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A mon père Franck, ma mère Virginie et ma sœur Mathilde Haudiquet. 
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Le chat 

 

Les amoureux fervents et les savants austères 

Aiment également, dans leur mûre saison, 

Les chats puissants et doux, orgueil de la maison, 

Qui comme eux sont frileux et comme eux sédentaires. 

 

Amis de la science et de la volupté, 

Ils cherchent le silence et l’horreur des ténèbres ; 
L’Erèbe les eût pris pour ses coursiers funèbres, 

S’ils pouvaient au servage incliner leur fierté. 
 

Ils prennent en songeant les nobles attitudes 

Des grands sphinx allongés au fond des solitudes, 

Qui semblent s’endormir dans un rêve sans fin ; 
 

Leurs reins féconds sont pleins d’étincelles magiques, 
Et des parcelles d’or, ainsi qu’un sable fin, 
Etoilent vaguement leurs prunelles mystiques. 

 

Charles Baudelaire, Les Fleurs du mal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

La vie antérieure 

 

J'ai longtemps habité sous de vastes portiques 

Que les soleils marins teignaient de mille feux, 

Et que leurs grands piliers, droits et majestueux, 

Rendaient pareils, le soir, aux grottes basaltiques. 

 

Les houles, en roulant les images des cieux, 

Mêlaient d'une façon solennelle et mystique 

Les tout-puissants accords de leur riche musique 

Aux couleurs du couchant reflété par mes yeux. 

 

C'est là que j'ai vécu dans les voluptés calmes, 

Au milieu de l'azur, des vagues, des splendeurs 

Et des esclaves nus, tout imprégnés d'odeurs, 

 

Qui me rafraîchissaient le front avec des palmes, 

Et dont l'unique soin était d'approfondir 

Le secret douloureux qui me faisait languir. 

 

    Charles Baudelaire, Les Fleurs du mal 

 

  





     

 

 
 

 

Titre : Comment la capsule protège la cellule, façonne les échanges génétiques et influence 
l'évolution bactérienne. 
 

Résumé :  

Les changes g n tiques avec d'autres individus sont  l'origine de l'adaptation de nombreuses 
bact ries. Ils comprennent l'acquisition de nouveaux g nes et la propagation d'all les favorables par 
transfert horizontal de g nes et recombinaison homologue. Ces changes sont m di s par des l ments 
g n tiques mobiles tels que les plasmides et les phages, et peuvent conduire  l'acquisition de nouvelles 
fonctionnalit s comme la r sistance aux antibiotiques ou  l'acquisition de facteurs de virulence. Un 
l ment particulier pr sent dans  la surface de nombreuses cellules bact riennes - la capsule - affecte 

les taux d' change g n tique et volue rapidement  travers eux. La capsule est pr sente dans tous les 
pathog nes nosocomiaux multir sistants de haute priorit  ESKAPEs, et repr sente la premi re 
structure  traverser pour les virions et les syst mes conjugatifs. Dans cette th se, j'ai cherch   
caract riser l'interaction entre le transfert horizontal de g nes et la capsule bact rienne. J'ai utilis  
Klebsiella pneumoniae comme mod le, et j'ai combin  plusieurs approches, notamment la g nomique 
comparative et la phylog nie, ainsi que des experience de transfert de g nes et des mutants exprimant 
different s rotypes. Cette th se met en lumi re l'impact de la composition de l'enveloppe cellulaire sur 
l' volution bact rienne, et montre que les capsules agissent comme des gardiens du transfer horizontal 
de g ne.  
 

Mots clefs : Microbiologie, Klebsiella pneumoniae, Capsule, Serotype, G nomique, G nomique 
comparative, Phages, Conjugaison  

 

Title : How capsules protect the cell, shape genetic exchanges and drive bacterial evolution  
 
Abstract :  

Genetic exchanges with other individuals drive the adaptation of many bacteria. They include the 
acquisition of novel genes and the spread of favorable alleles by horizontal gene transfer and 
homologous recombination. These exchanges are mediated by mobile genetic elements such as 
plasmids and phages, and can lead to the gain of new functionalities like antibiotic resistance or to the 
acquisition of virulence factors. One particular element present in many bacterial cells - the capsule - 
is thought to both affect the rates of genetic exchange and to rapidly evolve through them. The capsule 
is present in all high-priority multidrug-resistant nosocomial pathogens ESKAPEs, and represents the 
first structure to cross for virions and conjugative systems. In this thesis, I aimed at characterizing the 
interplay between horizontal gene transfer and the bacterial capsule. I used Klebsiella pneumoniae as 
a model, and combined several approaches including comparative genomics and phylogeny, as well 
as gene transfer assays and serotype swap mutants. Overall, this thesis sheds light on the impact of the 
cell envelope composition on bacterial evolution, and show that capsules are gatekeepers for mobile 
genetic elements.  
 
Keywords : Microbiology, Klebsiella pneumoniae, Capsule, Serotype, Genomics, Comparative 
genomics, Phages, Conjugation  
Résumé substantiel en français : 
 
 

Cette thèse est le résultat de plusieurs années de travail entre 2018 et 2022 à l'Institut Pasteur, dans le 

laboratoire de génomique évolutive des microbes dirigé par Eduardo Rocha, sous la supervision 

d'Eduardo et Olaya Rendueles. Il est composé d'une Introduction générale, où je dresse l'état de l'art 



     

 

 
 

 

des sujets étroitement liés à mes questions, suivie d'une section Contribution avec des introductions 

spécifiques aux méthodes que j'ai utilisées et aux articles que j'ai (co-)écrits directement liés à mon 

projet de doctorat. Mes contributions au domaine sont réparties entre deux points de vue, la génomique 

comparative in silico et les expériences in vitro. La conclusion présente un aperçu intégré de mes 

contributions. Enfin, j'ai participé à plusieurs autres articles indirectement liés à mon sujet, mais 

toujours en rapport avec Klebsiella et les échanges génétiques qui sont présentés dans les Annexes.      

 

Les échanges génétiques sont à l'origine de l'adaptation de nombreuses bactéries. Chez la plupart des 

espèces bactériennes, les échanges génétiques sont assurés par des éléments génétiques mobiles qui 

peuvent transférer leur propre matériel génétique, ou celui de leur hôte, aux cellules receveuses. Par 

conséquent, les gènes circulent dans les population, ce qui favorise l'évolution des bactéries, 

notamment des pathogènes. Deux processus sont associés avec les échanges génétiques : le 

remplacement de gènes préexistants par des allèles différents par recombinaison homologue, et 

l'acquisition de nouveaux gènes. Ces échanges peuvent conduire à l'acquisition de nouvelles 

fonctionnalités, notamment la résistance aux antibiotiques ou la virulence. Les éléments génétiques 

mobiles comme les phages et les plasmides conjugatifs codent des structures physiques, telles que les 

virions et les pili conjugatifs, capables de traverser l'enveloppe cellulaire des cellules réceptrices. Tout 

déterminant restreignant ou donnant accès aux éléments génétiques mobiles peut donc avoir un impact 

sur le flux génétique au sein d'une population. Une caractéristique essentielle de l'enveloppe de 

nombreuses espèces bactériennes, la capsule, constitue souvent le premier point de contact des 

éléments génétiques mobiles avec la cellule.        

 

Les capsules bactériennes sont des couches protectrices contre les stress abiotiques et biotiques. Elles 

forment une barrière hautement hydratée qui ralentit la dessiccation et exclut les molécules 

hydrophobes toxiques telles que les détergents. Les capsules ont également été décrites comme 

protégeant contre la prédation par les protozoaires, et l'infection par les bactériophages en masquant 

les récepteurs de surface. Enfin, les capsules peuvent améliorer la capacité des bactéries à infecter leurs 

hôtes et sont donc considérées comme des facteurs de virulence. Le rôle des capsules dans la virulence 

est multiple, car elles protègent les cellules contre le système immunitaire de diverses manières. 

Premièrement, elles masquent les antigènes immunogènes présents à la surface de la cellule. Ensuite, 

l'épaisseur et la charge négative de la capsule préviennent la lyse et la phagocytose, et protègent contre 

les protéines antimicrobiennes. Enfin, les capsules des agents pathogènes humains sont généralement 

composées de motifs polysaccharidiques imitant ceux de l'hôte, qui ne peuvent pas être ciblés 

efficacement par les anticorps. Le rôle protecteur global des capsules contribue à expliquer pourquoi 



     

 

 
 

 

les espèces bactériennes codant pour des capsules sont associées à une plus grande distribution 

environnementale, c'est-à-dire qu'elles peuvent être trouvées dans plus d'environnements que les autres 

espèces. Les capsules évoluent rapidement et présentent une énorme diversité chimique et génétique. 

La diversification de la composition chimique des capsules se produit par le biais d'un changement 

génétique dans le locus de la capsule, parfois par mutation, mais souvent par recombinaison avec de 

l'ADN transféré horizontalement. 

 

L'hypothèse principale motivant cette thése est que les capsules jouent un rôle majeur dans l'adaptation 

bactérienne. En effet, elles facilitent la survie en protégeant contre les stress biotiques et abiotiques. 

De plus, elles pourraient moduler les taux d'échange génétique car elles représentent une barrière 

physique à franchir pour les éléments génétiques mobiles. Cette hypothèse est soutenue par des 

découvertes récentes selon lesquelles (i) les capsules sont plus fréquentes chez les bactéries 

environnementales que chez les pathogènes, (ii) les bactéries avec des capsules occupent des niches 

plus diverses, (iii) les bactéries capsulées ont des pan-génomes plus grands, et (iv) accumulent plus 

d'éléments génétiques mobiles. Il y a donc une énigme concernant l'évolution des capsules : la capsule 

a besoin d'éléments génétiques mobiles pour varier par transfert horizontal de gènes, mais peut bloquer 

l'acquisition de ces mêmes éléments génétiques mobiles. Comment donc l interaction entre capsules 

et éléments génétiques mobiles a-t-elle un impact sur l'évolution bactérienne ? 

 

Modèle 

 

Dans cette th se, j ai utilis  Klebsiella pneumoniae comme mod le pour tudier l interaction entre les 

éléments génétiques mobiles et la capsule. Klebsiella pneumoniae est une espèce capsulée appartenant 

à la famille des Enterobacteriaceae, tout comme Salmonella et Escherichia. C'est une espèce 

ubiquitaire, et un commensal du tube digestif de nombreux eucaryotes. On peut la trouver dans le sol, 

l'eau douce, associée aux racines et aux feuilles des plantes, aux insectes et aux animaux, y compris 

les humains. Associée aux plantes, K. pneumoniae est une diazotrophe capable de fixer l'azote 

atmosphérique et est souvent attachée aux poils absorbants des racines des plantes qui bénéficient de 

cet azote. Associée aux mammifères comme l'homme, K. pneumoniae est un commensal du nez, de la 

bouche, des poumons et de l'intestin qui fait partie de la flore bactérienne saine. Il s'agit toutefois d'un 

pathogène opportuniste qui entraîne un large panel de maladies chez les patients immunodéprimés, et 

fait partie du groupe de pathogènes ESKAPE. Les ESKAPEs sont un groupe d esp ces bact riennes 

virulentes et multi-résistantes identifi  par l OMS, qui comprend Enterococcus faecium, 



     

 

 
 

 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa 

et Enterobacter spp.  

 

Klebsiella pneumoniae est une espèce particulièrement adaptée pour étudier la capsule et les élément 

génétiques mobiles. En effet, cette espèce acquiert à un rythme rapide des élément génétiques mobiles 

codant notamment pour des gènes de résistance aux antibiotiques, et des facteurs de virulence. De plus, 

Klebsiella pneumoniae est recouverte d une capsule polysaccharidique qui présente une large diversité 

génétique et chimique, comptant certainement plus de 160 sérotypes différents. 

 

Objectifs 

L'objectif de cette thèse est de caractériser l'interaction entre la capsule bactérienne et le transfert 

horizontal de gènes. Plus précisément, je voulais faire la lumière sur l'impact de la capsule sur le flux 

de gènes entre les populations bactériennes, et comment ce processus peut façonner l'évolution de la 

capsule. Klebsiella pneumoniae représente un modèle de choix, car elle exprime de manière ubiquitaire 

une grande capsule, code souvent des MGEs, et son évolution représente une menace pour notre 

système de santé global. Les objectifs de ma thèse étaient les suivants : 

- Déduire les échanges génétiques passés entre isolats séquencés de Klebsiella pneumoniae, en 

relation avec leur capsule. 

- Mesurer les taux d'échanges génétiques chez Klebsiella pneumoniae en relation avec leur capsule. 

- Comprendre l'évolution de la capsule à la lumière des interactions avec les éléments génétiques 

mobiles. 

  

Contributions 

Mes travaux de thèse ont donné lieu à la publication d'un article de premier auteur et d'un autre article 

qui sera bientôt soumis. Ces études reposent sur deux piliers méthodologiques : la génomique 

comparative et la biologie expérimentale. Dans la première étude, j'ai exploité des outils du domaine 

de la génomique comparative pour analyser des milliers de génomes de Klebsiella pneumoniae, 

déduire leurs échanges génétiques passés et proposer un modèle d'évolution de la capsule. J'ai complété 

mes résultats par un modèle expérimental simple qui soutenait les conclusions de l'analyse génomique. 

Dans la deuxième étude, j'ai utilisé une approche miroir partant de l'ingénierie expérimentale des 

génomes et de transfert de gènes in vitro, complétée par une analyse génomique des plasmides de 

Klebsiella pneumoniae. Par conséquent, mes contributions sur l'interaction entre les capsules 

bactériennes et le transfert horizontal de gènes seront présentées d'abord sous l'angle de la génomique, 



     

 

 
 

 

puis sous celui de la biologie expérimentale. J'ai également participé à plusieurs autres études, qui sont 

présentées dans les annexes. 

 

L'étude du flux de gènes chez K. pneumoniae a révélé que le transfert de gènes se produit plus 

fréquemment entre les souches du même sérotype, ce qui entraîne un biais de flux de gènes intra-

sérotypes. Cela peut s'expliquer par des effets écologiques, car les populations ayant des sérotypes 

similaires ont tendance à occuper des niches similaires et ont plus de possibilités d'échanges 

génétiques. Ce biais peut également s'expliquer par la parenté génétique, puisque les souches 

étroitement apparentées ont tendance à échanger du matériel génétique plus fréquemment. On pourrait 

s'attendre à ce que les effets écologiques et les effets de parenté aient un impact similaire sur les 

échanges de matériel génétique médiés par la conjugaison et par les phages, l'analyse des flux 

génétiques liés aux plasmides a révélé qu'elle était en fait biaisée vers les échanges inter-sérotypes. À 

l'inverse, le flux génétique des phages tempérées sont fortement orientés vers les échanges intra-

sérotypes. Dans l'ensemble, le biais intra-sérotype semble être largement déterminé par les phages, 

éclipsant le biais opposé observé dans les plasmides. 

 

Pourquoi le flux génétique médié par les phages est-il plus élevé entre les souches d'un même sérotype 

? Les phages virulents naturels d'espèces capsulées, telles que K. pneumoniae ou Acinetobacter 

baumannii, sont généralement spécifiques à un, ou parfois plusieurs, sérotypes. La coévolution de 

longue date des phages avec leurs hôtes capsulés a donné lieu à une relation écologique particulière : 

chez les espèces typiquement non-capsulées, leurs phages sont bloqués par l'expression d'une capsule, 

mais chez les espèces généralement capsulées, leurs phages sont dépendants de la capsule pour infecter 

leurs h tes. C est cette sp cificit  envers le s rot pe capsulaire qui provoque le biais d changes 

génétiques intra-serotype.  

 

Pourquoi le flux génétique médié par la conjugaison est-il plus élevé entre les souches de sérotypes 

différents ? Au moins deux observations peuvent expliquer ce phénomène : i) l'inactivation de la 

capsule est fréquente, et ces cellules non capsulées ont des fréquences de conjugaison jusqu'à 100 fois 

plus élevées et ii) les sérotypes de capsule ont un impact différent sur l'efficacité de la conjugaison. En 

identifiant d'abord les loci capsulaires inactivés, et en analysant le flux génétique de ces isolats, nous 

avons identifié les cellules non capsulées comme des hub de conjugaison. Nous avons également fourni 

des preuves expérimentales que les cellules non encapsulées ont des taux de réception et de don plus 

élevés, et que ces hubs de conjugaison fournissent des voies de transfert entre sérotypes distincts. En 

construisant des échanges de sérotypes isogéniques avec une nouvelle méthode, nous avons montré 



     

 

 
 

 

que l'efficacité de la conjugaison est déterminée par le sérotype de la capsule du donneur et du receveur. 

Par exemple, les sérotypes K1 et K2 sont associés à des efficacités de conjugaison relativement plus 

faibles que les sérotypes K24 et K3. De plus, les cellules hébergeant le même sérotype de capsule n'ont 

pas une fréquence de conjugaison plus élevée, et il semble y avoir peu ou pas d'interaction entre la 

capsule du donneur et celle du receveur pendant la conjugaison. En conséquence, la conjugaison est 

généralement plus efficace entre les cellules K1 et K3 qu'entre les cellules K1. Ainsi, les différences 

d'efficacité de la conjugaison peuvent entraîner un transfert préférentiel entre les cellules de sérotypes 

différents. Les raisons mécanistiques pour lesquelles les sérotypes sont associés à des efficacités de 

conjugaison différentes sont encore inconnues. Pour répondre à cette question, les échanges de 

sérotypes isogéniques seront essentiels pour délimiter les différences précises entre sérotypes, 

indépendamment du fond génétique. Notre hypothèse principale est que l'épaisseur inhérente au 

sérotype est en corrélation négative avec l'efficacité de conjugaison, car elle diminue la proximité 

physique entre les cellules. Cette hypothèse est conforme à l'observation selon laquelle les clones 

hypervirulents de K. pneumoniae ont tendance à présenter une diversité génétique relativement plus 

faible, car leurs capsules épaisses peuvent permettre au système immunitaire de mieux s'échapper mais 

réduire les taux de conjugaison. 
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Preamble 

 

This thesis is the results of several years of work between 2018 and 2022 at the Institut Pasteur, in the 

Microbial Evolutionary Genomics lab led by Eduardo Rocha, under the supervision of Eduardo and 

Olaya Rendueles. It is composed of a General Introduction, where I draw the state-of-the-art of topics 

closely related to my questions, followed by a Contribution section with specific introductions to the 

methods I used and the articles I have (co-)authored directly related to my PhD project. My 

contributions to the field are split between two views, in silico comparative genomics and in vitro 

experiments. The Conclusion presents an integrated overview of my contributions. Finally, I have 

participated in several other articles indirectly related to my subject, but always related to Klebsiella 

and genetic exchanges that are presented in the Annexes.  

 

Genetic exchanges drive the adaptation of many bacteria. They include the replacement of pre-exiting 

genes by different alleles via homologous recombination, and the acquisition of new genes. These 

exchanges are mediated by mobile genetic elements such as plasmids and bacteriophages, and can 

lead to the gain of new functionalities including antibiotics resistance or virulence. One particular 

element present in many bacterial cells – the capsule - is thought to both affect the rates of genetic 

exchange and to rapidly evolve through them.  

 

The capsule forms the outermost layer of the cell in more than half of the sequenced bacterial species, 

and as such, it is the first point of contact between the cell and its surroundings. Capsules are 

membrane-bound polysaccharides synthesized by a multi-step pathway encoded in a capsule locus. 

They diversify at high rates and frequently evolve via horizontal gene transfer, suggesting that capsules 

undergo strong selective pressures. Proposed sources of selection for capsule evolution and 

diversification are related abiotic stress tolerance, optimal nutrient utilization, host’s immune system 

escape, and protection from predation by protozoa and bacteriophages. Capsule evolution is intense, 

but depends on horizontal gene transfer mediated by mobile genetic elements, for which they represent 

a physical barrier to cross. How then does this interaction between capsules and MGEs impact bacterial 

evolution? 

 

This thesis focuses on Klebsiella pneumoniae, a capsulated diderm bacterium belonging to the 

Enterobacteriaceae family. It has a large tropism, for instance, it can be found in the soil, associated to 

plants, but it is best known as an opportunistic pathogen colonizing a wide variety of hosts, including 



Preamble 

 

 

17 

human, where it causes pneumonia, recurrent urinary infections and acute abscesses in the liver. 

Klebsiella pneumoniae clonal complexes can be associated with hypervirulence, multidrug resistance 

or, recently, both. It is the ‘K’ from the ESKAPE pathogens, the six most significant multidrug resistant 

nosocomial pathogens.  

 

Given the importance of genetic transfer in the evolution and adaptation of microorganisms, and 

notably in the acquisition of antimicrobial resistance genes, the aim of this thesis is to understand the 

interplay between horizontal gene transfer and the capsule during the evolution of Klebsiella 

pneumoniae. This is key to understand the importance of the cell envelope on bacterial evolution, how 

the evolution of MGE and bacteria are impacted by their physical interaction, and the emergence of 

multi-drug resistant and/or virulent clones by accumulation of genes through HGT in capsulated 

species. 
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General Introduction 

 

Bacteria 

 

Bacteria are single-celled organisms forming one of the three Domains of Life. In this section, I will 

first briefly describe the bacterial cell, and provide a primer on bacterial genome composition and 

organization.  

 

Bacterial cell 

 

The bacterial cell is composed of DNA, RNA, proteins, lipids and other molecules involved in the 

cell’s metabolism, i.e. all the chemical and biological transformations supporting life (Figure 1). The 

inner medium is called the cytoplasm, whereas the cell is delimited by the envelope.  

 

Figure 1 - The bacterial cell. An additional membrane above the cell wall is present in diderm species. 

(Credit: Mathilde Haudiquet) 

 

Bacteria typically have one chromosome made of a circular stretch of DNA, compacted by specialized 

histone-like proteins within the nucleoid. The nucleoid is often associated with the cytoplasmic 

membrane of the cell, but is largely viewed as free-floating within the cytoplasm. Chromosome size 
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varies from a few hundreds of kilobases to more than 14 megabases, depending on the species. Many 

cells also carry extra-chromosomal DNA elements called plasmids.  

Upon transcription of the DNA into messenger RNA, protein synthesis is carried out by ribosomes 

which are molecular machines made of proteins and ribozymes (catalytic RNA) accounting for most 

of the cell’s mass. Proteins localize either in the nucleoid, in the cytoplasm or anchored in the cell’s 

envelope.  

The cell envelope regroups the structures surrounding the cytoplasm and delimiting the borders of the 

cell, including the cytoplasmic membrane, the cell wall, the outer membrane, and additional layers 

like the S-layer or the capsule. Cytoplasmic membranes, sometimes called plasma membranes, are 

found in all three domains of life and are composed of phospholipids organized in a polar bilayer. They 

surround the cytoplasm and provide a protection against diffusion of ions and molecules. Numerous 

proteins are present within the membrane, carrying out various functions such as water diffusion, 

molecules import and export, or attachment to surfaces. Phospholipid bilayers associated with proteins 

form selectively permeable membranes. On top of this membrane, the cell wall provides structural 

integrity for the cell and protection from the internal turgor pressure caused by the much higher 

concentration of molecules inside the cell than outside the cell. The bacterial cell wall is distinguished 

from that of Archaea and Eukarya by the presence of peptidoglycan composed of poly-N-

acetylglucosamine and N-acetylmuramic acid. Peptidoglycan is located immediately outside the 

cytoplasmic membrane and is responsible for the rigidity of the envelope and shape of the cell, while 

being porous enough not to impede molecule’s diffusion. While almost all bacterial cell walls contain 

peptidoglycan, not all cell walls have the same organization. This is reflected in particular by the 

monoderm and diderm classification. 

Monoderms have one membrane composed of a phospholipid bilayer, covered in a thick 

peptidoglycan layer. Notorious members of the monoderms include Staphylococcus, Enterococcus and 

Streptococcus species. Diderms are composed of a thinner peptidoglycan layer but are surrounded 

with an additional membrane called the outer membrane. This outer membrane is anchored to the 

peptidoglycan by proteins, and is covered with the lipopolysaccharide (LPS). The LPS is a large 

molecule composed of the lipid A, core oligosaccharide, and the O-antigen. The O-antigen is the most 

distal part of the molecule and is composed of various repeats of glycans. It is covalently attached to 

the core, which is less variable than the O-antigen, itself bonded to the lipid A anchored in the outer 

membrane. Together, these three components participate to the structural stability of the diderms cell 

envelope.  
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Finally, monoderm and diderm bacterial cells are often surrounded by an additional, outermost 

protective layer called the capsule. This structure of the cell envelope is described in details in its own 

section: The bacterial capsule. 

 

Bacterial genomes 

 

The bacterial genome is encoded on a large, typically circular, DNA molecule called a chromosome. 

Additionally, some species sometimes carry secondary chromosomes, and often smaller DNA 

molecules such as plasmids and extra-chromosomal prophages can be present in the cytoplasm. In this 

section, I overview their composition and organization, and present some hypotheses explaining 

these observations. 

 

Genome regions can be classed between protein-coding regions and non-coding regions. Protein-

coding, and often non-coding regions, encode the information for a function, for example an enzyme 

catalyzing a chemical reaction, or a promoter regulating the expression of an adjacent region.  

Bacterial genomes are very dense in protein-coding regions, which account for 85-90% 

(McCutcheon and Moran 2012) of the DNA. Moreover, most functional regions are organized in 

operons, which form a condensed array of co-transcribed and co-regulated protein-coding regions, 

leading to high genetic linkage among them. Proteins are translated from the messenger RNA which 

is transcribed and read DNA triplets called codons and corresponding to specific amino acids. A start 

and a stop codon enclose the coding regions in open reading frames (ORFs). Several codons 

correspond to the same amino acid, but synonymous codons are not randomly distributed within 

bacterial genomes, which is known as the codon usage bias [1]. This is due to selection on translation 

optimization [1,2], co-evolving with host tRNA abundance [3]. It is also the result of mutational bias 

and base composition, including the impact of the GC-content [4], transcription-coupled repair [5], 

and leading-/lagging strand bias [6]. 

The 10-15% remaining DNA is composed of non-coding regions, and encompass functional and non-

functional sequences. Functional non-coding DNA is usually involved in gene regulation, in the form 

of promoter sequences, enhancers, ribosome-binding sites, origin of replication, replication terminus, 

or functional RNAs. Non-functional non-coding DNA includes decayed protein-coding regions called 

pseudogenes, and fragments of transposons and other integrated mobile genetic elements. 
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Chromosome replication often starts from one origin, called oriC, at which two replication forks 

form and move in opposite direction, forming a theta-like structure. The two forks terminate at the 

terminus region ter, which is diametrically opposed to the oriC. Forks move from the origin to the 

terminus and are composed of a leading and a lagging strand. Leading and lagging strands asymmetry 

and gradient ploidy between origin-proximal and distal regions are two important factors driving the 

organization and composition of bacterial genomes [7] (Figure 2).  

Leading and lagging strands have asymmetric nucleotide compositions [8], and this is hypothesized to 

be due to asymmetric mutation biases [9,10], particularly the excess of cytosine deamination (leading 

to C/T transition) of single-stranded DNA. Additionally, essential genes are mostly found in the same 

direction as the leading strand, and the selection for this co-orientation stems from the deleterious 

impact of DNA polymerase / RNA polymerase collisions that may disrupt replication, but most 

importantly produce truncated transcripts [11]. 

In fast-growing cells, several initiations can start successively before complete replication, which 

accelerates replication and leads to a higher copy-number for oriC-proximal genes. As a result, genes 

necessary for fast-growth and under strong dosage effects like transcription and translation are over-

represented close to the origin [12]. Hence, replication-associated gene dosage is an important 

determinant of chromosome organization and dynamics, especially among fast-growing bacteria. 

Coding-regions farther from the oriC also tend have higher mutation rates resulting in elevated 

evolutionary rates [13,14]. This may be due to the preferential use of specific repair systems close to 

the terminus region [13,14]. Generally, the DNA G+C content is lower close to the terminus [13]. It 

has been proposed that GC alleles are more frequently under positive selection [15], but this does not 

explain why G+C3, the third codon position GC content, is lower close to the terminus in many species 

[13]. Different hypothesis may explain this observation, including replication-associated phenomena 

counteracting the G/C to T/A transitions bias [16], that may be driven by cytosine deamination. 

Overall, replication appears to be an important mechanism responsible for the GC gradient between 

the origin and terminus of bacterial chromosomes.  
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Figure 2 – Replication constraints on bacterial chromosomal organization. Two kinds of biases are 

detected along the bacterial chromosome: asymmetries owing to the existence of a leading and a 

lagging strand, and biases related to the proximity of the origin and terminus of replication (Ori and 

Ter). Essential genes are represented by red arrows and non-essential genes are shown in green. The 

thickness of an arrow is proportional to the expression rate of the gene it represents. Essential genes 

are preferentially located on the leading strand and highly expressed genes, especially those related to 

transcription and translation, tend to be closer to the origin of replication in fast-growing bacteria. The 

evolutionary rate and the G + C content (gray gradients) are respectively increasing and decreasing 

with distance to the origin. Figure and legend adapted from [17]. 

 

Bacterial genomes are populated with (semi-)autonomous genetic elements called mobile genetic 

elements [18]. The term mobile relates to their capacity to move across genomic regions either within 

the cell (intracellular mobility) or between different cell genomes (intercellular mobility). Intracellular 

mobile elements like transposons can piggy-back intercellular mobile elements like conjugative 

plasmids, and they are both responsible for horizontal DNA transfer between bacterial genome, which 

is the focus of the next section. 
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Horizontal DNA Transfer 

 

Horizontal DNA transfer refers to the movement of genetic information between organisms, as 

opposed to the vertical DNA transfer that occurs during cell duplication [19–21]. DNA transfer can 

result in different fates for incoming foreign DNA (Figure 3). Integrated foreign DNA may replace 

native genes, or replace homologous genes with other alleles (or deletions) by a process called allelic 

recombination [22–24]. If the foreign DNA contains non-homologous genes, and is bordered by 

homologous regions, homologous recombination can lead to the incorporation of novel genes by 

horizontal gene transfer (HGT) [22,23]. Additionally, non-homologous recombination can lead to 

the integration of novel genes by a process called site-specific recombination, leading to HGT [25,26]. 

Finally, foreign DNA may also stay unintegrated in the cell in the form of a plasmid [27,28]. 

 

 

 

Figure 3 - Fate of horizontally transferred DNA. Modified from [23] 

 

Historically, horizontal transfer of a trait was first demonstrated by Frederick Griffith in 1928 in a 

pioneering study on the virulence of Streptococcus pneumoniae [29]. He showed that mice co-injected 

with live avirulent strains and heat-inactivated virulent strains died as a result of bacterial infection. 

His result indicated that a thermostable factor was able to modify the heredity of a trait, turning the 

avirulent strain into a virulent one. This factor was later found to be DNA [30], transferred from the 

dead bacteria to the live bacteria through a process called natural transformation. Importantly for this 

thesis, the avirulent strains used by Griffith were phenotypically “rough”, lacking a polysaccharide 

capsule. The gene transferred in Griffith experiment was the functional copy of a gene involved in 

capsule synthesis which was deficient in the avirulent rough strains.  

 

Allelic recombination and HGT drives the evolution of most bacterial species [21,31–33]. These 

exchanges are mediated by the physical structure of mobile genetic elements (MGE) such as 
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conjugative systems and virions, and can lead to the gain of new functionalities like antibiotic 

resistance or virulence factors [34–37]. MGEs transfer from one bacterial host to another via various 

mechanisms, and their spread depends on host-encoded, and MGE-encoded, factors. In the following 

sections, I will introduce the different mechanisms supporting horizontal DNA transfer in bacteria, the 

determinants impacting those transfers and establishment of foreign DNA in recipients cells. I will 

then discuss the consequences of genetic exchanges on bacterial genomes and bacterial ecology, with 

a focus on the acquisition of human-relevant traits.  
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Mechanisms of Horizontal DNA Transfer 

 

Natural transformation  

 

Natural transformation corresponds to the active import of environmental DNA within cells. Around 

80 bacterial species including monoderms and diderms are known to engage in transformation [38], 

but many more species are suspected to do so. This uncertainty stems from the observation that many 

species encode the necessary genes involved in competence [39], but conditions inducing the 

expression of this state are unknown for the majority of species [40]. Hence, the relative importance 

of natural transformation compared with other mechanisms of HGT is not known. Moreover, the idea 

that natural transformation evolved as a result of natural selection for new trait acquisition by HGT is 

still debated. Indeed alternative hypothesis have been proposed, such as chromosomal curing from 

parasitic MGE [41], selection for nutrient uptake [42] or DNA repair [43].  

 

The main steps involved in the natural transformation (Figure 4) of DNA leading to its introduction in 

the recipient bacteria have been studied in model organisms such as Bacillus subtilis [38], 

Streptococcus pneumoniae [44] (monoderms) and Neisseria gonorrhoeae [45], Haemophilus 

influenzae (diderms) [38]. First, double stranded DNA (dsDNA) is released in the environment, 

generally via cell lysis. This implicates that the DNA substrate usually occurs in adverse conditions 

where many bacteria die. Then, specific type IV pili coated with adhesins with a high affinity toward 

DNA bind dsDNA and direct it to the cell membrane(s) [38,46]. In diderms, the type IV pilus retracts 

within the outer-membrane secretin, which is not necessary for monoderms since they lack the outer 

membrane. Then, one strand is translocated into the cytoplasm by a translocase, namely 

ComA/ComEC proteins, whereas the other strand is degraded. The single-stranded DNA is then able 

to engage in RecA-mediated homologous recombination. [38,46].  
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called virions to spread, while conjugative elements like plasmids and Integrative and Conjugative 

Elements (ICE) rely on conjugation systems. In the following sections I will describe how DNA 

transfer takes place between bacteria via phage-mediated transfer and conjugation-mediated transfer.  

 

Phage-mediated genetic transfer 

 

Bacteriophages, or phages, are viruses parasitizing bacteria. Their existence was postulated by 

Frederick Twort in 1915 after identifying transmissible bacterial lysis zones on his cultures [52], and 

formally described by Félix d'Hérelle in 1917 [53], who coined the term bacteriophage, from the Greek 

"eater of bacteria". They were rapidly used to treat bacterial infections, but quickly abandoned by the 

West in favor of broad-spectrum antibiotics after their success in treating wounded soldiers during 

WWI. The study of bacteriophages regained momentum in 1940s as pioneers like Max Delbrück, 

Salvador Luria and Alfred Hershey studying bacteriophages-bacteria interactions revolutionized 

molecular biology. They discovered that mutations conferring phage-resistance arise spontaneously 

and randomly before adaptation [54], and that phages can also mutate and infect resistant hosts [55]. 

Later in the 1950s, researchers started uncovering the ability of phages to transfer traits. Victor 

Freeman showed that phages could convert avirulent strains of Corynebacterium diphtheriae into 

virulent pathogens, which he called lysogenic conversion [56]. Norton Zinder and Joshua Lederberg 

discovered that phages can transfer traits between bacteria, by transporting fragments of their genetic 

materials, which they called transduction [57]. Altogether, the study of phages revealed early on that 

they are able to efficiently lyse bacteria, but also support genetic transfer between their hosts.  

 

Phage genetic material is composed of DNA or RNA, either double-stranded or single-stranded, 

packaged into a capsid. Capsid architecture, nucleic acid composition and the presence of specific 

structures on the virion are diverse and can used to class phages into different families [58], such as 

Myoviridae (e.g. T4, P1), Siphoviridae (e.g. Lambda), Podoviridae (e.g. T7, P22), Inoviridae (e.g. 

M13) or Microviridae (e.g. phiX174). More recently, the principal phage taxonomy which is 

developed by The International Committee on Taxonomy of Viruses has adopted a genomics approach, 

relying on gene content and sequence homology and similarity to classify phages. 

 

Phages rely on different modes of infection to spread and persist in bacterial communities. Virulent 

phages, such as T4, infect bacteria and directly engage in the lytic cycle: they hijack the cell machinery 

to replicate, assemble virions and lyse the cell to release their newly formed virions. Temperate 
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phages, such as Lambda, can engage in an additional cycle called lysogeny. During the lysogenic 

cycle, phages stay dormant inside their host in the form of a prophage, usually via chromosomal 

integration. Upon induction, temperate phages can also engage in the lytic cycle, leading to cell lysis 

and the release of virions. Beyond the lytic-lysogenic categorization, there exists an array of lifestyles, 

summarized on Table 1, following the updated nomenclature proposed by [59]. Notably, filamentous 

phages establish chronic infections, either productive, i.e. virions are released [60], or non-productive, 

i.e. virions are produced but not released [61]. Some phages, including virulent ones, can also engage 

in a stalled phage development state, in which the unintegrated phage genome is asymmetrically 

passed on to daughter cells upon cell division. This phenomenon called pseudolysogeny has mainly 

been observed in starved cells [62], but also in growing cultures [63]. Infection modes of phages are 

diverse, and support a multitude of horizontal gene transfer mechanisms, either of their own genetic 

material or of their host which are described below.  

 

 

 

 Lytic 
infection 

Pseudo- 
lysogeny 

Productive 

chronic infection 
Non-productive 

chronic infection 

Lysogeny 

integrate
d 

Lysogeny 

non-integrated 

production of viral particles + − + + − − 

progeny release by cell lysis + − − − − − 

progeny release by budding 
or extrusion 

− − + − − − 

no progeny release − + − + + + 

episome − + ± + − + 

genome integration − − ± − + − 

inducible − − ± ? + + 

asymmetric division of the 
episomes 

− + − − − − 

 

Table 1 – Phage infection modes according to several properties. Virulent phages typically correspond 

to the first column “Lytic infection” and temperate phages typically correspond to “Lysogeny, 

integrated”. Adapted from [59] 

 

Temperate phages engaged in the lysogeny cycle are part of the cell’s genome and are vertically 

transmitted when cells divide. While some temperate phages called phage-plasmids are able to 

maintain themselves as extrachromosomal elements [64], most temperate phages integrate directly in 

the chromosome of their host via site-specific recombinases called phage integrases [65]. In phage 
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Lambda, the integrase catalyzes the integration of the phage DNA between its self-encoded attP site 

and a host-encoded site attB [65,66]. Prophage integration can result in gene disruption and hence the 

loss of certain functions [67]. Temperate phages can also encode cargo genes, or “morons”, which are 

not involved in the virus life cycle but can provide new traits to the host bacterium [68]. The expression 

of cargo genes leading to phenotypic changes for the bacteria is called lysogenic conversion [69]. 

Hence, lysogeny is a form of HGT where the transferred DNA is the phage. Lysogeny also favors 

genetic exchanges by capture of host’s gene within phages. For example, phage Lambda can capture 

other prophages or bacterial genes by homologous recombination, at frequencies ranging between 10−4 

and 10−6 depending on the extent of homology between the DNA segments [70]. This phenomenon is 

mainly catalyzed by phage-encoded Rad52-like recombinases during the lytic cycle [70]. 

 

Lysogeny is very common in bacteria, with nearly half of complete genomes encoding at least one 

prophage, and some up to fifteen [71]. Capture of chromosomal genes is also frequent, for example in 

E. coli, an antibiotics resistance gene inserted in the defective prophage Rac was captured by Lambda 

and found in lysogens at a frequency of 5.10−8 in mice gut microbiota in the absence of selection [72]. 

 

Phages package their own genetic material inside the capsid of the virion. However, phage DNA 

packaging processes are not error-free, and can lead to the subsequent packaging of their host’s DNA 

instead of their own. Those phage particles can infect other hosts but will inject either a mix of 

phage/bacterial DNA, or solely bacterial DNA. This process is called transduction and is subdivided 

in several types that are specialized transduction, generalized transduction, lateral transduction. 

Moreover, phages can be hijacked by parasites called phage satellites, and those satellites may also 

perform transduction. The mechanisms are represented on Figure 5.    

 

Specialized transduction is a special case of lysogenization with imprecise prophage excision, first 

discovered in phage Lambda [73]. In specialized transduction, the excision of a prophage occurs with 

a site adjacent to the att site of the prophage, leading to the capture of neighboring chromosome genes. 

The improperly excised prophage then undergoes replication and packaging, with an upper-limit 

imposed by the capsid size (50kb for Lambda [74]). As a result, only regions close to the integration 

site of temperate phages can be transduced. The production rate for transducing particle has been 

estimated to 1:10,000 for phage Lambda [74], and the frequency of successful transduction 100-fold 

lower at around 1:1,000,000 successful transduction per virion [73]. 

 



General Introduction 

 

 

30 

Generalized transduction refers to the aberrant packaging of the bacterial DNA into the capsid 

[57,75]. During the lytic cycle, phages degrade the host’s DNA to fuel their own replication, and can 

mistakenly package pieces of the bacterial DNA instead of their own. This mechanism is typically 

restricted to phages with a headful packaging, which rely on a pac site to start the capsid packaging 

but cut DNA non-specifically when the capsid is full. Generalized transduction is not completely 

random, as revealed by virion sequencing and mapping on the host chromosome sequence [74,76]. 

This may be due to phage-encoded factors, like the specificity of the pac site recognition, and host-

encoded factor, like the presence of endogenous pac sites in the chromosome [76,77]. Transducing 

particles are produced at various frequencies depending on the phage, and has been estimated between 

4.5-6% for the model E. coli phage P1 [74]. The lysis of a bacterial culture containing 106 bacteria 

releasing a hundred virion each containing 50kb of DNA would mean that the bacterial chromosome 

is encoded 45-60 times among 106 transducing particles.  

 

Lateral transduction is a process by which very long fragments of bacterial DNA are transferred to 

another cell [78]. In lateral transduction, the prophage begins its replication before its excision from 

the chromosome, leading to the replication of adjacent chromosomal DNA. Successive encapsidation 

after initiation from the phage genome leads to the headful encapsidation of large and consecutive 

stretches of bacterial DNA into the virion.  

 

Finally, phages can themselves be parasitized by genetic elements called phage satellites. Satellites 

cannot produce virions on their own, instead, they hijack their “helper” phage’s machinery to spread 

[79]. Most studied satellites come in the form of phage-inducible chromosomal islands (PICI) [79], 

including the well-characterized Staphylococcus aureus pathogenicity islands (SAPI), PICI-like 

elements (PLE)  and the P4 satellite of the P2 E. coli temperate phage [80]. Similarly to temperate 

phages, satellites remain in the bacterial host genome and may bring new traits like virulence factors 

[81], or anti-phage defense systems [82]. Satellites are ubiquitous in bacteria [83], for example, P4-

like elements are present in 44% of sequenced E. coli genomes [84].  

 

Some bacterial and archaeal species produce virus-like particles containing DNA called gene transfer 

agents (GTA). GTAs have been described in a few species such as Rhodobacter capsulatus [85] or 

Bartonella spp. [86]. They seem to have emerged from independent domestication events of prophages 

by their host [87], as they usually share many homologous genes with phages but lack the ability to 

form infectious particles. Like prophages, genes regulating the production of GTA are expressed upon 

DNA-damage stress, environmental cues and quorum-sensing, and are released via cell lysis [88]. In 
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contrast to generalized transduction, GTAs seem to have no sequence-specificity determinants, and 

package random host DNA sequences [87].  

 

 

 

Figure 5 – Main mechanisms of phage-mediated HGT. Adapted from [89] 

 

Conjugation-mediated genetic transfer 

 

Bacterial conjugation refers to the transfer of DNA from one cell to another by direct contact. 

Conjugation was discovered by Joshua Lederberg and Edward Tatum in 1946 [90]. They identified a 

contact-dependent transfer of genetic markers conferring antibiotics resistance in closely related 

strains of Escherichia coli. Esther Lederberg, who was trying to map the position of phage Lambda in 

the genome, identified the fertility factor F as the genetic element responsible for the transfer of DNA 

[91]. This factor was later identified to be carried on a plasmid, which was shown to be able to integrate 

and excise out of the chromosome of E. coli. Whereas the excised circular form of F transfers only 

itself, the integrated form of F is able to transfer along with the entire bacterial chromosome into a 

recipient cell. F’s capacity to transfer very large area of the bacterial chromosome from its insertion 
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point proved very useful in the 1960’s to map the bacterial chromosome by timely interruption of 

conjugation to identify genetic markers locations [92]. 

 

Mobile genetic elements encoding the genes necessary to spread via conjugation are called 

conjugative elements. They fall into two main categories: conjugative plasmids and Integrative and 

Conjugative Elements (ICEs) [93,94]. Plasmid are extrachromosomal elements usually encoding 

replication and partition systems for their maintenance, while ICEs integrate in the bacterial 

chromosome via site-specific recombinases, or sometimes via relaxase-mediated integration 

[25,95,96], and are maintained by chromosomal replication. Those two elements harbor similar genetic 

repertoire [94] with key differences relating to their lifestyle (e.g. integrases, partition systems). 

Integrated conjugative plasmids and episomal ICEs have been described, and interconversion between 

the two is frequent [97]. Conjugative plasmids and ICEs have similar median sizes (46kb vs. 52kb) 

but conjugative plasmids have a higher genetic plasticity and exhibit a size variation coefficient twice 

higher than ICEs [94]. The latter, however, transfer more frequently between distantly related taxa, 

and thus seem to have a broader host ranger [94]. 

 

The conjugation machinery encoded on ICEs and plasmids rely on a set of conserved proteins [98]. 

Eight distinct mating-pair formation (MPF) types have been characterized based on genetic similarity, 

including four frequently found in Proteobacteria: MPFF (based on plasmid F), MPFI (based on IncI 

plasmids like RP4), MPFT (based on Agrobacterium tumefaciens Ti plasmid) and MPFG (based on 

ICE HIN1056) [28,99]. The mechanism of conjugation appears to be conserved across MPF types. 

