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I Résumé

Les patients atteints de mucoviscidose souffrent d’infections pulmonaires
polymicrobiennes dont les principaux agents d’intérét clinique sont Staphylococcus aureus et
Pseudomonas aeruginosa. Ces deux bactéries co-infectent jusqu’a 40% des patients et sont
capables, dans ces conditions, d’interagir de deux fagons différentes. Les souches d’infection
précoce de P. aeruginosa sont dans un état de compétition avec S. aureus, alors que les
souches d’infection chronique sont capables de coexister. Ce dernier état reste peu décrit mais
pourrait favoriser la persistance des deux pathogénes dans les poumons des patients. Nous
cherchons donc a comprendre les mécanismes de cet état de coexistence par I'étude de

souches cliniques.

Nous avons tout d’abord étudié l'impact de la coexistence sur la physiologie
bactérienne de P. aeruginosa par une approche transcriptomique, et avons mis en évidence
une coopération trophique entre les deux espéces. La production d’acétoine par S. aureus et
le catabolisme de cette molécule par P. aeruginosa favorisent ainsi la survie des deux

pathogénes.

Parallelement a cela, nous avons étudié les facteurs génétiques de P. aeruginosa
impliqués dans I'établissement et le maintien de la coexistence avec S. aureus. Différentes
approches ont été utilisées : (i) le séquencage de souches isolées de patients présentant
différents états d’interaction ; (ii) I'établissement d’un protocole d’évolution expérimentale in
vitro et (iii) le criblage d’une banque de mutants par Transposon-sequencing. Ces approches
ont permis lidentification de deux facteurs impliqués dans I'établissement de I'état de
coexistence : le géne codant pour le régulateur du quorum-sensing /asR, et 'opéron yecS-fliY,
impliqué dans le transport de la cystéine. Le maintien P. aeruginosa dans cet état de
coexistence avec S. aureus semble quant a lui faire intervenir le métabolisme de différents

acides aminés et du glucose de P. aeruginosa.

Ces travaux ont donc démontré I'importance du métabolisme carboné de P. aeruginosa
dans linteraction de coexistence avec S. aureus, et ont permis de mieux comprendre les
causes et impacts de cet état encore peu décrit. Ces résultats ouvrent également de

nombreuses perspectives pour I'étude des interactions entre P. aeruginosa et S. aureus.

Mots clés : P. aeruginosa, S. aureus, mucoviscidose, interaction, coexistence.



I Abstract

Cystic fibrosis patients suffer from polymicrobial lung infections. The main agents of
clinical interest are Staphylococcus aureus and Pseudomonas aeruginosa. These two bacteria
co-infect up to 40% of patients and are able, under these conditions, to interact in two different
ways. P. aeruginosa strains of early infection are in competition with S. aureus, while strains
of chronic infection can coexist. The latter state remains little described but could favour the
persistence of the two pathogens in the lungs of the patients. We therefore seek to understand

the mechanism of this coexistence state by studying clinical strains.

We first studied the impact of coexistence on P. aeruginosa physiology using a
transcriptomic approach and highlighted a trophic cooperation between the two species.
Acetoin production by S. aureus and catabolism by P. aeruginosa thus promote the survival of

both pathogens.

Meanwhile, we studied the genetic factors of P. aeruginosa involved in establishing and
maintaining coexistence with S. aureus. Different approaches have been used: (i) sequencing
of strains isolated from patients with different interaction states; (ii) the implementation of an
experimental in vitro evolution protocol and (iii) the screening of a Transposon-sequencing
bank of mutants. These approaches allowed the identification of two factors involved in the
establishment of coexistence: the gene encoding the quorum sensing regulator /asR, and the
operon yecS-fliY responsible for cysteine transport. The survival of P. aeruginosa during
coexistence with S. aureus seems to involve the metabolism of different amino acids and

glucose of P. aeruginosa.

Altogether, these results demonstrated the importance of P. aeruginosa carbon
metabolism for the coexisting interaction with S. aureus and allowed a better understanding of
the causes and impacts of coexistence. This work also opens numerous perspectives in the

study of the relationship between P. aeruginosa and S. aureus.

Key words: P. aeruginosa, S. aureus, cystic fibrosis, interaction, coexistence.
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- Les interactions microbiennes

1.1. Importance de I'étude des interactions microbiennes

Depuis les premiéres découvertes dans le domaine de la microbiologie, I'étude des
microorganismes repose sur lisolement d'une espéce de son environnement et sa
caractérisation dans des conditions contrélées. Si cette approche permet d’identifier les
caractéres génétiques et phénotypiques intrinséques au microorganisme, elle est bien souvent
insuffisante pour décrypter son comportement et son role dans son habitat naturel. En effet,
les conditions générées en laboratoire ne retranscrivent que trés partiellement la complexité
physico-chimique et biotique des écosystémes, qui joue pourtant un réle majeur sur la
physiologie microbienne. Une attention croissante est ainsi portée a la mise au point de
dispositifs expérimentaux reproduisant les conditions environnementales dans lesquelles les
microorganismes evoluent. La composition des milieux de cultures peut alors étre ajustée pour
mimer les caractéristiques physico-chimiques d’un environnement ; la viscosité et la forte
composition en acides aminés des expectorations des patients atteints de mucoviscidose a
ainsi été reproduite dans le milieu SCFM (Synthetic Cystic Fibrosis sputum Medium) (1). Dans
le cas des écosystémes faisant intervenir un organisme hoéte (qu’il soit microbien, animal ou
végeétal), ce dernier peut étre pris en compte via I'utilisation de modéles d’infection cellulaire

ou d’organoides (2).

Ces dispositifs in vitro sont cependant Ilimités par l'absence des autres
microorganismes de I'écosysteme. En effet, que ce soit dans le sol, 'eau ou les organismes
vivants, les microorganismes n’évoluent jamais seuls mais au sein de communautés
microbiennes complexes (3-7). Ces communautés sont composées du microbiote propre a
l'écosysteme d'intérét mais peuvent étre perturbées par d’autres microorganismes
colonisateurs ; ceci est particulierement vrai dans le cas d’infection d’organismes vivants par
des espéces pathogeénes. Le rbéle du microbiote dans ces infections est de plus en plus
considéré et étudié via l'utilisation de modéles d’expérimentation in vivo. L’étude des
communautés microbiennes et de leur impact reste cependant limitée par deux aspects : d’'une
part, bien que présent dans I'organisme modéle, le réle exact du microbiote pendant I'infection
demeure difficile a estimer du fait de sa richesse et sa diversité. La difficulté d’isolement et de
culture de nombreuses espéces du microbiote constitue un autre frein a son étude (3-7).

D’autre part, les infections expérimentales in vivo sont le plus souvent réalisées a I'aide d’'un
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seul pathogene d’intérét. Si cette approche est adaptée pour I'étude de pathologies mono-
microbiennes répondant aux postulats de Koch comme la tuberculose ou le cholera (8), elle
ne permet pas de prendre en compte le caractére polymicrobien de nombreuses infections.
L’association de plusieurs microorganismes est en effet impliquée dans les pneumonies, les
infections des plaies, du péritoine, du vagin ou encore du tractus urinaire, et contribue a la
sévérité de ces pathologies (9—11). Il a été prouvé que cette synergie polymicrobienne résultait

d’interactions entre les microorganismes colonisateurs.

Au sein d’un écosystéme, qu'il soit infectieux ou non, les microorganismes sont en effet
capables d’interagir entre eux via de nombreux mécanismes. Ces mécanismes sont trés
souvent régulés par les systemes de communication microbienne appelés quorum-sensing
(QS), dont la versatilité permet des interactions entre individus d’'une méme espéce ou
d’especes différentes (12). Les cellules peuvent ainsi interagir directement par le biais
d’éléments membranaires tels que le systéme de sécrétion de type 6 (SST6), les pilis ou les
structures hyphales (13, 14). Les interactions indirectes, plus fréquentes et diverses, reposent
quant a elles sur la modification des propriétés physico-chimiques du milieu, notamment via la
sécrétion et la consommation de molécules. En résultante, les interactions entre
microorganismes affectent a la fois leur environnement et leur physiologie, deux éléments
particulierement importants dans un contexte infectieux. Ces interactions, depuis leurs
mécanismes jusqu’a leurs conséquences, sont toutefois trés variées et parfois difficiles a
caractériser. Il est néanmoins possible de catégoriser les interactions selon leurs impacts

positifs ou négatifs sur la physiologie microbienne (15, 16).
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1.2. Les différents types d’interactions microbiennes

1.2.1. Interactions positives

Les interactions dites positives sont caractérisées par un effet bénéfique sur au moins
un des deux partenaires de l'interaction, sans effet négatif sur le second microorganisme. Elles
regroupent les interactions de type commensales et mutualistes (Tableau 1) (Fig. 1). Ce
dernier type d’interaction est ainsi bénéfique pour les deux microorganismes impliqués, et peut

avoir un caractere obligatoire et/ou permanent (symbiose), ou facultatif (coopération).

L’établissement de la symbiose requiert une proximité physique trés importante et de
longue durée entre deux espéces différentes, qui co-évoluent vers une interdépendance

bénéfique dans un environnement donné (17).

La coopération, affectant également la physiologie des deux partenaires microbiens,
n’induit en revanche pas d’interdépendance puisque les microorganismes peuvent se
développer indépendamment au sein du méme environnement. Elle est également beaucoup
moins spécifique, nécessite une proximité physique moindre et peut s’établir sur des périodes
plus courtes que la symbiose (18). Les coopérations entre microorganismes sont ainsi plus
fréequemment décrites que les interactions symbiotiques. De nombreux comportements
coopératifs sont d’ailleurs observés au sein d’'une méme espéce microbienne pour maximiser
la valeur sélective de la population dans un environnement donné. Les systémes de QS sont
particulierement importants pour ces coopérations intra-spécifiques mais favorisent
I'émergence de tricheurs dans la population (12, 13). Chez P. aeruginosa par exemple, la
production d’exoprotéases est colteuse pour un individu mais bénéficie a toute la population.
Suite a des altérations génétiques, une baisse de production de ces protéines peut alors
s’observer chez certains individus, qui vont néanmoins continuer a profiter des exoprotéases

produites par le reste de la population (12, 19).
Enfin, le commensalisme ne bénéficie qu'a un seul partenaire de l'interaction, le

second n’étant pas affecté. Les conditions de son établissement sont similaires a celles de la

coopération (Tableau 1) (Fig. 1).
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Impacts sur

les micro- . Contact 2
organismes = Caractére Duree

rapproché
nécessaire

Interaction

AetB obligatoire d’interaction

o Symbiose Oui

i Coopération Non Non Courte
o Commensalisme Non Non Courte
o Parasitisme Parfois Oui Longue
é Prédation Non Oui Courte
\% Amensalisme Non Non Courte
< Compétition Non Non Courte

Tableau 1 : Classification des interactions microbiennes selon leur effet positif (+), négatif (-) ou
neutre (0) sur les microorganismes impliqués.

Interactions positives

Nouvelles
capacités Métabolites Déchets

PP
\ oo &

N\ ,’ — TAN Déchets
Elimination ARtEHiErhienE toxiques

ou épuisement
de I'héte

Parasitisme / Prédation Compétition

Interactions négatives

Espéce A \ Espéce B

Figure 1: Exemples d’interactions microbiennes positives et négatives entre deux
microorganismes. Symbiose : Les espéces bénéficient toutes deux de nouvelles capacités
métaboliques. Coopération: Les deux espéces se fournissent mutuellement des ressources.
Commensalisme : L’espece A est commensale de I'espéce B en bénéficiant des déchets rejetés par
lespéce B. Parasitisme: L'espéce B est parasite de l'espéce A, épuisant ses ressources
potentiellement jusqu’a la lyse. Compétition : Les espéces inhibent leur croissance mutuelle a I'aide
d’antimicrobiens. Amensalisme : L’espéce B est amensale de I'espéce A en étant négativement affectée
par les déchets rejetés par I'espéce A.
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Les interactions positives favorisent ainsi la valeur sélective d’au moins un des deux
partenaires dans un environnement donné. De nombreux exemples de tels comportements
sont décrits dans la littérature. Il a par exemple été montré que deux souches de Escherichia
coli ne pouvaient survivre en présence d’ampicilline et de chloramphénicol qu’en conditions
de co-culture, grace a une protection croisée contre ces deux antibiotiques (20). Dans l'intestin
des termites, la croissance du spirochéte Treponema primitia est permise via I'acquisition de
folate produit par d’autres microorganismes de I'écosystéme tels que Lactococcus lactis et
Serratia grimesii (21). Ceci illustre parfaitement la difficulté de catégoriser les interactions
microbiennes, puisque les interactions citées dans ces deux exemples présentent un caractere
obligatoire pour la croissance dans un écosystéme spécifique (ici en présence d’antibiotiques
ou dans lintestin). Ces interactions ne sont cependant pas associées a une symbiose étant
donné qu’elles ne nécessitent pas un contact prolongé entre les deux microorganismes pour

s’opérer.

En réalité, la plupart des comportements mutualistes décrits chez les microorganismes
ne présentent pas un caractére obligatoire, et vont simplement favoriser la valeur sélective
des individus dans un environnement particulier. Des coopérations métaboliques sont ainsi
fréequemment observées entre les microorganismes colonisateurs de la rhizosphére ou des
intestins, favorisant leur développement malgré des conditions nutritives non optimales (13,
22-24) (Fig. 1). Au-dela d’'une modification du métabolisme énergétique, les comportements
coopératifs peuvent fortement impacter les capacités de colonisation des microorganismes.
L’invasion du systéme intestinal par les E. coli entéro-hémorragiques est ainsi favorisée par le
métabolisme de co-facteurs de type corrinoides produits par d’autres microorganismes de
'écosystéeme (23). D’autres mécanismes impliquent le partage de molécules surfactantes
telles que les rhamnolipides (12), ou l'utilisation de structures hyphales ou mycélienne comme
vecteurs de déplacement au sein de I'endosphére végétale (13). Enfin, la coexistence de
plusieurs espéces microbiennes au sein d’un biofilm mixte peut également constituer une
coopération et améliorer la croissance, la résistance antibiotique ou encore le pouvoir
pathogéne des microorganismes impliqués (25-27). Toutefois, la forte proximité des individus
et le partage des ressources au sein du biofilm peuvent également générer des interactions

négatives entre les microorganismes (27).
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1.2.2. Interactions négatives

Une interaction négative est décrite comme affectant négativement au moins un des
deux partenaires microbiens (Tableau 1) (Fig. 1). Un microorganisme prédateur ou parasite
va ainsi bénéficier d’effets positifs aux dépens de la seconde espéce impliquée, et ceci au
cours d’'une interaction directe. Le parasitisme se distingue toutefois de la prédation par la
durée prolongée du contact entre les deux microorganismes, a I'image de la symbiose. Il est
d’ailleurs documenté que des interactions parasitaires peuvent résulter de I'évolution de
relations initialement symbiotiques, et inversement. Dans la plupart des cas, le parasitisme
implique également une différence de taille entre les deux microorganismes, permettant au
parasite, plus petit, de coloniser son héte. Les prophages peuvent ainsi étre considérés
comme des endoparasites obligatoires des bactéries, bénéficiant de la machinerie cellulaire
de son héte en s’intégrant dans son génome. Cette interaction peut d’ailleurs se rapprocher
d’une relation symbiotique si la bactérie tire un bénéfice de l'intégration du virus, soulignant le
continuum existant entre parasitisme et symbiose (28). Il existe cependant des interactions
parasitaires non-obligatoires, comme par exemple entre la bactérie Bdellovibrio bacteriovorus
et de nombreuses autres bactéries a Gram négatif (29, 30). Selon les études, B. bacteriovorus
est également classée comme une espéce prédatrice puisque son internalisation et son
développement dans le périplasme bactérien induisent rapidement la lyse de son héte (29,
30). En effet, contrairement au parasitisme, la prédation est une interaction de courte de durée
conduisant a I'élimination de lindividu proie. Ici encore, une notion de différence de taille
intervient puisque le prédateur est généralement plus grand que sa cible ; c’est par exemple

le cas pour les protozoaires se nourrissant de microorganismes de plus petite taille.

Contrairement au parasitisme et a la prédation, 'amensalisme affecte négativement
un seul des deux microorganismes, le second n’étant aucunement impacté (Tableau 1). Cette
interaction est cependant beaucoup moins documentée et serait liée, dans la plupart des cas,
a un déchet toxique pour un microorganisme rejeté dans I'environnement par une autre espéce
(16, 31).

Enfin, la compétition affecte négativement les deux partenaires et est favorisée
lorsque les microorganismes utilisent les mémes ressources et/ou les mémes niches d’'un
écosystéme (32) (Tableau 1) (Fig. 1). La probabilité de développer un comportement
compétitif est ainsi augmentée entre espéces aux besoins métaboliques proches ou colonisant

des milieux peu hétérogénes (Fig. 2). La compétition peut alors étre indirecte ou
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« d’exploitation », si elle repose uniquement sur I'exploitation simultanée des mémes
ressources de I'environnement par les deux agents microbiens. Les microorganismes peuvent
également développer des stratégies d’attaques directes envers les espéces concurrentes via
une compétition d’interférence, aussi nommée antagonisme. Ce type de compétition fait
généralement intervenir la production et la sécrétion de molécules ayant une action
antimicrobienne, soit dans le milieu environnant ou directement dans le microorganisme
concurrent (12-14, 32).

Faible sélection Forte sélection
pour la compétition pour la compétition
Diversité Chevauchement
métabolique métabolique

Composition nutritive simple
Diversité microbienne faible

Invasion/migration microbienne

Ségrégation Mélange

des espéces des espéces

Forte concentration en nutriments
Motilité des microorganismes

Fluidité et simplicité du milieu

Faible densité Forte densité
cellulaire cellulaire

Concentration en nutriments
Viscosité du milieu

Immobilité des microorganismes

Figure 2 : Conditions écologiques favorisant les comportements compétitifs entre
microorganismes. Adapté de Ghoul et al. (32).

De nombreux exemples d’interactions négatives sont ainsi décrits dans des
environnements variés (32, 33). Elles impliquent fréquemment des membres du microbiote de
I'écosysteme d’intérét. Les Lactobacilles du microbiote vaginal présentent par exemple un

comportement particulierement compétitif reposant sur la sécrétion d’acide lactique, de
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peroxyde d’hydrogéne et de bactériocines (Fig. 1). Les Lactobacillus arborent également une
compétitivité d’adhésion qui, en paralléle des facteurs sécrétés, empéche la colonisation du
tractus urogénital par d’autres microorganismes (34, 35). Dans I'écosystéme épidermique,
Staphylococcus epidermidis produit de nombreuses protéases détruisant le biofilm formé par
S. aureus (36). De telles compétitions sont aussi observées entre les microorganismes
colonisateurs et/ou pathogénes d’'un écosystéme. Le pathogéne opportuniste P. aeruginosa
inhibe ainsi la croissance de nombreux autres pathogénes comme S. aureus, Candida
albicans ou Aspergillus fumigatus lors de la colonisation des poumons des patients atteints de
mucoviscidose (37-39). Enfin, une intense compétition est également observée entre les
microorganismes associés aux plantes, qui promeuvent leur colonisation en produisant de
nombreux métabolites secondaires et volatiles ayant une action antimicrobienne (13). Les
interactions négatives affectent ainsi fortement les capacités de colonisation et de persistance

des microorganismes dans un écosystéme.
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1.3. Impact des interactions microbiennes sur |I’hote

En plus dimpacter fortement leur physiologie et leur environnement, les
microorganismes et leurs interactions peuvent affecter positivement ou négativement I'héte
qu’ils colonisent. Les interactions négatives impliquant le microbiote et des microorganismes
colonisateurs et/ou pathogénes sont généralement bénéfiques pour I'hdte puisqu’elles le
protégent de potentielles infections. Ce phénoméne a suscité un engouement de la recherche
scientifique pour le microbiote depuis ces 10 derniéres années, et est maintenant décrit dans
de nombreux écosystémes. Chez les plantes, la sévérité de I'infection racinaire par Ralstonia
solanacearum est ainsi réduite lorsque le pathogéene entre en compétition avec des souches
non-pathogénes de la méme espéce ou les populations de Pseudomonas de la rhizosphére
(13). Chez les mammiféres, les Lactobacilles vaginaux protégent I'héte des infections a
S. aureus, C. albicans ou encore E. coli en inhibant leur croissance (34, 35), S. epidermidis
empéche le développement et la formation de biofilm de S. aureus sur la peau (36), tandis que
le microbiote gastro-intestinal réprime la virulence des pathogenes diarrhéiques du genre
Salmonella ou Clostridium (40). De la méme maniére, les Streptococcus commensaux issus
de la cavité orale inhibent la croissance de P. aeruginosa dans les poumons, et sont ainsi
associés a une stabilisation des fonctions respiratoires des patients atteints de mucoviscidose
(41, 42). La colonisation par plusieurs pathogénes peut également bénéficier a I'héte si cette
co-infection est moins sévére qu’une mono-infection. Cependant, ce phénoméne repose
généralement sur une modification du systéme immunitaire de I'h6te par un des deux agents,
et non sur une interaction directe entre les microorganismes (43-45). Il a toutefois été
récemment observé que les produits de sécrétion du pathogéne opportuniste Morganella
morganii avaient une action directe et inhibitrice sur l'activité pathogénique de Proteus

mirabilis, E. coli et Enterococcus faecalis au cours des infections du tractus urinaire (46).

Les interactions entre le microbiote et les microorganismes colonisateurs peuvent
également avoir un impact négatif sur 'héte. Ainsi, les infections virales sont favorisées par la
richesse du microbiote pulmonaire des patients atteints de mucoviscidose (47). De la méme
maniére, le parasitisme viral des bactéries du tractus intestinal favorise les infections par des
virus entériques, dont I'attachement aux cellules hbtes est amélioré par le peptidoglycane
bactérien (48). Bien que les streptocoques oraux puissent inhiber la croissance de
P. aeruginosa dans les poumons des patients atteints de mucoviscidose (41), il a aussi été
démontré que leur interaction pouvait stimuler la virulence de P. aeruginosa et conduire a une

dysbiose de I'’écosystéme pulmonaire (49, 50). De maniére peu surprenante, les interactions
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entre les pathogénes co-colonisateurs ont frequemment un impact négatif sur la santé de I'néte
et participent a la synergie des infections polymicrobiennes (9). Des comportements
coopératifs sont par exemple observés entre S. aureus et plusieurs pathogénes co-
colonisateurs tels que C. albicans, Haemophilus influenzae ou E. faecalis. Le biofilm mixte
formé par C. albicans et S. aureus est ainsi particulierement stable, améliore la résistance
antibiotique de S. aureus et augmente la sévérité des infections impliquant ces deux
pathogénes (51). Ce phénoméne est également observé au sein de I'holobionte végétal, dont
certains champignons pathogénes présentent une production de toxine améliorée grace a leur

interaction avec des bactéries endosymbiotiques (13, 52).
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1.4. Modeéles d’étude des interactions microbiennes

Tous les exemples cités précédemment démontrent limpact considérable des
interactions microbiennes sur la physiologie des microorganismes, leur environnement et
I'héte qu’ils colonisent. La communauté scientifique cherche donc de plus a plus a inclure
plusieurs partenaires microbiens dans les dispositifs d’étude afin de mieux évaluer le rble
essentiel de leurs interactions. Cette approche se base sur la création de communautés
microbiennes synthétiques composées d’au moins deux espéces, geneérées in silico ou
expérimentalement (53, 54). Du fait des contraintes expérimentales, les communautés
synthétiques constituées in vitro incluent généralement moins de partenaires que celles
modélisées informatiquement. De nombreuses études évaluent ainsi les mécanismes de
bases des interactions entre deux ou trois microorganismes (55-59), tandis que d’autres
cherchent a reproduire des communautés plus complexes de plus de dix partenaires (54, 60).
Différents dispositifs expérimentaux peuvent également étre employés dans ce contexte. Les
modeles de co-culture liquide in vitro sont les plus simples a mettre en ceuvre mais sont
souvent limités par leur manque de réalisme par rapport aux conditions réelles dans lesquelles
les microorganismes évoluent. Du fait de la fréquence des biofilms mixtes dans le monde
microbien, de nombreuses études évaluent les interactions entre microorganismes au sein de
dispositifs statiques ou dynamiques de biofilms multi-espéces (61-64). Enfin, les modéles de
co-infection in vivo sont sans surprise les plus réalistes puisqu’ils permettent de réunir

plusieurs pathogénes et le microbiote héte au sein de la communauté synthétique (65, 66).

Ces dispositifs expérimentaux ont déja prouvé leur intérét dans de nombreux
contextes. Par exemple, la compréhension des meécanismes d’antagonisme entre
microorganismes permet la découverte de nouvelles stratégies de lutte antimicrobienne (67).
Le décryptage de ces interactions permet également d’identifier les facteurs participant au
maintien des microorganismes pathogénes dans I'héte, et ainsi ouvrir de nouvelles
perspectives de traitement des infections. La manipulation du microbiote hbte via I'utilisation
de probiotiques en est un exemple. L’étude des interactions microbiennes apparait donc
essentielle pour améliorer la compréhension et la prise en charge des nombreuses pathologies
impliquant plusieurs microorganismes. C’est notamment le cas des infections pulmonaires
survenant chez les patients atteints de mucoviscidose, dont le caractére polymicrobien
favorise les interactions entre microorganismes et limite I'efficacité des traitements actuels (68,
69).
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- La mucoviscidose comme contexte d’étude des interactions
microbiennes

2.1. Physiopathologie de la mucoviscidose

2.1.1. Généralités

La mucoviscidose est une maladie génétique dont les premiers cas furent observés en
1938 (70). On dénombre a ce jour environ 70 000 patients atteints de mucoviscidose dans le
monde, avec une incidence trés variable entre les pays (71). La maladie est ainsi plus
fréquemment retrouvée chez les caucasiens avec une incidence de 1/2500-3000, tandis que
seulement un américain d’origine asiatique sur 100 000 est touché par la mucoviscidose (72—
75). Cette incidence peut également étre trés hétérogéne au sein d’'un méme pays : elle est
par exemple deux fois plus élevée en Bretagne (1/11 000) que dans le reste de la France (1/23
000) (75, 76). Ces différences d’incidence inter- et intra-pays sont principalement liées a une
distribution hétérogéne des mutations pouvant causer la maladie, notamment induite par les

échanges populationnels ayant eu lieu entre les différentes zones du globe (76).

La population mucoviscidosique est composée d’environ autant dhommes que de
femmes, dont I'espérance de vie est aujourd’hui de plus de 50 ans en Europe et aux Etats-
Unis (77-79). Depuis les premiéres études épidémiologiques en 1983, ceci représente une
augmentation de la durée de vie de 26 ans, permise grace a I'important suivi des patients
atteints de mucoviscidose et aux efforts de la recherche scientifique. En effet, la tenue de
registres nationaux et internationaux, la constitution des Centres de Ressources et de
Compétences en Mucoviscidose (CRCM) ainsi que 'amélioration du diagnostic de la maladie
chez les nouveau-nés ont grandement participé a I'amélioration de la prise en charge et ainsi

a 'augmentation de I'espérance de vie des patients atteints de mucoviscidose (80).

2.1.2. Origine génétique de la maladie

a. Mutations du géene cftr

La mucoviscidose est une maladie monogénique autosomale récessive causée par
une altération du géne codant le canal transmembranaire CFTR (Cystic Fibrosis
Transmembrane Regulator). Ce n'est qu’en 1989 que les premiéres mutations du géne cftr
furent mises en évidence et incriminées dans la mucoviscidose, soit 50 ans apres les premiers

patients identifiés (81). Plus de 2000 mutations différentes du géne cftr sont aujourd’hui
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recensées et classées selon leur impact sur la fonction du canal CFTR (82, 83) (Tableau 2)
(Fig. 3). Les mutations de type 1 a 3 sont ainsi les plus sévéres puisqu’elles engendrent une
protéine absente de la membrane et/ou totalement non fonctionnelle, tandis que les mutations
de type 4 a 6 permettent a la protéine CFTR de ne remplir que partiellement ses fonctions (82,

84, 85) (Fig. 3). Il est important de noter que d’autres systémes de classification des mutations

du geéne cfir ont été proposés et reposent notamment sur le bilan clinique ou les thérapies
possibles (82, 85, 86).

(]
g [} %g [}
Exemples $32 88 6§32 @
o 5 o
5 2 25 B
1 Transcription ou traduction G542X X X X
[}
2 Maturation/dégradation de la protéine F508del v X X %
w
3 Régulation du canal CFTR G551D v v X
4 Conductance R117H v v - °
c
c
5 Epissage et adressage a la membrane A455E - - - 9
)
=
6 Stabilité et recyclage N287Y v v -

Tableau 2 : Classes de mutations du géne cftr. La couleur de la case et le symbole indiquent la
fonctionnalité de la synthése protéique, de 'adressage membranaire ou de la protéine : normale ( v ),
réduite ( - ) ou abolie ( X ).

Sur les 2000 mutations identifiées, seulement 20 sont retrouvées a une fréquence
supérieure a 0,1% chez les patients atteints de mucoviscidose a I'’échelle mondiale, les autres
altérations génétiques restant trés rares. Les plus fréquentes sont ainsi les mutations F508del
(classe 2), G252X (classe 1) et G551D (classe 3) (82). A limage des populations
mucoviscidosiques, ces mutations présentent une répartition hétérogene et sont davantage
retrouvées chez les patients du sud de I'Europe (F508del), du bassin méditerranéen (G252X)
ou de République Tchéque (G551D) (83).
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CFTR Figure 3 : Classes de mutations du géne
cftr. Adapté de Fajac et al. (82).

Classe 1 : 'TARNm et/ou la protéine ne sont
pas synthétisés.
Classe 2 : La protéine n’est pas acheminée

I ﬁ e correctement a la membrane et dégradée
prématurément.
.j\\ @ ,4:

Classe 3 : La protéine est présente a la
Wit W s membrane mais peu ou pas fonctionnelle a
Endosome cause d’'un défaut de régulation.
Classe 4 : La protéine est présente a la
membrane mais le canal présente un défaut
de conductance.

Golgi Classe 5: La protéine est présente en
faible quantité a la membrane suite a un
épissage aberrant ou un trafic réduit.
Classe 6: La protéine est présente en

REG faible quantité & la membrane suite & un

recyclage trop important via la voie

Noyau Jmo endosomale.

C = sous-unités protéiques formant le canal.
R = sous-unités régulatrices du canal.
REG = réticulum endoplasmique rugueux.

b. Fonctionnement normal du canal CFTR

L’expression du géne cfir et la production de la protéine correspondante s’effectuent
dans les cellules épithéliales de divers organes comme les poumons, le foie, le pancréas, ainsi
que les tractus digestifs et reproducteurs (87, 88). La protéine CFTR est un canal membranaire
de type transporteur ABC (ATP Binding Cassette), impliqué dans I'import et I'export actifs des
ions bromure (Br), chlorure (CI), iodure (I') et fluorure (F°). Il peut également prendre en charge
les ions bicarbonate (HCOz3'), le glutathion (GSH) et le thiocyanate (SCN") (89, 90). En plus de
son rble de transporteur, le canal CFTR aurait également des fonctions régulatrices sur
d’autres transporteurs tels que ENaC (sodium), ORCC (chlorure) ou les aquaporines (91-93).
Ce canal intervient ainsi dans ’hnoméostasie ionique des cellules épithéliales conjointement
avec d’autres canaux ioniques et le transport passif de I'eau (Fig. 4A) (93). Ainsi, lors de

I'excrétion des sels par les cellules épithéliales :

(1) Le canal CFTR transporte activement les ions chlorure a travers la membrane du
pble apical de la cellule.
(2) Les anions chlorures s’accumulent et créent une différence de potentiel, favorisant

la sortie des cations Na+ par un transport paracellulaire.
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(3) Les ions sodium et chlorure se condensent alors en NaCl a I'extérieur de la cellule,
créant un déséquilibre osmotique par rapport au cytoplasmique.
(4) Ce déseéquilibre est compensé par la sortie passive d’eau des cellules épithéliales

via les aquaporines ou le transport paracellulaire.

Les activités de transport de CFTR sont particulierement importantes au niveau des
poumons, du pancréas et de l'intestin. D’une part, 'export passif d’eau induit par 'accumulation
des ions Na* et CI" au péle apical des cellules permet I'hydratation du mucus des organes.
D’autre part, les ions HCO3 sécrétés par CFTR sont impliqués dans le contréle de la
réticulation des mucines présentes dans le mucus pulmonaire (90, 93). L’hydratation du mucus
et la bonne réticulation des mucines assurent ainsi des bonnes propriétés rhéologiques au
mucus, permettant une clairance mucociliaire optimale au niveau des voies respiratoires. Le
bicarbonate exporté par CFTR participe également a 'homéostasie acido-basique de ces
liquides de surface, essentiel au bon fonctionnement des peptides antimicrobiens et anticorps
sécrétés par les cellules. Enfin, le glutathion et le thiocyanate interagissent avec les espéces
réactives de l'oxygéene (ROS) dans le milieu extracellulaire, avec pour conséquence de
controler leur concentration et favoriser la production de molécules ayant un effet
antimicrobien (89, 94).

c. Conséquences des mutations du gene cftr

L’altération du canal CFTR induit une perte partielle ou totale de ses fonctions de
transporteur dans les organes impactés (Fig. 4B) (Tableau 2). En conséquence, les ions
chlorures et sodium normalement secrétés par le canal CFTR ou par export passif se
condensent sous forme de sels et s’Taccumulent dans les cellules épithéliales. Le gradient
osmotique généré est alors compensé par une entrée d’eau passive dans le cytoplasme
depuis le mucus. En addition, les ions HCO3™ ne sont plus sécrétés et ne peuvent plus remplir
leur réle régulateur dans la réticulation des mucines et ’lhoméostasie acido-basique du mucus.
Les fluides de surface sont ainsi déshydratés, épaissis et acidifiés, obstruant la lumiére des
organes impactés et limitant le fonctionnement des protéines sécrétées par les cellules
épithéliales. Au niveau des poumons, I'épaississement des liquides de surface respiratoires
affecte également fortement I'efficacité de la clairance mucociliaire (90, 93, 95). Enfin, les
concentrations en ROS dans le mucus ne sont plus régulées par le glutathion et le thiocyanate,

augmentent et endommagent les cellules épithéliales (89, 94) (Fig. 4B).
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Ces perturbations peuvent avoir de nombreuses conséquences cliniques chez les
patients atteints de mucoviscidose : occlusions intestinales et reflux gastriques, malnutrition et
diabéte, insuffisances et infections pancréatiques, infections pulmonaires et dégradation des
fonctions respiratoires (75, 85, 96, 97). D’autres pathologies sont également associées a
laltération du géne cffr ou aux traitements de la mucoviscidose telles que des
dégénérescences osseuses, la stérilité masculine, la surdité, I'insuffisance rénale ou encore
des syndromes dépressifs liés a la prise en charge lourde et difficile de la maladie (75, 98, 99).
Les pathologies respiratoires restent cependant les plus graves et constituent la premiére
cause de mortalité chez les patients atteints de mucoviscidose (100). L’efficacité réduite de la
clairance mucociliaire et du systéme immunitaire suite a l'altération du gene cfir favorise en
effet les infections pulmonaires polymicrobiennes séveres. Ces dernieres induisent une
inflammation chronique des voies aériennes chez les patients et un déclin progressif de leurs
capacités pulmonaires. En addition, des épisodes d’inflammation et de détérioration clinique
élevée nommés exacerbations peuvent survenir aléatoirement et accélérer le déclin des

fonctions respiratoires des patients (100).
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2.2. Infections pulmonaires polymicrobiennes

2.2.1. Caractérisation du microbiome pulmonaire

L’environnement pulmonaire a longtemps été considéré comme stérile et exclu des
études d’identification du microbiote humain. D’'une part, les procédures d’échantillonnages
pulmonaires sont généralement difficiles a appliquer du fait de leur caractére invasif et des
probabilités de contamination par les microorganismes résidant dans les voies aériennes
supérieures (101, 102). D’autre part, les méthodes cultures-dépendantes usuellement
réalisées limitent l'identification des espéces plus difficlement cultivables telles que les
microorganismes anaérobies. Les approches métagénomiques permettent quant a elles
d’étudier le microbiome d’'un écosystéme : 'ensemble des génes présents dans le microbiote.
Ces approches ont ainsi permis une caractérisation plus exhaustive du microbiome et ainsi du
microbiote pulmonaire des individus sains ou atteints de pathologies respiratoires (101-103).
Il est toutefois nécessaire de noter que ces méthodes métagénomiques présentent également
leurs limites, les résultats de séquencage pouvant étre influencés par les protocoles
d’extraction ADN effectués ou par 'ADN résiduel de cellules mortes dans I'environnement
pulmonaire (102). Les nombreuses études métagénomiques réalisées ont toutefois permis
d’identifier que le microbiome pulmonaire des personnes saines était majoritairement constitué
de bactéries anaérobies strictes ou facultatives du phylum des Firmicutes, Bacteriodetes,
Proteobacteria, Fusobacteria et Actinobacteria. Les espéces Prevotella, Veillonella et
Streptococcus sont prédominantes et acquises dés la naissance via I'environnement ou une
transmission par la meére (101, 104, 105). La composition et la diversité du microbiome
pulmonaire sont cependant sujettes a d’'importantes variations induites par les pathologies

respiratoires comme la mucoviscidose (69, 101, 106).

Le microbiome pulmonaire des patients atteints de mucoviscidose est trés diversifié
entre les sujets et sa signature métagénomique est généralement patient-spécifique, limitant
les conclusions des analyses réalisées sur un faible nombre d’échantillons (106—108). En
2016, deux études métagénomiques réalisées sur pres de 1000 expectorations de 142
patients ont permis d’observer que les principaux membres du microbiome pulmonaire sain
étaient présents chez les patients atteints de mucoviscidose, comme les espéces bactériennes
Streptococcus, Prevotella, Veillonella et Fusobacterium. |l apparait cependant que
'abondance de ces microorganismes au sein des poumons des patients atteints de
mucoviscidose est plus faible que celle des espéces pathogénes du genre Pseudomonas,
Staphylococcus, Haemophilus, Stenotrophomonas, Burkholderia et Achromobacter (103, 106,
109) (Fig. 5).
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Figure 5 : Prévalence et abondance relative des genres bactériens identifiés dans le microbiome
pulmonaire des patients atteints de mucoviscidose. Les barres représentent la prévalence (barres
foncées) ou I'abondance relative moyenne + SED (barres claires) des 10 genres microbiens non-
pathogénes (barres bleues) ou pathogénes (barres roses) les plus prévalents et /ou abondants détectés
dans 945 expectorations de patients. Adapté de Mahboubi et al. (103).

2.2.2. Evolution du microbiome pulmonaire pendant l'infection

La composition et la diversité du microbiome pulmonaire des patients atteints de
mucoviscidose varient fortement dans le temps. Les sujets pédiatriques présentent ainsi une
diversité microbiologique pulmonaire plus élevée que les patients adultes, principalement
composée d’especes du microbiome sain telles que Streptococcus, Prevotella ou Veillonella
(110-112). Avec 'avancée de la maladie et le vieillissement des individus, cette diversité tend
a diminuer pour favoriser la dominance des microorganismes pathogénes cités précédemment
(113—-115). Ceci s’effectue au détriment des espéces du microbiome sain, dont 'abondance
est négativement corrélée a linflammation des voies respiratoires (112, 114). Ces
changements de composition du microbiome pulmonaire sont ainsi associés au déclin
progressif des fonctions respiratoires des patients : alors que les patients cliniquement stables
présentent un microbiome relativement constant dans le temps, une baisse de diversité
microbienne associée a une dominance d’espéces pathogénes s’observe chez les patients

sévérement affectés (114, 115).
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Figure 6 : Modéle Climax-Attack des exacerbations chez les patients atteints de mucoviscidose
proposé par Quinn et al.. Les communautés contenant différentes physiologies microbiennes affectent
leur environnement difféeremment, notamment par des changements de pH induits par leurs activités
métaboliques. Ceci résulte en une stabilisation de la communauté pendant la croissance de la
communauté Climax. Lors des exacerbations, I'acidification et les produits de fermentation générés par
la communauté Attack favorisent les espéces fermentaires, destabilisant les communautés et induisant
une forte réponse inflammatoire. Adapté de Quinn et al. et Lamoureux et al. (109, 116).

Le développement des exacerbations peut également étre partiellement expliqué par
des changements dans la composition du microbiome pulmonaire. De fagon intéressante, les
exacerbations ne sont pas nécessairement liées a une espéce pathogéne connue mais
résultent fréquemment de la dominance d’espéces anaérobies non pathogénes au sein des
poumons. L’abondance des bactéries anaérobies est ainsi augmentée lors de I'exacerbation,
puis diminuée par les traitements antibiotiques au profit des pathogénes résistants comme
P. aeruginosa (117-119). Il a donc été proposé que les exacerbations reposeraient sur le
modéle Climax-Attack : la communauté microbienne Climax serait composée des pathogénes
résistants aux antibiotiques et associée a un état basal (c’est-a-dire sans exacerbation), tandis
que les anaérobies non-pathogénes constitueraient la communauté Attack et domineraient
pendant les exacerbations. Lors de leur pic d’abondance, les communautés anaérobies
modifieraient les propriétés physico-chimiques de leur écosystéme par leur métabolisme de

fermentation. L’acidification engendrée limiterait alors la croissance des autres pathogénes
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mais favorisait encore davantage celle des bactéries fermentaires, conduisant a un
déséquilibre des communautés microbiennes et une forte production de sphingolipides,
d’acides gras et carboxyliques par la population anaérobie. Du fait de leur effet sur les
réponses inflammatoires et immunitaires des cellules hétes, ces composés participeraient a la
forte inflammation pulmonaire observée lors des exacerbations (Fig. 6). Ces molécules
produites par les espéces anaérobies pourraient également augmenter la virulence des
espéces pathogénes telles que P. aeruginosa (116, 117, 120). Le rbéle du microbiote anaérobie
dans I'évolution de la maladie demeure donc ambigu et semble dépendre de son abondance :
bien qu’une baisse d’abondance soit associée a un déclin des capacités respiratoires, une
abondance trop élevée de micro-organismes anaérobies favorise les exacerbations et peut
donc aussi avoir un effet négatif sur les fonctions pulmonaires. Les causes de ces variations

d’abondance du microbiome anaérobie restent cependant mal comprises (109, 120).

2.2.3. Principaux pathogenes pulmonaires

Les communautés pathogénes du microbiome pulmonaire sont principalement
composées de bactéries, dont la prévalence varie selon I'age des patients. Les bactéries les
plus prévalentes sont S. aureus et P. aeruginosa : alors que la colonisation des poumons par
S. aureus est trés précoce et concerne jusqu’a 80% des patients de 10-14 ans, l'infection par
P. aeruginosa se développe plus tardivement pour affecter plus de 50% des adultes de 25-29
ans (Fig. 7). Les infections causées par S. aureus et P. aeruginosa seront davantage
détaillées dans le chapitre suivant. En plus de S. aureus, les patients pédiatriques présentent
fréquemment des infections a H. influenzae. La bactérie est ainsi isolée chez 30% des patients
de 5 a 9 ans, puis sa prévalence décroit légérement pour se stabiliser chez les patients plus
agés (10 a 15% des patients). Cette stabilisation est liée a la chronicité de ces infections,
favorisée par les capacités élevées de résistance antibiotique et d’adhésion aux cellules hétes
de H. influenzae (121). La colonisation des poumons par les bactéries du genre Burkholderia
est plus rare et touche jusqu’a 5% des patients (Fig. 7). Ces infections sont toutefois séveres
et difficiles a traiter du fait de la virulence et de la résistance intrinséque de la bactérie aux
antibiotiques (68). A ces pathogénes parfois considérés « classiques » dans la mucoviscidose
s’ajoutent des bactéries pathogénes émergentes tels que Stenotrophomonas maltophilia,
Achromobacter xylosoxidans ou Mycobacterium abcessius. La prévalence de leurs infections
reste inférieure a 20% mais a augmenté de 1 a 3% en I'espace de 10 ans (75). Leur impact
sur la pathologie pulmonaire chez les patients atteints de mucoviscidose est de plus en plus
considéré du fait de leur résistance aux antibiotiques, leur capacité a former du biofilm ou

encore leur transmissibilité interhumaine (122—-124).
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Figure 7 : Prévalence des principales espéces pathogénes colonisant les poumons des patients
atteints de mucoviscidose selon leur classe d’age. Adapté du Registre Francgais de la Mucoviscidose
2017 (75).

Les patients atteints de mucoviscidose sont également sujets a des infections
pulmonaires fongiques. Les champignons du genre Aspergillus colonisent environ 30% des
patients de fagon asymptomatique, mais peuvent étre a I'origine d’aspergilloses allergiques
induisant un déclin des fonctions respiratoires (125-127). Les espéces du genre Candida sont
également trés fréequemment retrouvées puisqu’elles sont identifiées dans les poumons de
75% des patients atteints de mucoviscidose (126). Leur forte prévalence dans I'écosystéme
pulmonaire pourrait étre liée a leur présence dans les cavités orales, et leur impact sur les
fonctions respiratoires reste encore débattu (68, 125, 128). Enfin, bien que leur abondance
reste faible, de hombreux virus colonisent le systéeme pulmonaire des patients atteints de
mucoviscidose et peuvent augmenter le risque d’exacerbations. Les virus les plus
communément retrouvés sont les virus respiratoires syncytial et grippal, ainsi que les

rhinovirus (68).
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2.3. S. aureus et P. aeruginosa dans la mucoviscidose

2.3.1. S. aureus

La prévalence de S. aureus chez les jeunes patients atteints de mucoviscidose est
généralement trés élevée mais varie fortement selon les pays. Ainsi, si 70 a 80% des patients
frangais et américains présentent une infection précoce par le staphylocoque, elle ne concerne
que 30% de la cohorte pédiatrique anglo-saxonne, pour des raisons encore peu claires (75,
129). Dans tous les cas, la colonisation des voies respiratoires par S. aureus est associée a
une forte inflammation et une diminution des fonctions respiratoires, particuliérement chez les
sujets pédiatriques (130-133). Ce phénomeéne est exacerbé si l'infection a S. aureus se
produit dans les 2 premiéres années de vie du patient, et si la souche responsable est
résistante a la méthiciline (SARM : Staphylococcus Aureus Résistant a la Méthiciline). En
comparaison aux souches sensibles a la methiciline, les infections chroniques par des
souches SARM sont effet associées a une augmentation de l'inflammation, un bilan clinique
plus sévere et une mortalité plus élevée (133—136). Cet effet ne peut étre que partiellement
expliqué par la forte résistance aux antibiotiques des SARM, et reste donc encore mal compris.
A I'image des souches de S. aureus, la prévalence des SARM varie fortement selon les pays.
Bien que relativement faible en France et en Angleterre (2 a 6%), elle est beaucoup plus
importante aux Etats-Unis (26%) et serait liée a la plus forte prévalence des SARM dans ce

pays et a des facteurs environnementaux (75, 129).

Les procédures de traitement des infections pulmonaires a S. aureus sont encore
débattues et varient suivant les pays. Du fait de leur impact clinique important, la colonisation
des poumons par des SARM est généralement traitée de fagon agressive aux antibiotiques,
mais ce traitement conduit frequemment a une récurrence et une persistance de l'infection
(129, 135, 136). L’intérét de 'usage prophylactique des antibiotiques contre la colonisation
précoce des poumons a S. aureus reste également ambigu, tout comme l'efficacité des
traitements contre les infections chroniques au staphylocoque. Effectivement, si certaines
études ont montré que la prophylaxie pouvait effectivement retarder I'acquisition de S. aureus,
d’autres ont observé que ce traitement antibiotique favorisait les infections précoces par
P. aeruginosa. (129). Pour ces différentes raisons, le traitement des infections pulmonaires
par des souches de S. aureus sensibles a la méthiciline n’est pas systématique et dépend de

I'état de santé du patient.
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Enfin, les infections a S. aureus sont d’autant plus difficiles a traiter du fait des
capacités de persistance élevées de la bactérie. En réponse aux traitements antibiotiques, le
staphylocoque est en effet capable de développer le phénotype de SCV (Small Colony
Variants), identifiés dans les expectorations de 8 a 24% des patients colonisés par S. aureus
et associés a un déclin des fonctions respiratoires (137—139). Ce phénotype est généralement
lié au développement d’'une auxotrophie a la thymidine, 'hémine ou le ménadione et induit une
croissance ralentie de la bactérie (140). Les SCV sont également caractérisés par une forte
résistance aux antimicrobiens, une formation accrue de biofilm et une capacité d’internalisation
cellulaire plus importante (137, 138, 140). L’établissement de ce phénotype fait donc partie
des adaptations notoires de S. aureus au milieu pulmonaire, favorisant sa persistance et la
chronicité de ses infections. Ces adaptations seront davantage détaillées dans la revue « How
bacterial adaptation to Cystic Fibrosis environment shapes interactions between

Pseudomonas aeruginosa and Staphylococcus aureus » du chapitre suivant.

2.3.2. P. aeruginosa

a. Colonisation des poumons

La colonisation des poumons par P. aeruginosa est corrélée a une forte inflammation
pulmonaire et au déclin des fonctions respiratoires chez les patients pédiatriques et adultes
(130, 133, 141-143). Ces infections sont également associées a une augmentation du risque
de mortalité et constituent ainsi un marqueur de sévérité des pathologies pulmonaires chez

les patients atteints de mucoviscidose (144).

Pour ces différentes raisons, la présence de P. aeruginosa dans les poumons est
particulierement contrélée lors du suivi des patients, et les premiéres infections sont
systématiquement traitées par antibiothérapie inhalée (145). Ces traitements sont
généralement efficaces et conduisent a I'élimination de la souche de P. aeruginosa des
poumons, mais de nouvelles infections plus ou moins espacées dans le temps surviennent
par la suite dans plus de 30% des cas (145). On parle alors d’infections intermittentes, définies
par une détection de P. aeruginosa dans moins de 50% des cultures sur une période de 12
mois (Fig. 8). Ces infections intermittentes peuvent parfois étre causées par une rechute d’une
infection antérieure, mais elles sont le plus souvent liées a I'acquisition de nouvelles souches
de P. aeruginosa (146, 147). Ces nouvelles souches sont généralement acquises depuis
'environnement, particulierement pour les jeunes sujets (148), mais peuvent aussi résulter de

transmissions directes entre patients atteints de mucoviscidose (149, 150).
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Figure 8 : Représentation schématique de I’évolution des infections a P. aeruginosa. Des
couleurs différentes représentent des clones de P. aeruginosa indépendants. L’infection intermittente
peut étre éradiquée, permettant au patient de présenter des analyses microbiologiques négatives a
P. aeruginosa pendant plusieurs années, jusqu’a établissement d’'une infection chronique. Adapté de
Folkesson et al. (147).

La récurrence des infections a P. aeruginosa et leur effet négatif sur les fonctions
respiratoires des patients sont liés aux fortes capacités de virulence et de colonisation de la
bactérie. P. aeruginosa est en effet équipée de cing systémes de sécrétion différents
permettant I'injection de nombreuses protéines dans les cellules eucaryotes, procaryotes ou
dans le milieu extracellulaire (151). Les systémes de type (SST) 1, 2 et 5 sont par exemple
impliqués dans la sécrétion des protéases extracellulaires LasA et LasB et d’autres protéines
importantes pour la colonisation et 'adhésion de P. aeruginosa aux cellules hétes pulmonaires
(151, 152). Les principales protéines sécrétées par le SST3 sont quant a elles des exotoxines
(ExoS, ExoT, ExoU, ExoY) directement injectées dans les cellules eucaryotes (153). Enfin, le
SST6 vise les autres microorganismes et est donc particulierement important pour la

compétitivité de P. aeruginosa dans un écosystéme microbien riche (154).

Indépendamment de ces systémes, la virulence de P. aeruginosa repose également
sur la sécrétion de molécules pigmentées de la famille des phénazines et des sidérophores.
Les phénazines comme la pyocyanine induisent d’importants dommages aux cellules hbtes,
inhibent leur respiration et altérent le fonctionnement du systéme immunitaire (155). Les
sidérophores pyoverdine et pyochéline sont quant a eux impliqués dans I'acquisition du fer
chez P. aeruginosa, élément essentiel a sa croissance et a sa virulence in vivo (156). Les
rhamnolipides, des molécules surfactantes également sécrétées, contribuent aux capacités

de colonisation de I'écosystéme pulmonaire par P. aeruginosa en favorisant sa motilité. Cette
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motilité repose d’ailleurs sur des structures membranaires trés immunogénes, telles que le
flagelle et les pilis qui permettent a la bactérie de se déplacer activement vers les cellules
hétes ou procaryotes (157). Les pilis de type IV sont aussi impliqués dans l'agrégation
cellulaire, 'adhésion aux cellules hétes ainsi que la formation de biofilm (158). En plus de cette
capacité a former du biofilm, P. aeruginosa présente une résistance antibiotique intrinséque
importante et évoluant avec l'infection (159). Cette résistance est d’ailleurs impliquée dans le
déclin de l'état de santé des patients colonisés par P. aeruginosa, qui subissent des
traitements antibiotiques beaucoup plus longs que les patients négatifs a la bactérie (133)
(160).

La plupart des fonctions de virulence et de colonisation de P. aeruginosa sont régulées
par ses trois systéemes de QS, LasRI, RhIRI et PQS (Pseudomonas Quinolone Signal) (155,
161). En plus de permettre une coordination de la physiologie bactérienne a I'échelle de la
population, ces systémes sont importants pour les interactions de P. aeruginosa avec les
autres espéces microbiennes (12). P. aeruginosa exhibe alors un comportement
particulierement antagoniste envers de hombreux microorganismes co-colonisateurs tels que
S. aureus, A. fumigatus ou B. cepacia (162). Les capacités de virulence, de colonisation et
d’interaction microbienne via le QS ou le SST6 conférent ainsi une forte compétitivité a
P. aeruginosa dans I'écosystéme pulmonaire, et sont donc responsables de la récurrence de

ses infections durant la phase intermittente (Fig. 8).

b. Etablissement des infections chronigues

Malgré lefficacité des traitements antibiotiques, les colonisations intermittentes a
P. aeruginosa finissent par persister et évoluer vers une chronicité dans 20 a 45% des cas
(75, 145, 147) (Fig. 8). Cette chronicité est actuellement caractérisée par une détection de
P. aeruginosa dans plus de 50% des prélévements effectués sur une période de 12 mois. De
facon intéressante, la prévalence des infectons chroniques a P. aeruginosa a diminué de 6 a
15 points en 10 ans selon l'origine et la tranche d’age des cohortes, amenant la communauté
scientifique a réévaluer la définition de la chronicité et les méthodes d’identification de
P. aeruginosa dans les échantillons (145). Malgré cette baisse de prévalence, les infections
chroniques a P. aeruginosa demeurent fréquentes du fait de la difficulté de les prévenir et de
les traiter. En effet, I'établissement de cette chronicité repose sur une adaptation spontanée
de P. aeruginosa au sein du milieu pulmonaire, permettant au pathogéne d’ajuster sa
virulence, ses capacités de résistance antibiotique et son métabolisme afin de persister
durablement dans les poumons. Ces mécanismes d’adaptation sont détaillés dans la revue
suivante (MGen, 2021).
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Abstract

Pseudomonas aeruginosa is one of the main microbial species colonizing the lungs of cystic fibrosis patients and is responsible
for the decline in respiratory function. Despite the hostile pulmonary environment, P aeruginosa is able to establish chronic
infections thanks to its strong adaptive capacity. Various longitudinal studies have attempted to compare the strains of early
infection with the adapted strains of chronic infection. Thanks to new "-omics’ techniques, convergent genetic mutations, as well
as transcriptomic and proteomic dysregulations have been identified. As a consequence of this evolution, the adapted strains
of P aeruginosa have particular phenotypes that promote persistent infection.

DATA SUMMARY

Supporting data are available in Table S1, available with the
online version of this article.

INTRODUCTION

The ability of Pseudomonas aeruginosa to establish a chronic
infection in cystic fibrosis (CF) lungs despite a wide range
of stress sources highlights its high adaptability. In fact, the
high plasticity of the P. aeruginosa core and accessory genome
allows the bacterium to colonize a wide variety of environ-
ments, such as soils, water or abiotic surfaces [1-4]. However,
P aeruginosa adaptive processes have been especially
described in the context of pulmonary infections. Indeed,
the chronicity of P. aeruginosa CF lung infections and the
difficulty in treating them make it essential to understand
the mechanisms of the persistence. Moreover, this chronic
infectious disease offers a rare opportunity to study long-
term microbial evolution within a human host. The creation
of CF centres has facilitated the conservation of the different
micro-organisms isolated from CF patient sputa, allowing
the constitution of longitudinal isolate banks from numerous
subjects. This also contributed to the identification of highly
transmissible P. aeruginosa strains such as the lineages DK2,

AUST-02, LES (Liverpool epidemic strain) and C that are
epidemic in Denmark, Australia and the UK, respectively [5].
Thanks to the development of next-generation sequencing
methods, many studies have focused on longitudinal genetic
adaptation of P. aeruginosa to the CF lung environment
(Table 1). In 2006, Smith and colleagues were the first to
describe a genetic evolution of a clonal lineage of P. aerugi-
nosa in vivo by sequencing two P. aeruginosa strain isolates
collected 7.5 years apart from the same patient [6]. Following
studies were performed on a broader range of isolates from
unique patients [7-12] or on transmissible lineages such as
DK2 or AUST-02 [13-15]. Finally, Marvig et al. and Klock-
gether et al. combined both approaches to study the genomics
of, respectively, 474 and 262 isolates from more than thirty
patients [16-18].

By gathering the results of these different longitudinal studies,
we aim to provide an updated description of the main genetic
adaptations of P. aeruginosa to the CF lung environment. In
this review, we will also discuss how these alterations affect
transcriptomic and proteomic profiles of P. aeruginosa thanks
to the latest studies performed on clinical CF isolates. Finally,
common phenotypes of CF-adapted P. aeruginosa will be
described.
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GENOMIC ADAPTATION OF P. AERUGINOSA

P. aeruginosa genome accumulates mutations
during establishment of chronic colonization

Types and frequency of mutational events

Longitudinal genomic studies highlighted that late isolates
of P. aeruginosa present numerous genetic modifications in
comparison to early isolates. Small mutational events such
as SNPs or short insertions and deletions (indels) have been
described as the major driver of these modifications. Indeed,
the P. aeruginosa genome was shown to accumulate a median
of 3 SNPs per year, varying between 0.5 and 14 SNPs per
year [6-9, 12, 14-18]. Small indels have also been reported
at rates ranging from 0.4 to 2.7 indels per year (0.1 to 0.28
indels per SNP) [12, 14, 17]. These modifications could be
observed on both core and accessory genomes of clinical
isolates, depending on the use of a reference strain for gene
annotation. Indeed, while several studies focused on the
annotated genes in PAO1 or PA14 [6, 7, 13, 16, 17], others
were able to identify SNPs in clone-specific genes using a
related ancestral isolate as a reference [8, 9, 12, 14, 17]. The
presence of accessory elements such as genomic islands and
prophages could also be predicted in silico [10, 11].

The role of the accessory genome is in fact increasingly
considered for understanding P aeruginosa adaptive
processes, due to its plasticity and the richness of its encoded
functions [4, 19]. Indeed, the P aeruginosa pathogenic
islands (PAPIs) and several LES prophages were shown to
affect diversification processes and important pathoadaptive
phenotypes of P. aeruginosa, including its ability to establish
in vivo and its antibiotic resistance [20-25]. Such elements
can be horizontally transferred between P. aeruginosa or even
between different microbial species through mechanisms of
phage infection or pilus-mediated conjugation of excised and
circularized genomic islands [4, 26-30]. However, acquisi-
tion of novel DNA through horizontal gene transfer remains
rare [31, 32] and the genome of P. aeruginosa rather tends to
shrink during its adaptation in CF lungs. Rau et al. described
that the P. aeruginosa DK2 lineage underwent a loss of a mean
of 4.2 kbp per year [31]. Deletions of more than 1000 bp have
been observed in other lineages (in 10 out of 12 lineages in the
study of Klockgether and colleagues), with the size of deleted
regions reaching 188 kb [6, 7, 11, 17]. Here again, these dele-
tions were shown to affect both core and accessory genomes,
as prophages and genomic islands were shown to be partially
or totally lost during P. aeruginosa adaptation to the CF envi-
ronment [11, 27, 28, 31, 33-35]. Notably, the genomic islands
PAPI-1 and the P. aeruginosa genomic island-2 (PAGI-2) were
found either excised or impacted by deletions in CF isolates
[27, 28]. In contrast, other elements of the accessory genome
seem less prone to deletions, as the toxin-antitoxin systems,
the clustered regularly interspaced short palindromic repeats
(CRISPR) spacers and the genomic island PAGI-1 are well
conserved in CF isolates [36-38].

In addition to deletions, the P aeruginosa genome can
undergo important chromosomal rearrangements that often
involve accessory mobile elements, such as transposons and

Impact Statement

The chronic lung infections caused by Pseudomonas
aeruginosa are associated with the deterioration of
pulmonary functions and general health of cystic fibrosis
(CF) patients. The difficulty of efficiently eradicating
this pathogen comes from its ability to evolve towards
high-persistence phenotypes through genetic adapta-
tion. Understanding the basis and the determinants of
this evolution is, thus, essential for the identification of
new strategies to limit lung colonization by P aerugi-
nosa. The sequencing studies performed on CF isolates
have highlighted numerous different evolutionary paths
taken by the bacterium, leading to an intense intrapa-
tient and interpatient diversification of P aeruginosa
populations. Fortunately, the identification of convergent
patterns of adaptation is now possible thanks to the
increasing number of research studies focused on CF
isolates worldwide. Previous reviews on the topic often
focused on particular aspects of P aeruginosa adaptation,
such as the genome dynamic, diversification processes
or metabolism. In the present review, all the different
aspects, as well as the latest publications on the topic,
have been compiled to provide an updated and broader
viewpoint of P aeruginosa adaptation to the CF environ-
ment. This review also highlights convergent adaptation
patterns involving intergenic regions, and transcriptomic
and proteomic profiles of P aeruginosa, not fully explored
until now.

integrons [4, 19]. The insertion sequence IS6100 was identi-
fied as the main perpetrator of the frequent chromosomal
inversions observed in the CF strains from clone C [35, 39].
Besides disrupting the reading frame of neighbouring genes
[39], such chromosomal rearrangements can have pleiotropic
consequences through modifications of regulatory regions or
DNA topology [40]. By assessing the phenotype-genotype
relationship of 44 isolates from a single patient, Darch et al.
highlighted that the phenotypic diversity observed between
CF isolates was mainly due to homologous recombination
mechanisms [41]. However, this result and the high recom-
bination rate obtained were then shown to mainly arise
from false-positive events. New bio-informatics analyses
of the same sequencing data with correcting filters indeed
indicated lower recombination rates [42, 43]. These discrep-
ancies emphasize the importance of bio-informatics tools
and settings for the identification of recombination events,
and more broadly for all genomic comparisons. In that
respect, the detection of genetic alterations can be improved
by combining second- and third-generation sequencing
methods: while second-generation sequencing such as Illu-
mina provides short reads with low error rates, the longer
reads generated by third-generation sequencing allow a better
detection of recombination events and large chromosomal
rearrangements.



Camus et al., Microbial Genomics 2021

Table 1. Genomic studies performed on longitudinal CF isolates of P aeruginosa

The list of genes or intergenic regions identified in these studies was used to highlight the most mutated regions in Tables 2 and 3. The most
representative genomic studies performed on P, aeruginosa CF sequential isolates whose isolations were spaced by at least 1 year were selected.

No. of sequenced Time span of  No. of studied lineages or Identification of
Sequencing type No. of patients isolates isolate evolution clone types positively selected genes  Reference
(years)
Whole-genome 1 2 7.5 1 No [6]
Gene-targeted 29 58 5-20 ND No
Whole-genome 1 45 20 1 (PA14) No [7]
1 63 23 1(C) No
Whole-genome 6* 12* 35 max.* 1 (DK2)* No [13]*
Whole-genome 21% 55% 36% 1 (DK2)* Yes [14]*
Whole-genome 1 18 32 1 (DK1) No [9]
Whole-genome 1 13 6 1 Yes (8]
1 14 20 1
Whole-genome 34 474 1-8 53 (36 for PE) Yes [16]
Whole-genome 4 26 17-19 6 Yes [18]
Whole-genome 1 2 6.9 1(0C4A) No [10]
Whole-genome 1 2 3 1 No [12]
Whole-genome 32 (12 for PE) 262 <15-35 12 Yes [17]
Whole-genome 13 (6 for PE) 63 3-4 1 (AUST-02) Yes [15]
‘Whole-genome 1 40 8 1 Yes [11]
Reanalysis of whole- 68 534 ND 44 Yes [81]
genome sequencing

ND, Not determined in the study; PE, parallel evolution.

*Isolates sequenced by Yang et al. were also used in the study by Marvig et al., making the results of these two studies interconnected [13, 14].

Hypermutability

The rate of spontaneous mutations can be affected by the
genetic background of the strain, and even enhanced by
previous mutational events. For instance, the high rates of
deletion observed by Rau et al. can be attributed to stochas-
ticity or to the presence of missense mutations in the coding
sequences of the exonucleases sbcB and sbcC implicated
in recombination [31]. In the same way, the well-known
hypermutable phenotype of P. aeruginosa arises from genetic
alterations of DNA repair systems. Indeed, mutations in
mutS/mutL and uvrD genes are commonly observed in CF
isolates and induce a significant increase of the mutation rate
[44]. Chromosomal inversions were also shown to disrupt the
reading frame of mutS and induce hypermutability in clinical
strains from the C lineage [39]. Hypermutable isolates, thus,
accumulate a mean of 16-fold more mutations, with a median
of 48 SNPs per year (range of 2 to more than 350 SNPs per
year) [7, 8, 15, 17, 45].

Hypermutability increases the genetic diversity of the P.
aeruginosa population in CF lungs, an advantageous feature
for adaptability to stressful conditions [8, 14, 16, 17, 46, 47].

Indeed, it has been shown that antibiotic exposure promotes
the emergence of hypermutability in P. aeruginosa, then
favouring acquisition of antibiotic resistance [45, 48-51].
However, Mehta and colleagues also observed that some
hypermutable lineages would spontaneously decline and
disappear from the evolving population [49]. This phenom-
enon could be explained by an accumulation of neutral and/
or slightly deleterious mutations whose probability is also
increased by hypermutability. Moreover, the fitness benefit
of hypermutators seems to be restricted to the conditions in
which they evolved, as the accumulated hitchhiking mutations
can constitute a burden in non-selective conditions [49, 50].
Hypermutability is, thus, a double-edged sword that does
not ensure the success of P. aeruginosa adaptation. Indeed,
hypermutators rarely dominate the colonizing population and
coexist with normo-mutable isolates in CF lungs, potentially
through colonization of specific niches [8, 9, 14]. Compen-
sation of the hypermutator phenotype through secondary
mutations has also been reported during adaptation to CF
environment [8], suggesting an importance of the phenotype
at certain stages of evolution. This hypothesis is supported by
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the high prevalence of hypermutators in CF cohorts. Since the
first estimations by Oliver [44], several studies in European
and American cohorts confirmed that a mean of 28% of CF
patients were infected by at least one hypermutable isolate of
P aeruginosa [44, 52-55]. Finally, despite a high prevalence
and an increased ability to develop antibiotic resistance, the
impacts of infection by hypermutable P. aeruginosa on clinical
outcome are unclear. While an association between the pres-
ence of hypermutators and the deterioration of lung function
was described in English and French cohorts [56, 57], such a
result was not confirmed in an Israeli cohort [55]. Moreover,
Klockgether and colleagues did not highlight a correlation
between annual rate of sequence variation and the severity of
the clinical course of German CF patients [17].

Accumulation of mutations relies on selection
mechanisms

The accumulation of mutations in the P. aeruginosa genome
could be the result of genetic drift or neutral selection,
during which mutations are stochastically fixed regardless
of their impact. However, due to the stressful conditions
inherent to the CF lung environment, mutations are actu-
ally selected because of their beneficial effect on bacterial
fitness. As non-synonymous mutations are more likely to
affect protein function and eventually fitness, selective
mechanisms can be quantified by the non-synonymous
to synonymous mutations ratio (d,/d). This ratio can be
calculated over different scales — from all coding regions
of the pangenome to specific coding regions. Three type
of selective mechanisms, thus, can be observed: (i) a d,/d
value over one testifies to positive selection, (ii) a value
under one indicates purifying or negative selection, and (iii)
a close to one ratio depicts typical genetic drift.

