEM-2.1. In parallel, an apramycin resistance cassette was amplified from E. coliMFDpir
chromosomal DNA (accession number X01385) using primers ApraF and ApraR. The PCR
product was digested with EcoRV and ligated to pGEM-2.1 plasmid, producing pGEM-2.2,
which carries the flanking regions of DSM30011 tssM gene interrupted by an apramycin resis-
tance cassette. The whole construct was next excised from pGEM-2.2 by restriction with SmaI
and directly electroporated into DSM30011 competent cells followed by selection on apramy-
cin-containing TSA plates. Proper replacement of the tssM gene with the apramycin resistance
cassette was confirmed by PCR using primers DSMChUp and DSMChDo. For the construc-
tion of a tssM-expressing plasmid for complementation purposes, the tssM gene from A. bau-
mannii DSM30011 was amplified using primers CTssMF2 and CTssMR2. The PCR product
was cloned into the BamHI site of pX5K, so that the tssM is placed under control of the Ptac
promoter. The pTssM resulting plasmid was introduced by electroporation into the
DSM30011 ΔtssM strain for complementation studies. All constructions were verified by
sequencing at the GATC-Biotech service.

Hcp Secretion analysis
A. baumannii strains were inoculated into 50 ml of TSB or L-broth at an Abs600 of 0.08 and
incubated at 37°C until Abs600~1.0 or prepared as described for the competition assays (see
below). Supernatants were obtained by centrifugation of cultures at 4,000 x g followed by filtra-
tion (0.22 μm) and a 50-fold concentration using an Amicon Ultracel 3K centrifuge filters.
Concentrated cell supernatants and whole cell lysates were resuspended in 40 mM Tris pH 8,
200 mMNaCl, 5% glycerol and analyzed by 18% SDS-PAGE. The identity of excised 19 KDa
bands assigned to Hcp from the SDS-PAGE analysis of supernatants or total cell extracts was
done by LC-MSMS at the Protein Science Facility, SFR Biosciences Lyon. When needed, the
resolved proteins were detected with an anti-Hcp antibody against Pseudomonas aeruginosa
Hcp [22] at a dilution of 1/ 500, provided by A. Filloux (Imperial College London, UK) or anti-
EF-Tu at 1/1000, given by R. Voulhoux (CNRS UMR7255 and Aix-Marseille University, Mar-
seille, France).

Bacterial competition assays
Experiments were done essentially as described previously [11]. Briefly, the different A. bau-
mannii and E. coli strains were grown overnight in 2 mL of L-broth (10 g/l tryptone, 5 g/l yeast
extract and 0.5 g/l NaCl) medium and then sub-cultured in the same medium (1/100 dilution)
up to Abs600~1. Cultures were then diluted in L-broth to Abs600 of 0.4 and the different bacte-
rial strains were mixed in 1:1 or 10:1 ratios (predator:prey), as indicated. Aliquots of 20 μl of
these mixtures were laid on the surface of L-medium supplemented with 1.5% Agar and incu-
bated at 37°C for 4 h. The bacterial spot on the agar surface was subsequently removed, vigor-
ously resuspended in PBS, serially diluted and plated onto solid selective media. For E. coli
DH5α, selective medium contained 20 μg/ml nalidixic acid or 50 μg/ml apramycin for strains
transformed with pGEM-2.2. For Acinetobacter strains, the selective media employed are indi-
cated in the figure legends. A mini-Tn7 [23] was used to incorporate a cassette conferring gen-
tamicin resistance into the chromosome of the DSM30011 strain whereas the mini-CTX1
harbouring a tetracycline resistance cassette [21] was used to confer tetracycline resistance to
the ATCC17978 strain. For selection of P. aeruginosa strains PAK (a gift from A. Filloux, Impe-
rial College London), PA14 and PA7 (given by Romé Voulhoux, CNRS UMR7255 and Aix-
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Marseille University, France) selective Pseudomonas PIA media was used. For Klebsiella pneu-
moniae strain 52145 (kindly provided by J. Bengoechea, Queen’s University, Belfast, UK)
media with rifampicin at 25 μg/ml was used. All strains grew to similar population densities
regardless of co-incubation with E. coli; starting inocula where always verified by CFU counts
(data not shown). In order to test the dependence of killing on contact, assays were also per-
formed by interposing a 0.22 μm pore-membrane in between A. baumannii strain 17978 laying
on the solid medium and E. coli DH5α on the top of the filter. After incubation, the membrane
was lifted from the plate and treated as described above.

For all bacterial competition experiments one representative image is shown and CFU
counts included for a minimum of 3 independent assays to enable accurate assessment of
experimental variation.

Galleria mellonella infection assays
G.mellonella larvae were purchased from Sud Est Appats (http://www.sudestappats.fr/) and
were used the day after arrival. Groups of twenty randomly picked larvae were used for each
assay condition. The different A. baumannii strains tested were grown overnight in TSB and
then diluted with PBS to obtain the CFU/ml titers (as indicated in the corresponding figure leg-
ends), which were verified by colony counts on TSA for all inocula. A Hamilton microliter
syringe was used to inject 10 μl of the bacterial suspensions into the hemolymph of each larva
via the second last left proleg. As a control, one group of G.mellonella was injected with 10 μl
of PBS. After injection, the larvae were incubated in plastic plates at 37°C and the numbers of
dead individuals were scored regularly. Survival curves were plotted using PRISM software,
and comparisons in survival were calculated using the log-rank Mantel-Cox test and Gehan-
Breslow-Wilcoxon test.

Competitive index
The DSM30011 strain and its ΔtssMmutant were separately grown overnight in 5 ml of TSB
medium at 37°C with shaking. Bacterial cultures of parental (apramycin-sensitive) and mutant
(apramycin-resistant) strains were subsequently diluted in PBS to 108 CFU/ml, mixed in equal
volumes and 107 CFU in 100 μl aliquots were inoculated intraperitoneally into 6 week-old
C57BL/6 female mice. Input ratios (apramycin-resistant versus apramycin-sensitive bacteria)
were determined by plating ten-fold sequential dilutions on TSA. After 18 h post-inoculation
spleens were aseptically removed, weighed and homogenized in 1 ml of PBS. Several dilutions
were plated on TSA with or without apramycin to determine the output ratios. The competitive
index (CI) corresponds to the ratio between the output of ΔtssMmutant and the wild-type
DSM30011 strain divided by the ratio between the input of the mutant and the wild-type strain.
Animals were purchased from Charles River and housed in the PBES animal facility. The care
and use of experimental animals complied with local animal welfare laws and guidelines.
Euthanasia was carried out by cervical dislocation when necessary, if established early end-
points were reached (loss of mobility and more than 20% weight loss) during the experiment
with animals monitored every 4 h. The protocols were approved by the CECCAPP ethical com-
mittee (Comité d’Evaluation Commun au Centre Léon Bérard, à l’Animalerie transit de l’ENS,
au PBES et au laboratoire P4).

Accession numbers
The GenBank accession numbers of the tss locus and the four putative vgrG genes of the Ab244
clinical strain are KR109191, KR155241, KR155242, KR155243 and KR155244, respectively.
The corresponding DNA sequences of the Ab242 and Ab825 strains are identical to those of
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Ab244. The GenBank accession numbers of the tss locus and the four putative vgrG genes of
the DSM30011 strain are KT334324, KT334325, KT334326, KT334327, and KT334328, respec-
tively (see S3 and S4 Tables for details). The DNA sequence of the DSM30011 genome is cur-
rently under deposit in GenBank. RAST annotation server and NCBI databases were used for
homologues searches and conserved domain detection. Pfam homology searches were done at
http://pfam.xfam.org/search

Statistical analysis
All statistical analysis was performed using GraphPad Prism version 6.0 for Mac, GraphPad
Software, La Jolla, California, USA. The Galleria survival statistical analysis was done using the
log-rank Mantel-Cox test and the Gehan-Breslow-Wilcoxon test; for biofilm assays one-way
ANOVA was carried out to compare all means. CI was analysed using a homoscedastic and
2-tailed Student's t-test, with the null hypothesis: mean index is not significantly different from
1.0. P<0.05 were considered significant and coded as follows: ���� for P<0.0001, ��� for
0.0001<P<0.001, �� for 0.001<P<0.01 and � for 0.01<P< 0.05.

Results

Identification of genes encoding a T6SS and associated components in
the strains under study
In view of the importance of T6SS in bacterial competition and as a virulence factor in a num-
ber of opportunistic pathogens, we investigated its role in a panel of A. baumannii strains cur-
rently being studied in our laboratory: ATCC17978, an extensively used A. baumannii strain
which was initially isolated from the cerebrospinal fluid of a hospitalized patient more than 60
years ago [24]; DSM30011, a poorly characterized environmental strain which was shown to be
naturally competent and to efficiently kill G.mellonella larvae [25]; and Ab242, 244 and 825,
three clonally-related MDR A. baumannii clinical strains implicated in outbreaks in hospitals
of Argentina [18]. The main difference described for these three clinical strains is the presence
of different alleles of the outer membrane protein CarO (including a disrupted allele for
Ab825), which mediates the influx of carbapenem β-lactams and basic amino acids through
the outer membrane [18,20,26].

The genomes of the DSM30011 and the MDR strains were sequenced and analysed for
T6SS genes. This search revealed the presence in the genome of each of these strains a single
cluster of 18 T6SS genes similar to that previously described in other Acinetobacter species
[10,11], from which four are specific to the genus (Fig 1A, black arrows, see also S3 Table). The
DNA sequence of the tss loci of the Ab242/244/825 clinical strains were identical between
them. Sequence comparison analyses indicated that the homologous polypeptides encoded by
17 out of the 18 genes of the tss clusters of DSM30011, ATCC17978, and the A. baumannii
clinical strains shared an overall identity of>97% between them. The least homologous poly-
peptides encoded by DSM_11700/A1S_1292/Ab244_01 (Fig 1A) shared an identity of ~81%
and all contained a predicted signal peptide at their N-terminal regions, but no homology
could be revealed to protein domains described in databases (data not shown).

In addition to the tss clusters, 4 independent loci containing genes encoding putative VgrG
proteins generally secreted via T6SS were found in each of the analysed A. baumannii strains
(S1 Fig and S4 Table). All of these polypeptides are generally composed by N-terminal (N-t)
and C-terminal (C-t) domains (S1A Fig) characteristic of VgrG proteins [12,13,15], followed in
all cases by a conserved domain of unknown function (DUF) of ~150 amino acids length of the
DUF2345/PF10106 family and, depending on each VrgG, of C-terminal stretches of variable

T6SS Function in Acinetobacter

PLOSONE | DOI:10.1371/journal.pone.0138265 September 24, 2015 6 / 20



Fig 1. Ability of different A. baumannii strains to out-compete E. coli. A) Comparative analysis between the T6SS gene loci of A. baumannii
ATCC17978, DSM30011 and clinical strains. Black arrows indicate genes specific to Acinetobacter. B) Survival of DH5α E. coli after incubation in growth
medium (control) or with A. baumannii ATCC17978 or DSM30011 at the indicated A. baumannii: E. coli ratios (top panel). Bottom panel corresponds to
survival of apramycin-resistant DH5α E. coli after incubation in growth medium (control) or with Ab242, Ab244 or Ab825 strains at the indicated ratios. Images
correspond to one representative experiment from a minimum of three independent assays quantified in C) to visualize experimental variation, expressed as
means ± SDM plotted in a logarithmic scale.

doi:10.1371/journal.pone.0138265.g001
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amino acid composition and length. Two exceptions are formed by Ab_788 and 17978_933
VgrGs, in which these C-terminal additions are absent and part of the DUF2345 domains also
contain deletions of various extents (S1B Fig). Notably, while most of the analyzed vgrG loci
encoded full-length VgrG proteins endowed with all the above-described domains in a single
polypeptide, in both ATCC17978 and the A. baumannii clinical strains one vgrG locus was
split into two genes separately encoding N-t and C-t domains (S1B Fig). Regarding the variable
extensions attached to the C-terminal domains of A. baumannii VgrGs (S1A Fig) no sequence
homology could be detected at these regions (S1B Fig). This suggests that these may have addi-
tionally evolved differential functions in the different A. baumannii strains under study
[12,13,15], adding further levels of complexity to the A. baumannii T6SS repertoire.

Analysis of A. baumannii ability to compete against E. coli
Given that previous work has shown clear differences in the ability of different Acinetobacter
species to out-compete E. coli [10–12], we investigated this phenotype for our A. baumannii
strains. The different A. baumannii strains were mixed with E. coli at 1:1 and 10:1 ratios and
after 4 h of incubation, bacterial dilutions were spread in nalidixic acid plates which select for
E. coli. We observed that both A. baumannii ATCC17978 and DSM30011 strains are able to
kill E. coli (Fig 1B and 1C). This assay was repeated using the clinical strains at 1:1 and 10:1
ratios. However, since the MDR strains are resistant to nalidixic acid we used an E. coli deriva-
tive strain carrying a plasmid with an apramycin resistance cassette. Surprisingly, we observed
that none of the A. baumanniiMDR strains were capable of out-competing E. coli (Fig 1B, bot-
tom panel and C).

T6SS locus expression and differential Hcp secretion between clinical
and non-clinical strains
As the different A. baumannii strains tested displayed very distinct abilities to outcompete E.
coli we investigated if the T6SS was functional in these strains. RT-PCR analysis confirmed that
hcp and tssM, two key T6SS genes, are being actively transcribed under growth conditions used
for bacterial competition assays (L-broth) in all our strains (Fig 2A). In addition, immunoblots
performed with an anti-Hcp antibody [22], showed that this protein is present in whole cell
lysates for all the strains (Fig 2C, second panel). The identity of the Hcp bands (19 kDa) excised
from Coomassie stained gels was further verified by LC-MS analysis.

As Hcp secretion reflects the functionality of the T6SS, we then analysed supernatants
obtained from exponential phase cultures of each strain. A clear Hcp band was detected for
ATCC17978 and DSM30011 strains but absent in the corresponding T6SS mutants lacking
TssM (Fig 2B and 2C, first panel), known to be critical for T6SS activity [10,13]. These results
indicate that the T6SS is functional in the ATCC17978 and DSM30011 strains. Surprisingly,
this is not the case for the clinical isolates Ab242, Ab244, and Ab825 which, in fact, can synthe-
size Hcp but are seemingly unable to secrete it, neither in conditions used during the killing
assays (Fig 2B and 2C, first panel) nor in standard TSB culture conditions (S2 Fig). It is worth
noting that sequence analysis indicated no deletions or mutations in genes coding for T6SS
components in these clinical strains as compared to DSM30011 or ATCC17978 (S3 Table) that
could explain the observed differences in secretion abilities between them.

A. baumannii DSM30011 T6SS-dependent bacterial competition
In order to determine if the T6SS was responsible for the observed killing, ΔtssM deletion
mutants in the ATCC17978 and DSM30011 backgrounds were tested. We observed no differ-
ence in E. coli killing for the ATCC17978 ΔtssMmutant with respect to the wild type (Fig 3A
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and 3B) consistent with what has been previously reported [10]. Interestingly, the T6SS-inde-
pendent killing of E. coli by the A. baumannii ATCC17978 strain was contact-dependent as
introduction of a membrane between the two strains completely abolished this phenotype (Fig
3A and 3B). It is worth noting that neither contact-dependent growth inhibition (CDI) systems
nor additional T6SS were found encoded on the genome of ATCC17978.

In sharp contrast to ATCC17978, the introduction of the ΔtssMmutation into the
DSM30011 strain completely abolished its ability to outcompete E. coli (Fig 3C and 3D) in cor-
relation with the concomitant loss of Hcp secretion (Fig 3E). The wild-type killing phenotype
and the Hcp secretion were fully restored by expressing tssM from a plasmid in the DSM30011
mutant strain (Fig 3C, 3D and 3E). In conclusion, A. baumannii DSM30011 killing of E. coli is
dependent on a functional T6SS.

It has recently been shown that different V. cholerae strains can out-compete each other in a
T6SS-dependent manner [27]. When bacteria from DSM30011 and ATCC17978 strains were
co-incubated (1:1 ratio), we observed a reduction in CFU counts for the tetracyclin-resistant
prey ATCC17978. This tendency increased when the strains were mixed in a 10:1 ratio (Fig 4A
and 4B). This decrease was not observed with the DSM30011 ΔtssM deficient strain but
restored in the complemented tssM strain (Fig 4A and 4B), showing that DSM30011 is able to
use its T6SS to kill ATCC17978. When the attacker and prey were switched and mixed in a

Fig 2. T6SS locus expression. A) RT-PCR transcriptional analysis of hcp and tssM expression in strains grown in L-broth; rpoB gene expression was used
as endogenous control. The RNA not subjected to RT was also run in PCR (bottom panel, negative control) to ensure that PCR positive reactions were due to
the presence of transcripts and not contaminating genomic DNA. B) The presence of Hcp (arrows) in concentrated culture supernatants of the indicated A.
baumannii strains grown up to exponential phase in L-Broth was determined by 18% SDS-PAGE and Coomasie Blue staining. C) Control immunoblottings
showing the presence of Hcp in the supernatant (first panel) and whole lysates fractions (second panel). A cell-lysis control using antibodies directed against
EF-Tu (standard cytoplasmic marker) was performed using supernatant (third panel) or whole lysate (fourth panel) fractions. The final positions of the
molecular mass markers (in kDa) are indicated on the right margin.

doi:10.1371/journal.pone.0138265.g002
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Fig 3. The A. baumannii DSM30011 T6SS is required for out-competing E. coli. A) Representative image
showing survival of DH5α E. coli after incubation in growth medium (control) or with A. baumannii
ATCC17978 wild type and ΔtssM strains at a 1:1 ratio with or without the presence of a membrane (+M) and
B) corresponding quantification (N = 6). C) Survival of DH5α E. coli after incubation in growth medium
(control) or with A. baumannii DSM30011 wild type, ΔtssM and ΔtssM complemented strains at a 1:1 ratio,
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10:1 ratio, a decrease was observed for the gentamicin-resistant DSM30011 prey when mixed
with the wild type or ΔtssM ATCC17978 strain (S3 Fig), indicating that ATCC17978 is able to
outcompete the DSM30011 strain by a T6SS-independent mechanism, as observed for E. coli
(Fig 3A and 3B).

with D) corresponding quantification (N = 4). E) 18% SDS-PAGE (stained with Coomassie Blue) analysis of
Hcp secretion in concentrated culture supernatants of A. baumannii DSM30011 wild type, ΔtssM and tssM
complemented strains grown up to exponential phase in TSB. Molecular markers are indicated on the left. All
quantifications are expressed as means ± SDM plotted in a logarithmic scale.

doi:10.1371/journal.pone.0138265.g003

Fig 4. Competition between A. baumannii species. A) Survival of tetracycline-resistant (TcR) ATCC17978-CTX1 strain after incubation in growth medium
(control) or with the DSM30011 wild type, tssM deleted or complemented strains at 1:1 (left panel) or 10:1 (right panel) ratios and B) corresponding
quantification (N = 4).

doi:10.1371/journal.pone.0138265.g004
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T6SS involvement in A. baumannii competition with other Gram negative
nosocomial pathogens
As hospital-acquired infections are often the result of colonization of patients with a mixed
population of bacteria we analysed the ability of A. baumannii to kill Klebsiella pneumoniae
and Pseudomonas aeruginosa, two other nosocomial pathogens associated with respiratory
infections. For these experiments, we focused on the DSM30011 that showed the strongest abil-
ity to outcompete E. coli. We found that in our killing conditions, DSM30011 efficiently out-
competed the P. aeruginosa PAK strain in a T6SS-dependent manner (Fig 5A and 5B), when
present at a ratio of 10:1 against its prey. This was also observed for other P. aeruginosa strains,
namely PA14 and PA7 (data not shown). More interestingly, the DSM30011 could also out-
compete a PAK retSmutant in which the T6SS is active [12] and data not shown, [28]. In addi-
tion, killing of K. pneumoniae was also observed (Fig 5C and 5D). In all cases, we consistently
observed enhanced killing for the complemented strain ΔtssMptssM confirming T6SS depen-
dency (Fig 5B and 5D). Together these data show that the A. baumannii DSM30011 strain has
the ability to kill other nosocomial pathogens.

The T6SS of A. baumannii DSM30011 is not implicated in biofilm
formation
When routinely cultivating the analyzed A. baumannii strains in liquid culture media we
repeatedly observed that DSM30011 cells have a higher tendency to grow on the liquid-air
interface forming a thick pellicle on the surface. This observation was confirmed by analyzing
their growth characteristics in both rich (TSB) and glutamate supplemented minimal (BM2G)
liquid media (Fig 6A). We then investigated the ability of the different A. baumannii strains to
produce biofilm, thought to provide a reservoir for transmission of A. baumannii to susceptible
patients in hospital surfaces [4]. Following 24 h incubation, the DSM30011 strain exhibited the
highest ability to adhere to polystyrene surfaces suggesting biofilm production (Fig 6A and
6B). In agreement with previous work [29], we observed that ATCC17978 is not a strong bio-
film producer, a situation also observed for the clinical strains analysed which produced similar
or even lower amounts of biofilm than this reference strain (Fig 6A and 6B). Confocal micros-
copy confirmed the ability of A. baumannii DSM30011 cells to form a biofilm with numerous
large bacterial aggregates visible after 24 h (S4 Fig). On the contrary, this was not found for the
ATCC17978 strain (S4 Fig) or the clinical isolates (data not shown). Analysis of the depth of
bacterial growth (excluding the bacterial aggregates) on the glass-bottom plates under static
growth conditions confirmed extensive biofilm formation in the case of DSM30011 in contrast
to ATCC17978 cells (Fig 6C). As the T6SS has been implicated in biofilm formation in other
bacterial pathogens [30–32] we investigated the ability of the A. baumanniiDSM30011 ΔtssM
mutant to adhere to abiotic surfaces and form biofilm. Under static growth conditions no sig-
nificant differences were observed in comparison to the wild-type or complemented strains by
neither microscopy analysis of biofilm depth (Fig 6C) nor following crystal violet staining (Fig
6D), suggesting that the T6SS is not required for biofilm formation in this A. baumannii strain.

The T6SS of A. baumannii DSM30011 is required for virulence in vivo
In order to determine if the DSM30011 T6SS fulfils other roles beyond bacterial killing, we fur-
ther characterized the corresponding ΔtssM strain. The involvement of the T6SS of A. bauman-
nii DSM30011 in virulence was tested in vivo basing on previous established protocols [33].
We first inoculated mice with 108 CFU of the wild-type DSM30011 strain and their weight and
health were monitored for 2 days. We found that intraperitoneal (i.p.) inocula of 108 CFU
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Fig 5. Competition between A. baumanniiDSM30011 and nosocomial pathogens. Survival of A)
different P. aeruginosa strains and C) rifampicin-resistant K. pseumoniae after incubation in growth medium
(control) or with A. baumannii DSM30011 wild type, tssM deleted or complemented strains at a 10:1 ratio.
Pseudomonas strains were selected with Pseudomonas Isolation Agar (PIA) media. Quantification is shown
in B) and D), in which data are expressed as means ± SDM plotted in a logarithmic scale to visualize
experimental variation from 3 independent experiments.

doi:10.1371/journal.pone.0138265.g005
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results in death of all mice in less than 24 h most likely from septic shock rather than A. bau-
mannii colonization. On the contrary, a 107 CFU injection dose was found to be sub-lethal,
resulting in most mice sick and showing significant weight-loss at 18 h post-inoculation, fol-
lowed by gradual recovery in the hours after. We therefore selected this dose to i.p. inject mice
with a mixed inocula containing the DSM30011 ΔtssM and the parental wild-type strain and
obtained a CI of 0.328 ± 0.0547 at 18 h post-inoculation (statistically different from 1,
P = 0.008, N = 5). However, due to loss of the plasmid in this model of infection we were not

Fig 6. A. baumannii strain-specific growth characteristics and biofilm formation. A) The different strains were grown over-night in TSB rich medium
(upper panel) or BM2minimal medium supplemented with 10 mM glutamate (BM2G; middle panel). Bottom panel corresponds to polystyrene wells microtiter
plates labelled with crystal violet and quantification is shown in B). The results are expressed as means ± SEM of experiments performed in triplicate (****
P<0.0001). The difference between the DSM30011 and each of the clinical isolates was also significant (**** P<0.0001) but not shown in the graph for
simplicity. C) Confocal microscope 3D reconstruction of biofilm formed by the different strains, formed on glass-bottom slides after 24 h in static conditions.
Images correspond to a slice obtained from each biofilm stack, labelled with DAPI. Depth analysis is shown for the 3D reconstruction of the z-stacks obtained
for each strain. D) Analysis of the biofilm forming capacities of wild-type DSM30011, ΔtssM, and ΔtssMptssM-complemented strains grown for 24 h in BM2G
medium following crystal violet staining.

doi:10.1371/journal.pone.0138265.g006
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able to complement the mutant phenotype and therefore we could not determine with certainty
the role of the A. baumanniiDSM30011 T6SS in mice. Therefore, no additional mouse models
of infection were tested for ethical reasons and instead, to further evaluate possible roles of the
T6SS in A. baumanniiDSM30011 virulence, we used G.mellonella killing assays as an alterna-
tive infection model. G.mellonella has been widely used for studying the virulence mechanisms
of several human pathogens, including A. baumannii [7,34–38]. In addition, the DSM30011
strain was previously shown to be virulent in this model organism [25]. We observed a signifi-
cant attenuation of the DSM30011 ΔtssM strain that was fully reverted by the expression of tssM
from a plasmid (Fig 7). Overall, these results show that the T6SS of the A. baumannii
DSM30011 strain is implicated in virulence in contrast to the ATCC17978 strain [10].

Discussion
This work highlights that the A. baumannii T6SS can be implicated in host colonization but in a
strain-specific manner. We observed striking differences between the A. baumannii strains tested
in bacterial competition assays. MDR A. baumannii strains were unable to induce killing of E.
coli, due to an inactive T6SS in our laboratory conditions as demonstrated by lack of export of
Hcp. Heterogeneity in Hcp export in Acinetobacter has been previously reported byWeber et al.
[10], and might reflect different mechanisms of regulation of T6SS assembly. It remains possible
that additional signals are necessary to induce secretion of Hcp, such as contact with a particular
host target or an environmental signal lacking under our laboratory conditions. Alternatively, it
may be a specific trait of clinical isolates that would be more adapted to human infection, in
which the T6SS would be “turned off” or its function affected by exopolysaccharide production,
presence of antibiotic resistance genes or additional regulatory plasmids. In this context, while
this manuscript was in revision, Weber and co-workers reported that the T6SS in some A. bau-
mannii strains including clinical MDR isolates can be transcriptionally repressed by two plas-
mid-encoded TetR regulators [39]. Whole genome sequence analysis failed to identify sequence
homologues of these regulators in the A. baumanniiMDR clinical strains analysed in this work
and consistently, we observed the presence of Hcp in total extracts of the corresponding cells
thus suggesting a different T6SS regulatory mechanism at the level of secretion at play.

Fig 7. A. baumanniDSM30011 T6SS role in virulence.Comparative survival analysis ofG.mellonella larvae inoculated with 5x105 CFU of A. baumannii
DSM30011 wild type, its isogenic ΔtssMmutant or complemented strain. Data are representative of three separate survival experiments, each performed
with 20 larvae per strain. Survival curves were constructed by the Kaplan-Meier method and compared by log-rank analysis (* P<0.05; n.s.: non-significant).

doi:10.1371/journal.pone.0138265.g007
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In contrast to the clinical strains, DSM30011 was able to strongly outcompete E. coli and
more importantly other Gram-negative pathogens affecting the respiratory tract in a T6SS-
dependent manner. This could be particularly relevant in the context of competition for a spe-
cific environmental niche but also in nosocomial infections, in which patients are often colo-
nized by multiple bacterial pathogens, which could result in transfer of genetic material and
spread of antibiotic resistance [14]. Genomic regions around vgrG loci were analysed in search
for putative effectors in the DSM30011 strain that could account for its killing capacity. In the
genomic region flanking DSM_11755 gene, which is the closest to the T6SS locus, no genes
with function related to T6 apparatus were found. In contrast, in the other three vgrG loci (S5
Fig) genes encoding for candidate effectors only present in DSM30011 and not in the other
strains under study were detected. Downstream the DSM_13300 gene, three ORFs with homol-
ogy to Rhs proteins were found associated to a putative immunity protein (S5 Fig). Indeed, the
ORF closest to the putative immunity protein contains a PxxxxDPxGL peptide motif
(PNQWIDPKGL), which sharply demarcates the Rhs C-t region usually harboring a toxin
[40]. No characterized domains were found in the C-t, which is conserved in Rhs proteins only
encoded by the Acinetobacter genus. Close to DSM_18715 and DSM_00475 genes four putative
proteins with peptidoglycan-binding domains were detected (PG1_1106, PG2_1106,
LysM_932 and LysM_1106) two of them harbouring a LysM motif frequently present in acces-
sory proteins of the T6SS [41]. PG2_1106 also shows homology to enzymes with muramidase
activity. Of note, a protein harbouring a MIX (marker for T6 effector) domain and a pre-toxin
motif was detected in the DSM_18715 loci. However, no known toxin domains were found in
the C-t of this protein. In sum, several genes coding for toxin candidates were found in the ana-
lysed loci, which could be responsible for the capacity of DSM30011 to outcompete other
bacteria.