ICEs first excise out of the chromosome and circularize upon entering the conjugative cycle [95,100]. 

Conjugation starts with the action of the relaxase that nicks the dsDNA of plasmids and ICEs at the 

oriT. OriT nicking initiates the rolling-circle replication of plasmid in the donor. The relaxase forms a 

nucleoprotein filament with the ssDNA, which is actively transferred into the recipient cell through a 

type IV secretion system [101]. Direct contact and stabilization of the cell-cell interaction is enabled 

by the mating pair formation system [98], which forms a membrane-spanning protein complex along 

with a sex pilus (Figure 6).  

 

Conjugative MGEs  lead to the transfer of new functionalities encoded on the element, but can also 

mediate the transfer of chromosomal DNA or other MGE.  

Analogous to specialized transduction, ICEs may excise imprecisely from the chromosome, bringing 

flanking genes along with themselves, especially those with low sequence specificity [100]. ICEs also 
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have a propensity to accretion, forming tandem arrays with other integrative elements with identical 

or similar recognition sites [102], and may be capable of moving together. 

Integrated conjugative plasmids such as F, and some ICEs can start conjugation from the 

chromosome itself in a process called Hfr-like conjugation [103–105]. In this scenario, ICEs and 

integrated plasmids starts their conjugation cycle before excision from the oriT and can transfer up to 

the entire chromosome, with the direction depending on the orientation of the inserted conjugative 

element. The frequency of this mechanism is, however, currently unknown. 

The conjugation system of plasmids and ICEs can be exploited by genetic elements that do not encode 

a complete system of their own. These elements are said mobilizable, because they can engage in 

conjugation but only when a functional conjugation system is present in the host [28]. The minimum 

requirement for a mobilizable element to transfer is to carry an origin of transfer (oriT) compatible 

with the relaxase of the conjugative element they parasite. Both mobilizable plasmids and integrative 

and mobilizable elements [106] have been described, but mainly mobilizable plasmids carrying their 

own oriT and relaxase have been experimentally investigated. A large-scale study on plasmids has 

estimated that mobilizable plasmids encoding a relaxase are as frequent as conjugative plasmids in 

proteobacteria [28], around 23% of all plasmids. However, considering that plasmids may only contain 

an oriT to be mobilized, the number of mobilizable plasmids is likely higher.  

 

 

 

 

 

Figure 6 – Conjugation-mediated HGT. Adapted from [89]  
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Determinants of vector-mediated HDT 

 

Phage and conjugative systems infection success depends on multiple host determinants that shape 

their host-range. Those determinants can either be extracellular and mediate the interaction between 

the physical structures of MGE and the cellular envelope, or intracellular and mediate the 

establishment of DNA into the host genome.  

 

Cell envelope determinants 

 

Phage virions interact with the cell envelope to recognize and infect their host. Infection is a multi-

step process involving adsorption at the surface and injection of phage DNA across the cell 

membrane(s). Adsorption is mediated by interactions between proteins protruding from the virion, 

called receptor-binding proteins (RBP), and ligands accessible from the cell surface, called receptors 

[107,108]. RBPs are located outwards the virion, at the tip of the tail, on tail-spikes, on the baseplate, 

or all around the capsid, depending on their morphology. RBP-mediated adsorption on the cell surface 

typically happens in two steps, first by reversible binding between the RBP and a receptor, sometimes 

followed with a “walk” at the surface, and then irreversible binding between the same or different 

receptor/RBP pairs (Figure 7) [109]. Irreversible binding leads to conformational changes in the virion 

that trigger the injection of its genetic material [110]. RBPs are specific to their ligand, which can be 

a protein, glycoprotein, polysaccharide or carbohydrate moieties [107]. In diderms, one of the most 

studied model is the T4 coliphage which binds reversibly to the porin OmpC or the LPS, depending 

on the strain, and irreversibly bind the outer core region of the LPS [111,112].  

 

 

 

Figure 7 - Phage T4 adsorption mechanism. Pictured are rendered 3D tomograms, shown as central 

slices, of individual virions after 30 s (K), 1 min (L), 3 min (N), 5 min (N), and 10 min (O) of infection. 
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Long-fiber tips RBP first reversibly binds to OmpC or the LPS, and engage in a walk from one receptor 

to another. Baseplate-bound tail RBPs then irreversibly bind the outer core LPS, leading to needle-like 

injection of the phage DNA (Capsid is full of DNA in N, and empty in O). Figure adapted from [111]. 

 

Phage host-range (or host sensitivity) is driven by the occurrence of specific RBP/receptor pairs, 

resulting in narrow inteactions. Phages can have one, or several different RBPs, and are generally 

thought to be strain-specific, even though broad host-range phage abundance may be underestimated 

due to isolation bias [113]. Phage specificity can contract [114], or expand [115], indicating that host 

specificity is an evolvable trait. Host-range contraction evolves rapidly by loss of RBPs, or mutation 

in RBPs [114], while expansion also involves more complex processes such as RBP recombination 

including additional RBP acquisition [116]. In turn, phage-sensitive bacteria may develop resistance 

by mutation in the receptor, and phage-predation selects for diversification of cell envelope features 

[117–119]. This process is further discussed in the capsule section of the introduction, in Interaction 

with HGT. 

Finally, phages can protect the cell they have infected from further infections, especially from their 

own virus, which is called superinfection exclusion. This phenomenon has been described in 

temperate phages [120] and virulent phages [121], mostly via repression of phage genes expression. 

However, superinfection exclusion can take place by cell surface modifications, for example, by 

synthesis of membrane-bound proteins directly preventing RBP adsorption [120], or by modifying the 

structure of the receptor via a phage-encoded enzyme [122,123]. 

 

Conjugation systems interact with the cell envelope of the donor and the recipient to form a mating-

pair [98]. On the recipient end, the conjugation pilus must bind to its surface to establish the mating-

pair, and inject DNA through the envelope. On the donor end, the MPF system is a complex structure 

that needs to be synthetized and assembled correctly. Finally, mating-pair stabilization can also be 

impacted by more complex recipient/donor and conjugative element/cell surface interactions.  

There are two different conditions in which mating-pair can form, on a solid surface such as within a 

biofilm, or in liquid between free-floating cells. Solid surface mating is much more efficient than 

liquid mating, because i) cells are already in close, stable proximity and ii) some conjugation systems 

are upregulated during biofilm growth [124,125]. In turn, conjugation systems themselves can favor 

biofilm formation [125,126].  
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Given that some plasmids are capable of trans-Domain conjugation on surfaces, for example between 

bacterial and plant [127] or yeast cells [128], and that those plasmids can also conjugate into bacterial 

cells, conjugation seem to be a receptor-less process un-avoidable by recipients. Some conjugative 

elements, like the R64 MPFI plasmid, encode additional type IV pili with high affinity for cell receptors 

like the LPS [129], but those only increase conjugation efficiency in liquid, because they increase cell-

cell interactions and facilitate mating-pair formation. Accordingly, there appear to be no essential 

Bacillus subtilis [130] and E. coli gene for conjugation reception, and only some LPS mutations 

decrease the reception efficiency by c.a. 30% in liquid [131]. There are evidence that some surface 

molecules may decrease conjugation reception [132]. For example in the ICE St3 of Streptococcus 

thermophilus, reception efficiency on solid surface is increased in mutants lacking (lipo-)teichoic acid, 

exopolysaccharides, or with lower lipoproteins levels [133]. Finally, early observations on the 

conjugation of Haemophilus influenzae, a capsulated diderm, suggested that strains harboring the same 

capsular polysaccharide may engage more efficiently in conjugation on solid surfaces [134], but the 

hypothesis was not formally tested.  

The impact of the donor cell on conjugation, including the impact of the donor’s cell envelope, may 

also play a role in the efficiency of conjugation. In ICE St3 conjugation on surface, mutations 

decreasing cell surface molecules that increased reception efficiency actually lowered the donation 

efficiency [133]. These results suggest that cell envelope determinants may be important for the proper 

positioning, assembly or activity of the conjugation machinery in the donor cell.  

Finally, conjugation may be impacted by the interaction between recipients, donors and 

conjugative elements. In the case of mutations increasing the reception efficiency in ICE St3, their 

effect may be due to their higher cell-cell interactions and elevated biofilm formation [133]. 

Additionally, recipients may be protected from conjugation by pre-established conjugative elements, 

which often encode conjugation exclusion systems against themselves and related elements. Two 

distinct exclusion systems have been described, entry exclusion and surface exclusion. In F-like 

plasmids, entry exclusion is mediated by TraS in the inner-membrane of the recipient cell, and TraG 

which may translocate from the donor outer-membrane to the recipient [135], leading to abortion of 

conjugation after mating-pair formation. Surface exclusion is mediated by TraT [136], an abundant 

outer-membrane protein that destabilizes mating-pair formation when the same allele is present in both 

donor and recipient [137].  

 

Overall, cell surface features may negatively impact conjugation efficiency by impeding mating pair 

stabilization especially in liquid, while surface mating appear to be unavoidable by the recipient, 
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except via exclusion systems. Hence, pre-existing conjugative elements and cell-cell interactions 

mediated by the envelopes appear to be the most important factors for the formation of the mating pair.  

 

Intracellular determinants 

 

Having crossed the cell envelope, foreign DNA belonging to a MGE or another bacterium must 

establish in the genome to be vertically inherited. Establishment of foreign DNA is restricted, or 

facilitated, by an array of intracellular determinants encoded by the host. Those include defense 

mechanisms, homologous recombination and the replication machinery. In turn, MGE often encode 

their own factors to integrate and persist in bacterial genome.  

 

Defense systems 

 

Bacteria can protect themselves from foreign DNA and MGEs infection via intracellular factors known 

as defense systems, analogous to an immune system (Figure 8). The diversity of defense systems is 

large and is still actively being discovered and characterized [138]. The homologous recombination 

pathway can act as a defense system, especially via the action of the RecBCD complex which is an 

exonuclease degrading linear dsDNA as carried by numerous phages [139]. Restriction-modification 

systems are genetic elements able to digest incoming foreign DNA, composed of a DNA methylase 

(antidote) preventing the action of its cognate restriction enzyme (poison). Recently acquired DNA is 

not methylated and hence quickly degraded by the restriction enzyme, except if it came from a previous 

host with compatible restriction-modification system [140,141]. Abortive infection systems can 

detect phage infection and trigger cell growth arrest or death, preventing the virus from completing the 

lytic cycle [142]. Adaptive immunity systems, like the CRISPR/Cas system, can acquire fragments 

from foreign DNA, store it as a spacer in the spacer array, and later use it as a probe to recognize and 

degrade it [143]. CRISPR/Cas systems specifically target DNA sequences from MGEs [144], and 

hence protect against infection while allowing non-MGE DNA to undergo homologous recombination 

[145]. In the past years, the identification and characterization of novel defense systems has greatly 

accelerated, revealing an unexpected diversity of mechanisms with large consequences on our 

understanding of bacteria-MGE interactions and ecology [138,146], and potential applications in 

biotechnology. 

Defense systems do protect bacteria against MGEs, the vectors of HGT, but are frequently found 

within the MGE themselves [82,147]. Additionally, MGEs often encode anti-defense mechanisms, 
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anti-anti-defense, and so on [148]. Hence, defense systems cannot be resumed as bacterial immune 

systems, as they are also involved in MGE-MGE interactions [147].  

 

 

Figure 8 - Overview of defense mechanisms against foreign DNA. Figure from [147]. 

 

After passing the defense-system frontlines, foreign DNA can establish either by integration in the 

recipient genome and subsequent vertical inheritance or by extra-chromosomal maintenance as an 

extrachromosomal element called a plasmid, replicated and segregated upon cell division. 

 

Establishment by integration 

 

Integration occurs via genetic recombination which can happen via different mechanisms. 

Homologous recombination is a type of genetic recombination in which sequences are exchanged 

between two similar molecules of DNA [24]. It is a conserved mechanism across the three Domains 

of life, and is involved in homologous recombination repair of harmful DNA double-strand breaks. It 

is also involved in the incorporation of new sequences in the genome, and depend on the extant and 

degree of homology. Two cross-overs are needed to replace a sequence by another, and such events 

can lead to allelic replacement, integration of new genes, or deletions [22,23].  The strand exchange 

process is catalyzed by the RecA protein which is able to bind ssDNA and form a nucleoprotein 

filament. The nucleoprotein filament engages in homology search, scanning through the cell dsDNA 

for homologous sequences [24]. The unwound dsDNA bound to the nucleoprotein filament forms an 

heteroduplex that can either be homologous, leading to no change or single nucleotide polymorphism 
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upon incorporation. If foreign DNA contains heterologous sequence flanked by homologous regions, 

the recombination intermediates contains a loop of non-homologous ssDNA which must be filed into 

a dsDNA after strand exchange takes place.  

Homologous recombination promotes HGT and allelic replacement between bacteria [22], but this 

process is countered by the mismatch repair pathway [149]. Indeed, mismatch repair suppresses 

homologous recombination when the heteroduplex DNA contains excessive mismatched nucleotides 

[149]. This process increases the accuracy of HR repair, but also contributes to limit inter-species 

recombination and can thus act as a gene flow barrier [150].  

 

Other types of genetic recombination exist in bacteria, which also lead to DNA shuffling between or 

within DNA molecules. These mechanisms are called specialized recombination, and rely on 

molecular machineries leading to transposition and site-specific recombination [25]. Many MGEs, 

including transposons and ICEs, integrate bacterial genomes via those mechanisms [100,151]. 

Transposition is the process by which genetic elements move between different locations of the 

genome via specialized enzymes called transposases [25]. Most transposases are able to recognize a 

specific small DNA sequence as a target for integration, but can also have non-specific activities 

especially when their recognition site is absent from the genome [151]. Transposases often travel with 

cargo genes carrying various functions together forming a transposon, i.e. a group of functions able to 

copy-paste or cut-and-paste by itself [152]. In the case of a transposon, both the transposase and cargo 

genes are surrounded by specific DNA repeats that serve as borders for the element and recognition 

sites for the transposase [153,154]. In bacterial genomes, lone transposases form of class of elements 

referred to as Insertion Sequences [154]. 

Site-specific recombination is a reaction in which DNA strands are broken and exchanged at precise 

positions of two target DNA loci, leading to non-homologous DNA rearrangement [25]. This process 

is catalyzed by site-specific recombinases, which recognize specific target sequences and are able to 

break, exchange and seal DNA fragments in a reciprocal manner [26].  

 

Establishment by extra-chromosomal maintenance 

 

Finally, MGEs can remain unintegrated in the bacterial genome and persist vertically by (semi-

)autonomous replication in the form of plasmids, typically circular but sometimes linear [155]. 

Intracellular factors such as the host’s replication machinery, MGE’s replication and partitioning 

systems can interfere with plasmids persistence, giving rise to plasmid host-range [27,156,157]. 
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Accordingly, plasmids can be classified into narrow and broad host ranges, with broad host range 

defined as the ability to maintain among bacteria belonging to different phylogenetic subgroups, e.g. 

different species [157]. 

 

The interaction between the plasmid replication machinery and host factors dictates if a plasmid can 

successfully replicate. There are three main types of plasmid replication mechanisms, which may rely 

on the host replication initiation system, called theta, rolling-circle and strand-displacement replication 

[27]. 

The theta replication mechanism is analogous to chromosomal replication, with two symmetrical forks 

starting from a single origin of replication [158]. Theta replication rely on several plasmid-encoded 

elements which are the Rep, iterons, DnaA boxes and an AT-rich region [159]. For example, plasmid 

pSC101 encodes a RepA protein which can recruit E. coli DnaA at the origin to initiate replication 

[27]. RepA expression is controlled by a negative feedback loop, enabling control over the plasmid 

copy-number [160]. Hence, Rep proteins interact with the host’s initiation factors such as DnaA, and 

this interaction may not be strong enough to initiate replication, defining a replicative host-range.  

Plasmids can also encode their own replication initiation systems, and be dependent on the host’s 

replication machinery solely for elongation and termination. Both strand-displacement [161] and 

rolling-circle replicative plasmids [162] have generally broader host-range than theta replicating 

plasmids because they encode various sets of primases, helicases and Rep initiator proteins [158]. 

 

Plasmids also often encode mechanisms to ensure their distribution in both daughter cells upon cell 

division which are called partition systems. Partition systems are typically composed of three 

elements, the centromere-like site, centromere-binding protein(s) and a motor protein. The partition 

complex involves plasmid pairing at the centromere-like site via centromere-binding proteins that are 

then pulled apart by the motor protein in opposite directions like the two bacterial poles [156]. Partition 

systems are subdivided in classes I-IV based primarily on the type of the motor protein [156].  

 

Plasmids present in the same cell can interfere with one another, leading to the inability of one or both 

plasmid to stably coexist over a few generations. This phenomenon is called plasmid incompatibility 

and stems from the two processes resumed above, namely replication and partition. Plasmids with the 

same replication initiation mechanism [163], or the same partition system [164], compete for 

replication and repartition in daughter cells, usually leading to the loss of one plasmid especially in the 

absence selection. Incompatible plasmids are said to belong to the same incompatibility group (Inc), 
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but except for well-studied replicon and partition system, this classification is limited by the lack of 

experimental validation [165]. 
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Consequences of HGT 

 

In the following sections I will detail the different consequences of HGT on bacterial genomes, 

bacterial ecology, and a focus on the spread of clinically-relevant traits in pathogenic strains.   

 

On bacterial (pan-)genomes 

 

Bacterial evolution is shaped by horizontal DNA transfer, a process reflected by the high density of 

horizontally transferred DNA in bacterial genomes [20]. Expansions of protein families arise more 

frequently by HGT (xenologs) than gene duplication (paralogs) and xenologs tend to persist longer 

than paralogs [33]. Genome size increases with genetic acquisitions, but strains of the same species 

tend to have a stable genome size, even those with very high rates of HGT. This may be due to a strong 

deletional bias toward neutral or slightly disadvantageous sequences in Bacteria, which counteracts 

genetic acquisitions and duplications [166]. In any case, genome size variations are mechanistically 

driven by the genetic gain/loss ratio.  

 

Integration of foreign DNA can occur virtually at any chromosomal location via homologous 

recombination or specialized recombination. However, horizontally transferred genes are not 

uniformly distributed along the chromosome [167,168]. In fact, bacterial chromosomes are composed 

of hotspots of HGT, i.e. regions flanked by the same core genes but displaying very high genetic 

plasticity and MGE concentration. An analysis of 80 species estimated that, on average, less than  2% 

of the largest hotspots accumulate more than half of the horizontally acquired genes [167].   

MGE integrases often target specific regions like tRNA and tmRNA without disrupting their sequence 

and function [169]. This can lead to the accretion of integrative MGE in the same spots one after 

another [170,171]. As a result, tRNA and tmRNA are frequently are found in the vicinity of 29% HGT 

hotspots [167]. Conversely, IS harboring DEE recombinases, which have low sequence specificity for 

their insertion, are not frequently found in chromosomal hotspots [167]. The location of HGT hotspot 

also depends on their composition in MGEs. Indeed, phages tend to integrate more frequently closer 

to the replication terminus [172], suggesting that their integration is more costly in highly expressed 

regions close to the ori, while ICEs integration position does not correlate with the ori → ter axis 

[167]. Hence, site-specificity of MGE integrases can lead to the formation and diversification of 

hotspots, and their location depend on the type of MGE presumably because they may incur different 

location-related fitness effects. 
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Even though most integrases are found in hotspots, more than half of the hotspots do not contain an 

integrase or identifiable MGE [167]. This may be due to the fact that hotspots can also diversify via 

double homologous recombination at the flanking core genes, an hypothesis supported by the 

observations that flanking core genes have high recombination rates and transformable species have 

relatively more hotspots [167]. For example, the capsule locus of several species including 

Streptococcus pneumoniae and Klebsiella pneumoniae is a chromosomal hotspot with tremendous 

genetic diversity and high flanking gene recombination rates [173–175]. 

 

Frequent influx and deletion of genes in bacteria have a tremendous impact on the gene repertoire of 

bacterial species. Indeed, closely related strains often harbor a common set of conserved and often 

essential, homologous genes, as well as many accessory genes recently acquired [176]. The accessory 

genome is mainly comprised of MGE, like prophages and plasmids [177,178]. In groups of related 

strains, like a species, the intersection of homologues between all strains is called the core-genome, 

which can be used to infer phylogenies [179]. In genomics, homologs groups are approximated by 

clustering of gene sequences into gene families. Core genes are not exempt of allelic exchange but are 

usually consistent with a single tree [180], however the impact of recombination on phylogenies is 

debated [181]. The core genome concept is usually approximated by the persistent genome, which is 

the set of gene families present in 90-99% of the strains, and is particularly helpful as bacterial 

genomes assemblies can be incomplete (see Genome assemblies), or too divergent (see Pan- and core-

genome). The union of all distinct gene families found in related strains is called the pangenome, 

which typically increases with the number of sampled isolates [178]. The pan-genome rarefaction 

curve may eventually reach a plateau, meaning that the pangenome is “closed” and the genetic 

diversity is almost completely sampled. However, most bacterial species pangenomes are “open”, 

suggesting that their genetic diversity is not bound by the definition of their species [168,182].  

 

Species with large effective population size (Ne, the number of individuals giving rise to an offspring 

in the next generation) tend to have relatively larger genomes and open pangenomes [178]. This 

observation seemed puzzling at first, since natural selection is more effective at high Ne [183,184]. and 

should result in rapid removal or fixation of new genetic variants, limiting the accumulation of mildly 

deleterious (or neutral) genes. Additionally, many bacterial genes only provide a fitness advantage 

under very specific conditions [185]. Thus one of the explanations for the correlation between 

pangenome openness and Ne is that populations with large effective sizes inhabit diverse environments 

and often migrate to other niches [178]. Adaptation toward each environment is accompanied with 

acquisition of new variants and genes, so sampling generalist species from diverse environments will 
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be reflected by a large pangenome. Hence large pangenomes have been proposed to be the result of 

adaptive, not neutral, evolution [178]. This reasoning also indicates that generalist species have high 

rates of genetic acquisition, in part because they have more opportunities to interact with other cells. 

For example, Klebsiella pneumoniae, an ubiquitous species, has an estimated core genome of less than 

20% its pangenome, and each new isolate adds on average 134 new pan-genes 

(https://pangenome.org/Klebsiella_pneumoniae). Accordingly, species with low Ne and isolated 

niches like endosymbionts and obligatory intracellular pathogens have small genome size and closed 

pangenomes [186,187], because they have less distinct environments to adapt to, less opportunity for 

HGT, and are more subject to drift (Figure 9).  

 

 

 

 

Figure 9 – The bacterial pangenome concept. Species pangenomes can either be open (left) or closed 

(right). Pangenome openness correlates with core genome proportion and ecological characteristics 

including niche diversity, community interactions and population size. Figure from [182] 

 

 

https://pangenome.org/Klebsiella_pneumoniae
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On bacterial ecology 

 

As discussed above, HGT is associated with the colonization of novel niches. Indeed, HGT can lead 

to the incorporation of a whole set of new functions and promote the evolutionary leaps that allow 

bacteria to rapidly adapt to new conditions [188,189]. In turn, bacterial interactions may be favored by 

HGT, because cooperative traits can be transferred horizontally [190,191], especially between 

geographically close cells. Moreover, MGE infection may enforce cooperation by spreading 

cooperative traits to surrounding cheaters [35,190,192].  

The number of different ecological niches on Earth is tremendous, as reflected by the one trillion 

estimated microbial species inhabiting the planet [193]. Horizontal transfer of homologous genes 

leading to allelic recombination can introduce new alleles and remove deleterious mutations, but is 

unlikely to create radically novel traits [31]. Horizontal gene transfer, on the other hand, can 

incorporate whole new enzymes and operons, enabling bacteria to acquire new traits like metabolic 

pathways, virulence factors or resistance mechanisms. For example, methylotrophic bacteria acquired 

the ability to utilize methanol as a carbon source from methanogenic Archaea [194], enabling them to 

colonize methanol-rich plant leaves surface. In a study of 53 Escherichia coli strains, it was found that 

almost 2000 metabolic innovations arose from the horizontal acquisition of a single DNA region less 

than 30kb long [189]. In Listeria monocytogenes, a facultative intracellular pathogen, virulence is 

caused by the ancestral acquisition of Listeria pathogenicity islands, encoding an array of virulence 

factors [195,196] and sometimes transferred by HGT to other members of the genus like Listeria 

innocua [197]. Perhaps the most infamous case of HGT leading to virulence is the lysogenic 

conversion of Vibrio cholerae by phage CTXΦ which encodes the cholera toxin, leading to increased 

survival in the host and deadly infections [69].  

Finally, antibiotic resistance genes (ARG) transfer is the main mechanism supporting the evolution of 

antibiotic resistance in bacteria[37,198,199]. ARG are mostly encoded in transposons and integrons 

carried by plasmids [200,201] and ICEs [198], and hence ARG are mainly spread by conjugation [37]. 

Such plasmids, called resistance plasmids, can be as large as several hundred kilobases and contain 

multiple ARG conferring resistance to many different antibiotics. The metabolic cost of large 

resistance plasmids can be quickly compensated by mutations in the plasmid or in the chromosome 

[202]. Generally, alleviation of fitness cost participates in the maintenance of plasmids and can 

promote the spread of ARG in the absence of selective pressure [202].  
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Bacteria seldom live alone, be it as single free-floating cells, or within clonal populations. Bacterial 

species have overlapping niches and this leads to the formation of communities that interact both 

within and between species. Among bacterial communities, cooperative behaviors are frequent and 

typically related to foraging, building, reproducing, dispersing and communicating [203]. The most 

common medium for cooperation is by the production of “public goods” whose individual cost of 

production is compensated by the benefits they procure to individual and the group [204]. However, 

evolutionary theory predicts that public goods cooperation is at risk of invasion by selfish cells, called 

cheaters, who do not cooperate (e.g. do not produce public goods) but benefit from the cooperators 

(e.g. benefit from public goods) [205]. In any case, numerous studies have shown the existence of 

cooperative traits. For example, the production of siderophores, iron-scavenging molecules, in the 

pathogen Pseudomonas aeruginosa is a typical case of cooperation via public good, where the 

emergence of cheaters is documented in vivo [206]. In general, genes involved in secretion are over-

represented among MGE, especially plasmids [35]. In fact, MGE can theoretically enforce cooperation 

by i) spreading cooperative traits and ii) re-establishing cooperative traits in cheater mutants [204]. 

This view is debated, and it has been proposed that while HGT can help cooperative genes initially 

invade a population, it has less influence on the longer-term maintenance of cooperation [207].  

Overall, HGT has a deep impact on bacterial evolution by allowing the rapid spread of numerous 

functions leading to the colonization of novel niches, and favoring cooperation among bacteria.  
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The bacterial capsule 

 

The bacterial capsule is the outermost structure of the cell and is present at the cell envelope of 

monoderm and diderm species. Capsules are generally synthesized through complex, multi-step 

biosynthesis pathways which require the expression of many genes regrouped in capsule loci [208]. 

They are very frequent cell envelope structures, as 52% of bacterial species with more than four 

complete genomes were found to frequently encode one or more capsule loci [209]. Moreover, the 

nosocomial multi-resistant group of ESKAPE bacteria, are all capsulated [210]. Capsules are typically 

made of polysaccharides, but occasionally of proteins, anchored to the cell surface. They are highly 

diverse in term of assembly machineries, which are classed according to four main groups. Some 

species harbor diverse capsular polysaccharides, which are classed into serotypes. The term capsule 

serotypes stems from the historical use of serological methods to different bacterial strains [211].  

 

Roles 

 

Bacterial capsules are protective layers against abiotic and biotic stresses. They forms a highly 

hydrated barrier that slows down desiccation and excludes toxic hydrophobic molecules such as 

detergents [212]. Capsules have also been described to protect against protozoa grazing [213], and 

bacteriophages infection by masking surface receptors [214,215]. To note, the interaction between 

phages and capsules will be detailed in the section Interaction with HGT. Finally, capsules can enhance 

the ability of bacteria to infect their hosts and are thus considered virulence factors [34].  

Capsule’s role in virulence is diverse, as they protect cells against the immune system in various ways. 

First, they mask the immunogenic antigens present at the cell surface [216]. Secondly, the thickness 

and negative-charge of the capsule impedes complement-mediated killing and phagocytosis [217], 

and protect against antimicrobial proteins [218]. Finally, capsules of human pathogens are generally 

composed of polysaccharide motifs mimicking the host’s self, which can’t be efficiently targeted by 

antibodies [219].   

 

The overall protective role of capsules contributes to explains why bacterial species encoding capsules 

are associated with a broader environmental breadth, i.e. they can be found in more environments than 

other species [209].  
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Synthesis of polysaccharide capsules 

 

Polysaccharide capsule synthesis pathways are multi-step enzymatic reactions taking place in the 

cytosol and across the cell membrane(s). These pathways are diverse and fall into distinct groups based 

on their assembly machineries. The exact steps underlying capsule synthesis have been characterized 

in model species like Escherichia coli, Streptococcus pneumoniae and Salmonella enterica.  

 

Group I capsules, also called Wzx/Wzy-dependent capsules, have been most studied in Escherichia 

coli (Serotype K30) [220], Streptococcus pneumoniae [221] and Klebsiella pneumoniae [222]. 

Synthesis starts in the cytosol by the loading of the first sugar (e.g. glucose-1-P) on the lipid carrier 

undecaprenyl phosphate by an initiating glycosyltransferase. Specific glycosyltransferase then 

assemble individual repeat units onto the carrier lipid, which are then flipped across the membrane by 

Wzx. Repeat units are then polymerized by Wzy into full-length polymers. In diderm, the chain length 

is determined by Wzc phosphorylation state, regulated by the Wzc auto kinase activity and its cognate 

phosphatase Wzb. Capsule polymers are exported by Wzc through an outer-membrane porin called 

Wza and subsequently bound non-covalently by the outer-membrane protein Wzi [223]. In monoderm, 

the Wzd/Wze complex is responsible for translocation, and possibly attachment, of capsular 

polysaccharide to the cell membrane [224].  

Group II and III capsules, also called ABC-dependent capsules, have been most studied in 

Escherichia coli, where serotype K5 is the model of group II capsules [225,226], and serotype K10 

the model of group III [227]. The main difference with group I capsule is the transport of the repeat 

units bound to undecaprenyl phosphate by a transmembrane protein with an ATP-binding cassette 

called an ABC transporter. Both Wzx/Wzy and ABC dependent capsules rely on homologous proteins 

such as Wza for export through the outer membrane proteins [208].  

Group IV capsules, like Escherichia coli K40 serotype [228,229], are similar to Group I capsules but 

their overall translocation mechanism is currently unknown. They rely on different initiating 

glycosyltransferase than group I capsules, but use an homologue of Wzy for repeat-unit 

polymerization.  

Synthase-dependent capsules, like the hyaluronic capsule of Streptococcus spp., are produced via a 

single protein, the synthase, responsible for the initiation, polymerization and translocation of the 

capsule [221]. The synthase-dependent capsule corresponding to serotype 3 of Streptococcus 

pneumoniae is not bound to the peptidoglycan or outer-membrane [230], and may thus be considered 

an exopolysaccharide.  
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capsule locus. Group-specific, export proteins are represented in grey, corresponding to the bordering 

regions of the capsule locus.   

 

The genetic content of capsule loci has been shown to be a very good predictor of capsule serotype in 

species like Streptococcus pneumoniae [224,235], Escherichia coli [236], Acinetobacter baumannii 

[237] and Klebsiella pneumoniae [232,234]. Advances in comparative genomics have led to the 

development of specialized tools to infer the capsule type from sequencing data of bacterial isolates. 

Many pathogenic species have historically been typed by sera raised against capsule polysaccharide 

[238], and sometimes capsule-specific bacteriophages [239], because they provided a rapid test to 

classify isolates into serotypes. For example, there are currently 97 S. pneumoniae serotype structure 

available [240], and 74 for K. pneumoniae [234]. The combination of strains serotyping and 

sequencing have led to the precise identification of genetic clusters corresponding almost perfectly to 

the serotype by comparative genomics [224,234]. Distinct capsule genetic clusters are called capsule 

locus types. Specialized softwares such as Kaptive can infer capsule locus types – an thus predict the 

serotype, with high accuracy based on curated reference databases, whole-locus and by-gene 

alignments [232,241,242], as resumed on Figure 11. Identification of capsule loci in bacterial genomes 

has accelerated the rate of discovery of new putative serotypes, for example, there are now more than 

70 capsule locus types in K. pneumoniae defined solely by their genetic composition [241].  
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Figure 11 - Summary of the capsule serotype analysis procedure by Kaptive. Figure from [232]. 

 

Capsule repeat-unit characterization is now lagging behind the discovery of new capsule locus type. 

For those new putative serotypes, there is currently no method available to predict the chemical 

composition of the repeat-unit solely based on the DNA sequence [224,234]. This represents a 
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challenge in metabolism modeling, because it requires to know i) what is the chemical reaction 

catalyzed capsule locus encoded enzymes, ii) in which order sugar residues are processed and iii) if 

genes located outside the capsule locus intervene in the repeat-unit synthesis. Certain simple 

predictions can be made accurately (Figure 12), for example in K. pneumoniae the WbaP is responsible 

for the synthesis of the initial galactose residue in the repeat unit, while WcaJ is responsible for the 

initiation with glucose [234]. However, the presence of manCB genes, responsible for the synthesis of 

mannose, only correlates with the presence of mannose in the repeat-unit in the absence of gmd and 

wcaG that appear to convert mannose into fucose [234]. Hence, further work on metabolic pathway 

modeling is necessary to be able to predict the structure of the repeat-unit solely from the genetic 

composition of capsular loci. 

 

 

Figure 12 – Correspondence between the genetic composition of capsule loci and chemical 

composition of the capsule repeat-unit. Figure from [234] 
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Evolution 

 

Capsules loci are fast-evolving genetic elements showing a tremendous chemical and genetic diversity. 

Change in chemical composition can occur via genetic change in the capsule locus, by mutation and 

recombination with horizontally transferred DNA.  

 

Mutations in the capsule locus have been shown to either completely inhibit capsule synthesis by gene 

inactivation, leading to non-capsulated cells [243–246], change the chemical composition [234,247], 

or the expression [246].  

 

Recombination has been shown to shuffle parts of the locus with other sugar-processing enzymes 

[174], or completely replace the whole locus with one of another type [248–250]. Hence, de novo 

serotype birth may come from mutation, gene shuffling facilitated by Insertion Sequences (IS) [175] 

or both, while serotype replacement occurs with a pre-existing serotype. Such replacements by 

recombination have been called serotype switch [248], or swaps [251]. However, a serotype switch 

can also refer to a switch between capsulated/non-capsulated, or mucoid/non-mucoid phenotypes 

[252], while a serotype swap precisely refers to serotype replacement with the complete capsule locus 

of another bacterium.  

 

Why and how serotype swaps occur in natural populations is not fully understood. As for the why, 

different and sequential selective pressures may explain the frequency of serotype swaps in pathogens, 

such as interaction with host immune system, cell-cell interactions favoring colonization, or capsule-

specific phage predation (Figure 13) [118]. Regarding the how, the genetic organization of capsular 

loci in conserved syntenic blocks has been proposed to favor serotype swaps [222], since the most 

conserved and homologous recombination-prone genes surround the serotype-specific genes, and the 

capsule locus is typically encoded in a defined chromosomal spot [174]. Additionally, transposable 

elements like Insertion Sequences (IS) are frequently found within [175], or around [222] capsular 

loci, which may facilitate their translocation from the donor’s chromosome to MGEs and/or the 

recipient’s chromosome. 

 

Serotype swap has mainly been studied in Streptococcus pneumoniae, a naturally competent species 

with high recombination rates, for which vaccines based on capsule antigens are available. Prevnar 

started commercializing a highly protective vaccine, PCV7, targeting the seven most prevalent 
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serotypes involved in children infections in 2000 in the USA [253]. However, infections with strains 

expressing non-targeted serotypes rapidly increased, leading to the release of PCV13 (13 targeted 

serotypes) in 2010 and PCV20 (20 targeted serotypes) in 2021 [254]. Serotype replacement in the 

pathogen population was shown to occur via clonal expansion of strains carrying non-targeted 

serotypes, but also via serotype swap [255]. However, the study of hundreds of Streptococcus 

genomes, including non-pathogenic strains, revealed that swaps occurred frequently even before large-

scale vaccination programs [256], suggesting that immunity-induced pressures are not the sole driver 

of serotype swaps.  

 

 

Figure 13 – Candidate selective pressures for the diversification of capsule serotype. Those selective 

pressures may lead to capsule inactivation, de novo serotype birth, or serotype swap. Figure from [118] 
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Interactions between capsule and MGEs 

 

In capsulated bacteria, the capsule is the outermost layer of the cell envelope making it the first point 

of contact between virions and conjugative systems. Hence, this physical barrier may also represent a 

genetic transfer barrier, because the physical structures of MGE (virion, conjugative pili) interact with 

the cell surface to infect cells (See Cell envelope determinants). 

 

In Escherichia coli, which can encode up to four different capsules [209], upregulation of the colanic 

acid capsule (related to group I capsule) is one of the most general mechanisms of phage resistance 

[257,258]. This is thought to be due to the thickness-dependent coverage of phage receptors, which 

disrupt the activity of phage receptor-binding proteins [258]. Other examples include the group II 

capsule K5 of E. coli which provides protection against T4 phage infection [259], and the group I 

capsule K30 that provide protection against phage O9a by masking the LPS [260]. In Streptococcus 

pneumoniae, which encode a group I capsule with various serotypes, but is frequently found non-

encapsulated [243,244], there are fewer studies investigating phage-capsule interaction. Three phages 

isolated from a non-capsulated strain were able to infect other non-capsulated strains, but none of 41 

capsulated cells [261]. In the gut commensal Bacteroidetes thetaiotaomicron, which encodes different 

capsular polysaccharide modulated by phase-variation, the expression of non-permissive capsules is 

selected under phage predation, enabling survival [262]. Hence, capsules can protect the cell from 

phage infections by masking surface receptors. Since phages are not only predators but also vectors of 

HGT, capsules may impact the gene flow. 

 

Capsules are not an insurmountable barrier, and can be overcome by some phages, as evidenced by 

the large array of isolated phages that infect capsulated strains. For example, E. coli expressing the K5 

capsule are indeed resistant to T4, but are sensitive to so-called K5-specific phages [263]. For K5-

specific phages, the capsule is not a resistance factor, but a sensitivity factor, and non-capsulated 

mutants are fully phage-resistant [259,263]. In Klebsiella pneumoniae, which is ubiquitously 

capsulated, almost all identified phages depend on capsule production [264–268]. This indicates that 

phages able to overcome the capsule barrier may be dependent on the capsule for successful infection.  

 

The dependency of phages toward the capsule of their host comes from the characteristics of phage 

virions and their receptor-binding proteins (RBP) (See Cell envelope determinants). The RBP of 

capsule-infecting phages are endowed with capsule depolymerases that not only bind, but also 
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specifically cleave capsular polymers [269,270]. They decorate virions in the form of tail-spike 

proteins connected to the baseplate or the tail, directly via conserved N-terminal domains [271], or 

indirectly via an adapter protein [272] (Figure 14). Biochemically, capsule depolymerases fall into two 

enzymatic classes, lyases and hydrolases, but lyases appear to be the most common [269]. Both 

hydrolases and lyases have strong substrate specificities for di- or tri-saccharides, and given the 

diversity of capsular polysaccharide they are usually specific toward one serotype [265]. Virions can 

encode one depolymerase, present in several copies on the virion, or several different depolymerases, 

present each in one or several copies on the virion [273], so phage host-range tends to broaden with 

the number of different depolymerases [274]. As of today, capsule depolymerases architecture has 

been modeled for many phage families of Klebsiella pneumoniae [273], their presence can be predicted 

via sequence homology [270], but their exact substrate specificity still requires chemical 

characterization [275].  

 

Depolymerases have a modular structure with an N-terminal region involved in virion binding, a 

middle-region encoding the catalytic site, and a C-terminal involved in di- or trimerization. This 

modularity support a model where phages can rapidly shift host-range by recombination between 

catalytic sites, and there are evidence that this process happens in nature [276]. This modularity could 

be leveraged to engineer depolymerases for therapy [277].   

 

Overall, capsule depolymerases are an important determinant of phage host-range, lead to serotype 

specificity, and may favor genetic transfer between strains of the same serotype by phage-mediated 

HGT. Alternatively, phages may encode up to eleven different depolymerases [274], and actually drive 

inter-serotype genetic exchanges.  
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Figure 14 - Capsule depolymerases (tail-spike proteins, TSP) architecture in different phage families. 

Different mode of attachment to the virion are illustrated, with or without an adapter protein (Gp37, 

Gp10T4-like protein). Figure from [269]. 

 

The impact of the capsule and its composition on conjugation has seldom been studied. While 

theoretically, the capsule represents a physical barrier that may prevent mating-pair stabilization and 

decrease conjugation rates, capsule-encoding species tend to carry more mobile genetic elements, 

including plasmids, than non-capsulated species [278]. Moreover, it has been hypothesized that strains 

of the same capsule serotype may engage in conjugation more efficiently [134], but this remains to be 

formally tested. Some conjugative systems are associated with type IV pili with lectin-like domains 

that bind to the oligosaccharide of the LPS [279], suggesting that capsule polysaccharide could be 

targeted in a similar way. Additionally, conjugative pili usually encode an hydrolase (VirB1) that could 

play a role in capsule degradation, but this protein appears to be necessary for pilus assembly across 

the peptidoglycan rather than crossing the peptidoglycan of the donor [280]. Hence, the impact of the 

capsule on conjugation is poorly understood. 
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Klebsiella pneumoniae: a sugar-coated playground for MGEs 

 

Klebsiella pneumoniae is a capsulated diderm species belonging to the Enterobacteriaceae family, like 

the well-known Salmonella and Escherichia genera. It is an ubiquitous species, and a commensal of 

the digestive tract of many eukaryotes. It can be found in soil, fresh water, associated with plant roots 

and leaves, insects and animals including humans [281,282]. Associated with plants, K. pneumoniae 

is a diazotroph capable of fixing atmospheric nitrogen and are often attached to the absorptive hairs of 

plant roots which benefit from their nitrogen [283]. Associated with mammals like humans, K. 

pneumoniae is a nose, mouth, lung and gut commensal which is part of the healthy bacterial flora 

[281]. It is, however, an opportunistic pathogen leading to a wide array of diseases in immune-

compromised patients [281], and is part of the virulent and multi-drug resistant ESKAPE pathogen 

group from the WHO, which comprises Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. [210]. 

 

Pathotypes 

 

Four main pathotypes are associated with K. pneumoniae strains [246,284]. Classical (cKP) strains 

are commensal strains but also opportunistic pathogens that can be efficiently treated with antibiotics 

[246]. Multi-resistant, notably extended-spectrum β-lactamases and carbapenemases-producing (CR-

Kp) strains are nosocomial opportunistic pathogens acquired and spread in clinical settings [199,285]. 

CR-KP infections are notoriously difficult to treat since they are usually resistant to all antibiotics 

classes. Hypervirulent (hvKP) strains, are community-acquired pathogens causing, among others, 

liver-abscesses, septicemia and meningitis [284]. Infection by hvKP strains can be efficiently treated 

with antibiotics, but progress very rapidly and have a high mortality rate [284]. Finally, recently 

isolated strains show a convergent phenotype called CR-hvKP, causing community-acquired deadly 

infections in healthy patients that are untreatable with antibiotic treatment [286,287]. Such convergent 

strains seem to have emerged independently during the last few years and represent a serious threat 

for human health.  

 

Capsule 

 

One the most prominent feature of K. pneumoniae is the production of a nearly ubiquitous group I 

(Wzx/Wzy-dependent) capsule that gives a mucoid aspect to bacterial colonies cultivated in vitro 
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(Figure 15). There is one single capsule locus in K. pneumoniae, located between the galF and ugd 

core genes, which has increased rate of recombination and HGT compared to the rest of the genome 

[231,234]. This locus contains conserved genes involved in capsule assembly and export, flanking a 

highly variable region encoding enzymes that determine the oligosaccharide combination, linkage, and 

modification (and thus the serotype) [208,232]. To date, the chemical structure of 79 distinct capsule 

serotype have been determined, and genomic association studies have revealed that the genetic content 

of the capsule locus is a good predictor of the serotype [232,234]. Such predictions are called capsular 

locus types (CLTs) to distinguish them from experimentally determined serotypes. Analysis of the 

capsule locus of thousands of isolates have revealed that there are more than 160 genetically distinct 

CLTs, which can be easily identified with specialized tools like Kaptive [232,241,242]. 

K. pneumoniae capsules can extend well beyond the outer membrane, up to 420 nm, which is 140 

times the average size of the peptidoglycan layer[288]. They enhance cellular survival to the immune 

response, including macrophages [216], and antimicrobial peptides [218], being a major virulence 

factor of the species. Intriguingly, multidrug-resistant lineages exhibit higher capsular diversity than 

the hypervirulent ones [282], which are almost exclusively of the serotype K1 and K2 [289,290].  
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Figure 15 – Bacterial colonies of Klebsiella pneumoniae NTUH-K2044 (pathotype HvKP, serotype 

K1) isolated from a Taiwanese patient with liver abscess and meningitis. Colonies were grown on an 

LB agar plate at 37c overnight. Larger, mucoid colonies correspond to the wildtype capsulated clones. 

Smaller, translucent colonies correspond to non-capsulated clones that emerge during in vitro 

cultivation. 