These three selective mechanisms have been observed for
the P. aeruginosa genome during adaptation to the CF envi-
ronment. Several studies have highlighted positive selection
mechanisms at the genome scale (d,/d of 1.4 and 2) [6, 12],
whereas negative selection was observed in others (d,/d,
between 0.33 and 0.79) [7-9, 14]. In fact, selective mecha-
nisms appear to vary according to the colonization time
and clinical status of patients, affecting the accumulation
of mutations and the composition of the accessory genome.
Klockgether and colleagues observed that the P. aeruginosa
genome presented d, /d, ratios ranging from 0.39 to 1.66
according to the colonization time, mutability of isolates
and the severity of infection [17]. A fluctuation of positive,
neutral and negative selections with time was depicted for
hypermutable strains causing severe and mild infections,
and for normo-mutable isolates from mildly affected
patients. Interestingly, only genomes of normo-mutable
isolates from patients with severe infection presented a
signature of positive selection during almost all the course
[17]. A relationship between the severity and the accessory
genome was also observed as isolates causing severe and
mild infections presented divergent repertories of acces-
sory genes. Similar observations were previously made for
persistent and eradicated CF isolates [17, 32]. In addition,

Cramer et al. and Markussen et al. observed a rapid genetic
diversification during the first clades followed by coexist-
ence of more stable sublineages of PA14 and DK, respec-
tively [7, 9]. Similarly, the DK2 lineage was shown to have
accumulated most mutations before 1979 in order to ensure
its success in several hosts, after which negative selection
was observed [13]. In both studies, late P. aeruginosa
isolates tended to accumulate fewer mutations than early
ones, suggesting modifications of selection mechanisms
over the time [7, 9, 11, 13]. Mutations are indeed less likely
to improve fitness and, thus, to be fixed once P. aeruginosa
is adapted to the CF environment. Compensation of the
hypermutable phenotype by secondary mutations observed
by Feliziani and colleagues [8] supports this notion, as it
can rebalance the mutation rate to a regular level after a
stage of rapid diversification and adaptation. Finally, several
recent research studies on non-CF infections reported that
P. aeruginosa adaptive mechanisms occur at the very begin-
ning of the colonization, emphasizing the underappreciated
role of genetic adaptation in acute infections [51, 58, 59].
Altogether, these results indicate that different modes of
selection arise with time, according to infection stage and
severity. Thus, we suggest that positive selection first occurs
during acute infections, which often severely affect patient
clinical status. Thereafter, neutral or negative selection is
promoted as P. aeruginosa adapts and the infection becomes
chronic.

Although general trends of positive or negative selection
can be observed for the global genome, it is important to
note that selection can vary considerably according to the
DNA segment. Thus, genes from the antibiotic resistome
can appear positively selected despite negative selection
at the genome scale [8, 45]. In contrast, negative selec-
tion is particularly depicted in the accessory genome of
P aeruginosa, where loss of DNA and accumulation of
synonymous SNPs are promoted by mutational hotspots
and genomic instability [6, 10, 31, 32, 60, 61]. However,
the negative selection in accessory segments compared to
the core genome can sometimes be offset by DNA acquisi-
tion through horizontal gene transfer, as described in the
clones C and PA14 [10, 60]. Finally, the genetic background
of P. aeruginosa can also influence selection and fixation
of mutations in particular genes through epistatic mecha-
nisms. Certain genetic alterations, thus, may be positively
selected due to their compensatory effect on former poly-
morphisms or in a given genetic background, as depicted
in several cases. Damkiaer and colleagues observed that a
single rpoD mutation induced alginate overproduction only
in a particular genetic background of the DK2 lineage and,
thus, was positively selected [62]. Genic alterations of mexT
were shown to compensate the effects of lasR inactivation,
suggesting that positive selection of this mutation may be
promoted in lasR-negative isolates [63-66]. In the same
way, mutations reverting the mutator phenotype might be
positively selected only after alteration of the genes from
DNA repair systems [8].
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Besides colonization time, infection severity and the genetic
background of isolates, spatial isolation can affect the
dynamics of selection mechanisms. Indeed, it is now well
understood that micro-organisms can be subject to highly
different selective pressures according to the environment.
The heterogeneity of the CF lung ecosystem generates ecolog-
ical microniches with variable physicochemical and biotic
characteristics and, thus, variable selective forces. As a result,
a phenomenon of adaptive radiation can be observed during
P aeruginosa adaptation to the CF environment. Divergent
evolutionary patterns have indeed been depicted between
clonally related isolates that have evolved in sinuses or in
lungs [9], and even between clones isolated from different
lung regions [67]. In both studies, isolates evolved indepen-
dently within the different regions, as no phenomenon of
convergent evolution could be observed. Instead, genotypic
and phenotypic diversification was shown to be driven by the
spatial isolation of strains [9, 67]. This diversification leads to
the coexistence of numerous clonal lineages in the CF airways,
as excellently reviewed by Winstanley and colleagues [46].

In addition to this intra-clonal diversification, the heteroge-
neity of P. aeruginosa populations is promoted by the coex-
istence of several lineages within the lungs of CF patients.
Thus, from a single sputum sample, different P. aeruginosa
lineages are frequently isolated that were independently
acquired from the environment or from other CF patients,
especially for LES-derived lineages [46, 68, 69]. Williams
and colleagues observed that the prevalence of each lineage
within a patient was highly dynamic during the course
of infection, affecting considerably the diversification
processes of P. aeruginosa [69]. On the one hand, the lung
colonization by divergent lineages was shown to bring more
genetic diversity than the in situ evolution of P. aeruginosa.
On the other hand, competition between lineages appeared
to select for particular genotypes and, thus, influence the
diversification processes of P. aeruginosa. In a CF patient,
the replacement of a LES lineage by another, thus, could be
associated with an increased frequency of pathoadaptive
mutations in the lasR gene [69]. The other way round, one
would also expect that the presence of certain genotypes
within lungs can either promote or limit superinfection by
other P. aeruginosa lineages and, thus, interclonal diversifi-
cation. This phenomenon can be extended to the coloniza-
tion by other microbial species, as they have to cope with
heterogeneous, adapted and niche-specialized populations
of P. aeruginosa.

This genetic and phenotypic diversification of P. aeruginosa
raises important issues concerning the sampling and the
study of bacterial colonies from CF expectorations: a single
colony is not representative of the infecting P. aeruginosa
metapopulation [46]. In the case of longitudinal genomic
studies, the sequencing of a single strain per time point
is an important limitation and provides only a restricted
fraction of the different evolutionary paths that the
bacterium has taken. This issue obviously feeds through
to all genotypic and phenotypic characterizations of CF
P. aeruginosa strains, but is increasingly taken into account

for sequencing studies and the determination of antibiotic-
resistance profiles [34, 45, 68, 69].

CF-adapted P. aeruginosa present pathoadaptive
mutations

Coding regions

Despite the diversification processes of P. aeruginosa, the
high number of genomic studies (Table 1) performed on
sequential isolates allowed the identification of convergent
patterns of adaptation. In addition to the d,/d, calculation,
genes under positive selection were brought out through
different approaches: Marvig and colleagues determined
genes that accumulated more mutations than what would be
predicted if mutations were randomly distributed across the
genome [14, 16, 18]. In other studies, thresholds were set to
establish lists of genes that were hit by a minimum quantity
of independent mutations and/or in a minimum number of
lineages [8, 11, 17].

In order to have a global overview of the mutated genes
during P. aeruginosa adaptation, the results of 13 longitudinal
studies were examined (Table 1). Table 2 provides a list of
48 P. aeruginosa coding regions that have been identified as
non-synonymously mutated in at least three of these studies.
Different types of mutations, thus, were highlighted (missense,
frameshift and stop), but their impacts also rely on their posi-
tion in the gene. Despite the change of a single amino acid,
missense mutations can indeed have drastic consequences
on translation efficiency or protein function, especially when
they affect important functional domains [6, 17, 63]. Missense
mutations were notably predicted to drastically affect the
protein function of RpoB and GyrB [17], or even induce total
loss-of-function of MexS [6] (Fig. 1).

Nonsense mutations and frameshifts induced by insertions
and deletions are predicted as high-impact mutations as
they induce a disruption and/or an interruption of transla-
tion. Most of the genes described in Table 2 have been shown
to accumulate high-impact mutations during P. aeruginosa
adaptation during longitudinal studies (Fig. 1). It is especially
the case for numerous global regulators, such as mucA, algU,
rpoN and lasR, but also regulators related to antibiotic resist-
ance (nfxB, mexZ) or type III secretion (retS, exsA).

The role of these genes in P. aeruginosa adaptation to the
CF environment was confirmed in larger cohorts of clinical
isolates, but through a wide variety of mutations. In that
respect, 173 unique lasR variants have been detected by gene-
targeted sequencing of 2583 CF isolates, with most of them
inducing aloss of function [63]. Mutations in mucoidy related
genes have also been researched in P. aeruginosa isolates from
CF patients [70-73]. A recent study in a Brazilian cohort
identified 30 new mutations in the algUmucABD operon
and confirmed the high frequency of the mucA22 mutation,
inducing a premature stop codon in the mucA gene [74].
However, it is noteworthy that high-impact mutations do
not inevitably induce a complete loss of function. Feltner and
colleagues indeed observed a retained LasR activity in 25% of
cases despite missense or even nonsense mutations in the lasR
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Table 2. P aeruginosa genes identified as non-synonymously mutated in at least three independent longitudinal studies

The characteristics of the 13 studies used for the intragenic regions are listed in Table 1.

Longitudinal studies
Gene name PAO1 locus Product Positive selection No. Reference
gyrB PA0004 DNA gyrase subunit B Yes 8 [6,7,9,11, 14-16, 18]
pvdS PA2426 Sigma factor No 8 [6,7,9,10,13,16-18]
mexA PA0425 RND multidrug efflux membrane fusion protein MexA precursor No 6 [6,7,15-18]
mexY PA2018 Multidrug efflux protein No 6 [6-8, 10, 13, 14, 17]
mexZ PA2020 Transcriptional regulator of multidrug efflux pump Yes 6 [6,9,13,16-18]
gyrA PA3168 DNA gyrase subunit A No 6 [9, 10, 13, 14, 16-18]
fisI PA4418 Penicillin-binding protein 3 No 6 [8-10, 13-15, 17]
mexB PA0426 RND multidrug efflux transporter No 6 [6,7, 14, 16-18]
oprD PA0958 Basic amino acid, basic peptide and imipenem outer-membrane porin No 6 [9, 10, 14-17]
migA PA0705 a-1,6-Rhamnosyltransferase No 5 [7,9,12-15]
algU PA0762 RNA polymerase sigma factor Yes 5 [9,13, 14, 16-18]
lasR PA1430 Transcriptional regulator of QS Yes 5 [6,9,16-18]
pmrB PA4777 Two-component regulator system signal sensor kinase No 5 [7,10, 11, 13-15]
mucA PA0763 Anti-sigma factor Yes 5 [6,13,16-18]
algG PA3545 Alginate-C5-mannuronan-epimerase No 5 [7,9,12,13,17]
mexS PA2491 Probable oxidoreductase Yes 4 [6,15-17]
mexT PA2492 Transcriptional regulator of multidrug efflux pump No 4 [6, 10, 12, 15]
rpoB PA4270 DNA-directed RNA polymerase {8 chain No 4 [6,7,13, 14, 17]
chpA PA0413 Component of chemotactic signal transduction system No 4 [7,10,11,17]
wbpM PA3141 Nucleotide sugar epimerase/dehydratase No 4 [9, 10, 16, 17]
fusAl PA4266 Elongation factor G Yes 4 [8,9,12,17]
rpoN PA4462 RNA polymerase C-54 factor Yes 4 [6,13,15,18]
pagL PA4661 Lipid A 3-O-deacylase Yes 4 [9,12,13,17]
retS PA4856 Regulator of exopolysaccharide and type III secretion No 4 [7,10, 16, 18]
rpoC PA4269 DNA-directed RNA polymerase subunit No 3 [7,13,14,17]
exsA PA1713 Transcriptional regulator of T3SS No 3 [6,7,12]
ampC PA4110 B-Lactamase/p-alanine carboxypeptidase Yes 3 [8,9,13, 14]
atsA PA0183 Arylsulfatase No 3 [7,10,13]
pil] PA0411 Twitching motility protein Yes 3 [9,13,17]
xdhB PA1523 Xanthine dehydrogenase No 3 [7,8,10]
dnaX PA1532 DNA polymerase subunits y and t No 3 [6, 10, 16]
pcoA PA2065 Copper resistance protein A precursor No 3 [7, 10, 16]
pvdL PA2424 Non-ribosomal peptide synthase, pyoverdine biosynthesis No 3 [9-11]
clpA PA2620 ATP-binding protease component Yes 3 [9,13,17]
pelA PA3064 Glycohydrolase involved in Pel biosynthesis No 3 [10, 14, 16]
hasR PA3408 Haem uptake outer-membrane receptor precursor No 3 [7,10,17]

Continued
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Table 2. Continued

Longitudinal studies

Gene name PAO1 locus Product Positive selection No. Reference
wspA PA3708 Chemotaxis transducer No (10, 16, 17]
PA3728 PA3728 ATPase Yes [8,13,17]
purL PA3763 Phosphoribosylformylglycinamidine synthase Yes [8,13,17]
bfmS PA4102 Histidine kinase sensor No [9,12,15]
recC PA4285 Exodeoxyribonuclease V subunit y No [7,8,10]

ampD PA4522 N-Acetyl-anhydromuranmyl-L-alanine amidase No [6,7,17]

nfxB PA4600 Transcriptional regulator Yes [16-18]

phuR PA4710 Putative haem/haemoglobin uptake outer-membrane receptor No [7,15,17]
cbrA PA4725 Two-component sensor CbrA No [10,11,17]
cbrB PA4726 Two-component response regulator CbrB No 3 [7,9,13]

folP PA4750 Dihydropteroate synthase No 3 [7,10,15]
spoT PA5338 Guanosine-3',5'-bis(diphosphate) 3'-pyrophosphohydrolase Yes 3 [9,13,17]

sequence [63]. Similarly, P. aeruginosa strains carrying the
nonsense mucA22 mutation were recently shown to respond
highly differently than AmucA mutants to acidified nitrite
conditions [75]. These results highlight the complexity of fully
evaluating the consequences of mutations on protein features,
even for ones predicted to induce a drastic impact or a loss
of protein function. It is particularly the case for global tran-
scriptomic regulators as their alteration, however small, can
affect the expression and function of numerous other genes.

Synonymous mutations can also have beneficial or detri-
mental impacts on fitness through alteration of protein
folding, translation efficiency and rate [76, 77]. Adaptive
synonymous mutations with an associated gain of fitness
have been highlighted during experimental evolution of Pseu-
domonas fluorescens [78, 79]. Thus, it would not be surprising
that synonymous mutations also contribute to P. aeruginosa
adaptation in CF lungs, although their impact is still rarely
considered.

Intergenic regions

None of the previous studies assessed whether positive selec-
tion also occurred in non-coding regions, although intergenic
mutations were identified. Recently, an analogous ratio to
d,/d, was described to assess selective mechanisms occurring
in non-coding regions, where d__ is replaced by the number of
intergenic SNPs per intergenic site (d,) [80]. Even though this
method has not been used on a P. aeruginosa genome yet, the
signature of purifying selection was observed for intergenic
sites of other species such as Escherichia coli or Staphylococcus
aureus [80, 81]. However, Khademi and colleagues reanalysed
the sequencing data of intergenic regions from several longi-
tudinal P. aeruginosa genomic studies [6, 14, 16] and were able
to establish a list of adaptive non-coding regions mutated in
at least 3 of the 44 studied lineages [81] (Table 3).

Interestingly, some of the adaptive intergenic regions iden-
tified have been found to be mutated in other longitudinal
studies of which the sequencing data were not used in the
analysis by Khademi et al. [7, 9, 18], supporting their role
in P. aeruginosa adaptation. Table 3 presents the 15 adap-
tive intergenic regions most frequently mutated, i.e. regions
that accumulated the highest number of mutations, in the
most elevated number of lineages and longitudinal studies.
The complete table is shown in Table S1. Mutations in the
phuS/phuR intergenic region were identified in the largest
number of studies and at significant rates. Finally, we notice
that mutations occurred in the intergenic region between
ampR and ampC, a gene that was also identified as pathoad-
aptive (Table 2). Genetic modifications of intergenic regions,
thus, appear to also play a role in P. aeruginosa adaptation to
the CF environment, potentially through the transcriptomic
dysregulation of surrounding genes [81].

It is noteworthy that the sequencing results of the 13 longi-
tudinal studies analysed in this review could be connected
thanks to the genomic annotations from the reference strains
PAO1 or PA14. Thus, Tables 2 and 3 are not representa-
tive of the numerous mutations occurring within genes or
intergenic regions specific to clinical isolates. Moreover, the
accessory genome of P. aeruginosa presents very divergent
profiles according to the isolates, with great variations in
its composition and its organization [4, 19]. As a result,
accessory elements present a higher sequence diversity
[27, 32, 60, 82], limiting the establishment of convergent
evolutionary patterns within the accessory genome. None-
theless, it needs to be kept in mind that some accessory genes
can have homologous functions other than those present in
the core genome [4, 19] and, thus, sometimes compensate a
mutation in a conserved gene.
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Fig. 1. Number of longitudinal studies identifying stop (red), frameshifts
(yellow) or missense (grey) mutations in 48 genes. Non-synonymously
mutated genes and corresponding types of mutations were recovered
from the longitudinal studies listed in Table 1. Genes in bold were
affected by mutations predicted to have a drastic impact on protein
function [17] or induce a partial or total loss-of-function [6].

PHENOTYPICAL SIGNATURES OF CF-
ADAPTED P. AERUGINOSA

P. aeruginosa adapts its expression profiles to the
CF environment

Gene expression

The comparison of transcriptomes or proteomes of sequential
clinical isolates seems to be the most suitable for assessing
impacts of P. aeruginosa adaptation on global expression
profiles. Several longitudinal studies indeed performed
transcriptional profiling and observed differences of global
transcript abundance between early and late isolates [9, 13],
but also on specific expressed genes [12, 13, 83-85]. Table 4(a)
lists 41 P. aeruginosa genes differentially expressed between

early and late CF isolates. Convergent patterns of expression
could be identified in vitro in late isolates in comparison
to related early isolates, for instance, a down-regulation of
genes involved in secretion (Hcp secretion island I), the
pseudomonas quinolone signal (PQS) and phenazine biosyn-
thesis. Interestingly, more than a half of dysregulated genes
presented in Table 4 have been shown to be part of RpoN,
AlgU or LasR regulons, underscoring their significance in
P aeruginosa adaptive mechanisms [86-89].

It is important to remember that gene expression relies highly
on growth conditions and that in vitro patterns are not neces-
sarily representative of what happens in vivo. Thanks to the
advance of transcriptomic methods, recent studies evaluated
P aeruginosa global gene expression ‘in vivo, i.e. directly on
clinical populations within sputum [90-92], ex-planted lungs
from CF patients [93], or during non-human infection models
[94]. Transcriptomic patterns induced by in vivo conditions
are presented in Table 4(b). Comparable transcriptomic
dysregulations to those observed for in vitro transcriptomic
analyses were depicted for more than a half of the genes listed
in Table 4(a, b), including the down-regulation of genes from
the Hcp secretion island. Interestingly, these dysregulations
seem to be specific to CF clinical isolates. The PAO1 refer-
ence strain, not adapted to the CF-environment, was shown
to present a very divergent, if not opposite, transcriptomic
pattern during in vivo infection. These results were nonethe-
less obtained using a murine model of acute pneumonia
and should be confirmed in a chronic infection context [95]
(Table 4c). Altogether, these transcriptomic studies under-
scored the role of several genes in P. aeruginosa adaptation
to the CF environment due to: (i) convergent expression in
CF-adapted isolates in comparison to non-adapted ones,
(ii) convergent expression in vivo in comparison to in vitro
growth, and (iii) specific dysregulations in vivo in comparison
to PAO1. Genes meeting these three criteria are highlighted
in Table 4.

Protein expression

P. aeruginosa protein expression during CF infections was
mainly assessed by evaluating proteomic changes between
clinical and reference strains or under certain conditions,
as reviewed by Hare and Cordwell and by Kamath et al.
[96, 97]. More recently, this approach was used to evaluate
proteome responses of a set of clinical isolates cultivated
under different conditions of nutrient and oxygen avail-
ability [98-100]. Clinical P. aeruginosa isolates presented
a distinct proteome profile from PAO1, with convergent
expression of many proteins despite a high genomic and
phenotypic diversity between isolates. An over-expression
of proteins involved in amino acid biosynthesis or drug
resistance, with the example of MexY was specifically noted
for clinical isolates [98, 99]. Several proteins involved in
motility, chemotaxis and adhesion features were also down-
regulated, including proteins from the Fli and Pil systems,
confirming previous observations [96, 97].

To our knowledge, differences of the global proteome
between early and CF-adapted clonal isolates of
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Table 3. Selection of P aeruginosa intergenic regions under positive selection

Mutations in intergenic regions were identified as positively selected by Khademi et al. [81] and selected for this table according to their number, the
number of affected lineages and the number of longitudinal studies highlighting mutations in the same intergenic region. The complete list is shown

in Table S1.
Upstream/ Upstream/ No. of No. of
downstream genes downstream PAO1 Upstream/downstream products intergenic lineages  Reference
locus mutations
phusS // phuR PA4709 // PA4710 PhuS/haem/haemoglobin uptake outer-membrane receptor 40 4 [7,9, 18, 81]
PA0428 /| PA0429 PA0428 // PA0429 Probable ATP-dependent RNA helicase/hypothetical 34 10 [81]
protein
PA4786 // PA4787 PA4786 // PA4787 Probable short-chain dehydrogenase/probable 28 12 [81]
transcriptional regulator
PA4690.5 // PA4691 PA4690.5 // PA4691 16S ribosomal RNA/hypothetical protein 54 6 [81]
PA2535 // PA2536 PA2535 // PA2536 Probable oxidoreductase/probable phosphatidate 18 6 [7,81]
cytidylyltransferase
motY // pyrC PA3526 // PA3527 Probable outer-membrane protein precursor/ 32 6 [81]
dihydroorotase
PA3230 // PA3231 PA3230 // PA3231 Conserved hypothetical protein/conserved hypothetical 24 7 [81]
protein
algL // algl PA3547 /] PA3548 Poly(B-p-mannuronate) lyase precursor/alginate O- 14 6 [7,81]
acetyltransferase
PA0976.1 // PA0977 PA0976.1 // PA0977 tRNA-Lys/hypothetical protein 26 6 [81]
rplU // ispB PA4568 // PA4569 508 ribosomal protein L21/octaprenyldiphosphate synthase 22 7 [81]
phzM // phzA1 PA4209 // PA4210 Probable phenazine-specific methyltransferase 12 6 [7,81]
oprO // PA3281 PA3280 // PA3281 Pyrophosphate-specific outer-membrane porin precursor/ 10 5 [7,81]
hypothetical protein
1dh // PA3419 PA3418 // PA3419 Leucine dehydrogenase 10 5 [7, 81]
ampR // ampC PA4109 // PA4110 Transcriptional regulator/B-lactamase precursor 12 4 [9, 81]
PA5160.1 // rmIB PA5160.1 // PA5161 tRNA-Thr/dTDP-p-glucose 4,6- dehydratase 16 6 [81]

Genes of which the promoter is located in the impacted intergenic region are underlined.

P. aeruginosa, however, have not been assessed yet, limiting
the establishment of direct relationships between genetic
adaptation to the CF environment and protein expression.
Nonetheless, a recent study described the P. aeruginosa
proteome directly from CF sputum. By comparing protein
expression in the P. aeruginosa population from 35 samples,
Wu and colleagues, thus, were able to identify a convergent
pattern of protein expression in vivo [101] (Table 5a). Some
of the proteins identified as more abundantly produced
by clinical isolates than by PAO1 were found also to be
highly produced in vitro, with the example of the chap-
erone Hfq and the phosphate transporter PtsS (Table 5b)
[98, 99, 101-103]. Here again, protein expression pattern
appears to largely rely on growth conditions (Table 5b).

Convergent phenotypes are selected by P.
aeruginosa adaptation

As a result of the diversification of genetic, transcrip-
tomic and proteomic profiles, CF-adapted P. aeruginosa

can present various phenotypic signatures (Fig. 2)
[46, 47, 104]. Although these are often found to be patient
dependent [17, 105], similar phenotypes are frequently
observed in adapted P. aeruginosa isolates, including
alterations of metabolism, antibiotic resistance, biofilm
and virulence. These phenotypes are associated with
chronic infections as they promote bacterial persis-
tence within lungs and have been extensively described
[46,47, 104, 106-108]. Interestingly, an analogous pheno-
typic diversification could be recently reproduced in vitro
by experimental evolution in CF-mimicking conditions.
Schick and colleagues observed that the complexity
and the viscosity of the synthetic cystic fibrosis sputum
medium (SCFM) containing mucin was sufficient to
induce several common phenotypes of CF strains, such
as antibiotic resistance, biofilm formation, loss of motility
and production of virulence factors [109].
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Table 4. P aeruginosa transcriptomic alterations during adaptation to the CF lung environment

Square colour indicates gene expression: up-regulation (red), down-regulation (green), undetermined (light grey), divergent according to studies (dark
grey). (a) Gene expression in late isolates in comparison to related early isolates of P aeruginosa. The 41 genes with a convergent pattern identified in
at least four isolates were selected [12, 13, 83-85]. (b) Gene expression in clinical CF isolates in vivo (CF sputum, explanted lungs or zebra fish infection)
in comparison to growth in vitro [91-94]. (c) Gene expression in PAO1 in vivo (murine infection model of acute pneumonia) in comparison to growth in
vitro [95].

Gene PAO1 locus Product (a) (b) (c)
name Expression in Expression in Expression in
late isolates  CF isolates in PAOL1 in vivo
vivo

PA1323 PA1323f Hypothetical protein
PA1324 PA1324f Hypothetical protein
PA1471 PA1471 Hypothetical protein
PA1559 PA1559 Hypothetical protein
PA1592 PA1592 Hypothetical protein
mexX PA2019 RND multidrug efflux membrane fusion Key

protein
PA2485 PA2485 Hypothetical protein - Up-regulation
PA3691 PA3691# Hypothetical protein Down-regulation
IptF PA3692¢ Lipotoxon F Undetermined
PA3819 PA3819 Conserved hypothetical protein Divergent
osmE PA4876 Osmotically inducible lipoprotein
PA4880 PA4880 Probable bacterioferritin
PA5212 PA5212 Hypothetical protein
PA0045 PA0045 Hypothetical protein
PA0046 PA0046 Hypothetical protein
PA0047 PA0047 Hypothetical protein
tagQl1 PA0070° TagQ1
pppA PA0075¢ PppA
tagF1 PA0076* Hcp secretion island I (HSI-I) T6SS
icmF1 PA0077* Hcp secretion island I (HSI-I) T6SS
tssL1 PA0078° Hcp secretion island I (HSI-I) T6SS
tssK1 PA0079" Hcp secretion island I (HSI-I) T6SS
tssJ1 PA008O" Hcp secretion island I (HSI-I) T6SS
ttsAl PA0082°¢ Hcp secretion island I (HSI-I) T6SS
ttsB1 PA0083¢ Hcp secretion island I (HSI-I) T6SS
ttsCl PA0084° Hcp secretion island I (HSI-I) T6SS
hepl PA0085 Hcp secretion island I (HSI-I) T6SS
tag]1 PA0086¢ Hcp secretion island I (HSI-I) T6SS
tssE1 PA0087¢ Hcp secretion island I (HSI-I) T6SS
tssG1 PA0089¢ Hcp secretion island I (HSI-I) T6SS
dpv1 PA0090¢ ClpV1
pgsC PA0998¢ B-Keto-acyl-acyl-carrier protein synthase

Continued
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Table 4. Continued

Gene PAO1 locus Product (a) (b) (c)

name Expression in Expression in Expression in
late isolates  CF isolates in PAOL1 in vivo

vivo

pgsD PA0999¢ Acetyl CoA ACP transacetylase

phnA PA1001 Phenazine biosynthesis protein

HsiB2 PA1657 Conserved hypothetical protein

hcnA PA2193 Hydrogen cyanide synthase

tse5 PA2684 Cell wall/membrane/envelope biogenesis

PA3021 PA3021 Hypothetical protein

PA3729 PA3729 Conserved hypothetical protein

cytN PA4133 Cytochrome ¢ oxidase subunit

PA4317 PA4317 Hypothetical protein

Genes annotated with an identical letter belong to the same operon.

Genes in bold respond to the following criteria: (i) convergent expression in CF late isolates in comparison to early ones, (ii) convergent
expression in vivo in comparison to in vitro growth,and (iii) specific dysregulations in vivo in comparison to PAO1.

Metabolic alterations

The energetic metabolism of P. aeruginosa is largely affected
by its adaptation to the CF environment. As a consequence of
non-synonymous mutations in numerous metabolism-related
genes, adapted P. aeruginosa strains present a differential and
adjusted assimilation of the nutrients present in the CF lung
(Fig. 2a) [17, 67, 105, 107, 110]. Auxotrophy or reduction of
catabolic capacities are frequently observed and arise from
either low or high molecule availability in the CF environ-
ment. Amino acid auxotrophy often arises in CF-adapted
P. aeruginosa due to the high abundance of these molecules
in CF sputum [107, 110-112]; in addition, purine auxotrophy
can be established in DNA-rich sputa [113]. Development
of new metabolic capacities can nonetheless arise through
enrichment of the accessory genome in metabolic functions
[17,28, 60]. This adjusted metabolism increases P. aeruginosa
fitness in the CF environment, but it often results in a slowed
growth in laboratory conditions in comparison to non-
adapted isolates [7, 8, 12, 13, 18, 107, 110, 114]. This modi-
fication of metabolic activities can limit effective detection
and treatment of infecting P. aeruginosa, as illustrated by the
emergence of highly resistant small colony variants (SCVs)
and viable but non-culturable (VBNC) isolates [115-117].

Antimicrobial resistance and biofilm

Another feature limiting treatment of P. aeruginosa
infection is the development of resistance mechanisms
to antimicrobials. In comparison to early strains, late
P. aeruginosa isolates present a greater antibiotic resistance
acquired through different mechanisms: (i) alteration of
antibiotic transport, (ii) increase of antibiotic degradation,
and (iii) alteration of antibiotic targets [118]. The alteration

of antibiotic transport is characterized by a decrease of
antibiotic input through reduction of porin activities,
and in an increase of drug output through modification
of the efflux pumps activity. Particularly, oprD repres-
sion and mexAB overexpression, induced by mutations
in their own coding sequences or in their regulators,
are frequently responsible for f-lactam resistance in CF
P. aeruginosa (Fig. 2b) [10, 118, 119]. Such resistance can
also be promoted by the genome enrichment of acces-
sory genes involved in multidrug secretion. The many
transporters constituting the accessory genome of the LES
epidemic strain, thus, contribute to its high antibiotic resist-
ance and its epidemiological success [23]. The increase in
antibiotic degradation is mainly perpetrated by an overpro-
duction of the cephalosporinase AmpC, induced by muta-
tions in the ampCD genes but also in the coding sequencing
of their regulator AmpR (Fig. 2b) [118]. Finally, the increase
of P. aeruginosa multidrug resistance can also involve the
alteration of several antibiotic targets, such as the DNA
gyrase GyrAB, the penicillin-binding protein FtsI or the
lipopolysaccharide (LPS) of the bacterial outer membrane
[11, 118,120, 121] (Fig. 2b). The latter undergoes important
alterations of its three components during P. aeruginosa
adaptation to the CF environment. Mutations in pmrB,
migA and pagL are associated with structural modifica-
tions of the lipid A part of the LPS, inducing resistance
to polymyxins [10-12, 120, 122]. The alteration of MigA
and LptF can also affect the synthesis of the core oligosac-
charide and the transport of the mature LPS, although their
impact on antibiotic resistance remains poorly understood
[121, 123, 124]. Finally, CF isolates often lack the O-antigen
polysaccharide of the LPS due to mutations in wbp genes,
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Table 5. P aeruginosa proteomic expression in vivo in comparison to in vitro conditions

Square colour indicates protein expression: up-regulation (red), down-regulation (green), undetermined (light grey). (a) Protein expression in
P aeruginosa populations from CF sputa, in comparison to populations grown in vitro [101]. The 15 proteins identified with a convergent pattern within
the most samples were selected. (b) Protein expression in P aeruginosa CF isolates in comparison to PAO1 determined in vitro in minimal medium M9
[99], rich medium LB [98, 102, 103] or in sputum-like media SCFM [99] or ASMDM (artificial sputum medium with high molecular mass DNA and mucin)
[103], for the 15 proteins identified as expressed in vivo. NA, Not available.

Protein PAOL1 locus Product (a) In vivo vs in vitro (b) In vitro vs PAO1
name
Expression in No. of No. of Expression Expression in Expression in
CF sputa  samples with samples with in minimal rich medium sputum-like
convergent detected medium media
pattern protein
OprD PA0958 Outer-membrane porin precursor 20 25
OprH PA1178 PhoP/Q and low Mg** inducible outer- 27 33
membrane protein H1 precursor
PA1288 PA1288  Probable outer-membrane protein precursor 26 33
Oprl PA2853 Outer-membrane lipoprotein Oprl 26 35
precursor
AlgE PA3544 Alginate production outer-membrane 20 21
protein AlgE precursor
FumCl1 PA4470 Fumarate hydratase 24 30
PhuR PA4710 Haem/haemoglobin uptake outer- 22 32
membrane receptor precursor

PA4793 PA4793 Hypothetical protein 23 31

PA4837 PA4837  Probable outer-membrane protein precursor 28 31

Hfq PA4944 Hfq 19 29

PstS PA5369 Phosphate ABC transporter, periplasmic 25 26

phosphate-binding protein

NA NA TonB-dependent receptor 24 25

Icd PA2623 Isocitrate dehydrogenase 21 30

RpsB PA3656 30S ribosomal protein S2 20 28

RplS PA3742 50S ribosomal protein L19 23 26

resulting in lower virulence and increased tolerance to
gentamicin [121, 125].

Besides antibiotics, LPS modifications also affect P. aeruginosa
resistance to phages and bacteriocins [120]. In CF-adapted
P aeruginosa, mutations in LPS biosynthesis genes were
shown to decrease phage susceptibility by hampering
LPS-mediated recognition [120, 126]. In contrast, chronic
CF isolates are often more susceptible to the P. aeruginosa-
produced bacteriocins, pyocins, due to an improved access
to the cell envelope following the structural alterations of the
O-antigen [120, 127, 128]. However, pyocin production is also
frequently reduced in chronic CF P, aeruginosa [126, 127].

Resistance to antimicrobials is also associated with an
increased formation of biofilm. The exopolysaccharide
matrix, constituted of varying proportions of Pel, Psl or
alginate molecules according to the strain, indeed allows
the constitution of a physical and chemical barrier against
antimicrobials (Fig. 2d) [129-132]. CF-adapted strains

often present an up-regulation of Pel, Psl and/or alginate
exopolysaccharides production; hence, increasing biofilm
formation, modifying the composition of its matrix and
favouring antimicrobial resistance [130]. Pel and Psl
overproduction is, thus, responsible for the persistence
phenotype of rugose small colony variants (RSCVs) in CF
P. aeruginosa [133, 134]. Mucoid isolates, mainly arising
from mucA alterations inducing alginate overproduc-
tion, are also associated with poorer clinical outcome
and greater inflammation [135-138]. Interestingly,
mucoid and non-mucoid isolates are often co-isolated
from CF patients, due to diversification or reversion
of the phenotype through compensatory mutations, in
algU for instance (Fig. 2d) [11, 18, 72]. Sessile lifestyle is
also promoted by a loss of motility linked to inhibition
of pili and flagella synthesis [10, 12, 18]. Alterations of
these membrane components, as well as LPS modification
and biofilm formation, reduce the induction of the host
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Fig. 2. Pathways related to metabolism (a), antimicrobial resistance (b), virulence (c) and biofilm formation (d) altered during
P aeruginosa adaptation to the CF environment. DNA sequences of products in bold have been shown to accumulate non-synonymous
mutations. Intergenic regions surrounding products that are underscored are mutated. Late isolates present a convergent transcriptomic
dysregulation of the products marked by asterisks in comparison to early isolates.

inflammasome and, thus, efficient bacterial elimination
from the lungs [106, 108].

Virulence

In the same way, P. aeruginosa-adapted isolates have been
shown to secrete fewer virulence factors, which are both
immunogenic and costly to produce [10, 18, 108]. Iron
plays a pivot role in bacterial virulence and its acquisition
is affected during P. aeruginosa adaptation to the CF envi-
ronment. Alteration of pyoverdine siderophore synthesis
through mutations in the regulator pvdS and the pvd genes is
often observed, inducing a loss of virulence [125, 139, 140].
In contrast, iron acquisition through haem is promoted in
adapted isolates thanks to the up-regulation of Phu and Has
systems (Fig. 2a) [139, 141]. Changes in the accessory genome
composition also undoubtedly affect P. aeruginosa virulence,
as chronic or eradicated CF isolates present a different reper-
tory of accessory functions than virulent ones [17, 32]. Altera-
tion of the genomic islands PAPI-1 and PAPI-2 and the LES
phages can greatly lower P. aeruginosa virulence [21, 22, 24].

In connection with this, CF isolates from chronic infection
strains often lacks the PAPI-2 encoded cytotoxin ExoU. They
instead harbour the type III secretion system (T3SS) effector
ExoS, which is chromosomally encoded and has less virulent
properties than ExoU [142-145]. However, mutations in
major virulence and quorum-sensing (QS) regulators, such
as retS, exsA or lasR, are the main perpetrators of the low-
virulence state of chronic P. aeruginosa (Fig. 2¢).

QS rewiring and modification of microbial interactions

The alterations of QS systems suggest that P. aeruginosa
adaptation goes along with a reduction of social behaviours.
This hypothesis is supported by the high frequency of lasR
mutations that are also acquired during in vitro evolution
of P. aeruginosa [146, 147]. On the one hand, the emergence
of lasR-mutant social cheaters within the bacterial popula-
tion suggest a loss of intra-species cooperative behaviours
as these mutants will benefit from extracellular factors
produced by other members without paying the energy cost
[148-150]. However, this also indicates that QS activities
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and social behaviours need to be considered at the whole
population scale. On the other hand, several recent studies
depicted that lasR mutants isolated from CF infections
retained an active QS through a lasR-independent induc-
tion of the Rhl system. This phenomenon was often related
to compensatory mutations in the pathoadaptive mexT gene
[63-66], and not by alteration of rhl genes. The latter are
indeed rarely mutated during P. aeruginosa evolution within
CF lungs, underscoring the importance of maintaining a
functional Rhl system during chronic infections. Instead of
aloss of QS, P. aeruginosa adaptation to the CF lung rather
induces a rewiring of QS networks for the benefit of a Rhl-
mediated social behaviour within the bacterial population.
Furthermore, the intra-species interactions of P aeruginosa
do not seem to involve pyocins anymore, since both pyocin
resistance and production are frequently reduced in chronic
isolates [120, 126, 127]. However, pyocins and many of the
QS-regulated factors also play a critical role in interspe-
cies interactions, such as the type VI secretion system
(T6SS) and pyocyanin (Fig. 2¢) [151-155]. And indeed, an
increasing number of studies highlight an evolution of P
aeruginosa interactions with other co-colonizing micro-
organisms in the CF environment [155-160].

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The numerous sequencing studies performed on clinical
isolates allowed the description of the main genetic mecha-
nisms of P. aeruginosa adaptation to the CF environment. This
adaptation mainly relies on the accumulation and the selec-
tion of small mutations in pathoadaptive genes. For the first
time, this phenomenon was recently shown to occur within
intergenic regions as well. As these non-coding elements were
rarely taken into account in genomic studies, reanalyses of
the vast amount of sequencing data already available should
allow a better examination of their role in the P. aeruginosa
adaptation process. At the same time, the ambiguous impact
of recombination and large chromosomal rearrangements on
pathoadaptation could be clarified by combining second- and
third-generation sequencing methods to assemble complete
genomes.

Alteration of pathoadaptive elements allows the establish-
ment of persistence phenotypes in P. aeruginosa, such as
high antibiotic resistance through an increased efficiency of
antimicrobial efflux, an enhanced ability to form biofilm and
a slowed metabolism. In addition, the low-virulence state
of CF-adapted P. aeruginosa limits the proper functioning
of the host immune responses. However, the precise rela-
tionship between these phenotypes and the P. aeruginosa
genotype remains difficult to evaluate, especially due to the
intense diversification occurring during adaptation and the
pleiotropic effects of most mutations. The study of several
isolates per time point throughout longitudinal studies
would allow a better overview of the different evolutionary
paths taken by the bacterium within CF lungs. Assessing
the changes in gene and protein expressions during

P. aeruginosa adaptation thanks to -omics methods can also
address some of these issues, with particular attention to
the expression conditions. Transcriptomic and proteomic
studies in vivo or in CF-like conditions, thus, appears essen-
tial to gain more insight in the physiological adaptation of
P. aeruginosa to the CF environment.

The description of P. aeruginosa adaptive process ensures
a better understanding of the selection forces that drive
its evolution within the CF lung. While some of them are
already known, such as antibiotic and oxidative stresses,
other selective pressures remain little explored. Due to the
polymicrobial nature of CF infections, the role of other
microbial communities in P. aeruginosa adaptive mecha-
nisms deserves more consideration. The activities of native
or co-colonizing micro-organisms can deeply affect the
environment characteristics, such as the distribution and
availability of nutrients, iron or antimicrobial molecules.
Moreover, a range of microbial interactions can either limit
or promote P. aeruginosa persistence and, thus, adaptation
within CF lung infections [156-158, 160-162]. In line with
this, the presence of Staphylococcus aureus has been shown
to promote P. aeruginosa colonization [163], whereas the
latter was negatively associated with infection by other
pathogens such as Burkholderia cepacia and Stenotropho-
monas maltophilia [164]. Besides pathogens, the role of the
normal lung microbiota is increasingly considered since
commensal anaerobes have been shown to impact the anti-
biotic resistance and virulence of P. aeruginosa [161, 162].
Thus, the presence of these micro-organisms may influence
establishment and adaptation of P. aeruginosa in the CF
environment. Ultimately, the comprehensive understanding
of this adaptation appears pivotal to limit the establishment
of chronic P. aeruginosa infections.
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Introduction Interactions entre P. aeruginosa et S. aureus

- Etude de cas : les interactions entre P. aeruginosa et S. aureus chez
les patients atteints de mucoviscidose

La forte prévalence de S. aureus et P. aeruginosa dans les poumons des patients
atteints de mucoviscidose favorise les co-infections a ces deux pathogénes, qui touchent 25%
(France) a 35% (Etats-Unis) des sujets selon les cohortes (133, 163, 164). L'impact de la co-
infection par S. aureus et P. aeruginosa sur l'état de santé des patients atteints de
mucoviscidose est de plus en plus investigué mais encore débattu. Si certaines études
n’observent pas d’effet négatif de la co-infection sur le bilan clinique par rapport a une infection
uniquement causée par P. aeruginosa (163, 165), d’autres décrivent une diminution des
fonctions respiratoires ainsi qu’'une augmentation de l'inflammation et de la fréquence des
exacerbations chez les patients co-infectés (131, 132, 164). Ces résultats contradictoires
proviennent probablement de la disparité des cohortes et des méthodes d’analyses
statistiques utilisées dans ces différentes études, et devraient étre éclaircis par de prochaines

analyses.

Les études décrivant une co-infection plus sévére que la mono-infection a
P. aeruginosa suggeérent que ce phénomeéne serait lié a des interactions microbiennes entre
les deux pathogeénes. Plusieurs éléments soutiennent cette hypothése : d’'une part, S. aureus
et P. aeruginosa sont co-localisés dans les poumons et occupent donc les mémes niches
écologiques, indiquant une probable interaction in vivo (166). D’autre part, de plus en plus
d’études mettent en évidence un impact de cette interaction sur les propriétés de colonisation,
de résistance et de persistance de souches de ces deux pathogénes isolées de patients
atteints de mucoviscidose (55, 58, 63, 167—169). L’activation de la virulence de P. aeruginosa
par les composés membranaires de S. aureus pourrait par exemple expliquer pourquoi les co-
infections affectent plus sévérement 'état de santé de patients que les mono-infections a
P. aeruginosa (37, 131, 132, 164). La compréhension des interactions microbiennes entre
P. aeruginosa et S. aureus apparait ainsi essentielle pour mieux appréhender leur
pathogénicité et leur persistance dans le contexte des infections pulmonaires chez les patients

atteints de mucoviscidose.

3.1. L’état de compétition

Les premiers éléments témoignant d’une relation négative entre P. aeruginosa et
S. aureus ont été découverts dés 1956, engendrant alors de nombreuses études sur le

phénoméne (170). Les tenants et aboutissants de cette interaction négative sont aujourd’hui
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bien décrits et indiquent que les souches de référence et environnementales de P. aeruginosa
et S aureus sont en compétition (37). Comme la plupart des compétitions, elle est médiée par
les besoins nutritionnels proches des deux bactéries, et est ainsi favorisée dans les
environnements nutritifs simples (37, 171-174) (Cf. Partie « Types d'interactions

microbiennes »).

De fagon intéressante, des mécanismes de compétition d’exploitation mais aussi
d’interférence sont développés au cours de cette interaction. La compétition d’exploitation
entre P. aeruginosa et S. aureus repose notamment sur 'acquisition du fer exogéne, essentiel
a leurs métabolismes respectifs. Les sidérophores de S. aureus et de P. aeruginosa rentrent
ainsi en compétition dans le milieu extracellulaire pour la captation du fer, tout comme leurs
systemes d’'import de 'héme (156, 174, 175). En revanche, les stratégies d’interférence
semblent uniquement employées par P. aeruginosa et reposent sur la sécrétion de nombreux
facteurs anti-staphylococciques. En plus des sidérophores, P. aeruginosa acquiert ainsi le fer
de S. aureus en le lysant grace a la protéase extracellulaire LasA (37, 174). La pyocyanine,
les 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) ainsi que le signal du QS N-3-oxo-
dodecanoyl homoserine lactone (30C12-HSL) induisent un métabolisme fermentaire chez
S. aureus et inhibent sa croissance. Ce changement métabolique participe d’ailleurs au
développement du phénotype SCV chez S. aureus (37, 176—-178). Les rhamnolipides et I'acide
cis-2-décenoique produits par P. aeruginosa limitent également la formation de biofiim de
S. aureus en favorisant sa dispersion ou limitant son attachement aux surfaces (37). Enfin,
une compétition plus indirecte peut s’opérer entre les deux pathogénes, puisque P. aeruginosa
peut favoriser I'élimination de S. aureus en agissant sur les systémes d'immunité des cellules
hétes. Il a ainsi été démontré que l'injection de la toxine ExoS par le SST3 de P. aeruginosa
au sein des cellules eucaryotes induisait la synthése d’une phospholipase ayant une activité

bactéricide envers S. aureus (179).

Si S. aureus n’arbore pas de telles stratégies et semble avoir un impact mimine sur
P. aeruginosa, il est nécessaire de rappeler que la production de toutes ces molécules anti-
staphylococciques est énergétiquement colteuse pour P. aeruginosa. La capacité de
P. aeruginosa a produire ces facteurs reste toutefois le principal déterminant de I'interaction
compétitive s’opérant entre les deux pathogénes (55, 63). Le caractére compétiteur de
P. aeruginosa a ainsi été mis en évidence chez une majorité de souches — dont les souches
isolées des patients atteints de mucoviscidose — et est considéré comme le comportement
basal de la bactérie face a S. aureus (37, 63, 168, 169, 167, 163, 55).
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3.2. Evolution des interactions entre P. aeruginosa et S. aureus

Le comportement compétiteur de P. aeruginosa est suspecté d’étre a l'origine de la
cinétique d’infection particuliere de P. aeruginosa et S. aureus (55, 63, 163). En effet, 'arrivée
de P. aeruginosa dans les poumons semble associé a une décroissance de la prévalence de
S. aureus, pouvant témoigner de I'état de compétition s’opérant entre les deux bactéries lors

des infections intermittentes par P. aeruginosa (Fig. 9).

Chronicisation des infections

S. aureus Adaptation de P. aeruginosa
== P aeruginosa

100-
90— Compétition Coexistence
80—
704
60—
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30
20+
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0 T T T T T T T T |
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I
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Figure 9 : Modélisation de la relation existant entre la cinétique d’infection par S. aureus et
P. aeruginosa, leur état d’interaction et I’adaptation de P. aeruginosa au milieu pulmonaire. Les
cinétiques de prévalence ont été adaptées du Registre Francgais de la Mucoviscidose 2017 (75).

Cependant, la prévalence de S. aureus semble ensuite se stabiliser et les co-infections
avec P. aeruginosa deviennent fréquentes, suggérant une modification de la compétitivité de
P. aeruginosa. Et effectivement, un nombre croissant d’études montrent que les souches de
P. aeruginosa isolées de co-infections chroniques ne sont plus capables d’inhiber la
croissance de S. aureus, permettant aux deux espéces de coexister durablement dans les
poumons (55, 63, 167, 168). D’une part, cet état de coexistence reste encore mal compris
mais pourrait favoriser les comportements coopératifs entre les deux pathogénes (55, 168).
D’autre part, I'établissement de cette coexistence est concomitant avec la chronicisation des
infections a P. aeruginosa, suggérant que cet état d’interaction résulterait de 'adaptation de la
bactérie au milieu pulmonaire des patients atteints de mucoviscidose. L’évolution des
interactions entre P. aeruginosa et S. aureus est développé dans la revue suivante (Front.
Microbiol., 2021).
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Pseudomonas aeruginosa and Staphylococcus aureus are the two most prevalent
bacteria species in the lungs of cystic fibrosis (CF) patients and are associated with poor
clinical outcomes. Co-infection by the two species is a frequent situation that promotes
their interaction. The ability of P aeruginosa to outperform S. aureus has been widely
described, and this competitive interaction was, for a long time, the only one considered.
More recently, several studies have described that the two species are able to coexist.
This change in relationship is linked to the evolution of bacterial strains in the lungs.
This review attempts to decipher how bacterial adaptation to the CF environment can
induce a change in the type of interaction and promote coexisting interaction between
P aeruginosa and S. aureus. The impact of coexistence on the establishment and
maintenance of a chronic infection will also be presented, by considering the latest
research on the subject.

Keywords: P. aeruginosa, S. aureus, interaction, evolution, cystic fibrosis

INTRODUCTION

Cystic fibrosis (CF) patients suffer from severe pulmonary infections. Pseudomonas aeruginosa is
one of the most prevalent bacteria within CF lungs and is the main factor responsible for poor
clinical outcomes due to the difficulty of eradicating it. Indeed, this bacterium has been shown to
rapidly adapt to the CF lung environment and persist efficiently despite host immune responses
and antibiotic treatments. This adaptation is mainly due to the accumulation of genetic mutations
that alter the expression profiles and phenotypes of P. aeruginosa (Smith et al., 2006; Marvig et al.,
2015a; Winstanley et al., 2016; La Rosa et al., 2019).

Another important feature of P. aeruginosa is its ability to interact with other CF
microorganisms such as Aspergillus fumigatus, Candida albicans, and Staphylococcus aureus. S.
aureus is also one of the most predominant pathogens in CF lungs and is detected simultaneously
with P. aeruginosa in 20 to 50% of patients (Limoli et al., 2016; Briaud et al., 2020). P. aeruginosa can
exhibit particularly aggressive behavior toward S. aureus (Michelsen et al., 2016). This antagonistic
interaction was the only one observed between the two species for a long time. However,
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P. aeruginosa strains with more tolerant behavior toward
S. aureus have recently been isolated from chronic CF infections
(Baldan et al., 2014; Michelsen et al., 2016; Briaud et al., 2019,
2020; Pallett et al., 2019; Camus et al., 2020). The establishment
of such coexisting interaction between the two species seems to
arise from their evolution in the lung ecosystem.

In this review, we aim to clarify the relationship between the
adaptation of P. aeruginosa and S. aureus to the CF environment
and the evolution of their interactions. We will present the
genetic and phenotypic evolutions of the two partners and their
impacts. The characterization of this coexisting interaction status
and how it can contribute to the establishment and maintenance
of a chronic infection will also be assessed.

ADAPTATION TO THE CF ENVIRONMENT
REDUCES P, aeruginosa’s
ANTI-STAPHYLOCOCCAL BEHAVIOR

P. aeruginosa Evolves During the

Establishment of Chronic Infection

Lungs of CF patients constitute a stressful environment for
colonizing microorganisms, especially due to toxic, osmotic,
or oxidative stresses induced by the host immune system and
recurring antibiotic treatments. Anoxia or micro-anaerobia,
acidity and the nutritional characteristics of the CF environment
can also hamper bacterial growth and persistence (Yang
et al., 2011; La Rosa et al, 2019). Nevertheless, P. aeruginosa
was shown to adapt in response to these different selective
pressures. Numerous sequencing studies of longitudinal isolates
of P. aeruginosa revealed that the bacterium accumulates a
significant number of small mutations (SNP and small insertions
and deletions) during its evolution in CF lungs. So, some
genomic modification were found to be positively selected due
to their beneficial impacts on P. aeruginosa fitness in the
stressful CF environment (Smith et al, 2006; Marvig et al,
2015b,¢; Klockgether et al., 2018; Khademi et al., 2019). There
were called pathoadaptive modifications as they promote the
pathogen survival and persistence at the infectious site. As a
result, CF-adapted isolates of P. aeruginosa present convergent
expression profiles and phenotypes, conferring advantageous
features (Folkesson et al, 2012; Winstanley et al., 2016; La
Rosa et al, 2019). Table 1 gathers the main pathoadaptive
genomic regions of P. aeruginosa, as well as the associated
phenotypes (Table 1).

Firstly, CF-adapted strains of P. aeruginosa adjust their
energetic metabolism to the particular nutritional composition
of the CF environment (Palmer et al,, 2007; La Rosa et al,,
2018, 2019). This is mainly reflected by a restriction of the
catabolic repertory and the slowed growth of clinical isolates
in comparison to non-adapted strains (Marvig et al., 2015a; La
Rosa et al., 2018, 2019). In response to iron sequestration by the
host, P. aeruginosa also adapts its iron uptake mechanisms for
the benefit of heme-based assimilation. Alteration of pvd genes
in CF isolates was indeed shown to decrease the production
of the pyoverdine siderophore and thus ferric iron acquisition.

In contrast, mutations in the phuS//phuR intergenic region
increase the expression of the heme receptor PhuR and thus
acquisition of host-sequestered iron (Table 1; Marvig et al., 2014;
Minandri et al., 2016). Iron and nutrient acquisition nonetheless
remains difficult in CF lung, hampering the costly production of
many iron-dependent virulence factors. P. aeruginosa virulence
is also reduced by genetic alterations and/or transcriptomic
dysregulations of genomic regions involved in motility (pil] and
chpA), secretion (phz and Hcp genes) and regulation of virulence
(lasR, retS, exsA, and rpoN) (Marvig et al., 2015a; Winstanley
et al, 2016). Most of these factors being immunogenic, the
down-regulation of their production allows a better escape of
P. aeruginosa from the host immune system. Such escape and
resistance to immune responses is also promoted by the increased
biofilm production of CF-adapted P. aeruginosa. In particular,
mutations in mucA and alg genes induce the overproduction
of alginate, an exopolysaccharide composing the biofilm matrix
and responsible for the frequent mucoid phenotype (Marvig
et al., 2015b; Winstanley et al.,, 2016). Finally, adapted strains
of P. aeruginosa exhibit increased antibiotic resistance related
to genic alterations of antibiotic targets (for instance the
gyrases gyrA, gyrB), efflux pumps (mex genes), lactamases (amp
genes), as well as lipopolysaccharide (LPS) and porin synthesis
(pagL, pmrB, and opr genes) (Table 1; Folkesson et al., 2012;
Marvig et al., 2015b; Winstanley et al., 2016). Altogether, these
adaptations induce a weakly virulent but highly resistant state of
P. aeruginosa, promoting its persistence within CF lungs.

Impact of P. aeruginosa Adaptation on

Its Anti-staphylococcal Behavior

In addition to limiting the effectiveness of the immune response
and antibiotic treatments, adaptations of P. aeruginosa can also
modify its interactions with other microbial species, in particular
with S. aureus. The anti-staphylococcal behavior of P. aeruginosa
relies on mechanisms of bacterial lysis and growth suppression,
as well as metabolic alterations, virulence and biofilm formation
(Figure 1A; Hotterbeekx et al., 2017). However, several studies
demonstrated that such behavior was not conserved in CF-
adapted strains of P. aeruginosa, allowing the establishment of
a coexisting interaction with S. aureus (Baldan et al,, 2014;
Michelsen et al., 2014, 2016; Limoli et al., 2017; Briaud et al.,
2019). It thus appears that the relationship between P. aeruginosa
and S. aureus evolves from competition to coexistence, a process
resulting from the adaptation of P. aeruginosa.

Nutrient Competition and Virulence

One of the main factors involved in the competitive interaction
between P. aeruginosa and S. aureus is that of resources, notably
iron-availability in the environment. Indeed, it has been shown
that P. aeruginosa’s aggressive behavior toward the Gram positive
bacterium varies according to medium richness and is even
promoted during iron depletion (Mashburn et al., 2005; Filkins
et al., 2015; Nguyen et al., 2015; Miller et al., 2017). In these
conditions, P. aeruginosa uses S. aureus as an iron source by
lysing its cells thanks to the LasA protease, whose production
is regulated by the quorum-sensing (QS) regulator LasR (Toder
et al., 1991; Mashburn et al., 2005; Hotterbeekx et al., 2017).
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TABLE 1 | Main genetic and phenotypic adaptations of Pseudomonas aeruginosa during its evolution in the CF lung environment.

Associated functions and phenotypes

Intragenic non-synonymous Intergenic mutations

Transcriptomic

mutations pattern
Metabolic adaptation  Adaptation of energetic metabolism atsA, xdhB, purL, spoT Idh//PA3419
Increase of heme acquisition hasR phuS//phuR
Adaptation of resource transport/sensing chbrAB
Decrease of siderophore production pvdlL, pvdS
Increase of biofilm Increase of alginate EPS production algU, mucA, algG algUralgl
formation Increase of pel EPS production pelA
Alteration of biofilm formation WSPA
Virulence decrease Loss of motility pild, chpA motY//pyrC
Decrease of secretion activity retS, exsA, clpA phzM//phzA1 1 HSI-I, § phnA
QS rewiring lasR
Increase of antibiotic Increase of antibiotic degradation ampC, ampD ampR//ampC
resistance Porins alteration oprD oprO//PA3281
Alteration of antibiotic targets qyrB, gyrA, ftsl, fusA1
LPS alteration migA, wbpM, pagL, pmrB
Efflux increase mexAB, mexY, mexZ, 1+ mexX
mexS, mexT, nfxB
Other Alteration of DNA reparation dnaX, recC
Alteration of transcription/translation rpoB, rpoC
Global regulatory dysregulations rpoN

Gray cells indicate adaptations that can impact microbial interactions of R aeruginosa.

As P. aeruginosa’s adaptation to CF lungs is accompanied by
lasR mutations and QS network rewiring, protease activity and
especially LasA production are frequently reduced in chronic
clinical isolates (Table 1, Figure 1B; Manos et al., 2013; Marvig
et al., 2015a; Feltner et al,, 2016; van Mansfeld et al., 2016;
O’Brien et al.,, 2017). The ability of P. aeruginosa CF strains
to lyse S. aureus cells was recently assessed on a limited set of
three isolates. It was nonetheless depicted that the isolate lacking
LasA production and protease activity was the only one unable
to outcompete and lyse S. aureus (Pallett et al., 2019). Studies
including larger sets of strains with different colonization times
(as longitudinal ones) would be of great interest to evaluate
the relationship between P. aeruginosa’s adaption to the CF
lung environment and its ability to efficiently lyse S. aureus.
In addition, S. aureus lysis leads to increased concentrations of
N-acetyl glucosamine (GlcNac) which induces the production
of virulence factors by P. aeruginosa (Hotterbeekx et al., 2017).
Thus, the absence of S. aureus lysis may contribute to the decrease
in virulence of P. aeruginosa.

As a strategy to limit nutritional competition, P. aeruginosa
is also able to inhibit the growth of S. aureus by altering
its metabolic activities. Indeed, the secondary metabolites
HQNO (2-heptyl-4-hydroxyquinoline N-oxide) and pyocyanin
secreted through the PQS (Pseudomonas Quinolone Signal)
system induce a fermentative metabolism in the Gram positive
bacterium (Hoffman et al., 2006; Proctor et al., 2014; Hotterbeekx
et al., 2017; Noto et al., 2017). This metabolic switch is also
responsible for the well-described small colony variant (SCV)
phenotype of S. aureus (Proctor et al, 2014; Figure 1A).
Genes involved in HQNO synthesis (phn genes) are under-
expressed in adapted P. aeruginosa isolates, whereas pyocyanin
production through phz genes can be impacted by intergenic
mutations (Table 1). As a result, adapted strains of P. aeruginosa
frequently present reduced HQNO and pyocyanin production in

comparison to early ones (Bianconi et al,, 2015; Cullen et al,
2015; Michelsen et al., 2016; Limoli et al., 2017; O’Brien et al,,
2017; Figure 1B). This is especially the case for isolates from the
DXK2 lineage, which is known for developing a proto-cooperative
interaction with S. aureus (Michelsen et al., 2016). However,
HQNO and pyocyanin production are not always reduced in
CF-adapted P. aeruginosa since these molecules can still be
detected at active concentrations within CF sputum of chronically
infected patients (Wilson et al., 1988; Hoffman et al., 2006;
Alatraktchi et al., 2020). In fact, O’Brien et al. (2017) observed
considerable variances in pyocyanin production between strains
from different patients, but also between lineages recovered
from a single subject. These results suggest that the isolates
evolve differently according to their niches within the lungs,
leading to different metabolic activities and thus interactions with
co-colonizing microorganisms. Therefore, growth inhibition of
S. aureus would vary depending on the ability of the nearest
P. aeruginosa bacterium to produce pyocyanin or HQNO.

In the same way, the QS signal N-3-oxo-dodecanoyl
homoserine lactone (30C12-HSL) was shown to inhibit S. aureus
growth in a dose-dependent manner (Hotterbeekx et al., 2017;
Figure 1A). Production of this long-chain acyl-homoserine
lactone (AHL) is regulated by LasR and thus frequently reduced
in lasR-mutated CF isolates of P. aeruginosa. Instead, these
isolates generally maintain the production of the short-chain
AHL butyryl-HSL (C4-HSL) whose production is regulated by
the second QS system of P. aeruginosa, Rhl (Bjarnsholt et al.,
2010; Feltner et al., 2016; Chen et al., 2019; Cruz et al., 2020).
And interestingly, C4-HSL signals have not been shown to affect
S. aureus (Figure 1B).

Mixed-Species Biofilm Formation
Another important feature of bacterial interaction is the
formation of mix-biofilm. The relationship between the two
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FIGURE 1 | Evolution of bacterial interactions with Staphylococcus aureus related to Pseudomonas aeruginosa adaptation to CF environment. (A) Reference,
environmental and acute infection P aeruginosa isolates produce high amounts of virulence factors (LasA, HQNO, pyocyanin) or QS signals (30C12-HSL). These
factors allow P, aeruginosa to outcompete S. aureus by lysis mechanisms, growth, metabolism and virulence inhibition. Mixed-species biofilms can be formed
through SpA-Psl binding, but can be disrupted by rhamnolipids and cis-2-decenoic acid. (B) P aeruginosa isolates evolved in CF context coexist with S. aureus due
to genetic and transcriptomic adaptations reducing the production of virulence and anti-staphylococcal factors. R aeruginosa QS networks are rewired and
regulated through the C4-HSL signal, that does not affect S. aureus physiology. CF-adapted isolates present a slowed and adjusted metabolism to the carbon
sources of the CF environment and/or produced by S. aureus. Matrix of mixed-species biofilm are dominated by the alginate exopolysaccharide. (C) P, aeruginosa
adaptation and its interaction with S. aureus are influenced by environmental factors that characterize in vivo conditions. Among them, antibiotic and oxidative
stresses, depletion in oxygen, zinc and manganese, and high availability of nutrients and iron were shown to promote a coexisting interaction between the two
pathogens. QS, quorum-sensing; SCV, small-colony variants; HQNO, 2-heptyl-4-hydroxyquinoline N-oxide; 30C12-HSL, N-3-oxo-dodecanoyl homoserine lactone;

pathogens within biofilms appears to be a complex situation,
highly dependent on isolates and culture conditions. A first study
on 63 isolates demonstrated that S. aureus biofilm formation
was enhanced by the secondary metabolites HQNO and Alkyl
Quinolones (AQs) secreted by P. aeruginosa. However, although

the effect was clear on a specific S. aureus clinical strain used
as control, it was less manifest on other clinical CF isolates
(Fugere et al, 2014). Conversely, S. aureus supernatant can
either stimulate or inhibit P. aeruginosa biofilm formation in
a strain-dependent manner as well (Armbruster et al., 2016).
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These effects involve the surface protein A (SpA) of S. aureus,
an immunoglobulin-binding factor responsible for immune
suppression (Kobayashi and DeLeo, 2013). Besides host proteins,
SpA can bind two P. aeruginosa structures important for biofilm
formation: (i) type IV pili, involved in twitching motility,
and (ii) Psl, one of the three main exopolysaccharides (EPS),
with alginate and Pel, that form the extracellular matrix of
P. aeruginosa biofilm (Leid et al., 2005; Ryder et al., 2007;
Colvin et al,, 2011, 2012; Armbruster et al., 2016). Chew et al.
(2018) observed that Psl enables wild-type P. aeruginosa to
outcompete S. aureus in early biofilm development. On the
contrary, Pel is required to reduce the effective crosslinking
of the matrix in late-stage biofilm development, improving
super-diffusivity in microcolony regions and dual-species biofilm
growth (Chew et al., 2018).

Pseudomonas aeruginosa’s adaptation to the CF environment
affects both motility and exopolysaccharide production. As a
result, chronical isolates frequently lack type IV pili and present
a biofilm matrix dominated by alginate, especially in the mucoid
phenotype (Hoiby et al., 2017). Therefore, one might wonder if
the modulation of mixed-species biofilm formation through Pel,
Psl, and SpA occur in adapted CF isolates in the same way as for
reference strains (Figure 1B).

Competitive P. aeruginosa are also able to disperse S. aureus
biofilm or limit its establishment through the secretion of
rhamnolipids and cis-2-decenoic acid (Hotterbeekx et al., 2017;
Figure 1A). To our knowledge, the production of cis-2-decenoic
acid was not assessed in CF-adapted clinical P. aeruginosa,
but rhamnolipid synthesis has been studied more extensively.
These molecules induce significant inflammatory host responses,
promote P. aeruginosa motility, and their synthesis is favored
during planktonic growth (Déziel et al., 2003; Alhede et al., 2014;
Hotterbeekx et al., 2017). As these phenotypes are frequently
reduced in chronic P. aeruginosa isolates, it therefore seems
likely that bacterial adaptation to the CF lung is accompanied
by a decrease of rhamnolipid production. Indeed, chronic
isolates studied by Bjarnsholt et al., and the CF-adapted
lineage DK2 were shown to produce less rhamnolipids than
intermittent and reference P. aeruginosa strains (Bjarnsholt et al.,
2010; Michelsen et al.,, 2016). Low rhamnolipid synthesis was
also recently associated with alginate overproduction and the
common mucoid phenotype of P. aeruginosa. The presence of
alginate, either produced by mucA-mutated mucoid strains or
exogenously added in the medium, induced transcriptomic and
post-transcriptomic down-regulation of rhamnolipid synthesis
(Limoli et al., 2017; Price et al, 2020). Alginate-producing
P. aeruginosa also presented reduced ability to outcompete
S. aureus (Limoli et al., 2017; Price et al., 2020). Altogether, this
suggests that decreased rhamnolipid production and increased
alginate synthesis in adapted P. aeruginosa isolates contribute
to improve S. aureus survival during mixed-biofilm formation
(Figure 1B). In connection with this, Baldan et al. (2014)
showed that early and late CF P. aeruginosa isolates presented
different behaviors when grown in biofilm with S. aureus. This
latter exhibited better viability with the CF-adapted isolate of
P. aeruginosa and was also able to alter its biofilm production
(Baldan et al., 2014).

Impact of Environmental Factors on the
Anti-staphylococcal Behavior of
P. aeruginosa

Although bacterial features play an important role in shaping
inter-species interaction, environmental factors can have an
even more decisive impact on them. Environmental conditions
such as antibiotic and oxidant stresses are known to shape
the CF ecosystem and promote a biofilm-based lifestyle of
microorganisms within lungs (Feraco et al., 2016; Riquelme et al.,
2020). Biofilm conditions reducing the competitive relationship
between P. aeruginosa and S. aureus, the CF environment
may favor a coexistence interaction between the two pathogens
independently of P. aeruginosas genetic adaptation. Indeed,
several environmental factors inherent to CF lungs were shown
to decrease the anti-staphylococcal behavior of P. aeruginosa.
Pallett et al. (2019) recently observed that oxygen limitation
decreased the production of P. aeruginosa virulence factors such
as proteases and pyocyanin. In these conditions, not only the
reference strain PAO1 but also clinical isolates thus coexisted
with S. aureus despite competitive behavior under normoxia
(Pallett et al., 2019). Within mixed-species biofilm formed with
the PA14 reference strain, S. aureus survival was improved thanks
to bacterial stratification as a function of oxygen levels (Cendra
et al, 2019). In addition to oxygen, nutrient availability can
also modify interaction within biofilm (Mashburn et al., 2005;
Filkins et al., 2015; Nguyen et al., 2015; Hotterbeekx et al., 2017;
Miller et al., 2017; Cendra et al., 2019). Miller et al. (2017)
observed that S. aureus was even able to strongly outcompete
P. aeruginosa within mixed-species biofilm grown under rich
conditions, but not in the same diluted and thus impoverished
medium. Besides nutritive richness, limited alkalization of the co-
culture medium was also shown to improve S. aureus survival
during interaction with the PA14 reference strain (Cendra et al.,
2019). Finally, the depletion of zinc and manganese, notably
observed on the edge of the biofilm architecture, represses the
expression of P. aeruginosas virulence genes and thus S. aureus
inhibition (Wakeman et al., 2016; Figure 1C).