In sharp contrast to ATCC17978 [10] we found that the DSM30011 T6SS also mediated vir-
ulence towards G.mellonella. The molecular mechanisms by which the T6SS modulates
DSM30011 host colonization need to be further investigated. Our data suggest that it does not
play a role in either bacterial adhesion to abiotic surfaces nor biofilm formation. Interaction
with host cells, namely lung epithelial cells and phagocytic cells needs to be investigated in the
context of the T6SS. It is possible that the T6SS would enable control of specific cellular
responses or enhance resistance to killing by phagocytes, a cell type relevant in the Galleria
model of infection. The innate immune systems of G.mellonella and mammals share a high
degree of homology, and the larvae of this insect show both humoral responses with antimicro-
bial peptide production and basic cellular immune responses mediated mainly by phagocytic
cells designated haemocytes [42]. This model organism has in fact been widely used for study-
ing virulence of human pathogens such as L. pneumophila and P. aeruginosa with good correla-
tion to mammalian models of infection [34–36].

In summary, we have shown that the A. baumanniiDSM30011 T6SS is operative and criti-
cal for outcompeting other bacterial species. Importantly, we show for the first time in the case
of this specific environmental A. baumannii strain, that the T6SS is also implicated in host col-
onisation. Additional studies are now needed to identify the secreted molecules involved, deter-
mine the role of the T6SS during the course of colonization and if it confers a fitness advantage
in mixed infections in vivo, as is often the case for A. baumannii hospital infections.

Supporting Information
S1 Fig. Alignments of VgrG proteins of the A. baumannii strains analyzed in this study.
The different VgrG proteins were predicted from nucleotide sequencing analysis conducted in
this work and are indicated after their strain origin (Ab, Ab242/244/825 clinical strains; DSM,
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DSM30011; 17978, ATCC 17978) followed by the corresponding content of amino acids. The
17978_914� denomination denotes a hypothetical VgrG of 914 amino acid residues from
ATCC 17978 which was inferred from the nucleotide sequence A1S_0082 after correcting for
possible frameshift sequence errors on the basis of alignments with other VgrG sequences. The
numbers above the sequences indicate the corresponding amino acid position used for com-
parisons in the text. The alignments were constructed by MUSCLE 3.7 with default parameters
using the programs available in http://phylogeny.lirmm.fr. Similar residues are colored as the
most conserved according to BLOSUM62 (average BLOSUM62 score: max: 3.0 (pale blue);
mid: 1.5 (blue); low: 0.5 (gray). The domain of unknown function DUF2345/PF10106 (inferred
using http://pfam.xfam.org) extends between residues 859–1004 in the alignments and con-
tains deletions of different extents at its C-terminal region in VgrGs 17978_933 and Ab_788.
(PDF)

S2 Fig. Hcp secretion under standard culture conditions. A) RT-PCR transcriptional analy-
sis of hcp and tssM expression; rpoB gene expression was used as endogenous control. The
RNA not subjected to RT was also run in PCR (bottom panel, negative control) to ensure that
PCR positive reactions were due to the presence of transcripts and not contaminating genomic
DNA. B) Detection of Hcp (arrows) in concentrated culture supernatants of the indicated A.
baumannii strains grown up to exponential phase in TSB. Proteins were separated by 18%
SDS-PAGE and stained by Coomasie Blue. Immunoblottings showing the presence of Hcp in
whole cell lysates are shown at the bottom.
(TIFF)

S3 Fig. Competition between A. baumannii species. Survival of the DSM30011 mini Tn7
(gentamicin-resistant; GmR) strain after incubation in growth medium (control) or with wild-
type or ΔtssM A. baumannii 17978 strains at a 10:1 ratio.
(TIFF)

S4 Fig. Aggregate formation by DSM30011 strain. Confocal microscope images of biofilm
formed on glass-bottom slides after 24 h in BM2G medium. Top image corresponds to 3D
reconstruction to show large bacterial aggregates formed with the DSM30011 strain in contrast
to the ATCC17978, with depth analysis below and corresponding surface plots. All scale bars
correspond to 20 μm.
(TIFF)

S5 Fig. Genetic organization of vgrG loci in A. baumannii DSM30011.Hyp, hypothetical
protein; Rhs, Rhs homologous protein; Imm, putative toxin immunity protein; MIX, LysM and
PG are MIX-, LysM- and peptidoglycan binding-domain containing proteins, respectively;
Pre-tox, pre-toxin motif.
(TIFF)

S1 Table. Strains and plasmid included in this study.
(PDF)

S2 Table. Primers used in this study
(PDF)

S3 Table. T6SS locus genes in A. baumannii strains under study.
(PDF)

S4 Table. Putative VrgG proteins encoded by the A. baumannii strains under study.
(PDF)
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A) 
 

 
 
 
B) 
 
 
       1                      60 
Ab_1104         MlfNIFsVLEkIGLnaQkRAIHvQFSNelLNhQVFLQRIEGQHqLNgGLmAELICLSTNA 
DSM_1106        MlfNIFsVLEkIGLnaQkRAIHvQFSNelLNhQVFLQRIEGQHqLNgGLmAELICLSTNA 
17978_933       -------------------------------------------------mAELICLSTNA 
Ab_1_463        MlnsIhQVLdSLGIspQkRAIrvQFtspiLNdQVFLQRIdGvHaLNdGLkAELlCLSTNA 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     ------------------------------------------------------------ 
17978_914*      --msvssiLErLGLvSQnRAVHiQFSNqSLNqQVFLQRIEGeHtLNQGsvAELlCLSTNA 
DSM_932         MqmsvssiLErLGLvSQnRAVHiQFSNqSLNqQVFLQRIEGeHtLNQGsgAELlCLSTNA 
17978_2_395     ------------------------------------------------------------
DSM_875         MshkIFQiLdSLGLvaQnRvlHvQFSNASLNNQVFLQRIEGeHtLNQGsvAELlCLSTNA 
Ab_1064         MfnNIFQiLESfGflSQHRsVyLQFSdASLNSQVFLQRIdGQHYLNQGMtAELICLSTNA
DSM_921         MfnNIsQVLESfGflSQHRsVyLQFSdASLNSQVFLQRIdGQHYLNQGMttELICLSTNA 
Ab_788          MfnNIsQVLESLGflSQHRsVHLQFSdASLNSQVFLQRIEGQHYLNEGMtAELICLSTNA 
17978_921       --------------------myLQFSdASLNSQVFLQRIdGQHYLNQGMtAELICLSTNA 
 
               61                                                        120 
Ab_1104         qIALKQFIGVQVAVDQVTDsGQlFRTTGIvTEASyGQSDGALTLYKLTIEDaTnLWHKRR 
DSM_1106        qIALKQFIGVQVAVDQVTDsGQlFRTTGIvTEASyGQSDGALTLYKLTIEDaTnLWHKRR 
17978_933       qIALKQFIGVQVAVDQVTDsGQlFRTTGIvTEASyGQSDGALTLYKLTIEDaTnLWHKRR 
Ab_1_463        tIqLKsFIGVQaAVDiVTeRGeltRvTGIIThAqQGQSDGsLTLYKLTlEDPTaLWkyRR 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     ------------------------------------------------------------ 
17978_914*      HIALKQFIGcQVAVDQVTDtGQFFRTTGIITEASQGQSDGsLTiYnLTlkDPTaLWHKRR 
DSM_932         HIALKQFIGcQVAVDQVTDtGQFFRTTGIITEASQGQSDGsLTiYnLTlkDPTaLWHKRR 
17978_2_395     ------------------------------------------------------------ 
DSM_875         HIALKQFIGcQVAiDQVTDtGQFFRTTGIITEASQGQSDGsLTiYnLTlkDPTaLWHKRR 
Ab_1064         HIpLKtFIGVQVAVDQVTDRGsFFRTTGIITgASQGQSDGALTLYKLaIsDPTyLWHKRR 
DSM_921         HIpLKtFIGlQVAVDQVTDRGsFFRTTGIITgASQGQSDGALTLYKLaIsDPTyLWHKRR 
Ab_788          HIALKtFIGVQVAiDQVTDQGQlFRTTGIITgASQGQSDGALTLYKLTIsDPTyLWHKRR 
17978_921       HIpLKtFIGlQVAVDQVTDRGsFFRTTGIITgASQGQSDGALTLYKLaIsDPTyLWHKRR 
 
     121            180 
Ab_1104         NSRVFMNKSivEItEvLFKEWQeKSPLFAaSLsLDLgGLsQnYDiRPFtMQhNESDYDFL 
DSM_1106        NSRVFMNKSivEItEvLFKEWQeKSPLFAaSLsLDLgGLsQnYDiRPFtMQhNESDYDFL 
17978_933       NSRVFMNKSivEItEvLFKEWQeKSPLFAaSLsLDLgGLsQnYDiRPFtMQhNESDYDFL 
Ab_1_463        NSRVFMNKSVvEIwEILFKEWQtKnPLFAaSLsLDLSGLtQTYDVRPFVMQhNESDwnFL 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     -------------------------------------------------MQsNESDYDFL 
17978_914*      NSRVFMNKSVRdISEILFKEWQGKSPLFASSiTLDtSGLtkdYDVRPFVMQsNESDYDFL 
DSM_932         NSRVFMNKSVRdISEILFKEWQGKSPLFASSiTLDtSGLtkdYDVRPFVMQsNESDYDFL 
17978_2_395     ------------------------------------------------------------ 
DSM_875         NSRVFMNKSVRdInEILFKEWQGKSPLFASSiTLDtSGLskdYDVRPFVMQsNESDYDFL 
Ab_1064         NSRVFMNKSVKEISEILFqEWQGKSPLFASSLTLDLSGLKQTYDVRPFVMQlNESDYDFL 
DSM_921         NSRVFMNKSVKEISEILFqEWQGKSPLFASSLTLDLSGLKQTYDVRPFVMQlNESDYDFL 
Ab_788          NSRVFMNKSVREItEILFqEWQGKSPLFASSLTLDLSGLKQaYDiRPFVMQlNqSDYDFL 
17978_921       NSRVFMNKSVKEISEILFqEWQGKSPLFASSLTLDLSGLKQTYDVRPFVMQlNESDYDFL 
 
     181            240 
Ab_1104         TRLWRSEGvSWLIDESELFVphfTApIQaQKLRLIDDNNQYQALARRSIRYHRSSATEyq 
DSM_1106        TRLWRSEGvSWLIDESELFVphfTApIQaQKLRLlDDNNQYQALARRSIRYHRSSATEyq 
17978_933       TRLWRSEGvSWLIDESELFVphfTApIQgQKLRLIDDNNQYQALARRSIRYHRSSATEyq 
Ab_1_463        TRLlRSEnISWLIDEaqhiVpStdtSIQaQKLRLIDaNsQYQpLdRktIRYHRSSAvEQY 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     TRLWRSEGInWLvDESqLFVAdpnASIQPQvLRLIDDNqnYQALeRRSIRYqRSSATEQF 
17978_914*      TRLWRSEGInWLvDESqLFVAdpnASIQPQvLRfnrpkfirhlnAvaSaitvsSatravp 
DSM_932         TRLWRSEGInWLvDESqLFVAdpnASIQPQvLRLIDDNqnYQALeRRSIRYqRSSATEQF
17978_2_395     ------------------------------------------------------------ 
DSM_875         TRLWRSEGInWLvDESqLFVAdpnASIQPQvLRLIDDNqnYQALeRRSIRYqRSSATEQF
Ab_1064         TRLWRSEGISWLIDEaELtVASnmdNIQPQKLRLIDDNNQYQALtRRaIRYHRSSATEQF 



DSM_921         TRLWRSEGISWLIDEaELtVASnmdNIQPQKLRLIDDNNQYQALtRRaIRYHRSSATEQF 
Ab_788          TRLWRSEGInWLIDEaELtVpSnTdhIQPQKLRLIDDNsQYQALSRRtIRYHRShATEQF 
17978_921       TRLWRSEGISWLIDEaELtVASnTdNIQPQKLRLIDDNsQYQtLtRRtIRYHRSSATEQF 
 
     241            300 
Ab_1104         DSITgfvAvRSLQPTaVHVQRWQpDALaQEEGNGSVvtTHtHSDNfDsAtLSLEqAWHVS 
DSM_1106        DSITgfvAvRSLQPTaVHVQRWQpDALaQEEGNGSVvtTHtHSDNfDsAtLSLEqAWHVS 
17978_933       DSITgfvAvRSLQPTaVHVQRWQpDALaQEEGNGSVvtTHtHSDNfDsAtLSLEqAWHVS 
Ab_1_463        DSmTRLtAeRSLQPnvmHiQRWQAeiLdQEEGiGSVQSkHqHSEhYDNAtLgLEqAWnyS 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     DtITQvKAeRrLQPTSVHVQRWQADALQQEEGSGSVQgTqKHSEhYDNASLnLEDAWHVS 
17978_914*      irITQvKAeRrLQPTSVHVQRWQADALQQEEGSGSVQgTqKHSEhYDNASLnLEDAWHVS 
DSM_932         DtITQvKAeRrLQPTSVHVQRWQADALQQEEGSGSVQgTqKHSEhYDNASLnLEDAWHVS 
17978_2_395     ------------------------------------------------------------ 
DSM_875         DtITQvKAeRrLQPTSVHVQRWQADALQQEEGSGSVQgTqKHSEhYDNASLnLEDAWHVS 
Ab_1064         DSmTsLmAdRSLQPTSifVQRWQpDvLQQtdGAGSVQSkHqHStNYDNqSLSLEeAWHfS 
DSM_921         DSmTsLmAdRSLQPTSifVQRWQpDvLQQtdGAGSVQSkHqHStNYDNqSLSLEeAWHfS 
Ab_788          DSmTsLmAnRSLQPTSVfVQRWQsDvLQQtdGAGSVQSTHqHStNYDNqSLSLEDAWHfS 
17978_921       DSmTsLiAgRhLQPsSVfVQRWQsDvLQQtdGAGSVQSkHeHSsNYDNqSLnLEDAWHfS 
 
     301            360 
Ab_1104         PAWMQDLkGEDQATASSsSQLEKLNQHftdmHaSraKyFkAyssVRDTQVGYWFnLrEHP 
DSM_1106        PAWMQDLkGEDQATASSsSQLEKLNQHftdmHaSraKyFkAyssVRDTQVGYWFnLrEHP 
17978_933       PAWMQDLkGEDQATASSsSQLEKLNQHftdmHaSraKyFkAyssVRDTQVGYWFnLrEHP 
Ab_1_463        PAWigDLkGEDgvTkSgNqQvErLNQnLhnYyEAQaKrFiAqTTVRDayVGYyFELNEHP 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     PAWMQDLNGkDQATASgNSQiEqLNQHINAYHhlsSKQFtvagnVRDaQVGYWFELNdHP 
17978_914*      PAWMQDLNGEDQATASgNSQiEqLNQHINAYHhlsSKQFtvagnVRDaQVGYWFELNdHP 
DSM_932         PAWMQDLNGEDQATASgNSQiEqLNQHINAYHhlsSKQFtvagnVRDaQVGYWFELNdHP 
17978_2_395     ------------------------------------------------------------ 
DSM_875         PAWMQDLNGEDQATASgNSQiEqLNQHINAYHhlsSKQFtvagnVRDaQVGYWFELNdHP 
Ab_1064         PAWMQDLNGEDgATsaSNqQiEKfNQnLsAYyDAQSKQFiAkTTVRDTQVGYWFELNEHP 
DSM_921         PAWMQDLNGEDgATsaSNqQLEKfNQnLsAYyDAQSKQFiAkTTVRDTQVGYWFELNEHP 
Ab_788          PAWMQDLkGEDgATsaSNqQLEKfNQnLsAfHDAQSKQFiAqTTVRDTQVGYWFELNEHP 
17978_921       PAWMQDLNGEDgATsaSNqQLEKfNQnLsAYHDAQSKQFvAqTTVRDTQVGYWFELNEHP 
 
     361            420 
Ab_1104         EIDQHEGADqEFLIIaKnfYNQNNLPKDLhQQVsQLLTQ-----SrWDqhgydDI-ERQG 
DSM_1106        EIDQHEGADqEFLIIaKnfYNQNNLPKDLQQQVsQLLTQ-----SrWDqhgydDI-ERQs 
17978_933       EIDQHEGADqEFLIIaKnfYNQNNLPKDLhQQVsQLLTQ-----SrWDqhgydDI-ERQG 
Ab_1_463        EIDQHEssDKsFLIVSKnffNQNNLPKDLndQIngLLaQ-----SnWaiQNpEnsdERQa 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     ElDQHdsADKEFLIlSKHYYNQNNLPKeLQQQlERLLpQGKLKAaQlDSQNpE---qRhf 
17978_914*      ElDQHdsADKEFLIlSKHYYNQNNLPKeLQQQlERLLpQGKLKAaQlDSQNpE---qRhf 
DSM_932         ElDQHdsADKEFLIlSKHYYNQNNLPKeLQQQlERLLpQGKLKAaQlDSQNpE---qRhf 
17978_2_395     ------------------------------------------------------------ 
DSM_875         ElDQHdsADKEFLIlSKHYYNQNNLPKeLQQQlERLLpQGKLKAaQlDSQNpE---qRhf 
Ab_1064         EIDQHEstDKEFLIIgKnYYNQNNLPKDLnQQIQnLvqQ-----SdWqasNtd---ERQa 
DSM_921         EIDlHsGADKEFLIIgKsYYNQNNLPKDLdQQIQtLtTQ-----ShWqSshtk---ERQG 
Ab_788          EIDQHnGsDKEFLIIgKHYYNQNNLPKDLnQQIQaLvrQ-----ShW-SiNnE---ERQG 
17978_921       EIDlHsGADKEFLIIgKHYYNQNNLPKDLdQQIQtLtTQ-----ShWqSshtk---ERQG 
 
     421            480 
Ab_1104         NELtLiRRqIKTaPEYNPeQHRPiAyPQRAkVVGPEGEtIHVDeWGRIKVRFLFTRSDDH 
DSM_1106        NELtLiRRqIKTaPEYNPeQHRPiAyPQRAkVVGPEGEtIHVDeWGRIKVRFLFTRSDDH 
17978_933       NELtLiRRqIKTaPEYNPeQHRPiAyPQRAkVVGPEGEtIHVDeWGRIKVRFLFTRSDDH 
Ab_1_463        NqLiLqRRHIpTtPaYNPqiHsPvtHPQRAkVVGPEGEeIyVDeWGay------------ 
Ab_2_601        ------------------------------------------msGGRIKVRFLFTRSDDH 
17978_1_426     aELnvvRRnIKaVPEYNPlEHRPaAHPQRARVVGlEGESIHVDQWGRIKVRFL------- 
17978_914*      c--aecRsshqscailirstdqPltHsa-pRVVGlEGESIHVDpvGR-hsRFLFTRaDDH 
DSM_932         aELnvvRRnIKaVPEYNPlEHRPaAHPQRARVVGlEGESIHVDQWGRIKVRFLFTRtDDH 
17978_2_395     ------------------------------------------------------------ 
DSM_875         aELnvvRRnIKaVPEYNPlEHRPaAHPQRARVVGlEGESIHVDQWGRIKVRFLFTRaDDH 
Ab_1064         NqLiLqRRHIpTtPaYNPqiHsPvtHPQRAkVVGPEGEeIyVDeWGRIKVRFLFTRSDDH 
DSM_921         NqLiLqRRHIKTVPEYqPlQdRPqAsvQRARVVGPEGESIHVDQWGRIKVRFLFTRSnDH 
Ab_788          NELiLqRRHIKTVPEYqPlQdRPqAsvQRARVVGPEGESIHVDQWGRIKVRFLFTRaDDH 
17978_921       NqLiLqRRHIKTVPEYqPlQdRPqAsvQRARVVGPEGESIyVDQWGRIKVRFLFTRanDH 
 
     481            540 
Ab_1104         gHDGGAGSNDNDTDSAWVDVLTPWAGEGYGARFLPRIGEVVVIDFFDGNIDRPFVtGRIH 
DSM_1106        gHDGGAGSNDNDTDSAWVDVLTPWAGEGYGARFLPRIGEVVVIDFFDGNIDRPFVtGRIH 



17978_933       gHDGGAGSNDNDTDSAWVDVLTPWAGEGYGARFLPRIGEVVVIDFFDGNIDRPFVtGRIH 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        SHDGGAGtNnNDTDSAWiDVLTPWAGEGYGARFLPRIGEIVVIDFFnGdIDRPFVmGRIH 
17978_1_426     ---------------------------------LPelmttammvelevttmtPtrlGsmy 
17978_914*      SHDGGAGSNDNDTDSAWVDVLTPWAGaGYGARFLPRvGEIVVIDFFDGNIDRPFVVGRIH 
DSM_932         SHDGGAGSNDNDTDSAWVDVLTPWAGaGYGARFLPRvGEIVVIDFFDGNIDRPFVVGRIH 
17978_2_395     ------------------------------------------------------mVGRIH 
DSM_875         SHDGGAGSNDNDTDSAWVDVLTPWAGaGYGARFLPRvGEIVVIDFFDGNIDRPFVVGRIH 
Ab_1064         SHDGGAGtNnNDTDSAWVDVLTPWAGEGYGARFLPRIGEIVVIDFFnGdIDRPFVmGRIH 
DSM_921         SHDGGAGSNDNDTDSAWVDVvTPWAGkGYGARFLPRvGEIVVIDFFDGNIDRPFVVGRIH 
Ab_788          rHDGGAGSNDNDTDSAWVDVLTPWAGEGYGARFLPRIGEIVVIDFFDGNvDRPFVVGRIH 
17978_921       SHDGGAGSNDNDTDSAWVDVLTPWAGaGYGARFLPRvGEIVVIDFFDGNIDRPFVVGRIH 
 
     541            600 
Ab_1104         EAqRsPTkFDvKGQLPDTKKLSGIRSqEinGsGFNQLRFDDTTGQIStQLQSSHAAtQLN 
DSM_1106        EAqRsPTkFDvKGQLPaTKKLSGIRSqEinGsGFNQLRFDDTTGQIStQLQSSHAAtQLN 
17978_933       EAqRsPTkFDvKGQLPDTKKLSGIRSqEinGsGFNQLRFDDTTGQIStQLQSSHAAtQLN 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        EAqRqPTkFDnKGkLPDTKKLSGIRSkEVsGgGFgQLRFDDTpGQIStQLQSSHgASQLN 
17978_1_426     s-------llgqGQv-----------------------mahvschvlvkLlSSisltvml 
17978_914*      EAERHPTQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLQSSHAASQLN 
DSM_932         EAERHPTQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLQSSHAASQLN 
17978_2_395     EAERqPTQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLQSSHAASQLN 
DSM_875         EAERHPTQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLQSSHAASQLN 
Ab_1064         EAqRHPTkFDnKGkLPDTKKLSGIRSkEVsGgGFgQLRFDDTpGQIStQLQSSHgASQLN 
DSM_921         EAERHPaQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLhSSHAASQLN 
Ab_788          EAERHPTQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLQSSHAASQLN 
17978_921       EAERHPaQFDQKGQLPDTKKLSGIRSEEVDGKGFNQLRFDDTTGQISAQLQSSHAvSQLN 
 
     601            660 
Ab_1104         LGNLSHPKeqAtSqGRGEGFELRTDaWGA-VRAGKGmLISTyaQeQAiadHLeAAQAqsl 
DSM_1106        LGNLSHPKeqemSqGRGEGFELRTDaWGA-VRAGKGmLISTyaQeQAiadHLeAAQAqsl 
17978_933       LGNLSHPKeqetSqGRGEGFELRTDaWGA-VRAGKGmLISTyaQeQAiadHLeAAQAqsl 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        LGkLSHPKDKAESedRGEGFELRTDQWGA-lRAGqGLLVSTHKQDnAKGdHLDAevAKkQ 
17978_1_426     tarLw---------------------WGvfmkpsanqrsSTrKasyltprnLavSvqKks 
17978_914*      LGNLSHPKDKAESDGRGEGFELRTDQWGA-VRAGsGLLVSTHKQDQAQGvHLDASEAKQQ 
DSM_932         LGNLSHPKDKAESDGRGEGFELRTDQWGA-VRAGsGLLVSTHKQDQAQGvHLDASEAKQQ 
17978_2_395     LGNLSHPKDKAESDGRGEGFELRTDQWGA-VRAGsGLLISTHKQDQAQGvHLDASEAKQQ 
DSM_875         LGNLSHPKDKAESDGRGEGFELRTDQWGA-VRAGsGLLVSTHKQDQAQGvHLDASEAKQQ 
Ab_1064         LGkLSHPKDKAESedRGEGFELRTDQWGA-lRAGqGLLVSTHKQDnAKGdHLDAgvAKkQ 
DSM_921         LGNLSHPKDKAESDGRGEGFELRTDQWGA-VRAGKGLLVSTHKQDQAQGvHLDANnAeQQ 
Ab_788          LGNLSHPKeKAESDGRGEGFELRTDQWGA-VRAGsGLyVSTHKQDQAQGtHLDAkEtKQQ 
17978_921       LGNLSHPKDKAESDGRGEGFELRTDQWGA-VRAGKGLLVSTHKQDQAQGtHLDAADAKQQ 
 
     661            720 
Ab_1104         lsqGyesmKmLSEVAakQQTDaLNVINRLPKFIQSLELKTTGQALNSTVNLFKEGINNDP 
DSM_1106        lsqGyesmKmLSEVAakQQTDaLNVINRLPKFIQSLELKTTGQALNSTVNLFKEGINNDP 
17978_933       lsqGyesmKmLSEVAakQQTDaLNVINRLPKFIQSLELKTTGQALNSTVNLFKEGINNDP 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        lEGsqtNsKALSdiAKNQkTDei------------------------------------- 
17978_1_426     makaLtss---------------------------------------------------- 
17978_914*      IEGGLNNAKALSEVAKNQQTDPL------------------------------------- 
DSM_932         IEGGLNNAKALSEVAKNQQTDPL------------------------------------- 
17978_2_395     IEGGLNNAKALSEVAKNQQTDPL------------------------------------- 
DSM_875         IEGGLNNAKALSEVAKNQQTDPL------------------------------------- 
Ab_1064         IEGsqtNsKALSdiAKNQkTDei------------------------------------- 
DSM_921         IEGsLNNAKALSEVAKNQQTDPL------------------------------------- 
Ab_788          ldGnLNNAKALSdVAKNQQTDPL------------------------------------- 
17978_921       IEGGLNNAKALSEVAKNQQTDPL------------------------------------- 
 
     721            780 
Ab_1104         IHALKDCGGFIQDIGALGGNAKGVVDEFNSFFSDAKdavENLKaFIEnVEEHgPDIVKGK 
DSM_1106        IHALKDCGGFIQDIGALGGNAKGVVDEFNSFFSDAKdavENLKaFIEnVEEHgPDIVKGK 
17978_933       IHALKDCGGFIQDIGALGGNAKGVVDEFNSFFSDAKdavENLKaFIEnVEEHgPDIVKGK 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        ------------------------------------EsiEqLKdFasQIqq--------- 
17978_1_426     ------------------------------------------------------------ 
17978_914*      ------------------------------------EMLENLKTFIEQIEEkDqD----- 
DSM_932         ------------------------------------EMLENLKTFIEQIEEkDqD----- 
17978_2_395     ------------------------------------dMLENiqTFLEvlkqeDPk----- 



DSM_875         ------------------------------------dMLENiqTFLEvlkqeDPk----- 
Ab_1064         ------------------------------------EsiEqLKdFasQIqq--------- 
DSM_921         ------------------------------------EVLENLKnFLEQIEqqDkD----- 
Ab_788          ------------------------------------EhLENLKTFLEQIEEqDqg----- 
17978_921       ------------------------------------EMLENLKTFIEQIEEkDqD----- 
 
     781            840 
Ab_1104         LASIKDRIHKNPFESIQEVGrVLANVETKDFDLMSTCGTFSKGSKLEVSPSKALSSLQGF 
DSM_1106        LASIKDRIHKNPFESIQEVGKVLANVETKDFDLMSmCGTFSKGSKLEVSPSKALSSLQGF 
17978_933       LASIKDRIHKNPFESIQEVGKVLANVETKDFDLMSTCGTFSKGSKLEVSPSKALSSLQGF 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        ------------------------------------------------------------ 
17978_1_426     ------------------------------------------------------------ 
17978_914*      ------------------------------------------------------------ 
DSM_932         ------------------------------------------------------------ 
17978_2_395     ------------------------------------------------------------ 
DSM_875         ------------------------------------------------------------ 
Ab_1064         ------------------------------------------------------------ 
DSM_921         ------------------------------------------------------------ 
Ab_788          ------------------------------------------------------------ 
17978_921       ------------------------------------------------------------ 
 