 

Genomics 

 

K. pneumoniae genomes are between 5-6Mpb in size, and encode between 5000-6000 genes. The K. 

pneumoniae species tree, based on 1000-2000 core genes, comprises hundreds of deep-branching 
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lineages with c.a. 0.5% nucleotide divergence [282]. These lineages correspond to independent clones, 

or clonal groups, which had historically been defined with multi-locus sequence typing schemes and 

are associated with various traits and pathotypes [173,291]. In addition to the 1000-2000 genes core 

genes, K. pneumoniae harbors a massive genetic diversity in its accessory genome, and its pan-genome 

is estimated in the order of 100,000 distinct gene families. This genetic diversity stems from a 

seemingly large propensity for the species to acquire and distribute MGEs, and hence engage in 

horizontal gene transfer. This is evidenced by the fact that on average, K. pneumoniae isolates carry 

between four to six distinct plasmids, which is more than other Enterobacteriaceae [292], as well as 

between four to six distinct prophages [293] and often encode ICEs [294]. Chromosomal 

recombination is also frequently observed within [175], but also between [295], clonal groups and 

frequently involves the capsule locus [175]. As an extreme example, one clinical isolate was found to 

be a genetic chimera with 2,9Mpb of its chromosome belonging to clonal group 23, and 2.4Mpb 

belonging to another unknown clonal group [295].  

 

Evolution of resistance and virulence 

 

The evolution of K. pneumoniae into dangerous pathotypes like CR-KP, hvKP and CR-hvKP is the 

result of the acquisition of antibiotic resistance genes (ARG) and virulence factors  [282]. However, 

evolution of antibiotics resistance appears to be distinct from the evolution of hypervirulence [290], 

leading to a structuration of the population between classical, resistant and virulent clones. 

Convergence of resistance and virulence within the same clones may be predictable due to preferential 

evolutionary paths [286,290]. Numerous novel ARG were first discovered in K. pneumoniae, 

especially ones conferring carbapenem-resistance such as KPC, OXA-48 or NMD-1. Those genes 

were later identified in other species across the world, such as in the other members of the ESKAPE 

group. Hence, the wide ecological distribution and high HGT rates of K. pneumoniae places it as a key 

trafficker of ARG [292]. Many different clonal groups are associated with antibiotics resistance, which 

suggest that the genetic background plays a minor role in the evolution from cKP to CR-KP [282]. 

Accordingly, multi-resistant isolates harbor diverse capsule serotypes. ARG are mainly encoded 

within transposons and integrons [296] carried on conjugative plasmids [36], which facilitate their 

spread via diverse routes, represented on Figure 16. 
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Figure 16 - Routes of global dissemination of antibiotics resistance by Klebsiella pneumoniae. Figure 

from [199]. 

K. pneumoniae is generally an opportunistic pathogen, but some hypervirulent hvKP clones have the 

ability to provoke community-acquired infections. Those strains are characterized by several features: 

capsule serotype, clonal group and an array of virulence factors. There are two capsule serotypes 
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generally associated with HvKP clones: K1 and K2. Those two serotypes have been shown to promote 

K. pneumoniae infection in the host [289,295,297]. While K1 hvKP are monophyletic, belonging to 

the clonal group CG23 [295], K2 hvKP are more genetically diverse and belong to five distinct clonal 

groups [290]. Both K1 and K2 hvKP strains harbor multiple virulence factors, including the colibactin 

toxin, the aerobactin, salmochelin and yersiniabactin siderophores, and the RmpA/A2 regulators of 

mucoid phenotype [173]. Those virulence factors can be encoded on so-called virulence plasmids, like 

the 219kb pLVPKP [298], which are not conjugative but may be mobilized by other conjugative 

elements [299]. Virulence factors are also encoded on integrative and conjugative elements, like 

ICEKp1 which carries a similar virulence region than pLVPKP but is able to self-mobilize and spread 

by conjugation [300].  

 

While there was little overlap between multidrug resistant vs. hypervirulent lineages before the 2010s, 

recent studies have reported the emergence of carbapenem-resistant hypervirulent strains leading to 

high mortality rates [301]. Mechanisms for the emergence of CR-hvKP can be summarized in three 

patterns: (i) CR-KP acquiring a hypervirulent phenotype; (ii) hvKP acquiring a carbapenem-resistant 

phenotype; and (iii) cKP acquiring both a carbapenem resistance and hypervirulence hybrid plasmid. 

Those three patterns depend on MGE transfer and highlight the importance of understanding HGT in 

bacterial pathogens populations.  
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Aim of this thesis 

 

Hypothesis  

 

The main hypothesis driving my work is that capsules play a major role in bacterial adaptation. Indeed, 

they facilitate survival by protecting against biotic and abiotic stresses. Moreover, they might modulate 

the rates of genetic exchange because they represent a physical barrier to cross for mobile genetic 

elements. This hypothesis is supported by recent findings that (i) capsules are more frequent in 

environmental bacteria than in pathogens (ii) bacteria with capsules occupy more diverse niches, (iii) 

capsulated bacteria have larger pan-genomes, and (iv) accumulate more mobile genetic elements 

[209,278].  

 

There is thus a conundrum regarding capsule evolution: the capsule needs mobile genetic elements to 

vary by horizontal gene transfer, but may block the acquisition of the very same mobile genetic 

elements. Hence, capsule’s impact on gene flow may also have consequences regarding capsule 

evolution. 

 

Objectives 

 

The aim of this thesis is to characterize the interplay between the bacterial capsule and horizontal gene 

transfer. More precisely, I wanted to shed light on the impact of the capsule on the gene flow between 

bacterial populations, and how this process may shape capsule evolution. Klebsiella pneumoniae 

represents a model of choice, because it ubiquitously expresses a large capsule, often encodes MGEs, 

and its evolution represents a threat for our global health system. The objectives of my thesis were the 

followings: 

 

• Infer the past genetic exchanges between Klebsiella pneumoniae sequenced isolates, in relation 

to their capsule. 

• Measure the rates of genetic exchanges in Klebsiella pneumoniae in relation to their capsule. 

• Understand capsule evolution in the light of interactions with mobile genetic elements. 
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Contributions 

 

My PhD work has led to the publication of one published and one soon-to-be submitted first-author 

articles, which rely on two methodological backbones: comparative genomics and experimental 

biology. In the first study, I leveraged tools from the comparative genomics field to analyze thousands 

of Klebsiella pneumoniae genome assemblies, infer their past genetic exchanges and propose a model 

for the evolution of the capsule. I completed my findings with a simple experimental model that 

supported the conclusions of the genomics analysis. In the second study, I used a mirror approach 

where I started from experimental genome engineering and in vitro gene transfer assays and then 

completed my findings with a genomic analysis of Klebsiella pneumoniae plasmids. Hence, my 

contributions on the interplay between bacterial capsules and horizontal gene transfer will be first 

through the lens of genomics, and then through the lens of experimental biology. I have also 

participated in several other studies, which are presented in the annexes.  
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The interplay between bacterial capsules and horizontal gene transfer  

 

Through the lens of genomics 

 

Introduction 

 

Genomics is a broad, and relatively recent, field of biology consisting in the study of the genome 

sequences. It relies on experimental data, mainly DNA sequences from organisms generated via 

sequencing, and their analysis with computational tools. Comparative genomics is a subfield of 

genomics consisting in the comparison of related organisms’ genomes, the inference of their 

evolutionary relationships and the study of their evolution. At the beginning of my thesis, more than 

5,000 draft assemblies of Klebsiella pneumoniae were publicly available in the RefSeq database of the 

NCBI. Using a recent software called Kaptive [232,241,242], able to precisely infer the capsule 

serotype from genome assemblies of K. pneumoniae, I first investigated the interplay between capsules 

and HGT using comparative genomics, with the following aims: 

• Characterize the impact of the capsule and its serotype on past genetic exchanges in K. 

pneumoniae sequenced genomes.  

• Understand the dynamics of evolution of the capsule, notably the mechanisms at play leading 

to serotype swaps. 

 

In the following section, I will introduce genomics concepts, along with the tools and methods I used 

to investigate my questions. 

 

Genome assemblies 

 

Most sequenced bacterial genomes are generated from the DNA extracted of a clonal culture, via de 

novo assembly, which is the process of reconstructing the original DNA sequences using only the 

sequencing reads from this isolate. Sequencing reads are fragments of sequenced DNA varying in size 

depending on the sequencing method. Illumina sequencing methods, also called short-read sequencing, 

typically produce 100-250bp reads which can be paired, meaning that DNA fragments are sequenced 

from each extremity, providing information on sequence contiguity. PacBio and Nanopore sequencing, 

also called long-read sequencing, produce reads from 5,000 – 30,000bp on average. Assembly is 

typically performed with the following steps (Figure 17): finding overlaps between reads, building a 
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graph with all read connections, simplifying the graph and traversing the graph to trace a path 

corresponding to the consensus sequence. Assembly graphs are sensitive to sequencing errors, which 

can introduce false edges and nodes, to sequence heterogeneity in the case of contamination or 

polymorphisms. They are also sensitive to DNA repeats, which form highly connected nodes in the 

graph. The impact of DNA repeats is critically determined by the length of the reads and of the repeats. 

This may be known as the law of repeats, as stated by Torsten Seemann: 

 

“It is impossible to resolve repeats of length S, 

 unless you have reads longer than S. 

 It is impossible to resolve repeats of length S, 

 unless you have reads longer than S.” 

 

 

Figure 17 – Genome assembly at repeats larger than sequencing reads. A. The true genome 

representation. B. Fragmentation of the genome prior to sequencing. C. Sequencing reads. D. An 

example of an assembly graph constructed by read overlapping, arrows represent the bubble formed 
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by repeats in assembly graphs. E. The graph cannot be resolved by a single resolution, breaking the 

assembly. Figure adapted from [302] 

 

The end-result of sequencing and assembly is a text file containing the sequence coded in ATCG, in 

continuous sequences called contigs, and can be classed in two categories. If the assembly is not fully 

resolved and the DNA molecule(s) are split between several contigs, it is called a draft assembly 

(gapped assembly). If the assembly consist of one contig per DNA molecule, it is called a complete 

assembly (un-gapped assembly). In bacteria, a complete assembly is typically composed of a single 

contig corresponding to the chromosome, along with a single contig for each plasmid. The quality of 

a draft assembly can be measured via different metrics, which may require prior knowledge or not. 

Completeness can be gauged using a set of genes that are universally distributed as orthologs across 

particular clades of species [303], for example ribosomal proteins and rRNA genes. Assembly quality 

can also be measured via the number of total contigs, overall genome length, biggest contig size, or 

more complex metrics such as Nx, equals to the largest contig length, L, such that using contigs of 

length longer than L accounts for at least x% of the bases in the assembly [304]. 

 

Genome assemblies are generally deposited in public databases, such as the RefSeq [305] database 

from NCBI which provides high quality, curated assemblies. Criteria to be included in RefSeq are 

quite stringent to ensure the overall quality of the dataset, and are listed here: 

https://www.ncbi.nlm.nih.gov/assembly/help/anomnotrefseq/ 

This list includes, among others:  

• Normal gene to sequence ratio - the ratio of the number of predicted genes to the length of 

the genome divided by 1000 is far outside the usual range for a Complete Genome assembly. 

The NCBI Prokaryotic Genome Annotation Pipeline typically expects to find an average of 

one gene for every 1,000 nucleotides in a genome assembly. The typical range is 0.8 to1.2; 

anything outside the range 0.5 to 1.5 is considered abnormal. 

• Assembly fragmentation - a prokaryotic assembly with contig L50 above 500, contig N50 

below 5000, or more than 2,000 contigs. 

• Presence of key genes – including ribosomal proteins, rRNA and tRNA genes.  

 

In 2022, around 250,000 bacterial genomes assemblies had been included in RefSeq, spanning 12,500 

different species. The number of deposited sequences in public databases is increasing rapidly, and is 

currently outpacing our analysis capabilities. At the beginning of this thesis in September 2018 there 

https://www.ncbi.nlm.nih.gov/assembly/help/anomnotrefseq/
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were about 5,500 Klebsiella pneumoniae genome assemblies on RefSeq. By the end of this thesis in 

2022, there were more than 13,000 assemblies.  

 

Genome annotation 

 

Genome assemblies are simple text files with the sequence organized in contigs and sometimes 

scaffolds, which represent contig links. For instance, a bacterial chromosome should be one contig, 

but can be split into several contigs if the assembly is incomplete. While transcription factors and 

tRNA can read the code in vivo, researchers have developed informatics tools to decode genomes in 

silico. This process is called genome annotation, and starts with several general steps: 

 

- Identifying protein-coding regions (Open reading frames, ORFs) 

- Identifying non-coding, functional regions (e.g. regulatory elements) 

- Associating biological information to these elements. 

 

Differentiating protein coding from non-coding regions relies on Open Reading Frame prediction. 

Several tools have been developed to call the ORFs of bacterial genomes. During my thesis, I used a 

software called Prodigal [306], which starts by identifying all putative ORFs and then uses multiple 

rounds of dynamic programming to refine the selection and learn their upstream motifs from the input 

sequence. Prodigal presents the advantage of having a clear set of biologically relevant rules, is highly 

accurate, fast and consistent across assemblies. It also translates each ORF into its corresponding 

amino-acid sequence using the adequate translation table. There are known pitfalls in prokaryotic ORF 

identification. First, there can be several canonical, and sometimes non-canonical, start sites for a given 

protein-coding region, and prediction tools are biased toward canonical start sites too far upstream 

[307]. Secondly, short protein-coding regions are frequently missed because short ORFs (<150-300bp) 

lack the strong statistical signals allowing successful identification and may overlap with larger ORFs 

[307,308].  

 

Predicting the function of a protein is typically performed by finding homologous sequences with 

experimentally characterized functions. Sequence homology refers to sequence similarity due to a 

common evolutionary origin. Homology-based function prediction is typically performed by sequence 

similarity search with specialized tools like Blast [309], HMMER [310], MASH [311], or MMSEQS2 

[312]. 
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Blast can be used to search nucleic acid (Blastn) and protein (Blastp) sequences against a database 

sequence and uses short words local alignments that are extended and scored according the match 

similarity [309]. Blast can perform sequence search with nucleotides and proteins sequences in all 

directions (Blastx, tBlastn, tBlastx). However, remote homologs with very low sequence similarity are 

hard to find with Blast.  

HMMER is a tool that relies on the conversion of the query in a profile Hidden Markov Model 

(HMM), which are probabilistic models of single sequence or an alignment of sequences [310]. Profile 

HMM capture position-specific sequence conservation, changes, gaps and insertions. They are well 

suited to detect divergent homologous sequences because they are more sensitive than simpler local 

alignment algorithms such as Blast. Profile HMM can be made from protein or nucleic acid sequence, 

and used to search protein or nucleic acid databases.  

The distance between two sequences can also be computed without alignment, typically by reducing 

the sequence(s) to compressed sketch representations, as in the MASH software [311]. Sketches are 

made from small words called k-mer, which are hashed, i.e. linked to an identifier. Alignment-free 

methods such as MASH are typically several orders of magnitude faster than alignment-based methods 

to detect similar sequences, at the cost of accuracy, which is particularly useful for the clustering of 

very large datasets. 

Alignment-free methods can be leveraged to speed-up the computational load associated with 

sequence alignment. In this optic, MMSEQS2 [312] searching is composed of three stages: a k-mer 

sketching and matching step, vectorized un-gapped alignment, and gapped alignment. The first stage 

is crucial for the improved performance, because it filters out most of the comparisons before the 

computationally intensive steps of sequence alignment.  

 

Genome annotation extends further than ORF calling and function prediction. Proteins often function 

in macromolecular systems, which are involved in key cellular processes. Those macromolecular 

systems can be nanomachines (e.g. ribosomes, flagellum) or molecular pathways (e.g. capsule 

biosynthesis). Genomes also contain mobile genetic elements, which often encode macromolecular 

systems such as conjugative pili, or viral particles. The systematic detection of such systems is not an 

easy task, because of a number of reasons [313]:  

- Systems are made of different component with different dispensability (some are essential, 

some are not) 

- Key components may have homologs in other systems  

- Systems components may evolve at very different rates (some have very conserved sequences, 

some have very variable sequences)  
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These difficulties can be partly circumvented by searching for the whole set of components of the 

system because the detection it should lead to more accurate inference. This is especially relevant if 

the genes encoding these components are organized in highly conserved ways. In bacterial genomes, 

genes are often organized in organized operon [314], and macromolecular systems are often encoded 

in one or several contiguous operon [315,316] ensuring tight regulation, correct function, and 

potentially co-transfer [317]. Overall, complex systems encoded by bacterial genomes are generally in 

linked multi-genic systems which can be detected by searching for its individual components with 

specialized tools such as MacSyFinder [313,318]. Example of multi-genic systems encoded in one 

locus include capsule loci and conjugative systems. In the context of detecting multiple contiguous 

genes spanning several Kb of DNA, draft genomes present an additional challenge to the identification 

of complex systems because they may split linked genes into different contigs, abrogating the 

positional information associated with the genes.  

 

Mobile genetic elements such as plasmids and prophages can also be seen as contiguous multi-genic 

systems. In draft genomes, they are more difficult to detect, because they are frequently split into 

several contigs. 

Plasmid detection is generally straightforward in complete genomes, because plasmids form circular 

contigs. However, plasmids often encode insertion sequences and are thus rich in DNA repeats [152], 

and are frequently split between contigs in draft assemblies from short-read sequencing. Several 

approaches have been developed to classify contigs between plasmids and chromosome. Specific 

plasmid sequences, such as replication and segregation systems, can be used as plasmid-specific 

“probes” [319] but such methods may only detect one out of several contigs corresponding to a given 

plasmid. Another method relies on the nucleotide composition, like k-mer frequencies, to predict if 

the contig resembles more to the chromosome, or plasmids. These methods usually require the training 

of machine learning models with complete genomes for which chromosomal and plasmid contigs are 

known [320].  

Prophage detection consists in the identification and delimitation of inserted phage genomes. Several 

tools have been developed for this task, such as VirSorter [321] and PHASTER [322]. PHASTER 

relies on two distinct databases, one for phage-specific genes clustered from known temperate phages, 

and one for bacteria-specific genes, from persistent genomes. First, it identifies putative prophages by 

searching for phage gene clusters genes, then searches for an integrase and if it finds one, scan the 

region for small repeats indicative of att sites. If putative att sites are found, they are considered as the 

border of the element. If an integrase or att sites are not found, the region is delimited via a bi-
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directional sliding window that stops when no phage genes are found. The region is then given a score, 

based on the number of key phage features such as integrase, tail or baseplate proteins. Given the large 

diversity of phages, this method may only be accurate to identify regions similar to known phages. 

The delimitation may also be inaccurate, especially if no att sites are found, or if multiple prophages 

are in close distance. Finally, prophages split into two or more contigs may not be detected, or may be 

given a low confidence score. 

 

Overall, systematic genome annotation is a complex task requiring a multitude of specialized tools, 

and is negatively impacted by genome assembly fragmentation. 

 

 

Pan- and core-genome 

 

The the pangenome is the union of all gene families present in a set of genomes, while the core genome 

is the intersection. Computationally, pangenomes are typically built by clustering the predicted 

proteins of all the genomic dataset based on their sequence similarity (Figure 18). Further refinement 

based on ORF synteny may help differentiating orthologues from paralogues, but such analysis is 

difficult in draft genomes and species with high rates of genome re-organizations. In this thesis, I used 

the PanACoTa tool [323] to download complete and draft assemblies of K. pneumoniae from RefSeq, 

annotate the ORFs, and build the pan and core genomes.  

 

PanACoTa [323] relies on the clustering algorithm of MMSEQS2 to build pan-genomes. Estimating 

gene families requires several input parameters, such as the minimum coverage and sequence identity 

threshold. While low values of coverage and identity lead to the clustering of non-orthologous genes, 

higher values may lead to overestimation of the pan-genome size by separating groups of orthologous 

genes [323,324]. Hence, the most adapted thresholds may be very different when comparing diverse 

or closely related genomes, but also when attempting to cluster gene families with different 

evolutionary rates. For a single species pangenome, it is generally accepted that >80% bidirectional 

sequence coverage and identity is appropriate to group the majority of orthologs [168].  

 

Another contentious point for the appropriate clustering of gene families is the impact of pseudogenes. 

Diverse mutations (In/Del, SNP, and generally frameshift mutation) lead to the presence of early stop 

codons in ORFs, resulting in truncated proteins which may not pass the coverage threshold set for the 
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Open-source script: GALOPA: Gain, Loss, Persistence and Absence pangenome mapping across 

phylogenetic trees.  

 

1 – Considerations 

 

Bacterial genomes are very plastic and often acquire and lose genes with passing generations. Gene 

family acquisitions are particularly interesting because they arise from horizontal gene transfer events. 

Since I wanted to quantify the gene flow between strains of K. pneumoniae in relation with their 

capsule state and serotype, I built an automated pipeline called GaLoPA to map all the pangenome 

families on a phylogenetic tree (with PanACoTa), reconstruct their presence/absence at each branch 

of the tree (with Pastml) and infer the gene GAin, LOss, Persistence, Absence state for all gene 

families for all branches. Gene flow can then be represented by co-gains, i.e. pairs of genomes having 

acquired the same gene-family, and co-gains can be classed according to other states in the tree like 

for example the capsule serotype.   

 

2 – Method 

 

A – Data needed 

 

The method relies on a dataset of genomes, either complete or draft, from the same species. This 

dataset must first be processed through an annotation pipeline to identify the ORFs and generate the 

pan- and core-genome, for example with the PanACoTa framework. The required outputs from 

PanACoTa are: 

- The pan-genome table 

- A core(/persistent) gene concatenate alignment for phylogenetic inference  

 

The core gene concatenate alignment can be used to generate a phylogenetic tree. To do so, I used IQ-

Tree with the automated ModelFinder algorithm, and the ultra-fast bootstrap to assess the robustness 

of the branches. The tree must be rooted, which can be done by adding a small group of genomes 

belonging to another species (Ideally, a closely related species, for example one of Klebsiella 

pneumoniae’s most related species is Klebsiella quasipneumoniae subsp. quasipneumoniae). 

 

B – Softwares needed 
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- PanACoTa [323] to download, annotate, build the pan/core genomes, and concatenated 

alignment 

- IQ-Tree [327] for phylogenetic inference 

- PastML [328] for ancestral reconstruction of gene families presence/absence 

- The GaLoPA script with the following dependencies: 

o Phangorn [329] 

o Tidytree (https://github.com/YuLab-SMU/tidytree) 

o Dplyr [330] 

 

C – Ancestral State Reconstruction 

 

This method relies on PastML to infer ancestral characters on a rooted phylogenetic tree with annotated 

tips, using maximum likelihood. Maximum likelihood approaches are based on probabilistic models 

of character evolution along tree branches. From a theoretical standpoint, these methods have some 

optimality guaranty, at least in the absence of model violations [328].  

 

PastML presents several advantages compared with other tools. It is particularly adapted for the 

ancestral reconstruction of binary traits in large trees, because it is orders of magnitudes faster, but as 

accurate, as previous tools. It also provides a novel method, called marginal posterior probabilities 

approximation (MPPA) which does not rely on a predefined threshold on the probabilities. Indeed, 

MPPA chooses a subset of likely states that minimizes the prediction error for every node. It may keep 

multiple state predictions per node but only when they have similar and high probabilities. Hence, 

nodes with both “presence” and “absence” states are treated as “unknown” events in GaLoPA. 

 

The GaLoPA script can perform: 

 

- Adequate naming of the tree nodes (keeping the bootstrap support values) 

- Tree rooting via the midpoint function from R package Phangorn (if the tree was not rooted 

beforehand) 

- Removal of singleton gene families (gene families present in only one genome) 

- A fast function to generate the presence/absence of each gene families for each genome in 

separate tables compatible with PastML 

- Automated parallelization of PastML on a computing cluster  

https://github.com/YuLab-SMU/tidytree
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- Concatenation of the results into a complete presence/absence/unknown table for each gene 

family in each node of the tree, including the singletons. 

 

Note: This step is computationally intensive. PastML can infer the ancestral state of binary traits in 

large trees (1000-10,000 tips) in approximately 5 minutes with the MPPA method. For a 4,000 

genomes dataset of K. pneumoniae with approximately 80,000 distinct gene families, it would take 

more than 6 months on a standard computer. By launching each gene family in parallel on a computing 

cluster, this step can be as fast as one hour. 

 

D – Gain, Loss, Persistence, Absence mapping 

 

While ancestral states are inferred per node, evolutionary events such as gene gains must be inferred 

per branches. The script is designed to compare each node with its parental node. The rules defining 

events are simple: 

 

Parental node  →  Offspring node:  Event 

Absence   →  Presence   Gain 

Presence   →  Absence   Loss 

Presence   →  Presence   Persistence 

Absence   →  Absence   Absence 

E – Comparison with Count 

 

To check the reliability of the GaLoPA method, we compared it with Count [331]. Count is a software 

package for the evolutionary analysis of gene family sizes (phylogenetic profiles), or other numerical 

census-type characters along a phylogeny. We used a dataset of 4,000 K. pneumoniae genomes. We 

split the species tree (cuttree function in R, package stats) in 50 smaller groups and, for the groups that 

took less than a month of computing time with Count (2,500 genomes), we compared the results of 

Count to those of PastML. The 2 methods were highly correlated in term of number of inferred gains 

per branch (Spearman correlation test, Rho = 0.88, p-value < 0.0001). 

 

F – Limitations 

 

There are a number of limitations in this method:  
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- This approach is dependent on the accuracy of the species tree and the clustering of the gene 

families.  

- The evolutionary model I used is the Felsenstein, 1981 model, where the rate of changes from 

i to j (i ≠ j) is proportional to the equilibrium frequency of j. This is the default, recommended 

model for PastML, but I did not explore the other models.  

- It considers that a gene family is either present or absent. However, a genome can contain 

several genes corresponding to the same gene family, obscuring evolutionary events. To 

account for this limitation, the copy number of gene families in the tips of the tree is present in 

the output, so those families can be filtered out.  

 

3 – Summary 

 

The approach is schematized below in Figure 19, for a phylogenetic tree and a single gene family g. 

The initial presence/absence of g is only known for terminal branches, presence of g is represented 

with a blue circle. The ancestral reconstruction performed by Pastml can predict which internal node 

of the tree harbored g, as represented by internal blue circles. A tree-wide comparison between 

parent/offspring nodes can predict if the branch incurred a gain or a loss of g, or if g persisted or was 

absent, as represented by stars on the branches. In this example, the most likely scenario is that g was 

acquired twice, and hence co-acquired once. The annotated output of GaLoPA is represented on Figure 

20.  
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Figure 19 – GaLoPA approach example scheme. 

 

Gene ancestral reconstruction (pastML MAP)

Gene g acquisition

Gene g loss

Gene g persistence

Gene g absence

•
•
•
•
•

•        : Result file 
•
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Figure 20 – The annotated output of the GaLoPA pipeline. Each line corresponds to a gene family 

(“name”), and a branch, with the “label” column corresponding to the offspring node, and the 

“label_parent” to the parental node.  

 

3 – Availability 

 

The scripts are available at: 

https://github.com/matthieu-haudiquet/galopa 

 

  

Label  Branch label

Name  Pangenome family ID

Child_state  Presence/absence in the branch (label)

label_parent  parental node name

parent_state  Presence/absence in the parental branch

Event  gain / loss / persistence / absence

branch.length  branch length (label)

Ufb  UFB value of the label (None if root/terminal)

copy_number Copy number of the gene family in this branch (only in terminal branches)

is_terminal TRUE if the label correspond to a terminal branch (i.e. a genome)

•
•
•
•
•

•        : Result file 
•

https://github.com/matthieu-haudiquet/galopa
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Research article: Interplay between the cell envelope and mobile genetic elements shapes gene flow 

in populations of the nosocomial pathogen Klebsiella pneumoniae. 

 

Matthieu Haudiquet*, Amandine Buffet, Olaya Rendueles, Eduardo P. C. Rocha 

 

Published in PLOS BIOLOGY. 

 

This article aims at understanding the impact of the bacterial capsule and of the capsule serotype on 

the gene flow in Klebsiella pneumoniae populations. It also provides a new model for the evolution of 

the capsule by highlighting the role of non-capsulated variants as a missing link during serotype swap.  
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Abstract

Mobile genetic elements (MGEs) drive genetic transfers between bacteria using mecha-

nisms that require a physical interaction with the cellular envelope. In the high-priority multi-

drug-resistant nosocomial pathogens (ESKAPE), the first point of contact between the cell

and virions or conjugative pili is the capsule. While the capsule can be a barrier to MGEs, it

also evolves rapidly by horizontal gene transfer (HGT). Here, we aim at understanding this

apparent contradiction by studying the covariation between the repertoire of capsule genes

and MGEs in approximately 4,000 genomes of Klebsiella pneumoniae (Kpn). We show that

capsules drive phage-mediated gene flow between closely related serotypes. Such sero-

type-specific phage predation also explains the frequent inactivation of capsule genes,

observed in more than 3% of the genomes. Inactivation is strongly epistatic, recapitulating

the capsule biosynthetic pathway. We show that conjugative plasmids are acquired at

higher rates in natural isolates lacking a functional capsular locus and confirmed experimen-

tally this result in capsule mutants. This suggests that capsule inactivation by phage pres-

sure facilitates its subsequent reacquisition by conjugation. Accordingly, capsule

reacquisition leaves long recombination tracts around the capsular locus. The loss and

regain process rewires gene flow toward other lineages whenever it leads to serotype

swaps. Such changes happen preferentially between chemically related serotypes, hinting

that the fitness of serotype-swapped strains depends on the host genetic background.

These results enlighten the bases of trade-offs between the evolution of virulence and multi-

drug resistance and caution that some alternatives to antibiotics by selecting for capsule

inactivation may facilitate the acquisition of antibiotic resistance genes (ARGs).
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Introduction

Mobile genetic elements (MGE) drive horizontal gene transfer (HGT) between bacteria, which

may result in the acquisition of virulence factors and antibiotic resistance genes (ARGs) [1,2].

DNA can be exchanged between cells via virions or conjugative systems [3,4]. Virions attach

to specific cell receptors to inject their DNA into the cell, which restricts their host range [5].

When replicating, bacteriophages (henceforth phages) may package bacterial DNA and trans-

fer it across cells (transduction). Additionally, temperate phages may integrate into the bacte-

rial genome as prophages, eventually changing the host phenotype [4]. In contrast, DNA

transfer by conjugation involves mating pair formation (MPF) between a donor and a recipi-

ent cell [6]. Even if phages and conjugative elements use very different mechanisms of DNA

transport, both depend crucially on interactions with the cell envelope of the recipient bacte-

rium. Hence, changes in the bacterial cell envelope may affect their rates of transfer.

Klebsiella pneumoniae (Kpn) is a gut commensal that has become a major threat to public

health [7,8] because it is acquiring MGEs encoding ARGs and virulence factors at a fast pace

[2,9]. This propensity is much higher in epidemic nosocomial multidrug-resistant lineages

than in hypervirulent strains producing infections in the community [10]. Kpn is a particularly

interesting model system to study the interplay between HGT and the cell envelope because it

is covered by a nearly ubiquitous Group I (or Wzx/Wzy dependent) polysaccharide capsular

structure [11,12], which is the first point of contact with incoming MGEs. Similar capsule loci

are present across the bacterial phylogeny [13]. There is one single capsule locus in Kpn [14],

located between galF and ugd, which has increased rate of recombination and HGT compared

to the rest of the genome [11,15,16]. This locus contains conserved genes encoding the pro-

teins necessary for the assembly and export of the capsule, which is a multistep biosynthesis

pathway. These conserved genes flank a highly variable region encoding enzymes that deter-

mine the oligosaccharide combination, linkage, and modification (and thus the serotype) [17].

The biochemical determination of the serotype has not been done for the bacteria correspond-

ing to the most recently sequenced genomes. But the genetic content of the capsule locus has

been shown to be a very good predictor of the capsule serotype. Such predictions are called

capsular locus types (CLTs) to distinguish them from experimentally determined serotypes

[17]. Here, we will use CLT to refer to the genomic predictions and serotype to mention the

capsule type. There are more than 140 genetically distinct CLTs, of which 76 have well-charac-

terized chemical structures and are referred to as serotypes [17]. Kpn capsules can extend well

beyond the outer membrane, up to 420 nm, which is 140 times the average size of the peptido-

glycan layer [18]. They enhance cellular survival to bacteriocins, immune response, and antibi-

otics [19–21], being a major virulence factor of the species. Intriguingly, the multidrug-

resistant lineages of Kpn exhibit higher capsular diversity than the virulent ones, which are

almost exclusively of the serotype K1 and K2 [10].

By its size, the capsule can hide phage receptors and block phage infection [22]. Since most

Kpn are capsulated, many of its virulent phages evolved to overcome the capsule barrier by

encoding serotype-specific depolymerases in their tail proteins [23,24]. For the same reason,

phages have evolved to use the capsule for initial adherence before attaching to the primary

cell receptor. Hence, instead of being hampered by the capsule, many Kpn phages have

become dependent on it [25,26]. This means that the capsule may affect the rates of HGT posi-

tively or negatively depending on how it enables or blocks phage infection. Furthermore,

intense phage predation may select for capsule swap or inactivation, because this renders bac-

teria resistant to serotype-specific phages. Serotype swaps may allow cells to escape phages to

which they were previously sensitive, but they may also expose them to new infectious phages.

In contrast, capsule inactivation can confer pan-resistance to capsule-dependent phages [25].

PLOS BIOLOGY Capsule shapes gene flux in Klebsiella pneumoniae

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001276 July 6, 2021 2 / 28

figshare.com/projects/Supplementary_Datasets/

114459 The 3980 genomes assemblies analyzed in

this study are publicly available from the RefSeq

database (accession numbers in S1 Dataset) All the

genomes of strains used for experimental evolution

and conjugation assays are publicly available from

ENA (accession numbers in S1 Table).

Funding: This work was supported by an ANR

JCJC (Agence national de recherche) grant [ANR

18 CE12 0001 01 ENCAPSULATION] awarded to O.

R. The laboratory is funded by a Laboratoire

d’Excellence ‘Integrative Biology of Emerging

Infectious Diseases’ grant [ANR-10-LABX-62-

IBEID], the INCEPTION program[PIA/ANR-16-

CONV-0005], and the FRM [EQU201903007835].

M.H. has received funding from the FIRE Doctoral

School (Centre de Recherche Interdisciplinaire,

programme Bettencourt) to attend conferences.

The funders had no role in the study design, data

collection and interpretation, or the decision to

submit the work for publication.

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: ARG, antibiotic resistance gene;

BBH, bidirectional best hits; CFU, colony-forming

unit; CLT, capsular locus type; DAP,

diaminopimelic acid; GT, glycosyl transferases;

GTA, gene transfer agent; HGT, horizontal gene

transfer; ICE, integrative conjugative element; Kpn,

Klebsiella pneumoniae; LB, Luria–Bertani; MGE,

mobile genetic element; MPF, mating pair

formation; ST, sequence type; WGA, whole-

genome alignment; wGRR, gene repertoire

relatedness weighted by sequence identity; WT,

wild type.

https://doi.org/10.1371/journal.pbio.3001276
https://figshare.com/projects/Supplementary_Datasets/114459
https://figshare.com/projects/Supplementary_Datasets/114459


Regarding the effect of capsules on conjugation, very little is known, except that it is less effi-

cient between a few different serotypes ofHaemophilus influenzae [27]. The interplay between

MGEs (phages and conjugative elements) and the capsule has the potential to strongly impact

Kpn evolution in terms of both virulence and antibiotic resistance because of the latter’s asso-

ciation with specific serotypes and MGEs.

HGT in Kpn is thought to take place by conjugation or in virions, since it is not part of the

known naturally transformable bacteria [28]. Hence, the capsule needs MGEs to vary by HGT,

but may block the acquisition of the very same MGEs. Moreover, capsulated species are associ-

ated with higher rates of HGT [29]. There is thus the need to understand the capsule’s precise

impact on gene flow and how the latter affects capsule evolution. Here, we leverage a very large

number of genomes of Kpn to investigate these questions using computational analyses that

are complemented with experimental data. As a result, we propose a model of capsule evolu-

tion involving loss and regain of function. This model explains how the interplay of the cap-

sules with different MGEs can either lower, increase, or rewire gene flow depending on the

way capsules affect their mechanisms of transfer.

Results

Gene flow is higher within than between serotype groups

We reasoned that if MGEs are specifically adapted to serotypes, then genetic exchanges should

be more frequent between bacteria of similar serotypes. We used Kaptive [17] to predict the

CLT in 3,980 genomes of Kpn. Around 92% of the isolates could be classed with good confi-

dence level. They include 108 of the 140 previously described CLTs of Klebsiella spp. The pan-

genome of the species includes 82,730 gene families, which is 16 times the average genome. It

contains 1,431 single copy gene families present in more than 99% of the genomes that were

used to infer a robust rooted phylogenetic tree of the species (average ultra-fast bootstrap of

98%, Fig 1A). Rarefaction curves suggest that we have extensively sampled the genetic diversity

of Kpn genomes, its CLTs, plasmids, and prophages (Fig 1B). We then inferred the gains and

losses of each gene family of the pangenome using PastML and focused on gene gains in the

terminal branches of the species tree predicted to have maintained the same CLT from the

node to the tip (91% of branches). This means that we can associate each of these terminal

branches with one single serotype. We found significantly more genes acquired (co-gained) in

parallel by different isolates having the same CLT than expected by simulations assuming ran-

dom distribution in the phylogeny (1.95×, Z-test p< 0.0001, Fig 1C). This suggests that Kpn

exhibits more frequent within-serotype than between-serotype genetic exchanges.

Given the tropism of Kpn phages to specific serotypes, we wished to clarify if phages con-

tribute to the excess of intra-CLTs genetic exchanges. Since transduction events cannot be

identified unambiguously from the genome sequences, we searched for prophage acquisition

events, i.e., for the transfer of temperate phages from one bacterial genome to another. We

found that 97% of the strains were lysogens, with 86% being poly-lysogens, in line with our

previous results in a much smaller dataset [25]. In total, 9,886 prophages were identified in the

genomes. Their genes account for 16,319 families (19.5%) of the species pangenome (Fig 1B).

We then measured the gene repertoire relatedness weighted by sequence identity (wGRR)

between all pairs of prophages. The wGRR is a measure of genetic similarity that amounts to 0

if there are no homologs between two genomes, and one if all genes of the smaller genome

have a homolog with 100% identity in the other genome. This matrix was clustered, resulting in

2,995 prophage families whose history of vertical and horizontal transmissions was inferred

using the species phylogenetic tree (see “Prophage detection”). We found 3,269 independent

infection events and kept one prophage for each of them. We found that pairs of independently
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infecting prophages are 1.7 times more similar when in bacteria with identical rather than dif-

ferent CLTs (Fig 1D; two-sample Kolmogorov–Smirnov test, p< 0.0001). To confirm that

phage-mediated HGT is favored between strains of the same CLT, we repeated the analysis of

gene co-gains after removing the prophages from the pangenome. As expected, the preference

Fig 1. Gene flow is higher between strains of the same serotype. (A) Core genome phylogenetic tree with the 22 Klebsiella
quasipneumoniae subsp. similipneumoniae (misannotated as Kpn in RefSeq) strains as an outgroup (blue branches). The annotation circle
represents the 108 CLTs predicted by Kaptive. The largest clusters of CLTs (>20 isolates) are annotated (full list in https://doi.org/10.6084/
m9.figshare.14673156). (B) Rarefaction curves of the pangenome of prophages, plasmids, capsule genes, and all remaining genes (Genome).
The points represent 50 random samples for each bin (bins increasing by 10 genomes). The inset bar plot represents the percentage of gene
families of the Kpn pangenome including genes of plasmids or prophages (https://doi.org/10.6084/m9.figshare.14673141). (C)Histograms
of the excess of intra-CLT co-gains in relation to those observed inter-CLT (Observed/Expected ratio obtained by 1,000 simulations). The
analysis includes all genes (center), excludes prophages (bottom), or excludes plasmids (top) (https://doi.org/10.6084/m9.figshare.
14673147). (D)Gene repertoire relatedness between independently acquired prophages in bacteria of different (inter-CLT, gray) or
identical CLT (intra-CLT, black). The insert is a zoom of the distribution for the highest values of wGRR (https://doi.org/10.6084/m9.
figshare.14673144). (E) Linear regression of the wGRR between pairs of prophages and the number of capsular residues in common
between their hosts. The points represent the mean for each category, with their size corresponding to the number of pairs per category.
Error bars represent the standard error of the mean. The regression was performed on the original raw data, but only the averages are
represented for clarity (https://doi.org/10.6084/m9.figshare.14673165). CLT, capsular locus type; GLM, generalized linear model; Kpn,
Klebsiella pneumoniae; wGRR, gene repertoire relatedness weighted by sequence identity.

https://doi.org/10.1371/journal.pbio.3001276.g001
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toward same-CLT exchanges decreased from 1.95× to 1.73× (Fig 1C). This suggests that HGT

tends to occur more frequently between strains of identical serotypes than between strains of

different serotypes, a trend that is amplified by the transfer of temperate phages.

Most of the depolymerases that allow phages to overcome the capsule barrier act on specific

disaccharides or trisaccharides, independently of the remaining monomers [30–32]. This

raises the possibility that phage-mediated gene flow could be higher between strains whose

capsules have common oligosaccharide residues. To test this hypothesis, we compiled the

information on the 76 capsular chemical structures previously described [33]. The genomes

with these CLTs, 59% of the total, show a weak but significant proportionality between pro-

phage similarity, and the number of similar residues in their host capsules (Fig 1E), i.e., pro-

phages, are more similar between bacteria with more biochemically similar capsules.

Recombination swaps biochemically related capsules

To understand the genetic differences between serotypes and how these could facilitate swaps,

we compared the gene repertoires of the different capsular loci (between galF and ugd, S1 Fig).

As expected from previous studies [11,17], this analysis revealed a clear discontinuity between

intra-CLT comparisons that had mostly homologous genes and the other comparisons, where

many genes (average = 10) lacked homologs across serotypes (Wilcoxon test, p< 0.0001, Fig

2A). As a result, the capsule pangenome contains 325 gene families that are specific to a CLT

(out of 547, see “Pan- and persistent genomes”). This implies that serotype swaps require the

acquisition of multiple novel genes by horizontal transfer. To quantify and identify these CLT

swaps, we inferred the ancestral CLT in the phylogenetic tree and found a rate of 0.282 swaps

per branch (see “Serotype swaps identification”). We then identified 103 highly confident

swaps, some of which occurred more than once (Fig 2B). We used the chemical characteriza-

tion of the capsules described above to test if swaps were more likely between serotypes with

more similar chemical composition. Indeed, swaps occurred between capsules with an average

of 2.42 common sugars (mean Jaccard similarity 0.54), more than the average value across all

other possible CLT pairs (1.98, mean Jaccard similarity 0.38, Wilcoxon test, p< 0.0001, S2A

Fig). Interestingly, the wGRR of the swapped loci is only 3% higher than the rest of pairwise

comparisons (S2B Fig). This suggests that successful swaps are poorly determined by the dif-

ferences in gene repertoires. Instead, they are more frequent between capsules that have more

similar chemical composition.

The existence of a single capsule locus in Kpn genomes suggests that swaps occur by homol-

ogous recombination at flanking conserved sequences [11]. We used Gubbins [34] to detect

recombination events in the 25 strains with terminal branch serotype swaps and closely related

completely assembled genomes (see “Detection of recombination tracts”). We found long

recombination tracts encompassing the capsule locus in 24 of these 25 genomes, with a median

length of 100.3 kb (Fig 2C). At least one border of the recombination tract was less than 3-kb

away from the capsule locus in 11 cases (46%). Using sequence similarity to identify the origin

of the transfer, we found that most recombination events occurred between distant strains and

no specific clade (Fig 2D). We conclude that serotype swaps occur by recombination at the

flanking genes with DNA from genetically distant isolates but chemically related capsules.

Capsule inactivation follows specific paths, might be driven by phage
predation, and spurs HGT

We sought to investigate whether the aforementioned swaps occur by an intermediary step

where cells have inactivated capsule loci. To do so, we first established the frequency of inacti-

vated capsular loci. We used the Kaptive software to detect missing genes, expected to be
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encoded in capsule loci found on a single contig. We also used the Kaptive database of capsular

proteins to detect pseudogenes using protein–DNA alignments in all genomes. We found 55

missing genes and 447 pseudogenes, among 9% of the loci. The frequency of pseudogenes was

not correlated with the quality of the genome assembly (see “Identification of capsule pseudo-

genes and inactive capsule loci”), and all genomes had at least a part of the capsule locus. We

cannot exclude that some of these mutations fixated during passage prior to sequencing if

these conditions strongly select for capsule loss. However, many isolates harbor several pseu-

dogenes, which suggests that capsule inactivation is not due to very strong selection of one

inactivating mutation during passage. We classed 11 protein families as essential for capsule

production (Table A in S1 Text). At least one of these essential genes was missing in 3.5% of

Fig 2. Homologous recombination events lead to frequent CLT swaps. (A)Histogram of the comparisons of gene repertoire relatedness
(wGRR) between capsular loci of the same (intra-) or different (inter-) CLT (https://doi.org/10.6084/m9.figshare.14673171). (B)Network
of CLT swaps identified by ancestral state reconstruction, with edge thickness corresponding to the number of swaps, and numbers x
within nodes corresponding to the CLT (KLx). (C) Recombination encompassing the capsule locus detected with Gubbins. The positions
of the tracts are represented in the same scale, where the first base of the galF gene was set as 0 (https://doi.org/10.6084/m9.figshare.
14673150). (D) Putative donor–recipient pairs involved in the CLT swaps of panel C indicated in the Kpn tree. CLT, capsular locus type;
Kpn, Klebsiella pneumoniae; wGRR, gene repertoire relatedness weighted by sequence identity.

https://doi.org/10.1371/journal.pbio.3001276.g002
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the loci, which means these strains are likely non-capsulated (Fig 3A). These variants are scat-

tered in the phylogenetic tree with no particular clade accounting for the majority of these var-

iants (S3 Fig), e.g., there are non-capsulated strains in 61 of the 617 sequence types (STs)

identified by Kleborate. These results suggest that capsule inactivation has little phylogenetic

inertia, i.e., it is a trait that changes very quickly, either because the variants are counterselected

or because capsules are quickly reacquired. Accordingly, we could not detect significant phylo-

genetic inertia with Pagel Lambda test [35] (p> 0.05). Hence, capsule inactivation is frequent,

but non-capsulated lineages do not persist for long periods of time.