Interestingly, all these conditions promoting coexistence
interaction between the two pathogens seem to be combined
in the CF environment. CF sputum is indeed considered a
rich medium but it contains limited oxygen concentrations,
favoring anaerobic and micro-anaerobic metabolisms (La Rosa
et al,, 2019). Sputa from CF patients were also shown to be
relatively acidic (Bhagirath et al., 2016). Moreover, host-pathogen
interfaces are known to be depleted in zinc and manganese,
especially through sequestration by the host protein calprotectin
(Kehl-Fie and Skaar, 2010; Hood et al., 2012; Wakeman et al,,
2016). Altogether, this suggests that in vivo conditions, and
especially the CF environment, may promote non-competitive
interaction between P. aeruginosa and S. aureus (Figure 1C).
This hypothesis is supported by several studies showing the
improved survival of S. aureus during non-human in vivo co-
infections with P. aeruginosa, in comparison to in vitro co-
cultures. Yadav and colleagues demonstrated a higher proportion
of S. aureus within an in vivo mixed-species biofilm in the
presence of P. aeruginosa (Yadav et al., 2017; Millette et al., 2019).
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In addition, P. aeruginosa strains such as PA14 were shown
to promote S. aureus colonization and maintenance in a
murine lung infection model (Yadav et al, 2017; Millette
et al., 2019). Similar results were obtained in the context of
chronic wound co-infections (Pastar et al., 2013; DeLeon et al.,
2014). Since these co-infections were maintained for a limited
duration (24 h to 1 week), it is unlikely that genetic adaptation
drove the establishment of a coexistence interaction between
P. aeruginosa and S. aureus. This phenomenon seems to be
more related to non-fixed acclimatization reducing P. aeruginosa
virulence, or spatial compartmentalization isolating the two
species from each other in vivo. In all cases, it appears
that besides promoting P. aeruginosa genetic adaptation and
then reducing anti-staphylococcal behavior, in vivo conditions
are themselves favorable to non-competitive interactions with
S. aureus (Figure 1C).

S. aureus ADAPTATION TO THE CF
ENVIRONMENT CAN ALSO IMPACT ITS
INTERACTION WITH P. aeruginosa

The relationship between the two pathogens was shown to
rely solely on P. aeruginosa anti-staphylococcal factors, whose
production evolves during its adaptation and allows steady
coexistence with S. aureus. However, although less studied, the
adaptive mechanisms of S. aureus also promote its long-term
persistence within CF lungs and may impact its interactions with
co-colonizing P. aeruginosa strains.

S. aureus Adaptation to the CF

Environment
A 21-month longitudinal study performed on 183 CF patients
depicted that the clonal diversity of S. aureus strains decreased
as patient aged, pointing out that some isolates tended to adapt
more efficiently and dominate the airway sphere during infection
history (Westphal et al., 2020). Several studies indeed highlighted
that S. aureus isolates evolve in the CF lung environment
and acquire features leading to better-fitted isolates (Figure 2;
Chatterjee et al., 2008; Treffon et al., 2018, 2020; Herzog et al,,
2019; Lennartz et al., 2019; Tan et al., 2019; Westphal et al., 2020).
Genomic, transcriptomic, and proteomic comparisons
between early and late strains of S. aureus highlighted adaptations
in the transport and the metabolism of carbohydrates and amino
acids (Treffon et al, 2018; Tan et al., 2019). Late isolates
thus often presented auxotrophies toward thymidine (TD),
menadione or hemin (Kahl et al., 1998). These auxotrophies
promote the formation of SCV (Chatterjee et al., 2008; Tan
et al,, 2019), a frequent S. aureus phenotype isolated from 4 to
50% of CF patients depending on the studies (Kahl et al., 2016).
S. aureus SCVs are associated with worse lung function and
patient age, in relation with their increased antibiotic resistance
and persistence (Besier et al.,, 2007). Indeed, mutations in the
thyA gene hindering TD biosynthesis were shown to facilitate
resistance to trimethoprim-sulfamethoxazole (SXT) and the
presence of TD-auxotrophic SCV is associated with previous

antibiotic treatment with SXT (Kahl et al, 1998; Chatterjee
et al., 2008; Yagci et al., 2013; Figure 2). Late isolates from
antibiotic-treated patients showed other mutations in gyrB and
rps], that are not associated with the SCV phenotype but can
explain antibiotic resistance to fluoroquinolones and cyclines
(Kriegeskorte et al., 2015; Tan et al., 2019; Figure 2). Besides
antibiotic resistance, SCVs are specialized for extracellular
and intracellular persistence. This phenomenon is related to:
(i) decreased expression of the a-toxin involved in lysis of
eukaryotic cells by S. aureus, and (ii) increased expression
of cell wall-associated genes which facilitate colonization to
extracellular matrix proteins and internalization in eukaryotic
cells (Figure 2). In line with this, S. aureus SCVs were shown
to survive better intracellularly in eukaryotic cells than their
isogenic parental strain (Kahl et al., 2016). CF-adapted S. aureus
strains also tend to be better intracellular survivors than the
corresponding early isolates (Treffon et al., 2020).

Another feature promoting the persistence of S. aureus CF
isolates is the improvement of defense mechanisms against killing
by polymorphonuclear leukocytes. Neutrophils usually eradicate
invading pathogens by releasing reactive oxygen species (ROS)
or forming Neutrophil Extracellular Trap (NETs). In comparison
to their early counterparts, CF-adapted S. aureus presented an
increased genic expression of the superoxide dismutase SodM
involved in ROS detoxification (Treffon et al., 2018, 2020).
Moreover, Herzog et al. (2019) showed that late isolates were
more resistant to NETs mediated-killing through the over-
expression of the nucl gene encoding the nuclease protein.
Given the high pro-inflammatory territory in patient lungs
overwhelmed by the neutrophilic attacks, the over-production
of SodM and Nucl could be a major step in the adaptation of
S. aureus in CF lungs (Figure 2).

Interestingly, S. aureus isolates overexpressing the nucl gene
also presented a down-expression of the RNA regulator RNATII.
RNAIIT is the major effector of the agr QS-system of S. aureus
that positively controls the expression of many virulence factors.
A decrease of RNAIII expression thus reflects reduced production
of virulence factors. nucl-overexpressing S. aureus were also
shown to overexpress protein A (SpA), permease, coagulase, and
adhesins (Jenul and Horswill, 2018), involved in colonization.
Similarly, transcriptional analysis revealed that S. aureus SCVs
have a less virulent phenotype in comparison to normal isolates
(Kahl et al., 2005; Moisan et al., 2006; Seggewiss et al., 2006).
Altogether, these results suggest that adaptation to the CF
environment could lead toward a low-virulence but highly
invasive state of S. aureus.

Finally, biofilm production appears to be increased in late
S. aureus isolates. In the study of Tan et al. (2019), two
out of three CF-late isolates over-produced biofilm and the
same pattern was observed within late isolates of non-CF lung
infections, suggesting that this characteristic was independent
of the CF-lung environment. Such increased biofilm production
by late isolates can be related to the development of mucoidy
in S. aureus. This phenotype arises from a 5 bp deletion
within the intergenic region of icaR/icaA genes, inducing
an overproduction of S. aureus exopolysaccharide poly-N-
acetylglucosamine (Schwartbeck et al., 2016; Figure 2). Mucoid
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FIGURE 2 | Main genetic and phenotypic adaptations of Staphylococcus aureus during its evolution in the CF lung environment. EPS, exopolysaccharide; TD,
thymidine; SCV, small colony variants; NETs, Neutrophil Extracellular Traps.

S. aureus isolates are thus found in 2.5% of CF airways and tend to
be more frequently isolated from older patients than non-mucoid
isolates (Lennartz et al., 2019). These data suggest that mucoidy
and strong biofilm production play a role in S. aureus adaptation
to the CF environment.

Impact of S. aureus Adaptation on Its
Interaction With P. aeruginosa

Some of the S. aureus adaptations to the CF environment can
impact its relationship with P. aeruginosa. Among them, the SCV
phenotype appears to be crucial for S. aureus survival during
competitive interaction, as SCV present increased resistance to
P. aeruginosa mediated-killing (Hotterbeekx et al., 2017). Once
P. aeruginosa has evolved to a non-aggressive status toward
S. aureus, the staphylococcus can then switch to a non-defective
growth mode and coexist with its partner. The increased biofilm
production of CF-adapted S. aureus isolates could also promote
the formation of mixed-species biofilm with P. aeruginosa,
although no direct correlation has yet been established. These
hypotheses could explain (i) the high proportion of co-infected
patients with S. aureus and P. aeruginosa in international cohorts
(Hubert et al., 2013; Limoli et al., 2016; Briaud et al., 2020), and
(ii) the high proportion of isolates presenting a non-competitive
interaction (Briaud et al., 2020). Further investigations need to be
conducted to confirm this model and fully understand the effects
of S. aureus adaptation on its relationship with P. aeruginosa.
However, several studies suggested that S. aureus can influence
the establishment of a coexisting interaction through alterations

of the adaptive process of P. aeruginosa. Using an in vitro
evolution assay, the adaptation of P. aeruginosa was studied
in the presence or absence of S. aureus over 150 generations
(Tognon et al., 2017). Mutations in the LPS biosynthesis pathway
occurred only in the presence of S. aureus and increased
P. aeruginosas fitness and resistance toward B-lactams antibiotics
(Tognon et al., 2017). Repeated in vitro co-cultures with S. aureus
also induced a decrease of P. aeruginosa QS regulation and
may provide a departure point for a coexisting interaction
(Zhao et al,, 2018). It is worth recalling that modifications
of LPS production, increased antibiotic resistance and down-
regulation of QS are also frequently depicted in CF-adapted
P. aeruginosa isolates (Folkesson et al., 2012; Marvig et al., 2015b;
Winstanley et al., 2016). These results indicate that the presence
of S. aureus influences P. aeruginosa’s adaptation, and that a co-
evolution phenomenon could even promote a non-competitive
relationship between the two pathogens. Several results obtained
from CF clinical strains support these hypotheses. First, Martha
et al. (2010) observed that P. aeruginosa presented a higher
probability to develop a mucoid phenotype in the absence
of S. aureus. Secondly, coexisting strains of S. aureus and
P. aeruginosa were shown to better produce and catabolize
acetoin, respectively, in comparison to competitive strains. The
authors concluded that strains co-evolved to promote trophic
cooperation (Camus et al., 2020). Finally, the genetic alterations
of LasR that reduce P. aeruginosa anti-staphylococcal behavior
are frequently observed in longitudinal studies (Marvig et al,
2015b,c). One might wonder if the presence of S. aureus in
CF lungs could contribute to the selection of lasR mutants
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and thus non-competitive P. aeruginosa. Indeed, promoting
a coexisting and even a cooperative behavior with other co-
colonizing microorganisms can be a strategy to improve fitness
in a stressful environment such as CF lungs. However, most of
longitudinal studies focused on P. aeruginosa and no data are
available concerning potential co-infections with S. aureus. It
thus remains difficult to determine if S. aureus can effectively
influence the fixation of lasR mutations in P. aeruginosa genome.
It would be interesting to study the long-term evolution of
both S. aureus and P. aeruginosa in several co-infected CF
patients to reveal the bacterial adaptations leading to the
establishment of coexistence.

COEXISTENCE PROMOTES
COOPERATIVE BEHAVIORS BETWEEN
P. aeruginosa AND S. aureus

Characterization of the Coexistence

Interaction Status

Co-existence interaction leads to increased S. aureus survival
in comparison to a common competitive interaction with
P. aeruginosa. Bacterial enumerations performed during co-
culture kinetics can thus easily reveal and quantify this
phenomenon (Miller et al., 2017; Cendra et al., 2019; Pallett et al.,
2019; Figure 3A). Less cumbersome procedures were nonetheless
developed to assess interaction status between clinical CF
isolates in large set of strains (Figure 3B; Baldan et al., 2014;
Michelsen et al.,, 2014, 2016; Limoli et al., 2017; Briaud et al,,
2019, 2020; Camus et al., 2020). Baldan and colleagues thus
performed competition tests on plates during which a spot
of P. aeruginosa culture is deposited on a lawn of S. aureus.
Four categories of interaction status were established (no, weak,
strong, and very strong inhibition) according to the size of the
inhibition halo of S. aureus induced by the 24 P. aeruginosa
strains tested (Baldan et al, 2014). In other studies, growth
inhibition of S. aureus was observed through cross-streak assays
and visual evaluation of each bacterium population after the
streak intersection (Michelsen et al., 2014, 2016; Limoli et al.,
2017; Figure 3C).

Despite the different methods and media employed, several
studies highlighted that the interaction pattern with S. aureus
was related to the adaptation of P. aeruginosa to the
CF environment. Reduced anti-staphylococcal behavior was
indeed observed for late isolates of P. aeruginosa, which
were recovered several years after their clonal ancestor and
presented common pathoadaptive traits. This evolution was
thus shown in the DK2 lineage as well as in mucoid isolates
(Michelsen et al., 2014, 2016; Limoli et al., 2017). However,
it is noteworthy that the adaptation of P. aeruginosa in
the CF lung is driven by adaptive radiation and spatial
isolation mechanisms, inducing a high genotypic and phenotypic
heterogeneity in the evolving population (Winstanley et al.,
2016). It is therefore likely that clonally related isolates
simultaneously recovered from the same patient can present
different interaction statuses with S. aureus due to such

diversification processes. On the other hand, it is also conceivable
that the interaction statuses of competition and coexistence
are dynamic and transitional within a single P. aeruginosa
population. Assessing the interaction status of numerous
P. aeruginosa isolates, collected longitudinally or recovered from
different pulmonary niches, would lead to better understanding
of this phenomenon.

In all cases, coexistence could be defined as a neutral
interaction during which both bacteria are not affected by each
other. However, increasing evidence shows that cooperative
behaviors can positively affect P. aeruginosa and S. aureus during
coexistence (Figure 4).

Increased Resistance to Antimicrobial
Compounds

Several in vitro studies focusing on CF isolates highlighted
that coexistence between P. aeruginosa and S. aureus can
improve the antibiotic resistance of both pathogens (Figure 4A).
S. aureus was recently shown to overexpress genes coding
efflux pumps from the Nor family during coexisting interaction
with P. aeruginosa. As a result, clinical S. aureus isolates
presented significantly increased resistance to tetracycline and
ciprofloxacin in the presence of P. aeruginosa, in comparison
to monocultures (Briaud et al, 2019). While direct contact
between bacterial cells was presumed to mediate this effect, other
studies identified P. aeruginosa secreted products affecting the
resistance of S. aureus to antimicrobial compounds. In particular,
secondary metabolites from the 4-hydroxy-2-alkylquinolines
(HAQ) family such as HQNO increase the resistance of S. aureus
to aminoglycosides notably through the induction of the SCV
phenotype i (Hoffman et al., 2006; Mitchell et al., 2010; DeLeon
et al., 2014; Orazi and O’Toole, 2017; Orazi et al., 2019, 2020).
Interestingly, late P. aeruginosa isolates from CF infections often
lack HQNO production but are still able to protect S. aureus from
tobramycin. The implication of other molecules than HQNO
was confirmed by an atypical HAQ profile developed during
adaptation to the CF environment (Michelsen et al., 2016). It
thus appears that both competitive (i.e., HQNO-producing) and
coexisting P. aeruginosa can protect S. aureus from antibiotic
effects but through different mechanisms. Alginate produced
by CF-adapted P. aeruginosa may also protect S. aureus from
antimicrobial compounds since this exopolysaccharide can
impact HAQ synthesis and mixed-species biofilm formation
(Limoli et al., 2017; Price et al., 2020).

Conversely, interaction with S. aureus can also trigger
resistance mechanisms in P. aeruginosa (Figure 4A).
Co-evolution with S. aureus was shown to promote the alteration
of genes from the LPS biosynthesis pathway in PAO1, leading
to greater resistance to P-lactam antibiotics (Tognon et al,
2017). Michelsen and colleagues demonstrated that S. aureus
cells and their supernatant can also induce the SCV phenotype
and antibiotic tolerance in CF-adapted strains of P. aeruginosa
(Fugere et al., 2014; Michelsen et al., 2014). Similar results were
obtained using persistent CF isolates of P. aeruginosa grown in
biofilm, as they presented improved tobramycin resistance upon
exposure to S. aureus supernatant. In this case, the phenomenon
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FIGURE 3 | Identification methods of the coexisting interaction between Pseudomonas aeruginosa and Staphylococcus aureus. (A) P aeruginosa and S. aureus are
cultivated in liquid mono- and co-culture in a rich medium during 8-h and S. aureus cells are counted in each condition. Competition is characterized by a rapid
elimination of S. aureus in co-culture in comparison to the monoculture, whereas S. aureus growth is not affected during the whole kinetic in the case of a coexisting
interaction (Briaud et al., 2019; Camus et al., 2020). (B) P, aeruginosa and S. aureus suspensions are prepared from overnight precultures in a rich medium and

S. aureus lawn is uniformly plated on a rich agar medium. A P aeruginosa spot is deposited in the center of the lawn and the plate is incubated 24 h. Competition is
characterized by an inhibition halo of S. aureus growth in contact with the spot of P aeruginosa, whereas S. aureus growth is not affected by P aeruginosa during
the coexisting interaction. Size of the inhibition halo can be measured (Baldan et al., 2014; Briaud et al., 2019, 2020; Camus et al., 2020). (C) R aeruginosa streak is
performed on a rich agar medium, after what a perpendicular S. aureus streak is added. The plate is incubated during 24 h. Competition is characterized by an
inhibition of S. aureus growth in contact with the streak of P aeruginosa and a low S. aureus proportion in the post-streak. Coexistence is characterized by a

S. aureus growth in contact with the streak of P aeruginosa and a high S. aureus proportion in the post-streak. Both of these parameters are visually determined
(Michelsen et al., 2016; Minandri et al., 2016; Hotterbeekx et al., 2017). Arrows indicate when or where the competitive (red arrow) or coexisting (blue arrow)
interaction is observed.
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Antimicrobials
e®s

Alginate

FIGURE 4 | Cooperative behaviors between Pseudomonas aeruginosa and Staphylococcus aureus during coexistence. (A) Antibiotic resistance of both pathogens
can be increased by the formation of mixed-species biofilm, especially through the production of alginate and poly-N-acetylglucosamine (PNAG) by P, aeruginosa and
S. aureus, respectively. R aeruginosa and S. aureus formation of small-colony variants (SCV) is also promoted during their interaction. P aeruginosa presence was
also shown to induce the over-expression of efflux pumps from the Nor family in S. aureus, enhancing its antibiotic resistance. (B) S. aureus produces acetoin from
pyruvate thanks to AlsSD. P, aeruginosa catabolizes the acetoin produced by S. aureus and uses it as an alternative carbon source thanks to the aco system to feed
the Krebs cycle. It improves its growth during co-culture with S. aureus. This catabolism also increases S. aureus survival potentially through a feed-back on acetoin
production: the medium depletion in acetoin would promote AlsSD activity, limiting acetate production from pyruvate and thus cell acidification. (C) Resistance to
immune system. P aeruginosa-induced overexpression of tet38 improves S. aureus internalization in epithelial cells, allowing to hide from the immune system.

S. aureus can limit P aeruginosa-induced immune responses, notably through the binding of S. aureus protein A (SpA) to anti-P. aeruginosa antibodies (Anti-Psl IgG).

Acetoin
0,®
0g ©

,‘ Anti-Psl
1gG

was attributed to the formation of P. aeruginosa aggregates
within the biofilm architecture (Beaudoin et al., 2017).

Development of Trophic Cooperation

Recent transcriptomic studies suggested that trophic cooperation
could establish between S. aureus and P. aeruginosa (Figure 4B).
The four-carbon molecule acetoin, produced by S. aureus, was
shown to induce the overexpression of the aco system in CF
P. aeruginosa strains during coexistence interaction (Camus

et al, 2020). In line with this, P. aeruginosa presented an
enhanced ability to catabolize acetoin produced by S. aureus
as an alternative carbon source, resulting in increased survival
during co-culture. Acetoin catabolism was also shown to benefit
S. aureus and improve its survival in co-culture. Acetoin thus
appears to be the keystone of trophic cooperation between
P. aeruginosa and S. aureus during which both partners are
beneficiaries. Interestingly, this cooperative behavior seems to
be selected during bacterial evolution in the CF environment.
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Acetoin production by S. aureus and catabolism by P. aeruginosa
were indeed more efficient for coexisting isolates in comparison
to competitive ones (Camus et al., 2020). As acetoin could be
detected in CF sputa, these results go along with the trophic
adaptation of P. aeruginosa strains to resources present in the
CF environment (Spanél et al., 2016; La Rosa et al, 2018,
2019; Camus et al., 2020). Other studies suggest that lactate,
also detected in CF sputa, may also play a role in metabolic
interactions between P. aeruginosa and S. aureus (Filkins et al,,
2015; Tognon et al., 2017; La Rosa et al, 2019). Co-culture
with P. aeruginosa was shown to induce the overexpression of
genes involved in glucose fermentation and lactate production
in S. aureus, leading to lactate accumulation in the medium. In
turn, P. aeruginosa overexpressed genes responsible for lactate
utilization and was able to use the molecule as a carbon
source (Filkins et al., 2015; Tognon et al., 2017). However, this
phenomenon was observed during a competitive interaction
(using PAO1 or PAl4 strains) and the impacts of lactate
catabolism on both pathogens remain unknown.

Modification of Host-Bacterium

Interaction
Cooperative behaviors such as protection against antimicrobials
and trophic cooperation probably contribute to the establishment
and maintenance of P. aeruginosa and S. aureus co-infections.
In addition, interactions between the two pathogens were shown
to affect their abilities to colonize host and settle as chronic
infections (Figure 4C). Adhesion to host components is an
important feature for colonization, and S. aureus can attach more
efficiently to abiotic surfaces during co-culture with P. aeruginosa
(Kumar and Ting, 2015). In these conditions, S. aureus presented
an up-regulation of several proteins involved in adhesion to
platelets or to the extracellular matrixes of various hosts, such
as serine rich glycoproteins and the Ebh protein. These results
suggest that co-culture may increase S. aureuss adhesion to host
cells (Kumar and Ting, 2015). In line with this, co-culture with
P. aeruginosa CF strains was shown to induce the overexpression
of nine virulence factors of S. aureus. Among them, the Tet38
transporter promoted the internalization of S. aureus within
epithelial pulmonary cells during coexistence with P. aeruginosa
(Briaud et al., 2019). Finally, HQNO-mediated induction of
the SCV phenotype can increase the intracellular survival of
S. aureus (Mitchell et al., 2010). Cell internalization and the
SCV phenotype, both promoted by P. aeruginosa, could thus
contribute to the success of S. aureus infection.

Limiting the induction and efficiency of immune responses is
a strategy already developed by P. aeruginosa during its genetic
adaptation to the CF environment. Interestingly, P. aeruginosa-
S. aureus co-infection induces a specific host response different
from mono-infections in a rat otitis model (Yadav et al,
2017). Using bacterial supernatants, Chekabab et al. (2015)
observed that molecules secreted by S. aureus decreased the
hosts’ immune response induced by P. aeruginosa supernatant.
Thus, the protein SpA produced by S. aureus was shown
to bind either to P. aeruginosa Psl exopolysaccharide or to
anti-Psl IgG antibodies, protecting P. aeruginosa from Psl

recognition by neutrophils and thus phagocytosis (Armbruster
et al.,, 2016; Figure 4C). In addition, S. aureus presence induces
transcriptomic down-regulation of several antigenic factors in
P. aeruginosa, such as genes involved in secretion and flagellum
synthesis (Miller et al., 2017).

Consequently, several studies suggest that P. aeruginosa
and S. aureus co-infection favors chronic infections. Cigana
et al. (2018) indeed observed that preliminary colonization by
S. aureus increased the ability of PA14 and CF-adapted strains
to establish a chronic infection in a murine model. Interestingly,
such infection kinetics are frequent in CF patients as S. aureus
is one of the first colonizers in the lungs of young children,
whereas P. aeruginosa infection occurs upon adolescence (French
Cystic Fibrosis Register, 2017). On another note, S. aureus-P.
aeruginosa co-infections were shown to delay chronic wound
healing and thus bacterial clearing (Pastar et al., 2013). Finally,
Zhao et al. (2018) observed that mice presented an improved
survival when their lungs were infected by a mix of P. aeruginosa,
S. aureus and Klebsiella pneumoniae, in comparison to mice
infected only with P. aeruginosa. Although this effect cannot
be specifically attributed to the presence of S. aureus and/or
K. pneumoniae, co-infection appears to reduce the host mortality
of P. aeruginosa infections and thus promote longer infections.
Altogether, these studies suggest that co-infection favors the
establishment of chronicity, since the concomitant presence of
pathogens will improve their persistence within the infection site
(Limoli and Hoffman, 2019).

P. aeruginosa AND S. aureus ARE NOT
ALONE

So far, the adaptive process and interactions of P. aeruginosa and
S. aureus remain those most documented, as their infections are
the most prevalent and severe in the context of CF (Machan
et al., 1992; Mashburn et al., 2005; Hotterbeekx et al., 2017).
However, numerous other microorganisms can colonize the
CF environment and are thus susceptible to interact with
P. aeruginosa (French Cystic Fibrosis Register, 2017). Among
them, the fungus Aspergillus fumigatus is involved in a nutritional
competition with P. aeruginosa. In this context, growth, biofilm
formation and hyphal structure of the fungus are altered by
P. aeruginosa secreted factors such as rhamnolipids, phenazines
and the QS signals 30C12-HSL and PQS (O’Brien and Fothergill,
2017; Briard et al., 2019; Sass et al., 2019; Chatterjee et al., 2020).
As P. aeruginosa’s adaptation to the CF lung environment affects
the secretion of these factors, it is likely that its relationship with
A. fumigatus also evolves toward a coexistence-like interaction
allowing the establishment of stable P. aeruginosa-A. fumigatus
co-infections. Although no direct evidence has been established
yet, this hypothesis is supported by the reduced antifungal
activity shown for mucoid P. aeruginosa isolates (Briard et al.,
2019; Chatterjee et al., 2020). Moreover, P. aeruginosa infection
rather precedes A. fumigatus colonization and can even promote
aspergillosis (O’Brien and Fothergill, 2017; Briard et al., 2019;
Chatterjee et al., 2020). The aggressive behavior of P. aeruginosa
is also observed toward the yeast C. albicans and the bacteria
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from the Burkholderia spp (Fourie et al., 2016; O’'Brien and
Fothergill, 2017; Fourie and Pohl, 2019; Limoli et al., 2019).
However, it appears that these microorganisms are not powerless
in front of P. aeruginosa and can even take advantage of
this interaction within mixed-species biofilm. Antimicrobial
resistance and virulence of C. albicans and P. aeruginosa are
thus enhanced during their interaction, particularly through an
increased production of phenazines by P. aeruginosa and ethanol
by C. albicans (Fourie et al., 2016; O’Brien and Fothergill, 2017;
Fourie and Pohl, 2019; Alam et al., 2020; Bandara et al., 2020;
Hulkova et al., 2020; Ibberson and Whiteley, 2020). In the same
way, P. aeruginosa alginate can protect B. cenocepacia from the
host immune system (O’Brien and Fothergill, 2017).

If microbial adaptation to the CF environment favors such
win-win interactions is yet to be determined. In particular, one
might wonder if the increased virulence within mixed-species
biofilm with C. albicans is a conserved response in CF-adapted
P. aeruginosa, as the bacterium preferentially evolves toward an
avirulent lifestyle (Bianconi et al., 2015; Marvig et al., 2015a;
Riquelme et al., 2020). One another note, and as described
earlier for S. aureus, P. aeruginosa is not alone in evolving.
Notably, modifications in LPS and siderophore production, as
well as a decrease of mucoidy, virulence and biofilm formation,
were demonstrated during B. cenocepacia’s adaption to the CF
environment (Cullen et al, 2015; Maldonado et al., 2016).
These alterations are susceptible to affect its interactions with
P. aeruginosa, and with other co-colonizing microorganisms.

CONCLUDING REMARKS AND
PERSPECTIVES

In addition to the persistence features of microorganisms,
their interactions play a key role in their survival within
infectious sites. Although poorly described, this “social” aspect
is particularly essential in CF lung infections as they gather
significant microorganism richness and densities. P. aeruginosa’s
adaptation to the CF environment appears to drastically
impact its microbial interactions, allowing the development of
neutralist and even cooperative behaviors with co-colonizing
microorganisms such as S. aureus or C. albicans. This raises
questions about the impacts of these microorganisms on
P. aeruginosas adaptation to the CF lung environment: can
their presence constitute a selective force and promote the
establishment of cooperative interactions?

REFERENCES

Alam, F., Catlow, D., Di Maio, A., Blair, ]. M. A., and Hall, R. A. (2020). Candida
albicans enhances meropenem tolerance of Pseudomonas aeruginosa in a dual-
species biofilm. J. Antimicrob. Chemother. 75, 925-935. doi: 10.1093/jac/
dkz514

Alatraktchi, F. A, Dimaki, M., Stevring, N., Johansen, H. K., Molin,
S, and Svendsen, W. E. (2020). Nanograss sensor for selective
detection of Pseudomonas aeruginosa by pyocyanin identification in
airway samples. Anal. Biochem. 593, 113586.  doi: 10.1016/j.ab.2020.
113586

Such cooperation is indeed an attractive strategy to promote
microbial persistence within lungs: (i) it is less costly for both
partners as the production of virulence or resistance factors
is no longer required, and (ii) it can provide advantageous
features to both partners of the interaction. CF-adapted strains
of P. aeruginosa and S. aureus can thus benefit from reciprocal
protection against antibiotics and metabolic cooperation, despite
strong competition in vitro and/or between non-adapted strains.

Ultimately, these cooperative interactions could contribute
to the establishment of “Climax communities,” i.e., microbial
communities with a steady structure within the CF ecosystem
(Quinn et al., 2016). Interestingly, S. aureus and P. aeruginosa
are part of one of these Climax communities in vivo, suggesting
that their interaction may stabilize and maintain co-infection by
these two pathogens. This phenomenon could explain the high
proportion of P. aeruginosa-S. aureus co-infected patients within
CF cohorts (Limoli et al., 2016; Briaud et al., 2020), and more
broadly the positive or negative associations observed between
different pathogens (Granchelli et al., 2018). Nevertheless, the
impacts of P. aeruginosa and S. aureus co-infections on clinical
outcomes remain unclear and poorly described (Limoli et al.,
2016; Briaud et al., 2020). Taking into account the nature of their
interaction might unveil new aspects of their pathogenesis and
their ability to durably persist within CF lungs.

AUTHOR CONTRIBUTIONS

KM and LC were primarily responsible for preparing the review.
FV and PB contributed to writing the review and editing the final
version. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Fondation pour la Recherche
Médicale, grant number ECO020170637499 to LC, Finovi
Foundation to KM, and associations “Vaincre la Mucoviscidose”
and “Gregory Lemarchal” to KM.

ACKNOWLEDGMENTS

We thank Dr. Anne Doléans-Jordheim and Rachel Zapf for
proofreading and advice.

Alhede, M., Bjarnsholt, T., Givskov, M., and Alhede, M. (2014). Pseudomonas
aeruginosa biofilms: mechanisms of immune evasion. Adv. Appl. Microbiol. 86,
1-40.

Armbruster, C. R,, Wolter, D. J., Mishra, M., Hayden, H. S., Radey, M. C,,
Merrihew, G., et al. (2016). Staphylococcus aureus protein a mediates
interspecies interactions at the cell surface of Pseudomonas aeruginosa. mBio
7:€00538-16. doi: 10.1128/mBio.00538-16

Baldan, R, Cigana, C., Testa, F., Bianconi, I., De Simone, M., Pellin, D., et al. (2014).
Adaptation of Pseudomonas aeruginosa in cystic fibrosis airways influences
virulence of Staphylococcus aureus in vitro and murine models of co-infection.
3. PLoS One 9:¢89614. doi: 10.1371/journal.pone.0089614

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 617784



Camus et al.

Interactions Between S. aureus and R, aeruginosa

Bandara, H. M. H. N, Wood, D. L. A., Vanwonterghem, L., Hugenholtz, P., Cheung,
B. P. K., and Samaranayake, L. P. (2020). Fluconazole resistance in Candida
albicans is induced by Pseudomonas aeruginosa quorum sensing. Sci. Rep.
10:7769. doi: 10.1038/s41598-020-64761-3

Beaudoin, T, Yau, Y. C. W., Stapleton, P.J., Gong, Y., Wang, P. W., Guttman, D. S.,
et al. (2017). Staphylococcus aureus interaction with Pseudomonas aeruginosa
biofilm enhances tobramycin resistance. NPJ Biofilms Microbiomes 3:25. doi:
10.1038/s41522-017-0035-0

Besier, S., Ludwig, A., Ohlsen, K., Brade, V., and Wichelhaus, T. A. (2007).
Molecular analysis of the thymidine-auxotrophic small colony variant
phenotype of Staphylococcus aureus. Int. J. Med. Microbiol. 297, 217-225. doi:
10.1016/j.ijmm.2007.02.003

Bhagirath, A. Y., Li, Y., Somayajula, D., Dadashi, M., Badr, S., and Duan, K. (2016).
Cystic fibrosis lung environment and Pseudomonas aeruginosa infection. BMC
Pulm Med. 16:174. doi: 10.1186/s12890-016-0339-5

Bianconi, I., Jeukens, J., Freschi, L., Alcald-Franco, B., Facchini, M., Boyle,
B., et al. (2015). Comparative genomics and biological characterization of
sequential Pseudomonas aeruginosa isolates from persistent airways infection.
BMC Genom. 16:1105. doi: 10.1186/s12864-015-2276-8

Bjarnsholt, T., Jensen, P. @, Jakobsen, T. H., Phipps, R., Nielsen, A. K., Rybtke,
M. T, et al. (2010). Quorum sensing and virulence of Pseudomonas aeruginosa
during lung infection of cystic fibrosis patients. PLoS One 5:¢10115. doi: 10.
1371/journal.pone.0010115

Briard, B., Mislin, G. L. A., Latgé, J.-P., and Beauvais, A. (2019). Interactions
between Aspergillus fumigatus and pulmonary bacteria: current state of the
field, new data, and future perspective. J. Fungi (Basel) 5:48. doi: 10.3390/jof50
20048

Briaud, P., Bastien, S., Camus, L., Boyadijian, M., Reix, P., Mainguy, C., et al.
(2020). Impact of coexistence phenotype between Staphylococcus aureus
and Pseudomonas aeruginosa isolates on clinical outcomes among Cystic
Fibrosis patients. Front. Cell Infect. Microbiol. 10:266. doi: 10.3389/fcimb.2020.
00266

Briaud, P., Camus, L., Bastien, S., Doléans-Jordheim, A., Vandenesch, F.,
and Moreau, K. (2019). Coexistence with Pseudomonas aeruginosa
alters  Staphylococcus aureus transcriptome, antibiotic resistance and
internalization into epithelial cells. Sci. Rep. 9:16564. doi: 10.1038/541598-019-5
2975-z

Camus, L., Briaud, P., Bastien, S., Elsen, S., Doléans-Jordheim, A., Vandenesch, F.,
et al. (2020). Trophic cooperation promotes bacterial survival of Staphylococcus
aureus and Pseudomonas aeruginosa. ISME J. 14, 3093-3105. doi: 10.1038/
541396-020-00741-9

Cendra, M. D. M., Blanco-Cabra, N., Pedraz, L., and Torrents, E. (2019).
Optimal environmental and culture conditions allow the in vitro coexistence
of Pseudomonas aeruginosa and Staphylococcus aureus in stable biofilms. Sci.
Rep. 9:16284. doi: 10.1038/s41598-019-52726-0

Chatterjee, L., Kriegeskorte, A., Fischer, A., Deiwick, S., Theimann, N., Proctor,
R. A, et al. (2008). In vivo mutations of thymidylate synthase (encoded
by thyA) are responsible for thymidine dependency in clinical small-colony
variants of Staphylococcus aureus. J. Bacteriol. 190, 834-842. doi: 10.1128/jb.00
912-07

Chatterjee, P., Sass, G., Swietnicki, W., and Stevens, D. A. (2020). Review of
potential pseudomonas weaponry, relevant to the pseudomonas-aspergillus
interplay, for the mycology community. J. Fungi (Basel.) 6:81. doi: 10.3390/
jof6020081

Chekabab, S. M., Silverman, R. J., Lafayette, S. L., Luo, Y., Rousseau, S., and
Nguyen, D. (2015). Staphylococcus aureus inhibits IL-8 responses induced by
Pseudomonas aeruginosa in airway epithelial cells. PLoS One 10:€0137753. doi:
10.1371/journal.pone.0137753

Chen, R., Déziel, E., Groleau, M.-C., Schaefer, A. L., and Greenberg, E. P. (2019).
Social cheating in a Pseudomonas aeruginosa quorum-sensing variant. Proc.
Natl. Acad. Sci. U.S.A. 116, 7021-7026. doi: 10.1073/pnas.1819801116

Chew, S. C., Yam, J. K. H., Matysik, A., Seng, Z. J., Klebensberger, J., Givskov,
M., et al. (2018). Matrix polysaccharides and SiaD diguanylate cyclase alter
community structure and competitiveness of pseudomonas aeruginosa during
dual-species biofilm development with Staphylococcus aureus. mBio 9:¢00585-
18. doi: 10.1128/mBio.00585-18

Cigana, C., Bianconi, I, Baldan, R., De Simone, M., Riva, C., Sipione, B,
et al. (2018). Staphylococcus aureus impacts Pseudomonas aeruginosa Chronic

respiratory disease in murine models. J. Infect. Dis. 217, 933-942. doi: 10.1093/
infdis/jix621

Colvin, K. M., Gordon, V. D., Murakami, K., Borlee, B. R., Wozniak, D. J., Wong,
G. C. L., et al. (2011). The pel polysaccharide can serve a structural and
protective role in the biofilm matrix of Pseudomonas aeruginosa. PLoS Pathog
7:¢1001264. doi: 10.1371/journal.ppat.1001264

Colvin, K. M., Irie, Y., Tart, C. S., Urbano, R., Whitney, J. C., Ryder, C., et al. (2012).
The Pel and Psl polysaccharides provide Pseudomonas aeruginosa structural
redundancy within the biofilm matrix. Environ. Microbiol. 14, 1913-1928. doi:
10.1111/j.1462-2920.2011.02657.x

Cruz, R. L., Asfahl, K. L., Bossche, SV den, Coenye, T., Crabbé, A., and Dandekar,
A. A. (2020). RhIR-regulated Acyl-homoserine lactone quorum sensing in a
cystic fibrosis isolate of Pseudomonas aeruginosa. mBio 11:¢00532-20. doi: 10.
1128/mBio.00532-20

Cullen, L., Weiser, R., Olszak, T., Maldonado, R. F., Moreira, A. S., Slachmuylders,
L., et al. (2015). Phenotypic characterization of an international Pseudomonas
aeruginosa reference panel: strains of cystic fibrosis (CF) origin show less in vivo
virulence than non-CF strains. Microbiology (Reading Engl.) 161, 1961-1977.
doi: 10.1099/mic.0.000155

DeLeon, S., Clinton, A., Fowler, H., Everett, J., Horswill, A. R., and Rumbaugh, K. P.
(2014). Synergistic interactions of Pseudomonas aeruginosa and Staphylococcus
aureus in an in vitro wound model. Infect. Immun. 82, 4718-4728. doi: 10.1128/
1AL.02198-14

Déziel, E., Lépine, F., Milot, S., and Villemur, R. (2003). rhlA is required for
the production of a novel biosurfactant promoting swarming motility in
Pseudomonas aeruginosa: 3-(3-hydroxyalkanoyloxy)alkanoic acids (HAAs), the
precursors of rhamnolipids. Microbiology (Reading Engl.) 149, 2005-2013. doi:
10.1099/mic.0.26154-0

Feltner, ]. B., Wolter, D. J., Pope, C. E., Groleau, M.-C., Smalley, N. E., Greenberg,
E. P., et al. (2016). LasR variant cystic fibrosis isolates reveal an adaptable
quorum-sensing hierarchy in Pseudomonas aeruginosa. mBio 7:¢01513-16. doi:
10.1128/mBi0.01513-16

Feraco, D., Blaha, M., Khan, S., Green, J. M., and Plotkin, B. J. (2016). Host
environmental signals and effects on biofilm formation. Microb. Pathog. 99,
253-263. doi: 10.1016/j.micpath.2016.08.015

Filkins, L. M., Graber, J. A., Olson, D. G., Dolben, E. L., Lynd, L. R,, Bhuju, S,,
et al. (2015). Coculture of Staphylococcus aureus with Pseudomonas aeruginosa
Drives S. aureus towards fermentative metabolism and reduced viability in
a cystic fibrosis model. J. Bacteriol. 197, 2252-2264. doi: 10.1128/jb.00
059-15

Folkesson, A., Jelsbak, L., Yang, L., Johansen, H. K., Ciofu, O., Haiby, N, et al.
(2012). Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an
evolutionary perspective. 12. Nat. Rev. Microbiol. 10, 841-851. doi: 10.1038/
nrmicro2907

Fourie, R,, Ells, R., Swart, C. W., Sebolai, O. M., Albertyn, J., and Pohl, C. H. (2016).
Candida albicans and Pseudomonas aeruginosa Interaction, with Focus on the
Role of Eicosanoids. Front. Physiol. 7:64. doi: 10.3389/fphys.2016.00064

Fourie, R., and Pohl, C. H. (2019). Beyond antagonism: the interaction between
candida species and Pseudomonas aeruginosa. J. Fungi. (Basel) 5:34. doi: 10.
3390/jof5020034

French Cystic Fibrosis Register (2017). Available online at: https://www.
vaincrelamuco.org/2019/05/17/statistiques- et- publications- 204 (accessed
February 18, 2021).

Fugeére, A., Lalonde Séguin, D., Mitchell, G., Déziel, E., Dekimpe, V., Cantin,
A. M., et al. (2014). Interspecific small molecule interactions between clinical
isolates of Pseudomonas aeruginosa and Staphylococcus aureus from adult
cystic fibrosis patients. PLoS One 9:¢86705. doi: 10.1371/journal.pone.00
86705

Granchelli, A. M., Adler, F. R., Keogh, R. H., Kartsonaki, C., Cox, D. R., and
Liou, T. G. (2018). Microbial interactions in the cystic fibrosis airway. J. Clin.
Microbiol. 56:¢00354-18. doi: 10.1128/JCM.00354-18

Herzog, S., Dach, F., de Buhr, N., Niemann, S., Schlagowski, J., Chaves-Moreno,
D, et al. (2019). High nuclease activity of long persisting Staphylococcus
aureus isolates within the airways of cystic fibrosis patients protects against
NET-mediated killing. Front. Immunol. 10:2552. doi: 10.3389/fimmu.2019.
02552

Hoffman, L. R., Déziel, E., D’Argenio, D. A., Lépine, F., Emerson, J., McNamara,
S., et al. (2006). Selection for Staphylococcus aureus small-colony variants due

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 617784



Camus et al.

Interactions Between S. aureus and R, aeruginosa

to growth in the presence of Pseudomonas aeruginosa. 52. Proc. Natl. Acad. Sci.
U.S.A. 103, 19890-19895. doi: 10.1073/pnas.0606756104

Hoiby, N., Bjarnsholt, T., Moser, C., Jensen, P. @, Kolpen, M., Qvist, T., et al. (2017).
Diagnosis of biofilm infections in cystic fibrosis patients. APMIS 125, 339-343.
doi: 10.1111/apm.12689

Hood, M. I, Mortensen, B. L., Moore, J. L, Zhang, Y., Kehl-Fie, T. E,
Sugitani, N., et al. (2012). Identification of an Acinetobacter baumannii
zinc acquisition system that facilitates resistance to calprotectin-mediated
zinc sequestration. PLoS Pathog. 8:€1003068. doi: 10.1371/journal.ppat.100
3068

Hotterbeekx, A., Kumar-Singh, S., Goossens, H., and Malhotra-Kumar, S. (2017).
In vivo and In vitro interactions between Pseudomonas aeruginosa and
Staphylococcus spp. Front. Cell. Infect. Microbiol. 7:106. doi: 10.3389/fcimb.
2017.00106

Hubert, D., Réglier-Poupet, H., Sermet-Gaudelus, I, Ferroni, A., Le Bourgeois,
M., Burgel, P.-R,, et al. (2013). Association between Staphylococcus aureus
alone or combined with Pseudomonas aeruginosa and the clinical condition of
patients with cystic fibrosis. J. Cyst. Fibros. 12,497-503. doi: 10.1016/j.jcf.2012.
12.003

Hulkovd, M., Soukupovd, J., Carlson, R. P., and Marsélek, B. (2020). Interspecies
interactions can enhance Pseudomonas aeruginosa tolerance to surfaces
functionalized with silver nanoparticles. Colloid. Surf B Biointerfac. 192:111027.
doi: 10.1016/j.colsurfb.2020.111027

Ibberson, C. B., and Whiteley, M. (2020). The social life of microbes in chronic
infection. Curr. Opin. Microbiol. 53, 44-50. doi: 10.1016/j.mib.2020.02.003

Jenul, C., and Horswill, A. R. (2018). Regulation of Staphylococcus aureus virulence.
Microbiol. Spectr. 6:1128. doi: 10.1128/microbiolspec. GPP3-0031-2018

Kahl, B., Herrmann, M., Everding, A. S., Koch, H. G., Becker, K., Harms, E., et al.
(1998). Persistent infection with small colony variant strains of Staphylococcus
aureus in patients with cystic fibrosis. J. Infect. Dis. 177, 1023-1029. doi:
10.1086/515238

Kahl, B. C., Becker, K., and Loffler, B. (2016). Clinical significance and pathogenesis
of staphylococcal small colony variants in persistent infections. Clin. Microbiol.
Rev. 29, 401-427. doi: 10.1128/cmr.00069- 15

Kahl, B. C., Belling, G., Becker, P., Chatterjee, I., Wardecki, K., Hilgert, K., et al.
(2005). Thymidine-dependent Staphylococcus aureus small-colony variants are
associated with extensive alterations in regulator and virulence gene expression
profiles. Infect. Immun. 73, 4119-4126.  doi: 10.1128/iai.73.7.4119-41
26.2005

Kehl-Fie, T. E., and Skaar, E. P. (2010). Nutritional immunity beyond iron: a role
for manganese and zinc. Curr. Opin. Chem. Biol. 14, 218-224. doi: 10.1016/j.
cbpa.2009.11.008

Khademi, S. M. H., Sazinas, P., and Jelsbak, L. (2019). Within-host adaptation
mediated by intergenic evolution in Pseudomonas aeruginosa. Genome Biol.
Evol. 11, 1385-1397. doi: 10.1093/gbe/evz083

Klockgether, J., Cramer, N., Fischer, S., Wiehlmann, L., and Tiimmler, B. (2018).
Long-term microevolution of Pseudomonas aeruginosa differs between mildly
and severely affected cystic fibrosis lungs. 2. Am. J. Respir. Cell Mol. Biol. 59,
246-256. doi: 10.1165/rcmb.2017-03560¢

Kobayashi, S. D., and DeLeo, F. R. (2013). Staphylococcus aureus protein A
promotes immune suppression. mBio 4:¢00764-13. doi: 10.1128/mBio.00
764-13

Kriegeskorte, A., Lore, N. I, Bragonzi, A., Riva, C., Kelkenberg, M., Becker, K., et al.
(2015). Thymidine-dependent Staphylococcus aureus small-colony variants are
induced by trimethoprim-sulfamethoxazole (SXT) and have increased fitness
during SXT challenge. Antimicrob. Agents Chemother. 59, 7265-7272. doi:
10.1128/aac.00742-15

Kumar, A., and Ting, Y. P. (2015). Presence of Pseudomonas aeruginosa influences
biofilm formation and surface protein expression of Staphylococcus aureus.
Environ. Microbiol. 17, 4459-4468. doi: 10.1111/1462-2920.12890

La Rosa, R, Johansen, H. K., and Molin, S. (2018). Convergent Metabolic
specialization through distinct evolutionary paths in Pseudomonas aeruginosa.
mBio 9:¢00269-18. doi: 10.1128/mBi0.00269- 18

La Rosa, R., Johansen, H. K., and Molin, S. (2019). Adapting to the airways:
metabolic requirements of Pseudomonas aeruginosa during the infection of
cystic fibrosis patients. Metabolites 9:234. doi: 10.3390/metabo9100234

Leid, J. G., Willson, C. J., Shirtliff, M. E., Hassett, D. J., Parsek, M. R., and Jeffers,
A. K. (2005). The exopolysaccharide alginate protects Pseudomonas aeruginosa

biofilm bacteria from IFN-gamma-mediated macrophage killing. J. Immunol.
175, 7512-7518. doi: 10.4049/jimmunol.175.11.7512

Lennartz, F. E., Schwartbeck, B., Diibbers, A., Grofle-Onnebrink, J., Kessler,
C., Kiister, P., et al. (2019). The prevalence of Staphylococcus aureus with
mucoid phenotype in the airways of patients with cystic fibrosis-A prospective
study. Int. J. Med. Microbiol. 309, 283-287. doi: 10.1016/j.ijmm.2019.
05.002

Limoli, D. H., and Hoffman, L. R. (2019). Help, hinder, hide and harm: what
can we learn from the interactions between Pseudomonas aeruginosa and
Staphylococcus aureus during respiratory infections? 7. Thorax 74, 684-692.
doi: 10.1136/thoraxjnl-2018-212616

Limoli, D. H., Warren, E. A,, Yarrington, K. D., Donegan, N. P., Cheung, A. L., and
O’Toole, G. A. (2019). Interspecies interactions induce exploratory motility in
Pseudomonas aeruginosa. Elife 8:e47365. doi: 10.7554/eLife.47365.sa2

Limoli, D. H., Whitfield, G. B., Kitao, T., Ivey, M. L., Davis, M. R., Grahl, N, et al.
(2017). Pseudomonas aeruginosa alginate overproduction promotes coexistence
with Staphylococcus aureus in a model of cystic fibrosis respiratory infection.
mBio 8:¢00186-17. doi: 10.1128/mBio.00186-17

Limoli, D. H., Yang, J., Khansaheb, M. K., Helfman, B., Peng, L., Stecenko, A. A.,
et al. (2016). Staphylococcus aureus and Pseudomonas aeruginosa co-infection
is associated with cystic fibrosis-related diabetes and poor clinical outcomes.
Eur. J. Clin. Microbiol. Infect. Dis. 35, 947-953. doi: 10.1007/s10096-01
6-2621-0

Machan, Z. A,, Taylor, G. W,, Pitt, T. L., Cole, P. J., and Wilson, R. (1992). 2-
Heptyl-4-hydroxyquinoline N-oxide, an antistaphylococcal agent produced by
Pseudomonas aeruginosa. J. Antimicrob. Chemother. 30, 615-623. doi: 10.1093/
jac/30.5.615

Maldonado, R. F., Sa-Correia, I., and Valvano, M. A. (2016). Lipopolysaccharide
modification in Gram-negative bacteria during chronic infection. FEMS
Microbiol. Rev. 40, 480-493. doi: 10.1093/femsre/fuw007

Manos, J., Hu, H., Rose, B. R., Wainwright, C. E., Zablotska, I. B., Cheney, J.,
et al. (2013). Virulence factor expression patterns in Pseudomonas aeruginosa
strains from infants with cystic fibrosis. Eur. J. Clin. Microbiol. Infect. Dis. 32,
1583-1592. doi: 10.1007/s10096-013-1916-7

Martha, B., Croisier, D., Fanton, A., Astruc, K., Piroth, L., Huet, F., et al. (2010).
Factors associated with mucoid transition of Pseudomonas aeruginosa in cystic
fibrosis patients. Clin. Microbiol. Infect. 16, 617-623. doi: 10.1111/j.1469-0691.
2009.02786.x

Marvig, R. L., Damkizer, S., Khademi, S. M. H., Markussen, T. M., Molin, S., and
Jelsbak, L. (2014). Within-host evolution of Pseudomonas aeruginosa reveals
adaptation toward iron acquisition from hemoglobin. mBio 5:¢00966-14. doi:
10.1128/mBi0.00966- 14

Marvig, R. L, Dolce, D., Sommer, L. M., Petersen, B., Ciofu, O., Campana, S.,
etal. (2015a). Within-host microevolution of Pseudomonas aeruginosa in Italian
cystic fibrosis patients. BMC Microbiol. 15:218. doi: 10.1186/5s12866-015-0
563-9

Marvig, R. L., Sommer, L. M., Jelsbak, L., Molin, S., and Johansen, H. K.
(2015b). Evolutionary insight from whole-genome sequencing of Pseudomonas
aeruginosa from cystic fibrosis patients. 4. Future Microbiol. 10, 599-611. doi:
10.2217/fmb.15.3

Marvig, R. L., Sommer, L. M., Molin, S., and Johansen, H. K. (2015¢). Convergent
evolution and adaptation of Pseudomonas aeruginosa within patients with cystic
fibrosis. 1. Nat. Genet. 47, 57-64. doi: 10.1038/ng.3148

Mashburn, L. M., Jett, A. M., Akins, D. R, and Whiteley, M. (2005). Staphylococcus
aureus serves as an iron source for Pseudomonas aeruginosa during in vivo
coculture. 2. J. Bacteriol. 187, 554-566. doi: 10.1128/jb.187.2.554-566.2005

Michelsen, C. F., Christensen, A.-M. J., Bojer, M. S., Hoiby, N., Ingmer, H., and
Jelsbak, L. (2014). Staphylococcus aureus alters growth activity, autolysis, and
antibiotic tolerance in a human host-adapted Pseudomonas aeruginosa lineage.
J. Bacteriol. 196, 3903-3911. doi: 10.1128/jb.02006- 14

Michelsen, C. F., Khademi, S. M. H., Johansen, H. K., Ingmer, H., Dorrestein,
P. C, and Jelsbak, L. (2016). Evolution of metabolic divergence in
Pseudomonas aeruginosa during long-term infection facilitates a proto-
cooperative interspecies interaction. ISME J. 10, 1323-1336. doi: 10.1038/ismej.
2015.220

Miller, C. L., Van Laar, T. A,, Chen, T, Karna, S. L. R,, Chen, P, You, T,
et al. (2017). Global transcriptome responses including small RNAs during
mixed-species interactions with methicillin-resistant Staphylococcus aureus

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 617784



Camus et al.

Interactions Between S. aureus and R, aeruginosa

and Pseudomonas aeruginosa. Microbiologyopen 6:€00427.  doi: 10.1002/
mbo3.427

Millette, G., Langlois, J.-P., Brouillette, E., Frost, E. H., Cantin, A. M., and Malouin,
F. (2019). Despite antagonism in vitro, Pseudomonas aeruginosa enhances
Staphylococcus aureus colonization in a murine lung infection model. Front.
Microbiol. 10:2880. doi: 10.3389/fmicb.2019.02880

Minandri, F., Imperi, F., Frangipani, E., Bonchi, C., Visaggio, D., Facchini, M., et al.
(2016). Role of iron uptake systems in Pseudomonas aeruginosa virulence and
airway infection. Infect. Immun. 84, 2324-2335. doi: 10.1128/iai.00098-16

Mitchell, G., Séguin, D. L., Asselin, A.-E., Déziel, E., Cantin, A. M., Frost, E. H.,
et al. (2010). Staphylococcus aureus sigma B-dependent emergence of small-
colony variants and biofilm production following exposure to Pseudomonas
aeruginosa 4-hydroxy-2-heptylquinoline-N-oxide. BMC Microbiol. 10:33. doi:
10.1186/1471-2180-10-33

Moisan, H., Brouillette, E., Jacob, C. L., Langlois-Bégin, P., Michaud, S., and
Malouin, F. (2006). Transcription of virulence factors in Staphylococcus
aureus small-colony variants isolated from cystic fibrosis patients is
influenced by SigB. J. Bacteriol. 188, 64-76. doi: 10.1128/jb.188.1.64-
76.2006

Nguyen, A. T., Jones, ]. W., Ruge, M. A., Kane, M. A., and Oglesby-Sherrouse, A. G.
(2015). Iron depletion enhances production of antimicrobials by Pseudomonas
aeruginosa. J. Bacteriol. 197, 2265-2275. doi: 10.1128/jb.00072-15

Noto, M. J., Burns, W. J., Beavers, W. N., and Skaar, E. P. (2017). Mechanisms
of pyocyanin toxicity and genetic determinants of resistance in Staphylococcus
aureus. J. Bacteriol. 199:¢00221-17. doi: 10.1128/]B.00221-17

O’Brien, S., and Fothergill, J. L. (2017). The role of multispecies social interactions
in shaping Pseudomonas aeruginosa pathogenicity in the cystic fibrosis lung.
FEMS Microbiol. Lett. 364:fnx128.

O’Brien, S., Williams, D., Fothergill, J. L., Paterson, S., Winstanley, C., and
Brockhurst, M. A. (2017). High virulence sub-populations in Pseudomonas
aeruginosa long-term cystic fibrosis airway infections. BMC Microbiol. 17:30.
doi: 10.1186/512866-017-0941-6

Orazi, G., Jean-Pierre, F.,and O’Toole, G. A. (2020). Pseudomonas aeruginosa PA14
enhances the efficacy of norfloxacin against Staphylococcus aureus Newman
biofilms. J. Bacteriol. 202:¢00159-20. doi: 10.1128/JB.00159-20

Orazi, G.,and O’Toole, G. A. (2017). Pseudomonas aeruginosa alters Staphylococcus
aureus sensitivity to vancomycin in a biofilm model of cystic fibrosis infection.
mBio 8:00873-17. doi: 10.1128/mBi0.00873-17

Orazi, G., Ruoff, K. L., and O’'Toole, G. A. (2019). Pseudomonas aeruginosa
increases the sensitivity of biofilm-grown Staphylococcus aureus to membrane-
targeting antiseptics and antibiotics. mBio 10:e01501-19. doi: 10.1128/mBio.
01501-19

Pallett, R., Leslie, L. J., Lambert, P. A., Milic, L, Devitt, A., and Marshall, L. J. (2019).
Anaerobiosis influences virulence properties of Pseudomonas aeruginosa cystic
fibrosis isolates and the interaction with Staphylococcus aureus. Sci. Rep. 9:6748.
doi: 10.1038/s41598-019-42952-x

Palmer, K. L., Aye, L. M., and Whiteley, M. (2007). Nutritional cues control
Pseudomonas aeruginosa multicellular behavior in cystic fibrosis sputum.
J. Bacteriol. 189, 8079-8087. doi: 10.1128/jb.01138-07

Pastar, 1., Nusbaum, A. G., Gil, J., Patel, S. B., Chen, J., Valdes, J., et al.
(2013). Interactions of methicillin resistant Staphylococcus aureus USA300 and
Pseudomonas aeruginosa in polymicrobial wound infection. PLoS One 8:¢56846.
doi: 10.1371/journal.pone.0056846

Price, C. E., Brown, D. G., Limoli, D. H., Phelan, V. V., and O’Toole, G. A.
(2020). Exogenous alginate protects Staphylococcus aureus from killing by
Pseudomonas aeruginosa. J. Bacteriol. 202:¢00559-19. doi: 10.1128/JB.005
59-19

Proctor, R. A. Kriegeskorte, A., Kahl, B. C., Becker, K., Loffler, B,
and Peters, G. (2014). Staphylococcus aureus small colony variants
(SCVs): a road map for the metabolic pathways involved in persistent
infections. Front. Cell Infect. Microbiol. 4:99. doi: 10.3389/fcimb.2014.
00099

Quinn, R. A., Whiteson, K., Lim, Y. W., Zhao, J., Conrad, D., LiPuma, J. J., et al.
(2016). Ecological networking of cystic fibrosis lung infections. NPJ Biofilms
Microb. 2:4. doi: 10.1038/s41522-016-0002- 1

Riquelme, S. A., Wong Fok, Lung, T., and Prince, A. (2020). Pulmonary pathogens
adapt to immune signaling metabolites in the airway. Front. Immunol. 11:385.
doi: 10.3389/fimmu.2020.00385

Ryder, C., Byrd, M., and Wozniak, D. J. (2007). Role of polysaccharides in
Pseudomonas aeruginosa biofilm development. Curr. Opin. Microbiol. 10, 644
648. doi: 10.1016/j.mib.2007.09.010

Sass, G., Nazik, H., Penner, J., Shah, H., Ansari, S. R., Clemons, K. V., et al. (2019).
Aspergillus-Pseudomonas interaction, relevant to competition in airways. Med.
Mycol. 57, S228-S232. doi: 10.1093/mmy/myy087

Schwartbeck, B., Birtel, J., Treffon, J., Langhanki, L., Mellmann, A., Kale, D., et al.
(2016). Dynamic in vivo mutations within the ica operon during persistence
of Staphylococcus aureus in the airways of cystic fibrosis patients. PLoS Pathog.
12:e1006024. doi: 10.1371/journal.ppat.1006024

Seggewiss, J., Becker, K., Kotte, O., Eisenacher, M., Yazdi, M. R. K., Fischer,
A., et al. (2006). Reporter metabolite analysis of transcriptional profiles of a
Staphylococcus aureus strain with normal phenotype and its isogenic hemB
mutant displaying the small-colony-variant phenotype. J. Bacteriol. 188, 7765-
7777. doi: 10.1128/jb.00774-06

Smith, E. E., Buckley, D. G., Wu, Z., Saenphimmachak, C., Hoffman, L. R,
D’Argenio, D. A., et al. (2006). Genetic adaptation by Pseudomonas aeruginosa
to the airways of cystic fibrosis patients. 22. Proc. Natl. Acad. Sci. U.S.A. 103,
8487-8492. doi: 10.1073/pnas.0602138103

Spanél, P., Sovova, K., Dryahina, K., DouSov4, T., Dfevinek, P., and Smith,
D. (2016). Do linear logistic model analyses of volatile biomarkers in
exhaled breath of cystic fibrosis patients reliably indicate Pseudomonas
aeruginosa infection? 3. J. Breath Res. 10:036013. doi: 10.1088/1752-7155/10/3/
036013

Tan, X., Coureuil, M., Ramond, E., Euphrasie, D., Dupuis, M., Tros, F.
et al. (2019). Chronic Staphylococcus aureus lung infection correlates
with proteogenomic and metabolic adaptations leading to an increased
intracellular persistence. Clin. Infect. Dis. 69, 1937-1945. doi: 10.1093/cid/
ciz106

Toder, D. S., Gambello, M. J., and Iglewski, B. H. (1991). Pseudomonas aeruginosa
LasA: a second elastase under the transcriptional control of lasR. Mol. Microbiol.
5,2003-2010. doi: 10.1111/j.1365-2958.1991.tb00822.x

Tognon, M., Kéhler, T., Gdaniec, B. G., Hao, Y., Lam, J. S., Beaume, M., et al.
(2017). Co-evolution with Staphylococcus aureus leads to lipopolysaccharide
alterations in Pseudomonas aeruginosa. ISME ]. 11, 2233-2243. doi: 10.1038/
ismej.2017.83

Treffon, J., Block, D., Moche, M., Reiss, S., Fuchs, S., Engelmann, S., et al.
(2018). Adaptation of Staphylococcus aureus to airway environments in patients
with cystic fibrosis by upregulation of superoxide dismutase M and iron-
scavenging proteins. J. Infect. Dis. 217, 1453-1461. doi: 10.1093/infdis/
jiy012

Treffon, J., Chaves-Moreno, D., Niemann, S., Pieper, D. H., Vogl, T., Roth, J.,
et al. (2020). Importance of superoxide dismutases A and M for protection of
Staphylococcus aureus in the oxidative stressful environment of cystic fibrosis
airways. Cell Microbiol. 22:e13158. doi: 10.1111/cmi.13158

van Mansfeld, R., de Been, M., Paganelli, F., Yang, L., Bonten, M., and
Willems, R. (2016). Within-host evolution of the dutch high-prevalent
Pseudomonas aeruginosa clone ST406 during chronic colonization of a patient
with cystic fibrosis. PLoS One 11:¢0158106. doi: 10.1371/journal.pone.01
58106

Wakeman, C. A., Moore, J. L, Noto, M. J., Zhang, Y., Singleton, M. D.,
Prentice, B. M., et al. (2016). The innate immune protein calprotectin promotes
Pseudomonas aeruginosa and Staphylococcus aureus interaction. Nat. Commun.
7:11951. doi: 10.1038/ncomms11951

Westphal, C., Gorlich, D., Kampmeier, S., Herzog, S., Braun, N., Hitschke, C., et al.
(2020). Antibiotic treatment and age are associated with Staphylococcus aureus
carriage profiles during persistence in the airways of cystic fibrosis patients.
Front. Microbiol. 11:230. doi: 10.3389/fmicb.2020.00230

Wilson, R., Sykes, D. A., Watson, D., Rutman, A., Taylor, G. W., and Cole,
P. J. (1988). Measurement of Pseudomonas aeruginosa phenazine pigments
in sputum and assessment of their contribution to sputum sol toxicity for
respiratory epithelium. Infect. Immun. 56, 2515-2517. doi: 10.1128/iai.56.9.
2515-2517.1988

Winstanley, C., O’Brien, S., and Brockhurst, M. A. (2016). Pseudomonas aeruginosa
evolutionary adaptation and diversification in cystic fibrosis chronic lung
infections. Trends Microbiol. 24, 327-337. doi: 10.1016/j.tim.2016.01.008

Yadav, M. K, Chae, S.-W., Go, Y. Y, Im, G. J, and Song, J-
J. (2017). In vitro Multi-species biofilms of methicillin-resistant

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 617784



Camus et al.

Interactions Between S. aureus and R, aeruginosa

Staphylococcus aureus and Pseudomonas aeruginosa and Their host
interaction during In vivo
model. Front. Cell Infect. Microbiol. 7:125.
00125

Yagci, S., Hascelik, G., Dogru, D., Ozcelik, U., and Sener, B. (2013). Prevalence
and genetic diversity of Staphylococcus aureus small-colony variants in cystic
fibrosis patients. Clin. Microbiol. Infect. 19, 77-84. doi: 10.1111/j.1469-0691.
2011.03742.x

Yang, L., Jelsbak, L., and Molin, S. (2011). Microbial ecology and adaptation in
cystic fibrosis airways. Environ. Microbiol. 13, 1682-1689. doi: 10.1111/j.1462-
2920.2011.02459.x

Zhao, K., Du, L, Lin, J, Yuan, Y., Wang, X, Yue, B, et al. (2018).
Pseudomonas aeruginosa quorum-sensing and type VI secretion system can

colonization of an otitis media rat
doi: 10.3389/fcimb.2017.

direct interspecific coexistence during evolution. Front. Microbiol. 9:2287. doi:
10.3389/fmicb.2018.02287

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Camus, Briaud, Vandenesch and Moreau. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

16

March 2021 | Volume 12 | Article 617784



88



Introduction Objectifs de la these

n Objectifs de la these

Les récentes recherches portant sur les interactions entre P. aeruginosa et S. aureus

tendent a montrer que la coexistence bactérienne serait favorisée par I'évolution des souches
bactériennes dans le milieu pulmonaire des patients atteints de mucoviscidose (63, 163). Cet
état de coexistence permettrait la mise en place de comportements coopératifs entre les deux
bactéries : Paul Briaud a ainsi pu démontrer au cours de son doctorat effectué au laboratoire
que cette interaction protégeait S. aureus de I'action des antibiotiques (55, 168). Cependant,
aucune étude n’a encore évalué I'impact de la coexistence sur la physiologie de P. aeruginosa.
Par ailleurs, bien que cet état d’interaction semble découler de I'adaptation génétique de
P. aeruginosa a I'environnement pulmonaire, les déterminants génétiques exacts de la
coexistence demeurent inconnus. Ce projet de doctorat a donc pour objectif d’examiner
les causes et impacts de la coexistence entre P. aeruginosa et S. aureus afin
d’améliorer la compréhension et la caractérisation de cet état d’interaction encore mal

compris.

Pour cela, une premiére approche transcriptomique a été employée pour étudier
comment I'expression genique et le métabolisme de P. aeruginosa sont affectés par la
coexistence avec S. aureus. Les résultats de ce premier axe de recherche ont été publiés en

ao(t 2020 dans le journal International Society for Microbial Ecology (ISME).

Les facteurs génétiques de P. aeruginosa impliqués dans I'établissement de la
coexistence ont ensuite été étudiés par deux approches complémentaires : une approche de
génomique comparative d’isolats cliniques compétiteurs ou coexistants, et une technique
d’évolution expérimentale in vitro. Les résultats de ce deuxiéme axe de recherche font I'objet

d’une publication scientifique en cours de préparation.