     841            900 
Ab_1104         MEGYTQGLESSSDTKQQEqgkiFrQALMLLASPNgIALttpEnIiLqAsqdiaeSAsgSI 
DSM_1106        MEGYTQGLESSSDTqQQEqgkiFrQALMLLASPNgIALttpEnIiLqAsqdiaeSAsgSI 
17978_933       MEGYTQGLESSSDTKQQEqgkiFrQALMLLASPNgIALttpEnIiLqAsqdiaeSAsgSI 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        ------------------qiAkFekALlLLsSPdgIALsSsEDIHiSADaQiNQiAGDSI 
17978_1_426     ----------------------------vLmtPqaksvpSy------------------- 
17978_914*      ------------------KAAaFKQALMiLtaPNSIALASNEDIHLSADGQLNQtAGDSI 
DSM_932         ------------------KAAaFKQALMiLtaPNSIALASNEDIHLSADGQLNQtAGDSI 
17978_2_395     ------------------KAAeFqsAvMLLASPkSIAvsSNEDIHLSAnGQLtQSAGDSI 
DSM_875         ------------------KAAeFqsAvMLLASPkSIAvsSNEDIHLSAnGQLtQSAGDSI 
Ab_1064         ------------------qiAkFekALlLLsSPdgIALsSsEDIHiSADaQiNQiAGDSI 
DSM_921         ------------------KAAvFKQAiMvLsaPNSVAiASNEDIHLSADGQLsQSAGDSI 
Ab_788          ------------------KAAaFKQALMvLtaPNSIALASNEDIHLSADGQLsQtAGDSI 
17978_921       ------------------KAAtFKQALMvLtaPNSIAvASNEDIHLSADGQLsQnAGDSI 
 
              901            960 
Ab_1104         NLSaQKNIIgHAQdKISLFAAQkGlsafAAKGpIkvQAQteGieIlsRKnIkILSvEDKI 
DSM_1106        NLSaQKNIIgHAQdKISLFAAQkGlRaYAAKGKlElQAQdDaieaIAkKvIklISTEDKI 
17978_933       NLSaQKNIIgHAQdKISLFAAQkGlRaYAAKGKlElQAQdDaieaIAkKvIklISTEDKI 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        NiSTQKNVIAHAQNrlSLFAAQsGlkavAAqGKVEIQAQsDalDvlAnKGItIsSTEDcI 
17978_1_426     --------------KvampqAs-------------------------------------- 
17978_914*      NLSTQKNlIAHAQNKISLFAAQQGARLYAgKGKVEIQAQGDGADLIARKavQvISTEDKI 
DSM_932         NLSTQKNlIAHAQNKISLFAAQQGARLYAgKGKVEIQAQGDGADLIARKavQvISTEDKI 
17978_2_395     NmSTQKNIvnHAsqKISLFAAQEGARLfAgKGKVEIQAQGDGlDvIARKGIQItSTEDtv 
DSM_875         NmSTQKNIvnHAsqKISLFAAQEGARLfAgKGKVEIQAQGDGlDvIARKGvQItSTEDtv 
Ab_1064         NiSTQKNVIAHAQNrlSLFAAQsGlkavAAqGKVEIQAQaDalDvlsklGItIsSTdDKv 
DSM_921         NLSTQKNIIAHAQNKISLFAAQQGARLYAgnGKVEIQAQaDGADLIARKGvQIISTEDRI 
Ab_788          sLSTQKNlIAHAQNKISLFAAQEGARLYAAKGKlEvQAQGe------------------- 
17978_921       sLSTQKNlIAHAQNKISLFAAQQGARLYAgKGKVEIQAQGDGADLIARKGIQIISTEDKI 
 
              961           1020 
Ab_1104         EIvgqKEIVLnAGGSQltIsdkGvFinTprlFhaKAGQHkFdaGAiINysfPnLPs---- 
DSM_1106        ELTSPKEIVLTAGGSQlKINanGvFstTGGKFEsKAGQHLFtsGAtVNaelPkMPe---t 
17978_933       ELTSPKEIVLTAGGSQlKINanGvF----------------------------------- 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        EIsSPKEIViTgasSQItlNGSGIFPkTGGKFqVnAGQHvFqGGASasvqsslpPp-pKr 
17978_1_426     ------------------------------------------------------------ 
17978_914*      EaTaaKEIVLTAGGSQVKItGSGIFmtTsGKFEVKAGQHLFMGGgSVNsslPyLPe-qgk 
DSM_932         EaTaaKEIVLTAGGSQVKItGSGIFmtTsGKFEVKAGQHLFMGGgSVNsslPqLPe--ae 
17978_2_395     fITSPtEInLTAnGSQVKlNGSGIFPVTGGKlEVKAGQHLFMGGeqVt-----pPkkqEn 
DSM_875         yITSPtEInLTAnGSQVKlNGSGIFPVTGGKlEVKAGQHLFMGGsSINppaldLP----- 
Ab_1064         iIsSPKEvkiTgGsSQItlNGSGIFPkTGGKFqVnAGQHLFMaGASaNagaPeLPk-aKp 
DSM_921         EITasKEvViTsGGSQIKINsSGIFPVTGGKFEVKAGQHLFtsGASVsantPqLPvlgEl 
Ab_788          -----KslIvsf-------------------------QrLykG----------------- 
17978_921       EInasKEIViTsGGSQIKINsSGIFPVTGGKFEVKAGQHvFMGGAkadyvlPsLPt-qEi 
 
             1021           1080 



Ab_1104         -myygnFnitDknnnpig-GqKYkmtlp-sGKeilGftDeNGntvtgysgednqnLklEi 
DSM_1106        gmysMrFdlsqifdtkilknmEYklinhskkieavyefeqessARVysdsvdnveLal-- 
17978_933       ------------------------------------------------------------ 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        vqgvLelfheyahGefvK-GgsYrVvdn-fGKevtGkLDdkGfAKVsglatGavKvfFEs 
17978_1_426     ------------------------------------------------------------ 
17978_914*      qkygvwFdvmDkqGnklKpGtEYiIFdehdkEierGkLDrtGlvKL-------------- 
DSM_932         npfvLqYlvkNkenqvms-ekpYilldd-eGnihrGttDkdGfmKL-------------- 
17978_2_395     kpcyLtFeitDldGkpaK-nvEYiaFrm-dGsrqkGqtnaqGltQr-------------- 
DSM_875         -----------------------------dcsakqtqaaqNGsAKVdls----------- 
Ab_1064         mqgaLellrsyggdnfFK-qnsYkVids-lGKqitGkLDgNGfAQVtgiapGpAKvvFEk 
DSM_921         nqhnLrYllkDkeGipFa-hhKYiaFmp-nGKkleGitDeNGytQL-------------- 
Ab_788          ------------------------------------------------------------ 
17978_921       ktddLlleylhsdGtpvK-GaDYeVlls-dGsirkGkLDasGkAiVsgvpaGrAKiqYge 
 
             1081           1140 
Ab_1104         ----------------------------------------iedlyqdiwyqpnstyEyet 
DSM_1106        ----------------------------------------vpgvylteikeliseqEaes 
17978_933       ---------------------------------------------dnrw----------- 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        DHrdpWdtASDFKRpveWpnkndAdseqsdSlIaqMSKtaqsklgelskqltnptnimkn 
17978_1_426     ------------------------------------------------------------ 
17978_914*      -----------------------------------------------eteepnkqyKihv 
DSM_932         ----------------------------------------kttsasqrittrvmmnEieq 
17978_2_395     ----------------------------------------fetdgseqisihicdenask 
DSM_875         ------------------------------------------------------------ 
Ab_1064         DNtsaWlqSSDFKRnytWaepvkSvqglmkNaLeaVgqntmsqlqnnllstdknsfKnlg 
DSM_921         ----------------------------------------iktvrpeeisihlynnEein 
Ab_788          ------------------------------------------------------------ 
17978_921       Dq----------------------------------SKdefpalevddwftqlgsstktg 
 
             1141           1200 
Ab_1104         iDdlElpvnfdkEvdEde------------------------------------------ 
DSM_1106        lDdeDidscgcgEehEhd------------------------------------------ 
17978_933       ------------------------------------------------------------ 
Ab_1_463        ------------------------------------------------------------ 
Ab_2_601        iqtaqsiksegaKalmpmLktqAqglVTdQVksfLpisEagqkignSielTsiqKMndfn 
17978_1_426     ------------------------------------------------------------ 
17978_914*      vn---------------------------------------------------------- 
DSM_932         aDeeEagtee-------------------------------------------------- 
17978_2_395     yklaakg----------------------------------------------------- 
DSM_875         ------------------------------------------------------------ 
Ab_1064         kntlDnlagqtvaqiKnqVtntAlntVSkQLnlnLsadQmkslgqmAtnpSqslEMlkeq 
DSM_921         iD---------------------------------------------------------- 
Ab_788          ------------------------------------------------------------ 
17978_921       kEe--------------------------------------------------------- 
 
             1201 
Ab_1104         ------------------------------------ 
DSM_1106        ------------------------------------ 
17978_933       ------------------------------------ 
Ab_1_463        ------------------------------------ 
Ab_2_601        ksgsIdgnslvnnTlhqylqSPfKKnS--------- 
17978_1_426     ------------------------------------ 
17978_914*      ------------------------------------ 
DSM_932         ------------------------------------ 
17978_2_395     ------------------------------------ 
DSM_875         ------------------------------------ 
Ab_1064         ggdfLsdqmtaklSkstnqdSPiQQgAldtfvrskk 
DSM_921         ------------------------------------ 
Ab_788          ------------------------------------ 
17978_921       ------------------------------------ 
 
S1 Fig. 
 
 
 











S1 Table. Strains and plasmids included in this study.  

Designation Relevant characteristics Reference or source  
Strains   
A baumannii   
ATCC17978 Reference strain ATCC 
17978 ΔtssM ATCC17978 isogenic derivative tssM 

unmarked deletion mutant This study 

17978 mini-CTX1 
ATCC17978 carrying a chromosomal 
insertion of mini-CTX1 confering 
tetracycline resistance.  

This study 

DSM30011  ATCC 

DSM30011 ΔtssM 
DSM30011 isogenic derivative tssM 
deletion mutant, marked with an 
apramycin resistance cassette 

This study 

DSM30011 ΔtssM ptssM DSM30011 ΔtssM complemented strain This study 

DSM30011 mini-Tn7 
DSM30011 carrying a chromosomal 
insertion of mini Tn7 conferring 
gentamycin resistance. 

This study 

Ab242 Clinical isolate [1] 
Ab244 Clinical isolate  [1] 
Ab825 Clinical isolate [1] 
E. coli   

DH5α 

intermediate host for cloning and 
nalidixic acid resistant prey in bacterial 
competition assays. In some cases this 
strain contained a plasmid carrying 
apramycin cassette 

 

P. aeruginosa  
PAK prey in the bacterial competition assays. 

PAK retS retS mutant used as prey in the bacterial 
competition assays  

PA14 
prey in the bacterial competition assays 
and positive control in cell death 
experiments 

PA7 prey in the bacterial competition assays 
K. pneumoniae  
52145 prey in the bacterial competition assays 
Plasmids   
pGEM®-T Easy  Promega 

pGEM-2.1 
pGEM®-T Easy derivative carrying 2 kb 
upstream and downstream regions of 
DSM30011 tssM gene  

This study 

pGEM-2.2 
pGEMT-2.1 derivative with DSM30011 
tssM gene flanking regions interrupted 
by an apramycin resistant cassette 

This study 

pEX100T/Kan pEX100T derivative carrying a 
kanamycin resistant cassette  

pEX-TssM17 
pEX100T/Kan derivative carrying 0.5 kb 
upstream and downstream regions of 
17978 tssM gene 

This study 

pX5K derivative of the RSF1010-derived 
plasmid pMM2017-Kan14  [7]  

pTssM 
pX5K derivative carrying DSM30011 
tssM gene under the control of a 
constitutive promoter 

This study 
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pMini Tn7 
Used to insert gentamycin resistance into 
the chromosome for bacterial 
competition assays 

[8] 

pMini CTX1 
Used to insert tetracyclin resistance into 
the chromosome for bacterial 
competition assays 

[9] 



S2 Table. Primers used in this study 
Name Sequence (5’ to 3’) Restriction site 
17UpF CTGTTATCCCTACCCGGGGCATTTTCCTGAACATATCG SmaI 
17UpR GCTCTTTACGCTGTGCACTATCCTCATATAGTGCTGCGTTCC - 
17DoF GATAGTGCACAGCGTAAAGAGC - 
17DoR TAACAGGGTAATCCCGGGCATGTTCTCTTGTGGATTTGC SmaI 
17ChUp GGATGGTCAAAGATTATATTCC - 
17ChDo CACATTCACGTTCAGATAAAACC - 
DSMUpF CGATACCCGGGGTTGAGTTGTATTTTTAAGC SmaI 
DSMUpR CTGGATATCGAGTTTTGGCAGGATCAGCTGCCCTATTCTCGTTC

TAAGTTCAAAG 
EcoRV 

DSMDoF GGCAGCTGCTCCTGCCAAAACTGGATATCCAGTTTCTGC EcoRV 
DSMDoR CGATACCCGGGGATAATGAATCATTTACTCTTGC SmaI 
ApraF GCATCGATATCATCAAGGCCCGATCCTTGGAGCCCTTG    EcoRV 
ApraR GCATCGATATCTCATGAGCTCAGCCAATCGACTGG EcoRV 
CTssMF2 ATATGGATCCATGCATACAATTTTAGGCTACTTGTGGCAG BamHI 
CTssMR2 ATATGGATCCTCATGGCTTAACTCCCGCAGCAG BamHI 
T6ChUp ATGCATGGGTCGATCCAAATAGCG - 
T6ChDo GTAACAACCCAATTAATACTTCGG - 
HcpF GAAAGATATATACGTTGAGTTTCG - 
HcpR CTGCGTAAGAAGCTGTATTATTAG - 
TssMF GCAAAGACGTCTACAACAGTTAGAC - 
TssMR TTGCTGATCATCACGTTTACGAAC - 
16SF GTGAGTAATGCTTAGGAATCTG - 
16SR CATACTCTAGCTCACCAGTATC - 
 



S3 Table. T6SS locus genes in A. baumannii strains under study.  

* genes detected only in species of the genus Acinetobacter 



S4 Table. Putative VrgG proteins encoded by the A. baumannii strains under study. 
 

Strain VgrG protein 
(aa length) 

Locus or GenBank accession 
number 

DSM30011 

932 KT334325 
875 KT334328 

1106 KT334326 
921 KT334327 

ATCC17978 

933 A1S_3364 
426a A1S_1288 
395b A1S_1289 
914* A1S_0082 
921 A1S_0550 

Ab244 

788 AKR15126 
1104 AKR15129 
463a AKR15122 
601b AKR15123 
1064 AKR15127 

 
aProteins encoding VgrG N-terminal domain only. 
bProteins encoding VgrG C-terminal domain only. 
*Annotated as a pseudogene . 







Chapitre 2

souches cliniques d’Ab. Nous avons ainsi élargi notre étude aux souches cliniques 

DR isolée en 2008 lors d’une ostéomyélite

montré qu’elle appartient à l’IC I, l’un des trois clones à l’origine de la majorité des 

comparaison entre la souche 5075 et d’autres souches 

cliniques dont deux autres souches appartenant à l’IC II, montre qu’Ab 5075 est la souche 

de l’infection pulmonaire d’un modèle murin 

ainsi que la disponibilité d’outils génétiques fait d’elle un bon modèle pour l’étude de la 

virulence d’Ab.

La souche V028900, dont l’étude se fait en collaboration avec Paul Higgins et 

Seifert (Université de Cologne, Allemagne), a été isolée lors d’un épisode infectieux dans 

eux, un patient dont le pronostique vitale n’était pas engagé à son entrée à l’hôpital. 

L’analyse du génome de cette souche indique qu’elle fait partie de l’IC4 ou ST15. Les 

international avec une grande capacité de persistance dans l’environnement 

Dans l’ensemble de ce travail, la souche 17978 sera désignée comme la souche de 

caractérisent l’hypervirulence des nouvelles souches cliniques.



Présence d’un SST6 inactif chez les souches cliniques 

D’après les données de notre précédente étude et celles de l

. Lorsqu’il est 

fonctionnel, il joue un rôle dans la virulence d’Ab 

lors de l’étude précédente. 

d’un SST6 actif 

ouches d’Ab
A) La présence d’Hcp (19 

présence d’Hcp et de EF

Nous avons d’abord vérifié la qualité de nos préparations et notamment l’absence de lyse 

cytosolique. Nous observons la présence d’EF Tu dans l’extrait totale des quatre souches 

tandis qu’EF

étant présente dans le cytosol des bactéries mais n’étant pas sécrétée, nous 



Comme nous l’avons déjà montré, Hcp est retrouvée dans le surnageant de la souche 

11 tandis qu’elle est absente dans le surnageant de son mutant du SST6. 

dans l’extrait total de ces deux souches (Chapitre 1 de la 

qu’elle s

modèle d’infection 

et ce quel que soit la concentration de l’inoculum utilisée 

L’infection des larves avec un inoculum de 1x10

après 86h pour les larves infectées par la souche V028900 tandis qu’il est de 50% après 

). Lors d’infections à 

100% après 100h d’infection pour les larves infectées par la 

d’infection, significativement différent de celui des deux autres souches.

es conditions que celles de l’infection par Ab. Aucune mortalité n’a été 



modèle d’infection 



Analyse de la capacité d’adhésion des souches d’Ab

une étape 

clef de la pathogénicité d’Ab. 

La majorité des infections à Ab sont associées au système respiratoire, c’est pourquoi 

nous avons choisi d’inf

humaines, les cellules A549 issues d’un adénocarcinome. Elles forment des monocouches 

ement utilisées dans la littérature pour l’étude d’Ab

En revanche, malgré un nombre croissant d’études 

donnée n’est disponible sur sa capacité d’adhésion aux cellules eucaryotes 

Après une heure d’infection érentes multiplicités d’infection (MOI) de 1, 

100, nous constatons que toutes les souches ont la capacité d’adhérer aux cellules A549 

. Toutefois pour chacune d’elles

ryotes par rapport à l’inoculum utilisé pour l’infection 

l’adhésion des souches cliniques hypervirulentes à 



. Analyse du pourcentage d’adhésion des différentes souches d’Ab

Adhésion des différentes souches d’Ab aux cellules A549 après 1h d'infection à 
ourcentage d’adhésion. C) Adhésion des 

exprimée en pourcentage d’adhésion. Le pourcentage d’adhésion est calculé comme le 
par rapport à l’inoculum de bactéries 

utilisé pour infecter les cellules A549. Les différences significatives d’adhésion sont 
Wallis. * P ≤ 0.05 ; ** P ≤ 0.01

P ≤ 0.001 ; l’absence de statistique indique que les différences sont non significatives.



Dans la littérature, le temps de contact utilisé lors des tests d’adhésion d’Ab peut varier 

d’1h à 24h sel

ait contribuer à l’adhésion aux cellules eucaryotes. Pour cela, nous avons 

ΔtssM

ΔtssM

d’adhésion à une MOI de 1 et 10 et nous n’avons pas observé de différence dans la 

capacité d’adhésion aux cell

). Le SST6 n’est pas impliqué dans 

l’adhésion de la souche DSM30011 aux cellules hôtes dans nos conditions d’expérience. 

ne s’explique pas par une augmentation de 

la capacité d’adhésion. Aucune différence d’adhésion aux cellules eucaryotes après une 

heure d’infection n’a été 

permet à la souche 5075 d’adhérer davantage.

(DSM30011Δ
la souche complémentée (DSM30011Δ
à une MOI de 1 et 10 exprimée en pourcentage d’adhésion. Les différences statistiques ont 
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Observation par microscopie de l’adhésion d’Ab aux cellules 

Les tests d’adhésion indiquant qu’Ab est capable d’adhérer aux cellules eucaryotes 

utilisées lors des tests d’adhésion. Pour localiser Ab au sein de l’environnement cellulaire

d’une part le cytosquelette d’actine et le 

noyau des cellules infectées et d’autre part les bactéries

» consistant à générer plusieurs images d’une même région à différents plans z nous 

Les souches cliniques V028900 et 5075 ne sont pas reconnues par l’anticorps utilisé pour 

par microscopie, à l’aide des nouveaux anticorps, que les souches cliniques adhèrent à la 



. Visualisation de l’adhésion des souches 17978 et DSM30011 d’Ab

A) B)

C) D)



barrière épithéliale pour coloniser d’autres organes ou rejoindre la circulation sanguine. 

visible par une baisse de sa polarisation et l’altération dans la localisation de protéines 

. Ces aspects n’ont 

Pour évaluer la capacité des différentes souches d’Ab à perturber et à traverser une 

al avec un potentiel de membrane défini. L’évaluation de 

d’une molécule f

pour l’étude d’autres pathogènes tels que 

l’environnem

en condition AIC par l’infection d’

basolatéral après 1h d’infection par Ab. 



les différentes souches d’Ab. L’intégrité de la monocouche cellulaire a été évaluée en 

artificiellement réalisé une rupture de la monocouche cellulaire en grattant à l’aide d’un 

fluorescéine plus important que ceux n’ayant pas été infectés. En effet, moins de 2% de 

d’Ab après la mise en culture sur boîte de pétri des milieux basolatéraux récupérés après 

une heure d’infection. Cette croissance ne représentait néanmoins qu’une très faible 

lors de l’infection (moins de 

1%), sans qu’il n’y ait de différence entre les souches (données non montrées). Ce 

résultat suggère qu’Ab 

n’explique pas la virulence accrue des souches

Comparaison de l’induction de cytotoxicité chez les cellules 

infectées par les différentes souches d’Ab

virulence d’Ab est l’induction de mort cellulaire, décrit dans l’introduction. Nous avons 

ite analysé les niveaux de cytotoxicité induit lors de l’infection.

Pour évaluer la mort cellulaire induite lors de l’infection par Ab, nous avons réalisé un test 

colorimétrique mesurant l’activité des lactates déshydrogénases (LDH), une enzyme 

er ou d’identifier la mort cellulaire qui en est la cause.



Nous avons d’abord testé différentes conditions d’infection pour ce test LDH en utilisant 

la souche DSM30011 d’Ab et la souche PA14 de 

d’effecteurs ayant une activité cytotoxique sur les cellules eucaryotes 

n d’éliminer les bactéries extracellulaires (

de l’activité de la LDH libérée suite au

6h d’infection la lyse de près de 40% des cellules jusqu’à induire après 24h d’infection 

une cytotoxicité d’environ 60% ( ). En revanche la souche DSM30011 d’Ab induit

très peu de mort cellulaire après 6h et 24h d’infection.

l’absence d’induction de mort cellulaire par Ab, nous avons ensuite évalué 

l’activité LDH de cellules infectées avec les souches d’Ab issues d’une culture en 

l’infection des cellules eucaryotes est toujours capable d’induire la libération de LDH

A). Par contre, aucune cytotoxicité n’est détectée lors de l’infection par la 

’une culture en phase exponentielle.

montrent une cytotoxicité d’Ab 

l’expérience précédente 

heure d’infection, le milieu a é

L’infection par PA14 issue 

d’une culture en phase stationnaire conduit à une cytotoxicité de 70% dès 6h après 

souche DSM30011 après 6h d’infection. En revanche après 24h d’infection, la souche 

DSM30011 conduit à la lyse d’environ 30% des cellules. La souche DSM30011 issue d’une 

ntielle lors de l’infection induit une cytotoxicité identique à celle 



d’une culture en phase stationnaire. Pour la suite de ces expériences, nous avons utilisés 

des cultures en phase stationnaire d’Ab lors de l’infection des cellules A549 pour être dans 

s conditions comparables à celles utilisées lors des tests d’adhésion.

différentes souches d’
Evaluation du niveau de LDH libéré lors de l’infection par la souche DSM30011 d’Ab ou 

issues d’une culture en phase stationnaire (statio) ou 
d’une culture exponentielle (expo). Les cellules ont été infectées durant 1h puis traitées 

traitées jusqu’à 6 ou 24h post infection. C) Comparaison de l’induction de mort cellulaire 
induite lors de l’infection par les souches d’Ab 17978, DSM30011, 5075 et V028900 issues 
d’une culture en phase stationnaire traitées aux antibiotiques ou 

souches à un même temps d’infection.



hypervirulentes d’Ab, la souche 17978 et la souche DSM30011 durant 

ont été traitées aux antibiotiques jusqu’à 24h après infection (conditions identiques

). Les souches d’Ab induisent une très faible cytotoxicité à 6h ou 24h après 

d’aucun traitem

par les souches d’Ab ( D). En revanche après 24h d’infection sans traitement 

antibiotique, les souches d’Ab induisent une cytotoxicité chez 15% à 30% 

Cependant la différence de cytotoxicité entre les souches n’est pas significative 

Nous avons voulu conforter ces résultats à l’aide d’une autre technique. L’

dont la fluorescence s’accroit en s’intercalant entre les bases d’ADN. Il permet ainsi la 

cellules mourantes, les cellules vivantes y étant imperméables. L’incubation 

des cellules infectées par Ab avec le IP permet d’observer en temps réel la mort cellulaire 

causée par l’infection. L’incorporation de l’

également été mesurée afin d’avoir sa valeur maximale théorique. Comme attendu, une 

heures après infection, l’incorporation l’

des souches d’Ab n’induit de cytotoxicité comparable à celle induite par PA14 (

En conclusion, l’augmentation de la virulence 

V028900 et 5075 n’est probablement pas due à leur cytotoxicité.



. Différences de cytotoxicité observées par mesure d’incorporation de IP 
lors de l’infection des cellules pulmonaires épithéliales par les différentes souches 
d’Ab
Les cellules A549 ont été infectées puis l’incorporation de IP a été enregistrée à partir 
d’une heure après infection jusqu’à 7h par mesure de 
quarts d’heure. L’incorporation du IP maximale théorique est obtenue après 

Comme développé dans l’introduction, Ab induit une RI lors de son infection. En effet, la 

les PRR d’Ab conduit à l’activation du facteur transcriptionnel N κB qui est 

l’IL . Avec l’aide de Julie Raymond, une stagiaire de Master 2 que j’ai 

encadré, nous avons étudié l’activation de la voie NF κB lors de l’infection par Ab.

κB 

après une heure d’infection. L‘analyse des images obtenues des cellules infectées à l’aide 

d’un logiciel développé dans notre laboratoire permet l’obtention d’un ratio reflétant la 

κB redirigée vers le noyau ( . Nous n’avons pas détecté 

κB dans le noyau pour au

d’Ab 



κB 

κB ont ensuite 

permettant A) l’évaluation de 

κB du 

l’aide d’un logiciel 

l'expérience réalisées. TNFα 

κB dans le noyau. Les 

Wallis. **** P ≤ 

permettant d’évaluer l’induction de l’expression des gènes cibles de NF κB lors de 

l’in

Dual, sous contrôle du promoteur de l’IFN β

κB, est détectée par un test enzymatique colorimétrique. Après une 

précédemment puis traitées ou non aux antibiotiques afin d’éliminer les bactéries 

pour valider l’état fonctionnel 

κB des cellules rapportrices au cours de l’infection : 1) la stimulation des 

cellules par le TNFα ; 2) la stimulation des cellules avec les différentes souches d’Ab 



inactivées permettent l’exposition aux cellules eucaryotes de tous les PAMP d’Ab 

κB et ce aussi fortement que le TNFα après 24h et 48h de 

κB par Ab.
Dual porteuses du système rapporteur pour l’activation de NF κB ont 

été A) stimulées par le TNFα ou par les bactéries inactivé
par les souches 17978, DSM30011, 5075 ou V028900 d’Ab ou par la souche PA14 de 

.  L’activation de la voie NF κB 

l’activité de la SEAP dans les surnageants à une DO de 620 nm après 24h ou 48h de 

conditions de l'expérience. Les différences significatives d’adhésion sont indiquées par 
Way Anova. ** P ≤ 0.01 ; **** P ≤ 



Nous n’avons pas d’induction de la voie NF κB à 24h et 48h, chez les cellules infectées 

B). En revanche si l’infection n’est suivie d’aucun traitement 

e, une augmentation de l’induction de la voie NF κB est observée quel que soit 

la souche à l’origine de l’infection après 24h et 48h (Figure 2

En conclusion Ab conduit à l’activation de la voie NF κB mais aucune différence 

significative n’a été observée entre les différentes souches d’Ab testées. 

Nous avons ensuite quantifié la concentration de l’IL

dans les processus d’infl

neutrophiles sur le site de l’infection, essentiels à l’élimination d’Ab 

, l’

infectées par Ab tandis qu’aucune sécrétion de cette cytokine n’est 

cellules non infectées (données non montrées). Le taux d’IL

jusqu’à 24h pour toutes les souches. Aucunes différences dans l’induction de sécrétion 

n’est observée entre les

l’analyse statistique. 

. Sécrétion d’IL

différentes souches d’

s’est faite après 3h, 8h ou 24h d'infection. 