We further investigated the genetic pathways leading to capsule inactivation. Interestingly,

we found that the pseudogenization frequency follows the order of biosynthesis of the capsule

(linear regression, p = 0.001, R2 = 0.78), with the first (wbaP or wcaJ) and second steps (glyco-

syl transferases, GT) being the most commonly inactivated when a single essential gene is a

pseudogene (Fig 3B). The overall frequency of gene inactivation drops by 14% per rank in the

biosynthesis chain. To confirm these results, we made several controls. To show that this is not

simply an effect of gene length, we normalized the inactivation frequency by gene length and

found the same relationship (S4A Fig, p = 0.005, R2 = 0.7). To check that this was not a muta-

tion hotspot induced by simple sequence repeats, which are prone to polymerase-slippage–

induced mutations and sequencing errors, we searched for mono- and di-nucleotide tracts.

We found that their frequency in the commonly inactivated pair wcaJ/wbaP was smaller than

in the rarely mutated group of genes wzc/wzx/wzy (S4B Fig). Finally, we verified that our anal-

ysis was not impacted by a higher allelic diversity in these genes in the reference database. We

found that the most genetically diverse genes were not the most inactivated (S4C Fig).

Together, these results support the idea that selection plays a key role in the fixation of inacti-

vating mutations in the early genes of the capsule biosynthetic pathway.

Fig 3. Loss of function in the capsule locus. (A)Distribution of the number of inactivated capsule genes per genome, split in 2
categories: loci lacking a functional essential capsule gene (blue, non-capsulated strains), and other loci only lacking nonessential
capsule genes (white, not categorized as non-capsulated strains) (https://doi.org/10.6084/m9.figshare.14673153). (B) Linear regression
between the inactivation frequency and the rank of each gene in the biosynthesis pathway (p = 0.001, R2 = 0.78). The numbers in the
scheme of the capsule assembly correspond to the order in the biosynthesis pathway (https://doi.org/10.6084/m9.figshare.14673153).
(C) Frequency of inactivated capsule genes arising in the non-capsulated clones isolated in 8 different strains after approximately 20
generations in LB growth medium. Genomes containing several missing genes and pseudogenes are not included (https://doi.org/10.
6084/m9.figshare.14673177). GT, glycosyl transferases; LB, Luria–Bertani.

https://doi.org/10.1371/journal.pbio.3001276.g003
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To test if similar results are found when capsules are counterselected in the laboratory, we

analyzed a subset of populations stemming from a short evolution experiment in which popu-

lations of 8 different strains of Klebsiella spp. were diluted daily during 3 days (approximately

20 generations) under agitation in Luria–Bertani (LB), a medium known to select for capsule

inactivation [36]. Each strain belongs to a different phylogenetic group (ST), encompassing 6

different serotypes and isolation sources (Table B in S1 Text). We have previously shown that

under such conditions, phage pressure accelerates capsule loss [25]. After 3 days, non-capsu-

lated clones emerged in 22 out of 24 populations from 8 different ancestral strains. We isolated

one non-capsulated clone for Illumina sequencing from each population and searched for the

inactivating mutations with the same pipeline as for the genomic dataset. We also compared

our method with two popular tools used to detect new mutations in evolved isolates, breseq

[37] and snippy, which rely on read mapping onto a reference genome. All 3 approaches

yielded comparable conclusions, although some mutations were not found by all 3. Overall, 13

out of the 16 inactivated or deleted genes found by our method were also identified by either

breseq, snippy, or both. Read mapping approaches detected other types of mutations, like inter-

genic mutations, and few mutations in the rest of the genome, which are not detectable by our

targeted approach (https://doi.org/10.6084/m9.figshare.14673177). We found that most of

these were localized in wcaJ and wbaP (Fig 3C). In accordance with our comparative genomics

analysis, we found fewer loss-of-function mutations in GTs and wzc and none in the latter

steps of the biosynthetic pathway, except for one large deletion event encompassing almost all

the capsular locus (https://doi.org/10.6084/m9.figshare.14673177). Studies focusing on the

mutations conferring phage resistance in Kpn have also reported an abundance of loss-of-

function mutations in capsule genes leading to a non-capsulated phenotype [25,38], especially

wcaJ [39,40]. These results strongly suggest that mutations leading to the loss of capsule pro-

duction impose a fitness cost determined by the position of the inactivated gene in the biosyn-

thesis pathway.

Once a capsule locus is inactivated, the function can be reacquired by (1) reversion muta-

tions fixing the broken allele; (2) restoration of the inactivated function by acquisition of a

gene from another bacterium, eventually leading to a chimeric locus; and (3) replacement of

the entire locus leading to a CLT swap. Our analyses of pseudogenes provide some clues on

the relevance of the 3 scenarios. We found 111 events involving nonsense point mutations.

These could eventually be reversible (scenario 1) if the reversible mutation arises before other

inactivating changes accumulate. We also observed 269 deletions (100 of more than 2 nucleo-

tides) in the inactivated loci. These changes are usually irreversible in the absence of HGT. We

then searched for chimeric loci (scenario 2), i.e., CLTs containing at least 1 gene from another

CLT. We found 35 such loci, accounting for approximately 0.9% of the dataset (for example, a

wzc_KL1 allele in an otherwise KL2 loci), with only one occurrence of a wcaJ allele belonging

to another CLT, and none for wbaP. Finally, the analysis of recombination tracts detailed

above reveals frequent replacement of the entire locus between galF and ugd by recombination

(S1 Fig, scenario 3).

Since reacquisition of the capsule function might often require HGT, we enquired if capsule

inactivation was associated with higher rates of HGT. Indeed, the number of genes gained by

HGT per branch of the phylogenetic tree is higher in branches where the capsule was inacti-

vated than in the others (2-sample Wilcoxon test, p< 0.0001, Fig 4A), even if these branches

have similar sizes (S6 Fig). We compared the number of phages and conjugative systems

acquired in the branches where capsules were inactivated against the other branches. This

revealed significantly more frequent (3.6 times more) acquisition of conjugative systems

(Fisher exact test, p< 0.0001, Fig 4B) upon capsule inactivation. This was also the case, to a

lesser extent, for prophages. Intriguingly, we observed even higher relative rates of acquisition
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of genes and MGEs in branches where the serotype was swapped (Fig 4A and 4B). The latter

branches are 2.7 times longer than the others (S6 Fig), which may be due to the recombination

tracts associated with the swap. The difference in branch lengths between the swapped and

inactivated categories are on the order of magnitude of the difference in the number of genes

gained, suggesting approximately similar rates of gene gain in both categories. In contrast, the

difference in terms of gained genes between branches with capsule swaps and branches where

capsules remained unchanged is much larger than 2.7. Hence, branches where capsules were

swapped, like those where they were inactivated, represent periods of more frequent acquisi-

tion of conjugative elements and phages relative to the periods where the capsule remained

unchanged. The acquisition rate is particularly larger for conjugative systems in branches

where the capsule was inactivated and larger for prophages in branches that swapped (6.5 ver-

sus 4.5 times more). Overall, the excess of HGT in periods of capsule inactivation facilitates the

reacquisition of a capsule and the novel acquisition of other potentially adaptive traits.

Conjugative systems are frequently transferred across serotypes

The large size of the Kpn capsule locus is difficult to accommodate in the phage genome, and

the tendency of phages to be serotype specific makes them unlikely vectors of novel capsular

loci. Also, the recombination tracts observed in Fig 2C are too large to be transduced by most

temperate phages of Kpn, whose prophages average 46 kb [25]. Since Kpn is not naturally

transformable, we hypothesized that conjugation is the major driver of capsule acquisition.

Around 80% of the strains encode a conjugative system, and 94.4% have at least one. Plasmids

alone make 25.5% of the pangenome (Fig 1B). To these numbers, one should add the genes

present in integrative conjugative elements (ICEs). Unfortunately, there is currently no

method to identify ICEs accurately in draft genomes. By subtracting the total number of conju-

gative elements from those identified in plasmids, we estimate that 41% of the conjugative sys-

tems in Kpn are not in plasmids but in ICEs. Since ICEs and conjugative plasmids have

Fig 4. Changes in capsule state impact HGT. (A)Number of genes gained in terminal branches of the phylogenetic
tree where the capsule was inactivated, swapped, and in the others (2-samples Wilcoxon tests). (B) Increase in the
frequency of acquisition of prophages and conjugative systems on branches where the capsule was either inactivated or
swapped, relative to the other branches, as represented by odds ratio (Fisher exact test). !!!!: p-value< 0.0001 (https://
doi.org/10.6084/m9.figshare.14673159). HGT, horizontal gene transfer.

https://doi.org/10.1371/journal.pbio.3001276.g004
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approximately similar sizes [41], the joint contribution of ICEs and plasmids in the species

pangenome is very large.

We identified independent events of infection by conjugative systems as we did for pro-

phages (see above). The 5,144 conjugative systems fell into 252 families with 1,547 infection

events. On average, pairs of conjugative systems acquired within the same CLT were only 3%

more similar than those in different CLTs. This suggests that phage- and conjugation-driven

HGT have very different patterns, since the former tend to be serotype specific, whereas the

latter are very frequently transferred across serotypes. This opposition is consistent with the

analysis of co-gains (Fig 1C), which were much more serotype dependent when plasmids were

excluded from the analysis and less serotype dependent when prophages were excluded. To

further test our hypothesis, we calculated the number of CLTs where one could find each fam-

ily of conjugative systems or prophages and then compared these numbers with the expecta-

tion if they were distributed randomly across the species. The results show that phage families

are present in much fewer CLTs than expected, whereas there is no bias for conjugative sys-

tems (Fig 5). We conclude that conjugation spreads plasmids across the species regardless of

Fig 5. Serotype specificity of prophages and conjugative systems.OCLT: observed number of serotypes infected per
family of homologous element. ECLT: expected number of serotypes infected per family of homologous element
generated by 1,000 simulations (see “CLT specificity”). This measure aims to capture the number of different CLT that
each prophage and conjugative system were able to infect, compared to what was expected by chance given the
phylogeny. When the elements distribute randomly across CLTs, the value is 0.5 (dashed line). Very low values
indicate high serotype specificity. One-sample Wilcoxon test. !!!!: p-value< 0.0001 (https://doi.org/10.6084/m9.
figshare.14673162). CLT, capsular locus type.

https://doi.org/10.1371/journal.pbio.3001276.g005
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serotype. Together, these results reinforce the hypothesis that conjugation drives genetic

exchanges between strains of different serotypes, decreasing the overall bias toward same-sero-

type exchanges driven by phages.

Capsule inactivation results in increased conjugation frequency

Together, these elements led us to hypothesize that capsule inactivation results in higher rates

of acquisition of conjugative elements. This is consistent with the observation that terminal

branches associated with inactive capsules have a higher influx of conjugative systems than

prophages (Fig 4B). In the absence of published data on the impact of the capsule on conjuga-

tion frequency, we tested experimentally our hypothesis on a diverse set of Klebsiella isolates

composed of four strains from different STs: three Klebsiella pneumoniae sensu stricto (sero-

types K1 and K2) and one Klebsiella variicola (serotype K30, also found in Kpn). To test the

role of the capsule in plasmid acquisition, we analyzed the conjugation frequency of these

strains and their non-capsulated counterparts, deprived of wcaJ, the most frequent pseudogene

in the locus both in the genome data and in our experimental evolution (see “Conjugation

assay”). For this, we built a plasmid that is mobilized in trans, i.e., once acquired by the new

host strain, it cannot further conjugate, due to their lack of a compatible conjugative system.

This allows to measure precisely the frequency of conjugation between the donor and the

recipient strain. In agreement with the results of the computational analysis, we found that the

frequency of conjugation is systematically and significantly higher in the mutant than in the

associated wild type (WT) for all four strains (paired Wilcoxon test, p-value = 0.002, Fig 6). On

average, non-capsulated strains conjugated 8.06 times more than capsulated strains. In strain

CG43, this difference was 20-fold.

Interestingly, the difference in conjugation rates between the mutants and their WT is

inversely proportional to the conjugation frequency in the WT, possibly because someWT

strains already conjugate at very high rates. Cell densities were normalized to the same optical

density (OD600 = 0.9) before mating, and the donor culture was the same for all recipient

strains per biological replicate. Cells were allowed to conjugate for one hour. Still, there were

slightly fewer colony-forming unit (CFU; 3.2× less, paired Wilcoxon test, p< 0.001) on the

membranes with non-capsulated mutants than on those with the WT. This may lead to a slight

underestimation of the conjugation frequency in non-capsulated mutants. As a consequence,

we may have underestimated the differences in conjugation frequency. Overall, these experi-

ments show that the ability to receive a conjugative element is increased in the absence of a

functional capsule. Hence, non-capsulated variants acquire more genes by conjugation than

the others. Interestingly, if the capsule is transferred by conjugation, this implies that capsule

inactivation favors the very mechanism leading to its subsequent reacquisition.

Discussion

The specificity of many Kpn phages to one or a few chemically-related serotypes is presumably

caused by their reliance on capsules to adsorb to the cell surface and results from the long-

standing coevolution of phages with their Kpn hosts. One might invoke environmental effects

to explain these results, since populations with identical or closely related serotypes might

often co-occur and thus potentiate more frequent cross infections. However, the same ecologi-

cal bias would be expected to increase the rates of conjugation between identical or closely

related serotypes. This could not be detected, suggesting that bias in intra-serotype gene flow is

mediated by phages. It is well known that some phages carry capsule depolymerases acting on

disaccharides or trisaccharides [30–32] that may be similar across serotypes and thus favor

transfer of phages between these cells. This fits our previous studies on the infection networks
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of Kpn prophages [25] and suggests that a population of cells encoding and expressing a given

serotype has more frequent phage-mediated genetic exchanges with bacteria of identical or

chemically similar serotypes (Fig 7A). In this context, phages carrying multiple capsule depoly-

merases have broader host range and may have a key role in phage-mediated gene flow

between very distinct serotypes. For example, one broad host range virulent phage has been

found to infect 10 distinct serotypes because it encodes an array of at least 9 depolymerases

[24].

The interplay between the capsule and conjugative elements has been much less studied.

Our comparative genomics analyses reveal that conjugation occurs across strains of identical

or different CLTs at similar rates. Furthermore, our experimental data shows that non-capsu-

lated mutants are up to 20 times more receptive to plasmid conjugation than the capsulated

WT bacteria, an effect that seems more important for the WT that are poor recipients. These

results are likely to be relevant not only for non-capsulated strains, but also for those not

expressing the capsule at a given moment. If so, repression of the expression of the capsule

may allow bacteria to escape phages and endure extensive acquisition of conjugative elements.

Fig 6. Capsules negatively impact conjugation. Conjugation frequency of WT and their associated non-capsulated
( wcaJ) mutants. The conjugation efficiency (T/N, see “Conjugation assay”) is represented on a log scale. Each pair of
points represents a biological replicate. Strains and their capsule locus type are listed in the order in which they appear
from the top to the bottom of the plot. The p-value for the pairedWilcoxon test is displayed (https://doi.org/10.6084/
m9.figshare.14673168). Kpn, Klebsiella pneumoniae; Kva, Klebsiella variicola; CG, clonal group; WT, wild type.

https://doi.org/10.1371/journal.pbio.3001276.g006
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These results may also explain a long-standing conundrum in Kpn. The hypervirulent line-

ages of Kpn, which are almost exclusively of serotypes K1 and K2 [10,42], have reduced pan-

genome, plasmid, and capsule diversity. They also often carry additional factors like rmpA up-

regulating the expression of the capsule [42]. In contrast, they are very rarely multidrug resis-

tant. Our data suggest that the protection provided by thick capsules hampers the acquisition

of conjugative elements, which are the most frequent vectors of antibiotic resistance. Further-

more, the moments of capsule swap, repression of expression, or inactivation are expected to

be particularly deleterious for hypervirulent clones, because the capsule is a virulence factor,

Fig 7. A model for the interplay between serotypes and mobile elements. (A) The capsule impacts Kpn gene flow. A bacterial
population expressing a given serotype (blue or green) preferentially exchanges DNA by phage-mediated processes with bacteria of
identical or chemically similar serotypes. Such flow may be rare toward non-capsulated bacteria because they are often resistant to Kpn
phages. In contrast, conjugation occurs across serotypes and is more frequent to non-capsulated bacteria. (B) Proposed model for
serotype swaps in Kpn. The capsule locus is colored according to its type. Capsule inactivation is occasionally adaptive. The
pseudogenization process usually starts by the inactivation of the genes involved in the early stages of the capsule biosynthesis, as
represented by the size of the red cross on the capsule assembly scheme. Non-capsulated strains are often protected from Kpn phage
infections while acquiring more genes by conjugation. This increases the likelihood of capsule reacquisition. Such reacquisition can
bring a new serotype, often one that is chemically similar to the previous one, and might be driven by conjugation because of its high
frequency in non-capsulated strains. Serotype swaps rewire phage-mediated genetic transfers. IM, inner membrane; Kpn, Klebsiella
pneumoniae; OM, outer membrane.

https://doi.org/10.1371/journal.pbio.3001276.g007
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thus further hampering their ability to acquire the conjugative MGEs that carry antibiotic

resistance. This may have favored a specialization of the clones into either hypervirulent or

multidrug resistance. Unfortunately, the capsule is not an insurmountable barrier for conjuga-

tion, and recent reports have uncovered the emergence of multidrug-resistant hypervirulent

clones [43,44]. The most worrisome pattern of evolution of such strains is the fusion of the res-

ident virulence plasmids of hypervirulent clones with highly mobile multidrug resistance plas-

mids [45]. Strikingly, the recently isolated MS3802 clone, which belongs to the hypervirulent

lineage ST23 and harbors a chimeric virulence/resistance plasmid, is string test negative and

encodes a strongly degraded KL1 capsule locus [46]. Capsule inactivation may have facilitated

the acquisition of a conjugative resistance plasmid that co-integrated with the resident viru-

lence plasmid.

We observed that branches of isolates lacking a functional capsule have higher rates of

acquisition of conjugative systems than prophages, whereas those where there was a capsule

swap have the inverse pattern (Fig 4B). What could justify these differences in the interplay of

the capsule with phages and conjugative elements? Phages must adsorb on the cell surface,

whereas there are no critical positive determinants for incoming conjugation pilus [47]. As a

result, serotype swaps may affect much more the flow of phages than that of conjugative ele-

ments. Capsule inactivation may have an opposite effect on phages and plasmids: it removes a

point of cell attachment for phages, decreasing their infection rates, and removes a barrier to

the conjugative pilus, increasing their ability to transfer DNA. Hence, when a bacterium has

an inactivated capsule, e.g., because of phage predation, it becomes more permissive for conju-

gation. In contrast, when a bacterium acquires a novel serotype, it may become sensitive to

novel phages resulting in rapid turnover of its prophage repertoire. These results implicate that

conjugation should be much more efficient at spreading traits across the entire Kpn species

than phage-mediated mechanisms, whose role would be important for HGT between strains

of similar or closely related serotypes (Fig 7A).

The existence of serotype swaps has been extensively described in the literature for Kpn

[16] and many other species [48,49]. Whether these swaps imply a direct serotype replacement,

or an intermediate non-capsulated state, is not sufficiently known. Several processes are

known to select for capsule inactivation in some bacteria, including growth in rich medium

[36], phage pressure, and immune response [25,26,39,50] (Fig 7B). Because of the physiological

effects of these inactivations, and their impact on the rates and types of HGT, it is important to

quantify the frequency of inactivated (or silent) capsular loci and the mechanisms favoring it.

Our study of pseudogenization of capsular genes revealed a few percent of putative non-capsu-

lated strains scattered in the species tree, opening the possibility that non-capsulated strains

are a frequent intermediate step of serotype swap. The process of capsule inactivation is shaped

by the capsule biosynthesis pathway, the frequency of pseudogenization decreasing linearly

with the rank of the gene in the capsule biosynthesis pathway. This suggests a major role for

epistasis in the evolutionary pathway leading to non-capsulated strains. Notably, the early

inactivation of later genes in the biosynthesis pathway, while the initial steps are still func-

tional, can lead to the sequestration of key molecules at the cell envelope or the toxic accumula-

tion of capsule intermediates (Fig 7B). Accordingly, wza and wzymutants, but not wcaJ,

lead to defects in the cell envelope of the strain Kpn SGH10 [51]. In Acinetobacter baumannii,

high-density transposon mutagenesis also recently revealed that inactivation of genes involved

in the last steps of capsule biosynthesis is much more deleterious than those encoding the early

steps [52].

Capsule reacquisition is more likely driven by conjugation than by phages, which are gener-

ally dependent on the capsule to infect their host. Hence, the increased rate of acquisition of

conjugative elements by non-capsulated strains may favor the process of capsule reacquisition,
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and, eventually, serotype swap. Cycles of gain and loss of capsular loci have been previously

hypothesized in the naturally transformable species Streptococcus pneumoniae, because vacci-

nation leads to counterselection of capsulated strains, and natural transformation seems to

increase recombination in non-capsulated clades [53]. Accordingly, tracts with a median

length 42.7 kb encompassing the capsule locus were found in serotype-swapped S. pneumoniae

isolates [54]. In Kpn, such tracts were more than twice larger, which is consistent with the role

of conjugation in capsule swap. Interestingly, these swaps are more frequent between CLTs

encoding serotypes with common sugar residues, independently of their overall genetic relat-

edness. Understanding this result will require further work, but it suggests that genomic adap-

tation to the production of specific activated sugars can lead to genetic incompatibilities with

other capsular genes.

Our results are relevant to understand the interplay between the capsule and other mobile

elements in Kpn or other bacteria. We expect to observe more efficient conjugation when the

recipient bacteria lack a capsule in other species. For example, higher conjugation rates of

non-capsulated strains may help explain their higher recombination rates in Streptococcus

[55]. The serotype specificity of phages also opens intriguing possibilities for them and for

virion-derived elements. For instance, some Escherichia coli strains able to thrive in freshwater

reservoirs have capsular loci acquired in a single-block horizontal transfer from Kpn [56]. This

could facilitate interspecies phage infections (and phage-mediated HGT), since Kpn phages

may now be adsorbed by these strains. Gene transfer agents (GTA) are co-options of virions

for intraspecies HGT that are frequent among alpha-proteobacteria [57] (but not yet described

in Kpn). They are likely to have equivalent serotype specificity, since they attach to the cell

envelope using structures derived from phage tails. Indeed, the infection by the Rhodobacter

capsulatusGTAmodel system depends on the host Wzy capsule [58], and non-capsulated vari-

ants of this species are phage resistant [59] and impaired in GTA-mediated transfer [60]. Our

general prediction is that species where cells tend to be capsulated are going to coevolve with

phages, or phage-derived tail structures, such that the latter will tend to become serotype spe-

cific. We speculate that future developments on the systematic detection of depolymerase

genes will shed light on depolymerase swaps between phages, as a reciprocal phenomenon to

capsule serotype swaps. Here, we could not make such an analysis since we identified very few

depolymerases. Similar difficulties to find depolymerases were recently observed [25,61], sug-

gesting that many such proteins remain to be identified.

These predictions have an impact in the evolution of virulence and antimicrobial therapy.

Some alternatives to antibiotics—phage therapy, depolymerases associated with antibiotics,

pyocins, and capsular polysaccharide vaccines—may select for the inactivation of the capsule

[25,38,39]. Such non-capsulated variants have often been associated with better disease out-

comes [62], lower antibiotic tolerance [21], and reduced virulence [20]. However, they can

also be more successful colonizers of the urinary tract [63]. Our results suggest that these non-

capsulated variants are at higher risk of acquiring resistance and virulence factors through con-

jugation, because ARGs and virulence factors are often found in conjugative elements in Kpn

and in other nosocomial pathogens. Conjugation may also eventually lead to the reacquisition

of functional capsules. At the end of the inactivation–reacquisition process, recapitulated on

Fig 7, the strains may be capsulated, more virulent, and more antibiotic resistant.

Materials andmethods

Genomes

We used the PanACoTa tool to generate the dataset of genomes [64]. We downloaded all the

5,805 genome assemblies labeled as Klebsiella pneumoniae sensu stricto (Kpn) from NCBI
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RefSeq (accessed on October 10, 2018). We removed lower-quality assemblies by excluding

genomes with L90>100. The pairwise genetic distances between all remaining genomes of the

species was calculated by order of assembly quality (L90) using MASH [65]. Strains that were

too divergent (MASH distance>6%) to the reference strain or too similar (<0.0001) to other

strains were removed from further analysis. The latter tend to have identical capsule serotypes,

and their exclusion does not eliminate serotype swap events. This resulted in a dataset of 3,980

strains which were re-annotated with prokka (v1.13.3) [66] to use consistent annotations in all

genomes. Erroneous species annotations in the GenBank files were corrected using Kleborate

(https://github.com/katholt/Kleborate). This step identified 22 Klebsiella quasipneumoniae

subspecies similipneumoniae (Kqs) genomes that were used to root the species tree and

excluded from further analyses. The accession number for each analyzed genome is presented

in https://doi.org/10.6084/m9.figshare.14673156, along with all the annotations identified in

this study.

Pan- and persistent genome

The pangenome is the full repertoire of homologous gene families in a species. We inferred the

pangenome with the connected-component clustering algorithm of MMSeqs2 (release 5) [67]

with pairwise bidirectional coverage>0.8 and sequence identity>0.8. The persistent genome

was built from the pangenome, with a persistence threshold of 99%, meaning that a gene fam-

ily must be present in single copy in at least 3,940 genomes to be considered persistent.

Among the 82,730 gene families of the Kpn pangenome, there were 1,431 gene families present

in 99% of the genomes, including the Kqs. We used mlplasmids to identify the “plasmid” con-

tigs (default parameters, species “Klebsiella pneumoniae” [68]). To identify the pangenome of

capsular loci present in the Kaptive database, we used the same method as above, but we low-

ered the sequence identity threshold to>0.4 to put together more remote homologs.

Phylogenetic tree

To compute the species phylogenetic tree, we aligned each of the 1,431 protein families of the

persistent genome individually with mafft (v7.407) [69] using the option FFT-NS-2, back-

translated the sequences to DNA (i.e., replaced the amino acids by their original codons) and

concatenated the resulting alignments. We then made the phylogenetic inference using

IQ-TREE (v1.6.7.2) [70] using ModelFinder (-m TEST) [71] and assessed the robustness of the

phylogenetic inference by calculating 1,000 ultra-fast bootstraps (-bb 1,000) [72]. There were

220,912 parsimony-informative sites over a total alignment of 1,455,396 bp, and the best-fit

model without gamma correction was a general time-reversible model with empirical base fre-

quencies allowing for invariable sites (GTR+F+I). We did not use the gamma correction

because of branch length scaling issues, which were 10 times longer than with simpler models,

and is related to an optimization problem with big datasets in IQ-TREE. The tree is very well

supported, since the average ultra-fast bootstrap support value was 97.6% and the median was

100%. We placed the Kpn species root according to the outgroup formed by the 22 Kqs strains.

The tree, along with Kleborate annotations, can be visualized and manipulated in https://

microreact.org/project/kk6mmVEDfa1o3pGQSCobdH/9f09a4c3.

Capsule locus typing

We used Kaptive [17] with default options and the “K locus primary reference” to identify the

CLT of strains. The predicted CLT is assigned a confidence level, which relies on the overall

alignment to the reference CLT, the allelic composition of the locus, and its fragmentation

level. We assigned the CLT to “unknown” when the confidence level of Kaptive was indicated
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as “none” or “low,” as suggested by the authors of the software. This only represented 7.9% of

the genomes. After this filtering, we simply considered that 2 CLT are the same if they are both

annotated with the same KLx name.

Identification of capsule pseudogenes and inactive capsule loci

We first compiled the list of missing expected genes from Kaptive, which is only computed by

Kaptive for capsule loci encoded in a single contig. Then, we used the Kaptive reference data-

base of Kpn capsule loci to retrieve capsule reference genes for all the identified serotypes. We

searched for sequence similarity between the proteins of the reference dataset and the 3,980

genome assemblies using blastp and tblastn (v.2.9.0) [73]. We then searched for the following

indications of pseudogenization: stop codons resulting in protein truncation, frameshift muta-

tions, insertions, and deletions (https://doi.org/10.6084/m9.figshare.14673153). Truncated and

frameshifted coding sequences covering at least 80% of the original protein in the same reading

frame were considered functional. Additionally, a pseudogene did not result in a classification

of inactivated function if we could identify an intact homolog or analog. For example, if

wcaJ_KL1 has a frameshift, but wcaJ_KL2 was found in the genome, the pseudogene was

flagged and not used to define non-capsulated mutants. Complete gene deletions were identi-

fied by Kaptive among capsular loci encoded on a single contig. We built a dictionary of genes

that are essential for capsule production by gathering a list of genes (annotated as the gene

name in the Kaptive database) present across all CLTs and which are essential for capsule pro-

duction according to experimental evidence (Table A in S1 Text). The absence of a functional

copy of these essential genes resulted in the classification “non-capsulated” (except wcaJ and

wbaP, which are mutually exclusive). To correlate the pseudogenization frequency with the

order in the capsular biosynthesis process, we first sought to identify all glycosyl transferases

from the different CLTs and grouped them in one category. To do so, we retrieved the GO

molecular functions listed on UniProtKB of the genes within the Kaptive reference database.

For the genes that could be ordered in the biosynthesis chain (Table A in S1 Text), we com-

puted their frequency of inactivation by dividing the count of inactivated genes by the total

number of times it is present in the dataset.

To test that sequencing errors and contig breaks were not leading to an excess of pseudo-

genes in certain genomes, we correlated the number of pseudogenes (up to 11) and missing

genes with 2 indexes of sequence quality, namely, the sequence length of the shortest contig at

50% of the total genome length (N50) and the smallest number of contigs whose length sum

makes up 90% of genome size (L90). We found no significant correlation in both cases (Spear-

man correlation test, p-values> 0.05), suggesting that our results are not strongly affected by

sequencing artifacts and assembly fragmentation.

Genetic similarity

We searched for sequence similarity between all proteins of all prophages or conjugative sys-

tems using MMSeqs2 with the sensitivity parameter set to 7.5. The hits were filtered (e-

value< 10−5,"35% identity, coverage>50% of the proteins) and used to compute the set of

bidirectional best hits (BBH) between each genome pair. BBH were used to compute the gene

repertoire relatedness between pairs of genomes (weighted by sequence identity):

wGRRA;B ¼
P

i

idðAi;BiÞ

minð#A;#BÞ
;

as previously described [74], where Ai and Bi are the pair i of homologous proteins present in

A and B (containing respectively #A and #B proteins), id(Ai, Bi) is their sequence identity, and
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min(#A, #B) is the number of proteins of the element encoding the fewest proteins (#A or #B).

wGRR varies between 0 and 1. It amounts to 0 if there are no homologous proteins between

the genomes, and one if all genes of the smaller genome have a homolog in the other genome.

Hence, the wGRR accounts for both frequency of homology and degree of similarity among

homologs.

Inference of genes ancestral states

We inferred the ancestral state of each pangenome family with PastML (v1.9.23) [75] using the

maximum-likelihood algorithmMPPA and the F81 model. We also tried to run Count [76]

with the ML method to infer gene gains and losses from the pangenome, but this took a pro-

hibitive amount of computing time. To check that PastML was producing reliable results, we

split our species tree (cuttree function in R, package stats) in 50 groups and for the groups that

took less than a month of computing time with Count (2,500 genomes), we compared the

results of Count to those of PastML. The 2 methods were highly correlated in term of number

of inferred gains per branch (Spearman correlation test, Rho = 0.88, p-value< 0.0001). We

used the results of PastML, since it was much faster and could handle the whole tree in a single

analysis. Since the MPPA algorithm can keep several ancestral states per node if they have sim-

ilar and high probabilities, we only counted gene gains when both ancestral and descendant

nodes had one single distinct state (absent present).

Analysis of conjugative systems

To detect conjugative systems, Type IV secretion systems, relaxases, and infer their MPF types,

we used TXSScan with default options [77]. We then extracted the protein sequence of the

conjugation systems and used these sequences to build clusters of systems by sequence similar-

ity. We computed the wGRR (see “Genetic similarity”) between all pairs of systems and clus-

tered them in wGRR families by transitivity when the wGRR was higher than 0.99. This means

that some members of the same family can have a wGRR<0.99. This threshold was defined

based on the analysis of the shape of the distribution of the wGRR (S5A Fig). We used a recon-

struction of the presence of members of each gene family in the species phylogenetic tree to

infer the history of acquisition of conjugative elements (see “Inference of genes ancestral

state”). To account for the presence of orthologous families, i.e., those coming from the same

acquisition event, we kept only 1 member of a wGRR family per acquisition event. For exam-

ple, if a conjugative system of the same family is present in 4 strains, but there were 2 acquisi-

tion events, we randomly picked 1 representative system for each acquisition event (in this

case, 2 elements, 1 per event). Elements that resulted from the same ancestral acquisition event

are referred as orthologous systems. We combined the predictions of mlplasmids and TXSScan

to separate conjugative plasmids from ICEs. The distribution of conjugative system’s MPF

type in the chromosomes and plasmids is shown in S7 Fig.

Prophage detection

We used PHASTER [78] to identify prophages in the genomes (accessed in December 2018).

The category of the prophage is given by a confidence score that corresponds to “intact,”

“questionable,” or “incomplete.” We kept only the “intact” prophages because other categories

often lack essential phage functions. We further removed prophage sequences containing

more than 3 transposases after annotation with ISFinder [79] because we noticed that some

loci predicted by PHASTER were composed of arrays of insertion sequences. We built clusters

of nearly identical prophages with the same method used for conjugative systems. The wGRR

threshold for clustering was also defined using the shape of the distribution (S5B Fig). The
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definition of orthologous prophages follows the same principle than that of conjugative sys-

tems, they are elements that are predicted to result from one single past event of infection.

Serotype swaps identification

We inferred the ancestral state of the capsular CLT with PastML using the maximum-likeli-

hood algorithmMPPA, with the recommended F81 model [75]. In the reconstruction proce-

dure, the low confidence CLTs were treated as missing data. This analysis revealed that

serotype swaps happen at a rate of 0.282 swaps per branch, which are, on average, 0.000218

substitutions/site long in our tree. CLT swaps were defined as the branches where the descen-

dant node state was not present in the ancestral node state. In 92% of the swaps identified by

MPPA, there was only 1 state predicted for both ancestor and descendant node, and we could

thus precisely identify the CLT swaps. These swaps were used to generate the network in

Fig 3A.

Detection of recombination tracts

We detected recombination tracts with Gubbins v2.4.0 [34]. Our dataset is too large to build

one meaningful whole-genome alignment (WGA). Gubbins is designed to work with closely

related strains, so we split the dataset into smaller groups defined by a single ST. We then

aligned the genomes of each ST with snippy v4.3.8 (https://github.com/tseemann/snippy), as

recommended by the authors in the documentation. The reference genome was picked ran-

domly among the complete assemblies of each ST. We analyzed the 25 groups in which a CLT

swap happened (see above) and for which a complete genome was available as a reference. We

launched Gubbins independently for each WGA, using default parameters. We focused on the

terminal branches to identify the recombination tracts resulting in CLT swap. We enquired on

the origin of the recombined DNA using a sequence similarity approach. We used blastn [73]

(-task megablast) to find the closest match of each recombination tract by querying the full

tract against our dataset of genome assemblies and mapped the closest match based on the bit

score onto the species tree.

Identification of co-gains

We used the ancestral state reconstruction of the pangenome families to infer gene acquisi-

tions at the terminal branches. We then quantified how many times an acquisition of the same

gene family of the pangenome (i.e., co-gains) occurred independently in genomes of the same

CLT. This number was compared to the expected number given by a null model where the

CLT does not impact the gene flow. The distribution of the expectation of the null model was

made by simulation in R, taking into account the phylogeny and the distribution of CLTs. In

each simulation, we used the species tree to randomly redistribute the CLT trait on the termi-

nal branches (keeping the frequencies of CLTs equal to those of the original data). We ran

1,000 simulations and compared them with the observed values with a 1-sample Z-test [80]:

Acquisition specificity score ¼
P

g

Ig & ðIg ' 1Þ

Tg & ðTg ' 1Þ
;

where the numerator is the number of pairs with gains in a CLT, and the denominator is the

number of all possible pairs. With each gene family of the pangenome g, the number of gene

gains in strains of the same CLT I, and the total number of gene gains T. This corresponds to

the sum of total number of co-gains within a CLT, normalized by the total number of co-gains

for each gene. This score captures the amount of gene acquisitions that happened within
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strains of the same CLT. If the observed score is significantly different than the simulations

assuming random distribution, it means that there was more genetic exchange within CLT

groups than expected by chance.

CLT specificity

We used the ancestral reconstruction of the acquisition of prophages and conjugative systems

to count the number of distinct CLT in which such an acquisition occurred. For example, one

prophage family can be composed of 10 members, coming from 5 distinct infection events in

the tree: 2 in KL1 bacteria and 3 in KL2 bacteria. Therefore, we count 5 acquisitions in 2 CLT

(CLTobs = 2). The null model is that of no CLT specificity. The distribution of the expected

number of CLT infected following the null model was generated by simulation (n = 1,000), as

described above (see “Identification of co-gains”), and we plotted the specificity score as fol-

lows:

Specificity score ¼
CLTobs

ðCLTobs þ CLTexpÞ
;

where CLTobs is the observed number of CLT infected, and CLTexp is the mean number of CLT

infected in the simulations. Thus, the expected value under nonspecificity is 0.5.

Under our example of 5 acquisitions in 2 CLT (CLTobs = 2), a CLTexp of 2 would mean that

there is no difference between the observed and expected distributions across CLTs, and the

specificity score is 0.5. Values lower than 0.5 indicate a bias toward regrouping of elements in

a smaller than expected number of CLTs, whereas values higher than 0.5 indicate over-disper-

sion across CLTs. The statistics computed on Fig 5 are the comparison of all the specificity

scores for all the prophage and conjugative systems families to the null model (score = 0.5)

with a 1-sample Wilcoxon signed rank test.

Handling of draft assemblies

Since more than 90% of our genome dataset is composed of draft assemblies, i.e., genomes

composed of several chromosomal contigs, we detail here the steps undertaken to reduce the

impact of such fragmentation on our analysis. We only included prophages and conjugative

systems that are localized on the same contig (see “Prophage detection” and “Analysis of con-

jugative systems”). Kaptive is able to handle draft assemblies and adjust the confidence score

accordingly when the capsule locus is fragmented, so we relied on the Kaptive confidence

score to annotate the CLT, which was treated as missing data in all the analysis when the score

was below “Good” (see “Capsule locus typing”). For the detection of missing capsular genes,

performed by Kaptive, we verified that only non-fragmented capsular loci are included (see

“Identification of capsule pseudogenes and inactive capsule loci”). For the detection of capsule

pseudogenes, we included all assemblies and flagged pseudogenes that were localized on the

border of a contig (last gene on the contig). Out of the 502 inactivated/missing genes, 47 were

localized at the border of a contig. We repeated the analysis presented on Fig 3B after remov-

ing these pseudogenes and found an even better fit for the linear model at R2 = 0.77 and

p = 0.004. Of note, such contig breaks are likely due to IS insertions, forming repeated regions

that are hard to assemble, so we kept them in the main analysis.

Analyses of lab-evolved non-capsulated clones

To pinpoint the mechanisms by which a diverse set of strains became non-capsulated, we took

advantage of an experiment performed in our lab and described previously in [36]. Briefly, 3
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independent overnight cultures of 8 strains (Table B in S1 Text) were diluted 1:100 into 5 mL

of fresh LB and incubated at 37˚C under agitation. Each independent population was diluted

1:100 into fresh LB every 24 hours for 3 days (approximately 20 generations). We then plated

serial dilutions of each population. A single non-capsulated clone per replicate population was

isolated based on their translucent colony morphology, except in 2 replicate populations

where all colonies plated were capsulated. We performed DNA extraction with the guanidium

thiocyanate method [81], with modifications. DNA was extracted from pelleted cells grown

overnight in LB supplemented with 0.7 mM EDTA. Additionally, RNAse A treatment (37˚C,

30 minutes) was performed before DNA precipitation. Each clone (n = 22) was sequenced by

Illumina with 150pb paired-end reads, yielding approximately 1 GB of data per clone. The

reads were assembled with Unicycler v0.4.4 [82], and the assemblies were checked for pseudo-

genes (see “Identification of capsule pseudogenes and inactive capsule loci”). We also used bre-

seq [37] and snippy (https://github.com/tseemann/snippy) to verify that there were no further

undetected mutations in the evolved sequenced clones (https://doi.org/10.6084/m9.figshare.

14673177).

Generation of capsule mutants

Isogenic capsule mutants were constructed by an in-frame deletion of wcaJ by allelic exchange

as reported previously [36]. Deletion mutants were first verified by Sanger, and Illumina

sequencing revealed that there were no off-target mutations.

Conjugation assay

Construction of pMEG-Mob plasmid. Amobilizable plasmid named pMEG-Mob was

built by assembling the region containing the origin of transfer of the pKNG101 plasmid [83]

and the region containing the origin of replication, kanamycin resistance cassette, and IPTG-

inducible cfp from the pZE12:CFP plasmid [84] (see Table C in S1 Text, and plasmid map, S8

Fig). We amplified both fragments of interest by PCR with the Q5 high fidelity DNA polymer-

ase from New England Biolabs (NEB), with primers adapted for Gibson assembly designed

with Snapgene, and used the NEB HiFi Builder mix following the manufacturer’s instructions

to assemble the 2 fragments. The assembly product was electroporated into electro-competent

E. coliDH5 strain. KmR colonies were isolated, and correct assembly was checked by PCR.

Cloned pMEG-Mob plasmid was extracted using the QIAprep Spin Miniprep Kit, and electro-

poration into the donor strain E. coliMFD -pir strain [85]. The primers used to generate

pMEG-Mob are listed in Table D in S1 Text.

Conjugation assay. Recipient strains of Klebsiella spp. were diluted at 1:100 from a LB

overnight into fresh LB in a final volume of 3 mL. Donor strain E. coliMFD -pir strain (dia-

minopimelic acid (DAP) auxotroph), which is carrying the pMEG-Mob plasmid, exhibited

slower growth than Klebsiella strains and was diluted at 1:50 from an overnight into fresh

LB + DAP (0.3 mM) + Kanamycin (50 μg/ml). Cells were allowed to grow at 37˚C until late

exponential growth phase (Optical density; OD of 0.9 to 1) and adjusted to an OD of 0.9.

The cultures were then washed twice in LB and mixed at a 1:1 donor–recipient ratio. Donor–

recipient mixes were then centrifuged for 5 minutes at 13,000 rpm, resuspended in 25-μL

LB+DAP, and deposited on a MF-Millipore Membrane Filter (0.45 μm pore size) on nonselec-

tive LB+DAP plates. The mixes were allowed to dry for 5 minutes with the lid open, and then

incubated at 37˚C. After 1 hour, membranes were resuspended in 1-mL phosphate-buffered

saline (PBS) and thoroughly vortexed. Serial dilutions were plated on selective (LB+Km) and

non-selective (LB+DAP) plates to quantify the number of transconjugants (T) and the total
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number of cells (N). The conjugation efficiency was computed with the following:

Conjugation efficiency ¼
T

N

This simple method is relevant in our experimental setup because the plasmid can only be

transferred from the donor strain to the recipient strain, and the duration of the experiment

only allowed for minimal growth [86]. The lack of the conjugative machinery of MPF type I

(the MPF type of RK2) within the plasmid and in the recipient strains prevents the transfer

across recipient strains (see “Analysis of conjugative systems”).

Data analysis

All the data analyses were performed with R version 3.6 and Rstudio version 1.2. We used the

packages ape v5.3 [87], phangorn v2.5.5 [88], and treeio v1.10 [89] for the phylogenetic analy-

ses. Statistical tests were performed with the base package stats. For data frame manipulations

and simulations, we also used dplyr v0.8.3 along with the tidyverse packages [90] and data.

table v1.12.8.

Supporting information

S1 Fig. Comparison of 2 capsular loci. Two CLTs (KL112 and KL24) involved in CLT swap,

with the essential genes for capsule expression colored in blue. Gray tracks correspond to the

sequence identity (computed using blastn) above 90% (see scale) to indicate highly similar

homologs (liable to recombine). CLT, capsular locus type.

(TIFF)

S2 Fig. Similarity between swapped CLT and other CLT. (A) Comparison of sugar composi-

tion similarity (Jaccard similarity) between swapped vs. others CLTs. (B) Comparison of

genetic similarity (wGRR) between swapped vs. others CLTs. The p-value displayed is for the

2-sample Wilcoxon test (https://doi.org/10.6084/m9.figshare.14673180). CLT, capsular locus

type; wGRR, gene repertoire relatedness weighted by sequence identity.