Enfin, la technique de Transposon-sequencing a été développée au laboratoire pour
déterminer les facteurs d’'une souche clinique de P. aeruginosa impliqués dans le maintien de
l'état de coexistence. Une liste de génes favorables et défavorables a la survie de

P. aeruginosa durant I'interaction de coexistence avec S. aureus a ainsi pu étre établie.

Ce projet vient donc compléter les recherches effectuées par Paul Briaud au cours de
son doctorat, auxquelles j'ai pu participer en tant que deuxiéme et troisieme auteur (Cf. Partie
« Autres travaux »). L’ensemble de ces travaux ont ainsi permis une meilleure compréhension

de la coexistence et de ses effets sur S. aureus, P. aeruginosa et la santé des patients.
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-AXE 1 : Impact de la coexistence sur le transcriptome et le
métabolisme de P. aeruginosa

1.1. Introduction

Bien que l'effet de P. aeruginosa sur la physiologie de S. aureus soit bien décrit, peu
d’études ont évalué comment P. aeruginosa pouvait étre affecté par la présence du
staphylocoque. Nous avons donc cherché a étudier les dérégulations transcriptomiques et

métaboliques chez P. aeruginosa induites par la coexistence avec S. aureus.

Nous avons pour cela mené une étude transcriptomique sur quatre couples de souches
cliniques de P. aeruginosa et S. aureus isolés de patients atteints de mucoviscidose co-
infectés. Dans une premiére approche sans a priori, un séquengage des ARN de
P. aeruginosa cultivé en monoculture ou en co-culture avec S. aureus a été effectué,
permettant I'établissement d’'une liste de génes dont I'expression est spécifiquement affectée
lors de Tlinteraction de coexistence. Une sous-régulation de génes impliqués dans le
catabolisme du glucose, ainsi qu’un sur-régulation de génes impliqués dans le catabolisme de

sources de carbone alternative telles que I'acétoine et les acides aminés, ont été observées.

Nous avons ensuite cherché a confirmer ces dérégulations chez davantage de paires
de souches de P. aeruginosa et S. aureus, par une approche ciblée de RT-gPCR. En testant
jusqu’a 21 couples, nous avons pu observer que la dérégulation de I'expression des génes
impliqués dans catabolisme du glucose, des acides aminés et de I'acétoine était trés fréquente.
En présence de S. aureus, environ 70% des souches de P. aeruginosa ont présenté une forte

surexpression du systéme aco, responsable du catabolisme de 'acétoine.

Nous avons pu mettre en évidence que la surexpression du systéeme aco chez
P. aeruginosa était induite par 'acétoine de maniére dose-dépendante, suggérant la présence
de la molécule dans nos conditions de co-culture. Effectivement, des suivis de la concentration
en acétoine ont montré que la molécule était spécifiquement produite par S. aureus en mono-
et en co-culture. En réponse a cela, la surexpression du systéme aco permet a P. aeruginosa
de cataboliser I'acétoine produite par S. aureus. De maniére intéressante, ce catabolisme
bénéficie aux deux partenaires de l'interaction : il fournit & P. aeruginosa une source de
carbone alternative et améliore sa survie en milieu appauvri, mais il favorise également la
survie de S. aureus lors de son interaction prolongée avec P. aeruginosa. En effet,

'accumulation d’acétoine dans le milieu, en absence de catabolisme par P. aeruginosa,
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apparait toxique pour le staphylocoque. Le métabolisme de I'acétoine entre ces deux

pathogénes s’apparente donc a une coopération trophique.

Enfin, nous avons pu montrer que cette coopération trophique était favorisée par
l'interaction de coexistence : en comparaison a des souches isolées de couples compétiteurs,
les souches coexistantes de S. aureus et P. aeruginosa ont présenté une capacité augmentée
a produire et cataboliser I'acétoine, respectivement. Ces résultats suggérent qu’une co-
évolution des deux pathogénes in vivo pourrait favoriser I'établissement de coopérations
trophiques, et plus généralement de la coexistence bactérienne. Cette étude a donc permis
de montrer que le métabolisme énergétique de P. aeruginosa est largement affecté par la
coexistence avec S. aureus, permettant la mise en place de stratégies coopératives favorisant

la survie des deux pathogénes.
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Abstract

In the context of infection, Pseudomonas aeruginosa and Staphylococcus aureus are frequently co-isolated, particularly in
cystic fibrosis (CF) patients. Within lungs, the two pathogens exhibit a range of competitive and coexisting interactions. In
the present study, we explored the impact of S. aureus on the physiology of P. aeruginosa in the context of coexistence.
Transcriptomic analyses showed that S. aureus significantly and specifically affects the expression of numerous genes
involved in P. aeruginosa carbon and amino acid metabolism. In particular, 65% of the strains presented considerable
overexpression of the genes involved in the acetoin catabolic (aco) pathway. We demonstrated that acetoin is (i) produced by
clinical S. aureus strains, (ii) detected in sputa from CF patients and (iii) involved in P. aeruginosa’s aco system induction.
Furthermore, acetoin is catabolized by P. aeruginosa, a metabolic process that improves the survival of both pathogens by
providing a new carbon source for P. aeruginosa and avoiding the toxic accumulation of acetoin on S. aureus. Due to its
beneficial effects on both bacteria, acetoin catabolism could testify to the establishment of trophic cooperation between S.

aureus and P. aeruginosa in the CF lung environment, thus promoting their persistence.

Introduction

Infectious sites constitute rich microbial ecosystems shared
by a large diversity of microorganisms, including the native
microbiota and pathogens. Lungs of cystic fibrosis (CF)
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patients are a well-known example of this microbial rich-
ness as they gather more than 60 genera of bacteria [1, 2].
This density of microorganisms promotes their interactions,
through which they model their biological activities and
their environment [3, 4]. However, microbial interactions
are dynamic and range from antagonism to cooperation
according to species and environmental conditions [5]. For
instance, the opportunistic pathogen Pseudomonas aerugi-
nosa is well known for its competitiveness in various eco-
systems due to many quorum-sensing-mediated factors,
such as phenazines, thamnolipids and the type 6 secretion
system [6]. P. aeruginosa thus can alter the growth, biofilm
formation and respiration of yeasts, fungi and Gram-
negative and Gram-positive bacteria [6]. Among them,
Staphylococcus aureus is particularly sensitive to P. aeru-
ginosa virulence factors as they can directly lyse staphy-
lococci [7]. This competitive interaction between P.
aeruginosa and S. aureus is observed for both environ-
mental and clinical strains as both pathogens are frequently
co-isolated from wounds and CF lung samples [7, 8]. Until
recently, the anti-staphylococcal behaviour of P. aeruginosa
was the only expression observed between the two species
and was thus extensively described [7]. In the context of CF
lung infections, this competitive interaction is highlighted
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by the decreased prevalence of S. aureus as P. aeruginosa
colonizes lungs during adolescence [9]. However, Baldan
et al. [10] first noted that a non-competitive state between
P. aeruginosa and S. aureus could establish during the
development of CF chronic infections, calling into question
the antagonistic model between the two pathogens.

The establishment of this particular non-competitive state
between P. aeruginosa and S. aureus seems to be linked to
the adaptation of P. aeruginosa to the pulmonary ecosys-
tem. In fact, selective pressures present in the CF lung
environment, such as the host immune system and antibiotic
treatments, drive P. aeruginosa isolates towards a state of
low virulence and high resistance [11-14]. Major virulence
factors involved in quorum sensing and motility are often
mutated in P. aeruginosa chronic infection isolates, indu-
cing a decrease in the production of anti-staphylococcal
factors followed by non-competitive interaction [15]. In
addition, the rewiring of metabolism networks and the
decrease of its catabolic repertoire also accompany P. aer-
uginosa’s adaptation to the CF environment. This trophic
specialization commonly leads to the slower growth of
chronic isolates and thus less competitive behaviour
regarding shared resources [16]. Several independent stu-
dies observed this state of coexistence between S. aureus
and P. aeruginosa isolated from chronic infections
[10, 15, 17, 18]. Briaud et al. [18, 19] recently demonstrated
that this interaction pattern appears to be more frequent than
expected. Indeed, among the quarter of CF patients co-
infected by both pathogens, 65% were infected by a coex-
isting S. aureus—P. aeruginosa pair. Recent studies have
shown that coexistence between P. aeruginosa and
S. aureus could promote their persistence throughout the
establishment of cooperative interaction. In these condi-
tions, coexisting bacteria demonstrated increased tolerance
to antibiotics: to tobramycin and tetracycline for S. aureus
and to gentamicin for P. aeruginosa. This appeared to be
related to the induction of small colony variants
[15, 17, 18, 20]. However, the effects of coexistence on
general bacterial physiology, and not only virulence-
associated traits, have not yet been explored. Therefore,
despite its significance in infectious ecosystems, coex-
istence between P. aeruginosa and S. aureus remains poorly
understood.

Using global and targeted transcriptomic approaches, we
evaluated the impact of the presence of S. aureus on the
gene expression of P. aeruginosa using a set of clinical
pairs of strains isolated from CF co-infected patients.
Coexistence with S. aureus induced the overexpression of
many genes involved in the utilization of alternative carbon
sources in P. aeruginosa, such as amino acids and acetoin.
Acetoin was shown to be produced by clinical S. aureus
isolates in vitro and in CF sputum, and catabolized by
P. aeruginosa. The beneficial effects of acetoin catabolism
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on both bacteria during their interaction highlighted trophic
cooperation between P. aeruginosa and S. aureus in CF
lung infections.

Materials and methods
Bacterial strains

The bacterial strains and plasmids used in this study are
listed in Supplementary Tables S1 and S2. CF clinical
strains were isolated by the Infectious Agents Institute from
sputa of patients monitored in the two CF centres of Lyon
(Hospices Civils de Lyon (HCL)). S. aureus and P. aeru-
ginosa strains were isolated from patients co-infected by
both bacteria. Each strain pair indicated in Supplementary
Table S1 was recovered from a single sample, obtained
from different patients in most cases, as indicated in Sup-
plementary Table S1. All the methods were carried out in
accordance with relevant French guidelines and regulations.
This study was submitted to the Ethics Committee of the
HCL and registered under CNIL No. 17-216. All the
patients were informed of the study and consented to the use
of their data.

As schematized in Supplementary Fig. SIA, interaction
state was determined for each pair by growth inhibition tests
on tryptic soy agar (TSA) and in liquid cultures [18]. As
previously described, coexistence was characterized by: (i)
the absence of inhibition halo on agar tests, and (ii) similar
growth in monocultures and co-cultures for 8 h [18].

The knockout AacoR and Aaco mutants were generated
in the P. aeruginosa PA2600 strain via allelic exchange
owing to suicide plasmids pEXG2AacoR and pEXG2Aaco
constructed as described previously [21, 22]. Gentamicin
(Euromedex) was used at final concentrations of 50 ug/ml.
Detailed protocols are given in Supplementary Data.

Cultures conditions

Strains were grown in monoculture or co-culture in
brain—heart infusion (BHI), as described by Briaud et al.
[18]. Briefly, S. aureus, P. aeruginosa, Burkholderia cen-
ocepacia, Stenotrophomonas maltophilia and Bacillus
subtilis overnight pre-cultures were diluted to an ODg, of
0.1 in BHI and grown for 2 h30 at 37 °C and 200 r.p.m.
Cultures were then diluted to an ODg of 2 in fresh medium
and 10 ml was mixed with 10 ml BHI for monocultures. Co-
cultures were performed by mixing 10 ml of P. aeruginosa
suspension with 10ml of S. aureus, B. cenocepacia,
S. maltophilia or B. subtilis suspension. For supernatant
exposure, 10 ml of S. aureus supernatant from a 4-h culture
was filtered on a 0.22-uM filter and added to 10ml of
P. aeruginosa suspension. Cultures were grown for 8 h at
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200 r.p.m. and at 37 °C for transcriptomic studies. Long-
term survival assays were performed by extending the
incubation time of S. aureus and P. aeruginosa mono-
cultures and co-cultures up to 5 days. Plating at days 0, 3
and 5 was performed on mannitol salt agar (MSA, BBL™
Difco) and cetrimide (Difco™) for S. aureus or P. aeru-
ginosa counts, respectively. For growth monitoring in the
presence of acetoin, minimal medium M63 (76 mM (NHy)
2804, 500 mM KH2P04, 9 },IM FCSO4'7H20, 1 mM
MgS0O,4-7H,0) was inoculated with P. aeruginosa to an
ODgqp of 0.1 and incubated for 25 h at 37 °C and 200 r.p.m.
Every 2h during 10 h and at =24 h, acetoin was added to
obtain a final concentration of 1.5 mM in the culture. Plat-
ing on TSA was performed at =0, 1 h after each acetoin
addition and at t=24h.

Genome sequencing and annotation

Genome sequencing and annotation of PA2596 and
PA2600 strains were performed as previously described
[18]. In order to compare CDS from PA2596 and PA2600,
PAOI strain (NC_002745.2) was used as a reference. Pro-
tein sequences were compared and grouped using a simi-
larity threshold of 95% through Roary (V3.8.2) [23]. Gene
names and numbers were gathered from PAOI and used as
ID tags for common genes. For non-common genes, CDS
from PA2596 and PA2600 were tagged with a specific
name (gene number and name recovered from the Uni-
protKB database). Functional classification was performed
using the KEGG (Kyoto Encyclopaedia of Genes and
Genomes) database and by a manual literature check of
each gene function. The complete genome sequences for the
PA2596 and PA2600 strains were deposited in GenBank
under the accession number GCA_009650455.1 and
GCA_009650545.1.

Transcriptomic analysis

Supplementary Fig. S1 schematizes the global methodology
used for the transcriptomic analysis. RNA-sequencing
(RNAseq) analysis was performed on four pairs: the
patient-specific pairs SA2597/PA2596 (competitive) and
SA2599/PA2600 (coexisting), and the crossed pairs
SA2599/PA2596  (competitive) and SA2597/PA2600
(coexisting). RNA extraction, cDNA library preparation and
sequencing and read treatment were conducted as pre-
viously described [18]. Gene expression was considered as
dysregulated when: (i) the fold change between co-culture
and monoculture was at least 4-fold with an adjusted
P value < 0.05, (ii) dysregulation was observed in the two
pairs of strains with the same interaction state and (iii) the
dysregulation was specific to either coexistence or compe-
tition state. RNAseq data that support our findings are

available in the SRAdatabase under the BioprojectID:
PRINA562449, PRINAS562453, PRINAS554085,
PRINAS552786, PRINA554237 and PRINAS554233.

Confirmation of gene expression was achieved by
quantitative reverse transcription PCR (RT-qPCR) as pre-
viously described on 14 or 21 coexisting pairs including the
SA2599/PA2600 couple used in the RNAseq experiment
(Supplementary Fig. S1) [18]. Housekeeping genes gyrB
and rpoD were used as an endogenous control. Supple-
mentary Table S3 lists the primers used and the target
genes.

Acetoin and glucose dosages

Acetoin was quantified using a modified Voges—Proskauer
test [24] optimized in 96-well microplates. Thirty-five
microlitres of creatine (0.5% m/v, Sigma), 50 ul of o-
naphtol (5% m/v, Sigma) and 50 ul of KOH (40% m/v,
Sigma) were added sequentially to 50 ul of culture super-
natant. The mix was incubated for 15 min at room tem-
perature and optical density at 560 nm was read using
spectrophotometry (Tecan Infinite Pro2000, Tecan-Swit-
zerland). Glucose dosages were performed with a glucose
(Trinder, GOPOD) assay kit (LIBIOS) in microplates. A
measure of 185 ul of dosage reagent was added to 5 ul of
culture supernatant and incubated at 37 °C for 5 min.
Optical density at 540nm was measured. Acetoin and
glucose standards (Sigma) were performed in water, BHI or
M63 according to the experiment.

Statistical analysis

Statistical analyses were performed using the Prism
GraphPad 8.0 software (San Diego, CA). Differences in
gene expression fold change and bacterial survival were
studied using one-way analysis of variance (ANOVA) with
Dunnett’s or Tukey’s post-test comparisons, as specified in
the corresponding figures. Median acetoin and glucose
concentrations were compared using Mann—Whitney tests
or Kruskall-Wallis tests with Dunn’s correction when
appropriate. Differences were considered significant when
P values were <0.05.

Results

The P. aeruginosa transcriptome is affected by the
presence of S. aureus

We studied the genetic expression of P. aeruginosa in the
absence or presence of S. aureus in two contexts: when
P. aeruginosa and S. aureus were in competition or when
they were in coexistence. We thus performed RNAseq
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analyses using a competitive strain pair (SA2597/PA2596)
and a coexisting one (SA2599/PA2600). Each pair was
recovered from a single sample of a co-infected CF patient
(Supplementary Table S1). As the nature of interaction was
determined solely by P. aeruginosa [18], the pairs were
crossed to study gene expression in additional competitive
(SA2599/PA2596) and coexisting (SA2597/PA2600) pairs.
The transcriptomic effect was therefore evaluated during co-
cultures of two competitive and two coexisting strain pairs
(Supplementary Fig. S1). P. aeruginosa gene expression
was considered dysregulated when dysregulation was
common to both co-cultures in comparison to monoculture.
Each dysregulated gene was then associated with a func-
tional class by carrying out a KEGG analysis (Fig. la and
Supplementary Tables S4 and S5).

Sixty-eight P. aeruginosa genes were dysregulated in co-
culture in the context of competition, with a majority of
down-regulated genes (79.4%; Fig. la). Fifteen genes
involved in nitrogen metabolism and 19 genes involved in
iron metabolism were down-regulated, making these two
functional classes the most affected in competition. Among
these genes, the nir and nos systems involved in deni-
trification as well as genes implicated in iron uptake and
transport (isc and fec genes) were down-regulated (Sup-
plementary Table S4). Other functional classes were less
affected, as only four genes linked to carbon and amino acid
metabolism (bauA, ddaR, gntK and arcD) and three genes
encoding membrane and virulence factors (rfaD, PA2412
and cdrA) were dysregulated in the presence of S. aureus.

More genes were affected during coexistence interaction,
as the dysregulation of 105 genes was observed in P. aer-
uginosa (Fig. la). In spite of a trend of up-regulation
(56.4% of genes), we could observe the down-regulation of
11 genes involved in nitrogen metabolism. Among these,
eight were also down-regulated in the context of competi-
tion, especially genes from the nir system. We can thus
presume that the down-regulation of nir genes is not spe-
cific to coexistence or competition interaction states. Con-
versely, the dysregulations of iron metabolism-related genes
appeared to be specific to competition strains, as only one
gene (fhp) of this functional class was down-regulated in
coexistence. However, coexistence specifically affected
numerous genes belonging to functional classes of carbon
and amino acid metabolism (18 and 23 genes) and mem-
brane and virulence factors (15 genes). Concerning the
latter class, a trend towards lower expression was observed,
probably due to the down-regulation of membrane-
associated factors, such as the flp-tad system (flp, tad and
repC genes encoding Flp pilus) and the PAI1874-1876
operon (encoding an efflux pump) (Supplementary
Table S5).

The classes most affected in coexistence with S. aureus
were related to P. aeruginosa energetic metabolism
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(Supplementary Fig. S2). We observed a down-regulation
of genes coding for major pentose phosphate pathway
enzymes, like the gluconokinase GntK, its regulator GntR
and the operon zwf-edaA (PA3183-PA3181), encoding a
glucose-6-phosphate 1-dehydrogenase, a 6-
phosphogluconolactonase and a 2-keto-3-deoxy-6-phos-
phogluconate aldolase [25]. We also noticed the down-
regulation of five other genes clustered near this operon and
involved in the same pathway (edd and gapA genes) and
glucose transport (gltB, gltF and gltK) [25, 26].

In contrast, an up-regulation of numerous genes involved
in the utilization of alternative carbon sources as butanoate
and amino acids was observed. The aco system, comprising
the operon PA4148-PA4153 and the gene encoding its
transcriptional regulator acoR (PA4147), was up-regulated
in P. aeruginosa coexisting with S. aureus. This system has
been described in P. aeruginosa PAOL1 to be responsible for
2,3-butanediol and acetoin catabolism [27]. According to
KEGG analysis, the up-regulated genes acsA (PA0SS7),
PA2555 (acs family) and hdhA (PA4022) are also involved
in the butanoate pathway and energy production from 2,3-
butanediol and acetoin, as their products catalyse the pro-
duction of acetyl-coA from acetaldehyde and acetate
(Supplementary Fig. S2). Finally, 23 genes implicated in
amino acid metabolism were up-regulated in P. aeruginosa
in the presence of S. aureus. Most of them were linked to
the catabolism of several amino acids (Supplementary
Fig. S2). In particular, we observed the liu operon (PA2015-
PA2012), the mmsAB operon (PA3569-PA3570) and the hut
gene system (PA5097-PA5100) involved in leucine, valine
and histidine catabolism, respectively.

In order to confirm these transcriptomic effects, we co-
cultivated a set of P. aeruginosa—S. aureus coexistence CF
pairs and performed RT-qPCR to evaluate P. aeruginosa
gene expression in the presence of S. aureus (Fig. 1b). Each
pair was isolated from a single sputum. Twenty-six genes
were tested, including 19 identified as dysregulated during
RNAseq analysis and belonging to the most impacted
categories, that is, carbon and amino acid metabolism, and
membrane and virulence factors. Most of the genes were
tested in a total of 14 P. aeruginosa—S. aureus pairs; the
expression of four of these genes was assessed in seven
additional pairs to confirm the dysregulations observed. The
different P. aeruginosa strains presented very different
transcriptomic patterns during co-cultivation with S. aureus,
especially for membrane-associated and virulence factor
genes. We noticed an overexpression of rcpC, tadA, tadG
and flp from the flp-tad system from 52.4 to 35.7% of the P.
aeruginosa strains. We also tested seven additional genes
encoding virulence factors previously described as involved
in P. aeruginosa interaction with S. aureus as las, rhl, pch
and pvd genes [7]. Regarding the latter genes, no clear
effect of S. aureus co-cultivation was observed.
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Fig. 1 Alteration of the P. aeruginosa transcriptome induced by
co-culture with S. aureus. a Number of under-expressed (grey bars)
and overexpressed (black bars) genes of P. aeruginosa during co-
culture with S. aureus for competitive (left) or coexisting (right) pairs.
PA2596 competition and PA2600 coexistence strains were cultivated
in the absence or presence of SA2597 or SA2599, as described in
Supplementary Fig. S1. RNAs were extracted after 4 h of culture and
the RNAseq analysis was performed as described in the “Material and
methods” section. A gene was considered as differentially expressed
when the fold change was >I2log,| with an adjusted P value <0.05.
Functional classification was performed using the KEGG database and
the literature. b Fold change of 26 P. aeruginosa gene expression

However, clearer transcriptomic patterns were observed
for genes linked to carbon and amino acid metabolism, the
two gene classes most impacted during the RNAseq
experiment (Fig. 1b). We confirmed the up-regulation
of liuA gene in 78.6% (11/14) of P. aeruginosa strains
co-cultivated with S. aureus. We also confirmed the

® Up-regulation

induced by co-culture with S. aureus during coexistence interaction.
Twenty-one coexisting S. aureus—P. aeruginosa pairs were isolated
from separate CF sputa recovered from 20 different patients. Each
P. aeruginosa strain was cultivated in the absence or presence of its
co-isolated S. aureus strain. RNAs were extracted after 4 h of culture
and gene expression was assayed by RT-qPCR. A gene was con-
sidered as differentially expressed when the fold change was >I2l,
indicated by dotted lines. Black lines indicate the median. Genes were
tested in 14 (regular character) or 21 (bold character) strains. The list
of the strains used is shown in Supplementary Table S1. Genes
annotated with (*) were not identified as dysregulated during the
RNAseq experiment.

down-regulation of glucose metabolism genes in a high
proportion of strains, ranging from 92.9% (13/14) for zwf,
gltF and edd genes to 71.4% (10/14) for gntK gene. Finally,
the up-regulation of genes involved in butanoate metabolism
was confirmed for acoR (57.2%, 12/21), PA4148 (66.7%,
14/21), acoB (57.1%, 8/14) and PA4153 (64.3%, 9/14),
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PA4148 (A) and liuA and zwf (b) induced by co-culture with S. aureus
(black bars), B. subtilis (grey bars), B. cenocepacia (hatched white
bars) or S. maltophilia (hatched black bars). P. aeruginosa
PA2600 strain was cultivated in the absence or presence of S. aureus
SA2599, B. subtilis, B. cenocepacia or S. maltophilia. RNAs were
extracted after 4 h of culture and gene expression was assayed by RT-
qPCR. Bars represent the mean fold change + SEM from three inde-
pendent experiments. Dotted lines indicate a fold change = 2I. *P,q; <
0.05, **Py4;<0.01 and ***P,4;<0.001 ANOVA with Dunnett’s cor-
rection (S. aureus vs. condition). ¢, d Fold changes of acoR and

suggesting an impact of co-culture on the whole aco system
in P. aeruginosa. In view of these results, we focused our
study on four genes: liuA and zwf, respectively involved in
leucine and glucose catabolism, PA4 148, the first gene of the
aco operon and acoR, both responsible for acetoin
catabolism.

The P. aeruginosa aco system is induced by S. aureus
acetoin

In order to determine if the transcriptomic dysregulations of
acoR, PA4148, liuA and zwf in P. aeruginosa PA2600 are
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UAMS-1 WT AalsSD + 0.75mM acetoin
[0 UAMS-1 WT AalsSD + 1.5mM acetoin
B UAMS-1 WT AalsSD + 2mM acetoin

PA4148 (c) and liuA and zwf (d) induced by culture in supernatant of
S. aureus UAMS-1 wild type (WT, black bars), AalsSD mutant (white
bars) and AalsSD mutant complemented with increasing acetoin
concentrations (grey bars). P. aeruginosa PA2600 strain was culti-
vated in the absence or presence of filtered supernatant from S. aureus
UAMS-1 WT, AalsSD or AalsSD complemented with acetoin con-
centrations ranging from 0.375 to 2 mM. RNAs were extracted after
4h of culture and gene expression was assayed by RT-qPCR. Bars
represent the mean fold change +SEM from three independent
experiments. The dotted line indicates a fold change = I2I. *P,q; <0.05
and **P,4;<0.01 ANOVA with Tukey’s correction.

specific to interaction with S. aureus, we tested the effect of
three other bacterial species: B. cenocepacia and S. mal-
tophilia, as they are sometimes associated with P. aeruginosa
in CF patients, and B. subtilis, as it produces a large amount
of acetoin [28]. Dosages in B. cenocepacia and S. maltophilia
monocultures confirmed that these bacteria do not produce
acetoin (Supplementary Fig. S3) as previously described
[29-31]. We observed a down-regulation of P. aeruginosa
zwf gene expression in all co-cultures in comparison to
monocultures, although the down-regulation induced by S.
aureus was significantly greater (P,g<0.02) (Fig. 2b).
Regarding aco system genes (acoR and PA4148) and liuA
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gene, only B. subtilis induced levels of overexpression similar
to S. aureus SA2599 (Fig. 2a, b). We thus hypothesized that
acetoin, produced by these two species during our experiment
(Supplementary Fig. S3), may be the inductor signal for these
genes during co-culture with S. aureus.

In order to test this hypothesis, we first explored whether
an inductor signal was present in the supernatant of S.
aureus culture. We indeed observed an overexpression of
acoR and PA4148 when P. aeruginosa PA2600 was cul-
tivated in S. aureus SA2599 culture supernatant, as well as
the down-expression of zwf, but to a lesser extent in
comparison to co-culture (Supplementary Fig. S4). On the
contrary, we did not observe overexpression of the liuA
gene, suggesting that this effect is not due to acetoin and
requires the presence of S. aureus cells. Second, we culti-
vated P. aeruginosa PA2600 in the presence of S. aureus
UAMS-1 wild-type (WT) supernatant or its AalsSD deri-
vative defective in acetoin synthesis [32]. The supernatant
of the WT UAMS-1 strain induced the same transcriptomic
patterns on P. aeruginosa as those obtained with the CF
SA2599 strain (Supplementary Fig. S4). In the presence of
UAMS-1 AalsSD supernatant, the overexpression of aco
genes was almost totally eliminated (P=0.0150 for
PA4148) (Fig. 2c). However, the addition of acetoin to this
supernatant restored this overexpression in a dose-
dependent manner (P=0.0020 for 0 vs. 1.5mM for
PA4148), but with threshold effects between 0.375 and 1.5
mM of acetoin (Fig. 2c). This indicates that induction
through acetoin is one of the mechanisms involved in aco
system overexpression in P. aeruginosa. This experiment
showed that zwf gene down-regulation did not seem to be
mediated by acetoin (Fig. 2d).

Coexisting isolates of S. aureus and P. aeruginosa
efficiently metabolize acetoin

As the aco system is involved in acetoin catabolism in
P. aeruginosa [27] and S. aureus produces this molecule
[27, 28], we hypothesized that P. aeruginosa could cata-
bolize S. aureus acetoin. To explore this hypothesis, we
monitored acetoin concentration during monocultures and
co-cultures of three pairs of strains: SA2599/PA2600
(Fig. 3a), SA146/PA146 and SA153/PA153A (Supple-
mentary Fig. S5A, B). P. aeruginosa strains did not produce
acetoin, but acetoin accumulation up to 1.3mM was
observed in S. aureus monocultures. Interestingly, a
reduction of acetoin accumulation of at least 30% was
observed when S. aureus was co-cultivated with P. aeru-
ginosa, in comparison to S. aureus monoculture (P, =
0.0172 for the pair SA2599/PA2600). The same trend could
be observed in CF patient sputa, as a higher acetoin con-
centration was detected in sputa from S. aureus mono-
infected patients (n=9) in comparison to sputa from

S. aureus—P. aeruginosa co-infected patients (n=11),
although it was not significant (Supplementary Fig. S6).
This effect could be due to a down-regulation of S. aureus
acetoin biosynthesis, or acetoin catabolism in co-culture.
Growth of P. aeruginosa PA2600 in S.
SA2599 supernatant containing acetoin actually led to a
reduction of acetoin concentration (P = 0.0247), demon-
strating the ability of P. aeruginosa to catabolize acetoin
(Fig. 3c). This ability was confirmed for the two other
strains PA146 and PA153A when grown in the supernatant
of SAI146 and SAI153, respectively (Supplementary
Fig. S5C, D). We also noted that acetoin catabolism started
after glucose depletion in the supernatant and could be
delayed by glucose addition (Fig. 3c). This suggests that
P. aeruginosa uses acetoin as an alternative carbon source
in the absence of easily available substrates such as glucose.
The early glucose depletion observed during co-culture
supports this hypothesis (Fig. 3a).

In order to test if this acetoin metabolism was specific to
the interaction state between S. aureus and P. aeruginosa,
we evaluated acetoin production and catabolism for 12
couples of competition and 12 couples of coexistence
(Supplementary Table S1). Cultivated in P. aeruginosa
supernatant, S. aureus strains from coexisting pairs were
able to produce four times more acetoin (230 uM) than
strains from competitive pairs (60 uM) (P <0.0001)
(Fig. 4a). This distinction was not observed during culture
in rich medium (Supplementary Fig. S7). Regarding
P. aeruginosa, we cultivated the sets of competitive and
coexisting P. aeruginosa strains in SA2599 supernatant and
monitored acetoin catabolism (Fig. 4b). Both competitive
and coexisting strains catabolized acetoin since we observed
a decrease in acetoin concentration for both groups (P,gj =
0.0004 for coexistence). However, coexisting strains
showed increased catabolism efficiency. Indeed, this group
catabolized 98.6% of acetoin after 4h of culture, while
competitive strains catabolized only 47% of acetoin (P,gj =
0.0315). This increased efficiency of acetoin production and
catabolism for coexisting strains could not be explained by
a difference in glucose utilization between competition and
coexistence strains, as both groups catabolized glucose with
the same efficiency (Supplementary Fig. S8). Acetoin pro-
duction by S. aureus and catabolism by P. aeruginosa
therefore seems to be more efficient in isolates from coex-
isting couples.

aureus

Acetoin catabolism by P. aeruginosa increases
survival rates of both pathogens in co-culture

As P. aeruginosa catabolizes acetoin when medium is
glucose-depleted, we tested the effect of acetoin on PA2600
growth in minimal medium M63 (containing no glucose or
amino acids) supplemented with 1.5 mM acetoin every 2 h
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Fig. 3 Acetoin and glucose concentrations in S. aureus and
P. aeruginosa cultures during coexisting interaction. a, b S. aureus
SA2599 and P. aeruginosa PA2600 were cultivated in monoculture
or co-culture. Acetoin (black) and glucose (grey) were quantified
from the supernatant each hour. A Points represent the mean acetoin
or glucose concentration + SEM from three independent experiments.
b Bars represent the mean area under the curves presented in a +
SEM. *P.4;<0.05, **#Py4;<0.01 and *#**P,5;<0.0001 ANOVA
with Tukey’s correction. Similar acetoin accumulation results are
shown in Supplementary Fig. S5 for couples 146 and 153A. ¢, d

(Fig. 5). P. aeruginosa was able to grow up to 1.6 x 10°
colony-forming unit (CFU)/ml after 24 h of culture with
acetoin as sole carbon source, while PA2600 AacoR and
Aaco mutants grew significantly less, reaching a maximum
cell concentration of 1.5 x 108 CFU/ml at 24 h (Fig. 5a). In
parallel, we quantified acetoin concentration. We observed
an accumulation of acetoin throughout the experiment in the
presence of PA2600 AacoR and Aaco mutants. For the WT
strain, the accumulation of acetoin reached its maximum at
5h of culture and afterwards slowly decreased to reach
undetectable values at 10h of culture, demonstrating the
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A filtered supernatant of S. aureus SA2599 was inoculated with
P. aeruginosa PA2600 culture or sterile medium for controls. The
supernatant was used unaltered (dotted lines) or complemented with
glucose (solid lines). Acetoin (black) and glucose (grey) were
quantified from the supernatant each hour. ¢ Points represent the
mean acetoin or glucose concentration + SEM from three indepen-
dent experiments. d Bars represent the mean area under the curves
presented in ¢ + SEM. *P <0.05 and ***P <0.001 Student’s ¢ test.
Similar results of acetoin catabolism are shown in Supplementary
Fig. S5 for couples 146 and 153A.

consumption of acetoin in such conditions (Fig. 5b). A
delay of 3 h between the start of acetoin catabolism and the
increased growth of the WT strain was noticed, possibly
due to the adaptation of metabolism. Acetoin catabolism
nonetheless promoted a 10-fold increase in growth of P.
aeruginosa during extended culture in glucose-depleted
medium.

In order to assess the impact of acetoin catabolism on the
survival of both pathogens, we co-cultivated P. aeruginosa
PA2600, AacoR and Aaco mutants with S. aureus SA2599.
As S. aureus was not able to grow in M63-poor medium, and
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Fig. 4 Production and catabolism of acetoin by competitive and
coexisting strains of S. aureus and P. aeruginosa. a Acetoin con-
centration in P. aeruginosa supernatant inoculated with S. aureus
strains from competition and coexistence couples. Each S. aureus
strain from competition (n = 12, grey bar) and coexistence (n =12,
black bar) couples was cultivated in P. aeruginosa PA2600 filtered
supernatant and acetoin was quantified from the supernatant after 6 h
of culture. Bars represent the median acetoin concentration + 95% CI.
*##%%P <(0.0001 Mann—Whitney test. b Acetoin concentration in

3.0x10°)

10°

Bacterial concentration
(CFU/mL)

1084

4.0x107]. . . . . . | —_—
0 1 2 3 4 5 6 7 8 9 10 24 25

Time (h)
- P. aeruginosa WT
Fig. 5 P. aeruginosa growth and acetoin concentration in minimal
medium supplemented with acetoin. P. aeruginosa PA2600
WT (black lines), AacoR (dark grey lines) and Aaco (light grey

lines) strains were grown in M63 medium and 1.5 mM acetoin was
added every 2 h, indicated by black arrows. a Cultures were plated on

since acetoin affects its long-term survival [33, 34], we per-
formed a long-term culture (5 days) in BHI medium. We
determined the survival rate of S. aureus co-cultivated with
P. aeruginosa in comparison to monoculture (Fig. 6a). Co-
culture with the WT strain of P. aeruginosa induced a
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competition (n =12, grey bar) and coexistence (n = 12, black bar)
couples was cultivated in S. aureus SA2599 filtered supernatant and
acetoin was quantified from the supernatant after 4 h of culture. Sterile
supernatant was used as control (white bar) for acetoin degradation.
Bars represent the median acetoin concentration + 95% CI. The dotted
line indicates the initial acetoin concentration. *P,gj < 0.05, ***Py4; <
0.001 Kruskall-Wallis test with Dunn’s correction.
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was quantified from the supernatant each hour. Points represent the

mean acetoin concentration+ SEM  from three independent
experiments.

S. aureus survival rate of 4.7 x 107" after 3 days of culture
and of 5.1 x 10~ after 5 days. S. aureus survival thus appears
to be highly affected by long-term co-culture with P. aeru-
ginosa, even if the strains coexist stably during shorter spans
of culture [18]. The state of interaction with S. aureus thus
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Fig. 6 S. aureus and P. aeruginosa survival and acetoin con-
centration during long-term co-culture. S. aureus SA2599 was
cultivated in monoculture (white bars) or in the presence of P. aeru-
ginosa PA2600 WT (black bars), AacoR (dark grey bars) and Aaco
(light grey bars) during 5 days. Cultures were plated at days 0, 3 and 5
on MSA and cetrimide to count S. aureus and P. aeruginosa,
respectively, and acetoin was quantified from supernatant. a, b Sur-
vival rate was estimated by dividing the bacterial concentration in

seems to rely on nutritional conditions, a fact already
observed elsewhere [35, 36]. However, the survival rate of
S. aureus was even lower during co-culture with P. aerugi-
nosa AacoR and Aaco mutants, reaching only 9.7 x 102 at
3 days of culture and 5.6 x 10~ at 5 days. S. aureus survival
was thus four to ten times lower when P. aeruginosa was not
able to catabolize acetoin, in comparison to co-culture with a
strain that catabolize the molecule efficiently. These results
suggest that the accumulation of acetoin may impact S. aur-
eus survival during co-culture with P. aeruginosa.

In parallel, we determined the survival rate of P. aerugi-
nosa (Fig. 6b). We noticed that in such conditions, the
P. aeruginosa WT strain presented a growth advantage in co-
culture, with a maximum 6.6-fold increase of the
P. aeruginosa population after 5 days in the presence of
S. aureus in comparison to monoculture (Fig. 6b). The
opposite effect was observed for aco mutant strains, as their
populations were reduced by 75% for AacoR and 32% for
Aaco after 3 days of co-culture in comparison to monoculture,
confirming the role of acetoin catabolism in favouring
P. aeruginosa growth and survival.
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In order to figure out if acetoin accumulation was involved
in the decreased survival rate of S. aureus, we monitored
acetoin concentration in S. aureus monoculture and co-
cultures (Fig. 6¢). As expected, we did not detect acetoin in
co-culture with the PA2600 WT strain over the 5 days, but
we observed an significant accumulation of acetoin with
PA2600 AacoR and Aaco mutants (P,q<0.002). The pro-
portion of acetoin in co-culture (1300-1700 uM/10° S. aur-
eus) was >500 times higher than in monoculture (2.5 uM/10°
S. aureus) (Fig. 6¢). We thus cultivated S. aureus in different
acetoin/cells proportions and observed that acetoin had an
inhibitory dose-dependent effect on S. aureus growth from
20 pM/lO6 S. aureus (P, <0.0001) (Supplementary Fig. S9).
We concluded that acetoin accumulation may be responsible
for decreased S. aureus survival during co-culture with
PA2600 AacoR and Aaco mutants.

Taken together, these results demonstrated that acetoin
catabolism improves S. aureus survival in co-culture, in
comparison to co-culture with strains unable to catabolize
acetoin, since high concentration of acetoin appears to
impair S. aureus growth. In parallel, acetoin catabolism
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promotes P. aeruginosa survival as a nutritional alternative
carbon source.

Discussion

Co-infection with S. aureus and P. aeruginosa is a frequent
situation, especially in the lungs of CF patients, where co-
infection accounts for 25-50% of cases [17-19]. In this
context of co-infection, two states of interaction between the
two pathogens have been described: the well-known compe-
titive interaction where P. aeruginosa is able to inhibit the
growth of S. aureus and the coexistence state where the
growth of both species is not affected by either individual
species. The first state was studied extensively and the leading
bacterial determinants of S. aureus growth inhibition were
described [7]. On the contrary, little is known about the
impact of the state of coexistence on bacterial physiology. In
the present study, we explored the impact of S. aureus on
P. aeruginosa gene expression and physiology.

Comparing competitive and coexistence states, we
observed that the down-regulation of the genes involved in
iron metabolism was specific to competition. Most of these,
such as fec genes and PA4467-PA4471 operon, are involved
in ferrous iron uptake and down-regulated during iron-
replete conditions [37-39]. These conditions are certainly
generated by the lysis of S. aureus that provides an iron
source to P. aeruginosa during competitive interaction
[7, 36], a situation not observed in coexistence. This
hypothesis is supported by the work of Tognon et al. [40]
that also identified the down-regulation of iron metabolism
genes during competitive interaction. Interestingly, they
also noted typical responses of amino acid starvation,
including the down-regulation of genes involved in
branched-chain amino acid degradation in competitive
P. aeruginosa. While we did not identify such dysregulation
in competition, an overexpression of numerous genes
involved in amino acid catabolism was noted during
coexistence (Supplementary Table S5), emphasizing that
these dysregulations depend on interaction.

More interestingly, we observed that both carbon and
amino acid metabolism was specifically affected during
coexisting interaction. Many genes involved in glucose
catabolism were down-regulated in coexisting isolates dur-
ing co-culture with S. aureus, especially when the medium
was glucose-depleted (Fig. 3). It is noteworthy that the zwf
gene, down-regulated in almost all the P. aeruginosa strains
tested, encodes a glucose-6-phosphate dehydrogenase that
converts glucose-6-phosphate to 6-phosphogluconate; the
first enzyme in the Entner—Doudoroff pathway, which is
central to carbon metabolism in Pseudomonas sp.

In this condition of glucose depletion, we demonstrated
that P. aeruginosa was able to use an alternative carbon

source provided by S. aureus: acetoin. Acetoin is a four-
carbon molecule produced by the decarboxylation of o-
acetolactate. Owing to its neutral nature, the production
and excretion of acetoin during exponential growth pre-
vents over acidification of the cytoplasm and the sur-
rounding medium. When other carbon sources are
exhausted, it can constitute an external energy source for
fermentive bacteria [28].

Acetoin produced by S. aureus was shown to be an
inductor of the aco operon and acoR expression in
P. aeruginosa (Fig. 2¢) [27], allowing acetoin catabolism.
This occurred in the absence of glucose and was potentially
mediated by carbon catabolic repression (Fig. 3), a situa-
tion that was already described in other bacteria such as
B. subtilis [28]. However, threshold effects in acetoin-
mediated induction and variability in aco system over-
expression in P. aeruginosa strains (Figs. 1b and 2c¢) sug-
gest that other regulatory mechanisms may be involved.
Our study may also support the relationship between
acetoin and branched-chain amino acid pathways. Indeed,
the biosynthesis pathways of acetoin and leucine are co-
regulated and share the same precursor a-acetolactate in
S. aureus [28]. In response to co-culture with S. aureus,
P. aeruginosa clinical strains showed overexpression of
acetoin and leucine catabolism genes (Figs. 1b and 2),
suggesting the presence of both compounds in our co-
culture conditions. All of our analyses were performed
in vitro. However, using Voges—Proskauer dosage, we
were able to confirm the presence of acetoin in CF patient
sputa, and in lower concentrations for P. aeruginosa-
positive samples (Supplementary Fig. S6). No direct cor-
relation between the presence of P. aeruginosa presence
and the quantity of acetoin can be established as other
microorganisms present in sputa may also have an impact
on acetoin concentration. Nevertheless, our data support
the work of Spanél et al. [41] and suggest that P. aerugi-
nosa may catabolize and use S. aureus acetoin in the lung
environment.

More importantly, we observed that the catabolism of
acetoin by P. aeruginosa and acetoin production by
S. aureus were both more efficient for coexisting isolates, in
comparison to competitive ones (Fig. 4). This underlines the
adapted metabolic regulation in coexisting isolates in
comparison to competitive ones. It is well known that the
coexistence phenotype between P. aeruginosa and S. aur-
eus is a consequence of an adaptation process. Indeed,
P. aeruginosa strains isolated from early infection out-
compete S. aureus, while strains isolated from chronic
infection are less antagonistic and can be co-cultivated with
S. aureus [7, 10, 17]. It has also been widely described how
both pathogens evolve during colonization to evade the
immune response and antibiotic treatment [42]. Here, for
the first time, we suggest that an evolutionary process leads
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to an adaptation of interspecies metabolic pathways
between P. aeruginosa and S. aureus.

Therefore, we suggest that acetoin produced by
S. aureus could contribute to sputum nutritional richness
and be used by P. aeruginosa to survive in this nutri-
tionally competitive environment during chronic infec-
tion. This hypothesis is supported by the beneficial effect
of acetoin catabolism on P. aeruginosa growth and sur-
vival, especially during co-culture with S. aureus (Figs. 5
and 6b). S. aureus survival in the presence of P. aerugi-
nosa was also shown to be highly affected by nutrient
availability induced by co-culture conditions (Fig. 6a).
While coexistence is characterized by an absence of
S. aureus growth inhibition during 8-h co-culture [18], it
appears that nutritional competition can still occur under
unfavourable conditions and affect S. aureus’s survival.
Therefore, coexistence between the two pathogens is
promoted in nutritionally rich environments, in line with
previous observations [35, 36]. Although its survival rate
is affected under adverse nutritional conditions induced
by long-term culture, acetoin catabolism benefits its pro-
ducer, S. aureus (Fig. 6a). While this effect seems to be
linked to acetoin accumulation in the medium, as
demonstrated by P. aeruginosa AacoR and Aaco mutants
that do not catabolize acetoin anymore (Figs. 5Sb and 6c¢),
the precise mechanism remains unclear. In S. aureus, cell
death in the stationary phase may be induced by acetate
production and ensuing intracellular acidification. Thomas
et al. [34] showed that acetoin production counters cyto-
plasmic acidification by consuming protons and promotes
S. aureus’s survival in the late-stationary phase. We
hypothesize that acetoin accumulation in the medium may
induce a negative control of acetoin synthesis, affecting
S. aureus’s survival during co-culture conditions.

Previous studies demonstrated the potential benefits of
S. aureus and P. aeruginosa during co-infection. For
example, S. aureus facilitates the survival of P. aeruginosa
lasR mutants commonly found in CF patients by detoxify-
ing surrounding nitric oxide released by host immune cells
[43]. On the other hand, 4-hydroxy-2-heptylquinoline-N-
oxide produced by P. aeruginosa cells inhibits respiration
in S. aureus and also protects S. aureus cells from ami-
noglycosides [44]. In addition, we recently demonstrated
that S. aureus antibiotic resistance and internalization into
epithelial cells were increased in the presence of coexisting
P. aeruginosa [18]. Here, we show that carbon metabolism
is largely affected and that P. aeruginosa uses the acetoin
produced by S. aureus as an alternative carbon source. This
metabolic dialogue between the two pathogens is selected
during bacterial adaptation in CF lungs and promotes their
survival. Thus, we highlight for the first time trophic
cooperation between S. aureus and P. aeruginosa during
cooperative interaction.
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Supplementary data

Materials and methods: Generation of PA2600 knock-out AacoR and Aaco mutants.

Table S1: Clinical CF strains used in this study.

Table S2: Non-CF strains and plasmids used in this study.

Table S3: Primers used in this study.

Table S4: List of P. aeruginosa genes differentially expressed in presence of S. aureus in the context of a
competitive interaction.

Table S5: List of P. aeruginosa genes differentially expressed in presence of S. aureus in the context of
coexistence.

Figure S1: Schematic representation of the employed methodology.

Figure S2: P. aeruginosa metabolic pathways and associated genes up-regulated or down-regulated in
coexistence with S. aureus.

Figure S3: Acetoin concentration in supernatant of S. aureus, B. subtilis, B. cenocepacia and S. maltophilia
monocultures or co-cultures with P. aeruginosa.

Figure S4: Fold change of P. aeruginosa acoR, PA4148, liuA and zwf gene expression induced by culture
with S. aureus or its supernatant.

Figure S5: Monitoring of acetoin concentration in S. aureus and P. aeruginosa monocultures or co-culture or
in S. aureus supernatant inoculated with P. aeruginosa and corresponding AUC, for the pairs SA146/PA146
and SA153/PA153A.

Figure S6: Acetoin concentration in CF sputa from patients.

Figure S7: Acetoin concentration in cultures of S. aureus strains from competition and coexistence couples.
Figure S8: Glucose concentrations in cultures of S. aureus and P. aeruginosa strains from competition and
coexistence pairs.

Figure S9: Growth kinetic of S. aureus cultivated in absence or presence of acetoin (A) and corresponding
AUC analysis.

Materials and methods : Generation of PA2600 knock-out AacoR and Aaco mutants: upstream and
downstream flanking regions of acoR and aco operon (474 bp and 486 bp fragments for acoR ; 654 bp and
708 bp for aco) were PCR amplified (GoTaq polymerase, Promega) and cloned into pEXG2 by Sequence
Ligation and Independent Cloning (SLIC) method (1,2). Resulting plasmids pEXG2-acoR and pEXG2-aco
were then transferred into PA2600 by triparental mating. A first conjugation was performed between the two
E. coli strains carrying either the pRK2013 helper plasmid or the constructed pEXG2 plasmid by spotting 30uL
of pre-culture of each strain on LB plates. After two hours at 37°C, 30uL of PA2600 pre-culture were added on
the dried spot and the plate was incubated five hours at 37°C. The spot was then re-suspended in LB medium
and plated on Cetrimide plates supplemented with gentamycin. Resulting clones were then plated on LB
containing 10% sucrose to select for plasmid excision by crossing-over. The resulting strains were checked

for gentamicin sensitivity and gene deletion by PCR.
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CF clinical strains CF patient ﬁ:::?\:: Interaction state Experiments Reference
P. aeruginosa (PA) 1 PA2596 Competition RNAseq 3
and S. aureus (SA) (SA2599, SA2597)
SA2597 RNAseq 3
2 (m) PA2600 Coexistence RNAseq; gRT-PCR screening; aco induction gRT- 3

(SA2599, SA2597) PCR; Acetoin monitoring in co-culture; Acetoin
catabolism in SA supernatant; Culture in minimal
medium; 5-day co-cultures

SA2599 RNA seq; gRT-PCR screening; aco induction qRT- 3
PCR; Acetoin production screening; Acetoin
monitoring in co-culture; Production of SA
supernatant; 5 days co-cultures; Growth in presence

of acetoin
3 PA7A Coexistence qRT-PCR screening This study
SA7 gRT-PCR screening This study
4 PA13 Coexistence gRT-PCR screening This study
SA13 gRT-PCR screening This study
5 (o) PA27 Coexistence gRT-PCR screening 3
SA27 gRT-PCR screening 3
6 PA30 Coexistence gRT-PCR screening 3
SA30 gRT-PCR screening 3
7 PA31 Coexistence gRT-PCR screening 3
SA31 gRT-PCR screening 3
8 PA37 Coexistence gRT-PCR screening This study
SA37 gRT-PCR screening This study
9 PA42 Coexistence gRT-PCR screening 3
SA42 gRT-PCR screening 3
10 PA48 Coexistence gRT-PCR screening This study
SA48 gRT-PCR screening This study
11 PA53 Coexistence gRT-PCR screening This study
SA53 gRT-PCR screening This study
12 PA54 Coexistence gRT-PCR screening This study
SA54 gRT-PCR screening This study
13 PA69 Coexistence gRT-PCR screening 3
SA69 gRT-PCR screening 3
14 (A) PA80 Coexistence gRT-PCR screening 3
SA80 gRT-PCR screening 3
15 PA82 Coexistence gRT-PCR screening 3
SA82 gRT-PCR screening 3
16 PA146 Coexistence gRT-PCR screening; Acetoin catabolism screening; 3
Acetoin monitoring in co-culture; Acetoin catabolism
in SA supernatant
SA146 gRT-PCR screening; Acetoin production screening; 3
Acetoin monitoring in co-culture; Production of SA
supernatant
14 (A) PA148B  Coexistence gRT-PCR screening; Acetoin catabolism screening 3
SA148 gRT-PCR screening; Acetoin production screening 3
17 PA152 Coexistence gRT-PCR screening; Acetoin catabolism screening 3
SA152 gRT-PCR screening; Acetoin production screening 3
18 PA153A  Coexistence gRT-PCR screening; Acetoin catabolism screening; 3
Acetoin monitoring in co-culture; Acetoin catabolism
in SA supernatant
PA153B Transcriptomic (QRT-PCR) 3
SA153 gRT-PCR screening; Acetoin production screening; 3
Acetoin monitoring in co-culture; Production of SA
supernatant
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19

20

21

22

25

26

27 ()

28
29

30

5 (e)

31

32
33

34

35
36
27 (4)

B. cenocepacia 37

S. maltophilia 38

PA154A
PA154B
SA154

PA156
SA156

PA166A
SA166

PA167
SA167

PA171A
SA171

PA172
SA172

PA178
SA178

PA179
SA179

PA181
SA181

PA186
SA186

PA187

PA188A
SA188

PA193A
SA193

PA194A
PA194B
SA194

PA197
SA197

SA198
PA199A
PA199C

PA200
SA200

SA205
SA207
SA213
LUG2886

LUG2884

Coexistence

Coexistence

Coexistence

Competition

Coexistence

Competition

Coexistence

Competition

Competition

Competition

Competition

Competition

Competition

Coexistence

Competition

Competition
Competition

Competition

Competition
Coexistence
Competition

Coexistence
(PA2600)
Coexistence
(PA2600)

gRT-PCR screening; Acetoin catabolism screening
gRT-PCR screening; Acetoin catabolism screening
gRT-PCR screening; Acetoin production screening

gRT-PCR screening; Acetoin catabolism screening
gRT-PCR screening; Acetoin production screening

qRT-PCR screening; Acetoin catabolism screening
gRT-PCR screening; Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin catabolism screening
Acetoin production screening

Acetoin catabolism screening
Acetoin production screening

Acetoin production screening
Acetoin catabolism screening
Acetoin catabolism screening

Acetoin catabolism screening
Acetoin production screening

Acetoin production screening
Acetoin production screening
Acetoin production screening

gRT-PCR (aco induction)

qRT-PCR (aco induction)

WW WW WWw WWw WwWww

This study
This study

WW WWw Ww ww

This study

This study
This study

This study
This study

This study
This study
This study

This study
This study

This study
This study
This study

This study
This study

This study
This study
This study
This study

This study

Table S1: Clinical CF strains used in this study. Unless indicated, interaction state was tested between

strains from the same clinical pair (ie. isolated from a single patient). Four strain pairs were recovered from a

same patient but at different time points and are annotated with identical patient number and symbol (m,e, A

or ¢).
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Strains / Interaction
plasmids Name Characteristics state Experiments Reference
P. aeruginosa PA2600 AacoR acoR deletion mutant Coexistence Culture in minimal medium; 5- This study
(SA2599) day co-cultures
PA2600 Aaco aco operon deletion mutant  Coexistence Culture in minimal medium; 5- This study
(SA2599) day co-cultures
S. aureus SA UAMS-1 WT strain Coexistence Production of SA supernatant 4
(PA2600) (aco induction)
SA UAMS-1 AalsSD UAMS-1489, alsSD deletion Coexistence Production of SA supernatant 4
mutant (PA2600) (aco induction)
B. subtilis LUG2953 WT strain Coexistence gRT-PCR (aco induction) This study
(PA2600)
Plasmids pEXG2 Gm® ; mobilizable, non- acoR and aco deletions 2
replicative vector in P.
aeruginosa
pEXG2-AacoR pEXG2 carrying upstream acoR deletion This study
and downstream sequences
of acoR for gene deletion
pEXG2-Aaco pEXG2 carrying upstream aco deletion This study
and downstream sequences
of aco for operon deletion
pRK2013 Km", helper plasmid with acoR and aco deletions 5

conjugative properties

Table S2: Non-CF strains and plasmids used in this study. P. aeruginosa AacoR and Aaco mutants were

constructed from the clinical CF isolate PA2600 (Table S1). Interaction state was tested with the strain

indicated in brackets.
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Use Name Sequence Target g\ir;!slicon

gPCR PArpoD-F GCGCAACAGCAATCTCGTCT rooD 177
PArpoD-R ATCCGGGGCTGTCTCGAATA
PAgyrB-F ATCTCGGTGAAGGTACCGGA gyrB 160
PAgyrB-R TGCCTTCGTTGGGATTCTCC
OLC8-F GCGAGGATCTCTACTTCCGC acoR 140
OLC8-R CTCACCGAGTTCGATGCGTA
OLC9-F GCGGATCGTCAACCTGTCAT PA4148 86
OLC9-R CGATCACGGCAAACTTCGAG
OLC14-F GTTCTTCAGGCTCCAGTCGG pvdS 81
OLC14-R TTGCGGACGATCTGGAACAG
OLC16-F CGCGACAAGAGCGAATACCT lasA 71
OLC16-R AGGGTCAGCAACACTTTCGG
OLC17-F CTGGACTGAACCAGGCGATG rhiA 113
OLC17-R CAGGTATTTGCCGACGGTCT
OLC22-F CGACGGTATCCAGGTCGATG PA1874 70
OLC22-R GAACTTGACCGTGACCACCT
OLC23-F CGGTGTTGCTCGGATACCTC repC 120
OLC23-R GCTTGCGTTCGAGCTTTTCC
OLC25-F ATCGCCTGCTTCCAGTTGTC pchD 166
OLC25-R AGAGAGTGAAGTTGTGCGCC
OLC29-F GAGCGACGAACTGACCTACC rhiB 200
OLC29-R TACTTCTCGTGAGCGATGCG
OLC31-F TGCTCACTTCGCTATGGACC acoB 117
OLC31-R AGAAGATCACCGGGTCGTTG
OLC33-F CCGACGTGATCGCCTTCATA PA4153 83
OLC33-R GACGATTTCTTCCAGGCCGA
OLC35-F GCCCATCGAGTTCCGTATGT bauD 151
OLC35-R GAGGCAGACGGTGAAGATCG
OLC39-F GACGAAGACGGCATGAACCT tadA 119
OLC39-R TCCAGTTCGTAGCGGGAGAT
OLC41-F CCACCACGAAACTGCAACTG tadG 107
OLC41-R GCTTCTCCAACCGAAGTCCA
OLC54-F TTGCCGTATTGAGTCCCACG flo 77
OLC54-R GACTTTTTCGCCGACTCCGT
OLC56-F GGACTGACGCTCAGGCAAT rhiC 74
OLC56-R CCGGAGGAGATCAGGAACGA
OLC71-F CAGCCGGACGAAGGTATCTC zwf 113
OLC71-R GCGTGGTAGGTCTCGGAAAA
OLC72-F GCTATACCCGCTCAAGGGC dguA 92
OLC72-R TCTTGCGGTCGTAATCGGTG
OLC73-F CTTCGCCTACCTGTTCAGCC PA5099 163
OLC73-R CGGCAGGTAGCGTGAATAGT
OLC74-F GCAGTTCGGAGCACATCAAC PA1874 130
OLC74-R TCGATGCTGACGAAATCGGT
OLC75-F TGGTATCCGGCGAACACATC liuA 127
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Cloning

OLC75-R
OLC92-F
OLC92-R
OLC93-F
OLC93-R
OLC94-F
OLC94-R
OLC95-F
OLC95-R
OLC96-F
OLC96-R
OLC58-F

OLC58-R
OLC59-F

OLC59-R

OLC64-F

OLC64-R
OLC65-F

OLC65-R

CACATCTTGCTGCCGTTGAG
CAGCCAGGACTACGAGAACG
TGGTAGATGGACGGTTCCCA
GGCATTCCCCTCACCGAC
GGGTCAGTTCCAGGTAGACGA
TGGAAGTGGCTGCTCAATCC
CCAGTCGAAGCGGAAACCTT
CACCTGCACCTTCTATGGCA
GTGTTCGGGTTGACGAAGGA
CAACGGCACCTCGATCTTCA
AATCGGGATGTTGATGCCCA
GGTCGACTCTAGAGGATCCCC
AGGGCGATGCCCCGGCCGATG
CACATGGTCCTTCGAGTGTGC
GCACACTCGAAGGACCATGTG
CGCCGGCATGGCATCCGCATG
ACCGAATTCGAGCTCGAGCCC
CTCGATCGCGCGGACGAACCA
GGTCGACTCTAGAGGATCCCC
TAGTCGGCATCGCGCACCCGT
GGAGAAATCGTCGGACGACGT
ACGTCGTCCGACGATTTCTCCA
GTTGGTGAACAACAAGGAGC
ACCGAATTCGAGCTCGAGCCC
ACAGCCTGACCACTTTCGTGC

lasR

gntK

gltF

edd

mmsA

acoR
downstream

acoR
upstream

aco operon
downstream

aco operon
upstream

153

181

81

96

94

474

486

654

708

Table S3: Primers used in this study.
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G SA2599/PA2596 SA2597/PA2596
ene
(clinical Log, fold- Adjusted p- Log, fold- Adjusted p- Lask Ref.
strains) Gene (PAO1) UniProt  Product Function 92 ! P Ho% ! P~ regulation
change value change value
fecl_2 NA NA poaags ulative RNApolymerase | o olism 2.67 402E-06 -2.51  1.85E-04 6
sigma factor Fecl
group_1318 NA NA P40883  Regulatory protein PchR Iron metabolism -3.57 3.88E-23 -3.13 6.04E-25 6
group_1539 NA NA NA Hypothetical protein Unknown -2.96 3.51E-11 -3.58 3.20E-13
Beta-alanine-pyruvate Aminoacids (ILV)
bauA_1 PA0132 bauA Q91700 ) i catabolism, propanoate 3.15 1.00E-06 3.44 6.25E-39 Activation 7
aminotransferase X
metabolism
nirS_1 PA0509 nirN Q91609  Nitrite reductase Nitrogen metabolism -2.92 6.77E-10 -2.93 3.30E-09 Repression 8,9
cysG 2  PA0510  nirE CHEE SrEoaiseiE e, EiLi he 3.00 864E09 -2.56  5.61E-06 Repression 8,9
chlorophyll metabolism
group_5012 PA0512 nirH P95415  NirH Nitrogen metabolism -3.27 8.64E-09 -2.23 4.94E-04 Repression 8,9
group_3026 PA0513 nirG P95414  NirG Nitrogen metabolism -2.79 5.29E-06 -2.35 9.60E-04 8
. Heme d1 biosynthesis ) .
group_4848 PA0514  nirL P95413 N Nitrogen metabolism -3.09 1.71E-08 -3.47 2.61E-08 8
protein NirL
group_3339 PA0515  nirD P95412 fe';’:’l:’;er SERSEERTE] e vstatialin 2.99  204E07 -2.03  1.30E-03 8
group_5595 PA0516  nirF apgp  hon Gl BesyilieeE Nitrogen metabolism 334  1.03E-10  -3.47  6.65E-16 8
protein NirF
nirS_2 PA0519 nirS P24474  Nitrite reductase Nitrogen metabolism -3.29 3.53E-07 -5.39 6.48E-51 8
nirQ PA0520  nirQ Qs14g1  Denitrfication reguiatory oo metabolism 427  341E28  -451  3.08E-33 8
protein NirQ
qoxC PA0521 nir0 G3XD44  Quinol oxidase subunit 3 Unknown -4.65 2.60E-22 -4.60 4.38E-15
group_6044 PA0522 nirP Q51483  Hypothetical protein Unknown -2.90 1.59E-05 -2.99 7.07E-05
Nitric oxide reductase . .
norB PA0524 norB Q59647 subunit B Nitrogen metabolism -5.53 1.99E-23 -8.08 1.91E-79 8
Porphyrin and chlorophyll
group_3360 PA0672 hemO G3XCZ8 Heme oxygenase . -2.38 9.28E-05 -2.53 1.57E-17
metabolism
Phthiocerol/phenolphthiocer
ppsC PA1137 PA1137 Q914J8 ol synthesis polyketide Unknown -4.31 1.74E-21 -3.55 1.62E-19
synthase
rocR PA1196  ddaR Qo Avginine utiization Aminoacids (arginine) 251  323E-05 322  581E-21 10
regulatory protein RocR metabolism
fecl_5 PA1300 PA1300 ¢ Qol4ss "UiBlveRNApolymerase o iiem 347  351E-11  -2.50  2.25E-11 6
sigma factor Fecl
fecR_1 PA1301 PA1301 Q91443  Protein FecR Iron metabolism -3.02 1.71E-08 -2.53 1.01E-13 6
Putative cation-transporting
ctpF PA1429 PA1429 Q9I3R5 Unknown 2.89 8.45E-09 3.63 7.15E-35
ATPase F
group_3703 PA1673 PA1673 Q91352  Bacteriohemerythrin Unknown 2.16 1.57E-04 2.57 1.30E-14
group_5526 PA1746 PA1746 Q91221 Hypothetical protein Unknown 2.42 1.59E-06 2.42 1.38E-09
group_2540 PA1747 PA1747 Q912Z0  Hypothetical protein Unknown 2.57 8.64E-09 2.46 1.07E-08
group_269 PA2033 PA2033 Q91282  Hypothetical protein Unknown -2.24 1.65E-03 -2.84 7.11E-23
ybdM PA2126  cgrC Q9I1Y9 8;?9 gene reguiator G, ;1 own 2.60  3.18E-07 246  1.05E-06
i
group_6509 PA2321  gntK G3XD53  Gluconokinase Gt e 273  4.03E-06 -2.41  268E-05 Repression 9
(pentose phosphate)
group_3203 PA2384 PA2384  Q9I195 Ef;{gn“ptake reguiation o metabolism 2.44  1.09E-04  -2.56  8.25E-10 6
mbtH PA2412  PA2412 Q91169  Hypothetical protein Monobactam 212 166E-03  -227  6.19E-08
biosynthesis
group_3129 PA2468  foxl Qoi1q4 Putative RNApolymerase oo oiom 2.32  163E07  -2.03  1.07E-08 6
sigma factor Fecl
hmp PA2664  fhp Q9I0H4  Flavohemoprotein Iron metabolism, NO 241  1.85E-05 -2.38  1.86E-03 11
detoxification
group_3982 PA2691 PA2691  QOIOF1 Eéi?ndehydmge”ase'"ke Oxidative phosphorylation ~ -4.38  1.03E-18  -3.45  3.32E-07
hidD PA3337  rfaD QoHyqg ADP-L-glycero-D-manno-  Lipopolysaccharide 340  1.45E-12 426  1.62E-48
heptose-6-epimerase biosynthesis
yccM PA3391 nosR Q9HYL3 Regulatory protein NosR Nitrogen metabolism -3.57 7.09E-14 -4.08 1.98E-30 Repression 8,9
nosZ PA3392 nosZ Q9HYL2 Nitrous-oxide reductase Nitrogen metabolism -3.62 1.57E-10 -5.50 6.62E-51 Repression 8,9
nosD PA3393  nosD QoHyL1 Hutative ABCtransporter oo metabolism 313 1.38E-10  -3.97  3.44E-20 Repression 8,9
binding protein NosD
nosY PA3395  nosY QoHykg " Jtative ABC transporter  ABC transporters 314  169E-07  -2.91  148E-06 Repression 8,9

permease protein NosY

(nitrogen metabolism)
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nosL PA3396
group_3537 PA3411
bfd PA3530
ykgO PA3600
rpmE2 PA3601
fdx_1 PA3809
hscA PA3810
hscB PA3811
iscA PA3812
iscU PA3813
iscS_1 PA3814
iscR PA3815
copA_4 PA3920
ntaA PA4155
fyuA_1 PA4156
fepC_1 PA4158
fepB PA4159
zupT PA4467
sodB_2 PA4468
group_2514 PA4469
fumC_1 PA4470
group_4225 PA4471
group_3398 PA4570
ccpA PA4587
group_1579 PA4625
fecl_3 PA4896
group_4196 PA5027
arcD PA5170
NA PA5369.3
pka PA5475

nosL d
PA3411
bfd
rpl36 e
ykgM e
fdx2 f
hscA f
hscB f
iscA f
iscU f
iscS f
iscR f
yvgX
PA4155
fvbA
fepC
fepB
PA4467 g
sodM g
PA4469 ¢
fumC1 g
fagA g
PA4570
ccpR
cdrA
PA4896
PA5027
arcD
PA5369.3
PA5475

Q9HYK8

Q9HYJ4

Q9HY80

QOHY26

Q9HY25

Q51383

Q51382

Q9HXJ1

Q9HXJO

QOHXI9

QIHXI8

Q9HXI7

Q9HX93

Q9HWM6

Q9HWM5

QOHWM3

Q9HWM2

Q9HWV1

P53652

Q9HVVO

Q51404

G3XD99

Q9HVL4

P14532

QI9HVG6

Q9HUR7

QYHUE2

P18275

NA

QIHT95

Copper-binding lipoprotein

NosL

Hypothetical protein

Bacterioferritin-associated

ferredoxin

Nitrogen metabolism

Unknown

Unknown

508 ribosomal protein L36 2 Ribosome structure

508 ribosomal protein L31

type B
2Fe-2S ferredoxin

Chaperone protein HscA
Co-chaperone protein HscB
Iron-binding protein IscA

Iron-sulfur cluster assembly

scaffold protein IscU

Cysteine desulfurase IscS

HTH-type transcriptional

regulator IscR

Copper-exporting P-type

ATPase

Nitrilotriacetate

monooxygenase component

A
Pesticin receptor
Ferric enterobactin

transport ATP-binding
protein FepC

Ferrienterobactin-binding

periplasmic protein
Zinc transporter ZupT

Superoxide dismutase
[Mn/Fe]