≤ 0.05 ; ** P ≤ 0.01 ; *** P ≤ 0.001 ; **** P ≤ 
; l’absence de statistique indique 



vidence d’une phase intracellulaire et multiplication des 

s hypervirulentes à l’intérieur des cellules 

Face à l’absence de phénotype 

l’accumulation de donné

l’ d’ hase intracellulaire lors de l’infection 

s’il y avait des différences d’invasion entre les souches cliniques 

’

d’évaluer si le temps de contact influence la capacité d’Ab à entrer 

A). Pour cet essai, nous avons utilisé la souche 17978 dont l’adhésion aux 

capables d’entrer à l’intérieur des cellules après une heure d’infection (

plus, aucune différence dans le nombre de bactéries intracellulaires n’est observée pour 

d’infection. Pour la suite les expériences d’invasion, nous avons donc choisi d’infecter nos 

capable d’envahir les cellules (Figure 2

équivalente à l’intérieu

ister à l’intérieur des cellules, en 

les lysant à des temps plus tardifs d’infection. Il n’y a pas différence significative entre les 

CFU obtenus après 3h, 24h ou 48h d’infection pour les souches 17978 et DSM30011, qui 

y survivre jusqu’à 48h (Figure 2

après 24h d’infection un nombre significativement plus important de bactéries 



h d’infection, le nombre de bactéries 

intracellulaires de 5075 et V028900 diminue au niveau de celui retrouvé à 3h d’infection. 

d’expériences sont essentiels pour confirmer ces résultats. Néanmoins, l’augmentation 

potentiel du nombre de bactéries intracellulaires des souches hypervirulentes d’Ab est un 



cliniques hypervirulentes à l’intérieur des cellules eucaryotes. 
Infection des cellules A549 à une MOI de 100 par les différentes souches d’Ab durant 

’ vie d’un traitement antibiotique de 2h pour éliminer 

Quantification des bactéries intracellulaires après lyse des cellules infectées à l’aide d’eau 

obtenu après 3h d’infection.  Les mêmes donné
s en C) avec les temps d’infection de 24h et 48h. D) Calcul de 

l’augmentation du nombre d
significatives d’adhésion sont indiquées par des astérisques et ont été calculé

way Anova. * P ≤ 0.05 ; *** P ≤ 0.001 ; **** P ≤ 0.0001 ; l’absence de statistique 



puis observées par microscopie confocale afin d’étudier cette phase intracellulaire. 

L’internalisation d’Ab après interact

que des filaments d’actines et des microtubules (Voir 

Cependant le compartiment intracellulaire dans lequel se trouve Ab n’était pas 

l’infection des cellules 

de l’endosome tardif et du lysosome 

d’Ab est associée à une vacuole LAMP1 jusqu’à 48h après infection (données non 

ont été fixées à 24h après infection. Sur l’image, les bactéries sont en vert, l'actine en bleu 



associé à un marqueur de l’endosome tardif et du lysosome.

à l’intérieur des cellules infectées.  

Lors des tests d’invasion par comptage du nombre de bactéries obtenu après ly



comme précédemment réalisé des images en trois dimensions. Après 3h d’infection, nous 

avons remarqué qu’une faible population de bactéries se trouvent à l’extérieur des 

pourrait en partie expliquer l’augmentation du nombre de CFU. Néanmo

confocale après 3h d’in

V028900. Sur l’image, les 

B)

A)



Après 3h d’infection, la majorité des 

tandis qu’une faible 

). Cette réplication n’a pas été observé par 

Pour conclure, nous avons confirmé par microscopie confocale qu’Ab adhèr

l’intérieur des cellules. Ab est associé

endosomales au niveau intracellulaire après 3h et 24h d’infection. La souche 



. Cellule infectée par la souche 5075 d’Ab présentant un nombre 

pie confocale des cellules A549 après 24h d’infection par la souche 
5075 d’Ab dans un plan xy et les projections orthogonales xz et yz.  Les bactéries sont en 







Matériels et méthodes du Chapitre 2 Partie II. 

Résultats

μ μ μ

L’anal

cultures d’Ab ont été réalisées sur la nuit cultures d’

agitation jusqu’à atteindre une D

μm. Ils ont ensuite 

été concentrés 50 fois à l’aide de concentrateur (Amicon Ultracel 3K). Les lysats cellulaires 

protéine Hcp a été révélée par Bleu de Coomassie. Lorsque c’était nécessaire la présence 

l’anticorps primaire anti

et Université d’Aix

0.05% contenant l’anticorps secondaire 



Préparation de cellules compétentes d’Ab

cultures de nuit d’Ab ont été diluées afin d’obtenir une DO

utes. Le surnageant a été retiré et le culot a été repris dans 25 mL d’eau puis 

mL d’eau puis de nouveau 

dans 1 mL d’eau puis centrifugé à

Electroporation d’Ab

Ω et

SOC a été ajouté et incubé à 37°C sous agitation. Après 3h d’incubation, les bactéries 

Construction des souches GFP d’Ab

5’

3’ et 5’

3’. Le fragment PCR a été purifié avec le 

tilisé pour transformer les cellules compétentes TOP10 d’



μ ’ex de l’

’

codant un gène de résistance à l’ampiciline et 

5’

3’ et 5’ 3’

d’Ab à transformer μ

μ

μ d’a

μ au niveau de l’avant dernière 

à partir des cultures en phase stationnaire (culture de 17h) d’Ab

été faites à l’aide du logiciel PRISM.

(Dulbecco’s Modified Eagle Medium) supplémenté avec 10% de sérum de veau fœtal 

μ d’une solution 



s en phase stationnaire d’

Test d’adhésion

Les cellules A549 ont été infectées selon le protocole d’infection. Après 1h ou 5h de 

μL d’eau miliQ μL

Test d’invasion

le protocole d’infection. L

5h d’incubation 

contenant de l’hygromycine B à 300 /mL et de l’apramycine à 50 

/mL . Elles ont ensuite été 

μL d’eau miliQ à 3 ou 48h selon le temps d’invasion étudié.

μL

Pour l’observation des cellules infectées par Ab, l

aspécifiques. L’anticorps primaire 

incubées avec l’anticorps secondaire pend

l’eau. La lamelle 



ches d’Ab ont été marquées à l’aide d’un anticorps primaire spécifique 

issu de l’immunisation d’un lapin (BIOTEM, France

. L’anticorps reconnaissant les souches 

κ

marqué au DAPI dilué au 1/1000, le cytosquelette d’actine 

de l’adhésion des bactéries

Les cellules ont été infectées selon le protocole d’infection. Après 1h d’infection, les 

fois avec du PBS 1X et fixées avec de l’Antigenfix 

(DiaPath)  Les cellules ont ensuite été lavées trois fois avec du PBS 1X et 

conservées dans du PBS 1X à 4°C jusqu’au marquage. Le marquage s’est effectué selon le 

protocole d’immunomarquage.

Analyse par imagerie confocale de la phase intracellulaire d’Ab

d’infection durant

jusqu’ 3h, 

24h ou 48h. Les puits ont été lavés puis les cellules ont été fixées 

pendant 15 minutes avec de l’Antigenfix à température ambiante. Les cellules ont été ensuite 

lavées trois fois avec du PBS 1X et conservées dans du PBS 1X à 4°C jusqu’au marquage. Le 

marquage s’est effectué selon le protocole d’immunomarquage. 



Analyse de l’activation de la voie NF κB 

κB 

Les cellules A549 ont été infectées selon le protocole d’infection pendant

ées avec de l’Antigenfix froid 

 Les cellules ont ensuite été lavées trois fois avec du PBS 1X froid et 

conservées dans du PBS 1X à 4°C jusqu’au marquage. 

κ

second lavage a été effectué suivi de l’ avec l’anticorps primaire dilué dans une 

Après 1h d’incubation avec l’anticorps primaire, l

l’anticorps secondaire dilué dans la même solution que le 

l’eau. Les lamelles ont 

Analyse de l’activation de κB

glutamine ainsi qu’avec 10 μg/ml de blasticidine et 100 

αα β

Lors de l’infection par Ab



récupérés. L’activation de la voie NF κ  a été 

détectée en évaluant l’activité de la SEAP à l’aide du  

une DO620 nm. 

Quantification de l’activité de la LDH

infectées par Ab issue d’une culture 

(dilution d’une pré culture de nuit dans du TSB puis incubation jusqu’à obtenir 

e 5%. Après 1h d’incubation, les cellules ont 

Les 

surnageants ont été récupérés après 6h ou 24h d’infection. Pour les puits servant de contrôle 

positif, les cellules ont été lysées avec une solution de Triton X-100 à 0,1%. La mort cellulaire 

a été quantifiée par un test enzymatique (Cytotoxicity Detection Kit, Roche) détectant 

l’activité de la LDH libérée dans le milieu cellulaire. Le kit a été utilisé en suivant les 

recommandations du fournisseur.

l’incorporation de l’IP

L’infection des cellules s’est déroulée dans les mêmes conditions que celle du test par 

mesure de l’activité LDH. L issue d’une culture 

du l’IP ’



Analyse de la sécrétion d ‘IL

par Ab issue d’une culture 

de 5%. Après 1h d’incubation, les cellules ont 

écupérés après 8h, 24h ou 48h d’infection. La concentration d’I

 en suivant les 

recommandations du fournisseur.

1 mM d’acide aminés non essentiels, 2 mM 

d’

apical ne l’est pas. Le milieu de culture 

’

mesurée à l’aide d’une électrode



a stabilisation. L’électrode est placée entre le puit

et l’insert, deux mesures par puits ont

l’évaluation de la TER a nécessité l’ajout

l’eau stérile puis filtré avec un filtre ayant des pore μ





Chapitre 3

Christiane Cuny, Andżelina Łopińska, Piotr Kaminski, Mariusz Kasprzak, Marcin 

Bochenski, Olaf Ciebiera, Marcin Tobółka, Katarzyna M. Żołnierowicz, Joachim Siekiera, 

A l’heure où le réservoir naturel d’Ab n’est pas connu, cette étude a cherché à sa

sauvages et d’élevages ont été prélevés à travers l’Allemagne et la Pologne. Ab a été 

e poulets, d’oies et 

de cigognes. Davantage d’isolats d’Ab ont été extraits des échantillons trachéaux. 

les souches d’Ab isolées chez un même individu au niveau de la trac

d’échantillonnages chez des poussins identifiés une première fois comme porteurs d’Ab, 

aucune souche n’a été isolée une seconde fois suggérant que le portage soit 

L’analyse génétique des souches isolées montre une grande diversité au niveau des 

isolats. Certaines souches aviaires sont proches génétiquement d’isolats cliniqu

d’un tiers des isolats sont naturellement compétents. Enfin la virulence de ces isolats a été 



rapport aux isolats cliniques d’Ab.

En conclusion, cette étude montre qu’Ab peut avoir un réservoir aviaire même transitoire 

J’ai contribué à ce travail en réalisant les tests d’adhésion comparant l’adhésion des 
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Summary

The natural habitats andpotential reservoirs of the noso-

comial pathogen Acinetobacter baumannii are poorly

defined. Here, we put forth and tested the hypothesis of

avian reservoirs of A. baumannii. We screened tracheal

and rectal swab samples from livestock (chicken, geese)

and wild birds (white stork nestlings) and isolated A.

baumannii from 3% of sampled chicken (n5 220), 8% of

geese (n5 40) and 25% of white stork nestlings

(n5 661). Virulence of selected avian A. baumannii iso-

lates was comparable to that of clinical isolates in the

Galleria mellonella infection model. Whole genome

sequencing revealed the close relationship of an

antibiotic-susceptible chicken isolate from Germany

with a multidrug-resistant human clinical isolate from

China and additional linkages between livestock isolates

andhuman clinical isolates related to international clonal

lineages. Moreover, we identified stork isolates related to

human clinical isolates from the United States. Multilo-

cus sequence typing disclosed further kinship between

avian and human isolates. Avian isolates do not form a

distinct clade within the phylogeny of A. baumannii,

instead they diverge into different lineages. Further, we

provide evidence thatA. baumannii is constantly present

in the habitats occupied by storks. Collectively, our

study suggestsA. baumannii could be a zoonotic organ-

ism thatmay disseminate into livestock.

Introduction

Acinetobacter baumannii is a Gram-negative bacterium

which causes nosocomial infections worldwide and has

the propensity to rapidly develop antibiotic resistance

(Karageorgopoulos and Falagas, 2008; Howard et al.,

2012). It is assigned to the so-called ESKAPE pathogens

(Enterococcus faecium, Staphylococcus aureus, Klebsiella
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pneumoniae, Acinetobacter baumannii, Pseudomonas

aeruginosa and Enterobacter spp.) which share an out-

standing potential to escape current antimicrobial therapy

posing the threat of loss of any therapeutic options (Rice,

2008; Pendleton et al., 2013). For unknown reasons the

prevalence of A. baumannii infections in intensive care

units differs considerably from hospital to hospital and

between geographical regions, ranging from 3.7% in North

America to 19.2% in Asia (Vincent et al., 2009). In tropical

climates, A. baumannii is also a cause of community-

acquired infections (Dexter et al., 2015; Pailhories et al.,

2015). The natural reservoirs of A. baumannii and of other

clinically relevant Acinetobacter species such as A. noso-

comialis are poorly defined (Peleg et al., 2008; Eveillard

et al., 2013) impeding effective prevention of transmission.

Healthy humans only rarely carry A. baumannii on their

skin (Seifert et al., 1997). Likewise, environmental sam-

pling only sporadically yielded A. baumannii (Choi et al.,

2012; Eveillard et al., 2013). The bacteria have also been

isolated from the exoskeleton of the moth fly Clogmia albi-

punctata in German hospitals suggesting a role of insects

as potential vectors (Faulde and Spiesberger, 2013).

Highest isolation rates so far have been identified in human

head and body lice (La Scola and Raoult, 2004; Kempf

et al., 2012a,b). However, A. baumannii strain SDF recov-

ered from a human body louse represents an ecotype

clearly distinct from clinical isolates (Vallenet et al., 2008;

Peleg et al., 2009; Antunes et al., 2011). In recent studies

on the environmental prevalence of Acinetobacter in Leba-

non, A. baumannii and A. pittii were isolated from water,

sewage and soil samples and also from various animals at

a rate up to 8%, notably from cow feces (Rafei et al., 2015;

Al Atrouni et al., 2016). Also recently, raw meat samples in

Switzerland were found to be contaminated with A. bau-

mannii at an overall rate of 25% (Lupo et al., 2014).

There is a worldwide spread of different clonal lineages of

A. baumannii in hospitals (Dijkshoorn et al., 1996; Diancourt

et al., 2010; Higgins et al., 2010). However, parts of the clini-

cal isolates do not cluster with these worldwide clonal

lineages or their distribution is geographically restricted

(Karah et al., 2012; Schleicher et al., 2013; Bocanegra-

Ibarias et al., 2015), suggesting a perpetual influx of novel

strains from unknown reservoirs into the clinical setting.

Recent whole-genome sequencing of almost 50 isolates

from a single hospital in the United States provided evi-

dence of a large reservoir of strains that interact with each

other via horizontal gene transfer suggesting that isolates

unrelated to described clonal lineages contribute signifi-

cantly to evolution of hospital lineages (Wright et al., 2014).

A. baumannii and some related Acinetobacter species

easily grow at 41–448C (Nemec et al., 2011). This could

reflect adaptation to hosts with core body temperatures

above 378C such as birds in particular (Line et al., 2010).

A. baumannii has only sporadically been isolated from

birds so far (Ahmed et al., 2007; Muller et al., 2010; Zordan

et al., 2011; Rafei et al., 2015). However, workers in hatch-

eries show elevated immunoprecipitation reactions to A.

baumannii (Skorska et al., 2007; Brauner et al., 2017). In

line with this finding, A. baumannii could be cultivated from

air samples collected in a duck hatchery (Martin and

J€ackel, 2011). Based on these findings we have hypothe-

sized that birds could be a reservoir of A. baumannii.

Results

Isolation of A. baumannii from chickens

To challenge our hypothesis of avian reservoirs of A. bau-

mannii we initially collected samples from poultry livestock.

We chose a culture-based approach using CHROMagarTM

Acinetobacter to select A. baumannii from swab samples.

In the year 2012, we took choana swabs from 220 chickens

in Germany, including 21 at the fledgling stage, representing

37 flocks. We could isolate A. baumannii from six samples

(2.7%). Speciation was based on partial 16S rRNA and

rpoB gene sequencing as well as determination of the com-

plete coding sequence of the blaOXA-51-like gene intrinsic to

A. baumannii (Weisburg et al., 1991; Turton et al., 2006a;

Nemec et al., 2009). The six A. baumannii isolates origi-

nated from three different farms. Three of the isolates

(designated 65, 66 and 117) were from the same flock of

chicks at the fledgling stage, two (designated 62 and 124)

were from a flock of one day-old chicks of another farm,

and one (designated 202) was from a hen of a third farm.

ApaI macrorestriction analysis demonstrated that the three

isolates (65, 66, 117) from the same flock were closely

related (Fig. 1). The two isolates (62, 124) from the other

farm were also closely related but distinct from isolates 65,

66 and 117. Strikingly, the single isolate 202 recovered from

a hen of another farm was also closely related to the three

isolates 65, 66 and 117 from the fledgling herd (Fig. 1). The

close relationship of isolates 65, 66, 117 and 202 was fur-

ther substantiated by DNA sequencing of the blaOXA-51-like
gene which revealed the OXA-68 variant in all four cases.

We found no relation between these samples other than

sampling by the same person and originating from the

same region in Germany. The two distinct isolates 62 and

124 recovered from another farm both harboured a novel

blaOXA-51-like gene variant, OXA-385 (Table 1). The latter two

isolates exhibited resistance to gentamicin and kanamycin

which was not observed with the four isolates harbouring

OXA-68. Sequence-based typing using multiplex PCR

(Turton et al., 2007) and rep-PCR analyses (Zander et al.,

2012) did not suggest a close relationship of the chicken

isolates to any of the international clonal lineages (ICs)

highly prevalent in hospitals worldwide (data not shown).

In addition, 22 pooled faecal samples representing 10

flocks of chicken were sampled in Germany. None of these

faecal samples yielded A. baumannii.
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Isolation of A. baumannii from geese

We took choana swabs from 40 goslings from a single

farm in Germany in the year 2013, and isolated A. bau-

mannii from three of these chicks (7.5%). The three

isolates (designated 3.3A, 3.5D and 4.1V) carried different

variants of the blaOXA-51-like gene encoding OXA-314, OXA-

71 and OXA-95, respectively (Table 1). ApaI macrorestric-

tion analysis and sequence-based typing according to

Turton et al. (2007) did not indicate a close relationship to

international clones IC1–3 (data not shown). Antimicrobial

resistance testing of one of the isolates (4.1V) showed

intermediate susceptibility to kanamycin and resistance to

sulfamerazine and sulfamerazine-trimethoprim suggesting

a history of selection pressure of this strain in the context

of livestock production.

Taken together these findings illustrate a first indication for

dissemination of A. baumannii within poultry livestock. How-

ever, the relatively low incidence turned our attention

towards wild birds especially since transmission from

humans to livestock cannot be ruled out as an explanation

for our findings in chicken and geese. Further, we speculated

that migratory birds could contribute to the dispersion of A.

baumannii from tropical high-incidence countries to low inci-

dence regions with temperate climates (Vincent et al., 2009).

Stork sampling in western Poland in the year 2013

In 2013, we sampled 72 white stork nestlings from different

regions in western Poland (voivodships Lubuskie and Lower

Silesia; see Supporting Information Fig. S1). Some storks

were sampled up to four times (samplings on June 4th, 14th,

21st and July 1st) adding up to 136 choana swabs originat-

ing from 72 adolescent storks. Overall, 24 A. baumannii

isolates were obtained from 72 individuals (33%) (Table 1,

serial no. 18–41; Supporting Information Figs. S2–S4).

Accordingly, the isolation rate in relation to the number of

136 samples was 18%. Not in a single case the same A.

baumannii strain was isolated from a resampled individual.

Also among chick siblings the diversity of isolates was strik-

ing. Partial rpoB and complete blaOXA-51-like gene sequencing

as well as ApaI macrorestriction analysis revealed indistin-

guishable isolates among siblings in only two pairs of

siblings; one pair from a nest in Kłopot (Lubuskie; isolates

151/1C and 152/1C in nest KLO_02/04; see Table 1 and

Supporting Information Figs. S2 and S4) and another pair

from a nest in Kamiona (Lower Silesia; isolates 284/2C and

285/2C; see Supporting Information Fig. S3 and Table 1). By

contrast, in another nest in Kłopot (KLO_14/14) three out of

five nestlings were found to be colonized at the same time,

but each with a different strain (87D C, 88B C, 90/3C) (Table

1 and Supporting Information Fig. S4). Resampling of the

two surviving chicks only a week later yielded one new strain

(159/1C) in a previously colonized nestling but no recovery

of any of the strains isolated before (Table 1 and Supporting

Information Fig. S4). In addition to A. baumannii, we isolated

Acinetobacter variabilis (Tjernberg and Ursing, 1989; Krizova

et al., 2015) from 21 out of 136 samples (15%). This specia-

tion was based on rpoB partial gene sequence analysis

which revealed a similarity to A. variabilis type strain NIPH

2171T (EU477119) of �98% in all cases. As expected,

recovery of the environmental species Acinetobacter calcoa-

ceticus was high and found in 75 of 136 samples (55%).

Other Acinetobacter species as classified by rpoB partial

gene analysis (similarity �98% in comparison to the respec-

tive type strain) such as A. schindleri, A. lwoffii, A. junii and

the recently described A. gandensis (Smet et al., 2014) were

only sporadically isolated. As the suitability of CHROMagar

Acinetobacter for isolation of Acinetobacter species other

than A. baumannii is unknown, their observed incidence is

possibly an underestimate.

Stork sampling in northeastern Poland

In addition, in 2013 we sampled 50 white stork nestlings

from the voivodship Warmi�nsko-Mazurskie in north-

eastern Poland and isolated A. baumannii from choana

Fig. 1. ApaI macrorestriction analysis of six A. baumannii chicken
isolates from Germany. DNA restriction pattern of six chicken
isolates after ApaI digestion and subsequent pulsed-field gel
electrophoresis. M, size standard Salmonella serotype Braenderup
strain H9812, restricted with XbaI. OXA-variants are indicated
above isolate numbers.
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Table 1. Characteristics of A. baumannii isolates of avian origin.

Serial
no.

Strain
no.

Year of
isolation Host Sample type

Geographic
region

Natural
competence Oxa-type GenBank

1 62 2012 Chicken Hen chick, 1 day;

choana

Germany KanR 385

2 65 2012 Chicken Hen chick; choana Germany yes 68

3 66 2012 Chicken Hen chick; choana Germany yes 68

4 117 2012 Chicken Hen chick; choana Germany yes 68

5 124 2012 Chicken Hen chick, 1 day;

choana

Germany KanR 385 KF986253

6 202 2012 chicken Hen; choana Germany yes 68

7 3.3A 2013 Goose Choana Germany no 314

8 3.5D 2013 Goose Choana Germany no 71

9 4.1V 2013 Goose Choana Germany KanR 95

10 I B1 2008 Duck* Air sample; duck

hatchery

Germany no 120

11 I B2 2008 Duck* Air sample; duck

hatchery

Germany no 375

12 I B3 2008 Duck* Air sample; duck

hatchery

Germany no 386 KF986254

13 II B9 2008 Duck* Air sample; duck

hatchery

Germany no 375

14 II B12 2008 duck* Air sample; duck

hatchery

Germany no 386

15 I B25 2008 Duck* Air sample; duck

hatchery

Germany no 375

16 II B29 2008 Duck* Air sample; duck

hatchery

Germany no 375

17 III B30 2008 Duck* Air sample; duck

hatchery

Germany no 386

18 77II/1C 2013 White stork Nestling; choana Poland, Kłopot no 93

19 86II/2C 2013 White stork Nestling; choana Poland, Kłopot yes 374 KF986255

20 87DC 2013 White stork Nestling; choana Poland, Kłopot yes 314

21 88BC 2013 White stork Nestling; choana Poland, Kłopot no 67

22 90/3C 2013 White stork Nestling; choana Poland, Kłopot yes 375 KF986256

23 97/1C 2013 White stork Nestling; choana Poland, Kłopot yes 376 KF986257

24 101II/1C 2013 White stork Nestling; choana Poland, Kłopot no 377 KF986258

25 150/1C 2013 White stork Nestling; choana Poland, Kłopot yes 388 KJ135343

26 151/1C 2013 White stork Nestling; choana Poland, Kłopot no 378 KF986259

27 152/1C 2013 White stork Nestling; choana Poland, Kłopot no 378

28 156/2C 2013 White stork Nestling; choana Poland, Kłopot yes 379 KF986260

29 159/1C 2013 White stork Nestling; choana Poland, Kłopot no 65

30 191/2C 2013 White stork Nestling; choana Poland, Rybaki no 380 KF986261

31 192/2C 2013 White stork Nestling; choana Poland, PołeRcko yes 381 KJ135344

32 261/1C 2013 White stork Nestling; choana Poland, Kłopot yes non-functional

33 268/2C 2013 White stork Nestling; choana Poland, Bytomiec yes 382 KJ135345

34 276/2C 2013 White stork Nestling; choana Poland, PołeRcko no 383 KF986262

35 277/1C 2013 White stork Nestling; choana Poland, PołeRcko yes 389 KJ135346

36 278/3C 2013 White stork Nestling; choana Poland, Stary

Raduszec

no 51

37 279/3C 2013 White stork Nestling; choana Poland, Stary

Raduszec

no 51

38 280/1C 2013 White stork Nestling; choana Poland, Czarnowo no 378

39 284/2C 2013 White stork Nestling; choana Poland, Kamiona no 384 KF986263

40 285/2C 2013 White stork Nestling; choana Poland, Kamiona yes 384

41 291/1C 2013 White stork Nestling; choana Poland, Moszowice no 90

42 638C 2013 White stork Nestling; choana Poland, Saduny no 67

43 658C 2013 White stork Nestling; choana Poland, Podlechy no 390 KJ135342

44 661C 2013 White stork Nestling; choana Poland, Korsze no 390

45 8D1 2014 White stork Nestling; choana Poland, Kłopot no 69

46 9D1 2014 White stork Nestling; choana Poland, Kłopot no 90

47 15D1 2014 White stork Nestling; choana Poland, Kłopot no 104
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swabs from only three of these nestlings (6%; Table 1 and

Supporting Information Fig S5). This comparably low prev-

alence can probably be attributed to an accidental delay of

sample processing. After all, this finding demonstrates that

the appearance of A. baumannii in white stork nestlings is

not restricted to western Poland. The three isolates from

Warmi�nsko-Mazurskie were obtained from three different

nests in neighbouring villages. Two isolates from different

nests (658C and 661C) were indistinguishable based on

partial rpoB and full blaOXA-51-like gene (OXA-390)

sequencing as well as ApaI macrorestriction analysis

(Table 1 and Fig. 2). The distance between the two nests

was approximately 2 kilometres. However, a close relation-

ship of the latter two isolates to an isolate recovered in

western Poland in 2014 (2P2) as suggested by identical

rpoB partial sequences and similar blaOXA-51-like genes was

not confirmed by ApaI macrorestriction analysis (Fig. 2).

Stork sampling in western Poland in the year 2014

To confirm our findings we repeated sampling of white stork

nestlings in western Poland in the year 2014. We collected

87 choana swabs from 87 individuals and isolated A. bau-

mannii from 11 nestlings (13%) (Table 1). A. variabilis was

isolated from 24 individuals (30%). In addition, we identified

four isolates of Acinetobacter pittii, another clinically relevant

species which we had not identified in the previous year.

Again, we observed a distinct diversity among the 11 iso-

lates of A. baumannii (Table 1, no. 45–55) as indicated by

the finding of nine different blaOXA-51-like variants at the trans-

lational level. All 11 isolates including six isolates recovered

from three pairs of siblings were distinguishable on the basis

of ApaI macrorestriction analysis (data not shown).

Rectal sampling in comparison to choana sampling

In 2014, we took rectal samples from 52 white stork nest-

lings in parallel to choana sampling. Only in two cases

(4%) we isolated A. baumannii from rectal swabs (isolates

29R1 and 42R3, see Table 1), whereas parallel choana

sampling of these 52 individuals revealed isolation of A.

baumannii from ten nestlings (19%). Interestingly, in the

case of rectal isolate 42R3 no isolate was recovered from

the corresponding choana sample, and in the case of the

Table 1. cont.

Serial
no.

Strain
no.

