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Résumé

L'incroyable capacité d’adaptation des bactéries face a leur environnement leur permet de
coloniser diverses niches écologiques, allant des sols et eaux jusqu’aux tissus vivants et surfaces
inertes. Il est désormais acquis que le transfert horizontal de genes joue un réle prépondérant dans
la plasticité des génomes bactériens, permettant un bond évolutif associé a la dissémination rapide
et efficace de nouveaux traits phénotypiques. La conjugaison bactérienne est ainsi un mécanisme de
transfert horizontal de génes d’intérét majeur puisque responsable de 80% des disséminations de
résistances aux antibiotiques acquises chez les bactéries. Etant le sujet de nombreuses recherches
depuis la découverte du mécanisme en 1946, le plasmide F est désormais considéré comme un
modele pour I'étude de la conjugaison bactérienne. Parmi les différentes régions génétiques le
composant, la région leading est définie comme étant la premiére a étre transférée dans les cellules
receveuses. Retrouvée conservée chez certains plasmides conjugatifs appartenant a divers groupes
d’incompatibilité, il a été montré que cette région est exprimée de maniere précoce lors de I'entrée
du plasmide dans la receveuse. Bien que la plupart des génes qui la composent soient de fonctions
inconnues, il est proposé que la région leading joue un r6le majeur dans les étapes initiales
d’établissement du plasmide dans la nouvelle cellule hote.

L'objectif principal de cette thése est d’étudier le réle de la région leading au cours de la
conjugaison du plasmide F chez Escherichia coli, et plus précisément de caractériser le géne yfjB. La
protéine YfjB partage une homologie avec les protéines de la famille ParB, notamment par la
conservation d’'un domaine de liaison a 'ADN. Afin de caractériser cette protéine leading, j’ai eu
recours a une approche multidisciplinaire combinant la microbiologie classique, la microscopie a
fluorescence en cellules vivantes, la génétique, les analyses omic ou encore la biochimie structurale.
Les résultats obtenus permettent de mieux comprendre la dynamique de la protéine YfjB au niveau
cellulaire, son activité moléculaire et son réle dans I'établissement du plasmide F chez la bactérie
receveuse. Mes travaux nous amenent alors a proposer un role de la protéine YfjB pour le bon
déroulement des premiéres étapes de transfert du plasmide via une reprogrammation globale du
profil d’expression génétique de la bactérie hote. Cela irait dans le sens d’une stratégie développée
par le plasmide F visant a limiter I'impact négatif de son acquisition sur la physiologie de la cellule
receveuse, appuyant I’hypothése d’'une importance de la région leading pour |'établissement du

plasmide.
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Par ailleurs, j'ai pu participer a différents projets du laboratoire portant sur la dynamique
intracellulaire de la conjugaison et son impact sur les populations bactériennes. Par utilisation de la
microscopie a fluorescence en cellules vivantes, nous avons révélé une organisation spatio-
temporelle précise des étapes clés de la conjugaison ainsi que la rapidité et I'efficacité de cette
séquence d’évenements. En décrivant le profil et le timing d’expression des genes plasmidiques dans
la nouvelle cellule hote, nous avons entre autres démontré I'importance de deux séquences de la
région leading agissant comme promoteurs simples brins pour I’expression précoce et transitoire des
genes associés lors de I’entrée du plasmide dans la cellule receveuse. La conversion subséquente du
plasmide en ADN double-brin abolit alors I’expression de la région leading et permet I'activation des
promoteurs conventionnels qui contrdlent I'expression des autres genes portés par le plasmide.
Cette chronologie d’expression programmée des genes plasmidiques permet la production des
facteurs leading lors des premieres étapes de transfert, puis des génes impliqués dans le maintien
du plasmide et finalement des machineries de conjugaison. L’utilisation de la microscopie a
fluorescence nous a également permis d’analyser la dynamique de la mise en place de la résistance
a la tétracycline conférée par un transposons Tn10 porté par le plasmide F. Nous avons ainsi pu
corréler la production de la pompe a efflux TetA avec la concentration intracellulaire de tétracycline
en temps réel et en cellules vivantes. Notre étude démontre la mise en place d’'une balance entre
entrée et efflux de tétracycline dépendante de la concentration initiale de pompes a efflux
spécifiques et généralistes codées par le chromosome et le plasmide, mais dépendant également de
la concentration en tétracycline dans le milieu.

Bien que le transfert de genes par conjugaison ait été extensivement étudié au cours des
dernieres décennies, les différents projets de recherche auxquels j’ai pu participer au cours de ma
these apportent de nouvelles connaissances par diverses approches innovantes. En couvrant
I’ensemble du mécanisme de conjugaison, nous proposons alors de nouveaux modeles intégrant les

différents mécanismes moléculaires régissant la conjugaison dans le contexte de la cellule vivante.
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Abstract

The incredible adaptation capacity of bacteria to their environment allow them to colonise
diverse ecological niches, from soils and waters to alive tissues and inert surfaces. It is now acquired
that horizontal gene transfer plays a preponderant role for bacterial genome plasticity, allowing an
evolutionary leap associated with rapid and efficient dissemination of new phenotypic traits amongst
bacterial populations. Conjugation is therefore a horizontal gene transfer mechanism of major
interest since it is responsible of 80% of acquired antibiotic resistances dissemination in bacteria.
Being the subject of extensive researches since the first description of the mechanism in 1946, the F
plasmid is now considered as a model for bacterial conjugation study. Amongst the multiple genetic
regions composing it, the leading region is defined as the first to be transferred inside recipient cells.
Conserved in various plasmids belonging to different incompatibility groups, it was shown that this
region is early expressed during the plasmid entry inside the recipient. Even if the genes composing
it are mainly unknown, it is suggested that the leading region play a key role for the early steps of
plasmid establishment within the new host cell.

The main objective of this thesis is to study the role of the leading region during F plasmid
conjugation in Escherichia coli, and more precisely to characterise the yfjB gene. The YfjB protein
shares a homology with proteins from the ParB family especially by conservation of a DNA binding
domain. In order to characterise this leading protein, | had recourse to a multidisciplinary approach
combining classical microbiology, fluorescence microscopy in live cells, genetic, omics analysis or
structural biochemistry. The data obtained allow to better understand the YfjB protein dynamics at
the cellular scale, its molecular activity and its role for the F plasmid establishment inside the
recipient bacteria. My work leads us to suggest a role of the YfjB protein for the first steps of plasmid
transfer via global reprogramming of the host genetic expression profile. This would be in coherence
with a strategy developed by the F plasmid aiming to limit the negative impact of its own acquisition
on bacterial host physiology, supporting the hypothesis of the probable importance of the leading
region for plasmid establishment.

Moreover, | also participated to various projects of the laboratory studying the intracellular
dynamic of the conjugation and its impact on bacterial populations. By using fluorescent microscopy
on alive cells, we revealed a precise spatiotemporal organisation for each key step of the conjugation
as well as the rapidity and effectiveness of these sequential events. By describing the profile and

expression timing of the plasmidic genes inside the new host cell, we demonstrate the importance
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of two leading region sequences behaving like single-stranded promotors for the early and transitory
expression of the corresponding genes during the first steps of DNA transfer. The plasmid conversion
to double-stranded DNA abolishes the leading region expression, subsequently allowing the
activation of conventional promotors for the expression of other genes carried by the plasmid. This
chronology of programmed expression of the plasmidic genes allow the production of leading factors
during the first step of the transfer, then those of the genes involved in plasmid maintenance and
finally the conjugation machineries. The use of fluorescence microscopy also allowed us to analyse
the dynamics of tetracycline resistance establishment conferred by a Tn10 transposon carried by the
F plasmid. We thus correlate the TetA efflux pump production and tetracycline intracellular
concentration in real time and in alive cells. Our study demonstrated the set-up of a balance between
tetracycline entry and efflux depending on the initial concentration of specific and generalist efflux
pumps encoded by the chromosome and the plasmid, but also dependant of the tetracycline
concentration in the medium.

Although gene transfer by conjugation was extensively studied during the last decades, the
multiple research projects to which | had the opportunity to participate during my thesis bring new
knowledge by innovative approaches. By covering the conjugation mechanism in its entirety, we
suggest new models integrating the various molecular mechanisms governing the conjugation in an

alive cell context.
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Objectifs et contenu de la these

L'axe de recherche principalement développé au laboratoire consiste en I'étude de
I’organisation intracellulaire du mécanisme de transfert horizontal de génes par conjugaison chez les
bactéries. Depuis sa découverte en 1946 par Lederberg et Tatum, de multiples approches de
génétique et biochimie structurale ont permis la compréhension des mécanismes moléculaires et
facteurs impliqués dans la conjugaison. Toutefois, |I’organisation du transfert conjugatif reste encore
peu décrite au niveau cellulaire. Différents outils génétiques et expérimentaux sont ainsi développés
au laboratoire, nous permettant I’étude de la dynamique du transfert conjugatif en cellules vivantes
par |'utilisation de la microscopie a fluorescence couplée a la microfluidique. Dans ce contexte,
I’objectif initial des travaux de these présentés dans ce manuscrit est d’a la fois caractériser les
facteurs moléculaires impliqués dans le transfert du plasmide F chez Escherichia coli ainsi que de
mesurer leur importance pour la pérennité du plasmide conjugatif.

La premiére partie de ce manuscrit consiste en une introduction bibliographique articulée
autour de trois chapitres. Le premier chapitre présente le transfert horizontal de genes de fagon
général ainsi que son importance pour la plasticité et I'adaptabilité des bactéries a leur niche
écologique, tout en appuyant I'importance de la conjugaison. Ce type de transfert génétique permet
I"acquisition rapide de nouvelles fonctions métaboliques par les bactéries, jouant un réle critique
dans la dissémination de genes de symbiose, de virulence ou de résistances aux antibiotiques et
métaux lourds au sein des populations bactériennes. Le deuxiéme chapitre de cette introduction
bibliographique présente une revue sur la conjugaison chez les bactéries gram-négatives, publiée
dans le journal Genes en 2020 et pour laquelle je partage la place de co-premier auteur avec les
doctorantes Kelly Goldlust et Sarah Djermoun. En faisant le choix d’un angle centré sur le plasmide
F, nous faisons un état de I'art des savoirs accumulés sur la conjugaison bactérienne tout en
regroupant connaissances, hypothéses et questionnements dans une seule et méme revue. Enfin, le
plasmide F étant le modeéle d’étude utilisé au cours de cette thése, le troisieme et dernier chapitre
traite de fagon plus précise de son importance et de ses spécificités. Jintroduis alors la notion
« d’expression zygotique » caractéristique des génes composant la région leading, premiére région
génétique a étre transférée et exprimée dans la bactérie receveuse au cours de la conjugaison.

Les articles publiés et résultats obtenus au cours de cette thése sont présentés dans les trois
parties suivantes de ce manuscrit. Par suivi de ’ADN plasmidique simple-brin (ADNsb) au cours du

transfert et en utilisant des rapporteurs de sa conversion en ADN double-brin (ADNdb), notre
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approche de visualisation directe nous a permis de publier un article dans le journal Nature
communication en 2023 présenté en deuxieme partie du manuscrit et pour lequel j’ai participé en
tant que deuxieme auteur. Notre étude nous a permis de mettre en avant I'organisation et la
chronologie des différentes étapes impliquées dans le transfert conjugatif a I’échelle cellulaire. Par
analyse quantitative d’'images de microscopie en temps réel, nous révélons une dynamique
séquentielle de I'expression des genes plasmidiques en fonction de leur position génétique sur le
plasmide F, laquelle est régulée par la transition du plasmide de la forme simple-brin a double-brin.
Nous apportons plus de précisions quant au role longtemps questionné dans la littérature de la
protéine plasmidique Ssb® pour le transfert et établissement du plasmide conjugatif, et nous
confirmons également in vivo la présence de deux promoteurs simple-brin pour I’expression précoce
et transitoire des genes leading. Ensembles, les résultats présentés dans cette partie appuient
I'importance de la région leading pour le bon déroulement des premieres étapes du transfert
conjugatif.

La troisieme partie de ce manuscrit vise a caractériser le réle du gene inconnu yfjB, porté par
la region leading. C'est la mon sujet principal de theése, s’inscrivant dans la continuité des
observations réalisées au cours de ces dernieres années au laboratoire et publié précédemment. Les
résultats obtenus sont présentés sous la forme d’un article en préparation que je signe en tant que
premier auteur. Une approche multidisciplinaire alliant a la fois la microscopie a fluorescence en
cellule vivantes, les techniques classiques de génétique et microbiologie, les analyses omics mais
également la biochimie structurale confirme une fonction de liaison a ’ADN de la protéine YfjB,
comme le laisse suggérer son homologie avec les protéines ParB. Par ailleurs, j’ai montré que la
protéine plasmidique YfjB induit un changement global du profil d’expression génétique de la
bactérie hote, affectant ainsi sa physiologie. Bien que la fonction d’YjfB ne soit pas encore
compléetement élucidée, mes travaux ont permis d’élaborer un modele décrivant le role de cette
protéine « ParB-like » dans le contexte de la conjugaison. Nous proposons que I’activité d’YfjB fasse
partie d’une stratégie mise en place par le plasmide F pour moduler temporairement la physiologie
de la nouvelle cellule hote, vraisemblablement dans le but d’éviter un impact négatif trop important
de l'acquisition du plasmide, tout en permettant I’établissement rapide et efficace du plasmide F
pour I'expression plus tardive des autres facteurs plasmidiques.

Enfin, la quatrieme partie de ce manuscrit présente un article de recherche publié dans le
journal FEMS Microbiology Reviews en 2020 pour lequel j’ai eu I'opportunité de signer en tant que

co-premier auteur avec Audrey Reuter et Kelly Goldlust. Faisant suite aux travaux menés par le Dr.
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Nolivos Sophie et publiés par le laboratoire en 2019 dans le journal Science, notre article présente
I’étude de la dynamique d’acquisition et de mise en place d’une résistance a la tétracycline par
conjugaison chez Escherichia coli. Nous avons pour cela une nouvelle fois adopté une approche de
quantification par microscopie a fluorescence en cellules vivantes en prenant avantage de la
propriété d’auto-fluorescence de la molécule de tétracycline et en décrivant la localisation cellulaire
de la protéine TetA fusionnée a un marqueur fluorescent. Nos résultats révelent alors une balance
entre entrée et efflux de la tétracycline dépendant de la concentration basale en pompe a efflux
chromosomiques et plasmidiques, mais également dépendante de la concentration en antibiotique
utilisé.

La cinquiéme et derniére partie de ce manuscrit constitue la discussion finale des différents
résultats présentés et permet d’y développer en détails les différentes conclusions et hypothéses qui
en émanent. En résumé, les travaux de recherche qui constituent ce manuscrit de these illustrent
une étude sur plusieurs échelles cellulaires, portant a la fois sur i) la dynamique de mécanismes
cellulaires impliqués dans le transfert de ’ADN simple-brin au cours de la conjugaison et de sa
conversion en ADN double-brin, ii) la caractérisation de la protéine plasmidique YfjB et son impact
sur la physiologie de la bactérie receveuse et iii) la caractérisation de la mise en place d’une résistance
antibiotique portée par un plasmide conjugatif. Bien que diverses approches techniques aient permis
la réalisation de ces travaux, la microscopie a fluorescence en cellules vivantes constitue I'outil
d’analyse central de ces travaux. Cette approche technique est en constant développement,
apportant un nouvel angle d’étude pour confirmer ou infirmer des hypothéses pour lesquelles il
n’était pas encore possible de répondre avec les moyens techniques précédant, tout en permettant

de nouvelles découvertes qui ouvrent a leur tour de nouvelles questions.
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Figure 1. Représentation schématique de trois types principaux de transfert horizontal de génes chez les

bactéries.

1. Transduction médiée par les bactériophages. Apres injection du matériel phagique dans la bactérie, celui-ci
peut s’intégrer au génome hote, devenir un élément extra-chromosomique indépendant ou contourner les
machnieries cellulaires pour la production de particules virales ensuite relarguées par lyse de la bactérie. De
I'ADN chromosomique bactérien peut se retrouver encapsidé dans les nouvelles particules produites et étre
transféré a d’autres bactéries.

2. Transformation naturelle. Apres entrée de matériel génétique exogéne dans la bactérie naturellement com-
pétente, celui-ci peut soit s’intégrer au génome hote soit se répliquer de facon autonome. UADN exogéene
peut provenir de la lyse d’autres bactéries dans I'environnement.

3. Conjugaison bactérienne. De I'information génétique est transférée par la bactérie donneuse aprés contact
avec une bactérie receveuse, pouvant ensuite se répliquer en un plasmide extra-chromosomique ou bien

s’intégrer au génome hote.



Partie | : Introduction bibliographique

Les bactéries possedent une grande capacité d’adaptation a leur environnement; leur permettant
de coloniser la plupart des écosystemes. Cette capacité d’adaptation peut provenir d’évenements de
mutations spontanées, lesquelles seront sélectionnées et transmises a la descendance si elles
conferent un avantage a la bactérie suivant les principes Darwinien de I’évolution des especes par
sélection naturelle. Cependant, I'adaptation rapide des bactéries repose également sur leur capacité
aacqueérir de I'information génétique exogene, c’est-a-dire provenant du milieux extérieur ou d’autre
bactéries, via le transfert horizontal de genes (Frost et al. 2005; Daubin and Sz6ll8si 2016). Les trois
principaux mécanismes de transfert horizontal de genes chez les bactéries sont la transduction, la
transformation et la conjugaison bactérienne (Figure 1).

La transduction est un processus indirect de transfert entre bactéries médié par les
bactériophages, particules virales principalement composées d’acide nucléique contenu dans une
capsule protéique et infectant spécifiquement les bactéries via un cycle de multiplication lytique ou
lysogénique. Lors de linfection bactérienne, les bactériophages lytiques vont détourner la
machinerie cellulaire afin de produire un grand nombre de particules virales, lesquelles seront
ensuite libérées par la lyse de la bactérie hote infectée. Dans le cas de figure d’un cycle lysogénique,
le matériel génétique injecté par le phage peut se répliquer en un plasmide autonome ou bien
s’'intégrer au chromosome bactérien et étre répliqué au cours des divisions bactériennes (Chiang,
Penadés, and Chen 2019). Bien que dans la majorité des cas les particules nouvellement produites
contiennent de I'information génétique virale, il arrive que de I’ADN héte soit encapsidé a la place.
Cet ADN bactérien peut alors étre transmis a une nouvelle bactérie lors d’un nouveau cycle
d’infection. Cette acquisition de nouveaux genes va alors modifier le profil génétique de I’hGte et
potentiellement permettre I’acquisition de nouvelles propriétés métaboliques (Menouni et al. 2015).

La transformation bactérienne consiste en un processus impliquant une bactérie receveuse et de
I’ADN exogene présent dans son environnement. Cette transformation dite « naturelle » repose sur
la capacité de la bactérie receveuse a coder et produire les machineries protéiques nécessaires a

I'internalisation et I'intégration de I’ADN étranger dans son génome par recombinaison homologue
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(Johnston, Martin, et al. 2014). Découvert en 1928 chez la bactérie Gram-positive Streptococcus
pneumoniae, le transfert de genes par transformation a depuis été identifié chez pres de 80 espéeces
bactériennes différentes, a la fois chez les bactéries Gram-positives telles que Bacillus subtilis ou
Streptococcus pneumoniae et chez les Gram-négatives telles qu’Acinetobacter baylyi, Vibrio cholerae
ou encore Neisseria gonorrheae (Griffith 1928; Johnston, Martin, et al. 2014; Averhoff et al. 2021).

Enfin, la conjugaison bactérienne est un transfert actif d’information génétique dépendant d’un
contact entre une bactérie donneuse et une bactérie receveuse, laquelle devient une nouvelle
bactérie appelée « transconjugante » présentant un mélange des propriétés génétiques des deux
souches parentales. Considérée comme un type de reproduction sexuée chez la bactérie, la
conjugaison bactérienne est ainsi un processus ubiquitaire permettant le transfert d’'une variété
d’éléments conjugatifs allant de plasmides de tailles variées, de transposons ou encore de
chromosomes.

Le développement des techniques de séquencage au cours de ces dernieres décennies a permis
d’établir que le transfert horizontal de génes est un acteur majeur de la plasticité des génomes
bactériens. De grands fragments d’ADN peuvent ainsi étre transférés en un seul éveénement,
provoquant un bond évolutif et une adaptation abrupte des bactéries face a un environnement
changeant et leur permettant de coloniser de nouvelles niches écologiques auparavant inaccessibles.
Cette rapide modification génétique serait difficilement réalisable par simple mutation spontanée ou
par réorganisation du génome (Eberhard 1989; Lawrence and Ochman 1998; Daubin and Sz6ll6si
2016; Pang and Lercher 2019; Lee et al. 2022). Ainsi, 18% du chromosome d’Escherichia coli et 2 a
6% du génome du groupe Pseudomonas fluorescens proviennent d’événements de transferts
horizontaux (Lawrence and Ochman 1998). Il a été établi par de nombreuses études de méta-
génomique et pan-génomique que I’ADN phagique issu des évenements de transduction constitue
une part non-négligeable des génomes procaryotes, allant de 5% chez Salmonella et jusqu’a 15%
chez Escherichia coli (Feschotte and Gilbert 2012; Bobay, Rocha, and Touchon 2013). L’ADN phagique
peut ainsi avoir des implications physiologiques importantes chez la bactérie, comme c’est le cas du
phage CTX¢ codant une choléra-toxine bactérienne responsable de la virulence chez Vibrio cholerae
(Boyd 2012) ou encore des phages-stx codant pour les shiga-toxines STX chez les bactéries Escherichia
coli entéropathogénes (Tozzoli et al. 2014). La transformation bactérienne permet aux bactéries
d’acquérir et intégrer au sein de leur génome de nouveaux genes provenant de transposons,
intégrons ou encore d’ADN issu de la lyse de bactéries présentes dans la niche écologique (Carvalho

et al. 2020). C’est notamment le cas pour Streptococcus pneumoniae, un pathogene humain
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possédant une forte capacité de recombinaison par transformation de génes xénologues (génes
homologues issus d’événements de transfert horizontal) pouvant conduire a un changement des
composés de sa capsule, augmentant sa virulence tout en diminuant l'efficacité des vaccins
(Johnston, Campo, et al. 2014; Sabharwal et al. 2014). Un autre exemple concerne Bacillus subtilis
qui possede une pléthore de génes accessoires majoritairement acquis par transformation et
permettant a la bactérie de coloniser diverses niches écologiques, allant des sols aux animaux et
plantes (Brito et al. 2018). Enfin, la conjugaison bactérienne permet le transfert de plasmides

conjugatifs pouvant porter des genes conférant divers avantages biologiques a la bactérie hote.

1. Découverte

Découverte pour la premiere fois en 1946 par Joshua Lederberg et Edward Tatum, la conjugaison
bactérienne est un processus ubiquitaire de transfert de matériel génétique entre bactéries
(Lederberg and Tatum 1946). Les premiéres études chez Escherichia coli font alors référence a un
mécanisme de transfert sexué porté par le facteur de fertilité F, qualifié plus tard de « plasmide F ».
Le terme générique « plasmide » n’est proposé qu’en 1952 pour qualifier « tout élément héréditaire
extra-chromosomique » (Lederberg 1952). Un plasmide est une structure génétique codant ses
propres machineries de réplication et de partition, typiquement retrouvée sous forme d’ADN
circulaire bien que certains plasmides puissent étre composés d’ADN linéaire (Meinhardt, Schaffrath,
and Larsen 1997; Hawkey et al. 2022). Apres contact bactérien et transfert horizontal du plasmide
par conjugaison, la bactérie receveuse ayant acquis le plasmide est alors appelée « bactérie
transconjugante » et peut devenir une nouvelle donneuse capable a son tour de transfert conjugatif.

De nombreux plasmides ont été identifiés au cours des six dernieres décennies et isolés chez de
multiples micro-organismes, avec une taille pouvant aller de 744 pb a 2.58 Mb pour une moyenne
de 80 kb (Shintani, Sanchez, and Kimbara 2015). Une analyse de la base de données NCBI Plasmid
Genome database réalisée en 2015 démontre que 96% des séquences compléetes plasmidiques
séquencées sont retrouvées chez les bactéries (Shintani, Sanchez, and Kimbara 2015). De multiples
classifications ont ainsi été établies face a la diversité et nombre important de plasmides étudiés.
L'incompatibilité (Inc) reflete I'inhabilité des plasmides a étre maintenus dans la méme cellule héte
s’ils possédent des systémes de réplication ou de partition similaires. Etablis dans les années 1970,

les groupes Inc sont alors classifiés en fonction des trois genres Enterobacteriaceae (27 groupes Inc),
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Pseudomonas (12 groupes Inc) et Staphylococcus (18 groupes Inc). Une autre classification basée sur
la séquence en acides aminés de la relaxase des plasmides est également établie en six groupes de
mobilisation (MOB) dans la GenBank Database (Maria Pilar Garcillan-Barcia, Francia, and de la Cruz
2009; Maria Pilar Garcillan-Barcia, Alvarado, and de la Cruz 2011; Shintani, Sanchez, and Kimbara
2015). Une relaxase est une protéine multifonctionnelle essentielle a la conjugaison, capable de cliver
une molécule ADN au niveau de l'origine de transfert oriT du plasmide par activité de
transestérification, entrainant 'initiation du transfert conjugatif. Elle possede également une activité
hélicase qui permet de séparer les brins du plasmide conjugatif, dont I'un sera transféré a la cellule
receveuse et ainsi appelé « T-strand » (brin transféré). Cependant seul un quart des plasmides décrits
jusque-la sont prédits comme étant conjugatifs, c’est-a-dire possédant la particularité de porter
additionnellement des genes codant pour une machinerie permettant leur transfert autonome par
conjugaison (Smillie et al. 2010; Coluzzi et al. 2022). D’autres éléments conjugatifs intégratifs (ICE),
aussi appelés transposons conjugatifs, peuvent étre impliqués dans les évenements de conjugaison
au sein de populations Gram négatives et Gram positives (Grohmann, Muth, and Espinosa 2003; de

la Cruz et al. 2010).

Hautement conservée chez les bactéries Gram-négatives, la machinerie permettant le transfert
autonome des plasmides conjugatifs est composée de trois éléments essentiels : un complexe
protéique appelé «relaxosome » qui permet la prise en charge et la préparation de I'ADN
plasmidique pour le transfert vers la bactérie receveuse; une protéine de couplage TACP (Type 4
Coupling Protein) faisant le lien entre le complexe nucléoprotéique et le pore conjugatif; et un
systeme de sécrétion de type IV (T4SS) permettant le transfert de matériel génétique a travers les
membranes cellulaires (de la Cruz et al. 2010; Arutyunov and Frost 2013; Grohmann et al. 2018;
Kohler, Keller, and Grohmann 2019; Virolle et al. 2020). Bien que la machinerie de transfert d’ADN
simple-brin (ADNsb) soit fortement conservée parmi les bactéries Gram-négatives, des évenements
de transfert d’ADN double-brin (ADNdb) sont également observés chez les bactéries Gram-positives.
C’est le cas des bactéries du genre Streptomcyces, pour qui les plasmides conjugatifs codent un
systeme de transfert ADN unique médié par une seule protéine plasmidique TraB homologue a la
protéine FtsK. TraB va ainsi permettre la translocation de I’ADNdb en fonctionnant de maniere
similaire a la ségrégation de I’ADN chromosomique lors de la division cellulaire et de la sporulation.
Des adhésines sont également impliquées dans le contact entre cellules (Goessweiner-Mohr et al.

2013; Shintani, Sanchez, and Kimbara 2015; Thoma and Muth 2016). De facon plus rare, des
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évenements de transfert inter-espéces peuvent également étre observés, I'exemple le plus connu
concernant Agrobacterium tumefaciens. Cette bactérie phyto-pathogene est capable de transférer
aux cellules végétales des génes oncogéniques via son plasmide Ti (Tumor inducing), a I'origine de la
maladie de la « gale du collet » chez la plante (Gordon and Christie 2014). La conjugaison est
également observée entre bactéries et archées, comme c’est le cas pour le plasmide a large spectre
d’hote RP4 capable d’étre transféré d’une souche Escherichia coli vers Methanococcus maripaludis
(Dodsworth et al. 2010). Enfin, bien qu’expérimentale, une approche in vitro a permis de réaliser un
transfert conjugatif entre Escherichia coli et des cellules mitochondriales, démontrant la versatilité

du mécanisme de conjugaison (Yoon and Koob 2005).

2. Importance

La présence d’un plasmide dans une bactérie, qu’il soit conjugatif ou non, va étre associé a un
colt métabolique global allant de 1% a 28% en conséquence de la réplication de I'information
génétique plasmidique ainsi que de la production des protéines correspondantes (Carroll and Wong
2018). Afin d’étre maintenus au sein des populations bactériennes, les plasmides conjugatifs portent
alors des cargos de genes impliqués dans de nombreuses fonctions biologiques. lls constituent ainsi
un réservoir génétique pouvant aider a I'adaptation a une niche écologique changeante, faisant de
la conjugaison un pilier central pour I’évolution des génomes bactériens. De fagon remarquable les
plasmides sont maintenus dans les populations bactériennes et ce méme en absence de pression de
sélection : c’est ce qu’on appelle le « paradoxe plasmidique » (Harrison and Brockhurst 2012). Une
coévolution plasmide-héte, un fort taux de transfert, des mécanismes de partition efficaces ou
encore des mutations adaptatives peuvent contribuer a ce phénomeéne (Carroll and Wong 2018).
Considéré comme un important mode de communication et de transfert d’'informations génétiques
entre bactéries, le transfert de plasmides par conjugaison peut conduire a I'établissement de
symbioses mais également participer a la virulence des bactéries, en passant par la dissémination de
résistances aux métaux lourds et antibiotiques (Aminov 2011). Ces plasmides conjugatifs peuvent
également influencer la composition-méme de la niche écologique de I’héte en permettant la
dégradation d’enzymes produites par les bactéries voisines ou en sécrétant des molécules de défense
telles que les bacitracines ou antibiotiques (Livermore 1995; Riley et Wertz 2002; Rankin, Rocha, et
Brown 2011). Certains exemples illustrant la variété des fonctions biologiques conférées par les

plasmides conjugatifs sont décrits ci-apres.
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A. Symbioses

Les plasmides conjugatifs peuvent jouer un réle dans I'établissement de symbioses, définies par
une relation mutuellement bénéfique entre deux organismes vivants. C’est ainsi le cas des plasmides
pSym portés par les bactéries Gram-négatives du genre Rhizobium, qui codent des genes nod et nif
contrélant la nodulation et fixation du nitrogene par les racines des plantes légumineuses (lbafiez,
Reinoso, and Fabra 2010). Les nodules sont des structures spécialisées au niveau du systeme racinaire
des plantes dont la formation est uniquement associée a un établissement symbiotique avec une
bactérie. Via la production de facteurs de nodulation a partir du plasmide conjugatif, la bactérie va
favoriser la formation de ces structures ; en retour la plante fourni divers nutriments carbonés pour
la multiplication bactérienne. L'expression des genes nif va ensuite permettre la production de
nitrogénases réduisant le nitrogene atmosphérique N2 en ammonium NHs utilisé par la plante pour
sa croissance (Chen et al. 2003). Des études montrent que Rhizobium etli est capable de transférer
son plasmide conjugatif pSym a d’autres bactéries endophytes ; cela renforce I'idée que les nodules
constituent un environnement propice a I’échange d’information génétique entre bactéries en plus
de leur fonction structurale pour la fixation et assimilation de nitrogene par la plante. Ce processus
symbiotique peut étre ainsi considéré comme un sujet d’étude important afin de développer de
nouvelles techniques de cultures pour un meilleur rendement agricole (Lindstrém and Mousavi

2020).

B. Virulence

La pathogénicité de certaines bactéries va dépendre de fonctions de virulence variées incluant
I’adhésion aux cellules hoétes, la cytotoxicité, I'invasion cellulaire et la résistance face aux systémes
de défense hote. Certains plasmides conjugatifs vont ainsi porter différentes enzymes ou protéines
cytotoxiques conférant un phénotype virulent a la bactérie hote en facilitant la colonisation et
I’avancée de l'infection ou bien augmentant la virulence d’une souche déja pathogéne (Bukowski et
al. 2019). C’est le cas du pathogene humain Salmonella enterica serovar Typhimurium dont le
plasmide conjugatif pSLT peut médier sa virulence. Ce dernier code pour des effecteurs transloqués
dans les cellules eucaryotes via un systeme de sécrétion de type Il et qui interferent avec le
cytosquelette d’actine, conduisant a la mort par apoptose des cellules infectées (Guiney and Fierer
2011). On peut également citer la bactérie Gram-positive Clostridium perfringens, considérée comme
pathogeéne majeur pour ’'THomme et le bétail et qui possede un large éventail de toxines associées a

un caractere virulent important. Certaines de ces toxines se retrouvent alors codées par le plasmide
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conjugatif pCW3, qui porte additionnellement d’autres facteurs impliqués dans la virulence et les

résistances aux antimicrobiens (Mehdizadeh Gohari et al. 2021).

C. Résistances aux métaux lourds

Les métaux lourds sont naturellement présents dans I’environnements et peuvent étre retrouvés
dans les eaux et sols par processus naturel de corrosion mais également par I’activité humaine issue
des productions industrielles ou pesticides agricoles (Palm et al. 2022). Bien que certains métaux tels
qgue le cuivre, le fer ou le nickel soient essentiels chez les bactéries pour certaines réactions
biochimiques ou pour I'intégrité membranaire, d’autres métaux lourds comme le mercure et I'argent
sont quant a eux toxiques. Ces composés vont générer des dérivés réactifs de I'oxygene (ROS)
pouvant endommager les protéines et I’ADN bactérien, déstabiliser I'intégrité des membranes
lipidiques par peroxydation ou encore interférer avec la fonction de diverse enzymes essentielles aux
bactéries (Bruins, Kapil, and Oehme 2000). Le zinc, I'arsenic ou encore le cuivre réduisent méme de
2 2 100 fois I'efficacité des transferts conjugatifs de plasmides IncF chez Escherichia coli (Palm et al.
2022). De par I'accumulation de ces contaminants dans les sols et sédiments ainsi que leur utilisation
comme désinfectants et produits antimicrobiens, il est naturel que les bactéries aient développé des
résistances a ces métaux lourds par la mise en place de mécanismes d’efflux ou systemes de
réduction d’ions métalliques, dont certains sont retrouvées codées par les plasmides (Hobman and
Crossman 2015). C’est le cas des plasmides conjugatifs pRJ1004 et pUPI199 retrouvés chez les
bactéries Escherichia coli et Acinetobacter baumanii portant respectivement des genes de résistance
au cuivre et I'argent (Tetaz and Luke 1983; Deshpande and Chopade 1994). Une co-occurrence de
résistance aux métaux lourds et antibiotiques peut également étre observé, comme c’est le cas du
plasmide pSTM6-2765 de Salmonella enterica. Ce dernier porte de multiples génes de résistance aux
antibiotiques ampicilline, streptomycine, chloramphénicol ou encore tétracycline, mais porte
également un transposon Tn7 codant pour une résistance a I'argent et au cuivre (Li, Xia, and Zhang
2017; Billman-Jacobe et al. 2018). La résistance associée au transposon est portée par les systémes
Sil et Pco, protéines de liaison aux ions métalliques et transporteurs. Des associations similaires de
résistances aux antibiotiques et métaux lourds ont ainsi été détectés chez d’autres plasmides IncHI2
portés par des bactéries associées aux animaux (Fang et al. 2016). Cet exemple illustre la capacité
des plasmides conjugatifs a évoluer et agréger des systéemes de geénes conférant des avantages

sélectifs multiples dans certains environnements.
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D. Résistances aux antibiotiques

L’analyse génomique de souches commensales, environnementales et pathogenes retrouvées
dans des isolats cliniques révele I'importance des plasmides conjugatifs dans la dissémination de
résistances a la quasi-totalité des classes antibiotiques utilisées en clinique. Considérées comme un
probléme majeur de santé mondial par I’Organisation Mondiale de la Santé (OMS), les résistances
aux antibiotiques causent actuellement pres de 700 000 morts par an ; ce constat pourrait atteindre
les 10 millions d’ici 2050, dépassant alors largement le nombre de déces liés au cancer (O’Neill 2014;
OMS 2020). Il a été établi que prés de 80% des résistances aux antibiotiques acquises chez les
bactéries proviennent d’événements de conjugaison (Hall-Stoodley, Costerton, and Stoodley 2004;
Barlow 2009). C’est le cas notamment des génes ESBL (B-Lactamases a spectre étendu) conférant une
résistance aux antibiotiques R-lactames et carbapénéemes tels que la pénicilline, les carbapénemes
ou encore les céphalosporines (Paterson and Bonomo 2005). Ces génes peuvent alors étre
disséminés par conjugaison intra- et inter- especes chez les Enterobacteriaceae, Pseudomonas et
Acinetobacter (Mathers et al. 2011; Huang et al. 2015; Weingarten et al. 2018; Lerminiaux and
Cameron 2019). Un exemple le plus notable concerne le géne blaoxa-4s généralement porté par le
plasmide conjugatif pOXA-48 et codant pour une carbapénémase pouvant dégrader la molécule
antibiotique par hydrolyse. Découvert pour la premiere fois en 2001 chez Klebsiella pneumoniae, ce
gene de résistance plasmidique est désormais trés répandu dans les environnements hospitaliers et
représente un probléme majeur pour le traitement des infections (Poirel et al. 2005; Nordmann,
Naas, and Poirel 2011; Hamprecht et al. 2019). Il est tout a fait possible que certains plasmides
conjugatifs accumulent plusieurs génes de résistance conférant a la bactérie hote une résistance
simultanée a plusieurs classes d’antibiotiques (Nikaido 2009). Ces plasmides MDR (MultiDrug
Resistant) limitent alors d’autant plus les possibilités de traitement, et sont de ce fait considérés

comme vecteurs importants pour la dissémination de ces clusters de genes.

La variété de fonctions biologiques conférées par les plasmides conjugatifs reflete I'importance
du transfert de genes par conjugaison pour I'adaptabilité phénotypique des bactéries a leur niche
écologique, soulignant ainsi la nécessité de développer de nouvelles approches pour limiter leur
dissémination. Différentes études proposent une approche par combinaison de molécules induisant
la perte plasmidique avec des inhibiteurs de conjugaison (Cabezoén, de la Cruz, and Arechaga 2017;
Lopatkin et al. 2017). D’autres stratégies sont également étudiées pour utiliser le transfert d’ADN par

conjugaison contre les bactéries elles-mémes. C’'est le cas d’une étude du laboratoire qui a permis
]
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Figure 2. Mécanisme de transfert conjugatif du plasmide F d’une bactérie donneuse a une bactérie receveuse.

Le plasmide F est composé des genes leading (vert), génes de maitien (violet), génes tra (bleu) et génes accessoires

(gris).

1. Larelaxase Tral, les protéines Tral et TraM ainsi que la protéine hote IHF forment le relaxosome et lient I'oriT du
plasmide F. En parallele, I'attachement du pilus F a la receveuse forme la paire d’accouplement tandis que la
protéine TACP est recrutée au niveau du T4SS.

2. La relaxase Tral clive 'ADN plasmidique au niveau de 'oriT et reste liée de facon covalente au brin transféré. Le
plasmide est transféré sous forme d’/ADNsb dans le sens 5’-3’ vers la bactérie receveuse.

3. LADNsb est simultanément circularisé et converti en ADNdb dans les bactéries donneuse et receveuse.

4. Aprées conversion en ADNdb et expression des genes plasmidiques, les protéines associées induisent un change-
ment phénotypique de la bactérie receveuse qui devient alors une transconjugante, c’est-a-dire une nouvelle

bactérie donneuse.



de développer des plasmides TAPs (Targeted Antibacterial Plasmids) portant un systéme CRISPR-Cas
et capables d’étre transférés par conjugaison, permettant de cibler et tuer une souche donnée au
sein de populations multi-microbiennes (Reuter et al. 2021). Il est ainsi essentiel d’approfondir nos
connaissances fondamentales des mécanismes et des facteurs impliqués dans le processus conjugatif
afin d’identifier de nouvelles cibles thérapeutiques et développer des approches innovantes pour

limiter la dissémination des plasmides par conjugaison.

3. Mécanisme général de la conjugaison

Bien que le fonctionnement du transfert conjugatif puisse étre versatile et varier d’un plasmide
a I'autre, un mécanisme général commun de conjugaison peut étre dégagé des nombreuses études
sur le sujet. Le mécanisme de transfert du plasmide F sert ainsi de paradigme pour |’étude des étapes
de la conjugaison, lesquelles sont brievement décrites ci-aprés (Figure 2). Le pilus aussi appelé pilus
F, va établir un contact entre la bactérie donneuse et une bactérie donneuse et ainsi former la paire
d’accouplement (Anthony et al. 1994; Goldlust et al. 2022). La protéine plasmidique TraN exposée a
la surface de la cellule donneuse va alors lier la protéine OmpA au niveau de la surface de la cellule
receveuse et stabiliser le contact entre les bactéries (Figure 2A) (Manoil and Rosenbusch 1982;
Anthony et al. 1994; Virolle et al. 2020; Goldlust et al. 2022; Low et al. 2022). En paralléle, trois
protéines plasmidiques Tral, TraM et Tral s’associent dans la donneuse avec la protéine héte IHF au
niveau de 'oriT du plasmide afin de former le relaxosome. La protéine de couplage TraD (T4CP)
permet quant a elle de recruter le complexe nucléoprotéique au niveau du T4SS. L'activité relaxase
et hélicase de Tral permettent d’induire une coupure spécifique en un site nic et initier le transfert
unidirectionnel du plasmide dans le sens 5’ vers 3’ a travers le pore conjugatif (Figure 2B). Le couplage
de la réplication plasmidique avec le transfert d’ADNsb permet la génération du brin complémentaire
dans les deux bactéries, tandis que la circularisation du brin d’ADN dans la bactérie receveuse ne
peut s’effectuer qu’une fois les deux extrémités transférées (Figure 2C) (Lanka and Wilkins 1995;
Ilangovan et al. 2017; Dostal and Schildbach 2010). Finalement, I’expression des génes plasmidiques
confére de nouvelles propriétés métaboliques a la cellule transconjugante, faisant d’elle une nouvelle

donneuse capable de transférer le plasmide conjugatif (Figure 2D).
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Plasmid Transfer by Conjugation in Gram-Negative Bacteria: From the Cellular to

the community Level
Chloé Virolle, Kelly Goldlust, Sarah Djermoun, Sarah Bigot & Christian Lesterlin

Revue publiée dans Genes (2020)

1. Contexte

Ma thése a commencé en septembre 2019, seulement quelques mois avant la crise sanitaire
mondiale liée a I'épidémie Covid19; dans ce contexte d’abord de confinement puis de retour
progressif au laboratoire, I'acces a ma paillasse a été limité voire impossible pendant plusieurs mois,
impactant fortement I'avancée de mes travaux expérimentaux. Au laboratoire, nous avons toutefois
mis a profit cette période de confinement pour se consacrer a I'écriture d’une revue sur la
conjugaison bactérienne publiée dans le journal Genes en 2020. Avec deux autres doctorantes
également en premiere année de these, Kelly Goldlust et Sarah Djermoun, nous avons réalisé un
travail de recherche bibliographique qui, au-dela de I’écriture de la revue, aura été bénéfique pour
approfondir nos connaissances sur la conjugaison en ce début de these. Cette revue que nous signons
toutes trois en co-1°" auteur fut I'occasion de faire un état de I'art du processus de conjugaison, a la
fois sur le détail de la mécanistique des différentes étapes mais aussi sur son importance au sein des
communautés bactériennes. Au vu du niveau de détails de I'étude, cette revue constitue une partie

fondamentale de I'introduction de ce manuscrit de these.

2. Contenu

Pour I'écriture de cette revue, nous avons fait le choix de décrire le mécanisme de conjugaison
bactérienne d’un point vue plasmide-centré et principalement focalisé sur le plasmide F. Etant le plus
décrit dans la littérature et répandu chez les Enterobacteriaceae, le plasmide F est considéré comme
un paradigme pour I’étude de la conjugaison. C’est donc naturellement que nous avons décidé de
nous concentrer uniqguement sur ce dernier comme modele de description, tout en appuyant les
différences les plus importantes observées chez d’autres plasmides. Le but de cette revue est de
récapituler dans un seul papier des décennies de recherches et publications sur la conjugaison, et de

décrire les mécanismes moléculaires régissant la conjugaison du plasmide F de fagon chronologique,
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allant de la préparation du plasmide dans la cellule donneuse a son transfert et établissement dans
la cellule receveuse, son maintien au sein des populations bactériennes et enfin a son role au sein
des communautés tels que les biofilms. Cette publication nous a également permis d’appuyer les
points encore débattus ou questionnés dans la littérature au moment de I’écriture. Elle s’articule
ainsi en trois parties : la premiere section traite des évenements se déroulant dans la bactérie
donneuse en décrivant la régulation et fonction des genes tra requis pour la conjugaison; la
deuxieme section se concentre quant a elle sur la dynamique des facteurs plasmidiques lors de
I’établissement et maintien dans la bactérie receveuse, permettant plus tard sa conversion
phénotypique en transconjugante; enfin la troisieme et derniere section fait la revue des
connaissances actuelles sur I’étendue et I'impact de la conjugaison dans les biofilms, un habitat

bactérien pertinent a la fois d’un point de vue environnemental et clinique.

