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Avant Propos:

Le format de présentation de cette thése corresp@onthe
recommandation de la spécialité Maladies Infecésuset
Microbiologie, a l'intérieur du Master de Scienads la Vie et
de la Santé qui dépend de I'Ecole Doctorale desr8es de la
Vie de Marseille. Le candidat est amené a respetdsrregles
qui lui sont imposées et qui comportent un format tdese
utilisé dans le Nord de I'Europe permettant un leeil
rangement que les théses traditionnelles. Pamugsllda partie
introduction et bibliographie est remplacée par ume®ue
envoyée dans un journal afin de permettre une atiah
extérieure de la qualité de la revue et de permattiétudiant de
le commencer le plus tét possible une bibliogragxkaustive
sur le domaine de cette thése. Par ailleurs, Isetlest présentée
sur article publié, accepté ou soumis associé dhref
commentaire donnant le sens général du travaiteGetme de
présentation a paru plus en adéquation avec lgemogs de la
compétition internationale et permet de se coneergur des

travaux qui bénéficieront d’une diffusion intermatale.

Professeur Didier RAOULT
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ABSTRACT

The virulence of pathogenic bacteria has beenbated to virulence factors and
pathogenic bacteria are considered to have moresggzmpared to bacteria that do
not cause disease.

According to the first genomic studies, removingeatain number of genes from
pathogenic bacteria impairs their capacity to ihfleasts. However, more recent
studies have demonstrated that the specializafidmacteria in eukaryotic cells is
associated with massive gene loss, especiallylligpairic endosymbionts that have
been isolated for a long time in an intracellulahe. Indeed, bacteria living in
sympatry often have bigger genomes and exhibittgra@sistance and plasticity
and constitute species complexes rather than tpeeies. Specialists, including
specific pathogenic bacteria, escape these bdatenaplexes and colonize a niche;
thereby gaining a species name. Their specializatimws them to adopt allopatric
lifestyle and experience reductive genome evolution

These observations led us to design a study totiféme rate of gene losses during
the evolution of free-living bacteria to intracé#luspecialists. Our objective was to
verify that what characterizes the evolution ofracellular bacteria is genomic
reduction, taking under consideration all possgadae gain events.

Furthermore, in another neutral study comparinglitbenost dangerous pandemic
bacteria to Humans to their closest non-epidemecisis, we wished to identify any
genomic specificities associated to the virulergacaty of pathogenic bacteria and
demonstrate that, besides toxins and surprisingbxin-antitoxin modules,
pathogenic bacteria are not characterized by moudence factors, but rather by a
loss of regulatory genes. Finally, virulent baceexhibit a genomic repertoire in

which absent genes are as important as present ones

Keywords: pathogenic bacteria, specialization, gemmic reduction,

virulence factors



RESUME

La pathogénicité des bactéries a toujours étéoaée a des facteurs de virulence et les
bactéries pathogénes sont considérées comme étank mrmées, comparé a des
bactéries ne provoquant pas de maladies. Seloprégsieres études genomiques, le
fait de supprimer un certain nombre de genes de®ities pathogénes, limiterait leur
capacité a infecter leurs hotes. Au contraire, éeges de génomique comparatives
récentes, démontrent que la spécialisation degfhestdans les cellules eucaryotes est
associée a une perte de génes massive, en partipdur les endosymbiontes
allopatriques qui sont isolés depuis longtemps daesniche intracellulaire. En effet,
les bactéries sympatriques, extracellulaires, onvaent des génomes plus grands et
présentent une résistance et une plasticité plpsriante. Ces bactéries constituent,
de fait, plutdét des complexes d’espéces que deeyraspéces. Certaines bactéries
spécialistes, comme les bactéries pathogenesegatrivs'échapper de ces complexes
et a coloniser une niche, bénéficiant alors d'ummbespéece. Leur spécialisation leur
permet de devenir allopatriques et leurs perteg@®es favorisent une évolution
réductive. Ces observations nous ont conduits lsseéaine étude afin de quantifier le
taux de perte de genes lors de I'évolution de eetebies extracellulaires vers celle de
bactéries spécialistes intracellulaires. Notre difjeétait de vérifier que ce qui
caractérise I'évolution des bactéries intracelhelsiest bien la réduction génomique,
en prenant en compte tous les événements posdibgasins de genes.

Par ailleurs, dans une étude neutre comparantdesspéces pandémiques les plus
dangereuses pour 'homme avec les especes norm@picks les plus proches, nous
avons voulu identifier des spécificités génomigassociées a la capacité virulente de
bactéries pathogenes et démontrer que, a partoleses et les modules toxine-
antitoxine, ce qui caractérise ces especes centgas les facteurs de virulence, mais
la perte des génes de régulation. Au final, lesévms pathogénes ont un répertoire

virulent dans lequel les génes absents sont aupsiriants que les genes présents.

Mots clés : bactéries pathogenes, spécialisatiaeduction génomique,

facteurs de virulence






INTRODUCTION

Les définitions actuelles des espéces bactériemhes) particulier des
especes pathogénes, sont limitées a cause des#titih d’outils génétiques
restrictifs. Par exemple, les séquences de 16S rl@¢Aes codant pour les
ARN ribosomiques) ont été largement utilisées commagqueurs pour les
analyses phylogénétiques de description et de ifotas®n de nouvelles
especes (1-3). Par contre, l'utilisation de la s&ge ribosomique entraine
souvent des erreurs dans la définition des espetcem garantit pas une
délinéarisation des especes bactériennes (1, 4¢ff&én la définition actuelle
des bactéries utilise une divergence de 16S rDNA 8% (5). Il a été proposé
gu’une divergence de 1-2% de 16S rDNA correspond@ @illions d’années
de divergence (6-7). Pourtant, les bactéries sim®s dans des hodtes
mammiferes, qui ont évolué dans une niche spéefiqe sont pas définies
comme des especes differentes en utilisant cerecritea premiere bactérie
pathogene spécialisée chez 'homigcobacterium tuberculosiest apparue
il y a seulement 20 000 ans (8), beaucoup plusgaetHomo sapiensqui est
apparu il a environ 250 000 a 400 000 ans (9). Ddacdéfinition des
bactéries ne peut pas étre basée sur le pourcedeagkvergence du 16S
rDNA, parce que les bactéries ayant une divergenté&rieure a 1,3%
correspondent a des complexes bactériens et no ghass especes spécifiques