Year of
isolation Host Sample type

Geographic
region

Natural
competence Oxa-type GenBank

48 29D2 2014 White stork Nestling; choana Poland, Bytomiec yes 51

49 31D1 2014 White stork Nestling; choana Poland, Bytomiec yes 338

50 32D1 2014 White stork Nestling; choana Poland, Rybaki yes 429 KM979376

51 33D1 2014 White stork Nestling; choana Poland, Rybaki yes 104

52 41D1 2014 White stork Nestling; choana Poland, Wezyska yes 413

53 47D2 2014 White stork Nestling; choana Poland, Dabie yes 413

54 49D1 2014 White stork Nestling; choana Poland, Dabie yes 430 KM979377

55 73D4 2014 White stork Nestling; choana Poland, Siedlisko yes 402

56 29R1 2014 White stork Nestling; rectal Poland, Bytomiec no 51

57 42R3 2014 White stork Nestling; rectal Poland, Wezyska yes 378

58 1P1 2014 White stork Pellet from stork Poland, Kłopot yes 208

59 1PW1 2014 White stork Pellet from stork Poland, Kłopot yes 431 KM979378

60 2P1 2014 White stork Pellet from stork Poland, Kłopot no 69

61 2P2 2014 White stork Pellet from stork Poland, Kłopot no 432 KM979379

62 2P3 2014 White stork Pellet from stork Poland, Kłopot no 379

63 2PW1 2014 White stork Pellet from stork Poland, Kłopot no 433 KM979380

64 4P1 2014 White stork Pellet from stork Poland, Kłopot yes 431

65 GaenseEi-1 2016 Goose Egg shells from

hatchery

Germany n.d. 378

66 Gaensemehl-2 2016 Goose Down and dust

from hatchery

Germany n.d. 64

67 BAuABod-3 2015 Turkey Down and dust

from hatchery

Germany n.d. 64

68 GB1–2 2015 Chicken Down and dust

from hatchery

Germany n.d. 68

69 LoGeIst3-1 2015 White stork Pellet from stork Germany, Isterbies n.d. 378

70 O1D3-2 2016 White stork Pellet from stork Germany, Rosian n.d. 374

71 PLG9P835 2016 White stork Nestling; choana Poland, Stebl�ow n.d. 374

KanR, minimal inhibitory concentration of kanamycin �32 mg/ml in a microbroth dilution assay; *Probably of duck origin since the isolates were
recovered from air samples collected in a duck hatchery; n.d., not determined; prototypic new OXA-51 types indicated in light grey; whole
genome sequenced isolates are indicated by dark grey background.
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second rectal isolate (29R1) the corresponding choana

sampling revealed an isolate (29D2) clearly distinct from

the rectal isolate (Fig. 2). In conclusion, while choana

sampling yields higher isolation rates, rectal sampling can

provide additional isolates independent of the yield of

choana sampling.

Continuation of white stork sampling

Sampling of white stork nestlings in Poland was continued

in 2015 and 2016 and expanded to additional regions

located in the voivodships Opole and Greater Poland

(Supporting Information Fig. S1). Table 2 summarizes our

results of choana sampling of white stork nestlings in

Poland from 2013 to 2016. The overall isolation rate based

on the sampling of 661 individuals was 25%. Strikingly

high isolation rates were found in the Opole region (48%

and 47%) while variable rates were documented for the

Greater Poland region (4% and 33%) indicating significant

ecological differences.

Isolation of the same clone in consecutive years

When comparing isolates from 2013 to 2014 we realized

that isolate 280/1C, recovered from the choana of a nes-

tling in Czarnowo in the year 2013, was closely related to

rectal isolate 42R3 recovered in the neighbouring village

WeR _zyska in the year 2014 (Supporting Information Fig.

S6). These isolates share the same ApaI macrorestriction

Fig. 2. ApaI macrorestriction analysis of selected A. baumannii isolated from white stork samples collected in Poland. DNA restriction pattern
of 13 stork-associated isolates after ApaI digestion and subsequent pulsed-field gel electrophoresis. M, size standard Salmonella serotype
Braenderup strain H9812, restricted with XbaI. Color code indicates pairs of isolates with closely related restriction pattern (� 3 differences).
12 nucleotides (nts) different per 822 nts; 23 nts different per 822 nts.
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pattern and the same blaOXA-51-like gene encoding OXA-

378 (Fig. 2).

Stork pellets as a new sample source

Storks regurgitate undigested parts of their food in the

form of pellets. In the year 2014, we collected four pellets

from below a single nest in Kłopot village (Supporting Infor-

mation Fig. S7). We isolated A. baumannii from three out

of four of these pellets and were able to differentiate six

strain types among the seven isolates based on blaOXA51-

like gene sequences (Table 1, serial no. 58–64). On the

contrary, we were unable to isolate any A. baumannii from

choana and rectal swab samples drawn from the four

chicks growing up in this specific nest. Of further interest,

based on blaOXA-51-like gene sequences as well as ApaI

macrorestriction analysis, one pellet isolate (2P1) was

indistinguishable from the nestling isolate 8D1 which was

recovered from a nest in close vicinity to the one from

where we collected the pellets (Fig. 2 and Supporting Infor-

mation Figs. S7 and S8). Taken together these findings

suggest that stork pellets represent an easily accessible

sample material for isolation of A. baumannii.

Diversity of the blaOXA-51-like gene

Overall, the diversity of the blaOXA-51-like gene sequenced

from stork isolates was high. Among the 47 isolates

(including those obtained from pellets) isolated in 2013

and 2014 we identified a total of 30 variants of blaOXA-51-like
on the translational level and 19 of these were novel in a

sense that they were not represented by any database

entry accessible via BLAST (see Table 1 for GenBank

accession numbers). Only a single blaOXA-51-like gene was

found to be non-functional due to introduction of an internal

stop codon (Table 1, isolate 261/1C).

Avian isolates exhibit OXA variants known from
international clonal lineages

It was described that typing of clinical isolates of A. bau-

mannii belonging to international clones (IC) by rep-PCR

and multilocus sequence typing (MLST) correlates well

with specific variants of blaOXA-51-like (Zander et al., 2012;

Pournaras et al., 2014). Here, we have identified a number

of blaOXA-51-like genes in avian isolates encoding protein

variants such as OXA-51, 265, 268, 269, 271 and 290

known to be associated with clinical A. baumannii lineages

IC1, 3–6 and 8 (Zander et al., 2012). However, on the

nucleotide level none of the avian isolates carried a blaOXA-

51-like gene identical to any database entry. Next, we have

typed representatives of these OXA-variants by rep-PCR

but found no significant similarity to any of the clinical A.

baumannii IC lineages (Supporting Information Fig. S9).

Taken together, identity of avian isolates’ OXA proteins to

that found in IC lineages does not necessarily indicate a

close relationship to clinical strains.

Natural transformation competence is widespread
among avian isolates

We recently demonstrated that natural transformation

competence is widespread among clinical isolates of A.

baumannii with about one third of the clinical isolates being

competent under conditions that promote motility along

wet surfaces (Wilharm et al., 2013). Here, we have tested

natural competence of all avian isolates that we had recov-

ered between 2012 and 2014, with the exception of three

isolates resistant to kanamycin, the antibiotic used for

Table 2. Summary of choana sampling on white stork nestlings in Poland 2013–2016.

Region in Poland Year
No. of storks
sampled

No. of choana
samples

No. of choana samples
culture-positive
for A. baumannii No. of isolatesa

Isolation
rate %b

Lubuskie and Lower Silesia 2013 72 136c 24 24 18

2014 87 87 11 11 13

2015 69 89d 23 23 26

2016 73 73 27 30 37

Warmi�nsko-Mazurskiee 2013 50 50 3 3 6

Opole 2015 96 96 46 58 48

2016 53 53 25 31 47

Greater Poland 2015 85 85 3 3 4

2016 76 76 25 29 33

Total of all regions 2013–2016 661 745 187 212 25

a. Multiple distinguishable A. baumannii isolates from some stork individuals.
b. No. of choana samples tested culture-positive for A. baumannii divided by no. of choana samples.
c. Multiple sampling of some nestlings within 4 weeks.
d. Twenty storks were sampled twice in the choana region.
e. Data possibly biased due to irregular sample transport (8 days without cooling).
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selection of transformants. In addition, eight isolates

recently recovered from air samples in a duck hatchery

(Martin and J€ackel, 2011) were included (Table 1, serial

no. 10–17). Overall, we found that 27 of 61 avian isolates

(44%) were competent for transformation under the

conditions tested (Table 1) which is even higher than the

rate recently determined for kanamycin-sensitive clinical

isolates (36%) (Wilharm et al., 2013).

Antibiotic resistance

Apart from natural resistance to ampicillin and cephalo-

sporins not a single A. baumannii stork isolate was

resistant to kanamycin, gentamicin, amikacin, ciprofloxa-

cin, sulfamerazine and meropenem, and no isolate was

positive for an acquired carbapenemase gene indicating

the absence of substantial anthropogenic selection pres-

sure. Only some of the isolates from livestock showed

signs of selection pressure such as chicken isolates 62

and 124, being resistant to kanamycin and gentamicin,

and goose isolate 4.1V being intermediate to kanamycin

and resistant to sulfamerazine. Similarly, two of the eight

isolates previously obtained from air samples in a duck

hatchery (Martin and J€ackel, 2011) exhibited resistance to

sulfamerazine but were otherwise largely sensitive.

Virulence of avian isolates

Galleria mellonella larvae were used to compare the viru-

lence of avian isolates to that from cases of human

infection. All avian isolates tested (n512) exhibited viru-

lence comparable to that of clinical isolates in the Galleria

model. Supporting Information Fig S10 exemplifies the

virulence of two chicken isolates and three stork isolates in

comparison to widely used virulent strain ATCC 17978.

The latter strain is known to be as virulent as epidemic clin-

ical A. baumannii strains such as ACICU and AYE in the

Galleria model (Antunes et al., 2011). Lethal dose 50%

(LD50) values were determined after 24 h, revealing no sig-

nificant difference between clinical isolates (ATCC 17978,

ACICU and AYE) and twelve avian isolates (7.4 3

102462.0 3 1024 cfu vs. 5.03 10246 4.33 1024 cfu).

Further, adhesion of selected avian isolates to A549

human lung epithelial cells was assessed in comparison to

epidemic strains AYE and ACICU representing IC1 and

IC2, respectively. All strains tested were able to adhere to

host cells. The level of adhesion was different for some

avian isolates, for example, goose isolate 3.5D exhibited

significantly higher adhesion potential than strains AYE

and ACICU, and adhesion of stork isolate 29D2 was signif-

icantly exceeding that of strain AYE (Fig. 3).

Whole genome sequencing of selected avian isolates

Finally, to elucidate the standing of avian isolates within the

species and in relation to hospital isolates, we determined

the nearly complete genome sequence of 18 selected

avian isolates, including one from a hen chick (65), one

from a goose (3.5D) and ten from white stork nestlings

(8D1, 29R1, 29D2, 31D1, 42R3, 192/2C, 280/1C, 86II/2C,

151/1C, PLG9P835; Table 1). Four sporadic isolates

gained from poultry hatcheries in Germany and two spo-

radic isolates collected from white stork pellets in Germany

were later included because the OXA-variants indicated a

relationship to IC lineages or to strains previously isolated

from stork samples (Table 1, serial no. 65–70). A phyloge-

netic tree based on 2182 genes with orthologues in all

selected isolates is shown in Fig. 4. This analysis reveals

that neither avian isolates in general nor stork isolates in

particular form a distinct clade within the phylogeny of A.

baumannii. Rather, they are highly diverse and show multi-

ple early branching points with different clinical lineages.

None of the avian isolates shows a close relationship to

Fig. 3. Adhesion of avian and human clinical isolates of A.
baumannii to A549 human epithelial lung cells. Significance based
on unpaired student‘s t test: * 29D2 versus AYE significantly
different with P< 0.05; *** 3.5D versus ACICU significantly different
with P< 0.0005; **** 3.5D versus AYE significantly different with
P< 0.0001.
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international clones IC1 or IC2, however, stork isolate 8D1

shows early branching from the IC1 lineage and more

recent branching from the human clinical isolate 342 950

collected in the United States. While we found more than

29 000 single nucleotide polymorphisms (SNPs) when

comparing stork isolate 8D1 to different representatives of

the IC1 lineage, we detected only 8575 SNPs in compari-

son to the clinical isolate 342 950 (see distance matrix in

Supporting Information. Table S1). Of interest, isolate 65,

collected from a hen chick in Germany in the year 2012, is

closely related to a clinical isolate from China, BJAB0715,

collected in 2007 (Zhu et al., 2013). They show only 270

single nucleotide polymorphisms (SNPs). In relation to the

overall alignment length of 1.857 megabases (Mb) this

corresponds to only 145 SNPs/Mb. The most striking

difference between isolates 65 and BJAB0715 is the acqui-

sition of a resistance plasmid by the latter. In line with this,

we found isolate 65 to be naturally competent (Table 1).

Furthermore, isolate 65 and BJAB0715 share a common

root with hypervirulent outbreak strain LAC-4, a represen-

tative of international clone 8 (IC8) (Ou et al., 2015;

Tomaschek et al., 2016). This lineage also includes an

additional isolate (GB1–2; see Fig. 4 and Table 1) that we

recently isolated from a chicken hatchery in Germany.

Another clade, sharing the OXA-378 protein variant,

includes four stork isolates from Poland and Germany as

well as a goose isolate (‘GaenseEi-1’) from Germany, illus-

trating the relatedness of wildlife and livestock avian

isolates (Fig. 4). In addition, a clade identified by the

shared OXA-374 protein variant, comprises three stork iso-

lates from Poland and Germany as well as the human

clinical isolate 1 295 743 from the United States. Two live-

stock isolates from Germany which harbour the OXA-64

protein known from international clone IC7 actually cluster

Fig. 4. Core genome-based phylogeny reveals the high diversity of avian isolates. Maximum likelihood tree based on 2181 orthologous genes
present in all 40 A. baumannii strains included. Wildlife avian isolates are flagged with an asterisk ($), livestock-associated avian isolates are
labelled with a theta (H); designation of all avian isolates in red. Strains representing international clones IC1, IC2, IC7 and IC8 are marked
with brackets. The scale indicates substitutions per site. The red dashed ovals indicate clades outside of the IC nomenclature which include
avian isolates. The red dashed box indicates two isolates from white stork nestlings recovered from neighbouring villages in consecutive years.
Multilocus sequence types and OXA-types are indicated for isolates discussed in the main text.
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with human clinical isolates within this deeply branching lin-

eage (Fig. 4).

Moreover, our analysis confirms that isolates 42R3 and

280/1C, collected from white stork nestlings in consecutive

years from neighbouring villages, are very closely related

with a difference as low as 11 SNPs (Fig. 4 and Supporting

Information Table S1).

Based on the genome data we were able to determine

the sequence type (ST) of 17 out of 18 avian isolates

according to the Pasteur MLST scheme (Diancourt et al.,

2010) and also according to the Oxford scheme (Bartual

et al., 2005) including 4 and 10 previously undescribed

STPa and STOx sequence types, respectively (Supporting

Information Tables S2 and S3). As expected, chicken iso-

late 65 belongs to the same sequence type as BJAB0715

from China in both systems (ST23Pa and ST642Ox). Inter-

estingly, ST23Pa is also shared by strain RUH 1316

isolated in 1964 from a mink in the Netherlands, by two

strains isolated more recently in Sweden (one of which

from a patient transferred from Serbia), by an additional

strain from China, and by our isolate GB-1 suggesting they

all belong to an international clone. In line with this, the

ST23Pa is a single locus variant of ST10Pa which is associ-

ated with international clone 8 (IC8) (Ou et al., 2015;

Tomaschek et al., 2016).

In addition, BAuABod-3 could be assigned to ST25Pa and

ST229Ox which are associated with IC7 (Tomaschek et al.,

2016). In accordance with the above suggested relationship

between stork isolate 8D1 and strain 342 950 isolated from

a perirectal human sample in the United States, these two

isolates share the same sequence type according to both

MLST schemes (ST512P and ST952Ox). Additional linkages

were revealed between goose isolate 3.5D from Germany

and two isolates from Taiwan (ST388Pa), between stork iso-

late 29D2 from Poland and isolate LUH 15022 from

Belgium (ST309Pa), stork isolate 86II/2C from Poland and

isolate 35–2002 from Spain (ST690Pa) as well as stork iso-

late 151/1C from Poland and isolate A166B from Australia

(ST923Pa) (Fig. 4 and Supporting Information Table S3). Of

specific interest, stork isolate O1D3-2 and goose-

associated isolate Gaensemehl-2 share ST240Pa and

ST138Pa, respectively, with chicken meat isolates from

Switzerland (Lupo et al., 2014) and isolates from Japan and

Taiwan, respectively (Fig. 4 and Supporting Information

Table S3). We were unable to assign a ST to strain

PLG9P835 because of a disrupted gltA allele. However, it

shared 4 alleles with ST1454Ox from strain 86II/2C.

Discussion

A. baumannii: where do they originally come from?

Knowledge about the ecological context of pathogens is of

utmost importance for elucidating their stratagem and for

developing control measures. Unfortunately, we do not

know much about the ‘training grounds’ of A. baumannii

outside the hospital. Here, we studied birds as a potential

reservoir of A. baumannii and found the bacteria in 25% of

all choana samples taken from white stork nestlings in

Poland. To the best of our knowledge, this is the highest

rate documented for any endotherm to date. But is the

stork really a reservoir?

Storks as samplers of A. baumannii rather than
colonized hosts?

We demonstrated here that choana swabs from white stork

nestlings are a reproducible source for A. baumannii. How-

ever, the nature of the interaction between A. baumannii

and storks remains elusive. Our data suggest that coloni-

zation of the choana region is rather transient: (i) repeated

sampling of nestlings did never recover the same strain, (ii)

throughout the study only two pairs of siblings were found

to carry the same strain, (iii) stork pellets collected below a

single nest were highly contaminated with A. baumannii

whereas sampling of the four nestlings within this specific

nest at the same time yielded no A. baumannii. Taken

together, we interpret these findings such that at least the

choana region of young storks is possibly only transiently

colonized with A. baumannii and that the feed of storks

has to be considered as the true source of A. baumannii

isolated from choanae and pellets. Studies are underway

to monitor the recovery of A. baumannii from stork pellets

during the breeding season to get a clearer picture on the

colonization status of storks. Of course, we cannot rule out

at present that body parts other than trachea and rectum

are colonized more stably.

Evidence for residence of A. baumannii in the Oder
valley

A close relationship between isolate 280/1C, collected

from a choana swab in Czarnowo in 2013, and isolate

42R3, collected from a rectal swab in 2014 in the neigh-

bouring village of WeR _zyska (approx. 3 km from Czarnowo;

Supporting Information Fig. S6), was suspected due to

identical blaOXA-51-like genes as well as indistinguishable

ApaI macrorestriction patterns and confirmed by whole

genome sequencing (Fig. 4). Given that adolescent storks

typically stay in Africa for two years after their first migra-

tion, it is highly unlikely that the stork nestling sampled in

2013 came back in 2014 for breeding in the neighbouring

village and transmitted a colonizing strain to its offspring.

We cannot rule out that an adult stork breeding in Czar-

nowo in 2013 and in WeR _zyska in 2014 was the carrier and

transmitter of both isolates. However, this scenario is

unlikely in light of nest-site fidelity of white stork being

close to 90% (Barbraud et al., 1999) and considering the

lack of evidence for transmission routes from stably
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colonized parents to their nestlings (see above). Moreover

and as discussed above there is evidence of storks’ feed

as the true source of A. baumannii in storks. Thus, the

most likely explanation for the close relationship between

isolates 280/1C and 42R3 is the stable circulation of this

A. baumannii lineage in a habitat situated in the vicinity of

these villages where storks are foraging. This scenario is

also supported by additional findings from other sampling

sites, for example, closely related isolates 658C and 661C

recovered from nestlings that grew up within a distance of

2 kilometres. In conclusion, it is now possible to study A.

baumannii in a native environmental context with a high

probability to consecutively isolate specific clones. It

should thus be possible to estimate evolutionary rates and

timescales in a natural context and to compare to data

obtained in a clinical context or related to animal

production.

In the light of Poland giving home to the world’s largest

population of white storks it will be interesting to compare

clinical isolates from Poland not belonging to the interna-

tional clones and stork isolates to learn if transfer

occasionally may occur.

Evidence for convergent evolution of the blaOXA-51-like
gene

Another interesting aspect concerns the evolution of the

intrinsic blaOXA-51-like gene in its natural context. Under

anthropogenic selection pressure such as imposed by the

use of antibiotics in the hospital setting, blaOXA-51-like can

turn into a clinically relevant carbapenemase gene after

insertion of ISAba1 into the promoter region (Turton et al.,

2006b; Zander et al., 2013). However, we could not detect

an ISAba1 insertion upstream of blaOXA-51-like in any of our

avian isolates. Interestingly, among 47 different stork iso-

lates obtained in 2013 and 2014 we found 30 different

variants at the protein level. These protein variants

included OXA-51, 265, 269, 271 and 290 commonly

found in well-described clinical A. baumannii international

clonal lineages (Zander et al., 2012). However, at the

nucleotide level the blaOXA-51-like genes of these avian iso-

lates were never identical to that of clinical IC lineages and

a close relationship of any isolate to an IC lineage could

also not be demonstrated by rep-PCR suggesting conver-

gent evolution of the blaOXA-51-like gene. We also found

striking examples of apparently convergent evolution of the

blaOXA-51-like gene among avian isolates. For instance, iso-

late 291/1C was collected in the year 2013 from a nestling

near Glog�ow, and isolate 9D1 was collected in 2014 from

a nestling in Kłopot, about 100 km away from Glog�ow.

These isolates are clearly distinct as determined by ApaI

macrorestriction analysis (Fig. 2) and partial sequences of

rpoB and gyrB (data not shown) but share the same

blaOXA-51-like gene (encoding OXA-90). As another

example, isolates 41D1 and 47D1, collected from nestlings

in neighbouring villages in the same year, are distinct by

macrorestriction analysis and partial sequences of rpoB

and gyrB (data not shown), nonetheless they are identical

in the blaOXA-51-like gene (encoding OXA-413). Conversely,

some new OXA-types such as OXA-378 and OXA-374 but

also well-known types such as OXA-64 and OXA-68 may

act as indicators for clonal affiliation (Fig. 4). Collectively,

our data suggest that blaOXA-51-like is expressed and

responsive to selection pressure in the environment.

Similar to what we found, Rafei et al. described 31 differ-

ent OXA-51-like protein variants among 42 A. baumannii of

non-human origin collected in Lebanon (Rafei et al., 2015).

By and large, they found a good correlation between

MLST sequence types and blaOXA-51-like types but they

also described some cases of distinct MLST types sharing

the same OXA proteins in line with our observations.

The linkage between avian and human isolates

Whole genome-based phylogeny revealed a high diversity

of avian isolates and the relatedness of several avian iso-

lates both of wildlife and livestock origin to human clinical

isolates including international clonal lineages IC7 and IC8

(Fig. 4). Especially intriguing, one clade characterized by

carriage of OXA-374, comprises human clinical isolate

1 295 743 from the United States, stork isolates from

Poland and Germany and exhibits relationship to clinical

isolates from Spain and Japan as well as poultry meat iso-

lates from Switzerland (Lupo et al., 2014). In the light of an

overall isolation rate of 25% in white stork nestlings, it is

hard to conceptualize a scenario which links these findings

but does not include an affinity of A. baumannii to avian

host systems.

Our avian isolate closest to any human clinical isolate is

chicken isolate 65 from Germany which is related to

human clinical isolate BJAB0715 from China. Additional

isolates related to isolate 65 were recovered in 2012 from

two other chicks within the same flock and from a hen of

another seemingly unrelated flock (Table 1 and Fig. 1) sug-

gesting successful spread of a clone within poultry

livestock. At present we can only speculate on the trans-

mission path linking these chicken isolates from Germany

to the human isolate from China. At least, a temporal esti-

mate of their divergence is possible, based on the recent

determination of a mutation rate of 5 SNPs per year per

genome for the IC1 clade of A. baumannii (Holt et al.,

2016). Assuming comparable rates here, the most recent

common ancestor of chicken isolate 65 and human isolate

BJAB0715 existed around 100 years ago (270 SNPs per

1.857 Mbp corresponds to �580 SNPs per genome which

yields a calculated divergence 116 years ago). In conjunc-

tion with the fact that additional isolates, the oldest of

which was recovered in 1964 from a mink in the
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Netherlands, share the same MLST sequence type as 65

and BJAB0715 (Supporting Information Table S3), is much

in support of their belonging to an international clone that

was already spread worldwide before the use of

antibiotics.

The recent description of a virulent strain isolated from

diseased chicks in China not only demonstrates the pres-

ence of A. baumannii in poultry livestock worldwide but

also suggests it to be a zoonotic pathogen (Liu et al.,

2016). The recent demonstration of A. baumannii in raw

meat samples in Switzerland at an overall rate of 25% and

in poultry meat in particular that was found contaminated

at a rate of 48% (Lupo et al., 2014) suggests a high abund-

ancy in poultry livestock and a specific affinity for birds.

The fact that our isolation rates from chicken (3%) and

geese (8%) are lower than that reported for poultry meat

may result from crosscontamination during meat process-

ing but could be also due to differences in the isolation

methods (CHROMagar Acinetobacter vs. Chrom ID ESBL

agar; direct streaking of swabs vs. enrichment culture from

meat homogenates). It may well be that more sophisti-

cated methods would reveal in the future a greater avian

impact on the epidemiology and spread of A. baumannii.

We would like to emphasize again that our study links

avian isolates (ST138Pa and ST240Pa) to isolates of the

same sequence types found in poultry meat by Lupo et al.

(2014) and clinical isolates from Taiwan and Japan.

Recently, wild birds’ feces was described as a source of

A. baumannii in Nigeria with an average isolation rate of

more than 30% (Dahiru and Enabulele, 2015). Unfortu-

nately, the species identification was based on biochemical

tests which are considered unreliable (Peleg et al., 2008),

leaving the question whether the isolates are true A. bau-

mannii. By contrast, in a study on the cloacal and

pharyngeal bacterial flora of free-living birds in Germany

no A. baumannii was recovered (Stenkat et al., 2014). The

prevalence of A. baumannii in birds may thus largely

depend on the bird species and the geographical region.

Concluding remarks

Collectively, our data in conjunction with previous work of

others is much in support of the dissemination of A. bau-

mannii in poultry livestock with possibly far-reaching

consequences for public health. The diversity of avian

isolates illustrated here by whole genome sequencing

matches well with the diversity found among clinical

isolates.

The prevalence of A. baumannii in poultry livestock and

in the food production chain is underexplored and should

be further investigated. Efforts should be made to screen

avian populations worldwide including their environmental

context.

Experimental procedures

Sample collection and processing

COPAN Amies agar gel medium transport swabs (COPAN

108C and 110C; HAIN Lifescience, Germany) were used for

sampling. Swabs were immediately transferred to Amies

transport medium and stored at 48C until direct plating on

CHROMagar Acinetobacter. CHROMagarTM Acinetobacter

(CHROMagar, France) was prepared according to the manu-

facturer’s description without addition of the CHROMagar

MDR supplement CR102. In preliminary studies we had deter-

mined that all A. baumannii isolates of our collection were able

to grow on CHROMagar Acinetobacter suggesting no major

bias. Preliminary studies in our lab also revealed a higher spe-

cificity of CHROMagar Acinetobacter compared to Leeds

Acinetobacter Medium and a higher sensitivity compared to

Simmons Citrate Agar (data not shown).

Bacterial species identification

Speciation of isolates recovered from CHROMagar Acineto-

bacter was based on PCR detection of blaOXA-51-like (Turton

et al., 2006a), partial 16S rRNA gene sequencing (Weisburg

et al., 1991) and partial rpoB sequencing using primers

Ac696F and Ac1598R as described (Nemec et al., 2009).

To determine blaOXA-51-like variation the coding region was

fully sequenced as described (Zander et al., 2012). New

OXA-51 variants were deposited at GenBank (see Table 1)

and registered at Lahey database now hosted at NCBI

(https://www.ncbi.nlm.nih.gov/pathogens/beta-lactamase-

data-resources/).

Infection in Galleria mellonella caterpillars

Larvae of Galleria mellonella were infected as described

(Skiebe et al., 2012). G. mellonella caterpillars were pur-

chased from tz-terraristik.de, Germany. Bacterial strains

were cultured in 5 ml LB media at 378C. Overnight

cultures were diluted 1:50 in LB and cultured for another 3 h

at 378C. Bacteria were then washed and resuspended in

sterile phosphate-buffered saline (PBS). Optical density

(OD600 nm) was adjusted to 0.2 and 5 ml of the bacterial sus-

pension corresponding to 3 3 105 CFU was injected into

each G. mellonella larva through the last left proleg. For

each infection experiment, groups of 16 caterpillars were

assigned to each of the mutant and parental strains and two

control groups were used, one treated with PBS and one

untreated. Then infected caterpillars were incubated at

378C and vitality of the caterpillars was monitored every day

for a period of 5 days by touching the larvae and survival

was recorded. Caterpillars were considered dead when they

showed no response to touching. Results were not consid-

ered valid when more than two dead caterpillars were found

in control groups within five days. Three independent infec-

tion experiments were conducted. Lethal dose 50% (LD50)

values were determined after 24 h as described (Antunes

et al., 2011) inoculating and analysing triplicates of 12 lar-

vae for each dilution (106, 5 3 105, 105, 5 3 104, 104 CFU

in 5 ml injection volume).
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Cell culture adherence

A549 cells were maintained in DMEM supplemented with 10%

of fetal calf serum (FCS) at 378C with 5% CO2 atmosphere.