3. Ma contribution

Le travail de recherche bibliographiques a été partagé entre Kelly Goldlust, Sarah Djermoun
et moi-méme. Mes travaux de recherche se concentrant sur le role d’une protéine plasmidique au
sein de la nouvelle cellule hote, j'ai principalement contribué a la partie relative aux étapes de la
conjugaison se déroulant dans la bactérie receveuse. Comme dit précédemment, les systemes de
sécrétion de type IV des plasmides conjugatifs sont trés conservés chez les bactéries Gram-négatives.
Il est donc logique de retrouver de nombreux homologues des différentes protéines qui les
composent parmi les plasmides conjugatifs et espéces bactériennes étudiées. Afin de faciliter la
lecture et la compréhension de cette revue, Kelly Goldlust et moi-méme avons établi une table listant

les genes tra du plasmides F et les homologues correspondant a la nomenclature générale.
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Abstract: Bacterial conjugation, also referred to as bacterial sex, is a major horizontal gene transfer
mechanism through which DNA is transferred from a donor to a recipient bacterium by direct contact.
Conjugation is universally conserved among bacteria and occurs in a wide range of environments
(soil, plant surfaces, water, sewage, biofilms, and host-associated bacterial communities). Within
these habitats, conjugation drives the rapid evolution and adaptation of bacterial strains by mediating
the propagation of various metabolic properties, including symbiotic lifestyle, virulence, biofilm
formation, resistance to heavy metals, and, most importantly, resistance to antibiotics. These properties
make conjugation a fundamentally important process, and it is thus the focus of extensive study.
Here, we review the key steps of plasmid transfer by conjugation in Gram-negative bacteria, by
following the life cycle of the F factor during its transfer from the donor to the recipient cell. We also
discuss our current knowledge of the extent and impact of conjugation within an environmentally
and clinically relevant bacterial habitat, bacterial biofilms.

Keywords: horizontal gene transfer; conjugation in Gram-negative bacteria; phenotypic conversion;
drug-resistance dissemination; bacterial biofilms; mobile plasmids; F plasmid

1. Introduction

Conjugation was first discovered in 1946 by Edward Tatum and Joshua Lederberg, who showed that
bacteria could exchange genetic information through the unidirectional transfer of DNA, mediated by a
so-called F (Fertility) factor [1]. It was later realized that the F factor is a replicative extra-chromosomal
genetic element, for which they later coined the term plasmid, that can be transferred across the
cell membranes of the parental strains. Since this seminal discovery, the identification of a plethora
of conjugative elements, including plasmids, conjugative transposons, and integrative conjugative
elements (ICEs), has revealed that conjugation is a universally conserved DNA transfer mechanism
among Gram-negative and Gram-positive bacteria [2,3]. Conjugation was also shown to be a ubiquitous
process that occurs in bacterial communities present in environments such as the soil, on plant surfaces,
and in water and sewage, as well as in biofilms and bacterial communities associated with plant or
animal hosts [4]. Within these niches, conjugation facilitates the adaptation of bacterial strains by
mediating the propagation of advantageous metabolic properties, such as symbiotic lifestyle, virulence,
or resistance to heavy metals and antimicrobials. Conjugation is therefore a major driver of the
rapid evolution of bacterial genomes [5,6]. This fundamental importance has made conjugation the
focus of extensive study over the last decades. Experimental approaches have provided a detailed
understanding of the molecular mechanism of conjugational DNA transfer, while systematic sequencing
has uncovered the extent of conjugation at the ecological scale.
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Conjugative plasmids generally carry all the genes required for their maintenance during the
vertical transfer from the mother to the daughter cells, as well as the genes necessary for horizontal
transfer during conjugation from the donor to the recipient cell. These functions are encoded by different
regions or modules that compose what is generally referred to as the plasmid backbone. Isolation and
sequence analysis of an increasing number of conjugative plasmids has revealed considerable diversity
in terms of genetic properties and organization. This diversity also indicates that different plasmids
might use various regulations, molecular reactions, and strategies to achieve productive conjugational
transfer and maintenance.

In this article, we review the key steps of conjugation by following the life cycle of the plasmid
during its transfer from the donor to the recipient cell (Figure 1). We focus on the first discovered and
extensively described F plasmid, which we use as a paradigm to discuss other conjugative systems
in Gram-negative bacteria. The first section describes events occurring within the donor cell, i.e.,
the expression regulation of the plasmid tra genes required for conjugation, the processing of the
plasmid by the relaxosome prior to transfer, the composition and function of the conjugative pilus in
the mating pair formation process, the central role of type IV coupling proteins (T4CPs), and transfer
by the type IV secretion system (T4SS). The second section focuses on the dynamics of the newly
acquired plasmid within the recipient cell, i.e., plasmid establishment, which includes protection
against host systems dedicated to foreign DNA elimination, early expression of leading genes, and
the conversion of the ssDNA plasmid into dsDNA; plasmid maintenance, which includes plasmid
replication and segregation; and the eventual phenotypic conversion of the transconjugant into a new
donor cell with novel metabolic properties. In the third section, we review our current knowledge
of the extent and impact of conjugation within an environmentally and clinically relevant bacterial
habitat, bacterial biofilms.

Conjugative Pilus
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DONOR >
mating pair
B ———> formation
7 s factors
Y- . T4CP~
ii. plasmid (traD)
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Figure 1. Schematic diagram of the life cycle of the F plasmid during conjugational transfer from
the donor to the recipient cell. This F plasmid backbone is composed of the tra regions encoding all
genes involved in conjugational transfer (light blue); the origin of transfer oriT (red); the leading region
(green), which is the first to be transferred into the recipient cell; and the maintenance region (dark blue)
involved in plasmid replication and partition. (i) The initiation of conjugation requires the expression
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of the fra genes. Some of the produced Tra proteins form the T4SS and the conjugative pilus that
will recruit the recipient cell and mediate mating pair stabilization. (ii) Other Tra proteins constitute
the relaxosome (Tral, TraM, and TraY), which, in combination with the integration host factor (IHF),
bind to the oriT and prepare the plasmid for transfer by inducing the nicking reaction by the Tral
relaxase. (iii) Interaction between the relaxosome and the Type IV Coupling Protein (T4CP) initiates
the transfer of the T-strand by the T4SS. (iv, v) Transfer of the Tral-bound T-strand in the recipient is
concomitant with the conversion of the ssDNA into dsDNA by Rolling Circle Replication (RCR) in
the donor. (a) Upon entry into the recipient, the ssDNA T-strand is coated by the host chromosomal
SSB, and the single-stranded promotor Frpo adopts a stem-loop structure recognized by the host RNA
polymerase to initiate the synthesis of RNA primers. (b) Tral performs the circularization of the fully
internalized T-strand. (c) The RNA-DNA duplex is recognized by the host DNA polymerase to initiate
the complementary strand synthesis reaction. (d) Once the conversion of the ssDNA plasmid into
dsDNA is completed, plasmid gene expression results in the phenotypic conversion of the recipient cell
into a transconjugant cell.

2. Within the Donor Cell
2.1. Transfer Gene Expression

2.1.1. Regulation of tra Gene Expression

The ability of the donor strain to perform conjugation requires the expression of the transfer genes
clustered in the tra region of the plasmid. The transfer genes encode all the protein factors involved in
the elaboration of the conjugative pilus and the T4SS required for the formation of the mating pair, as
well as the relaxosome components needed for the processing of the plasmid prior to transfer (Figure 1,
step i). The expression of tra genes is regulated by several factors, including plasmid and host proteins,
cell cycle progression, and environmental conditions. Most tra genes are gathered in one operon under
the control of the Py promoter, while tra] and traM genes are located upstream and controlled by
independent promoters (Figure 2) [7]. Transfer gene expression follows a specific regulation cascade
that starts with the production of the Tra] protein (Figure 2, Step 1), which activates the Py promoter
and the transcription of the tra operon (Figure 2, Step 2). The first gene to be transcribed, traY, encodes
the TraY regulator protein that activates the Py; promoter, resulting in the production of the relaxosome
accessory protein TraM (Figure 2, Step 3) [8]. Therefore, this regulation cascade results in the expression
of all genes involved in the elaboration of the conjugative pilus, the T4SS, and the relaxosome, which is
composed of TraY, TraM, and Tral. It is observed that tra genes are normally repressed, presumably to
avoid the fitness cost that would be associated with their constitutive expression [9]. It is important to
remark that most regulation systems act by modulating the cellular levels or activity of the primary
activator TraJ. In most F-like plasmids (R100, R1, R6-5, and ColB2-K77), the expression of traJ, and
therefore that of other transfer genes, is repressed at the post-transcriptional level by the fertility
inhibition system FinOP (Figure 2) [10,11]. FinP is an antisense RNA that is complementary to the
stem-loop structures of tra] mRNA. FinP binding hides the ribosome binding site and prevents Tra]
translation [12,13]. FinO is an RNA chaperon that protects FinP from degradation by RNase E and
stabilizes the formation of the FinP-tra] mRNA duplex [14-16]. Moreover, tra gene expression is also
regulated by chromosomal-encoded host factors [17]. One such regulation involves the silencing
of Py, Py, and Py promoters by the chromosome-encoded histone-like nucleoid structuring protein
(H-NS) [18,19]. The H-NS copy number per cell varies during growth [20], thus rendering the F
plasmid transfer rate growth phase-dependent, i.e., maximum in the exponential phase, reduced in the
mid-exponential phase, and mostly abolished in the stationary phase [21,22]. However, during the
exponential phase, H-NS repression activity is itself counteracted by the cooperative binding of Tra]J
and the host protein ArcA (aerobic respiration control of anoxic redox control) to the Py promoter [23].
In the case of the virulence plasmid pSLT of Salmonella enterica, H-NS repression activity also reportedly
depends on Dam (DNA adenine methylase) methylation of the DNA [24]. Other examples of host
factor-mediated regulation of tra gene expression include repression by the RNA binding protein Hfq,
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which destabilizes both tra] and traM transcripts [18], and by GroEL chaperone proteins that directly
activate proteolysis of plasmid R1 TraJ during the cellular heat shock response [25].

FinP/FinO @

Relaxosome : . i1
i = 2

formation traA /I L-E-K-B-P-G-V-R-C-W-U-N-F-Q-H-G-S-T-D-1// traX

\J

Figure 2. Activation cascade of tra gene expression. The Pj promoter first drives tra] expression (1).
Translated Tra] protein binds to the Py promoter to notably produce TraY, which activates the Py
promoter (2), other Tra proteins constituting the T4SS, and the relaxase Tral. Once produced (3), TraM
autoregulates its own expression through the Py; promoter and, in combination with TraY and Tral,
forms the relaxosome bound to oriT. The activation of this regulatory cascade is modulated by the
FinP/FinO complex, which represses the translation of TraJ at the post-transcriptional level. Dotted red
arrows illustrate the transcription—translation process.

For some other Gram-negative conjugation systems, tra gene expression is regulated by
quorum-sensing (QS) mechanisms. This is the case for the conjugative tumor-inducing plasmid
(pTi), which allows Agrobacterium to infect and disseminate within plant hosts. At high cellular density,
Agrobacterium produces agrocinopine molecules that activate different operons, including the arc
operon that encodes TraR (unrelated to the F TraR protein), a LuxR-like protein. The binding of TraR
to the QS molecule 3-oxo-octanoylhomoserine lactone (OOHL) triggers the transcription of the trb
and tra operons, resulting in the production of the T4SS and relaxosome proteins. The QS lactonase
BlcC is also produced, resulting in the degradation of OOHL molecules in the stationary phase or
during the carbon and nitrogen starvation associated with host plant death. This regulation provides
coordination between the pTi conjugation proficiency and the host state or to the bacterial density
within plant tissues during infection [26]. Pseudomonas aeruginosa uses QS as a defense mechanism
against interspecies conjugation through the production of the QS molecule N-acyl homoserine lactone
(AHL), which is involved in the regulation of mechanisms such as virulence, biofilm formation, and
metabolism in the P. aeruginosa population [27]. AHL produced by P. aeruginosa can bind to the E.
coli LuxR-like transcriptional factor SdiA, which then represses tral gene expression and prevents
the conjugation of the RP4 broad host range plasmid that is integrated into the chromosome of E.
coli donors.

Regulating the expression of transfer genes is the chief strategy used to modulate the transfer
efficiency of conjugative plasmids. The above examples illustrate that tra gene expression is controlled
by complex regulatory circuits, which involve the combined activities of plasmids and chromosomal
host factors. This tight regulation allows for the control of the transfer efficiency in connection
with the plasmid life cycle and the host physiology in response to environmental conditions and
populational interactions.

2.1.2. Superspreader Mutations

Over the years, several studies have revealed genetic modifications, so-called superspreader
mutations, that dramatically enhanced the conjugation efficiency of conjugative plasmids belonging
to diverse incompatibility groups. The first superspreader mutation was characterized in the F
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plasmid, which carries an IS3 insertion sequence into the finO gene. FinO inactivation destabilizes
the FinP-tra] mRNA duplex, thus resulting in the upregulation of traJ and the constitutive expression
of tra genes [28]. This naturally occurring mutation accounts for the enhanced transfer efficiency
of the F plasmid compared with the related IncF plasmids R100, R6-5, and R1, in which the FinOP
regulatory system is still active [29]. More recently, genetically induced superspreader mutations of
several resistance plasmids have been isolated in laboratory settings. In the Incl plasmid pESBL, which
is associated with extended-spectrum (-lactamase production in Enterobacteria, inactivation of the
Hft locus triggered the overexpression of conjugative pili and 20-fold enhancement of the transfer
efficiency [30,31]. In the Citrobacter freundii IncM group plasmid pCTX-M3 that carries the blactx-m-3
gene, the deletion of two genes (0rf35 and o0rf36) resulted in the enhanced expression of tra genes
and increased plasmid transfer [32]. Another example was reported in the Gram-positive broad host
range (Inc18) plasmid pIP501, which is involved in the propagation of vancomycin resistance from
Enterococci to methicillin-resistant strains of Staphylococcus aureus. In this case, the deletion of the
traN gene encoding the small cytosolic protein TraN (unrelated to the F TraN protein) resulted in the
upregulation of transfer factors and the enhancement of the transfer efficiency [33].

Inducing the overexpression of plasmid transfer genes might not be the only way through which
superspreader mutations increase the transfer efficiency of conjugative plasmids. It was shown that
insertion of the Tn1999 transposon into the tir (transfer inhibition of RP4) gene of the IncL/M-type
plasmid pOXA-48a, responsible for the dissemination of specific extended-spectrum {3-lactamase genes
in Enterobacteriaceae, increases the transfer efficiency by 50-100-fold without affecting traM expression
levels [34]. The mechanism by which the inactivation of the Tir protein enhances transfer efficiency
remains to be elucidated. These studies show that superspreader mutations can emerge by various
mechanisms in different conjugative plasmids and have the potential to aggravate the spread of drug
resistance plasmids among bacterial organisms.

2.2. Conjugative Pilus, Mating Pair Formation, and Stabilization

2.2.1. F-Pilus Structure and Biosynthesis

Bacterial conjugation is a contact-dependent horizontal gene transfer mechanism that involves
a conjugative pilus associated with a T4SS. Electron microscopy imaging was instrumental in
analyzing the morphology of numerous conjugation pili encoded by plasmids belonging to different
incompatibility groups [35-38]. These studies revealed that pili fall into two main morphological
categories—thin flexible and thick rigid, which influence the ability to support conjugation in liquid or
on a solid surface. F encodes a thin flexible pilus, which has a tubular structure ~8 um in diameter and
up to ~20 um in length and which is constituted by a helicoidal arrangement of a unique protein subunit,
the F pilin or TraA [39-44] (Figure 1, step i). The traA gene encodes a 121 amino acid pro-pilin peptide
that subsequently processed into a 70 amino acid F Pilin [45,46]. The maturation process involves
TraQ and TraX proteins [47]. The TraQ chaperone-like protein binds transiently to the TraA pro-pilin
precursor, thus allowing its accumulation in the inner membrane by an ATP-dependent pathway [48]
and imparting it with the right conformation for a signal peptide cleavage. The processing of pro-pilin
into mature pilin requires both cleavage by the host leader peptidase B (LepB) and N-terminal
acetylation by TraX [49,50]. This maturation process ensures the availability of pilin subunits in the
inner membrane before the assembly of the pilus by TraE, TraK, TraB, TraV, TraC, TraW, TraG, TraF,
TraH, TraL, and TrbC encoded by the transfer region [51-53]. Mutational experiments have shown that
this set of proteins can separate into different functions. Briefly, TraE, K, C, G, and L are responsible
for the assembly of the tip, while TraB, V, W, F, and H are important for the pilus extension, and
Trbl is required for pilus retraction [52,53]. The pathway of F-pilus biosynthesis has been extensively
reviewed [52,54] and is not detailed here (Table 1).
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Table 1. Description of Tra proteins. Proteins are presented following the order of the corresponding

tra genes in the tra region of the F plasmid. The proposed function, the description of their biological

activity, the subcellular localization (IM: Inner membrane; OM: Outer membrane; C: Cytoplasm; P:

Periplasm), and the homologs in RP4, pTI, or R388 plasmids are shown.

Protein PrOPO.Sed Description Localization Homolog Reference
Function
oriT binding, Tral
TraM Relaxosome stimulation, C [17,52,55,56]
Interaction with TraD
. Transcription factor -
Tra] Regulation (anti-silencer/activator of Py) ¢ [17,55,57]
Relaxosome oriT binding, Transcription -
TraY Regulation factor (activator of Pyy) ¢ [17,52,55,57]
TraA Pilin Major subunit of the pilus ™M L(PTI) [52,55,56]
TrbC (RP4)
Tral Pilus assembly Pilus assembly oM VirB3 (pTi) [52,53,55,57,58]
TrbD (RP4)
TraE Pilus assembly Pilus assembly M/P VirB5 (pTi) [52,53,55]
TraK Pilus assembly ~ C°l €nvelope-spanning IM/P VirB9 (pTi) [52,53,55,56]
channel
-spannin: VirB10 (pTi =
TraB Pilus extension Cell enve}llope Slp a : ™M 11'—(p1) [52,53,55,56,58]
channe Trbl (RP4)
TraP Pilus extension  Extended pilus stabilization ™M [55,57]
. Pilus assembly Pilus tip assembly VirB6/VirB8 oy 2 55 5750
raG Mating pair Stabilization via C-terminal M (pTi) [52,53,55,57,5]
stabilization Interaction with TraN,
Exclusion Interaction with TraS
TraV Pilus extension Lipoprotein OM/P VirB7 (pTi) [52,53,55,56]
. Transcription regulator by
TraR Regulation binding to RNA polymerase ¢ 58,601
TraC Pilus assembly NTPase ™M M [52,53,55,56]
TrbE (RP4)
TraW Pilus extension Pilus synthesis P [52,53,56,57,61]
TraU DNA transfer DNA transfer P [52,55,56]
Mating pair Stabilization of OmpA and
TraN stabilization Lps binding OM [52,55,56]
Exclusion Interaction with TraG
system
TraF Pilus extension  Disulfide bonds for T45S P [52,53,55,56]
assembly
TraQ Filin Ch ik M [55-57]
ra maturation aperone-like 55-5
TraH Pilus extension Interaction with TraF and P [52,55]
TraU
. Pilus assembly Pilus tip assembly VirB6/VirB8 (52,557,591
ra Mating pair Stabilization via C-terminal ™M (pTi) e
stabilization Interaction with TraN,
Exclusion Interaction with TraS
TraS Entry Exclusion Interaction with TraG ™M [55,56]
(Eex)
Disaggregation of mating
TeaT Surface pair after DNA transfer, oM [55,56,62,63]

exclusion (Sfx)

Interferes with TraN-OmpA
interaction
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Table 1. Cont.

Proposed

Protein . Description Localization Homolog Reference
Function
Coupling protein/DNA VirD4 (pTi)
TraD T4CP dependent ATPase M TraG (RP4) [55-57,64]
Interaction with TraM -
TrwB (R388)
Tral Relaxosome Relaxase, lt_lreipsesterase and C —Verz L) [55,57,65,66]
elicase TrwC (R388)
TraX Pilin N-terminal acetyl. M TrbP (RP4) [55-57](1)(3)(8)
ra maturation erminal acetylase T E

2.2.2. Pilus Biological Function

The role of the F-pilus in conjugation has been actively debated. It was first proposed that
the F-pilus extends to contact the recipient cell and then retracts to bring together the donor and
recipient cells and form the mating pair [41,67,68]. This idea was convincingly supported by the direct
visualization of the F-pilus dynamics in live cells, using a fluorescently labeled R17 bacteriophage
that specifically binds along the pilus sides [69]. This work showed that donor cells produce flexible
pili that continuously undergo cycles of extension and retracting, thereby probing the surroundings,
regardless of the absence or presence of recipient cells. However, when contact is established with
a recipient, pilus retraction draws the cells together, resulting in the formation of a mating pair [69].
In liquid culture, the pili mediate the formation of larger mating aggregates that contain donor and
recipient cells in tight wall-to-wall contact [70,71].

Allowing the formation of wall-to-wall contact between mating partners might not be the only
role of the F-pilus, which was also proposed to serve as a channel through which single-stranded
DNA is transferred during conjugation between distant donor and recipient cells [72]. Undeniably, the
pilus axial hole has a diameter (30 A) that is large enough to accommodate the DNA molecule [41,44].
However, only a few reports provide evidence for conjugational DNA transfer between mating partners
that are spatially separated from each other. It was shown that DNA transfer could occur between
a donor and recipient that are separated by a 6 micron membrane with pores 0.01-0.1 micron in
diameter [73]. Furthermore, microscopy imaging provided some evidence that DNA can be acquired
by recipient cells that are not in direct contact with a donor cell [74]. Nevertheless, the F-pilus’ ability
to transport DNA is still questioned and awaits the clear visualization of DNA transfer between distant
donor and recipient cells that are only connected by a pilus.

2.2.3. Factors Involved in the Specificity of Donor—Recipient Interactions

The ability of the pilus to establish contact between donor and recipient cells can be considered
the first rate-limiting step in the conjugation process and a key determinant of plasmid host range
specificity. In the 1970s, numerous studies attempted to identify the specific recipient receptor required
for F plasmid transfer [70,75-80]. The results revealed that mutations localized in the fourth external
loop of the major porin OmpA or those that alter the inner core composition of the lipopolysaccharide
(LPS) affect the transfer of the F plasmid and other IncF-like plasmids, such as R386, R538-1drd, and
R1-19, but not the IncFII-type plasmid R100-1 [77,80-82]. Analysis of several ompA and LPS mutants
revealed that they do not affect pili binding but result in defective mating pair stabilization [83]. Further
investigation excluded that TraA is the donor component responsible for specific recognition of the
recipient receptors [84] and uncovered the mating pair stabilization function of the outer membrane
protein TraN, whose three external loops have been reported to interact with OmpA and LPS [85-87].
These findings indicate that ompA and LPS mutations do not alter the conjugation efficiency of the
closely related IncFII-type plasmid R100, in which the amino acid sequence of the TraN central region
is highly divergent from that of F-encoded TraN [59,77,80]. Mating pair stabilization additionally
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involves the multifunctional inner membrane protein TraG, of which the N-terminal part also plays a
role in piliation and surface exclusion [59,88-90].

OmpA or LPS receptor factors cannot be considered strictly essential to F conjugation since their
mutation only decreases transfer efficiency by 2-3 log. Moreover, mating pair stabilization defects can
be overridden by performing mating on solid media, suggesting that interactions with OmpA or LPS
are needed to stabilize the mating pair formation only in liquid mating [77,81,83]. One might then ask,
is the F plasmid an exception to the need for recipient factors in some conditions? A recent study in
Klebsiella pneumoniae identified the outer membrane OmpK36 homolog of the E. coli outer membrane
OmpC as a receptor that mediates conjugation of the IncFII plasmid pKpQIL [91]. As observed in the
case of the F plasmid, TraNkpqrL determines the OmpK36-receptor specificity, while complementing
a traNpgpor, mutant with TraNgjgp abolished this dependence, demonstrating that recipient receptors
might be highly specific to the transferred plasmid. In addition to the IncF-type, the conjugation
process of Incl-type plasmids was also shown to be sensitive to LPS mutations, and interestingly, some
LPS mutations that affect Incl plasmid transfer do not impact the entry of the F plasmid, while others
affect both types of plasmid [76,92]. Recently, the PilV adhesin encoded by the InclI1-type plasmid R64
was identified as the donor factor that binds to LPS in the recipient cell [93]. This adhesin is thought to
localize to the tip of the thin type IV pilus that is required only in liquid mating conditions, rendering
the interaction between PilV and LPS important only under these conditions, as observed for TraN and
OmpA or LPS interactions in the case of the F plasmid. In contrast, no such recipient receptors could
be identified for the broad host range plasmids RP4 and R388. Indeed, the ompA and LPS recipient
mutants, which drastically decrease the efficiency of F conjugation, do not affect RP4 conjugation
efficiency [94]. Large-scale mutant screening using the E. coli Keio collection or random E. coli insertion
mutant library failed to identify recipient mutants that affect the transfer of the plasmids RP4 [95] or
R388 [96].

Remarkably, some broad host range IncP-like plasmids can also be transferred in archaea [97] and
eukaryotes such as yeast [98] and mammalian cells [99]. Although the efficiency of conjugation varies
among types of recipient cells, these findings strongly suggest that plasmid transfer does not require
any specific factors or active mechanisms on the recipient side. Alternatively, a “shoot and pump”
conjugation model envisages that the type IV secretion apparatus could act like a syringe that is able
to inject DNA into any kind of membrane, using the pilus as a needle [100]. Perforation of the cell
wall bilayer of the recipient could be achieved by force or by dedicated enzymatic activity exposed at
the pilus tip. The lack of a requirement for specific receptors on the surface of the target cell is not an
exception to the conjugative T4SS. Indeed, although the structural components of the type VI secretion
system machinery have been widely documented, no studies have yet characterized genetic factors
that can act as target receptors on the prey cell surface.

2.3. Plasmid Processing by the Relaxosome

The initiation of conjugation requires the assembly and activity of a protein complex, the
relaxosome, that allows the processing of the plasmid before DNA transfer (Figure 1, step ii). Plasmid
processing involves a site- and strand-specific DNA cut (nick) at the nic site located in the origin of
transfer (07iT) and the extrusion of the single-stranded DNA that will be transferred (T-strand) [101-103].
In the F system, these two reactions are performed by the multifunctional Tral relaxase protein, which
has both a transesterase domain that catalyzes the nic reaction and a DNA helicase domain that
unwinds the plasmid DNA [64,104-109]. Crucially, Tral recruitment and activity are governed by
auxiliary proteins, including the integration host factor (IHF) and the plasmid-encoded TraY and TraM
proteins, which have distinct roles in the relaxosome formation and activity at oriT [110-112]. The
binding of IHF and TraY to their respective cognate binding sites iifA/ihfB and sbyA located in oriT
modulates the architecture of the DNA, thereby stimulating the loading of Tral [113-117]. The TraM
protein regulates its own expression by binding to the sbmA and sbmB sites, located in the PM promoter,
and stimulates the DNA relaxation reaction through direct interaction with Tral after binding to the
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sbmC site located in the oriT region [118-122]. The Tral nicking reaction involves a catalytically active
Tyr residue [65,123] and results in the relaxation of the plasmid dsDNA, where the 5'-phosphate (P) end
of the nicked strand (or T-strand) remains covalently bound to Tral (Figure 1, step iii) [106,108,124-127].
After the nicking reaction, the circular ssDNA conjugative plasmid is converted into dsDNA by Rolling
Circle Replication (RCR) in the donor, while the linearized T-strand DNA bound to Tral at the 5" end is
transferred into the recipient cell through the conjugative pore (Figure 1, step iv).

2.4. Initiation of Rolling Circle Replication in the Donor Cell

The rolling circle replication (RCR) mechanism is employed for the vegetative replication of some
bacterial plasmids and has been very well reviewed [128-130]. RCR is key to the transfer process
of many Gram-negative and Gram-positive conjugative plasmids but also to the infection cycle of
other mobile genetic elements, such as DNA/RNA viruses and bacteriophages [123,131]. The RCR
reactions involved in vegetative replication or in plasmid transfer are very similar. The initiation and
termination of RCR reactions, performed by the Rep protein during vegetative plasmid replication,
are achieved by the relaxase protein during conjugation. Indeed, Rep and relaxases serve closely
related functions, primarily allowing RCR initiation by nicking the double-strand DNA at the dso site
(double-stranded origin) or the oriT site, respectively [132]. The nicking reaction generates a 5’-P end
that remains covalently bound to Rep or Tral and a 3’OH end used as a primer for the host DNA
polymerase III. While DNA polymerase III performs leading strand elongation, the parental double
helix is unwound, and RCR ends with a second nicking reaction that releases the newly synthesized
DNA strand (Figure 1, step v). In the case of vegetative RCR, DNA unwinding is performed by a host
DNA helicase recruited by the Rep protein, while Rep itself ensures termination and the second nicking
reaction. One major aspect of conjugation-associated RCR is that replication of the two ssDNA strands
occurs in different cells, i.e., the leading strand is replicated in the donor, while the T-strand (lagging
strand) is transferred and replicated in the recipient cell (Figure 1). Because the relaxase that initiates
the nicking reaction is transferred together with the T-strand [65,133,134], a second relaxase protein is
required in the donor to perform DNA unwinding as well as the second nicking reaction [3,65,123].
Consistently, biochemical assays show that two relaxase molecules bind to oriT: one associated with
the 5’ end that is in an open transesterase conformation and one associated with the 3’ end thatisin a
closed helicase conformation [135].

2.5. T4CP Connects the Relaxosome to the T4SS

After processing by the relaxosome complex, the nucleoprotein complex, composed of the T-strand
and the covalently bound Tral, needs to be recruited to the conjugative pore for transfer (Figure 1,
step iii). This connection is mediated by the interaction between the relaxosome and the Type IV
Coupling Protein (T4CP) located at the cell membrane [3,100]. All conjugative systems have their own
T4CPs, such as TraD, TraG, and TrwB for the F, RP4, and R388 plasmids, respectively. T4CPs are not
required for pilus production or DNA processing, yet they are key to substrate specificity [136]. Our
understanding of the molecular interactions required for specific substrate recognition and translocation
is still incomplete. A great deal of information has been provided by comparing the structure of F-like
T4SS [137] to various T4SSs involved in protein or nucleoprotein transport [138-141]. It appears likely
that conjugation systems are derived from ancestral protein translocation machinery that evolved
to coincidently translocate DNA. In this view, the T4CP would serve as the substrate receptor that
interacts with one or several relaxosome components to recruit the T-strand to the T4SS. In the case of
the F plasmid and some other plasmid systems, it is well established that TraD interacts with the TraM
relaxosome protein [142-146]. Interaction between the T4CP and the relaxase has been demonstrated
for RP4 [147], R1 [1] and R388 plasmids [148]. Such interaction has been speculated in the F system but
remains elusive [107,149].

T4CPs are DNA-dependent ATPases anchored to the cell membrane via their N-terminal
domain and have been shown to interact with the T4SS components in R27 [150] and R388 plasmid
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systems [148]. T4CPs show similarities to membrane-anchored ring DNA translocases, such as
SpollIE and FtsK, which are involved in chromosome DNA translocation during sporulation and cell
division, respectively [100,151,152]. T4CP binds non-specifically to DNA, with a higher affinity for
ssDNA [147,153,154], on which it forms oligomers with enhanced ATPase activity [155,156].

Altogether, these findings led to a model in which membrane-anchored T4CPs interact directly
with the relaxosome and form hexameric structures on the T-strand, which actively translocate through
the conjugation pore during transfer. However, it remains unclear whether a signal is required to
activate the coupling function of the T4CP in a donor cell in which the T4SS and the relaxosome are
already assembled and functional [3]. It has been suggested that the stability of the TraD oligomeric
complex depends on an as yet unidentified F-encoded protein, which could then be a key regulator of
plasmid transfer activation [155]. It has also been suggested that the formation of the mating pair could
transduce a signal to activate the TACP and trigger the transfer of the processed T-strand [3]. Notably,
it was shown that the relaxase has to be unfolded to be translocated into recipient cells [134]. In A.
tumefaciens, as in many other Gram-negative and Gram-positive systems, the unfolding of translocated
proteins is proposed to be performed by the VirB11-like ATPase, which is absent from the F plasmid
system [52,140,157]. However, one can reasonably presume that Tral unfolding also requires ATPase
activity that involves one of the ATPases of the F T4SS.

3. Within the Recipient Cell

3.1. Plasmid Circularization by Tral

The relaxase is transferred to the recipient, where it is refolded and able to perform several activities
required for the completion of the conjugation process (Figure 1, step a) [65,133,158]. The helicase
activity of the internalized relaxase is thought to perform 5’ to 3’ tracking of the T-strand. Pulling
by the relaxase from the recipient together with pushing by the T4CP from the donor presumably
facilitates the transport of the T-strand through the conjugation pore [3]. Once both extremities of
the oriT are brought together in the recipient, the relaxase performs the joining reaction, resulting in
the recircularization of the ssDNA plasmid (Figure 1, step b) [65,133,158,159]. An alternative model
proposes that the nicking of the newly synthesized oriT occurs in the donor cell before transfer [160].
There is no evidence for the requirement of additional host or plasmid factors in the circularization of
the internalized T-strand. After completion of the recircularization reaction, the recipient cell possesses
a single-stranded circular copy of the conjugative plasmid.

3.2. Avoiding Host Defense Systems against Foreign DNA

The newly acquired ssDNA conjugative plasmid might be considered as foreign DNA, against
which host bacteria have developed defense mechanisms, such as restriction modification, exonucleases,
and recombination system or adaptive immunity, such as the CRISPR-Cas system [161]. Despite these
defense mechanisms, horizontal gene transfer plays an important role in genomic evolution (5-6% of
bacterial genomes and up to 20% in some organisms) [6,162,163], implying that transferrable plasmids
have evolved adaptive mechanisms to counteract these host defenses.

The restriction modification system (RM) is a ubiquitous defense mechanism found in 90%
of sequenced bacterial genomes and other prokaryotes and is based on restriction enzymes and
methylation [164]. Restriction modification mechanisms are described as a “primitive immunity
system” against exogenous DNA [165]. These systems are based on restriction enzymes that specifically
target unmethylated dsDNA sequences located in the newly acquired mobile genetic elements, while
the host DNA is protected by methyl groups added to specific adenine or cytosine residues [165].
Whether the RM system can target the ssDNA plasmid before the complementary strand synthesis
remains unclear. However, plasmids have evolved various strategies to counteract enzymatic DNA
degradation upon entry into the new host cell. IncN, Incl, and IncF plasmids encode ArdA and ArdB
proteins (alleviation of restriction of DNA) that directly inhibit the REase (Restriction Endonuclease) by
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mimic DNA sequences, thus competing for enzyme targets [166-168]. IncW plasmids encode the ArdC
protein that protects the transferred T-strand by transiently blocking the restriction sites [169]. More
recently, it was shown that an hde operon (host defense evasion) of Incl plasmids encodes two genes
involved in anti-RM (vcrx089 and vcrx090) [170]. In addition to the production of inhibitory proteins,
some plasmids have completely lost these restriction sites, as in the case of the RP4 plasmid [171].

CRISPR-Cas immune systems (Clustered Regularly Interspaced Short Palindromic Repeats
and the CRISPR-associated protein) represent another defense mechanism against foreign DNA.
CRISPR-Cas systems, found in ~45% of bacterial and up to 84% of Archaea genomes [172,173], have
been described as being protective against infection by bacteriophages and, more recently, against
plasmid acquisition [174]. It was then discovered that some phages encode an anti-CRISPR Acr
protein that inhibits the activity of the CRISPR-Cas system [175,176]. Importantly, anti-CRISPR Acr
loci have been identified in conjugative elements and plasmids of Listeria, Enterococcus, Streptococcus,
and Staphylococcus [177]. These loci encode the CRISPR-Cas inhibitors AcrllA16-19, which prevent
exogenous DNA nicking mediated by the Cas9 enzyme in vivo. Mahendra et al. have also shown that
conjugation of a Cas9-targeted plasmid of E. faecalis was possible in the presence of these CRISPR-Cas
inhibitors. Encoding Acr-like proteins is therefore an efficient strategy by which conjugative plasmids
facilitate their dissemination by avoiding degradation by the host CRISPR-Cas immune system. Another
strategy is for conjugative plasmids to encode a Bet/Exo system able to repair double-strand breaks
caused by CRISPR-Cas during conjugation, as recently reported for the IncC plasmid pVCR94 [170].
Expression of these genes inside recipient bacteria after the acquisition of the V. cholerae pCVR94
plasmid enables survival against exogenous DNA defense mechanisms without the involvement of
anti-CRISPR-Cas proteins.

3.3. Role of the Leading Region Genes and Conversion of the ssDNA Plasmid into dsSDNA

3.3.1. Early Expression of the Leading Region Genes

The leading region of conjugative plasmids is the first to be transferred into the recipient cell
during conjugation (Figure 1, step a) [57]. The F plasmid leading region is well conserved, with a size
of 13 kb and a location that is directly adjacent to the oriT, and encodes for at least eight proteins [178],
including a homolog to the chromosomal single-strand binding protein SSB (SSB¢), PsiB, and other
proteins of unknown function. Importantly, plasmid ssb (ssbp) and psiB genes are expressed early upon
entry of the plasmid into the recipient bacteria but not in the donor cells [179]. Similarly, RI-PCR
studies showed that the expression of the psiB and ardA genes of the IncIl plasmid begins 5 min after
transfer initiation [180]. These observations suggested that leading region genes could be expressed
rapidly from the newly acquired plasmid in single-stranded form, before its conversion into dsDNA. It
was later shown that the leading region contains a specific 328 bp Frpo region (for F plasmid RNA
polymerase), which, when single-stranded, can form a stem-loop structure presenting —10 and -35
double-stranded boxes that are recognized by the host RNA polymerase, which initiates the synthesis
of RNA primers in vitro [181]. It was therefore proposed that Frpo may serve as a single-stranded
promotor that allows the early expression of the leading region genes (Figure 1, step a).

Frpo was also proposed to direct the single-strand to double-strand conversion of the F plasmid.
In vitro assays showed that the RNA primers synthesized by the RNA polymerase from Frpo persist as
an RNA-DNA duplex that is recognized by host DNA polymerase IlII to initiate complementary strand
synthesis [181]. Frpo-type sequences, also termed ssi for single-strand initiation sequence, are found
on various conjugative plasmids, including R6K, R100, ColE1, ColE2, Col1B, and RSF1010 [182-185],
and are functionally comparable to sso sequences (single-stranded origin) involved in the rolling circle
replication mechanism [123,129,186]. These findings are consistent with the previous observation
that complementary strand synthesis of the ssDNA F plasmid inside the recipient bacteria involves a
cooperative mechanism between host RNA polymerase and DNA polymerase III [187].
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Altogether, these findings led to a model in which Frpo can help to initiate early gene expression
and the DNA synthesis reaction that converts the ssDNA plasmid into dsDNA duplex immediately
upon entry of the T-strand into the recipient cell (Figure 1, step a—c). Whether Frpo performs these
functions during conjugation in vivo remains to be demonstrated.

3.3.2. PsiB Inhibits the SOS Response

In the recipient cell, the presence of abnormal amounts of ssDNA, usually associated with
DNA damage, results in the induction of the SOS response [188,189]. More precisely, the loading
of the RecA recombination protein onto ssDNA results in the formation of the presynaptic filament,
which stimulates the autocatalytic cleavage of LexA, the repressor of the SOS regulon. The SOS
response triggers the induction of the division inhibitor SulA, resulting in cell filamentation and
potentially the death of the transconjugant cell. SOS also induces the production of nucleases and
other DNA processing factors that could provoke the degradation or mutation of the transferred
ssDNA or its processing as a recombination intermediate [190]. To counteract these effects, several
conjugative plasmids, including F, encode the PsiB protein (plasmid SOS inhibition), which inhibits
SOS induction [191]. The depletion of psiB has mild effects on the efficiency of conjugation but increases
the host SOS response by up to six-fold [179]. PsiB interacts directly with RecA, thereby inhibiting
several activities, such as DNA binding, LexA cleavage, and the strand exchange reaction [192,193].
SOS response inhibition by PsiB is even more potent in the presence of the SSBc protein that coats
the ssDNA. PsiB is well conserved among conjugative plasmids and is considered important for
the early steps of plasmid establishment in the recipient, consistent with its early production in the
transconjugant cells [57,191].

3.3.3. Roles of the Host and Plasmidic SSB Proteins in Plasmid Establishment

Upon entry into the recipient cell, the transferred ssDNA plasmid is coated by the host SSB¢ protein.
SSBc is a universally conserved essential protein that binds non-specifically to ssDNA. It is involved
in various mechanisms, including DNA replication, repair, and recombination; SOS induction; and
other DNA metabolic processes [194,195]. Upon binding, SSB protects the ssDNA against enzymatic
degradation and increases the processivity of DNA polymerases Il and III [196] during the replication
reaction that converts the ssDNA strand into the dsDNA helix. The rapid recruitment of the host SSB¢
protein to the transferred ssDNA has recently been visualized by fluorescence microscopy [197]. This
work revealed that SSB¢ proteins are rapidly recruited to the ssDNA that penetrates the recipient cell,
presumably protecting it and facilitating its processing (Figure 1, step a). Interestingly, the F plasmid,
as in many other conjugative plasmids, encodes its own SSBp protein, which is homologous to the E.
coli SSBc [198]. One might then ask, what is the benefit gained by conjugative plasmids encoding their
own SSBp, and what is the specific function of SSBp compared with the chromosomal SSB?

SSBp binds ssDNA non-specifically, and SSBp of different incompatibility groups (IncF, Incl,
IncY, Inc9, IncT, and IncB/O) can partially complement conditional mutations of the E. coli ssbc
gene [197,199-201]. Although the expression of the F plasmid-encoded SSBp protein in trans enables
the growth of the ssbc deletion mutant, complemented mutants exhibit some filamentation and growth
rate reduction [202]. Moreover, a reduced affinity to ssDNA is observed for the F plasmid SSBp in
comparison with the E. coli SSBc and the F plasmid SSBp cannot stimulate the reaction of DNA synthesis
by DNA polymerase Il in vitro [203]. Sequence alignment revealed that SSBp proteins that complement
the E. coli ssbc mutant share high homology only with the N-terminal part of E. coli SSBc [203]. The
SSBc N-terminal region contains the domains for ssDNA binding and monomer-monomer interactions
to cooperatively maintain the binding of the tetrameric structure of SSBc to ssDNA. This structural
conservation would explain the ability of SSBp to bind ssDNA. However, the C-terminal domains
of SSBp are much more homologous to each other than to SSB¢ [203]. However, as this domain
interacts with partner proteins that constitute the SSB¢ interactome, one possibility would be that the
interactome of SSBp and the reaction it is involved in might be different from that of SSBc.
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Not all SSBp proteins have been shown to complement E. coli ssbc mutants [199]. The latter study
found that the inability of SSBp from IncP-like RK2 to complement the E. coli ssb; mutation could
be attributed to ssbp gene repression by the RK2 kor genes and that a derepressed plasmid indeed
complemented the thermosensitive growth of E. coli ssb; mutations [204]. It is thus reasonable to
consider the possibility that abundant SSBp could also complement the ssbc mutant.

To date, the function of the F plasmid SSBp in the context of conjugation is still unclear. The
SSBp protein could contribute to the protection of the transferred ssDNA by inhibiting enzymatic
degradation or the recruitment of inhibiting proteins of the host. However, its expression timing
instead supports the idea that SSBp could be involved in the complementary strand synthesis of the
transferred DNA or could simply increase the pool of available single-strand binding protein, which is
required for the first cycle of vegetative replication of the plasmid.

3.4. Plasmid Maintenance: Replication and Segregation

Maintenance of the newly acquired dsDNA conjugative plasmid in the recipient cell lineage
depends on two main active mechanisms: plasmid replication and segregation of the plasmid copies
into daughter cells over generations.