(TIFF)

S3 Fig. Phylogenetic distribution of the inactivated capsular loci. The blue dots represent

the putative inactivated capsules, which have at least 1 essential gene for capsule production

pseudogenized or deleted (https://doi.org/10.6084/m9.figshare.14673156).

(TIFF)

S4 Fig. Controls for the inactivated capsule gene analysis. (A) Linear regression between the

inactivation frequency normalized by average gene length and the rank of each gene in the bio-

synthesis pathway (p = 0.005, R2 = 0.7) (https://doi.org/10.6084/m9.figshare.14673183). (B)

Number of SSR in the core capsule genes in the Kaptive reference database (https://doi.org/10.

6084/m9.figshare.14673174). (C) Genetic diversity of core capsule genes within the Kaptive

reference database, represented by the percent of identity of all pairwise alignments of the pro-

teins from different reference capsule loci (https://doi.org/10.6084/m9.figshare.14673192).

SSR, simple sequence repeats.

(TIFF)

S5 Fig. Distribution of the similarity measured by wGRR between pairs of conjugative sys-

tems (A) and between pairs of prophages (B) for wGRR>0. The arrows represent the

threshold (wGRR>0.99) set for clustering into families of highly similar elements. Since we

performed transitive clustering to build the families, some elements belonging to the same
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families have wGRR<0.99. We annotated the distribution of conjugation systems belonging

to the same MPF type, which shows that systems of the same MPF are very similar but are

below the selected threshold for clustering (https://doi.org/10.6084/m9.figshare.14673144 and

https://doi.org/10.6084/m9.figshare.14673186). MPF, mating pair formation; wGRR, gene rep-

ertoire relatedness weighted by sequence identity.

(TIFF)

S6 Fig. Changes in capsule state and branch length. The capsule state changes among

branches of the species tree are represented on the x axis, and the branch length is represented

on the y axis in substitution per site. Individual points represent the mean for each group, and

the bars represent the standard error. The p-values for the t test are represented on top of each

comparisons (https://doi.org/10.6084/m9.figshare.14673159). We also performed a 2-sample

Wilcoxon test to compare the medians (“Others” vs. “inactivation”: p< 0.0001; “Others” vs.

“Swap”: p< 0.0001).

(TIFF)

S7 Fig. Distribution of conjugation systemMPF types. Conjugation systems are classified in

2 categories according to their genomic location, which was predicted with the mlplasmids

classifier. The MPF was predicted with the CONJscan module of MacSyfinder. Absolute num-

ber of systems are displayed for each category (https://doi.org/10.6084/m9.figshare.14673189).

MPF, mating pair formation.

(TIFF)

S8 Fig. pMEG-Mob plasmid genetic map. pMEG-Mob was constructed by Gibson assembly

from plasmids pKNG101 and pZE12. It encodes a colE1/pUC origin of replication (high copy

number), a selectable marker (Kanamycin resistance cassette, green), the mobilizable region of

pKNG101 which is composed of the origin of transfer of RK2 and 2 genes involved in conjuga-

tion (traJ and traK), a counter selectable marker (sacB), and an inducible CFP gene (IPTG

induction). pMEG-Mob can only be mobilized in trans and thus can only be transferred from

a strain expressing the RK2 conjugative machinery, which is absent from the panel of strains

we used as recipients.

(TIFF)

S1 Text. Supporting tables with references. Supporting information containing detailed list

of essential capsule genes, strains, plasmids, and primers used in this study.

(PDF)
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Through the lens of experimental biology 

 

Introduction  

 

Experimental biology is a set of approaches that consist in the conduction of experiments to investigate 

biological phenomena. My research using comparative genomics revealed that the gene flow between 

Klebsiella pneumoniae strains had been shaped by the capsule by 1) favoring intra-serotype 

exchanges via phage-mediated HGT and 2) favoring inter-serotype exchanges via conjugation-

mediated HGT. It also highlighted that, 3) non-capsulated variants were frequent and had higher 

plasmid acquisition rate.  

 

While finding #1 could be explained by the fact that phages are serotype-specific, and fit with the 

theory that closely related strains have high rates of HGT, finding #2 suggested that conjugation 

happened less frequently than expected between closely related cells. This result hinted that 

conjugation was affected by the capsule. Finding #3 substantiated this hypothesis, showing that 

capsules could be barriers to the reception of conjugative elements. We thus wanted to understand how 

the capsule precisely impact conjugation. Since a capsule can cover both donor and recipients, and be 

of different serotypes, we investigated the donation and reception frequencies of conjugative plasmid 

in function of the serotype. 

 

To precisely test the impact of the serotype on conjugation efficiency, I needed to construct isogenic 

mutants with different serotypes. This represented a challenge, since the capsule locus is 

approximatelu 30kb long and K. pneumoniae is not naturally competent. I also needed to collect 

natural conjugative plasmids with selectable markers and devise a method to measure the 

conjugation frequency from natural isolates of K. pneumoniae. In the following section, I present the 

protocol I have developed to construct serotype swap isogenic mutants. I also present an early version 

of the article based on this work.  
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Experimental protocol: Isogenic serotype swaps in Klebsiella pneumoniae via chromosomal 

engineering. 

 

I have developed a new protocol to perform genetic exchange of capsular loci between natural isolates 

of K. pneumoniae. This protocol is the result of 8 months of trial and failure of different approaches, 

which have resulted in a reliable method based on Lambda Red recombineering and gap-repair 

mediated cloning of chromosomal loci. 

 

I first attempted to swap capsule loci with a standard two-step allelic exchange method. For this, we 

relied on the highly similar bordering genes, galF and ugd, as the homology arms surrounding the loci, 

and cloned the K1 and K2 capsule locus via Gibson assembly into DH5alpha E. coli cells. Gibson 

assembly of the 30kb capsule locus on a vector backbone was challenging, because it required a lot of 

PCR primers and cycling optimization. I then conjugated the vectors into K. pneumoniae via the Mu-

Free Donor E. coli strain [332], and selected for the first and second cross-over leading to capsule 

locus replacement. However, all the colonies with a positive PCR specific of the new capsule locus 

appeared non-capsulated on LB plates. Upon whole genome sequencing (WGS) of one BJ1::K1 and 

one NTUH-K2044::K2 clone, I validated that the new capsule locus replaced original one in its native 

locus and no other mutations were found outside the capsule locus. However, we identified the same 

insertion sequence in both swapped capsule loci, inserted in different places, and thus resulting in non-

functional capsules. This IS is not found in the parental Kpn strains, suggesting that capsule 

inactivation happened prior to introduction in Kpn. Indeed, we traced back this IS from the genome of 

DH5alpha, and hypothesized that whole capsule loci of K. pneumoniae were rapidly inactivated when 

expressed into E. coli laboratory strains. Hence, I sought to develop a protocol to clone and swap 

capsule loci without the need for intermediate laboratory strains. 

 

The first part of the protocol aims to generate a strain encoding its own capsule locus on a low-copy 

vector. A Δcapsule mutant of the focus K. pneumoniae strain is obtained by electroporation of a novel 

deletion cassette encoding the kanamycin resistance gene bordered by two FRT sites (KmFRT) and a 

restriction enzyme I-SceI cut site. The KmFRT cassette is then excised by FLP recombinase, leaving 

a genomic scar in place of the capsule locus containing the I-SceI cut site.  

In parallel, a gap-repair mediated cloning approach is used to clone the capsule locus of the focus 

strain. This is done by electroporation of a linear vector bordered with the capsule locus 5’ and 3’ 

regions (facing inward) in K. pneumoniae expressing the Lambda Red recombinase. Colonies which 
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have circularized the linear vector by recombining the chromosomal locus are KanR. This vector is 

called pKAPTURE and also contains an I-SceI cut site.  

Once a Δcapsule and pKAPTURE are generated, a serotype swap can be performed by electroporating 

the pKAPTURE in the Δcapsule and recovering capsulated colonies.  Scarless integration is then 

performed by inducing the Lambda Red recombinase and the I-SceI restriction enzyme, which 

linearize the pKAPTURE vector in the cell, and induce a chromosomal double strand break between 

the two regions bordering the capsule locus. Surviving cells exhibiting a capsulated phenotype without 

selection on kanamycin can be checked to confirm successful integration. The integration is scarless 

because recombination happens at the borders of the capsule locus, which are >99% identical on 

average. 

 

This new protocol has already been used successfully by other members of the lab and is being used 

in other capsule-related research project. 
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Scarless Serotype Swap protocol in Klebsiella pneumoniae 

 

1 – Considerations 

 

The aim of this protocol is to generate isogenic mutants encoding and expressing different capsule 

serotypes. The capsule locus of Klebsiella pneumoniae is defined as the minimal sequence leading to 

the expression of a functional and typeable capsule. It is typically defined as the genomic region 

located within the two core genes: 5’-galF and ugd-3’. On the 3’ side of ugd is located a gmd/wbgU 

gene (transcribed in the opposite direction), and the O-antigen locus, which typically starts with the 

tagG gene (Figure 21). Any other gene present after ugd (especially if they are in the same transcription 

direction) could be involved in the capsule synthesis. This is referred to as the “the border dilemma” 

(Figure 22). 

  

 

Figure 21 – Capsule locus of strain #51 of serotype K24. The capsule locus starts just before the 

rcsBOX (RcsAB binding site) and ends right after ugd. This typical organization is easy to exchange 

by homologous recombination: the borders are clearly galF and ugd. 

 

 

Figure 22 – The border dilemma of the K64 capsule. What is this Acyltransferase gene (green circle) 

and is it involved in capsule production and determining the K64 serotype? 
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- Strain #672: E. coli DH5alpha pTKRED [334] 

source of pTKRED (SpecR, Thermosensitive must be cultured at 30deg) 

- Strain #543: E. coli DH5alpha pMPIII 

source of pMPIII (SpecR, Thermosensitive must be cultured at 30deg) 

 

NB: It is very useful to generate large stocks of pKOBEG199/pTKRED/pMPIII. For pKOBEG199 

and pTKRED, adding glucose to the culture can get higher yields and lower any counterselection from 

leaky expression of their enzymes. 

 

Primers needed: 

- Deletion cassette:  

#585 TGCCGGATATCATCCTTGACGG 

#590 AGGTTGTCGTACAGCGCAC 

 Expected size 2.5kb – 68deg annealing, 1min30 elongation 

- pKAPTURE cassette:  

#555 CTTCGAGGAGTGCGTCACC 

#560 CGTATTGTCATCGGTGAGCG Expected size 4kb – 68deg annealing, 2min elongation 

- Verification deletion:  

#88 CCACAAAGGCAATTCCAAAG 

#489 TCTTCCGCCATACGGTT 

Expected size 3.5kb– 62deg annealing, 2min elongation 

- Verification excision:  

#88 CCACAAAGGCAATTCCAAAG 

#489 TCTTCCGCCATACGGTT 

Expected size 2kb– 62deg annealing, 2min elongation 

 

B – Protocol overview 

 

In a serotype swap, the functionality of the cloned capsule locus is essential since it seems to be under 

high levels of purifying selection. An important control to test this, is to perform a complementation 

assay. Here is one way: 

 

If: 
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- strain A encodes capsule locus KLA of serotype KA displays capsulated phenotype. 

- strain ΔCapsule A encodes no capsule locus (genetic deletion) displays a non-capsulated 

phenotype. 

- pKAPTURE_A encodes capsule locus KLA from strain A 

then: 

The introduction (and integration) of pKAPTURE_A in strain ΔCapsule A should lead to a capsulated 

phenotype. This is illustrated on figure 24. The pK strain (trans complemented) is the ideal stock strain 

to store a functional pKAPTURE since it is already in an adapted background and it is easy to pick 

capsulated colonies containing functional pKAPTURE vectors.  

 

 

Figure 24 – Capsule complementation with pKAPTURE. Thick blue edges represent the capsule, thin 

blue edges represent the absence of capsule.  

 

A serotype swap involving two strains can directly follow the trans complementation experiment. In 

this context, another strain with another capsule locus will be subject to capsule deletion and 

pKAPTURE integration. This is summarized on figure 25. 
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Figure 25 – Overview of a serotype swap between a donor (blue) and recipient (originally green) 

 

I - Generating capsule deletion mutants 

 

1- Electroporate pKOBEG199 into your focus strain 

 

(See preparation of electrocompetent cells protocol) 

(See also  

https://international.neb.com/protocols/2012/06/21/making-your-own-electrocompetent-cells) 

 

o It is not necessary to prepare the cells on ice.  

o Add 0.2% Glucose to the recovery medium after electroporation  

o pKOBEG199 harboring cells must be plated on LB-Tetracycline(15ug/mL)-

Glucose(0.2%) plates to avoid leaky expression of Lambda Red enzymes 

 

2- Electroporate the deletion cassette into your pKOBEG199-harboring strain 

a. Prepare some deletion cassette by PCR (See Primers/Strains needed) 

b. Run a gel to verify if the expected product was amplified 

c. Use a PCR purification kit or drop-dialysis to remove salts from the PCR reaction 

https://international.neb.com/protocols/2012/06/21/making-your-own-electrocompetent-cells
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d. Prepare electrocompetent cells after inducing the lambda red enzymes present on 

pKOBEG199 

1. Overnight your strain in LB+Tetracycline(15ug/mL)+Glucose(0.2%) (37°c) 

2. Overday your strain in LB+Tetracycline(15ug/mL)+EDTA(7uM) until it reaches an OD of 0.5 

(37°c) 

3. At OD=0.5 add 0.2% L-Arabinose to induce Lambda Red for 30min (37°c) 

4. Prepare the electrocompetent cells on ice 

5. Electroporate 1uL of salt-free deletion cassette 

6. Recover in 1mL LB at 37deg with shaking in culture tube for 1h 

7. Plate 100uL of the outgrowth on LB+Kana (Add glucose if you are worried about leaky 

Lambda red expression) 

8. Identify non-capsulated colonies, re-streak on LB+Kana to purify and and perform the 

verification of deletion PCR.  

 

 

Figure 26 – Deletion of the capsule locus 

 

 

3- Excise the KanMX resistance gene by expressing FLP: 
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1. Prepare electrocompetent cells of your non-capsulated cells (No need to do it on ice) 

2. Electroporate 1uL of pMPIII miniprep 

3. Recover in LB at 30°c for 1h30 

4. Plate on LB+Spectinomycine (50ug/mL) 

5. Incubate at 30°c 

6. Pick 3 colonies and culture them overnight at 42°c to cure the pMPIII plasmid 

7. Spread 100uL of  10-5 and 10-6 serial dilution and incubate at 37°c 

8. Pick ~10 colonies and streak them in parallel on LB / LB+Kanamycin / LB+Tetracyclin / 

LB + Spectinomycin. 

9. Identify a clone that only grows on LB and perform the verification of excision PCR. If it’s 

good, this is your ΔCapsule mutant, congrats!  

 

Figure 27 – Excision of the kanMX-FRT marker 

 

 

II - Generating pKAPTURE vectors 

 

1- Electroporate pKOBEG199 into your strain carrying the serotype of interest. 

(See step I - 1) 
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2- Electroporate the pKAPTURE into your pKOBEG199 strain: 

a. Prepare some pKAPTURE cassette by PCR (See Primers/Strains needed) 

b. Run a gel to verify if the expected product was amplified 

c. Use a PCR purification kit or drop-dialysis to remove salts from the PCR reaction 

d. Prepare electrocompetent cells after inducing the lambda red enzymes present on 

pKOBEG199: 

1- Overnight your strain in LB+Tetracycline(15ug/mL)+Glucose(0.2%) (37°c) 

2- Overday your strain in LB+Tetracycline(15ug/mL)+EDTA(7uM) until it reaches an OD of 0.2 

(37°c) 

3- At OD=0.2 add 0.2% L-Arabinose to induce Lambda Red for 2 hours (37°c) 

4- Prepare the electrocompetent cells on ice 

5- Electroporate 1uL of salt-free pKAPTURE cassette 

6- Recover in 1mL LB at 37deg with shaking, in culture tube for 1h 

7- Plate 100uL of the outgrowth on LB+Kana 

8- Pick a few capsulated colonies, re-streak on LB+Kana and in parallel start independent cultures 

with each in LB+Kana+EDTA (7uM) overnight at 30°c to avoid capsule overproduction. Keep 

track of who is who. 

9- Perform a miniprep for each culture. Elute in ddH2O and drop-dialysis all 30uL of the 

miniprep. 

10- Electroporate this miniprep into your ΔCapsule mutant (Same strain as the pKATURE strain 

to do the complementation) 

Add all 30uL of miniprep by using it to dilute the cells at the last step of electrocompetent cells 

preparation. 

11- Recover in 1mL LB (Shaking, 37°c) and plate 100uL of the outgrowth. 

12- Plate on LB+Kana. 

13- Identify capsulated colonies and re-streak in parallel on LB / LB+Kana.  

14- Isolate one colony that is: non-capsulated on LB and capsulated on LB+Kana. This is now your 

source of pKAPTURE, stock it. Well done!  
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Figure 28 – Capture cassette construction and organization. 

 

 

 

 

 

 

 

 



Contributions 

 

 

123 

 

 

 

Figure 29 – Capsule locus cloning on pKAPTURE via Lambda Red induction and gap-repair 

recombination. 
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Figure 30 – Overview of capsule deletion and expression in trans.  

 

III - Integrating capsule locus from pKAPTURE into Δcapsule mutants 

 

1- Prepare a miniprep of your pKAPTURE from your stock strain (Step D.13) 

Elute in ddH2O and drop-dialysis the resulting 30uL 

2- Prepare electrocompetent cells of your Δcapsule mutants (No need to do it on ice) 

3- Electroporate 30uL of pKAPTURE miniprep by diluting the competent cells in it 

4- Recover in 1mL LB at 37°c for about 1h (Shaking, culture tube) 

5- Plate on LB+Kana and grow overnight at 37°c 

6- Pick a capsulated colony, parallel streak on LB / LB+Kana  

(Must be non-caps on LB and capsulated on LB+Kana) 

7- Inoculate a colony from LB+Kana into LB+Kana+EDTA (15mL) in the morning 

8- Prepare electrocompetent cells once the culture reach OD~0.7 (no need to do it on ice) 

9- Electroporate pTKRED 

10- Recover at 30°c in 1mL LB+Kana+0.2%Glucose for 1h30 (Shaking, culture tube) 

11- Plate on LB+Kana+Spectinomycine(50ug/mL)+Glucose(0.2%) and incubate at RT or 30°c 

12- Pick several colonies and resuspend in 5mL M63b1 +Spectinomycine(100ug/mL) +0.2%L-

Arabinose +0.2%Glyrerol    

13- Cultivate at 30degrees (Shaking) 
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You can plate at the end of the day and the next day on LB (+Glucose0.2%) at 42°c to cure 

pTKRED. (Adapt the dilution factor before plating according to the turbidity of the culture) 

14- Identify capsulated colonies and parallel streak on LB / LB+Spec / LB+Kana 

15- Identify a clone that only grows on LB 

16- Use primers specific to your new capsule locus to verify the strain. 
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Figure 31 – Scarless integration via RecA-mediated homologous recombination following 

pKAPTURE linearization and capsule locus double strand break.   
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Research article: Capsule serotypes result in distinct phage infection patterns and frequency of 

plasmid conjugation. 

 

Matthieu Haudiquet*, Olaya Rendueles, Eduardo Rocha 

 

In preparation for submission. 

 

This is an early version of the manuscript. 

  



Title:  

Capsule serotypes of Klebsiella pneumoniae determine phage sensitivity and plasmid conjugation 

efficiency. 

 

Authors 

Matthieu Haudiquet, Olaya Rendueles, Eduardo Rocha 

[To be defined] 

 

Preliminary abstract:  

Klebsiella pneumoniae is a hub for mobile genetic elements carrying antibiotic resistance across 

enterobacteria. This propensity is modulated by many intra- and extracellular factors, such as the 

bacterial capsule, a ubiquitous feature of ESKAPE pathogens, which is both a virulence factor and a 

gatekeeper for horizontal gene transfer (HGT). Yet, the diversity of genetic backgrounds, mobile 

elements, and defense systems have hampered a rigorous test of the impact of capsules in phage and 

plasmid transfer. To characterize the interaction between mobile genetic elements and capsule 

composition, we combined comparative genomics with in vitro gene transfer experiments between 

serotype swap mutants. We confirm that capsule serotype shapes phage host range, and thus virion-

mediated gene transfer. The exact switch of host range following capsule swaps, suggests that many 

phages may only require a capsule swap to lose or gain the ability to infect. On the other hand, 

conjugation efficiency is quantitatively affected by the capsule and its serotypes, which act as a general 

defense mechanism against conjugative plasmids. These results suggest that cell envelope composition 

and spatial hindrance have a major impact on intercellular interactions leading to HGT. Overall, 

capsules' interaction with mobile genetic elements results in a complex interplay between virulence, 

phage sensitivity and conjugation rates influencing the evolution of Klebsiella pneumoniae. 

 

Introduction 

 

Bacterial cells possess a dynamic cellular envelope armored against both biotic and abiotic stressors 

[1,2]. The envelope is often covered by a capsule composed of thick, membrane-bound polysaccharide 

polymers that forms the outermost layer of the cell[3]. Capsules protect cells against desiccation [4], 

bacteriophage predation[5,6] and protozoan grazing[7], as well as factors associated with host-pathogen 

interactions like antimicrobial peptides[8] and macrophages[9,10]. Hence, capsules are important 

colonization factors and sometimes also virulence factors. The most frequent capsules are of Group I 

capsules, also known as Wzx/Wzy-dependent capsules [3], and share common assembly pathways but 

highly diverse repeat units, called K antigen [11]. Polymerization of the K antigen and subsequent 

attachment on the cell surface leads to the expression of distinct capsule serotypes. These capsules are 

encoded in capsule loci with a genetic diversity corresponding to their chemical diversity[12,13]. It is 

not happenstance that capsules are so diverse, it is rather the result of strong selective pressure(s) driving 

the diversification and fixation dynamics of capsule loci[14]. Capsule genes are exchanged via 

homologous recombination with foreign DNA brought by horizontal gene transfer (HGT). Serotype 

swaps are frequent and can occur either by intra-locus recombination [15], or whole-loci exchanges by 

HGT [16,17]. 



 

If the capsule varies by HGT, it also affects the rates of HGT [16,18], which a key driver of bacterial 

evolution. MGEs are the most frequent, and often only, vectors of DNA transfer among bacteria. They 

can be found in almost all bacterial species[19]. DNA transfer by MGEs can occurs by two distinct 

mechanisms. Conjugation involves the transfer of ssDNA from one cell to another through a mating 

pair formation (MPF) apparatus with a type 4 secretion system that has been classed in 8 different 

families based on their phylogeny and gene composition [20]. Conjugation requires direct contact 

between the cells and can transfer very large amounts of genetic material in one single event [21]. 

Phages can transfer DNA under two major types of mechanism. Temperate phages can integrate the 

host genome and lead to lysogenic conversion. Alternatively, some phages can transduce bacterial DNA 

by a variety of mechanisms between cells [22]. Both processes require the access of the outer membrane 

to work, but the biochemical mechanisms are very different and may be affected differently by the 

existence of a capsule. Phages require cell receptors for adsorption and subsequent infection. There is 

extensive evidence that phages of capsulated bacteria are either blocked by the capsule [5], or dependent 

on the presence of a specific serotype for infection[23,24]. The latter encode serotype-specific capsule 

depolymerase enzymes to pass through the capsule barrier [25 27]. As a result, phages tend to drive 

genetic exchanges between strains of the same serotype[16]. On the other hand, MPF systems are 

specialized type IV secretion systems which fall into eight distinct types, based on their gene content 

and evolutive history, called Mpf types[20]. The three most prevalent Mpf types of Proteobacteria 

plasmids are the MpfF named from the F-plasmid, the MpfT from the Ti plasmid and the MpfI from the 

IncI R64 plasmid[28]. Little is known on the impact of the molecular differences between conjugation 

systems on plasmid transfer. To date, no specific receptor has been described for Mpf systems[29], but 

specific type 4 pili adhesins encoded in MpfI plasmids have been associated to increased conjugation 

efficiency toward certain recipients[30]. It was proposed, but not tested, that conjugation might be more 

frequent between bacteria with similar capsule serotypes [31]. We have recently shown that Klebsiella 

pneumoniae acquires one engineered plasmid from E. coli at higher frequency when lacking the capsule 

(REF). Recently, we have shown that the bacterial capsule can decrease the reception efficiency from 

an engineered donor-plasmid system in single gene mutants of Klebsiella pneumoniae, and that 

plasmids seem to drive genetic exchanges between different serotypes[16]. Hence, the interaction 

between virions, Mpf systems and the capsule impact the evolvability and evolution of capsules, which 

diversify via HGT. 

 

HGT also supports the rapid evolution of pathogens, and most notably the acquisition of antibiotic 

resistance genes (ARG), endangering our healthcare systems[32]. Among those pathogens, the alarming  

multi-resistant nosocomial group ESKAPE, comprised of Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

spp. represents models for the study of horizontal gene transfer[33]. Moreover, all the ESKAPEs encode 

capsular loci, and their capsule diversity can reach more than a hundred different serotypes[14]. Among 

those, K. pneumoniae encodes a thick capsule with diverse chemical composition, encompassing more 

than 130 predicted serotypes that follows the population structure but are frequently exchanged via 

serotype swap[13,34,35]. Indeed, K. pneumoniae population is structured between clones often 

associated with either hypervirulence or multi-drug resistance[36], and those traits are associated with 

specific serotypes. For example, hypervirulent clones of K. pneumoniae harbour almost exclusively the 

K1 or K2 serotypes[37], but rarely encode ARG[38]. Understanding the impact of capsule serotype on 

specific traits, however, requires to build complex isogenic mutants, i.e. precisely exchanging ~30kb 



capsule loci between strains. So-called swap mutants have been generated in Streptococcus, a naturally 

competent genus with high transformation rates, and used to show that capsule serotypes are associated 

with different virulence levels[39 41]. In K. pneumoniae, which is not naturally competent, most 

studies on the capsule focus on single gene mutants, which have been generated to investigate the link 

between the capsule and virulence[42]. Moreover, the construction of mosaic strains harbouring, inter 

alia, different capsule loci showed that some hybrids expressed a new capsule serotype and had altered 

macrophage sensitivity[43]. 

 

Many mysteries remain regarding the factors modulating MGE infection in bacterial populations, 

especially regarding the involvement of the cell envelope, and thus of the capsule. A growing body of 

evidence places the capsule as an important gatekeeper of horizontal gene transfer[5,16,23,44], which 

may have shaped the negative correlation between virulence and resistance in K. pneumoniae. Here, we 

wanted to know to what extent the capsule serotype impacts horizontal gene transfer, especially of 

antibiotics resistance genes via conjugation, and how the interaction between capsules and MGEs can 

lead to distinct evolutionary paths. To do so, we built a set of isogenic capsule serotype swaps in K. 

pneumoniae, encoding and expressing different serotypes by leveraging the recombineering toolbox. 

Using previously identified phages, we first assessed whether phage sensitivity of the swaps was altered. 

We then measured their conjugation propensity with an array of clinical plasmids, estimating the 

conjugation efficiency of 468 Donor-Plasmid-Recipient (DpR) groups. We show that this impact 

correlates with the Mpf type of plasmids, which could explain why MpfF plasmids have been so 

successful in invading K. pneumoniae populations. Our results highlight slow and fast lanes of ARG 

spread, and contribute to explain the distinct evolutionary paths of hypervirulent strains of K. 

pneumoniae.  

 

 

  



Results 

 

Capsule loci exchange leads to functional capsules 

 

To test the impact of the serotype on conjugation, we first sought to produce capsule swaps in three 

diverse strains        . We selected three isolates with 

relevant features to our study, namely they harboured a chemically characterised capsule serotype, and 

harboured different types and quantity of native MGEs.  

We first attempted to swap capsule loci with a standard two-step allelic exchange method. For this, we 

relied on the highly similar bordering genes, galF and ugd, as the homology arms surrounding the loci, 

and cloned the K1 and K2 capsule locus via Gibson assembly into DH5alpha E. coli cells. We then 

conjugated the vectors into K. pneumoniae via the MFD E. coli strain, and selected for the first and 

second cross-over leading to capsule locus replacement. However, all the colonies with a positive PCR 

specific of the new capsule locus appeared non-capsulated on LB plates. Upon whole genome 

sequencing (WGS) of one BJ1::K1 and one NTUH-K2044::K2 clone, we validated that the new capsule 

locus replaced original one in its native locus and no other mutations were found outside the capsule 

locus. We identified identical insertion sequences in the two swaps, in different places, that resulted in 

non-functional capsules (Fig. 1A). This IS was acquired from the genome of DH5alpha, suggesting 

rapid inactivation of the capsule loci when expressed in the E. coli strain.  

Hence, we sought to develop a protocol to clone and swap capsule loci without the need for intermediate 

laboratory strains. We used a Lambda Red gap-repair mediated cloning method to capture the different 

capsule loci directly within K. pneumoniae with a newly designed capture cassette including an I-SceI 

cut site outside the Km-FRT marker (See methods). We successfully cloned four different capsule loci 

corresponding to K1, K2, K3 and K24, which we then inserted in place of the previous capsule locus of 

our three selected strains. To do so, we generated full capsule mutants ( ) but leaving the two border 

genes galF and ugd  intact. We then electroporated the cloned capsule vectors in the three strains and 

inserted the new capsule loci in its native position via a double-strand break and repair insertion protocol 

(Fig. 1B). We replaced the capsule loci of our thre   mutants with four new serotypes, including 

their own as complemented controls, resulting in a total of 12 swaps. WGS of capsule swaps showed 

that the different capsules had been integrated as expected, and revealed only one secondary mutation 

in NTUH-K2044::K24. We confirmed visually the presence of a capsule in all strains by optical 

microscopy (Fig 1C). We concluded that our method of capsule swap worked robustly, and that the 

replacement of whole capsule loci leads to the expression of a functional capsule. 

 

 

 

 

 

 

 

 







 

To test if the reception efficiency was different between our three diverse strains, we compared the 

distribution of transconjugant frequency (Fig 3B) between BJ1, NTUH-K2044, and ST45. We found 

that all three strains had different reception rates of conjugative plasmid (Paired Wilcoxon, p<0.001). 

Of note, three MPFT plasmids, p168C10T, p486 T and p580 T&F could not be conjugated into strain ST45 

efficiently enough to meet our detection threshold. We hypothesised that this was due to the low 

reception efficiency of the strain. We concluded that different genetic background are associated with 

broadly different rates of reception of conjugative plasmids. 

We then enquired on the differences in transconjugant frequency (TF) between plasmids encoding 

different types of Mpf systems. Among our set of plasmids, we observed that the two MpfF plasmids 

had lower transfer efficiencies than MpfT, which themselves transferred less efficiently than MpfI 

plasmids (Paired Wilcoxon, p<0.001). These results suggest that types of Mpf are associated with 

different plasmid transfer rates. 

We then tested the role of the serotype on the reception efficiency in K. pneumoniae. As expected 

from our previous study on wcaJ single mutants, we found that the median TF   was 3.5 times 

higher than WT cells (Paired Wilcoxon test, p<0.001). We used TF  to normalize the TF of the swaps, 

to enquire on the differences in reception efficiency between the four serotypes while entirely 

controlling for the genetic background (Fig 3D). We found that the expression of K1, K2, and K24 

significantly decreased the reception efficiency (Paired Wilcoxon test, p<0.001), but not K3 (p=X). K1 

and K2 ranked first in term of reception reduction, then K24 (K1/K2 vs. K24, p<0.001) and then K3, 

which was significantly different from the other three serotypes (all comparisons, p<0.001). We 

concluded that capsule serotypes are associated with different conjugation propensity on the recipient 

end. However, we observed that the p23 plasmid, belonging to MPFF, behaved oppositely to other 

plasmids, including the other MPFF plasmid pR1-drd19, and seemed to be better transferred into 

capsulated cells. These differences could be explained by the divergence of conjugation operons 

between the two plasmids, as they only share 51% total nucleic identity. Further, pR1 was not isolated 

in K. pneumoniae. This suggests that the p23 plasmid may be adapted to the presence of the capsule.  

Since the recipient serotype and the plasmid Mpf type had an impact on the reception efficiency, we 

wanted to know if their interaction impacted the reception of conjugative plasmids. We analysed the 

normalized TF between serotypes according to the MPF type of the plasmids. We found that the two F-

type plasmids were the least affected by the presence of a capsule independently of the serotype, 

whereas conjugation by plasmids with MPFI and MPFT were strongly inhibited by the capsule and this 

inhibition was dependant on the serotype (Fig 3E).  

Hence, the capsule is most often a barrier to the acquisition of conjugative plasmids but this propensity 

is dependent on the serotype and the plasmid.  

 

 

 



 

Figure 3  Transconjugant frequency (TF)  from E. coli to K. pneumoniae. TF was assessed for nine 

plasmids from E. coli DH10B donors  into three different K. pneumoniae recipients, each with six 

  (WT, , K1, K2, K3, K24)  independent triplicate.A. Plasmids characteristics. 

Cladogram based on the virb4 protein tree differentiating I, T and F Mpf, from Guglielmini et al., 2013. 

Plasmids names are coloured according to the legend. The predicted incompatibility group is displayed 

in the first column, the resistance phenotype for kanamycin (Km) and the carbapenem ertapenem (Carb) 

in the other columns. Black boxes indicate that the plasmid confers resistance to the corresponding 

antibiotic. B and C. Transconjugant frequency of the three K. pneumoniae strains (B) and of the three 

MPF (C) types. The y-axis represents the log10 Transconjugant Frequency (TF). Each dot represents 

the average TF for each plasmid, whereas the boxplots are drawn from all replicates and all plasmids. 

The x-axis is split according to the strains. D and E. Reception efficiency according to the capsule 

serotype (D) and interaction between plasmid Mpf type and capsule serotype (E). The y-axis represents 

the normalized log10 TF for each Plasmid-Recipient (PR) group, which was normalized by substracting 

the corresponding log10 TF   . Below the solid line at 0, plasmid-recipient (PR) groups have 

a lower TF   . Individual points represent the average of 3 biological replicates, and the 

horizontal bar represent the median for all PR groups.  

 

Capsule expression and serotype lead to slow and fast lanes of conjugation 

 

We previously showed that the reception of conjugative plasmid is quantitatively impacted by the 

capsule expression and serotype. However, conjugation is a two-faced coin comprising two processes, 

donation and reception. Additionally, it has been hypothesized that Haemophilus influenzae strains of 

the same serotype engage more efficiently in conjugation [31] , but our recent comparative genomics 

analyses of K. pneumoniae suggested that there was no preferential gene exchange via conjugation 

within strains with the same serotype [16]. To shed light on the impact of the capsule on donation and  



reception of conjugative plasmids, we set up 972 distinct Donor-Plasmid-Recipient (DPR) conjugation 

assays corresponding to three Donor-Recipient pairs, three plasmids (p23F, p62T, p476I), six capsule 

states in both directions in independent triplicates. (See Experimental design of conjugation assays). 

 

We first tested if plasmid transfer was impacted by the presence of a capsule in the recipient strain when 

the transfer took place between K. pneumoniaet. As expected, we found that non-capsulated recipients 

( ) had generally higher transconjugant frequencies (Wilcoxon test, p<0.001), in a similar manner 

than what we observed for our E. coli to K. pneumoniae experiment. Thus, we used the non-capsulated 

mutant pairs to normalize each DPR group (Fig 4A), and found that the capsule of the recipient and its 

serotype significantly impacted the conjugation efficiency.  

We then performed the same analysis considering this time the serotype of the donor (Fig 4B). We 

found that the capsule of the donor also affected the conjugation efficiency, with the same ranks as 

recipient capsules, from least to most permissive capsules: K1/K2, K24, K3. Further, as observed 

previously, p23F did not behave the same as p476I and p62T, i.e. it did not seem to be negatively 

affected by the capsule. The capsule and its serotype did not seem to impact the transfer rate of p23F, 

both from the donor and recipient. 

Next we wanted to investigate if capsule serotype played a role in the interaction between donor and 

recipient cells, and if cells of the same capsule serotype would better exchange plasmids than others. 

We first compared the TF of DpR couples in which both the donor and recipient had the same serotype 

against couples in which donor and recipients had different capsule (Fig 4C). We found that none of 

our nine DpR groups had a significantly different TF between same and different serotypes pairs 

(Multiple Wilcoxon test, all p>0.05). This shows that there is no preferential transfer by conjugation 

between cells expressing the same capsule (relative to the others).  

We further enquired on the interaction between donors, recipients, and their capsules by leveraging 

the TF of  . We build a simple geometric model of interaction t(See methods) using 𝑇𝐹 →  

and 𝑇𝐹 →  to compute an expected  𝑇𝐹 →  value (Fig. 4D). The observed to expected TF ratio 

distribution was not significantly different from 1 (Wilcoxon test, p>0.05), indicating that the model 

fitted well to the observed data, except for a few outliers that seemingly conjugated 10 times more 

(ratio>10) or 10 times less (ratio<0.1) than expected. This suggest that the impact of the donor and 

recipient capsules were generally independent.  Our results  also suggested the existence of preferential 

routes of conjugation (fig 4E). For example, there were intra-serotypes differences, e.g. K1-K1 transfer 

is less efficient than K3-K3 transfer (Wilcoxon test, p=0.0007). But also inter-serotypes, e.g. the K2-

K3 transfer route is more efficient than the K1-K2 route Wilcoxon test, p=0.004). Finally, it highlights 

how   re highly efficient dealers of resistance conjugative plasmids in general (Pairwise 

wilcoxon test, p<0.001). 



 

Figure 4 – Transconjugant frequency (TF) of K. pneumoniae to K. pneumoniae. TF was measured 

for three plasmids, three donor-recipient pairs,      (WT, , K1, K2, K3, 

K24). 

A and B. Impact of the capsule on plasmid reception (A) and donation (B). The y-axis represents 

the log10 Transconjugant Frequency (TF). Each dot represents the average TF for each plasmid, 

whereas the violin plots are drawn from all replicates and all plasmids. C. Log10 Transconjugant 

Frequency (TF) of same or different donor/recipient capsule serotype. The x-axis is split between 

plasmids, and boxplots are colored according to two conditions: donor and recipients belong to the same 

serotype ( ame K ) and donor and recipient belong to different serotypes ( ifferent K ). None of the 

differences between same K and different K are significant (Wilcoxon test, p>0.05). D. Histogram 

showing the distribution of all TFobs/TFexp for pairs of capsulated donor-recipient. A TFobs/TFexp of 

1 suggest that there is no interaction between the serotype of the donor and the recipient, i.e. the TF of 

pairs of capsulated cells can be expected from the TF of non-capsulated with capsulated cells (See 

methods). The distribution is not significantly different from 1 (Wilcoxon test, p>0.05).E. Conjugation 

efficiency network between capsule states. Each node represents a capsule state. The width and 

transparence of edges is scaled to the average bidirectional TF for each pair (n=972 independent 

conjugation assays, 3 plasmids, 3 strains, 3 donor-recipient groups, 6 capsule states). Note that the scale 

is capped and thus not linear for extreme values. 

 



Serotype-plasmid interactions shapes HGT 

 

We showed that the expression and serotype of capsules play a role in the donation and reception of 

conjugative plasmids, and that plasmids of different MPF types interacted differently with the capsule. 

This strongly suggested the existence of preferential routes of transfer for each plasmid. To test this 

and highlight the interaction of the capsule serotype with different plasmids, we first drew conjugation 

networks normalized by 𝑇𝐹 →  of each group (Fig 5A). We also used a Z-Score   , 

indicative of the direction of the effect (relative to the average), and the strength of statistical difference 

(Fig 5B). Hence, the normalized TF captures the differences between serotypes relative to the non-

capsulated, and the Z-score captures all differences against the group average. Our analyses show that 

p476I and p62T have symmetrical TF, implying that the impact of the capsule is independent of the 

direction of transfer. For example, for p476I, Z-scoreK3 K1 is -0.61 and Z-scoreK1 K3 is -0.69. However, 

we observed that p23F has an asymmetrical TF, implying that the impact of the capsule is dependent on 

the direction of transfer. Specifically, K1 is a better than average recipient but a lower than average 

donor of p23F, as shown by the asymmetry of the Z-score heatmap and of the networks edges. Taken 

together, these results highlight the importance of the serotype in shaping the conjugation efficiency 

between strains, and reveal that this effect is dependent on the plasmid.   

 

 

  

Figure 5  Conjugation network between Kpn of different serotypes.  

A. Plasmid specific conjugation networks. The nodes in the networks correspond to the serotypes, 

and the edges are colored according to the donor of the conjugative plasmid. Edges thickness and 



transparency are scaled to the normalized TF for each pair, highlighting the differences between capsule 

serotype. The TF is normalized by dividing the average of each TFDpR with the corresponding 𝑇𝐹 → , 

enabling visual comparisons between plasmids. 

 

B. Plasmid specific conjugation matrix. Each tile of the matrix is colored according to the average Z-

score. 

 

 

The three focal plasmids, which rely on different types of Mpf for conjugative spread, are associated 

with different conjugation efficiencies and interactions with the capsule of K. pneumoniae.  This 

suggests that different Mpf types are preferentially associated to certain serotypes. To test this, we 

analysed the distribution of Mpf types among publicly available genomes. We analysed 623 genomes 

of K. pneumoniae, built a phylogenetic tree, and determined the capsule serotype and plasmid content 

of each genome. We then identified conjugative plasmids with MacSyFinder and annotated clinically 

relevant genes such as virulence factors and antibiotics resistance genes with Kleborate. Then we 

categorized them between virulence plasmids, resistance plasmids, virulence and resistance plasmids 

(Vir & Res) and others (Fig. 6A). We found that 21% of all plasmids carried all the necessary genes for 

conjugationt, and that 56% of them carried at least one ARG. Among conjugative plasmids, 23% were 

of type I, 27% of type T and 50% of type F.  Type F plasmids were the only conjugative plasmids to 

carry virulence factors (8%), among which half also encoded at least one resistance gene. We wanted 

to know if these plasmids were the fruit of recent transfer event. For this, we traced   
history of acquisition on the species tree (Fig. 6B). We identified plasmids acquired in the terminal 

branches of the tree, i.e. corresponding to recent acquisitions, and found that 68% of the conjugative 

plasmids had been recently in terminal branches. Hence, most plasmids are recent and they were likely 

acquired when the strain already had the current serotype.  

We then tested if serotypes groups were associated with different amounts of recently acquired 

conjugative plasmids. We found that there are significant differences in terms of the frequency of 

acquisition of conjugative plasmid in strains with different serotypes (ANOVA, p<0.001), however this 

analysis only factors in the phylogenetic inertia of plasmids, and not of host strains. We then reanalysed 

the data focusing on our focal serotypes, namely K1, K2, K3, and K24. In agreement with our 

conjugative assays, ranking the serotypes in term of conjugation efficiency K1,K2 < K24 < K3, K1 and 

K2 had a median of 0 acquired conjugative plasmid, whereas K24 had a median of 1, and K3 of 2. 

Given the underlying phylogeny and the few K3 genomes included, we could only observe, but not test, 

that the observed trend were in accordance with our conjugation assays (Fig. 4E). Hence, type F 

conjugation systems are the most frequent among conjugative plasmids of K. pneumoniae, and the only 

ones to harbour virulence factors. Moreover, these results suggest that capsule serotype quantitatively 

impacts the acquisition of antibiotic resistance genes and virulence factors by conjugation in the 

population of K. pneumoniae.  

 



 

Figure 6  Distribution and recent acquisition of MPFs in 623 complete K. pneumoniae genomes. 

A. Distribution of conjugative plasmids in the dataset. The barplot colors correspond to the different 

categories of plasmids.  

B. Distribution of acquired conjugative plasmids in the dataset. The barplot colors correspond to 

the different categories of plasmids. The data correspond to conjugative plasmids acquired in terminal 

branches. 

C. Number of acquired plasmids between the serotypes used in this study. The data correspond to all 

plasmids acquired in terminal branches. 

 

 

Discussion  

 

Capsule loci are frequently exchanged in natural populations of capsulated bacteria, including K. 

pneumoniae, and their serotype correlates with different traits such as resistance and virulence[37,45]. 

However, the genetic background of natural isolates with different capsule serotypes precludes direct 

comparison between strains to enquire on serotype-specific traits. Here, we constructed isogenic swap 

mutants of natural isolates of K. pneumoniae to shed light on the interaction between MGEs, notably 

conjugative systems, and the capsule serotype. Isogenic swaps expressed visible and functional capsules 

in three different genetic backgrounds, suggesting that K. pneumoniae can readily exchange whole 

capsule loci and express the expected capsule serotype without prior adaptation. Within K. pneumoniae, 

capsule loci are ready-to-transfer genetic information.  

 

Our attempts at cloning different capsule loci in laboratory E. coli strains such as DH5alpha and MFD 

resulted in the transfer of mutated, non-functional capsule loci to K. pneumoniae. Previous studies 

investigating bioconjugate vaccines showed that K1 and K2 polysaccharides could be produced and 

conjugated on the core oligosaccharide, using a specialized engineered E. coli strain, but only upon 

expression of the rmpA gene from K. pneumoniae[46]. Moreover, some natural isolates of E. coli have 

acquired whole capsule loci from K. pneumoniae, but these strains are restricted to a few phylotypes 

which co-acquired the O-antigen gene region as well, and do not encode a colanic acid capsule 

anymore[47]. Taken together, these results show that capsule of K. pneumoniae can be expressed in 



other species but not in all genetic backgrounds, certainly due to genetic interference with endogenous 

capsule loci and O-antigen genes. 