The day before adhesion assay, cells were plated at 5 3 105

cells/ml. Cells were infected with different A. baumannii strains

after overnight culture at a multiplicity of infection of 100, then

the plate was centrifuged at 400 g for 5 min and incubated for

1 h at 378C with 5% CO2. Cells were washed 10 times with

PBS to avoid unspecific adhesion to surface and lysed with

sterile water. Lysed samples were diluted in 5x PBS so that

serial dilutions could be performed in PBS before plating on

LB agar to enumerate CFUs.

Natural transformation competence

The competence of avian isolates to take up naked DNA from

the environment and to incorporate it into the genome by

homologous recombination was analysed as described previ-

ously (Wilharm et al., 2013).

Macrorestriction analysis

Bacterial strain typing was performed by Apal-macrorestriction

and subsequent pulsed-field gel electrophoresis (PFGE), and

results were interpreted according to the criteria suggested by

Tenover et al. (1995).

Antimicrobial susceptibility testing

Susceptibility to different antibiotics (ampicillin, cefotaxime,

ceftazidime, cefoxitin, meropenem, gentamicin, kanamycin,

amikacin, sulfamerazine, sulfamerazine/trimethoprim and cip-

rofloxacin) was tested using the microbroth dilution method

according to DIN58940 and EUCAST guidelines with result

interpretation according to EUCAST v5.0. Additionally, a PCR

screening for the presence of Acinetobacter-specific carbape-

nemase genes (blaOXA-23-like, blaOXA-40-like and blaOXA-58-like)

was performed in all isolates of this study.48

Illumina sequencing

Libraries for Illumina short read sequencing were prepared

from 1 ng of extracted DNA utilizing the Nextera XT DNA

Library Prep Kit according to the manufacturer’s recom-

mendations (Illumina Inc., USA). Sequencing was carried

out in paired-end (2 3 300 bp) on a MiSeq benchtop

instrument. The whole genome shotgun project of 18 avian

isolates has been deposited at DDBJ/ENA/GenBank under

the accession of bioprojects PRJNA326058 and

PRJNA390481.

WGS data processing

The determination of the maximum common genome (MCG)

alignment was done comprising those genes present in all 40

genomes selected for the alignment (von Mentzer et al.,

2014). To determine them we clustered the coding sequences

based on the parameters sequence similarity (min. 70%) and

coverage (min. 90%) and defined those genes that were

present in each genome while fulfilling the threshold parame-

ters as MCG containing 2182 orthologous genes for the 40

strains. Next, the allelic variants of these genes were extracted

from all genomes by a blast based approach, aligned individu-

ally for each gene and then concatenated which resulted in an

alignment of 1.857 Mbp for these 40 strains. This alignment

was used to generate a phylogenetic tree with RAxML 8.1

(Stamatakis, 2014).

rep-PCR

Epidemiological typing of isolates was performed by rep-PCR

(DiversiLab System; bioM�erieux, N€urtingen, Germany) follow-

ing the manufacturer’s instructions. Results were analysed

with the DiversiLab software using the Pearson correlation

statistical method to determine distance matrices and the

unweighted pair group method with arithmetic averages

(UPGMA) to create dendrograms. Isolates that clustered

below the threshold of 95% were considered unrelated (Hig-

gins et al., 2012). Representative isolates belonging to A.

baumannii international clones 1–8 were included as controls

(Higgins et al., 2010).
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 CONCLUSIONS ET DISCUSSIONS



DSM30011 d’Ab est impliqué dans la compétition bactérienne et dans la virulence 

la capacité d’adhérer et d’envahir les cellules mais seule

suggérant qu’elles se répliquent à l’intérieur de la cellul

mais pourrait expliquer l’hypervirulence de ces souches cliniques. Enfin, les bactéries 

intracellulaires se trouvent jusqu’à 48h dans un compartiment associé à LAMP1, un 

marqueur de l’endosome tardif et du lysosome. 

e SST6 d’Ab

s’il était admis 

répandu chez les souches d’

tandis qu’un autre

. Le SST6 de la souche 17978 d’Ab a été décrit comme actif

ni sa fonction ni son rôle dans la virulence n’

alement observé qu’il est fonctionnel n’a 

présente pas d’autres 

fonctionnels permettant l’inhibition de la croissance des bactéries voisines 

n’avons pas détecté par analyse bio

souche est capable d’inhiber la croissance d’

es souches cliniques d’Ab étudiées les gènes permettant la formation d’un SST6

Hcp n’est pas sécrétée



qu’u

–

SST6 identifié chez leurs souches d’Ab 

) : l’une exprimait un SST6 actif (SST6 ) tandis que la seconde ne l’exprimait pas 

était en compétition. Selon l’expression

susceptibilité différente aux antibiotiques. Après séquençage d’une colonie 

l’origine de l’inhibition transcripti . L’expression ectopique de 

l’inhibition de l’expression 

ainsi que l’incapacité d’Ab à tuer 

plasmide pAB3. L’analyse 

’ils sont

de nombreuses souches MDR d’Ab récemment isolées

contrôlé par la présence ou l’absence du 

est donc à l’origine de 

un phénotype MDR grâce à l’ensemble des gènes de résistance qu’il code

dans un environnement dépourvu d’antibiotiques, 

Lors d’une exposition aux antibiotiques



sont éliminées mais la population l’ayant maintenu survit. Ce cycle 

proposent que la population d’Ab possède le plasmide réprimant l’expression 
du SST6. A) En absence d’antibiotiques dans le milieu, une partie de la population d’Ab 

C) Le SST6 permet alors l’élimination des bactérie
E) Lors d’une exposition aux antibiotiques, les bactéries ayant perdu le 

gènes de résistance survit. Figure issue de l’article de Weber 

sur le SST6, nous avons observé l’expression de 

d’

plus, l’analyse de leurs génomes n’a pas permis ’identif

’identification de 

l’abse



Hcp et l’inactivité du SST6. Dans ce cas, le plasmide aurait été perdu au moment de la 

préparation des échantillons pour le séquençage, expliquant l’absence de celui

l’analyse génomique. Il est également possible que les souc

que la plupart des souches cliniques étudiées n’

dans la virulence ou lors de la colonisation d’un patient. Un crible d’une banque de 

d’Ab lors de l’infection de 

permis d’identifier 300 gènes essentiels à la survie en contexte d’infection 

la survie d’Ab 5075 chez ce modèle 

d’infection. Lors de notre étude nous avons 

même modèle d’infection e d’études 

Dans un contexte de colonisation de l’environnent, la présence du SST6 pourrait aider non 

seulement à l’élimination de bactéries compétitrices mais aussi à l’acquisition de matériel 

l’expression des éléments impliqués dans la compétence 

conditions, son état de compétence permet l’acquisition horizontal de l’ADN libéré dans 

ans l’acquisition de matériel génétique. La lyse des 

l’ensemble de la population bactérienne car elle permet également 

l’augmentation de la fréquence du transfert horizontal des souches d’Ab dépourvues 



2. Adhésion et phase intracellulaire d’Ab

Nous avons comparé l’interaction des souches cliniques hypervirulentes, de la souche de 

pulmonaires après 5h de contact. Ab produit des pili impliqués dans l’adhésion aux 

l’effet de ces pili 

intéressant de reproduire l’expérience d’adhésion en cultivant au préalable toutes les 

ux expériences d’invasion et à la microscopie confocale, nous avons 

par l’utilisation d’autres techniques

chez la souche 5075 d’Ab.



lorsqu’elle est étalée sur boîte de pétri 

opaque alors que d’autres 

l’infection de 

chez d’autres isol d’Ab

les signaux de l’environnement 

notamment l’expression des O

système régule également l’expression des O n’a pas encore été

Δ Δ Δ Δ

Δ

ilement contrôlé et qu’il 

transcriptionnelle d’Ab. 

La nature du signal contrôlant la variation de phase n’a pas été identifié. La rapidité de la 

variation de phase et le changement global qu’elle induit chez Ab pourrai

moyen rapide d’adaptation. Au vu de la différence de virulence observée entre les colonies 

opaques et translucides, il est important d’élucider complètement ce mécanisme et de 

connaître quels signaux régulent cette variation. D’autres souches clin



CFU intracellulaire a été observée lors de l’infection de 

d’

d’une diminution à 48h. Af

différentes souches d’

h et jusqu’à 48h après

marqueur de l’endosome tardif lysosome. L’endocytose 

l’internalisation d’éléments tels que des nutriments 

cellulaires d’assurer des fonctions essentielles à la cellule 

et détournent la voie endosomale pour permettre leur survie à l’intérieur de la 

l’endosome précoce. Cependant

maturation et l’acidification de la vacuole dans la laquelle elle se trouve. Elle inhibe ainsi

avant d’en sortir pour rejoindre

est associée à une vacuole aux caractéristiques de l’endosome tardif. A l’intérieur de cette 

intracellulaire reste stable jusqu’à 24h après infection puis décline progressivement

. Ces résultats ont été confirmé grâce à l’utilisation de l’hybridatio

(FISH), une technique d’hybridation de sonde ADN ou ARN couplé à un fluorochrome. 

de détecter la présence d’



d’utiliser la technique du FISH pour quantifier le nombre de bactéries intracellulaires, en 

à l’aide de différents 

la présence d’Ab dans un compartiment à double membrane a été 

une étude a montré qu’Ab induit une 

caractéristiques de l’autophagosome. Cette étude 

usqu’à 6h. Bien que selon cette étude 

l’autophagie permet l’élimination d’Ab chez les cellules phagocytaires, elle ne permet 

pas le contrôle de la réplication d’Ab dans les cellules épithéliales 

l’analyse du nombr

des temps plus tardifs permettrait de vérifier l’implication de l’autophagie 

dans l’élimination d’Ab chez les cellules épithéliales. 

des protéines caractéristiques de l’autophagie, n’a été

lors de l’infection des cellules épithéliales par 

absence d’induction d ’autophagie

d’effectuer à nouveau ces 

l’ensemble de mais également d’effectuer 

afin d’observer ’

Lors des expériences d’invasion

jusqu’à 48h après infection ant qu’une partie au 

n état cultivable. Pour s’assurer que l’ensemble de la 

. D’autres outils 

l’arrêt de l’induction, 



chez les bactéries ne se divisant pas alors qu’elle est 

Il est important d’élucider le statut métabolique d’Ab lors de sa phase intracellulaire car 

sa présence jusqu’à 48h après infection suggère un mécanisme de persistance 

l’arrêt 

. La perception d’un stress par la bactérie 

. Elles posent d’importants problèmes lors 

chez les patients. En effet, l’élimination incomplète de 

l’ensemble des bactéries à l’origine de l’infection conduit à la réapparition de l’infection. 

Quelques données dans la littérature suggèrent l’existence de bactéries persistantes chez 

compaction importante de l’ADN des bactéries intracellulaires, suggérant un 

l’activité métabolique d’Ab 

caractéristiques associées à l’émergence de bactéries persistantes

L’apparition de bactéries persistantes d’Ab a aussi été observé

45 souches d’Ab testées, une variation 

de la population d’Ab

l’exposition d’

lorsque l’exposition aux antibiotiques est faite en présence de pyocyanine, une toxine 

peuvent cohabiter dans un contexte d’infection

reste à savoir si ces bactéries persistantes jouent un rôle dans l’infection des patients et 

dans la virulence des souches d’Ab. Il serait intéressant d’



importante d’IL 6 que les autres souches d’Ab. L’Il

, essentiels à l’élimination d’Ab. La limitation de la 

lors de l’infection des cellules par Ab pourrait être une stratég

hypothèse, une étude a comparé l’induction d’une 

signalisation de la RI pourraient être des mécanismes mis en place par Ab. L’analyse du 

e différentes souches d’ l’infection d’un patient montre un 

enrichissement de mutations au niveau des gènes associés à la synthèse et l’organisation 

. De même, l’analyse des 

qu’une forte pression de sélection a lieu au niveau de ces gènes chez Ab lors de l’infection 

d’un patient.

d’échapper au 

, particulièrement dans un contexte de traitement d’un patient

l’exposition d’Ab inhibitrice d’antibiotique conduit à 

l’augmentation de la production de sa capsule . Des tentatives de création d’anticorps 

alors qu’ils n’ont aucun effet sur celui 

anticorps ne confère pas de protection contre l’infection. 

4. Dissémination d’Ab à travers de l’épithélium

Nous avons observé qu’Ab n’induit pas de déstabilisation de la monocouc



d’expériences. Ab pourrait franchir la barrière épithéliale sans créer de dommage pour 

également été observé lors d’infections 

mort d’une cellule 

’ n’indique e l’ ’il n’

L’ensemble de ce travail de thèse aura montré qu’Ab et notamment les souch

montrant que le choix de la souche d’étude est important pour pouvoir compr

lors de l’infection de l’hôte. 

existante au sein de l’espèce d’Ab et notamment des souches cliniques rend 

ion d’une seule 

d’étude par 

l’accessibilité de son génome et la disponibilité d’une banque de mutan

mieux comprendre l’hypervirulence des souches récemmen
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ANNEXES



Annexe 1. A Pseudomonas aeruginosa TIR effector 

mediates immune evasion by targeting UBAP1 and TLR 

adaptors

κB chez les cellules eucaryotes infectées par la souche PA7 

d’interagir avec les protéines TIRAP (TIR

menant à l’activation de NF κB. Leur interaction inhibe l’activation de NF κB et cette 

suffit à l’inhibition de la voie. L’importance de PumA a été montrée 

une virulence atténuée lors de l’infection de 

κ

Pour conclure cette étude a permis de mettre en évidence la fonction et le rôle d’une 

J’ai contribué à cette étude en réalisant des tests de cytotoxicité. 



Article

A Pseudomonas aeruginosa TIR effector mediates
immune evasion by targeting UBAP1 and
TLR adaptors
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Abstract

Bacterial pathogens often subvert the innate immune system to
establish a successful infection. The direct inhibition of down-
stream components of innate immune pathways is particularly
well documented but how bacteria interfere with receptor proxi-
mal events is far less well understood. Here, we describe a Toll/
interleukin 1 receptor (TIR) domain-containing protein (PumA) of
the multi-drug resistant Pseudomonas aeruginosa PA7 strain. We
found that PumA is essential for virulence and inhibits NF-jB, a
property transferable to non-PumA strain PA14, suggesting no
additional factors are needed for PumA function. The TIR domain is
able to interact with the Toll-like receptor (TLR) adaptors TIRAP
and MyD88, as well as the ubiquitin-associated protein 1 (UBAP1),
a component of the endosomal-sorting complex required for trans-
port I (ESCRT-I). These interactions are not spatially exclusive as
we show UBAP1 can associate with MyD88, enhancing its plasma
membrane localization. Combined targeting of UBAP1 and TLR
adaptors by PumA impedes both cytokine and TLR receptor signal-
ling, highlighting a novel strategy for innate immune evasion.
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Introduction

Microbial pathogen recognition by innate immune receptors initiates

a progression of molecular interactions and signalling events assur-

ing host defence. In bacterial infections, detection of surface

components, such as peptidoglycan, lipopolysaccharides and

flagellin by Toll-like receptors (TLR) 2, 4 and 5, respectively, is

essential for induction of pro-inflammatory cytokines and type I

interferon (IFN) responses. Specific sorting and signalling adaptor

proteins bridge activated receptors with downstream kinases to initi-

ate signalling cascades via Toll/interleukin 1 receptor (TIR) domains

present on both the adaptors and the cytosolic face of TLRs

(Brubaker et al, 2015). Upon TLR2 or TLR4 activation, the TIR-

containing adaptor protein (TIRAP) recruits myeloid differentiation

primary response 88 (MyD88) that interacts with the TLR via its TIR

domain (Fitzgerald et al, 2001; Horng et al, 2001; Kagan &

Medzhitov, 2006). MyD88 oligomerization and recruitment of

specific kinases leads to the formation of myddosomes, signalling

platforms that induce NF-jB translocation into the nucleus and

subsequent transcription of pro-inflammatory associated genes

(Nagpal et al, 2011; Bonham et al, 2014). TLR4 activation also

results in induction of a type I IFN via another set of adaptors,

TRAM and TRIF (Fitzgerald et al, 2001; Yamamoto et al, 2002;

Kagan et al, 2008). In the case of the MyD88-dependent TLR5, the

identity of a sorting adaptor remains undefined and the role of

TIRAP unclear although it has been implicated in proper TLR5

signalling in epithelial cells (Choi et al, 2013).

Microbial pathogens have been shown to counter these host

defence pathways. Most bacterial immune-modulatory proteins

described to date rely on inhibition of downstream signalling

components, such as MAP kinases and transcription factors (re-

viewed in Rosadini & Kagan, 2015). In contrast, few examples of

direct blocking at the level of initial receptor–adaptor complexes are

known. Some bacterial pathogens rely on TIR domain-containing

proteins to perturb TIR-dependent interactions (Newman et al,

2006; Cirl et al, 2008; Salcedo et al, 2008, 2013), essential in innate

immune signalling. The growing number of bacterial TIR proteins

recently identified in both Gram-negative and Gram-positive human
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pathogens (Spear et al, 2012; Askarian et al, 2014; Zou et al, 2014)

highlights the importance of this immune evasion strategy in

disease. However, the molecular mechanisms underlying most

TIR-dependent virulence strategies remain to be defined.

We focused on a previously uncharacterized TIR domain-

containing protein of the multi-drug resistant pathogen Pseu-

domonas aeruginosa PA7, that we called PumA. P. aeruginosa PA7

lacks genes encoding the type III secretion system (T3SS) and its

cognate effector proteins that are normally associated with strong

induction of cell death, a hallmark of acute P. aeruginosa infections

(reviewed by Filloux, 2011). In addition, PA7 does not show high

lytic capacity towards epithelial cells due to exolysin A (ExlA) as

described for the haemorrhagic pneumonia-causing strain of the

same family (Elsen et al, 2014; Reboud et al, 2016). We thus took

advantage of the absence of traditional virulence factors in this

P. aeruginosa strain to study the molecular interactions involved in

TIR-mediated bacterial targeting of events proximal to receptor–

adaptor signalling complexes and to dissect PumA function. We

found that the PumA Pseudomonas TIR domain-containing protein

is essential for PA7 virulence conferring a previously unrecognized

ability to Pseudomonas to down-modulate innate immune responses

during infection. We show that PumA directly interacts with both

TIRAP and MyD88 to control TLR signalling. Uniquely, it also

targets the ubiquitin-associated protein 1 (UBAP1), a recently

discovered component of the endosomal-sorting complex required

for transport I (ESCRT-I; Stefani et al, 2011). UBAP1 is known to

play a key role in selective sorting of ubiquitinated endosomal cargo

on multi-vesicular bodies (MVB), via its interaction with VPS37A

and other components of ESCRT-I namely TSG101 (Wunderley

et al, 2014), as well as with the ESCRT regulator, His domain

protein tyrosine phosphatase (HDPTP; Stefani et al, 2011). UBAP1

has been shown to control endosomal sorting of ubiquitinated

EGFR (Stefani et al, 2011) as well as ubiquitin-dependent degrada-

tion of antiviral surface proteins (Agromayor et al, 2012) and inte-

grins (Kharitidi et al, 2015). More recently, UBAP1 was shown

to modulate steady-state trafficking of cytokine receptors in non-

stimulated cells (Mami�nska et al, 2016). UBAP1 is expressed in a

wide range of tissues, but when deleted in mice, it is lethal for

embryos (Agromayor et al, 2012).

We propose that this novel Pseudomonas effector modulates

UBAP1 function, hence the name PumA (for Pseudomonas UBAP1

modulator A), which confers to this TIR domain-containing protein

the distinctive ability to also interfere with cytokine receptor signal-

ling. Targeting of both TLR adaptors and UBAP1 by PumA is not

spatially restricted as we found UBAP1 can associate with MyD88 in

host cells. Our results thus highlight a novel role of bacterial TIR

domains and place UBAP1 sorting in the context of TLR signalling.

Results

PumA is required for Pseudomonas aeruginosa PA7
virulence in vivo

In Pseudomonas, TIR domain-containing proteins were first identi-

fied in an in silico study in P. aeruginosa and the plant pathogen

P. syringae (Zhang et al, 2011). Analysis of currently available

genomes shows that several plant strains encode such proteins as

well as additional human pathogenic strains of P. stutzeri and

P. aeruginosa. The closest orthologue is found in the plant pathogen

P. viridiflava. The TIR domain of PumA spans the first 136 amino

acids of PumA (Appendix Fig S1A and B), with no significant

sequence/structure homologies detected for the C-terminal domain

(amino acid 137–303) and no signal peptide. Analysis of the PA7

genome shows pumA (PSPA7_2375) is within the genomic island

RGP56, which displays a G+C content of 58.5% in contrast to the

average 66.5% in the remaining genome. Interestingly, using

Geneious (Kearse et al, 2012), we found the pumA gene itself has

an even larger reduction in G+C content (46.6%) (Appendix Fig

S1C), suggesting that it is not a conserved gene within its immediate

genetic context.

We assessed the potential role of PumA in virulence by infecting

the nematode Caenorhabditis elegans, a well-established model for

P. aeruginosa allowing for rapid assessment of virulence (Garvis

et al, 2009). Infection with the highly virulent strain P. aeruginosa

PA14 which contains virulence factors such as the T3SS but no TIR

protein resulted in 50% lethality at day 5. The PA7 wild-type strain

caused 50% lethality 7 days after inoculation. In contrast, we found

that the PA7 ΔpumA mutant showed a slight but significant attenua-

tion in virulence in C. elegans (Fig 1A). These differences were not

due to an in vitro growth defect of the mutant (Appendix Fig S2A)

nor to a problem in expression of PumA in the wild-type P. aerugi-

nosa PA7 strain (Appendix Fig S2B).

We then used an acute in vivo infection model to evaluate the

involvement of pumA in P. aeruginosa induced lung injury. Mice

infected with DpumA showed a clear increased survival compared

to wild-type strain (Fig 1B). A dose of 4.107 CFU of PA7 induced

100% lethality after 52 h against 62.5% survival after 96 h for the

DpumA mutant. Bacterial clearance and cellular recruitment were

then analysed with a lower inoculum of 3.107 CFU. PA7DpumA

infected mice showed decreased cell recruitment (Fig 1C) and an

enhanced lung bacterial clearance in bronchoalveolar lavages (BAL)

compared to the wild-type strain (Fig 1D). The bacterial dissemina-

tion measured with the spleen bacterial load was equivalent

between the two groups (Fig 1E). Together these results show that

PumA is required for P. aeruginosa PA7 infection.

PumA inhibits NF-jB translocation into the nucleus during
infection in vitro

As bacterial TIR proteins down-modulate NF-jB activation

(Newman et al, 2006; Cirl et al, 2008; Salcedo et al, 2008, 2013;

Spear et al, 2012; Askarian et al, 2014; Zou et al, 2014), we

infected the lung carcinoma epithelial cell line A549, a well-

established cellular model for Pseudomonas infection and analysed

NF-jB translocation into the nucleus after one hour of infection

by confocal microscopy. We developed an automated analysis of

p65/RelA fluorescence in relation to DAPI labelling using a speci-

fic ImageJ plugin from images obtained by confocal microscopy

(Fig EV1A) which allowed us to clearly differentiate between

TNFa-treated and mock-infected cells (Figs 2A and EV1B). Infec-

tion with the three heat-killed P. aeruginosa strains, wild-type

PA7, isogenic mutant DpumA or wild-type PA14 resulted in signif-

icant induction of NF-jB translocation into the nucleus, although

to a lower level than TNFa-treated cells (Fig 2A). When cells

were infected with PA7, there was no significant induction of

The EMBO Journal Vol 36 | No 13 | 2017 ª 2017 The Authors
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NF-jB when compared with the mock-infected negative control

(Fig 2B), suggesting PA7 blocks NF-jB translocation into the

nucleus. In contrast, DpumA infection promoted NF-jB nuclear

translocation, attaining activation levels similar to those observed

with heat-killed bacteria. The inability of pumA mutants to block

NF-jB nuclear transport was complemented by chromosomal

expression of this gene under an arabinose-inducible promoter

(Fig 2C). Importantly, when pumA expression was repressed with

glucose, no complementation of NF-jB inhibition was observed

(Fig 2B). Addition of arabinose had no effect on NF-jB
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Figure 1. PumA is required for Pseudomonas aeruginosa PA7 virulence in vivo.

A Caenorhabditis elegans survival curve. Fifty C. elegans were infected with E. coli OP50 and with highly virulent strain P. aeruginosa PA14. One hundred C. elegans
were infected with P. aeruginosa PA7 and PA7 ΔpumA. Test of Mantel–Cox was used with ***P = 0.0002.

B To establish an in vivo model of acute infection, mice were intranasally infected with 4 × 107 CFU P. aeruginosa PA7 or PA7DpumA strains (n = 7/group). Lethality
was monitored for 96 h, and a test of Mantel–Cox was used, with **P = 0.0035.

C–E Mice were intranasally infected with 3 × 107 CFU P. aeruginosa PA7 or PA7DpumA strains (n = 7/group). Cells from bronchoalveolar lavage (BAL) were counted (C).
Bacterial load in the lungs (D) and dissemination (E) were assessed through cultured lung or spleen homogenate. Non-parametric two-tailed Mann–Whitney test
was carried out with (C) *P = 0.0173, (D) *P = 00364 and (E) P = 0.3629. All data correspond to mean � standard error.
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Figure 2. PumA is essential for control of NF-jB translocation into the nucleus during Pseudomonas aeruginosa infection of human A549 lung epithelial cells.

A Quantification of fluorescence ratio between nuclear NF-jB (p65) and nuclear DAPI staining. Negative control corresponds to uninfected cells that underwent all
steps of the experiment. Positive control corresponds to full NF-jB activation with TNFa (1 lg/ml). A549 cells were incubated for 1 h with heat-killed (HK) bacteria to
establish maximum activation induced by Pseudomonas infection.

B Cells were infected for 1 h with either P. aeruginosa PA7 wt, ΔpumA, ΔpumA:pumA (Ara) induced with 1% arabinose, ΔpumA:pumA (Glu) repressed with 0.5% glucose,
PA14 wt, PA14:pumA (Ara) induced with 1% arabinose and PA14:pumA (Glu) repressed with 0.5% glucose. For consistency, arabinose was also included for the
infections with wild-type and deletion mutant strains.

C Western blots from representative inocula used for the infection experiments, showing expression of PumA (34 kDa) in the different P. aeruginosa strains visualized
using a polyclonal rabbit anti-PumA with control blot against the standard cytoplasmic protein EF-Tu (45 kDa) below.

Data information: For (A) and (B), between 200 and 400 cells per condition were counted and data correspond to median � standard error from three independent
experiments. Non-parametric one-way ANOVA Kruskal–Wallis test, with Dunn’s multiple comparisons test was performed; ****P < 0.0001, ***P < 0.001, **P < 0.01.
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translocation (Fig 2B versus EV1B). Furthermore, absence of

NF-jB nuclear translocation was not due to reduced immune

detection of the mutant strain as incubation of host cells with

heat-killed DpumA resulted in equivalent levels of NF-jB activa-

tion to the wild-type PA7 (Fig 2A). To further support that the

differences observed relate to PumA and are not indirect, we

verified that all strains showed equivalent levels of membrane

permeability (Fig EV2A), the global protein composition of the

cell envelope was not altered in a pumA mutant (Fig EV2B), and

no differences were observed in cytotoxicity (Fig EV2C and D)

nor host cell adhesion (Fig EV2E) between wild-type PA7 and

isogenic DpumA mutant. Together these results show that PumA

is responsible for P. aeruginosa PA7 inhibition of NF-jB nuclear

translocation during infection.

We then investigated whether expression of PumA alone could

confer the ability to block NF-jB translocation to a different Pseu-

domonas strain. We chose PA14, which does not contain pumA and

is known to be more virulent due to the presence of several viru-

lence factors, namely those secreted by the T3SS. As expected, cells

infected with wild-type PA14 showed high levels of NF-jB translo-

cation into the nucleus (Fig 2B). Induction of pumA from the PA14

chromosome, which did not impact membrane permeability

(Fig EV2A), was sufficient to enable this highly virulent strain to

block NF-jB accumulation in the nucleus of infected cells (Fig 2B).

These data indicate that PumA expression in P. aeruginosa is neces-

sary and sufficient for NF-jB inhibition, highlighting its central role

in immune evasion.

PumA translocation into host cells during infection in vitro

We next sought to determine whether PumA could be secreted by

Pseudomonas. Fractionation of bacterial cells grown in liquid

culture indicates that PumA is mostly cytoplasmic and to a lesser

extent associated with the inner membrane (Appendix Fig S3A).

The protein was not detected in the outer membrane fractions nor

could it be found in the supernatant indicating absence of secretion

into the extracellular milieu in vitro. To determine whether PumA

could be found inside host cells during infection, we fused chromo-

somal PumA with the TEM1 b-lactamase. Although the presence of

other b-lactamases in PA7 and/or potential bacterial lysis resulted in

non-specific cleavage of the CCF2 substrate within host cells

infected with the wild-type strain, significant levels of coumarin

fluorescing cells following infection with a strain containing PumA-

TEM1 (Appendix Fig S3B) suggest that PumA is translocated into

host cells during infection.