The mechanisms of plasmid DNA replication in bacteria have been extensively studied and
are the focus of well-referenced reviews [123,128,205-208]. Here, we stress the role of replication in
conjugation host-range specificity. The F plasmid is efficiently transferred to E. coli and relatively close
enterobacteria, while no transconjugant can be recovered after mating with more distant bacteria,
such as Vibrio or Pseudomonas. As early as 1982, host range restriction was attributed to the plasmid’s
inability to replicate in the recipient bacteria rather than to the inefficiency of plasmid transfer per
se [188]. This was demonstrated by showing that mobilizable plasmids containing a cis-acting origin
of transfer of the F plasmid and an origin of replication that is active in the tested recipient can then
be transferred by the F conjugation machinery in Pseudomonas [188], V. cholerae [209], and yeast [98].
The same approach was employed to show that pCTX-M3, an Incl-like plasmid, was able to use its
conjugation machinery to transfer a mobilizable plasmid to host recipients in which pCTX-M3 does not
replicate [32]. The failure to replicate the F plasmid in P. aeruginosa comes in part from an inability of
the plasmid replication protein RepE in the RepFIA replicon in complex with host DnaA-oriS to form a
stable interaction with the host helicase DnaB [210]. In contrast, broad host range plasmids such as
RK2 regulate their maintenance by modulating alternative strategies of replication depending on the
host [211]. These findings indicate that the host range of the conjugation machinery and replication
origins belonging to the same plasmid differ and can be mechanistically uncoupled. The specificity of
narrow host range plasmids appears to be limited by the specificity of their replicon rather than by
their transfer range.

Maintenance of the newly acquired dsDNA plasmid also requires the segregation of plasmid
copies into the daughter cells during transconjugant cell division. To do so, low copy number plasmids
encode active partition systems, of which the mechanism, biological functions, and conservation have
been extensively reviewed [212-216]. In the context of conjugation, it is worth mentioning another
maintenance strategy that involves the integration of the newly acquired conjugative DNA into the
chromosome. Chromosome integration ensures the stable inheritance of the conjugative elements
by vertical gene transfer over generations. The first characterized example was again the F plasmid,
which uses insertion sequences (IS) and RecA-dependent homologous recombination to integrate into
the E. coli genome [217]. The integrated plasmid can still initiate the conjugative transfer of the whole
chromosome of the resulting “Hfr” strain (high frequency of recombination). This process of transfer is
both progressive and oriented, and the order in which chromosomic genes are transferred depends on
the position where the F plasmid was integrated. Alternatively, the integrated F plasmid can be excised
out of the chromosome and recover its original autonomous form [218]. Chromosome integration is
widely used by mobile DNA, such as ICE (Integrative Conjugative Elements), transposons, and phages,
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in both Gram-negative and Gram-positive bacteria; all of these systems have their particularities,
especially regarding the recombination systems used for their integration/excision [219,220].

3.5. Phenotypic Conversion of the Transconjugant

The expression of genes carried by the newly acquired genetic element results in the phenotypic
conversion of the recipient cell into a transconjugant that exhibits additional metabolic properties
(Figure 1, step d). The expression of plasmid genes involved in DNA transfer converts the transconjugant
into a new donor that is able to further transfer the plasmid to the population, thus accounting for the
exponential rate of conjugative plasmid dissemination (see tra gene expression, Section 2.1). Not all
genes encoded within the tra region of the plasmid backbone are directly involved in the process of
DNA transfer. Indeed, conjugative plasmids often carry immunity (or exclusion) gene systems that are
widespread in Gram-negative and Gram-positive organisms [90,221-228]. These immunity systems
limit the ability of plasmid-carrying cells to serve as a recipient for the same plasmid [42,54,62,229].
Preventing self-mating by surface exclusion is thought to avoid the metabolic cost and potential cell
death associated with repeated plasmid transfer but also to be important for plasmid stability and
evolution [62,229].

The F plasmid immunity system relies on two factors—TraT and TraS proteins, neither of which
is required for F-pilus synthesis or DNA transfer [56,230-232]. These two exclusion factors work
at different levels. TraT is an abundant outer membrane protein that is thought to span the cell
surface [230,231]. TraT production inhibits the formation of stable mating aggregates, presumably by
interfering with the interaction between the pilus and recipient surface receptors. Consistent with this
idea, it was reported that TraT interacts with OmpA, further suggesting that it could compete with TraN,
which is key to mating pair stabilization [85,86,233]. TraS is an inner membrane protein, the production
of which only slightly reduced the aggregation of mating populations but reduced DNA transfer
frequencies by 100-200-fold. It is thus proposed that TraS acts by preventing DNA transfer when stable
mating aggregates have already formed [230,231,234]. In F-like plasmids, it is proposed that TraS
interacts with TraG to achieve the entry exclusion process [89,90]. For these reasons, TraS is referred to
as an entry exclusion protein (Eex), and TraT as a surface exclusion protein (Sfx). Like other tra genes,
traS and traT expression is controlled by TraJ, implying that transconjugant cells concomitantly acquire
plasmid transfer ability and immunity to self-transfer during the phenotypic conversion.

In addition to genes located on the plasmid backbone, conjugative plasmids may carry additional
genes that are not directly involved in conjugation but in a variety of biological functions, such as
virulence, biofilm formation, symbiotic lifestyle, membrane trafficking, resistance to heavy metals,
and, most importantly, resistance to antibiotics. Acquisition of these metabolic functions potentially
facilitates bacterial adaptation and survival in changing environments and makes conjugation a
major driver of the evolution of bacterial genomes. The successful maintenance of conjugative
elements in bacterial populations shows that this selective advantage compensates for the metabolic
burden associated with the metabolism of the newly acquired genetic information (highjacking of
the host replication, transcription, and translation machineries) [235]. The most prominent example
is the acquisition of conjugative drug resistance plasmids, which enable bacterial proliferation in
microbial communities that contain antibiotic-producing organisms or in antibiotic-polluted and
clinical environments. Indeed, analysis of commensal, environmental, and clinical antibiotic-resistant
pathogenic strains revealed a multitude of conjugative plasmids that carry one or more genes for
resistance to most, if not all, classes of antibiotics currently used in clinical treatments. Conjugation is
considered to be the most widespread intra- and interspecies resistance transfer mechanism, accounting
for 80% of acquired resistance [236].

4. Conjugation in Natural Habitats: The Example of Bacterial Biofilms

Gene transfer by conjugation is known to contribute to the genetic dynamics of bacterial populations
living in a variety of environments, including the soil, on plant surfaces, and in water and sewage,



Genes 2020, 11, 1239 15 of 32

as well as in bacterial communities associated with plant or animal hosts [4]. Bacteria are generally
considered to be planktonic unicellular organisms, yet in natural and clinical environments, they often
live in complex structures called biofilms. Biofilms shelter bacteria from external hazards but have
also been proposed to offer a niche that facilitates the dissemination of drug resistance determinants
by conjugation. Below, we review our current understanding of the interplay between biofilms and
bacterial conjugation.

4.1. The Biofilm as a Niche Promoting Bacterial Conjugation

In natural environments, bacteria predominantly live in spatially structured communities termed
biofilms, in which a self-produced extracellular matrix holds the cells together [237]. Planktonic cells
that initiate biofilm formation can adhere to a living or inert surface (surface-attached biofilms) or
can be present at the air-liquid interface as a free-floating community (pellicle). Bacterial biofilms are
found in virtually every ecosystem on Earth, from aquatic systems (sludge, rocks, and wastewater)
to terrestrial environments (rhizosphere) and human organisms (skin, intestinal, urogenital, and
respiratory tracts). Furthermore, biofilms are associated with persistent and severe infections because
of their ability to colonize medical devices and implants. Indeed, biofilm structures offer protection
against hostile environments and, more worryingly, against antibiotic treatments. The biofilm
architecture depends on the bacterial species, the surface colonized, and environmental conditions, but
this lifestyle is characterized by the production of extracellular polymeric substances (EPSs) mainly
composed of polysaccharides, proteins, lipids, and extracellular DNA. EPS matrix production is
dynamic and continuous and mediates the formation of the biofilm architecture in which aggregates of
microorganisms are trapped.

Many studies on bacterial conjugation have shown that plasmid transfer can occur in both natural
and artificial biofilms, from the aquatic environment [238], phytosphere [239], animal and human
hosts [240,241], or reactor-associated biofilms [242,243]. These papers studied plasmid transfer at the
population level and mainly relied on limited cultivation-based assays that probably underestimate the
extent of conjugation in natural biofilms. Further works have studied conjugative plasmids expressing
fluorescent markers, allowing the direct in situ visualization of donors, recipients, and transconjugants
at the single-cell level within several types of biofilms formed at the liquid—air surface [244], on a
semisolid agar surface [245-247], on a filter [248], in flow chambers [246,249,250], or in a reactor [251].

The biofilm environment provides a high cell density and close cell-to-cell proximity that may
facilitate HGT through bacterial conjugation. In line with the view that biofilm is a hot spot niche of
conjugation, several studies have shown that the frequency of plasmid transfer is higher in the biofilm
than in the planktonic mode of growth [252-255]. Although the biofilm appears to be a favorable
environment for HGT by conjugation, many studies at the single-cell level have reported limited
plasmid propagation inside a preformed established biofilm beyond the contact zone between the
donors and recipients [256]. These observations are directly linked to the complex spatial structure of
the biofilm, which might have a critical impact on horizontal plasmid spread within a biofilm.

4.2. Impact of the Biofilm Structure on Conjugation

The biofilm is a complex structure and sometimes composed of mixed bacterial species. The matrix
shapes the spatial organization by clustering cells in microcolonies in an architecture characterized
by nonuniform cell arrangements, open channels, pores, cavities, and different layers of living
cells [257,258]. Such an organization determines the formation of cell clusters/aggregates and could
therefore influence the efficiency of conjugative transfer [244]. This possibility can be addressed using
microscopy to analyze the distribution of cells that are active in conjugation within biofilms. To
date, most studies have investigated the spread of the GFP-tagged Pseudomonas putida TOL plasmid.
Analysis of P. putida recipient biofilms established in flow chambers revealed that transconjugants
appeared at the top surface of the biofilm but not in the deeper layers, reflecting a limited invasion
of the transferred plasmid [246,250]. On an agar plate, transconjugants only appeared at the contact
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zone between the TOL plasmid donors and the recipient colonies [245,246,259]. Limited transfer to the
outer layers of the biofilm was also observed for IncF, Incl, and IncW plasmids in E. coli [247]. It has
been proposed that transfer can only be efficient over a short period between metabolically active cells
growing at the donor-recipient interface [246,260]. Consistently, it was shown that plasmid invasion
stops in non-dividing cells [259].

Within biofilm structures, chemical gradients of oxygen, nutrients, temperature, and pH create
microenvironments that influence the metabolic activity of bacterial cells [261]. This results in
physiological heterogeneity between the cells that surround the border of the biofilm and those that are
embedded deep inside. Furthermore, variations in the spontaneous mutation frequency within parts of
the biofilm result in the emergence of variant subpopulations with genetic heterogeneity [262]. Whether
and how these factors impact the spatial pattern of conjugation within biofilms remain unknown.

4.3. Impact of Conjugative Plasmids on Biofilm Formation

Several studies have investigated the implication of the presence of conjugative plasmids from
diverse incompatibility groups for biofilm formation ability [263-267]. To initiate biofilm formation,
planktonic cells produce cell appendages like flagella and adhesion factors such as type 1V pili and
type 1 and curli fimbriae [268,269]. Genes coding for these types of accessory factors that promote
attachment to biotic or abiotic surfaces are often found in conjugative plasmids, resulting in increased
host biofilm formation [253]. Examples include type 3 fimbriae of the IncX1 plasmid pOLA52 [270],
non-conjugative type IV pili of the IncIl plasmid pSERB1 [271], or pilus-like structure and surface
adhesins of the Enterococcus faecalis plasmids pBEE99 and pCF10, respectively [272-274]. In 2001, Ghigo
made the unexpected observation that the conjugative pilus itself of a derepressed F plasmid can
promote the biofilm of E. coli cells that are initially unable to form such a structure and revealed that
the pilin TraA is the main adhesion factor that induces biofilm formation [263]. Microscopic structure
analysis of derepressed IncF plasmid R1drd19- and F-carrying E. coli biofilm showed the rapid formation
of a dense and mature 3D mushroom-type biofilm similar to the P. aeruginosa biofilm architecture [275].
The formation of this peculiar architecture and the biofilm maturation generated by derepressed
plasmids override the need for cell surface appendages such as flagella, type 1 fimbriae, Ag43, or curli,
which are essential to E. coli biofilm [275]. In contrast, maturation of the 3D mushroom-type biofilm
structure depends on curli production, induced in E. coli by the natural F plasmid, which does not
constitutively express F-pili [276]. The presence of the plasmid R1drd19 also increases E. coli biofilm
formation by decreasing the motility and increasing the level of quorum-sensing inducer AI-2 [277,278],
and the IncP-9 TOL plasmid in P. putida increases the production of extracellular DNA known to play a
role in the structure of the biofilm [279] and thus the biofilm formation capacity [280]. However, the
genetic mechanism by which conjugative plasmids increase biofilm formation has not been elucidated,
but the presence of repressed or natural conjugative plasmids affects the global host chromosomal
gene expression [276,278].

While the role of the conjugative pili has been mainly studied in E. coli biofilms, one may speculate
that their impact differs depending on the host. Indeed, Reder et al. observed that the conjugative
pili of the IncP-1 plasmid pKJK5 reduced the surface attachment of P. putida by increasing cell—cell
adhesion, resulting in reduced biofilm formation [281]. Further investigation will be necessary to
decipher the complex interconnections between the conjugative plasmid and biofilm formation.

4.4. Influence of Antibiotic Treatment on Conjugation within Biofilms

Interactions between conjugation and biofilms have been proposed to promote both
community-building and gene transfer. This synergic interaction raises serious questions about
the contribution of HGT to the evolution and adaptation of biofilm-forming pathogens. Because
of the increase in antibiotic-resistant infections, recent investigations have aimed to provide a new
understanding of biofilm responses to antimicrobial treatments.
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Subminimal inhibitory concentrations (sub-MICs) of aminoglycosides enhance the biofilm biomass
of the P. aeruginosa strain PAO1 and clinical isolates of E. coli through the response regulator Arr, a
predicted phosphodiesterase that alters cyclic di-guanosine monophosphate (c-di-GMP) levels [282].
Linares et al. further demonstrated that, in addition to aminoglycosides, sub-MICs of tetracycline and
norfloxacin also increase the formation of P. aeruginosa biofilm. However, no clear causal factors were
identified [283]. Interestingly, a combination of tetracycline and cephradine has a synergistic effect on
the biofilm formation of a mixed culture of E. coli and P. aeruginosa [284]. Tetracycline also promotes
the biofilm formation of the pathogen Acinetobacter baumannii, and whole-genome sequence analysis
revealed an increase in the rate of mutations such as SNPs, as well as insertions and deletions, under
subinhibitory drug exposition [285]. In addition to the accumulation of genotypic variation, biofilm
treatment with a low level of antibiotics produces changes in the gene expression profile, some of
which may be linked to increased biofilm formation [283,285,286].

Recently, Diaz-Pascual et al. investigated Vibrio cholerae biofilm at the community scale using
a single-cell imaging system, revealing changes in biofilm dynamics and architecture in response
to antibiotic treatment [287]. After tetracycline exposure, they observed modifications in biofilm
architecture and cell morphology, including a 2.5-fold increase in cell volume and a 29% decrease in cell
density. This cell density decrease reflected a considerable alteration of the multicellular arrangement
and the breakdown of the matrix within the biofilm. Furthermore, biofilms became susceptible to the
colonization of their interior by new cells, and the colonizer population increased until they invaded
the resident biofilm. Clearly, a sublethal dose of antibiotics influences the biofilm lifestyle, inducing
significant modifications to the entire population. The biofilm matrix forms a shield to prevent the
penetration and diffusion of antimicrobials, and the increase in biofilm formation in response to
antibiotics, illustrated by an enhancement of the biofilm matrix, seems to be a defense mechanism of
the bacterial community.

In parallel, some antibiotics have also been recognized as signaling molecules that increase
conjugative transfer [288-296]. Interestingly, when conjugation occurs in an antibiotic-free environment
with a donor strain that is pretreated with subconcentrations of antibiotics, the conjugation frequency
increases significantly [297,298]. The mechanisms by which antibiotics affect plasmid transfer remain
unclear. In the literature, it is proposed that sub-MIC antibiotic treatment enhances the frequency
of conjugation through the upregulation of tra gene expression in donors [291,297-299]. However,
in many studies, the increase in conjugation frequency was evaluated using an antibiotic whose
resistance gene is carried by the tested conjugative plasmid itself [288,290,291,293,294,299,300]. This
approach makes it difficult to distinguish between the selection bias induced by the antibiotic in the
mating population and the actual effect on conjugation frequencies. Two studies instead support that
antibiotics primarily act through the differential selection of the donor, recipient, and transconjugant
once gene transfer has occurred, rather than stimulating conjugation per se [197,301]. By using living
cell microscopy, they were able to visualize conjugation dynamics in real time. Nolivos et al. showed
that the transfer frequency of an F plasmid harboring the gene for tetracycline resistance was not
increased by the presence of tetracycline. Lopatkin et al. also demonstrated that antibiotics from six
major classes had no effect on the conjugation efficiency of plasmids from five different incompatibility
groups. These reports suggested that the direct contribution of antibiotics to gene transfer has been
overestimated and proposed that antibiotics may act only as post-transfer selection drivers, favoring
the growth of transconjugants over recipients. Although a number of studies have advanced the
potential stimulating effect of antibiotics on conjugation, their real impact needs to be further explored,
and antibiotics with different modes of action must be tested.

Undoubtedly, antibiotics play a role that must not be overlooked in the emergence of new
multi-resistant pathogenic strains. It is troubling that antibiotic treatments amplify biofilm formation,
increasing the difficulty in healing biofilm-associated infections. Antibiotics not only induce biofilm
formation but also improve gene transfer within the community. Furthermore, profound changes
induced by antibiotics allow for the invasion of the biofilm by external microorganisms [287]. As
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biofilms are suitable environments for conjugative transfer, we can easily imagine that antibiotics could
potentiate the invasion by a potential donor that harbors gene resistance and that its dissemination
within the biofilm could act as a synergistic factor instead of an antagonist one. Microfluidic technology
represents a promising method to investigate, in real-time and without disrupting biofilm structure,
the dynamics of conjugation within communities. Recent studies have used microfluidic devices
combined with confocal microscopy to monitor real-time plasmid RP4 transfer in mixed P. putida
and E. coli biofilms and in activated sludge [302]. They were able to show that the structure and
composition of the biofilm could modulate gene transfer routes. Indeed, in E. coli biofilms, the
explosive spread of transconjugants illustrated the significant role of plasmid transfer, while in the
sludge community, vertical gene transfer was more predominant. Using these advanced techniques, it
is now more necessary to understand how antibiotics can influence gene dissemination within these
complex structures.

5. Conclusions

Our current knowledge of the sequence of reactions required for plasmid conjugation is well
documented, especially for model plasmids such as the F factor, but also for other plasmids like RP4,
R388, or pTi. The combination of genetic and biochemistry approaches has allowed the function of
key Tra proteins in these reactions to be described. However, even for these systems, the mechanistic
functions of most Tra proteins remain elusive. They have mainly been described in terms of their
essentiality for mating pair formation or stabilization, DNA transfer, and immunity, and a further
understanding of their activity at the molecular scale is lacking. Furthermore, as emphasized in this
review, a number of major fundamental questions remains, such as the pilus” ability to transport
DNA during distant transfer, the existence and nature of a potential signal that is triggered by mating
pair formation that would activate conjugation, or the role of the leading genes in the early steps of
plasmid establishment, for instance. Because of its intimate connection with the dissemination of drug
resistance, conjugation has reemerged as the focus of a global research effort. Modern experimental
approaches should help to gain new insights into the mechanism of conjugation at the molecular and
cellular scales, as well as those regarding the extent of conjugation in natural bacterial communities
and its impact on the dissemination of bacterial metabolic traits.
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Figure 3. Carte génétique simplifiée du plasmide F.
D’une taille d’environs 100kb, le plasmide F est composé des régions leading (vert), région de maintien (violet) et

région tra (bleu). La région grise comporte les génes accessoires. D’aprés Couturier et al. (2023).
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Figure 4. Carte génétique de la région leading sous forme d’ADN double-brin.

1. Position et orientation des genes correspondants (fleches) et des promoteurs Frpol et Frpo2 (rouge).

2. Schéma de la structure secondaire en tige-boucle formée par la forme simple-brin des séquences promotrices
Frpol et Frpo2 (rouge). La reconnaissance des cassettes -35 et -10 dans la région double-brin des tiges par I’ARN
polymérase (gris) induit I'initiation de la transcription des génes suivants et la synthese d’ARNm (bleu). D’aprés

Couturier et al. (2023).



Appartenant aux groupes MOBe1,A et IncF, plus de 200 plasmides apparentés « F-like » ont
été séquencés depuis sa découverte et partagent une machinerie de transfert et T4SS hautement
conservés d’une espéce a I'autre mais également entre plasmides-méme (Grohmann, Muth, and
Espinosa 2003; Grohmann et al. 2018; Koraimann 2018; Virolle et al. 2020). Considérés comme un
sujet d’étude important de par leur large distribution chez les Enterobacteriaceae issus d’isolats
cliniques et échantillons environnementaux, ces plasmides F-like sont souvent associés a la
dissémination de colicines, de facteurs de virulence et de résistances antibiotiques (Rosenberg and
Hastings 2001; Lanza et al. 2014; Fernandez-Lopez et al. 2016; T. J. Johnson et al. 2016). Le plasmide
F joue ainsi un role central pour la compréhension des mécanismes moléculaires et structuraux
impliqués dans le transfert d’ADN par conjugaison entre bactéries.

Bien qu’étant le focus de la revue ci-dessus, différents aspects concernant I'organisation
génétique du plasmide F et I'importance de la région leading pour son établissement sont présentés
ci-dessous sous un autre angle. D’une taille de 100kb, il est composé de différentes régions
génétiques caractéristiques des plasmides conjugatifs. Bien décrites dans la littérature, les régions
de transfert et de maintien codent respectivement la machinerie de transfert autonome du plasmide
ainsi que les facteurs essentiels au maintien stable du plasmide au cours des cycles de division
cellulaire. La région leading quant a elle reste encore peu décrite, mais un certain degré de
conservation des genes la composant révele son importance bien que la majorité soient de fonction
inconnue (Figure 3) (Rosenberg and Hastings 2001; Arutyunov and Frost 2013).

La région tra code pour différentes protéines essentielles au bon déroulement du processus
de transfert par conjugaison. Certaines protéines Tra vont permettre la synthese et formation du
pilus conjugatif impliqué dans I’établissement d’un contact avec une bactérie receveuse tandis que
d’autres vont composer le T4SS pour le transfert de I’ADN a travers les membranes du couple de
conjugaison. Enfin, les protéines constituant le relaxosome permettent la préparation et le transfert
du plasmide sous forme d’ADN simple-brin (Wong, Lu, and Glover 2012; Arutyunov and Frost 2013).
Chez la majorité des plasmides IncF (R100, R1, R6-5 et ColB2-K77), ce cluster de genes tra est régulé

par différents facteurs hoétes, plasmidiques et environnementaux afin de limiter le colt métabolique

30






dans le cas d’une expression constitutive (Zahrl et al. 2006; Koraimann and Wagner 2014; Virolle et
al. 2020).

Une fois transféré et établi, la région de maintien va permettre la pérennité stable du
plasmide au sein des populations bactériennes en limitant un bas nombre de copie a une ou deux
par chromosome et ainsi limiter son impact sur la physiologie hote (Keasling, Palsson, and Cooper
1991; Cooper and Keasling 1998; Bouet and Funnell 2019). Trois types de réplication sont décrits
pour les plasmides : la réplication Théta, similaire a la réplication chromosomique et fréquemment
retrouvée chez les plasmides de type F ou RP4 chez les Enterobacteriaceae ; la réplication en cercle
roulant RCR (rolling circle replication), également retrouvé chez le plasmide F lors du transfert du
plasmide par conjugaison; et le type de réplication par remplacement de brin, généralement
retrouvé pour les plasmides IncQ. La réplication végétative Théta du plasmide F est un mécanisme
bidirectionnel initié par la liaison du complexe « réplisome » au niveau de I’origine de réplication oriV
et composé d’une hélicase DnaB, d’'une ATPase DnaC et d’une primase DnaG permettant la synthese
d’amorces ARN pour la synthése du brin « retardé » (lagging strand) en coordination avec I’ADN
polymérase Ill (Wu, Zechner, and Marians 1992; A. Johnson and O’Donnell 2005; Tanner et al. 2008;
Lilly and Camps 2015). Pour éviter la potentielle perte du plasmide au cours des divisions, la région
de maintien code également pour un systeme de partition actif SopABC homologue aux systemes
ParABS. Ce systeme permet le contréle de la localisation de I’ADN plasmidique dans la bactérie et est
médié par trois facteurs : une séquence spécifique sopC assimilée aux centromeres eucaryotes, une
protéine SopB de liaison au site parS et une ATPase SopA permettant la ségrégation de la copie
plasmidique par mécanisme de traction (Kenn Gerdes, Howard, and Szardenings 2010; Baxter and
Funnell 2014; Million-Weaver and Camps 2014). Par liaison avec sopC, SopB permet |'appariement
de deux copies plasmidiques puis couvre ’ADN environnant. SopB en complexe avec I’ADN non-
centromérique promeut la polymérisation de SopA, qui s’étend radialement sur le plasmide jusqu’a
rencontrer le complexe SopB/sopC, stimulant son activité ATPase (Bouet et al. 2007; Ah-Seng et al.
2009). Des vagues successives d’hydrolyse de I’ATP déstabilisent le désassemblage des filaments de
SopA, exergant une tension sur SopB et tirant les copies plasmidiques aux quarts de la bactérie (Lim,
Derman, and Pogliano 2005).

Enfin, la région leading du plasmide F située proche de I'oriT est définie comme étant la
premiere région plasmidique a étre transférée dans la bactérie receveuse lors de la conjugaison.

Cette région tres conservée est encore peu caractérisée, bien qu’elle semble jouer un réle pour
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I’établissement efficace du plasmide lors des premieres étapes de transfert dans la bactérie

receveuse.

D’une taille de 17kb chez le plasmide F, la région leading est retrouvée conservée chez de
nombreux plasmides conjugatifs de groupes d’incompatibilité différents incluant les groupes IncF
(pESBL, R1, R100, R124, pED208, pKF3), Incl (Collb-P9), IncK (R387), IncY (pIP213) ou encre IncB (R16)
(Sharp, Cohen, and Davidson 1973; E. Golub, Bailone, and Devoret 1988; Bates et al. 1999; Ying et al.
2015; Benz and Hall 2022). Bien que 64% des plasmides étudiés par Wein et al. voient leur région
leading conservées (270 plasmides sur 420), cette région reste trés peu décrite (Wein et al. 2021). La
guinzaine de génes gqu’elle code sont encore majoritairement de fonctions inconnues, excepté pour
le géne ssb codant pour un homologue a la protéine de liaison a I’ADNsb chromosomique Ssb et le
géne psiB codant pour un inhibiteur de la réponse SOS PsiB (Plasmid SOS Inhibition) (Figure 4-1)
(Manwaring, Skurray, and Firth 1999). Parmi les autres génes encore non-décrits qui composent cette
région, on retrouve notamment le gene yfjB retrouvé conservé sous le nom yubM ou encore parB2

du fait qu’il partage une homologie avec les protéines ParB.

1. Expression zygotique et ssi

En plus d’étre les premiers transférés lors de la conjugaison, les génes qui constituent la région
leading sont également les premiers a étre exprimés dans la bactérie transconjugante par un
phénomene nommé « expression zygotique ». Ce terme proposé en 1956 par Jacob et Wollman
décrit initialement I'activation transitoire de la transcription dans les cellules receveuses lors des
premieres étapes d’entrée d’ADN exogéne viral, puis a été utilisé de facon générale dans le contexte
de conjugaison lors des étapes précoces du transfert conjugatif (Jacob et Wollman 1956;Bagdasarian
et al. 1992; Jones, Barth, et Wilkins 1992; Miyakoshi et al. 2020). L’expression zygotique des génes
leading ssb, psiB et ardA des plasmides F et Collb-P9 a été observée et quantifiée en utilisant des
fusions transcriptionnelles lacZ, par RT-PCR ou encore par test immunologique (Jones, Barth, and
Wilkins 1992; Bagdasarian et al. 1992; Althorpe et al. 1999). Une augmentation d’expression de psiB
est observée dans les bactéries receveuses 5 minutes a peine apres l'initiation de la conjugaison,
probablement méme avant la fin du transfert lui-méme, et se poursuit jusqu’a atteindre une

augmentation 10 fois plus importante aprés 90 minutes de conjugaison avant de diminuer
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2. Cassure ADN
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Figure 5. Réponse SOS chez Escherichia coli.

1. En absence de cassure ADN, le dimére de LexA réprime |'expression du régulon SOS par liaison a sa séquence
promotrice.

2. La présence de cassure ADN induit la formation de nucléofilaments de RecA conduisant a I'auto-protéolyse de
LexA et donc a la levée de la répression du régulon SOS. Les genes SOS associés alors exprimés sont impliqués

dans le métabolisme de 'ADN, l'arrét de la division cellulaire ou encore la réparation de 'ADN.



progressivement dans la nouvelle bactérie transconjugante. Il a été proposé que cette expression
particuliere a la fois précoce et transitoire (puisqu’uniquement dans les nouveaux transconjugants
pendant une période de temps donnée) pourrait étre attribuée a la présence de promoteurs
spécifiques sur la région leading, ou bien a la dé-répression des genes leading pendant I'absence
temporaire de répresseurs codés une fois le plasmide établi (Miyakoshi et al. 2020).

Il a de ce fait été démontré in vitro que la région leading du plasmide Collb porte trois séquences
ssi (single-stranded initiation sequence) d’une taille de 328 pb, capables d’adopter une structure
secondaire en conformation tige-boucle lorsqu’elles se retrouvent sous forme simple-brin. En
reconstruisant un consensus -35 -10, ces structures permettent le recrutement de I’ARN polymérase
sigma 70 pour l'initiation de la synthese ARN (Figure 4-2) (Watanabe et al. 1992; Masai and Arai
1997). De facon similaire a la réplication de I’ADN, l'initiation de transcription a partir de ces
structures est stimulée par la protéine chromosomique Ssb qui va lier la boucle et faciliter
I'interaction de I’ARN polymérase avec |I’ADN (Masai and Arai 1997). L’orientation de ces ssi au niveau
de la région leading des plasmides F et Collb est telle que les structures promotrices sont formées
sur le brin transféré, correspondant alors au brin codant et concordant avec I'induction zygotique
des genes leading dans la nouvelle bactérie transconjugante. Il a donc été proposé que ces régions
ssi servent de promoteurs simple-brin lors de I'entrée du brin transféré pendant la conjugaison,
permettant I'expression précoce des genes de la région leading. La conversion en ADNdb va par la
suite abolir la formation de ces structures, arrétant I’expression des genes associés. Ce profil
d’expression particulier ainsi que la conservation relative de cette région mettent en avant une
probable importance pour les étapes précoces du transfert. Démontré in vitro dans la littérature,
I'importance in vivo de ces ssi leading a été étudiée au laboratoire et a aboutit a une publication en

2023 dans le journal Nature communication présentée en premiere partie des résultats suivants.

2. PsiB et réponse SOS

La réponse SOS est un mécanisme bactérien induisant une cascade de réactions moléculaires en
présence de concentration anormales d’ADNsb, initialement découverte lors d’études sur I'impact
des radiations UV chez Escherichia coli (Weigle 1953; Radman 1975). En absence de cassure ADN, la
protéine LexA réprime le régulon SOS ; lors de I'induction de dommage a I’ADN, la formation de
nucléofilaments de RecA sur ’ADNsb va induire I'auto-protéolyse du répresseur, levant I'inhibition
de plus d’une cinquantaine de génes qui composent le régulon SOS (Simmons et al. 2008) (Figure (5).

L'activation de ce systeme induit entre autre I'arrét de la division cellulaire par production des
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protéines inhibitrices de division SfiA ou SulA, mais va également activer divers genes impliqués dans
les mécanismes de réparation et recombinaison de I’ADN tels que uvrAB (réparation par excision de
nucléotides NER) ou ruvAB (jonctions de holliday) (Sharples, Ingleston, and Lloyd 1999; Kisker, Kuper,
and Van Houten 2013). La réponse SOS peut aboutir a une augmentation de la mutagénése ou méme
a la mort cellulaire dans le cas ou le probléeme n’est pas résolu (Simmons et al. 2008; Baharoglu,
Bikard, and Mazel 2010).

Majoritairement transféré sous forme d’ADNsb lors de la conjugaison, le plasmide conjugatif
nouvellement acquis peut étre un inducteur de la réponse SOS chez la bactérie receveuse, pouvant
aboutir a la dégradation de I’ADN exogéene. Il est donc logique que de nombreux plasmides
conjugatifs appartenant aux groupes IncFl, IncFll, Incl1, IncK ou encore IncN codent un systeme anti-
SOS telle que la protéine PsiB des plasmides F et Collb-P9 (E. Golub, Bailone, and Devoret 1988;
Baharoglu, Bikard, and Mazel 2010; Maslowska, Makiela-Dzbenska, and Fijalkowska 2019). Une
diminution de l'induction de la réponse SOS lors de la conjugaison est observée par mesure de
I’expression de I’enzyme R-galactosidase dépendante de rapporteurs lacZinsérés dans le régulon SOS
d’Escherichia coli (sfiA::lacZ et recN::lacZ), et confirmé par une plus forte sensibilité des cellules face
aux radiations UV lors d’une surproduction de PsiB (Bailone et al. 1988; Baharoglu, Bikard, and Mazel
2010). Il est proposé que PsiB empécherait la formation du nucléofilament de RecA sur I’ADN
plasmidique eninteragissant avec, inhibant alors toute activité de liaison a I’ADN, d’échanges de brins
ou d’induction du clivage de LexA (Petrova et al. 2009). L’expression de psiB ou autre homologue
permettrait donc d’inhiber temporairement la mise en place de la réponse SOS, probablement dans
une stratégie visant a limiter les effets de la conjugaison-méme sur la physiologie de la cellule hote
face a un stress lié a la présence d’ADNsb, tout en évitant une quelconque réponse pouvant entraver
la dissémination du plasmide au sein des communautés bactériennes. On peut néanmoins noter que

certains plasmides conjugatifs sont transférés efficacement sans posséder de systeme anti-SOS.

3. Ssbf, un homologue de la protéine chromosomique Ssb

La protéine chromosomique de liaison a ’ADNsb Ssb est une protéine treés conservée et
essentielle puisqu’impliquée dans de nombreux mécanismes fondamentaux. Ssb assure la protection
de I’ADNsb contre la digestion enzymatique pendant la réplication de I’ADN, la réparation ou encore
la recombinaison, permettant la processivité de différentes polymérases ou la mise en place de la

réponse SOS. Par interaction avec le complexe RecBCD lors de cassure double-brin d’ADN, Ssb va
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promouvoir la liaison de RecA et permettre la prise en charge de ’ADN (Meyer and Laine 1990). De
maniére intéressante, des plasmides conjugatifs issus de groupes d’incompatibilité différents (IncF,
IncY, Inc9, IncT et IncB/O) codent leur propre ssb et peuvent partiellement complémenter des
mutations de la copie chromosomique (Efim I. Golub and Low 1986; Porter and Black 1991). Un
alignement de ségquence montre une homologie entre les copies Ssb plasmidiques et
chromosomiques principalement au niveau du domaine N-terminal permettant 'interaction avec
I’ADNsb et le maintien d’une structure tétramérique de la protéine. Le domaine C-terminal quant a
lui partage majoritairement une homologie entre copies plasmidiques plutét que chromosomiques
(Chase, Merrill, and Williams 1983). Le réle d’une telle copie plasmidique est ainsi source de
nombreux questionnements dans la littérature, et I’entiéreté de la fonction de la copie Ssb" n’est pas

encore élucidée.

Malgré le profil d’expression particulier des genes leading, cette région ne semble pas jouer de
réle important pour le mécanisme de transfert conjugatif lui-méme. La délétion ou I'absence de
certains de ces facteurs n’impacte pas I'efficacité du transfert, comme il I'a été observé en absence
de psiB. De plus, il a été démontré que la protéine chromosomique Ssb est capable de lier
aspécifiquement I’ADNsb transféré, protégeant probablement I’ADN entrant contre les dégradations
enzymatiques et remettant donc en question le role d’une telle copie plasmidique (El Golub and Low
1985). Toutefois la relative conservation de cette région parmi les plasmides suggére un réle pour
éviter ou diminuer les potentiels effets néfastes liés a I'acquisition du plasmide en agissant sur la
régulation de la physiologie hote ou de sa réponse SOS. En effet, plus I'impact métabolique lié a
I"acquisition du plasmide est diminué, plus son maintien stable et sa dissémination au sein des
populations bactériennes est assuré. L'importance de cette région leading pour le plasmide F est ainsi

toujours source de nombreux questionnements auxquels nous tentons de répondre au laboratoire.
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Résultats

Real-time visualisation of the intracellular dynamics of conjugative plasmid transfer
Agathe Couturier, Chloé Virolle, Kelly Goldlust, Annick Berne-Dedieu, Audrey Reuter, Sophie Nolivos,
Yoshiharu Yamaichi, Sarah Bigot & Christian Lesterlin

Article publié dans Nature communication (2023)

1. Contexte

Pendant ma thése jai pu participer a un sujet de recherche du laboratoire concernant la
quantification de la dynamique de transfert et d’expression des genes plasmidiques lors de la
conjugaison du plasmide F chez Escherichia coli. Ayant avant cela réalisé un stage de 6 mois au sein
de I’équipe dans le cadre de ma 2¢ année de Master, j'étais déja familiarisée avec les techniques de
microscopie a fluorescence et les analyses associées, désormais pratiquées en routine au laboratoire.
Mes travaux et compétences ont pu alors étre mis en valeurs lors de I’écriture d’un article par
Couturier et al. publié dans le journal Nature communication en Janvier 2023 et pour lequel je signe
en tant que deuxieme auteur. Cet article traite de la visualisation en temps réel de la conjugaison et
de la stratégie du plasmide F pour permettre la production séquentielle des facteurs plasmidiques

lors de son établissement dans la nouvelle cellule hote.

2. Contenu

Le processus de conjugaison est trés étudié depuis des décennies, mais I’échelle cellulaire reste
encore peu caractérisée. Cet article permet d’allier les outils génétiques développés au laboratoire
avec notre expertise en microscopie a fluorescence en cellules vivantes afin de visualiser en temps
réel |'organisation intracellulaire de la conjugaison. Pour cela, nous avons fait le choix de nous
concentrer sur le transfert du plasmide F entre bactéries Escherichia coli souche K-12 MG1655.
L'utilisation de diverses fusions protéiques fluorescentes permet de rapporter la visualisation de
I’ADNsb et sa conversion en ADNdb. Nous décrivons grace a cela une localisation et chronologie

précise des étapes de transfert pour I’établissement successif du plasmide conjugatif dans la cellule
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receveuse. Nos données confirment également I'efficacité du transfert du plasmide F en observant
qgue preés de 80% des transferts aboutissent directement a son établissement dans la bactérie
receveuse. Nous démontrons la présence d’une séquence Frpo2 homologue a la séquence Frpol
décrite in vitro dans la littérature comme potentielle ssi, et nous confirmons I'importance de ces deux
séquences pour I'expression zygotique des geénes leading, validant in vivo la présence de séquences
promotrices simple-brins. Nos travaux de recherches permettent également d’obtenir plus
d’informations quant au réle de la copie plasmidique de la protéine Ssbf pour la conjugaison
bactérienne. En résumé, nous mettons en avant un programme d’expression séquentielle des

différents facteurs impliqués dans I’établissement, le maintien et le transfert du plasmide.

3. Ma contribution

Le rapporteur Ssb-Ypet permettant la visualisation de I’ADNsb ainsi que le systéme parS/ParB
pour quantifier la conversion en ADNdb dans la receveuse sont des outils développés au laboratoire
et désormais utilisés en routine pour les analyses de dynamique de la conjugaison. Les données
accumulées par Agathe Couturier et moi-méme ont ainsi été compilées pour obtenir un set
d’évenements suffisamment robuste pour la quantification spatio-temporelle du transfert du
plasmide F. En quantifiant la production des protéines leading YgeA, Ssb et YfjA fusionnées a la sfGFP
en présence et absence des séquences Frpol et Frpo2, mes données ont également permis d’établir
I'importance de ces séquences pour l'expression des génes correspondants au cours de la
conjugaison. Nous avons de ce fait pu appuyer I'importance in vivo des séquences ssi en tant que

promoteurs simple brin pour I’expression zygotique des genes leading.
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Audrey Reuter’, Sophie Nolivos®’, Yoshiharu Yamaichi®?2, Sarah Bigot®'' | &
Christian Lesterlin®'

Conjugation is a contact-dependent mechanism for the transfer of plasmid
DNA between bacterial cells, which contributes to the dissemination of anti-
biotic resistance. Here, we use live-cell microscopy to visualise the intracellular
dynamics of conjugative transfer of F-plasmid in E. coli, in real time. We show
that the transfer of plasmid in single-stranded form (ssDNA) and its sub-
sequent conversion into double-stranded DNA (dsDNA) are fast and efficient
processes that occur with specific timing and subcellular localisation. Notably,
the ssDNA-to-dsDNA conversion determines the timing of plasmid-encoded
protein production. The leading region that first enters the recipient cell car-
ries single-stranded promoters that allow the early and transient synthesis of
leading proteins immediately upon entry of the ssDNA plasmid. The sub-
sequent conversion into dsDNA turns off leading gene expression, and acti-
vates the expression of other plasmid genes under the control of conventional
double-stranded promoters. This molecular strategy allows for the timely
production of factors sequentially involved in establishing, maintaining and

disseminating the plasmid.

Bacterial DNA conjugation is a widespread horizontal gene transfer
mechanism in which genetic information is transmitted from a donor
to a recipient cell by direct contact'™. Conjugation is responsible for
the intra- and inter-species dissemination of various metabolic prop-
erties and accounts for 80% of acquired resistances in bacteria®. The F
plasmid was the first conjugative element discovered"® and is now
documented as the paradigmatic representative of a large group of
conjugative plasmids widespread in Escherichia coli and other Enter-
obacteriaceae species, in which they are associated with the dis-
semination of colicins, virulence factors and antibiotic resistance’”’.
Due to their fundamental and clinical importance, F-like plasmids have
been the focus of extensive studies that provided a detailed under-
standing of the molecular reactions and factors involved in their
transfer by conjugation®*.

Within the donor cell, the relaxosome components, including the
integration host factor IHF, plasmid-encoded accessory proteins TraY,
TraM and the multifunctional relaxase Tral, are recruited to the origin

of transfer (oriT) of the F plasmid'®'% The relaxosome complex is then
recruited to the Type IV secretion system (T4SS) by the coupling
protein TraD, resulting in the formation of the pre-initiation
complex™ ", Tral and TraD proteins are archetype components of
the core set of subunits required for the establishment of active con-
jugation machinery and are respectively referred to as VirD2 and VirD4
in the common nomenclature. It is proposed that the establishment of
the mating pair induces a still uncharacterised signal that activates the
pre-initiation complex. Then, Tral introduces a site- and strand-specific
DNA cut (nick) into the plasmid’s oriT and remains covalently bound to
the 5’ phosphate end. Tral also serves as a helicase that extrudes the
ssDNA plasmid to be transferred, called the T-strand™® . It was initially
suggested and later confirmed that two relaxases are required to carry
out these functions?-%, At this stage, the 3’OH of the T-strand serves to
initiate the rolling-circle replication (RCR) that converts the intact
circular ssDNA plasmid into dsDNA in the donor cell>***°, while the
5’phosphate bound to Tral is transferred into the recipient cell through
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the T4SS machinery. While the molecular structure of the T4SS has
been well characterised® ™, the way the T-complex (T-strand-Tral
nucleoprotein) is translocated through the membrane of the donor
and recipient cells’ membranes remains unclear.