(10). Nous considérons gqu’un complexe bactériencesiposeé de bactéries



« généralistes » ayant un mode de vie sympatrigneniveau élevé de
transferts horizontaux, un grand génome et un nerslgnificatif d’'opérons
ribosomaux (11). Une espebena fiderésulte de l'isolement d’'une bactérie
spécialiste dans une niche spécifique. Cette espéraealors un mode de vie
allopatrique, un génome plus petit et un nombrgéfons ribosomaux réduit
(12).

Des études de génomique comparatives plus récentekmontré que
les bactéries sont capables d’obtenir des genestia gforganismes distants.
L’échange de genes chez les bactéries se produitigm mécanismes de
transferts horizontaux par l'intermédiaire soit desus, soit des genes
€goistes, soit de mécanismes de transformatioa ebjugaison. La capacité
d’échange de génes dépend de I'environnement halkesedactéries (12). Les
bactéries sympatriques, comme les bactéries ageatigpeuvent échanger
facilement leurs génes en interagissant avec deséries de phylum
difféerents. Ces bactéries ont souvent des génotneggpands, plus de géenes,
plus d’opérons ribosomaux, de meilleures capaamétaboliques et une
résistance plus importante aux agents physicochiesiq11). Par contre, les
especes allopatriques, (qui sont isolées génétigngmm’ont pas la possibilité
d’échanger des genes ni de redevenir sympatriques bactéries
sympatriques créent souvent de nouveaux repertquiesont le réservoir de

futures bactéries spécialistes et dont la spéatadis conduira a I'allopatrie et



a une absence d’acquisition de geéenes par transhatgontaux et un
déseéequilibre de la balance gain/perte de genesédudtat est une réduction
génomique considérable du fait de la perte de ger®s

Des études sur la pathogénicité des bactéries @mouitré qu’enlever
un certain nombre de génes des bactéries pathqg@imeimait leur capacité a
infecter leurs hotes. La suppression d’'un certaimlore de genes diminuait la
« fitness » de ces especes dans I'écosysteme eaqnsl lelles ont évolué et
sont devenues spécialisées. Chacun des génes rdedénc été appelé
« facteur de virulence » (14). Donc, il est appgua les bactéries dangereuses
pour ’lhomme sont armées et que les bactéries dnsifes manquent de
« facteurs de virulence » (13,15). Mais des étunasparatives récentes ont
prouvé que la spécialisation de bactéries danscédlsles eucaryotes est
associée a une perte massive de genes (12,16) me raé une perte
de « facteurs de virulence » (11). La perte de géassociée a l'isolement
génétique et a la multiplication dans un nouvelsgsteme, est a la base du
principe de vaccination mis en place par Pasted). (Alors qu’il étudiait
'agent du cholera, il a observé que la bactérie canse, Pasteurella
multocidg cultivée plusieurs fois dans un milieu axéniqueerdait
progressivement sa virulence pour les poulets gmns autant perdre sa
capacité a protéger ceux-ci contre des infectiomsrés. L'inoculation d’'une

bactérie de virulence atténuée a constitué la gmemiaccination, suite a une



expérimentation de laboratoire (17-18). Une culwomprenant des passages
multiples, imite la spécialisation et l'isolemenlopatrique de bactéries qui
conduit a la spéciation et a la perte de gene$tplut'au gain de genes. Ces
changements font que la bactérie devient incapabldecter son hote
précédent. Par conséquent, les mutants sélectisonéplus « fit » (virulents)
dans leur nouvelle niche qui est le milieu axénique

Un des meilleurs exemples de réduction génomique ceki de
Rickettsia prowazekiil’espece la plus virulente du genRickettsia Le
séquencage de son génome n'a pas trouvé de gemespomdant a des
facteurs de virulence connus (19). La mobilité anéllulaire est considérée
comme un facteur de virulence pdbinigella(20) etListeria monocytogenes
(21-22). Or,R. prowazekine possede pas ce facteur et n’est pas mobile dans
le cytoplasme (23-24). En pluR, typhj une espéce moins virulente gide
prowazekij est mobile grace a une protéine, Sca2 (7) quirrpibuétre
considérée comme un facteur de virulence. Malgut, tcette protéine est
absente cheR. prowazeki(24-25). Cette observation suggere que la mobilité
n'est pas un facteur de virulence en soi, mais geattrouvée dans quelques
pathogenes comme faisant partie d’'un répertoirdant. Un autre exemple de
réduction génomique est celui des Mycobactériesefi#t, le bacille de la
lepre a perdu 2 000 genes aprés sa divergencesdepudernier ancétre

commun mycobactérien (26-31). Enfin un autre pathegextraordinaire est



Shigelladysenteriagun clone qui sort du complexiEscherichiacoli, a été
classifie comme un genre a cause de son role dahysénterie humaine (32).
Les Shigelladifferent dE. coli par leurs traits phénotypiques pauvres, comme
une immobilité extracellulaire et une incapaciférnenter le lactose et autres
sucres (33-34)Shigellaet E. coli ont toujours été considérées comme étant
tres proches et elles ont méme été classées comemeaule espéece (34).
Néanmoins, leshigellesprovoquent des maladies chez ’lhomme, alors cgie le
souches E. coli, a I'exception de quelques clones pathogenes, dest
commensaux humains (35). Il a été démontré queri ple 'enzyme lysine
decarboxylase (LDC) induit une augmentation deitalence d'une souche
entero-invasive @. coli et de S. dysenteriae(35). S. dysenteriaeet les
souches shigatoxigéniqueskd’'coli n'ont pas plus de facteurs de virulence
gue des bactéries non pathogenes phylogénétiquemeches, excepté la
toxine Shiga (36).