 

The large array of capsule serotypes in capsulated species indicates that strong and persistent selective 

pressures drive capsule diversification[14]. Such chemical diversification suggests that selection acts 

on the specific composition of capsule, and not simply on its expression. Here, the isogenic capsule 

mutants demonstrates that serotype swaps make K. pneumoniae resistant to previously infecting phages 

and sensitive to novel ones. This dual role shows that the capsule is the main receptor for phage infection 

and suggests that no secondary receptor is generally needed for infection. Indeed, non-capsulated K. 

pneumoniae are notoriously phage-resistant[48 50], and all tested phages could infect our three strains 

expressing a sensitive serotype. Hence, capsule-phage coevolution is a driver of capsule diversification, 

and capsule qualitatively shapes phage host-range and phage-mediated HGT (Fig. 7A). 

 

Oppositely to phages, Mpf systems do not seem to rely on specific receptors to engage in conjugation. 

Indeed, the host range of conjugative plasmids depends primarily on the plasmids replication systems 

and their compatibility with the host cell. However, we had recently identified that capsule expression 

can be a barrier to conjugation of an engineered mobilizable plasmid. Additionally, some surface 

molecules have been shown to decrease conjugation efficiency of ICESt3 in recipient cells[51]. We 

hypothesized that, if capsule expression can decrease conjugation efficiency, capsule serotypes may 

have different impacts on conjugation. Using an array of natural conjugative plasmids and isogenic 

capsule mutants, we found that the acquisition of a new capsule serotype can either lead to a decrease 

or an increase in the acquisition and donation of conjugative plasmids. This effect was serotype 

dependent, as the rank from lowest to highest conjugation efficiency was the same in all three strains. 

Hence, the capsule expression and serotype is a determinant of the strain propensity to exchange 

conjugative plasmids (Fig 7B). 

 

Here, we could test, and falsify, the hypothesis that bacteria with similar capsules have maximal 

conjugation rates. It is unlikely that cells of the same serotype stick more together, because this should 

result in stabilizing the mating-pair and increase conjugation efficiency. Even though such stabilization 

may not be an important factor of conjugation efficiency in surface mating, these results are compatible 

with our previous observation that plasmid drive inter-serotype genetic exchanges in K. 

pneumoniae[16]. This is further supported by our results showing, for example, that K1-K3 conjugation 

is more efficient than K1-K1 transfer. Conjugation-prone serotypes result in highways of plasmid 

transfer, and this may explain the association between some serotypes and antibiotics resistance, as they 

are often carried by conjugative plasmids. For example, K1 and K2 have historically had low amounts 

of resistance genes, and are the serotypes lowering the most conjugation efficiency. Plasmid-encoded 

virulence factors of K. pneumoniae, on the other hand, often rely on the presence of a capsule to confer 

an advantage, i.e. capsule itself is a virulence factor, and positive regulators of the capsule such as 

rmpABC further increase their immune system escape[38,52]. Hence, evolution toward increased 

resistance might happen at the cost of virulence, and vice versa, explaining the genetic stratification[36] 

of resistant and virulent populations of K. pneumoniae.  

 

An exception to this model is the p23F plasmid, an MpfF plasmid isolated in a low virulence nosocomial 

strain. Although this plasmid did not seem impacted by the presence or serotype of the capsule, transfer 





Material and methods 

 

Bacterial strains 

 

Strain ST / K 
Virulence 

score 
ICEs plasmids prophage 

Defense 

systems 
Origin 

BJ1 
ST380  

K2 
2 T 2 0 AbiEii 

Human 

liver 

abcess, 

France 

NTUH-

K2044 

ST23 

K1 
4 T + G 1 0 

Gabija, 

DRT, 

DISARM, 

CRISPR-

Cas, Pif, 

TypeII-

RM 

Human 

liver 

abcess, 

Taiwan 

#51 
ST45 

K24 
1 T 2 3 

AbiEii, 

Thoeris, 

typeI-RM 

Human 

carriage, 

feces, 

Netherlan

ds 

 

 

Plasmid content: 

 

Strain Plasmid Inc Mpf 

BJ1 P1 IncFIB Type F 

BJ1 P2 IncFII Mob 

NTUH-K2044 P1 IncHI1B  

#51 P1 IncFIB/IncFII Type F 

#51 P2 Col440I  

 

 



Conjugative plasmids 

 

Plasmid Source MPF type Comment Ref 

p162G2 Hospital Type I Almost the same as pOXA48-K8 This work 

p476 Hospital Type I   This work 

pOXA-K8 Mazel Lab Type I    

p168C10 Hospital Type T   This work 

p486 Hospital Type T   This work 

p62 Own collection Type T   This work 

p580 Hospital 

Type T & 

F Two independent conjugation loci 

This work 

p23 Own collection Type F    This work 

pR1-drd19 Ghigo Lab Type F  Dead-regulator mutant   

 

Scarless artificial serotype swaps 

 

The detailed protocol for scarless artificial serotype swaps (SASS) is available as Sup Text X. Briefly, 

       (  )       L  
Red knockout with a a modified KmFRT cassette including an I-SceI cut site outside the FRT sites, and 

500 bp of homology upstream galF and downstream  ugd. Deletion of the capsule locus was confirmed 

        ( ). T  K MX    
excised via expression of the FLP recombinase, leaving an 80bp scar between galF and ugd (which 

were left intact) containing the I-SceI cut site.  

In parallel, we cloned the whole capsule loci (~30kb) of several different strains with different capsule 

serotypes via a Lambda Red gap-repair cloning approach. We built a cloning cassette encoding a 

KanMX resistance marker, an I-SceI cut site, and low copy pSC101 origin of replication. We further 

 500              3   galF 

    5   ugd. This cassette is designed to circularize around the capsule locus 

via recombination and capture the whole locus to form a pKAPTURE vector[54].  

We then purified the pKAPTURE vectors carrying the different capsule loci by miniprep and 

     ,       own, or other, 

capsule loci.  

T   + KAPTURE      TKRED[55] plasmid, carrying an 

inducible I-SceI restriction enzyme, inducible Lambda Red system, and a functional copy of recA. We 

performed scarless integration by solely inducing the I-SceI enzyme overnight with selection to 

maintain pTKRED. The I-SceI enzyme linearizes the pKAPTURE plasmid, providing recombination 

proficient linear ends, and introduce a chromosomal double-strand break within the capsule deletion, 

which is lethal if unrepaired with pKAPTURE, resulting in the insertion of the capsule operon . When 

the repair occurs with the linearized plasmid, the I-SceI cut site is destroyed since the capsule locus 

recombines outside of the deletion. We identified capsulated colonies on LB plates without selection, 



and sequenced the mutants to validate the proper scarless replacement of the capsule locus. All the 12 

strains we sequenced carried the expected capsule swap and only one strain carried one off-target 

mutation (#56-K24) outside the capsule locus (see X). 

 

Phage infection assay 

Phage lysates were prepared as described elsewhere (REF). Briefly, overnight cultures were diluted 

1:500 in fresh LB and allowed to grow until OD = 0.2. Mitomycin C was added to a final concentration 

of 5 µg/mL. After 4h hours at 37°C, cultures were centrifuged at 4000 rpm and the supernatant was 

filtered through 0.22um. Filtered supernatants were mixed with chilled PEG-NaCl 5X (PEG 8000 20% 

and 2.5M of NaCl) and mixed through inversion. Phages were allowed to precipitate for 15 min and 

pelleted by centrifugation 10 min at 13000 rpm at 4°C. The pellets were dissolved in TBS (Tris Buffer 

Saline, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl). To test the susceptibility of wild type and capsule 

swapped strains to phages, overnight cultures in LB of strains were diluted 1:100 and allowed to grow 

until OD = 0.8. 250 µL of bacterial cultures were mixed with 3 mL of top agar (0.7% agar) and poured 

intro prewarmed LB plates to generate t bacteria overlay. Plates were allowed to dry before spotting 

serial dilutions of induced PEG-precipitated phages. Plates were incubated at 37° degrees for 4 hours 

and pictures were taken. 

 

Isolation of conjugative plasmids 

 

We screened the genomes of our own collection and the Klebsiella isolates of the National Reference 

Centre laboratory for Carbapenemase-producing Enterobacteriaceae at the Bicêtre Hospital to identify 

contigs resembling conjugative plasmids. We used plasmidfinder (ref) to retrieve plasmid contigs, 

MacSyFinder with TXSScan models (ref) to identify conjugation operons and annotate their mating-

pair formation type, and ResFinder to annotate antibiotics resistance genes (ref). We gathered a list of 

contigs containing the following features: a plasmid replicase identified and typed by PlasmidFinder, a 

complete conjugation system, and at least once selectable antibiotic resistance (carbapenem or 

kanamycin resistance, absent in our swapped strains). Additionally, we included two extensively studied 

conjugative plasmids, pOXA48-K8 (MpfI) and the dead regulator version of the R1 plasmid, R1-drd19 

(MpfF). The clinical isolates carried many other MGEs, so we purified our plasmids of interest through 

by conjugation into E. coli  DH10B cells. We sequenced one transconjugant per plasmid, and validated 

that they only contained a single conjugative system. 

 

Conjugation assay 

 

We used Escherichia coli DH10B as donor for our E. coli to Kpn conjugation experiments because of 

several necessary traits: streptomycin resistance (selectable), leucine auxotrophy (counter-selectable), 

efficient plasmid maintenance (recA1, endA1, relA1), lack of restriction-modification systems and of 

other conjugative elements (ref DH10B genome paper). 

For Eco to Kpn experiments, and owing to a slower E. coli growth rate compared to that Kpn, an 

overnight culture in LB with appropriate antibiotics (Atb) at 37°C was used to inoculate 3mL LB + Atb 

(diluted 1:100). In parallel, a culture was started from a single colony of the Kpn recipient strain, to 



avoid the emergence of non-capsulated cells that can appear rapidly under laboratory conditions (Ref 

Buffet et al).  

For Kpn to Kpn experiments the transconjugants of the Eco to Kpn experiments were used as donors 

for the Kpn to Kpn experiments. A single colony was inoculated in LB with appropriate antibiotics for 

the donor strains (Kpn + Plasmid), and without antibiotics for the recipient strains.  

F     ,    OD600  1  4   -day growth, at which point 

donor cultures were centrifuged and resuspended in antibiotic-free LB. They were then mixed 1:1 

vol/vol and a 15uL drop of the mixture was adsorbed onto 1mL LB-agar pads in a 24-well microtiter 

plate. The droplets were allowed to dry under the hood with laminar flow (5-10min). After one hour at 

37°C, 1mL of Phosphate-buffer saline was added in each well, the plates sealed with a hydrophobic 

adhesive film and shaken at 120rpm for 10min to resuspend the lawn. The contents of each well was 

then transferred to a 96-well plate for serial dilutions, which were spotted on plates selecting for either 

donor cells, recipient cells, or transconjugants. The next day, colonies were counted at the appropriate 

dilution (between 3 and 30 colonies per spot).  

To estimate the conjugation efficiency, we computed the transconjugant frequency (TF) at 1h with the 

following method: 

 𝑇𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑛𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑇𝐷. 𝑅 ∙ ∆𝑡 

 

Where T is the transconjugants concentration (CFU/mL), D the donors concentration and R the 

recipients concentration. This method performs accurately to estimate the efficiency of conjugation 

under short conjugation time, and consistent D:R ratio when compared with far more complex 

population-based methods [56,57] (refs). TF is thus expressed in mL.CFU-1.hours-1, and represents the 

transfer rate constant. Importantly, we followed the recommendation presented in [57] allowing the 

T/DR quantity be highly accurate. 

 

We compared this quantity with the widely used and simpler formula T/(D+R), and found a Pearson 

correlation coefficient of 0.97 (p<0.001) when we compared the log(TF) with log(T/(D+R)). Hence, 

these two values are interchangeable and our findings are robust to several methods. Since the TF value 

has been shown to be less susceptible to several parameters such as D:R ratio, we decided to use the TF 

in our study. 

 

We used each Donorplasmid to Recipient  (𝐷 → 𝑅) group average ( 𝑇𝐹 →  ) and standard deviation (sd) 

to compute a Z-score for each observed estimate abbreviated  𝑇𝐹   corresponding to the average 

transconjugant frequency of independent triplicates for a given Donor, Donor serotype, Plasmid, 

Recipient, Recipient serotype: 

 𝑍𝑠𝑐𝑜𝑟𝑒 𝑇𝐹 𝑇𝐹 →𝑠𝑑 𝑇𝐹 →  

 



We also used the 𝑇𝐹 →  to normalize the TF for each 𝐷 → 𝑅 groups: 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑇𝐹 𝑇𝐹𝑇𝐹 →  

 

 

We leveraged the natural metabolism and resistance of the strains to distinguish donors, recipients, and 

transconjugants. We tested several antibiotics and carbon sources identified in (Blin ref) to prepare 

selective media corresponding to each of our three Kpn strain.  

 

The strategy of selective plating for each donor-recipient-plasmid group is detailed in Sup X. 

 

Capsule microscopy  

 

We mixed 100uL of Kpn overnight culture cultivated in shaken LB at 37°C with 20uL of India Ink and 

smeared over a microscope slide and air-dried. We visualized the slides with 100x oil-immersed phase-

contrast objective in a XXXX Leica/Olympus XXYY microscope. Pictures were taken with a XYZ 

camera.  

 

Genomics analysis 

[to do] 
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Conclusions and perspectives 

 

In most bacterial species, horizontal gene transfer (HGT) is mediated by mobile genetic elements 

(MGE) which can transfer their own, or their host’s, genetic material to recipient cells [18,32,89,94]. 

As a result, genes flow through populations and drive the evolution of bacteria [21], notably pathogens 

[34,37,81,198]. MGEs encode physical structures, such as virions and conjugative pili, able to cross 

the cellular envelope of recipient cells [98,101,111]. Any determinant restraining, or giving access to 

MGEs may thus impact the gene flow within a population [214,215]. One key feature of the envelope 

of many bacterial species is the polysaccharide capsule [209], which is composed of membrane-bound 

polysaccharide chains [208] and constitutes the first point of contact of MGEs with the cell. Capsules 

harbor diverse chemical compositions called serotypes [224,231,234], which diversify by HGT 

[174,175,250]. Hence, capsules may represent a physical barrier against MGEs [259], but evolve via 

HGT. Moreover, capsulated species tend to have relatively higher rates of genetic exchange [278]. To 

solve this apparent conundrum, this thesis focused on the interplay between capsules and HGT in 

K. pneumoniae, an MGE-rich ubiquitous species with a large serotype diversity. 

 

Studying the gene flow in K. pneumoniae revealed that gene transfer happened more frequently 

between strains of the same serotype, resulting in an intra-serotype gene flow bias [335]. This may 

be explained by ecological effects, because populations with similar serotypes might occupy similar 

niches and have more opportunities for genetic exchanges [336]. It may also be explained by genetic 

relatedness, since closely related strains tend to exchange genetic material more frequently 

[19,31,337,338]. One would expect that conjugation-mediated and phage-mediated HGT would be 

similarly impacted by ecological and relatedness effects, but focusing the gene flow analysis on 

plasmids revealed that it was actually biased toward inter-serotype exchanges. Conversely, temperate 

phage gene flow was highly biased toward intra-serotype exchanges. Overall, the intra-serotype bias 

appears to be largely driven by phages, overshadowing the opposite bias observed in plasmids. 

 

Why is phage-mediated gene flow higher between strains of the same serotype? Naturally 

occurring virulent phages of capsulated species, such as K. pneumoniae or Acinetobacter baumannii, 

are generally specific to one, or sometimes several, serotypes [265,274,339]. The long-standing 

coevolution of phages with their capsulated hosts has resulted in an ecological love-hate relationship: 

in species typically non-capsulated, their phages are blocked by the expression of a capsule, but in 

species ubiquitously capsulated, their phages are dependent on the capsule for successful infection 
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(Figure 32A). And while in vitro phage isolation may not reflect the relevance of capsule dependency 

in nature, because they were isolated in conditions where the capsule is expressed (e.g. rich culture 

media at 37c), temperate phages having infected their host before isolation show extensive serotype 

specificity and dependency as well [293]. This concurs with the idea that capsule serotype 

dependency is widespread in phages of capsulated species, resulting in short-term selection for 

capsule inactivation [266,293,340], long-term selection for capsule diversification [118], and intra-

serotype gene flow bias [335] (Figure 32A). While prophages represent phage-mediated HGT, gene 

flow mediated by other mechanisms like generalized and lateral transduction was not quantified during 

this work. This is due to the fact that such events leave no indication of the vector that brought foreign 

DNA into the cell. 

 

Why is conjugation-mediated gene flow higher between strains of different serotype? At least 

two observations can explain this phenomenon: i) capsule inactivation is frequent [335], and those 

non-capsulated cells have up to 100-fold larger conjugation frequencies [335] and ii) capsule serotypes 

differently impact conjugation efficiency [341]. By first identifying pseudogenized capsule loci and 

analyzing the gene flow of those isolates, we identified non-capsulated cells as conjugation hubs. 

We further provided experimental evidence that non-capsulated cells have larger reception and 

donation rates [335,341], and that such conjugation hubs provide highways of transfer between distinct 

serotypes. By constructing isogenic serotype swaps with a novel method, we showed that conjugation 

efficiency is determined by the capsule serotype of both the donor and recipient. For example, 

serotypes K1 and K2 are associated with relatively lower conjugation efficiencies than K24 and K3 

serotypes. Additionally, cells harboring the same capsule serotype do not have higher conjugation 

frequency, and there appear to be little to no interaction between the donor and recipient capsule during 

conjugation. Accordingly, conjugation is generally more efficient between K1 and K3 cells than 

between K1 cells. Thus, differences in conjugation efficiency can result in preferential transfer 

between cells of different serotype. The mechanistic reasons why serotypes are associated with 

different conjugation efficiencies are still unknown. To answer this question, isogenic serotype swaps 

will be key to delineate the precise differences between serotype, regardless of the genetic background. 

Our lead hypothesis is that the inherent thickness of serotype negatively correlates with conjugation 

efficiency, because it decreases physical proximity between cells (Figure 32A). This hypothesis is in 

line with the observation that hypervirulent clones of K. pneumoniae tend to have relatively lower 

genetic diversity [290,295], as their thick capsules may increase immune system escape but lower 

conjugation rates.  
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Conjugative systems belong to the type IV secretion system family and are divided into mating-pair 

formation (MPF) types based on the genetic content of the conjugation locus. In Enterobacteriaceae 

such as K. pneumoniae, conjugative plasmids often belong to the MPFF, MPFT or MPFI types. MPFT 

and MPFI plasmids included in our study both displayed a symmetrical impact of the capsule on the 

donor and recipient (i.e. donation and reception efficiency are positively correlated). However, p23F, 

a MPFF plasmid had an asymmetrical donor/recipient behavior displaying: i) preferential donation 

from non-capsulated cells, ii) preferential reception into capsulated cells. Recently, Low et al. [342] 

found that MPFF plasmids often encode an outer-membrane protein (OMP) called TraN, which 

cooperates with distinct OMP in recipients to mediate mating pair stabilization and efficient 

conjugation. These TraN-OM receptor pairings reflected the distribution of resistance plasmids within 

Enterobacteriaceae: e.g. plasmids with the TraNβ allele were primarily found in K. pneumoniae which 

harbors its OmpK36 receptor. Given that i) OmpK36 is involved in antibiotic resistance, ii) OmpK36 

and the capsule are co-regulated [343], and iii) the capsule may cover TraN (donor), and OmpK36 

(recipient), one can postulate that a tripartite interaction between OMP, capsule and conjugation 

system could explain our results. Hypothetically, capsule production could interfere with TraN in 

the donor, but increases the expression of OmpK36 in the recipient, explaining why non-

capsulated cells conjugate more efficiently into capsulated cells.  
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Figure 32 - Interaction between mobile genetic elements and capsules result in biased gene flow. A. 

Three cell envelopes are represented with distinct capsule serotype (Blue on top, purple in the middle) 

or no capsule (bottom). Phages are serotype-specific, while conjugation is differently impacted by the 

capsule presence/absence and serotype, possibly because of differences in thickness. Non-capsulated 

cells are resistant to capsule-dependent phages, and have higher conjugation (donation and reception) 

efficiencies. B. Three populations, corresponding to the three envelopes of panel A, are represented. 

Arrows represent the relative gene flow according to the vectors of HGT. Figure adapted from [89]. 

 

 

Shedding light on the interaction between MGEs and the capsule led to the formulation of a model 

for capsule swap, the process by which a capsule locus is replaced by another via horizontal gene 

transfer. Serotype-specific phage predation might be the strongest selective pressure on capsule 

composition, and rapidly select for capsule inactivation [266,293,344], however capsule are found in 

numerous species and associated with increased niche colonization [209], and are thus generally 

favorable. This thesis provides a new model focusing on how MGEs can drive serotype swap, 

presented in figure 33. This model is limited by our limited knowledge of broad-host range phages, 

which could theoretically transfer capsule loci from and to capsulated cells 
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Figure 33 - Proposed model for serotype swaps in K. pneumoniae and its relationship with MGE-

mediated DNA acquisition. The capsule locus is colored according to its type. Capsule inactivation is 

occasionally adaptive, e.g. in the context of phage predation. The pseudogenization process usually 

starts by the inactivation of the genes involved in the early stages of the capsule biosynthesis, as 

represented by the size of the red cross on the capsule assembly scheme. Non-capsulated strains are 

often protected from K. pneumoniae phage infections while acquiring more genes by conjugation. This 

increases the likelihood of capsule reacquisition. Such reacquisition can bring a new serotype, often 

one that is chemically similar to the previous one, and might be driven by conjugation because of its 

high frequency in non-capsulated strains. Recently swapped strains are associated with an increase in 

prophage acquisition. Finally, serotype swaps rewire phage-mediated genetic transfers. 

 

 



Conclusions and perspectives 

 

 

159 

These findings have broad implications for the evolution and treatment of capsulated pathogens, 

including the six members of the ESKAPEs [210]e. They highlight a trade-off between the evolution 

of virulence, correlated with non-immunogenic capsules like K1 and K2 [284,289], and the acquisition 

of antibiotic resistance genes by conjugation, more efficient between non-capsulated cells [335] and 

non-hypervirulent serotypes [341]. Because of the current antibiotics resistance crisis, new therapies 

are envisioned to treat the ESKAPEs, including phage therapy and capsule-based vaccines. Several 

studies have already documented the rapid emergence of non-capsulated variants during phage therapy 

against K. pneumoniae [266,268,340,345], and vaccine-induced immunity has been shown to select 

for novel serotypes and non-capsulated clones in Streptococcus pneumoniae [243]. As non-capsulated 

clones are hubs of conjugative transfer, they pose an increased risk of spreading antibiotics resistance 

genes in bacterial populations. Moreover, they may themselves re-acquire functional, phage-resistant 

or nonvaccine serotypes. In S. pneumoniae, non-capsulated variants display higher rates of HGT 

presumably because the capsule decreases transformation rates [346]. Hence, it was proposed that 

vaccines should also target non-capsulated pneumococci, as a way to lower the overall recombination 

rate of S. pneumococcus populations [347]. In the race toward a capsule-based K. pneumoniae vaccine 

[348], targeting ubiquitous surface antigens typically masked by the capsule could achieve the same 

goal. 

 

While there was little overlap between multidrug resistant vs. hypervirulent lineages before the 2010s, 

recent studies have reported the emergence of carbapenem-resistant (CR) hypervirulent (Hv) strains 

of K. pneumoniae (KP) leading to high mortality rates [301]. Mechanisms for the emergence of CR-

hvKP can be summarized in three patterns: (i) CR-KP acquiring a hypervirulent phenotype; (ii) hvKP 

acquiring a carbapenem-resistant phenotype; and (iii) classical KP acquiring both a carbapenem 

resistance and hypervirulence hybrid plasmid [286]. Genomics-based prediction have postulated that 

multi-drug resistant clones are more prone to new trait acquisitions, including virulence factors [290]. 

This is in line with our result that capsules of hypervirulent clones (K1 and K2) act as barriers to the 

donation and reception of conjugative plasmids [341]. However, hypervirulence seems to evolve in 

defined genetic backgrounds, and may not be transferable to every multidrug resistant clones, which 

are more diverse [282,290,295]. Overall, the convergence of hypervirulence and multi-drug resistance 

is the result of MGE transfer, and further studies should be conducted to address this evolutionary 

process. 

 

Finally, MGEs themselves can modulate the expression and composition of the capsule, which may 

modify their own transfer rate. The transcriptional activators rmpA, rmpB, rmpC and rmpD (for 
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regulator of mucoid phenotype) are frequently found on K. pneumoniae plasmids and ICEs, and 

modulate capsule gene expression, leading to increased capsule production or hyper-muco-viscosity 

[349–352]. Those transcriptional activators are considered virulence factors, and are associated with 

only a subset of serotypes, including K1 and K2 [295,353]. Virulence plasmids are typically only 

mobilizable in K. pneumoniae [286,295,299], however some self-conjugative plasmids carrying rmpA 

have been described. These plasmids harbor MPFF conjugative systems, and this is in line with the 

observation that MPFF plasmids seem to be less impacted by the capsule than other types [341]. While 

the rmp genes modify the expression of the capsule locus and are found on plasmids and ICES, one 

prophage of Acinetobacter baumannii has recently been shown to modify the structure of the capsule 

via an alternative, phage-encoded Wzy polymerase [354]. To note, increased capsule production is 

associated with phage resistance and probably lower conjugation rates, while capsule composition 

modification is associated with a shift in phage sensitivity and can also result in lower conjugation 

rates. In fact, one may speculate that MGE can leverage the capsule for their own benefit, by defending 

their host against other interfering MGEs. Further studies may address the hypothesis that capsule 

manipulation could represent an additional layer in the interplay between MGEs and their hosts.  
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Abstract

Klebsiella species are able to colonize a wide range of environments and include worrisome nosocomial pathogens. Here, we

sought to determine the abundance and infectivity of prophages of Klebsiella to understand how the interactions between

induced prophages and bacteria affect population dynamics and evolution. We identified many prophages in the species,

placing these taxa among the top 5% of the most polylysogenic bacteria. We selected 35 representative strains of the

Klebsiella pneumoniae species complex to establish a network of induced phage–bacteria interactions. This revealed that

many prophages are able to enter the lytic cycle, and subsequently kill or lysogenize closely related Klebsiella strains.

Although 60% of the tested strains could produce phages that infect at least one other strain, the interaction network of all

pairwise cross-infections is very sparse and mostly organized in modules corresponding to the strains’ capsule serotypes.

Accordingly, capsule mutants remain uninfected showing that the capsule is a key factor for successful infections.

Surprisingly, experiments in which bacteria are predated by their own prophages result in accelerated loss of the capsule.

Our results show that phage infectiousness defines interaction modules between small subsets of phages and bacteria in

function of capsule serotype. This limits the role of prophages as competitive weapons because they can infect very few

strains of the species complex. This should also restrict phage-driven gene flow across the species. Finally, the accelerated

loss of the capsule in bacteria being predated by their own phages, suggests that phages drive serotype switch in nature.

Introduction

Phages are one of the most abundant entities on Earth. They

are found in multiple environments, typically along with their

host bacteria, including in the human microbiome. Many

recent studies focused on virulent phages, which follow

exclusively a lytic cycle. In contrast, temperate phages, which

can either follow a lytic cycle, or integrate into the host

genome and produce a lysogen, have been comparatively less

studied. Integrated phages, hereafter referred to as prophages,

replicate vertically with the host and are typically able to

protect them from infections by similar phages, the so-called

resistance to superinfection [1–3]. Most prophage genes are

silent and have little impact in bacterial fitness as long as

there is no induction of the lytic cycle [1]. If the prophage

remains in the genome for a very long period of time it may

be inactivated by mutations. A few studies suggest that

many prophages are inactive to some extent [4, 5]. Upon

induction, some of them cannot excise (cryptic prophages),

replicate, infect, or produce viable progeny. Prophage

inactivation and further domestication may lead to the co-

option of some phage functions by the bacterial host [6].

For instance, some bacteriocins result from the domestica-

tion of phage tails [7, 8]. In contrast, intact prophages can

be induced (by either extrinsic or intrinsic factors) and

resume a lytic cycle, producing viable viral particles.

Temperate phages affect the evolution of gene repertoires

and bacterial population dynamics [9–11] by two key

mechanisms. First, induction of prophages by a small subset

of a population produces virions that can infect susceptible

bacteria and thus facilitate colonization [9, 12, 13]. Second,

they drive horizontal gene transfer between bacteria.
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Around half of the sequenced genomes contain identifiable

prophages [14, 15], e.g., a third of Escherichia coli’s pan-

genome is in prophages [16]. The frequency of prophages is

higher in bacteria with larger genomes, in pathogens, and in

fast-growing bacteria [15]. Lysogenization and the sub-

sequent expression of some prophage genes may result in

phenotypic changes in the host, e.g., many pathogens have

virulence factors encoded in prophages [17]. Prophages

may also facilitate horizontal transfer between bacteria by

one of several mechanisms of transduction [1, 18, 19].

Interestingly, bacterial populations can acquire adaptive

genes from their competitors by killing them with induced

prophages and recovering their genes by generalized

transduction [20]. While these mechanisms have been

explored in many experimental and computational studies,

the impact of temperate phages in the diversity of bacterial

lysogens is still poorly understood.

Here, we assess the relevance of prophages in the biology

of Klebsiella spp., a genus of bacteria capable of colonizing

a large range of environments. The genus includes geneti-

cally diverse species of heterotrophic facultative aerobes that

have been isolated from numerous environments, including

the soil, sewage, water, plants, insects, birds and mammals

[21]. Klebsiella spp. can cause various diseases such as

urinary tract infections, acute liver abscesses, pneumonia,

infectious wounds, and dental infections [22, 23]. They

commonly cause severe hospital outbreaks associated with

multidrug resistance, and K. pneumoniae is one of the six

most worrisome antibiotic-resistant (ESKAPE) pathogens.

The versatility of Klebsiella spp. is associated with a broad

and diverse metabolism [24], partly acquired by horizontal

gene transfer [23, 25, 26]. In addition, Klebsiella spp. code

for an extracellular capsule that is highly variable within

the species. This capsule is a high molecular weight poly-

saccharide made up of different repeat units of oligo-

saccharides. Combinations of different oligosaccharides are

referred to as serotypes. In K. pneumoniae there are 77 ser-

ologically defined serotypes, and numbered from K1 to K77

[27] and more than 130 serotypes were identified compu-

tationally. The latter are noted from KL1 to KL130 [28, 29],

and are usually referred as capsule locus types (or CLT). The

capsule is considered a major virulence factor, required,

for instance, in intestinal colonization [30]. It also provides

resistance to the immune response and to antibiotics

[31–33]. From an ecological point of view, the capsule is

associated with bacteria able to colonize diverse environ-

ments [34, 35]. Its rapid diversification may thus be a major

contributor to Klebsiella’s adaptive success, including in

colonizing clinical settings.

We have recently shown that species of bacteria encod-

ing capsular loci undergo more frequent genetic exchanges

and accumulate more mobile genetic elements, including

prophages [35]. This is surprising because capsules were

proposed to decrease gene flow [36] and some phages are

known to be blocked by the capsule [37–39]. However,

several virulent phages of Klebsiella are known to have

depolymerase activity in their tail fibers [40–44]. These

depolymerases specifically digest oligosaccharidic bonds in

certain capsules [45] and allow phages to access the outer

membrane and infect bacteria [46]. Since depolymerases

are specific to one or a few capsule types [44, 47], this

implicates that some phages interact with capsules in a

serotype-specific manner [42, 44, 48]. In addition, the

capsule could facilitate cell infection because phages bind

reversibly to it, prior to the irreversible binding to the

specific cell receptor [49].

To date, the number and role of prophages in Klebsiella’s

population biology is not well known. Klebsiella are

interesting models to study the role of prophages, because

of the interplay between the capsule, phage infections, and

also the influence of the former in Klebsiella’s colonization

of very diverse ecological niches. In this work, we sought to

characterize the abundance and distribution of Klebsiella

temperate phages, and experimentally assess their ability to

re-enter the lytic cycle and lysogenize different Klebsiella

strains. By performing more than 1200 pairwise combina-

tions of lysates and host strains, we aim to pinpoint the

drivers of prophage distribution and elucidate some of the

complex interactions that shape phage–bacteria interactions

in Klebsiella.

Results

Prophages are very abundant in the genomes of
Klebsiella

We used PHASTER [50] to analyse 254 genomes of eight

Klebsiella species (and two subspecies). We detected 1674

prophages, of which 55% are classified as “intact” by

PHASTER and are the most likely to be complete and

functional. These “intact” prophages were present in 237

out of the 254 genomes (see Methods). The remaining

prophages were classed as “questionable” (20%) and

“incomplete” (25%, Figs. 1a, b and S1). The complete list

of bacterial genomes and prophages is available in Data-

set S1. Most of the genomes were polylysogenic, encoding

more than one prophage (Fig. S1). However, the number of

prophages varied markedly across genomes, ranging from 1

to 16, with a median of 6 per genome. In addition, the total

number of prophages in Klebsiella spp. varied significantly

across species (Kruskal–Wallis, df= 6, P < 0.001, Fig. 1b).

More specifically, the average number of “intact” prophages

varied between eight for K. oxytoca and less than one for K.

quasipneumoniae subsp. quasipneumoniae. K. pneumoniae,

the most represented species of our dataset (~77% of the
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genomes), has an average of nine prophages per genome, of

which four are classified as “intact” (Fig. 1b). As expected,

both the number of prophages per genome and the average

number of prophages per species are correlated positively

with genome size (Spearman’s rho= 0.49, P < 0.001,

Spearman’s rho= 0.76, P= 0.01, respectively) (Fig. S2A,

B). When compared with the one hundred most sequenced

bacterial species, the number of prophages in Klebsiella is

very high. K. pneumoniae ranks within the 5th percentile of

the most prophage-rich species, comparable with E. coli and

Yersinia enterocolitica (Fig. S3). This shows that prophages

are a sizeable fraction of the genomes of Klebsiella and may

have an important impact in its biology.

Our experience is that prophages classed as “question-

able” and “incomplete” often lack essential phage functions.

Hence, all the remaining analyses were performed on

“intact” prophages, unless indicated otherwise. These ele-

ments have 5% lower GC content than the rest of the

chromosome (Wilcoxon test, P < 0.001, Fig. S2B), as

typically observed for horizontally transferred genetic ele-

ments [51, 52]. Their length varies from 13 to 137 kb, for an

average of 46 kb. Since temperate dsDNA phages of

enterobacteria are usually larger than 30 kb [53], this sug-

gests that a small fraction of the prophages might be

incomplete (Fig. S2C). Among the “intact” prophages

detected in the 35 strains analysed from our laboratory

collection (Dataset S1 and Fig. S1) and isolated from dif-

ferent environments and representative of the genetic

diversity of the K. pneumoniae species complex [24], we

chose 11 to characterize in detail in terms of genetic

architecture (Fig. 2). A manual and computational search

for recombination sites (att) in these 11 prophages (See

Methods, Fig. 2) showed that some might be larger than

predicted by PHASTER. To verify the integrity of these

phages, we searched for genes encoding structural functions

—head, baseplate, and tail—and found them in the eleven

prophages. Two of these prophages (#62 (2) and #54 (1))

have a protein of ca. 4200 aa (Fig. 2), homologous to the

tail component (gp21) of the linear phage-plasmid phiKO2

of K. oxytoca [54]. The prophages had integrases and were

flanked by recombination sites, suggesting that they could

still be able to excise from the chromosome (Fig. 2).
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no match in the pVOG profiles database and thus no associated VQ

value. Prophages #62 (2) and #54(1) have inserted the core gene icd,
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generated using the R package GenoPlotR v0.8.9 [103].
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Nevertheless, some prophages encoded a small number of

insertion sequences, which accumulate under lysogeny and

degrade prophages [55].

Klebsiella spp. prophages can be released into the
environment

To further characterize the prophages of K. pneumoniae

species complex, we sought to experimentally assess their

ability to excise and be released into the environment. The

analysis described above identified 95 prophages in the

35 strains analyzed from our collection (Fig. 3). Among

these, 40 were classed as “intact” (including the ten pro-

phages whose genomic composition is characterized in

Fig. 2). Eleven strains had no “intact” prophages, and four

of these also lacked “questionable” prophages. Hence, our

collection is representative of the distribution of prophages

in the species, with some genomes containing one or mul-

tiple putatively functional prophages and others being

prophage-free.

To test prophage induction, we grew these 35 strains and

added mitomycin C (MMC) to exponentially growing

cultures. Viable prophages are expected to excise and cause

cell death as a result of phage replication and outburst. In

agreement with PHASTER predictions, the addition of

MMC to the strains lacking “intact” and “questionable”

prophages showed no significant cell death (Figs. 3 and S4),

with the single exception of mild cell death at high doses of

MMC for strain NTUH K2044 (#56). Three of the seven

strains lacking “intact” but having some “questionable”

prophages showed very mild cell death upon induction, two

others exhibited a dose-dependent response, and the

remaining two showed rapid cell death (#44 and #35). This

suggests that at least some of the “questionable” prophages

are still inducible and able to kill the host. In addition, all

the 24 strains with “intact” prophages showed signs of cell

death ca. 1 h after exposure to MMC (Figs. 3 and S4). This

occurred in a dose-dependent manner, consistent with

prophage induction.

These results suggest that most strains have inducible

prophages. To verify the release of prophage DNA to the

environment, we tested the presence of 17 different

phages from eleven different strains by PCR, both in induced

and non-induced PEG-precipitated filtered supernatants
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Fig. 3 Phylogenetic tree of the 35 Klebsiella strains. The tree was
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complex. The first column determines the capsule locus type and the

second column provides information about the environment from
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(Fig. S5A). Indeed, all 17 phages were amplified, indicating

that viral genomes are released into the environment. As

expected, amplification bands were weaker in the non-

induced supernatant compared with the induced (Fig. S5A).

We further verified the recircularization of these prophages in

induced supernatants. We detected the recircularization of

eight phages induced from six strains (#25, #36, #62, #63,

#37, and #50), five of which were classified as “intact”, and

three as “questionable” by PHASTER (Fig. S5B). Despite

using different primers and PCR settings, we did not obtain a

clean PCR product for eight phages. This is most likely due

to the aforementioned inaccuracies in the delimitation of the

prophages, as these phages are detected in induced super-

natants (Fig. S5A). Overall, our results suggest that most

“intact” and some of the “questionable” prophages are able to

induce the lytic cycle and lyse the cells.

The prophage–bacteria interaction network is sparse

Prophages may impact intraspecies competition [9]. In order

to characterize this effect in the K. pneumoniae species

complex, we produced three independent lysates of all

35 strains, by MMC induction and PEG-precipitation of the

filtered supernatants (see Methods). We tested the ability of

all lysates to produce a clearing on bacterial overlays of every

strain. This resulted in 1225 possible lysate–bacteria combi-

nations, with some lysates being potentially composed of

multiple types of phage and different proportions across the

three independent replicates. We first tested whether the

number of different prophages in each strain’s genome cor-

related with its ability to infect the other strains. To do so, we

calculated the infection score of each strain, i.e., the average

frequency at which its lysate infects the 35 strains of our

panel. We observed a positive and significant association

between the number of predicted “intact” phages and the

infection score (rho= 0.16, P < 0.001). Overall, 21 strains

out of the 35 (60%) produced a lysate that could infect

another strain, but only 75 of the 1225 possible lysate–strain

combinations showed clearances or plaques (Figs. 4a and

S6). To confirm that plaques are caused by the activity of

phages, we added lysates to growing cultures of sensitive

bacteria, which resulted in bacterial death. Consistent with

the action of phages, bacterial death was prevented upon the

addition of citrate, a known inhibitor of phage adsorption
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(Fig. S6A). Surprisingly, 5 out of the 21 strains could be

reinfected by their own lysate. This suggests the presence of

ineffective repressor mechanisms protecting from super-

infection, and is consistent with the observed spontaneous

induction of prophages in lysogens in some of these strains

(Figs. S5 and S6C).

Some of the inhibition halos observed in the experiments

could result from bacteriocins induced by MMC [56]. To test

if this could be the case, we searched for putative bacteriocins

in the genomes and found them in 13 of the 35 genomes

(Table S1, Fig. 4). However, most of them had very low

(<50%) protein sequence identity with known proteins and

were in genomes lacking recognizable lysis proteins. This

may explain why 3 of the 13 strains failed to produce an

inhibition halo on all tested strains and five showed mild

inhibition of a single target strain (#47). In three of the strains

(#63, #48, and #36) we could confirm phage production by

recircularization (Fig. S5), showing that phages are produced.

Indeed, phages from strain #36 can lysogenize strain #38

(see below, Fig. 4d), and phages from strain #48 are able to

produce plaques on overlays of strain BJ1(Fig. S6B). Strain

#63 has a full bacteriocin operon, with high identity to colicin

E7. It is thus possible that some of the inhibition we observed

from the lysates of this strain could be caused by bacter-

iocins. Note that we also observed that at least two of the

prophages of strain #63 are able to excise and circularize

(Fig. S5 and see annotation Fig. 2). Thus, for this particular

strain, we cannot precisely identify the cause of the inhibition

halos. Finally, from the two remaining strains (#29 and #28,

both K. quasipneumoniae), only #28 encodes a lysis protein,

but they both mildly infect three strains each. Overall, our

results suggest that for the majority of the cases shown here,

inhibitions seem to be caused by phage activity and are not

due to bacteriocins.

Our analysis shows that most lysates cannot infect other

strains. For the 75 phage infections we do observe, only 17

(23%) occurred in all three independently produced lysates

(Fig. S7), hinting to an underlying stochasticity in the

induction and infection process. Interestingly, we observe that

infections of target bacteria with lysates from bacteria with the

same CLT seem both more reproducible and effective, com-

pared with those lysates produced from bacteria with different

CLT (Fig. S7), suggesting that the capsule may play a crucial

role during phage infection.

Overall, our analysis shows that most lysates cannot

infect other strains resulting in a sparse matrix of phage-

mediated competitive interactions.

Induced Klebsiella prophages can lysogenize other
strains

An induced prophage can, upon infection of a new host,

generate new lysogens. To test the ability of the induced

prophages to lysogenize other strains, we challenged K.

pneumoniae BJ1 (#26) that lacks prophages with lysates

from two strains (#54 and #25). These strains have the same

CLT as BJ1 (KL2) and we have PCR evidence that they

produce viral particles (see above) (Fig. S5). We grew BJ1

in contact with these two lysates, and from the surviving

BJ1 cells, we isolated 93 clones from three independently

challenged cultures. We reexposed these clones to a lysate

from strain #54, to test if they had become resistant. Almost

all clones (96%) of BJ1 could grow normally upon

rechallenge (Fig. 4b), suggesting that they had acquired

resistance either by lysogenization or some other mechan-

ism. Most of these clones displayed significant cell death

upon exposure to MMC (whereas the ancestral strain was

insensitive), which is consistent with lysogenization. Ana-

lyses by PCR showed that 57 out of 82 clones from the

three independent BJ1 cultures exposed to #54 lysate

acquired at least one of the “intact” prophages and at least

four of them acquired both (shown in Fig. 2). In contrast, no

BJ1 clones became lysogens when challenged with the

lysate of strain #25 (as tested by exposure to MMC and

PCR verification, Fig. 4c), indicating that the surviving

clones became resistant to phage infections by other

mechanisms. Overall, this shows that lysogenization of BJ1

is dependent on the infecting phages, with some driving the

emergence of alternative mechanisms of resistance to

infection in the bacterial host.

To test the taxonomic range of infections caused by

induced prophages, we also exposed a Kp 4 (K. qua-

sipneumoniae subsp similipneumoniae) (#38) to a lysate

from a Kp 2 (K. quasipneumoniae subsp quasipneumoniae)

(#36) that consistently infects #38 even if it belongs to a

different subspecies and has a different capsular CLT

(Fig. 4a). Survivor clones of strain #38 were lysogenized (in

61 out of 93 surviving clones) exclusively by one of the

phages present in strain #36, as confirmed by PCR of the

phage genome (Fig. 4d). Interestingly, four of these lyso-

genized clones did not display cell death when exposed to

MMC, suggesting that their prophages might not be fully

functional. Taken together, our results show that some

Klebsiella prophages can be transferred to and lysogenize

other strains, including from other subspecies.

Resistance to superinfection and bacterial defenses
do not explain the interaction matrix

To investigate the determinants of infections in the inter-

action matrix, we first hypothesized that resident prophages

could hamper infections by lysates of other strains. Con-

sistently, the most sensitive strain in our panel (#26) does

not have any detectable prophages, rendering it sensitive to

infection by numerous lysates. However, we found no

negative association between the number of prophages in

Modular prophage interactions driven by capsule serotype select for capsule loss under phage predation 2985



the target strain and the number of times it was infected

(rho= 0.04, P= 0.166). Repression of infecting phages is

expected to be highest when there are similar resident

prophages in the strain. Even if closer strains are more

likely to carry the same prophages, the interaction matrix

clearly shows that phages tend to infect the most closely

related strains. To determine if the presence of similar

prophages shapes the infection matrix, we calculated the

genetic similarity between all “intact” prophages using

weighted gene repertoire relatedness (wGRR) (see Meth-

ods). The frequency of infection was found to be indepen-

dent from the similarity between prophages (determined as

higher than 50% wGRR for phage pairs, Odds ratio= 0.55,

P value= 0.055) when analysing only “intact” prophages or

also including the “questionable” (Fig. S8A). Ultimately,

resident phages may repress incoming phages if they have

very similar repressors, but pairs of dissimilar phages

(wGRR < 50%) with similar repressors (>80% sequence

identity) are only ~0.3% of the total (see Methods,

Fig. S8B). Thus, the analysis of both phage sequence

similarity and similarity between their repressors suggests

that the observed interaction matrix is not strongly influ-

enced by the resistance to superinfection provided by resi-

dent prophages.