The first transferred segment is the ~13.5 knt leading region, car-
rying genes which encode the Ssb® protein homologue to the chro-
mosomally encoded essential single-strand-binding protein Ssb, the
PsiB protein (Plasmid SOS Inhibition)** that inhibits SOS induction
during conjugation®*°, and other proteins of unknown function.
Remarkably, the leading region is conserved in various enterobacterial
plasmids belonging to a variety of incompatibility groups**°. The
adjacent and next transferred ~17 knt maintenance region carries the
ParABS-like plasmid partition system (SopABC) and the origins of
vegetative replication*’~°. The last transferred segment of the F plasmid
is the large ~33.3 knt tra region that encodes all the protein factors
required for plasmid DNA processing and transfer, including the
relaxosome, the T4SS and the exclusion system against self-transfer”.
Besides, F-like plasmids often carry cargo genes involved in various
metabolic functions commonly integrated between the maintenance
and the tra regions’. Once both the 5’ and the 3’ ends of the T-strand
have been internalised into the recipient cell, now called a transconju-
gant, the ssDNA plasmid is circularised by Tral**”**, The ssDNA plas-
mid will also be converted into dsDNA by the complementary strand
synthesis reaction. Whether this DNA synthesis reaction occurs as the
plasmid enters the recipient cell or is initiated after plasmid recircu-
larization remains unclear. Nonetheless, the completion of the ss-to-
dsDNA conversion is required for plasmid replication and partition and
is, therefore, critical to plasmid stability in the new host cell lineage.

The above-described mechanistic model is well-documented;
however, the real-time dynamics and intracellular organisation of
conjugation remain largely undescribed in the live bacterium. In par-
ticular, we know very little about the subcellular localisation and tim-
ing of the reactions in the recipient cell, including the ssDNA plasmid
entry, the ss-to-dsDNA conversion and plasmid gene expression.
Regarding the last-mentioned, early works reported that some leading
genes (ssb” and psiB in F plasmid, and ssb"**, psiB and ardA in Collb-
P9 plasmid) are expressed rapidly after entry of the plasmid in the
acceptor cell**%42%% In vitro work by Masai et al.*® showed that the
single-stranded form of the non-coding Frpo sequence, located in the F
plasmid leading region, folds into a stem-loop structure that recon-
stitutes canonical -10 and -35 boxes. This promoter sequence can
recruit the E. coli RNA polymerase that initiates RNA synthesis in
in vitro assays™. Sequences homologous to Frpo were also found in the
leading region of Collb-P9°**’, These observations led to the proposal
that Frpo-like sequences could act as ssDNA promoters initiating the
early transcription of leading genes when the plasmid is still in sSDNA
form. Whether this regulation mechanism happens during in vivo
conjugation remains to be demonstrated.

In this study, we use live-cell microscopy imaging to visualise the
complete transfer sequence of the native F plasmid between E. coli
K12 strains. We inspect the key steps of conjugation using specifically
developed genetic reporters, including a fluorescent fusion of the
chromosomally encoded single-strand-binding protein Ssb (Ssb-Ypet)
to monitor the ssDNA transfer, the mCherry-ParB/parS system to
reveal the ss-to-dsDNA conversion and subsequent plasmid duplica-
tion, and translational fluorescent fusions to quantify and time
plasmid-encoded production in the new host cell’®*. This approach
uncovers the choreography of conjugation reactions in live bacteria
and provides new insights into the interplay between plasmid pro-
cessing and gene expression.

Results

Dynamics of the ssDNA plasmid during transfer

We monitored the dynamic localisation of a fluorescent endogenous
fusion of the chromosomally encoded single-strand-binding protein

Ssb (Ssb-Ypet) in donor and recipient cells, during vegetative growth
and conjugation (Fig. 1a, b and Fig. S1). During vegetative growth, Ssb-
Ypet forms discrete foci at midcell and quarter positions within the
inner region of donors and recipient cells (Fig. 1c and Fig. S2a, b). These
Ssb foci, termed Ssb replicative foci hereafter, are associated with the
ssDNA that follows the replication forks onto the nucleoid DNA®*',
During conjugation, the intracellular localisation of Ssb changes dra-
matically. As previously reported®®*, the entry of the ssDNA plasmid in
the recipient cell, now called a transconjugant, triggers the recruit-
ment of Ssb molecules and the formation of bright membrane-
proximal foci, we termed Ssb conjugative foci (Fig. 1b and Fig. S1).
Here, we also observe the formation of Ssb conjugative foci in the
donor cells, thus revealing the presence of ssDNA plasmid on each side
of the conjugation pore during transfer (Fig. 1b and Fig. S1). Foci
localisation analysis reveals that plasmid exit and entry occur at spe-
cific membrane positions within the mating pair cells. Ssb conjugative
foci are distributed at the periphery of the donor cell and preferentially
at the quarter positions (Fig. 1c and Fig. S2a, b), reflecting the preferred
position for the exit of the ssDNA plasmid through active conjugation
pores. By contrast, ssDNA plasmid entry predominantly occurs within
the polar regions of the transconjugant cells (Fig. 1c and Fig. S2a, b).
Our data also allow us to address whether conjugation occurs at a
specific cell cycle stage. Analysis of cell length as a proxy of cell age
reveals that donor and recipient cells engaged in plasmid transfer
exhibit similar length distribution than during vegetative growth
(Fig. 1d). This shows that the donors can give, and recipients can
acquire the plasmid at any stage of their cell cycle, from birth to cell
division.

In 77.8 +7% (n=131) of individual plasmid transfer events visua-
lised by time-lapse imaging (1 min/frame), Ssb conjugative foci appear
in the donor and transconjugant cells on the same frame (Fig. 1le). In
these cases, Ssb conjugative foci are, on average brighter in the
transconjugant than in the donor cells, reflecting the relative amount
of ssDNA plasmid on each side of the conjugation pore (Fig. 1f). In the
remaining 22.2% of transfer events, Ssb conjugative foci first appear in
the transconjugant and then in the donor one or two minutes later
(Fig. 1e). The delayed accumulation of ssDNA in the donor relative to
the recipient is corroborated by the quantification of a 2.9 + 1.1 min
(n=294) average lifespan of Ssb-Ypet conjugative foci in the trans-
conjugants, compared to 2.5+11min (n=197) in the donor cells
(Fig. 1g). These data indicate that the appearance of conjugative foci is
asynchronous in the mating pair cells and suggest a specific sequence
of ssDNA transfer. The first segment of the T-strand generated by the
helicase activity of Tral in the donor cell does not dwell long enough to
recruit Ssb molecules and is immediately transferred to the recipient.
Only after this brief transfer stage does the ssDNA accumulates on the
donor’s side as well, where it can correspond to either or both the non-
transferred plasmid strand or to the T-strand. This implies that the rate
of ssDNA formation by Tral helicase activity is faster than that of ssDNA
removal by the RCR and transfer through the T4SS (See discussion).

The internalisation of a large amount of ssDNA plasmid pro-
vokes the massive recruitment of the intracellular pool of Ssb
molecules at the periphery of the donor and transconjugant cells.
This change in Ssb-Ypet subcellular distribution is revealed by
skewness analysis, which provides a non-biased measure of the
asymmetry of fluorescence distribution within the cells without a
requirement for threshold-based foci detection (Fig. 1h). Wild-type
cells producing a free mCherry (mCh) exhibit a low skewness cor-
responding to the homogeneous pixel fluorescence distribution
inside the cell’'s cytoplasm. During vegetative growth, Ssb-Ypet
fluorescence is partly diffuse in the cytoplasm and partly locally
concentrated within replicative foci, resulting in skewness of -1.2.
By comparison, Ssb-Ypet exhibits a strong skewness of ~4.1 in
donors and transconjugants during plasmid transfer, reflecting the
increased proportion of Ssb molecules clustered within foci. Hence,
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we wondered what part of Ssb molecules are contained within
conjugative foci and if their formation was associated with a
depletion of Ssb within replicative foci in the transconjugant cell. To
address this question, we performed Ssb-Ypet foci automatic
detection and brightness quantification during plasmid transfer
(Fig. 1i). We observe that one minute after the beginning of plasmid

entry Ssb-Ypet replicative foci are still present but exhibit half their
initial intensity, while conjugative foci are 35 times brighter. Since
the total Ssb-Ypet intracellular fluorescence is unchanged during
the transfer (Fig. S2c), these variations can be attributable to the
displacement of Ssb-Ypet molecules onto the incoming ssDNA
plasmid rather than Ssb-Ypet de novo synthesis. This dynamic
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Fig. 1| Real-time dynamics of ssDNA plasmid transfer from donor to recipient
cells. a Representative microscopy images of donors and recipients carrying the
ssb-ypet fusion gene during vegetative growth. The recipients also produce the
diffuse mCh-ParB fluorescent protein. Scale bars 1 um. b Time-lapse microscopy
images of plasmid transfer between a donor (D) and a recipient (R) that is converted
into a transconjugant cell (T). Scale bars 1 um. Additional events are presented in
Figure S1. ¢ 2D localisation heatmaps of Ssb-Ypet in donors, recipients and trans-
conjugant during vegetative growth (veg.) and conjugation (conj.). Normalisation
by the cell length of (n) individual cells from at least three biological replicates. The
density scale bar is on the left. d Cell length distribution histogram of donors,
recipients and transconjugants (n cells analysed from at least three independent
experiments). e Ssb conjugative focus appearance timing in donor relative to
transconjugant cells. Histograms with means and SD represent the proportion of
transfer events in which the Ssb focus appears in the donors before (-1 min),
simultaneously (O min) or after (+1 min; +2 min) it appears in transconjugants. The
number (n) of individual transfer events analysed from three independent experi-
ments is indicated. fJitter plot of the fluorescence intensity of Ssb-Ypet conjugative
foci upon simultaneous appearance. The number of foci analysed from three
independent experiments (n) is indicated with the corresponding Mean and SEM. P

value significance from Mann-Whitney two-sided statistical test is indicated by
***¢(P<0.0001). g Jitter plots of Ssb-Ypet conjugative foci lifespan in donor and
transconjugant cells. P value significance from Mann-Whitney two-sided statistical
test is indicated by ***(P=0.0001). The number (n) of cells analysed from at least
five independent experiments is indicated. h Violin plots of the fluorescence
skewness of a free mCherry and of the Ssb-Ypet in donors, recipients and trans-
conjugant cells. The median, quartile 1 and quartile 3 are indicated by the boxes’
bounds, the mean by a black dot, and the minima and maxima by the whiskers’
limits. Black dots above and below the max and min values correspond to outliers.
Free mCherry data correspond to one representative experiment. Other plots
correspond to the same data set as in panel (c) from at least three biological
replicates. The number of cells analysed (n) is indicated. i Jitter plot of Ssb-Ypet
replicative and conjugative foci intensity in transconjugant cells during conjuga-
tion. Time O min corresponds to the appearance of the Ssb-Ypet conjugative focus
in recipients. The number of cells analysed (n) from three independent experi-
ments is indicated with the corresponding Mean and SEM. Donor (LY1007), reci-
pient (LY358), transconjugant (LY358 after Fwt acquisition from LY1007); the free
mCherry is produced from the chromosome in MS388 wt background (LY1737).
Source data are provided as a Source Data file.

reflects that the incoming ssDNA plasmid recruits most Ssb-Ypet
molecules in the acceptor cell during transfer.

It has been estimated that Ssb is present at about ~1320 + 420
monomers per E. coli cell and that a dimer of tetramers covers about
170 nt in vivo®. Consequently, there are not enough Ssb copies per cell
to accommodate the 108,000 nucleotides of ssDNA F plasmid, plus the
few hundreds of nucleotides of ssDNA associated with replication
forks (-650 nt at 22 °C®%). In fact, it is not known whether the F plasmid
is ever fully present in ssDNA form in the recipient, as it is not known if
the complementary strand synthesis reaction occurs concomitantly
with or after the completion of the T-strand transfer. Still, the observed
massive recruitment of Ssb molecules onto the incoming ssDNA could
reduce Ssb availability and provoke a transitory disturbance of the
host chromosome DNA replication. One way to address this question
in vivo is to monitor a fluorescent fusion of the S>clamp replisome
component (mCh-DnaN), which is diffused in the cytoplasm of non-
replicating cells and forms discrete replisome-associated foci during
DNA replication progression®*¢*¢*, Microscopy imaging and skewness
analysis showed no change in DnaN localisation pattern before, during
or after Ssb conjugative foci formation (Fig. S2d). This indicates that
Ssb recruitment onto the incoming ssDNA plasmid does not result in
the collapse of the replication fork. Whether the rate of DNA replica-
tion is affected during this transient and short process remains a
possibility.

ss-to-dsDNA conversion and subsequent plasmid replication in
the transconjugant cells

The conversion of the newly acquired ssDNA plasmid into dsDNA by
the complementary strand synthesis reaction and the subsequent
plasmid duplication events were analysed using the parS/ParB DNA
labelling system®®*’, The parS binding site is inserted in the F plasmid,
while the ParB binding protein fluorescently labelled with the mCherry
(mCh-ParB) is produced from a plasmid in recipient cells only. Under
the microscope, the ss-to-dsDNA conversion is reported by the dis-
appearance of the Ssb-Ypet conjugative focus and the formation of an
mCh-ParB focus in the transconjugant cells (Fig. 2a). We first per-
formed time-lapse imaging (1 min/frame) to visualise the success rate
and timing of ss-to-dsDNA conversion after ssDNA entry (Fig. 2b).
Analysis shows that the appearance of the Ssb-Ypet conjugative focus
is followed by the formation of the mCh-ParB focus in 83.3+2.3%
(n=311) individual transconjugant cells analysed, indicating that the
vast majority of internalised ssDNA plasmids are successfully con-
verted into dsDNA plasmids (Fig. 2c). Notably, we observe that
40 +£3.2% (n=286) of transconjugant cells where the newly acquired
ssDNA plasmid has already been converted into dsDNA subsequently

receive additional ssDNA (Fig. 2d and Fig. S3a). We quantify that
92 + 3.1% of these multiple ssDNA acquisition events originate from the
same donor, among which 79 + 5.3% appear to take place at the same
membrane position, suggesting that they occur through the same
conjugation pore (Fig. S3a). The evidence for multiple transfers within
an established mating pair demonstrates that a single donor can suc-
cessively give several copies of the T-strand and that transconjugants
in which the ss-to-dsDNA conversion has already been achieved do not
become instantly refractory to de novo plasmid acquisition. Accord-
ingly, establishing immunity to conjugation by transconjugant cells is
expected to require the production of the plasmid-encoded exclusion
proteins TraS and TraT.

Considering successful ss-to-dsDNA events only, we calculate an
average 4 +1.6 min (n=475) time lag between the appearance of the
Ssb-Ypet conjugative focus and the formation of the mCh-ParB focus
(Fig. 2e). This period reflects the time required for the completion of a
reaction cascade that comprises the internalisation of the ssDNA
plasmid, the initiation of the complementary strand synthesis repli-
cation, and the recruitment of ParB molecules on the parsS site in
dsDNA form. Though our system does not allow evaluating each step’s
contribution, results show that the complete sequence of reactions is
achieved within a relatively short and consistent period.

Next, we first performed time-lapse imaging (5 min/frame) to
examine the timing of plasmid duplication in transconjugant cells (i.e.,
replication and visual separation of the plasmid copies) (Fig. 2b). We
estimate an average of 10.4+4.7 min (n=158) period between the
ssDNA-to-dsDNA conversion and the first plasmid duplication event
(from one to two mCh-ParB foci) and similar 10.1+5.1min (n=124)
between the first and the second duplication event (from two to three
or four mCh-ParB foci) (Fig. 2f). We then decided to compare the rate
of plasmid duplication in transconjugants to the rate of plasmid
duplication in a vegetatively growing F-carrying donor strain. To do so,
we plotted the number of plasmid foci per cell from the ss-to-dsDNA
conversion (mCh focus appearance) to cell division in transconjugants
and from cell birth to cell division in F-carrying donor cells (Fig. 2g).
Results show that the number of F per cell increases significantly faster
in transconjugant cells than in vegetatively growing F-carrying cells
(75% increase of the fit curve slope), yet to reach a similar final number
of -4 +1 copies per cell before division (Fig. 2g). F copy number, like
chromosome replication, is known to be controlled by the cell cycle
progression, where initiation occurs when a constant mass per origin is
achieved®*. Therefore, our observations are consistent with the inter-
pretation that when a single plasmid copy arrives in a recipient cell that
can be at any cell cycle stage, plasmid replication initiation is unre-
pressed until the specific number of plasmid copies per cell mass is
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restored. This accelerated plasmid replication allows for the rapid
increase in F copy number before the division of the transconjugant
cells, thus facilitating the segregation of plasmid copies to
daughter cells.

Localisation analysis reveals that the ss-to-dsDNA conversion and
the first duplication event occur at distinct subcellular positions. The
initial mCh-ParB focus preferentially appears in the polar region of the
transconjugant cell, comparable to the ssDNA’s entry location (com-
pare Fig. 2h to Fig. 1c and Fig. S3b to Fig. S2a). A noticeable difference is
that mCh-ParB foci appear less peripheral, indicating that they are not
as close to the cell membrane as Ssb-Ypet conjugation foci (compare
Fig. 2h to Fig. 1c and Fig. S3c to Fig. S2b). We observe that the mCh-
ParB focus subsequently migrates to the midcell position before
duplication (Fig. 2h and Fig. S3b, c). These data show that the two DNA
synthesis reactions involved in plasmid processing (i.e. ss-to-dsDNA
conversion and plasmid replication) are separated in time and space in
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the new host cell. The recruitment of the complementary strand
synthesis machinery and the ss-to-dsDNA replication reaction occurs
in the vicinity of the polar position of entry of the ssDNA plasmid, while
plasmid replication occurs in the midcell region. Altogether, these
analyses reveal that plasmid processing steps (ssDNA entry, ss-to-
dsDNA conversion and plasmid replication) occur at specific intracel-
lular positions within the new host cell and follow a precise
chronology.

Programme of plasmid-encoded protein production in trans-
conjugant cells

We constructed superfolder gfp (sfgfp) translational fusions to the 3’
end of several genes located in the different functional regions of the F
plasmid to examine the production timing of plasmid-encoded pro-
teins in transconjugant cells, which we use to get insights into the
timing of plasmid gene expression (Fig. 3a and Fig. S4a). The ygfA,
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Fig. 2 | Timing and spatial localisation of the ss-to-dsDNA conversion and
plasmid duplication in transconjugant cells. a Time-lapse images showing ssDNA
plasmid transfer reported by the formation of the Ssb-Ypet conjugative foci in both
donor (D) and recipient (R) cells, followed by the ss-to-dsDNA conversion reflected
by the appearance of an mCh-ParB focus in transconjugant (T) cells. Scale bar 1 pm.
b Single-cell time-lapse quantification of Ssb-Ypet focus appearance (blue line) and
mCh-ParB focus first duplication (red line) with respect to the ss-to-dsDNA con-
version revealed by mCh-ParB focus formation in transconjugant cells (O min). Ssb-
Ypet focus appearance was analysed using 1 min/frame time-lapses, while mCh-
ParB first and second duplication were analysed using 5 min/frame time-lapses. The
mean and SD calculated from the indicated number of conjugation events analysed
(n) from seven independent experiments is indicated. ¢ Histogram of successful ss-
to-dsDNA conversion reflected by the conversion of the Ssb-Ypet conjugative foci
into an mCh-ParB focus. The mean and SD are calculated from (n) individual
transfer events from six biological replicates (black dots). d Histogram showing the
percentage of transconjugants with an mCh-ParB focus that acquires multiple
ssDNA plasmids as revealed by the successive appearance of Ssb-Ypet conjugative
focus. The mean and SD are calculated from (n) individual transconjugant cells
from six biological replicates (black dots). e Scatter plot showing the time lag
between Ssb-Ypet and mCh-ParB foci appearance in transconjugants. The mean

and SD calculated from (n) individual events (blue circles) from seven biological
replicates are indicated. f Scatter plot showing the time lag between the apparition
of the mCh-ParB focus and its visual duplication in two foci (first duplication), and
in three or four foci (second duplication). The mean and SD calculated from (n)
individual duplication events (red circles) from at least six biological replicates are
indicated. g Single-cell time-lapse quantification of the number of F foci per cell in
F-carrying donor strain during vegetative growth and in transconjugants after F
plasmid acquisition. For donors, the number of F foci per cell (number of SopB-
sfGFP foci) with respect to cell birth (¢=0 min) is shown (grey curve). For trans-
conjugants, the number of F foci per cell (number of mCh-ParB foci) with respect to
mCh-ParB focus appearance (¢=0 min) is shown (black curve). Mean and SD cal-
culated from (n) individual cells from four biological replicates are indicated,
together with curves’ linear fitting lines (green and red). F-carrying donor strain
(LY834), Transconjugant (LY358 after Fwt acquisition). h 2D localisation heatmaps
of mCh-ParB foci at the time of its appearance (top) and just before its duplication
(bottom). Heatmaps are normalisation by the cell length of (n) individual trans-
conjugant cells from seven biological replicates. a-f, h Fwt donor (LY1007), reci-
pient (LY358) and transconjugant (LY358 after Fwt acquisition). Source data are
provided as a Source Data file.

ygeA, psiB, yfiB, yfiA and ssb” genes are located in the leading region
and are transferred in order after the origin of transfer oriT. The sopB
gene is part of the SopABC partition system and is located in the
maintenance region. The traM, traC, tra$ and traT genes are located in
the tra region that encodes factors involved in plasmid transfer. TraM
is the accessory protein of the relaxosome complex that is recruited to
the oriT®; TraC is the traffic ATPase organised as a hexamer of dimers
docked to the cytoplasmic faces of the T4SS; TraS and TraT corre-
spond to the F plasmid exclusion (immunity) system that protects
against self-transfer®*°,

We first performed time-course experiments where microscopy
snapshot images of the conjugating population were acquired 1, 2, 4
and 6 h after mixing donors and recipient cells. For each time point,
the frequency of transconjugants (T/R +T) was directly measured at
the single-cell level from the proportion of recipient cells exhibiting
diffuse mCh-ParB fluorescence (R) or transconjugant cells harbouring
mCh-ParB foci (T), and the intracellular green fluorescence signal to
noise ratio (SNR) was automatically measured (Fig. S4b-d). This
snapshot analysis shows that all F plasmid derivatives carrying sfGFP
fusions retained their transfer ability and yielded frequencies of
transconjugants between 57 and 95% after 6 h of mating. Also, fusion-
carrying plasmid acquisition is systematically followed by an increase
in sfGFP signal in transconjugant cells, with highly variable timing and
levels (Fig. S4b-d).

Better resolution of the production level and timing of sfGFP
fusions with respect to the ss-to-dsDNA conversion (appearance of the
mCh-ParB focus) in individual transconjugant cells was obtained using
time-lapse imaging of conjugation performed in the microfluidic
chamber (Movies S1, S2). We performed transconjugant cell detection
and quantification of the intracellular sfGFP SNR cells over time
(Fig. S5a-d). When the transconjugant cell divided, we continued
fluorescence quantification in the resulting daughter cells to monitor
sfGFP production over a longer period. From this raw data, we calcu-
lated the fold-increase in SNR per 10-min interval, where a fold-
increase superior to one reveals that the fusions are being produced in
the transconjugants (Fig. S5a-d). These data were finally translated
into a comprehensive diagram presenting the production time win-
dows for each fusion in transconjugant cells relative to the ss-to-dsDNA
conversion event (Fig. 3b). This analysis reveals that fusions belonging
to the different plasmid regions exhibit specific production timings
with respect to plasmid processing steps.

Remarkably, we detect the synchronous production of the leading
YgeA, PsiB, YfjB, YfjA and Ssb" fusion proteins even before the
appearance of the mCh-ParB focus (Fig. 3b and Fig. S5a). Furthermore,

the production of these fusions is only transient as it peaks at ~5 min
and stops 25-35min after the ss-to-dsDNA conversion event. This
unexpected observation indicates that leading fusions start being
produced when the plasmid is still in ssDNA form and stops rapidly
after the plasmid is converted into dsDNA form. An interesting
exception is YgfA-sfGFP, for which production is only detected in the
10-20 min interval after mCh-ParB focus appearance. The ygf4 gene is
the closest to the oriT and is, therefore, the first gene to be transferred
to the recipient (Fig. 3a and Fig. S4a). However, ygfA gene orientation is
opposite to other tested leading genes, meaning that the T-strand does
not correspond to the template strand for ygfA transcription. Conse-
quently, and consistent with our observations, ygfA expression can
only occur after synthesising the complementary template strand by
the ss-to-dsDNA conversion.

The ss-to-dsDNA conversion is followed by the production of
maintenance and Tra proteins, starting with SopB and TraM, then
TraC, and eventually TraS and TraT fusions (Fig. 3b and Fig. S5b, c).
The production of these fusions is expected to require the presence
of the plasmid in dsDNA form since the corresponding genes are
known to be controlled by dsDNA promoters (Psopa5 for sopB, Py, for
traM and Py for traC and traST). However, what could explain the
observed differences in the production timings? We addressed
whether timing discrepancies could simply account for the fusions’
position on the genetic map of the F plasmid. This possibility was
excluded by the observation that insertion of the constitutive
fluorescent reporter Piciq:SfGFP (sfgfp gene under the control of
the Paciq1 constitutive promoter) in the repE-sopA, tnpA-ybaA and
traM-tra/ intergenic regions resulted in similar sfGFP production
timings, within the 0-10 min interval after the appearance of the
mCh-ParB focus (Fig. 3b and Fig. S5d). Instead, we propose that the
differential production timings of maintenance and tra genes
reflect the activity and regulation of the promoters of the corre-
sponding genes. The sopAB operon is under the control of the Py,p4p
promoter, which is repressed by SopA binding. Therefore, the Psopas
promoter is expected to be fully unrepressed and active in trans-
conjugant cells devoid of SopA, thus allowing the rapid production
of the SopAB partition complex required for plasmid stability and
inheritance over cell divisions. The traM gene is controlled by the Py,
promoter, which is weakly but constitutively active, even before its
full activation by binding the TraY protein’™. By contrast, the Py
promoter that controls the expression of traC, traS and traT genes
needs to be activated by the TraJ protein, encoded by the tra/ gene
under the control of its own promoter P, and located upstream of
Py*. The requirement for this activation cascade probably explains
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Fig. 3 | Timing of plasmid-encoded proteins production in transconjugant
cells. a Genetic map of the 108 kb F plasmid indicating the leading (green), Tra
(red) and maintenance (blue) regions, and the positions of the studied genes (tri-
angles). Stars represent the genetic location of the Pjqqq:8fgfp insertions.

b Summary diagram of the production timing of each plasmid-encoded protein
fusions in transconjugant cells with respect to the timing of ss-to-dsDNA conver-
sion reflected by mCh-ParB focus appearance (0 min). The diagram represents data
from the foldchange increase in sfGFP signal from Fig. S5. Orange/green, blue and
red colours correspond to production of proteins from the leading, maintenance
and transfer region, respectively. Timings of the cytoplasmic sfGFP production

from the Pyqci0; promoter inserted in the repE-sopA (repE), tnpA-ybaA (tnpA) and
traM-traj (traM) intergenic regions are represented in grey. The number (n) of
individual transconjugant cells from at least three biological replicates analysed is
indicated. c Jitter plots showing the intracellular green fluorescence (SNR) for each
sfGFP fusions and reporters within vegetatively growing donor (left) and trans-
conjugant cells (right) at the maximum SNR value from Fig. S5. Each dot represents
data of individual cells. Means and SD are calculated from the indicated (n=)
number of transconjugant cells from at least three independent biological repli-
cates. Donors of F derivatives (see Table S1), Recipient (LY358). Source data are
provided as a Source Data file.

the delayed production of TraC, TraS and TraT. The additional delay
between TraC and TraS/TraT fusions production could potentially
reflect the relative distance of these genes to the Py promoter
(5.9 kb for traC and 20.4 kb for traST). It is important to stress that
the F plasmid carries a naturally occurring insertion of the IS3
insertion sequence into the finO gene of the FinOP fertility inhibi-
tion system, which results in the upregulation and constitutive
expression of tra genes”. Therefore, other IncF plasmids in which
the FinOP regulatory system is still active are expected to exhibit
different timings and production levels of the Tra proteins than
reported here.

Notably, the intracellular levels of Tra proteins within trans-
conjugant cells reach a plateau between 60 to 90 min after the ss-to-
dsDNA conversion and remain stable throughout our observations

(Fig. 3b and Fig. S5c). This involves that, at that point, transconju-
gant cells have produced the transfer machinery and the exclusion
system and have most likely been converted into proficient plasmid
donors. In support of this interpretation, TraM, TraC, TraS, TraT and
SopB are detected at similar levels in vegetatively growing
F-carrying donor cells (Fig. 3¢ and Figs. S4c, d, S5b, ¢). This is not the
case for YgeA, PsiB, YfjB, YfjA and Ssb® leading proteins, which
intracellular levels start decreasing 25-35 min after the ss-to-dsDNA
conversion in the transconjugants, and which are not detected in
vegetatively growing donor cells (Fig. 3c and Figs. S4b, S5a). These
results are consistent with the interpretation that leading proteins
are produced rapidly and only transiently upon entry of the ssDNA
plasmid in the recipient cells and not when the plasmid is main-
tained in dsDNA form during vegetative replication.
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Single-stranded promoters allow the early expression of the
leading genes in the transconjugant cell

Together with previous works*****%, the early and transient expres-
sion of leading genes in transconjugant cells supports the existence of
specific sequences that would act as single-stranded promoters to
initiate the transcription of leading genes from the internalised sSDNA
plasmid. Using bioinformatics analysis, we identified a region
upstream of the ssb’, yfjA, yfiB, psiA and psiB genes, which we named
Frpo2, that shares 92% identity with the previously reported Frpo
region (renamed Frpol) located upstream ygeA and ygeB and pre-
viously characterised in vitro® (Fig. 4a). DNA folding prediction using
mFold (http://www.unafold.org) indicates that the single-stranded
form of Frpo2 can fold into a highly stable stem-loop structure that also

carries canonical =10 and -35 boxes, similar to the Frpol region
(Fig. S6a)*. We addressed the effect of Frpol or Frpo2 deletions on the
expression of the downstream genes in transconjugant cells using live-
cell microscopy. Microscopy analysis of transconjugant cells receiving
the F AFrpol ygeA-sfgfp, the F AFrpo2 ssb™-sfgfp, or the F AFrpo2 yjfA-
Sfefp revealed no significant fold-increase in sfGFP fluorescence before
or after the ss-to-dsDNA conversion in the transconjugant
cells (Fig. 4b).

We then addressed the impact of Frpol and Frpo2 deletions on the
efficiency of conjugation after three hours of mating, as estimated by
plating assays (Fig. 4c). F AFrpol exhibits a significantly reduced fre-
quency of transconjugants of 25.2 +2.9% compared to 92.6 + 6.6% for
the Fwt. Comparable results were obtained for F AFrpol AygeAB
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Fig. 4 | Role of leading region factors Frpol, Frpo2 and ssb’ in conjugation.

a Genetic map of the leading region showing the position of the genes (green for
studied sfGFP fusions and white for the other genes) and Frpol and Frpo2 pro-
moters (red) (top). The bottom diagram shows the stem-loop structure formed by
the ssDNA forms of FrpoI and Frpo2 sequences (detailed in Fig. S6). b Histograms of
intracellular sfGFP fold-increase in transconjugants after the acquisition of F AFrpol
ygeA-sfgfp, F AFrpo2 ssb-sfgfp and F AFrpo2 yfjA-sfgfp. Mean and SD are calculated
from the indicated (n) individual transconjugant cells analysed from at least three
independent experiments. Levels obtained with the Fwt plasmid from Fig. S5a are
wt reported in green as a reference. Donor of F AFrpol ygeA-sfgfp (LY1368), F
AFrpo2 ssb-sfgfp (LY1365), F AFrpo2 yfjA-sfgfp (LY1364) and the recipient (LY318).
¢ Histograms of Fwt, deletion mutants F AFrpol, F AygeA, F AFrpol AygeA, F AFrpol
AygeAB, FAFrpo2 and FAssb' frequency of transconjugant (T/R + T) estimated by
plating assays. Mean and SD are calculated from three independent experiments
(shown as individual black dots). P value significance ns and ***P < 0.0001 were
obtained from one-way ANOVA with Dunnett’s multiple comparisons test. Donor of
Fwt (LY875), F AFrpol (LY824), F AygeA (LY160), F AFrpol AygeA (LY1424), F AFrpol
AygeAB (LY1425), F AFrpo2 (LY823), F Assb” (LY755), recipient (MS428). d Single-cell
time-lapse quantification of Ssb-Ypet focus appearance (blue line) and mCh-ParB

focus first duplication (red line) with respect to mCh-ParB focus formation in
transconjugant cells (O min) that receive the FAssb” plasmid. The number of con-
jugation events analysed (n) from five independent biological replicates is indi-
cated. Results obtained in Fig. 2b with Fwt plasmid are reported in grey for
comparison. e Scatter plot showing the time lag between the appearance of the Ssb-
Ypet focus and the appearance of the mCh-ParB focus in transconjugant cells after
the acquisition of the F Assb plasmid. The mean and SD calculated from (n) indi-
vidual ss-to-dsDNA conversion event (blue circles) from five biological replicates
are indicated. P value significance ns (>0.05 non-significant) was obtained from
Mann-Whitney two-sided statistical test against results obtained with the Fwt
plasmid (Fig. 2e). f Scatter plot showing the time lag between the apparition of the
mCh-ParB focus and its visual duplication in two foci (first duplication), and in three
or four foci (second duplication) in transconjugant cells after acquisition of the F
Assb" plasmid. The mean and SD calculated from (n) individual duplication events
(red circles) from eight biological replicates are indicated. P value significance
**P=0.0023 and **P=0.0007 were obtained from Mann-Whitney two-sided sta-
tistical test against results obtained with the Fwt plasmid (Fig. 2f). Donor F Assb”
(LY1068), recipient (LY358). Source data are provided as a Source Data file.

(32.7+7.1) and F AFrpol AygeA (14.5+0.4). Surprisingly, the single
deletion of ygeA decreases the conjugation efficiency even further
(3.9 +£1.9%), and despite our multiple attempts, the deletion of ygeB
alone could never be constructed. By contrast, the deletions of Frpo2
or ssb” have no significant impact on the conjugation efficiency. These
results show that FrpoI and Frpo2 are required for the early expression
of the downstream genes upon plasmid entry in recipient cells during
conjugation in vivo. However, genes under the control of Frpol appear
to have a more critical role in conjugation than those under the control
of Frpo2.

Role of the plasmid-encoded Ssbf leading protein in plasmid
establishment
The rapid and transient expression of leading genes upon plasmid
entry strongly suggests that leading proteins have an essential role
during the early steps of plasmid establishment in the new host cell.
The leading region conserved in various enterobacterial plasmids
encodes a homologue of the single-strand-binding protein Ssb enco-
ded on the E. coli chromosome***>*7>7* The chromosomally encoded
ssb gene is conserved and essential in all bacterial organisms, raising
the question of the raison d»étre of plasmid-born ssb homologues.
Early study shows that the Ssb® encoded by the F plasmid can partially
complement conditional mutations of the chromosomal ssb gene””.
Consistently, we performed simultaneous visualisation of Ssbf-mCh
produced from a pTrc99a-ssb™-mch plasmid and the chromosomally
encoded Ssb-Ypet (Fig. S7a) and observed similar intracellular posi-
tioning (Fig. S7b) confirmed by colocalisation analysis (Fig. S7c). This
indicates that both the plasmid Ssbf and the host Ssb are recruited to
the ssDNA that follows the replication forks in vegetatively growing
cells. Similarly, Ssb™-sfGFP also forms foci in transconjugant cells that
have acquired the F ssb’-sfgfp plasmid, mainly during the first and
second plasmid duplication events (Fig. S7d, e). Nonetheless, the role
of Ssbf during conjugation is still unclear, and its deletion from the F
plasmid has no significant impact on conjugation efficiency (Fig. 4c).
To get further insight into the role of Ssb during conjugation, we
revisited the dynamics of ssDNA entry, ss-to-dsDNA conversion and
duplication of the F Assb" plasmid. Time-lapse microscopy image
analysis reveals that Ssb* deletion has no impact on the dynamics of
Ssb-Ypet conjugative foci (Fig. 4d) or the timing of the ss-to-dsDNA
conversion (compare Fig. 4e to Fig. 2e). However, Ssb® deletion dra-
matically delays the timing of plasmid duplication in transconjugant
cells (compare Fig. 4f to Fig. 2f). The time lag between mCh-ParB
appearance and the first duplication is increased by -58% (from
10.4 +4.7 for Fwt to 16.4 9.5 for F Assb’), and the time between the
first and second plasmid replication event is increased by ~29% (from

10.1+4.7 for Fwt to 13 + 8 for F Assb’). This indicates that Ssb* has a role
in facilitating the first rounds of plasmid duplication in the new
transconjugant cell, possibly by increasing the cellular pool of single-
strand binding protein available for DNA replication. This function
appears dispensable since the absence of Ssb® delays plasmid dupli-
cation but does not affect the final efficiency of conjugation, at least
when conjugation is performed in optimal conditions between E. coli
MG1655 strains.

Discussion

Our current knowledge of conjugation mainly emerges from experi-
mental genetic, biochemical and structural studies that provided a
well-documented understanding of the molecular reactions and fac-
tors involved in DNA transfer, while genomic and computational stu-
dies uncovered the diversity of conjugative plasmids and their
importance in the epidemiology of antibiotics resistance dissemina-
tion. It is only recently that the application of optical microscopy has
started to provide insights into the organisation of conjugation at the
cellular scale’®**7%2, In this study, live-cell microscopy combined with
specifically developed fluorescent reporters offers a unique view of the
cellular dynamics of conjugation while providing insights into the
timing and localisation of each key step.

We report the presence of ssDNA plasmid on both the donor’s and
the recipient’s side during plasmid transfer. Noticeably, the ssDNA
plasmid is not randomly positioned but instead allocated to specific
subcellular locations within the mating pair cells. The exit point of the
ssDNA F plasmid is preferentially located on the side of the donor cell
and preferentially at quarter positions. This pattern could reflect the
intracellular position of the T4SS machinery of the F plasmid, which to
our knowledge, remains to be described. This possibility would be
weakened if the F plasmid T4SS machinery is homogeneously located
throughout the periphery of the cells as in the case of the pTi and R388
plasmids’®®', Alternatively, the lateral localisation of active conjugation
pores may reflect the facilitated access to F plasmid molecules, which
are also positioned at quarter positions and excluded from the cell
poles®*®, By contrast, the ssDNA mainly enters the polar region of the
recipient cells. This could suggest that the pole of the recipients’ sur-
face is the preferred location for the donor’s F pilus. attachment or the
stabilisation of the mating pair. The latter possibility is reinforced by
the fact that mating pair stabilisation during F conjugation involves
interaction between the plasmid protein TraN exposed at the surface
of the donor cells and the host outer membrane protein OmpA of the
recipient cells®*>®. OmpA was shown to be enriched and less mobile in
the polar regions of E. coli cells*®, possibly favouring the stabilisation of
the mating pair and the conjugation pore at this location.
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Fig. 5 | Model for conjugation initiation and intracellular dynamics. a(i) Before
the initiation of conjugation, the pre-initiation complex bound to the plasmid’s
origin of transfer is docked to the Type IV secretion system (T4SS). (ii) The estab-
lishment of the mating pair transduces a signal that activates the pre-initiation
complex. The unwinding of the dsDNA plasmid by the helicase activity of Tral
produces the first segment of the T-strand, which is immediately transferred into
the recipient cell where it recruits Ssb molecules, while the non-transferred strand
is complemented by rolling-circle replication (RCR) in the donor cell. (iii) The
helicase activity of Tral generates ssDNA at a higher rate than the T-strand is
transferred through the T4SS or the non-transferred strand is complemented by

oo
OO

Production of
leading proteins

oo e®e o

°

Production of
maintenance, Tra
and other proteins

dsDNA
promoters

L

A

Establishment of
plasmid functions

ss-to-dsDNA
conversion

RCR, thus resulting in the accumulation of ssDNA plasmid coated by Ssb molecules
in the donor cell. b Upon entry of the ssDNA plasmid in the recipient cell, Frpol and
Frpo2 leading sequences form stem-loop structures that serve as promoters initi-
ating the transcription of the downstream leading genes, rapidly resulting in the
production of leading proteins. The subsequent ss-to-dsDNA conversion inacti-
vates Frpol and Frpo2 and licences the expression of other plasmid genes under the
control of conventional dsDNA promoters. The production of maintenance,
transfer and other plasmid-encoded proteins eventually results in the development
of new functions by the transconjugant cell.

The unexpected finding that the ssDNA first appears in the reci-
pient cell, and later accumulates in the donor during conjugation also
provides insights into the activity of Tral and its coordination with the
transfer of the T-strand through the T4SS or the RCR of the non-
transferred strand. Before DNA transfer initiation, the relaxosome
bound to the plasmid’s oriT is docked to the T4SS by the TraD coupling
protein, thus forming the pre-initiation complex (Fig. 5a(i)). Contact
with the recipient cell is proposed to induce a signal that activates the
pre-initiation complex. We uncover the existence of a brief period
where part of the T-strand has already been transferred into the reci-
pient cell while no ssDNA is present within the donor (Fig. 5a(ii). At this
stage, the absence of ssDNA in the donor implicates that all the sSDNA
generated by Tral has been removed, both by transfer of the T-strand
through the T4SS and by complementation of the non-transferred
ssDNA strand by the RCR. After this transient step, the ssDNA also
accumulates in the donor, suggesting that the ssDNA is generated by
Tral helicase activity in the donor faster than it is removed by transfer
and RCR synthesis (Fig. 5a(jii)).

Assuming the 2.9 + 1.1 min lifespan of the Ssb-Ypet foci in trans-
conjugants reflects the time required to complete the internalisation
of the 108,000 nt ssDNA F plasmid, we calculated a 620 +164 nts™
transfer rate. This is in reasonable agreement with the historical 770
nts™ rate estimated from the 100 min required to transfer the whole
4.6 Mb E. coli chromosome®’. Besides, the rate of DNA synthesis by the
DNA polymerase Il holoenzyme during RCR was estimated at 650-750

nucs™ %, By comparison, the rate of Tral helicase activity was mea-
sured at 1120 +160 bps™°. These estimates support the view that
ssDNA accumulation in the donor accounts for the faster rate of Tral
helicase activity than the rate of T-strand plasmid transfer or RCR.
Therefore, it is possible that, contrasting with the previously suggested
but never demonstrated proposal, the helicase activity of the relaxase
is not strictly coupled with the activity of DNA translocation through
the T4SS.

Live-cell microscopy uncovers the global chronology conjugation
steps, as summarised in Fig. 5b. The plasmid processing in the trans-
conjugant cell is a relatively rapid process, as the entry of the ssDNA
plasmid and its conversion into dsDNA is completed in about 4 min on
average. Most importantly, the ss-to-dsDNA conversion event is the
pivotal event that determines the programme of plasmid gene
expression. Leading genes are the first to enter the recipient cell and
also the first to be expressed from the F plasmid in ssDNA form.
Consistently with previous proposals®*, we show that the early
expression of leading genes depends on sequences that act as single-
stranded promoters when the plasmid is still in ssSDNA form. As pre-
viously described for Frpol, we propose that the highly homologous
Frpo2 sequences identified here folds into a stable stem-loop struc-
tures that reconstruct —=35 and -10 consensus boxes, resulting in
transcription initiation.

Leading gene expression is also transient as the ss-to-dsDNA
conversion turns off leading protein production by inactivating Frpol
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and Frpo2 promoters while licencing the expression of maintenance,
transfer and other plasmid genes under the control of conventional
dsDNA promoters, often subject to their own regulation specificities.
Maintenance and transfer protein levels within transconjugants reach
a steady-state equivalent to that of vegetatively growing F-containing
cells in about 30 to 90 min, depending on the protein. Interestingly,
our previous work showed that tetracycline resistance factors encoded
by the Tn10 transposon inserted in the intergenic region ybdB-ybfA of
the F plasmid are also produced immediately after the ss-to-dsDNA
conversion and reach the resistant cell’s level within ~90 min*®, These
findings consistently indicate that this time scale corresponds to the
period needed for the transconjugant cells to gain plasmid-encoded
functions, including plasmid maintenance, conjugation ability,
immunity against self-transfer and additional resistance potentially
carried by the plasmid.