Il semblerait que les bactéries spécialistes sjgmiat regulierement de
complexes bactériens, (qui constituent des « ngelpiats »), colonisent de
nouvelles niches et acquierent un niveau suffisdatspécialisation leur
donnant une légitimité a étre considérées commenoneelle espece. Leur
spécialisation va conduire a l'allopatrie et auédgslibre de la balance entre
le gain et la perte de genes, en favorisant laepeat finalement a une

réduction génomique stochastique.



Suite a ces observations, il semblait nécessairéalser une étude de
génomique comparative neutre pour examiner tous pesametres
précédemment décrits comme jouant un rdle dansalhogenicité. En
neutralisant les biais d'observation, nous avonsilwoidentifier des
spécificitéts génomiques associées a la capacitélente de bactéries
pathogenes. Nous avons aussi déterminé si la noelest dictée par des
regles ou si elle résulte d’histoires évolutivesfédentes. Pour ne pas
influencer I'analyse nous avons utilisé les 12 espgpandémiques les plus
dangereuses pour ’'homme et nous les avons congpatieespeces les plus
proches phylogénétiquement, non pathogenes ou amsmon épidémiques,
dont le génome était disponible.

Nous avons aussi voulu étudier les mécanismesipanit a I'évolution
d’'un mode de vie extracellulaire vers un mode de mitracellulaire, en
prenant en compte tous les événements de gain eerde de genes. Le
meilleur modele pour une telle étude est l'ordres Beckettsialesdont la
réduction génomique est toujours en cours, commmeolatre 'exemple d&.
prowazekii(7,19). Nous avons utilisé les Rickettsies etQegntia et nous
avons identifié des événements de transferts hddme de et vers plusieurs
organismes distants. Nous avons aussi pu recomstigs « gene-sets »

ancestraux des ancétres &ReskettsialesdesRickettsiaceaet desRickettsies



et nous avons pu prédire le nombre de genes peehdant le passage d'un

mode de vie extracellulaire a un mode de vie iella&ire.
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La virulence des bactéries pathogénes a été ateriaux facteurs de virulence et
ces bactéries sont considérées comme mieux arméescelles qui ne
provoguent pas de maladies (37). Par contre, dese®tcomparatives plus
récentes ont révélé que les génomes de bactétles tpie les Rickettsies
(27, 38-39) ou les Mycobactéries, sont réduitd 7,27, 40). Nous avons réalisé
une étude génomique comparative basée sur unecaygpneutre pour identifier
des spécificités génomiques associées a la capieitérulence des bactéries
pathogenes. Nous avons comparé les 12 especesidranté pandémiques les
plus dangereuses pour ’'homme (« bad bugs ») & kEspéces les plus proches
phylogénétiquement mais non-épidémiques (« témgindNotre analyse a
révélé plusieurs caractéristiques significativemedifférentes dans les
« bad bugs », dont un génome plus petit qui réspitsbablement d'une
dégradation du systeme de recombinaison et de atpar Dix catégories
fonctionnelles de COGs contiennent significativetmanins de genes dans les
« bad bugs » qui manquent de génes de transcriptienmécanismes de
transduction de signal, de motilité cellulaire, pleduction d’énergie et de
fonctions de métabolisme et de régulation. Cingek lbugs » présentent un plus
grand nombre de queues poly(A) comparé aux « téGmeglors qu’'un nombre
élevé de queues poly(A) est fortement corrélé &Gfo faible. Par ailleurs, les
« bad bugs » possédent significativement plus ddulee Toxine-Antitoxine
(TA). En plus, une Analyse des Composantes Pritespa montré que ce qui
semble caractériser les « bad bugs » est un @gtdnge et un nombre élevé de
modules TA.

Nos résultats montrent que la capacité pathogénmest pas le résultat de
« facteurs de virulence » mais plutot la conségeietign répertoire génomique
virulent qui résulte de génomes réduits. Les malUl& peuvent faire partie
d'un tel répertoire virulent, mais ils ont probabknt évolué comme des

éléments égoistes de facon indépendante.






Avant-propos de I'article 2

Gene gain and loss events
In Rickettsiaand Orientia species

Kalliopi Georgiade’, Vicky Merhef, Khalid EI Karkourt,
Didier Raoult and Pierre Pontardtti

1 Unité des Rickettsies, URMITE-CNRS UMR 6236 IRD 188R 48, Faculté¢ de
Médecine, Université de la Méditerranée, 27, BdnJdmulin, 13005, Marseille,
France

2 Evolutionary biology and Modeling, LATP UMR CNRS 35 FR 3098 IFR 48,
University of Provence, Marseilles, France

" Corresponding author: Email: pierre.pontarotti@upigvence.fr




La réduction de génomes est un processus contimal tdas les membres de
I'ordre de Rickettsialesce qui fait que ces bactéries constituent un modele
idéal pour étudier I'évolution réductive a travées variations de taille de
génomes et de contenu génomique inter-especey.(DA8s cette étude nous
avons évalué le degré dans lequel les pertes desgari faconné le contenu
génomique de quelquélckettsialesNotre arbre phylogénomique, basé sur la
présence/absence de genes, présente une topoiffgientde de celle de
I'arbre phylogénétique, basé sur une concaténakemsequences du « core-
génome », ce qui suggere que les répertoires génemiétudiés ont des
histoires évolutives différentes qui résultent déents événements de perte
ou de gain de genes. Nous avons identifié 3 éevémsmde transferts
horizontaux vers le©rientia et 6 vers les Rickettsies. Nous avons aussi
identifie 3 autres événements de transferts howzon de Rickettsies et
d’Orientia vers d’autres organismes. Par ailleurs, nous awestifié 17
genes de Rickettsies qui sont probablement leteggdiline créationle novo