Bacterial defense systems block phage infections and are

thus expected to influence the interaction matrix. To study

their effect, we analysed systems of CRISPR-Cas and

restriction-modification (R-M), since these are the most

common, the best characterized to date, and those for which

tools for their computational detection are available [57, 58].

We found CRISPR-Cas systems in 8 of the 35 strains and

tested if the strains that were infected by the lysates of other

bacteria were less likely to encode these systems. We

observed no correlation between the number of unsuccessful

infections and the presence of CRISPR-Cas systems in a

genome (P > 0.05, Wilcoxon test). Accordingly, the majority

of strains (77%) lack spacers against any of the prophages of

all the other strains and we found no correlation between the

presence of CRISPR spacers targeting incoming phages and

the outcome of the interaction (i.e., infection or not) (Odds

ratio= 1.28 Fisher’s exact test, P value= 1, Dataset S1,

Fig. S9A). Actually, only 5% of the pairs with null interac-

tions (no infection) concerned a target strain with CRISPR

spacers matching a prophage in the lysate-producing strain.

This indicates that CRISPR-Cas systems do not drive the

patterns observed in the infection matrix.

The analysis of R-M systems is more complex because

their specificity is often harder to predict. We searched for

these systems in the 35 genomes and identified the fol-

lowing systems: 37 type I, 158 type II, 4 type IIG, 7 type III,

and 7 type IV. We then investigated whether the systems

present in the target strains could protect from phages in the

lysates. Almost all the strains studied here have systems that

could target at least one prophage from the lysate-producing

strains (Fig. S9B, see Methods). However, the joint dis-

tribution of R-M systems and targeted prophages does

not explain the outcome observed in the infection matrix

(Odds ratio= 0.78, Fisher’s exact test on a contingency

table, P value= 0.4, Fig. S9). We thus conclude that the

distribution of either CRISPR-Cas or R-M bacterial defense

systems in the bacterial strains targeted by the phages in

the lysates does not explain the network of phage–bacteria

interactions we observe.

The capsule plays a major role in shaping phage
infections

The first bacterial structures that interact with phages are the

capsule and the LPS. We thus tested whether their serotypes

shape the infection network of the Klebsiella prophages. We

used Kaptive to serotype the strains from the genome

sequence and tested if the infections were more frequent

when the target bacteria and the one producing the lysate

were from the same serotype. We found no significant effect

for the LPS serotypes (Fig. 4a, Fisher’s exact test P= 0.37).

In contrast, we observed 35 cross-strain infections between

lysates and sensitive bacteria from the same CLT out of 105

possible combinations (33%), whereas only 3.6% of the

possible 1120 inter-CLT infections were observed (40

infections in total, Fig. 4a, P < 0.0001, Fisher’s exact test).

For example, strain #37 was only infected by lysates pro-

duced by the other strain with the KL24 CLT (#51) (Fig. 2).

Similarly, strains #57, #55, and #25 were only infected by

lysates from strains of the same CLT (KL2) (Fig. 4a). These

results are independent of the genetic relatedness, as we

observed infections between strains with the same CLT that

are phylogenetically distant. Intriguingly, the lysate of one

strain alone (#63) produced an inhibition halo in lawns of

fifteen strains from different CLTs, but (as mentioned above)

this may be caused by a bacteriocin present in this strain’s

genome. To control for the putative effect of bacteriocins in

the association between infections and the CLT, we restricted

the analysis to strains lacking bacteriocin homologs (N= 22)

and those with a CLT determined with high confidence by

Kaptive (N= 29) (see Methods). We confirmed in both cases

that CLT is positively associated with cross-strain infections

(P < 0.0001, Fisher’s exact test for both).

The specificity of induced prophages for strains with a

CLT similar to the original cell could be explained by the

presence of depolymerases in their tail fibers. Visual obser-

vation of plaques showed that the latter are small and are not

surrounded by enlarged halos typically indicative of depoly-

merase activity (Fig. S6). We also searched the genomes of

the prophages for published depolymerase domains using

protein profiles and a database of known depolymerases

(see Methods, Table S2). We only found hits to two protein
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profiles (Pectate_lyase_3 and Peptidase_S74) with poor

e-value (>10−10) and a low identity homolog (<50%) to one

protein sequence (YP_009226010.1) (Tables S3 and S4).

Moreover, these homologs of depolymerases were found in

multiple prophages that are hosted in strains differing in

CLTs, suggesting that they are either not functional, or that

they do not target a specific CLT. It is also possible that the

CLT has switched (i.e., changed by recombination [59]) since

the phage originally infected the strain. This suggests that

the depolymerases present in these prophages (or at least

those that we could identify) do not explain the patterns

observed in the interaction matrix, raising the possibility that

novel depolymerases remain to be found.

It is often mentioned in the literature that capsules protect

against phages [39]. However, the results above show that

induced prophages tend to infect strains of similar CLT, and

capsule mutants of the strain Kp36 were previously shown

to become resistant to the virulent phage 117 [60]. Hence,

we wondered if strains lacking a capsule would also be

immune to temperate phages, and so we tested whether

isogenic capsule mutants from different CLTs (KL2, KL30,

and KL1) were sensitive to phages present in the lysates.

We verified by microscopy and biochemical capsule quan-

tification that these mutants lacked a capsule and then

challenged them with the lysates of all 35 strains. Wild type

strains #56 (K1) and #24 (K30) are resistant to all lysates, as

are their capsule mutants. Capsule mutants from #26 (BJ1),

#57 and #58 (all KL2), and #37 (KL24) were resistant to

phages, whilst their respective wild-types are all sensitive to

phage infections (Fig. 5). Hence, phages targeting these

strains only infect when a capsule is present. These results

show that the loss of the capsule does not make bacteria

more sensitive to phages. On the contrary, the capsule

seems required for infection.

Phage predation stimulates capsule loss

Given that non-capsulated mutants are resistant to phages

(as shown above and also observed in other studies [60]),

we hypothesized that phages that infect a particular strain

could drive the loss of its capsule. To test this, we per-

formed a short-term evolution experiment (ten days, ca 70

generations). We assessed the emergence of non-capsulated

bacteria in three different strains: (i) a strain with no tem-

perate phages (BJ1, #26); (ii) a strain that produces phages

infecting many strains including itself (#54) even in the

absence of MMC induction (Fig. S6C); and (iii) a strain that

is resistant to its own phages (#36). Both strains #36 and

#54 produce infectious phages which can lysogenize other

strains (#38 and #26, respectively, Fig. 4b). Six independent

populations of each strain were evolved in four different

environments: (i) LB, (ii) LB supplemented with 0.2%

citrate to inhibit phage adsorption, (iii) LB with MMC to

increase the phage titer, and (iv) LB with MMC and 0.2%

citrate to control for the effect of faster population turnover

due to prophage induction and the subsequent cellular

death. We expected that passages in rich medium might lead

to non-capsulated mutants, even in the absence of phages,

as previously observed [61–63]. This process should be

accelerated if phage predation drives selection of the non-

capsulated mutants (presence of phages, absence of citrate,

in LB). It should be further accelerated if the intensity of

phage predation increases (under MMC). As expected, all

strains progressively lost their capsule albeit at different

rates (Fig. 6a). To allow comparisons between treatments

and strains, we calculated the area under the curve during

the first five days, where most of the capsule loss took place

(Fig. 6b). Strain BJ1 lacks prophages and shows no sig-

nificant differences between the treatments. Strain #54 lost

its capsule faster when prophages were induced (MMC) and

citrate relieved this effect in accordance with the hypothesis

that the speed of capsule loss depends on the efficiency of

phage infection (MM+citrate). Similarly, in the treatment

with citrate the capsule is lost at a slower rate than in the LB

treatment. In the latter, the few events of spontaneous

prophage induction generate a basal level of predation that

is sufficient to increase the rate of loss of the capsule (albeit

not to the levels of the MMC treatment). Note that the

A

 #51

Overlay #37

Cap+ Cap -Cap+ Cap -

Overlay #26
B

#25

#48

#54

#59

#25

#48

#54

#59

Overlay #58

Cap+ Cap -

C

D

Cap+ Cap -

Overlay #57

#25

#48

#54

#25

#48

#54

#48

Fig. 5 The capsule is required for phage infection. Lawns of dif-

ferent strains, wild type (Cap+) and capsule null mutant (Cap-) in

contact with PEG-precipitated supernatant of other strains. Isogenic

capsule mutants of strains #26 and #37 were constructed by an in-

frame deletion of wza gene, and a wcaJ deletion for strains #57 and

#58 (see Methods).
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combination of citrate and MMC did not significantly affect

bacterial growth, and thus the effect we observe seems to be

caused by phage predation (Figs. S6 and S10). Finally,

strain #36 showed no significant difference between the

experiments with MMC and LB. This suggests that the

amount of phages in the environment does not affect the

rate of capsule loss in this strain, consistent with it being

insensitive to its own phage. Intriguingly, adding citrate

lowered the rate of capsule loss in this strain, a result that

suggests that even if phage infection is inefficient, there

may be small deleterious impacts due to the presence of

phages. Taken together, these results show that effective

predation by induced prophages selects for the loss of the

capsule in the lysogen.

Discussion

We provide here a first comprehensive analysis of the dis-

tribution of prophages in the Klebsiella genus, their genetic

composition and their potential to excise, infect and lyso-

genize other strains. The number of prophages varies sig-

nificantly across the species of the genus, but most genomes of

Klebsiella encode for a phage or its remnants. K. pneumoniae

is one of the species with more prophages among widely

sequenced bacteria, suggesting that temperate phages are

particularly important for its biology. This rapid turnover of

prophages, already observed in other species, may contribute

to the phenotypic differences between strains. Since many of

these prophages seem to retain the ability to excise, form

viable virions, and lysogenize other bacteria, they could spur

adaptation when transferring adaptive traits (including anti-

biotic resistance in clinical settings). Further work will be

needed to assess the phenotypic consequences of lysogeny

and the frequency of transduction, but these results already

show that the contribution of prophages to Klebsiella genomes

is significant.

Phage–bacteria interactions shape a myriad of biological

processes. Several recent studies have detailed infection

networks to understand the ecological traits and the mole-

cular mechanisms shaping them [64–66]. These analyses

use isolated phages from laboratory stocks, or phages

recovered from coevolution experiments [64]. In addition,

these studies tend to focus on virulent phages rather than

temperate, either because they envision some sort of phage

therapy or because virulent phages give simpler phenotypes.

Several recent computational studies have described the

different phage families and the beneficial traits they may

impart to their hosts, such as virulence factors

[16, 65, 67, 68]. A few have explored the natural diversity

of temperate phages of a species and experimentally

assessed their ability to cross-infect other strains [65]. Here,

we sought to generate a network of temperate phage-

mediated bacterial interactions in naturally infected

Fig. 6 Loss of capsule in three

Klebsiella strains. a Ratio of

capsulated clones throughout the

ten days before daily passages of

each culture. Shades of green

represent the different

environments in which evolution

took place. MMC stands for

mitomycin C. Full lines

represent the average of the

independent populations of the

same strain and environment

(shades of green). Dashed lines

represent each of the

independent populations. b Area

under the curve during the first

five days of the experiment.
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Klebsiella spp, including competitive killing through phage

induction and also the transfer of prophages between

strains. These results are especially pertinent for K. pneu-

moniae in clinical settings because many antibiotics sti-

mulate prophage induction [17, 69, 70] and facilitate phage

infection [71, 72]. Also, phages in the mammalian gut, the

most frequent habitat of K. pneumoniae, tend to be tem-

perate and result from in situ prophage induction [65, 73].

We studied a large cohort of strains from the K. pneu-

moniae species complex, representing considerable diversity

in terms of the number and types of prophages present in

lysogenic strains. However, the extrapolation of some of the

results presented here to the Klebsiella genus as a whole must

be done with care. Further work, and a larger picture, will be

possible once genomes from other clades of the genus are

available. Moreover, since it would be unfeasible to generate

mutants for all the strains, or perform evolution experiments

with the entire cohort, some experimental assays performed

here were limited to a reduced number of strains and envir-

onments. It is thus possible that some observations may not

be consistently obtained with other genetic backgrounds, or

ecological contexts (e.g., spatially structured environments).

Nevertheless, our work considers a total of 1225

lysate–bacteria interactions, which already allows the char-

acterization of a wide range of possible outcomes.

Our experimental setup was specifically designed to

address the natural variation in the ability of lysates to infect

other strains. In order to capture this variation, the network of

infections was performed thrice with three independently

generated lysates, which led to stochastic variation in the

infection outcomes. This has been rarely characterized before

for poly-lysogens. One possible explanation for the observed

stochasticity in the outcomes of infections could be that the

resident phages are unfit due to the accumulation of dele-

terious mutations during lysogeny. This could affect, for

instance, the number of produced virions, and thus the

infection efficiency. Alternatively, there could be a note-

worthy degree of natural variation in the frequencies of each

induced phage across the independently generated lysates.

This means that the underrepresentation of certain phages

could lead to unsuccessful infections. Having multiple pro-

phages is expected to be costly (in terms of gene expression

and cell death by induction), but extends the range of com-

petitors that can be affected by prophage induction. Finally,

infections of target bacteria with lysates from bacteria with

the same CLT seem both more reproducible and effective,

compared with those lysates produced from bacteria with

different CLT (Fig. S7), suggesting that stochasticity in

infections can also be a consequence of capsule–phage

interactions, e.g., if the former is unevenly distributed

throughout the cell envelope [74] or if there is stochasticity in

its expression [75, 76]. Future experiments tackling diverse

ecological scenarios (e.g., cocultures between three or more

strains) will help understanding the causes and consequences

of multiple infections producing poly-lysogens for competi-

tive and evolutionary interactions between strains.

Overall, we found that 60% of the strains could produce at

least one lysate that led to phage infection of at least one

other strain. The number of strains able to produce phages is

comparable with what is observed in other species like

Pseudomonas aeruginosa (66%) [77] and Salmonella

enterica (68%) [78]. However, we only observed 6% of all

the possible cross-infections. This is much less than in P.

aeruginosa, where a set of different lysogenic strains derived

from PA14 was infected by ca 50% of the lysates tested [77].

Similarly, in S. enterica, ~35% of cross-infections were

effective [78]. This suggests that the likelihood that a

prophage from one strain is able to infect another Klebsiella

strain is relatively small. Hence, when two different

Klebsiella strains meet, they will be very often immune to the

prophages of the other strains. This implicates that prophages

would be less efficient in increasing the competitive ability of

a Klebsiella strain than in other species. Finally, this also

implies that phage-mediated HGT in Klebsiella may not be

very efficient in spreading traits across the species, which

means that, in some situations, the capsule could slow down

evolution by phage-mediated horizontal gene transfer.

Interestingly, 5 out of 35 strains can be infected by their

own induced prophages. It is commonly assumed that

lysogens are always resistant to reinfection by the same

phage [79], but the opposite is not unheard of. It has been

previously reported that E. coli strains could be reinfected

by the same phage twice, both by phage lambda [80] and by

phage P1 [81]. At this time, we can only offer some spec-

ulations for this lack of superinfection immunity. For

example, it has been estimated that there are only ten free

dimmers of Lambda’s cI repressor in a typical cell [82]. The

infection of several phages at the same time may titer this

limited amount of repressor, such that some incoming

phages are able to induce resident prophages to enter a lytic

cycle. This could be amplified when prophages accumulate

deleterious mutations in the repressor or in the binding sites

of the repressor [83–85], further decreasing its ability to

silence the prophage or the incoming phage. This could also

explain why we observe frequent prophage spontaneous

induction (strain #54, Fig. S6C).

The small number of cross-infectivity events could not

be attributed to bacterial defense systems (R-M or CRISPR-

Cas) or LPS serotypes. The similarity between prophages or

their repressor proteins, potentially facilitating super-

infection immunity [77], also failed to explain the observed

infection patterns. Instead, the relatively few cases of phage

infection in the matrices are grouped in modules that seem

determined by the capsule composition, since there is a vast

overrepresentation of infections between bacteria of

the same CLT. This seems independent of their genetic
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relatedness, since we observed infections between strains

with the same CLT that are phylogenetically distant. This

CLT specificity is consistent with a recent study that

focuses on a carbapenemase-producing K. pneumoniae

CG258, in which very few phages could lyse bacteria with

different CLT [86]. The CLT specificity of phage-encoded

depolymerases [40–42, 44, 47, 48, 87, 88] could explain

these results. Yet, in our set, few of such enzymes were

detected, they exhibited very low identity to known depo-

lymerases, and did not seem to correlate with the CLT. At

this stage, it is difficult to know if depolymerases are rare in

temperate phages or if they are just too different from

known depolymerases, since these were mostly identified

from virulent phages. If depolymerases are indeed rare

in temperate phages, this raises the important question

of the alternative mechanisms that underlie their capsule

specificity.

Most of the literature on other species concurs that the

capsule is a barrier to phages by limiting their adsorption

and access to cell receptors [37–39]. In contrast, our results

show that the capsule is often required for infection by

Klebsiella induced prophages. This is in agreement with a

recent study where inactivation of wcaJ, a gene essential for

capsule synthesis, rendered the strain resistant to phage

infection by a virulent phage [60]. Specific interactions

between the phage and the capsule could be caused by the

latter stabilizing viral adsorption or allowing more time for

efficient DNA injection [49]. This may have resulted in

phages selecting for the ability to recognize a given capsule

serotype. The specificity of the interactions between tem-

perate phages and bacteria, caused by capsule composition,

has outstanding implications for the ecology of these phages

because it severely limits their host range. Indeed, we report

very few cases (ca. 3%) of phages infecting strains with

different CLTs, and this could be an overestimation if we

discard strain #63 because of its potential bacteriocin

activity. The consequence of this evolutionary process is

that phage pressure results in selection for the loss of cap-

sule because non-capsulated bacteria are resistant to phage

infection. Our experimental evolution captures the first steps

of this coevolution dynamic, suggesting that phage preda-

tion selects very strongly for capsule loss in the infected

strains. Since capsules are prevalent in Klebsiella, this

suggests that it may be reacquired later on.

Our results might also provide insights regarding the

possible use of phages to fight the increasing challenge of

antibiotic resistance in Klebsiella infections. Although more

work is needed to understand how to best use virulent

phages to control Klebsiella infections, our results already

hint that phage therapy may, at least in a first step, lead to

capsule loss. While such treatments may be ineffective

in fully clearing Klebsiella infections (due to the large

diversity of existing serotypes), they can select for

non-capsulated mutants. The latter are expected to be less

virulent [89], because the capsule is a major virulence factor

in K. pneumoniae. The increase in frequency of non-

capsulated mutants may also increase the efficiency of tra-

ditional antimicrobial therapies, as the capsule is known to

increase tolerance to chemical aggressions, including anti-

biotics and cationic antimicrobial peptides produced by the

host [89].

Materials and methods

Strains and growth conditions

We used 35 Klebsiella strains that were selected based on

MLST data, and representative of the phylogenetic and

clonal diversity of the K. pneumoniae species complex [24].

Strains were grown in LB at 37° and under shaking con-

ditions (250 rpm).

Genomes

254 genomes of Klebsiella species (of which 197 of K.

pneumoniae) and one Cedecea sp (outgroup) were analysed

in this study. This included all complete genomes belonging

to Klebsiella species from NCBI, downloaded February

2018, and 29 of our own collection [24]. We corrected

erroneous NCBI species annotations using Kleborate typing

[28]. 253 genomes were correctly assigned to its species,

with a “strong” level of confidence, as annotated by Kap-

tive. Only two genomes were classified with a “weak” level

of confidence by the software. All information about these

genomes is presented in Dataset S1.

Identification of prophages

To identify prophages, we used a freely available computa-

tional tool, PHASTER [50], and analysed the genomes on

September 2018. The completeness or potential viability of

identified prophages are identified by PHASTER as “intact”,

“questionable” or “incomplete” prophages. All results pre-

sented here were performed on the “intact” prophages, unless

stated otherwise. Results for all prophages (“questionable”,

“incomplete”) are presented in the supplemental material.

Primers used for phage detection and recircularization are

presented in Table S5.

Prophage characterization

(i) Prophage delimitation. Prophages are delimited by the

attL and attR recombination sites used for phage recircu-

larization and theta replication. In some instances, these

sites were predicted by PHASTER. When none were found,
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we manually searched for them either by looking for similar

att sites in related prophages or by searching for interrupted

core bacterial genes. (ii) Functional annotation was per-

formed by combining multiple tools: prokka v1.14.0 [90],

pVOG profiles [91] searched for using HMMER v3.2.1

[92], the PHASTER Prophage/Virus DB (version Aug 14,

2019), BLAST 2.9.0+ [93], and the ISFinder webtool [94].

For each protein and annotation tool, all significant matches

(e-value < 10−5) were kept and categorized in dictionaries.

If a protein was annotated as “tail” in the description of a

matching pVOG profile or PHASTER DB protein, the gene

was categorized as tail. Results were manually curated for

discrepancies and ties. For proteins matching more than one

pVOG profile, we attributed the Viral Quotient (VQ)

associated to the best hit (lowest e-value). The VQ is a

measure of how frequent a gene family is present in phages,

and ranges from zero to one with higher values meaning

that the family is mostly found in viruses. (iii) Repressor

identification. Repressors in the prophages were detected

using specific HMM protein profiles for the repressor,

available in the pVOG database [91]. We selected those

with a VQ higher than 0.8. These profiles were matched to

the Klebsiella intact prophage sequences using HMMER

v3.1b2, and we discarded the resulting matches whose best

domain had an e-value of more than 0.0001 or a coverage of

less than 60%. We further selected those with at least one of

the following terms in the descriptions of all the proteins

that compose the HMM: immunity, superinfection, repres-

sor, exclusion. This resulted in a set of 28 profiles

(Table S6). The similarity between repressors was inferred

from their alignments (assessed with the align.globalxx

function in from the pairwise2 module in biopython, v1.74),

by dividing the number of positions matched by the size of

the smallest sequence (for each pair of sequences).

Core genome

(i) Klebsiella spp. (N= 255) (Figs. 1a and S1). The core

genome was inferred as described in [95]. Briefly, we iden-

tified a preliminary list of orthologs between pairs of genomes

as the list of reciprocal best hits using end-gap free global

alignment, between the proteome of a pivot and each of the

other strains proteome. Hits with less than 80% similarity in

amino acid sequences or more than 20% difference in protein

length were discarded. (ii) Laboratory collection of Klebsiella

genomes (N= 35) (Fig. 4). The pangenome was built by

clustering all protein sequences with Mmseqs2 (v1-c7a89)

[96] with the following arguments: -cluster-mode 1 (con-

nected components algorithm), -c 0.8 –cov-mode 0 (default,

coverage of query and target >80%) and –min-seq-id 0.8

(minimum identity between sequences of 80%). The core

genome was taken from the pangenome by retrieving families

that were present in all genomes in single copy.

Phylogenetic trees

To compute both phylogenetic trees, we used a concatenate of

the multiple alignments of the core genes aligned with

MAFFT v7.305b (using default settings). The tree was com-

puted with IQ-Tree v1.4.2 under the GTR model and a gamma

correction (GAMMA). We performed 1000 ultrafast bootstrap

experiments (options –bb 1000 and –wbtl) on the concatenated

alignments to assess the robustness of the tree topology. The

vast majority of nodes were supported with bootstrap values

higher than 90% (Fig. S1). The Klebsiella spp. (N= 255) tree

had 1,106,022 sites, of which 263,225 parsimony-informative.

The phylogenetic tree of the laboratory collection strains (N=

35) was built using 2,800,176 sites, of which 286,156 were

parsimony-informative.

Capsule serotyping

We used Kaptive, integrated in Kleborate, with default

options [28]. Serotypes were assigned with overall high

confidence levels by the software (see Dataset S1): 13 were

a perfect match to the sequence of reference, 144 had very

high confidence, 33 high, 35 good, 11 low, and 19 none.

From the strains used in the experiments, two were a perfect

match to reference strains, 20 had very high confidence, 3

were high, 7 good and 3 for which the assignment had low

confidence.

Bacteriocin detection

We checked for the presence of bacteriocins and other bac-

terial toxins using BAGEL4 [97]. The results are reported in

Table S1.

Depolymerase detection

We checked for the presence of 14 different HMM profiles

associated with bacteriophage-encoded depolymerases

from multiple bacterial species [98], Table S2). The pro-

files were matched against the complete set of prophage

proteins using HMMER v3.1b2, filtering by the e-value of

the best domain (maximum 10−3) and the coverage of the

profile (minimum 30%). Five additional sequences of

depolymerases, validated experimentally in lytic phages of

Klebsiella (see references in Table S1), were also matched

against our dataset using blastp (version 2.7.1+, default

parameters, and filtering by the e-value (maximum 10−5),

identity (40%), and coverage (40%).

Identification of CRISPR arrays and R-M systems

(i) CRISPR-Cas arrays. We used CRISPRCasFinder [99]

(v4.2.18, default parameters) to identify the CRISPR arrays
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in all Klebsiella genomes used in this study. We excluded

arrays with less than three spacers. We then matched each

spacer sequence in each array with the complete prophage

nucleotide sequences (blastn version 2.7.1+, with the -task

blastn-short option). Only matches with a spacer coverage

of at least 90%, a maximum e-value of 10−5 and a minimum

nucleotide identity of 90% were retained. The resulting

matches indicate prophages that are targeted by these

spacers, and the full set of these results are presented in

Dataset S1. (ii) R-M systems were identified using the

highly specific and publicly available HMM profiles in

https://gitlab.pasteur.fr/erocha/RMS_scripts. If a single

protein matched multiple systems, the best hit for each

protein-R-M pair was selected. To assess the likelihood that

a strain can defend itself against infection by prophages

induced from another strain using R-M systems, we cal-

culated the similarity between these proteins (all versus all)

using BLAST (blastp version 2.7.1+, filtering by identity

>50%, e-value < 0.0001). We then considered that two R-M

associated proteins can target similar recognition sites if

their identity is either at above 50% (for Type II and IV

REases), 55% (for Type IIG), 60% (for Type II MTases)),

or 80% (for Type I and III MTases and Type I and III

REases), according to [100]. We inferred the recognition

sites targeted by these systems using REBASE (http://reba

se.neb.com/rebase/rebase.html, default parameters). We

selected the recognition site associated to the protein with

the best score, and further chose those whose identity

obeyed the thresholds enumerated above (for each type of

RMS). The nucleotide motifs associated with these recog-

nition sites were searched for in the intact prophage gen-

omes from the 35 bacterial strains using the Fuzznuc

program from the EMBOSS suite (version 6.6.0), with the

default parameters, using the option to search the com-

plementary strand when the motif was not a palindrome.

Finally, for each pair of bacterial strains A–B (where strain

A produces the lysate and strain B is used as a bacterial

lawn), we looked for prophages in strain A whose genomes

contain recognition sites targeted by R-M systems present in

strain B and absent from strain A. If a recognition site was

found in any prophage from strain A, we consider that

prophage to be putatively targeted by (at least) one R-M

defense system of strain B. Because some R-M systems

require two (similar) recognition sites in order to effectively

target incoming DNA [101], we also did a separate analysis

where we require that each motif is found twice in each

individual prophage genome. This analysis resulted in

similar qualitative results.

Prophage experiments

(i) Growth curves: 200 µL of diluted overnight cultures

of Klebsiella spp. (1:100 in fresh LB) were distributed in a

96-well plate. Cultures were allowed to reach OD600= 0.2

and either MMC to 0, 1, or 3 µg/mL or PEG-precipitated

induced and filtered supernatants at different PFU/ml was

added. Growth was then monitored until late stationary

phase. (ii) PEG-precipitation of virions. Overnight cultures

were diluted 1:500 in fresh LB and allowed to grow until

OD600= 0.2. MMC was added to final 5 µg/mL. In parallel,

non-induced cultures were grown. After 4 h at 37 °C, cul-

tures were centrifuged at 4000 rpm and the supernatant was

filtered through 0.22 um. Filtered supernatants were mixed

with chilled PEG-NaCl 5X (PEG 8000 20% and 2.5 M of

NaCl) and mixed through inversion. Virions were allowed

to precipitate for 15 min and pelleted by centrifugation

10 min at 13,000 rpm at 4 °C. The pellets were dissolved in

TBS (Tris Buffer Saline, 50 mM Tris-HCl, pH 7.5, 150 mM

NaCl). (iii) All-against-all infection. Overnight cultures of

all strains were diluted 1:100 and allowed to grow until

OD600= 0.8. 1 mL of bacterial cultures were mixed with

12 mL of top agar (0.7% agar), and 3 mL of the mixture was

poured onto a prewarmed LB plate and allowed to dry. Ten

microliters of freshly prepared and PEG-precipitated lysates

were spotted on the top agar and allowed to grow for 4 h at

37° prior to assessing clearance of bacterial cultures. This

was repeated in three independent temporal blocks. (iv)

Calculating plaque forming units (PFU). Overnight cultures

of sensitive strains were diluted 1:100 and allowed to grow

until OD600= 0.8. 250 µL of bacterial cultures were mixed

with 3 mL of top agar (0.7% agar) and poured intro pre-

warmed LB plates. Plates were allowed to dry before

spotting serial dilutions of induced and non-induced PEG-

precipitate virions. Plates were left overnight at room tem-

perature and phage plaques were counted.

Evolution experiment

Three independent clones of each strain (#54, #26, and #36)

were used to initiate each evolving of the three evolving

populations in four different environments: (i) LB, (ii) LB

supplemented with 0.2% citrate, (iii) LB with mytomycin C

(MMC, 0.1 µg/mL), and (iv) LB with MMC (0.1 µg/mL)

and supplemented with 0.2% citrate. Populations were

allowed to grow for 24 h at 37°. Each day, populations were

diluted 1:100 and plated on LB to count for capsulated and

non-capsulated phenotypes. This experiment was performed

in two different temporal blocks and its results combined.

wGRR calculations and network building

We searched for sequence similarity between all proteins of

all phages using mmseqs2 [96] with the sensitivity para-

meter set at 7.5. The results were converted to the blast

format for analysis and were filtered with the following

parameters: e-value lower than 0.0001, at least 35% identity
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between amino acids, and a coverage of at least 50% of the

proteins. The filtered hits were used to compute the set of

bi-directional best hits between each phage pair. This was

then used to compute a score of gene repertoire relatedness

for each pair of phage genomes, weighted by sequence

identity, computed as following:

wGRR ¼

Pp
i id Ai;Bið Þ

min #A;#Bð Þ
;

where Ai and Bi is the pair i of homologous proteins present

in A and B (containing respectively #A and #B proteins and

p homologs), id(Ai,Bi) is the percent sequence identity of

their alignment, and min(#A,#B) is the total number of

proteins of the smallest prophage, the one encoding the

smallest number of proteins (A or B). wGRR varies between

zero and one. It amounts to zero if there are no orthologs

between the elements, and one if all genes of the smaller

phage have an ortholog 100% identical in the other phage.

Hence, the wGRR accounts for both frequency of homology

and degree of similarity among homologs. For instance,

three homologous genes with 100% identity between two

phages, where the one with the smallest genome is 100

proteins long, would result in a wGRR of 0.03. The same

wGRR value would be obtained with six homologous genes

with 50% identity. The phage network was built with these

wGRR values, using the networkx and graphviz Phyton

(v2.7) packages, and the neato algorithm.

Generation of capsule mutant

Isogenic capsule mutants were generated by an in-frame

knock-out deletion of gene wza (strain #26, #24, #56, #37) or

gene wcaJ (strain #57 and #58) by allelic exchange.

Upstream and downstream sequences of the wza or wcaJ

gene (>500 pb) were amplified using Phusion Master Mix

then joined by overlap PCR. All primers used are listed in

Table S5. The PCR product was purified using the QIAquick

Gel Extraction Kit after electrophoresis in agarose gel 1%

and then cloned with the Zero Blunt® TOPO® PCR Cloning

Kit (Invitrogen) into competent E. coli DH5α strain. KmR

colonies were isolated and checked by PCR. A positive Zero

Blunt® TOPO® plasmid was extracted using the QIAprep

Spin Miniprep Kit, digested for 2 h at 37 °C with ApaI and

SpeI restriction enzymes and ligated with T4 DNA ligase

overnight to digested pKNG101 plasmid. The ligation was

transformed into competent E. coli DH5α pir strain, and

again into E. coliMFD λ−pir strain [102], which was used as

a donor strain for conjugation into Klebsiella spp. Conjuga-

tions were performed for 24 h at 37°. Single cross-over

mutants (transconjugants) were selected on Streptomycin

plates (200 µg/mL). Plasmid excision was performed after a

48 h culture incubated at 25 °C and double cross-over

mutants were selected on LB without salt plus 5% sucrose

at the room temperature. To confirm the loss of the plasmid,

colonies were tested for their sensitivity to streptomycin and

mutants were confirmed by PCR across the deleted region

and further verified by Illumina sequencing.

Data availability

Raw data are available in Dryad: https://doi.org/10.5061/

dryad.qfttdz0f3.
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Horizontal gene transfer (HGT) drives microbial adaptation but is often

under the control of mobile genetic elements (MGEs) whose interests are

not necessarily aligned with those of their hosts. In general, transfer is

costly to the donor cell while potentially beneficial to the recipients. The

diversity and plasticity of cell-MGEs interactions, and those among MGEs,

results in complex evolutionary processes where the source, or even the

existence of selection for maintaining a function in the genome is often

unclear. For example, MGE-driven HGT depends on cell envelope structures

and defense systems, but many of these are transferred by MGEs themselves.

MGEs can spur periods of intense gene transfer by increasing their own rates

of horizontal transmission upon communicating, eavesdropping, or sensing

the environment and the host physiology. This may result on high-frequency

transfer of host genes unrelated with the MGE. Here, we review how MGEs

drive HGT and how their transfer mechanisms, selective pressures, and

genomic traits affect gene flow, and therefore adaptation, in microbial popu-

lations. The encoding of many adaptive niche-defining microbial traits in

MGEs means that intragenomic conflicts and alliances between cells and

their MGEs are key to microbial functional diversification.

This article is part of a discussion meeting issue ‘Genomic population

structures of microbial pathogens’.

1. Introduction
The gene repertoires of microbial species change very fast and their pangenomes

are often orders of magnitude larger than the average genome [1,2]. Most such

genes are acquired by horizontal gene transfer (HGT) driven by mobile genetic

elements (MGEs). Yet, MGEs are autonomous genetic agents that may proliferate

even when they have a negative impact on host fitness. Gene flow is thus a rich

provider of novel functions to microbial genomes but is largely out of the control

of the recipient cells. On the one hand, this means that microbial adaptation

depends heavily on the trade-off between gaining advantageous functions by

MGE-driven HGT and the costs associated with these elements. On the other

hand, as genomes contain many MGEs and these often interact antagonistically,

gene flow is shaped by a complex interplay between the host and its many

MGEs, as well as between the MGEs themselves. These interactions depend on

the characteristics of the MGEs and on the host genetic background, notably its

ability to control infections of deleteriousMGEs and to integrate the novel genetic

information. Ultimately, many rare genes in microbial populations may be effec-

tively under selection because they are adaptive for the MGEs carrying them.

Whether this affects cell fitness, and in which sense, it is most often unclear.
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Here, we review howMGEs drive, but also constrain microbial

evolution by HGT. While our text focuses on bacteria, where

mechanisms are better known and examples more abundant,

it is often also applicable to the interactions between Archaea

and their MGEs. We start by a short summary of the mechan-

isms of transfer of MGEs, highlighting recent findings on

their interactions.

2. Genomes as playgrounds of mobile genetic
elements

MGEs drive transfer between bacteria either by transferring

themselves between cells or by mediating the transfer of chro-

mosomal DNA (figure 1). Some mechanisms of HGT do not

depend on MGEs [3], most notably natural transformation

[4], but their relevance across bacteria in the acquisition of

novel genes remains to be understood (e.g. [5]). In this

review, we focus on the role of MGEs as drivers of HGT and

will not expand on these other processes. MGEs can be classi-

fied in terms of their mechanisms of autonomous horizontal

(conjugation or viral particles) or vertical transmission (extra-

chromosomal or integrative). There is extensive genetic

diversity within each type of MGE, which can complicate

their identification and characterization. Furthermore, some

MGEs are parasites or competitors of otherMGEs, establishing

complex ecological dynamics within populations.

The most frequent mechanism of conjugation involves a

relaxase that nicks and attaches to a single strand of DNA.

The nucleoprotein filament is then transferred between phys-

ically close cells by a type IV secretion system resulting in the

replication of the element [6]. Conjugation can transfer vast

amounts of DNA, up to entire chromosomes. Conjugative

elements are called plasmids when extrachromosomal, and

integrative conjugative elements (ICEs) when they integrate

the chromosome. Despite a clear distinction made between

these two types of elements in the literature, they encode simi-

lar conjugativemachineries for horizontal transmission and are

present acrossmost bacterial clades [7].Moreover, ICEs capable

of autonomous replication and plasmids integrated in chromo-

somes have been described [8,9], suggesting only a few key

differences, and also potentially frequent interconversions,

between the two types of elements.

The ability of conjugative elements to transfer between cells

can be exploited by mobilizable elements that are present in

the same host. Interactions betweenmobilizable and conjugative

elements have been studiedmore in detail in plasmids. Mobiliz-

able plasmids are typically smaller than conjugative plasmids

and do not encode the conjugative pilus required for auton-

omous HGT. Some encode a relaxase that interacts with pili

encoded by conjugative elements present in the cell. Suchmobi-

lizable plasmids are at least as abundant as conjugative plasmids

and tend to encode similar types of traits [10]. Many other plas-

mids lack even a relaxase and their mechanisms of transfer, as

well as their interactions with other MGEs, are poorly known.

Despite the exploitative interaction between these two types

of MGEs, it is not known whether this systematically imparts a

significant cost for the conjugative plasmid.

The contribution of temperate bacteriophages (phages)

for HGT is complicated by their role as bacterial predators.

Upon cell entry, temperate phages can opt between active repro-

duction and cell lysis (lytic cycle), or lysogeny, where they

replicate synchronously with the host either integrated in the

chromosome or as phage-plasmids. Half of the available bac-

terial genomes are recognizably lysogens [11], and some

prophages encode traits adaptive to the host, like virulence fac-

tors and bacteriocins [12], but can also kill their hosts by

induction of the lytic cycle [13]. The effect of temperate

phages in bacterial fitness may thus depend on physiological

and environmental conditions (see below). Phages can also

transfer bacterial genes by generalized, specialized or lateral

transduction [14,15]. Each mechanism differentially impacts

the scope and efficiency of transfer of bacterial traits.

For example, specialized transduction transfers only a few chro-

mosomal genes in the neighbourhood of the prophage,whereas

generalized transduction transfers genes from across the

chromosome. Lateral transduction occurs when phage replica-

tion starts while the prophage is yet integrated in the

chromosome, and can result in the transfer of extensive neigh-

bouring chromosomal regions [16]. Of note, the amount of

DNA packaged by phages is limited by the virion size, which

in temperate phages tends to accommodate around 50 kb

(with large variations across phages). As a result, a bacterial

chromosome can only be transferred by transduction when

fragmented across multiple virions. But since cells can liberate

many phages, the extent of bacterial DNA transferred by trans-

duction can be huge. A back-of-the-envelope calculation has

estimated that a single lysate of phages that infect Staphylococcus

aureus has the potential to encode up to 20 000 copies of an

entire bacterial chromosome in transduction particles [17].

Despite being parasites of bacteria, phages have their

own parasites. Phage satellites are small mobile elements

(ca 7–18 kb) lacking components of the viral particle for

autonomous transfer. Instead, they encode sophisticated

mechanisms to hijack the particles of ‘helper’ phages to trans-

fer between cells [18]. Three main types of phage satellites

have been described: P4 in Enterobacterales [19], phage-indu-

cible chromosomal islands in Enterobacterales and Firmicutes

[20], and phage-inducible chromosomal island like-elements

(PLEs) in Vibrio spp. [21]. Many other types of satellites

may be still uncovered, and the ones that are known seem

very abundant and diverse. For example, almost half of

E. coli genomes have between one and three P4-like satellites

[19]. Phage satellites can impact their bacterial hosts at different

levels: by transducing chromosomal DNA [15], by encoding

virulence factors [22], or by encoding anti-MGE defense sys-

tems [23]. Satellites are costly to phages because they hijack

their particles, thereby decreasing phage burst size. However,

there is significant variation in this cost, depending on the sat-

ellite-helper pair. Some PLEs completely abolish phage

reproduction [24], whereas P4 has, under certain conditions,

a much lower impact on phage reproductive fitness [25].

As satellites are mobilized by phages and mobilizable plas-

mids by conjugative elements, there are otherMGEs that can be

mobilized by these parasites of parasites [26,27]. This makes

them parasites of parasites of parasites of bacteria (which may

themselves be parasites of Eukaryotes). While the full scope

of ecological interactions between all these MGEs is not very

well known, it is clearly a multi-layered complex network that

opens paths for both conflicts and alliances in the cell. As an

example of such complex interactions, prophages interact not

only with other prophages and satellites, e.g. by repressing or

actively targeting them [28] (figure 2a), but also with other

MGEs, particularly with conjugative or mobilizable elements,

which can encode anti-phage defenses [29] or be mobilized

by phages [30]. Further, and despite their potential costs for
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bacterial reproduction, there are also synergies between MGEs

and host cells: phage satellites encode defense systems against

phages that they cannot parasitize, which favors the other

MGEs in the genome, including prophages, and the host cell

[23]. Finally, MGEs can exchange genetic material between

them, and with their host, through transposable elements [31]

or different recombination mechanisms [32]. For example, a

chromosomal gene conferring resistance to carbapenem anti-

biotics in Pseudomonas aeruginosa originated from a

conjugative plasmid, with the transfer fromplasmid to bacterial

chromosome likely being mediated by transposases [33].

The abundance and diversity of MGEs, and the myriad of

their possible interactions, set up a scenario where bacteria

are a playground for MGEs and their genomes are shaped

by the associated eco-evolutionary wargames. The following

sections of this review will thus address the different ways in

which these interactions affect the networks of gene transfer

that shape microbial evolution.

3. Interplay between ecology and mobile genetic
elements shapes horizontal gene transfer

The transfer of an MGE requires that either cells meet for con-

jugation, or that viral particles diffuse far enough to find

susceptible hosts. Therefore, the size and the diversity of the

gene pool for a species depends on the composition of

microbial communities. Metagenomics data have shown that

transfers occur more frequently between isolates from similar

environments [34,35]. Similar conclusions were obtained by

searching for highly similar genes across different genomes

[36,37]. These results have spurred proposals that the dynamic

interplay among hosts, MGEs and environments shapes net-

works of genetic exchanges within communities [38].

Accordingly, the lineages that are most prevalent across differ-

ent habitats within Listeria spp. have higher rates of HGT [39].

The frequency of genetic exchanges mediated by MGEs is

expected to depend on the density of cell hosts in the commu-

nity, whichmay explainwhy the densely populated human gut

is a hotspot of genetic exchanges [34,40]. It also depends on the

physical distances that can be covered by MGEs outside of the

cell. These distances are extremely small for conjugative

elements because they require direct cell–cell contact for trans-

fer. Phages can survive for long periods of time in the

environment [41], which allows their dispersion across large

geographical distances, e.g. in aquatic environments. Hence,

phage-driven HGT is more likely to result in direct transfers

across segregated microbial communities than conjugation.

Structured environments, like biofilms, are thought to be

the most frequent types of microbial environments in the

conjugation
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Figure 1. Major mechanisms of HGT driven by MGEs. CONJ, conjugative element; MOB, element mobilizable by conjugation. T4SS, type IV secretion system;
ICE, Integrative conjugative element; IME, integrative mobilizable element.
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planet [42]. The structure of the environment is important

because it shapes the physiological response of individual

cells, the networks of interactions between microbes, and

the transmission dynamics of their MGEs [43]. Conjugative

systems mate more efficiently in solid surfaces [44,45] and

conjugation can thus take place at very high rates in the

outer layers of biofilms [46,47]. Plasmids that lack adaptive

genes and are only maintained through high transfer fre-

quencies are thus more likely to persist in biofilms [48].

Interestingly, conjugation itself spurs the formation of bio-

films [49], thus driving conditions that effectively favour

the transfer of conjugative elements. In contrast, limited diffu-

sion of phage particles hinders phage amplification in

structured environments, thereby decreasing the generation

of phage genetic diversity and making phage-host antagon-

istic coevolution less predictable [50–52]. Habitat structure

and composition are therefore key determinants of the rate

and type of MGE-driven HGT.

4. Mobile genetic element manipulation of the
timing of gene transfer

Several mechanisms increase the rates of genetic exchanges

under conditions of maladaptation, i.e. when the acquisition

of novel functions is more likely to have a positive impact on

fitness. Expression of competence for natural transformation

is usually under the control of conserved regulatory circuits

of the recipient cell, even if several plasmids have been

described to repress transformation [53,54]. In most other

cases, the decision for transfer is under the control of

MGEs, not of the host or recipient cells. In theory, investment

in horizontal and vertical transmission are equally important

for the success of the MGE at the evolutionary time scale [55].

Hence, very costly MGEs are expected to have lower rates of

vertical transmission but can still prosper if their rates of

HGT are high. The investment on the different types of trans-

mission may vary. When the host viability is in risk, the

investment in horizontal transmission is much more reward-

ing that the investment in vertical transmission. This results

in an intense exodus of MGEs from the cell to increase their

chances of survival, corresponding to a shift in investment

from vertical to horizontal transmission in search for better

hosts. The consequence for microbial populations is an

increase in the rates of HGT.

MGEs can sense cues that indicate the cell is no longer a

promising host for vertical transmission, and thus shift its

investment from vertical towards horizontal transmission.