The regulation of plasmid gene expression by plasmid processing
is an elegant way to ensure the sequential and timely production of
plasmid proteins in the transconjugant cell, and particularly to restrict
the production of leading factors to a narrow time window following
the entry of the ssDNA plasmid. However, de novo protein synthesis
might not be the only way to provide the transconjugant cell with
plasmid-encoded proteins. Recent work by Al Mamun et al. reports
that the transfer of the F-like plasmid pED208 (IncFV) is concomitant
with the translocation of several plasmid-encoded proteins, including
Tral, ParA, ParBl, Ssb homologue Ssb™2%, ParB2, PsiB and PsiA”.
Protein translocation was detected at low frequency (10~ recombi-
nants per donor cell between one and five hours of mating) using a
highly sensitive Cre recombinase assay. Protein translocation might
also occur during the transfer of the native F plasmid but could not
solely explain our observations. Indeed, our microscopy analysis
shows that YgeA, PsiB, YfjB, YfjA and SsbF leading fusions are below the
microscopy detection threshold in donor cells but are quantified at
significant intracellular levels in all transconjugant cells. This implies
that the amounts of leading proteins observed in the transconjugant
cells cannot just originate from donor cells, but result from de novo
protein synthesis, which we show depends on Frpol and Frpo2
sequences. Therefore, it appears likely that direct protein transloca-
tion and de novo synthesis are concomitant mechanisms ensuring the
presence of leading factors and associated functions immediately
upon entry of the ssDNA plasmid in the transconjugant cell. This fur-
ther suggests the critical role of the leading region in conjugation.
Several elements support this view. The leading region is conserved in
a variety of conjugative plasmids*"*°. In addition, the leading regions
of plasmids belonging to a wide range of incompatibility groups (IncF,
IncN, IncP9 and IncW) classified as MOBF plasmids using the relaxase
as a phylogenetic marker were reported to be the preferential target
for CRISPR-Cas systems directed against conjugation®”*, Recently,
the leading region was shown to be an important evolutionary target
for the dissemination of the pESBL (Incl) plasmid®. Concerning the F
plasmid, we can stress that Frpol and Frpo2 share 92% similarity at the
nucleotide level and are located only about 5 kb apart. This implies that
when in dsDNA form during vegetative plasmid replication, FrpoI and
Frpo2 sequences would be a potential substrate for homologous
recombination, resulting in the deletion of the intervening segment.
However, the intervening segment carries the fImAB genes, functional
homologues to the hok/sok toxin-antitoxin system from the Rl
plasmid®, which are likely to safeguard the stability of the leading
region.

Despite this body of evidence, it is currently challenging to
rationalise the importance of the leading region since the molecular
functions of most leading proteins are still unknown. Our data indicate
that genes downstream of Frpol (ygeA et ygeB) have a critical function
in conjugation. By contrast, genes located downstream Frpo2 (ssb’,
YA, YijB, psiB, psiA and flmC) appear to be dispensable since deletions
of Frpo2, ssb” or psiB* have no significant impact on the overall

conjugation efficiency addressed by plating assays. Yet, Ssb" and PsiB
have been shown to suppress conjugation-induced SOS induction in
the transconjugant cell****°°, which is likely important for the trans-
conjugant’s physiology and proliferation rather than for plasmid
transfer per se. One potential limitation of the conjugation study is that
transfer efficiency assays are generally performed between identical or
closely related bacterial strains in optimal medium and temperature
conditions. This likely undermines the role of genes that are not strictly
essential but might facilitate or optimise conjugation, or help the
proliferation of the transconjugant cell. Hence, it is possible that the
importance of the leading factors would be best revealed in less
favourable conditions, between phylogenetically distant bacteria, or
on the evolutionary scale. Meanwhile, real-time microscopy might help
uncover the potentially subtle influence of these genes on the
sequence of conjugation in live cells.

Methods

Bacterial strains, plasmids and growth

Bacterial strains are listed in Table S1, plasmids in Table S2 and oli-
gonucleotides in Table S3. Fusion of genes with fluorescent tags and
gene deletion on the F plasmid used ARed recombination®***. Modified
F plasmids were transferred to the background strain K12 MG1655 by
conjugation. Where multiple genetic modifications on the F plasmid
were required, the kan and cat genes were removed using site-specific
recombination induced by expression of the Flp recombinase from
plasmid pCP20%. Plasmid cloning were done by Gibson Assembly and
verified by Sanger sequencing (Eurofins Genomics biotech). Strains
and plasmids were verified by Sanger sequencing (Eurofins Genomics).
Cells were grown at 37 °C in an M9 medium supplemented with glu-
cose (0.2%) and casamino acid (0.4%) (M9-CASA) before imaging, and
in Luria-Bertani (LB) broth for conjugation efficiency assays. When
appropriate, supplements were used in the following concentrations;
Ampicillin (Ap) 100 pg/ml, Chloramphenicol (Cm) 20 ug/ml, Kanamy-
cin (Kn) 50 pg/ml, Streptomycin (St) 20 ug/ml and Tetracycline (Tc)
10 pg/ml.

Conjugation assays

Overnight cultures in LB of recipient and donor cells were diluted to an
Agoo of 0.05 and grown until an Aggg comprised between 0.7 and 0.9
was reached. 25 ul of donor and 75 ul of recipient cultures were mixed
into an Eppendorf tube and incubated for 90 min at 37 °C. About 1 ml
of LB was added gently and the tubes were incubated again for 90 min
at 37 °C. The conjugation mix were vortexed, serial diluted, and plated
on LB agar X-gal 40 pg/ml IPTG 20 uM supplemented with the appro-
priate antibiotic to select for recipient or donor populations. Recipient
(R) colonies were then streaked on plated on LB agar containing tet-
racycline 10 pg/ml to select for transconjugants (T) and the frequency
of transconjugant calculated from the (T/R + T) presented in Fig. 4c.

Live-cell microscopy experiments

Overnight cultures in M9-CASA were diluted to an Aggo of 0.05 and
grown until Agoo=0.8 was reached. Conjugation samples were
obtained by mixing 25 ul of the donor and 75 pl of the recipient into an
Eppendorf tube. For time-lapse experiments, 50 ul of the pure culture
or conjugation mix was loaded into a BO4A microfluidic chamber
(ONIX, CellASIC®)”. The nutrient supply was maintained at 1 psi and
the temperature was maintained at 37 °C throughout the imaging
process. Cells were imaged every 1 or 5min for 90 to 120 min. For
snapshot imaging, 10 ul samples of clonal culture or conjugation mix
were spotted onto an M9-CASA 1% agarose pad on a slide’® and imaged
directly.

Image acquisition. Conventional wide-field fluorescence microscopy
imaging was carried out on an Eclipse Ti2-E microscope (Nikon),
equipped with x100/1.45 oil Plan Apo Lambda phase objective, ORCA-
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Fusion digital CMOS camera (Hamamatsu), and using NIS software for
image acquisition. Acquisitions were performed using 50% power of a
Fluo LED Spectra X light source at 488 and 560 nm excitation wave-
lengths. Exposure settings were 100 ms for Ypet, sfGFP and mCherry
and 50 ms for phase contrast.

Image analysis. Quantitative image analysis was done using Fiji soft-
ware with MicrobeJ plugin®. For snapshot analysis, cells’ outline
detection was performed automatically using MicrobeJ and verified
using the Manual-editing interface. For time-lapse experiments,
detection of cells was done semi-automatedly using the Manual-
editing interface, which allows to select the cells to be monitored and
automatically detect the cell outlines. Within conjugation populations,
donor (no mCh-ParB signal), recipient (diffuse mCh-ParB signal) or
transconjugant (mCh-ParB foci) categories were assigned using the
‘Type’ option of Microbe]J. Recipient cells were detected on the basis of
the presence of red fluorescence above the cell’s autofluorescence
background level detected in the donors. Among these recipient cells,
transconjugants were identified by running Microbe] automated
detection of the ParB fluorescence foci (Maxima detection). This
approach was used independently of the presence or the absence of
the Ssb-Ypet, or sfGFP fusions within donor and recipient cells. Within
the different cell types, mean intensity fluorescence (a.u.), skewness,
signal/noise ratio (SNR) or cell length (um) parameters were auto-
matically extracted and plotted using MicrobeJ. SNR corresponds to
the ratio (mean intracellular signal/mean noise signal), where the mean
intracellular signal is the fluorescence signal per cell area and the noise
is the signal measured outside the cells (due to the fluorescence
emitted by the surrounding medium). By contrast with the total
amount of fluorescence per cell, which is depending on the cell size/
age and accounts for the background, SNR quantitative estimate is
more appropriate for unbiased quantification of intracellular fluores-
cence over time. Ssb-Ypet, Ssb*-mCh and mCh-ParB foci were detected
using Microbe]J Maxima detection function, and foci localisation and
fluorescence intensity were extracted and plotted automatically. Plots
presenting time-lapse data were either aligned to the first frame where
the transconjugant cell exhibits a conjugative Ssb-Ypet focus (ssDNA
acquisition) or an mCh-ParB focus (ss-to-dsDNA conversion) as indi-
cated in the corresponding figure legend. Importantly, because con-
jugation is asynchronous in the population, time-lapse movies do not
always capture the entire sequence of DNA transfer, i.e., Ssb-Ypet focus
appearance/disappearance, mCh-ParB focus formation, first and sec-
ond mCh-ParB duplication events. Of note, using 1 min/frame time-
lapses was suitable to analyse Ssb-Ypet appearance/disappearance
relative to the mCh-ParB formation (Fig. 2b-e), but provoked mCh-
ParB bleaching thus hindering the analysis of mCh-ParB duplication
events on the long term. We have then used 5 min/frame time-lapses to
analyse mCh-ParB first and second duplication events relative to mCh-
ParB focus formation (Fig. 2b, f). Also, the characterisation of the dif-
ferent transfer parameters was performed using specific analysis. For
instance, time lags were calculated by counting the number of frames
between the two considered events (Ssb-Ypet appearance and dis-
appearance in Figs. 2e, 4e; mCh-ParB focus formation and first or
second duplications in Figs. 2f, 4f). By contrast, Figs. 2b, 4b were
generated by annotating the presence/absence of Ssb-Ypet or mCh-
ParB foci in each time-lapse frame.

Statistical analysis

P value significance were analysed by running specific statistical tests
on the GraphPad Prism software. Single-cell data from quantitative
microscopy analysis were extracted from the Microbe] interface and
transferred to GraphPad. P value significance of single-cell quantitative
data was performed using unpaired non-parametric Mann-Whitney
two-sided statistical test, which allows to compare differences
between independent data groups without normal distribution

assumption. P value significance for the frequency of transconjugants
obtained by plating assays were evaluated using One-way analysis of
variance (ANOVA) with Dunnett’s multiple comparisons test, which
allows to determine the statistical significance of differences observed
between the means of three or more independent experimental
groups against a control group mean (corresponding to the Fwt).
When required, P value and significance are indicated on the figure
panels and within the corresponding legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data to understand and assess the conclusions of this research are
available in the main text and Supplementary Information. Source data
are provided with this paper in the Source Data file. Raw microscopy
data are available on Figshare (https://doi.org/10.6084/m9.figshare.
21206444). Source data are provided with this paper.
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4. Discussion

Ce travail de recherche nous a permis de mettre en évidence la rapidité et I'efficacité du transfert
conjugatif a I’échelle cellulaire. Seules 4 minutes sont nécessaires au transfert complet du plasmide
dans la bactérie receveuse (du début du transfert d’ADNsb jusqu’a sa conversion en ADNdb), allant
dans le sens des 100 minutes nécessaires au transfert complet du chromosome d’Escherichia coli.
L’ensemble de nos observations nous a ainsi permis d’établir une chronologie globale des étapes de
transfert, duquel ressort I'importance de la conversion en ADNdb du plasmide pour I’expression
séquentielle des facteurs plasmidiques. La caractérisation du profil d’expression de la région leading
constitue alors un pan important pour la suite de mes travaux de thése. Nos observations par
microscopie confirment que les génes leading sont les premiers a étre exprimés et ce de facon
transitoire uniquement dans les nouvelles cellules transconjugantes. Nous confirmons ainsi in vivo
I'importance des séquences ssi Frpol et Frpo2 comme promoteurs simples-brin pour I’expression de
cette région génétique. La conversion en ADNdb du plasmide va abolir la formation des structures
tiges-boucles de ces séquences, inactivant les genes leading associés tout en permettant I’expression
des autres facteurs plasmidiques sous le contréle de promoteurs conventionnels.

Alors que notre approche ait permis de quantifier et confirmer le caractere précoce d’expression
des genes leading, la question concernant leur réle pour la conjugaison demeure non-résolue. Bien
gu’étant relativement conservés parmi les régions leading de plasmides appartenant a divers
groupes d’incompatibilité, la majorité des mutants délétés de ces génes n'impactent pas I'efficacité
du transfert a proprement parler. Nous proposons cependant un réle de la protéine Ssbf pour la
duplication du plasmide directement aprés son transfert dans la bactérie receveuse. En augmentant
le réservoir général de protéines Ssb, la production d’une copie plasmidique serait ainsi une fagon
d’éviter a la bactérie héte de diminuer trop drastiquement le nombre de protéines Ssb disponibles
pour sa propre réplication ou réparation de son ADN. Ajouté a la fonction d’inhibition temporaire du
systéme SOS par PsiB, nous proposons que la région leading constitue en réalité un cluster de genes
permettant de modérer I'impact de la conjugaison sur la physiologie de la bactérie receveuse, afin
d’assurer le succes du transfert et établissement du plasmide au sein des populations bactériennes.

Enfin, la fusion fluorescente YfjB-sfGFP est la seule des protéines leading hormis Ssb-sfGFP a
montrer une localisation précise en foci dans les bactéries transconjugantes. De fonction inconnue,
YfjB partage de fagon intéressante une homologie avec les protéines de la famille ParB, et les
résultats observés et confirmés au laboratoire bien avant la publication de cet article nous ont

amenés a nous intéresser a la protéine leading YfjB.
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En préparation

1. Contexte

Au cours de la caractérisation de I'expression des genes leading comme démontré dans
I"article précédent, la localisation particuliere en foci de la protéine de fusion YfjB-sfGFP a relevé
notre intérét, d’autant que cette protéine leading de fonction inconnue partage une homologie avec
les protéines ParB. Sarah Bigot a alors entamé une premiere approche de caractérisation avant le
début de ma these, notamment en réalisant diverses constructions génétiques et observations plus
précises de la localisation cellulaire par microscopie a fluorescence en cellules vivantes. Ma these a
alors débuté en octobre 2019 dans la continuité de ces travaux de recherche, aboutissant a I’écriture
d’un article de thése pour lequel je signe en tant que 1% auteur et dont une version préliminaire est

présentée ci-apres.

2. Contenu

Bien qu’il soit désormais acquis que la région leading est la premiere région génétique a étre
transférée dans la bactérie receveuse au cours de la conjugaison du plasmide F, les roles et fonctions
de genes quila compose sont encore tres peu décrits. Nous avons déja confirmé in vivo au laboratoire
gue les genes leading sont exprimés précocement sous forme d’ADNsb au cours du transfert
conjugatif, transitoirement et uniquement dans les nouvelles cellules transconjugantes. Cette
dynamique d’expression finement régulée ainsi que la conservation de cette région parmi les
plasmides conjugatifs révelent une importance de ces protéines leading pour I’établissement efficace
du plasmide F lors de la conjugaison bactérienne. Mon projet de these avait ainsi pour but de
répondre a certaines questions globales concernant le role de la région leading via la caractérisation

de la protéine YfjB produite par le plasmide F au cours de la conjugaison chez Escherichia coli souche
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K-12 MG1655. J’'ai eu recours a une approche combinant a la fois la bio-informatique, la biochimie
structurale, la génétique, la biologie moléculaire, les analyses omic et la microscopie a fluorescence
en cellules vivantes. Nous démontrons que la protéine YfjB est produite rapidement apres l'initiation
du transfert conjugatif et est capable de lier I’ADN chromosomique et plasmidique, induisant un
changement global du profil d’expression des genes de la bactérie hote. Cela est reflété par la
formation de foci dynamiques de la protéine de fusion YfjB-sfGFP, dont la localisation dans la région
du nucléoide est dépendante d’un domaine HTH ainsi que d’un motif GxxRxxA, de fagon similaire aux
protéines ParB. Enfin, nous avons pu obtenir une structure partielle de la protéine par CryoEM
révélant une dimérisation de la protéine via son domaine IV ainsi qu’une forte flexibilité des autres
domaines.

L'article présenté ci-apres rapporte les principaux résultats obtenus, mais consiste en une
version préliminaire de la version qui sera soumise aupres d’un journal a comité de lecture. En effet,
si les résultats présentés sont valides et significatifs, nous avons décidé d’entreprendre des
expériences complémentaires qui permettront de finaliser ce travail. Principalement, nous avons
encore du mal a réconcilier les changements transcriptionnels observés et les régions
d’enrichissements de ChiP-seq. Il est donc prévu de répéter I’expérience de Chip-seq sur la fin de ma
these en utilisant une étiquette HA plut6t que sfGFP pour revisiter les loci chromosomique de fixation
d’YfjB in vivo. D’autre part, les grilles de CryoEM obtenues sont certes d’excellente qualité mais seule
une partie de la protéine a pu étre reconstruite au moment de I’écriture de ce manuscrit. Un
affinement de la reconstruction structurelle est en actuellement en cours, dans le but de couvrir plus
de résidus de la protéine et espérer obtenir la structure des trois autres domaines qui jusque-la
semblent étre trop flexibles. L'obtention de ces derniers résultats permettra de finaliser ce projet qui
aura permis de progresser sur la caractérisation de la dynamique cellulaire, I'activité de liaison a

I’ADN, la structure et la fonction biologique de Y{jB.

3. Ma contribution
Etant le sujet de ma thése, j’ai ainsi effectué la majorité des travaux de recherche. D’abord
abordé par Sarah Bigot concernant la construction génétique de certaines souches, analyses de bio-
informatique et observations préliminaires de la localisation intracellulaire au microscope, j’ai pu
reprendre la suite des analyses pour continuer la caractérisation de cette protéine a fonction

inconnue. Cela a été pour moi I'opportunité d’avoir recours a des techniques variées allant des
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observations de microscopie a fluorescence, la purification protéique, la biochimie structurale ou
encore les quantifications de profils transcriptomiques et protéomiques. Pour cela jai pu étre
impliquée dans plusieurs collaborations, notamment avec Laurent Terradot et Jérémy Guérin
(MMSB) pour la purification et analyses de biochimies, Daouda Traore (ILL) pour la CryoEM ainsi que

Gaél Panis et Patrick Viollier (UNIGE) pour I'analyse de ChiP-seq.
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Abstract

DNA conjugation is a contact-dependent horizontal gene transfer mechanism by which plasmids are
transferred between bacterial cells, thus causing the spread of antibiotics resistance. The F plasmid is
composed of different genetic regions including the leading, the maintenance and the transfer regions,
which are sequentially transferred into the recipient bacterium. Genes carried by the leading region
are not expressed in the donor cell but only transiently upon entry of the DNA in the new host cell,
thus suggesting a role in the early steps of plasmid establishment. In this study we focus on the yfjB
gene, which is conserved amongst a variety of conjugative plasmids where it is generally annotated
parB2 due to its homology with ParB-like family proteins. Live-cell microscopy reveals that Y{jB
forms bright and dynamic foci associated with the nucleoid of the transconjugant cells. YfjB focus
formation depends on the Helix-Turn-Helix (HTH) domain and the CTP motif, as it is the case for
ParB proteins. We further show that Y{jB is a DNA-binding protein that forms a dimer, which
structure has been partially resolved by Cryo-EM. Most importantly, we reveal that Y{jB induces a
dramatic modification of chromosome gene expression in the transconjugant cell. The deletion of
yfiB has no impact on the plasmid transfer efficiencies but delays the processing of the plasmid in the
transconjugant cell. These data lead us to propose that YfjB acts to reprogram the physiology of the

new host cell in a manner that facilitates the establishment of the F plasmid.

Keywords
Horizontal gene transfer, bacterial DNA conjugation, drug-resistance dissemination, live-cell

microscopy, plasmid transfer, CryoEM, transcriptomic, proteomic
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Introduction

The F plasmid is a paradigmatic representative of a large group of conjugative plasmids associated
with the dissemination of colicins, virulence factors, and antibiotic resistance amongst
Enterobacteriaceae species (Lanza et al. 2014; Fernandez-Lopez et al. 2016; Johnson et al. 2016).
The 100 kb F plasmid is transferred into the recipient cell in single-stranded DNA (ssDNA) form
starting from the origin of transfer ori7, immediately followed by the leading region, the maintenance
region that carries the SopABC partition system and the origins of vegetative replication oriV, and
eventually the #ra region that encoded all factors required for plasmid processing and transfer during
conjugation. By contrast with the #7a and the maintenance regions, the function of the leading region
remains largely unclear. As the name indicates, the leading region was initially named after its
property to enter first into the recipient cell. It was later realized that leading genes are only expressed
transiently upon entry of the ssDNA plasmid in the recipient cell, but not during F vegetative
replication in the donor cell. This zygotic induction phenomenon depends on two sequences of the
leading region, Frpol and Frpo2 that act as single-stranded promoters before the plasmid is converted
into double-stranded (ds) DNA (Masai and Arai 1997; Couturier et al. 2023).

The difficulty to elucidate the function of the leading regions account for the fact that most
leading genes are unknown, except for ssb” (F-encoded single-stranded-binding protein) and psiB
(Plasmid SOS Inhibition) (Chase, Merrill, and Williams 1983; Bailone et al. 1988; Bagdasarian et al.
1992; Althorpe et al. 1999; Baharoglu, Bikard, and Mazel 2010). The deletions of ssb’ and psiB have
no impact on the overall efficiency of conjugation in optimal laboratory conditions. However, Ssb¥
and PsiB have been respectively shown to facilitate plasmid replication (Couturier et al. 2023) and to
limit the induction of the SOS response in the transconjugant cell (Bagdasarian et al. 1992),
respectively. This led to the proposal that leading factors are not directly involved in the process of
DNA transfer per se, but rather help the establishment of the plasmid, eventually favouring its success

on the evolutionary scale. Consistently, the leading region is conserved in various enterobacterial
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plasmids belonging to multiples incompatibility groups (Golub and Low 1985; Loh, Cram, and
Skurray 1989; Bates et al. 1999; Wein et al. 2021; Benz and Hall 2022).

In this study, we investigate the structure and function of the yfjB leading gene, which is
conserved in 13.8 % of the 420 plasmids studied by Wein et al. (58 “parb2” for 420 plasmids). It is
generally annotated parB2 as it shares homology with the protein of the ParB family. ParB proteins
are part of the ParABS partitioning complex encoded by low copy number plasmids and bacterial
chromosomes. This system ensures the efficient distribution of chromosome or plasmid copies
between mother and daughter cells during cell division (Bignell and Thomas 2001). ParB protein will
therefore specifically bind to the parS centromere-like sequence via an Helix-Turn-Helix (HTH)
domain. A CTP motif (GxxRxxA) is important for CTP hydrolysis to CDP, inducing the spreading
of the protein on surrounding DNA by conformational change and thus allowing new ParB molecules
to bind to the parS sequence (Soh et al. 2019; Osorio-Valeriano et al. 2021). More recently, several
ParB-like proteins have been reported to be involved in a variety of biological functions unrelated to
DNA segregation. Examples are found for the RK2 plasmid protein KorB, that binds to 12 DNA sites
for transcription regulation (Bingle et al. 2005), or also for the pSa plasmid whose Osa protein is a
fertility inhibition factor (FIN) that selectively degrades the DNA of co-resident mobilizable

elements, thus blocking their transfer (Maindola et al. 2014).
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Results

Genetic organisation and bioinformatic sequence analysis

The yfjB gene (1956 bp) is localised in the leading region of the F plasmid, as part of the Frpo2
operon alongside ssb”, yfjA, psiB, psiA and fImC (Figure 1A). Bioinformatic analysis (BlastP) of the
653 amino-acids sequence of the Y{jB protein reveals a strong homology with the ParB/RepB/Spo0J
protein family from residues 36 to 243 (E-value: 6.07¢’), and an even strongest homology with
ParB N _like domains within the 55-135 interval (E-value of 4.27¢°) (Figure 1B). We also predicted
a HTH motif on position 154-175 with 90% probability score using the Helix-Turn-Helix search tool

from the PRABI website (https://prabi.ibcp.fr) and found a GxxRxxA sequence similar to ParB’s

CTP motif from residues 91 to 97 (Figure 1B). AlphaFold2 deep learning program (Senior et al. 2020)
predicted that Y{jB is composed of 4 domains (Figure 1B-C). The domain I (14-136) contains the
ParB N like homology as well as the CTP motif, and the domain II (137-235) contains the HTH
domain. Together they composed the homology to Spo0J superfamily. Structure comparison using
the MatchMaker tool (Chimera software) reveals that Y{jB predicted domains I and II overlap with
the N-terminal part of ParB (residues 34 to 237) from Bacillus subtilis (model 6SDK taken from
RCSB PDB) (Soh et al. 2019) (Figure 1C). The domains II1 (238-417) and IV (418-632) do not share
any homology with known protein domains. The ProtParam tool (Gasteiger et al. 2005) of the Expasy
server website predicts that Y{jB has a molecular weight of 71 759.54 Da, a theoretical pl of 5.11, an
extinction coefficient of 80 285 M-'cm! and an estimated in vivo half-life of ~10 hours in Escherichia

coli.

YfjB localises into nucleoid-associated foci

We previously developed a system allowing to monitor the intracellular levels of YfjB in the cell
population during conjugation of the F plasmid. In this system, the Donor transfers a F yfjB-sfGFP
plasmid that carries a superfolder gfp (sfgfp) translational fusion to the 3’ end of the yfjB gene and a

pars site located next to the origin of transfer oriT. The recipient cell produces the mCh-ParB protein,
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which is initially diffuse in the cytoplasm. Acquisition of the dSDNA F yfjB-sfGFP plasmid triggers
the recruitment of mCh-ParB molecules to the parS site, thus resulting in the formation a red
fluorescent focus in the transconjugant cell. We previously reported that plasmid acquisition is
immediately followed by the production of Y{jB-sfGFP in the new host cell (Couturier et al. 2023).
Here, we monitored Y{jB-sfGFP intracellular levels in cell population over nine hours of conjugation
(Figure 1D). Results confirm that Y{jB-sfGFP is produced in de novo transconjugants only and that
this production is transient since Y fjB-sfGFP intracellular level peaks 2.5 hours after the initiation of
conjugation and subsequently decreases to reach minimal levels after 8.5 hours (Figure 1D). Most
importantly, YfjB-sfGFP forms bright fluorescent foci that exhibit a precise localisation pattern
within the transconjugant cells (Figure 1E). Small transconjugants harbour one single Y{jB-sfGFP
focus located around the midcell position while larger cells have multiple foci located in the cell
quarter regions (Figure 1F). The number of foci per cell increases with the cell length (Figure 1G)
from 1 to 5 with an average of 1.6 + 0,7 foci per cell (Figure 1H).

The F yfjB-sfGFP plasmid only allows YfjB-sfGFP production in the transconjugant
subpopulation on the conjugation mix. We then constructed a pTrc99a yfjB-sfGFP plasmid that
allows the ectopic production of Y{jB-sfGFP in the entire population of vegetatively growing cells
(Figure ST1A). The level of green fluorescence produced from the pTrc99a yfjB-sfGFP plasmid is
comparable to that produced from the F yfjB-sfGFP plasmid in transconjugant cells (Figure S1B), yet
the number of foci is slightly increased to 2.2 + 1 foci per cell on average (Figure S1C). Nonetheless,
the localisation pattern of these foci is similar to those observed in F yfjB-sfGFP transconjugant cells
(compare Figure S1D to figure 1F). We also analysed F yfjB-sfGFP transconjugant cells that carry a
pTrc99a yfjB-mCh plasmid (Figure S1E) and observed that the co-produced fluorescently tagged
proteins Y{jB-sfGFP and Y{jB-mCh exhibit similar intracellular localisation (Figure S1F). These data
show that Y{jB-sfGFP exhibit similar localisation in the presence or the absence of the F plasmid,
whether it is produced from the F yfjB-sfGFP plasmid in transconjugant cells or from the pTrc99a

VIiB-sfGFP plasmid in vegetatively growing MG1655 F- cells.
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We then continued the characterization of Y{jB-sfGFP localisation using E. coli cells that
carry the pTrc99a yfjB-sfGFP plasmid and produce the fluorescently tagged nucleoid-associated
protein HU-mCherry (Fisher et al. 2013) (Figure 1I). Fluorescence distribution analysis of
exponentially growing cells (M9GlucoseCASA) shows that Y{jB-sfGFP fluorescence overlaps with
Hu-mCh, consistent with the observation that Y{jB-sfGFP foci are located within the nucleoid area
and excluded from the polar regions of the cells (Figure 1J). Y{jB-sfGFP localisation on the nucleoids
is maintained in different growth media (M9Glucose and Rich Defined Medium), which modulate
the growth rate, the cell size and the number of nucleoids per cells (Figure S1G-I). These results
reveal that Y{jB-sfGFP localisation correlates with the nucleoid DNA localisation throughout the cell

cycle (Figure S1H-J), suggesting that Y{jB-sfGFP binds to the chromosome DNA.

YfjB focus formation depends on the Helix-Turn-Helix domain and CTP motif

AlphaFold2 structure prediction allowed us to predict that residues R168, R172 and K175 of YfjB
HTH domain are likely to be involved in the interaction with the DNA double helix (Figure 2A).
Therefore, we performed snapshot imaging of cells producing a range of Y{jB-sfGFP mutant proteins
from pTrc99a yfjB-sfGFP plasmid derivatives (Figure 2B-(i)) and analysed the fluorescence
skewness (Figure 2C). Skewness analysis provides a non-biased measure of asymmetry of
fluorescence distribution within the cells without any requirement for threshold-based foci detection.
Skewness values are low when the fluorescence is diffused within the cell, and increase as the
fluorescence is locally concentrated in foci. Cells producing a free mCherry (mCh) exhibit a low
skewness of -0.66 £ 0.19 reflecting the homogeneous pixel fluorescence distribution inside the
cytoplasm (Figures 2B-(ii) and 2C). In exponentially growing cells, the w¢ Y{jB-sfGFP protein is
locally concentrated within bright foci resulting in a skewness of 1.86 + 0.82. Deletion of the entire
HTH domain resulted in the loss of foci, reflected by a skewness of -0.36 £ 0.41 (Figure 2C). Single
mutations of the HTH domain altered Y{jB-sfGFP foci formation, resulting in a decreased skewness

0f0.37+0.43,0.04 £ 0.29 and 0.39 £ 0.61 for the R168A, R172A and K175A mutations, respectively.
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Besides the HTH domain, recent published work demonstrates that the CTP motif of ParB proteins
is important for focus formation in vivo as well as for its segregation function (Graham et al. 2014;
Soh et al. 2019; Osorio-Valeriano et al. 2021). Therefore, we tested the effect of the single R94A
mutation of YfjB CTP motif, and observed the loss of focus formation reflected by a skewness of -
0.14 £ 0.24 (Figure 2C). These experiments confirm the importance of the identified HTH and CTP

domains for YfjB focus formation in vivo, similar to what is reported for ParB-like proteins.

Biochemical and structural characterization of YfjB

We purified the Y{jB protein from a pET-Topol51 plasmid vector in Escherichia coli BL21 cells
(Figure S2A). Size exclusion chromatography (SEC) and multi-angle light scattering (MALS)
allowed to measure a molecular weight of 144 kDa, twice bigger than the 71.5 kDa calculated via
ProtParam analysis, thus revealing that the YfjB protein forms homodimers in solution (Figure S2B).
Next, we attempted to solve YfjB structure using cryogenic electron microscopy (CryoEM). We
collected a total of 8 396 images from which 7 380 496 particles were picked for 2D classes
construction (Figure 3A), among which 191 738 were retained to reconstruct a structural model
(Figure 3B(i)). A non-uniform refinement gives a 3.7A map of “dome” of the protein consisting of a
dimer of the domain IV (residues 424 to 636) that fits with the AlphaFold2 predicted structure (Figure
3B(ii)). So far, we failed to solve the structure of domains I, II and I composing the “legs” of the
dimeric protein, as they appear highly flexible. Interestingly, it is also possible to observe a kind of
ring-shape depending on the conformation of the protein particles (Figure 3A). Nonetheless, these
data allow us to propose a model for the structure of the Y{jB dimer (Figure 3C). These information
about the dimerization of the Y{jB protein are essential to better understand the function of the protein
and explain its specific localisation observed by previous fluorescent microscopy analysis. Not only
Y{jB shares a sequence homology with ParB-like proteins, but the dimerization of YfjB is also

comparable to the dimerization of the partition proteins.
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YfiB DNA binding activity
Next, we performed ChiP-seq experiments to address the in vivo profile of Y{jB DNA-binding after
1.5 hours of conjugation of the F yfjB-sfGFP plasmid. Results reveals 19 loci of YfjB binding
enrichment distributed along the chromosome, without any specific location preference (Figure 4A).
The coverage of the binding peaks is comprised between 346 pb and 2971 pb of length, with a median
of about 532 pb. No consensus motif was currently associated with the corresponding DNA
sequences. Few enrichments are also observed onto the F plasmid DNA (data not shown), but none
of them are statistically conclusive based on the threshold chosen above 1 log fold change.
Electrophoretic mobility shift assay (EMSA) was then performed in order to confirm the
specificity of this binding in vitro (Figure 4B). Two “specific” DNA sequences of 250pb were chosen
based on ChiP-seq peaks observed in both conditions and correspond to the intergenic regions dhak-
dhaR (DNA 1) and glnL-ginA (DNA 2) of the E.coli chromosome. Increased concentrations of Y{jB
protein confirm a DNA binding for a ratio of 100 Y{jB molecules for 1 molecule of DNA until
saturation of the DNA is observed above for both “specific” DNA sequences (Figure 4B(i)-(ii)). We
controlled that no shift was observed in the presence of BSA instead of YfjB (Figure 4B(iii)), while
the addition of CTP reduces the migration shift (Figure 4B(iv)). A “non-specific” DNA sequence of
250 pb as well (DNA 3) corresponding to a sequence not found in any ChiP-seq experiments was

also tested and YfjB presence also induces a shift of DNA migration (Figure 4B(i)-(ii)-(iii)).

In vivo phenotype: OMIC approach

In order the get insight into YfjB biological function in vivo, we analysed the effect of Y{jB
production on the profile of gene expression and protein level using transcriptomic and proteomic
analysis. These approaches require the extraction of total RNAs and proteins from the cell population.
However, during conjugation, transconjugant cells that produce Y{jB only represent a fraction of the
total cell conjugation population that also includes donors and recipient cells. This rendering the

analysis of total RNAs and proteins extracts from conjugation mixes polluted by the material from
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the donors and recipient cells in which YfjB is not produced. To circumvent this limitation, we
performed RNAseq and TMT-mass spectrometry analysis by comparing cells ectopically producing
Y{jB from the pTrc99a yfjB-sfGFP plasmid to cells carrying the empty pTrc99a plasmid.

RNA-seq results show that a total of 2 862 genes have their expression affected when Y{jB is
produced in the cells. Amongst them, 17.6% are significantly repressed (505 genes) and 12.6% are
significantly overexpressed (361) (Figure 5A). Escherichia coli K-12 MG1655 strain genome is
composed of approximatively 4 268 genes, meaning that constitutive production of YfjB from the
pTrc99a plasmid affects between 15.4% and 20% of its host genome. This data is consistent with
transcriptomic studies in the literature showing that plasmids affect from 0.59% to 20% of their host
genome (Coulson et al. 2015; Billane et al. 2022). By looking in the functions of the genes affected,
we found 52 transcriptional regulators (Figure S5B), including arcA, narL or hcaR master regulators
which are known to regulate the transcription of a variety of genes. Subtraction of the genes
composing the regulons of these transcriptional regulators helped us to decrease the list to a total of
2 655 genes that are “directly” affected by the presence of Y{jB. 13% of these genes are significantly
repressed (346 genes) and 11.7% overexpressed (313 genes) in presence of Y{jB (Figure 5A). These
genes are involved in various functional pathways including anaerobic respiration, glycolysis and
gluconeogenesis, branched-chain amino acid biosynthesis, TCA cycle, glycerol catabolism and sulfur

metabolism, according to the DAVID bioinformatics resources website (https://david.nciferf.gov/)

(Table 1; Figure 5D).

We then performed several experiments to determine whether gene expression changes
revealed by the RNA-seq analysis could be validated by assays addressing the physiology and
metabolic activity of the cells. RNA-seq data indicated that Y{jB production induces the repression
of 37 genes involved in the anaerobic respiration. This effect is expected to alter redox state of the
cells which we characterised using the AlamarBlue kit based on the reduction of resazurin to
resorufin. We observed a decrease in resazurin reduction in the presence of Y{jB (23.7%) compared

to wt strains and ones with empty pTrc99a (33.3% and 32.2% respectively) (Figure S3A). The higher
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change in expression concerns the yAjX gene, which encodes a MFS-type transporter of pyruvate.
That induction of the yAjX gene is specificaly induced by the ydpAB two component system in the
presence of high concentration of extracellular pyruvate (Fried, Behr, and Jung 2013; Vilhena et al.
2018). This suggests that Y{jB production could be associated with metabolic changes resulting in
increased excretion of pyruvate in the extracellular medium. To test this hypothesis, we performed
pyruvate assay to quantify the concentration of extracellular pyruvate in presence and absence of
YfjB. The ectopic production of Y{jB increases extracellular pyruvate concentration to 3.92 + 0.81
ng/uL compared to 3.3 £ 0.2 ng/uL and 2.2 £ 0.5 ng/uL for the wt strain with or without the empty
pTrc99a plasmid, respectively. The deletion of the HTH domain from Y{jB reduces the extracellular
concentration of pyruvate to 1.96 £ 0.45 ng/uL (Figure S3B). This phenotype of increased pyruvate
concentration in the extracellular medium explains the strong overexpression of the y/jX gene in the
presence of the Y{jB protein. Pyruvate is directly associated with acetate biosynthesis, but genes
involved in this pathway are repressed in the presence of YfjB according to RNAseq data (aceEF).
An acetate assay was done to quantify the concentration of extracellular acetate in presence and
absence of YfjB. No significative difference is observed between a wt strain and a strain harbouring
the empty pTrc99a plasmid (18.67 £ 2.22 ng/uL. and 17.67 £ 1.6 ng/uL respectively), while a slight
decrease to 15.96 £ 2.09 in extracellular concentration of acetate is observed in presence of Y{jB
(Figure S3C). These data indicate that the production of Y{jB triggers metabolic changes that result
in a strong increase of pyruvate excretion, which is however not associated with increased acetate
production. Finally, genes involved in fimbriae associated adhesion are mainly found upregulated in
our RNA-seq data (fimDF G, ydeQRST, smfFH or flgBC) and confirmed by a 3-fold decreased motility
on soft agar plates (0.2%) compared to a plasmid-free bacterium (Figure S3D).

In parallel, the same cell samples used for RNA sequencing were used to prepare total protein
extract for Tandem Mass Tag (TMT) Mass spectrometry analysis, allowing the relative quantification
of peptides between two given samples. Compared to cells containing the empty pTrc99a plasmid,

ectopic production of Y{jB changes the abundance of 195 proteins inside the bacteria. 13.8% of them
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are significantly over-represented (27 genes) and 5.6% of them are under-represented (11 genes)
(Figure 5C). A total of 127 genes are found in both RNA sequencing (4.7% of total RNA-seq genes)
and TMT-Mass spectrometry experiments (65% of total TMT-Mass spectrometry genes) (Figure 5C).
Only 17 of them are found significantly changed in both experiments, and can be grouped into distinct
metabolic groups. Genes involved in leucine, isoleucine and valine biosynthesis pathways are found
both overexpressed and their gene product overrepresented (/leudBCD). On the contrary, genes of the
glycerol metabolism (glpFKQ) and maltose metabolism (malEMP lamB) are found repressed and
their gene product underrepresented. To confirm a phenotype associated with these results, bacterial
growth was compared between cells containing the empty pTrc99a plasmid and the plasmid
producing YfjB in presence of glucose, glycerol or maltose as carbon source (Figure S3E). But
contrarily to what was expected, bacterial growth was rather increased for cells producing Y{jB when
adding glycerol to minimal medium M9, while bacterial growth using glucose was negatively affected
(Figure S3E-(i)-(i1)). These results point out the complexity of metabolism pathways and phenotypes

associated with different genes regulations.

In vivo phenotype: genetic approach

The conservation of yfjB on leading regions of multiple conjugative plasmids as well as the
early and transient production of the corresponding protein inside transconjugants cells led us to
suggest a role of the protein for the early steps of F plasmid transfer and establishment. However,
deletion of the yfjB gene doesn’t seem to affect the frequency of F plasmid transfer after 1 hour, 2
hours or 3 hours of conjugation (Figure 6A). These results only confirm that Y{jB is not essential for
the maintenance and dissemination of the plasmid in laboratory conditions. We therefore wanted to
monitor in more details the impact of yfjB deletion at the cellular level. Using fluorescent microscopy
in live cells, we followed the transfer of the single-stranded DNA (ssDNA) using the Ssb-Ypet fusion
protein (Couturier et al. 2023). When yfjB is deleted of the F plasmid, the ssDNA is present during

the same period of time as the F w¢ inside both the donor bacteria (2.5 + 1.1 minutes and 2.6 = 1.5
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minutes respectively for the F wt and F A yfjB) and the recipient bacteria (2.9 + 1.1 minutes and 3 +
1.7 minutes respectively for the F wt and F A yfjB) (Figure 6B). Therefore, YfjB is not involved in
the step of transfer of the ssSDNA toward the recipient bacteria. Then we followed the lag-time before
conversion to double-stranded DNA using the parS/ParB system (Goldlust et al. 2022). A parS
sequence inserted inside the F plasmid will induce the specific binding of a mCh-ParB protein
produced from a pSN plasmid inside the recipient bacteria, monitored by the formation of a mCherry
focus inside the transconjugant. Thus, we observe an increase of time lag for Ssb-Ypet to mCh-ParB
focus appearance between the F wr (4 + 1.8 minute) and the F A yfjB (5.3 + 2.8) (Figure 6C). This
increase of 1.3-fold reveals a delay of F plasmid conversion to dsSDNA in absence of Y{jB, suggesting

a role for the establishment of the conjugative plasmid inside de novo transconjugants.
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Discussion

In our study, we combine various technics from live cell microscopy to structural biochemistry
and omics to unravel the Y{jB protein function during F plasmid conjugation in Escherichia coli cells.
These approaches helped us to better understand the hypothetical role of this “ParB2” plasmidic
protein that was still not studied and give some new insights concerning the /eading region role for
rapid and successful plasmid establishment during bacteria conjugation.

Here we confirmed the Y{jB homology with ParB proteins by the conservation of a helix-
turn-helix (HTH) domain and a GxxRxxA motif both important for ParB proteins dynamic and
function. These are also involved in YfjB intracellular localisation, as different mutations in these
sequences impede the bright foci formation of the protein fused to the sfGFP fluorescent marker. We
also confirmed a binding to at least 19 DNA sites in vivo by ChiP-seq experiment in a conjugation
context, and two of the corresponding peaks observed were confirmed to be associated with specific
binding of Y{jB in vitro by EMSA experiment. This binding could explain the transcriptomic and
proteomic changes observed during the ectopic production of Y{jB. The presence of the protein
affects at least 15% of the genomic transcription of the host bacteria, involving genes that are part of
various cellular functions for which multiples phenotypes were experimentally confirmed, such as
transcription regulation, secondary metabolites pathways, gluconeogenesis, mobility or even
respiration. It is therefore quite consistent with observations in the literature that conjugative plasmids
are able to affect between 0.56% and 20% of the host genetic expression (Billane et al. 2022). Like
so, plasmids affect similar cellular pathways in order to modulate the host physiology for their own
benefit. Among them, the cells’ motility is reduced in presence of Y{jB; cell-to-cell contact is
essential for efficient and successful conjugation, and these observations could be reflected by an
increased time of contact between cells needed for better conditions of plasmid transfer (Luque et al.
2019; Billane et al. 2022). Moreover, better use of other carbon sources than glucose by the host cell
when YfjB is produced could provide less competition with surrounding bacteria and might be

involved in bacterial survival during conjugative transfer or competition (Billane et al. 2022).
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Additionally, an increased cellular oxidation can reflect the repression of fermentation genes induced
by Y{jB, usually associated with anaerobic respiration and a switch from exponential to stationary
growth phase. Favouriting respiration pathway can provide more energy for the cells although they
are in late exponentially growth in order to compensate the metabolic burden that is often associated
with plasmid acquisition and genetic expression.