2 de ces genes semblent étre fonctionnels. Ensanbaur ces résultats nous
avons reconstruit les répertoires génomiques deétras desRickettsiales
(protoRickettsiale} et desRickettsiaceaéproto-Rickettsiaceae Nous avons
pu démontrer que pendant le changement de mod& diesRickettsiaceae
d’extracellulaire en intracellulaire 2 135 geneg été perdus. Cette étude
nous a permis de suivre les événements de pede ghin de genes qui se
sont produits pendant I'évolution de ces espécetebannes libres en espéces
bactériennes intracellulaires. Nous avons prouwve lgumécanisme principal
d’évolution et de spécialisation des bactériesaodHulaires strictes est la
perte de genes. Pourtant, malgré un mode de waceilulaire, quelques
evénements de transferts horizontaux entre Reskettsiales et autres
organismes procaryotes, viraux et eucaryotes ofieawet ont participé a la

formation des répertoires génomiques de ces especes



Ma contribution a ce travail s'éleve a 75%.






CONCLUSION

De nombreuses études ont démontré que la pertecmles gest une force
majeure d’évolution des bactéries intracellulai#b-45). Notre étude apporte un
complément important & d’autres études sur I'évmiuties alphaproteobactéries
(46). En effet, nous avons réussi a quantifierdeniore de genes perdus par les
Rickettsialespendant leur évolution vers un mode de vie inthaleere (2 135
genes), et décrit le taux de pertes de genes dhnssfieces de Rickettsies.
Rickettsia belliipar exemple, a conservé tous les genes des «Rickettsies »,
alors queR. prowazekiet R. typhj qui présentent un éventail d’hétes limité, ont
perdu le plus grand nombre de génes ancestrawplusn 9 cas de transferts
horizontaux vers les Rickettsies et [@gentia ont été identifiés. La plupart des
gains ont eu lieu avant la séparation du grouppoctt&d Fever Group (SFG) » et
du groupe « Typhus Group (TG) », alors que quelquerses ont été gagneés
indépendamment, par différentes especes moderneRiattettsies, aprés leur
spéciation. Malgré un habitat intracellulaire et wavolution caractérisée par une
perte massive de genes, un certain nombre dearésbrizontaux a été identifié
entre les Rickettsiales et différentes espéces distantes. En conclusies, |
différences de taille de génomes observées auwunes bactéries intracellulaires
strictes (spécialisées) et des bactéries extrdmiela sont principalement le
résultat d'une réduction génomique des intracetiegastrictes.

Effectivement, ce résultat était confirmé par notétude sur les
12 bactéries pandémiques, spécialistes de I'hormanbad bugs »). Une réduction
significative de leur génome a été révélée parad@ux especes les plus proches
non pathogenes, ou non épidémiques («témoins sette Créduction est
accompagnée par une diminution importante du nordid&Fs, ce qui montre
gue beaucoup de genes disparaissent progressivateengénomes de « bad
bugs ». Le mécanisme de pseudogénisation commercanpchangement vers

une composition plus élevée en nucléotides AT ecpaséquence vers un exces



d’homopolymeres (queues poly(A)). Cet exceés de esiqaoly(A) conduit a une
accumulation des codons stop, ce qui va créer elessgcoupés ou dégradeés, qui
seront ensuite éliminégia de grandes délétions (47). Néanmoins, des génes
coupés peuvent étre restaurés et persister daygnteme. Le pourcentage codant
est en effet plus petit dans les « bad bugs » guples, possedent un grand
nombre de queues poly(A). Notre travail sur le &yst de réparation et de
recombinaison a démontré que parmi les génomes likd «bugs » étudiés,
beaucoup de génes de recombinaison et de répasatibiperdus. Ces espéces ont
alors un systeme de réparation déficient qui lesl iecapables de réparer des
mutations et de surmonter les dégradations de géeegpseudogénisations et
éventuellement les pertes de genes. Les fonctiamgjuantes au niveau des « bad
bugs » sont principalement les fonctions métabebgles fonctions de production
d’énergie, de matilité cellulaire et de transcopti

Nous avons aussi observé que le nombre de gend'gléments considérés
comme étant des « facteurs de virulence » esttagaement plus élevé dans les
« témoins » que dans les « bad bugs ». Enfin, ledulas de Toxine-Antitoxine
(TA) sont significativement plus nombreux dansddsad bugs ». Les systemes de
TA ont été initialement identifiess comme des factewle stabilisation des
plasmides et comme ayant un réle dans la stalidiisdes intégrons au niveau des
chromosomes bactériens (48). Les modules TA sost gimes égoistes qui
inhibent le détachement de I'opéron des organishds sont décrits comme des
molécules d’addiction (49-50). La possibilité drélner seulement la toxine et pas
I'antitoxine est limitée, due a leur positionneménhe a coté de l'autre dans le
génome. Toute tentative d’éliminer 'opéron conduia mort de la bactérie (51).
Sous ces conditions, les molécules d’addiction setgctionnées non pas parce
gu’elles sont indispensables, ou essentielles ggdiisme, mais parce que
I'organisme ne peut pas s’en séparer (51). C'@éstessant de remarquer que les
« bad bugs » n'ont pas seulement plus de modules ri@s ont aussi des

génomes plus petits que les « témoins ». Il edilplesque les TA puissent jouer



un réle dans la virulence de bactéries pathogéftast donné la pathogénicité
induite aprés tentative de limiter leur traductitams les bactéries les contenant.