PumA is associated with both TIRAP and MyD88 at the plasma
membrane and intracellular compartments

To determine the mechanism by which PumA interferes with NF-jB
activity, PumA was expressed in mammalian cells. We found PumA

localized mostly at the plasma membrane, with some intracellular

distribution, independently of the tag and in both immortal HeLa

cells (Fig EV3A, top panel) and primary mouse embryonic fibro-

blasts (MEFs, Fig EV3B). As this localization was reminiscent of

that of the TLR adaptor TIRAP (Fig EV3A and B), we co-transfected

cells with PumA and TIRAP. We found extensive co-localization, in

particular at the plasma membrane in both HeLa and MEFs (Fig 3A

and B). We observed these results with any combination of tags

(HA, Myc or GFP) for both proteins.

In contrast with TIRAP, MyD88 is mostly localized in intracellu-

lar structures that do not label the plasma membrane. We therefore

co-expressed MyD88 with PumA. Surprisingly, we found enrich-

ment of PumA in a proportion of MyD88-positive structures in both

cell types although to a lesser extent than that observed with TIRAP

(Fig 3A and B). These results were confirmed by structured illumi-

nation microscopy (SIM) to enable imaging at higher resolution

(Fig 3C and D). PumA enrichment was observed with PumA tagged

with Myc or HA and MyD88 fused to either HA, FLAG or Myc. Curi-

ously, this phenotype was exacerbated when GFP-PumA, normally

at the cell surface (Fig EV3) was co-expressed with MyD88, result-

ing in the majority of GFP-PumA being recruited to MyD88-positive

compartments (Fig EV3C).

The TIR domain of PumA is responsible for interaction with both
TIRAP and MyD88

We then investigated whether the TIR domain present in the first

136 amino acids of PumA was responsible for membrane targeting.

PumA1–136 was also efficiently targeted to the plasma membrane

(Fig 4A). However, unlike TIRAP and another bacterial TIR protein

BtpA/TcpB which are known to interact with specific phospholipids

of the plasma membrane (Kagan & Medzhitov, 2006; Radhakrishnan

et al, 2009), PumA and PumA1–136 did not show any lipid binding

properties when incubated with phosphoinositide phosphate strips

(Fig 4B). We then tested whether PumA could interact with TIRAP,

which could explain its membrane localization. We found that

TIRAP-GFP and Myc-PumA co-immunoprecipitated (co-IP) suggest-

ing TIRAP and PumA could be part of the same complex (Fig 4C).

This association was confirmed using purified His-tagged PumA or

PumA1–136 immobilized on Ni-NTA resin, which both retained

HA-TIRAP (Fig 4D).

As we had also observed enrichment of PumA in MyD88-positive

compartments, we investigated whether PumA could interact with

this adaptor protein. Although we did not observe and interaction

between GFP-MyD88 and Myc-PumA (Fig 4C) nor HA-PumA and

Myc-MyD88 (Appendix Fig S4A), using co-IP assays, His-PumA or

PumA1–136 were able to retain HA-Myd88 (Fig 5A), suggesting

PumA is also able to interact with MyD88. To confirm these results,

we took advantage of the strong enrichment in MyD88-positive

compartments when Myd88 is co-expressed with the GFP-tagged

version of PumA (Fig EV3C) and carried out co-IP in these condi-

tions. Indeed, GFP-PumA and Myc-Myd88 could be co-immunopre-

cipitated as well as GFP-PumA and Myc-TIRAP (Fig 5B), suggesting

that PumA can interact with MyD88. As a control for non-specific

TIR–TIR interactions, we tested the ability of PumA to interact with

TLR2, also by co-IP. Indeed, GFP-PumA could interact with FLAG-

TIRAP but not FLAG-TLR2, suggesting some level of specificity in

PumA targeting (Appendix Fig S4B and C).

Finally, we co-expressed in E. coli His-PumA1–136 with His-MBP

(Fig 5C), His-MBP-TIRAP (Fig 5D) or His-MBP-MyD88 (Fig 5E) and

we could clearly see co-elution of both TIRAP and MyD88 in

contrast to the His-MBP control (also see Appendix Fig S4D).

We next sought to determine whether the C-terminus of

PumA137–303 could also participate in these interactions. Lack of

expression of His-PumA137–303 in E. coli prevented us from purifying
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Figure 3. PumA co-localizes with TIRAP at the plasma membrane and to a lesser extent with intracellular MyD88, when ectopically expressed in host cells.

A, B Confocal microscopy of HeLa cells (A) and mouse embryonic fibroblast (MEFs) (B) co-expressing Myc-PumA and adaptor proteins HA-TIRAP (top panel) and HA-
MyD88 (bottom panel). Cells were fixed after 10 h of transfection. Scale bars correspond to 10 lm.

C, D Representative micrographs obtained by super resolution structure illumination microscopy (SIM) of MEFs co-expressing (C) Myc-PumA and TIRAP and (D) Myc-
PumA and HA-MyD88. Wide field (WF) is shown in top panels and structured illumination of wide field (SIM) in bottom panels. Scale bars correspond to 1 lm.
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Figure 4. The TIR domain of PumA is required for plasma membrane targeting and interaction with TIRAP.

A Confocal microscopy of HeLa cells co-expressing HA-PumA1–136 (TIR domain) and Myc-TIRAP labelled with anti-HA (green) and anti-Myc (red) antibodies. Cells were
fixed after 10 h of transfection. Scale bars correspond to 10 lm.

B PIP strip binding of purified TIRAP, BtpA (Brucella TIR protein A), PumA1–136 or full-length PumA. Scheme on the right indicates the identity of each phospholipid on
the PIP strips.

C Co-immunoprecipitation (co-IP) assay from cells co-expressing Myc-PumA and GFP (control) or Myc-PumA with either TIRAP-GFP or GFP-MyD88. The co-IP was
revealed using an anti-PumA antibody, binding to beads using an anti-GFP antibody and the inputs (shown below) using both anti-GFP and anti-PumA antibodies.

D Pull-down assay using extracts from cells expressing HA-TIRAP against His-PumA or His-PumA1–136 immobilized on a Ni-NTA resin. Empty column was used as a
control for non-specific binding. Interactions were visualized by Western blotting using anti-HA antibody, and column binding with anti-His (lower blot). Flow-
through (FT), two washes (W1 and W2) and elution (E) are shown for each sample.

Source data are available online for this figure.
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this domain. We therefore carried out co-IP experiments with GFP-

PumA137–303 expressed in host cells. We could not detect any inter-

action between PumA137–303 and TIRAP (Fig EV4A) nor between

PumA137–303 and MyD88 (Fig EV4B). However, it is important to

note that expression of PumA137–303 results in loss of plasma

membrane localization. Instead, we observed formation of cellular

aggregates that are positive for FK2 labelling (Fig EV4C), which

recognizes mono- and poly-ubiquitinated proteins and could corre-

spond to misfolded protein. For this reason, we cannot completely

exclude a role of the C-terminus of PumA in these interactions.

Nonetheless, our data identify TIRAP and MyD88 as host cell targets

of PumA, which mediates interaction with these adaptor proteins

via its TIR domain.

PumA interacts with the ESCRT-I component UBAP1

As PumA was able to interact with both TIRAP and MyD88, two key

adaptors in TLR signalling, we hypothesized PumA’s function was

to block all immune pathways dependent on these adaptors. Using

an in vitro luciferase assay, we tested key immune receptors impli-

cated in Pseudomonas infection. Surprisingly, we found PumA could

not only block TLR4, TLR5 and IL-1b but also the TNF receptor,

empty 
column

His-
PumA1-136

FT W E FT W E FT W E

HA-MyD88
( HA)

His

His-
PumA

SF E1
+2

E7 E8 SF E3 E6 E7

72 -

34 -

His-MBP
-MyD88 

His
-PumA1-136

SF E3 E6 E9

His-MBP
-TIRAP 

His
-PumA1-136

His-MBP

His
-PumA1-136

A

C D E

+
- - +

-
-
+

-+

+-
+

+

+
-

-

34 -

72 -

34 -

34 -

GFP

Myc

GFP

Myc

GFP   
GFP-PumA
Myc-TIRAP

Myc-MyD88 

co-IP:GFP

Input 3%

B

36 -

36 -

28 -

17 -

40 -

20 -

70 -

20 - 20 -

70 -

Figure 5. PumA is also capable of interacting with MyD88.

A Pull-down assay using extracts from cells expressing HA-MyD88 against His-PumA or His-PumA1–136 immobilized on a Ni-NTA resin. Empty column was used as a
control for non-specific binding. Interactions were visualized by Western blotting using anti-HA antibody, and column binding with anti-His (lower blot). Non-
bound fraction (FT), last wash (W) and elution (E) are shown for each sample and the molecular weights indicated (kDa).

B Co-immunoprecipitation (co-IP) assay from cells expressing GFP-PumA and either Myc-TIRAP or Myc-MyD88. GFP was used as a control for non-specific binding.
The co-IP was revealed using an anti-Myc antibody, the fraction bound to GFP-trapping beads using an anti-GFP antibody and the inputs (shown on the bottom
two images) using both anti-Myc and anti-GFP antibodies.

C–E Co-purification of His-PumA1–136 co-expressed in E. coli BL21 with either (C) His-MBP (control), (D) His-MBP-TIRAP or (E) His-MBP-MyD88. Interactions were
visualized with coomassie blue stained gels. Soluble fraction (SF) and selected elutions (E) are shown for each sample and the molecular weights indicated (kDa).

Source data are available online for this figure.
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which is not dependent on TIR–TIR interactions (Fig EV5A). TNFR1

inhibition was specific to PumA as expression of the Brucella TIR

domain-containing protein BtpA/TcpB did not have any significant

effect (Fig EV5B). We therefore carried a yeast two-hybrid screen to

identify an alternative target of PumA and found UBAP1, a key

component of the ESCRT-I mediating trafficking and sorting of ubiq-

uitinated cargo proteins on MVBs (Stefani et al, 2011; Agromayor

et al, 2012). This interaction was confirmed by co-IP from cells co-

expressing PumA and UBAP1 (Fig 6A and B) as well as by pull-

down using purified PumA or PumA1–136 and cell extracts with

either streptavidin-tagged UBAP1 (Fig 6C) or Myc-UBAP1

(Appendix Fig S5A). These results were specific to PumA as the

Brucella TIR protein BtpA/TcpB did not show any interaction

(Fig 6C). Furthermore, PumA137–303 could not co-IP UBAP1

(Fig EV4D) supporting a role of the TIR domain in targeting UBAP1.

Not surprisingly, microscopy analysis of cells expressing both PumA

and UBAP1 showed significant co-localization at the plasma

membrane and intracellular compartments (Appendix Fig S5C).

We next investigated whether PumA is interacting with UBAP1 in

the context of the ESCRT-I machinery. As over-expression of UBAP1

could result in its mislocalization, we carried out endogenous co-IP

from cells expressing HA-PumA. Full-length PumA not only inter-

acted very efficiently with endogenous UBAP1 but more importantly

also co-immunoprecipitated TSG101 (Fig 6D), confirming PumA is

targeting the ESCRT-I machinery. As expected, PumA also interacted

with endogenous TIRAP (Fig 6D). The TIR domain of PumA only

weakly interacted with endogenous UBAP1 and TIRAP (Fig 6E),

whereas the C-terminus of PumA showed no interactions (Fig 6F).

While we were conducting this work, another study reported

UBAP1 participates in control of TNFR1 and other cytokine receptor

trafficking (Mami�nska et al, 2016). Our data along with this recently

published study thus suggest that PumA interaction with UBAP1

results in inhibition of the TNF receptor-mediated pathway. To

determine whether PumA was targeting two different types of cellu-

lar compartments, one with UBAP1 controlling the TNFR pathway

and another containing TLR adaptors, we analysed whether UBAP1

was excluded from TIRAP and MyD88 containing compartments.

We first analysed their intracellular localization following transfec-

tion as we were not able to detect endogenous UBAP1 with

currently available antibodies. Extensive co-localization was

observed at the plasma membrane and intracellular structures when

co-expressing UBAP1 and TIRAP (Fig 7A), with no visible impact

on the normal distribution of TIRAP. However, in the case of

MyD88, co-expression with UBAP1 resulted in accumulation of this

adaptor at the plasma membrane, not seen in cells expressing

MyD88 alone (Fig 7A, bottom panel and B). Quantification of

membrane enrichment of MyD88 in cells expressing UBAP1 showed

MyD88 membrane association was even more striking in the pres-

ence of UBAP1 (Fig 7C) than that observed when co-expressing

TIRAP with MyD88 (Kagan & Medzhitov, 2006), suggesting UBAP1

could be participating in MyD88 intracellular sorting.

To determine whether UBAP1 could be interacting with these

TLR adaptors, we carried out biochemical analysis of cells co-

expressing UBAP1 and either TIRAP or MyD88. We could efficiently

detect an interaction between UBAP1 and MyD88 by co-IP

(Appendix Fig S5D and E) but not UBAP1 and membrin

(Appendix Fig S5E), used as a control eukaryotic protein with the

same tag. In the case of TIRAP, the co-IP was much less efficient

(Appendix Fig S5D). These results suggest that UBAP1 may be

associated with MyD88-containing compartments and to a lesser

extent TIRAP, consistent with our microscopy observations. To

confirm these results and ensure these interactions were taking

place with UBAP1 in the context of the ESCRT-I, we determined

whether MyD88 and TIRAP could interact with endogenous UBAP1

and TSG101. We found that HA-MyD88 co-immunoprecipitated

both components of the ESCRT-I as well as endogenous TIRAP

(Fig 7D), as expected. However, we did not observe an interaction

between HA-TIRAP and endogenous UBAP1 nor TSG101 (Fig 7E),

suggesting that only MyD88 can be found associated with the

ESCRT-I.

Overall, these data suggest that PumA mediates interactions with

UBAP1 in the context of ESCRT-I, which can itself associate with the

TLR adaptor MyD88, also targeted by this P. aeruginosa effector

protein.

Pseudomonas aeruginosa PA7 induces a decrease of TNFR1 in a
PumA-dependent manner during infection in vitro

It is well described in the literature that inhibition of UBAP1 induces

intracellular accumulation of EGFR, LTbR and TNFR1 (Stefani et al,

2011; Mami�nska et al, 2016). To establish a link between PumA

interaction with UBAP1 and the ability of PumA to reduce TNFa-
dependent signalling (Fig EV5A), we analysed the levels of TNFR1

during infection. In wild-type PA7 infected A549 cells, we observed

a decrease of TNFR1 compared to the negative control (Fig 7F). In

contrast, the mutant lacking PumA was not able to reduce the levels

of TNFR1 in infected cells and this phenotype could be fully restored

by expression of PumA in the complemented strain. This is consis-

tent with PumA targeting of UBAP1 and enhancing its activity

during infection in vitro. Interestingly, we did not see any impact on

the overall levels of TIRAP during infection (Fig 7F) suggesting that

PumA is not inducing TIRAP degradation as was previously

reported for BtpA (Sengupta et al, 2010).

Discussion

Many pathogens have developed sophisticated strategies to evade or

modify host immune responses to their advantage. We have found

that the TIR domain-containing protein PumA plays a major role in

the virulence of multi-drug resistant P. aeruginosa PA7 strain.

PumA ensures efficient inhibition of innate immune responses by

interacting with MyD88 and TIRAP, key adaptor proteins for IL-1R

and the main relevant TLRs in Pseudomonas infection (TLR4 and

TLR5), as well as UBAP1 which regulates cytokine receptor path-

ways. These results identify UBAP1 as a novel cellular target for

bacterial pathogens.

Pseudomonas aeruginosa is an important human pathogen asso-

ciated with high level of mortality in nosocomial infections and

cystic fibrosis patients. Most P. aeruginosa strains rely on a multi-

tude of virulence factors to control host cellular pathways, including

effectors delivered by the T3SS. However, in a cystic fibrosis

context, colonizing strains modulate levels of expression of some of

these virulence factors (Hauser et al, 2011), namely down-

regulation of the T3SS (Jain et al, 2004) and undergo a remarkable

accumulation of pathoadaptive mutations (Marvig et al, 2014). The
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Figure 6. Identification of UBAP1 as a novel host protein targeted by the bacterial TIR domain of PumA.

A, B Co-immunoprecipitation (co-IP) assay from cells expressing Myc-UBAP1 (A) or Strep-UBAP1 (B) with either GFP, GFP-PumA or TIRAP-GFP. The co-IPs were revealed
using an anti-Myc (A) or anti-UBAP1 (B) antibodies, the fractions bound to GFP-trapping beads using an anti-GFP antibody and the inputs using anti-Myc, anti-
GFP or anti-UBPA1 antibodies as indicated.

C Pull-down assay using extracts from cells expressing Strep-UBAP1 against His-PumA or His-PumA1–136 immobilized on a Ni-NTA resin. Empty column was used as
a control for non-specific binding. Interactions were visualized by Western blotting using anti-UBAP1 antibody, and column binding with anti-His (middle blot),
followed by anti-V5 (lower blot), necessary for detection of BtpA, which for reasons we do not understand cannot be easily detected with the anti-His antibody
(Appendix Fig S5B).

D–F Endogenous co-IP from cells expressing (D) HA-PumA, (E) HA-PumA1–136 and (F) HA-PumA137–303. The fractions bound to HA-trapping beads were probed with anti-
HA, anti-UBAP1, anti-TIRAP and anti-TSG101 antibodies. Non-bound fraction (FT), last wash (W) and elution (E) are shown for each sample and the molecular
weights indicated (kDa).

Source data are available online for this figure.
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PA7-related P. aeruginosa strains lack the 20-Kb-long genomic

region encoding the T3SS core components and all genes encoding

secreted effectors but contains several additional genomic islands

and potential novel virulence factors (Pirnay et al, 2009; Roy et al,

2010; Cadoret et al, 2014; Freschi et al, 2015). In some of these

strains, such as CLJ1, an exolysin secreted by a two-partner secre-

tion system is responsible for hypervirulence (Elsen et al, 2014).

However, in PA7, this exolysin is detected at only low levels in the

secretome and is not responsible for cytotoxicity (Reboud et al,

2016), suggesting an alternative pathogenicity mechanism. In this

context, we hypothesize that PumA might be underlying an alterna-

tive pathogenicity mechanism to allow PA7 persistence within a

host. Consistently, we observed a clear attenuation in virulence for

a PA7 strain lacking pumA in both C. elegans and in a mouse lung

infection model. Interestingly, no impact in the ability of the pumA

mutant to disseminate systemically was observed suggesting a role

in control of local pathology. This type of P. aeruginosa infection

based on persistence and colonization rather than rapid cytotoxicity

could be relevant in specific clinical contexts such as infection of

wound and burn patients, aggravated by the high level of multi-drug

resistance. It is interesting to note that other Pseudomonas contain a

TIR domain protein, namely several strains pathogenic in plants. In

this context, it will be interesting to analyse the role of the ortholo-

gous TIR protein in the plant pathogens P. syringae or P. viridiflava

with over 90% identity to PumA in amino acid sequence for the TIR

domain, regarding control of plant responses as these functions may

be relevant across taxonomic kingdoms.

Pseudomonas is not the only bacterial pathogen to take advan-

tage of the TIR domain to engage TIR–TIR interactions which are

essential components of innate immune signalling. Bacterial target-

ing of TLRs has been best described for uropathogenic E. coli TcpC

(Cirl et al, 2008) and Brucella BtpA, also known as TcpB (Cirl et al,

2008; Salcedo et al, 2008), even though their molecular mode of

action remains elusive. Brucella relies on an additional TIR protein,

BtpB to down-modulate inflammation during infection (Salcedo

et al, 2013). TcpC was shown to interfere with MyD88-dependent

and independent pathways to down-modulate TLR signalling and

contribute to kidney pathology (Cirl et al, 2008; Yadav et al, 2010).

In the case of Brucella, BtpA/TcpB has been described as a mimic of

TIRAP, since it can directly bind specific phosphoinositides of the

plasma membrane (Radhakrishnan et al, 2009). This is clearly

distinct from PumA that shows no significant lipid binding proper-

ties. In addition, BtpA/TcpB was also shown to bind TIRAP, which

results in its increased ubiquitination and degradation during

infection (Sengupta et al, 2010), which also differs from PumA

which despite TIRAP binding does not induce its degradation.

Several studies have followed disputing the precise target of BtpA/

TcpB with some proposing preferential binding to MyD88 (Chaud-

hary et al, 2011). One key question that remains unanswered is

how these bacterial TIR proteins are entering host cells and where

do they localize during infection? No direct imaging of bacterial

TIR proteins has been described. In the case of TcpC, internaliza-

tion into host cells was observed but the export mechanism was

not identified (Cirl et al, 2008), whereas no data are available

regarding Salmonella, Yersinia, Staphyloccocus and Enteroccoccus.

In the case of Brucella, depending on the fusion tags, translocation

into host cells of BtpA/TcpB or BtpB was dependent or indepen-

dent of the T4SS (Salcedo et al, 2013) whereas a separate group

has proposed that BtpA/TcpB is cell permeable and may enter host

cells in a passive manner (Radhakrishnan & Splitter, 2010). Unfor-

tunately, PumA fusion with CyaA resulted in its cleavage prevent-

ing us from using this system. Using different fluorescent tags and

the specific anti-PumA antibody, we were not able to confidently

visualize it inside host cells during infection. We were however

able to detect intracellular PumA using a TEM1 fusion. Further

work needs to be carried out to confirm translocation of PumA

into host cells and define the intracellular location of PumA during

infection. PumA was also not found in the bacterial culture super-

natant in vitro, suggesting that contact-dependent delivery is

involved. How PumA is entering host cells will have to be further

investigated, but since the T3SS is not present in PumA-encoding

strains, it suggests that host cell delivery would need an alternative

secretion pathway.

It is important to note that TIR domains are widespread in multi-

cellular organisms, such as in plants (role in disease resistance) and

amoebas (dual role in ingestion of bacteria and immune-like func-

tions) as well as in numerous bacterial genera that include

cyanobacteria and other non-pathogenic bacteria (Zhang et al,

2011). This suggests these domains have evolved as an essential

protein–protein interaction platform that could have additional func-

tions. Indeed, recently the TIR domain of TcpC has been shown to

directly interact with the NACHT leucin-rich repeat PYD protein 3

(NLRP3) inflammasome and caspase-1, besides MyD88, to perturb

inflammasome activation (Waldhuber et al, 2016). There are also

additional potential targets yet to be identified for BtpA/TcpB since

it interferes with microtubule dynamics (Radhakrishnan et al, 2011;

Felix et al, 2014) and induces unfolded protein response (Smith

et al, 2013).

◀ Figure 7. Analysis of the impact of UBAP1 on TIRAP and MyD88.

A Representative micrographs obtained by confocal microscopy of HeLa cells co-expressing Myc-UBAP1 (red) and adaptor proteins HA-TIRAP (green, top panel) or
HA-MyD88 (green, bottom panel). Cells were fixed after 10 h of transfection. Scale bars correspond to 10 lm.

B Different zoomed images showing HA-MyD88 (green) recruitment to the plasma membrane in the presence of Myc-UBAP1 (red). Scale bars correspond to 10 lm.
C Quantification of plasma membrane localization of MyD88 in cells expressing MyD88 alone or with either UBAP1, TIRAP or PumA. At least 200 cells were

enumerated in three independent experiments, and membrane localization was defined under the strict criteria of clear line at the plasma membrane. Cells with
MyD88-positive vesicles in close proximity to the plasma membrane were not counted as positive. Non-parametric one-way ANOVA Kruskal–Wallis test was
performed, with Dunn’s multiple comparisons test. **P < 0.01.

D, E Endogenous co-IP from cells expressing (D) HA-MyD88 and (E) HA-TIRAP. The fractions bound to HA-trapping beads were probed with anti-HA, anti-UBAP1, anti-
TIRAP and anti-TSG101 antibodies. Non-bound fraction (FT), last wash (W) and elution (E) are shown for each sample and the molecular weights indicated (kDa).

F Western blot of TNFR1 in A549 cells infected for 1 h with either P. aeruginosa PA7 wt, ΔpumA or ΔpumA:pumA (Ara) induced with 1% arabinose. A mock-infected
sample was included as a negative control. The same blot was also probed for TIRAP and actin to control loading.

Source data are available online for this figure.
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This notion that bacterial TIR domains provide a broad inter-

action platform is supported by our observations. We found that

in addition to directly interacting with TIRAP and MyD88, PumA

also targets the ESCRT-I machinery by binding to UBAP1 as

PumA could co-immunoprecipitate endogenous UBAP1 and

TSG101. All these interactions seem to be mediated by the TIR

domain of PumA, but endogenous co-IP experiments showed that

the full-length PumA is required for efficient interactions to occur.

It is likely that TIR–TIR interactions are taking place with TIRAP

and MyD88. In the case of UBAP1, the PumA interacting domain

remains to be identified. All yeast two-hybrid preys identified in

our screen encoded for a region containing amino acid 45–164,

present between two key functional domains: the N-terminal

UBAP1-MVB12-associated (UMA) domain (residues 17–63) that

binds the central stalk of ESCRT-I Vps37 and the central domain

(residues 159–308), containing the recently identified key binding

site for HDPTP which can act as a cargo adaptor (Gahloth et al,

2016). The C-terminal portion of UBAP1 includes a SOUBA

domain (residues 381–502) known to bind ubiquitin (Agromayor

et al, 2012). UBAP1 is a key component of ESCRT-I that enables

sorting of ubiquitinated cargo on MVBs. PumA may be binding

an intermediate region of UBAP1 that could partially overlap with

that interacting with HDPTP. Further work is now necessary to

confirm this hypothesis. In view of the recent work implicating

UBAP1 in restriction of constitutive NF-jB signalling (Mami�nska

et al, 2016), PumA could be impacting the activation of TNFR

pathway through UBAP1. Depletion of UBAP1 was shown to

induce intracellular accumulation of the cytokine receptors in

endosomal compartments (Mami�nska et al, 2016), which leads to

increase in constitutive levels of NF-jB, since UBAP1 cannot

ensure proper steady-state cytokine receptor (such as LTbR and

TNFR1) sorting and subsequent degradation. Since in vitro experi-

ments suggest PumA is blocking TNF receptor-mediated pathway,

PumA could be enhancing activity of UBAP1. This phenotype is

specific of PumA since we observed no effect of another bacterial

TIR domain-containing protein BtpA/TcpB which does not interact

with UBAP1 and its ectopic expression does not result in inhibi-

tion of the TNF-induced pathway. Consistent with our hypothesis,

wild-type PA7 decreases the levels of TNFR1 in A549 cells in a

PumA-dependent manner suggesting targeting of UBAP1 is occur-

ring during infection and could enhance its activity.

In an attempt to determine whether distinct intracellular locations

were targeted by PumA to enable interaction with TLR adaptors and

the ESCRT-I component UBAP1, we analysed whether UBAP1 was

excluded from TIRAP or MyD88-enriched compartments. Surpris-

ingly, co-IP experiments revealed endogenous UBAP1 itself and

TSG101 could be found associated with MyD88 but not TIRAP,

suggesting that the ESCRT-I machinery may be interacting with

specific TLR adaptors. We therefore propose that additional crosstalk

between these pathways may exist. MyD88 has been shown to inter-

act with TLRs and with TIRAP via its TIR domain or the death

domain. It remains to be demonstrated whether UBAP1 interacts

directly with MyD88 but our data strongly suggest they can be found

in the same complex, namely at the plasma membrane. Interestingly,

co-expression of MyD88 and UBAP1 resulted in MyD88 enhanced

plasma membrane targeting, to higher levels than that previously

described for TIRAP (Kagan & Medzhitov, 2006). Further work is

required to determine if UBAP1 interaction with MyD88 promotes

activation of TLR signalling and whether PumA could disrupt this

interaction. A few studies have suggested the implication of ESCRT-I

or MVBs in the control of TLR pathways. In Drosophila, ESCRT-0

components modulate endosomal sorting of Toll (Husebye et al,

2006; Huang et al, 2010). ESCRT have been also shown to negatively

regulate TLR7 and 9 to enable recycling of these receptors following

ubiquitination (Chiang et al, 2012). More interestingly, inhibition of

endosomal sorting via ESCRT-I increases LPS-induced signalling

(Husebye et al, 2006), suggesting it is playing a role in sorting and

degradation of activated receptor complexes.

In conclusion, our study describes a P. aeruginosa effector PumA

that targets UBAP1 in the context of ESCRT-I and plays a major role

in virulence. In addition, our data associate UBAP1 to MyD88, high-

lighting a potential larger role of endosomal sorting by ESCRT-I in

regulation of TLR signalling.

Materials and Methods

Strains

Pseudomonas aeruginosa strains used in this study were wild-type

PA7, PA14 or derived strains and were routinely cultured in liquid

Luria Bertani (LB) medium. Antibiotics were added to P. aeruginosa

cultures, when appropriate, at the following concentrations: 150 lg/
ml tetracycline and 750 lg/ml carbenicillin. When indicated, arabi-

nose at 1% or glucose at 0.5% was added to cultures. For Escheri-

chia coli cultures, antibiotics were added when necessary at

the following concentrations: 50 lg/ml kanamycin and 50 lg/ml

ampicillin.