One can wonder how a single protein can affect the expression of so much genes, but still not
being important for the efficacy of transfer itself? First, maybe Y{jB is able to interact non-
specifically to the DNA, like observed for ParB proteins when they are spreading onto the
surrounding DNA of a parS sequence after CTP hydrolysis to CDP. In addition to a constant and
slightly increased concentration of Y{jB during its ectopic production, this could explain an increase
in DNA sites covered by the protein (data not shown) and thus the diversity of genes affected in RNA-
seq experiment. Secondly, as the leading gene expression is inhibited during conjugation by
inactivation of Frpo2 after dSDNA conversion, the Y{jB protein is diluted during 9 hours of bacterial
division until no protein is present in late transconjugants anymore. This transient and temporary
production of YfjB during conjugation may regulate the binding and functionality of the protein to
its essential. To assess the difference compared to ectopic production of Y{jB, we need to establish a
way to select for transconjugants producing YfjB in quantities important enough to describe a proper
phenotype due to its expression during the F plasmid conjugation. It therefore must be important to
avoid affecting the global transcription profile of the bacteria, as it can be observed during antibiotic
resistance selection for example. Whilst deleting yfjB doesn’t impact de final efficacy of conjugation
of the F plasmid in our conditions, it therefore increased up to 30% the ss-to-dsDNA delay
conversion. Plasmid-mediated alterations of the bacterial phenotype may have niche-adaptive
consequences that may be missed in simplified and optimum laboratory conditions (Vial and
Hommais 2020). In that way, the absence of yfjB could be deleterious for the F plasmid transfer in

more stressful environment (temperature, pH) or during inter-species conjugation. The phenotypic
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changes induced by the YfjB protein upon the initiation of transfer could be an advantage for the
rapidity and efficiency of plasmid transfer in competition with other mobilizable elements.

Finally, only the structure of the domain IV composing the “dome” of the Y{jB protein was
obtained, and shows a stable dimer formation of the protein confirmed by Sec-MALS experiment. As
seen on the 2D classes images, the three other domains form the “legs” of the structure and seem to
be very flexible, impeding their structure reconstruction. This observation was at first surprising,
because we were expecting an easier reconstruction of the two first domains as they are the ones
sharing the ParB homology. This reflects the ability of the protein to change in conformation
depending on the conditions. Maybe it acts similarly to ParB proteins, whose conformation change
first by DNA-binding and then by CTP hydrolysis to CDP. The structure refinement is still ongoing
in hope to cover additional residues and therefore finalise the protein structure. If the experiment is
to be repeated, addition of non-hydrolysable CTP or a DNA sequence to the purified protein before
Cryo-EM data collection could be very interesting to test in order to stabilize the protein in at least
one more stable conformation.

In conclusion, our study provides yet another example of a ParB-family protein member that
does not play a role in DNA segregation but seem to be rather important for host genetic profile
reprogramming. The exact action mechanism of transcription changes induced in presence of YfjB is
still not clear, but our results constitute a considerable step toward the comprehension of leading
region role. Like so, YfjB could act similarly as the Ssb® and PsiB leading proteins in order to spare
the host physiology and limit the metabolic burden associated with plasmid acquisition and proteins

production.
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Methods

Bacterial strains, plasmids and growth

Bacterial strains are listed in Table S1, plasmids in Table S2 and primers in Table S3. Fusion of genes
with fluorescent tags and gene deletion on the F plasmid used ARed recombination (Datsenko and
Wanner 2000; Yu et al. 2000). Modified F plasmids were transferred to the background strain K12
MG1655 by conjugation. When genetic modification on the F plasmid were required, the kan and cat
gene were removed using site-specific recombination induced by expression of the Flp recombinase
from plasmid pCP20 (Datsenko and Wanner 2000). Plasmid cloning were done by Gibson Assembly
and verified by Sanger sequencing (Eurofins Genomics biotech). Strains and plasmids were verified
by Sanger sequencing (Eurofins Genomics biotech). Cells were grown at 37°C in M9 medium
supplemented with glucose (0.2%) (M9-Glucose) and casamino acid (0.4%) (M9-CASA) before
imaging; Rich Defined Medium (RDM) was also used for some microscopic experiments. When
needed, glucose was replaced as carbon source by glycerol (0.2%) or maltose (0.2%). Cells were
grown at 37°C in Luria-Bertani (LB) broth for other assays (Sigma Aldrich). When appropriate,
supplements were used in the following concentration: Ampicillin (Ap) 100 pg/mL, Kanamycin (Kn)

50 pg/mL, Streptomycin (St) 20 pg/mL and Tetracyclin (Tc) 10pg/mL.

Conjugation assays

Overnight cultures in LB of recipient and donor cells were diluted to an Agoo of 0.05 and grown until
an Asoo comprised between 0.7 and 0.9 was reached. 25 puL of donor and 75 pL or recipient cultures
were mixed into an Eppendorf tube and incubated for 90 minutes at 37°C. 1 mL of LB was added
gently and the tubes were incubated again for 90 minutes at 37°C. Conjugation mix were vortexed,
serial diluted, and plated on LB agar X-gal 40 ug/mL IPTG 20 uM supplemented with the appropriate
antibiotic to select for recipient or donor population. Recipient (R) colonies were then streaked on
plates of LB agar containing Tetracyclin 10 pg/mL to select for transconjugants (T) and the frequency

of transconjugant calculated from the (T/R+T) ratio presented in Figure 6A.
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Live-cell microscopy experiments

Overnight cultures in M9-CASA were diluted to an Agoo of 0.05 and grown until Ago comprised
between 0.7 and 0.9 was reached for conjugation analysis. Conjugation samples were obtained by
mixing 25uL of donor and 75uL of recipient into an Eppendorf tube. For time-lapse experiments, 50
uL of the pure culture of conjugation mix was loaded into a BO4A microfluidic chamber (ONIX,
CellASIC®) (Cayron and Lesterlin 2019). Nutrient supply was maintained at 1 psi and the
temperature maintained at 37°C throughout the imaging process. Cells were images every 1 or 5
minutes for 90 to 120 minutes. For snapshot imaging, overnight cultures in M9-CASA, M9-Glucose
or RDM were diluted to an Agoo and grown until Asoo of 0.2 was reached for analysis of exponentially
growing cells and 10 pL samples of clonal culture or conjugation mix were spotted onto an M9-CASA
1% agarose pad on a slide (Lesterlin and Duabrry 2016) and imaged directly.

Image acquisition. Conventional wide-field fluorescence microscopy imaging was carried out on an
Eclipse Ti2-E microscope (Nikon), equipped with x100/1.45 oil Plan Apo Lambda phase objective,
ORCA-Fusion digital CMOS camera (Hamamatsu), and using NIS software for image acquisition.
Acquisition were performed using 50% power of a Fluo LED Spectra X light source at 488 nm and
560 nm excitation wavelength. Exposure settings were 100 ms for Ypet, sSfGFP and mCherry and 40
ms for phase contrast.

Image analysis. Quantitative image analysis was done using Fiji software with MicrobelJ plugin
(Ducret, Quardokus, and Brun 2016). For snapshot analysis, cells’ outline detection was performed
automatically using Microbe] and verified using the Manual-editing interface. For time-lapse
experiments, detection of cells was done semi-automatedly using the Manual-editing interface, which
allows to select the cells to be monitored and automatically detect the cell outlines. Within
conjugation populations, donor (no mCh-ParB signal), recipient (diffuse mCh-ParB signal), or
transconjugant (mCh-ParB foci) categories were assigned using the “Type” option of Microbel.
Recipient cells were detected on the basis of the presence of red fluorescence above the cells’

autofluorescence background level detected in the donors. Among these recipient cells,
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transconjugants were identified by running Microbe] automated detection of the ParB fluorescence
foci (Maxima detection). This approach was used independently of the presence or absence of the
Ssb-Ypet or Y{jB-sfGFP fusions within donor and recipient cells. Within the different cell types,
skewness, Signal/Noise Ratio (SNR) or cell length (um) parameters were automatically extracted and
plotted using MicrobelJ. SNR corresponds to the ratio (mean intracellular signal / mean noise signal),
where the mean intracellular signal is the fluorescence signal per cell area and the noise is the signal
measured outside the cells (due to the fluorescence emitted by the surrounding medium). By contrast
with the total amount of fluorescence per cell, which is depending on the cell size/age and accounts
for the background, SNR quantitative estimate is more appropriate for unbiased quantification of
intracellular fluorescence over time. Y{jB-sfGFP and Y{jB-mCh foci were detected using Microbel
Maxima detection function, and foci localisation and fluorescence intensity were extracted and

plotted automatically.

Gene cloning, protein expression and purification

6his-TEV-Y{jB protein was constructed with a N-terminal 6 his tag and TEV enzymatic cleavage site
on pET-Topol51 vector plasmid using a commercial kit. Production plasmid was then transformed
in Escherichia coli BL21 Star cells (Invitrogen). Cells were grown in 1 L flasks at 37°C in LB medium
supplemented with Ampiciline 100 pg/mL until an Aeoo of 0.6 was reached. Protein expression was
induced with 1mM of IPTG during 16 hours at 20°C. Bacterial cells were centrifuged at 6 000 g and
dry pellets stored at -80°C. Harvested wells were resuspended in lysis buffer (25mM NaPi pHS, 300
mM NaCl, 5% Glycerol) implemented with lysozyme 1 mg/mL (Sigma Aldrich), 30 U/mLDNase I
(Sigma-Aldrich) and anti-protease EDTA-free cocktail (Roche). The cells were lysed by sonication
and debris removed by centrifuged at 20 000 g for 40 minutes at 4°C. Recombinant protein was
purified by chromatography using a Nickel-loaded Hitrap Chelating HP column (Cytiva). Unbound
material was extensively washed using 25mM NaPi pHS8, 300mM NaCl, 5% Glycerol. An additional

washing step with 2 column volumes of 1M NaCl was done before elution of Y{jB over a 0 to 500
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mM gradient of imidazole over 8 column volumes. Peak fractions were pooled and the His tag was
cleaved with TEV protease (500ug/20mg of eluted protein) in presence of 1 mM DTT and 0.5 mM
EDTA in overnight dialysis buffer 25mM NaPi pH8, 300mM NaCl, 5% Glycerol. Y{jB was further
purified by size exclusion chromatography (Superdex S200 increase 16/600, Cytiva) equilibrated in
25mM NaPi pHS, 300mM NaCl, 5% Glycerol. Purity of the samples was assessed by SDS-PAGE.
Freshly purified YfjB was concentrated to 10 mg/mL on 30 kDa Amicon Ultra concentrators

(Millipore), then stored at -80°C.

Size exclusion chromatography (SEC)-Multi-angle light scattering (MALS)

Size exclusion chromatography (SEC) experiments coupled to multi-angle laser light scattering
(MALS) and refractometry (RI) were performed on a superdex S200 10/300 GL (GE Healthcare)
equilibrated in buffer 25mM NaPi pH8, 300mM NaCl, 5% Glycerol. 50 pL of proteins were injected
at a concentration of 10 mg/mL. On-line MALS detection was performed with a mini DAWN-
TREOS detector (Wyatt Technology Corp., Santa Barbara, CA) using a laser emitting at 690 nm and
by refractive index measurement using an Optilab T-rex system (Wyatt Technology Corp., Santa
Barbara, CA). Weight averaged molar mass (Mw) were calculated using the ASTRA software (Wyatt

Technology Corp., Santa Barbara, CA).

AlphaFold2 structure prediction
We used the ColabFold Notebook for accessing AlphaFold2 Multimer (Jumper et al. 2021; Evans et
al. 2021) to submit the YfjB sequence (UNIPROT Q9S4W2) to structure prediction for three model

of a dimer. Figures were generated with Pymol (Schrodinger) using the output PDB files.

CryoEM data collection and processing
The vitreous grids of Y{jB were prepared on Quantifoil R 1.2/1.3 holey carbon grids using a Vitrobot.

The grids were glow-discharged for 30 s at 10 mA current with the chamber pressure set at 0.30 mBar
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(PELCO easiGlow; Ted Pella). The glow-discharged grids were mounted in the sample chamber of
a Vitrobot at 8°C and 95% relative humidity, blotted, and plunge-frozen in liquid ethane at
temperature —172°C. The frozen grids were tested on a JEM-1400 transmission electron microscope
(TEM) at VUB Brussels, and the grid preparation conditions were optimized in cycles. The final
optimized grids were reproducibly prepared using 5 pL of Yf{jB sample at a concentration of
1.5 mg/mL spotted on Quantifoil R 1.2/1.3 holey carbon grids, incubated on the grid for 30 s, and
back blotted for 12 — 14 s using two pieces of Whatman® Grade 1 filter paper. High-resolution
dataset was collected at ESRF-Grenoble CMO1 facility using a 300 kV Titan KRIOS TEM equipped
with a Gatan K3 Summit direct electron detector and a Gatan energy filter. The data collection was
automated using EPU version 2.5 (ThermoFisher). Electron movies were collected in the counting
mode at a nominal magnification of 165,000x. The total exposure time was 6 s with a total dose of
65 e/A? and the movies were recorded as gain corrected MRC files. Images for y-mtRNAP IC sample
were collected using EPU software version 2.6.1 (ThermoFisher) in the counting mode again at a
nominal magnification of 165,000x yielding a pixel size of 0.827 A. The exposure time was 5 s for
each movie, accumulating to a total dosage of 50 e/A2. The beam-image shift was applied during
data collection to increase data throughput. 8396 movies were recorded as compressed MRC files.
For both data collections, the energy filter was used with a slit width of 20 eV.

All frames in individual movies were aligned using MotionCor2 and contrast-transfer-function (CTF)
estimations were performed using CTFFIND-4. An initial automated picking procedure was applied
to a set of 500 images and particles were classified into 10 classes. These classes were used as the
template for picking the particles from the complete dataset in Cryosparc. 7,380,495 particles were
extracted with a 300-pixel box size and submitted to several rounds of 2D classification, resulting in
428,068 selected particles. These were used to ab initio building of 3 models that showed different
maps with low resolution. Heterogenous refinement was used to refined and re-classified particles
leading to one map with resolution of 5.7 A map with 191,000 particles. These were used in non-

uniform refinement leading a 3.65 A structure.
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Model building

The 3.7 A map was improve and the final map was sharpened using the Autosharpen tool from the
Phenix (Afonine et al. 2018) using the two half maps as input. The map obtained correspond
remarkably to the dimer of domain IV predicted by AF2 (Figure 3C). Fitting of the predicted domain
was performed in ChimeraX (Pettersen et al. 2021) and the Real-Space-Refine tool from the Phenix
package. Model validation was analysed in Coot (Casanal, Lohkamp, and Emsley 2020) and then

verified using the Comprehensive validation tool from the Phenix package.

Electrophoretic mobility shift assay

DNA sequences were amplified using Polymerase Chain Reaction (PCR) on E.coli K-12 MG1655
colonies and purified following the Nucleospin Gel & PCR Clean-Up kit directions (Macherey-
Nagel). TATTTTGCTCCAGCAATTACGGT and TCGTTGTTAAAAGCGCCACTC primers were
used for DNA 1 sequence amplification, AAAAGATAAAGCGAAATCTGTGCC and
TCGCACTACAAAACAGGATCAC primers were used for DNA 2 sequence amplification;
GAAACTCTCTTCGGACTGTTGC and CGCACCCATGGAAGCTGAA primers were used for
DNA 3 sequence amplification. Concentration were measured at Az using a NanoDrop device
(Thermo Fisher Scientific) and diluted at a concentration of 100 ng/puL with MiliQ water. Purified
DNA sequences were then mixed in 1.5mL microtubes Eppendorf (Dutscher) with increased
concentration of purified protein in a 20mM Tris, 50mM NaCL, 10mM MgCl,, 10% Glycerol buffer
and incubated 30 minutes at room temperature. 20uL of samples were migrated on 7.5% Native gels
(Tris, Borate, EDTA, Acrylamide 37.5:1, APS 10X, TEMED) submerged by 5X TBE buffer (Tris,
Borate, EDTA) in electrophoretic cuves. Gels were dyed 30 minutes with agitation in 0.5X TAE

buffer (Tris, A, EDTA) supplemented with Ethidium Bromide (BET), and revealed under UV.
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Chromatin immunoprecipitation sequencing ChiP-seq

Samples preparation. Cells were grown overnight in LB at 37°C and diluted at an Asoo of 0.05 in 5
mL tubes, and incubated at 37°C with agitation until they reached an Asoo comprised between 0.7 and
0.8. Conjugation mix of 10 mL of donor and 30 mL of recipient were done in 50 mL Falcon tube pre-
heated at 37°C, and briefly vortexing before incubation at 37°C during 2 hours. 100 pL were taken
to evaluate by serial dilution the conjugation efficiency (spread 50 pl of 10-4 and 10-5 dilution on
LB implemented with Xgal 40pg/ml, IPTG 20uM and LB implemented with Xgal40pug/ml, IPTG2
OuM, TelOpg/ml.

Formaldehyde treatment. 400uL of a 1mM Na phosphate (pH8) and 1.08 ml of 37% formaldehyde
were added to 40 mL of bacterial culture. Tubes were gently mixed and incubated 10 minutes at room
temperature, and then at 30 minutes on ice. The cells were centrifugated at 5000 rpm for 15 minutes
at 4°C (Bucket 3655 SORVAL ST 16R). The supernatant was discarded and the pellet washed twice
with 20 ml of cold 1X PBS, pH 7.4. A third wash was done 1 ml of Ix PBS transferred to an
Eppendorf tube before centrifugation at 8500 rpm (AcuSpin microl7R-eppendorf). The pellets were

stored at -80°C for maximum 4 weeks.

Transcriptomic experiment

Samples preparation. Cells were grown overnight in LB at 37°C and diluted at an Ao of 0.03 in 500
mL flasks, and incubated at 37°C with agitation until they reached an Asoo comprised between 0.7
and 0.8. The equivalent number of cells as maximum 30 mg at Agoo of 1 was harvested and washed
in 100 pL of lysis buffer (10mM TrisHCI, ImM EDTA pHS8, 1 mg/mL lysozyme). The RNA
extraction was done according to the Nucleospin RNA plus kit directions (Macherey-Nagel). RNA
concentrations were quantified using Qubit (Thermo Fisher Scientific) and Nanodrop (Thermo Fisher
Scientific) devices and RNA integrity was verified by 1% agarose gel migration. Samples were sent

to Montpellier GenomiX (MGX).
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Data analysis. Data were given by MGX in Excel tables from which a more detailed analysis was
performed. Significative data were selected by keeping only those with a Logz Fold Change > 1 or <
-1 and a -Logio P-Value > 1.3. Volcano plots were generated using InstantClue software (Nolte et al.
2018). Metabolic pathways were obtained by GOTerm analysis of their gene ID using the DAVID

Bioinformatic Resources website (https://david.ncifcrf.gov/).

Mass spectrometry experiments

Samples preparation. Same initial cells as the one for transcriptomic experiment were used. Cells
were grown overnight in LB at 37°C and diluted at an Agoo of 0.03 in 500 mL flasks, and incubated
at 37°C with agitation until they reached an Agoo comprised between 0.7 and 0.8. The equivalent
number of cells as 10mL at Agoo 0.8 was harvested and washed twice with 1 mL of cold 50mM Tris
pH 7.5. Pellets were kept at -80°C. After resuspension in 1 mL 50mM Tris pH 7.5, cells disruption
was carried out using TissueLyser II (QIAGEN) and 0.1 mm glass beads (Sigma-Aldrich). 1%
Foscholine was added and the samples were incubated 90 minutes at 4°C on a rotating wheel. Cell
debris was removed by ultracentrifugation for 1 hour at 4°C at 15 000 g. Supernatants were
transferred to Eppendorf Protein Low Binding tubes and proteins were quantifies using BCA Protein
Assay Kit (Pierce). Further analysis and data collection were done according to the same protocole
used by Nolivos et al., 2019 (Nolivos et al. 2019). Volcano plot were generated using InstantClue
software (Nolte et al. 2018), and association between genes was done using the String database

(https://string-db.org/).

Determination of extracellular pyruvate and acetate concentrations and AlamarBlue reduction
Cells were grown overnight in LB at 37°C with the appropriate antibiotic and diluted at an Asoo of
0.05, and incubated at 37°C with agitation until they reached an Asoo of 0.5 for pyruvate and acetate
assays and 0.2 for AlamarBlue redox assay (Thermo Scientific). Samples were prepared according to

the Pyruvate Assay or Acetate Assay kit directions (Sigma Aldrich) to determine the pyruvate
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concentration in culture supernatant. These kits are based on pyruvate oxidase, acetate oxidase or
alamarBlue reduction and data were measured automatically using the TECAN Spark multimode

plate reader.

Growth curves

Cells were grown overnight in LB or M9 medium implemented with casamino-acids and/or glucose,
glycerol or maltose if needed with the appropriate antibiotic, and were diluted by 100-fold and
cultures were incubated 8 hours at 37°C with agitation. Growth curves were performed automatically
using TECAN Spark multimode plate reader. Flat transparent bottom 96-wells plates were loaded
with 200 pL of cultures diluted at an Asoo of 0.05 and incubated at 37°C, with 30 seconds agitation
and Aesoo measurement every 10 minutes over 900 minutes. Mean growth curves with standard

deviation were generated using GraphPad Prism software.

Statistical analysis

P-value significance were analysed running specific statistical tests on the GraphPad Prism software.
Single-cell data from quantitative microscopy analysis were extracted from the Microbel interface
and transferred to GraphPad. P-value significance of single-cell quantitative data was performed
using unpaired non-parametric Mann-Whitney statistical test, which allows to compare differences
between independent data groups without normal distribution assumption. P-value significance for
the frequency of transconjugants obtained by plating assays were evaluated using One-way analysis
of variance (ANOVA) with Dunnets multiple comparisons test, which allows to determine the
statistical significance of differences observed between the means of three or more independent
experimental groups against a control group mean (corresponding to the F w¢). When required, P-

value and significance are indicated on the figure panels and within the corresponding legend.
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Figure legends

Figure 1. Transient production and intracellular localisation of Y{jB in transconjugant cells
(A) Genetic map of the F plasmid showing the origin of transfer (oriT) as well as the leading (green),
maintenance (blue) and #ra (red) regions. The map of the leading region is shown in more details
below. The yfjB gene is shown in green while other genes are in white, and the Frpol and Frpo2
promotors are in red. (B) Bioinformatic analysis predicts that YfjB is composed of four domains,
with domain I containing the CTP motif and domain II the HTH domain. (C) AlphaFold2 structure
prediction of Y{jB. The inset shows in pink the structural homology of YfjB domains I and II with
ParB structure obtain from PDB model 6SDK of Bacillus subtilis. Colours correspond to the different
domains of the protein. (D) Box-plot for quantification of Y{jB-sfGFP intracellular fluorescence
signal to noise ratio (SNR) in donor, recipient and transconjugant cells during conjugation over nine
hours. The dotted orange line corresponds to the mean of signal inside recipients before the beginning
of the experiment. (E) Time-lapse microscopy images of conjugation between the F yfjB-sfGFP
plasmid donor (D) and recipient (R) cells producing the mCh-ParB protein. The transconjugant cells
(T) having acquired the plasmid exhibit a red fluorescence focus and foci of Y{jB-sfGFP. A diagram
is shown below. Scale bar 1 pm. (F) Dot plot of Y{jB-sfGFP foci localisation in transconjugant cells
with the histogram of foci distribution from pole to pole shown on the left. The grey line represents
the midcell and the black, dark green and light green the foci localization when there is 1, 2 or 3 foci
inside the bacteria. (G) Violin plot of cell length of cells with 1, 2, 3 or 4 Y{jB-sfGFP foci. (H)
Histograms of the proportion of cells with 1 to 5 Y{jB-sfGFP foci. (I) Microscopy images of the cells
producing HU-mCherry from the chromosome and Y{jB-sfGFP from the pTrc yfjB-sfGFP plasmid
Scale bar 1 um. (J) Distribution of Hu-mCh and Y{jB-sfGFP fluorescence along the cell length in
M9-CASA medium. Lines represent the mean, and the coloured area represent the SD.

For box plots, the median, quartile 1 and quartile 3 are indicated by the boxes’ limits, the mean by a
black dot and the minima and maxima by the whiskers’ limits. Black dots above the max values

correspond to outliers.
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Figure 2. Role of the HTH and the CTP motif in YfjB focus formation in vivo

(A) Structure prediction of the interaction between Y{jB (dark blue) HTH domain (light blue) and the
DNA double helix (orange) showing the position of residues R168, R172 and K175 (right panel). (B)
Microscopy images of the cells producing different mutants of Y{jB-sfGFP from the pTrc yfjB-sfGFP
derivatives. Scale bar 1 um. (C) Violin plots of fluorescence skewness in the strains of cells producing
a free mCh protein or different mutants of Y{jB-sfGFP. The median, quartile 1 and quartile 3 are
indicated by the boxes’ limits, the mean by a black dot and the minima and maxima by the whiskers’
limits. Free mCherry is produced from the chromosome in MS388 wr background, and data

correspond to one representative experiment. The number of cells analysed (n) is indicated.
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Figure 3. Y{jB structural analysis.

(A) Images of 2D classes of YfjB particles images by CryoEM data collection and before model
construction. (B) Y{jB structural model reconstructed using 191 738 particles showing (i) a dimer of
the domain IV (residues 424 to 636), (ii) that fits with the AlphaFold2 predicted structure. (C)
Proposed structure of Y{jB dimer from AlphaFold2 and CryoEM data. Each monomer is represented

ether in blue or purple.
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Figure 4. Y{jB DNA binding activity in vivo and in vitro analysis

(A) Linear map of the E. coli chromosome showing the enrichment peaks of Y{jB binding from Chip-
seq experiments in the context of conjugation. The peaks’ height corresponds to their fold change.
Blue bars correspond to significative peaks above the chosen FoldChange threshold of 2 represented
by the dotted line, while grey bars represent non-significative changed genes. Significative genes’
names are annotated on top of each corresponding bar. (B) Electron mobility shift assay (EMSA) for
measuring the binding between Y{jB protein and double-stranded DNA (i). All samples contained a
250 pb E.coli K12 MG 1655 DNA, incubated with an increase ratio of purified Y{jB protein (ratio
DNA : protein). DNA 1 sequence: intergenic region dhaK-dhaR; DNA 2 sequence : intergenic region
glnL-glnA ; DNA 3 sequence : “non-specific” sequence. Addition of 0.1 mg/mL of BSA is tested on
(i1), as well as CTP on (iv). BSA is used instead of Y{jB protein for binding control on (iii). 1kb

ladder is used on the left of each gel.
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Figure 5. Effect of Y{jB on gene expression and proteins levels

(A) Volcano plot of RNA-seq results comparing the strain containing the pTrc99a yfjB-sfGFP
plasmid to the strain containing the empty pTrc99a plasmid. Dash line indicate the significance
threshold for the log2 of the Fold change (-1; 1). Upregulated genes are shown in blue, downregulated
genes in orange. Genes that belong to the regulons of transcription regulators that are either
overexpressed or under expressed are shown in purple and considered as indirectly regulated by Y{jB.
(B) Plot showing the fold enrichment of transcriptional regulators that are overexpressed (blue) or
under expressed (orange) in RNA-seq data. Corresponding genes names are shown. (C) Correlation
plot between TMT data revealing proteins that are over- or underrepresented and RNA-seq data
revealing genes that are up- or downregulated in the presence of YfjB. Corresponding genes names
are shown. (D) Plot showing the different clusters of metabolic functions obtained with the DAVID

bioinformatics resources website (https://david.ncifcrf.gov/). The median, quartile 1 and quartile 3

are indicated by the boxes’ limits, the mean by a black line and the minima and maxima by the

whiskers’ limits. Grey dots correspond to logz Fold Change of the associated genes.
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Figure 6. In vivo phenotype of yfjB deletion

(A) Histogram of frequency of transconjugants (%) using F wt plasmid (white bars) or F A yfjB (grey
bars) based on the (T/R+T) ratio after 1 hour, 2 hours and 3 hours of conjugation. The mean and SD
are calculated from (n) individual transfer events from at least four biological replicates (black dots).
(B) Jitter plot of Ssb-Ypet conjugatif foci lifespan in donor and recipient cells during conjugation of
the F wt plasmid (black dots) or the F A yfiB (grey dots). Pvalue significance from Mann-Whitney
two-sided statistical test is indicated by ns. The mean and SD calculated from (n) individual events
are indicated. (C) Jitter plot showing the lag time between Ssb-Ypet and mCh-ParB foci appearing in
transconjugants with the F w¢ plasmid (black dots) or the F A yfjB (grey dots). Pvalue significance
from Mann-Whitney two-sided statistical test is indicated by *** (P=). The mean and SD calculated

from (n) individual events are indicated.
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Log Direct or
FoldChange indirect
-2,0720729  Indirect

152396175 Direct
-2,2618031 Direct

Cluster Gene name
C4-dicarboxylate transporter DcuA(dcuA)
DUF3029 domain-containing protein YjjI(yjjI)
NADH:quinone oxidoreductase 1I(ndh)

aerobic glycerol 3-phosphate dehydrogenase(glpD) -1,4229951 Indirect
anaerobic C4-dicarboxylate transporter DcuB(dcuB) -1,9977838 Indirect
anaerobic glycerol-3-phosphate dehydrogenase subunit A(glpA) -3,1022397 Indirect
anaerobic glycerol-3-phosphate dehydrogenase subunit B(glpB) -3,515031 Indirect
anaerobic glycerol-3-phosphate dehydrogenase subunit C(glpC) -3,5563176 Indirect
cytochrome ¢ quinol dehydrogenase TorY (torY) 1,56653205 Direct
dimethyl sulfoxide reductase subunit A(dmsA) -4,0757667 Indirect
dimethyl sulfoxide reductase subunit B(dmsB) -4,4268735 Indirect
dimethyl sulfoxide reductase subunit C(dmsC) -3,8466182 Indirect
formate dehydrogenase N subunit alpha(fdnG) -3,7896479 Indirect
formate dehydrogenase N subunit beta(fdnH) -3,1443164 Indirect
formate dehydrogenase N subunit gamma(fdnl) -2,7843313 Indirect
fumarate reductase flavoprotein subunit(frdA) -3,5662085 Indirect
g fumarate reductase iron-sulfur protein(frdB) -3,5942516 Indirect
,§ fumarate reductase membrane protein FrdC(frdC) -3,5851773 Indirect
% fumarate reductase membrane protein FrdD(frdD) -3,368068 Indirect
2 hydrogenase 1 cytochrome b subunit(hyaC) -1,3280651 Indirect
% hydrogenase 1 large subunit(hyaB) -1,5134955 Indirect
2 hydrogenase 1 small subunit(hyaA) -1,1653228 Indirect
hydrogenase 2 iron-sulfur protein(hybA) -1,8810018 Indirect
hydrogenase 2 large subunit(hybC) -1,4600473 Indirect
hydrogenase 2 membrane subunit(hybB) -1,6094513 Indirect
hydrogenase 2 small subunit(hybO) -1,9416511 Indirect
malate dehydrogenase(mdh) -1,0212369  Indirect
nitrate reductase A subunit alpha(narG) -5,8586339 Indirect
nitrate reductase A subunit beta(narH) -5,7518661 Indirect
nitrate reductase A subunit gamma(narl) -4,8131521 Indirect
nitrite reductase (NADH) large subunit(nirB) -6,21209 Indirect
nitrite reductase (NADH) small subunit(nirD) -6,0829407 Indirect
periplasmic nitrate reductase cytochrome ¢ protein(napC) -2,2960669 Indirect
periplasmic nitrate reductase cytochrome ¢550 protein(napB) -2,2960669 Indirect
periplasmic nitrate reductase subunit NapA(napA) -3,6828321 Indirect
putative selenate reductase YnfE(ynfE) -2,2852005 Indirect
putative selenate reductase YnfF(ynfF) -1,0505508 Indirect
quinone-dependent D-lactate dehydrogenase(dld) -1,0821734 Direct



Heme binding

Iron

succinate:quinone oxidoreductase, FAD binding protein(sdhA)
Ni(2(+)) ABC transporter periplasmic binding protein(nikA)
catalase/hydroperoxidase HPI(katG)

cytochrome bd-I subunit 1(cydA)

cytochrome bd-I subunit 2(cydB)

cytochrome ¢ maturation protein C(ccmC)

cytochrome ¢ peroxidase(ccp)

cytochrome c quinol dehydrogenase TorY (torY)

cytochrome ¢552 nitrite reductase(nrfA)

formate dehydrogenase N subunit gamma(fdnl)
heme-containing peroxidase/deferrochelatase(efeB)
hydrogenase 1 cytochrome b subunit(hyaC)

nitrate reductase A subunit gamma(narl)

nitric oxide dioxygenase(hmp)

nitrite reductase (NADH) large subunit(nirB)

periplasmic heme chaperone(ccmE)

periplasmic nitrate reductase cytochrome c protein(napC)
periplasmic nitrite reductase penta-heme c-type cytochrome(nrfB)
porphyrinogen peroxidase(yfeX)

putative cytochrome b561 YodB(yodB)

putative cytochrome c-type biogenesis protein NrfE(nrfE)
succinate:quinone oxidoreductase, membrane protein SdhC(sdhC)
succinate:quinone oxidoreductase, membrane protein SdhD(sdhD)
sulfite reductase, hemoprotein subunit(cysl)

3-isopropylmalate dehydratase subunit LeuC(leuC)
D-altronate dehydratase(uxaA)

DNA oxidative demethylase(alkB)

DNA protection during starvation protein(dps)

DNA-binding transcriptional regulator NstR(nsrR)

Fe(2(+)) transporter FeoB(feoB)

Fe-(CN)2CO cofactor assembly scaffold protein HypD(hypD)
GTP 3',8'-cyclase(moaA)

GarD(garD)

L-1,2-propanediol oxidoreductase(fucO)

L-serine deaminase II(sdaB)

Mn(2(+))/Fe(2(+)): H(+) symporter MntH(mntH)

NADH oxidoreductase(hcr)

PKHD-type hydroxylase YbiX(ybiX)

RNA polymerase sigma factor Fecl(fecl)

1,24766277
-3,4948461
-2,7335886
-3,5512769
-2,9963951
-1,0296154
-2,1852529
1,56653205
-5,6169492
-2,7843313
2,20697548
-1,3280651
-4,8131521
-1,0801114
-6,21209
-1,1588636
-2,2960669
-6,1594598
-1,2668944
1,1493446
-5,2760905
2,36564124
1,94540036
-3,0384499
3,29613794
-1,4443948
1,13648934
-1,5950711
1,0553364
-3,8687002
-3,8687002
-1,2367957
-6,6915491
-1,2331572
1,61552602
2,16227415
-3,0774502
2,80029841
2,20170874

Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Direct
Indirect
Indirect
Direct
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Direct
Direct
Direct
Direct
Indirect
Indirect
Direct
Direct
Direct
Direct
Indirect
Direct
Indirect
Indirect
Direct
Indirect
Direct
Direct
Indirect
Indirect
Direct

Direct



SoxR [2Fe-25] reducing system protein RsxC(rsxC)
alpha-dehydro-beta-deoxy-D-glucarate aldolase(garL)
anaerobic glycerol-3-phosphate dehydrogenase subunit C(glpC)

anaerobic ribonucleoside-triphosphate reductase activating
protein(nrdG)
bacterioferritin-associated ferredoxin(bfd)

catalase/hydroperoxidase HPI(katG)
cytochrome bd-I subunit 1(cydA)

cytochrome bd-I subunit 2(cydB)

cytochrome ¢ peroxidase(ccp)

cytochrome c quinol dehydrogenase TorY (torY)
cytochrome ¢552 nitrite reductase(nrfA)
dihydroxy-acid dehydratase(ilvD)

dimethyl sulfoxide reductase subunit A(dmsA)
dimethyl sulfoxide reductase subunit B(dmsB)
endonuclease I1I(nth)

ferredoxin-type protein NapG(napG)
ferredoxin-type protein NapH(napH)
ferredoxin-type protein(napF)

ferric citrate regulator FecR(fecR)

ferric coprogen/ferric rhodotorulic acid outer membrane
transporter(fhuE)

ferric enterobactin ABC transporter membrane subunit FebD(fepD)

ferric enterobactin ABC transporter membrane subunit FepG(fepG)

ferric enterobactin outer membrane transporter(fepA)
ferric-siderophore reductase FhuF(fhuF)

ferrous iron transport protein A(feoA)

ferrous iron transport protein FeoC(feoC)

formate dehydrogenase H(fdhF)

formate dehydrogenase N subunit alpha(fdnG)
formate dehydrogenase N subunit beta(fdnH)
formate dehydrogenase N subunit gamma(fdnl)
fumarase B(fumB)

fumarate reductase iron-sulfur protein(frdB)

fused acetaldehyde-CoA dehydrogenase and iron-dependent alcohol

dehydrogenasealdehyde/alcohol dehydrogenase AdhE(adhE)
galactose-1-phosphate uridylyltransferase(galT)

glycolate dehydrogenase, putative iron-sulfur subunit(glcF)
heme-containing peroxidase/deferrochelatase(efeB)
hydrogenase 1 cytochrome b subunit(hyaC)

hydrogenase 1 small subunit(hyaA)

1,25517745
-7,3684668
-3,5563176
-1,2684353

1,35576984
-2,7335886
-3,5512769
-2,9963951
-2,1852529
1,56653205
-5,6169492

1,0644075
-4,0757667
-4,4268735
1,56012348
-2,9743635
-2,5911078

-3,153681
2,06636781
1,34177657

1,8588863
1,21329736

1,5953709
2,25481997
-3,6027459
-3,7354846
-3,1745556
-3,7896479
-3,1443164
-2,7843313
-2,7750302
-3,5942516
-1,7560232

-3,2461891
-1,0918935
2,20697548
-1,3280651
-1,1653228

Direct
Indirect

Indirect
Direct

Direct
Indirect
Indirect
Indirect
Indirect

Direct
Indirect

Direct
Indirect
Indirect

Direct
Indirect
Indirect
Indirect

Direct
Direct

Direct

Direct

Direct
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect

Indirect
Indirect
Direct
Indirect
Direct

Indirect

Indirect



hydrogenase 2 iron-sulfur protein(hybA)

hydrogenase 2 membrane subunit(hybB)

hydrogenase 2 small subunit(hybO)

iron catecholate outer membrane transporter Fiu(fiu)
iron-catecholate outer membrane transporter CirA(cirA)
iron-sulfur cluster repair protein YtfE(ytfE)

nitrate reductase A subunit alpha(narG)

nitrate reductase A subunit beta(narH)

nitrate reductase A subunit gamma(narl)

nitric oxide dioxygenase(hmp)

nitrite reductase (NADH) large subunit(nirB)

periplasmic heme chaperone(ccmE)

periplasmic nitrate reductase cytochrome c protein(napC)
periplasmic nitrate reductase cytochrome c550 protein(napB)
periplasmic nitrate reductase subunit NapA(napA)
periplasmic nitrite reductase penta-heme c-type cytochrome(nrfB)
porphyrinogen peroxidase(yfeX)

protein S-nitrosylase(hcp)

putative 4Fe-4S cluster-containing protein(ygcO)

putative ATPase, activator of (R)-hydroxyglutaryl-CoA
dehdratase(yjiL)

putative amino acid dehydrogenase with NAD(P)-binding domain and

ferridoxin-like domain(ykgF)
putative anaerobic sulfatase maturation enzyme AslB(asIB)

putative anaerobic sulfatase maturation enzyme YdeM(ydeM)
putative cytochrome b561 YodB(yodB)
putative electron transport protein YsaA(ysaA)

putative formate-dependent nitrite reductase complex subunit
NrfF(nrfF)
putative glycyl-radical enzyme activating enzyme YjjW(yjjW)

putative iron ABC exporter membrane subunit FetB(fetB)

putative menaquinol-cytochrome c reductase 4Fe-4S subunit(nrfC)
putative oxidoreductase AegA(aegA)

putative oxidoreductase YdhV(ydhV)

putative oxidoreductase, Fe-S subunit(ygfK)

putative pyruvate formate-lyase activating enzyme YbiY(ybiY)
putative selenate reductase YnfE(ynfE)

putative selenate reductase YnfF(ynfF)

pyruvate formate-lyase activating enzyme(pflA)

radical SAM family oxidoreductase YhcC(yhcC)

succinate:quinone oxidoreductase, membrane protein SdhC(sdhC)

-1,8810018
-1,6094513
-1,9416511
2,45680202
2,15928023

-1,70151
-5,8586339
-5,7518661
-4,8131521
-1,0801114

-6,21209
-1,1588636
-2,2960669
-2,4280497
-3,6828321
-6,1594598
-1,2668944
-2,5585095
-1,0594918
-1,9172129

-4,3542374

2,12735574
-3,8072918

1,1493446
-2,7677812
-3,3184536

-4,6576931
-1,0222818

-6,705913
-2,9746288
-1,0846048
-1,1161208
-2,0858704
-2,2852005
-1,0505508
-1,7279263
-2,2137696
2,36564124

Indirect
Indirect
Indirect
Direct
Direct
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Direct
Direct
Indirect

Direct

Direct

Direct

Direct
Indirect
Direct

Direct
Indirect

Direct
Direct
Indirect
Indirect
Direct
Direct
Direct
Indirect
Indirect
Direct
Direct

Indirect



Glycolysis / Gluconeogenesis

Branched-chain aa biosynthesis

TCA
cycl

succinate:quinone oxidoreductase, membrane protein SdhD(sdhD)
sulfite reductase, hemoprotein subunit(cysl)

2,3-bisphosphoglycerate-independent phosphoglycerate
mutase(gpmM)
6-phospho-beta-glucosidase A(bglA)

6-phosphofructokinase 1(pfkA)
acetyl-CoA synthetase (AMP-forming)(acs)
fructose-1,6-bisphosphatase 1(fbp)

fused acetaldehyde-CoA dehydrogenase and iron-dependent alcohol
dehydrogenasealdehyde/alcohol dehydrogenase AdhE(adhE)
galactose-1-epimerase(galM)

glucose-1-phosphatase(agp)

glucose-6-phosphate isomerase(pgi)

glucose-specific PTS enzyme IIBC component(ptsG)
glyceraldehyde-3-phosphate dehydrogenase A(gapA)
lipoamide dehydrogenase(Ipd)

phosphoenolpyruvate carboxykinase (ATP)(pck)
phosphoenolpyruvate synthetase(ppsA)
phosphoglycerate kinase(pgk)

putative aldose 1-epimerase YeaD(yeaD)

pyruvate dehydrogenase E1 component(aceE)
pyruvate dehydrogenase, E2 subunit(aceF)

pyruvate kinase 2(pykA)

triose-phosphate isomerase(tpiA)

2-isopropylmalate synthase(leuA)

3-isopropylmalate dehydratase subunit LeuC(leuC)
3-isopropylmalate dehydratase subunit LeuD(leuD)
3-isopropylmalate dehydrogenase(leuB)
acetohydroxy acid synthase I subunit [IvB(ilvB)
acetohydroxy acid synthase I subunit I[IvN(ilvN)
acetolactate synthase II subunit IlIvM(ilvM)
branched-chain-amino-acid aminotransferase(ilvE)
dihydroxy-acid dehydratase(ilvD)

enamine/imine deaminase, redox-regulated chaperone(ridA)
ilvBN operon leader peptide(ivbL)

ilvXGMEDA operon leader peptide(ilvL)

leu operon leader peptide(leul)

threonine deaminase(ilvA)
dihydrolipoyltranssuccinylase(sucB)

fumarase B(fumB)

1,94540036
-3,0384499
-2,2030757

-1,0549789
-1,8589581
1,51848556

-1,478575
-1,7560232

-2,7243935
-2,5481362
-1,5561758

2,3084975
-1,0303632
-1,0653404
-1,5908289
-1,1449331
-1,0841759
-1,7456705
-1,3647728
-1,4374437
-1,0381666
-1,7806069
3,62894553
3,29613794
3,08824996
3,48254461
2,36351749
2,38627363
1,54219405
1,12953551

1,0644075
-1,3773347
1,89550358
1,13471808
2,87413619
1,14522609
-1,0331844
-2,7750302

Indirect

Direct
Direct

Direct
Direct
Direct

Direct
Indirect

Direct
Direct
Direct
Indirect
Direct
Indirect
Direct
Direct
Direct
Direct
Indirect
Indirect
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Indirect

Indirect



Glycerol catabolic process

Sulfur metabolism

fumarate reductase flavoprotein subunit(frdA)

fumarate reductase iron-sulfur protein(frdB)

fumarate reductase membrane protein FrdC(frdC)

fumarate reductase membrane protein FrdD(frdD)

lipoamide dehydrogenase(Ipd)
malate dehydrogenase(mdh)

malate:quinone oxidoreductase(mqo)

phosphoenolpyruvate carboxykinase (ATP)(pck)

pyruvate dehydrogenase E1 component(aceE)

pyruvate dehydrogenase, E2 subunit(aceF)

succinate:quinone oxidoreductase, FAD binding prot
succinate:quinone oxidoreductase, membrane protein

succinate:quinone oxidoreductase, membrane protein

succinyl-CoA synthetase subunit alpha(sucD)

succinyl-CoA synthetase subunit beta(sucC)

aerobic glycerol 3-phosphate dehydrogenase(glpD)

anaerobic glycerol-3-phosphate dehydrogenase subunit A(glpA)
anaerobic glycerol-3-phosphate dehydrogenase subunit B(glpB)
anaerobic glycerol-3-phosphate dehydrogenase subunit C(glpC)

dihydroxyacetone kinase subunit K(dhaK)
dihydroxyacetone kinase subunit L(dhaL.)
dihydroxyacetone kinase subunit M(dhaM)
glycerol kinase(glpK)

triose-phosphate isomerase(tpiA)
3'(2"),5'-bisphosphate nucleotidase(cysQ)
3-mercaptopyruvate sulfurtransferase(sseA)
adenylyl-sulfate kinase(cysC)

cysteine synthase A(cysK)

dimethyl sulfoxide reductase subunit A(dmsA)
dimethyl sulfoxide reductase subunit B(dmsB)
dimethyl sulfoxide reductase subunit C(dmsC)

homoserine O-succinyltransferase(metA)

phosphoadenosine phosphosulfate reductase(cysH)

sulfate adenylyltransferase subunit 1(cysN)
sulfate adenylyltransferase subunit 2(cysD)

sulfate/thiosulfate ABC transporter ATP binding subunit(cysA)

sulfate/thiosulfate ABC transporter inner membrane subunit

CysW(cysW)

sulfate/thiosulfate ABC transporter periplasmic binding protein

Sbp(sbp)

-3,5662085
-3,5942516
-3,5851773
-3,368068
-1,0653404
-1,0212369
1,6140032
-1,5908289
-1,3647728
-1,4374437
1,24766277
2,36564124
1,94540036
-1,3541995
-1,2782147
-1,4229951
-3,1022397
-3,515031
-3,5563176
-1,3717502
-1,5255
-1,3672939
-2,235534
-1,7806069
-1,3715749
-1,6775838
-2,2858082
-2,4951116
-4,0757667
-4,4268735
-3,8466182
1,47149005
-3,3487825
-2,6238458
-3,0368194
-2,9408338
-2,0486203

-1,0275091

Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Direct
Direct
Indirect
Indirect
Direct
Direct
Direct
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Indirect
Indirect
Indirect
Direct
Direct
Direct
Direct

Direct

Direct

Direct



sulfite reductase, flavoprotein subunit(cysJ) -2,2691203 Direct
sulfite reductase, hemoprotein subunit(cysl) -3,0384499 Direct

Table 1. GoTerm classification of genes clusters

Genes affected in RNAseq experiment above or below the threshold of log> FoldChange -1< and >1
are classified depending on the GoTerm pathway they are associated to, using the DAVID
Bioinformatics Ressources website. Precision according to the direct or indirect effect of Y{jB on these

genes is made, based on the substraction of the corresponding regulons of regulators affected.
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Figure S1. Characterisation of the intracellular localization of Y{jB.