Dans le cas de I'adaptation d’'un mode de vie ieffakaire, la spéciation de
bactéries est accompagnée par une perte massgénds qui peut conduire a une
perte totale d’autonomie. La spéciation peut é&ftnge comme la capacité réduite
d'une bactérie a obtenir de nouveaux caractérasmen conséquence de son
isolement dans un environnent donné. Ce phénongnassocié a une capacité
limitée d’adaptation aux changements écologiquesur Fcette raison, tout
changement significatif dans I'écosysteme, ou tthangement de la niche peut
provoquer la disparition de la bactérie (52). Cainément a la situation prédite
par la théorie de la Reine Rouge (Red Queen theés#yb4), la plupart des
pathogénes humains du Xi¥ siécle, comme ceux responsables du typhus, de la
lepre, de la typhoide et de la dysenterie, sombueés a un stade de déclin
considérable qui résulte de leur faible capaca&@dapter. C’est pour cela que les
bactéries pathogenes sont probablement en trairdigfgaraitre mais seront
sGrement remplacées par de nouveaux pathogénedalisggcchez 'lhomme. Ces
especes vont émerger de complexes qui sont dgjardact avec nous, surgissant
de commensaux humains (muqueuses), d’animaux Ggkenizoonoses), ou de
I'environnement.

En conclusion, une espéce pathogene n’est padé&adsae par ses « facteurs
de virulence » mais par un répertoire virulent commpnt une réduction
génomique considérable, résultant de sa spécialisaextréme a un
environnement donné et stable. Dans le répert@mmique virulent, les genes
absents sont aussi importants que les génes mpegetiexception de toxines et
de modules TA qui ont un effet direct et mesurathlautres facteurs appelés « de
virulence » sont en réalité des facteurs associ@s«fitness » dans un modele

expérimental testé.






PERSPECTIVES

Lors de mon travail de thése sur la capacité viteleles bactéries, j'ai pu
démontrer que les bactéries pathogenes ne contiepas plus de facteurs de
virulence que les bactéries non-pathogénes, adpian des modules TA. Ces
modules n'ont pas été considérés comme jouant le déns la capacité
pathogénique des bactéries avant, surtout pardls ge’ sont pas sécretes dans
les cellules eucaryotes (55-57). Au contraire, tiegnes bactériennes ont été
reconnues depuis 1888 comme les facteurs de vaeilpar excellence ayant un
effet toxique direct et mesurable (58-59). A pa# toxines et les modules TA,
quelques enzymes de restriction semblent avoirastigité toxique, exprimée
par des effets mutagénes sur I'ADN cellulaire (@)-@&.eur role est de former
un mécanisme de défense pour les bactéries cohDbl lde bactériophages en
le coupant au niveau de sites différents. Ils sardsi considérés comme des
éléments égoistes (63). Il serait alors intéresdartonfirmer si effectivement,
les toxines sont, avec les modules TA, les seudssiacteurs de virulence
bactériens et si les enzymes de restriction potuaossi étre considérés comme
faisant partie d’'un répertoire génomique virulemn@me titre que les toxines et
les modules TA.

Dans une vue classique, les toxines sont conskléoéenme des
molécules provoquant une intoxication quand elted Bbérées par les bactéries
dans les cellules eucaryotes. A cause de cetteitilidi la virulence de bactéries
telles que l&Salmonellaet Yersinig qui ne secretent pas de toxines protéiques,
ne pouvait pas étre expliqguée. Or, nous savonsualifui que ces bactéries
peuvent intoxiquer leurs hotes (64). Ces toxinemoe les modules TA, ont un
relargage intracellulaire. Ce phénoméene mériterel’€ploré pour voir si, ce ne
sont pas plutdt les toxines intracellulaires quntsplus liées a la capacité
pathogénique de bactéries et non pas les extriaeds; comme nous l'avons

pensé jusqu’a maintenant.



Enfin, la plupart des toxines protéigues sont &éssc a des
bactériophages ou a d'autres éléments mobiles,gtedsles plasmides ou les
transposons (65-66). Les toxines et les modulesdrt des genes transférables
et font partie du « mobilome ». |l faudrait donsager de voir quelles sont les
origines des toxines et desdules TA, en prenant en compte des événements
de transferts horizontaux probables, et voir aassjuel moment ils ont fait
partie du répertoire virulent. Est-ce que leur a&gan précéde I'émergence de
pathogenes?

Les modules TA et les toxines font partie d’'un rémes génomique, en
I'occurrence pour les bactéries pathogénes, unrtcépe génomique virulent.
Un répertoire génomique, en général, est composédpa genes stables
(« core genome »), des genes transférables et d@assgcréésde novo
(« orphans »). Les génomes ont donc une structurécique contenant des
genes de différentes origines. Il est donc impdssibidentifier un ancétre
commun pour tout le répertoire génomique d'un oigyaa. J'ai voulu alors
mesurer le degré de mosaisisme des génomes emfpoamame exemple les
mitochondries. Nous considérons que les mitochesdront apparues suite a un
événement endosymbiotique entre un prickettsialeset une cellule proto-
eucaryote (67-68). La plupart des analyses phylogégues placent les
mitochondries parmi les Alpha-protéobactér{68-71) et d’autres études ont
montré que les especes les plus proches des mices font partie de I'ordre
de Rickettsiales(72). Néanmoins, cette relation est contestéeupar étude
proposant qué&khodospirillum rubrumsoit plus proche des mitochondries que
les Rickettsiales (69). D’autres études plus récentes, ont assoeg |
mitochondries auRhizobialeset auxRhodobacteriale§71), alors qu'une étude
a démontré que d’autres bactéries, en dehoRideettsialesont joué un réle
significatif dans la formation des mitochondrieS)(7Ainsi, les mitochondries
constituent un bon exemple pour étudier la fornmatie la structure mosaique

des génomes et en particulier la mitochondri&delimonas americandont le



génome est probablement le plus proche du génortechondrial ancestral
(74). Le but est de déterminer le degré de la participal’'un ancétre commun
lointain a la formation du génome mitochondriahassi le taux, les origines et
le moment auquel d’autres éléments ont été ajopbés créer le répertoire
chimérique de ces organelles. Bien sir, la reptésen d'un tel répertoire,
provenant d’'une variété d'ancétres, ne pourra padage avec un arbre
Darwinien classique, mais sur un arbre généalogiselequel nous pourrions
suivre l'origine de chaque gene, ainsi que le tedgk divergence des ancétres
et le temps de 'acquisition de tous les éléments.