Hypothetical protein

Fumarate hydratase class Il

Hypothetical protein

Hypothetical protein

Cytochrome ¢551
peroxidase

Cyclic diguanylate-regulated

TPS partner A, CdrA

Putative RNA polymerase

sigma factor Fecl

Hypothetical protein

Arginine/ornithine antiporter

tRNA-Ala

Protein lysine
acetyltransferase Pka

Ribosome structure
Iron-sulfur protein

Protein stabilization
Protein stabilization

[Fe-S] cluster biogenesis

[Fe-S] cluster biogenesis

Sulfur relay system,
thiamine metabolism, [Fe-
S] cluster biogenesis

[Fe-S] cluster biogenesis
regulation

Unknown

Unknown

Iron metabolism

ABC transporters (iron
complex)

ABC transporters (iron
complex)

Unknown

Oxydative and iron stress
response

Unknown

Carbon metabolism
(cytrate circle), iron
stress response

Unknown

Unknown

Oxydative stress
response

Adhesion and biofilm
matrix structure

Iron metabolism

Unknown

Aminoacids (arginine)
metabolism
Aminoacyl-tRNA
biosynthesis

Unknown

-2.60

-2.59

-2.24

-2.99

-2.92

-2.72

-2.56

-2.04

-2.51

-2.40

-2.24

-2.42

-2.28

-3.09

-2.70

-2.30

-3.21

-3.12

-3.17

-3.32

-3.14

-3.52

-3.04

2.35

2.36

212

2.04

3.86E-05

3.63E-06

3.28E-10

6.77E-10

2.37E-10

4.17E-12

4.41E-11

1.40E-06

2.80E-10

3.46E-06

5.79E-05

4.44E-06

3.75E-07

5.86E-10

8.32E-12

6.59E-05

1.20E-10

1.92E-08

1.19E-09

8.79E-09

6.08E-08

3.14E-17

3.14E-17

3.49E-11

8.83E-05

6.78E-10

7.70E-05

4.52E-04

7.09E-03

4.85E-04

-2.46

-2.05

-2.04

-2.87

-3.21

-3.02

-2.60

-2.28

-3.37

-3.34

-3.44

-3.65

-2.63

-2.23

-2.48

-2.21

-2.48

-2.97

-3.09

-3.28

-3.16

-3.23

-4.32

3.27

-2.23

2.82

2.49

4.50

2.30

5.00E-05

1.41E-03

1.81E-10

3.60E-08

2.69E-26

7.98E-16

6.55E-16

1.35E-14

7.39E-26

1.95E-27

3.85E-29

4.38E-31

4.15E-14

6.24E-06

2.30E-09

3.50E-04

7.35E-06

1.40E-15

4.37E-19

2.91E-23

2.75E-18

1.64E-25

4.87E-31

6.90E-16

6.78E-10

1.49E-08

2.70E-20

5.13E-04

3.69E-21

1.81E-10

Repression 8,9

Repression 7,16

17

Activation 9

Table S4: List of P. aeruginosa genes differentially expressed in presence of S. aureus in the context

of a competitive interaction. PA2596 competition strain was cultivated in absence or presence of SA2599 or

SA2597. RNAs were extracted after 4 hours of culture and RNAseq analysis was performed as described in

material and methods. A gene was considered as differentially expressed when the Fold Change (FC) was

> |2logz| with an adjusted P-value<0.05 in presence of both SA strains. Genes from the same operon are

annotated with an identical letter. Grey cells indicate genes that were also dysregulated in the context of

coexistence (Table S5). Functional classification was performed thanks to KEGG database and literature.
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SA2599/PA2600 SA2597/PA2600
Gene (clinical - - LasR Ref.
strains) Gene (PAO1) UniProt Product Function Log; fold- Adjusted p-  Log, fold- Adjusted p- regulation '
change value change value
group_955 NA NA NA Hypothetical protein Unknown -2,20 3,84E-09 -2,56 1,54E-05
camB_1 NA NA pagioy CysteinelO-acetylserine ) Lo ids transport 2,04  537E04 231  2,69E-03
efflux protein
group_511 NA NA NA Hypothetical protein Unknown -2,04 2,34E-03 -2,77 5,28E-03
bauD PA0129  bauD QOI703  Putative GABA permease  *\inoacids (B-alanine) 2,90 153815 3,07  2,83E-14 18
catabolism
bauB PA0131  bauB Qoi7p1  Beta-alanine degradation - Aminoacids (B-alanine) 2,27 2,30E-05 2,61 2,31E-04 18
protein BauB catabolism
cysG_2 PA0510  nirE a G3XD80 Siroheme synthase NirE TSR, (I Emd 242  6,73E05 -272  1,36E-03 Repression 89
chlorophyll metabolism
group_3026 PA0513 nirG a P95414 NirG Nitrogen metabolism -2,69 3,29E-05 -2,97 2,87E-03 8
group_3339 PA0515  nirD  a P95412 2352?5 lagsebtioyal Nitrogen metabolism 2,62  199E03  -3,37  3,73E-04 8
group_5595 PA0516  nirF  a Q51480 nﬁ’:e d1 biesynthesis protein \ ;. -on metabolism 353  160E-08  -3,88  144E-06 8
nirM PA0518 nirM a P00099 Cytochrome c-551 Nitrogen metabolism -2,62 4,27E-03 -3,27 3,88E-03 8
nirS_2 PA0519 nirS a P24474 Nitrite reductase Nitrogen metabolism -3,27 7,25E-06 -4,43 2,95E-08 8
nirQ PA0520  nirQ Qs14gy  Denitrification regulatory oo metabolism 325  706E05 -412  2,10E-06 8
protein NirQ
norC PA0523 norC h Q59646 g't”c oxide reductase subunit \ o metabolism 359  299E-05  -623  4,50E-14 8
norB PAO524 norB  h Qsgeay Niricoxdereductase subunit \uooon metabolism 582  320E-18  -577  2,52E-12 8
group_4191 PA0525 norD h Q51484 ;g’rgab'e dinitrification protein \ . oen metabolism 3,86  168E-06  -482  1,23E-08 8
group_364 PA0526 PA0526 G3XDAO Hypothetical protein Unknown -3,38 6,53E-05 -4,60 3,45E-06
NA PA0668.3 NA NA tRNA-Ala(tgc) Aminoacyl-tRNA biosynthesis 3,45  566E-05 7,57 1,86E-22
acrC_2 PA0746  PA0746 i  QOI5I3 ﬁ\f;yl';g')'cw reductase Unknown 2,80 1,01E-12 342  2,02E-15
Aminoacids (isoleucine,
mmsA_2 PA0747  PAO747 i Qoisip  Methyimalonate- leucine, valine) catabolism, 2,08 1,04E-05 2,31 1,44E-06
semialdehyde dehydrogenase propanoate and carbon
metabolism
acnM PA0794 PA0794 Q9I5E4  Aconitate hydratase A Propanoate metabolism 2,18 5,28E-10 2,90 1,80E-07
aroP_2 PA0866  aroP2 Qois7s  Aromatic amino acid Unknown 230  873E-06 2,74 1,02E-03
transport protein AroP
acs_1 PA0887  acsA Qoissg  Acetyl-coenzyme A Propanoate, carbon and 3,08  558E-10 3,27  2,24E-07 Repression 7
synthetase pyruvate metabolism
yybH PA1325 yybH j Q91419  Putative protein YybH Unknown 2,16 1,03E-03 2,73 1,94E-05
L-threonine dehydratase Carbon metabolism,
ivA_1 PA1326  ilvA | Q9418 e aehy! aminoacids (isoleucine, 219  461E-05 2,46  6,93E-04
biosynthetic IlvA . ’ ! .
leucine, valine) biosynthesis
group_1804 PA1874  PA1874 k Q9I2M3 Hypothetical protein ':en:sbi:’gc resistance, quorum -, 54 592E.05 2,68  2,83E-04  Activation 9,19
group_4895 PA1875 PA1875 k Q9I2M2 Hypothetical protein Antibiotic resistance -2,94 1,72E-09 -2,80 1,14E-05  Activation 9,19
Type | secretion system
prsE_3 PA1877 PA1877 k Q9I12M0 membrane fusion protein Antibiotic resistance -2,29 8,13E-03 -3,04 1,51E-07 19
PrskE
group_6609 PA1878  PA1878 Q9I2L9  Hypothetical protein Unknown 2,03  247E-05  -2,38  1,01E-03
group_2034 PA1914 hvn Q912J0  Hypothetical protein Unknown -3,87 9,10E-16 -4,61 3,05E-20  Activation 7
degU_4 PA1978  erbR p2o3eg ranscriptionalreguiatory gy Giress response 2,28  243E-05 3,06 1,45E-07 Repression 9,20
protein DegU
luxQ PA1992  ercS Qoipgy Autoinducer 2 sensor Ethanol stress response 213 950E-08 2,11 2,65E-04 20
kinase/phosphatase LuxQ
accA1_2 PA2012  fuD | Qoizeg AceWl-/propionyl-coenzyme A Aminoacids (leucine) and 230  781E-07 2,69  2,15E-06 21
carboxylase alpha chain monoterpenes catabolism
menB PA2013  luC | Qolzgg | e2C4-diydroxy-2 Aminoacids (leucine) and 3,02 1,20E-11 3,29  7,09E-12 21
naphthoyl-CoA synthase monoterpenes catabolism
Methylmalonyl-CoA Aminoacids (leucine) and
group_2911 PA2014 liuB I Q91297 carboxyltransferase 12S . 2,61 1,20E-08 2,85 4,87E-10  Activation 9,21
; monoterpenes catabolism
subunit
mmgC_7 PA2015  liuA | Q91296 Acy-CoA dehydrogenase  /\minoacids (leucine) and 2,62  3,07E-08 2,76  526E-09 21
monoterpenes catabolism
cueR_2 PA2016  liuR Qoizgs  HTH-type transcriptional - Aminoacids (leucine) and 261 402608 3,47  4,01E-06 21
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group_13

kynU

group_1851

gntR_3

group_6509

group_1686

tsdA

group_3818

mmgC_5

thiA_1

group_5789

acsA_1

fadD3

lecA

group_5847

group_3164

hmp

lip_2

group_2901

ydfJ

group_6150

eda_2

pgl_1

zwf 2

ugpC

ugpA

group_5842

edd

epd_1

group_5870

actP_1

yjcH_1

nosL

mmsB

mmsA_1

iscR

dauA

argT_1

PA2040

PA2080

PA2166

PA2320

PA2321

PA2462

PA2481

PA2482

PA2552

PA2553

PA2554

PA2555

PA2557

PA2570

PA2662

PA2663

PA2664

PA2862

PA3038

PA3079

PA3080

PA3181

PA3182

PA3183

PA3187

PA3189

PA3190

PA3194

PA3195

PA3233

PA3234

PA3235

PA3396

PA3569

PA3570

PA3815

PA3863

PA3865

pauA4

kynU

PA2166

gntR

gntK

PA2462

PA2481

PA2482

acdB

PA2553

PA2554

PA2555

PA2557

lecA

PA2662

pPPYR

fhp

lipA

opdQ

PA3079

PA3080

edaA

Pyl

zwf

gtk

gltF

gltB
edd

gapA

PA3233

yjcG

yjcH

nosL

mmsB

mmsA

iscR

dauA

PA3865

P

p

S

S

t

t

Q9I275

Q91235

Q9I1U9

QII1F6

G3XD53

Q91120

Q91101

Q91100

Q9I0T2

Q9I0T1

Q9I0TO

Q91089

Q91087

Q05097

Q9I0H6

Q9I0H5

Q9I0H4

P26876

Q9HZHO

Q9HZC9

Q9HZC8

068283

QIX2N2

068282

Q9HZ51

Q9HZ49

Q9HZ48

P31961

P27726

Q9HZ07

Q9HZ06

Q9HZ05

Q9HYKS8

P28811

P28810

QOHXI7

Q9HXE3

QI9HXE1

Gamma-glutamylputrescine
synthetase PuuA

Kynureninase KynU

Hypothetical protein

HTH-type transcriptional
regulator GntR

Gluconokinase GntK
Hypothetical protein
Thiosulfate dehydrogenase
Cytochrome c4

Acyl-CoA dehydrogenase
Acetyl-CoA acetyltransferase

Putative oxidoreductase
Acetyl-coenzyme A
synthetase

3-[(3aS%2C4S%2C7as)-7a-
methyl-1%2C5-dioxo-
octahydro-1H-inden

PA-| galactophilic lectin LecA

Hypothetical protein

Psl and pyoverdine operon
regulator, PpyR

Flavohemoprotein
Triacylglycerol lipase
Porin-like protein NicP
Membrane protein YdfJ
Ycf48-like protein

2-dehydro-3-deoxy-
phosphogluconate aldolase

6-phosphogluconolactonase

Glucose-6-phosphate 1-
dehydrogenase

Sn-glycerol-3-phosphate

import ATP-binding protein
UgpC

Sn-glycerol-3-phosphate
transport system permease

Putative sugar-binding
periplasmic protein

Phosphogluconate
dehydratase

D-erythrose-4-phosphate
dehydrogenase
Hypothetical protein

Cation/acetate symporter
ActP

Inner membrane protein YjcH
Copper-binding lipoprotein
NosL

3-hydroxyisobutyrate
dehydrogenase

Methylmalonate-
semialdehyde dehydrogenase

HTH-type transcriptional
regulator IscR

FAD-dependent catabolic D-
arginine dehydrogenase
DauA

Lysine/arginine/ornithine-
binding periplasmic protein

Polyamines catabolism,
aminoacids (glutamine)
biosynthesis

Aminoacids (tryptophan)
catabolism

Unknown

Carbon metabolism (pentose
phosphate)

Carbon metabolism (pentose
phosphate)

Unknown
Unknown
Unknown

Unknown

Carbon and fatty acids
metabolism

Unknown

Propanoate, carbon and
pyruvate metabolism

Unknown

Adhesion, biofilm formation

Unknown
Iron metabolism, biofilm
formation and virulence

Iron metabolism, NO
detoxification

Glycerolipid metabolism,
virulence (lipase activity)
Membrane transports (in
response to stress)

Unknown
Unknown

Carbon metabolism (pentose
phosphate)

Carbon metabolism (pentose
phosphate)

Carbon metabolism (pentose
phosphate)

ABC transporter
(oligosaccharides, polyol,
lipids and monosaccharides)

ABC transporter
(glucose/mannose)

Carbon metabolism (pentose
phosphate)

Carbon metabolism (pentose
phosphate)

Carbon metabolism (pentose
phosphate)

Unknown
Unknown
Unknown
Nitrogen metabolism

Aminoacids (ILV) catabolism
Aminoacids (ILV) catabolism,
propanoate and carbon
metabolism

isc operon regulation

Aminoacids (arginine,
ornithine) catabolism

ABC transporter (arginine,
ornithine)

-2,23

-2,63

-3,67

2,36

2,73

2,49

2,46

2,78

3,04

-3,40

-3,18

-2,83

-5,40

2,31

2,75

2,43

2,33

-2,85

-3,10

-2,77

-3,88

-2,66

-5,31

-2,16

-2,27

-2,63

2,30

2,32

2,41

2,12

2,47

2,02E-08

9,29E-10

5,77E-05

9,55E-11

1,18E-14

1,33E-10

1,47E-07

8,24E-08

6,18E-12

7,14E-11

1,75E-13

1,61E-10

2,30E-14

1,59E-12

1,66E-07

7,91E-04

1,82E-18

6,63E-05

8,42E-07

2,32E-07

5,77E-09

2,30E-14

1,45E-13

4,39E-08

1,55E-18

7,46E-08

1,43E-59

1,26E-04

1,15E-05

1,84E-08

3,07E-07

4,22E-04

2,89E-04

2,60E-10

8,63E-09

2,64E-06

6,53E-05

2,45E-05

2,77

2,67

-2,82

-2,71

-3,42

2,34

2,39

2,82

2,72

3,05

3,16

-2,61

-3,57

-4,04

-5,66

2,47

2,29

2,24

-3,17

-3,13

-3,05

-3,03

-2,25

-4,96

-2,55

-2,42

-3,00

3,27

3,32

-2,10

2,10

2,54

8,62E-09

7,28E-07

1,56E-04

1,51E-05

5,37E-06

7,08E-11

1,59E-04

6,15E-04

2,35E-10

1,62E-08

1,43E-09

8,32E-07

2,62E-11

1,13E-03

3,71E-05

9,15E-07

3,69E-14

4,68E-04

2,71E-06

2,55E-06

1,34E-04

6,61E-11

1,21E-08

4,13E-11

4,95E-08

4,99E-03

2,08E-23

2,31E-10

1,87E-07

1,90E-05

5,65E-05

6,97E-05

7,77E-03

1,43E-09

3,75E-08

3,56E-03

3,23E-03

2,08E-04

Activation

Activation

Repression

Activation

Activation

Activation

Activation

Activation

Repression

Activation

Activation

Activation

Activation

Activation

Activation

Activation

Repression

Repression

Repression

Repression

22

9,23

7,9,24

25

1

7,26

13



group_3022 PA3922
group_4203 PA3923
group_2095 PA4022
yhdG_3 PA4023
» acoR_1 PA4147
» fabG_10 PA4148
PA4150
> PA4151
PA4152
» ydjiJ_2 PA4153
pchA_2 PA4231
cckA PA4293
group_719 PA4294
group_2484 PA4300
group_6095 PA4301
» group_4498 PA4302
outD PA4304
» group_95 PA4306
group_1582 PA4638
yabJ_1 PA5083
» dadA1_1 PA5084
group_5220 PA5096
proY_1 PA5097
hutH_1 PA5098
» pucl_1 PA5099
hutU PA5100
artJ PA5153
NA PA5160.1
group_4368 PA5383
group_3039 PA5460
group_5371 PA5469

PA3922 u
PA3923 u
hdhA
eutP
acoR
PA4148 v
acoA \Y
acoB v
acoC v
PA4153 v
pchA
pprA w
PA4294 w
tadC X
tadB X
tadA X
rcpA X
flp
PA4638
dguB y
dguA y
PA5096
hutT z
hutH z
PA5099 z
hutU
PA5153
PA5160.1
yeiH
PA5460
PA5469

Q9HX91

Q9HX90

Q9HX05

Q9HX04

QOHWN4

Q9HWN3

Q9HWN1

Q9HWNO

Q9HWMS

Hypothetical protein

Hypothetical protein

Hypothetical protein

Putative amino acid
permease YhdG

Acetoin catabolism regulatory

protein
3-oxoacyl-[acyl-carrier-
protein] reductase FabG
Acetoin:2%2C6-
dichlorophenolindophenol
oxidoreductase subunit a

Acetoin:2%2C6-
dichlorophenolindophenol
oxidoreductase subunit b

Dihydrolipoyllysine-residue
acetyltransferase component
of acetoin cleaving system

2,3-butanediol

QsHWMa dehydrogenase

Q51508

Q9HWAT Sensor kinase CckA

Q9HWAG Hypothetical protein

Q9HWAO TadC

Q9HW99 TadB

Q9HW98 TadA ATPase

Q9HW96 RcpA

Q9HWO94 Type IVb pilin, Flp

QYHVF3 Hypothetical protein

2-iminobutanoate/2-
iminopropanoate deaminase

Q9HUAO

Q9HU99 1
Q9HU87

Q9HU86 ProY

Q9HU85 Histidine ammonia-lyase

Q9HU84 Putative allantoin permease

Q9HUB83 Urocanate hydratase

QoHU31 binding protein 1
NA tRNA-Thr(tgt)

QYHTI1  Hypothetical protein
Q9HTBO Hypothetical protein

Q9HTA1 Hypothetical protein

Salicylate biosynthesis
isochorismate synthase

D-amino acid dehydrogenase
Glycine betaine-binding

periplasmic protein OusX
Proline-specific permease

ABC transporter arginine-

Unknown

Unknown
Pyruvate and carbon

metabolism, hydrazone
utilization

Unknown
Unknown

Butanoate metabolism

Unknown

Unknown

Carbon and pyruvate
metabolism

Butanoate metabolism
Ubiquinone and non-
ribosomal siderophore
peptides synthesis

Membrane permeability
Unknown

Flp pilus assembly

Flp pilus assembly

Flp pilus assembly

Flp pilus assembly

Flp pilus assembly
Unknown

Aminoacids (glutamine)
metabolism

Aminoacids (glutamine,
phenylalanine) metabolism

ABC transporter (glycine,
betaine, proline)

Aminoacids (histidine)
catabolism

Aminoacids (histidine)
catabolism
Aminoacids (histidine)
catabolism
Aminoacids (histidine)
catabolism

ABC transporter (arginine)
Aminoacyl-tRNA biosynthesis
Unknown

Unknown

Unknown

-2,72

-2,54

-3,35

-2,45

-2,47

-2,07

-2,48

-2,94

-2,33

3,16

2,84

2,65

2,06

3,26

-2,93

-2,24

2,26

3,16E-07

2,29E-07

8,00E-12

7,48E-07

1,07E-05

7,65E-03

6,84E-03

8,68E-07

4,18E-04

9,28E-03

3,55E-05

2,98E-06

9,82E-14

8,38E-06

1,84E-06

3,10E-05

2,53E-07

1,73E-05

3,36E-08

1,04E-04

7,78E-05

2,24E-10

1,71E-09

3,35E-16

6,41E-08

4,00E-06

3,96E-05

5,20E-08

3,32E-06

7,66E-09

1,56E-03

-2,18

-3,28

-5,10

-2,73

-2,73

-2,99

-2,92

-2,67

-2,42

3,77

4,01

2,54

2,95

2,07

2,19

2,23

8,05E-11

6,61E-11

4,71E-07

4,81E-08

1,51E-05

2,95E-08

5,15E-16

3,12E-15

3,22E-19

1,07E-13

5,58E-03

1,55E-08

7,29E-14

4,22E-05

1,06E-04

4,73E-06

1,79E-08

1,65E-03

1,55E-04

1,29E-09

2,78E-08

7,31E-06

3,88E-07

2,39E-12

1,95E-05

2,65E-08

8,34E-13

3,05E-20

1,16E-03

4,96E-03

4,99E-04

Activation

Activation

Activation

Activation

Activation

Activation

Activation

9

27

9,28

7,9

31

7,9,29

7,9,29

7,9,29

30

30

31

31

31

31

Table S5: List of P. aeruginosa genes differentially expressed in presence of S. aureus in the context
of coexistence. PA2600 coexistence strain was cultivated in the absence or presence of SA2599 or SA2597.
RNAs were extracted after 4 hours of culture and a RNAseq analysis was performed as described in material
and methods. A gene was considered as differentially expressed when the Fold Change (FC) was > |2logz|
with an adjusted P-value<0.05 in presence of both SA strains. Genes from the same operon are annotated
with an identical letter. Grey cells indicate genes that were also dysregulated in competition couples (Table
S4). Symbol » indicates genes tested in RT-qgPCR (Fig. 1B). Functional classification was performed thanks

to KEGG database and literature.
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Figure S1: Schematic representation of the employed methodology.

A. Determination of interaction state within S. aureus-P. aeruginosa co-isolated pairs. Pairs of strains

are co-isolated from a single sputum sample. Interaction state is tested during plate and liquid tests, as

described in materials and methods and by Briaud et al. (3). Results of competition tests (pictures and kinetics)

were obtained for a previous study (3).
B. Strain pairs used in transcriptomic analyses. Pairs SA2597/PA2596 and SA2599/PA2600 were isolated

from two different patients. Interaction state of crossed pairs was determined as above and confirmed that it is

solely led by P. aeruginosa (3). The 21 strain pairs used for qRT-PCR confirmation were both isolated from

different patients, except in one case (Table S1).
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Figure S2: P. aeruginosa metabolic pathways and associated genes up-regulated (red) or down-
regulated (green) in coexistence with S. aureus. PA2600 coexistence strain was cultivated in absence or
presence of SA2599 or SA2597. RNAs were extracted after 4 hours of culture and RNAseq analysis was
performed. A gene was considered as differentially expressed when the Fold Change (FC) was > |2logz| with
an adjusted P-value<0.05. Genes from the same operon are annotated with an identical letter. Genes tested
in RT-gPCR and confirmed for PA2600 are underlined. Functional classification and pathway constructions

were performed thanks to KEGG database and literature.
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Figure S3: Acetoin concentration in supernatant of S. aureus SA2599, B. subtilis, B. cenocepacia and

S. maltophilia monocultures (grey bars) or co-cultures with P. aeruginosa PA2600 (black bars). Acetoin

was quantified from supernatant after 4h of culture. Bars represent the mean acetoin concentration + SEM

from three independent experiments.
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Figure S4: Fold change of P. aeruginosa acoR, PA4148, liuA and zwf gene expression induced by
culture with S. aureus (grey bars) or its supernatant (hatched and black bars). P. aeruginosa PA2600
strain was cultivated in the absence or presence of S. aureus SA2599 or filtered supernatant of S. aureus
SA2599 and UAMS-1 WT. RNAs were extracted after 4 hours of culture and gene expression was assayed by
RT-gPCR. Bars represent the mean fold change + SEM from three independent experiments. Dot lines indicate
a fold change = |2|. *Pagj<0.05, ****Paqj<0.0001 ANOVA with Tukey’s correction.
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Figure S5: Monitoring of acetoin concentration in S. aureus and P. aeruginosa monocultures or co-
culture (A,B) or in S. aureus supernatant inoculated with P. aeruginosa (C,D) and corresponding AUC
(E,F) , for the pairs SA146/PA146 (A,C,E) and SA153/PA153A (B,D,F).

A,B. S. aureus and P. aeruginosa were cultivated in monoculture or co-culture. Acetoin was quantified from
supernatant each hour. Points represent the mean acetoin concentration + SEM from two independent
experiments per pair.

C,D. A 4-hour filtered supernatant of S. aureus was inoculated with P. aeruginosa culture or sterile medium for
controls. Acetoin was quantified from supernatant each hour. Points represent the mean acetoin + SEM from
three independent experiments per pair.

E. For the pair SA146/PA146, the bars represent the mean area under the curves presented in panels A and
C + SEM. ***P<0.0001 Student test.

F. For the pair SA153/PA153A, the bars represent the mean area under the curves presented in panels B and
D + SEM. ****P<0.0001 Student test.

SPRINGER NATURE



L. Camus et al.

ns
10000
— ol
= 1000
'g' |
» -
S 3 100 A A
® 3 10- A
€ °© m A
o wn 14 A
S 2  01- " om
}
cC o | A A
o 2 0.014
)
g 0.001- A A
0.0001 T T
S. aureus Coinfection

Figure S6: Acetoin concentration in CF sputa from patients. Sputa from S. aureus mono-infected patients
(n=9) or S. aureus and P. aeruginosa co-infected patients (n=11) were gathered and acetoin concentration
was quantified. Bars represent the median acetoin concentration normalized on S. aureus concentration in

each sputum. ns P>0.05 student test.
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Figure S7: Acetoin concentration in cultures of S. aureus strains from competition and coexistence
couples. Each S. aureus strain from competition (n=11) and coexistence (n=12) couples was cultivated for 6
hours in BHI and acetoin was dosed from supernatant. Bars represent the median acetoin concentration +
95% CI. ns P>0.05 Mann-Whitney test.
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Figure S8: Glucose concentrations in cultures of S. aureus (A) and P. aeruginosa (B) strains from
competition and coexistence pairs.

A. Each S. aureus strain from competition (n=12) and coexistence (n=12) couples was cultivated in
P. aeruginosa PA2600 filtered supernatant for 6 hours and glucose was quantified from supernatant. No
glucose was detected. Dotted line indicates the initial glucose concentration in P. aeruginosa supernatant.

B. Each P. aeruginosa strain from competition (n=12) and coexistence (n=12) couples was cultivated in
S. aureus SA2599 filtered supernatant for 4 hours and glucose was quantified from supernatant. Bars
represent the median glucose concentration = 95% CI. Dotted line indicates the initial glucose concentration

in S. aureus supernatant. ns P>0.05 Mann-Whitney test.
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Figure S9: Growth kinetic of S. aureus cultivated in absence or presence of acetoin (A) and
corresponding AUC analysis (B). SA2599 was cultivated during 24h in the absence of acetoin or in the
presence of acetoin in different proportions ranging from 0.2uM to 6000uM per 108 S. aureus. A. Lines
represent the mean optical density of three technical replicates. B. Bars represent the mean area under the
curves presented in panel A + SEM. ***P44j<0.0001 one-way ANOVA with Dunnett correction (OpM vs.

condition).
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1.3. Résultats complémentaires et perspectives

1.3.1. Facteurs influencant le métabolisme de l'acétoine

a. Induction du systeme aco par |'acétoine

Lors de l'interaction de coexistence avec S. aureus, P. aeruginosa présente un profil
transcriptomique adapté et surexprime les génes du systéme aco. Cette surexpression est
induite par I'acétoine de fagon dose-dépendante mais non linéaire, suggérant I'existence de
seuils d’'induction et/ou d’autres régulateurs. Plusieurs observations effectuées au laboratoire
soutiennent ces hypothéses. Tout d’abord, une surexpression du systéme aco a été observée
en co-culture avec E. coli malgré une absence de production d’acétoine. L’'expression de acoR
induite par E. coli est ainsi similaire a celle obtenue avec les deux producteurs d’acétoine
S. aureus et B. subtilis ; une induction moindre mais importante est observée pour le gene
PA4148 (Fig. I-1). Ces données confirment que d’autres signaux, notamment produits par E.
coli, régulent I'expression du systéme aco. De plus, l'opéron aco et son activateur
transcriptionnel acoR ne semblent pas répondre aux mémes signaux : acoR est pleinement
induit en absence d’acétoine en présence de E. coli, tandis que I'expression de PA47148 n’est
pas compléte en 'absence de la molécule. Si la surexpression restante de PA4148 résulte de

son activation par acoR ou par un autre signal reste a déterminer.
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Figure I-1 : Facteurs d’expression différentielle des génes acoR et PA4148 chez P. aeruginosa
en co-culture avec S. aureus, par rapport a la monoculture (A) et dosages de I’acétoine en
monoculture et co-cultures de S. aureus, B. subtilis et E. coli (B). Les souches ont été cultivées en
BHI pendant 4h. A. Les ARN ont été extraits et quantifiés par RT-qPCR. Les expressions sont
normalisées grace au géne de ménage rpoD. Les barres représentent le facteur moyen + SEM, issu de
trois expériences indépendantes. B. L’acétoine a été dosée dans le surnageant de culture. Les barres
représentent la concentration moyenne en acétoine + SEM, issue de trois expériences indépendantes.
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Afin de mieux comprendre les mécanismes d’induction du systéme aco chez
P. aeruginosa en co-culture avec S. aureus, nous avons déterminé I'expression des génes
acoR et PA4148 en présence de souches cliniques ou de référence de S. aureus.
Parallélement a cela, nous avons dosé I'acétoine produite par ces souches de staphylocoque
afin d’établir une potentielle relation avec les résultats transcriptomiques. Comme présenté en
Figure 1-2, aucune corrélation entre la production d’acétoine par S. aureus et I'induction des
génes du systéme aco chez P. aeruginosa n’a pu étre établie, corroborant I'existence d’autres

signaux inducteurs dans nos conditions (Fig. I-2).
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Figure 1-2: Facteurs d’expression différentielle (FC) des génes acoR et PA4148 chez
P. aeruginosa en co-culture avec S. aureus, en fonction de la concentration en acétoine produite
par S. aureus. Les souches ont été cultivées en BHI pendant 4h. Les ARN ont été extraits et quantifiés
par RT-gPCR. Les expressions sont normalisées grace au gene de ménage rpoD. L’acétoine a été
dosée dans le surnageant de culture. Les souches cliniques sont indiquées par des triangles, et les
souches de référence (COL, MU50, MW2, N315, Newman, RN6911 et SH1000) par des ronds.

b. Autres régulateurs du systeme aco

Bien que les mécanismes exacts de régulation ne soient pas élucidés, plusieurs
régulateurs du systéme aco ont été décrits chez P. aeruginosa et B. subtilis (180, 181). Si
l'acétoine et son précurseur le 2,3-butanediol activent effectivement I'expression de I'opéron
aco chez P. aeruginosa, il a récemment été démontré que cette induction était indirecte et
faisait en fait intervenir 'acétaldéhyde. Cette molécule peut étre obtenue apres clivage de
'acétoine par l'action de AcoABC, mais peut aussi résulter d’autres voies métaboliques
bactériennes telles que la fermentation de I'éthanol (180). Il est donc possible que I'induction
de I'opéron aco dans nos expériences soit liée a la présence d’acétaldéhyde, potentiellement
produit par E. coli ou S. aureus indépendamment de I'acétoine. L’ajout d’acétaldéhyde dans
le milieu de culture et le suivi de I'expression du systéme aco permettrait de valider cette

hypothése. Evaluer la proportion d’acétaldéhyde, de 2,3-butanediol et d’acétoine dans nos
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conditions serait également intéressant pour mieux comprendre l'induction de 'opéron aco
chez les souches cliniques de P. aeruginosa. Nous avons d’ailleurs tenté de mettre au point
une quantification précise des concentrations en ces molécules par chromatographie en phase
gazeuse couplée a la spectrométrie de masse (GC-MS), en collaboration avec le Centre
d’Etude des Substances Naturelles (CESN) de Lyon. Cette quantification a cependant été
limitée par la complexité du milieu riche utilisé, ainsi que par la petite taille et la structure des

molécules d’intérét.

Chez B. subtilis, 'induction de 'opéron aco nécessite une activation transcriptionnelle
via les régulateurs AcoR et SigL (o). La délétion de acoR abolit totalement le catabolisme de
'acétoine chez P. aeruginosa, confirmant I'essentialité de cet activateur dans I'expression de
I'opéron aco (56, 180). Le facteur 0°* de P. aeruginosa, RpoN, présente quant a lui une forte
homologie de séquence protéique avec SigL de B. subtilis (36% d’identité pour 77% de
couverture). Deux éléments soutiennent I'importance de RpoN dans la régulation du systéme
aco chez P. aeruginosa: (i) acoR présente un domaine ATPase caractéristique des
activateurs de promoteurs transcrits via le complexe ARN polymérase-RpoN (182) et (ii) les
génes PA4148 et acoAB présentent des sites de fixation de RpoN (183). Deux études ont
toutefois observé I'absence des génes de I'opéron aco dans le régulon de RpoN (184-186). I
est cependant nécessaire de noter que ces régulons ont été déterminés en phase
exponentielle de croissance dans du milieu riche. Il serait donc intéressant d’étudier le role de
RpoN dans la régulation du systéme aco dans des conditions favorisant le catabolisme de
'acétoine, c’est-a-dire dans un milieu appauvri et en fin de phase exponentielle de croissance.

Notre dispositif expérimental de co-culture réunit ces deux conditions (55, 56).

Le role des conditions nutritives apparait d’autant plus important que I'expression de
acoR et sigL est sous contrdle de la répression catabolique chez B. subtilis. En présence de
glucose, la protéine CcpA (Catabolite control protein A) se fixe au site cre (catabolite
responsive element) présent dans les régions promotrices de acoR et sigL pour empécher leur
transcription. acoR, sigL et ainsi 'opéron aco sont alors exprimés uniquement en absence de
glucose dans le milieu (181). Chez P. aeruginosa, la répression catabolique a lieu au niveau
post-transcriptionnel et fait intervenir la chaperonne Hfq, la protéine de répression
cataboliques Crc et 'ARN régulateur CrcZ (187-189) (Fig. 1-3A). En présence d’'une source
de carbone primaire, la traduction des protéines impliquées dans l'utilisation de sources de
carbone alternatives est inhibée par la liaison du complexe Crc-Hfq au site de fixation du
ribosome (RBS) de TARNm. A I'inverse, I'absence de source de carbone primaire est détectée
par le senseur CbrA et active le régulateur CbrB par transfert de phosphate. Ce dernier permet
la production de I'ARN CrcZ, qui séquestre alors le complexe Crc-Hfq, libérant par la méme
occasion le RBS des ARNm cibles et autorisant leur traduction (Fig. I-3B) (187-189).
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Le role de la répression catabolique et du complexe Crc-Hfq dans la régulation du
systéme aco n’est pas encore décrit chez P. aeruginosa. Cependant, Sonnleitner et al. ont
observé que la quantité ’ARNm de la totalité des génes du systéme aco est augmentée en
'absence de Hfg et/ou de Crc lorsque PAO1 est cultivée en milieu riche (Tableau 1) (189).
Ces données suggeérent donc qu’une répression catabolique médiée par Hfg et Crc pourrait
effectivement s’opérer sur les génes du systéme aco en présence de sources de carbone
primaires (Fig. 3A). Dans nos conditions, le glucose est épuisé du milieu rapidement et
préalablement a 'acétoine, suggérant que le glucose est la source de carbone préférée en co-
culture (56). L’acétoine est par la suite métabolisée grace au systéme aco, dont le
fonctionnement est induit par la présence d’acétoine dans le milieu et potentiellement par la

levée de répression médiée par Crc-Hfq selon le modéle que nous proposons (Fig. 3B).

- - - - - »
o aco ADONAS 0 3 D3 appo a AC

Locus PAO1 Nom Mutant Hfq Mutant Crc
PA4147 acoR 9,7 5,9
PA4148 PA4148 26,3 ND
PA4149 acoX 29,7 ND
PA4150 acoA 20,3 ND
PA4151 acoB 59,6 ND
PA4152 acoC 249 ND
PA4153 PA4153 13,7 ND

Tableau I-1 : Abondance des transcrits des génes du systéme aco chez un mutant Hfq et un
mutant Crc, en comparaison a la souche PAO1 sauvage (WT). Les souches ont été cultivées dans
du milieu BSM (Bifidus Selective Medium) complexe (supplémenté en succinate, acétate, glucose,
mannitol, acétamide, histidine, tryptophane, phénylalanine, leucine, isoleucine, glutamate, arginine,
valine and lysine, anthranilate et glycerol) jusqu’a une DO de 1,5. Les ARN ont été extraits et séquencés.
Toutes les abondances exposées présentent une P-valeur significative (P<0,05). Adapté de Sonnleitner
et al. (189).

Le réle de la répression catabolique via Crc-Hfq dans la régulation du systéme aco
pourrait étre confirmé en étudiant la capacité de P. aeruginosa a cataboliser 'acétoine en
'absence de Hfq et Crc, et également dans un milieu contenant d’autres sources de carbone
primaires telles que le succinate (187). En lien avec cela, il serait pertinent de doser les
différentes sources de carbone présentes dans nos conditions de culture. Les expectorations
des patients atteints de mucoviscidose contiennent quant a elles plusieurs sources de carbone
primaires pour P. aeruginosa, telles que les acides aminés, le lactate, ou le glucose (1, 190).
L’acétoine présente dans les poumons est ainsi probablement utilisée dans un second temps
par P. aeruginosa (56, 191). Il est toutefois possible que le catabolisme de I'acétoine soit
favorisé dans le milieu pulmonaire par I'épuisement des sources de carbone primaires par les

autres microorganismes co-colonisateurs.
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Enfin, il est également probable que I'expression du systéeme aco soit sous contrble
des systemes de QS de P. aeruginosa. Nous avons en effet observé une augmentation de
I'expression des génes acoR et PA4148 chez une souche de PA14 AlasR en comparaison a
la souche sauvage correspondante (Fig. I-4A et B). De maniére intéressante, cet effet n’est
pas observé pour PA4148 lorsque P. aeruginosa est cultivée en absence d’acétoine (Fig. I-
4B), soulignant I'importance de la molécule pour l'induction de PA47148. En lien avec cela, la
souche de PA14 AlasR est capable de cataboliser 'acétoine plus efficacement que la souche
sauvage (Fig. I-4C). Bien que ces résultats doivent étre répétés, ils suggérent que LasR serait

un inhibiteur de I'expression du systéme aco chez P. aeruginosa.
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Figure I-4 : Expression du systéme aco (A,B) et catabolisme de I’acétoine (C) chez P. aeruginosa
PA14 sauvage (WT) et AlasR cultivées dans du surnageant de S. aureus (A,C) ou dans du milieu
riche (B). Les souches ont été cultivées dans du surnageant filtré de S. aureus SA2599 ou dans du
milieu riche BHI. A, B. Les ARN ont été extraits aprés 4h de culture et quantifiés par RT-gPCR. Les
barres représentent I'expression relative des génes acoR et PA4148 par rapport a rpoD. C. L’acétoine
a été dosée dans le surnageant de culture toutes les heures.

Le fait que LasR soit un inhibiteur de I'expression du systéme aco pourrait expliquer
pourquoi les souches de coexistence de P. aeruginosa catabolisent plus efficacement
'acétoine que les souches de compétition (56). En effet, les isolats cliniques semblent évoluer

d’'un phénotype compétiteur vers un phénotype coexistant par le biais de mutations dans le
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géne lasR (Cf. Introduction partie 2.3.2. et Axe 2), qui est également un géne pathoadaptatif
de P. aeruginosa dans les poumons des patients atteints de mucoviscidose (192). Nous
supposons donc que le milieu pulmonaire favorise une altération des fonctions de LasR,
induisant le phénotype de coexistence et levant par la méme occasion la répression du
systeme aco. Cette hypothése pourrait étre étudiée en séquencant le géne /asR d’isolats avec
différentes capacités de catabolisme de I'acétoine. Nous pourrions également introduire une
mutation /asR dans le génome de souches cliniques et évaluer ses conséquences sur le

catabolisme de I'acétoine.

c. Role des conditions acido-basiques

Chez le staphylocoque, le pyruvate résultant de la glycolyse est préférentiellement
transformé en acétate. Cependant, I'accumulation de cet acide faible a de hautes
concentrations induit une acidification du milieu et accélére la mort de S. aureus. Afin d’éviter
cela, le staphylocoque est capable de rediriger le flux de carbone afin de convertir le pyruvate
en acétoine plutét qu’en acétate via le systeme AlsSD. L’acétoine étant une molécule neutre,
sa production et son accumulation n’altérent pas ’homéostasie acido-basique de la bactérie.
La biosynthése d’acétoine est ainsi favorisée par I'excés de glucose et I'acidification (Fig. I-5)
(193-195). Le glucose étant rapidement épuisé dans nos conditions (56), nous avons cherché
a savoir si une potentielle acidification du milieu pouvait favoriser la synthese d’acétoine par
le staphylocoque en co-culture. La concentration en acétoine et le pH ont donc été évalués
dans des mono- et co-cultures de S. aureus et de deux souches incapables de cataboliser
'acétoine : P. aeruginosa Aaco et E. coli. Nous avons également modifié artificiellement le pH
de monocultures de S. aureus par 'ajout d’acides (acide chlorhydrique HCI, acide acétique
CH3COOH) ou de base (hydroxyde de sodium NaOH).

Figure [I-5: Régulation
Glucose ———+ Pyruvate )l Acétate simplifiée de la synthése
Glycolyse CidBC (acide) d’acétate et d’acétoine chez
S. aureus. L’exces de
glucose et [I'accumulation
d’acétate peuvent activer la
voie de régulation de CidR
(vert) afin de réguler les
productions  d’acétate et
d’acétoine. Adapté de
Chaudhari et al. (194).

AlsSD

Acétoine

(neutre)
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”
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Contrairement a notre hypothése, la co-culture avec P. aeruginosa induit une
alcalinisation du milieu et une réduction de 70% de la production d’acétoine par S. aureus.
Des tendances similaires ont été obtenues en co-culture avec E. coli ainsi qu’en alcalinisant
artificiellement une culture de S. aureus avec du NaOH (Fig. I-6). A l'inverse, la production
d’acétoine par S. aureus est favorisée en conditions acidifiées, confirmant les précédentes
observations (193). Ainsi, ces résultats suggérent que la réduction de I'accumulation
d’acétoine observée en co-culture par rapport a la monoculture de S. aureus provient a la fois
(i) d’'un catabolisme par P. aeruginosa, favorisé par la déplétion en glucose (56) et (ii) d’'une

production par le staphylocoque diminuée par I'alcalinisation du milieu.

A B
2.51

2.0

Concentration en acétoine (mM)

1.5-
1.0
0.5
4 T T T T 1 0.0
0 1 2 3 4 5 0 1 2 3 4 5
Temps (h) Temps (h)
S. aureus monoculture Ajouts d'acides/bases Co-cultures
=+ S. aureus + NaOH & S. aureus + P. aeruginosa Aaco
=+ S. aureus + HCI & S. aureus + E. coli

- S. aureus + CH3;COOH

Figure I-6 : Suivi du pH (A) et de la concentration en acétoine (B) dans la culture de S. aureus en
absence ou en présence d’acide (HCI, CH;COOH), de base (NaOH), de P. aeruginosa Aaco ou de
E. coli. Les souches ont été cultivées dans du milieu riche BHI. La concentration en acétoine et le pH
ont été dosés dans le surnageant de culture toutes les heures. Les points représentent le pH (A) ou la
concentration en acétoine (B) d’'une seule expérience.

L’alcalinisation du milieu de culture par P. aeruginosa a été confirmée lors des
expériences de co-cultures prolongées pendant cing jours. De maniére intéressante, les
mutants AacoR et Aaco induisent une alcalinisation du milieu similaire ou trés légérement
inférieure a celle provoquée par la souche sauvage (Fig. 1-7). D’'une part, ces résultats
confirment que I'accumulation d’acétoine ne modifie pas drastiquement les propriétés acido-
basiques du milieu de culture. D’autre part, nous avions supposé que cette accumulation
d’acétoine déseéquilibrait la réaction effectuée par AlsSD chez le staphylocoque (Fig. I-5),

induisant une production d’acétate et une acidification délétére pour S. aureus en co-culture
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avec les souches P. aeruginosa AacoR et Aaco. Bien qu’une Iégére acidification soit observée
en co-culture avec le mutant Aaco, il reste difficile de conclure concernant les causes exactes
de la diminution de survie de S. aureus dans ces conditions. Il est également possible que
l'acétoine accumulée ait d’autres impacts délétéres sur la physiologie du staphylocoque,
directement ou par le biais d’'une dérégulation du fonctionnement de AlsSD. Cette protéine est
en effet importante pour d’autres phénotypes de S. aureus, comme par exemple la formation
de biofilm (193, 194).

9.47 Monocultures

S. aureus
B P. aeruginosa WT
B P. aeruginosa AacoR
I P. aeruginosa Aaco

Co-cultures
# S. aureus + P. aeruginosa WT

%, S. aureus + P. aeruginosa AacoR

\\\\\\&s

b
F
T
%
1
1

7/ S. aureus + P. aeruginosa Aaco

Temps (jours)

Figure I-7 : Suivi du pH dans des monocultures et co-cultures de S. aureus, P. aeruginosa
sauvage (WT), AacoR et Aaco pendant 5 jours. Les souches ont été cultivées dans du milieu riche
BHI pendant cinq jours et le pH a été déterminé dans le surnageant de culture. Les barres représentent
le pH moyen + SEM de 5 expériences indépendantes.

1.3.2. Restauration chromosomique du systéeme aco chez PA2600

Les expériences de croissance en milieu pauvre et en co-culture prolongées sur cing
jours ont indiqué que le catabolisme de I'acétoine favorisait la survie de P. aeruginosa et
S. aureus. Cet effet a pu étre mis en évidence par l'utilisation des souches mutantes de
P. aeruginosa PA2600 AacoR et Aaco incapables de dégrader I'acétoine. Nous avons
souhaité confirmer ces résultats en effectuant des complémentations chromosomiques (ou
restaurations) de acoR et aco. Ces restaurations reposent sur le clonage des séquences de
acoR et de I'opéron aco dans le vecteur intégratif miniCTX, ensuite transféré par conjugaison
dans les mutants correspondants (196). Malgré ['utilisation de plusieurs jeux d’amorces, de
polymérases et de protocoles d’amplification, nous n’avons cependant pas réussi a amplifier
la séquence du géne acoR. Des difficultés dans I'expression et la purification de AcoR ont été

rencontrées dans des études antérieures (180).

138



Concentration

Travaux de recherche Axe 1 —Impacts de la coexistence

A
s v v
z 127 Y Y Y Y ;
o 17 =
£ 101 .
S 9 ﬁ
7-
& 6 :
5 5
g 4
HE I ==
g 1= | S .
S H—— — P - P. aeruginosa WT
01 2 3 4 5 6 7 8 9 10 24 25 = P. aeruginosa AacoR
Temps (h) P. aeruginosa Aaco
-« P. aeruginosa Aaco::aco
R/ v v v v v v ¥ Ajout d'acétoine (1,5mM)
3.0x10
10°; z-r"
[
2 - A
g g '—’/
S50 . f
83 R |
2
. -E-=- '!’_4 3 $
100l a0~y — e
&
4.0x107! T . . . 7 . . il | T 1
0o 1. 2 3 4 5 6 7 8 9 10 ° 24 25
Temps (h)

Figure 1-8 : Cinétiques de la concentration en acétoine (A) et de la croissance de P. aeruginosa
(B) dans du milieu minimum supplémenté en acétoine. Les souches PA2600 sauvage (WT), AacoR,
Aaco et Aaco::aco ont été cultivées en milieu M63 et 1,5mM d’acétoine a été ajouté toutes les 2 heures.
A. L’acétoine a été dosée dans le surnageant de culture toutes les heures. Les points représentent la
concentration moyenne en acétoine + SEM de 3 expériences indépendantes. B. Les bactéries ont été
étalées sur TSA et dénombrées toutes les 2 heures. Les points représentent la concentration
bactérienne moyenne £+ SEM de 3 expériences indépendantes.

La restauration du systéme aco a quant a elle pu étre achevée afin d’obtenir la souche
de P. aeruginosa PA2600 Aaco::aco. Cette derniére a présenté une restauration totale du
catabolisme de I'acétoine et des phénotypes de survie en monoculture et en milieu pauvre par
rapport a la souche sauvage (Fig. 1-8). P. aeruginosa PA2600 Aaco::aco n'a cependant
présenté qu’une restauration partielle de ces phénotypes lors des co-cultures prolongées
pendant 5 jours (Fig. 1-9). Le gain de survie en co-culture observé pour la souche sauvage n’a
pas été reproduit pour la souche restaurée (Fig. 1-9B), potentiellement en lien avec la
restauration partielle du catabolisme de I'acétoine dans ces conditions. En effet, 'acétoine était
encore présente dans la co-culture de PA2600 Aaco::aco aprés 5 jours alors qu’elle est

normalement totalement catabolisée par la souche sauvage (Fig. 1-9C).
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Figure I-9 : Cinétiques de survie de S. aureus (A), P. aeruginosa (B) et de la concentration en
acétoine (C) durant les co-cultures prolongées. S. aureus SA2599 a été cultivée en présence de
P. aeruginosa PA2600 sauvage (WT), AacoR, Aaco et Aaco::aco pendant 5 jours. Les cultures ont été
étalées a JO, J3 et J5 sur MSA et cétrimide afin de dénombrer S. aureus et P. aeruginosa,
respectivement, et 'acétoine a été dosée dans le surnageant de culture. A, B. Le taux de survie a été
estimé en divisant la concentration bactérienne en co-culture par la concentration bactérienne en
monoculture pour chaque bactérie. Les barres représentent le taux de survie moyen + SEM de 5
expériences indépendantes. *Pagj<0.05, ****Pagj<0.0001 one-way ANOVA avec la correction de Dunnett
(WT vs. condition). C. Les barres représentent la concentration moyenne en acétoine + SEM de 5
expériences indépendantes. *Paqj<0.05, **Pag<0.01, ***Pagj<0.001 one-way ANOVA avec la correction
de Tukey.

Un comportement atypique de la souche PA2600 Aaco::aco a été observeé en étudiant
les comptages bactériens bruts aprés 5 jours : en co-culture, la souche restaurée présente
bien une croissance similaire a la souche sauvage et augmentée par rapport aux souches
mutées, témoignant de I'efficacité de la restauration. En monoculture, elle présente cependant
une croissance supérieure a celle de PA2600 sauvage, a I'image de celle observée pour les
mutants AacoR et Aaco (Fig. I-10). D’'une part, ces dénombrements expliquent pourquoi le

taux de survie (obtenu par division de la concentration bactérienne en co-culture par celle en
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monoculture) n’est pas restauré chez la souche PA2600 Aaco::aco. D’autre part, il apparait
que toutes les souches mutées (AacoR, Aaco et Aaco::aco) présentent une croissance
augmentée en monoculture par rapport a la souche d’origine sauvage. Ce phénoméne n’a été
observé que dans ces conditions de culture prolongées sur 5 jours, les souches mutées et
sauvage présentant des cinétiques de croissance similaires sur 24h dans différents milieux
(BHI, LB, M63) (résultats non montrés).

5x105-

B P. aeruginosa WT

I P. aeruginosa AacoR

6
1x10 I P. aeruginosa Aaco

%, P. aeruginosa Aaco::aco

Concentration en
P. aeruginosa (UFC/mL)

M\
N\\\\\\&

2x10° 4

Co-culture Monoculture

Figure I-10 : Dénombrements bactériens de P. aeruginosa aprés 5 jours de monoculture ou de
co-culture avec S. aureus. P. aeruginosa PA2600 sauvage (WT), AacoR, Aaco et Aaco::aco ont été
cultivées en absence ou en présence de S. aureus SA2599 pendant 5 jours. Les cultures ont été étalées
a J5 sur cétrimide afin de dénombrer P. aeruginosa. Ces dénombrements ont été utilisés pour calculer
le taux de survie présenté en Figure |-9B.

Les causes exactes de cette différence de croissance demeurent inconnues, mais il
est probable qu’elles soient liées au protocole de mutagénése dirigée employé. Ce dernier
repose sur des conjugaisons bactériennes dont les produits sont étalés sur milieu supplémenté
en antibiotique. Les mutants sont ensuite sélectionnés a partir d’'une colonie isolée sur ce
milieu. Les souches de P. aeruginosa évoluant trés rapidement lors des repiquages
successifs, ces étalements sur milieu sélectif peuvent avoir légérement modifié le
comportement de nos isolats, notamment via I'acquisition de mutations génétiques
ponctuelles.
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-AXE 2 : Facteurs génétiques de P. aeruginosa impliqués dans
I’établissement de I'état de coexistence

2.1. Introduction

P. aeruginosa est capable de persister durablement dans les poumons des patients
atteints de mucoviscidose en s’adaptant génétiquement et phénotypiquement a cet
environnement. Plusieurs données suggérent que cette adaptation favoriserait I'établissement
d’'une coexistence avec S. aureus, notamment par le biais de laltération génétique de
nombreux facteurs de virulence chez P. aeruginosa (Cf. Introduction partie 2.3.2.). De plus,
I'état de coexistence est observé chez une forte proportion d’isolats cliniques et impacte
positivement la survie de S. aureus et P. aeruginosa, suggérant une sélection de ce phénotype
au cours de 'adaptation au milieu pulmonaire (55, 56, 63, 163, 164, 168, 169). Nous avons
donc cherché a déterminer les mutations et facteurs génétiques de P. aeruginosa impliqués
dans la mise en place de la coexistence bactérienne avec S. aureus dans ce contexte de co-

infection pulmonaire.

Nous avons pour cela étudié les souches de 11 patients co-infectés par S. aureus et
au moins deux isolats de P. aeruginosa présentant des états d’interaction différents : un isolat
en compétition et un isolat en coexistence avec la souche de staphylocoque co-isolée (Fig. IlI-
1). Les génomes de ces paires d’isolats de P. aeruginosa ont été séquencés afin de comparer,
pour chaque patient, les caractéristiques génétiques de I'isolat de coexistence par rapport a
lisolat de compétition. Les résultats indiquent que les deux isolats co-isolés appartiennent au
méme clone, suggérant I'existence de transitions in vivo entre les phénotypes coexistant et
compétiteur de P. aeruginosa. Cette évolution semble faire intervenir 'opéron yecS-fliY et le
géne lasR, qui ont présenté des mutations non-synonymes chez respectivement 66% et 50%
des isolats de coexistence en comparaison aux isolats de compétition. Si le réle de LasR dans
le comportement compétiteur de P. aeruginosa est déja connu (37), I'implication de YecS-FliY

dans ce phénotype n’a jamais été décrite jusqu’alors.

Afin de déterminer si ces facteurs étaient spécifiquement altérés in vivo et/ou par la
présence de S. aureus, un protocole d’évolution expérimentale in vitro en monoculture et en
co-culture avec le staphylocoque a été développé chez deux souches cliniques de
P. aeruginosa compétitrice et coexistante (Fig. lI-1). La coexistence est demeurée stable toute
la durée de I'évolution, mais les isolats initialement compétiteurs ont développé un état de
coexistence dans 55% des cas. Le séquencage de ces souches évoluées a mis en évidence

'acquisition de mutations non-synonymes dans LasR dans la quasi-totalité de cas, confirmant
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le role de ce régulateur dans la transition compétition-coexistence. Le comportement
coexistant de P. aeruginosa apparait donc favorisé a la fois in vivo et in vitro, mais via des
voies mutationnelles diverses probablement induites par des forces sélectives différentes. Ces
recherches ont ainsi permis de mieux comprendre la forte fréquence de la coexistence chez
les isolats cliniques de P. aeruginosa et de caractériser de nouveaux déterminants de cette
interaction. Bien que le rble de LasR dans l'interaction avec S. aureus soit bien étudié (37),
'opéron yecS-fliY apparait comme un potentiel facteur de I'établissement de la coexistence in

vivo, jusqu’alors jamais mis en évidence.

(A] Au sein d’'une méme expectoration (A Evolution in vivo

Isolat compétiteur Séquencage

12 paires de P. aeruginosa
‘ compétition-coexistence
Geénes de I'isolat
@ } compétiteur —ATB G-
S. aureus
Vs

> Génes de I'isolat
; m A | B el ‘\
coexistant

Isolat coexistant Genes mutés

in vivo
Evolution in vitro o
Evolution expérimentale Tests de compétition Séquengages
‘ > ‘ Isolats évolués
Monocultures
Qe y —AHEREEE-
Génes mutés
240 générations - in vitro
@ - &7
Co-cultures &
& e - 49
— A -B-C —
Isolats ancestraux Isolats
e . . Isolats ancestraux
cliniques évolugs

Figure 1I-1 : Schéma de la méthodologie employée. A. Pour 11 patients, une souche de S. aureus et
au moins deux isolats de P. aeruginosa présentant une interaction différente (compétition ou
coexistence) avec la souche de S. aureus co-isolée ont été isolés d’'une méme expectoration. B. Pour
chaque patient, les génomes des isolats de P. aeruginosa ont été séquencés et comparés afin de
déterminer les génes mutés dans l'isolat de coexistence. C. Une paire d’isolats compétiteur et coexistant
de P. aeruginosa a été évoluée expérimentalement en monoculture et en co-culture avec S. aureus.
L’état d’interaction des isolats a été suivi par des tests de compétition sur gélose au cours de I'évolution.
A lissue de I'expérience, les génomes des isolats évolués ont été séquencés et comparés au génome
des isolats ancestraux afin de déterminer les mutations impliquées dans la modification de I'état
d’interaction. D. Les génes identifiés par les deux approches ont été comparés.
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ABSTRACT

The genetic adaptation and diversification of Pseudomonas aeruginosa in the lungs of Cystic Fibrosis
(CF) patients seems to affect its interactions with co-infecting microorganisms such as the highly
prevalent Staphylococcus aureus. Acute infection strains of P. aeruginosa are thus in competition with
S. aureus, whereas chronic infection strains are able to coexist. However, the genetic factors involved
in the establishment of coexistence remain unknown. For 11 CF patients, a pair of P. aeruginosa
strains isolated from the same sample but presenting the two interaction states with S. aureus was
sequenced. In parallel, one pair of strains was experimentally evolved in vitro in presence or in
absence of S. aureus.

The two P. aeruginosa co-infecting strains were shown to belong to the same clone, indicating that
competitive isolates can evolve towards coexistence in vivo. This transition was confirmed in vitro
and was shown to involve several evolutionary paths: mutations in genes related to alginate
production (mucA, algG) and amino acid transport (yecS-fliY) were specifically identified in clinical
coexisting isolates of P. aeruginosa, whereas the genetic alteration of quorum-sensing systems (lasR)
was observed in both clinical and experimentally evolved isolates. These results confirm that the
establishment of coexistence with S. aureus is linked to the pathoadaptation of P. aeruginosa to the
CF environment and highlight several of its factors.
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INTRODUCTION

Pseudomonas aeruginosa can colonize
various ecosystems thanks to the versatility of
its genome and its high adaptability. These
features are particularly important in Cystic
Fibrosis (CF) pulmonary infections during which
the bacterium has to cope with antibiotic,
oxidative and nutritive stresses (1,2). Despite
the hostility of this environment, P. aeruginosa
is able to persist durably within lungs, making its
infections chronical and hardly treatable.

The adaptation of P. aeruginosa to the
CF lung environment occurs through a rapid
accumulation of genetic mutations during the
first years of colonization (1,3—7). Small non-
synonymous mutations such as single
nucleotide polymorphisms (SNPs) and small
insertions and deletions (indels) are the most
frequent, demonstrating the positive selection
mechanisms taking place on the bacterium
genome (8-10). However, synonymous and
intergenic mutations as well as larger events of
deletion/recombination are also documented
and can contribute to P. aeruginosa adaptive
process (8,11-13). The numerous longitudinal
studies performed on CF isolates actually
depicted a wide variety of mutations in CF-
adapted P. aeruginosa as a result of the intense
diversification promoted by the lung ecosystem
(3-6,12,13,8,14-16,9-11). Indeed, the
heterogeneity of this environment favors
diverse adaptive mechanisms and the
emergence of numerous P. aeruginosa sub-
populations specialized to a particular
ecological niche (2,6,7,17).

Despite this diversification, several
genes and intergenic regions of P. aeruginosa
are frequently mutated and considered as
pathoadaptive: the genes encoding antibiotic
targets and efflux pumps (gyrAB, mex genes),
regulators of biofilm formation (algU, mucA) and
resources acquisition (cbrAB), as well as major
virulence factors (pvdS, lasR, rpoN, exsA) (2,7).
As a result, this genic adaptation leads P.
aeruginosa towards high-persistence
phenotypes such as increased antibiotic
resistance and biofilm formation, slowed
metabolism and decreased virulence compared
to reference and non-adapted strains (2,18).
Besides improving its resistance to

antimicrobials and the host immune system, this
adaptation appears to affect its intra- and
interspecies microbial interactions. Indeed, the
low-virulence state of P. aeruginosa is related to
a rewiring of its quorum sensing (QS) systems
and a decreased secretion of antimicrobial
factors such as the protease LasA, phenazines
and HQNO molecules (15,16,19,20). This non-
competitive behavior seems to benefit the
Gram-positive Staphylococcus aureus, another
CF pathogen. Indeed, S. aureus survival is
particularly affected by reference and acute
strains of P. aeruginosa (21,22). However,
several studies described that CF-adapted P.
aeruginosa isolates with a reduced antagonistic
behavior were unable to lyse and inhibit S.
aureus’ growth (22-29). This so-called
coexistence interaction state was even shown
to promote the survival of both pathogens by
increasing their antibiotic resistance and
allowing trophic cooperation (24,26,29). In that
respect, coexistence between P. aeruginosa
and S. aureus could explain the difficulty to
eradicate their infections and thus explain the
high proportion of co-infected CF patients (20-
50% according to studies) (27,30).

Although coexistence seems to arise
from the decreased virulence of P. aeruginosa
induced by its adaptation in CF lungs, the
precise genetic factors involved in the
establishment of this interaction state remain
unknown. Using genomic sequencing of
competitive and coexisting P. aeruginosa
strains isolated from CF lungs or experimentally
evolved, we identified the genetic alterations
responsible for the establishment of
coexistence. Different mutational pathways
leading to coexistence were identified, including
non-synonymous mutations in the sequences of
the amino acid transporter YecS-FIliY and the
QS regulator LasR of P. aeruginosa.

MATERIAL AND METHODS

Bacterial strains

Bacterial strains used in this study and
their  morphological features  (mucoidy,
pigmentation, metallic sheen) are listed in Table
S1. S. aureus and P. aeruginosa CF clinical
strains were isolated by the Infectious Agents

2
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Institute (IAl) from sputa of patients monitored
in the two CF centres of Lyon (Hospices Civils
de Lyon (HCL)). For 11 different patients, one
S. aureus strain and 2 or 3 P. aeruginosa strains
were isolated from the same sputum sample.
These patients were co-infected by P.
aeruginosa and S. aureus for 24 to 66 months
(Table S1). All the methods were carried out in
accordance with relevant French guidelines and
regulations. This study was approved by the
Ethics Committee of the HCL and registered
under CNIL No 17-216. All the patients were
informed of the study and consented to the use
of their data.

Interaction state was determined for
each S. aureus-P. aeruginosa pair by growth
inhibition tests on Tryptic Soy Agar (TSA) and in
liquid co-cultures in Brain-Heart Infusion (BHI)
as described previously (26,29). Coexistence
was characterized by: (i) the absence of
inhibition halo on agar tests, and (ii) similar
growth in mono and co-cultures for 8 hours
(26,29).

Experimental evolution

The experimental evolution of P.
aeruginosa strains PA190A (competitive: Cp)
and PA190B (coexisting: Cx) was conducted
through cross-streak assays TSA during
approximately 240 generations. The number of
generations was determined by suspending the
streak before and after the step of 24h
incubation in sterile medium and plating on
TSA. As schematized in Figure S1,
P. aeruginosa was cultivated in monoculture in
a vertical streak, or in co-culture by crossing the
P. aeruginosa streak by a streak of S. aureus
SA190 (Fig. S1A). The resulting plate was
incubated 24h a 37°C. Each day during 30
days, subcultures were performed as following:
(i) a fresh streak of the ancestral S. aureus
SA190 strain was spread on a new TSA plate
and (i) the P. aeruginosa streaks were
subcultured from the monoculture streak or the
center of the co-culture cross-streak (Fig. S1B).
Every five days, the evolving P. aeruginosa
were isolated from the monoculture streak and
the center of the co-culture cross-streak by
plating on Cetrimide agar. The interaction state
of the evolving P. aeruginosa was then tested
with the ancestral S. aureus SA190 strain by

growth inhibition tests on plates as described
previously (26,29) (Fig. S1C). At the end of the
experiment, the evolved P. aeruginosa strains
were isolated and conserved at -80°C for
phenotypic characterization and sequencings.
The experiment was performed in 10 replicates
in order to obtain 40 evolved P. aeruginosa
strains: 10 evolved in monoculture (M1-M10)
and 10 evolved in co-culture (C1-C10) from
both of the ancestral strains PA190A (Cp) and
PA190B (Cx).

Sequencing and bioinformatics

The genomic DNA of the 23 P.
aeruginosa clinical CF strains (Table S1) and
the 20 strains evolved from the ancestral
PA190A strain (Table S2) were sequenced
using lllumina Hiseq, Miseq or Nanopore as
indicated in Table S2. For Hiseq sequencing,
genomic DNA was extracted using the DNA
Isolation Kit (MO BIO). Library preparation was
performed with the Nextera XT DNA sample
preparation kit (Illumina) and index kit (lllumina).
Library validation was conducted on a 2100
Bioanalyzer (Agilent Technologies) to control
the distribution of fragmented DNA. WGS was
performed with an lllumina HiSeq (lllumina) to
generate 150-bp paired end reads. Genomes
were sequenced with an average coverage of
130x. For Miseq sequencing, genomic DNA
was extracted using the NucleoSpin Microbial
DNA Mini kit (Macherey-Nagel) and treated with
RNAse A (Qiagen) following the manufacturers’
recommendations. Whole genome sequencing
was then performed by Genewiz to generate
250pb paired end reads. For Nanopore
sequencing of PA190A, genomic DNA was
extracted using the DNA Isolation Kit (MO BIO),
prepared using the kits SQK-RBK004
(barcoding) and EXP-FLPO0OO1 (priming) and
sequenced using the flowcell FLO-MIN106
following the manufacturers’ recommendations.

Adapters and other illumina-specific
sequences have been cut from the reads for
each raw data. An additional trimming step was
performed using Trimmomatic v0.36 (31) and a
sliding window with a 20 average quality
threshold. Data quality was checked through
FastQC v0.11.9 (S. Andrews, 2010. FastQC: a
quality control tool for high throughput
sequence data. Available online at:
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http://www.bioinformatics.babraham.ac.uk/proj
ects/fastqc) and a global report was generated
by MultiQC v1.8. Assemblies have been
performed with SPAdes v3.13.0 (32) and
assembly quality control has been performed
using Quast v4.6.1 (33). Total genome length
was determined by adding the length of all
contigs. Genome annotation has been
processed through Prokka v1.14.5 (34), using
PAO1 genbank file (Refseq NC_02516.2;
metadata version DB19.1) as first protein
database in complement with Refseq database.

For the 23 P. aeruginosa clinical CF
isolates (Table S2A), each trimmed data set
was firstly mapped on PAO1 genome. A
phylogenetic analysis was achieved using a
maximum likelihood approximation based on
the SNPs identified through the conserved core
genome of the 23 P. aeruginosa strains. For
analysis of gene presence/absence, proteins
from all samples were clustered with a threshold
of 95% of similarity in order to set one label for
each protein's group using ROARY(35). If gene
correspond to a PAO1 gene, the PAO1
annotation was used; otherwise a group
number was attributed. Then, each coexistence
trimmed data set was mapped on the
assembled genome of the competition strain.
Variant calling analyses were processed by
Snippy v4.4.5 (Seemann T, (2015). Available
online at: https://github.com/tseemann/snippy)
and results were separated in synonymous,
non-synonymous and intergenic regions. Each
mutation was associated either with the

impacted gene or with the two genes
surrounding the impacted intergenic region. A
final matrix was manually constructed which
sums up the presence of at least one mutation
in each genelintergenic region.