Construction of Pseudomonas DpumA mutant and
complemented strains

The 500 base pairs upstream and 500 base pairs downstream of

pumA gene (PSPA7_2375; NC_009656.1.) were amplified from

P. aeruginosa PA7 genomic DNA to do overlapping PCR, using

primers 50-TTTGGGCCCAAGACGATCAGCGGCACC-30, 50-ATCGGCT
CTGCCCTATGCCATCTTTTTAACTCCATCCTTGTAATTCC-30, 50-GG
ATGGAGTTAAAAAGATGGCATAGGGCAGAGCCGAT-30 and 50-TT
TTGATCACAACTACCCCGATGCGTT-30, respectively. Then, the PCR

product was sub-cloned into pGEM�-T Easy Vector (PROMEGA)

and ligated into pKNG208 (Cadoret et al, 2014) following digestion

with SpeI and ApaI to generate pKNG208-ΔpumA. This plasmid was

introduced into P. aeruginosa PA7 by conjugation where it is inca-

pable of autonomous replication. Homologous recombination events

were primary selected using tetracyclin resistance (150 lg/ml) in

Pseudomonas isolation agar (PIA) plates and secondary selected

using sucrose 6% sensitivity in LB agar plates during 2–3 days at

room temperate. PCR and sequencing analyses confirmed the pumA

wild-type gene was deleted and Western blotting showed absence of

PumA production of the PA7 ΔpumA strain (Appendix Fig S2B).

The mini-CTX-PBAD plasmid was constructed by cloning the SalI-

AraC-PBAD-SacI fragment from pJN105 vector (Newman & Fuqua,

1999) into the 6711 bp SalI/SacI DNA fragment from miniCTX-lacZ

vector (Hoang et al, 1998). PSPA7_2375 gene was amplified with an

artificial Shine-Dalgarno (AAGAAG) and cloned into mini-CTX-PBAD
digested by SpeI/SacI using the SLIC method (Jeong et al, 2012).
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Primers used were 50-AGCCCGGGGGATCCACTAGTAGGAGGTGA
GATATACAATGGCGGTCTTCATTAGTTA-30 and 50-ACCATCCAGT
GCAGGAGCTCCTATGCGCGCGGCCACGGG-30.

Construction of PA7 pumA::bla1 strain

The 500 base pairs upstream and downstream of pumA stop codon

from P. aeruginosa PA7 genomic DNA and blaM gene from pJC121

plasmid (Myeni et al, 2013) were PCR amplified using primers

50-ATTACGCGTTAACCCGGGCCCAGGATGTTGACGGCTATC-30, 50-
CAGCGTTTCTGGTGCGCGCGGCCACGG-30, 50-CTGATTAAGTAGGG
CAGAGCCGATCAGCTC-30, 50-ACACTGGCGGCCGTTACTAGTGCTG
GACTGGCGCAACTA-30, 50-TGGCCGCGCGCACCAGAAACGCTGGT
GAAA-30 and 50-ATCGGCTCTGCCCTACTTAATCAGTGAGGCACC
T-30 and used in overlapping PCR. DNA product was then cloned by

the SLIC method (Jeong et al, 2012) into pKNG208 (Cadoret et al,

2014) digested by ApaI/SpeI to generate pKNG208-pumA::bla1

vector.

Construction of eukaryotic expression vectors

The PumA constructs were obtained by cloning in the gateway

pDONRTM (Life Technologies) and then cloned in the pENTRY Myc,

HA or GFP vectors. The following primers were used 50-GGGGA
CAAGTTTGTACAAAAAAGCAGGCTTCGCGGTCTTCATTAGTTATT

CCCACG-30 and 50-GGGGACCACTTTGTACAAGAAAGCTGGGTCC
TATGCGCGCGGCCACGGGGTAGC-30. PumA1–136 was constructed

with the following primers: 50-GGGG ACAAGTTTGTACAAAAAA

GCAGGCTTCATGGCGGTCTTCATTAGTTATTCC -30; 50-GGGGACCA
CTTTGTACAAGAAAGCTGGGTCCTAACGGGACTGATCAGGATTAG

AG-30. PumA137–303 with 50-GGGGACAAGTTTGTACAAAAAAGCA
GGCTTC ATTGAGGATGTTGACGGCTA-30; 50-GGGGACCACTTTG
TACAAGAAAGCTGGGTC CTATGCGCGCGGCCACGGGGTAGC -30.

Construction of prokaryotic expression vectors

The full-length P. aeruginosa PA7 pumA and its TIR domain (resi-

dues 1–136) were cloned into pET151/D-Topo (Invitrogen)—which

carries the T7 promoter, N-terminal 6xHis and V5 tags, protease

recognition site for tobacco etch virus (TEV) protease and ampicillin

resistance gene. The following primers were used: 50-CAC
CATGGCGGTCTTCATTAGTTATTCC-30 and 50-TGATCGGCTCT
GCCCTATGC-30 for pumA; the same forward primer and 50-
CTAACGGGACTGATCAGGATTAGAG-30 for pumA TIR domain.

BtpA was cloned in this same vector. The HA-TIRAP and HA-Myd88

vector was used as a template to clone TIRAP and Myd88, respec-

tively, into pRSF-MBP vector. This vector corresponds to pRSFDuet-1

(Novagen) but modified to insert 6xHis-MBP from pETM-41 vector

(EMBL) behind the cloning multiple site.

Cell culture and transfections

HeLa, HEK 293T and A549 cells (all obtained from ATCC) were

grown in DMEM supplemented with 10% of foetal calf serum (FCS).

Mouse embryonic fibroblasts were prepared as described previously

(Conner, 2001) and maintained in DMEM supplemented with 10%

(FCS). All cells were transiently transfected using Fugene (Roche)

for 24 h, according to manufacturer’s instructions.

Pseudomonas infection of A549 cells

For adhesion assays and microscopy analysis of NF-jB, cells were

first seeded into 24-well tissue culture plates at 2 × 105 cells/well (to

obtain a monolayer) or 5 × 104 cells/well, respectively. Cells were

infected with overnight cultures at a MOI of 10 or 100 of P. aerugi-

nosa in 500 ll of complete medium per well. Plates were centrifuged

at 400 × g for 5 min and then incubated for 1 h at 37°C with 5% CO2

atmosphere. Cells were then washed five times with DMEM and

either lysed or fixed. In the case of the cytotoxicity assays, cells were

incubated for longer periods with complete media. When indicated,

arabinose at 1% or glucose at 0.5% was added.

For NF-jB experiments, exponential phase cultures were also

used, but no differences were detected. After 1 h, medium was

removed and cells were washed two times with ice-cold PBS. Control

samples were always performed by incubating cells with mock inoc-

ula and following the exact same procedure as for the infection.

For adhesion assays, cells were lysed with 500 ll of 0.1% Triton

solution and pipetted vigorously several times. Lysed samples were

harvest, and serial 10-fold dilutions in PBS were plated on LB agar

to enumerate CFUs.

For Western blot analysis of TNFR1, cells were seeded in six-well

plates at 2 × 105 cells/well and infected as described above. At 1 h

post-infection, cells were washed with ice-cold PBS 2 times, were

collected and lysed directly with loading buffer. For each sample,

six wells were pooled.

Cell cytotoxicity exerted by bacteria was quantified with the cyto-

toxicity detection kit-LDH (Roche), which measures the activity of

cellular lactate dehydrogenase released into the supernatants. The

assays were performed according to the instructions of the manufac-

turer.

For propidium iodide staining, A549 cells were maintained in

DMEM media supplemented with 10% FCS. Cells were seeded at

1 × 105 cells/ml in 96-well plate to achieve confluent monolayers.

Cells were then infected with overnight cultures of P. aeruginosa or

mutants supplemented with arabinose to a final concentration of 2%

(as indicated) at a MOI of 100. The plates were centrifuged at 400 × g

for 5 min and incubated for 1 h at 37°C. After 1 h of infection, cells

were washed three times with PBS then incubated with complete

media (without red phenol) containing propidium iodide and labelling

measured during 6 h every 15 min with a Tecan Infinite M1000.

Immunofluorescence labelling and microscopy

Cells were fixed in Antigenfix (DiaPath), at room temperature for

10 min. Cells were then labelled at RT with primary antibody mix

diluted in 0.1% saponin in PBS with 1% BSA and 10% horse serum

for blocking. Primary antibody was incubated for 1 h followed by

two washes in 0.1% saponin in PBS. Secondary antibodies were

then mixed and incubated for a further 30 min, followed by two

washes in 0.1% saponin in PBS, one wash in PBS and one wash in

distilled water before mounting with Prolong Gold. Samples were

examined on a Zeiss LSM710 or Zeiss LSM800 laser scanning confo-

cal microscopes for image acquisition. Images of 1,024 × 1,024

pixels were then assembled using plugin FigureJ from ImageJ.

For immunofluorescence microscopy analysis of NF-jB, cells

were permeabilized for 6 min with 0.1% Triton in PBS, followed by

a blocking for 1 h with 2% BSA in PBS. Primary antibodies were
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incubated for 1 h followed by two washes in 2% BSA in PBS, 30-

min incubation for secondary antibodies, two washes in 2% BSA in

PBS, one wash in PBS and one wash in water before mounting with

Prolong Gold (Life Technologies). Samples were examined on a

Zeiss LSM710 laser scanning confocal microscope for image acquisi-

tion. Images of 2,648 × 2,648 pixels were then passed through a

specific plugin of ImageJ developed by L. Plantevin, based on a

previous study (Noursadeghi et al, 2008); raw images were treated

with a median filter and threshold moments, afterwards total NF-jB
was subtracted from the Dapi channel to obtain cytoplasmic NF-jB.
Total NF-jB was then subtracted from cytoplasmic NF-jB to obtain

nuclear NF-jB (Fig EV1A). Quantification was always done by

counting at least 200 cells per condition in minimum three indepen-

dent experiments, for a total of at least 600 host cells analysed per

condition.

Antibodies and reagents

Primary antibodies used were rabbit anti-p65 from Santa Cruz (clone

C-20, ref. sc-372) at 1/250, mouse anti-myc9E10 (developed by

Bishop, J.M. was obtained from the Developmental Studies Hybri-

doma Bank, created by the NICHD of the NIH and maintained at the

University of Iowa), mouse anti-HA (Eurogentec, clone 16B12, ref.

MMS-101R), rabbit anti-HA (Sigma, ref. H6908), rabbit anti-GFP

(Amsbio, ref. TP401), rabbit anti-UBAP1 (Proteintech, ref. 12385-1-

AP), mouse anti-His (Sigma, clone HIS-1, ref. H1029), mouse anti-

FLAG (Sigma, clone M2, ref. F1804) all at 1/1000 and mouse anti-

TNFR1 (Santa Cruz, clone H-5, ref. sc-8436) and rabbit anti-TSG101

(Atlas Antibodies, ref. HPA006161) both at 1/200. Rabbit polyclonal

anti-PumA serum was obtained by repeated immunization of rabbits

with purified PumA (Eurogentec) and was used at 1/1,000 for

Western blot and for immunofluorescence microscopy. Purified BtpA

was used to obtain chicken anti-BtpA (Eurogentec). Anti-EF-Tu anti-

body (kind gift from R. Voulhoux) was used at 1/10,000.

Secondary antibodies used were anti-rabbit, mouse, chicken or

rat conjugated with Alexas-488, -555 or -647 all from Jackson

ImmunoResearch. When necessary, phalloidin-568 (1/1,000) was

used to label the actin cytoskeleton and DAPI nuclear dye (1/1,000)

for the host cell nucleus. For Western blots, anti-mouse or rabbit-

HRP antibodies were used at 1/5,000.

TEM translocation assay

HeLa cells were seeded in a 96-well plates at 1 × 104 cells/well

overnight. Cells were then infected with an MOI of 100 by

centrifugation at 4°C, 400 g for 5 min and 1 at 37°C 5% CO2.

Cells were washed with HBSS containing 2.5 mM probenecid.

Then, 6 ll of CFF2 mix (as described by Life Technologies proto-

col) and 2.5 mM probenicid were added to each well, and incu-

bated for 1.5 h at room temperature in the dark. Cells were

finally washed with PBS, fixed using Antigenfix and analysed

immediately by confocal microscopy (Zeiss LSM800) or flow

cytometry (MACSQuant10 analyser).

Luciferase activity assay

HEK 293T cells were seeded in a 96-well plates at 2 × 104 cells/well

overnight, and cells were transiently transfected with FuGENE� 6

(Promega) for 24 h for a total of 0.4 lg of DNA consisting of 50 ng

TLR plasmids, 200 ng of pBIIXLuc reporter plasmid, 5 ng of control

Renilla luciferase (pRL-null, Promega) and 50 ng of myc-PumA

expression vector. The total amount of DNA was kept constant by

adding empty vector. Where indicated, cells were treated with

E. coli LPS (1 lg/ml) and Flagellin FLA-ST (1 lg/ml), all obtained

from InvivoGen, for 6 h. In the case of IL-1b and TNFR, endogenous

receptors were stimulated with IL-1b (100 ng/ml) and TNFa
(100 ng/ml), respectively. Cells were then lysed and luciferase

activity measured using Dual-Glo Luciferase Assay System

(Promega).

Yeast two-hybrid screen

Full-length pumA cloned in pB27 (N-LexA-bait-C fusion) was used

in a ULTImate screen against a human normal lung-RP1 library

(Hybrigenics).

Protein expression and purification

Escherichia coli BL21 star (DE3) cells carrying pET151D topo-pumA,

pET151D topo-pumA1–136, or pRSFDuet-TIRAP or MyD88 plasmids

were grown in 1 L Luria Bertani (LB) media containing ampicillin or

kanamycin according to the plasmid at 37°C until an OD600 value of

0.5–0.8 was reached. Isopropyl-b-D-thiogalactopyranoside (IPTG)

was added to final concentration of 1 mM, and culture was further

grown overnight at 20°C. Cells were harvested by centrifugation at

6,000×g for 20 min at 4°C.

Bacterial pellets were lysed by sonication in cold lysis buffer

(40 mM Tris–HCl pH8, 250 mM NaCl, 10% (v/v) glycerol, 1%

(v/v) Triton X-100) supplemented with DNase-I, lysozyme and

protease inhibitor tablets (Roche). Extracts were cleared at

16,000 × g for 20 min at 4°C and loaded onto a 5 ml His-Trap

column or 5 ml MBP-Trap column (GE Healthcare) pre-equilibrated

with buffer A (40 mM Tris [pH8], 250 mM NaCl, 5% glycerol). The

column was washed successively with buffer A, 10% v/v buffer B

(buffer A with 500 mM imidazole), 1M NaCl and eluted in a gradi-

ent of buffer B (His-Trap) or wash in buffer A and eluted in buffer A

containing 20 mM maltose (MBP-Trap).

Proteins used for lipid binding assay were incubated with TEV

protease, 1mM DTT and 0.5 mM EDTA, dialysed against buffer A at

4°C overnight. The untagged recombinant protein was purified

through a second His-trap column. Pure fractions were pooled,

concentrated and applied to size exclusion chromatography

(Superdex 75 10/300; GE Healthcare).

Fractions were analysed by SDS–PAGE.

Pull-downs from cell extracts

Human embryonic kidney (HEK) 293T cells were seeded at

5 × 105 in 10-cm cell culture dish in Dulbecco’s modified Eagle’s

medium (Life Technologies) supplemented with 10% foetal

bovine serum. Cells were incubated overnight in a 37°C humidi-

fied atmosphere of 5% CO2. Cells were transiently transfected

with different plasmids (8 lg) using FuGENE 6 (Promega). 22 h

after infection, cells were washed in ice-cold PBS, harvested and

resuspended in 200 ll of RIPA buffer (Sigma) supplemented with

phenylmethylsulfonyl fluoride (Sigma) and protease inhibitor
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cocktail (Roche). Extracts were then centrifuged at 17,000 g at

4°C for 20 min. The supernatant was incubated with 50 lg of

His tag recombinant protein during 2 h at 4°C, then incubated

within gravity flow column (Agilent) containing 80 ll Ni-NTA

agarose beads (Macherey-Nagel) during 1 h beforehand washed

in water and pre-equilibrated in equilibrium buffer 20 mM Tris–

HCl pH7.5, 250 mM NaCl. The column was washed successively

three times in equilibrium buffer supplemented with 25 mM

imidazole, three times in equilibrium buffer and eluted in equi-

librium buffer supplemented with 500 mM imidazole. Proteins

eluted were separated by SDS–PAGE, transferred to a PVDF

membrane, incubated with specific primary antibodies for 1 h

and detected with horseradish peroxidase (HRP)-conjugated

secondary antibodies by using ClarityTM Western ECL Blotting

Substrate (Bio-Rad).

Co-immunoprecipitations

HEK 293T cells were cultured in 100 mm × 20 mm cell culture

dishes at 4 × 105 cells/dish overnight. Cells were transiently trans-

fected with 14.7 ll of Torpedo DNA (Ibidi) for 24 h for a total of 5 lg
of DNA/plate. On ice, after two washes with cold PBS, cells were

collected by with a cell scraper and centrifuged at 80 g at 4°C during

5 min. Cell lysis and processing for co-immunoprecipitation were

done as described by either GFP-Trap�_A kit (Chromotek) or with

the PierceTM HA Epitope Antibody Agarose conjugate (Thermo

scientific).

For endogenous co-IP, HeLa cells were cultured in

100 mm × 20 mm cell culture dishes at 1 × 106 cells/dish over-

night. Cells were transiently transfected and collected as described

above. Cell lysis and processing for co-immunoprecipitation were

done following the manufacturers’ instructions (PierceTM HA

Epitope Antibody Agarose conjugate, Thermo scientific) but using

100 ll of beads and increasing the number of washes to 5.

Co-expression analysis

Escherichia coli BL21 star (DE3) cells harbouring both pET151D

topo-pumA1–136 and pRSF-Duet vector-TIRAP (or Myd88 or empty

vector) plasmids were grown in LB media containing ampicillin

and kanamycin at 37°C until an OD600 value of 0.5–0.8 and

induced with 2 mM isopropyl-b-D-thiogalactopyranoside overnight

at 20°C.

Cells were lysed and loaded onto a 5 ml MBP column as

described in the protein expression and purification section.

Fractions were analysed by SDS–PAGE.

Lipid binding assays

Lipid binding assays were performed as described previously

(Marek & Kagan, 2012). Briefly, phosphoinositide phosphate (PIP)

strips (Echelon Biosciences) were saturated in blocking buffer

(10 mM Tris [pH8], 150 mM NaCl, 0.1% Tween 20, 0.1% Ovalbu-

min) for 1 h at room temperate under shacking. Strips were probed

for 2 h at room temperate with each recombinant protein (2.5 lg)
in the presence of the specific anti-protein antibody. PIP strips were

then washed in blocking buffer three times for 10 min each and

probed with an HRP-conjugated anti-rabbit IgG or anti-Hen IgY for

30 min in blocking buffer. Bound protein was detected using

ClarityTM Western ECL Blotting Substrate.

Caenorhabditis elegans infection

The slow killing assay was performed as described previously

(Garvis et al, 2009). Each independent assay consisted of three

replicates. Briefly, five 60 mm NGM plates were inoculated with

60 ll of overnight culture of each bacterial strain and incubated

at 37°C overnight. Plates were seeded with L4 stage hermaphro-

dite fer-15 worms (10 per plate). Plates were then incubated at

25°C and scored each day for live worms. A worm was consid-

ered dead when it no longer responded to touch. Escherichia coli

was used as a control. Animal survival was plotted using

GraphPad Prism version 6.0 for Mac, GraphPad Software, La

Jolla, California, USA. Survival curves are considered signifi-

cantly different from the control when P-values are < 0.05. Prism

calculates survival fractions using the product limit (Kaplan–

Meier) method. Prism compares survival curves by two methods:

the log-rank test (also called the Mantel–Cox test) and the

Gehan–Breslow–Wilcoxon test.

Mouse model of Pseudomonas acute infection

Wild-type C57BL6/J male mice, 8–10 weeks old, were purchased

from Janvier laboratories. Mice were randomized before the experi-

ments and infection were performed blindly. Following a light

anaesthesia with isoflurane (Baxter), a pulmonary infection model

was induced by intranasal instillation with 3 × 107 CFU of P. aerugi-

nosa PA7 or PA7DpumA strains (except for survival studies

conducted with lethal inocula of 4 × 107 CFU/mouse). All mice

were sacrificed at 24 h or survival was monitored for 96 h.

To establish bacterial burden, mouse lungs and spleens were

homogenized in sterile tubes with PBS. Lung and spleen homoge-

nates were sequentially diluted and cultured on Lysogeny Broth

agar plates for 24 h at 37°C to assess bacterial load. Bronchoalveolar

lavage (BAL) was done as follows: lungs from each experimental

group were washed with a total of 1.5 ml sterile phosphate-buffered

saline (PBS). The recovered lavage fluid was centrifuged (200 g for

10 min), and red blood cells from the cellular pellet were lysed with

300 ll of ACK Lysis Buffer (Gibco). Cell counts were performed

directly by optical microscopy.

Ethics statement

All experiments involving animals were carried out in compliance

with French and European regulations on the care and protection of

laboratory animals (European Commission Directive 86/609 and the

French Act #2001–486, issued on June 6, 2001) and performed by

certified personnel. The study and all experimental protocols associ-

ated were registered and approved by the French authorities (Min-

istère de l’Enseignement Supérieur et de la Recherche—Direction

Générale pour la Recherche et l’Innovation—Secrétariat Autorisa-

tion de projet, registration number 00481.01). Animals were housed

at the Lille University Animal Research Facility (Département Hospi-

talo-Universitaire de Recherche Expérimentale de Lille, France)

accredited by the French Ministry of Agriculture for animal care and

use in research (#B59–350009).
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Fractionation of Pseudomonas aeruginosa

Pseudomonas aeruginosa strains were grown in LB for 4 h and

adjusted to OD600 20 in 1 ml cold 50 mM Tris–HCl pH 8.0 with

1 mM EDTA and protease inhibitors (Roche). All subsequent steps

were conducted at 4°C. The cell samples were sonicated three times

at 30-s intervals, with the resulting cellular debris pelleted by

centrifugation three times at 4,000 g for 5 min, taking the upper-

most supernatant for each spin. The total membrane fraction was

separated from the soluble fraction by ultracentrifugation at

100,000 g for 1 h. After washing the membrane pellet thoroughly in

sonication buffer, the inner membrane fraction was solubilized in

200 ll 50 mM Tris–HCl pH 7.6 with 2% (v/v) sodium lauroyl

sarcosinate for 1 h with gentle agitation. The outer membrane frac-

tion was pelleted by ultracentrifugation at 100,000 g for 1 h, washed

and resuspended in sonication buffer. The preparation of super-

natant samples separation by sodium dodecyl sulphate-polyacryla-

mide gel electrophoresis and subsequent immunoblotting has been

described previously (Hachani et al, 2011). Immunodetection was

conducted using monoclonal antibodies against RNA polymerase

(NeoClone) and polyclonal antibodies against PilQ, XcpY (Michel

et al, 1998) and LasB.

Expanded View for this article is available online.
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Annexe 2. Construction de souches GFP d’Ab.

A). L’express

forte intensité de fluorescence mais elle n’est pas homogène au sein de la population 

L’introduction d’un autre plasmide, dont l’expression de la GFP est sous contrôle du 

promoteur Ptac inductible par l’IPTG, a été testé (données non montrées). Après 

différents temps d’induction, l’expression de la GFP n’est pas suffisamment forte et 

homogène. Nous n’avons donc pas retenu cette construction. 

Avec l’aide de Sarah Bigot, nous avons donc décidé d’une stratégie différente en insérant 

fluorescente. De plus, la fluorescence faible produite ne permet pas lors d’infection de 

différencier les bactéries de l’auto

pourrait s’expliquer par la présence d’une seule copie du gène codant la GFP dans le 

Cette stratégie a déjà permis la construction de souches d’Ab 

ent dans l’espace plus rapide que la GFP utilisée 



des constructions d’Ab

du promoteur σ70. De gauche à 

l’expression de la GFP par Ab, Ab 
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L’observation au microscope des clones obtenus de la souche 5075 montre une 

ailleurs, cette transformation est orientée pour permettre l’intégration du gène d’intérêt 

nce préliminaire d’infection indique que 

l’interruption du gène pourrait affecter la capacité d’invasion de la souche 5075 

(données non montrées). L’hétérogénéité de l’expression de la GFP, l’absence de 

transformants chez plusieurs souches et l’interr

Le génome de l’ensemble des souches n’est pas encore séquencé ainsi il est difficile de 

concevoir une intégration ciblée. C’est pourquoi nous avons effectué une dernière 

exprimer la GFP à l’aide d’un plasmide. Le problème d’hétérogénéité 

d’expression pourrait venir d’un problème de reconnaissance du promoteur de la GFP 

reconnu par σ70 d’Ab. Ce

l’expression des gènes essentiels à la bactérie, présent sous une forme conservée chez 

l’ensemble des bactéries à Gram – σ70GFP 

les quatre souches étudiées. Cependant l’expression de 

la GFP n’est pas homogène et certaines souches notamment la 17978 pWH1266 σ70GFP 

Pour conclure nous n’avons pas réussi à obtenir une



Annexe 3. Mise en place du modèle de monocouche 

épithéliale pulmonaire polarisée : utilisation des Calu3

pore de 3 μm ou 1 μm ont la même courbe de tendance en ce qui concerne l’évaluation de 

significative jusqu’à 7 jours de culture en inserts puis se stabilisent. Cependant les valeurs 

μm.  

■

la fluorescéine, du côté apical au côté basolatéral, a été quantifié. L’équivalent de 100% 

d’un insert sans cellules. Le passage de la fluorescéine d’un compartiment à l’autre, à 
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cultivée dans les inserts avec une taille de pore de 3 μm. Moins de 5% de fluorescéine 

passe à travers les monocouches ayant une résistance ≥ 300 Ωxcm

protocole d’infection des cellules, n’ait aucun effet sur la polarisation de la monocouche. 

L’imperméabilité de la monocouche cellulaire polarisée est préservée après 

oint, nous avons donc choisi d’effectuer les premières 

infections sur des cellules polarisées en insert ayant un TER supérieur à 300 Ωxcm

des pores de 3 μm. Une fois polarisées, les cellules Calu3 sont infectées par Ab durant une 

heure. Afin d’élimin

évalué la TER après 4h, 8h ou 24h d’infection. Une baisse de la TER de la 

diminution est également constatée pour les puits n’ayant pas été infectés (

ou du PBS et la centrifugation en condition d’infection ont été réalisé afin de savoir quelles 

conclusion que l’évaluation successive en elle même de la TER, en introduisant l’électrode 

Calu3 polarisées à l’aide de cette méthode, expliquée ci

cellulaire que basolatéral baignant dans ce milieu.  D’après Grainger



épithéliale pulmonaire mais également afin d’avoir un mod

l’évaluation successive la TER.

La TER en condition de culture LCC et AIC augmente jusqu’à atteindre un maximum et se 

Nous avons décidé pour nos expériences d’infection qu’après évaluation de la TER et une 

ci indique une polarisation complète, les cellules n’ont pas été manipulé les 

3 jours précédant l’infection pour ne pas perturber la mono
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Annexe 4. Mise au point du système rapporteur A549-

Dual.

es différents ligands dès leur mise en plaque. La mesure de l’activité 

). Une augmentation de l’activité de la SEAP après 24h et 48h de stimulation 

us les ligands est enregistrée reflétant l’activation de la voie NF κB. Seul le TNFα 

κB que celle 

Ensuite l’activation de la voie κB a été quantifié après ajout des ligands aux cellules 

cette fois adhérentes, puisque l’infection des cellules eucaryotes par Ab se fait dans ces 

). Nous avons obtenu une nette augmentation de l’activité de la 

Duals. Encore une fois, l’activité de la SEAP des cellules 

stimulées par le TNFα est significativement plus importante que celle des cellules non 

). Pour les autres ligands l’expression de la SEAP n’est 

κB est stimulée par les ligands testés et indique que le système 



d’utilisations du système de gène 
rapporteur permettant l’évaluation de l’activation de la voie NF κB.

Dual porteuses du système rapporteur pour l’activation de NFκB ont 

par les TLR2 et TLR5 et induisent l’activation de la voie NF κB. Les cytokines IL 1β ou 
TNFα reconnu par leur récepteur respectivement IL

κB. La détection de l’activité de la SEAP dans les 

reflète l’activation de la voie NF κB. Les différences significatives ont été calculées à l’aide 
de Graph Pad Prism (Two Ways ANOVA). ** P ≤ 0.01 ; *** P ≤ 0.001 ; l’absence de 



Annexe 5. Souches utilisées au cours de cette étude

sées au cours de l’étude

ΔtssM 

Souche pathogène de référence dépourvue d’un 

ΔtssM

Souche environnementale dépourvue d’un SST6 

DSM30011Δ

α



Annexe 6. Résistance aux antibiotiques d’Ab

. Résistance aux antibiotiques des souches d’Ab

d’Ab

n’a pas 
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