For example, certain DNA lesions lead to the activation of

the SOS response which favours the induction of prophages

[56,57] and conjugative elements [58]. Because of their effect

on cell physiology, including induction of SOS in some bac-

teria, antibiotics can spur the transfer of phages [59] and

conjugative plasmids [60]. Inflammatory responses in the

gut also increase conjugative transfer and prophage induc-

tion, fostering the spread of functions such as those

associated with virulence and antibiotic resistance [61,62].

These processes are under the control of the MGE and can

be costly, and sometimes lethal, to the donor cells. Occasion-

ally, they result in the acquisition of adaptive genes by a

recipient cell.

The timing and source of gene flow in populations may

also be conditioned by social processes. Quorum-sensing

allows bacteria to assess the abundance of closely related

cells in a population. Similarly, MGEs have evolved to

sense bacterial quorum-sensing signals to eavesdrop on

bacterial communication and decide when to invest in hori-

zontal transmission [63]. MGEs also encode their own

quorum-sensing systems that further informs them on the

presence of similar elements in neighbouring bacteria. Conju-

gative plasmids use it to transfer between cells when the

environment is crowded with closely related bacteria that

lack the plasmid [64,65] (figure 2b). Temperate phages use

it to favour lysogeny when the density of similar phages in

the environment is high [66] and to induce the lytic cycle

when the concentration of susceptible hosts is high [67,68].

superinfection exclusion homologous recombination barrier

quorum-sensing of kin and of MGE

RM compatibility favour HGT

compatible R-M incompatible R-M
plasmid signal
bacterial signal

prophage

HGT opportunity Phage repressorNo HGT

prophage

(a) (c)

(d)

identity %

(b)

Figure 2. Recombination, defense and communication shape HGT. (a) Prophages protect from other phages by many mechanisms, including superinfection exclusion
and repression of gene expression. (b) Plasmids can eavesdrop the quorum-sensing mechanisms of the host cell and use their own to promote their conjugation
when there are many closely related hosts without plasmids in the neighbourhood of the host cell. (c) Homologous recombination (HR) requires high similarity
between the exogenous DNA and the chromosome. (d ) Bacteria with compatible restriction-modification (R-M) systems can exchange DNA at higher rates because
the DNA is marked with the correct epigenetic markers and is not restricted by the recipient cell.

royalsocietypublishing.org/journal/rstb
Phil.

Trans.
R.
Soc.

B
20210234

4190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

ARTICLE IN PRESS

RSTB20210234—30/6/22—22:26–Copy Edited by: Not Mentioned



Although systems of molecular communication have only

recently been uncovered in MGEs, it is possible that several

other strategies of communication underlie their interactions

with other MGEs and with their potential hosts [69].

5. Scope of horizontal gene transfer as the result
of mobile genetic element-host interactions

Since a lot of HGT relies on the ability of MGEs to transfer

horizontally between hosts, their host-range will determine

the rate at which adaptive traits can be transferred across

different species. In general terms, the efficiency of HGT

decreases with the phylogenetic distance between donor

and recipient cells [70]. The magnitude of this effect depends

on the mechanism of transfer of MGEs. Conjugative elements,

which do not require specific cell receptors, often have large

host ranges and can transfer elements across genera or even

phyla [71]. Phage host ranges are usually narrower and can

be limited to a small number of strains having a specific

cell receptor or serotype [72] (see below). The host range of

the many MGEs that exploit other MGEs to transfer across

cells is poorly known. Some mobilizable plasmids might

have a very broad host range because they can hijack conju-

gative systems from different conjugative plasmids [27].

Similarly, the host range of phage satellites depends on

their ability to hijack multiple phages.

Once an MGE has successfully passed the envelope and

the cell defense barriers, it still endures functional constraints

because the molecular mechanisms used by the MGE for

horizontal transmission (e.g. production of viral particles or

conjugative pili) may not work in the novel genetic back-

ground, thereby restricting the MGE effective host range.

For example, conjugative pili are specialized in specific mem-

brane structures and those functioning in cells with an outer

membrane usually do not work in cells lacking it [73]. How

functions related to vertical transmission work (or do not

work) in the novel genetic background of recipient cells

also contributes to explain differences in host range. Site-

specific recombinases allow MGEs to integrate at highly

conserved regions of the chromosome, like tRNA genes,

without inactivating them [74]. These integrases function in

very different genetic backgrounds, facilitating transfer of

MGEs across distantly related taxa with little fitness impact

for the host. The higher sensitivity of plasmid replicases to

the genetic background relative to ICE integrases contributes

to explain why the latter have even broader host ranges than

the former [75]. The broad host range of conjugative elements

and their high genetic plasticity may explain why these

elements are the major vectors of the ongoing large-scale

transfer of antibiotic resistance from soil bacteria to human

pathogens [76].

DNA integrating into the genome by homologous recom-

bination must have high sequence identity with the

chromosome (figure 2c) [77]. This mechanism is important

for allelic exchanges in core genes, which in many species

results in rates of introduction of nucleotide changes higher

than those caused by mutation rates [78]. In bacteria that

are not naturally transformable, these allelic exchanges

require MGE-driven HGT. Yet, core genes are systematically

absent from MGEs. Conjugation or transduction are the

most likely candidates to provide the chromosomal DNA

required for allelic exchanges. Recent studies show that

lateral transduction can drive the transfer of vast amounts

of chromosomal DNA within species [79]. However, we

still lack quantitative measures of the relative importance of

these different processes in shaping patterns of recombination

in natural populations. While recombination might allow the

integration of exogenous DNA it may also favour the deletion

of MGEs from the chromosome [80]. Unfortunately, most of

these recombination processes leave very few, if any, traces

of the vehicle of transfer of the exogenous DNA into the

cell, which is also why the real-world impact of some types

of HGT are still so difficult to quantify (e.g. generalized trans-

duction). As a result, the mechanisms of acquisition of

exogenous DNA allowing allelic exchanges in core genes by

homologous recombination remain largely hypothetical and

based on extrapolation from data of laboratory experiments.

6. Mobile genetic elements-cell envelope
interactions are key to successful transfer

MGE-driven HGT requires an initial interaction between the

recipient cell envelope and the structural component of the

MGE that interfaces with it, be it the tip of the conjugative

pilus or the tail of the phage. Viral particles interact with

cells via phage-encoded receptor-binding proteins (RBPs),

which enable their adsorption and stabilization at the cell sur-

face before DNA is injected into the cell [81]. RBPs are very

specific to their corresponding bacterial receptors and shape

the host-range of the phage and the sensitivity of the bacter-

ium. By contrast, conjugation only requires close contact

between cells and does not seem to rely on a specific receptor

at the cell envelope [82]. These mechanistic differences con-

tribute to explain why phages tend to have narrower host

ranges than conjugative elements.

Structures located at the cell envelope, like the bacterial

capsule, provide additional control over the access of MGEs

to the cell. Capsules are composed of membrane-bound poly-

saccharide chains and constitute the first point of contact of

MGEs with the cell [83]. They can be very large, creating

exclusion zones thicker than the cell diameter, and protect

bacteria from agents like macrophages or antibiotics [84].

They can also protect from phages, because capsules can

hide phage receptors [85]. Capsules were thus thought to

decrease gene flow [86]. However, phages that infect bacteria

that constitutively express their capsule, like Klebsiella

pneumoniae and Acinetobacter baumannii, have evolved to use

the capsule to adsorb to the cell [87]. The RBPs of these

types of phages are endowed with capsule depolymerases,

specific to one or a few capsular serotypes, granting them

access to the outer membrane after adsorption at the capsule

(figure 3a). But this adaptation comes at a cost: such phages

may become dependent on a specific capsule to adsorb

efficiently to the cell envelope, and are unable to infect

non-capsulated cells, or even cells with a different capsular

serotype. This is not a rare occurrence since the temperate

phage infection networks of K. pneumoniae show clear

serotype-specific clusters [88], resulting in more frequent

phage-driven gene flow between strains with similar sero-

types [89] (figure 3b). The requirement for a capsule for

phage adsorption implies that phage pressure may lead to

selection for capsule inactivation, because non-capsulated

bacteria are resistant to these phages [88]. Interestingly,

such non-capsulated cells are not sexually isolated because
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even if phage-driven transfer may be diminished, they are

much more receptive to conjugative elements [89]. Hence,

variations in the capsule composition or expression change

both phage and conjugation-driven gene flow. The conse-

quences of these changes are very different and somewhat

complementary (figure 3c): phage-driven transfer is particu-

larly high between strains of the same serotype and

conjugation is more frequent towards non-capsulated strains.

Manyother components of the cell envelope are involved in

complex interplayswithMGEs and affect their rates of transfer.

The O-antigen of LPS is often targeted by phages, and it dis-

plays high genetic and chemical variability within and across

species [90]. Switching from smooth to rough LPS type is

usually associatedwith phage resistance and altered LPS struc-

tures. Since LPS-related rough phenotypes are also associated

with modified virulence in pathogens [91], phage predation

also impacts the evolution of virulence in these strains. The

dependence of MGE transfer on the physiological traits of

cells means that changes in envelope composition can reshape

networks of gene flow and this will eventually also affect the

HGT of components of the envelope. In conclusion, bacterial

physiology, and the different selective pressures impacting it,

are a strong determinant of both the frequency and type of

MGE-driven HGT.

7. Cell and mobile genetic element defenses and
counter-defenses constrain gene flow

Once the DNA enters the recipient cell cytoplasm, defense

systems can still block its expression. Microbes and their

MGEs have evolved numerous specialized defense and coun-

ter-defense systems that are frequently gained and lost. Their

genetic diversification is caused by the antagonistic coevolu-

tion between microbial cells and MGEs. These defense

systems are currently being uncovered at a fast pace and

have recently been reviewed [92–94]. Interestingly, recent

data suggest that most such ‘cellular’ defense systems are

actually encoded in MGEs and not in conserved sections of

the host chromosome [95]. The available evidence is thus

that MGE-encoded defense systems are protecting their host

cell as a side-effect of their action to protect the MGE from

other MGEs [96]. Antagonistic coevolution between MGEs

could thus be at least as important as that between MGEs

and the host.

Onemight think that there is a trade-off betweenmaintain-

ing many defense systems and allowing the genome to acquire

adaptive genes by HGT. Since defense systems block some

MGEs from certain lineages, they carve preferential pathways

of gene flow in microbial populations. Notably, there is more

HGT and homologous (allelic) recombination between pairs

of strains with compatible restriction modification (R-M) sys-

tems, by far the most abundant specialized defense systems,

than between other strains. This is because MGEs transferred

between strains with compatible R-M systems carry the same

methylation patterns and thus are able escape restriction that

would otherwise exclude their DNA from establishing in the

cell [97] (figure 2d). While defense systems tend to limit the

income of new DNA, in certain circumstances they may even

facilitate HGT [98]. Many defense systems, like viperins or ret-

rons [99,100], target very specific functions andmay not impact

the transfer of most MGEs. Hence, defense systems shape but

do not abolish gene flow in microbial populations. MGEs,

being both targets and producers of defense systems, are

both vectors of and barriers to HGT.

8. Mobile genetic elements turnover
MGEs represent a large fraction of the accessory genome of

many species, but they are rarely maintained in a lineage

for a long period of time [95,101]. These rapid dynamics of

gene gain and loss contribute to the U-shaped distribution

of the frequency of gene families in pangenomes, typically

resulting in a large majority of gene families being either

very frequent (persistent genome) or quite rare (usually

acquired in MGEs) [102]. The high turnover of MGEs

means that closely related strains can have very different

MGE contents. This is the case in E. coli and K. pneumoniae,

where epidemiologically indistinguishable strains (from the

same sequence types) differ in the many different MGEs

they carry [103,104]. A high MGE turnover also means that
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while MGEs are a sizeable part of bacterial genomes (ca

10% in E. coli for phages plus plasmids) they account for

most of its variation in size [103]. This rapid flux of MGEs

explains why relatedness between gene repertoires decreases

very quickly with phylogenetic distance for closely related

genomes (figure 4a).

Many forces drive the rapid turnover of MGEs and their

genes in bacterial genomes [37,106]. Foremost, MGEs can be

very costly and their hosts counter-selected [107]. Induction of

temperate phages kills the host, and evenplasmids and transpo-

sons may involve lower, but not necessarily negligible, costs

[108,109]. The rapid loss of MGEs could thus be interpreted as

the result of their negative contribution to the host fitness.

In this view, the ubiquitous presence of MGEs in microbial

populations could be explained by their selfish spread.

However, extensive data suggest a more nuanced view of

the costs and benefits of HGT driven by MGEs [110]. The

costs of MGEs can decrease rapidly after their acquisition by

a host, as frequently observed in plasmids. The acquisition of

novel plasmids is usually associated with an elevated physio-

logical burden, but purifying selection does not necessarily

lead to plasmid loss or chromosomal integration of beneficial

genes [106], especially when the element carries adaptive

traits under positive selection [111]. In such cases, there is

rapid emergence of compensatory mutations, either in the

chromosome or in the plasmid themselves, that alleviate the

cost of the element [112], e.g. by resolving specific genetic con-

flicts [113]. Amelioration contributes to lower the cost of MGEs

as parasites and increases their stability in microbial lineages.

Many MGEs carry genes that are adaptive under specific

and potentially transient conditions [2]. The linkage between

these adaptive genes and the MGE may provide the ensemble

with positive net fitness advantage to the host for some time.

The MGE would be selectively maintained as long as these

genes provide a sufficient fitness advantage, but could be

quickly lost when its positive impact on fitness ceases.

Many accessory genes in MGEs may be adaptive for only

short periods. For example, antibiotic resistance genes tend

to be costly and are typically lost when individuals are no

longer subject to antibiotics [114]. Genes under negative fre-

quency dependent selection, e.g. toxins encoded by MGEs

associated with inter or intra-specific competition [115], are

also expected to be rapidly replaced. The presence of genes

adaptive only in particular contexts means that the associated

MGEs may endure fluctuating types of selection, i.e. they are

adaptive in certain contexts and parasites in others.

Finally, neutral processes may accelerate the loss of MGEs.

Adaptive genes may escape costly MGEs by translocating into

the chromosome [116], thereby turning an adaptiveMGE into a

costly one that becomes counter-selected even if the host fitness

has not changed. MGEs may also be affected by the pervasive

bias toward deletions in bacteria [117] that may be more pro-

nounced in MGEs because they have many transposable

elements [118] and repeated DNA [119]. Therefore, the high

turnover of MGEs is probably the result of multiple selective

pressures and mutational biases that operate at different

scales: the gene, the MGE and the host genome.

9. Impact of mobile genetic element turnover
on pangenome evolution

The rapid turnover of MGEs implies that high rates of HGT do

not necessarily result in larger microbial genomes. Except for

very small genomes, that sometimes show little or no evidence

of MGEs and HGT, there is extensive variation in the frequency

of accessory genes per microbial genome. This frequency varies

from a few percent to close to 40% [105], with many species

showing values between 10 and 25% (figure 4b). Species with

large genomes tend to have higher effective population sizes

[120], but they do not necessarily have very high rates of HGT

[121], nor of homologous recombination [120]. The fraction of

the genome that corresponds to the accessory genome is also

not correlated with the average species genome size [105].

Hence, the fraction of accessory genes, most of which are

acquiredbyHGT,doesnot seem to result from the same selection

processes that result in larger genomes. Instead, itmay reflect the

rates andcosts of genegainand loss. SincemostHGTseems to be

driven by MGEs, the persistence of novel genes in bacterial

lineages will be dependent on deletion biases, on the fitness

effect of the gene and on its direct genetic environment (the

MGE). If the MGEs have high horizontal transmission rates,

they are also more likely to be costly. Hence, genomes with

high rates of HGT might only have an average amount of
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accessory genes becausemost acquired genes are in costlyMGEs

that are rapidly lost from the genome (or the genome is purged

from populations by purifying selection).

Extreme reductions in genome size have been observed in

endo-mutualists that are sexually isolated, endure population

bottlenecks, and live in constant environments [122]. But similar

processes of genome reduction have been found in free-living

bacteria that are able to exchange DNA, presumably due to

selection for genome streamlining [123]. Surprisingly, bacterial

genomes can shrink despite being under the influence of high

rates of HGT. The phylogroups of E. coliwith the smallest gen-

omes have the highest rates of gene repertoire diversification

and fewer but more diverse MGEs [103]. Many of these small

E. coli genomes are from freshwater isolates, lack antibiotic

resistance genes and virulence factors, and have a large pangen-

ome. They seem to be locally adapted to their nutrient poor

environment. This example illustrates how ecological opportu-

nities can shape the number, the type, and the distribution of

MGEs in a population. In this case, while high gene flow may

have facilitated parallel adaptation to an environment that is

very different from the mammalian gut, selection for streamlin-

ing in such nutrient-poor environments [123] has likely resulted

in genome reduction.

10. Outlook and unsolved mysteries
The identification of the pertinent levels of selection—genes,

MGEs or/and genomes—can be extremely complicated

when populations have many MGEs that are prone to genetic

conflicts. Because a lot of HGT is driven by MGEs, many of

the most recent genes in the genomemay be neutral or deleter-

ious to the host cell, while being selected due to the benefits

they confer to the MGE itself. Still, genes in MGEs can some-

times be adaptive to the host as a by-product of their

selection by the MGE, typically because higher host fitness

increases the fitness of the MGE encoding the trait. This is the

case for many traits in plasmids and phages, like antibiotic

resistance, toxins and defense systems which are adaptive

both to theMGEand to its host.Many such genesmay be adap-

tive under certain situations and not in others. For example,

phage satellites can block phage infections and thus favour

the bacterial host, but may be costly when the specific helper

phages are absent. Likewise, prophages without genes that

are adaptive to the host might still provide resistance to other

similar phages. While the qualitative understanding of these

processes has much progressed, there is a paucity of quantitat-

ive data to understand how much of the HGT is potentially of

adaptive value for the recipient cell.

MGEs can be costly and reproduce selfishly across popu-

lation but may also occasionally provide adaptive genomic

changes by increasing genome evolvability [124].Many studies

revealed the roles of transposable elements in shuttling adap-

tive genes between replicons thereby favouring their transfer

in plasmids or their stabilization in the chromosome [118].

But transposition of these elements also results in frequent

pseudogenization of useful genes. How frequently the gains

in evolvability provided by MGEs compensate the costs of

these elements is poorly known. These indirect selective

effects (i.e. higher order selection), are hard to measure in the

laboratory because they depend on the genetic diversity of

communities and the frequencies and types of ecological chal-

lenges faced by Bacteria and Archaea. Further work will be

needed to disentangle how and when such elements contrib-

ute, or not, to host adaptation. Such studies should account

for the fact that recipient cells have little control over the rates

of HGT and that MGEs have their own evolutionary interests,

meaning that it is difficult to interpret changes in the rates of

HGT in the light of selection for microbial evolvability.

The availability of low-cost sequencing and the current

focus on the worrisome spread of antibiotic resistance genes

by MGEs may provide crucial data to quantify how rates of

HGT depend on the type of MGE and its mechanisms of hori-

zontal transmission. For example, phages encode many

toxins, but few antibiotic resistance genes [125]. The latter

are much more frequent in conjugative elements, especially

in plasmids [75]. The genetic plasticity, range of interactions

and mode of transfer of MGEs might explain why certain

MGEs are preferentially associated with certain traits.

Finally, it is important to stress that many MGEs might still

be unknown and many of the known ones have yet unknown

mechanisms of transfer. For example, over 50% of known plas-

mids do not encode a conjugative apparatus nor a known

relaxase [10]. Theymay be transferred byone ofmanyprocesses:

conjugation using a relaxase from another plasmid [126], gener-

alized transduction [30,127], natural transformation [128] or

vesicles [129]. The current lack of information on the mechan-

isms of transfer of many MGEs raises questions about their

origins, mechanisms of dissemination and impact on microbial

evolution. Rough estimates suggest that most large contiguous

stretches of non-homologous sequences integrated in genomes

by integrases, presumably MGEs, remain to be characterized

[130]. The identification of these elements and their interactions

with hosts and other MGEs will certainly contribute to a better

understanding of gene flow in microbial populations.
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Abstract: Integrons are flexible gene-exchanging platforms that contain multiple cassettes encoding

accessory genes whose order is shuffled by a specific integrase. Integrons embedded within mobile

genetic elements often contain multiple antibiotic resistance genes that they spread among nosocomial

pathogens and contribute to the current antibiotic resistance crisis. However, most integrons are

presumably sedentary and encode a much broader diversity of functions. IntegronFinder is a widely

used software to identify novel integrons in bacterial genomes, but has aged and lacks some useful

functionalities to handle very large datasets of draft genomes or metagenomes. Here, we present

IntegronFinder version 2. We have updated the code, improved its efficiency and usability, adapted

the output to incomplete genome data, and added a few novel functions. We describe these changes

and illustrate the relevance of the program by analyzing the distribution of integrons across more

than 20,000 fully sequenced genomes. We also take full advantage of its novel capabilities to analyze

close to 4000 Klebsiella pneumoniae genomes for the presence of integrons and antibiotic resistance

genes within them. Our data show that K. pneumoniae has a large diversity of integrons and the

largest mobile integron in our database of plasmids. The pangenome of these integrons contains

a total of 165 different gene families with most of the largest families being related with resistance

to numerous types of antibiotics. IntegronFinder is a free and open-source software available on

multiple public platforms.

Keywords: integron; antibiotic resistance; bioinformatics; genomics

1. Introduction

Bacteria evolve novel traits by many processes, including horizontal gene transfer
(HGT) driven by phages, conjugative elements, or natural transformation. The impact of
human activities has challenged bacteria in numerous ways, including antibiotic therapy
and stress caused by pollution and this has spurred the adaptation of bacteria by HGT [1,2].
Once novel genes are acquired by the abovementioned processes, their integration in
the novel host genome and subsequent expression is facilitated by the action of mobile
genetic elements (MGEs) that rearrange genetic information within genomes [3,4]. Among
elements reshaping bacterial genomes, integrons have a particularly important role in gene
shuffling and allow the concentration of certain genes in compact genetic regions, which
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may result in the co-transfer of related functions (reviewed in [5]). The action of integrons
also provides a genetic mechanism to quickly vary the expression of these genes [6]. As a
result, integrons have become notorious drivers of the transfer and expression of antibiotic
resistance genes [5].

Integrons are an assembly of several genetic elements that include an integrase
(IntI) and a succession of gene cassettes flanked by recombination attachment sites (att)
(Figure 1A). The integrase evolved from the typical tyrosine recombinases to mediate
ssDNA recombination by the means of a folded substrate [7]. This unusual activity for
a tyrosine recombinase is associated with an extra domain in the protein close to the
C-terminus of the protein [7] that allows IntI to be easily distinguished from other inte-
grases [8]. IntI can interact with recombination sites (attachment sites) and lead to the
excision or integration of gene cassettes [7]. Integrons have typically one initial attachment
site (attI) close to the integrase where integration of gene cassettes takes place. The cassettes
are flanked by another type of site (attC) whose recognition by IntI leads to cassette excision.
As a result, the integrase promotes the excision of internal cassettes in the integron and its
integration at the attI site [9–11]. The attC sites are very variable in sequence but conserved
in secondary structure [9]. Covariance models using this information can be used to find
them efficiently [10]. Since near the attI site there is a promoter and most cassettes are
devoid of promoters, the cassettes closest to the attI site are more likely to be expressed,
even if internal promoters may also exist [11]. Hence, integrons include several cassettes
and the action of the integrase promotes their shuffling, thereby varying those expressed at
a given moment.

One usually distinguishes sedentary from mobile integrons [6]. Sedentary integrons
are encoded in the chromosome and can be very large, up to hundreds of cassettes in
certain strains of Vibrio spp. [12]. In contrast, mobile integrons have few cassettes and are
often contained in larger MGEs, such as plasmids. Mobile integrons have been grouped in
five classes defined by their similarity in terms of the sequence of IntI, which seem to have
emerged recently [13]. Class I integrons are particularly abundant and have the capacity
of recombining more diverse types of cassettes (i.e., a broader variety of attC sites) than
sedentary integrons [14]. This flexibility and their association with MGEs have probably
contributed to the presence of many antibiotic resistance genes in integrons and their
subsequent spread across nosocomial bacteria. Yet, not all clades of bacteria carry integrons.
While these elements are very abundant in Gamma and Beta Proteobacteria [10,15,16], they
are only very occasionally identified in strains of Alpha Proteobacteria, Actinobacteria, or
Firmicutes [10,17], even among those that are also human-associated. The reasons for this
remain unclear. While the frequency of antibiotic resistance genes in integrons has driven
a lot of interest in these elements [18], it is likely that in natural environments, they are
linked with other traits. The peculiar ability of integrons to shuffle genetic information is
also being leveraged to develop synthetic biology approaches [19].

Six years ago, we published an extensive analysis of the distribution of integrons in bac-
teria [10]. In that work, we searched for integrons, but also for integron-integrases lacking
cassettes (In0) and clusters of attC sites lacking integron-integrases (CALIN) (Figure 1B–D).
For this, we developed a software called IntegronFinder that has become popular to iden-
tify integrons in bacterial genomes. The program searches for the integrase using hidden
Markov models protein profiles with the software HMMer [20], and for the attC sites using
covariance models with the software Infernal [21]. These and other genetic components,
e.g., promoters, are then clustered if they are co-localized in the DNA sequence. Inte-
gronFinder is thus able to identify integrons with novel cassettes and is complementary
to the use of databases such as Integrall [22] that store known integrons and allow to
search for homology of the cassettes by sequence similarity. The program is particularly
useful to study the wealth of integrons found in environmental bacteria and which of-
ten encode unknown functions [23]. Another software to identify attC sites, HattCI, was
made available at approximately the same time [24]. More recently I-VIP was published
to identify class 1 integrons using sequence similarity to a database of integrases and





Microorganisms 2022, 10, 700 4 of 14

2. Materials and Methods

2.1. Refactoring of IntegronFinder

The first version of IntegronFinder was coded in Python v2.7, which is now deprecated.
The program was ported to Python 3.7 (but currently works with versions up to Python
3.10) and the code was refactored to improve efficiency and correct minor bugs. Promoters
and attI1 sites are no longer detected by default to increase speed, especially as attI sites are
poorly described (and hence not detected by IntegronFinder) outside class I integrons. We
have added unit (or non-regression) tests, which make the software more robust and more
attractive for future contributors.

IntegronFinder can now be easily run in parallel with a Nextflow script [27] that
we provide ready to use. We have also diversified the installation methods, so it can be
easily deployed on a variety of machines. Notably, we built a Singularity container which
will allow a smooth installation on clusters. We have also updated and improved the
documentation, especially on the developer part so that anyone can contribute to the code,
to add novel features or fix bugs.

2.2. Novel Functionalities

IntegronFinder v2 has some novel functions in relation to the previous version. A
key novel functionality is the systematic use of the gathering thresholds (–cut_ga option
in hmmer) that allows to identify hits to the protein profiles with better accuracy than
arbitrary e-values. For this, we introduced a gathering threshold in the protein profile
specific to the IntI delivered in IntegronFinder that was calculated using the hits of our
previous analysis [10].

The reference database for annotating antibiotic resistance genes in the first ver-
sion of IntegronFinder was RESFAMS (http://www.dantaslab.org/resfams, accessed on
11 November 2018) [28]. However, this database has not been updated recently and while
it fits the needs of researchers in metagenomics aiming at identifying distant homologs
of antibiotic resistance genes, it is less appropriate to identify antibiotic resistance genes
identified in clinical samples. Hence, IntegronFinder now includes the AMRFinderPlus
HMM profiles by default [29]. However, any other HMM database, including RESFAMS,
can be input in the program. For example, one can input the entire PFAM database [30]
for broader functional annotation of the cassettes (at the cost of significant increase in
running time).

2.3. Input

IntegronFinder now accepts multifasta files as input. This is a major change since it
allows the analysis of genome drafts or metagenome data without the need for scripting an
analysis (i.e., calling IntegronFinder recurrently and managing the output). Draft genomes
should be used with the linear replicon type (corresponding to the fact that they are contigs).
By default, IntegronFinder uses the linear replicon type if there are multiple contigs in the
input file. If there are multiple replicons in the input file with different topologies, this can
be specified by providing a topology file. IntegronFinder also accepts an option –gembase
that corresponds to a particular gene identifier that allows to put multiple replicons in the
same file and inform the program that they should be regarded as different replicons. This
format can be created by PanACoTA, a pipeline to automatically build the basic bricks of
comparative genomics automatically, including download, annotation, and formatting of
genome data [31]. The sequence files are initially annotated using Prodigal [32] to provide
accurate and uniform annotations of all the sequences.

As described above the input can also include files for annotation of the integron,
e.g., for antibiotic resistance genes, using any kind of database compatible with hmmer
(http://hmmer.org/documentation.html, accessed on 5 February 2022). Interestingly, a
recent study has produced diverse attC covariance models for different clades [33]. These
can be used in IntegronFinder by invoking the option –attc-model to use another covariance
model instead of the one used by default.

http://www.dantaslab.org/resfams
http://hmmer.org/documentation.html
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2.4. Output

The output of IntegronFinder has been changed to integrate the use of draft genomes.
Only three files are now created by default (see the “output” section of the documentation
for details about the other possible output files). These three files will be sufficient for most
researchers. They include the main output file that contains the position of the different
elements (attC site, integrase, CDS, etc.). A summary file contains the information of the
number and type of elements (complete, In0, and CALIN, see Figure 1B–D) that were
found in the input sequence(s). Finally, one file contains a copy of the standard output.
This latter file can be excluded using the –mute option. Temporary files can be kept using
the –keep-tmp option. They include all the outputs from the different intermediate steps
(prodigal, infernal, hmmer). These files can be very useful for certain tasks, notably if one
wants to fine tune some parameters such as the aggregation distance threshold. In that
case, IntegronFinder will not try to identify the attC sites or the integrase again, as they
were already detected, but rather allows to only change the way the genetic elements are
clustered. Since the temporary files take a significant amount of disk space, they are not
kept by default.

Some minor changes were made to the information outputted by IntegronFinder.
CALIN are now reported when they have at least 2 attC sites (instead of just 1 as before).
This value can be changed by the user with –calin-threshold. This is to diminish the
probability of false positives when the CALIN are reported. Of note, CALIN with a single
attC can be true positives, but we let the user decide what to do in that case.

We also provide an alignment of attC sites to facilitate their analysis. Standard multiple
alignment tools fail to align correctly palindromic sequences. Hence, IntegronFinder now
outputs the alignment of attC sites built with Infernal, in which the different features of the
attC sites (R and L boxes and unpaired central spacer) are correctly aligned. This alignment
is available with the –keep-tmp option.

2.5. Availability

The code of IntegronFinder is available under the free and open-source license GPLv3
at https://github.com/gem-pasteur/Integron_Finder (accessed on 5 February 2022). The
code has been packaged and is available on pypi https://pypi.org/project/integron-finder/
(accessed on 5 February 2022) to make it easy to install with the python packager installer
pip. We also provide a bioconda package and a container solution https://hub.docker.
com/r/gempasteur/integron_finder (accessed on 5 February 2022). A user-friendly Galaxy
implementation can be found at https://galaxy.pasteur.fr/tool_runner?tool_id=toolshed.
pasteur.fr%2Frepos%2Fkhillion%2Fintegron_finder%2Fintegron_finder%2F2.0%2Bgalaxy0
(accessed on 5 February 2022) [34]. The documentation is available at https://integronfinder.
readthedocs.io/en/latest/ (accessed on 5 February 2022).

2.6. RefSeq Complete Genomes

The first dataset used in this study consists of 21,105 complete genomes retrieved
from NCBI RefSeq database of high quality complete non-redundant prokaryotic genomes
(ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/, last accessed on 30 March 2021) [35]. The
complete list of genomes can be found in Table S1.

2.7. Klebsiella Data

The Klebsiella genomes were downloaded and annotated with PanACoTA [31] as
explained in [36]. Briefly, we downloaded all the 5805 genome assemblies labeled as
Klebsiella pneumoniae sensu stricto (Kpn) from NCBI RefSeq (accessed on 10 October 2018). We
removed lower quality assemblies (L90 >100 and number of contigs >990) and strains that
were too divergent from the reference strain (Mash distance > 0.06, [37]) or too similar (Mash
distance < 0.0001) to other strains. The resulting set of 3980 sequences were consistently
re-annotated with Prokka (v1.13.3) [38], and species assignments corrected with Kleborate
(https://github.com/katholt/Kleborate, accessed on 5 February 2022) [39]. The accession

https://github.com/gem-pasteur/Integron_Finder
https://pypi.org/project/integron-finder/
https://hub.docker.com/r/gempasteur/integron_finder
https://hub.docker.com/r/gempasteur/integron_finder
https://galaxy.pasteur.fr/tool_runner?tool_id=toolshed.pasteur.fr/repos/khillion/integron_finder/integron_finder/2.0+galaxy0
https://galaxy.pasteur.fr/tool_runner?tool_id=toolshed.pasteur.fr/repos/khillion/integron_finder/integron_finder/2.0+galaxy0
https://integronfinder.readthedocs.io/en/latest/
https://integronfinder.readthedocs.io/en/latest/
ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/
https://github.com/katholt/Kleborate
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numbers for the genomes are in Table S2, along with all the annotations identified in
this study.

We built Klebsiella integron pangenomes using PanACoTA v1.3.1 pangenome module
with default parameters (-i 0.8, -c 1). The latter clustered integron proteins (defined as the
proteins encoded by genes lying between two attC or less than 200 bp away from the last
attC) using MMSeqs2 13-45111 [40] with single-linkage and a threshold of 80% of identity
and bidirectional coverage.

We computed the species phylogenetic tree with IQ-TREE, as explained in [36]. Briefly,
the 1431 protein families present in more than 99% of the strains in a single copy were
aligned with Mafft (v7.407) [41], back-translated to DNA, and concatenated. We used this
alignment containing 220,912 parsimony-informative sites over a total of 1,455,396 bp to
infer a phylogenetic tree with IQ-TREE (v1.6.7.2) using ModelFinder (-m TEST) [42,43]. We
used the best-fit model (GTR+F+I) without gamma correction, because of branch length scal-
ing issues with our large dataset, and assessed the robustness of the phylogenetic inference
by calculating 1000 ultra-fast bootstraps (-bb 1000) [44]. The mean support value was 97.6%.
We placed the Kpn species root according to the outgroup formed by 22 misannotated
Klebsiella quasipneumoniae subspecies similipneumoniae identified by Kleborate.

2.8. Analysis of Antibiotic Resistance Genes (ARGs)

To annotate ARGs we used four databases: ARG-ANNOT (v5) [45], CARD [46],
AMRFinderPlus [28] (v3.0.5) (v2019-09-07), and ResFinder (v2019-07-17) [47]. The annota-
tions were made by searching for homology with Abricate (v0.9.8) (https://github.com/
tseemann/abricate, accessed on 5 February 2022). While these databases are largely con-
cordant, they do not all include the same types of functions. Hence, we compared them
by looking at the number of databases reporting at least one hit (coverage > 80%, identity
> 90%) for all the proteins identified in Klebsiella pneumoniae integrons. A large majority
of proteins reported either 0 or 4 matches, but many had hits in only 1 to 3 databases.
Noticeably, the second most abundant family in the pangenome, later labeled as efflux-
pump multidrug transporters, hit only the AMRFinderPlus database. Hence, we decided
to classify as ARG all the proteins reporting at least one hit in any of the four databases.

We classified each of the integron pangenome families as ARG or non-ARG, which
resulted in homogeneous results within families (i.e., same number of databases reporting
a hit), except for two families where a small fraction of genes (resp. 6% and 2%) had
fewer hits than the other members. As a final criterion, we classified as ARG all the
pangenome families for which at least 90% of the members had at least one hit in any of
the four databases.

2.9. Saturation Curves

Pangenome saturation curves were computed with the function specaccum of the
R package vegan with default parameters [48], calculating the expected (mean) gene rich-
ness using a sample-based rarefaction method that has been independently developed
numerous times [49] and is often known as Mao Tau estimate.

2.10. Graphics and Visualizations

Graphics and visualizations were computed in Python with the library seaborn [50].

3. Results and Discussion

3.1. Distribution of Integrons across Bacteria

We used IntegronFinder v2 to search for integrons in the complete genomes of the Ref-
Seq NCBI database, including 22,301 replicons named chromosomes and 21,520 replicons
named plasmids (the few remaining were phages or not classed). The time that takes to
run IntegronFinder is extremely dependent on the existence of attC sites in the genome.
Genomes lacking attC sites run very fast, e.g., 3 s for a genome of Bacillus subtilis 168 with
a genome size of ~4 Mb on a laptop. If the genome contains attC sites, then the use of

https://github.com/tseemann/abricate
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the most accurate covariance model can slow down analyses, up to almost 4 min for the
genome of Vibrio cholerae El Tor N16961 where there is one super-integron [12]. The entire
database used in this study is almost ten times larger than the one used for the publication
of version 1 (2484 genomes, [10]) and took around 150 CPU hours on a standard laptop.
Given the difference in size to the previous database, we started by assessing integron
distribution in the new much broader dataset (Figure 2A). We found 3116 genes coding for
IntI and 56,994 attC sites. The classification of the elements by IntegronFinder v2 indicated
the presence of 2760 complete integrons, 356 In0, and 2961 CALIN. These numbers are
around ten times larger than those obtained 6 years ago, which is in rough proportion to
the difference of size of the two datasets. However, we found a ratio CALIN/integron of
almost 1, whereas it was almost 2 six years ago. This is caused by the change in the default
parameters to identify CALIN that now require the presence of two attC sites. Among
genomes that encode an integron, the frequency of In0 elements relative to integrons is also
smaller in the new version. This is because the IntI protein is searched using appropriate
thresholds (gathering thresholds) that diminish the rates of false positives, and this affects
much more the counts of In0 than those of complete integrons (which also have neighboring
attC sites and are therefore much less likely to be false positives). For example, 6 years ago,
we identified two In0 in Actinobacteria. Since we found no complete integron in the clade,
this suggested that our hits were false positives. We now find only one In0 (and still no
complete integrons) with a much larger dataset that should have resulted in proportionally
more false positives.

Among genomes encoding at least one IntI, 22% encode more than one. This result
confirms the observations made at the time of IntegronFinder v1.0, 6 years ago, where
20% of the genomes had more than one of the three [10]. One key difference between the
current data and the previous data concerns the frequency of complete integrons encoded
in plasmids. Six years ago, they accounted for a small minority of all the integrons detected,
while they are now more numerous than those in chromosomes (53% of the total). The
recent increase in the intensity of sampling and sequencing of nosocomial pathogens,
which often have antibiotic resistance genes in mobile integrons (in plasmids), may explain
these differences.

We found an average of 14 attC sites per complete integron and almost 6 per CALIN.
CALINs were proposed to be degraded integrons [10], and it is expected that they have
fewer cassettes than integrons that encode an integrase allowing the integration of novel
cassettes. We then separated integrons and CALIN with more than 10 attC (typically
corresponding to sedentary elements) from the others. This shows, as expected, the
presence of many more attC sites in complete sedentary integrons than in large CALIN
(Figure 2B). When the analysis was restricted to clades known to have sedentary integrons
(Vibrio and Xanthomonas spp.), we also found that CALIN tend to have fewer attC sites
(Figure S1). Finally, as expected, integrons or CALIN in plasmids have fewer (respectively,
11 and 2.5 times less) attC sites than those in chromosomes.

The distribution of integrons in plasmids revealed three elements with more than
10 attC sites (Figure 2C), which we studied in detail. The two largest elements were in
very large replicons (1.1 Mb in Gemmatirosa kalamazoonesis KBS708 and 599 kb in Vibrio sp.
HDW18) that are probably secondary chromosomes. Hence, the largest integron we could
identify in replicons compatible with the typical sizes of mobile plasmids (1–300 kb, [51])
was a 10 attC integron in Klebsiella sp. RHBSTW-00464 plasmid 5 (46 kb). The second largest
plasmid integron was in Enterobacter hormaechei subsp. steigerwaltii BD-50-Eh plasmid
pBD-50-Eh_VIM-1 and was reported before [52]. Hence, while we had previously used
19 attC sites as a threshold to delimit mobile from sedentary integrons, our present results
suggest that using a 10 attC sites threshold could be more adequate.
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changes in taxonomy and species classification, led to the identification of several clades
that lacked integrons six years ago and now have a few. For example, we found 2 CALIN
elements in the phylum Nitrospira, both occurring in the genome of Candidatus Nitrospira in-
opinata, a bacterium known to perform complete ammonia oxidation to nitrate [53]. The
newly defined phylum Acidithiobacillia has 2 complete integrons and 8 CALIN over a
total of 11 genomes. Finally, while only In0 had been detected in Bacteroidetes in our
previous study, we identified complete integrons in the Bacteroidetes/Chlorobi group.
More precisely, on top of the ones found previously in Chlorobi and Ignavibacteriae, we
identified a complete integron in Salinibacter ruber M1 [54], a halophilic bacteria that belongs
to Bacteroidetes.

Our previous study failed to identify complete integrons in Actinobacteria, Firmicutes,
and Alpha Proteobacteria. We now identify a few elements in these clades. However,
their frequency is extremely small relative to the high frequency of such genomes in
the database. Firmicutes account for 22% of the genomes, Alpha Proteobacteria for 6%,
and Actinobacteria for 10%. The only complete integron in Firmicutes was found in
Limnochorda pilosa strain HC45, and a few CALIN were found in different genera across
the phylum. The 6 complete integrons in Alpha Proteobacteria were found in species of
Sphingobium and Agrobacterium. As mentioned above, Actinobacteria lack complete
integrons, have only one In0, and a few CALIN. These results show that while integrons,
or their components, are not altogether missing in these clades, in line with previous
works [55,56], they are indeed extremely rare and the observed occurrences may represent
recent acquisitions. Considering the presence of integrons in very diverse clades and their
ability to spread within plasmids and transposons, the lack of integrons in certain clades
remains intriguing as it suggests the existence of some incompatibility between integrons
and the genetic background of these large bacterial clades.

A recent preprint revealed the presence of integrons in metagenome assembled
genomes (MAGs) of Archaea, but not in complete genomes [25]. Since this study used a
combination of a pre-release of IntegronFinder 2.0 and HattCI [24], we wished to under-
stand if the novel version of IntegronFinder alone, which is better suited to study MAGs,
could identify these systems. We also failed to identify complete integrons, CALIN, or
In0 in the genomes of Archaea present in our database. This is not unexpected since the
clades where the integrons have been identified are very poorly represented in RefSeq.
Therefore, we downloaded five MAGs of the study cited above and searched them for
integrons. We confirmed the presence of two complete integrons, one CALIN, and one In0
whereas one complete integron in [25] was detected as a CALIN in our analysis. Hence, if
Archaea are found to encode integrons like those suggested by the recent analysis of MAGs,
IntegronFinder version 2 is expected to be able to identify them.

3.2. Recent Spread of Integrons in K. pneumoniae

To exemplify the use of the novel version of IntegronFinder, we analyzed a large
collection of draft genomes of Klebsiella pneumoniae (Kpn). Kpn is a Gram-negative bacterial
species belonging to the Enterobacteriaceae family, naturally occurring in soil, freshwater,
and mammalian gut and is considered an opportunistic pathogen [57]. It is a member of
the ESKAPE pathogens, the list of high-risk multi-resistant nosocomial pathogens from
the World Health Organization. Aside from having the largest known mobile integron
in the RefSeq database (see above), Kpn is also an interesting example of a nosocomial
bacteria that is thought to have recently acquired integrons carrying antibiotic resistance
genes. While the presence of integrons in the species is well known [58], its characterization
has not been done at the species level. Hence, we collected 3980 genomes of the species,
re-annotated them uniformly, and searched for complete integrons in the draft genomes.
The analysis by IntegronFinder took 14 h using 5 CPUs on a standard desktop computer.

We identified 1855 complete integrons, 2590 CALIN, and 405 In0 in 2709 of the
3980 genomes, resulting in a (CALIN+In0)/complete ratio of 1.61 (Table S4). As our
dataset mostly comprises draft genomes, it was expected that some complete integrons
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diverse, it still accounts for up to 50 different gene families, and that further sampling
of Kpn genomes will most likely reveal novel genes in extant Kpn populations. Some of
the other large families encode functions implicated in recombination, notably DDE or
other types of recombinases. However, most families of genes are of unknown function,
suggesting that even in species such as Klebsiella, where integrons seem to be recent and
driven by selection for antibiotic resistance, there may be many other relevant functions
encoded in integrons.

4. Conclusions

Many of the improvements in IntegronFinder version 2 will be almost invisible to the
user because they involve software engineering, but they will facilitate its maintenance in
the next decade. This is important because funding for software maintenance is almost
inexistent. The novel most visible capacities of IntegronFinder will allow it to better tackle
large datasets of genome, which tend to be composed of draft genomes, and metagenomes.
Here, we have exemplified its use with the database of complete genomes and a large
dataset of Kpn draft genomes. As it stands, we regard speed as a major limitation to the
use of the program in exceptionally large datasets, e.g., in metagenomes or in datasets
with hundreds of thousands of genomes. The current deadlock is the use of the covariance
model that is computationally expensive in its most accurate version. Significant advances
in the speed of IntegronFinder will require the development of novel methods to use
such models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10040700/s1, Figure S1: Statistics concerning the
distribution of integrons in two genera known for harboring sedentary integrons in RefSeq NCBI
database; Table S1: List of complete genomes from RefSeq used in the study; Table S2: Accession
numbers for the K. pneumoniae genomes; Table S3: IntegronFinder results for complete genomes;
Table S4: IntegronFinder results for K. pneumoniae.
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