For strains experimentally evolved from
PA190A, each trimmed data set was mapped
on PA190A complete genome (Table S2B). For
this  purpose, PA190A's genome was
circularized with a specific assembly step using
both lllumina and Nanopore reads using
Unicycler v0.4.8 (36). Annotation and variant
calling analyses were performed as previously
described.

RESULTS

In vivo, coexistence is associated with
frequent mutations in lasR, algG and yecS-
fliY genes

In order to study the genomic features
related to the coexistence interaction state, we
studied eleven sets of S. aureus and P.
aeruginosa strains isolated from eleven CF
patients co-infected since at least 24 months.
Each set was comprised of one S. aureus strain
and at least two P. aeruginosa isolates
presenting a different interaction state with the
co-isolated Staphylococcus, as determined by
competition tests (Table S1). The twelve
coexisting and eleven competitive isolates of P.
aeruginosa were sequenced and their genomes

Figure 1: Phylogenetic
analysis of the CF P.
aeruginosa clinical strains
used in this study.
Phylogenetic analysis using a
maximum likelihood
approximation based on the
SNPs identified through the
conserved core genome of the
23 P. aeruginosa strains. The
three is rooted on the PAO1
strain as described in Methods.
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were compared to the PAO1 reference genome
(Table S2A). The competitive and coexisting
P. aeruginosa isolates recovered from a same
patient appeared to be clonally related as they
clustered together and shared a specific
common ancestor (Fig. 1).

We hypothesized that the competitive
isolate was the ancestor of the coexisting
isolate as previously suggested (21,22). In
accordance with that, we used the competitive
isolates as a reference to determine the
genomic specificities of each coexisting isolate.
In comparison to their related competitive
isolate, all coexisting P. aeruginosa presented a
reduced genome size (Table S2A). Four
coexisting isolates (PA190B, PA293A, PA360A
and PA360B) presented large deletion events of
57kb to 191kb (Fig. 2). The other eight

coexisting isolates presented smaller deletions
of less than 15kb. We cannot exclude that these
short deletions can correspond to regions that
have not been sequenced. However, in a first
approach, we sought to determine the genomic
specificities of coexisting isolates using a
presence/absence gene analysis within each P.
aeruginosa pair. Depending on pairs, 19 to 484
genes were specific to the competitive isolate,
and 6 to 415 were only detected in the
coexisting isolate (Fig. S2) (Table S3). For most
pairs (9/12), more genes were specific to the
competitive P. aeruginosa than for the related
coexisting isolate, supporting the hypothesis of
deletions events throughout P. aeruginosa
evolution and the establishment of coexistence.
As a result, the greatest number of competition-
specific genes was identified in the PA190,

Pair ﬁ('_.-:enome Total no. of Percentage of mutations dN dl
size(pb) mutations 0 50 100 gs as
124 1961 4 - >1 >1
148 11468 52 | 3,7 1,14
182 7418 31 L | 4 1
190 69489 39 1 1,57 1,29
211 13932 1049 | 2,29 0,58
223 1878 1077 | 2,72 0,51
230 2115 659 | 2,9 0,99
266 1381 30 m 0 3 0,25
293 56979 40 m 2 2,57
357 2459 32 [ | 2,2 1
360A 189681 158 | 0,75 0,54
360B 191497 160 1 0,77 0,53

B Conservative indels M Stop gained

M Disruptive indels B Stop lost
Frameshift [ Start lost
Missense

Non-synonymous mutations

@ Synonymous
M Intergenic

Positive selection
Negative selection

Figure 2: Number and types of mutations identified in clinical P. aeruginosa coexisting isolates in comparison to
competitive ones. For each pair or trio co-isolated strains from CF patients (Table S1), the difference in genome size was
calculated by deducting the genome size of the coexisting isolate from the genome of the competitive isolate. The genome of
the coexisting isolate was then mapped on the genome of the competitive isolate to determine the genetic alterations: insertions
and deletions (indels) and frameshifts (blue shades), non-synonymous SNPs (orange shades), synonymous SNPs (green) and
intergenic mutations (grey). The dN/dS ratio was calculated by dividing the number of non-synonymous SNPs by the number of
synonymous SNPs. The dI/dS ratio was calculated by dividing the number of intergenic mutations by the number of synonymous
SNPs. Sequencing data information are detailed in Table S2. The complete lists of mutations are shown in tables S3 to S5.
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PA293, PA360A and PA360B pairs,
corresponding to the coexisting strains
exhibiting the greatest genome size reduction.
(Fig. S2). Five genes were found to be deleted
only in coexisting isolates: exaC, group_ 133,
group_1972, group 3055 and group_881.
However, these deletions events concerned
only 4 out of 12 pairs. In the same way, the gene
narK1 appeared to be coexistence-specific in 4
pairs (Fig. S2). These results could suggest that
these genes are specific of an interaction state.
However, it concerns only a few strains and no
marked profile characterizing either interaction
state could be highlighted. Of note, the
virulence-associated genes phzD1 and phzC1
(phenazine biosynthesis) were absent in 4 and
3 coexisting isolates respectively, as well as
lasR (QS regulator) was not detected in 2
coexisting P. aeruginosa. (Fig. S2).

We then aimed to identify smaller
mutational events (ie. SNPs, insertions and
deletions) in coexisting isolates in comparison
to competitive ones. The number of such events
was highly variable, ranging from 4 to 1077
mutations for PA124E and PA223A,
respectively (Fig. 2). The coexisting strains
were mostly affected by missense mutations,
but they also all presented frameshifts and
intergenic mutations with respect to their
competitive counterpart. The distribution of
mutations was nonetheless heterogeneous and
some coexisting strains presented a higher
proportion of frameshifts (PA266A) or intergenic
mutations (PA293A), whereas others were not
affected by synonymous mutations (PA124E).
Interestingly, synonymous mutations were less
frequent than non-synonymous mutations in 10
out of the 12 coexisting isolates, allowing the
calculation of a dN/dS ratio over one (Fig. 2).
This suggests that positive selection
mechanisms occurred within coding regions of
coexisting isolates in comparison to their
competitive ancestor. The selective
mechanisms operating on intergenic regions
were assessed by calculating the dl/dS ratio,
but no clear profile could be highlighted as
negative and positive selections were observed
for 6 and 4 strains respectively (Fig. 2).
Altogether, these results suggest that coexisting
isolates evolved from a competitive ancestor by
positive selection within coding regions.

We thus determined the genes that
were non-synonymously mutated in each
coexisting P. aeruginosa with respect to its
relative competitive isolate (Fig. 3). We
identified 1530 genes impacted by non-
synonymous mutations in the twelve coexisting
strains (Table S4); 1269 of these genes were
mutated in only one strain (Fig. S3A).
Interestingly, numerous genes of P. aeruginosa
described as pathoadaptive in the CF
environment were mutated in several coexisting
isolates in comparison to competitive ones,
such as the mex genes, lasR, mucA, pvdS,
gyrAB, pmrAB, paglL, rpoN, or nfxB (Fig. 3).

Few genes appear to be frequently
mutated in coexisting isolates: the genes
encoding the alginate-c5-mannuronan-
epimerase AlgG involved in  alginate
biosynthesis (mutated in 5/12 isolates) and the
QS regulator LasR (6/12). The lasR gene was
also totally absent in two other coexisting
isolates (PA360A, PA360B), making this gene
altered by non-synonymous mutations or
deletion in seven coexisting P. aeruginosa.
Finally, the L-cysteine transporter YecS (7/12)
was the most non-synonymously mutated gene
in coexisting strains. Interestingly, the gene fliY,
co-transcripted with yecS, also appeared
mutated in 2 coexisting strains (Fig. 3). As one
of them was already mutated in yecS, it implies
that the yecS-fliY operon was non-
synonymously mutated in 8/12 cases (66,7%).
In these 8 strains, a total of 11 mutations was
identified in yecS-fliY, making this operon the
most mutated coding region in coexisting
strains in comparison to competitive
P. aeruginosa. It is also noteworthy that 9 out of
the 11 mutations identified had a unique
position, excluding the hypothesis of a precise
mutational hotspot within this operon.

Using a similar approach, we
investigated the genomic regions of coexisting
strains impacted by synonymous mutations and
intergenic mutations. Less alterations were
identified with a total of 564 genes impacted by
synonymous SNPs in coexisting P. aeruginosa
(Table S5). These genes were synonymously
mutated in only one to three isolates; the genes
group_1026, hscA and magD were thus
identified as synonymously mutated in three
coexisting isolates (Fig. S3B). Four-hundred
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and fifty-five intergenic regions were identified
as mutated in coexisting P. aeruginosa in
comparison to competitive ones (Table S6A).
The genes surrounding 91 of these intergenic
regions could not be annotated due to a lack of
coverage on the sequencing contig extremities
(Table S6B). Seventeen non-coding regions
were mutated in a maximum of two coexisting

P. aeruginosa, including the pill~pilH and the
algQ~dsbH intergenic regions (Fig. S3C). Thus,
analyses of synonymous and intergenic
mutations did not reveal any evidence of
convergent  mutational patterns  within
coexisting strains of P. aeruginosa. These
results, along with the high number of non-
synonymous mutations, suggest that
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coexistence is less likely to establish through
synonymous and intergenic  mutations.
Moreover, the genes identified as frequently
non-synonymously mutated were not impacted
by synonymous mutations, confirming the
positive selection mechanisms occurring within
these genes.

The coexisting interaction is promoted by in
vitro evolution of P. aeruginosa

We then employed an approach of
experimental evolution to address if transitions
between competitive and coexisting interaction
statutes can occur spontaneously in P.
aeruginosa and if S. aureus presence can affect
these transitions. The competitive strain
PA190A and its related coexisting clone
PA190B, both co-isolated from a P. aeruginosa-
S. aureus co-infected CF patient, were thus
evolved in absence or in presence of S. aureus
SA190 for 30 days (approximately 240
generations) using cross-streak assay on plates
(Fig. S1). Each five days, the evolving P.
aeruginosa were isolated and their interaction
status with SA190 was determined (Fig. 4A).
The evolution process did not importantly affect
the interaction state of the isolates derived from

the coexisting ancestor PA190B, as 95%
(19/20) of them conserved a coexisting
behavior with SA190 at the end of the
experiment. Nonetheless, several isolates
transiently harbored a mild competitive behavior
(inhibition disc of 1-3mm) throughout the
evolution, lowering the proportion of coexisting
isolates to 80% (16/20) after 5, 10 and 25 days
(Fig. 4A) (Table S7A). We hypothesized that
this non-fixed competitive behavior may be
related to a heterogeneity of the evolving
P. aeruginosa population, containing both
competitive and coexisting variants whose
proportions varied during our experiment. S.
aureus presence did not seem to affect this
phenomenon, as it was observed for P.
aeruginosa evolving in both monoculture and
co-culture (Table S7A).

Interestingly, several isolates evolving
from the competitive PA190A developed a
forthright coexisting interaction with S. aureus
(no inhibition halo) from the tenth day of the
experiment (3/20 evolving isolates).
Coexistence was then observed in an
increasing number of isolates, reaching 55% of
the isolates (11/20) at the end of the
experiment. Here again, no clear effect of S.
aureus presence could be highlighted, as P.
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Figure 4: S. aureus growth inhibition during the experimental evolution of P. aeruginosa. The ancestral strains PA190B

(coexisting, A) and PA190A (competitive, B) were experimentally evolved in monoculture (circles) or in co-culture with S. aureus
SA190 (triangles) for 30 days (Fig. S1). Every five days, the evolving P. aeruginosa strains were isolated and their interaction
state with S. aureus SA190 was determined by competition tests on plates. Points represent the size of the inhibition halo of
S. aureus for evolved isolates from PA190B (A) or from PA190A (B). Grey bars represent the median disc size. The dotted line
of 1mm disc size defines the threshold between coexistence and competition. The numeric values are given in Table S7.
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aeruginosa developed a coexisting behavior
during evolution in both monoculture (6/11) and
co-culture (5/11) conditions (Fig. 4B) (Table
S7B). However, it is noteworthy that once
established, this coexisting interaction
remained stable during all the evolution
process. The nine other evolving isolates
retained a competitive behavior similar to their
competitive ancestor PA190A (inhibition disc of
3-4mm) (Fig. 4B) (Table S7B).

In order to determine the genetic factors
involved in the establishment of coexistence,
we sequenced the genomes of the twenty P.
aeruginosa derived from the competitive
PA190A. Regarding the size of the genomes
(Table S2), we observed that all evolved strains
presented a genome that was slightly longer
that the original one. In comparison to the
original isolate, the evolved isolates presented
a total of 33 unique mutations affecting 16
different genes and one intergenic region. The
intragenic mutations were all non-synonymous
and included conservative and disruptive indels,
frameshifts, and stop- or missense-inducing
SNPs (Fig. 5A). While all these types of non-
synonymous mutations could be identified in the
isolates evolved in monoculture, the isolates
evolved in co-culture with S. aureus were only
impacted by frameshifts and missense
mutations (Fig. 5A). These results suggest that
S. aureus presence might influence the type of
mutations fixed in P. aeruginosa genome,
although co-culture did not have any effect of
the establishment of coexistence during our
experiment (Fig. 4B). Concerning the number
of mutations, the genomes of isolates that
developed a coexisting interaction were more
mutated (2.72 mutations per isolate) than those
which remained in competition (1.77 mutations
per isolate) (Fig. 5A), indicating that the
development of coexistence was favored by an
accumulation of genetic alterations in P.
aeruginosa genome.

The most frequently mutated gene in
evolved isolates was dnpA, a gene coding a de-
N-acetylase and belonging to the wap gene
cluster involved in lipopolysaccharide (LPS)
biosynthesis (Fig. 5B) (37,38). Thirteen evolved
isolates (65%) were thus impacted by
frameshifts in dnpA; twelve of these strains

presented an identical 21bp deletion at the gene
position 703/1419, suggesting that this position
constitutes a mutational hotspot in P.
aeruginosa (Fig. 5B) (Table S8). Interestingly,
other genes belonging to the wap cluster
(wapR, ssg and wapH) were also non-
synonymously mutated in the remaining
isolates, making this cluster mutated in a total of
17 isolates out of the 20 sequenced. It thus
appears that the alteration of the Wap LPS
biosynthesis pathway is promoted during in vitro
evolution of P. aeruginosa. As both evolved
competitive and coexisting isolates were
impacted, this alteration was probably not
responsible for the establishment of
coexistence with S. aureus (Fig. 5B).

The second most mutated gene was the
QS regulator /asR, which presented single but
different missense SNPs in 81.8% (9/11) of the
evolved coexisting isolates (Fig. 5B) (Table
S8). A particular green pigmentation and sheen
coverage characteristic of /lasR loss-of-function
mutations were observed for these isolates
(Table S1B) (39). None of the evolved
competitive P. aeruginosa presented such
mutation, indicating that the genetic alteration of
lasR was most likely responsible for the
establishment of coexistence in vitro. It
nonetheless doesn't exclude that other
mutational pathways have similar
consequences. Indeed, two isolates that have
evolved towards coexistence did not present
any lasR alteration but mutations in ptsP, pqsR
and cIpA (isolate M1) or aat, yfhD and
mifS~poxA (isolate M4) (Fig. 5B). Although the
role of pgsR and the Pseudomonas Quinolone
Signal (PQS) system in the anti-staphylococcal
behavior of P. aeruginosa is well-described
(21), the contribution of these other genes and
intergenic regions in the establishment of
coexistence is yet to be assessed.

We finally studied the relationship
between the mutational profiles induced by
evolution of P. aeruginosa in vivo or in vitro. To
this end, we compared the mutations in (i) the
CF coexisting isolate PA190B and (ii) the P.
aeruginosa isolates that experimentally evolved
from competition to coexistence, in both cases
identified with respect to the competitive CF
strain PA190A. None of the 39 mutated genes
in PA190B appeared to be mutated in P.
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Figure 5: Number and types of mutations identified in the evolved isolates arising from PA190A competitive strain.

The ancestral strain PA190A (competitive) was experimentally evolved in monoculture or in co-culture with S. aureus SA190

for 30 days (Fig. S1). At the end of the experiment, the 20 evolved P. aeruginosa were isolated and their interaction state with

S. aureus SA190 was determined by competition tests on plates. Eleven presented a coexistence phenotype while nine

conserved a competitive phenotype. A. Their genomes were sequenced and compared to the ancestral PAT90A strain to

determine the genetic alterations: number and repartition of insertions and deletions (indels) and frameshifts (blue shades),

non-synonymous SNPs (orange shades) and intergenic mutations (grey) are presented for coexisting (left) and competitive

(right) evolved isolates. B. Squares represent the different mutations identified for each isolate evolved in monoculture (M), in

co-culture (C) for coexisting (left) and competitive (right) evolved isolates. Supplementary information on genes and mutations

is detailled in Table S8.

aeruginosa isolates evolved in vitro (Table S8).
This indicates that the selective forces induced
by in vivo and in vitro conditions are different,
not surprisingly, and drive P. aeruginosa
towards divergent mutational pathways.
However, these  different  evolutionary
trajectories both converged to a coexisting
behavior with S. aureus, confirming the
existence of several genes involved in its
establishment of coexistence in this strain.

DISCUSSION AND PERSPECTIVES

The aim of this study was to identify the
genetic factors of P. aeruginosa involved in the
establishment of the coexistence state with S.
aureus. Several studies suggest that coexisting
strains arise from the evolution of competitive
strains. Indeed, P. aeruginosa strains isolated
from early infection outcompete S. aureus,
whereas strains isolated from chronic infection
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appear less aggressive and can be co-
cultivated with S. aureus (22,23). However,
there is no direct evidence of this transition.

Several elements of our study tend to
confirm that coexisting strains of P. aeruginosa
are derived from competitive strains. First, in our
experimental evolution protocol, the
coexistence phenotype appears relatively
stable since the phenotype of the PA190B
coexistence isolate did not drastically change
during the experiment (Fig. 5A). In contrast, the
competitive PA190A isolate spontaneously
evolved towards a coexistence phenotype in
more than half of the cases. This phenotype
remained stable once established (Fig. 5B).
The genomic comparison of competitive and
coexisting strains from CF patients brought out
two other important features: (i) positive
selection mechanism occurs within genomes of
coexisting isolates since they accumulate non-
synonymous mutations in comparison to
competitive ones and (ii) numerous of these
non-synonymous mutations affect so-called
“pathoadaptive” genes in the coexisting strains
(Fig. 3). Indeed, the genetic alteration of the
genes from the mex family, lasR, mucA, algG,
pvdS, gyrAB, pmrAB, pagL, rpoN, or nfxB have
been described as resulting from the adaptation
of P. aeruginosa to the pulmonary environment
(2,7).

Several of these mutations may
contribute to the change in interaction with S.
aureus, and more specifically those affecting
genes involved in alginate production and QS
activity of P. aeruginosa. The anti-sigma factor
MucA acts as a repressor of alginate production
since it sequesters the 22 factor, activator of the
alg operon involved in alginate biosynthesis.
Inactivation of MucA through mutations thus
unleashes the expression of alg genes,
resulting in an over-production of the
exopolysaccharide alginate and induction of the
mucoid phenotype of P. aeruginosa.
Interestingly, alginate was shown to decrease
the production of several anti-staphylococcal
factors such as the siderophores pyoverdine
and pyocheline, rhamnolipids and HQNO
(25,40). As a result, mucA-deficient and thus
mucoid isolates of P. aeruginosa appear less
competitive towards S. aureus (25). Seventy-
five percent of coexisting strains isolated from

CF patients were impacted by either mutation or
deletion in mucA and/or algG in our study (Fig.
3) and might thus be able to coexist with S.
aureus through an overproduction of alginate.
However, the consequences of the identified
mutations on the functions of mucA and algG
and more broadly on alginate production remain
unclear, since the affected strains did not
present a particular mucoid phenotype (Table
S1A). A more precise quantification and
comparison of alginate production of our
different strains is thus necessary to address
this question. Whether the deletion of algG
alters the competitive behavior of P. aeruginosa
in co-culture with S. aureus in the same manner
than the mucA alteration is also yet to be
determined (25).

Besides alginate production, the
impairment of QS activities through JasR
alteration is probably involved in the
establishment of coexistence between P.
aeruginosa and S. aureus. Indeed, mutations in
the coding sequence of LasR, the major
regulator of the QS system and virulence of P.
aeruginosa, causes a decrease in the
production of major anti-staphylococcal factors
such as the protease LasA, phenazines and
HQNO (21). In connection with this, seven of the
12 coexisting strains isolated from CF patients
presented an alteration of the lasR gene, by
either non-synonymous mutation or deletion
(Fig. 3) (Fig. S2). Similarly, in our approach of
in vitro experimental evolution, the transition to
the coexistence state could be explained for
almost all strains by an alteration of genes from
the QS system. Out of the 11 isolates that
developed a coexisting interaction with S.
aureus, only one isolate did not present
mutations in any QS-related genes; the origin of
the transition to coexistence for this isolate
remains to be determined (Fig. 5B). Among the
10 remaining, nine harbored a missense
mutation in the /asR gene, and the last one
isolate was non-synonymously mutated in the
coding sequence of PgsR, the regulator of the
PQS system (21) (Fig. 5B). However, our
analyzes do not provide any direct evidence
that these LasR and PqgsR alterations are
responsible for the establishment of
coexistence through a down-production of P.
aeruginosa anti-staphylococcal factors. This
hypothesis could be tested by quantifying and
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comparing the expression of these factors in the
competitive and coexistence strains, by a
proteomic approach for example. Furthermore,
it would be necessary to generate isogenic
mutants with the observed /asR mutations to
verify their impact on the competitive behavior
of P. aeruginosa towards S. aureus.

Although the results of both of our
approaches support a relationship between QS
and coexistence, it is noteworthy that the
coexisting strains from CF patients did not
present the same profile as the strains evolved
in vitro (Table S8). We were not able to
experimentally reproduce the same mutations
as it seems to take place in CF patients. Indeed,
our in vitro experimental conditions are
obviously simplistic and do not reflect the
environmental conditions of the CF lung such as
the nutrient access, oxygenation or
inflammatory response (1,2). The heterogeneity
of the lung ecosystem is also a condition that is
hardly reproducible in vitro, but this parameter
importantly impacts bacterial adaptation by
generating specialized subpopulation of P.
aeruginosa with different genotypes and
phenotypes (2,6,17). Such diversification is
certainly at the origin of the co-isolation of both
competitive and coexisting P. aeruginosa
isolates from a same sputum sample but
hampers the identification of convergent
mutational patterns. Hence, it is possible that
the genetic alterations of alginate production
and QS activities constitute divergent
evolutionary paths leading to a similar
phenotype, coexistence. In contrast, our
controlled and homogeneous in vitro conditions
generated only one major road to coexistence
involving the alteration of LasR. Probably
because of these in vitro conditions, many
potential coexistence factors have only been
revealed by genomic comparisons of clinical
strains of P. aeruginosa (Fig. 3). It is thus
important to develop an experimental procedure
that mimics as much as possible the in vivo
conditions in order to study these evolutionary
events more precisely.

Among the genes specifically impacted
in clinical isolates of coexistence features the
yecS-fliY operon, mutated in 66.7% of cases
(Fig. 3). Little is known about the function of

these two genes apart from their genomic
annotation as L-cysteine transporters of ABC
system. The construction of yecS-fliY mutants
and their cultivation in co-culture thus appears
essential to decipher the role of this operon in
the interaction between P. aeruginosa and S.
aureus. Interestingly, the transport and the
metabolism of amino acids are particularly
affected during both coexistence with S. aureus
(29) and P. aeruginosa adaptation within lungs
(18). Moreover, the yecS gene has been
identified as non-synonymously mutated in two
longitudinal genomic studies of P. aeruginosa
CF isolates (8,14). Like lasR, algG or mucA,
alteration of yecS might thus contribute to P.
aeruginosa pathoadaptation within the CF lung
environment and interaction with S. aureus.

Altogether, our results indicate that the
state of coexistence seems to arise mainly from
the pathoadaptive mutations induced by the
evolution of P. aeruginosa within the pulmonary
environment. One might thus wonder whether
this state of coexistence is a side effect of P.
aeruginosa adaptation, or actually positively
selected within CF lungs. Up until now, the main
selective forces considered to drive P.
aeruginosa adaptation were the presence of the
host-immune system or abiotic forces such as
antibiotic treatments, oxidative or nutritive
stresses (1,2,4). However, the presence of
other microorganisms and in particular S.
aureus could influence this adaptation, by either
influencing the local conditions or directly
interacting with P. aeruginosa. In a previous
study, we demonstrated that the two bacterial
species set up a trophic cooperation via the
acetoin (29). In this context, acetoin production
by S. aureus and catabolism by P. aeruginosa
were both more efficient for coexisting isolates
in comparison to competitive ones. This
phenomenon underscores a co-evolution
process towards adjusted interspecies
metabolic pathways, suggesting that co-
infection might affect the metabolic adaptation
of both P. aeruginosa and S. aureus.

The influence of S. aureus on the
evolution of P. aeruginosa thus remains an
open question. Two recent researches
investigated this issue using different
approaches: the experimental evolution of
reference strains indicated that P. aeruginosa
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evolves differently in co-culture than in
monoculture (41), and P.aeruginosa strains
isolated from co-infected CF patients are less
competitive with S. aureus than those from
mono-infected patients (25). Hence, both of
these results support an impact of S. aureus
presence on P. aeruginosa adaptation.
However, the in vitro experimental evolution
approach conducted in our study did not
demonstrate any impact of S. aureus on the
development of coexistence in P. aeruginosa.
Indeed, coexistence established at the same
rate in the presence (6/10 replicates) or the
absence (5/10) of S. aureus (Fig. 4B). We
nonetheless noticed that S. aureus presence
seemed to select for particular types of
mutations in P. aeruginosa, since a less diverse
mutational profile was observed in co-culture in
comparison to monoculture (Fig. 5A). It is thus
possible that S. aureus might have affected the
evolution of P. aeruginosa in our conditions
although no phenotypical signature could be
highlighted. It would be interesting to replicate
these results in other P. aeruginosa isolates,
and as suggested before in a more complex in
vitro study model. Regarding these last results,
this model should not only mimic the in vivo
conditions but also include the other partners of
the ecosystem such as the native microbiota,
pathogens or host cells.
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A. Launching of experimental evolution B. Subcultures for experimental evolution
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Figure S1: Schematic representation of the employed methodology for the experimental evolution of P. aeruginosa

PA190A and PA190B.

A. P. aeruginosa PA190A (competitive, Cp, red) and PA190B (coexisting, Cx, blue) were streaked in monoculture (single vertical

streak) or in co-culture (crossed with a horizontal streak of S. aureus SA190) on a TSA plate and grown

24h at 37°C.

B. Each day for 30 days, on a fresh TSA plate were subcultured the P. aeruginosa streaks from the monoculture streak and from

the intersection of the co-culture cross-streak. The S. aureus streak was performed from a fresh culture

of the ancestral strain.

C. Every 5 days during the experimental evolution, the evolving P. aeruginosa were isolated on Cetrimide, after what they were

precultured in BHI to perform competition tests with the ancestral S. aureus SA190 strain (3, 4).
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Figure S2: Competitive- and coexisting-specific genes within the 12 P. aeruginosa pairs/trio. A gene presence/absence
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analysis was performed for each pair or trio of P. aeruginosa to determine the genes present only in the competitive isolate (dark
grey cells, Cp) or in the coexisting isolate (light grey cells, Cx). Gene impacted in at least four isolates are presented. The complete
list of competitive- and coexisting-specific genes is presented in Table S3.
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Figure S3: Mutated genes and intergenic regions identified in coexisting P. aeruginosa isolates in comparison to the
corresponding competitive isolate. The genomes of eleven pairs or trio of P. aeruginosa strains presenting a competitive or a
coexisting interaction with S. aureus were sequenced. For each pair or trio, the genome of the coexisting isolate was mapped on
the genome of the competitive isolate to determine the non-synonymous (A), synonymous (B) or intergenic (C) mutations. Black
dots indicate mutation in the coexisting isolate. A. Genes impacted by non-synonymous mutations in only one coexisting P.
aeruginosa isolates in comparison to competitive ones. The complete list of non-synonymous mutations is given in Table S4. B.
Genes impacted by synonymous mutations in the twelve coexisting P. aeruginosa isolates in comparison to competitive ones. The
complete list of synonymous mutations is given in Table S5. C. Mutated intergenic regions in the twelve coexisting P. aeruginosa
isolates in comparison to competitive ones. The complete list of intergenic mutations is given in Table S6A. Light grey cases
indicate genes that were identified as competitive-specific (Cp) or coexisting-specific (Cx) within a pair by the gene
presence/absence analysis.
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2.3. Résultats complémentaires et perspectives

2.3.1. Diversification au sein de la population bactérienne

Une des principales conclusions de notre étude est que I'état de coexistence peut
s’établir chez P. aeruginosa par le biais de différentes voies mutationnelles. Ces voies
semblent reposer sur une altération de la synthése d’alginate (algG), du fonctionnement du
QS (/asR) ou du transport des acides aminés (yecS-fliY). L'existence de plusieurs voies
évolutives convergeant vers des phénotypes similaires est un phénomeéne connu lors de
'adaptation de P. aeruginosa dans les poumons (147, 197). Cette diversification conduit a la
coexistence de nombreuses sous-populations bactériennes adaptées et spécialisées a une
niche écologique de I'écosysteme pulmonaire, et est observable a différentes échelles : (i)
entre lignées divergentes (149, 150), comme lors de notre étude de génomique comparative
de souches de différents patients, et (ii) au sein d’'une méme lignée clonale (198), comme lors

de notre approche d’évolution expérimentale d’'une souche clinique de P. aeruginosa.

Cette diversification intra-clonale est probablement a l'origine du comportement
compétitif sporadiquement observé lors de I'évolution de la souche PA190B, présentant un
état de coexistence durant la quasi-totalité de I'expérience. Nous avons pu tester cette
hypothése lors d’une expérience préliminaire d’évolution de PA190B. Au 25°™ repiquage, la
souche PA190B?° avait développé un comportement légérement compétitif avec présence
d’un fin halo d’inhibition de la croissance de S. aureus lors des tests de compétition sur gélose.
Afin de vérifier cela, nous avons isolé 12 colonies de PA190B? et testé leur interaction avec
S. aureus. Parmi ces 12 colonies, 6 ont conduit a I'observation d’'un comportement compétitif,
2 un comportement coexistant, et 4 un comportement ambigu (Tableau lI-1). Si ces différences
d’interaction sont liées a des mutations génétiques ou des dérégulations non-fixées reste a

déterminer.

Ces résultats démontrent toutefois la coexistence d’individus compétiteurs et
coexistants au sein d’'une méme population de P. aeruginosa, dont la proportion peut
probablement varier selon certains paramétres. Nous supposons ainsi que dans certaines
cultures, et pour une raison inconnue, les individus compétiteurs se sont mieux développés
que les individus coexistants, conduisant a une population globale majoritairement
compétitrice comme identifié par les tests de compétition sur gélose. Cette tendance se serait
ensuite inversée lors des cultures suivantes, menant a une population majoritairement

constituée d’individus en coexistence (Fig. lI-2A).
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Colonie Halo Interaction Colonie Halo Interaction
Colonie 1 Compétition Colonie 7 Coexistence
Colonie 2 Compétition Colonie 8 Coexistence
Colonie 3 Compétition Colonie 9 Ambigu
Colonie 4 Compétition Colonie 10 Ambigu
Colonie 5 Compétition Colonie 11 Ambigu
Colonie 6 Compétition Colonie 12 Ambigu

Tableau IlI-1 : Résultats des tests de compétition réalisés pour 12 colonies de la souche
PA190B?5. La souche de coexistence PA190B a été repiquée pendant 25 jours sur TSA, puis I'état
d’interaction de douze de ses colonies a été testé par des tests de compétition sur gélose avec la souche
SA190.

A.
Evolution de la
population
coexistante

Population Phénotype Retour ala

coexistante initiale compétiteur ponctuel coexistence
«® Individu coexistant

a® Individu compétiteur

B.
Evolution de la
population
compétitrice

Population Phénotype Stabilisation de

compétitrice initiale coexistant acquis la population
Figure 1I-2 : Evolution hypothétique des populations de P. aeruginosa initialement coexistante
(A) ou compétitrice (B). Un changement de proportion d’individus compétiteurs et coexistants au sein
de la population peut influencer les résultats des tests de compétition. Ce changement de proportion
semble non-fixé pour la souche de coexistence (A), ou stabilisé pour la souche de compétition (B). La
présence d’individus compétiteurs ou coexistants dans les populations initiales est supposée.
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De fagon intéressante, ce phénoméne n’a pas été observé lors de I'évolution de la
souche compétitrice. En effet, une fois établie, la coexistence est demeurée stable jusqu’a la
fin de I'expérience, renforcant I'idée que la coexistence est I'état d’interaction privilégié dans
ce contexte malgré la diversification de P. aeruginosa (Fig. lI-2B). Ces résultats soulévent
cependant de nombreuses questions et perspectives d’études sur I'hétérogénéité des
populations de P. aeruginosa, qui semble affecter ses interactions microbiennes. Les
mécanismes génétiques de cette hétérogénéité pourraient étre explorés en séquencant
plusieurs colonies indépendantes au sein d’une population. Cette approche est d’ailleurs de
plus en plus utilisée pour la caractérisation des souches de P. aeruginosa isolées des patients
atteints de mucoviscidose, qui présentent notamment des profils de résistance aux
antibiotiques trés hétérogenes (149, 150, 199, 200). Cette diversification intra-population peut
cependant aussi résulter de mécanismes non-fixés comme des dérégulations
transcriptomiques, protéomiques ou épigénétiques. Il serait donc intéressant de vérifier si un
état de coexistence transitoire peut étre induit par de telles dérégulations et donc par des

conditions environnementales particulieres.

2.3.2. Pigmentation et coexistence

A lissue de I'évolution expérimentale conduite dans cette étude, 8 des 11 isolats ayant
développé un phénotype de coexistence ont présenté un aspect dit « métallique » sur boite :
des colonies irisées et peu bombées. Cet aspect est caractéristique d’'un dysfonctionnement
de LasR (201). Et effectivement, 6 de ces 8 isolats ont présenté une mutation non-synonyme
dans le géne lasR (Tableau lI-2), suggérant que cette altération génétique est bien a l'origine
de l'aspect métallique observé dans notre expérience. Des exceptions ont toutefois été
notées : deux isolats n’ont pas présenté ce phénotype malgré des mutations dans lasR (M6 et
C6, tous deux coexistants), et deux autres ont présenté un aspect métallique malgré I'absence
d’altération de /lasR (M4, coexistant, et C5, compétiteur) (Tableau II-2). Ces résultats
suggeérent donc que ce phénotype : (i) n’est pas induit par toutes les mutations dans lasR, (ii)
peut résulter de I'altération d’autres génes et (iii) n'est pas exclusivement associé a 'état de

coexistence.

Par ailleurs, les isolats ayant développé un état de coexistence ont présenté une
pigmentation verte dans 9 cas sur 11. A I'exception d’'un isolat (C9), ce phénotype est associé
a l'aspect métallique décrit précédemment, suggérant que ce gain de pigmentation pourrait
également étre induit par une altération de /asR (Tableau lI-2). En temps normal, I'expression
de LasR active les systémes de QS sous-jacents RhIRI et PQS, conduisant a la production
des principaux facteurs de virulence de la bactérie (161). Parmi ces facteurs figurent les

sidérophores et les phénazines, les deux familles de molécules responsables de la
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pigmentation de P. aeruginosa. Chez PAO1, la délétion de /asR conduit ainsi & une sous-
production du sidérophore pyoverdine et de la phénazine pyocyanine (202, 203). Ceci n’est
cependant pas toujours vrai chez les souches cliniques de P. aeruginosa, puisque aucune
corrélation n’a pu étre établie entre I'inactivation de LasR et la synthése de pyocyanine ou
d’autres phénotypes QS-dépendants (203). Certains isolats peuvent ainsi présenter une
surproduction de pyocyanine malgré une activité nulle de LasR induite par des mutations non-
synonymes (203). Le réle de LasR dans le gain de pigmentation observé chez nos souches
évoluées expérimentalement reste donc a élucider. La construction et la caractérisation de

mutants de P. aeruginosa présentant les mutations non-synonymes identifiées dans notre

expérience apparait essentielle pour comprendre leur impact sur les caractéres
morphologiques de la bactérie.
g ¢
. )
Isolat Interaction avec > ¢ @
)
évolué S. aureus 5 2 g
£ S« Tableau 12:  Tableau
o s 8 récapitulatif des caractéristi-
. ques des isolats évolués
Coexistence ... expérimentalement. La
C1 Coexistence souche PA190A (compétitrice)
] a évolué expérimentalement
M2 Coexistence pendant 30 jours en
M3 Coexistence monoculture (M) ou en co-
. culture (C), en 10 réplicats (1 a
M4 Coexistence [] 10). A lissue de I'évolution,
M6 Coexistence létat  d'interaction  avec
cé Coexistence S. aureus a été déterminé par
- des tests de compétition sur
M8 Coexistence gélose ; les caractéristiques
Cc8 Coexistence morphologiques ont été
- étudiées aprés croissance sur
Cc9 Coexistence LB : I'ntégrité du géne /asR a
c10 Coexistence été évaluée par séquencage
— haut-débit. NS = non
C2 Competition synonyme.
C3 Competition
C4 Competition
M5 Competition
C5 Competition . Oui
M7 Competition Non
c7 Competition . Ambigu
M9 Competition . Pigment marron
M10 Competition
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La compréhension de l'origine de cette pigmentation apparait importante dans notre
contexte. D’une part, la production de sidérophores et/ou de phénazines est généralement
associée a un état virulence et un comportement anti-staphylococcique chez P. aeruginosa
(37, 161). Il est donc étonnant que la majorité des isolats ayant développé un état de
coexistence avec S. aureus présentent une telle pigmentation. D’autre part, cette pigmentation
s’est développée de maniére concomitante a I'établissement de la coexistence dans la plupart

des cas, soulignant une relation entre ces deux phénotypes (Fig. 11-3).
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Figure 1I-3 : Suivi de I'état d’interaction de P. aeruginosa au cours du protocole d’évolution
expérimentale. La souche PA190A (compétitrice) a évolué expérimentalement pendant 30 jours en
monoculture ou en co-culture et en 10 réplicats. Tous les 5 jours, I'état d’interaction avec S. aureus a
été déterminé par des tests de compétition sur gélose TSA et mesure du diamétre du halo d’inhibition.
La pigmentation a été observée lors de ces mémes tests sur TSA et est indiquée par la coloration des
points. Les barres noires représentent la médiane de la taille du halo d’inhibition.

Nous avons donc cherché a caractériser ce pigment et les conditions favorisant sa
production. La pyoverdine est le principal sidérophore a pigmentation verte produit par
P. aeruginosa et est caractérisé par deux éléments: sa fluorescence, et sa production
favorisée en l'absence de fer (204). La pigmentation de nos souches évoluées de
P. aeruginosa a ainsi été étudiée sous lumiéere blanche et sous UV, en présence de fer et en
conditions de privation induite par ajout d’'un chélateur du fer au milieu de culture. De fagon
intéressante, le pigment vert produit ne s’est pas avéré fluorescent, et sa production n’a pas
été augmentée en conditions de privation en fer (Fig. I1-4) (isolats M2, M3, M4). Ces résultats
suggérent donc que le gain de pigmentation observé chez nos isolats évolués en coexistence

ne résulte pas d’une production augmentée de pyoverdine.
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Présence de fer Privation en fer

Lumiére UV Lumiére blanche

Figure II-4 : Pigmentation et fluorescence des isolats évolués M1 a M5 en présence ou en
conditions de privation en fer. Les isolats évolués ont été cultivés en présence de fer (TSA) ou en
privation de fer (TSA + éthylénediamine-N, N'-bis (EDDHA)) pendant 24h, puis photographiés sous
lumiere blanche ou UV. Les deux boites présentées sont organisées de facon similaire et sont
représentatives des résultats obtenus pour les autres isolats évolués. Les vignettes orange permettent
un contrdle colorimétrique de I'image.

Cependant, ce phénotype peut également étre associé aux phénazines, dont la
production confére différentes pigmentations a P. aeruginosa : jaune (PCA, MPCAB), rouge
(aeruginosines A et B), bleue (pyocyanine) ou verte (PCN, 1-OH-PHZ) (Fig. II-5) (205, 206). Il
est ainsi possible que la pigmentation verte observée chez nos isolats évolués résulte d’'une
altération de la régulation des voies de biosynthéses des phénazines, par exemple au profit
de la production des pigments verts PCN et 1-OH-PHZ. Une quantification précise des
phénazines apparait essentielle pour identifier le pigment produit par nos isolats, et ainsi

comprendre son réle dans I'établissement de la coexistence.

N
PhzA1-G1 e P Aeruginosine A & B

Acide PhzA2-G2 BoA ) PhaM, e B Ammoniac
chorismique

3 S pyocyanine
BN onrz

Figure II-5 : Voie de synthése des principales phénazines chez P. aeruginosa. PCA = phénazine-
2-carboxylique ; PCN = phénazine-1-carboxamide ; 1-OH-PHZ = 1-hydroxyphénazine ; MPCAB = 5-
methylphénazine-1-carboxylic  acide  bétaine; Aeruginosine A = 5-methyl-7-amino-1-
carboxymethylphénazinium bétaine;  Aeruginosine B = 5-methyl-7-amino-1-carboxy-3-
sulfophénazinium bétaine ; Pyocyanine = 5-Nmethyl-1-hydroxyphénazine. La couleur des cases indique
la coloration du pigment. Adapté de Dietrich et al. et Mavrodi et al. (205, 206).
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-AXE 3 : Facteurs génétiques de P. aeruginosa favorables a son
maintien lors de l'interaction de coexistence

3.3. Introduction

Une fois I'état de coexistence établi entre P. aeruginosa et S. aureus, les deux
partenaires bactériens doivent parvenir a se maintenir lors de cette interaction. Chez
S. aureus, plusieurs génes ont été identifiés comme favorables a son maintien en présence
de P. aeruginosa, tels que les régulateurs globaux agr, sigB ou sarR in vitro (207) ou rot in
vivo (208). A linstar de ces deux études, nous avons employé la méthode de Transposon-
sequencing (Tn-seq) pour déterminer les génes de P. aeruginosa impliqués dans son maintien
en coexistence avec S. aureus. Cette méthode a pu étre développée au laboratoire en
collaboration avec Erwan Guéguen (Laboratoire de Microbiologie, Adaptation et Pathogénie,

Lyon) et Sylvére Bastien (CIRI, Lyon), bio-informaticien de I'équipe.

La technique de Tn-seq repose sur la construction et l'utilisation d’'une banque de
mutants par transposition chez P. aeruginosa (209). Le transposon et sa transposase sont
apportés par une souche donneuse de E. coli et transférés chez P. aeruginosa par conjugaison
bactérienne. Le transposon s’insére alors de fagon unique et aléatoire au niveau des sites TA
du génome de P. aeruginosa, permettant de générer une population dans laquelle chaque
individu ne présente qu’'une seule insertion (Fig. llI-1). Une banque d’au moins 500 000
mutants permet d’assurer que statistiquement, le transposon s’insérera au moins une fois par
géne de P. aeruginosa. La banque produite est ensuite cultivée en présence d’'une pression
sélective, éliminant les mutants les moins aptes a survivre dans ces conditions. A I'issue de
cette étape de culture, ’TADNg de 'ensemble des mutants encore présents est extrait et digéré
par I'enzyme Mmel, libérant un fragment contenant 16 nucléotides d’ADNg en amont du
transposon (Fig. llI-3). Ces fragments sont ensuite amplifiés puis séquencés en lllumina et
alignés sur le génome de P. aeruginosa afin de déterminer : (i) la position de l'insertion de
chaque transposon, permettant d’identifier les génes mutés, et (ii) le nombre d’insertions
détectées du transposon pour un géne muté, quantifiant le nombre de mutants de ce géne. Le
nombre d’insertions détectées est ensuite comparé dans les conditions non-sélective et
sélective pour déterminer les génes favorables ou défavorables. Sous une pression de

sélection donnée, un géne apparait ainsi :
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e Favorable (ou essentiel dans la littérature) si le nombre d’insertions est inférieur a
celui observé en absence de pression sélective, signifiant que les mutants de ce
géne ont été éliminés (Fig. I1-1, [TN).

e Défavorable (ou délétére) sile nombre d’insertions est supérieur a celui observé en

absence de pression sélective, signifiant que les mutants de ce géne sont favorisés

(Fig. -1, [THEEY).

En paralléle, la banque pure (c’est-a-dire avant toute étape de culture) est également
séquenceée afin d’en évaluer le nombre de sites TA et de génes impactés, témoignant de la
qualité de la banque produite. Cela permet également de déterminer les génes de
P. aeruginosa essentiels a sa croissance dans nos conditions expérimentales, qui
correspondent aux génes présentant une densité d’insertion diminuée aprés toute étape de
culture (Fig. 1111, ). Il est important de noter que les génes essentiels identifiés ici
sont indispensables a la croissance dans nos conditions expérimentales, a I'inverse des génes
dits « favorables » (JIIRY) dont 'expression n’est pas requise mais améliore la survie de

la bactérie dans ces mémes conditions.

Nous avons dans un premier temps construit une banque de 680 000 mutants chez la
souche clinique PA235A de P. aeruginosa. Cette banque a ensuite été cultivée en
monoculture ou en co-culture avec la souche clinique de co-infection S. aureus SA235. Ces
cultures ont été maintenues en phase exponentielle de croissance pendant 18h afin d’évaluer
au mieux la pression de sélection induite par le staphylocoque sur P. aeruginosa, puis les
librairies de séquengage ont été préparées et séquencées. L’analyse bio-informatique des
résultats a ainsi permis d’identifier 37 génes de P. aeruginosa importants pour son maintien
en coexistence avec S. aureus. Les voies de biosynthése des acides aminés et de thiamine
apparaissent favorables, alors que les voies d’utilisation du glucose et du pyruvate ont un

impact négatif sur la survie de P. aeruginosa en présence de S. aureus.
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3.4. Matériels et méthodes

3.4.1. Souches bactériennes et plasmides

Les souches bactériennes et plasmides utilisés dans cet axe sont listés dans le
Tableau llI-1. Les souches ont été cultivées en milieu LB (BD®) ou BHI (BD®) a 37°C ou 30°C
sous agitation a 200rpm. L’antibiotique gentamycine (Euromedex ®) a été utilisé a une
concentration finale de 50ug/mL. L’acide diaminopimélique (DAP, Sigma®) a été utilisé a une
concentration finale de 0,3mM pour les cultures de E. coli EGE207, auxotrophe a cette

molécule.

Les souches cliniques de sujets mucoviscidosiques ont été isolées par I'Institut des
Agents Infectieux (IAl) depuis les expectorations de patients suivis dans les deux centres CF
des Hospices Civils de Lyon (HCL). La paire de souches P. aeruginosa PA235A-S. aureus
SA235 a été isolée d'un méme patient co-infecté. Toutes les souches cliniques de
P. aeruginosa utilisées dans cette étude sont dans un état de coexistence avec S. aureus,
comme déterminé précédemment (55, 56). Toutes les expériences ont été conduites suivant
les recommandations frangaises en vigueur, et cette étude a été soumise au comité d’éthique

des HCL et enregistrée CNIL No 17-216. Tous les patients ont été informés de cette étude et

ont consenti a I'utilisation de leurs données.

Souches Caractéristiques Références
_ R
E. coli EGE207 A“"o”‘;psh/f,\;‘l‘“D%ArE Gm E. Gueguen
2 se‘;)‘z"‘:i'g:"as PP1 KT2440 - Gm® E. Gueguen
PAO1 Gm?® E. Gueguen
PA153B Souche clinique - GmS Cette étude
PA190B Souche clinique - GmS Cette étude
PA230C Souche clinique - Gm® Cette étude
P. aeruginosa PA243B Souche clinique - GmS Cette étude
- aerug PA293A Souche clinique - Gm® Cette étude
PA124A Souche clinique - GmS Cette étude
PA135E Souche clinique - GmS Cette étude
PA235A Souche clinique - GmS Cette étude
PA2600 Souche clinique - GmS Cette étude
S. aureus SA235 Souche clinique Cette étude
. oriTrek, transposase Mariner C9, Skurnik et
Plasmides pSAM_DGm GmR, bla al.(210)

Tableau llI-1 : Souches bactériennes et plasmides utilisés dans cette étude.
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Le témoin positif Pseudomonas putida 1 (PP1), ainsi que la souche de E. coli EGE207
portant le plasmide pSAM_DGm, ont été fournies par E. Guéguen (MAP, Lyon). Le plasmide
suicide pSAM_DGm (210) est schématisé en Figure IlI-2 et porte :

1. L’origine de réplication oriTrek, fonctionnelle en présence du géne pir présent dans
le chromosome de E. coli EGE207 (211).
Le géne codant pour la transposase Mariner C9.
Le transposon de type Mariner, contenant une cassette de résistance a la
gentamycine.

4. Le géne codant pour la B-lactamase Bla.

3500

Figure 1lI-2 : Carte du plasmide pSAM_DGm. Adapté de Skurnik et al. (210).
La structure du transposon est détaillée en Figure II-3.

3.4.2. Conjugaison et mutation de P. aeruginosa par transposition

a. Détermination de l'efficacité de la conjugaison

Le transposon utilisé dans cette étude contenant un géne de résistance a la
gentamycine, la sensibilité a cet antibiotique des souches de P. aeruginosa receveuses a été
évaluée par étalements sur LB Gm?° (Tableau IlI-1).

175



Travaux de recherche Axe 3 — Maintien de P. aeruginosa en coexistence

Les volumes équivalents a 2,5DOg00nm de la souche donneuse E. coli EGE207 et de
chaque souche receveuse de P. aeruginosa ont été prélevés de précultures de nuit en bouillon
LB et mélangés dans un tube stérile. Aprés homogénéisation et centrifugation 10min a 4000g,
le surnageant a été éliminé et le culot repris dans 100uL de LB supplémenté en DAP a 0,3mM.
Le mélange a été déposé, sous forme de goutte, sur une gélose LB dont la dureté a été
augmentée en doublant la concentration en agar (15g/L) et préalablement séchée. Les gouttes
ont été laissées sous PSM pendant 30 minutes puis incubées a 37°C pendant 2h. Chaque
goutte a été remise en suspension dans 1mL de milieu LB. Des dilutions au dixiéme en
cascade ont ensuite été réalisées jusqu’a 10* et étalées aux billes sur LB Gm?®. Les boites
ont été incubées 12 a 36h a 37°C.

Apreés dénombrement des boites de conjugaison, les souches ayant permis d’obtenir
au moins 10 000 clones/conjugaison ont été sélectionnées. L’expérience de conjugaison a été
répétée en triplicat pour ces souches (2600, 235A, 124A et 135E) ainsi que le témoin positif
PP1. Des clones pris au hasard sur les boites de conjugaison ont été repiqués sur LB Gm®*®

afin de vérifier 'acquisition de la résistance a I'antibiotique.

b. Construction de la banque de mutants chez PA235A

Pour la production de la banque de mutants par transposition chez PA235A, 18 gouttes
de conjugaison ont été réalisées comme précédemment et étalées sur un total de 71 géloses

de diamétre 145mm et 32 géloses de diamétre 90mm, a la dilution 10-2.

Aprés incubation a 37°C pendant 30h, les mutants ont été récoltés au rateau et
transférés dans du LB. La DO a été mesurée et ajustée a 30DO/mL avec du milieu LB. Du
glycérol 100% a été rajouté au mélange a un ration 1:1 afin d’obtenir une DO finale de
15DO/mL. Cing-cents microlitres de la suspension a 15DO/mL ont été prélevés et dilués avec
du LB a une DO de 1 puis dilué en cascade jusqu’a 10-'°. Ces dilutions ont été étalées aux
billes sur gélose LB puis incubées 37°C pendant 24h pour vérifier la pureté et la densité de la
banque. Le reste de la banque a 15DO/mL a été conservée dans 160 tubes de congélation a
-80°C.

Ces mémes étalements ont par la suite été réalisés sur LB supplémenté ou non en
gentamicine 30ug/mL a partir d'un tube de banque préalablement décongelé dans la glace
afin de déterminer la concentration exacte de mutants en UFC/mL dans chaque tube aprés

décongélation.
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3.4.3. Culture de la banque

Une pré-culture de la nuit en milieu BHI de SA235 a été transférée dans des tubes de
50mL et centrifugées a 4000 rpm pendant 10 minutes. Le culot a été repris en milieu BHI afin
d’ajuster la DO a 0,2. Pour P. aeruginosa, une suspension a DO 0,2 en BHI a été préparée a
partir d’'un tube de banque a 15DO/mL de PA235A décongelé. Les monocultures et la co-
culture ont été préparées en erlenmeyer, en mélangeant 10ml de chaque suspension a 10ml
de BHI (monocultures) ou en mélangeant les suspensions de S. aureus et P. aeruginosa a un
ratio 1:1 (co-culture). Les cultures ont été étalées sur Cétrimide et/ou Chapman afin de
dénombrer les inoculums initiaux, puis incubées a 37°C a 200 rpm. Au bout de 6h, les cultures
ont été étalées et parallelement diluées dans du BHI stérile a une DO de 0,1 pour les
monocultures et 0,2 pour les co-cultures, puis incubées a nouveau pendant 6h. Les cultures
ont ainsi été étalées et repiquées pendant 18h. A t=18h, le volume équivalent a 3DO a été
prélevé des mono- et co-cultures et centrifugé 5min a 13,000rpm. Le surnageant a été retiré
pour conserver les culots a -80°C. L’expérience a été réalisée en triplicats, et deux tubes de
banque pure (sans étape culture) ont été isolés, permettant I'obtention des 8 échantillons listés
en Tableau IlI-2.

A Adaptateurs simple brin

TTCCCTACACGACGCTCTTCCGATCTXXXXXNN

T2 XXXXXAGATCGGAAGAGCGTCGTGTAGGGAA
B
Code-barres Correspondance

EG1 GGTAT 1 Banque pure réplicat A
EG2 CTAGA 2 Banque pure réplicat B
EG3 GCTGC 3 Monoculture réplicat A
EG4 CTCGG 4 Monoculture réplicat B
EG5 ATCTT 5 Monoculture réplicat C
EG6 TACTA 6 Co-culture réplicat A
EG7 AGTTC 7 Co-culture réplicat B
EGS8 CATTG 8 Co-culture réplicat C

Tableau lll-2 : Adaptateurs, codes-barres et échantillons correspondants utilisés dans cette
étude. A. Séquences 5’-3’ des adaptateurs simple brin T1 et T2 permettant la synthése des adaptateurs
double-brin EG1 a EG8. Les X représentent le code-barres associé. L'extrémité 3’-NN permet
I'hybridation a ’ADN adjacent au transposon. B. Séquences des codes-barres associés aux adaptateurs
double-brin EG1 a EG8 et échantillons correspondants.
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3.4.4. Préparation des librairies de séquencage

a. Extraction des ADNg

L’ADNg a été extrait des culots conservés a -80°C a I'aide du kit Wizard® Genomic
DNA Purification Kit (Promega). Le culot a été repris dans 600uL de solution de lyse (Nucleic
Lysis Solution) et incubé 5min a 80°C. Aprés refroidissement a température ambiante, ont été
ajoutés 3uL de solution RNAse A a 4mg/mL au mélange ; le tube a été homogénéisé par
retournement et incubé 60min a 37°C. Aprés refroidissement a température ambiante, 200uL
de solution de précipitation des protéines (Protein Precipitation Solution) ont été ajoutés, puis
le mélange a été vortexé pendant 20s et incubé 5min sur glace. Le mélange a été centrifugé
10min a 13,000g a 4°C afin d’en isoler le surnageant ; cette étape a été répétée jusqu’a
obtention d’'un surnageant limpide. A ce surnageant ont ensuite été ajoutés 600uL
d’isopropanol et 'homogénéisation a été effectuée par retournements du tube jusqu’a visibilité
des fils d’ADNg. La suspension a été centrifugée 2min a 13,000g afin d’en éliminer le
surnageant. Six-cents microlitres d’éthanol 70% ont été ajoutés au culot et le mélange a été
homogénéisé par retournement, puis centrifugé une nouvelle fois 2min a 13,000g. Le
surnageant a été totalement éliminé par pipetage, absorption au papier puis séchage pendant
15min. Les ADN ont été repris en ajoutant cent microlitres de la solution de réhydratation (DNA
Rehydratation Solution), en homogénéisant doucement le tube et en I'incubant 60min a 65°C.
Aprés incubation a 4°C sur la nuit, la quantité d’ADNg extraite a été évaluée par dosages
spectrophotométriques (Nanodrop et Qubit). La qualité des ADNg a également été vérifiée par

électrophorese.

b. Digestion de I'ADNg par Mmel et purifications

A 50ug d’ADNg ont été ajoutés 120uL de CutSmart Buffer 10X (NEB), 1,875uL de S-
Adenosylméthionine (SAM) 32mM, 25uL d’enzyme Mmel a 2000U/mL (NEB) et de 'eau pour
compléter a 1200uL. Apres incubation 1h30 a 37°C, l'efficacité de la digestion a été vérifiée

par électrophorése sur 10uL de réaction (Fig. IlI-3).

Chaque digestion de 1200uL a été séparée en 6 afin d’effectuer les purifications sur
colonnes sur des aliquots de 200uL (6 purifications par digestion). Les purifications ont été
menées a 'aide du kit QIAquick® PCR Purification (QIAGEN) selon les recommandations du
fournisseur. Pour chaque digestion, les 6 produits de purification ont été rassemblés et

concentrés au Speed-Vac jusqu’a obtention d’un volume final de 25pL.
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Figure 11I-3 : Préparation des librairies de séquengage de la région ADN-transposon. L’ADNg
extrait est digéré par 'enzyme de restriction Mmel qui effectue une coupure 16 paires de base (pb) en
amont et aval du transposon. La région correspondant au transposon et ces 16pb est purifiée sur gel et
ligaturée aux adaptateurs. Ces adaptateurs contiennent les code-barres et les séquences nécessaires
al’hybridation des amorces de séquencage. Ces amorces permettent 'amplification finale de la jonction
ADN-transposon, qui est purifiée puis séquencée. IR = séquence répétée inversée.

179



Travaux de recherche Axe 3 — Maintien de P. aeruginosa en coexistence

Les digestions purifiées ont ensuite été déposées sur gel d’agarose supplémenté en
Gel Green. Aprés migration, une bande comprise entre 1000 et 1500pb a été découpée afin
d’isoler le produit de digestion de 1250pb environ (Fig. 1lI-3). L’ADN contenu dans la bande a
été purifié a I'aide du kit QIAquick® Gel Extraction (QIAGEN) selon les recommandations du

fournisseur. Les ADN digéré et purifieés ont été dosés par spectrophotométrie (Nanodrop).

c. Création des adaptateurs double-brin

Pour la construction de chaque adaptateur double-brin (EG1 a EG8), 10uL de chaque
adaptateur simple-brin T1 et T2 (Tableau Ill-2A) ont été mélangés a 10uL de tampon
d’hybridation 10X (500mM NaCl, 100mM Tris-HCI pH 8, 500mM EDTA), dans un volume final
de 1mL. Les mélanges ont été incubés dans de I'eau bouillante pendant 30sec puis laissés
refroidir a température ambiante. L’hybridation des adaptateurs simple-brin a été vérifiée par
migration sur gel acrylamide/bisacrylamide 10% 19:1 et révélation au bain de BET (Bromure
d’éthydium).

d. Ligature des échantillons aux adaptateurs double-brin

Pour chaque échantillon (1 a 8) et chaque adaptateur double-brin (EG1 a EGS8)
(Tableau IlI-2), 1ug d’ADN digéré et purifié obtenu en étape b. ont été mélangés a 4,4l
d’adaptateur double-brin @ 5uM, 5uL de tampon de T4 DNA ligase 10X (NEB) et 5uL de T4

DNA ligase (NEB), dans un volume final de 50pL. Le mélange a été incubé sur la nuit & 16°C.

e. Amplification et purification des produits de ligature

Pour chaque échantillon, 5 réactions d’amplifications ont été préparées en mélangeant
5uL du produit de ligature obtenu en étape d., 2uL de chaque amorce L1022 et L1023 & 10uM
(Tableau IlI-3), 10uL de tampon Q5 5X (NEB), 1uL de dNTP a 10mM et 0,5uL de polymérase
Q5 a 2000U/mL, dans un volume final de 50uL. L’'amplification a été effectuée sur 18 cycles
de la maniére suivante : dénaturation initiale de 30sec a 98°C, dénaturation de 10sec a 98°C,
hybridation-élongation de 6sec a 72°C, élongation finale de 10sec a 72°C. Les 5 produits
d’amplification réalisés par échantillon ont ensuite été rassemblés et concentrés au Speed-
Vac jusqu’a obtention d’un volume final de 25pL.

Les produits d’amplification ont ensuite été déposés sur gel d’agarose et purifiés a
laide du kit QIAquick® Gel Extraction (QIAGEN), en suivant les recommandations du
fournisseur (Fig. llI-3). Enfin, les échantillons purifiés ont été dialysés sur membrane de
nitrocellulose 0,025uM pendant 4h, puis dosés par spectrophotométrie (Nanodrop et Qubit).

La qualité des échantillons a également été vérifieée par électrophorése.
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Taille

Séquence 5’-3’ d’amplicon
attendue

L1022 CAAGCAGAAGACGGCATACGAGATAGACCGGGGACTTAT
CATCCAACCTGT 125pb
L1023 ATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCT

Tableau IlI-3 : Amorces utilisées lors de la construction des librairies de séquengage.

3.4.5. Séquencage et analyse bio-informatique

a. Séguencage et annotations

Deux technologies ont été utilisées pour générer le génome de référence PA235A.
D’une part, un séquencage lllumina® en lecture pairée de 150 nucléotides et d’autre part, un
séquencage en lecture longue utilisant la technologie Nanopore®. Les lectures longues ont
été démultiplexées et nettoyées grace a Guppy avec un score minimum de l'alignement de la
séquence du code-barres fixé a 30 et un score de qualité de base fixé a 7. Les lectures
lllumina® ont été nettoyées avec Trimmomatic v0.36 (212). Ce nettoyage a été exécuté en
se basant sur un seuil minimum de qualité de bases fixé a 20 et une longueur minimum de 30
nucléotides. FastQC v0.11.9 (213) a été utilisé pour vérifier la qualité de ces lectures. Le
genome de PA235A a été circularisé grace a l'utilisation des deux types de technologies au
travers d’Unicycler v0.4.8 (214).

L’annotation de ce génome fermé a été rendu possible par I'intermédiaire de Prokka
v1.14.5 (215) en utilisant le génome de référence PAO1 comme premiére base de données
(Refseq : NC_002516.2). Les annotations de PA235A et de PAO1 ont été comparées via
Roary v3.13.0 (216) afin de créer les liens entre les génes communs partagés par ces deux
souches. Un ajout manuel de certains ARN non-codants additionnels et non détectés par
Prokka issus du génome de PA14 (217) ont été ajoutés. Cela a été possible via Blast v2.6.0-

1 (218) en paramétrant le pourcentage d’identité et de couverture a 100.

Le séquencgage des ADN issus de la banque de mutants a été effectué a l'aide d’'un
MiSeq (lllumina®) dans une seule direction correspondant a une longueur de 150 nucléotides.
Les adaptateurs universels de séquengage lllumina® P5 ont été ensuite retirés. Les lectures
ont été démultiplexées suivant les code-barres utilisés pour identifier chaque condition

(Tableau llI-2). FastQC v0.11.9 (213) a été utilisé pour vérifier la qualité des lectures obtenues.
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Les six premiers nucléotides ont été également enlevés ainsi que les adaptateurs universels
de séquencages P7 situés en fin de lecture a I'aide de Cutadapt v2.8 (219). Seules les lectures
d’une taille comprise entre 15 et 17 nucléotides ont été gardées. Les lectures nettoyées de 15
a 17 nucléotides ont été soumises au logiciel BWA v0.7.17 (220). Cette étape permet d’aligner
les lectures sur le génome PA235A et de compter le nombre d’insertions du transposon au

niveau des sites individuels di-nucléotidiques TA.

b. Détermination des qgenes essentiels, favorables et
défavorables

Les calculs statistiques pour déterminer I'essentialité des génes ont été effectués a
'aide du logiciel Transit v3.1.0 (221). L’essentialité des génes dans la banque pure a été
déterminée par les méthodes Gumbel (222) et HMM (Hidden Markov Model) (223).
L’essentialité des génes dans une condition par rapport a une autre a ensuite été étudiée par

les méthodes Resampling et Zinb (224).

La méthode de Resampling permet de calculer, pour chaque géne, la différence de
lectures de séquengage entre deux conditions. Cette différence est ensuite comparée a une
distribution générée aléatoirement de l'insertion du transposon sur 100 000 sites TA de
'ensemble du génome. La significativité de cette comparaison est évaluée par un test
statistique de Mann-Whitney. Un géne a été considéré favorable ou défavorable si la différence
de comptage de lectures et donc du nombre d’insertions (FC pour Fold-Change) entre deux

conditions est supérieure ou inférieure a 2 avec une P-valeur ajustée inférieure a 0,05.

La méthode Zinb permet quant a elle de comparer la différence de moyenne de
comptages de lectures de séquencage d’une condition par rapport a la somme des moyennes
des comptages de toutes les conditions. La significativité de cette comparaison est évaluée
par un test statistique de ratio de vraisemblance. Cette méthode a été appliquée pour effectuer
pour comparer les conditions deux a deux ou les trois conditions (banque pure, mono et co-

culture) conjointement.
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3.5. Résultats

3.5.1. Choix des souches

Au sein de la banque de souches isolées de patients mucoviscidosiques de la cohorte
lyonnaise co-infectés par P. aeruginosa et S. aureus, dix souches de P. aeruginosa ont été
sélectionnées pour cette étude du fait de : (i) leur interaction de coexistence avec la souche
de S. aureus co-isolée et (ii) leur sensibilité a la gentamycine, essentielle a la mutagénése par
transposition avec le plasmide pSAM_DGm (Tableau llI-1). Le transfert de ce plasmide repose
cependant sur le mécanisme de conjugaison bactérienne dont I'efficacité varie selon les
souches bactériennes. Une efficacité de conjugaison élevée est nécessaire pour la

construction d’une banque de mutants suffisamment dense.

L’efficacité du protocole de conjugaison a donc été évaluée chez les dix souches de
P. aeruginosa cliniques présélectionnées, ainsi que chez les contrbles positifs de conjugaison
P. aeruginosa PAO1 et P. putida PP1. Ces contrbles permettent en moyenne I'obtention de
5,8.10* et 7,4.10% clones de conjugaison, respectivement (Fig. llI-4). Les souches cliniques ont
quant a elles présenté des efficacités de conjugaison trés variables, variant de 1.10? clones
(PA153B) a 2,8.10° clones (PA235A). Quatre ont permis I'obtention d’'un nombre de clones de
conjugaison important et supérieur a 10* : PA2600, PA235A, PA124A et PA135E (Fig. llI-4).
Une variabilité importante du nombre de clones obtenus par conjugaison a cependant été
observée pour les souches PA124A et PA135E, les excluant de la suite des expériences. Les
souches PA235A et PA2600 ont donc été retenues du fait de leur capacité a produire un

nombre important et répétable de clones par conjugaison.

106_
= 105+ Figure 1lI-4: Nombre de
£ clones obtenus par
Q10+l l-BB B - expérience de conjugaison
=2 chez deux souches contréles
‘2 103— et dix souches cliniques de
S P. aeruginosa. Les Dbarres
E‘ 102 représentent le nombre de
8 moyens de clones obtenus *
101 SEM, issus d'une ou de trois
(PP1, PA2600, PA235A,
100- PA124A, PA135E) expériences
indépendantes.
Q‘?O\ & qg,@ ({,b(’y Q¥ %&5‘2’ ‘i’-’QO ¥ (]9%“ &
Controles Souches CF

positifs
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3.5.2. Production de la banque de mutants chez PA235A

Le protocole de transfert du plasmide pSAM_DGm a pu étre optimisé chez PA235A en
multipliant le nombre de gouttes de conjugaison et de boites étalées, avec pour objectif la
production d’au moins 500 000 mutants. Nous avons ainsi réussi a produire une banque

d’environ 680 000 mutants par transposition chez cette souche de P. aeruginosa (Fig. llI-5).

Les dénombrements effectués avant et aprés
congélation ont permis d’estimer (i) un taux de
mortalit¢ de 1% lié au cycle de con-
gélation/décongélation, (ii) une concentration de
2,16.108 mutants/mL de banque et (iii) un taux de

résistance a la gentamycine de 96%.

Figure IlI-5: Géloses étalées pour la construction de la banque chez PA235A. Le plasmide
pSAM_DGm a été transféré chez PA235A par conjugaison et les clones ayant intégré le plasmide ont
été sélectionnés sur milieu supplémenté en gentamycine.

Le séquencage de la banque pure a permis d’obtenir un nombre de lectures totales de
9,3 a 10,8 millions, et un nombre de lectures alignées sur le génome de PA235A de 7,9 a 9,1
millions. Le transposon s’est inséré dans 86 840 a 86 827 sites TA sur 103 745. Ceci
représente une densité d’insertion d’au moins 83,7% permettant d'impacter 97% des 6 343
genes de PA235A.