Des transferts horizontaux, initialement observészcles bactéries, ont
été identifiés dans tous les organismes vivantsnélié génome humain est une
mosaique de génes d’origines eucaryotes, procargbtarales (75), et les virus
géants ont aussi des génomes chimériques d’origiiiigsentes (76). L’arbre
généalogique constitue, actuellement, le seul neodet lequel nous pouvons
intégrer les occurrences des origines multiplesrdpsrtoires génomiques des
organismes. De nouveaux genes et de nouvelles esspé&e créent
perpétuellement. Leurs répertoires génomiques giies variables leur
permettront d’évoluer, si les conditions environeatales sont favorables et

vont remplacer les especes qui sont en train desser.
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ANNEXES

Lors de mon travail de these, jai eu l'opportund@pprofondir sur
guelques définitions trés répandues de la microbiel En effet, beaucoup de
ces deéfinitions sont fausses: la présence de coimeatation dans les
Planctomycetes met en question les définitions desaryotes et des
procaryotes, les virus géants contestent la diéfmdctuelle des virus basée sur
leur petite taille, en outre, la pathogenicité réxassite pas de facteurs de
virulence alors que la perte des genes semble joueble dans I'émergence de
la virulence. En fin, la théorie de I'arbre de Ia,we peut plus représenter nos
connaissances actuelles, puisque les études denggront révélé un grand
nombre d’orphans et une structure mosaique desSTgEmMOA travers la revue de
'annexe 1, nous avons démontré que I'adoption@lvision post-moderne de la
microbiologie est nécessaire a la compréhensidiedaution des microbes.

Dans un autre travail, présenté dans I'annexe @gesuis intéressée a l'origine
des mitochondries, et en prenant en considéragsnnduvelles données par le
génome dOdyssellahessalonicensjsious avons démontré que la mitochondrie
de Reclinomonas americarmémergé defickettsialeset qu’elle est proche de
Candidatus Pelagibacter ubigugui, comme le démontrent nos résultats, est
une Rickettsialequi a probablement évolué d’'un mode de vie inttalzte a

un organisme extracellulaire.
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Abstract

Many of the definitions in microbiology are factlyafalse. We have reviewed
the great denominations of microbiology and attepb free microorganisms
from the theories of the #0century. The presence of compartmentation and a
nucleoid in Planctomycetes clearly calls into questthe accuracy of the
definitions of eukaryotes and prokaryotes. Archaeaviewed as prokaryotes
resembling bacteria. However, the name archaeggstigg an archaic origin of
lifestyle, is inconsistent with the actual histooy this family. Viruses are
defined as small, filterable infectious agents, dnant viruses challenge the size
criteria used for the definition of a viruBathogenicity does not require the
acquisition of virulence factors (except for toXinsnd in many cases, gene loss
seems to be implicated in the emergence of vir@e@pecies classification
based on 16S rRNA is useless for taxonomic purpokkaman pathogens, as a
2% divergence would classify dfickettsiaewithin the same species and would
not identify bacteria specialized for the infectioh mammals. The use of
metagenomics helps us to understand evolution agdigdogy by elucidating
the structure, function and interactions of micabldommunities, but it neglects
the minority populations. Finally, Darwin’s descevith modification theory, as
represented by the tree of life (TOL), no longertahas our current genomic
knowledge because genomics has revealed the ogcarad de novecreated

genes and the mosaic structure of genomes.



1. Introduction

Post-modern philosophy, also called the FrenclorthéWicks, 2003),
states that the majority of theories, includingestific theories, are only based
on meta-narratives expressing the influence oflaureuat a given time. These
scientific theories can be questioned when a chang&chniques creates
instability in the theory, as postulated by KarlpPer (Popper, 1959; Raoult,
201(a). In addition (and in the direction of post-moddhneory), these theories
can also be called into question due to an intell@change of paradigm (Kuhn,
1962). The study oRickettsiaehas been challenging for the past few years
because of the great difficulty in their handlifgoreover, the ancestors of
Rickettsiaecontributed to the birth of modern eukaryotes aysferring genes
to the mitochondrion and the nucleus (Koonin, 20R@nvoiséet al, 2011).
During the explosion of microbial genetics, thedstwf Rickettsiadid not
benefit from the model dEscherichia coliand rickettsiologists had to develop
alternative approaches that did not include the mom meta-narratives
(Renvoisé et al, 2011). Among these approaches were those based o
observations of the characteristics of intraceflldacteria, whose genomes and
behaviors resemble those of viruses. ThHrEkettsiahas been classified as
intermediate bacteria between the viruses and mactéurrently, the genomic
revolution and “multiomics” have made it possibte analyzeRickettsiawith
many new tools (Bechatt al, 2010), andRickettsiawas among the species that

were sequenced most quickly (Anderssomal, 1998; Ogatat al, 2001). This



sequencing and generally all the work achieved lokd®tsiologists brought an
important revision to the way of thinking with resp to E. coli and forced
microbiologists to visualize the general theoriesaerning bacterial species in
a different way, so several theories concerningtdsec had, or need, to be
revised(Georgiades and Raoult, 2@&)1In this work, our goal was to revise the
overarching classifications and denominations usedmicrobiology. In
particular, as postulated by post-modern philosoftlyptard, 1979; Williams,
1998), we know that the denomination of an objecistrains it in its definition
and that when the definition is inappropriate, eaanot conceive of the object

in a reasonable way.