(A) Microscopy image of Y{jB-sfGFP produced from the ectopic plasmid pTrc99a and in presence
of the F plasmid. Scale bar 1um. (B) Histogram with mean and SD of signal-to-noise ratio (SNR) of
Y{jB-sfGFP fluorescence obtained during conjugative transfer or from vegetative cells harbouring
the ectopic plasmid pTrc99a yfjBsfGFP. (C) Histogram with mean and SD of the number of Y{jB-
sfGFP foci per cell during conjugative transfer or from vegetative cells harbouring the ectopic
plasmid pTrc99a yfjBsfGFP. (D) Dot-plot of Y{jB-sfGFP foci localisation in vegetative cells
harbouring the ectopic plasmid pTrc99a yfjiB-sfGFP with the histogram of foci distribution from pole
to pole shown on the left. The grey line represents the midcell and the black, dark green and light
green the foci localization when there is 1, 2 or 3 foci inside the bacteria. (E) Microscopy images of
Y{jB localization after conjugation of the F yfjB-sfGFP plasmid inside cells harbouring the pTrc99a
yfiBmCherry plasmid. Scale bar 1um. (F) Dot-plot of Y{jB-sfGFP and Y{jB-mCh foci localisation in
transconjugant cells both harbouring the F yfjB-sfGFP and pTrc99a yfjB-mCherry plasmids with the
histogram of foci distribution from pole to pole shown on the left. (G) Microscopy image of cells
expressing Hu-mCh from the chromosome and Y{jb-sfGFP from the pTrc99a plasmid in M9Glucose
medium. Scale bar 1um. (H) Distribution of Hu-mCh and Y{jB-sfGFP fluorescence along the cell
length in M9-Glucose medium. Lines represent the mean, and the coloured area represent the SD. (I)
Microscopy image of cells expressing Hu-mCh from the chromosome and Y{jb-sfGFP from the
pTrc99a plasmid in RDM medium. Scale bar 1um. (J) Distribution of Hu-mCh and Y{jB-sfGFP
fluorescence along the cell length in RDM medium. Lines represent the mean, and the coloured area

represent the SD.

37



molar mass (g/mol)

[}
pET-Topo151 6his-TEV-yfjB =
= 7719 bp
=
T7
promote
5.0x10%
4.0x10%
3.0x10%
20x10°
144.4 kDa = (0.2%)
1.0x10%
0.

T7
terminator

>
&
2p

volume (mL)

Figure S2

25



907 Figure S2. Purification vector and Sec-MALS data

908 (A) Genetic map of the 7kb pET-Topo151 vector for Y{jB protein expression and production. Genes
909 are represented by the arrows. (B) Multi-angle light scattering coupled with SEC (SEC-MALS) of
910 YfjB. The YfjB protein is dimeric (Mw: 144.4 kDa). The thick line in the middle represents the molar

911 mass measured by MALS in correspondence to the SEC peaks (curve).
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Figure S3. Phenotypes associated with YfjB presence inside vegetative cells

(A) Histogram showing the AlamarBlue reduction % of strains depending if they are plasmid free or
harbouring an empty pTrc99a plasmid, a pTrc99a yfjB plasmid or a double mutant. Mean and SD are
calculated based on three individual experiments (black dots). (B) Histogram showing the pyruvate
production by strains depending if they are plasmid free or harbouring an empty pTrc99a plasmid, a
pTrc99a yfjB plasmid, a pTrc99a yfjB plasmid deleted of the HTH domain or harbouring a single
mutation on the CTP motif. Mean and SD are calculated based on at least three individual experiments
(black dots). (C) Histogram showing the acetate production by strains depending if they are plasmid
free or harbouring an empty pTrc99a plasmid, a pTrc99a yfjB plasmid, a pTrc99a yfjB plasmid deleted
of the HTH domain or harbouring a single mutation on the CTP motif. Mean and SD are calculated
based on seven individual experiments (black dots). (D) Histogram showing the diameter of strains
grown on M9Casa Agar 0.2% medium and depending if they are plasmid free or harbouring an empty
pTrc99a plasmid, a pTrc99a yfiB plasmid or a pTrc99a yfjB plasmid deleted of the HTH domain.
Images examples are shown on top. Mean and SD are calculated based on at least three individual
experiments (black dots). Scale bar 1cm. (E) Growth curves of cells without plasmid (black), with
the pTrc99a empty plasmid (grey), the pTrc99a yfjB plasmid (blue) or deleted of the HTH (cyan),
measured at an A600 every 10 minutes during 15 hours. Cells were grown in triplicate in (i) LB
medium or M9 minimum medium implemented with (ii) Glucose, (iii) Maltose or (iv) Glycerol. Only

the mean of three replicates is represented here.

39



Strain

Relevant genotype

Source or reference

MG1655 and derivatives

LY5
LY110

LY112

LY117
LY118
LY119
LY124
LY128
LY248
LY318
LY358
LY735

LY792

LY1007

LY1266

LY1280

LY1343
LY1344
LY1416
LY1468
LY1476
LY1513

LY1586

LY1659
LY1737
LY1871
LY1872
LY1933
LY1934
LY1935
LY1936
LY1937
LY1938
LY2107
Ly2121
LY2125
LY2209
LY2219
MG1655

MS388 / F-Tn10
MS388 / F-Tn10, parSemri-FRT-cat-FRT

MS428 / F-Tn10, parSemri-FRT- cat -
FRT

MS388 ssb-ypet-FRT-kan-FRT, clone 1
MS388 ssb-ypet-FRT-kan-FRT, clone 2
MS388 hupA-mCherry-kan

MS428/ F-TnlO, parSpMn-FRT
MS388 ssb-ypet-FRT

MS388 hupA-mCherry-FRT

MS388 / pSN70

MS388 ssb-ypet-FRT / pSN70
MS388 / F-Tn10, parSemri-FRT, yfjB-
SfGFP-FRT-kan-FRT

MS388 / F-Tn10, parSemri-FRT, yfjB-
SfGFP-FRT

MS388 ssb-ypet-FRT / F-Tn10,
parSpMn-FRT

MS388 / F-Tn10, parSemri-FRT, AyfiB ::
FRT-kan-FRT

MS388 / F-Tn10, parSemri-FRT, AyfiB ::
FRT

MS388 / pBG39

MS388 / F-Tn10 / pBG39

MS388 / pTrc99a

MS388 hupA-mCherry-FRT / pBG39
MS388 / pBG49

MS388 / F-Tn10, parSemri-FRT, AyfiB ::
FRT, ssb-ypet-kan

MS388, ilva :: pbiofab-mCherry-FRT-
kan-FRT

MS388 / pTrc99a-yfjB

MS388, ilva :: pbiofab-mCherry-FRT
MS388 / pCV1

MS388 / pCV2

MS388 / pCV3

MS388 / pCV4

MS388 / pCV5

MS388 / pCV6

MS388 / pCV7

MS388 / pCV8

MS388 / pCV18

MS388 / pCV19

MS388 / pCV20

MS388 / pCV24

MS399 / pTrc99a-sfGFP

N, rph-1

Conjugation K603 x MS388

Ared parSpmri-FRT-cat-FRT insertion at the F
plasmid intergenic ygeB-ygfA locus (OL1/0L2)
Conjugation LY110 x MS428 to LAC Tc'

MS388 x P1.RRL505 to Kn"

MS388 x P1.RRL505 to Kn"

MS388 x P1.0x468 to Kn'

Derivative of LY112, kan removed via pCP20
Derivative of LY117, kan removed via pCP20
Derivative of LY119, kan removed via pCP20
pSN70 x MS388 to Ap"

pSN70 x LY128 to Ap"

Conjugation LY731 x MS388 to St® Tc'

Derivative of LY735, kan removed via pCP20
Conjugation LY162 x LY128

Conjugation LY1242 x MS388 to Stf TcR Kn®?
Derivative of LY1266, kan removed via pCP20

pBG39 x MS388 to Ap?
pBG39 x LY5 to Apf
pTrc99a x MS388 to Ap®?
pBG39 x LY248 to Apf
pBG49 x MS388 to Ap?
LY1280 x P1.LY118 to Kn®

MS388 x P1.LY1575

pTrc99a-yfjB x MS388 to Ap?

Derivative of LY1586, kan removed via pCP20
pCV1 x MS388 to Apf

pCV2 x MS388 to Apf

pCV3 x MS388 to Apf

pCV4 x MS388 to Apf

pCV5 x MS388 to Apf

pCV6 x MS388 to Apf

pCV7 x MS388 to Apf

pCV8 x MS388 to Apf

pCV18 x MS388 to Ap"®

pCV19 x MS388 to Ap"®

pCV20 x MS388 to Ap"®

pCV24 x MS388 to Ap"®

pTrc99a-sfGFP x MS388 to Ap?

Coli Genetic Stock Center (CGSC) #6300




MS388 MG1655 rpsL (St?) Gift from F. Cornet
Other genetic backgrounds

BL21
Ox468 W1485 hupA-mCherry-Km Gift from F. Cornet
K603 F-Tn10 Coli Genetic Stock Center (CGSC) #6451
DH5a
DY330 W3110 AlacU1689, gal490, Acl857, (Yu et al., 2000)
A(cro-bioA)

LY162 DY330 / F-Tn10-parSemmi-FRT Conjugation LY124 x DY330 to St* Tc'

LY1242 DY330 / F-Tn10-parSemri-FRT, AyfjB ::  Ared AyfjB ::kan construct at the endogenous F
FRT-kan-FRT plasmid locus (OL606/0L607)

LY1333 DH50. / pBG39 Gibson assembly yfjB-sfGFP construct from
LY792 on pTrc99a plasmid (OL604/0L605 and
0L602/ 0OL603)

LY1575 DY330, ilva :: pbiofab-mCherry-FRT- Ared pbiofam-mCherry fusion (OL734/0L383)

kan-FRT

LY1620 DY330/ pBG39 SfGFP deletion by PCR-ligation of LY1333
(OL602/0L776)

LY1869 DH5a. / pCV1 Phosphorylation-ligation of pTrc99a-yfjB
(OL903/0L904)

LY1870 DH5a. / pCV2 Phosphorylation-ligation of pBG39
(OL903/0L904)

LY1914 DH5a. / pCV3 Directed mutagenesis (OL906/0L907)

LY1915 DH5a. / pCV4 Directed mutagenesis (OL908/0L909)

LY1916 DH5a. / pCV5 Directed mutagenesis (0OL910/911)

LY1917 DH5a. / pCV6 Directed mutagenesis (OL906/0L907)

LY1918 DH5a. / pCV7 Directed mutagenesis (OL908/0L909)

LY1919 DH5a. / pCV8 Directed mutagenesis (OL910/0L911)

LY1983 DH5a. / pCV15 PCR amplification of yfjB (OL932/0L933) from
pTrc-yfjB and mix Topo151 kit

LY2035 BL21/ pCV15 pCV15 x BL21 to Ap®

LY2106 DH5a. / pCV18 Directed mutagenesis (OL1006/0L1007)

LY2113 DH5a. / pCV19 Directed mutagenesis (OL1006/0L1007)

LY2126 DH5a. / pCV20 Directed mutagenesis (OL1006/0L1007)

LY2158 DH5a. / pCV24 Directed mutagenesis (OL1006/0L1007)

Table S1. Strain list

The abbreviation kan refer to insertions conferring resistance to kanamycin (Kn®). St? refer to
streptomycin resistance. FRT refers to the FLP site-specific recombination site.

n10 transposon is located in the intergenic region ybdB-ybfA on the F plasmid.



Name

Sequence

Construct

GTATTGTCACTCATATGATATTTTTGTGTGTG

Ared parSpuri-FRT-cat-FRT

OL1 GCCTTCCAGGTCTGCTATGTGGTGCTATCT insertion at the F plasmld
012 ACAGGCATTGTCAGATACCGGTTATGCCGCA intergenic ygeB-ygfA locus. PCR
AAAGCGGCAGATTGTGTAGGCTGGAGCTGC on pGBKD3-parS
oL3gs  TCTGGAAGATTTTGCCGAACCACAAATGACG  Ared with OL734 pbiofab-
TTGTCGCGCCATATGAATATCCTCCTTAG mCherry fusion at the
GGATGCCACTGAACGTACCGATAACCTGGCT :
OL418 A TGCCGCCAGCTCGGCTGGCTCCGCTGC exnrgg gyejzl lj ;{%’% lfauss‘rflré ’}‘gf;i
oraty  TGCTGCCGCCCCGTCTCCGGCGGGGCGGTGT PRt e B
GGTTGTTCATATCCTCCTTAGTTCCTATT
OL602 GATCCTCTAGAGTCGACCTGCAGGC
oLeos  TCTGGAAGATTTTGCCGAACCACAAATGACG
TTGTCGCGCCATATGAATATCCTCCTTAG
oL60s AACAATTTCACACAGGAAACAGACCATGTCA  Gipcon assembly fiB-s/GFP
GTTACAGAGICTAA insertion at the pTrc99a locus.
oLeos  OCCTGCAGGTCGACTCTAGAGGATCTTATTT POR e
GTAGAGCTCATCCA
CGGCAGACAATCATTATTACCGTTTTGGGAG o
OL606 T ACTAACTGTGTAGGCTGGAGCTGCTTC eﬁggeﬁﬁ ;nlfe;&‘;nmf‘é glj]fB
oLer7  TOCTGCCGCCCCGTCTCCGGCGGGGCGGTGT | e i
GGTTGTTCACATATGAATATCCTCCTTAG -
OL675 CATGGTCTGTTTCCTGTGTG PCR-ligation with OL775
GTCAGTCAGGAGGCCGGTCAGACCAGCCTCC )
OL734 GGAAGATAAGTGTAGGCTGGAGCTGCTTC Ared with OL383
OL775 TCTAAAGGTGAAGAACTGTTCACC PCR-ligation with OL675
OL776 TCAGGCGGCATCAGCCAGGT 9/GFP deletion by PCR-ligation
on pBG39 plasmid
oL90g  CTGGGTTATICGCCCGCCCACGTTCAGCGAA  R168A mutation by directed
TGCTGAAACTGGC mutagenesis. PCR on pTrc99a
OL907 GCGGGCGAATAACCCAGCAAATCACCG YfjB plasmid
oLoos CCGCCACGTTCAGGCAATGCTGAAACTGGCA  R172A mutation by directed
GACCTTGCGC mutagenesis. PCR on pTrc99a
OL909 GCCTGAACGTGGCGGGGCGAATAAC Y1jB plasmid
oLoto OTTCAGCGAATGCTGGCACTGGCAGACCTTG  K175A mutation by directed
CGCCTGT mutagenesis. PCR on pTrc99a
OL911 GCCAGCATTCGCTGAACGTGGCGGG YfjB plasmid
oL100s OCCGCAGGTGGTCGCGCACTGGCAGCACTCA — R94A mutation by directed
ACATGCTG mutagenesis. PCR on pTrc99a
OL1007 GCGCGACCACCTGCGGCGACACCGT YfjB plasmid

Table S2. PCR primers used for strain and plasmid constructions



Name Construct and Usage® Source or reference

pCP20 Flp expression plasmid

pmCherry-parB IPTG inducible expression of N-terminal (Yu et al., 2000) and Fig. 1D-E,

(pSN70) fusion mCherry-ParBpwmri Fig. 6B-C

pPR6K-sftGFP Carries SfGFP-FRT-kan-FRT used for (Yu et al., 2000)
several C-terminal fusion by Ared

pROD62 Carries mCherry-FRT-kan-FRT used for Gift from R. Reyes-Lamothe,
various kan deletions McGill University

pTrc99a Fig. S3A-B-C-D-E

pTrc99a-Y{jB sfGFP deletion from pBG39 by PCR- Laboratory, Fig. S3A-B-C-D-E
ligation

pBG39 pTrc99a Y{jB-sfGFP Laboratory, Fig. 11-J, Fig. 2B-C,

Fig 5A-B-C, Fig. S1A-B-C-D-G-
H-1-J

pBG49 pTrc99a Y{jB-mCherry Laboratory, Fig. S1E-F

pCV1 pTrc99a Y{jB AHTH Laboratory, Fig. S3B-C-D-E

pCV2 pTrc99a Y{jB-stGFP AHTH Laboratory Fig. 2B-C

pCVo pTrc99a Y{jB-sfGFP R168A Laboratory, Fig. 2B-C

pCV7 pTrc99a Y{jB-sfGFP R172A Laboratory, Fig. 2B-C

pCV8 pTrc99a Y{jB-sfGFP K175A Laboratory, Fig. 2B-C

pCV15 pET Topo Y{jB Laboratory, Fig. S2A

pCV18 pTrc99a Y{jB-sfGFP R94A Laboratory, Fig. 2B-C

pCV20 pTrc99a Y{jB AHTH R94A Laboratory, Fig. S3A

pCV24 pTrc99a Y{jB R94A Laboratory, Fig. S3B-C

F-Tn10 conjugative plasmid (from K603) derivatives

Fwt F-Tnl0 with parSpur; inserted at the (Yu et al., 2000) and Fig. 6A-B-C
intergenic ygeB-ygf4 locus

F AyfjB F-Tnl0 with parSpur; inserted at the Laboratory, Fig. 6A-B-C
intergenic ygeB-ygf4 locus,

F yfjB-sfGFP F-Tnl0  parSpyri  with  yfjB-sfgfp Laboratory, Fig. 1D-E-F-G-H, Fig.
translational fusion at the endogenous 4A, Fig. SIB-C-E-F
locus

Table S3. Plasmids used in this study
sfGFP gene encodes the superfolder Green Fluorescent Protein sfGFP






4. Discussion

Bien que la fonction compléte de la protéine YfjB n’ait pas encore été entierement élucidée,
cet article permet d’apporter de nombreuses connaissances sur sa dynamique intracellulaire au cours
de la conjugaison et son impact sur la bactérie receveuse. Le choix d’'une approche multidisciplinaire
nous confere une vision globale a la fois au niveau génétique, moléculaire, cellulaire et également
sur la physiologie de la bactérie. Ainsi, nous démontrons que la protéine YfjB est produite
immédiatement lors du transfert du plasmide F par conjugaison, et ce uniguement dans les nouvelles
bactéries transconjugantes. De fagon similaire aux protéines ParB, le domaine HTH ainsi que le motif
GxxRxxA sont essentiels a la localisation préférentielle sous forme de foci de la protéine YfjB-sfGFP
dans I'aire du nucléoide. Cette capacité de liaison a I’ADN, confirmé in vivo par ChiP-seq et in vitro
par EMSA, induit un changement global de la transcription des génes de la bactérie hote. La majorité
des genes dont I'expression est affectée sont retrouvés impliqués dans de multiples mécanismes
cellulaires comme le métabolisme de sources carbonées, la mobilité ou encore le métabolisme du
pyruvate. De facon intéressante, nos résultats sont concordants avec de récentes publications
démontrant que les plasmides conjugatifs peuvent affecter jusqu’a 20% I’expression des genes hote,
majoritairement impliqués dans des voies métaboliques similaires a celles observées ici. Enfin, bien
gue partielle, I'obtention en paralléle de la structure du domaine IV sous forme de dimeére constitue
une avancée considérable pour la compréhension de la dynamique et de la fonction de la protéine.

En conclusion, la protéine YfjB du plasmide F partage une homologie avec les protéines ParB
uniquement d’un point de vue structural de par sa capacité de dimérisation et de liaison a I’ADN. Y{jB
semble alors plutét jouer un réle dans la régulation du profil génétique hote et affecte diverses voies
métaboliques. Dans ce sens, nous observons un délai de 30% de la conversion de I’ADNsb transféré
en ADNdb lorsqu’yfjB est déleté du plasmide F, reflétant d’autant plus un role pour I’établissement
du plasmide. Nous proposons que cela rentre dans une stratégie établie par le plasmide F pour limiter
son impact métabolique lors de I’acquisition par conjugaison, le temps que son établissement soit

effectif et que d’autres facteurs plasmidiques soient exprimés plus tardivement.
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Direct visualisation of drug-efflux in Escherichia coli cells

Audrey Reuter, Chloé Virolle, Kelly Goldlust, Annick Berne-Dedieu, Sophie Nolivos & Christian Lesterlin
Publié dans FEMS Microbiology Reviews (2020)

1. Contexte

Lors de ma premiere année de these, j’ai eu I'opportunité de participer a I’écrite d’un article
soumis dans le journal FEMS Microbiology Reviews en 2020 et pour lequel je partage la position de
co-1°" auteur avec Audrey Reuter et Kelly Goldlust. Ce travail de recherche découle directement
d’une publication antécédente du laboratoire, publiée en 2019 dans le journal Science par le Dr.
Sophie Nolivos et démontrant I'importance de pompes a efflux multi-drogues AcrAB-TolC codées par
le chromosome pour I'acquisition de résistance a la tétracycline (Tc) portée par le plasmide F. Cela
fut pour moi I'occasion continuer de me familiariser avec les techniques de laboratoire et protocoles
déja mis en place tout en interagissant avec les autres doctorantes de I’équipe. Kelly Goldlust venait
d’arriver au laboratoire pour débuter sa these, tandis qu’Audrey Reuter était a ce moment en
deuxieme année de these; elle a ainsi pu nous partager son savoir-faire et ses connaissances
concernant les outils de laboratoire. Pouvoir participer a I’écriture et la publication d’un tel article en
premiere année de thése a alors été tres gratifiant d’'un point de vue personnel et scientifique, et
nous a également toutes trois permis d’assurer les conditions nécessaires aupres de I’école doctorale

pour soutenir nos theses respectives.

2. Contenu

Comme déja présenté précédemment, notre laboratoire développe une approche d’étude entrée
autours de la microscopie a fluorescence en temps réel et en cellules vivantes afin de quantifier la
dynamique de la conjugaison bactérienne. Le plasmide F majoritairement utilisé lors de nos études a
la particularité de porter un transposon Tn10 conférant une résistance a la tétracycline (Tc). La Tc est
un antibiotique bactériostatique de la classe des cyclines et inhibant la synthése protéique par
interaction avec la sous-unité ribosomale 30S (Chopra and Roberts 2001). Ce mode d’action rend la

Tc efficace contre un large spectre de bactéries Gram-positives et négative, mais son utilisation
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2. Présence de tétracycline

H— .

1. Absence de tétratycline
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Figure 6. Schéma de la régulation du systéeme TetA/TetR porté par le transposon Tn10.

Le transposon Tn10 inséré dans le plasmide F code les génes tetA et tetR impliqués dans I'établissement de I'efflux

spécifique de la tétracycline par les pompes TetA.

1. Enabsence de Tc, le répresseur TetR lie le promoteur P_ et inhibe sa transcription.

2. En présence de Tc, les molécules antibiotiques sont transportées dans le cytoplasme via des porines et pompes
a efflux genéralistes. Leur liaison a TetR va lever la répression du promoteur P . La Tc va alors etre effluée par les

pompes TetA transcrites et traduites.



intense depuis son introduction en 1948 a mené au développement de nombreuses résistances
(Roberts 1996; Chopra and Roberts 2001; Coenen et al. 2011). Le Tn10 code pour le systéme de
pompe a efflux spécifique TetA/TetR faisant parti des premieres familles de pompes a efflux
identifiées et le plus fréquemment retrouvées chez les bactéries Gram-négatives ayant développé
une résistance a la Tc (Bryan, Shapir, and Sadowsky 2004). La répression de tetA par TetR est levée
par inhibition de la protéine par la molécule de Tc, permettant la production des pompes TetA pour
I’efflux rapide de I'antibiotique hors de la cellule et réduisant I'inhibition traductionnelle associée
(Figure 6). Le fonctionnement de ce systéme est bien décrit dans la littérature, mais nous apportons
une description de la dynamique et chronologie de production de TetA et de I'efflux de Tc associé.
Nous prenons part pour cela de la propriété d’auto-fluorescence intrinseque de la molécule de Tc et
quantifions la production de la protéine TetA fusionnée au marqueur fluorescence mCherry (TetA-
mCh) en réponse a I'ajout de Tc dans le milieu (Dubuy et al. 1964; Nolivos et al. 2019).

Cet article quantifie dans un premier temps I'accumulation dose-dépendante de Tc au sein de
bactéries wt ne portant par le plasmide FTn10 ainsi que dans un mutant acrR surproduisant les
pompes a afflux AcrAB-TolC. L’accumulation de la Tc est ensuite mesurée dans des bactéries portant
le plasmide FTn10tetA-mCh. En suivant la production de la protéine TetA-mCh associée, une
hétérogénéité de production de la pompe TetA au sein de la population bactérienne nous a conduit
a répéter les expériences en pré-induisant les bactéries avec de I'anhydrotétracycline (Atc), un
analogue de la Tc sans activité antibiotique mais quand méme capable de lier TetR et induire la
production de TetA. Cela nous a permis d’établir une corrélation entre I'induction des pompes a

efflux TetA et I'efflux de la Tc et révéler I'établissement d’une fine régulation du systéme TetR/TetA.

3. Ma contribution
Kelly Goldlust et moi-méme avons réalisé la majorité des acquisitions d’images de
microscopie lors des différents traitements a la Tc et Atc des cellules, et nous nous sommes
également partagées les analyses correspondantes afin de quantifier 'accumulation de Tc et la

production des pompes a efflux TetA-mCh.
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ABSTRACT

Drug-efflux by pump proteins is one of the major mechanisms of antibiotic resistance in bacteria. Here, we use quantitative
fluorescence microscopy to investigate the real-time dynamics of drug accumulation and efflux in live E. coli cells. We
visualize simultaneously the intrinsically fluorescent protein-synthesis inhibitor tetracycline (Tc) and the fluorescently
labelled Tc-specific efflux pump, TetA. We show that Tc penetrates the cells within minutes and accumulates to stable
intracellular concentration after ~20 min. The final level of drug accumulation reflects the balance between Tc-uptake by
the cells and Tc-efflux by pump proteins. In wild-type Tc-sensitive cells, drug accumulation is significantly limited by the
activity of the multidrug efflux pump, AcrAB-TolC. Tc-resistance wild-type cells carrying a plasmid-borne Tn10 transposon
contain variable amounts of TetA protein, produced under steady-state repression by the TetR repressor. TetA content
heterogeneity determines the cells’ initial ability to efflux Tc. Yet, efflux remains partial until the synthesis of additional
TetA pumps allows for Tc-efflux activity to surpass Tc-uptake. Cells overproducing TetA no longer accumulate Tc and
become resistant to high concentrations of the drug. This work uncovers the dynamic balance between drug entry,
protein-synthesis inhibition, efflux-pump production, drug-efflux activity and drug-resistance levels.

Keywords: microscopy in live bacterial cells; drug-efflux; drug-resistance; TetA efflux pump protein

Atenuer z| uo Jasn SYND Aq v£61885/28//9/71/Bonue/aiswa)/wod dno-olwspese//:sdny woJj papeojumoq

4
9

INTRODUCTION

Drug-resistant microorganisms have been isolated soon after
the introduction of antibiotherapy in the early 20th century.
Microbiology analysis and systematic sequencing of drug-
resistant bacteria from natural and clinical environments have
since uncovered a vast collection of genes that confer resistance
to most classes of antibiotics currently used in clinical treat-
ments. Bacterial drug-resistance is consequently a significant

obstacle to the successful treatment of infections and is recog-
nized as an increasingly severe threat to public health world-
wide. Due to its biological importance, bacterial drug-resistance
has attracted lots of attention and has been the focus of exten-
sive research. Various mechanisms of antimicrobial resistance
have been characterised, including inactivation or modifica-
tion of the drug, modification of a drug target, limiting drug
uptake by changing the cell membrane permeability and active
efflux of the drug. Drug efflux mechanism, first described in
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1980 (McMurry, Petrucci and Levy 1980), play a prominent role
in antimicrobial resistance (Nikaido 1998, 2009; Li and Nikaido
2004, 2009). Efflux of drugs from the cellular compartment to the
extracellular medium can be performed by multidrug or drug-
specific efflux pumps proteins.

Multidrug pumps are generally chromosome-encoded and
able to extrude a wide range of toxic compounds, thus confer-
ring a certain intrinsic level of multidrug resistance (MDR). In
E .coli, the AcrAB-TolC tripartite complex transports a variety
of antibiotics and other antimicrobials (Sulavik et al. 2001; Tal
and Schuldiner 2009; Du et al. 2014; Li, Plésiat and Nikaido 2015;
Bergmiller et al. 2017). AcrAB-TolC production is controlled by
a complex network of transcriptional regulators (Li, Plésiat and
Nikaido 2015), thus allowing for tight regulation of the efflux
activity in response to environmental conditions or the presence
of antimicrobials. Mutations in transcriptional repressor genes
(such as soxR, marR, acrR or envR), which result in overproduction
of the multidrug efflux pump, are often found in drug-resistant
bacteria from natural and clinical origins.

Drug-specific pumps extrude and confer resistance to a
single drug. Genes coding for drug-specific pumps are often
found on mobile genetic elements such as conjugative plas-
mids or transposons, which acquisition is sufficient to con-
fer resistance to minimal inhibitory concentration (MIC) of the
drug. In this work we focus on the study of the paradigmatic
Tetracycline-specific efflux pump TetA. Tetracycline (Tc) is a bac-
teriostatic protein-synthesis inhibitor that binds reversibly to
the ribosome, thus preventing the association of aminoacyl-
tRNA (Chopra and Roberts 2001). This fundamental mode of
action renders Tc active in a broad-spectrum of both gram-
positive and gram-negative bacteria. Since the introduction of
Tc in 1948, resistant strains have emerged dramatically in both
animal and humans (Roberts 1996; Chopra and Roberts 2001;
Coenen et al. 2011). Tc-resistance dissemination together with
the development of other effective antibacterial drugs led to
the reduction of Tc usage in human treatments, yet Tc remains
one of the most used antibiotics in livestock worldwide and
is even used in plant agriculture (Eliopoulos, Eliopoulos and
Roberts 2003). Notably, Tc is a substrate for the AcrAB-TolC
multidrug pump. Indeed, AcrAB-TolC performs low levels of
Tc-efflux activity, thus allowing E. coli to grow in the pres-
ence of sub-inhibitory concentration of the drug (Sulavik et al.
2001; Li, Plésiat and Nikaido 2015). However, AcrAB-TolC activ-
ity alone is not sufficient to support cell growth in the pres-
ence of minimal inhibitory concentration (MIC) of Tc (10 xg/ml).
At this concentration, growth is only possible for strains carry-
ing Tc-specific resistance genes (tet genes). To date, 36 tet genes
have been identified across most bacterial genera. Ten of these
genes encode ribosomal protection proteins (such as Tet(M) and
Tet(O)), which prevent binding of the Tc molecule to the ribo-
somes (Burdett 1993; Warburton, Amodeo and Roberts 2016).
However, Tc-resistance is largely mediated by efflux mecha-
nisms as 23 of the 36 tet genes encode efflux pumps pro-
teins belonging to the major facilitator superfamily (MFS). Efflux
pumps of the TetA family were the first identified (Levy and
McMurry 1978; McMurry, Petrucci and Levy 1980) and are among
the most frequently found in resistant Gram-negative bacteria
(Bryan, Shapir and Sadowsky 2004). In fact, tetA genes are often
carried by transposons inserted in conjugative plasmids, which
propagate by horizontal gene transfer between a broad-range
of unrelated bacterial species. The paradigmatic Tnl0 trans-
poson carries the tetA gene coding for the TetA efflux pump
and the tetR gene encoding the TetR repressor. TetA is a pro-
ton motive force-dependent metal-tetracycline/H1 antiporter
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that selectively transports Tc through the inner membrane in
exchange of a proton (Schnappinger and Hillen 1996; Thaker,
Spanogiannopoulos and Wright 2010). By exporting Tc from
the cytoplasm to the periplasm, TetA decreases the intracel-
lular concentration of the drug, thus reducing protein transla-
tion inhibition. TetR is a Tc-responsive repressor protein that
regulates tetA expression as follows. In the absence of Tc, TetR
binds to the promoter region of the tetA gene and limits TetA
production to basal steady-state levels. When present in the
medium, Tc is transported into the periplasm, presumably via
OmpF and OmpC porins, and then diffuses passively through
the inner membrane (Mortimer and Piddock 1993; Roberts 1996;
Fernadndez and Hancock 2012; Mgller et al. 2016). Once in the
cytoplasm, Tc binds to the ribosome and inhibits protein syn-
thesis. In parallel, Tc also binds to TetR inducing a conforma-
tional change that releases the repressor from Pta promoter.
This results in the induction of TetA production and Tc-efflux
activity, thus helping to restore normal protein synthesis level.
The level of Tc accumulation within the cells is then resulting
from the balance between Tc-uptake (Tc entry) and Tc-efflux
by pump proteins. Noteworthy, the non-antibiotic Tc analogue
anhydrotetracycline (Atc) retains TetR binding and tetA induc-
tion activity, but does not inhibit protein synthesis and has no
antibiotic effect.

Our current understanding of the mechanism of Tc resis-
tance by the TetA efflux pump results from several decades
of study (Roberts 1996; Chopra and Roberts 2001; Eliopoulos,
Eliopoulos and Roberts 2003). Regulation of TetA production by
TetR in response to the drug has been extensively investigated
using genetics approaches, transcriptional analysis (Muthukr-
ishnan et al. 2012; Mgller et al. 2016) or using computational mod-
elling (Biliouris, Daoutidis and Kaznessis 2011; Schultz, Palmer
and Kishony 2017). Besides, biochemical works have provided
a well-documented description of the structure and function
of TetA and TetR proteins (Yamaguchi et al. 1990; Yamaguchi,
Udagawa and Sawai 1990; Aldema et al. 1996; Ramos et al. 2005;
Chow et al. 2012; Kumar and Varela 2012; Cuthbertson and Nod-
well 2013). However, mainly due to previous technological lim-
itations, the in vivo dynamics of Tc-efflux by the TetA pump
in real-time at the single-cell level remains poorly understood.
Here, we have developed an experimental system that enables to
address this question. We use live-cell fluorescence microscopy
associated with microfluidics chamber to perform the simulta-
neous visualization and quantification of both Tc and TetA intra-
cellular concentrations. Tetracycline was visualized directly by
taking advantage of its autofluorescence property (Dubuy et al.
1964)). In parallel, we use the fully functional carboxy-terminal
fusion of TetA to the mCherry fluorescent protein (TetA-mCh)
expressed from the FTn10 plasmid endogenous locus (Nolivos
et al. 2019). We characterise the dynamics of entry and accumu-
lation of Tc within the intracellular compartment and the influ-
ence of AcrAB-TolC overproduction by deletion of the acrR gene.
We also characterise Tc accumulation in Tc-resistant strain car-
rying the FTn10tetA-mCh plasmid and we correlate the induction
of TetA production with Tc-efflux activity.

RESULTS
Tc accumulation in the intracellular compartment

We performed time-lapse fluorescence microscopy imaging of
live E. coli cells placed in microfluidic chamber during the injec-
tion of growth medium containing minimal inhibitory concen-
tration (IMIC) of Tc (10 pg/ml) or 10MIC of Tc (100 pg/ml). Image

€202 Atenuer z| uo Jasn SYND Aq v€61885/28./9/7 v/l aiswWay/woo dno-oiwepese//:sdny Wwoly papeojumoq



784 | FEMS Microbiology Reviews, 2020, Vol. 44, No. 6

(A) Phase contrast

Tc fluorescence

=

wt /FTn10tetA-mCh

wt AacrR wt /FTn10tetA-mCh pre-induced
15001 @ Tc 1MIC (n= 6215) 15001@Te 1MIC (n= 14429) 15001 @Tc 1MIC (n= 6824) 15001@ T 1MIC (n= 8610)
— EM9 (n= 7184) : EM9 (n= 21459) EM9 (n= 8882) EM9 (n= 4136)
3 N .
8 1000 1000 1000 S, 10007
g it 4T s
(@] 1 -
‘o 500 500 500 -+ 5001 -
s s %%%% -I-H'; A
= = =aE v-—-g **E***-}ii-}i—-}-}
0 503 6 612151821242730393 © 3 03 6 5 1215182124273033  ° 3 03 & 5 1215182124273033 © 3 03 6 5 1215182124273033
Time after injection (min)
(o
©) wt AacrR wt /FTn10tetA-mCh SR i
30001 Te 10MIC (n= 3104) 30001 Te 10MIC (n= 19067) 30001 Tc 10MIC (n= 8838) 30001 g Tc 10MIC (n= 4901)
3
\N/ 2000 20004 20004 20004
®© R
c . Loz H [
o 1000 %+* 1000 % 1000 H 10004 -
[&] T s
e * % ;; - il
. . -—-*% ---; : seessssiidididd
0 -3 03 6 91215182124273033 0 0

Time after injection (min)

-3 03 6 9 1215182124273033

303 6 91215182124273033 303 6 91215182124273033

Figure 1. Dynamics of tetracycline accumulation in live E. coli cells. (A), Time-lapse microscopy phase contrast (top) and green fluorescence channel (bottom) images of
wt E. coli cells in microfluidics chamber during injection of Tc IMIC (10 ng/ml). Imaging intervals 3 min. Scale bar 5 um. (B), Box plots presenting the quantification of
green fluorescence intracellular signal (a.u., arbitrary unit) during time-lapse experiments after injection of M9 glucose medium with (coloured boxes) or without (grey
boxes) Tc IMIC (10 pg/ml). From left to right, results are presented for wt, AacrR, wt/FTn10tetA-mCh strains and for wt/FTn10tetA-mCh after overnight pre-induction
with Atc (0.2 ©g/ml). The median, quartile 1 and quartile 3 are indicated by horizontal lines and the mean by a black dot. Black dots above and below the max and min
values correspond to outlier cells. The median and the mean obtained for the wt strain are reported on each plot by a green line and a green dot, respectively. The
total number of cells analysed and plotted (n =) is indicated. (C), Same as 1B for injection of Tc 10MIC (100 n.g/ml).

analysis was achieved by running automated cell detection and
quantification of Tc and TetA-mCh intracellular fluorescent sig-
nal in the course of the experiments. The early steps of Tc
entry and accumulation in the cellular compartment were anal-
ysed using time-lapses with 3 min imaging intervals (Fig. 1A
and Movie S1). When growth medium containing Tc at 1MIC
is injected, the intracellular green fluorescence signal increases
significantly, reflecting the entry of the intrinsically fluorescent
Tc molecules within the cell compartment (Fig. 1A-B and Movie
S1). Intracellular Tc is first detected between 3 and 6 minutes
after injection, and accumulates to eventually reach a steady-
state level after 21 min + 3. When Tc concentration is increased
to 10MIC (Fig. 1C and Movie S1), we also detect the entry of the
Tc between 3 and 6 minutes after injection. However, it takes
a longer 27 min =+ 3 period for Tc intracellular concentration to
eventually stabilize. Most importantly, the final concentration of
Tcaccumulated is increased by 2-fold compared to cells exposed
to 1MIC. This shows that a 10-fold increase in Tc concentra-
tion in the medium only results in a 2-fold increase accumula-
tion within the cells. These observed levels of Tc accumulation

reflect the balance between Tc-uptake by the cells (Tc entry) and
the extrusion of Tc mediated by efflux pump proteins. Our obser-
vations suggest that the efficiency of Tc-uptake and Tc-efflux do
not respond similarly to the increase of Tc concentration in the
medium, resulting in Tc accumulation levels that are not pro-
portionally dose-dependent (see discussion).

To better understand the contribution of Tc-efflux activity on
the dynamics of accumulation within wt cells, we investigated
the importance of the main multidrug pump in E. coli, the AcrAB-
TolC complex. AcrAB-TolC is known to extrude Tc, thus allowing
resistance and cell growth in the presence of sub-inhibitory con-
centrations of the drug (Sulavik et al. 2001; Li, Plésiat and Nikaido
2015). Consistently, we have previously reported that AacrA,
AacrB and AtolC single mutants strains accumulate significantly
more Tc than the isogenic wt strain (Nolivos et al. 2019). We then
tested the effect of AcrAB-TolC overproduction induced by dele-
tion of the acrR repressor gene (Nolivos et al. 2019). The entry of
Tcin AacrR cells is detected between 3 and 6 min after injection
of the drug at IMIC, as observed for the wt strain (Fig. 1B). How-
ever, the final level of Tc accumulation is significantly reduced in
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Figure 2. Influence of the initial cellular TetA-mCh content on the dynamics of Tc accumulation. (A), Jitter plots present the quantification of red fluorescence intracel-
lular signal of single-cells (a.u., arbitrary unit). The autofluorescence background of the wt strain is shown by grey dots and the grey-dashed line (133 a.u. 0.9). Results
for the wt/FTn10tetA-mCh cells are shown by red dots reflecting TetA-mCh signal plus the autofluorescence background. Light red and dark red dots correspond to
wt/FTn10tetA-mCh cells selected for the low- or high-TetA initial content, respectively. Each dot corresponds to a single-cell, mean and standard deviations are shown
in black lines and reported in numbers above the plots. (B), Histogram of the red fluorescence distribution in wt (grey) and wt/FTn10tetA-mCh (red) cell populations. (C
and D), Jitter plots of green fluorescence intracellular signal for wt/FTn10tetA-mCh single-cells with initially low-TetA content (light red) or high-TetA content (dark red).
Value at t = 0 min and the grey dashed line correspond to the green autofluorescence background of the cells before the injection of Tc (192 a.u. +£7.2). Data presented
for cells 15 and 30 min after injection of Tc IMIC (C), and 10MIC (D), show a reduction of Tc accumulation in high-TetA content cells compared to low-TetA content
cells. The total number of cells analysed (n =) is indicated in each plot. P-Value significance from unpaired statistical t-test is indicated by n.s. (>0.05, non-significant),

*** (<0.001 significant) and **** (<0.0001 significant).

AacrR cells compare to wt and is attained later (27 min + 3 com-
pared to 21 min + 3 for wt). At Tc 10MIC, Tc final accumulation
was also decreased by ~2-fold in the AacrR strain compared to
wt strain (Fig. 1C). These observations show that the overpro-
duction of AcrAB-TolC pump induced by acrR deletion enhances
the cells ability to efflux Tc, consequently limiting its accumu-
lation in the cytoplasm. Reduction of Tc intracellular accumula-
tion is expected to attenuate the inhibition of protein synthesis.
Consistently, mutations inactivating AcrR or other repressors of
AcrAB-TolC (MarR, SoxR) are often found in clinical or environ-
mental strains exhibiting partial resistance to a range of antibi-
otics, including Tc (Vinué, Hooper and Jacoby 2018; Hoeksema
et al. 2019).