0 De 2
Banque pure A 9 077 582 103 745 86 927 83,8 %
Banque pure B 7 935 921 103 745 86 840 83,7 %
Monoculture A 9 158 900 103 745 82 947 80 %
Monoculture B 7 990 207 103 745 82 974 80 %
Monoculture C 11 951 385 103 745 84 829 81,8 %
Co-culture A 11 810 697 103 745 84 260 81,2 %
Co-culture B 10 805 865 103 745 83 590 80,6 %
Co-culture C 8 633614 103 745 83 495 80,5 %

Tableau lll-4 : Nombre de lectures de séquengage et densité d’insertion du transposon dans la
banque pure de PA235A, la monoculture et la co-culture de la banque. Les lettres A, B, C désignent
les réplicats. La densité évalue la proportion de sites TA impactés par rapport au nombre total de sites
TA présents dans le génome bactérien.
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Une premiére analyse par les méthodes Gumbel et HMM (TRANSIT) a été effectuée
sur les données de séquencgage de la banque pure. Ces méthodes comparent le nombre
d’insertions au niveau des sites TA effectif par rapport a un nombre d’insertions théorique.
Ceci permet d’identifier les sites pour lesquels peu ou pas d’insertions sont détectées (sites
essentiels), et les sites pour lesquels linsertion est fréquemment détectée (sites non
essentiels). La proportion de sites essentiels et non essentiels est ensuite évaluée pour
chaque géne, permettant de déterminer les génes essentiels de P. aeruginosa dans la banque
pure. Les méthodes Gumbel et HMM ont permis I'identification de 212 et 296 génes essentiels
respectivement (Fig. IlI-6A). Les 151 génes identifiés par ces deux méthodes sont
particulierement impliqués dans la traduction, la biogénése de la membrane et le transport et
métabolisme des co-enzymes, en accord avec de précédentes observations (225, 226) (Fig.
llI-6B). La liste des génes essentiels identifiés est accessible sur demande auprés de

karen.moreau@univ-lyon1.fr ou loo.camus@gmail.com.

HMM
A Gumbel

61 V

Translation, ribosomal structure and biogenesis mm  |ipid transport and metabolism
Cell wall/membrane/envelope biogenesis mm  Energy production and conversion
|
|

Coenzyme transport and metabolism General function prediction only
Replication, recombination and repair Other
mm  Transcription

Figure IlI-6 : Génes essentiels de P. aeruginosa PA235A identifiés par séquencgage de la banque
pure. A. Nombre de genes essentiels identifiés par les méthodes de Gumbel et HMM. B. Catégories
fonctionnelles COG (Clusters of Orthologous Groups) des 151 génes essentiels identifiés dans la
banque pure par les deux méthodes d’analyse Gumbel et HMM.
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3.5.3. Identification des genes favorables et défavorables a la
coexistence

Afin d’identifier les génes importants pour la coexistence, la banque de mutants de
PA235A a été soumise a la pression de sélection que constitue une co-culture avec S. aureus
SA235. Il est important de noter que ces deux souches ont été co-isolées du méme échantillon
d’expectoration d’'un patient atteint de mucoviscidose. La banque de mutants de PA235A a
donc été cultivée en monoculture ou en co-culture avec SA235 pendant 18 heures, avec un
repiquage toutes les 6h afin de maintenir les bactéries en phase exponentielle de croissance.
La concentration bactérienne est restée supérieure a 108 bactéries/mL durant toute la
cinétique, bien que P. aeruginosa ait présenté une croissance supérieure en co-culture par
rapport a la monoculture (2,7.108vs. 3,9.10° a 18h) (Fig. llI-7).

P. aeruginosa a ainsi croit pendant 19 générations bactériennes en monoculture,
contre 21 générations en présence de S. aureus. La concentration de S. aureus est quant a
elle restée équivalente en mono- et co-culture durant les 18 heures de croissance. Ces
conditions ont donc permis de maintenir une pression de sélection suffisamment longue et

importante sur la banque de P. aeruginosa en co-culture.

4

S. aureus
% S. aureus (co-culture)
BN P. aeruginosa
% P. aeruginosa (co-culture)
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)
L
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0 6 12 18
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Figure llI-7 : Cinétique de croissance bactérienne de la banque de mutants de P. aeruginosa
PA235A et de S. aureus SA235 en monoculture et co-culture. La banque de mutants de
P. aeruginosa PA235A (barres vertes) et la souche de co-infection SA235 (barres jaunes) ont été
inoculées en monoculture (barres pleines) ou en co-culture (barres hachurées) a DO équivalente et
cultivées en BHI a 37°C sous agitation. Toutes les 6h pendant 18h, les cultures ont été étalées sur
milieu sélectif puis repiquées.
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Le séquencage réalisé a lissue de I'étape de culture a permis d’obtenir 11 et 11,8
millions de lectures en moyenne pour les monocultures et co-cultures, respectivement. Dans
ces deux conditions, environ 88% des lectures ont pu étre alignées sur le génome de la souche
PA235A, permettant de déterminer une insertion effective du transposon au niveau de 80,6%
des sites TA de P. aeruginosa. Une densité d’insertion Iégérement plus élevée (83,7%) avait

été observée pour la banque pure (Tableau IlI-4).

Les méthodes de Resampling et Zinb (TRANSIT) (Cf. Méthodes) ont ensuite été
appliquées pour comparer les nombres d’insertions par géne obtenus dans la monoculture et
dans la co-culture, afin de mettre en évidence les génes de P. aeruginosa favorables et
défavorables en co-culture. Ces deux analyses ont permis d’identifier au total 37 géenes de
P. aeruginosa importants pour son maintien lors de linteraction de coexistence avec
S. aureus. Parmi ces génes, 20 ont été mis en évidence par les deux analyses, renforgant leur
importance pour P. aeruginosa dans ces conditions. Six et 11 génes ont été identifiés

uniqguement par les méthodes Resampling et Zinb, respectivement (Fig. IlI-8A).

A B
Monoculture VS. Banque pure VS.
Co-culture Monoculture

Figure 111-8 : Nombre de génes favorables et défavorables de P. aeruginosa PA235A identifiés en
co-culture par rapport a la monoculture (A) et en monoculture par rapport a la banque pure (B).
Les méthodes de Resampling (Res.) et Zinb ont été utilisées pour comparer les conditions deux a deux.

187



Travaux de recherche Axe 3 — Maintien de P. aeruginosa en coexistence

Parmi les 37 génes identifiés, 13 ont été prédits comme favorables avec un nombre
d’insertions 1,08 a 34,1 fois moins élevé en co-culture par rapport a la monoculture (Tableau
llI-5A). Ces génes sont impliqués dans le métabolisme de différentes molécules, comme les
pyrimidines et purines (PA3480, purF), le soufre (tusA) ou le nicotinate (sth). Deux voies
métaboliques semblent particulierement favorables dans ce contexte : la biosynthése des
acides aminés thréonine (thrC, hom), sérine (serA), tyrosine (aspC) et histidine (hisC2), ainsi
que le métabolisme de la thiamine (thiG, thiD), présentant les plus bas facteurs de nombre
d’insertions en co-culture par rapport a la monoculture. De maniéere intéressante, le géne mutT,
impliqué dans la réparation de I'ADN et favorable dans nos conditions, partage une forte
homologie de séquence avec thiE et est suspecté d’intervenir également dans la synthése de
thiamine (227) (Fig. 111-9).

Fonction

PA0381 thiG Thiazole synthase Métabolisme de la thiamine _ii’,j NS
Probable . . , -22,5 -4,89
PA4400 mutT pyrophosphohydrolase Réparation de 'ADN (227) rre on
Hydroxymethylpyrimidine 971
PA3975 thiD /phosphomethylpyrimidine Métabolisme de la thiamine A NS
kinase
Biosynthése des acides
Homosérine aminés, métabolisme de la 11,7 | -7,54
a ’ il 3
PA3736 hom déshydrogénase glycine, sérine, thréonine, i Fhkx
cystéine et méthionine
Biosynthése des acides
a - aminés, métabolisme de la -9,58 -4,05
PA3735 thrC Thréonine synthase glycine, sérine, thréonine et s s
3 vitamine B6
% PA1006 tusA Protéine porteuse de souffre Transport du souffre . 9’4 -3;:1'5
1SS
g Biosynthése des acides
S PA3139 asoC Aminotransférase d’acides aminés, métabolisme de la -3,39 -3,15
» P aminés aromatiques cystéine, méthionine et *k i
= tyrosine
‘Q , . Métabolisme des -5,17 -2,02
O | PA3480 | PA3480 dCTP désaminase pyrimidines ek s
< Biosynthése des acides
aminés, métabolisme du R _
PA0316 serA D':Z'g Shr? sc?rt;o?élzgggate carbone, glycine, sérine, 2’*66 1’*57
ydrog thréonine, cystéine,
méthionine et méthane
Pyridine nucléotide Métabolisme du nicotinate et | -2,53 -1,37
PA2991 sth transhydrogénase soluble nicotinamide Fhxk ok
Biosynthése des acides
. Histidinol-phosphate aminés, de la phénylalanine, -1,47
PA3165 hisC2 aminotransférase tyrosine, histidine et NS *
tryptophane
PA3108 purF Am|dophosag(;re|bosyltransfe Métabolisme des purines NS -1*’34
PA4015 | PA4015 Protéine hypothétique ND NS ) ;08
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Tableau llI-5A : Génes favorables au maintien de P. aeruginosa PA235A en coexistence avec
S. aureus SA235. Pour chaque gene, les Fold Change (FC) comparant le nombre d’insertion en co-
culture par rapport a la monoculture ont été déterminés par les méthodes de Resampling (Res.) et Zinb
et sontindiqués en valeurs linéaires. * Pag<0,05, ** Pagi<0,01, *** Pagj<0,001, **** Pagj<0,0001. Les genes
appartenant a un méme opéron sont annotés d’'une méme lettre. Les fonctions associées ont été
déterminées a l'aide de la base de données KEGG (Kyoto Encyclopedia of Genes and Genomes)
Pathway et la littérature. ND = non déterminé ; NS = non significatif.

Vingt-quatre génes ont été identifiéss comme défavorables pour la survie de
P. aeruginosa en présence de S. aureus, avec un nombre d’insertions 1,08 a 9,78 fois plus
élevé en co-culture par rapport a la monoculture (Tableau IlI-5B). Les fonctions de ces génes
sont cette fois-ci plus diverses et impliquent le sensing (cbrA), le transport (oprM), la synthése
et réparation de 'ADN (polA, rep), ainsi que la production d’exopolysaccharides Psl pour la
formation de biofilm (psll, psiF) et la synthése de biotine (bioA, bioC, bioF) et de pyochéline
(pchl). Le métabolisme carboné, et particulierement I'alimentation du cycle du citrate a partir
du glucose et du pyruvate (aceE, ptsP, glpD, zwf, edaA, edd), apparait également défavorable

dans ces conditions (Fig. I11-9).

Produit Fonction
PA4717 | PA4717 Protéine hypothétique ND NS : ’98
- . 1,09
PA0857 bolA Protéine morphogéne ND NS -
Alkyl hydropéroxide 1,10
PA0140 ahpF réductase ND NS ks
") Synthése des ARNt- 110
2| PA3133 sawR Régulateur transcriptionnel aminoacyl et de la NS %
ﬁ pyomélanine (228)
=
o
% 1,12
‘o> | PA0952 | PA0952 Protéine hypothétique ND NS o
©
o 1,28
g ND ND tmRNA ND NS x
(O)
. Composant probable de Production de pyochéline 1,67
m | PA4222 pchi transporteur ABC (229) NS *
Glycerol-3-phosphate Métabolisme des 2,27 1,72
PA3584 glpD déshydrogénase aérobique glycerophospholipides *x *
PA1767 | PA1767 Protéine hypothétique ND 2’35 1 ’*67
Héli ADN ATP- T 2,46 1,59
PA5296 rep © Igzzzndante Réplication (230) in -
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. Réponse a la disponibilité 2,11 o
PA4717 cbrA Senseur a deux composants en nutriments (231) e 2,09
Systéme
phosphotransférase Systéme 2,58 1,91
PA0337 ptsP phosphoenolpyruvate- phosphotransferase Fhkk Fkxk
dependant
Formation de biofilm 2,58
a ]
PA2239 psll Glycosyltransferase (synthése des Psl) * NS
PA0501 bioF 8—am|no;;-not>;<;rslgnanoate Métabolisme de la biotine NS 2,65 **
Voie des pentose
Phosphogluconate - i 3,61 2,11
PA3194 edd phosphates, métabolisme i .
dehydratase carboné
o
.‘g PA0371 | PA0371 Protéine hypothétique ND %’,E? 2’*99
n
N . . Glycolyse, gluconéogénése,
% PA5015 aceE Pyruvigen::lsaosshgrirgaenase cycle des citrates, 3*’33 2*;‘19
© métabolisme carboné
o
>
© a D-inositol-3-phosphate Formation de biofilm 2,85
:'_OG-J PA2236 psiF glycosyltransférase (synthése des Psl) * NS
8 Adenosylmethionine-8- 406 208
c | PA0420 bioA amino-7-oxononanoate Métabolisme de la biotine s N
8 aminotransférase
. . Malonyl-[acyl-carrier protein] ) . i 3,97
m | PA0503 bioC O-methyltransférase Métabolisme de la biotine N NS
Voie des pentose
2-dehydro-3-deoxy- phosphates, métabolisme 4,69
b
PA3181 edaA phosphogluconate aldolase carboné, du glyoxylate et * NS
dicarboxylate
Protéine de la membrane Résistance aux B-lactames, 7,46 3,59
PA0427 oprM externe Qs o o
Réparation de I'excision de 6.96 461
PA5493 poIA DNA polymérase | bases, réplication de I'’ADN, ekt ek
recombinaison homologue
Voie des pentose
PA3183 zZwfP® Glucgss _g}gh(;?g;zte 1- phosphates, métabolisme 9*’*1? ?;E?
yarog carboné et du glutathione

Tableau IlI-5B : Génes défavorables au maintien de P. aeruginosa PA235A en coexistence avec
S. aureus SA235. Pour chaque gene, les Fold Change (FC) comparant le nombre d’insertion en co-
culture par rapport a la monoculture ont été déterminés par les méthodes de Resampling (Res.) et Zinb
et sontindiqués en valeurs linéaires. * Pag<0,05, ** Pagi<0,01, *** Pag<0,001, **** Pagj<0,0001. Les génes
appartenant a un méme opéron sont annotés d’'une méme lettre. Les fonctions associées ont été
déterminées a 'aide de la base de données KEGG Pathway et la littérature. ND = non déterminé ; NS
= non significatif.
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Glycolyse/pentose phosphate
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Figure IlI-9 : Voies métaboliques favorables (vert) ou défavorables (rouge) au maintien de
P. aeruginosa PA235A en coexistence avec S. aureus SA235. Les voies métaboliques ont été
construites a partir de la base de données KEGG Pathway et la littérature. La liste compléte des génes
essentiels et délétéres est fournie en Tableau 4. AHMP : 4-amino-5-hydroxymethyl-2-methylpyrimidine ;
CMTE : 2-(2-carboxy-4-methyl-thizol-5-yl) éthyl phosphate ; P = phosphate.

Enfin, nous avons voulu déterminer si ces génes favorables et défavorables identifiés
en comparant le co-culture a la monoculture étaient également important dans la survie de
P. aeruginosa. Pour cela nous avons comparé la monoculture a la banque pure initiale en
utilisant de nouveau les méthodes de Resampling et Zinb. Un total de 350 génes a ainsi été
mis en évidence, dont 263 ont été identifiés conjointement par les deux méthodes d’analyse

(Fig. llI-8B). De facon intéressante, parmi ces 350 génes figurent 27 des 37 génes identifiés
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comme favorables et défavorables en co-culture par rapport a la monoculture (Fig. llI-8). Cela
signifie que les étapes de monoculture et de co-culture réalisées ont toutes deux induit une
sélection des mutants par rapport a la banque pure. Afin d’étudier de maniére plus approfondie
ce phénoméne, une derniére analyse via la méthode Zinb a été employée pour comparer les
nombres d’insertions détectés dans la banque pure, la monoculture et la co-culture.
Contrairement a la méthode de Resampling qui ne permet de comparer qu’une condition a
une autre, Zinb permet d’analyser les trois conditions conjointement : pour chaque géne, elle
compare le nombre d’insertions dans chaque condition au nombre d’insertion moyen
déterminé dans les trois conditions (Fig. llI-10). Deux éléments sont mis en évidence par cette

analyse :

(1) En comparaison a la banque pure, la quasi-totalit¢ des génes identifiés
précédemment présente un nombre d’insertion plus élevé dans la banque pure que
dans les conditions monoculture et co-culture.

(2) Ces genes présentent une différence significative du nombre d’insertions détectées
en monoculture et en co-culture, confirmant leur réle dans la survie de

P. aeruginosa en présence de S. aureus.

Il apparait donc que les mutants de ces génes sont contre-sélectionnés par les
conditions de croissance géneérées durant notre expérience, mais que cette contre-sélection
est soit potentialisée (génes favorables), soit atténuée (génes défavorables) par la présence

de S. aureus dans la culture (Fig. 111-10).
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Geénes favorables en
co-culture avec S. aureus

thiG 4 2.70
thiD 4 2.77
tusAq 268
mutT 4 244
PA3480 4 2.66
sth 4 263
thrc 4 1.64
hom 4 219
hisC2 4 2.44 -2.97 -4.38
purF 4 244 -3.09 -4.13
serA 4 215 -1.94 -3.04
aspC 4 1.59 1.07 -2.94
PA4015 4 -1.08 1.08 -1.01
S ¢ y"'
&
&* °

-10

Geénes défavorables en

co-culture avec S. aureus

rep 4 2.50
PA1767 4 2.40 -2.69
bioA 4 2.41 2.52
edd 4 2.40 2.44
PA0371 { 2.39 2.42
polA 4 244 -2.17
ptsP 4 2.29 -2.15
bioF { 2.36 2.14
glpD 4 2.26 -2.13
bioC 4 2.12 .71
psit 4 184 | 266 127
psiF{ 190 | 325  -1.26
edaA 4 1.67 -2.06 -1.19
aceE{ 169 = 260  -1.08
opr { 181 | 385 | -1.07
pchi 4 150 | 479  -1.07
sawR 4 105 108  1.02
PA4717 4 -1.02  -1.03  1.05
bolA 4 103  -1.03  1.06
PA0952 { -1.01  -1.05  1.06
awfq{ 150 [ISSEEN 122
chrA 4 183 126 166

&
& O o
&* ° ©

-10

Figure IlI-10 : Comparaison des nombres d’insertions obtenus pour la banque de PA235A pure,
cultivée en monoculture ou en co-culture, pour les génes favorables et défavorables identifiés
en Tableau IlI-5. Les Fold-Change (FC) comparent le nombre d’insertions pour chaque condition au
nombre d’insertion moyen des trois conditions. Les FC ont été déterminés en utilisant la méthode Sinb
et sont indiqués en valeurs linéaires. Toutes les valeurs présentées sont significatives (Paqj<0,05). Pour
une condition et un géne donné, un FC faible (case colorée) indique un nombre d’insertions détectées
faible, c’est-a-dire une identification peu fréquente du mutant de ce géne et donc sa contre-sélection
dans la condition d’intérét.
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3.6. Discussion et perspectives

3.6.1. Production de la banque

La technique de Tn-seq a permis d’étudier I'importance des génes de P. aeruginosa
dans un contexte de coexistence avec S. aureus, chez des souches responsables de co-
infections pulmonaires. La premiére étape de cette méthode consistait en la production d’'une
banque de mutants par conjugaison/transposition. Cette banque doit étre la dense possible
afin de muter et ainsi évaluer 'importance d’'un maximum de génes. La technique de Tn-seq
n’a été que rarement employée chez des souches cliniques de P. aeruginosa (226), les études
se concentrant principalement sur des souches de référence. Plusieurs banques ont ainsi été
construites chez PA14 (150 000 a 300 000 mutants) (210, 232-234) ou PAO1 (100 000
mutants) (232, 235, 236). Lee et ses collegues étaient parvenus a produire une banque de
1 000 000 de mutants chez PAO1 en sélectionnant les clones de conjugaison sur différents
milieux (225). En effet, I'étalement des clones obtenus lors du protocole de mutagénése
constitue une premiere étape de sélection, puisque la croissance de certains mutants peut
étre limitée par la composition du milieu utilisé. Bien que nous n’ayons employé qu’un seul
milieu, la banque de 680 000 mutants produite dans cette étude a permis de saturer plus de
80% des sites TA de la bactérie et impacter 97% des génes de P. aeruginosa. Ces résultats

sont tres satisfaisants pour une utilisation optimale de la technique de Tn-seq.

Trente-sept génes ont ainsi pu étre identifiés comme favorables ou défavorables a la
coexistence de P. aeruginosa avec S. aureus. Cette liste de génes demeure assez restreinte
en comparaison a d’autres études centrées sur la survie de P. aeruginosa sous pression
antibiotique ou lors de la colonisation in vivo, qui ont identifié entre 100 et 700 génes favorables
au cours d’'une méme expérience (210, 233, 235, 236). Ces divergences de résultats sont
potentiellement liées a des forces de pression de sélection différentes : en effet, il est probable
qgue la présence d’antibiotique ou le contact avec I'’héte induisent une pression sélective plus
importante sur P. aeruginosa que la co-culture in vitro avec S. aureus. La pression de sélection
générée par la déplétion en source de carbone in vitro a permis d’identifier 24 génes favorables
chez P. aeruginosa, et se rapproche donc davantage de notre expérience (234). Le nombre
de génes, et bien sdr les génes en eux-mémes identifiés, dépendent donc trés fortement des
conditions de culture de la banque. Les génes favorables a P. aeruginosa en co-culture avec
S. aureus peuvent ainsi apparaitre aussi favorables sous pression antibiotique, mais
défavorables dans des conditions d’infection in vivo, comme c’est le cas pour thrC. Le géne
sth apparait quant a lui favorable en coexistence avec P. aeruginosa, en présence de

tobramycine mais aussi en conditions d’infection in vivo (Fig. llI-11).

194



Travaux de recherche Axe 3 — Maintien de P. aeruginosa en coexistence

Infection chronique
Pression antibiotique
Déplétion en carbone
Déplétion en oxygéne
Croissance en SCFM

Infection aigue

PA0381 1 Figure IlI-11: Comparaison
PA4400 - des génes favorables (vert) et
défavorables (rouge) identifiés

PA3736 d I stud de Tn-
ans les études de Tn-seq
PA1006 m chez P. aeruginosa. La couleur
PA3975 i de la case indique sile gene a été
PA3735 identifi€¢ comme favorable (vert)
ou défavorable (rouge) dans les
PA3430 conditions données : infection in
PA3139 vivo chronique (plaies) ou aigue
(bralures) (236), culture en
PA0316 - présence d’antibiotiques (233,
PA2991 235), déplétion en source de
PA4725 carbone et doxygeéne (234),
culture en milieu SCFM (232).

Geénes favorables en
co-culture avec S. aureus

PA3584 Les génes listés sont ceux
PA1767 identifiés dans notre étude par la
PA5296 méthode de Resampling.
PA0337 Les lettres indiquent les
PA2239 antibiotiques :
PA2236 (a) Tobramycine

(b) Gentamycine
PA5015 (c) Céfopérazone
PA3194 Tobramycine,

gentamycine, H202

PA0371
PA0503

PA0420
PA3181 Géne favorable

PA5493 Geéne défavorable

PA0427 . Non déterminé
PA3183

Geénes défavorables en
co-culture avec S. aureus

Les caractéristiques intrinséques de la souche utilisée peuvent également affecter les
génes identifiés (226, 232). Afin de limiter ce probléme, notre projet reposait initialement sur
la production et [l'utilisation de banques de mutants de deux souches cliniques de
P. aeruginosa. Si seule la banque chez PA235A a pu étre construite au cours de ce doctorat,
la souche PA2600 demeure une bonne candidate pour confirmer les résultats obtenus chez

une souche clinique supplémentaire (Fig. lli-4).
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3.6.2. Genes favorables

Les 13 génes identifiés comme favorables au maintien de la souche P. aeruginosa
PA235A en coexistence avec S. aureus sont impliqués dans le métabolisme bactérien. Le
métabolisme des acides aminés apparait important dans ce contexte, et particulierement la
synthése de la thréonine, de l'histidine, de la sérine et de la tyrosine (Fig. IlI-9). Ces quatre
acides aminés sont présents dans le milieu riche employé lors de cette expérience. Par
ailleurs, il a été montré que S. aureus utilisait ces molécules en tant que source de carbone
en absence de glucose (237), une condition rapidement induite par notre protocole de culture
(56) (Fig. llI-12). Il apparait donc probable que S. aureus catabolise ces acides aminés durant
notre expérience, les rendant indisponibles pour P. aeruginosa en co-culture. Nous supposons
ainsi que I'altération des voies de biosynthése de ces acides aminés induit chez P. aeruginosa
une auxotrophie, qui apparait délétere uniquement en co-culture du fait de I'épuisement de

ces composeés dans le milieu par S. aureus.

S. aureus

Figure 1lI-12: Cinétique de
dosage du glucose en
@ Co-culture monoculture de S. aureus (jaune),
P. aeruginosa (vert) ou en co-

Repiquage culture (rose). Adapté de Camus et
peuilisilinssed al. (56). Les souches SA2599 et
PA2600 ont été cultivées en BHI.
Lors du protocole de Tn-seq, les
souches ont été repiquées dans du
milieu frais toutes les 6h, comme
indiqué par la fleche.

#* P. aeruginosa

Concentration en glucose (mM)

SN WHE OO N®O
&

Un mécanisme analogue pourrait expliquer I'importance des génes thiG, thiD et mutT.
En effet, la thiamine, et plus particulierement sa forme active pyrophosphate (TPP), est
nécessaire au fonctionnement d’enzymes clés du métabolisme carboné comme les pyruvate
déshydrogénases (238). Une souche de P. aeruginosa ne produisant pas de TPP est ainsi
incapable de croitre en absence d’apport exogéne de la molécule (238). Ainsi, nous supposons
que l'altération des génes thiG, thiD et mutT affecte la production de thiamine et de TPP chez
P. aeruginosa et diminue sa croissance en I'absence de ces composés. Cet effet n’est observé
gu’en co-culture, suggérant que S. aureus affecterait également la composition en thiamine
du milieu. Le catabolisme de la thiamine n’est pas décrit chez S. aureus, mais cette molécule

est aussi essentielle a son métabolisme. De plus, les souches de S. aureus peuvent étre

196



Travaux de recherche Axe 3 — Maintien de P. aeruginosa en coexistence

auxotrophes a la thiamine (239, 240). Il est donc possible que S. aureus acquiert et épuise la
thiamine du milieu de culture en co-culture, affectant alors le développement des mutants de

P. aeruginosa incapables de synthétiser la molécule.

Des dosages de thréonine, histidine, sérine, tyrosine et thiamine en mono- et co-culture
permettraient de mieux appréhender leur role exact dans linteraction de P. aeruginosa avec
S. aureus in vitro. Dans le contexte pulmonaire de la mucoviscidose, de hautes concentrations
en acides aminés sont généralement dosées dans les expectorations de patients (1, 190, 241)
(Fig. llI-13). De ce fait, les isolats de P. aeruginosa s’adaptant au milieu pulmonaire
développent fréquemment des auxotrophies, et ce particulierement aux acides aminés
méthionine, leucine et arginine. En revanche, les auxotrophies a la thréonine, I'histidine, la
sérine et la tyrosine ne sont que trés rarement observées malgré des quantités élevées dans
les expectorations de patients (Fig. lll-13) (1, 190, 242, 243, 241). L’auxotrophie a la thiamine
est également peu documentée chez les souches cliniques de P. aeruginosa (243). La
biosynthése de ces composés apparait donc conservée lors de I'adaptation de P. aeruginosa
au milieu pulmonaire. D’'une part, et comme le suggérent nos résultats, la contre-sélection des
isolats de P. aeruginosa incapables de synthétiser ces composés pourrait étre induite par la
présence de S. aureus dans les poumons. D’autre part, ceci suggére une importance de la
production de la thréonine, de l'histidine, de la sérine, de la tyrosine et de la thiamine dans
I'établissement et le maintien de P. aeruginosa dans le milieu pulmonaire. Un réle de la
synthése de thiamine dans la virulence de P. aeruginosa in vivo a récemment été observé et

soutient cette hypothése (238).

Le géne tusA, identifié comme favorable dans nos conditions, aurait également un
impact sur la virulence de P. aeruginosa. En effet, tusA code pour un transporteur du soufre
dont l'activité régule positivement I'expression de nombreux facteurs QS-dépendants, la
formation de biofilm ainsi que la virulence de la bactérie dans un contexte d’infection
pulmonaire chez le rat (244). Ce transporteur est également important pour les activités de
dénitrification de P. aeruginosa en condition d’anaérobiose et en présence de nitrate (244,
245). Ce processus ne semble cependant pas essentiel a P. aeruginosa lors de son interaction
avec S. aureus, puisque nous avons précédemment observé une sous-expression de
nombreux génes de la dénitrification (nor, nir et nos) en co-culture (56). L'importance de fusA
en co-culture semblerait ainsi davantage liée a son role dans la régulation de la virulence de
P. aeruginosa. Ces résultats suggérent que le maintien de P. aeruginosa en présence de
S. aureus impliquerait certains facteurs de virulence, dépendants notamment de I'acquisition

du soufre et de la synthése de thiamine.
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15+

Concentration en acide aminé (mM)

IMet Leu Arg"Thr Ser Tyr HisIPro Gly Ala Cys Val Asp lle Phe OrnLys Trp Glu

Auxotrophies Auxotrophies déléteres en
fréquentes présence de S. aureus

Figure 1lI-13 : Concentrations médianes en acides aminés dosées dans les
expectorations de 12 patients atteints de mucoviscidose. Adapté de Palmer et al. (1).

3.6.3. Genes défavorables

Comme suggéré par les facteurs favorables identifiés, la coexistence avec S. aureus
affecte fortement le métabolisme de P. aeruginosa. L’utilisation des sources de carbone est
particulierement touchée et implique CbrA, le senseur du systéme a deux composantes CbrAB
qui régule la répression catabolique (246). Le géne cbrA est ainsi identifié comme défavorable
pour P. aeruginosa dans nos conditions, suggérant que I'ajustement de [l'utilisation des
sources de carbone est un facteur important pour sa survie en présence de S. aureus. En
accord avec cela, cinq génes impliqués dans le métabolisme du glucose et du pyruvate (edd,
zwf, edaA, aceE et ptsP) sont également identifiés comme défavorables en co-culture avec
S. aureus. Le glucose étant précocement épuisé de la co-culture (Fig. IlI-12) (56), il est
probable que ces voies métaboliques ne soient en effet plus utiles a la bactérie dans ces
conditions. Cette hypothése est soutenue par la sous-expression de génes impliqués dans le
métabolisme du glucose (dont edd, zwf et edaA) précédemment observée en présence de
S. aureus (56). Nous supposons que les mutants de ces génes sont sélectionnés du fait du
colt énergétique économisé par P. aeruginosa en ne maintenant pas ces voies métaboliques

devenues inutiles.

Au-dela de ce colt énergétique réduit, I'altération de ces génes affecte probablement
d’autres aspects de la physiologie de P. aeruginosa. Les génes zwf, psll et psiF, défavorables

dans nos conditions, sont en effet impliqués dans la production des exopolysaccharides
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alginate et Psl, respectivement (247). Le géne ptsP régule quant a lui positivement la formation
de biofilm chez P. aeruginosa (248). La production d’exopolysaccharides et de biofilm semble
donc avoir un impact négatif sur la survie de P. aeruginosa en coexistence avec S. aureus
dans nos conditions. De maniére intéressante, la production d’alginate affecte positivement la
survie S. aureus en co-culture avec P. aeruginosa (58, 167). Le rble de l'alginate dans leur
interaction apparait donc complexe, suggérant que la survie optimale des deux pathogénes
repose sur une production ajustée et équilibrée de la molécule. Il serait intéressant de
confirmer le réle des génes zwf, psll, psiF et ptsP sur l'interaction P. aeruginosa-S. aureus
dans des conditions expérimentales favorisant davantage la formation de biofiim et la
production d’exopolysaccharides, contrairement a notre dispositif de culture liquide sous

agitation.

Plusieurs génes identifiés comme défavorabes a la survie de P. aeruginosa en
présence de S. aureus ont des fonctions dans la virulence de la bactérie. Les génes bioA, bioC
et bioF responsables de la synthése de biotine, ainsi que le senseur cbrA, sont importants
pour la colonisation in vivo (249, 250). De plus, le géne pchl intervient dans la production de
pyochéline, un sidérophore impliqué dans la virulence de P. aeruginosa (156). La survie des
mutants bioA, bioC, bioF, cbrA et pchl étant améliorée en présence de S. aureus, il est
possible qu’un phénotype de virulence réduite soit ainsi favorisé chez P. aeruginosa en co-
culture. Enfin, il est intéressant de noter que aceE et cbrA sont des génes frequemment mutés
lors de I'adaptation de P. aeruginosa au milieu pulmonaire. De la méme maniére, les voies de
d’entretien et de réparation de '’ADN ainsi que la biosynthése des exopolysaccharides Psl, ici
représentées par les génes polA et psllIF respectivement, sont altérées lors de cette adaptation
(192, 197). Il apparait donc que les mutants de ces génes sont sélectionnés a la fois par le
milieu pulmonaire et par la coexistence avec S. aureus dans notre expérience. Ceci suggeére
que la présence de S. aureus dans les poumons pourrait favoriser la sélection des mutants de
ces genes, soutenant I'hypothése d’'un réle de S. aureus dans la pathoadaptation de

P. aeruginosa.

En plus d’'une virulence diminuée, les mutants cbrA présentent une résistance accrue
a une variété d’antibiotiques (249). Cependant, le géne codant la porine OprM, essentielle a
lefflux antibiotique via les systémes MexAB-OprM et MexXY-OprM (251), est également
identifi¢ comme défavorable dans nos conditions. Le rble de la résistance antibiotique de
P. aeruginosa pour son maintien en présence de S. aureus demeure donc difficile a évaluer
selon ces résultats contradictoires, d’autant plus que les génes mexAB et mexXY n’ont pas
été mis en évidence par nos analyses et que les étapes de cultures ont été effectuées en

I'absence d’antibiotiques (Fig. 1lI-14).
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3.6.4. Perspectives et conclusions

Les résultats obtenus dans cet axe de recherche ouvrent de nombreuses questions et
perspectives, notamment sur le role de S. aureus dans les processus adaptatifs de
P. aeruginosa. Afin de mieux comprendre ce phénomeéne, il apparait crucial de caractériser
les phénotypes induits par les génes favorabes ou défavorables identifiés. Pour ces facteurs,
des mutants devront donc étre construits et étudiés phénotypiquement ; les phénotypes
observés pourraient alors étre comparés avec les phénotypes fréquemment développés lors
de I'adaptation de P. aeruginosa au milieu pulmonaire. Ces mutants devront également étre
co-cultivés avec S. aureus pour confirmer ou infirmer leur réle dans le maintien de
P. aeruginosa en co-culture. Plusieurs fonds génétiques de P. aeruginosa pourraient étre
employés afin de limiter les effets isolat-dépendants liés a la diversification des isolats cliniques
(252, 253).

L'utilisation de la technique de Tn-seq chez la souche clinique PA235A a cependant
permis une premiére identification des facteurs de P. aeruginosa impliqués dans son maintien
en coexistence avec S. aureus. La synthése des acides aminés et de la thiamine apparaissent
favorables, alors que l'utilisation du glucose et du pyruvate semblent non-essentiels et/ou
défavorables a la survie de P. aeruginosa. En association avec I'approche transcriptomique
présentée précédemment, ces résultats confirment que la coexistence avec le staphylocoque
implique largement le métabolisme des acides aminés et du glucose chez P. aeruginosa. Ces
modifications métaboliques sont primordiales pour la survie bactérienne dans les conditions
nutritives induites par le milieu pulmonaire des patients atteints de mucoviscidose (190, 242).
D’autres facteurs impliqués dans le maintien de P. aeruginosa en coexistence avec S. aureus
pourraient également affecter sa colonisation et sa virulence in vivo (génes thiDG, tusA, cbrA,
bioACF) et donc sa persistance dans les poumons des patients atteints de mucoviscidose
(Fig. llI-14).
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Paul Briaud a également effectué sa thése au sein du laboratoire et a travaillé sur
l'interaction de coexistence entre P. aeruginosa et S. aureus (207). Nous avons mené nos
projets de doctorat en étroite collaboration ; jai ainsi eu l'opportunité de participer a

I'élaboration de deux publications scientifiques dont Paul est premier auteur.

4.1. Impact de la coexistence sur le transcriptome et la résistance
antibiotique de S. aureus

L’approche transcriptomique décrite dans le premier axe du projet a également été
développée pour étudier l'impact de P. aeruginosa sur S. aureus durant l'interaction de
coexistence. En utilisant des paires de souches isolées de patients atteints de mucoviscidose
co-infectés et présentant cet état de coexistence, nous avons observé que le transcriptome de
S. aureus est largement affecté par la présence de P. aeruginosa. Des expériences de
séquencage des ARN sur 2 couples, et de confirmation par RT-qPCR sur 12 couples de
souches, ont ainsi mis en évidence la surexpression de nombreux génes codant des
transporteurs chez le staphylocoque en co-culture. Parmi ces transporteurs figurent Tet38,
NorA et NorC, qui sont impliqués dans la résistance antibiotique de S. aureus. La
surexpression des génes codant ces pompes a efflux n’est induite que par un contact
rapproché entre S. aureus et P. aeruginosa, et fait intervenir le régulateur majeur MgrA. La co-
culture avec P. aeruginosa affecte ainsi la physiologie du staphylocoque : (i) sa survie est
augmentée en présence d’antibiotiques tels que la tétracycline et la ciprofloxacine grace a la
surexpression de Tet38, et (ii) la bactérie présente une capacité d’internalisation augmentée

dans les cellules épithéliales pulmonaires A549.

Les résultats de cette étude montrent que la coexistence avec P. aeruginosa affecte
spécifiquement la physiologie de S. aureus. Le staphylocoque bénéficie de cette interaction
via l'augmentation de phénotypes de persistance tels que [Iantibio-résistance et
l'internalisation dans les cellules de I'héte. Ces résultats confirment que la coexistence entre
P. aeruginosa et S. aureus n’est pas neutraliste et affecte positivement leur physiologie (56).
Cette interaction pourrait favoriser la persistance des deux pathogénes au sein des poumons,

et donc affecter I'état de santé des patients atteints de mucoviscidose.
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Coexistence with Pseudomonas
aeruginosa alters Staphylococcus
aureus transcriptome, antibiotic
resistance and internalization into
epithelial cells
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Cystic fibrosis (CF) is the most common life-threatening genetic disease among Caucasians. CF
patients suffer from chronic lung infections due to the presence of thick mucus, caused by cftr gene
dysfunction. The two most commonly found bacteria in the mucus of CF patients are Staphylococcus
aureus and Pseudomonas aeruginosa. It is well known that early-infecting P. aeruginosa strains produce
anti-staphylococcal compounds and inhibit S. aureus growth. More recently, it has been shown that
late-infecting P. aeruginosa strains develop commensal-like/coexistence interaction with S. aureus.
The aim of this study was to decipher the impact of P. aeruginosa strains on S. aureus. RNA sequencing
analysis showed 77 genes were specifically dysregulated in the context of competition and 140 genes
in the context of coexistence in the presence of P. aeruginosa. In coexistence, genes encoding virulence
factors and proteins involved in carbohydrates, lipids, nucleotides and amino acids metabolism were
downregulated. On the contrary, several transporter family encoding genes were upregulated. In
particular, several antibiotic pumps belonging to the Nor family were upregulated: tet38, norA and
norC, leading to an increase in antibiotic resistance of S. aureus when exposed to tetracycline and
ciprofloxacin and an enhanced internalization rate within epithelial pulmonary cells. This study shows
that coexistence with P. aeruginosa affects the S. aureus transcriptome and virulence.

Most microorganisms are frequently embedded within communities of mixed species where different microbial
interactions can occur between individual species. In the case of infection, these interactions between species can
influence pathogenic behavior such as virulence, biofilm formation and antibiotic tolerance'*.

One of the most well-known examples of pathologies in which many bacterial interactions are described
are lung diseases occurring during Cystic Fibrosis (CF). The airways of CF patients are colonized by multiple
microorganisms whose prevalence varies with the age of the patients. Among them, Staphylococcus aureus and
Pseudomonas aeruginosa are the most prevalent pathogens and are acquired in subsequent order. The typical
pattern of chronic infection establishment begins with the early acquisition of S. aureus, (60% prevalence among
children aged <2 years and the highest prevalence in children of 11-17 years (80%)), while prevalence slowly
declines in adults (50%)°. In contrast, infections by P. aeruginosa occur later with the highest prevalence in adults
(70% among 35-44 year-old patients). Although these bacteria seem to succeed one another, they are not mutu-
ally exclusive since patients are frequently diagnosed as being co-infected by S. aureus and P. aeruginosa (from
35% to 50%)°”.

While P. aeruginosa is recognized as the leading cause of lung function decline, the significance of S. aureus in
the course of CF disease is still being debated. It has been shown that one of the risk factors for initial P. aeruginosa
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airway infection includes S. aureus pre-colonization® '°. However, the impact of coinfection by the two pathogens
on the evolution of the disease remains unclear''".

S. aureus and P. aeruginosa have been identified in the same lobe of CF lungs'*'>, suggesting that both patho-
gens are present in the same niche and can in fact interact in vivo. Interactions have been widely studied and it is
commonly admitted that P. aeruginosa outcompetes S. aureus. Different mechanisms have been described'®: for
example, P. aeruginosa secreted products can inhibit the growth or lyse S. aureus as well as induce epithelial cells
to kill S. aureus and other Gram-positive bacteria®!”'%,

However, these interactions can evolve during chronic colonization. Indeed, P. aeruginosa strains isolated
from early infection outcompete S. aureus, as previously described, while strains isolated from chronic infec-
tion are less aggressive and can be co-cultivated with S. aureus'”?". Furthermore, P. aeruginosa isolates from
mono-infected patients are more competitive towards S. aureus than isolates from coinfected patients?..

In contrast to antagonistic interactions, nothing is known about the effects of P. aeruginosa and S. aureus inter-
actions in this context of coexisting bacteria within the same infectious niche. Using a transcriptomic approach,
we analyzed how co-cultivation with non-competitive P. aeruginosa altered S. aureus gene expression, espe-
cially genes encoding Nor family efflux pumps. In the presence of P. aeruginosa, over-expression of these genes
increased S. aureus antibiotic tolerance and the rate of internalization into epithelial cells, two key determinants
of chronic infection.

14,15

Results

Coexistence interaction involves more than half of the S. aureus and P. aeruginosa isolates
from co-infected CF patients. Two types of interactions between S. aureus and P. aeruginosa could be
observed with CF patient isolates: the well-described competitive phenotype, where P. aeruginosa inhibits S.
aureus growth'®, and the newly described phenotype of coexistence, where P. aeruginosa is unable to outcom-
pete S. aureus'®=!. In order to quantify the importance of this last phenotype, we collected 50 pairs of S. aureus
and P. aeruginosa from 36 co-infected CF patients. The interaction between the two pathogens was analyzed by
a competitive test on trypticase soy agar (TSA) plates (Table 1 - Fig. 1A). We observed that 61% of strain pairs
presented a coexistence phenotype whereas 39% were in competitive interaction. To determine whether the pairs
of coexisting strains and competitive strains were phenotypically different, we measured colony size, analyzed the
hemolytic properties of each strain, and searched for pigmentation and mucoid phenotype for all P. aeruginosa
strains. No significant differences were observed between coexisting and competitive strains with respect to pig-
ment production, mucoid phenotype and hemolysis (Fig. S1). We observed a significant difference in the size of S.
aureus colonies in which those of coexisting strains were larger than those of competition strains after 24 h of TSA
plate culture. The significance of such a difference and its impact on interaction with P. aeruginosa remain to be
explored. As others have already described that early infectious strains of P. aeruginosa are more aggressive for S.
aureus than the late infectious strains'*?, we wondered if the type of interaction could be related to the duration
of colonization. To answer this question, we determined the duration of co-colonization of S. aureus and P. aerug-
inosa for each patient. The average duration of colonization for coexisting strains was 744.8 £ 97.64 days and for
competing strains 941.2 £ 137 days. The difference was statistically non-significant (Fig. S1).

Planktonic cultures were conducted on two pairs of strains: one competitive pair (SA2597/PA2596) and one
coexisting pair (SA2599/PA2600). In both cases, we observed that P. aeruginosa growth was not altered by S.
aureus. On the other hand, in the case of the competitive pair, P. aeruginosa had a negative effect on S. aureus
growth after 4 hours of coculture (Fig. 1B).

Agar plate competition assays mixing respectively PA2600 (from coexisting pair) and PA2596 (from competi-
tive pair) with both SA2597 and SA2599 were performed (Fig. 1A). PA2596 outcompeted both SA strains whereas
PA2600 was unable to inhibit any of the S. aureus strains, suggesting that the interaction phenotype is dependent
on the P, aeruginosa strains. These results were confirmed with other combinations of strains (Fig. S2).

P. aeruginosa differentially dysregulates S. aureus transcriptome according to coexistence/
competition. To obtain an overview of the impact of P. aeruginosa on the expression of S. aureus genes, a
comparative transcriptomic study was conducted between SA2597 and SA2599 in monocultures, and the same
strains in coculture with a competition PA strain (PA2596) and a coexisting PA strain (PA2600). Thus, for each
interaction state, we tested two pairs of strains, namely SA2597/PA2596 and SA2599/PA2596 for the competition
and the SA2597/PA2600 and SA2599/PA2600 pairs for coexistence. Gene expression was considered dysregulated
when dysregulation was common to both pairs of strains. Therefore, seventy-seven S. aureus genes were specifi-
cally dysregulated in the context of competition and 140 genes in the context of coexistence while only 16 genes
were dysregulated both in competition and in co-existence (Table S4).

KEGG analyses were performed on dysregulated genes to associate each gene with a functional class (Fig. 2).
In competition state, the main dysregulated class of genes belongs to genetic information and processing, with
an increase of tRNA and ribosomal RNA (Fig. 2A). We also observed the dysregulation of genes involved in
major metabolism pathways of carbohydrates and amino acids. The down-regulation of the Acetyl-coenzyme A
synthetase encoding gene (acsA) was noted. Other genes involved in energetic metabolism were up-regulated in
the presence of P. aeruginosa, especially dehydrogenase enzymes such as the lactate dehydrogenase (IdhA), the
alanine dehydrogenase (ald1), the glutamate dehydrogenase (gluD), the 1-pyrroline-5-carboxylate dehydrogenase
(rocA), the 2-oxoglutarate dehydrogenase (0dhA) and the aldehyde-alcohol dehydrogenase (adhE). The upregu-
lation of the Idh gene is consistent with the up regulation of the L-lactate permease (IctP) encoding gene. All these
factors, as well as acetyl-coA, are involved in energetic metabolism and redox reactions conducted to feed the
Krebs cycle and ensure the production of ATP.

In the context of coexistence, although P. aeruginosa does not appear to impact major metabolic pathways
of S. aureus as it does not alter growth, the expression of 140 S. aureus genes was affected by the presence of P
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S. aureus P. aeruginosa
strain hemolyse | Colony strain hemolyse | Colony co-colonisation | type of
Patients | number | type size (mm) | pigmentation | MLST | number | type size (mm) | pigmentation | mucoidy | length (days) | interaction
1 SA2597 |~ 1 none PA2596 |3 4 Yellow yes 1544 competition
2 SA2599 |3 3 none CC188 | PA2600 |~ 5 Yellow yes 1902 coexistence
3 SA27 B 2 none CC398 | PA27 ~ 3 none no 295 coexistence
4 SA30 B 2 none CC188 | PA30 ~ 1,2 none no 133 coexistence
5 SA31 B8 3 none CC15 | PA31 ~ 1,1 none yes 921 coexistence
6 SA42 ~ 2 none CC30 | PA42 ~ 20 Yellow yes ? coexistence
7 SA69 B 3 none CC25 | PA69 B 2,1 none yes 92 coexistence
none PASOA [ 2,2 Green yes 623 coexistence
8 SA80 €] 2 CC15
none PA80OB o 6 none yes 623 coexistence
9 SA82 §) 4 none CC45 | PA82 N 4 none yes ? coexistence
10 SA146 ~ 2 none CC88 | PA146 ~ 4,5 Green yes 928 coexistence
none PAI47A |~ 2 Green no competition
11 SA147 B 2 ?
none PA147B ol 1,4 none no competition
none PA148A | 7 none yes competition
12 SA148 o' 1a2 839
none PA148B | 14 Green yes coexistence
13 SA150 §] 2 none PA150 ~ 1 none no 380 coexistence
none PAISIA |« 4,5 Brown yes coexistence
14 SA151 ] 2 - 538
none PAI51B | 4 Yellow yes coexistence
15 SA152 B 3 none CC8 PA152 ~ 13 none yes 991 coexistence
PA153A | 3 none no coexistence
16 SA153 S 3 none CC398 - 967
PAI53B |3 2,5 Green yes coexistence
none PA154A |~ 35 none yes coexistence
17 SA154 N 2 595
none PA154B |~ 5 Green yes coexistence
18 SA155 §] 2 none PA155 [ 11 Green yes 1256 competition
19 SA156 B8 2 none CC398 | PA156 [e% 2,1 none yes 49 coexistence
20 SA157 8 2 none PA157 8 5 Green yes ? competition
21 SA158 N 1a2 none PA158 §] 6 Green yes ? competition
none PAI59A |3 5 none es competition
2 SA159 | <15V Y 1353 P
(1.5) none PAI59B | 18 Green yes competition
none PA160A |8 5 Green es competition
23 SA160 |~ <1SCV b 1332 P
LD none PA160B | (3 10 Yellow yes competition
24 SA161 3 2 none PA161 ) 2 none no 1043 coexistence
none PA165A |3 3,9 none yes coexistence
25 SA165 B 3 343
none PA165B | (3 4,1 none yes coexistence
none PAI66A | o 4 Green yes coexistence
26 SA166 N 2 1355
none PA166B | o 4,5 Green yes coexistence
27 SA167 B 3 none PA167 a 13 Green yes 938 competition
SAI68A |3 2 none competition
28 PA168 N 4 none yes 294
SA168B |8 2 none competition
29 SA169 [§} 4 none PA169 ~ 3,5 none no 904 coexistence
30 SA171 B 1a2 none PA171 8 1,1 none yes 601 coexistence
31 SA177 [§} 3 none PA177 N 2 none yes 1380 coexistence
32 SA178 § 3 none PA178 § 2,5 none yes 519 coexistence
33 SA179 § 1a2 none PA179 § 3 none yes 91 competition
34 SA181 [§} 4 none PA181 [§} 6 none yes 1096 competition
none PA182A | 5 Yellow yes competition
35 SA182 N 2 none PAI82B |« 7 none yes 987 competition
none PA182C | 4,2 none yes coexistence
36 SA186 § 2 none PA186 § 3 none yes 623 competition

Table 1. S. aureus and P. aeruginosa clinical strains used in this study. 50 couples of S. aureus and P. aeruginosa
were collected from 36 patient sputum samples. Some patients presented several P. aeruginosa isolates, and one
patient presented two S. aureus isolates. Colony size, pigmentation and mucoid phenotype were determined

on TSA. Hemolysis type was determined on COS. Interaction type was determined by agar plate competition
assay as described in the materials and methods section. The isolates in bold correspond to those used for the
RNAseq and RT-qPCR analyses. MLST type were determined only for these isolates. *Colony size after 48 h
incubation - ? colonization time before sampling could not be determined for these patients.
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Figure 1. Competition assay between S. aureus and P. aeruginosa. (A) Competition test on agar plate. S. aureus
and P, aeruginosa were grown on BHI for 8 hours at 37 °C. A layer of S. aureus was added on a TSA. After
drying, a drop of P. aeruginosa was spotted. The inhibition halo indicates a competition state (SA2597 4+ PA2596
and SA2599 4 PA2596). (B) Competition assay in planktonic culture. S. aureus and P. aeruginosa were mono-
cultivated and co-cultivated for 8 hours. Every two hours, bacteria were plated on mannitol salt agar (MSA) and
cetrimide to count S. aureus and P. aeruginosa, respectively. The results show one representative experiment
from a triplicate. Upper panels, pairs in coexistence. Lower panels, pairs in competition.

aeruginosa (Fig. 2B). Nine known and predicted virulence factor encoding genes were upregulated, including
alpha-hemolysin (hla), staphylokinase (sak), aureolysin (aur), the immunoglobulin-binding protein (sbi) and
staphylococcal complement inhibitor (scn) genes. We also observed the overexpression of saeRS genes, coding a
two component system that has been described as playing a major role in controlling the production of virulence
factors such as those mentioned above?.

Other genes whose expression was affected by the presence of P. aeruginosa in a coexistence situation are
involved in carbohydrates, lipids, nucleotides and amino acids metabolism. Most of them were down-regulated
as several genes (pgi, fbp, fda) involved in glycolysis and the pentose phosphate pathway. Moreover, two operons
(nrdE, nrdl, nrdF and nrdG, nrdD) belonging to ribonucleotide reductase (RNR) systems and converting nucleo-
side phosphate into deoxynucleotide phosphate, were both down-regulated (Table S4). RNRs are involved in the
de novo production of deoxyribonucleotide di- or triphosphates, an essential process for the biosynthesis of DNA
and its repair. They catalyze the limiting step of the synthesis of deoxyribonucleotide phosphates and thus control
cell concentration?.

Finally, several genes belonging to a transporter family were also over-expressed (polyamines, methionine,
iron uptake and antibiotic resistance) in the coexistence state. Notably, all genes from the polyamine operon
were over-expressed (potABCD) including potR, the regulator of polyamine genes. Polyamines control the phys-
iology of S. aureus by acting as regulators of several genes involved in metabolism, transport and virulence**.
In addition, the same pattern was observed for the metQPN operon involved in methionine transport and sir-
A/B and sstA/BC genes for iron uptake, which may also reflect nutrient competition in coculture. Finally, trans-
porter norb_3 predicted as belonging to the nor family was over-expressed. Pumps from this family export a
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Figure 2. Number and functions of differentially expressed staphylococcal genes in the presence of P. aeruginosa
when both species are: (A) in competition (SA2596 and SA2599 were co-cultivated with PA2597) or (B) in
coexistence (SA2596 and SA2599 were co-cultivated with PA2600). RNAs were extracted at 4 hours and a
RNAseq was performed in triplicates. KEGG mapper analysis was conducted on common significantly over-
expressed (black) and under-expressed genes (grey) to address a functional classification. A gene was considered
as differentially expressed when the fold change was strictly higher than 4 with P_adj < 0.05.

wide range of antibiotics such as erythromycin, tetracycline and quinolones. Indeed, norb_3 corresponds to the
well-described tet38 gene involved in tetracycline resistance and internalization in pulmonary epithelial cells®*?’.

To confirm these results, we performed co-cultivations with 12 different co-existence P. aeruginosa-S. aureus
strain pairs from CF patients. The 12 strain pairs came from 12 different patients and presented phenotypic diver-
sity. S. aureus isolates belong to 8 different multilocus sequence typing (MLST) types (Table 1). Ten isolates of
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Figure 3. Confirmation of S. aureus gene expression dysregulation by P. aeruginosa. Twelve clinical SA-PA
strain pairs were co-cultivated for 4 hours. RNAs were extracted and RT-qPCR were performed on 15 genes.
The results are represented as fold change of expression (gene relative expression in coculture/gene relative
expression in monoculture) on a heatmap. Under-expressed genes are indicated in green whereas over-
expressed genes are indicated in red. No RNA detection is shown in grey. Pairs were hierarchically clustered by
the Euclidean method.
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Figure 4. The S. aureus MgrA regulator is important for nor gene over-expression. Cocultures of S. aureus
Newman wild type (WT) and AmgrA mutant with PA30 were performed. RNAs were extracted at 8 hours and
nor gene expression was monitored by RT-qPCR. The results are shown as the mean + standard deviation of
three independent experiments. Dotted lines indicate fold change = 2. Statistical analysis was performed by
unpaired t-test (*P < 0.05).

P. aeruginosa were mucoid and four secreted pigmentation, which was representative of the collection of all the
isolates. Gene expression was assessed by RT-qPCR for the two categories most impacted: virulence factors and
transporters (Fig. 3). Regarding virulence factors, we confirmed the over-expression of the aureolysin encoding
gene in 6 of the 7 strains that expressed the gene. For sbi, 5 out of 12 strains presented over-expression and 5 out
12 presented decreased expression, meaning that there was no clear profile of P. aeruginosa’s impact on this gene
expression. For the other virulence genes tested, we observed reduced expression in the majority of the strains
(10/12 for hla, 5/7 for sak, 7/12 for saeRS and 8/12 for scn) (Fig. 3).

For transporter encoding genes, we confirmed the over-expression of pot genes and the sstA gene in 6/12 and
7/10 strains, respectively. Noticeably, we confirmed the up-regulation of tet38 genes in 11/12 strains with a fold
change ranging from 3 to 200. In addition, deoD gene upregulation was also confirmed in 9/12 strains, consistent
with its operon structure with tet38 gene®.

The over-expression of the tet38 gene is the most predominant transcriptomic alteration in our study and may
be of great importance as it can affect the antibiotic susceptibility of S. aureus, an important element in the context
of CF disease. Therefore, we aimed to better characterize this transcriptomic alteration.

Over-expression of the tet38 gene is due to the dysregulation of the MgrA regulatory pathway
that impacts other nor family genes.  To decipher the molecular pathway involved in the over-expression
of the tet38 gene, we analyzed the expression of known regulators in the presence or absence of P. aeruginosa.
Three transcriptional negative regulators of tet38 have already been described: TetR21%¢, SarZ*® and MgrA?’. The
expression of these regulators was quantified by RT-qPCR in coculture and compared to expression in monocul-
ture. None of the tetR21, sarZ and mgrA RNA levels was affected by the presence of P. aeruginosa (Fig. S3).
However, it has been described that regulation by MgrA is dependent on its phosphorylation state?” and that
the deletion of mgrA induces increased expression of tet38”. Therefore, we analyzed the impact of P. aeruginosa
on tet38 expression using a Newman AmgrA mutant (Fig. 4). The wild type Newman strain presented a 20-fold
change over-expression of the tet38 gene in the presence of P. aeruginosa, as we previously observed in clinical
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Figure 5. The over-expression of S. aureus nor family genes induced by P. aeruginosa. Mono- and cocultures
with twelve clinical strain pairs were performed. RNAs were extracted and gene expression was monitored by
RT-qPCR at 4, 6 and 8 hours. The results are represented as fold change expression. Dotted lines indicate fold
change =2. Numbers above each hour indicate the number of pairs with a fold change strictly higher than 2.

strains. This fold change was reduced to 6 for the AmgrA mutant. Therefore, it appears that the over-expression
of the tet38 gene is induced by an alteration of the MgrA regulatory pathway. These results were confirmed in S.
aureus Lac isogenic strains (Fig. S4).

MgrA is also a transcriptional regulator of other nor family protein genes such as norA, norB and norC>***.
Hence, the expression of nor genes in S. aureus was monitored throughout cocultures of the 12 S. aureus strains
with P. aeruginosa (Fig. 5). The tet38 gene was significantly overexpressed in the presence of P. aeruginosa
throughout the 8 hours of the culture. The norA gene was over-expressed in at least 50% of cocultures (6/12 and
7/12) after 4 and 6 hours of culture and norC expression was increased at 4 and 8 hours in 6/11 and 7/11 strains,
respectively (Fig. 5). norB was overexpressed only at 8 hours of culture in 50% of the strains tested.

From the analysis of expression in the AmgrA mutant in the S. aureus Newman strain, we concluded that
over-expression of norC was dependent on MgrA integrity (Fig. 4). A milder effect was observed on norA
over-expression. No overexpression of norB gene was observed with the S. aureus Newman strain. In the S. aureus
Lac strain, we observed a diminution of norA and norC overexpression in the AmgrA mutant but the effect was
less significant than on tet38 gene expression (Fig. S4). Therefore, we concluded that the overexpression of norA
and norC genes in the presence of P. aeruginosa was partially due to mgrA dysregulation.

The presence of P. aeruginosa induces over-expression of nor genes by specific and direct inter-
action. To determine if a secreted product of P. aeruginosa induced the over-expression of nor genes, a tran-
swell experiment was conducted in which cultures of P. aeruginosa and S. aureus were separated by a 0.4pum filter.
In these conditions, nor genes were not overexpressed (Fig. 6). The same results were obtained when S. aureus
culture was exposed to supernatant of P. aeruginosa (Fig. S5), suggesting that at least a close interaction between
the two species was necessary. Finally, to determine if the over-expression was specific to the interaction with P
aeruginosa, cocultures were conducted with other bacteria frequently associated with S. aureus in CF patients,
such as Burkholderia cenocepacia and Stenotrophomonas maltophilia (Fig. 7). No over-expression was observed,
suggesting that the effect was specific to the presence of P. aeruginosa. These results were confirmed with other
clinical S. aureus strains (Fig. S6).
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Figure 6. S. aureus nor gene over-expression requires close contact with P. aeruginosa. S. aureus was deposited
onto the bottom of wells. P. aeruginosa was added either with S. aureus (black) or into the insert of transwells
(gray). RNAs were extracted and nor gene expression was monitored by RT-qPCR. Dotted lines represent fold
change = 2. The results are shown as the mean + standard deviation of three independent experiments on
SA30-PA30 pair. Statistical analysis was performed by unpaired t-test (¥*P < 0.05, **P < 0.01).
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Figure 7. The overexpression of S. aureus nor genes is specifically induced by P. aeruginosa. S. aureus was
mono- and cocultivated with P. aeruginosa, B. cenocepacia or S. maltophilia. RNAs were extracted and gene
expression was monitored by RT-qPCR. Dotted lines indicate fold change = 2. The results represent the
mean + standard deviation of three independent experiments on SA30-PA30 pair. Statistical analysis was
performed by One-way Anova with Dunnett’s multiple test correction (*P_adj < 0.05, **P_adj < 0.01).

Over-expression of nor genes induces an increase of antibiotic resistance and internalization
of S. aureus into epithelial cells.  As Tet38 is involved in tetracycline resistance?” and NorA and NorC are
also implicated in quinolones (such as ciprofloxacin) uptake®>?!, the impact of coculture with P. aeruginosa on
S. aureus antibiotic susceptibility was tested. Firstly, the MIC was determined for each of the 12 S. aureus strains
used (Table S3). Monocultures and cocultures were then exposed to tetracycline and ciprofloxacin at MIC or
2xMIC. After plating on selective agar and numeration, the survival rate was determined by dividing the number
of S. aureus after antibiotic treatment by the number of S. aureus without antibiotic treatment. A 3-fold increase
in survival rate was observed at MIC and 2xMIC in the presence of P. aeruginosa (Fig. 8A,B).

In order to demonstrate that the over-expression of the tet38 gene was responsible for tetracycline resistance,
the impact of P. aeruginosa was tested on the RN6390 wild type strain and its isogenic Atet38 mutant upon expo-
sure to tetracycline. As expected, P. aeruginosa induced a higher survival rate of the RN6390 wild type strain after
tetracycline exposure. On the contrary, it had no impact on the bacterial survival of the Atet38 mutant after tet-
racycline exposure (Fig. 8C), confirming the role of the tet38 gene in the enhancement of tetracycline resistance
in the presence of P. aeruginosa.

Tet38 has also been described as being involved in pulmonary epithelial cell internalization®, so the impact of
the presence of P. aeruginosa on S. aureus cell internalization was tested using the Gentamicin protection assay.
When A549 epithelial cells were infected with a monoculture of S. aureus, five percent of adherent bacteria were
internalized into cells. When S. aureus was co-cultivated with P. aeruginosa before cell infection, 15% of S. aureus
were internalized, meaning a 3-fold increase of the S. aureus internalization rate in the presence of P. aeruginosa
(Fig. 9). No difference was observed in terms of bacterial adhesion onto A549 cells. To ensure that the effect we
observed was not due to an alteration of the A549 cell layer by P. aeruginosa that could have facilitated S. aureus
internalization, we performed an LDH measurement on the cell supernatant as an indicator of A549 cell viability
(Fig. S7B). Although the LDH level was slightly higher for cells infected only with P. aeruginosa, we found no
significant difference between the S. aureus infected and S. aureus plus P. aeruginosa co-infected cells. Indeed,
the A549 co-infected cells had the lowest level of LDH. Moreover, microscopic observation of the cells revealed
no difference between the mono- and co-infected cells (Fig. S7A). Therefore, it appeared that the presence of P
aeruginosa did not alter the A549 cells and the highest rate of S. aureus internalization was due to its direct impact
on S. aureus. However, we could not be sure that the increase in the internalization rate was directly related to
tet38 overexpression. It could be the result of a modification of different factors involved in the internalization
process, although we did not identify such factors in our transcriptomic analysis apart from the tet38 gene.
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Figure 8. S. aureus antibiotic resistance increases when co-cultivated with P. aeruginosa. Twelve clinical S.
aureus strains were mono- and cocultivated with coexisting P. aeruginosa strains and exposed to tetracycline
(A) and ciprofloxacin (B) at MIC and 2xMIC. After 5hours, cultures were plated on MSA to count remaining

S. aureus. Bars represent the median and dotted lines bacterial survival equal to 1. Statistical significance

was determined by One-way Anova with Dunnett’s multiple test correction (**P_adj < 0.01, and ****P_

adj <0.0001). (C) Tet38 is responsible for the increase of tetracycline resistance induced by P. aeruginosa.
RN6390 and isogenic Atet38 derivative were cultivated with and without P. aeruginosa and susceptibility to
tetracycline was monitored. Statistical significance was determined by unpaired t-test (*P < 0.05) from three
independent experiments. All the results are expressed as the number of surviving bacteria in coculture divided
by the number of surviving bacteria in monoculture.

Discussion
The goal of this study was to investigate the impact of the interaction of coexisting S. aureus and P. aeruginosa on
S. aureus at the transcriptional and phenotypical levels.

Firstly, we collected isolates from co-colonized CF patients and demonstrated that in 61% of cases, S. aureus
was able to coexist with P. aeruginosa with no alteration of its growth. So far, it appears that coexistence of the two
pathogens may be a frequent situation in the context of CF patients’ lung infection. Previous studies described
that early infectious strains of P. aeruginosa are more aggressive for S. aureus than the late infectious strains'**’. In
the present study, we did not find any correlation between the interaction type and the duration of S. aureus and
P. aeruginosa co-colonization. In the first studies, limited numbers of patients were studied (1 in Michelsen et al.,
2014 and 8 in Baldan et al., 2014). Even in our present study, only 11 patients had competitive strain pairs, which
might be not be enough to reach a conclusion. Up to now, it has been difficult to conclude whether the interaction
type between the two species is linked to the evolution of the P. aeruginosa strain over the time of co-colonization.
A larger cohort of patients would be needed to answer this question. Also, longitudinal clinical studies would be
appropriate to analyze the kinetics of interaction evolution over time and determine how it could affect patients’
health. Furthermore, the conditions and environmental factors leading to co-existence instead of competition
require clarification, particularly through studies such one conducted recently that demonstrated the positive
impact of hypoxia found in static mucus within CF airways on a coexisting interaction®.

The type of interaction may have an impact on the physiology of the two pathogens involved. In order to
answer this question, we conducted a transcriptional study of the impact of P. aeruginosa on S. aureus.

In the context where P, aeruginosa inhibits S. aureus growth, transcriptomic modifications affect major metab-
olism pathways such as translation, Krebs cycle and genes involved in oxidative stress. The increase in the amount
of tRNAs and ribosomal RNAs observed could be attributed to a decrease in translation efficiency. Regarding
energetic metabolic pathways, we observed a down-expression of Acetyl-coA synthetase, a key factor metabolized
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Figure 9. S. aureus internalization is increased within A549 epithelial pulmonary cells in the presence of P
aeruginosa. (A) Adhesion of S. aureus onto epithelial cells. A549 cells were infected at MOI 10:1 for S. aureus
monoculture and 20:1 for S. aureus/P. aeruginosa coculture. After 2 hours of contact, cells were washed with
phosphate buffer saline (PBS) to remove unattached bacteria and lysed with sterile water. Supernatants were
plated on MSA to count S. aureus. The results are represented as the percentage of inoculum that adhered. (B)
Internalization of S. aureus within epithelial cells. After 2 hours of contact, cells were treated with antibiotics and
lysostaphine for one hour, lysed with sterile water and bacteria plated on MSA. The results are represented as
the percentage of adhered cells that have internalized. All values represent the mean + standard deviation from
three independent experiments with three strain pairs (SA27-PA27, SA31-PA31 and SA69-PA69). Statistical
significance was determined by unpaired t-test (**P < 0.01).

into pyruvate to feed the Krebs cycle and produce energy. The down-regulation of expression observed may
certainly lead to a defect in ATP production. Conversely, we observed the increased expression of several dehy-
drogenase enzymes, suggesting a shift from aerobic respiration to lactic acid fermentation to feed the Krebs cycle,
as shown previously in laboratory strains*>**. Some dehydrogenases, such as adhE and gluD genes, are also impli-
cated in oxidative stress responses®. All these major dysregulations observed are consistent with the lethal effect
of P aeruginosa on S. aureus in competitive interaction.