2. Definition of eukaryotes and prokaryotes

The word “microbe”, literally meaning “small lifetyas introduced by the
French surgeon Charles Sédillot in 1878 to definfnitely small living
organisms (Vallery-Radot, 1885). One of the mogbartant advances in our
understanding of the living world was the realiaatiby the French scientist
Edouard Chatton that there are two major grougsgdnisms that he named the
prokaryotic (bacteria) and the eukaryotic (orgamsismith nucleated cells) type
(Chatton, 1925; Sapp, 2005; Stanier and van N882]. This classification was
adopted by Stanier and van Niel (1962) and theawake-eukaryote dichotomy
was universally accepted as the natural orderiafshuntil the 1970s and the

emergence of rRNA phylogenetics (Sapp, 2005). At time, Woese achieved a



comprehensive understanding of bacterial phylogesiyg laborious molecular
sequencing methods (Woesek al, 1975). Those data revealed two separate
lineages among prokaryotes: the Archaea (Archaebartand the Bacteria
(Eubacteria). The prokaryote/eukaryote system wgdaced by the “three
domain system” and the classification of Eukaryach@ea and Bacteria
(Woese, 1994)However, bacteria had always been defined largelyegative
terms: they lacked a nucleus, compartmentationsamndal reproduction (Sapp,
2005). This negative description is somewhat imvakcause it does not define
what a prokaryote is but rather what it is not @&006). Furthermore, recent
observations of Planctomycetes prove that the ieins of eukaryotes and
prokaryotes are erroneous. Planctomycetes isiaatise phylum of the domain
Bacteria, in which the cells possess a differemtictiral plan than other
prokaryotes; the cells of all cultured and someultnced species are divided
into compartments by one or more membraffég. 1). In addition, in one
particular speciesGemmata obscuriglobushe nucleoid is enveloped in two
membranes to form a nuclear body that is analogouthe structure of a
eukaryotic nucleus. The existence of these organdearly calls into question
the accuracy of the actual definitions of eukargoémd prokaryotes (Fuerst,
1995; 2005; 2010). The nucleus of these cellsikebulted fromautogenous
membrane development in a prokaryote lined@ylor, 1976;Lakeand Rivera,
1994; Glansdorffet al, 2008), most likely in Planctomycetes and theselp

relatedChlamydia(Ward et al,, 2000; Hornet al, 2004)(Fig. 2). This theory



has been strengthened by the discovery of nucleasl@e fold topology in
Planctomyceteswhich is analogous to the eukaryotic cell struet@Fuerst,
2005; Fuerst, 2010). Moreover, the eukaryotes albdr mitochondria, or
mitochondria-related genes, inherited frdtickettsiales(Golding and Gupta,
1995; Langet al., 1999). Therefore, eukaryotes are younger tRaikettsia,
their other ancestors are unknown, and there isvigdence that these ancestors
had a nucleus. As it turns out, the three domastesy, as previously defined,

does not exist (Lake, 1988).

3. Archaea

According to a basic dichotomy, that of eukaryoersus prokaryote,
Archaea, or archaebacteria, have been viewed akaryoies resembling
bacteria (Woese and Fox, 1977; Woese, 1994). Thiasity between archaea
and bacteria is displayed in numerous charactesistncluding the size and
shape of cells, the absence of a nucleus, and rtieni@ation of genes into
operons (Mayr, 1998). Kooniet al have shown that about 63% of the genes in
Methanococcus janaschaire also found in other bacteria (Kooeinal, 1997).
Many metabolic pathways are common between arciraddacterigkoonin et
al., 1997 but also between archaea and eukarya (Paataalj 2001) and many
metabolic pathways are specific to the Archaeao(Satd Atomi, 2011).
Archaeaare the only life forms known to perform methanoegms to produce

biological methane (DiMarcet al, 1990). Several additional characteristics,



such as the presence of ether-linked isoprenoidislipvith a glycerol-1-
phosphate backbone in the cell membrane (Kates3)19he lack of
peptidoglycan in the cell wall (Woese and Fox, )9heé presence of modified
bases in tRNA and the presence of a unique forBNA polymerase (Ishinet
al., 1998) distinguish archaea from bacteria. Becaudeaea and bacteria are no
more related to each other than they are to eutesythe ternprokaryote used
for archaea to mean "not a eukaryote”, is not aaleq(Pace, 2006; Glansdorff
et al, 2008). Archaea share with eukaryotes similarsicaption machinery in
terms of RNA polymerase structure and function ftisavery different from
bacterial RNA polymerase (Hirata and Murakami, 2008doneet al, 2001).
This finding supported the separation of prokaryatéo archaea and bacteria
and the proposal of three different evolutionaryndmms on the basis of
ribosomal RNA (Olseret al, 1994; Olsen and Woese, 1997; Werner and
Grohmann, 2011; Woese and Fox, 1977; Woessal,, 1990).