Next, we analysed Tc accumulation in wt cells carrying the
Tc-resistant FTn10tetA-mCh plasmid (Nolivos et al. 2019). Again,
Tc entry is detected between 3 and 6 min after drug injec-
tion (Fig. 1B). The final level of accumulation is attained after
21 min + 3 and is decreased by 2-fold compared to wt cells.
Similar results are observed in the presence of Tc at 10 MIC
(Fig. 1C). These results indicate that even before exposure to
Tc, wt/FTn10tetA-mCh cells already contain TetA pump proteins
readily available to perform efflux of Tc. Consistently, we quan-
tified a significant increase of red intracellular fluorescence in
wt/FTn10tetA-mCh cells compared to wt cells, reflecting the basal
amounts of TetA-mCh molecules in plasmid-containing cells
(Fig. 2A). These data show that even before exposure to T,

€202 Atenuer z| uo Jasn SYND Aq v€61885/28./9/7 v/l aiswWay/woo dno-oiwepese//:sdny Wwoly papeojumoq



786 | FEMS Microbiology Reviews, 2020, Vol. 44, No. 6

the steady-state repression of the tetA gene mediated by the
TetR repressor allows for the production of a basal level of TetA
molecules. This initial TetA-mCh cellular pool is immediately
available to perform efflux of Tc and limit the accumulation of
the drug in the cellular compartment.

Population heterogeneity in TetA initial content
influences Tc accumulation levels

We noticed a certain level of heterogeneity in the initial amounts
of TetA-mCh proteins contained in the wt/FTn10tetA-mCh cell
population (Fig. 2B). We wanted to know whether this initial
heterogeneity in TetA content influences the dynamics of Tc
accumulation at the single-cell level. To test this possibility, we
selected cells with low-TetA initial contents and cells with high-
TetA initial contents (Fig. 2B). After subtraction of the red back-
ground fluorescence (133 a.u + 1), we estimated that high-TetA
content cells initially possess ~3.2 times more TetA molecules
than low-TetA content cells (see methods). We then quantified
Tc accumulation in these two cells categories, 15 and 30 min-
utes after Tc injection at 1MIC and 10MIC (Fig. 2C and D). Results
show that high-TetA cells accumulate significantly less Tc than
low-TetA cells. More specifically, the 3.2-fold increase in TetA-
mCh initial content results in a 2.5-fold and 1.5-fold decrease in
Tc accumulation at 1IMIC and 10MIC, respectively. These find-
ings reveal that TetR steady-state repression induces a slight
heterogeneity in TetA cellular amounts, which is sufficient to
translate into population phenotypic heterogeneity where cells
containing more TetA pumps are predisposed to efflux Tc more
efficiently. This raised the possibility that cells with very high
initial amounts of TetA proteins would perform maximum Tc-
efflux activity, thus reducing drug accumulation to minimal
levels. To test this hypothesis, we pre-induced wt/FTn10tetA-
mCh cells with anhydrotetracycline (Atc 0.2 pg/ml), a Tc ana-
logue that has no antibiotic activity, while retaining the abil-
ity to bind to TetR and induce the production of TetA proteins.
Pre-induced cells exhibit a ~60-fold increase in TetA-mCh cel-
lular content compared to non-induced cells (Fig. S1A and B,
Supporting Information). Time-lapse analysis shows that these
cells accumulate virtually no Tc either at 1IMIC or 10MIC con-
centrations (Fig. 1B and C). In these cells, Tc-efflux activity is
maximized and outcompetes the constant entry of Tc within
the cells.

Correlation between TetA induction and efflux of
tetracycline

No increase of TetA-mCh fluorescence was detected during
the first 30 minutes after injection of Tc (Fig. S1C, Supporting
Information). We then performed time-lapses over 300 minutes
periods (30 min imaging intervals) to analyse the induction of
TetA-mCh production and correlate with Tc-efflux activity in
wt/FTn10tetA-mCh cells (Fig. 3A and Movie S2). At Tc 1MIC, the
accumulation of drug during the first 30 min is followed by a
subtle but detectable increase of intracellular TetA-mCh sig-
nal at 60 min (Fig. 3B and C). This indicates that the internal-
ized level of Tc is not sufficient to fully inhibit protein synthe-
sis. The modest increase in TetA-mCh content is concomitant
with the extrusion of Tc, which concentration rapidly reduces
between 30 and 60 min to stabilize at low levels (Fig. 3B). Note-
worthy, the low amount of Tc remaining in the cells is suffi-
cient to maintain the induction of TetA-mCh synthesis, which
ends up being produced at high levels (Fig. 3C). Importantly,

the growth of wt/FTn10tetA-mCh cells in the microfluidic cham-
ber in the presence of Tc 1IMIC is comparable to growth with-
out antibiotic (Fig. S2A and Movie S2, Supporting Information).
This is confirmed by OD monitoring of the wt/FTn10tetA-mCh
strain grown in liquid culture (Fig. S2B, Supporting Informa-
tion). These results indicate that the initial pool of cellular TetA
reduces Tc accumulation to levels that allow protein synthe-
sis to continue, allowing for the production of additional TetA
and the continuation of cell growth and normal rate. By con-
trast, in the presence of Tc 10MIC, wt/FTn10tetA-mCh cells stop
growing over the duration of time-lapse experiments (Figure
S2A and Movie S2). Meanwhile, microscopy analysis reveals that
high amount of Tc remain in the cells for a long period of
time (Fig. 3D). At ~120 min + 30 min, we observed that TetA-
mcCh is produced at low rate compared to Tc IMIC (compare
Fig. 3C to E). This modest increase in TetA-mCh cellular con-
tent in nonetheless concomitant with the initiation of the efflux
of Tc, which intracellular concentration reduces slowly to reach
low levels at 270 min + 30 (Fig. 3D). OD monitoring consis-
tently reveals that in the presence of Tc 10MIC, cell growth is
arrested for a period of about 5 hours before restarting pro-
gressively (Fig. S2B, Supporting Information). Height hours after
exposure to Tc10MIC, TetA-mCh cellular content is significantly
increased (Fig. S2C, Supporting Information). These results indi-
cate that at 10MIC concentration, the amount of Tc accumu-
lated in the cells strongly alters the cells’ ability to synthesis
new TetA proteins. The cells remain in relative latency for sev-
eral hours, but eventually manage to produce additional TetA-
mCh proteins, which initiate the extrusion of Tc and slowly
allows cells growth to restart and more TetA to be produced after
5 hours. We finally observed that pre-induced wt/FTn10tetA-
mCh cells, which initially contain very high amount of TetA-
mCh, accumulate virtually no Tc at IMIC (Fig. S3A, Support-
ing Information) and very low levels of Tc at 10MIC (Fig. S3C,
Supporting Information), and exhibit no growth latency at
either concentration (Fig. S2B, Supporting Information). Simi-
lar results were observed for wt/FTn10tetA-mChAtetR strain, in
which TetA overproduction is triggered by deletion of the tetR
gene from the wt/FTn10tetA-mCh plasmid (Fig. S2B, Supporting
Information).

Correlation between TetA cellular content and the level
of resistance to tetracycline

We next addressed the level of Tc-resistance of cells contain-
ing low or high cellular levels of TetA. To do so, we pre-induced
wt/FTn10tetA-mCh cells with Tc IMIC or Atc (0.2 ug/ml) for 2,
4, 8 or 24 hours. These pre-induced cell cultures were observed
by snapshot microscopy to quantify TetA-mCh intracellular con-
tents and plated on medium containing 1IMIC, 10MIC, 20MIC or
40MIC of Tc in parallel (Fig. 4A-C). Snapshot analysis shows that
Tc IMIC and Atc (0.2 pg/ml) induce similar rate of TetA-mCh
synthesis. In both case, the increase in TetA cellular content is
clearly associated with the enhanced resistance to Tc 10MIC,
20MIC and even 40MIC to some extent. This finding reveals
that cells exposed to non-lethal concentration of drug develop
very high levels of acquired resistance due to the overproduc-
tion of TetA pump protein. However, we also observe that cells
with high TetA contents (pre-induced wt/FTn10tetA-mCh cells
and wt/FTn10tetA-mChAtetR cells) exhibited slower growth in M9
compared to the wt or non-induced wt/FTn10tetA-mCh cells (Fig.
S2B, Supporting Information). These results show that the over-
production of TetA is associated with a selective advantage in
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Figure 3. Dynamics of tetracycline accumulation and efflux in correlation with TetA-mCh production in live E. coli cells. (A), Time-lapse microscopy phase contrast
(top), green fluorescence (middle) and red fluorescence (bottom) images of wt/FTn10tetA-mCh cells in microfluidics chamber during injection of Tc 1MIC (10 pg/ml).
Imaging intervals 30 min. Scale bar 5 xm. (B and C), Box plots presenting the quantification of Tc (B) and TetA-mCh (C) during time-lapse experiments after injection of
M9 glucose medium containing Tc IMIC (10 xg/ml). (D and E), Box plots presenting the quantification of Tc (D) and TetA-mCh (E) after injection of M9 glucose medium
containing Tc 10MIC (100 pxg/ml). For B, C, D and E the median, quartile 1 and quartile 3 are indicated by horizontal lines, and the mean by a black dot. Black dots
above and below the max and min values correspond to outlier cells. The total number of cells analysed and plotted (n =) is indicated. In these time-lapses, medium
supplemented with Tc 1 or 10MIC was injected for 30 min, the injection was then stopped for the rest of the experiment.
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Figure 4. TetA-mCh intracellular content determines the level of Tc-resistance. (A), Jitter plots presenting the quantification of TetA-mCh intracellular signal (a.u.,
arbitrary unit) from snapshot microscopy imaging of the wt/FTn10tetA-mCh strain in the absence of induction or 2, 4, 8 and 24 hours after induction with Tc 1IMIC
and Atc (0.2 ug/ml). Each dot corresponds to a single-cell, mean and standard deviations are shown in black lines. The number of cells analyzed and plotted (n =) is
indicated. (B, C and D), Histogram presenting the survival of wt/FTn10tetA-mCh cells in the presence of increasing doses of Tc. Results are shown for wt/FTn10tetA-mCh
cells corresponding to the panel (A), i.e. without induction (B), or 2, 4, 8 and 24 hours after induction with Tc IMIC (C) or Atc (0.2 ng/ml) (D). Survival was estimated by

CFU/ml counting after plating on 1IMIC, 10MIC, 20MIC or 40MIC of Tc.

the presence of Tc, but also with a loss of fitness in the absence
of antibiotic (see discussion).

DISCUSSION

Live-cell fluorescent microscopy imaging represents a valuable
tool to investigate bacterial responses to antibiotics in real-time.
Most microscopy studies of antibiotics mode of action and inter-
action with bacterial cells generally requires the use of antibi-
otics conjugated with fluorescent moieties, such as Fluorescein
or BODIPY (Stone et al. 2018). These studies are informative, yet
often limited by the fact that the modification of the antibiotic
might alter its biochemical properties, including the ability to
penetrate the bacterial cell or to perform the inhibitory effect
on the cellular machineries (Stone et al. 2018). In this work, we
use the unmodified tetracycline, which is part of the few antibi-
otics that are intrinsically fluorescent. The simultaneous visu-
alization of Tc and the fully functional fluorescently labelled
TetA-mCh Tc-specific pump protein allowed us to characterize
the real-time dynamics of drug accumulation and efflux in live
bacteria.

Tc entry within the cells is observed 3 to 6 min after injec-
tion in the microfluidic chamber. Similar timing is observed for
all tested strains, indicating that the rate of Tc-uptake is mostly
unchanged in all tested genetic backgrounds. The observed lev-
els of Tc accumulation reflect the balance between the two
opposite effect of Tc-uptake (Tc entry) and Tc extrusion medi-
ated by efflux pump proteins. Tc crosses the outer membrane
via porins and the inner membrane by free diffusion. The inter-
nalized Tc is subsequently extruded to the extracellular medium
by multidrug or drug-specific efflux pumps present in the cells.
Interestingly, we observe that a 10-fold increase of Tc concen-
tration in the medium only results in a ~2-fold increase of Tc
accumulation levels in the cells. This absence of proportionality
between Tc accumulation levels and the dose of antibiotic sug-
gests that Tc-uptake and Tc-efflux activities do not respond sim-
ilarly to the increase of Tc concentration. Tc-uptake is expected
to be limited by the amount of outer membrane porins available,
and Tc-efflux by the amount of efflux-pump present in the cells.
Our results are compatible with a scenario where Tc 10MIC sat-
urates Tc-uptake systems earlier than Tc-efflux systems, result-
ing in the relative reduction of Tc accumulation compared to
Tc 1MIC condition. This proposal is consistent with the recent
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reports that rate of drug-uptake is rate limited by the antibiotic’s
ability to diffuse through the inner membrane, which permeabil-
ity properties also varies in response to conditions (pH, tempera-
ture and drug treatments) (Cama et al. 2015, 2016; Cama, Henney
and Winterhalter 2019).

The ability of the cells to extrude the internalized Tc is signif-
icantly enhanced by the overproduction of the AcrAB-TolC mul-
tidrug pump in the AacrR strain, as well as by the presence of a
basal pool of TetA produced from the FTn10tetA-mCh resistance
plasmid. In both the AacrR and in wt/FTn10tetA-mCh cells, Tc
accumulation is reduced by 2-fold compare to the wt. This reduc-
tion of Tc accumulation is not sufficient to improve the growth
of the AacrR cells compared to the wt. However, similar reduc-
tion of Tc accumulation appears sufficient for protein synthesis
to continue in wt/FTnl0tetA-mCh cells, thus allowing the pro-
duction of additional TetA pumps required for optimal Tc-efflux
activity and subsequent cell growth. Increasing Tc concentra-
tion to 10 MIC increases Tc accumulation to levels that further
inhibit protein synthesis, thus reducing significantly the rate of
TetA production and delaying cell growth.

Quantitative image analysis reveals a certain level of het-
erogeneity of TetA-mCh initial content in the cell population.
This shows that even in the absence of Tc or Atc inducers,
TetR-mediated repression slightly varies at the single-cell level.
Interestingly, this gene expression heterogeneity is sufficient to
translate into significant phenotypic heterogeneity, where TetA
initial content correlates directly with the cells initial ability to
efflux Tc. Yet, Tc still accumulates in all cells, indicating that Tc-
efflux activity mediated by the initial pool of TetA pumps is sub-
optimal. It is only after TetA content adjustment that the equi-
librium between Tc-uptake and efflux is reached, and that Tc
intracellular levels become low and stable, presumably reflecting
the constant entry of the drug within the cells. The low amount
of Tc still detected in the cells is sufficient to induce the rapid
production of TetA proteins. Using quantitative real-time PCR,
it has been shown that the ratio tetA/tetR mRNA is increased by
4-fold in the presence of Tc 1IMIC (Mgller et al. 2016). This tran-
scriptional response optimizes the synthesis rate of TetA, which
accumulates to a final concentration increase by ~60-fold com-
pare to the initial levels. We show that such cells overproducing
TetA accumulate virtually no Tc and are resistant to very high
doses of the drug (up to 20 MIC and 40 MIC). If the overproduction
of TetA is advantageous in the presence of the drug, then why
does TetR-mediated repression maintain TetA initial concentra-
tion to low levels that are sub-optimal for Tc-efflux? This is most
probably explained by our observation that TetA overproduc-
tion has a deleterious effect on the cells fitness in the absence
of the drug. The phenotype of fitness loss associated with TetA
overproduction was previously reported and attributed to unre-
stricted translocation of protons and ions across the membrane,
which triggers partial loss of the membrane potential (Eckert
and Beck 1989). TetR-mediated repression of the tetA gene is
then finely tuned to allow the production of sufficient TetA pro-
teins to limit Tc-accumulation and ensure the maintenance of
translation activity required for the synthetized of additional
TetA pumps. On the other hand, TetR repression also avoids TetA
overproduction that would be deleterious for the cells, while
allowing a sensitive detection of the presence of Tc as well as
a fast regulatory response.

This work emphasises that the bacterial response to tetra-
cycline depends on the equilibrium between two opposite
parameters, the ability of efflux pumps to limit drug accumu-
lation and the ability of the accumulated drug to avoid the
production of additional pumps required for the establishment
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of effective resistance. The outcome of this dynamic balance
primarily depends on the initial concentration of efflux pumps
in the cells and the concentration of the drug in the medium.

METHODS
Bacterial strains, plasmids and growth

Bacterial strains and plasmids are listed in Table S1 (Support-
ing Information). Fusion of genes with fluorescent tags and
gene deletion used ARed recombination (Datsenko and Wanner
2000; Yu et al. 2000). Chromosomal gene loci were transferred
by phage P1 transduction to generate the final strains. F plas-
mids were transferred by conjugation. Unless otherwise stated,
cells were grown at 37°C in M9 medium supplemented with
glucose (0.2%). When appropriate, supplements were used at
the following concentrations; Streptomycin (St) 20 pg/ml, Ampi-
cillin (Amp) 100 pg/ml, and Tetracycline (Tc) 10 pg/ml. For pre-
induction of TetA-mCh, wt/FTn10tetA-mCh strain was grown at
37°C in minimal medium supplemented with anhydrotetracy-
cline (Atc) 0.2 pg/ml.

Spot assay and growth curves

Spot assays

Cells were grown overnight in M9 minimal medium supple-
mented with glucose 0.2% at 37°C and serial diluted. About 10 pl
drop of each dilution was deposited on LB agar plates supple-
mented with Tetracycline (Tc) 10, 100, 200 or 400 ug/ml, corre-
sponding to 1MIC, 10MIC, 20MIC and 40MIC, respectively. Plates
were incubated overnight at 37°C, and the next day the con-
centration of Colony Forming Unit (CFU/ml) was estimated. The
survival efficiency of each strain was calculated by normaliz-
ing the CFU/ml in the presence of Tc by the CFU/ml on plates
without Tc (Fig. 4B-D). Plates were scanned using a Typhoon
fluo-phosphoimager GE Healthcare with standard acquisition
parameters.

Growth curves

Growth curves (Fig. S2B, Supporting Information) were per-
formed automatically using TECAN Spark multimode plate
reader. Flat transparent bottom 96-wells plates were loaded
with 20 ul of exponentially growing cultures and incubated at
37°C, with 1 min agitation and Agp measurement every 5 min
over 9 hours. Mean growth curves with standard deviation for
experimental triplicates were generated using Excel and Graph-
Pad Prism software.

Live-cell microscopy imaging and analysis

Cell imaging on agarose-pad

Overnight culture of cells in M9 minimal medium were diluted to
an ODgoonm 0f 0.01 and grown with shaking at 37°C to an ODgoonm
of 0.2. Treated or untreated cells cultures were collected at time
pointsindicated and 5 pl samples were deposited on 1% agarose-
M9 medium pad (Lesterlin and Duabrry 2016) and imaged by
microscopy snapshots.

Time-lapse in microfluidic chamber

Time-lapse in microfluidic chambers were performed as
described previously (Nolivos et al. 2019). Here, overnight cul-
tures of cells in M9 minimal medium were diluted to an ODgoonm
of 0.05 and grown at 37°C to an ODgonm Of 0.1-0.2. Cells were
immediately loaded into a BO4A microfluidic chamber (ONIX,
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CellASIC®) preheated at 37°C. For Tc entry time-lapses (3 min
imaging intervals; Fig. 1), minimal medium supplemented or
not with Tc 10 pg/ml (IMIC), Tc 100 pg/ml (10MIC), or Atc
0.2 pg/ml was injected at 3 psi into the microfluidic chamber
immediately after acquisition of frame 2 and for the duration
of the experiment (45 min). For Tc efflux and TetA induction
experiment time-lapses (30 min imaging intervals; Fig. 3), min-
imal medium supplemented or not with Tc 10 pg/ml (IMIC), Tc
100 pg/ml (10MIC) or Atc 0.2 ug/ml was injected at 3 psi into the
microfluidic chamber immediately after acquisition of frame 1
and stopped after 30 min. Nothing else was injected for the rest
of the experiment (330 to 400 min).

Image acquisition

Conventional wide-field fluorescence microscopy imaging was
carried out on an Eclipse Ti-E microscope (Nikon), equipped with
x100/1.45 oil Plan Apo Lambda phase objective, FLash4 V2 CMOS
camera (Hamamatsu), and using NIS software for image acqui-
sition. Phase contrast images were also acquired at each time-
point. Fluorescence signal acquisition settings were 100 ms for
Tc and 100 ms for mCh for both snapshots on agarose-pad and
time-lapses in microfluidic chamber, using 50% power of a Fluo
LED Spectra X light source at 488 nm and 560 nm excitation
wavelengths, respectively. FM 4-64 was acquired using 20 ms
exposure at 50% power of a Fluo LED Spectra X light source
560 nm excitation. Structured-illumination microscopy in 3D
(3D-SIM) presented in Figure 6 and in Movies was carried out on
a standard Elyra PS1 Zeiss microscope. The raw 3D-SIM stacks
were composed of 10 to 14 z-sections (110 nm interval for Tc
signal and 126 nm interval for TetA-mCh), with 15 images per
z-section with the striped illumination pattern rotated to three
angles and shifted in five phase steps. Acquisition settings were
60 ms exposure with 593 nm laser (20% transmission) for TetA-
mch and 40 ms exposure with 488 nm laser (10% transmission)
for Tc. 3D-SIM was performed on exponentially growing cells
observed cultivated in M9 minimal medium supplemented with
glucose 0.2% with or without Tc.

Image analysis

Microscopy images processing was performed using the open
source Image]/Fiji (download at [6]) and quantitative image anal-
ysis was performed using the free Microbe] plugin (download at
http://microbej.com) (Ducret, Quardokus and Brun 2016). Cells
outlines were detected automatically based on the segmen-
tation of phase contrast image. When required, cell outlines
were corrected using the Manual-editing interface of Microbe]
plugin. Mean intracellular fluorescence values were extracted
automatically using Microbe] plugin. Boxplots, fluorescence his-
tograms, and split histograms were plotted using Microbe]J inter-
face. Jitter plots, growth curves with mean and standard devia-
tion were generated using Excel and GraphPad Prism software.
Imaris analysis software (Bitplane) was used to generate 3D-
renderings of 3D-SIM stacks fluorescence signal presented in the
Movies.

Consideration of the cells background
autofluorescence

Wilt-type E. coli cells (without fluorescent marker) exhibit low
fluorescence signal in both red and green fluorescence channels
(shown in Figs 1B, 2 and Fig. S1, Supporting Information). Back-
ground red fluorescence (Brf) was 133 a.u. £0.9 (calculated on
n = 829 wt cells) and background green fluorescence (Bgf) was
192 a.u. 7.2 (calculated on n = 474 wt cells). During time-lapse

imaging where fresh medium (without Tc or Atc) was injected,
these signals gradually decrease (Fig. 1B-C; Fig. S1C, Supporting
Information), reflecting the bleaching of the cells autofluores-
cence. Figures showing the variation of Tc, Atc and TetA-mCh
intracellular present the raw fluorescence values (Rf), which
then reflect the combination of Tc, Atc or TetA-mCh specific flu-
orescence (Sf), plus the Background fluorescence (Bf) of the cells.
However, these background fluorescence (Bf) values were sub-
tracted from the Raw fluorescence (Rf) value to estimate the spe-
cific fluorescence (Sf) attributable to Tc or Atc Sf(Tc) or TetA-mCh
Sf(TetA); (Sf(Tc) = Rf(Tc)—Bgf) and (Sf(TetA) = Rf(TetA)—Brf). The
ratio of two specific fluorescence valued allowed calculating the
fold-change in TetA-mCh, Tc or Atc intracellular content (Fold-
change = Sf2/Sf1). For instance the fold-change in Tc accumula-
tion between high-tetA content cells and low-tetA content cells
was:

Fold — change in Tc intracellular content

= thigh—tetA content cells/sflow—tetA content cells

where

Sf(Tc)high—tetA content cells — Rf(TC)high—tetA content cells Bgfwf cells

and

Sf(TC)low—tetA content cells — Rf(TC)low—tetA content cells — Bgfwt cells

SUPPLEMENTARY DATA

Supplementary data are available at FEMSRE online.
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4. Discussion

En prenant part des propriétés d’auto-fluorescence de la molécule de Tc, nous avons pu nous
affranchir de [I'utilisation de molécules antibiotiques conjuguées a des fluorophores. Bien
gu’informative, une telle modification peut altérer les propriétés biochimiques et fonctionnelles de
I’antibiotique donné (Stone et al. 2018). En combinaison avec |’ utilisation de la protéine fluorescente
TetA-mCh fonctionnelle, notre approche a permis de proprement caractériser la dynamique en
temps réel de I'accumulation de Tc et la dynamique de son efflux dans les bactéries.

Nous démontrons une balance entre I’entrée et I'efflux de la Tc médiée par les pompes a efflux,
permettant un niveau basal d’efflux de I’antibiotique. Nous proposons que cette accumulation est
limitée par le nombre de porines et pompes a efflux disponibles a la membrane bactérienne, saturant
le systeme dans le cas d’une concentration trop élevée de Tc. Nous observons également des
différences du niveau basal de pompes a efflux TetA en absence de Tc parmi les bactéries portant le
plasmide FTn10tetAmCh, révélant une hétérogénéité phénotypique au sein-méme de la population
bactérienne. Egalement observé par Sophie Nolivos lors de la publication antécédente, cela
démontre que la conjugaison permet la mise en place d’une population de cellules avec différents
niveaux de pompes a efflux. La production de pompes additionnelles en absence de Tc est certes
coliteux énergétiquement parlant, pouvant aller jusqu’a perturber le potentiel de membrane si trop
important (Eckert and Beck 1989), mais cela prépare également au mieux la bactérie pour face a un
traitement antibiotique. A I'inverse, maintenir au minimum la production de ces pompes a efflux
permet aux bactéries de mieux croitre en absence de Tc mais peut étre délétere en cas de traitement
soudain et important. La présence de sous-populations différentes permet la répartition de fonction
métabolique colteuse au sein de la population bactérienne, minimisant I'impact négatif individuel
tout en permettant a certains génotypes de persister face a un environnement fluctuant (Ackermann
2015; Spratt and Lane 2022).

Au travers de cet article, nous avons donc pu établir que la répression de tetA est finement
régulée par TetR de sorte a permettre une production suffisante de pompes a efflux TetA pour
anticiper et limiter I'accumulation de Tc. Une balance dynamique est alors instaurée, dépendante de
la concentration initiale de pompes a efflux codées par le chromosome et par le plasmide mais
dépendant aussi de la concentration de Tc dans le milieu. La conjugaison bactérienne pourrait alors
permettre d’établir intrinsequement un niveau d’hétérogénéité d’expression de facteurs
plasmidiques, dont les pompes a efflux TetA, et ce dans un but favorable a la population bactérienne

globale.
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Partie V : Discussion générale

Les travaux de recherche présentés dans ce manuscrit de thése s’intéressent a la compréhension
des mécanismes impliqués dans le transfert horizontal du plasmide F au cours de la conjugaison chez
Escherichia coli. Les études des dernieres décennies sur le sujet se concentrent principalement sur la
caractérisation génétique des différents plasmides conjugatifs. Ces études ont notamment démontré
I'importance du transfert horizontal par conjugaison a la fois pour la plasticité et I'adaptabilité
bactérienne mais également I'impact sociétal associé a la dissémination de résistances aux métaux
lourds et antibiotiques (Frost et al. 2005; Keeling and Palmer 2008; Baharoglu, Garriss, and Mazel
2013; Koraimann 2018; Virolle et al. 2020). L'approche présentée dans ce manuscrit est ainsi
pertinente et innovante puisqu’elle associe des techniques de microscopie a fluorescence en cellules
vivantes complémentaire aux approches intrinseques de biochimie structurale, de microbiologie
classique ou encore de génétique. Par cela, nous décrivons avec précision la dynamique moléculaire
du transfert conjugatif et I'impact du plasmide F sur la bactérie receveuse a |’échelle cellulaire, la ou
la majorité des études traitent de la conjugaison au sens large apres son établissement dans les

populations bactériennes.

Nos outils génétiques permettent ainsi la visualisation en temps réel des différentes étapes du
transfert conjugatif par microscopie a fluorescence, révélant une organisation intracellulaire
spécifique des différentes protéines plasmidiques. La conversion de I’ADN transféré en double-brin
constitue le pivot de I'expression des différentes régions, organisé en un réel découplage
chronologique de la production et régulation des divers facteurs plasmidiques. Nous apportons
notamment plus de précisions quant au role joué par la région leading du plasmide F, sujet central
de ce manuscrit de these. Majoritairement inconnus, les geénes associés ne semblent cependant pas
jouer de role direct pour I'efficacité du transfert conjugatif. Nous proposons que la production d’une
copie plasmidique de la protéine Ssb permette d’augmenter la concentration intracellulaire en
protéine Ssb tout en permettant plus spécifiquement la duplication du plasmide directement apres
son transfert. En produisant sa propre copie plasmidique, le plasmide F empéche ainsi la bactérie
héte de manquer en protéines Ssb essentielles aux mécanismes de réplication de I’ADN. Ajouté au
réle d’inhibition de la réponse SOS associée a la protéine PsiB, ces deux protéines leading semblent
ménager la physiologie de la bactérie receveuse au moment de I’acquisition du plasmide plutét que

pour I'efficacité du transfert en lui-méme (Bagdasarian et al. 1992; Petrova et al. 2009; Couturier et
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tigh et Van Melderen (2020).



al. 2023). Il serait alors probable que les autres protéines leading jouent un réle similaire dans le but
de limiter I'impact négatif sur la bactérie hote di a I"acquisition du plasmide et I’expression des
nombreux facteurs associés, modérant alors la notion d’élément égoiste souvent utilisé pour
qualifier les éléments extra-chromosomiques dont les plasmides.

Nous démontrons également la présence d’une deuxieme séquence ssi sur la région leading du
plasmide F, que nous avons nommé Frpo2 du fait de sa forte homologie avec le séquence Frpol déja
décrite in vitro dans la littérature (Masai and Arai 1997; Couturier et al. 2023). Nous confirmons in
vivo le réle de promoteur simple-brin de ces deux séquences pour I’expression précoce et transitoire
des genes leading. Toutefois, I’'homologie a 92% de ces deux cassettes Frpol et Frpo2 peut facilement
étre a l'origine d’événements de recombinaisons homologues qui aboutiraient a la délétion des
génes ssb’, yfiA, yfjB, psiB, psiA, flmA, flmB, flimC et ygdA. La présence d’un systéme toxine-antitoxine
(TA) semblable au systéeme hok/sok porté par flmAB permet sans doutes d’éviter qu’un tel
évenement ne se produise, en induisant la mort post-ségrégationnelle de la bactérie si elle vient a
perdre cette région (Figure 4) (Hiraga et al. 1986; Loh, Cram, and Skurray 1988; Harrison and
Brockhurst 2012; Carroll and Wong 2018). Trés décrit depuis sa découverte chez le plasmide R1, le
systeme TA hok/sok code pour un ARN messager (ARNm) hok (host killing) codant une protéine
ciblant lamembrane interne ainsi qu’un ARN anti-sens non traduit sok (suppression of killing) a courte
durée de vie et inhibant hok au niveau post-transcriptionnel (Thisted and Gerdes 1992). Par la perte
du plasmide apres division cellulaire, la dégradation rapide de sok va lever I'inhibition de ’TARNm hok
et permettre la traduction de la protéine correspondante, toxique pour la bactérie. Hok est
responsable de la mort bactérienne par perturbation de divers procédés métaboliques essentiels tels
gue la respiration cellulaire ou I'intégrité membranaire (Figure 7) (K. Gerdes et al. 1986).

La région leading des plasmides conjugatifs du groupe MOB-F constitue également une région
préférentiellement ciblée par certains systemes CRISPR-Cas spécifiquement dirigés contre la
conjugaison (Westra et al. 2013). Cela peut étre en partie expliqué par le fait qu’en étant la premiére
région transférée dans la receveuse, c’est également la portion génétique le plus fréquemment
retrouvé dans la bactérie receveuse apres un transfert abortif, et donc avec laquelle elle peut plus
facilement développer un systeme de défense spécifique. On peut également penser que cibler plus
particulierement la région leading permettrait une meilleure inhibition de la conjugaison par le
systeme CRISPR plutét qu’en ciblant une autre région plasmidique. La région leading constitue
également une cible évolutive des plasmides pESBL (Benz and Hall 2022). Aprés une quinzaine de

générations sans pression de sélection, des mutations spontanées intégrant des codons stop sont
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sous-unité 100S inactives. RaiA participe a l'inhibition traductionnelle en bloquant la liaison des ARNt aux ribo-

somes. D’apres Yoshida et al. (2019).



retrouvés dans cette région. Certaines se retrouvent spécifiquement sur le géne parB2 homologue a
yfjB, allant méme jusqu’a améliorer I'efficacité de transfert du plasmide dans quelques cas isolés.
Ensembles, ces différents arguments appuient d’autant plus I'importance de la région leading pour
le plasmide F mais mettent également en avant la complexité de compréhension des fonctions

associées, puisqu’elles semblent varier d’un plasmide a I'autre.

La caractérisation de la protéine leading YfjB constitue également une part importante de ce
manuscrit de thése. Tres peu décrite dans la littérature, on peut tout de méme noter la publication
d’une poignée de récents articles faisant référence a ses homologues « ParB2 » chez les autres
plasmides conjugatifs et mettant d’autant plus en avant l'intérét d’étude de cette protéine (Al
Mamun, Kishida, and Christie 2021; Al Mamun et al. 2022; Benz and Hall 2022). Ici je confirme donc
I’homologie avec les protéines ParB via la conservation d’un domaine HTH et d’'un motif GxxRxxA,
importants pour sa fonction de liaison a I’ADN chromosomique. Par cela YfjB va toucher a I’expression
génétique global de la cellule en affectant jusqu’a 15% de son génome total. Cela est concordant
avec 'observation réalisée par Billane et al. démontrant que les plasmides conjugatifs peuvent
affecter jusqu’a 20% de I’expression génomique de la bactérie hote, dans le but de manipuler sa
physiologie pour leur propre bénéfice (Billane et al. 2022). Parmi les génes affectés en présence de
ces plasmides, nombreux sont associés a de multiples fonctions cellulaires comme le métabolisme
du glucose, le cycle TCA, la transcription de genes ou encore la mobilité bactérienne. Il estintéressant
d’observer des modifications similaires en présence d’YfjB, probablement dans le but de préparer au
mieux la physiologie héte pour I'acquisition du plasmide conjugatif tout en limitant I'impact négatif
lié au transfert. De tous les genes dont I’expression est affectée en présence d’YfjB on retrouve raiA
et rmf, codant pour des facteurs de modulation des ribosomes. RMF inhibe I’activité traductionnelle
des ribosomes 70S (actifs) en participant a leur dimérisation en sous-unités ribosomiques 100S
(inactifs) (Maki, Yoshida, and Wada 2000; Yoshida et al. 2019). Le facteur RaiA quant a lui stabilise les
ribosomes 70S dans un état de dormance tout en inhibant la traduction en phase stationnaire de
croissance en bloquant la liaison des ARNt sur le site ribosomique A, modulant ainsi I'activité
ribosomique en fonction des conditions environnementales (Agafonov, Kolb, and Spirin 2001). En
parallele, le géne rsd est également réprimé en présence d’YfjB, dont la protéine associée est un
facteur anti-sigma inhibant la transcription lors de la transition vers la phase stationnaire de
croissance. Rsd séquestre le facteur sigma 70 (RpoD) lié a I’ARN polymérase, facilitant la liaison du

facteur sigma S (RpoS) et donc l'inactivation de la transcription des génes impliqués pour la
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croissance exponentielle de la bactérie (Figure 8) (Hengge-Aronis 1993; Hofmann, Wurm, and
Wagner 2011; Yoshida et al. 2019). Ainsi nous proposons que la présence d’YfjB renforce la
diminution de transcription génétique hote associée au passage en phase stationnaire de croissance,
tout en prévenant I'inhibition des ribosomes 70S par RMF et permettant la réactivation des réserves
de ribosomes mis en dormance par RaiA. Par cette stratégie, le plasmide F assure qu’assez de
ribosomes soient actifs pour la traduction rapide et efficace des facteurs plasmidiques sans détourner
pour autant la totalité des ribosomes de la bactérie hbte, et ce jusqu’a ce que les protéines
plasmidiques prennent le relai pour réguler leur propre production.

Nous sommes toutefois a méme de nous demander comment une seule protéine peut affecter
autant de fonctions métaboliques différentes ? Tout d’abord, nous avons pu voir que la présence
d’YfjB induit un changement d’expression d’une cinquantaine de régulateurs de transcription,
induisant indirectement une cascade de régulations et de changements d’expression des régulons
associés. Il est aussi nécessaire de rappeler que nous observons de tels changements en condition de
production ectopique et constante d’YfjB. Peut-étre qu’une production plus importante et continue
de protéines YfjB permet une liaison non-spécifique a I’ADN, comme le sont capables les protéines
ParB, expliquant alors I’étendue des genes affectés ? Il est également possible qu’en condition de
conjugaison, d’autres facteurs plasmidiques permettent une modulation plus précise de la fonction
de la protéine YfjB.

Lors de la conjugaison, le géne yfjB va rapidement cesser d’étre exprimé suite a la conversion en
ADNdb du promoteur Frpo2. La dilution progressive de la protéine YfjB au cours des générations
bactériennes indique qu’elle ne joue pas de rble pour le maintien du plasmide au cours des
générations, mais semblerait plutot affecter la dissémination du plasmide F au sein des populations
bactériennes. Nous observons également que la délétion d’'yfjB augmente de 30% le délai de
conversion de ’ADNsb transféré en ADNdb, mais ne change pas I'efficacité in fine de la conjugaison
dans nos conditions de cultures optimales entre bactéries isogéniques. |l est cependant certain que
ce délai peut étre délétere pour le transfert dans des conditions plus stressantes, entre souches
bactériennes différentes ou alors dans le cas d’un transfert vers une bactérie receveuse possédant
déja d’autres éléments mobilisables. En effet, tout élément génétique transféré horizontalement est
particulierement vulnérable en début de transfert, car typiquement retrouvé en une seule copie ou
alors aucun facteur de défense n’a encore pu étre synthétisé. Il peut également étre confronté a la
compétition d’autres éléments mobilisables déja présents et établis. Les plasmides conjugatifs ne

font pas exception, et méme si le transfert a bien été réalisé, cela n’assure pas pour autant leur
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établissement stable au sein des populations bactériennes. Il est donc fort probable que les
premieres protéines leading produites apres linitiation du transfert conjugatives permettent

I’amélioration des conditions d’établissement du plasmide.

Ainsi, bien que la protéine leading YfjB possede une homologie avec les protéines ParB, nous
démontrons qu’elle ne partage pas leur fonction de ségrégation de I’ADN et fait donc partie de la
large variété de protéines polyvalentes ParB-like (lyer et al. 2017). Les fonctions de ces protéines
peuvent étre multiples et éloignées de la fonction initiale de ségrégation de I’ADN, comme c’est le
cas de I'activité DNase de la protéine Osa. Produite a partir du plasmide pSa, elle constitue un facteur
d’inhibition de fertilité en bloquant de fagon sélective le transfert d’ADN de plasmides co-résidents
compétiteurs par dégradation spécifique de leur matériel génétique (Maindola et al. 2014). De facon
plus similaire a ce qu’on observe pour YfjB, la protéine KorB du plasmide RK2 possede également une
homologie avec les protéines ParB et est capable de se lier a plus d’'une douzaine de sites ADN et
réguler 'activité des promoteurs associés (Jagura-Burdzy et al. 1999; Bingle et al. 2005). Des
expériences de ChiP-seq chez Peusodmonas aeruginosa démontrent que la protéine ParB peut fixer
une centaine de séquences ADN possédant un demi motif parS (Kawalek et al. 2018). Cela pourrait
expliquer une évolution des protéines ParB au sein des populations bactériennes et plasmidiques
vers des fonctions métaboliques différentes, tout en conservant la capacité de fixation et de diffusion
sur de multiples séquences ADN.

Comme dit précédemment, la poursuite de la reconstruction de la structure protéique d’YfjB est
en cours au moment de |’écriture de ce manuscrit, et permettra d’apporter d’avantages informations
quant a lI'implication des différents domaines de la protéine pour sa fonction. Une répétition des
expériences de ChiP-seq permettra également de confirmer les profils observés et ainsi établir une
meilleure corrélation entre la liaison a I’ADN et les changements de transcription observés. Nos
résultats constituent toutefois une avancée considérable dans la compréhension du réle de la
protéine YfjB ainsi que sur le role joué par la région leading pour le processus conjugatif. Nous
proposons donc que par la production rapide et précoce des protéines leading, le plasmide F aurait
établi une stratégie visant a préparer au mieux la physiologie de la bactérie receveuse pour son
propre établissement rapide et son maintien efficace au cours des divisions. La protéine Yf{jB
permettrait ainsi la reprogrammation globale du profil d’expression des genes de la bactérie hote de
facon temporaire, le temps d’assurer I’établissement du plasmide et la mise en place de ses propres

régulations. En affectant diverses voies moléculaires du métabolisme bactérien, YfjB permet de
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préparer la bactérie receveuse a porter des informations génétiques supplémentaires tout en
limitant la diminution de fitness qui peut étre associée. De facon similaire aux protéines leading Ssb*
et PsiB, la protéine YfjB n’impacte pas I'efficacité-méme du transfert conjugatif. Il est possible de
penser que la région leading confere un avantage au plasmide F par rapport aux autres plasmides
conjugatifs, pouvant expliquer I'efficacité de son transfert et sa large répartition parmi les especes

bactériennes Enterobacteriaceae.
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L'incroyable capacité d’adaptation des bactéries face a leur environnement leur permet de coloniser
diverses niches écologiques, allant des sols et eaux jusqu’aux tissus vivants et surfaces inertes. Il est désormais
acquis que le transfert horizontal de genes joue un role prépondérant dans la plasticité des génomes
bactériens, permettant un bond évolutif associé a la dissémination rapide et efficace de nouveaux traits
phénotypiques. La conjugaison bactérienne est ainsi un mécanisme de transfert horizontal de genes d’intérét
majeur puisque responsable de 80% des disséminations de résistances aux antibiotiques acquises chez les
bactéries. Etant le sujet de nombreuses recherches depuis la découverte du mécanisme en 1946, le plasmide
F est désormais considéré comme un modele pour I’étude de la conjugaison bactérienne. Parmi les différentes
régions génétiques le composant, la région leading est définie comme étant la premiere a étre transférée dans
les cellules receveuses. Retrouvée conservée chez certains plasmides conjugatifs appartenant a divers groupes
d’incompatibilité, il a été montré que cette région est exprimée de maniere précoce lors de I'entrée du
plasmide dans la receveuse. Bien que la plupart des génes qui la composent soient de fonctions inconnues, il
est proposé que la région leading joue un réle majeur dans les étapes initiales d’établissement du plasmide

dans la nouvelle cellule hote.

L’ objectif principal de cette these est d’étudier le role de la région leading au cours de la conjugaison du
plasmide F chez Escherichia coli, et plus précisément de caractériser le géne yfjB. La protéine YfjB partage une
homologie avec les protéines de la famille ParB, notamment par la conservation d’'un domaine de liaison a
I’ADN. Afin de caractériser cette protéine leading, j’ai eu recours a une approche multidisciplinaire combinant
la microbiologie classique, la microscopie a fluorescence en cellules vivantes, la génétique, les analyses omic
ou encore la biochimie structurale. Les résultats obtenus permettent de mieux comprendre la dynamique de
la protéine YfjB au niveau cellulaire, son activité moléculaire et son role dans I'établissement du plasmide F
chez la bactérie receveuse. Mes travaux nous amenent alors a proposer un role de la protéine YfjB pour le bon
déroulement des premiéres étapes de transfert du plasmide via une reprogrammation globale du profil
d’expression génétique de la bactérie hote. Cela irait dans le sens d’une stratégie développée par le plasmide
F visant a limiter I'impact négatif de son acquisition sur la physiologie de la cellule receveuse, appuyant

I’hypothése d’une importance de la région leading pour I'établissement du plasmide.

Bien que le transfert de génes par conjugaison ait été extensivement étudié au cours des dernieres
décennies, les différents projets de recherche auxquels j'ai pu participer au cours de ma these apportent de
nouvelles connaissances par diverses approches innovantes. En couvrant I'ensemble du mécanisme de
conjugaison, nous proposons alors de nouveaux modeles intégrant les différents mécanismes moléculaires

régissant la conjugaison dans le contexte de la cellule vivante.
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