More genes were dysregulated when S. aureus and P. aeruginosa were coexisting. We observed a drastic modi-
fication in the nucleotide synthesis pathway with a down-regulation of genes involved in the de novo pathway (nrd
operon) and upregulation of the deoD gene encoding a purine nucleoside phosphorylase involved in an alterna-
tive metabolic pathway for nucleotides when the de novo pathway is altered. We also observed a down-expression
of genes involved in the classical energetic metabolism pathways: glycolysis and pentose phosphate pathways
(pgi, fbp, fda). These results suggest nutritional competition between the two pathogens and indicate that in our
conditions, S. aureus preferentially produced energy and nucleotides from sources other than glucose.

Finally, we observed the increased expression of several transporters, especially tet38, norA and norC genes.
Curiously, the tet38 gene belongs to the same transcription unit as the deoD gene. It is tempting to speculate that
the overexpression of tet38-deoD operon may be linked to the down regulation of the nrd genes to compensate for
the alteration of the de novo nucleotide synthesis pathway.

These genes are members of the Nor family and encode efflux pumps involved in antibiotic resistance. Tet38
was the most impacted gene with 11 pairs of 12 for which we observed an increased expression throughout the
coculture kinetic, whereas the over-expression of other norA and norC genes appeared on 7 pairs of 12 and 11 of
12 at 6 and 8 hours, respectively. Given that the pair 2599/2600 used for the RNA sequencing (RNAseq) was
unable to upregulate norA and norC at 4 hours of coculture, it was expected that norA and norC genes would not
appear in the RNAseq results. The over-expression of tet38, norA and norC genes appeared to be at least due to a
dysregulation of the MgrA pathway. Indeed, the AmgrA mutant provoked a strong effect on tet38 over-expression
but only a slight effect on norA and norC. Thus, mgrA seems to be essential for tet38 over-expression and other
regulators must be implicated for the norA and norC genes. In addition, we were unable to observe clear norB
up-regulation in the presence of P. aeruginosa. Indeed, MgrA acts as a repressor of tet38, norA and norC and an
activator of norB in an rsbU positive background strain®**’. This discrepancy may explain our results. Despite
its role in tet38 induction during coculture, mgrA expression was not affected by the presence of P. aeruginosa.
However, it has been shown that the phosphorylation state of MgrA, regulated by RsbU and PknB factors, was
a key mechanism for regulation of nor family gene expression®. Thus, P. aeruginosa may induce a variation of
MgrA phosphorylation leading to a modification of nor gene expression.

Nor proteins are responsible for antibiotic efflux (tetracycline and fluoroquinolone), and we demonstrated
that P. aeruginosa increased the survival rate of S. aureus after exposure to tetracycline and ciprofloxacin. For
tetracycline, the effect appears to be mainly due to tet38, as antibiotic resistance in presence of P. aeruginosa was
eliminated in a tet38 mutant. The same analysis could not be performed for nor genes due to the functional redun-
dancy of the norA, norB and norC genes and the difficulty in obtaining triple mutants. Tet38 is also able to interact
with the CD36 receptor on pulmonary epithelial cells to favor S. aureus internalization®®. Indeed, in the presence
of P. aeruginosa, we observed a higher rate of S. aureus internalization into epithelial cells. Internalized bacteria
are more resistant to antibiotics and less detectable by the immune system®. Our results suggest that by coexisting
with P. aeruginosa, S. aureus could hide from the host immune system and be more resistant to antibiotics.
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We did not identify the P. aeruginosa specific signal responsible for S. aureus gene expression dysregulation.
However, we demonstrated that it seems to be specific to P. aeruginosa (no other species tested had the same
effect) and requires very close proximity between S. aureus and P. aeruginosa to be effective. Transcriptomic
analysis revealed that the S. aureus potRABCD operon for polyamine uptake and regulation exhibited significant
fold change expression upon exposure to P. aeruginosa. The same effects were observed by Yoa and Lu** when
exposing S. aureus to polyamines. Moreover, the exposure of S. aureus to spermine induces transcriptional mod-
ifications including over-expression of antibiotic efflux pumps such as norA and tetM genes and the decreased
expression of many genes involved in carbohydrate metabolism and transport**. These results are consistent with
the reduced expression of genes involved in glycolysis and the pentose phosphate cycle described previously”*?°.
Indeed, we observed the same profile after exposure to P. aeruginosa as other authors observed after exposure to
spermine. Finally, P. aeruginosa presents polyamines at the outer surface of its membrane, more precisely putres-
cine and spermidine*’. Therefore, we suggest that the P. aeruginosa polyamines present at the outer surface may
be a signal for S. aureus transcriptional modifications. Further investigation will be necessary to confirm this
hypothesis.

To the best of our knowledge, this study is the first to characterize the transcriptomic profile of coexisting S.
aureus and P, aeruginosa pairs in a clinical context. We demonstrate that this commensal-like interaction induces
phenotypical changes in S. aureus such as increased antibiotic resistance and host cell internalization. These phe-
notypes may favor the persistence of S. aureus in the context of chronic infection. Since this state of coexistence is
apparently solely attributable to P. aeruginosa, the selective advantage for P. aeruginosa leads to questions. Indeed,
previous studies showed that cocultivation with S. aureus induces LPS mutation in P. aeruginosa associated with
fitness gain and antibiotic resistance*, and that S. aureus exoproducts restore and enhance P. aeruginosa motil-
ity*2. The state of coexistence could thus represent a trade-off allowing both pathogens to benefit mutually and
maintain equilibrium. However, the impact of S. aureus on P. aeruginosa in this state of coexistence warrants
further investigation.

Materials and Methods

Bacterial strains and culture growth. The bacterial strains and plasmids used in this study are listed in
Tables 1 and S1. The clinical strains were originally isolated by the Institute for Infectious Agents from sputum
samples of patients followed-up in the two CF Centers of Lyon (Hospices civils de Lyon, France). The strains were
collected between May 2016 and June 2017 from 36 different patients. The size of the colonies, pigmentation and
mucoid phenotype were determined after 24 h of culture on TSA. Hemolysis type was determined after 24 h of
culture on Columbia agar (COS). MLST clonal complex assignment was inferred from microarray analysis*.

The Atet38 mutant of S. aureus RN6390 strain was obtained using the pMAD vector®’. The two DNA frag-
ments corresponding to the chromosomal regions upstream and downstream of the tet38 coding sequence were
amplified by PCR using primers listed in Table S2. They were subsequently cloned into the pMAD vector using
the In-Fusion® HD Cloning Kit (Clonetech). The resulting plasmid was electroporated into the RN4220 recipient
strain and then transferred to RN6390. Growth at non-permissive temperature (44 °C) was followed by several
subcultures at 30 °C and 37 °C to promote double crossing over as previously described*.

All the strains were grown in Brain Heart Infusion (BHI, BBL™ Difco) with shaking at 200 rpm at 37°C
overnight. Cultures were diluted to 0.1 ODgg,,, and incubated for 2.5 hours (37 °C, 200 rpm). Bacteria were spun
down at 4000 rpm for 10 min and re-suspended in fresh BHI medium to 2 ODggp,. Ten ml of S. aureus, P. aerug-
inosa, B. cenocepacia and S. maltophilia suspension were added to 10 ml of BHI for monocultures. Ten ml of S.
aureus suspension were mixed with respectively 10 ml of P. aeruginosa, B. cenocepacia or S. maltophilia for cocul-
tures. Cultures were grown for 8 h. Every two hours, cultures were plated on mannitol salt agar (MSA, BBL™
Difco) and cetrimide (Difco™) for S. aureus or P. aeruginosa counts, respectively.

For supernatant exposure, 10 mL of S. aureus culture were added to 10 ml of supernatant from 8 hours culture
of P. aeruginosa.

Transwell® (Corning) preliminary experiment demonstrated that bacteria were not able to cross the 0.4 pm
filter of the insert. S. aureus and P. aeruginosa suspensions from 2.5h culture were pelleted and re-suspended to
ODggonm = 1 for P. aeruginosa and ODgg, = 0.33-0.5 for S. aureus. The Transwell® experiment was carried out
as previously described*>*® with a few modifications. For wells without insert, 400 uL of S. aureus ODgjgpm = 0.5
suspension and 200 uL of either BHI or P. aeruginosa were added. For wells with insert, 600 uL of S. aureus 0.33
ODygonm Were deposed into the wells while 200 uL of either BHI or P. aeruginosa were placed onto the insert. The
Transwell® system was incubated at 37 °C for 8 hours.

Staphylococcus aureus growth inhibition on TSA.  From overnight cultures, S. aureus and P. aerugi-
nosa suspensions were diluted to ODyy, = 0.5 and 100 ul of S. aureus suspension were spread uniformly onto TSA
plates. Then, 5l of P. aeruginosa were added at the center of the plates. The plates were incubated at 37 °C. The
competitive phenotype was characterized by an inhibition halo of S. aureus growth, which was measured. The
strains were considered as coexisting in the absence of inhibition halo.

Genome sequencing and annotation. Sequencing libraries were prepared from 1 ng of SA2597 and
SA2599 DNA extracted using the DNA Isolation Kit (MO BIO). Library preparation was performed with the
Nextera XT DNA sample preparation kit (Illumina) and index kit (Illumina). Library validation was performed
on a 2100 Bioanalyzer (Agilent Technologies) to control the distribution of fragmented DNA. WGS was per-
formed with an Illumina HiSeq (Illumina) to generate 150-bp paired end reads. Genomes were sequenced with
an average coverage of 130x. Adapters and other illumina-specific sequences were cut from the reads for each set
of raw data. Furthermore, Trimmomatic v0.36*” was used to perform an additional trimming step using a sliding
window with an average quality threshold of 20. Data were checked for quality by FastQC v0.11.6 (S. Andrews,
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2010. FastQC: a quality control tool for high throughput sequence data; available online at: http://www.bioin-
formatics.babraham.ac.uk/projects/fastqc). Assemblies were performed using SPAdes v3.11.1*. Contigs smaller
than 200 bp or with a coverage threshold smaller than 2 were removed manually. Assembly quality control was
performed using Quast v4.6.1*. Genome annotation was processed through Prokka v1.13 including ncRNA
prediction®.

To compare CDS and ncRNA from SA2597 and SA2599, the N315 strain (NC_002745.2) was used as a refer-
ence. Refseq numbers were gathered from N315 and used as ID tags for common genes. For non-common genes,
CDS and ncRNA from SA2597 and SA2599 were blasted with each other with a coverage and identity of 90%.
Finally, refseq numbers were also used to gather KEGG numbers and perform functional classification with the
Kyoto database. The complete genome sequences for the SA2597 and SA2599 strains were deposited in GenBank
under the accession numbers GCA_005280135.1 and GCA_005280145.1.

Transcriptomic analysis. Cultures and transcriptome sequencing were performed in duplicates or tripli-
cates. The ODy, of each culture was normalized to 1.0 at a time of 4 hours for the mono and cocultures. One mL
was centrifuged for 5 minutes at 13,000 rpm. Bacteria were treated with lysostaphin (2.5 mg/mL) and lysozyme
(50 mg/mL) prior to RNA extraction using the RNeasy Plus Mini Kit (Qiagen). RNAs were treated with TURBO
DNA-free™ (Invitrogen). rRNAs were depleted using the Ribo-Zero rRNA Removal Kit (Illumina). The cDNA
libraries were compiled using the TruSeq Stranded Total RNA Library Preparation Kit (Illumina). The quan-
tification and quality of the DNA libraries was evaluated by Bioanalyzer. The libraries were sequenced using
Ilumina Hi-Seq 2500 with High-Output (HO) mode, using a V4 chemistry sequencing kit (Illumina). Reads
were then processed to remove adapter sequences. Poor quality reads were excluded by Trimmomatic’, using
a sliding window with an average quality threshold of 20. Each RNAseq read sample was mapped against its
own genome through Bowtie2 v2.3.0 with a sensitive local alignment method®'. Output files were sorted by read
names and converted into BAM format using Samtools v1.3.1. Reads were counted on all feature types (CDS,
nc/t/tm/rRNA) using a union mode on Htseq-count v0.6.1 software™. To estimate the enrichment values for the
differential expression analysis, statistical analysis was done using R v3.3.3 and DEseq2 v1.14.1°°. Gene expression
was considered as dysregulated when: (i) the fold change between co-culture and monoculture was at least 4-fold,
(ii) the dysregulation was observed in the two pairs of strains, (iii) the dysregulation was specific to coexistence
or competition state. The RNAseq data that support our findings are available in the SRAdatabase under the
BioprojectID PRJNA552713, PRINA552715, PRINA552786, PRINA554237, PRINA554233, PRINA554237.

RT-qPCR. RNA extractions were performed using the RNeasy Plus Mini Kit (Qiagen). A DNAse treatment
was performed on 10 pg of RNAs using TURBO DNA-free™ (Invitrogen). The absence of contaminating gDNA
was controlled by PCR. cDNA was synthetized from 1 ug RNA using the Reverse Transcription system kit
(Promega). The qPCR reactions were performed with PowerUp™ SYBR™ Green Master Mix (Thermofisher)
following the manufacturer’s instructions. The target genes and primers used are listed in Table S2. The house-
keeping genes gyrB and hu were used as endogenous control. Gene expression analyses were performed using the
ACt method.

Antibiotic resistance assay. MICs of tetracycline and ciprofloxacin (Sigma) were determined by BHI
micro-dilution (Table S3). For the antibiotic resistance assay, 4 hour mono-cultures of S. aureus and cocultures of
S. aureus/P. aeruginosa were diluted to ODj,,,, = 0.002 or 0.004, respectively, and exposed to antibiotics at MIC
and 2xMIC for 5hours at 37°C at 200 rpm in 1 mL of BHI. Cultures were plated on MSA agar plates for S. aureus
counts. The percentage of bacterial survival after antibiotic treatment was determined by dividing the number of
S. aureus after antibiotic treatment by the number of S. aureus without antibiotic treatment.

Internalization within A549 cells. S. aureus monocultures and S. aureus/P. aeruginosa cocultures were
performed for 4 hours as previously described*’. A549 cells were grown in DMEM GlutaMAX™ medium (Gibco)
supplemented with 10% of Fetal Bovine Serum (37 °C, 5% CO,). 24-well tissue culture plates were seeded at 80
000 cells per well. After 24 hours, the cells were washed twice with 1 ml of Phosphate Buffered Saline (PBS, Gibco)
and infected at a multiplicity of infection (MOI) of 10:1 for mono-culture and 20:1 for coculture. Cells were incu-
bated for 2 hours, then washed once in PBS to remove non-adherent bacteria and incubated for 1 hour in DMEM
GlutaMAX™ supplemented with 400 pg/mL gentamicin (Sigma), 100 ug/mL polymyxin B (Sigma) and 10 pg/mL
lysostaphin to kill extra-cellular bacteria. Cells were washed again with PBS once and lysed with deionized water.
Cell lysates were plated on MSA to quantify the intracellular bacteria.

Ethical statement.  All the methods were carried out in accordance with relevant guidelines and regulations.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

The complete genome sequences for the SA2597 and SA2599 strains have been deposited in GenBank under
the accession number GCA_005280135.1 and GCA_005280145.1.

The RNAseq data that support our findings are available in the SRAdatabase under the BioprojectID
PRJNA552713, PRINA552715, PRINA552786, PRINA554237, PRINA554233, PRINA554237.
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4.2. Impactde la coexistence sur I'état de santé des patients co-infectés
par P. aeruginosa et S. aureus

Dans le cadre de la mucoviscidose, il est reconnu que les infections pulmonaires
causées par P. aeruginosa sont associées a une diminution des fonctions respiratoires et donc
vitales de lindividu. Ces infections sont cependant polymicrobiennes, et la co-infection
P. aeruginosa-S. aureus est frequemment retrouvée. L'impact de cette co-infection sur I'état
de santé des patients reste mal compris : selon les cohortes et les souches bactériennes
étudiées, les patients co-infectés par P. aeruginosa et S. aureus présentent un état clinique
similaire (130, 165), plus sévere (131-133, 164, 254) ou amélioré (133) par rapport aux
patients mono-infectés par P. aeruginosa. Afin de mieux comprendre I'impact de la co-infection
P. aeruginosa-S. aureus sur le bilan clinique des patients atteints de mucoviscidose, nous
avons décidé de prendre un compte un nouveau parameétre : I'état d’interaction entre les deux
bactéries. Les études transcriptomiques réalisées sur P. aeruginosa et S. aureus indiquent en
effet que l'interaction de coexistence, contrairement a la compétition, pourrait promouvoir leur
persistance dans les poumons des patients atteints de mucoviscidose et ainsi affecter leur état
de santé (55, 56).

Pour 212 patients de la cohorte Lyonnaise, les données cliniques (sexe, génotype cfr,
CFRD, malnutrition, IMC, age, nombre d’exacerbations, nombre de jours et durée
d’hospitalisation, FEV1 et nombre de traitements) et bactériologiques (mono-infection a
S. aureus, a P. aeruginosa ou co-infection) ont été étudiées. L’état d’interaction entre les
souches de P. aeruginosa et S. aureus isolées des patients co-infectés a également été
déterminé. Une analyse par FAMD (Factor Analysis of Mixed Data) a été effectuée pour
détecter les similarités et 'hétérogénéité entre les patients en utilisant les données cliniques.
Des analyses statistiques en utilisant des tests de Kruskal Wallis/Mann-Whitney ou exacts de

Fisher ont ensuite été réalisées.

Les résultats montrent que les infections a P. aeruginosa sont les plus séveéres,
confirmant les données bibliographiques. De plus, la sévérité de ces infections n’est pas
augmentée par la présence du staphylocoque. Dans ce contexte de co-infection, I'état de
coexistence bactérienne entre les souches co-isolées est trés fréquemment observé (65,3%
des cas), mais ne semble pas affecter I'état clinique du patient par rapport a la compétition.
Toutefois, en comparaison aux patients mono-infectés par S. aureus, les patients co-infectés

par des souches en coexistence présentent davantage d’hospitalisations et d’exacerbations.
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Staphylococcus aureus (SA) is the major colonizer of the lungs of cystic fibrosis (CF)
patients during childhood and adolescence. As patients age, the prevalence of SA
decreases and Pseudomonas aeruginosa (PA) becomes the major pathogen infecting
adult lungs. Nonetheless, SA remains significant and patients harboring both SA and PA
are frequently found in the worldwide cohort. The overall impact of co-infection remains
controversial. Furthermore, co-infecting isolates may compete or coexist. The aim of this
study was to analyse if co-infection and the coexistence of SA and PA could lead to worse
clinical outcomes. The clinical and bacteriological data of 212 Lyon CF patients were
collected retrospectively, and patients were ranked into three groups, SA only (n = 112),
PA only (n = 48) or SA plus PA (n = 52). In addition, SA and PA isolates from co-infected
patients were tested in vitro to define their interaction profile. Sixty five percent (n =
34) of SA/PA pairs coexist. Using univariate and multivariate analysis, we confirm that SA
patients have a less severe clinical condition than others, and PA induces a poor outcome
independently of the presence of SA. Regarding co-infection, no significant difference
in clinical outcomes was observed between patients with coexisting pairs and patients
with competitive pairs. However, when compared to SA mono-infected patients, patients
with coexisting pair presented higher frequency and length of hospitalizations and more
exacerbations. We suggest that coexistence between SA and PA may be an important
step in the natural history of lung bacterial colonization within CF patients.

Keywords: cystic fibrosis, infection, Staphylococcus aureus, Pseudomonas aeruginosa, clinical outcome

INTRODUCTION

Cystic fibrosis (CF) is the most common genetic disease among the Caucasian
population that affects multiple organs and causes various complications associated
with patient death, such as cystic fibrosis liver disease (Debray et al, 2017)
(CFLD) and cystic fibrosis related diabetes (Brennan and Beynon, 2015) (CFRD).
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However, the first cause of morbidity and mortality in CF remains
the progressive decrease in pulmonary function, leading to an
obstructive syndrome (Davis, 2006). This decline is generally
due to the continuous inflammation provoked by polymicrobial
infections (Davis, 2006). The main clinically significant bacteria
are Staphylococcus aureus (SA) and Pseudomonas aeruginosa
(PA). SA infection occurs early in children and affects up
to 80% of patients aged 5-19 years (Zolin et al, 2019). SA
infection is responsible for increasing inflammatory markers
in early childhood (Sagel et al, 2009; Gangell et al., 2011),
and adolescence patients with high SA density in throat swabs
present deteriorated lung function (Junge et al., 2016). However,
despite the implication of SA in a worse clinical status, PA,
which becomes the dominant pathogen of the respiratory tract
in adulthood (Zolin et al., 2019) (up to 60% of patients > 18
years), traditionally remains the most feared pathogen due to
its strong association with most severe clinical outcomes, such
as more aggravated inflammation, an increase in the number of
exacerbations and a decrease in forced expiratory volume in one
second (FEV1) (Kerem et al., 1990; Nixon et al., 2001; Hubert
et al,, 2013; Ahlgren et al., 2015).

Although SA colonization decreases as patients age, SA
infection concerns more than 30% of CF adults (Zolin et al,,
2019). Among these cases, co-infection by PA and SA remains
significant (Hubert et al., 2013). However, it is difficult to
determine whether this co-infection is a transitional stage
between SA alone and PA alone or whether permanent co-
infections with these two bacteria exist. Several in vitro studies
deciphered the relationships between SA and PA in a context
of pulmonary co-infection (Baldan et al., 2014; Michelsen et al.,
2014; Limoli et al., 2016; Hotterbeekx et al., 2017). According
to recent studies, an evolution occurs regarding interaction
between SA and PA clinical isolates. PA early-colonizing isolates
show strong antagonism toward SA strains (Baldan et al,
2014; Michelsen et al., 2014), especially by producing anti-
staphylococcal compounds, leading to a competition state
(Hotterbeekx et al., 2017). However, PA isolated from chronic
lung infection lacks this competitiveness and SA succeeds in
coexisting durably with PA (Limoli et al., 2016; Michelsen et al.,
2016; Tognon et al., 2017). We previously demonstrated that the
two bacteria may cooperate to persist more easily in lungs in this
context of coexistence without antagonism (Briaud et al., 2019).

Few studies have investigated the impact of SA-PA co-
infection and clinical outcomes. In addition, none of them
considered the interaction state (competition vs. coexistence)
between SA-PA. So far, available data have shown conflicting
results on the link between SA-PA co-colonization and clinical
outcomes. Ahlgren et al. did not find a significant clinical
difference in adult patients co-colonized with SA and PA
compared to patients colonized solely by PA (Ahlgren et al,
2015). Two studies highlighted a higher respiratory decline and
rate of hospital admission for patients infected by PA alone in
comparison with patients co-infected by SA-PA or by SA alone
(Hubert et al., 2013; Cios et al., 2019). Finally, other studies
reported that SA-PA co-infection is associated with a worse
clinical outcome (Hudson et al., 1993; Sagel et al., 2009; Gangell
etal., 2011; Limoli et al., 2016).

The aim of this study was to better characterize (i) co-
infected patients with demographic data (age, BMI, gender),
and (ii) the interaction state (competition or coexistence)
between the two bacterial species. We also examined the
consequence of SA-PA co-infection and SA-PA interaction state
(competition vs. coexistence) on pulmonary functions (FEV1%)
and clinical outcomes (e.g., number of exacerbations, number of
hospitalizations). By computing demographic and clinical data
with pulmonary infectious status, we gain more information on
the impact of SA and PA infections and interactions on CF
patients’ health.

MATERIALS AND METHODS

Patients

The clinical and bacteriological data of CF patients supervised
at the two CF Centers in Lyon, France (CRCM: Center de
Ressources et de Compétences de la Mucoviscidose) were
collected from February 2017 to August 2018.

The inclusion criterion was a stable microbiological status for
SA and /or PA colonization, defined by the following criteria:
(i) at least three respiratory samples collected for each patient
throughout the period considered; (ii) at least 2 months between
two successive samples; (iii) all the samples collected during
the study for a patient had the same status with respect to
the presence of SA and / or PA. The patients who did not
match the criteria, or who were not co-colonized by SA or PA
were excluded.

This study was submitted to the Ethics Committee of the
Hospice Civil de Lyon (HCL) and registered under CNIL No
17-216. All the patients were informed of the study and did not
oppose the use of their data.

Clinical Data Collection

Clinical data were extracted from computerized medical files
(Easily®). The data collected were: gender, age at the time
of the last sampling, CFTR genotype classified between severe
and moderate genotype regardless of clinical severity (5, 19),
pancreatic insufficiency defined by fecal elastase < 200 pg/g,
CF-related diabetes (CFRD) or a carbohydrate intolerance,
cirrhosis, need for long term oral or enteral supplementation
and/or undernourishment (defined as a body mass index (BMI)
(weight/height?) lower than 17 kg/m? in an adult and —2
standard deviations (SD) in a child according to gender and age).
The pulmonary function was defined by the FEV1 expressed as
a percentage of the predicted value (%pred). We also collected
the number of hospitalizations, the length of hospital stays and
the number of exacerbations during the 9 months preceding the
last sample.

Microbiology

The microbiological composition of each respiratory sample was
determined by the Institute for Infectious Agents, HCL. The
interaction state (coexistence or competition) of SA-PA pairs
was defined by agar competition assay as previously described
(Briaud et al., 2019). Briefly, SA and PA isolates recovered from
co-infected patients’ expectorations were cultured in 10ml of
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BHI, at 37°C, 200 rpm. From overnight cultures, SA and PA
suspensions were diluted to ODgponm =0.5. Then, 100 L of SA
suspension was spread uniformly onto trypticase soy agar (TSA)
plates. After drying, 5 il of PA suspension were spotted at the
center of the plates. The plates were incubated at 37°C for 24 h.
The competitive phenotype was characterized by an inhibition
halo of SA growth. In the absence of inhibition halo, isolates were
defined in coexistence.

Based on these microbiological analyses, the patients were
categorized into four groups: (i) SA alone, (ii) PA alone, (iii)
SA-PA in competition, and (iv) SA-PA in coexistence.

Statistical Analysis

Two different analyses were performed using the same process:
(i) SA vs. PA vs. SA+PA, and (ii) SA vs. PA vs. SA+PA in
coexistence vs SA+PA in competition.

Factor Analysis of Mixed Data (FAMD) was used
for initial data screening. Then, univariate analysis was
performed to determine significant differences between
groups. For continuous variables (age, BMI, FEV1, number
of hospitalizations, length of hospitalization, and number of
exacerbations), Kruskal-Wallis tests were used to identify
whether one population was different from the others.
Afterwards, to individually test each pair of populations
with significant Kruskal-Wallis tests, a Mann-Whitney Wilcoxon
tests was used. Fisher’s exact tests were performed to compare
categorical variables (CFTR genotype, gender, denutrition,
pancreatic insufficiency, CFRD, liver cirrhosis, enteral nutrition,
and oral food supply). For multiple comparisons, tests were
corrected by a Bonferroni method and statistical significance
was set with a g-value threshold at 0.05. Finally, a multinomial
log-linear model [nnet package (William, 2016)] was used to
determine significant associations between infectious status
groups and variables selected using the Akaike information
criterion (AIC) (Akaike, 1979). The AIC analysis was performed
to identify the smallest and fittest set of variables describing our
data. An adjusted odds-ratio with a 95% confidence interval was
reported for each final variable. All the analyses were performed
using R v3.5.3 (R Core Team, 2018).

RESULTS

Clinical Characteristics of Patients
Of the 655 CF patients monitored in Lyon hospitals, we selected
patients with at least three respiratory specimens with SA and/or
PA during the study period. Two seventy six patients were
excluded because of the absence of the three samples required.
Sixty-five patients had neither SA nor PA infection. Finally, 48
and 54 patients were excluded because of unstable SA-PA co-
colonization during the period or the inability to assess their
pulmonary function (age <4 years). For co-infected patients, we
excluded five patients because they presented several PA isolates
with both competitive and coexisting interaction phenotypes
with SA. Finally, 212 patients with CF were included in this study.
The cohort consisted of 124 adults and 88 children with a
mean age of 21.70 years (range 4-69). The male-female ratio was
homogeneous with ~51.42% (n = 109) of men. About 80.66%

(n = 171) had a severe CFTR genotype and 41 patients had
a moderate one. During this period, 39.62% (n = 84) were
subject to exacerbation and 25.94% (n = 55) of the patients were
hospitalized (Table S1).

The 212 patients were classified following their chronic
bronchial colonization into 3 different groups: SA alone, PA alone
and SA+PA. Co-infected patients were split into 2 subclasses
(competition and coexistence) regarding the SA-PA interaction
state determined by agar competition assay (Table 1). Among
the 212 patients, 52.83% (n = 112) had chronic bronchial
colonization with SA, 22.64% (n = 48) with PA and 24.53% (n =
52) with SA4PA. Within the 52 co-infected patients, 65.38% (n
= 34) of SA and PA isolates presented a coexistence interaction
and 34.62% (n = 18) presented a competition phenotype. Patients
colonized solely with PA were older (average of 32.02y) than co-
infected patients (average of 23.38y) and the latter were older
than patients colonized by SA (average of 16.49y) (Table1).
This is consistent with the natural history of infections and
international values (4).

We proceeded to an FAMD analysis to decipher the similarity
and heterogeneity between patient groups using both continuous
and categorical variables. The first two axes retained accounted
for 39.47% of the total variance of the data (Figure S1). Four
variables contributed to the first axis: number of exacerbations,
number and days of hospitalization and FEV1. Age, BMI and
not having pancreatic insufficiency contributed to the second
axis. The distribution of the 212 patients based on the two
first dimensions overlapped between the 4 groups (Figure S1).
Patients infected by SA were the most represented group and
appeared to have more homogeneous clinical variable values
than other patients. On the contrary, patients co-infected
in a coexistence state seemed to have values with greater
heterogeneity (Figure S1).

Impact of Co-infection on CF Patient

Clinical Outcome

To define whether co-infection was associated with poorer
clinical outcome, we compared three groups: patients infected
with SA, patients infected with PA and patients co-infected with
SA-PA (Figure 1). Continuous variable analysis differentiated the
3 patient groups (Table 2). SA patients seemed to be younger than
co-infected patients, the latter being younger than PA patients
(p < 0.0001). The SA group stood out from the others due
to lower BMI values (PA vs. SA: p < 0.0001, SA+PA vs. SA:
p = 0.0074), a smaller number of hospitalizations (PA vs. SA:
p = 0.0017, SA+PA vs. SA: p = 0.0013), a reduced length
of hospitalizations (PA vs. SA: p = 0.0011, SA+PA vs. SA:
p = 0.0010), a lower number of exacerbations (p < 0.0001)
and a higher FEVI1 (p < 0.0001). Co-infected and PA groups
were not statistically different for the number of hospitalizations
or length of hospitalizations, the number of exacerbations or
FEV1. Only age (p = 0.0012) and BMI (p = 0.029) values were
significantly different. For the analysis of categorical variables,
CFRD was only statistically significant between the PA vs. SA
mono-infected groups (p = 0.0031) and co-infected patients vs.
SA (p = 0.0169) (Table S2).
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TABLE 1 | Clinical characteristics of CF patients according to their bacteriological status.

SA alone (%) PA alone (%) SA and PA
Competition Coexistence Merge p_value*

Number 112/212 (52.83) 48/212 (22.64) 18/52 (34.61) 34/52 (65.38) 52/212 (24.53)
Age (years) 16.49 + 8.77 32.02 + 13.82 23.67 + 8.98 23.24 + 10.52 23.38 + 9.93 <0.00012
>18 years 45/112 (40.18) 42/48 (87.50) 14/18 (77.78) 23/34 (64.65) 37/52 (71.15)
Sex, male 63/112 (56.25) 23/48 (47.92) 10/18 (55.6) 13/34 (38.24) 23/52 (44.23) ns
Genotype

Moderate 26/112 (23.21) 9/48 (18.75) 3/18 (16.67) 3/34 (8.82) 6/52 (11.54) ns

Severe 86/112 (76.79) 39/48 (81.25) 15/18 (83.33) 31/34 (91.18) 46/52 (88.46)
BMI (kg/m?) 18.06 + 2.68 20.74 £ 2.42 19.25 + 2.56 19.71 £ 3.56 19.65 + 3.23 <0.00012
Undernourishment 11/112 (9.82) 1/48 (2.08) 1/18 (5.56) 3/34 (8.82) 4/52 (7.69) ns
Oral food supplementation 23/112 (20.54) 13/48 (27.08) 3/18 (16.67) 15/34 (44.12) 18/52 (34.62) ns
Enteral nutrition 4/112 (3.57) 0/48 (0) 0/18 (0) 4/34 (11.76) 4/52 (7.69) ns
Pancreatic insufficiency 101/112 (90.18) 45/48 (93.75) 17/18 (94.44) 33/34 (97.06) 50/52 (96.15) ns
CF-related diabetes 9/112 (8.04) 14/48 (29.17) 3/18 (16.67) 10/34 (29.41) 13/52 (25.00) 0.0007°
Cirrhosis 6/112 (5.36) 2/48 (4.17) 0/18 (0) 1/34 (2.94) 1/562 (1.92) ns
Hospitalizations

Number 17/112 (15.18) 18/48 (37.50) 6/18 (33.33) 14/34 (41.18) 20/52 (38.46) 0.0003%

Length 8.00 £6.10 17.39 + 14.39 7.33+6.12 29.14 £ 27.39 22.60 £+ 25.06 0.00022
Number of exacerbations 0.25 £ 0.69 1.44 £1.37 1.28 £1.60 1.35 £1.50 1.383 £1.62 <0.00012
FEV1 (% predicted) 85.87 +22.39 55.09 + 18.64 59.72 +18.73 64.59 +21.79 62.90 + 20.73 <0.00012

BMII, Body Mass Index; FEV1, Forced Expiratory Volume in one second.
"P values from comparison between three groups: SA vs. PA vs. SA+PA (merge).

apP values from Kruskal-Wallis non-parametric test for comparison of the three groups (continuous variables).

bp values from Fisher’s exact test for comparison of the three groups (categorical variables).

Since the PA group appears to have the worst clinical outcome
but also corresponds to the oldest group of patients, it is
questionable whether the deterioration of the clinical condition
of the patients is linked to the age or presence of PA. To answer
this question, we classified the patients into three age groups (4-
14, 15-25, and 26-69) and analyzed the impact of PA infection
within these different groups on continuous variables (Figure 2).
We showed that PA patients had significantly lower FEV1 and a
higher number of exarcebations for all three age groups. We also
observed a higher number and length of hospitalization for two
of the age classes. Therefore, we concluded that the poor clinical
outcome can be independently attributed to PA colonization and
not to the age of the patients.

To further investigate these results and consider the
potential association between variables, multinomial analysis
with infection type as outcome was performed using age, BMI,
FEV1, number of exacerbations, number of hospitalizations,
length of hospitalizations and CFRD (Table 3). The aim of the
multivariate analysis was to obtain only one set of variables which
fit the entire dataset between groups. This was performed in
order to compare odds ratio inside each comparison. Two kinds
of variables were eliminated using AIC criteria: variables which
could clearly not explain the outcome and variables which were
correlated to each other.

In this context, variables about hospitalizations were not kept
in the final model due to their correlation with the number

of exacerbations [Cor (95% CI): 0.6648 (0.5822, 0.7338) (p
< 0.0001)], the number of hospitalizations and [Cor (95%
CI): 0.5843 (0.4879, 0.6666) (p < 0.0001)] and the length
of hospitalizations.

The final model demonstrated that patients infected with PA
were more likely to have a high BMI [OR (95% CI): 1.2662
(1.0313, 1.5545)], a higher number of exacerbations; [OR (95%
CI): 2.0282 (1.2559, 3.2755)], and lower FEV1 [OR (95% CI):
0.9612 (0.9355, 0.9877)] compared to patients infected with SA
(Table 3). The results were similar when the co-infected group
was compared to SA only [OR (95% CI)]: BMI: 1.2022 (1.0015,
1.4432); exacerbations: 2.1660 (1.3514, 3.4078); FEV1: 0.9701
(0.9478, 0.9930)]. When comparing the SA-PA group to the PA
group, only age criteria was significant as co-infected patients
were more likely to be younger than PA mono-infected patients
[OR (95% CI): 0.9477 (0.9017, 0.9961)].

Impact of Bacterial Coexistence and
Competition Within Co-infected
CF Patients

The second objective of this study was to determine whether
the interaction profile between SA and PA could affect patient
clinical outcome. Thus, we compared the mono-infected groups
(SA only and PA only) with two co-infected groups: SA plus PA
in coexistence and SA plus PA in competition.
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FIGURE 1 | Comparison between SA mono-infected (SA), PA mono-infected (PA) and co-infected groups in competition (Comp) or in coexistence (Coex) for age
mean (A), BMI (B), FEV1 (C), number of hospitalization (D), length of hospitalization (E), and number of exarcerbations (F). A Mann-Whitney Wilcoxon non-parametric
test corrected by a Bonferroni method was used.

TABLE 2 | P-values for continuous variable comparisons between SA
mono-infected (SA), PA mono-infected (PA) and co-infected groups (SA+PA).

PAvs.SA  SA+ PAvs.SA SA+PA vs. PA
Age <0.0001 <0.0001 0.0012
BMI <0.0001 0.0074 0.029
Number of hospitalizations 0.0017 0.0013 ns
Length of hospitalization 0.0011 0.0010 ns
Number of exacerbations <0.0001 <0.0001 ns
FEV1 <0.0001 <0.0001 ns

A Mann-Whitney Wilcoxon non-parametric test corrected by a Bonferroni method
was used.

Using continuous variables, the comparison between
coexistence and competition groups showed no significant
difference (Figure 1). Furthermore, no statistical differences
were found between PA mono-infected or SA plus PA in
coexistence or in competition. Compared to SA groups, both
SA plus PA interaction groups seemed to infect older patients
(Coex. Vs. SA.: p = 0.0057; Comp. vs. SA: p = 0.0243) with
a higher number of exacerbations (Coex. Vs. SA: p < 0.0001;
Comp. vs. SA: p = 0.0003) and lower values of FEV1 (Coex.

Vs. SA: p < 0.0001; Comp. vs. SA: p = 0.0001). However, it
is noteworthy that, for BMI, number of hospitalizations and
length of hospitalization criteria, only the coexistence group
differs significantly from the SA groups (Figure 1). Thus, the
coexistence group presented higher BMI values (p = 0.0449),
a higher number of hospitalizations (p = 0.0043) and longer
hospitalization stays (p = 0.0026) compared to the SA groups.

Considering  categorical variables, no characteristics
were statistically significant between the two types of
interaction (Table S3). However, when comparing the SA
group, there was a higher number of CFRD patients in
the coexistence group (p = 0.0164); these criteria were
not significant when the SA group was compared to the
competition group.

Finally, multinomial analysis was performed using all the
significant characteristics from the univariate tests. The final
predictors retained after analyses of deviance through AIC
criteria were BMI, need for oral food supplementation, number
of exacerbations and FEV1. A significant difference was found
between the two types of interaction in co-infected patients.
The coexistence state group was more likely to need oral food
supplementation than the competition group [OR (95% CI):
0.2262 (0.0536, 0.9541)] (Table 4). As with the univariate results,
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FIGURE 2 | Comparison between SA mono-infected (SA) and PA mono-or co- infected (PA) groups within three age classes of patients. FEV1 (A), BMI (B), number of
hospitalization (C), length of hospitalization (D) and number of exarcerbations (E) are represented. A Mann-Whitney Wilcoxon non-parametric test was used.

the multivariate analyses confirmed that patients co-infected by
either a coexisting SA-PA pair or a competition pair had higher
odds of having more exacerbations than those infected only by SA
[OR (95% CI): 2.2896 (1.3982, 3.7494): 1.9090 (1.0956, 3.3262),
respectively]. Compared to the SA group, the competition state
group seemed to have lower values of FEV1 [OR (95% CI): 0.9589
(0.9300, 0.9887)] whereas the coexistence state group was more
likely to have higher BMI [OR (95% CI): 1.2047 (1.0210, 1.4213)].

Diabetes Outcome and Infectious Status

Are Not Associated

Additional multivariate analyses were performed on CFRD
patients due to a statistically significant difference between
groups when performing univariate analyses (TablesS2, S3).
First of all, a multinomial analysis was conducted with all

the variables (including infection status) and taking CFRD as
outcome. On the basis of the analyses of deviance conducted
with AIC criteria, the following variables were excluded
from the multinomial analysis: sex, BMI, undernourishment,
enteral nutrition, cirrhosis, length of hospitalization, number
of exacerbations, FEV1, and type of infection. Thus, none of
these variables were associated with CFRD and CFRD patients
were not more likely to be infected by SA or PA, or co-infected
by SA plus PA. Five characteristics were conserved in the final
model in which odds ratios and associated adjusted p_values
were reported (Table 5). CF-related diabetes patients were more
likely to be older [OR (95% CI): 1.1013 (1.0543, 1.1504)], to need
more oral food supplemenation [OR (95% CI): 3.0259 (1.2297,
7.4459)] and were more hospitalized [OR (95% CI): 2.1662
(1.5254, 3.0763)].
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TABLE 3 | Adjusted odds ratios of cystic fibrosis patients’ infection status.

PA vs. SA SA+ PAvs. SA SA+PA vs. PA
OR (95 % CI) p_value OR (95 % CI) p_value OR (95 % CI) p_value
Age - 0.1354 - 0.6767 0.9477 (0.9017, 0.9961) 0.0345
BMI 1.2662 (1.0313, 1.5545) 0.0242 1.2022 (1.0015, 1.4432) 0.0481 - 0.5913
Number of exacerbations 2.0282 (1.2559, 3.2755) 0.0038 2.1460 (1.3514, 3.4078) 0.0012 - 0.7298
FEV1 0.9612 (0.9355, 0.9877) 0.0043 0.9701 (0.9478, 0.9930) 0.0108 - 0.4947

Multinomial regression analyses were performed to study associations between the type of infection [SA mono-infected (SA), PA mono-infected (PA) and co-infected groups (SA+FA)]

and clinical outcomes. Adjusted odds ratios with 95% confidence intervals (Cl) are mentioned.

TABLE 4 | Adjusted odds ratios of cystic fibrosis patients’ infection status.

Coex vs. SA Comp vs. SA Comp vs. Coex
OR (95 % CI) p_value OR (95 % CI) p_value OR (95 % CI) p_value
BMI 1.2047 (1.0210, 1.4213) 0.0273 - 0.3199 - 0.4872
Oral food supplementation - 0.0801 - 0.3609 0.2262 (0.0536, 0.9541) 0.0430
Number of exacerbations 2.2896 (1.3982, 3.7494) 0.0010 1.9090 (1.0956, 3.3262) 0.0228 - 0.4472
FEV1 - 0.0861 0.9589 (0.9300, 0.9887) 0.0072 - 0.1885

Multinomial regression analyses were performed to study associations between the type of infection [SA mono-infected (SA), PA mono-infected (PA) and co-infected groups in coexistence
state (Coex.), or in competition state (Comp.)] and clinical outcomes. Adjusted odds ratios with 95% confidence intervals (Cl) are mentioned.

TABLE 5 | Adjusted odds ratios of cystic fibrosis-related diabetes (CFRD)
patients’ infection status.

OR (95 % CI) p_value
Age 1.1013 (1.0543, 1.1504) <0.0001
Genotype - 0.1022
Oral food supplementation 3.0259 (1.2297, 7.4459) 0.0160
Pancreatic insufficiency - 0.8192
Number of hospitalizations 2.1662 (1.5254, 3.0763) <0.0001

Multinomial regression analyses were performed to study associations between cystic
fibrosis-related diabetes (CFRD) and other clinical outcomes including infection type.
Adjusted odds ratios with 95% confidence intervals (Cl) are mentioned.

DISCUSSION

The lungs of CF patients are colonized by multiple bacteria and
several studies were conducted to decipher the impact of these
colonisations on clinical outcomes. We focused our study on
the two major pathogens responsible for chronic colonization:
Staphylococcus aureus and Pseudomonas aeruginosa. There is no
gold standard to define chronic colonization, especially for SA.
For PA infection, Leeds criteria (Lee et al., 2003) are sometimes
used and define “chronic” as being when more than 50% of the
preceding 12 months were PA culture positive. This definition
requires frequent expectoration sampling. Furthermore, these
criteria may lack sensitivity and are not always considered by
clinicians (Hoo et al., 2018). Alternatively, PA serology appears to
be a sensitive criterion for classifying PA infection, especially in
non-expectorating children, but is not always available (Taccetti

et al,, 2019). In order to clearly study the impact of SA and/or
PA infection, we focused on stabilized infections. Therefore, we
considered chronic colonization when at least 3 samples over a 9-
month period had the same colonization pattern. These criteria
are close to the definition of European Consensus Criteria for PA
colonization. However, this stringent method led to the exclusion
of 33% of our cohort; 10% of patients were also excluded due to a
change in colonization status during the period studied. Finally,
in our study, 52.83% of the remaining patients had chronic
SA colonization, 22.64% chronic PA colonization and 24.53%
had chronic co-colonization with both bacteria. These data are
consistent with those of previous studies (Hubert et al., 2013; Cios
etal., 2019).

The first point of our study was to compare the impact
of chronic colonization by SA alone, PA alone and SA plus
PA on the clinical outcome of CF patients. Indeed, being
able to evaluate (or even predict) the risks that a patient
incurs depending on the type of bacterium and/or on bacterial
associations (in particular between PA and another pathogen)
that colonize the lungs, remains one of the major challenges
in the management of patients. Thus, identifying patients with
harmful bacterial associations would be of clinical interest as
they have increased risks of a worse clinical outcome. These
bacterial associations could become a therapeutic priority and
be eradicated by targeting, for example, one of the pathogens.
Conversely, we could speculate that co-infection between PA and
another bacterium represents a milder step in disease evolution,
probably an intermediate stage between SA alone and PA alone.

Our results showed that SA chronic colonization led to a
higher FEV1 (85.87 £ 22.39), fewer exacerbations (0.25 % 0.69),
a smaller number of hospitalizations (15.18% of SA patients)

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2020 | Volume 10 | Article 266



Briaud et al.

Coexistence of S. aureus and P, aeruginosa in CF

and shorter stays (8.00 £ 6.10) than SA plus PA co-infection
or PA alone. We did not observe any differences regarding
clinical status between patients co-infected by PA and SA and
those infected by PA alone. This suggests that the SA plus PA
combination does not lead to over or under morbidity compared
to the presence of PA alone in the lungs, and that there is no
synergism in term of pathogenicity. As soon as PA colonizes the
CF patients’ lungs, the clinical condition of the patients appears
to deteriorate, whether SA is present or not. These results are
in accordance with previous results from Ahlgren et al. that
demonstrate by univariate analysis that there is no difference
between PA mono-infected and PA plus SA co-infected patients
(Ahlgren et al., 2015). However, they are in contradiction with
others. Indeed, Hudson et al. (1993) and Sagel et al. (2009)
conducted similar analyses on pediactric cohort patients and
showed that SA plus PA co-infections led to the worst spirometry
(measured by the forced expiratory flow or FEF) (Hudson
et al.,, 1993), a 10 years survival of 57% lower (Hudson et al.,
1993) and have the highest measurement of inflammation (Sagel
et al., 2009) compared to the PA group. Gangell et al. (2011)
also depicted that the inflammatory response to co-infection
was greater but not significantly different from mono-infection.
Similarly, studies conducted by Limoli et al. (2016) and Cios
et al. (2019) on mixed patient cohorts (pediactric and adults)
pointed out that (i) SA plus PA co-infections were responsible
for more frequent exacerbations and lower FEV1 compared
to the PA group (Limoli et al.,, 2016) and (ii) patients mono-
infected by PA were more transplanted with a higher mortality
rate, the highest rates of hospitalization, annual readmission and
length of stay and the shortest time to subsequent hospitalization
(Cios et al., 2019). These discrepancies within studies may reflect
variabilities among cohorts (size, age...), and statistical analysis
and models used. However, under our conditions, where we are
studying stabilized mono or co-infections, it appears that there
are no differences between PA mono-infected and PA plus SA
co-infected patients.

Other studies analyzed the impact of co-infection based on
the presence of methicillin-susceptible Staphylococcus aureus
(MSSA) or methicillin-resistant Staphylococcus aureus (MRSA).
Patients co-infected by MSSA plus PA presented better outcome
than infected by PA only (higher FEV1, higher forced vital
capacity (FVC) and lower number of intraveneous antibiotics per
year than those) (Hubert et al., 2013). Their univariate analysis
showed that no difference could be established between the
co-infection group and the PA mono-infection group. On the
contrary, co-infection by MRSA plus PA were as severe as the
PA infection (Hubert et al., 2013). Furthermore, linear regression
models adjusted for gender, age at baseline, age at diagnostic,
genotype, and pancreatic sufficiency in this same study showed
that the MRSA/PA patients had the largest yearly decline in
FEV1. This last result was confirmed by Maliniak et al. (2016).
In our cohort, only 15 MRSA cases were reported. This low
number of cases (9%—5/164) is slightly higher than the MRSA
rate in France, which is 6.3% according to the French cystic
fibrosis register, 2017. However, it was not enough to perform
analyses and conclude on the impact of methicillin-resistance
status on clinical outcomes. Further studies are required to

figure out why MRSA—per se or as a surrogate marker of other
genetic determinants—negatively impacts the clinical outcome of
CF patients.

CFRD is a severe complication of CF and its association
with bacterial infection could be used as a predictive marker
of severity. CFRD seemed to be overrepresented in mono-
infected PA (29.17%) and co-infected (25%) patients and
under-represented in mono-infected SA patients (8.04%). CFRD
represented 16.98% of our total patients and was slightly higher
than the CFRD rate in the European population (Kerem et al.,
2014). Limoli et al. (2016) showed that CFRD status was
marginally associated with co-infection by both SA and PA
[OR (95% CI): 1.90 (0.99, 3,6)] in comparison to SA or PA
mono-infection. We did not confirm this result. Indeed, our
multivariate analysis demonstrated that CFRD was associated
with the age of the patients [OR (95% CI): 1.1013 (1.0543,
1.1504)]. As co-infected and PA infected patients are older than
SA patients, CFRD could be more represented in the first two
groups. However, we cannot exclude that the difference between
the two studies can be explained by a lower number of patients in
our study.

The second objective of the present study was to evaluate
the impact of the type of interaction between SA and PA
(competition or coexistence) on clinical outcomes. Among the
52 patients co-colonized with SA and PA, 65.38% of strain
pairs were in coexistent interaction and 34.61% in competition.
These competitive and coexistence statuses have already been
described (Baldan et al., 2014; Michelsen et al., 2014; Cigana
et al,, 2017; Limoli et al., 2017; Tognon et al., 2017; Briaud
et al., 2019). However, this is the first time that this type of
interaction was evaluated in a large number of clinical isolates
and we described that coexistence is the predominant interaction
type in chronically co-colonized patients.

It has long been recognized that PA could suppress SA growth
by several mechanisms (Hotterbeekx et al., 2017). These data
led to the theory that PA colonization causes SA elimination
in patients’ lungs. Indeed, in our cohort, 24% of patients were
co-colonized, which is consistent with other studies (Hubert
et al,, 2013; Cios et al., 2019). Moreover, SA-PA pairs from co-
infected patients were mostly coexisting. Thus, our study shows
that in 34 patients, chronic co-colonization may be due, at
least in part, to the inability of PA to suppress SA. It has been
well-described that in CF lungs, PA strains evolve and adapt
from virulent early-infecting strains to less-virulent late-infecting
strains (Michelsen et al., 2016; Limoli et al., 2017). Stresses
induced by the pulmonary environment (oxidative and osmotic),
antibiotic treatments, the immune system and other bacteria
species, constitute selective pressure forces for the selection of
adaptive mutations (Baldan et al., 2014; Michelsen et al., 2014;
Wakeman et al., 2016). Virulence changes could also reduce the
antagonistic action of the PA isolates on SA (Baldan et al., 2014;
Michelsen et al., 2014). However, of all the factors affecting the
evolution of PA in the pulmonary environment, the role of SA in
PA evolution remains to be explored.

Nonetheless, in the present study, we did not observe a
difference in age between patients colonized with coexisting
isolates (23.24 % 10.52) and patients colonized with competitive
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pairs (23.67 £ 8.98). This suggests that there may be no link
between adapted late-infecting strains and coexistence. In order
to clarify this point, longitudinal studies will be necessary to
evaluate the link between bacteria interaction status and the
evolution of isolates.

How PA tolerance toward SA may contribute to worse
clinical outcomes is a point that has not been explored
before. The analyses showed no significant difference in clinical
outcomes between patients with coexisting pairs and patients
with competitive pairs, except for the need of oral food
supplementation observed with multinomial analysis.

Nevertheless, we highlighted several disparities between
coexistence and competition groups when compared to SA
mono-infected patients. The univariate analysis indicated that
both groups were more likely to have a lower FEV1 and higher
number of exacerbations. The multinomial analysis confirmed
that patients with a competitive pair had a higher number of
exacerbations and a lower FEVI, in comparison to SA group.
However, we noticed that multinomial analyse did not confirm
the lower FEV1 for the coexistence group in comparison to
SA. Indeed, the number of exacerbations was correlated with
FEV1. The correlation for the coexistence group [Cor (95% CI):
—0.6159 (—0.7896, —0.3508) (p = 0.0001)] was stronger than
that for the competition group [Cor (95% CI): —0.5462 (—0.8072,
—0.1065) (p = 0.0190)]. The differences in correlation’s strength
could explain why multinomial results showed a significant
lower FEV1 value for SA plus PA in competition state
compared to SA mono-infected patients, unlike the analysis
between SA plus PA in coexistence state compared to SA
mono-infected patients.

More importantly, univariate analysis demonstrated that
only patients with a coexisting pair were more likely to
have higher BMI, number and length of hospitalizations
than SA mono-infected group. This increased BMI was
confirmed by multinomial analysis and might be the results
of the long term oral food supply, which was more frequent
in coexistence group. Multinomial analysis also indicated
that coexistence group presented more exacerbations
than the SA group, consistent with previous results about
hospitalizations.

Overall, these results suggest that patients with coexisting
pair required food supply more frequently than patients with
competitive pair. Moreover, when compared to SA mono-
infection, co-infection with coexisting PA appears to be more
severe than co-infection with competitive PA (higher number
and length of hospitalizations and more exacerbations).

Several quorum-sensing dependent virulence factors are
produced by competitive PA strains such as rhamnolipids and
phenazines (Hotterbeekx et al., 2017), that can trigger a higher
inflammatory response leading to a lower FEV1. On the contrary,
coexisting PA strains lack the production of virulence factors
and should be less harmfull for the lung environment (Yang
et al,, 2011; Michelsen et al., 2014). The clinical outcome is
therefore mainly due to other genotype/phenotype traits of
PA. PA adaptation, is related to many environmental factors,

including the surrounding bacteria (Yang et al., 2011; Winstanley
et al, 2016; O’Brien and Fothergill, 2017). Thus, in the
context of coexistence, current analysis of the impact of SA
on the PA transcriptome and growth phenotype suggests that
SA could favor PA persistence (Camus et al, in revision).
Moreover, we previously demonstrated that PA can enhance
SA antibiotic resistance (Briaud et al., 2019). Therefore, we
suggest that cooperation between the two species in the
coexistence state may be slightly more deleterious for the host
than in the competition state. A larger patient cohort would
be necessary to evaluate the real impact of the coexistence
state on clinical outcomes. Coexistence between SA and PA
may be an important step in lung bacterial colonization
in CF patients, and preventing this phenomenon could
participate in the adapted or even personalized management of
CF patients.
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Conclusion générale

Du fait de leur fréquence, leur sévérité et leur persistance, les infections pulmonaires a
P. aeruginosa demeurent la principale cause de morbi-mortalité chez les patients atteints de
mucoviscidose. Face a la difficulté de les traiter efficacement par les antibiothérapies
habituelles, la compréhension des facteurs favorisant la survie de P. aeruginosa dans les
poumons est essentielle. P. aeruginosa n’évolue cependant pas seul au sein de I'écosystéme
pulmonaire, et l'impact des interactions entre microorganismes sur la physiologie et la
pathogénie microbienne est de plus en plus considéré. L’étude des interactions entre
P. aeruginosa et les autres microorganismes pulmonaires apparait donc prometteuse pour
mieux comprendre les facteurs de sa persistance. Cette approche est particuliérement
intéressante dans le cas des co-infections a P. aeruginosa et S. aureus, du fait de leur
prévalence et de leur impact potentiel sur la santé du patient. Et effectivement, un nombre
croissant d’études décrit que les deux pathogénes développent une interaction atypique au
sein des poumons des patients atteints de mucoviscidose : I'état de coexistence (55, 56, 63,
163, 168). Cet état est suspecté de favoriser les comportements coopératifs entre
P. aeruginosa et S. aureus et les co-infections a ces deux bactéries. La coexistence n’étant
gue peu décrite, nous avons etudié ses causes et impacts sur la physiologie de P. aeruginosa

par plusieurs approches.

L’approche transcriptomique a ainsi mis en évidence que le métabolisme du glucose
et des acides aminés de P. aeruginosa était fortement affecté par la coexistence avec
S. aureus. Pour la premiére fois, une coopération trophique impliquant I’acétoine a été
observée entre les deux pathogénes et suggére une co-évolution de P. aeruginosa et
S. aureus au sein de I’écosystéme pulmonaire. Ces résultats confirment ainsi que I'état de
coexistence favorise les comportements mutualistes entre les deux pathogénes, et donc
potentiellement leur persistance dans les poumons. Si certains éléments de I'étude clinique
rétrospective réalisée au cours de ce projet tendent a confirmer cette hypothése (163), 'impact
de la coexistence sur la persistance des co-infections a P. aeruginosa et S. aureus doit étre
plus largement investigué. La potentielle co-évolution observée entre les deux pathogénes
souléve également de nombreuses questions. Si I'évolution de P. aeruginosa dans les
poumons est bien décrite, celle de S. aureus I'est beaucoup moins. Dans quelles mesures
S. aureus est-il capable d’adapter son métabolisme a la présence de P. aeruginosa ? Peut-il
influencer les processus adaptatifs de P. aeruginosa pour favoriser les comportements

coopératifs ?

Nous avons tenté de répondre a cette derniére question par une approche de
génomique comparative de souches cliniques et évoluées expérimentalement. Nous n’avons
pas observé d’effet de la présence de S. aureus sur I'évolution génétique de P. aeruginosa in

vitro, mais nous avons pu identifier plusieurs facteurs génétiques de P. aeruginosa
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Conclusion générale

potentiellement impliqués dans I'établissement de la coexistence. L’altération des voies du
QS, de la synthése d’alginate et du transport de la cystéine chez P. aeruginosa est ainsi
suspectée d’induire la coexistence avec S. aureus. A l'image de I’adaptation de
P. aeruginosa dans les poumons, I’établissement de la coexistence reposerait donc sur
plusieurs voies mutationnelles distinctes. Finalement, l'approche de Transposon-
sequencing a permis d’identifier plusieurs voies importantes pour le maintien de P. aeruginosa
lors de cette interaction de coexistence : si la synthése des acides aminés et de la thiamine
parait favorable a la survie de P. aeruginosa en coexistence avec S. aureus, les voies

d’utilisation du glucose et de synthése de biotine semblent défavorables.

De facon intéressante, les trois approches de ce projet soulignent I'importance du
métabolisme et du transport des acides aminés de P. aeruginosa lors de la coexistence avec
S. aureus, et indiquent également un impact négatif du métabolisme du glucose. Ces voies
étant modifiées par I'adaptation de la bactérie au milieu pulmonaire, il serait intéressant
d’évaluer leur réle dans les capacités de colonisation et de persistance de P. aeruginosa (190).
Pour cela, nous envisageons d’étudier le comportement métabolique (utilisation du glucose,
de I'acétoine et des acides aminés) de P. aeruginosa lors d’infections de cellules épithéliales
pulmonaires en présence et en absence de S. aureus. De la méme maniére, plusieurs résultats
de ce projet soutiennent une relation entre I'adaptation de P. aeruginosa au milieu pulmonaire
et le développement de la coexistence avec S. aureus : les altérations génétiques impliquées
dans l'établissement et le maintien de la coexistence sont en effet fréquemment identifiées
chez les souches chroniques et donc adaptées de P. aeruginosa (147, 192, 197). Dans ce
contexte, une étude longitudinale de souches de P. aeruginosa isolées de patients mono- et
co-infectés avec S. aureus permettrait de mieux comprendre ce phénoméne et I'impact de la
présence de S. aureus sur cette évolution. Le développement d’une coexistence avec
S. aureus pourrait ainsi constituer une patho-adaptation de P. aeruginosa au milieu
pulmonaire. Si cette adaptation favorise les comportements coopératifs avec d’autres

espéces du microbiote pulmonaire reste une nouvelle hypothése intéressante a explorer.

En conclusion, la coexistence entre P. aeruginosa et S. aureus favorise
les comportements coopératifs et leur persistance, et résulte probablement de
I’adaptation bactérienne au milieu pulmonaire. Ces résultats soulignent donc
'importance des interactions entre bactéries sur leur physiopathologie, et
ouvrent de nombreuses perspectives pour la compréhension de leurs
mécanismes de persistance dans les poumons des patients atteints de
mucoviscidose.
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Pseudomonas aeruginosa (PA) est un pathogéne opportuniste pouvant causer de nombreuses
infections, notamment gréce a ses capacités d'adaptation et sa compétitivité. Dans le cas des infections
pulmonaires survenant chez les patients atteints de mucoviscidose, PA parvient a persister durablement dans
les poumons malgré la présence de nombreux autres microorganismes co-colonisateurs. Parmi ceux-ci, la
bactérie Staphylococcus aureus (SA) est la plus souvent retrouvée ; jusqu'a 50% des patients présentent ainsi
une co-infection par PA et SA. PA adapte son mode d'interaction avec SA au cours de linfection : dans un
premier temps, les souches de PA inhibent la croissance du staphylocoque selon des mécanismes bien décrits.
Puis, aprés quelques mois de co-infection, une coexistence durable s'installe entre les deux bactéries.
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Cette étude montre que l'état de coexistence avec Staphylococcus aureus affecte 'expression
génique et le métabolisme de Pseudomonas aeruginosa, favorisant l'utilisation de sources de carbone
alternatives au glucose. L'une delles, l'acétoine, est produite par le staphylocoque afin de réguler son
acidification cellulaire et affecte sa survie (Chaudhari et al., 2016), suggérant la mise en place de
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Pseudomonas aerugr'nosa ( ) est une bactérie pathogéne pouvant causer de nombreuses infections
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chez un couple de souches, Friplicats. Géne testé &té vérifiée en paraliéle. Temps (h)

Concentration bacteéri
UFG (unité farmant eolonie)/mlL

Factaur d axpression différer

Cette étude montre que L'état de coexistence avec Staphylococcus aureus affecte lexpression ConfirmerE:es r%sullats surunmodele de co-
génigue et le métabolisme de Pseudomonas aeruginosa, favorisant [ utilisation de sources de carbone nitast o @l [l e sl
alternatives au glucose. L'une delles, lacétoine, est produite par le staphylocoque afin de réguler son Mettre en évidence limportance de lutilisation
acidification cellulaire et affecte sa survie (Chaudhari et al., 2016), suggérant la mise en place de de sources de carbone alternatives pourla
coopérationstrophiques entre les deux bactéries. virulence et la persistance de PA

Conclusions
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Interactions between Staphylococcus aureus .

L] 5 :
Conve and Pseudomonas aeruginosain a
A Internationa " .
CIrl e pulmonary co-infection context

en Infectiologie
Laura Camus* ', Paul Briaud*', Antoine Corbin?, Sylvére Bastien',
Anne Doléans- Jordheim?, Frangois Vandenesch'® and Karen Moreau'.
*LC and PB contributed equally to this work. 'CIRI - Staphylococcal Pathogenesis. 2CIRI - BIBS. *IAl - HCL Lyon

Cystic fibrasis (CF} is a genetic disease that mainly affects ions and water transport in the lungs epithelium. The resulting thickened pulmonary mucus alters
the mucociliary clearance and promates lungs infection by various microorganisms. Among those, the Gram positive bacterium Staphylococcus aureus (SA) and the
Gram negative Pseudomonas aeruginosa (PA) are the mast prevalent and co-infection by these two agents is frequently observed (up to 50% of CF patients depending on
age class). Interestingly, interactions between these pathogens evolve during infection. Early infection strains show a competition state, as PA inhibits SA growth hy
secretion of anti-staphylococci factors. However, strains of chronicinfection are able to coexist.

B 35% SA el DL Total - B 57% coexistence
4% other 35% competition
23% SA+PA B% both
; ’ ; : 18% PA
A retrospective study is perfermed on the Lyon cohort of CF patients. We observed that SA is the most

prevalent bacterium among the 2136 samples of the cohort (400 patients, february 2017-january 2018). 23% of the
patients are co-infected by SA and PA.

The interaction profile of co-infection strains is monitored thanks to competition experiments, At this time
and on 80 tested couples, 57% of couples show a coexistence state. Interestingly, some patients are infected by SA and PA prevalence
several PA strains which can interact differently with the SA strain in the Lyon cohort

SA and PA interaction
profiles among 80
ca-infection couples

Understand the coexistence state between SA and PA strains
Describe its impact on their gene expression and physiology

SA and Gene expression Q Phenotypic tests
: VS
coexistence couples RNAseq (1 couple) Antibiotic resistance

from CF lungs (HCL) Monocultures Coculture ERIERERSIZERLP 2] Acetoin dosages

Increased tetracycline resistance for SA

RNA-seq data from one SA coexistence strain pointed out 46 genes differentially

expressed in presence of PA. Confirmation by qPCR reveals that tet38 and cspB

genes are respectively overexpressed and underexpressed among almost all the
couples tested (12},

RNASeq analysis {1 couple) and qRT-PCR (22 couples) indicate that 70% of PA
strains overexpress the aco operon (PA4148-PA4753) and its transcriptionnal
activator acoRin presence of SA. These genes are implied in acetoin catahalism,
a neutral molecule preduced by bacteria to limit cell acidification during growth.

tet38and cspB expressions are modified by direct contact with PA
Culture with SA

I h PA
Gulture will Culture with SA supernatant

Culture with PA supernatant
Culture with co-culture supernatant

Culture with acetoin standard

PA strains were cultivated in presence or
absence of SA, SA supemnatant or 1mM
acetoin standard. After 4 hours of culture,
RNA were extracted and RT-qPCR was
performed. Gene expression was normalized
to gyrB. Results are representsd as fold
| change expression co-culture  versus
acoR PAZT48 mong-culture, Bars represent the mean
expression + SEM obtained in three
independent experiments on three couples.

$A strains were cultivated in presence or
absence of PA or co-culture supernatants.
After 4 hours of culture, RNA were extracted
and RT-gPCR was performed. Gene
expression was normalized to gyrB. Results
are represented as fold change expression of
co-culture  versus  mono-culture.  Bars

& represent the mean expressian of 12 cauples Tested gene
& + SEM

Tested gene - p <0108, Wicokan test Significant resuhs, p = 0.05, Mann-Whiney test

Fold change
(menoculture/condition)

Fald change expression
{coculture/monoculture)

SA supernatant - containing large amount of acetein - and acetoin standard also
induce the aco system overexpression. The acetoin produced by SA seems to be

Both genes are involved in antibiotic resistance. A cspB null mutant displayed ) N
the inductor signal of the aco system overexpression in PA.

increased resistance to aminoglycosides. trimetheprim-sulfamethoxazole
(Duval et al., 2010), Tet38 is an efflux pumps taking tetracycline, erythromycin and
chloramphenicol out the cell (Truong-Bolduc et al.. 2015).

—— SAsupernatant + medium

SAtetracycline resistance sharply goes up in presence of PA SA superatant + PA culture

- "
300 —_ — To & 4 hours SA supematant was added a
PA culture or sterile medium as a contral.
Acetoin concentration was monitored by
Voges-Praskauer colorimetric dosage on 1
mL culture collected each hour. Each dot
represents the mean acatain concentration
+ SEM of three independent experiments
an one SAPA couple. Results have been
confirmad on two other couples.

—— Mono-culture
Ce-culture

w
=3
S

A 4 hours co-culture or mona-culture have
been exposed to an increasing tetracycline
concentration for 5 hours. SA27 =, SA30 =,
SA31 ¢ or SAGH hawe been plated on
Manitol Salt Agar for count. Each dot Time (h) * p< 0,05, multiple tast
represents the mean of three independent

Acetoin concentration (mM)

% bacterial survival
after tetracycline treatment

In connection with transcriptomic results, PA catabolizes the acetoin produced
by SA. This could provide a new carbon source for PA and affect SA regulation of
Tetracyeline concentration cell acidification,

&
£ *p < 0.0, ratio paired ttest

The goal of these studies is to understand the poly-microbial interactions occurring in CF patients. Surprisingly, the majority of SA and PA strains
from co-infection are in a coexistence state. For Staphylococcus aureus, this interaction leads to deregulation of tet38 and cspB gene expression. Both genes are
invalved in antibiotic resistance. tet38 overexpression may be responsible for the increasing tetracycline resistance observed in co-culture with PA. In Pseudomonas
aeruginosa, the presence of SA drives the overexpression of the aco system, encoding genes implicated in acetoin catabolism. Produced by SA, acetoin is consumed by
PA and may promote its fitness.
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