Archaea are similar to other domains of life ar¥é been considered
models of the early evolution of cellular life fosnffRomano and Conway, 1996;
Yutin et al, 2008). Indeed, the word archaea comes from tlogeiat Greek,
meaning "ancient things". The information procegsmachineries of archaea
are considered ancestral forms of the more commpekcation, transcription
and translation machineries of the eukaryotic @8libaldoet al, 2010). The
homology of archaeal operational genes with thofebarcteria has been

interpreted to be the result of an extensive lageae transfer (LGT) between



the two prokaryotic domains (Faguy and Doolittl®@39Makaroveet al, 1999).
Other evolutionary hypotheses about the path of héfute the ancient
characteristics of the archaea. It has been sumydsit the three domains of life
evolved from a pre-cellular community containinffetient types of genes using
a process that led to the fixation of specific ®d®f genes in the ancestors of
these domains (Woese, 1998). These pre-cellul#resnbhave been proposed to
have no stable genealogy or chromosome and alskacto a typical cell
membrane, allowing for unrestricted LGT. Considgrirevidence from
molecular sequences, envelope structure and mgotihechanisms, other
hypothesis suggested that the archaea evolved@mam-positive bacteria as an
adaptation to hyperthermophily or hyperacidity (@lar-Smith, 2002) or in
response to antibiotic selection pressure (archeeaesistant to a wide variety
of antibiotics that are primarily produced by Graositive bacteria) (Gupta,
199&; Gupta, 199B; Gupta, 2000). Finally, the genomic sequence zeslpy
Lake and coworkers provide evidence that the rbttetree of life does not lie
in archaea (Skophammet al, 2006).

Archaea have often been viewed as extremophilentge, but recent
results obtained using molecular approaches anédgeebmic studies have
changed our perspective of the nature and the gliyeof archaea. Indeed,
archaea were considered predominant over bactealh éxtreme environments
(temperature, salinity and pH). This is indeed trioe high-temperature

environments, as only archaea can thrive at terhpesafrom 95°C to 113°C



(Huberet al, 2000). However, in all other situations, spe@é®facteria have
been found together with those of Archaea and BakgRothschild and
Mancinelli, 2001). Molecular studies have revealasel diverse and widespread
distribution of archaea in different environmensgvalli et al, 1998). Archaea
include mesophiles that grow under mild conditigbelLong, 1998). Novel
archaea have been isolated from a variety of tempend cold environments
(Cavicchioli, 2006), human mucosa ( Belay al, 1988; Dridiet al, 2009;
Miller and Wolin, 1982), agricultural and forestlspplankton, fresh water lake
sediments and the deep waters of oceans (Schéepér 2005). They constitute
a major part of global ecosystems; in samples catefrom the marine waters
of Antarctica, archaea were estimated to accounapproximately 34% of the
total biomass (DeLong, 1998). Mesophilic archaea thle phylum
Crenarchaeota, recently renamed to TraumarchaBotehier-Armanetet al,
2008; Spanget al., 2010), account for nearly 20% of the total marin
picoplankton biomass worldwide (Karnezt al, 2001). The ubiquitous
abundance of archaea and their influence on bidggoical cycles remain
largely unexplored. A recent tentative to infer #ecestral conditions of life
suggests that the last common ancestor of archee®den hyperthermophilic
and mesophilic species have showed adaptationsotderc environments
(Groussin and Gouy, 2011).

Recent experiments and genomic approaches haveestedgthat the

different criteria used to define archaea are ootgetely valid. The definition



currently used for Archaea merely cloaks our latkrowledge of this domain
of life. Genomic studies have conclusively dematstt that archaea are not a
form of “archaic” bacteria but they rather reprdsandistinct evolutionary

domain.

4. Bacterial virulence factors

It is not surprising that many people believe thaicteria that are
dangerous to us are better armed than non-pattobanteria. The conclusions
of most studies on bacterial virulence, driven byheopocentric intuition and
perspective, suggested, and some still suggeshtmpathogenic bacteria lack
supplementary virulence factors (Lawrence, 1999 rtanet al., 2005).
An outstanding example of this way of thinking tse tShigella paradigm.
Shigella spp. are human pathogens associated with bacidgsgntery, or
shigellosis Shigella dysenteriaeauses deadly epidemics in many of the world’s
poorest countriesShigellaspp. ancE. coli have always been considered closely
related, and they have even been placed in the spawes (Pupet al, 2000).
However, mosk. coli strains are commensals of the human intestine i(@&lau
et al, 1998), andShigella spp. differ fromE. coli in their lack of certain
phenotypic traits, such as extracellular mobilitg dhe ability to ferment lactose
and many sugars (Karaolst al, 1994; Pupoet al, 2000). Similar toS.
dysenteriagpathogenic enteroinvasie coli lack lysine decarboxylase (LDC)

activity. In a study by Maurellet al (1998), the induction of LDC expression



attenuated the virulence of a transformed strai.dfexneri It seems plausible
that Shigella evolved from theE. coli complex through the acquisition of a
plasmid containing critical genes. PlasmidsSboigellaspp. have been directly
associated with virulence and were even named lénae plasmids” after their
discovery (Haleet al, 1983). Furthermore, actin-based motility initiatedthe
icsAgene has also been reported to be a virulencer f@@bldberget al, 1994).
However, virulence increased after massive genetidak (Maurelliet al,
1998). In conclusior$. dysenteriagvas not found to have more virulence genes
than related bacteria (Georgiades and Raoult,®011

Many recent comparative genomics studies have dstnawed that the
specialization of bacteria for the colonizationenfkaryotic hosts is associated
with massive gene loss (Niermanal, 2004; Merhegt al, 200%) and the loss
of identified “virulence factors” (Audiet al, 2007). Genomic analysis has
revealed thaBorellia recurrentis the agent of deadly louse-borne relapsing
fever, encodes fewer putative virulence factors tBarellia duttonii(Lescotet

al., 2008). Gene loss has also accompanied the ewolwdf pathogenic
Bordetella species (Cummingset al, 2004) and gene deletions in
Mycobacterium tuberculosizave resulted in a hypervirulent phenotype (Bokum
AMC et al, 2008). Finally, in a study by Audet al (2007), the number of
putative virulence factors was found to be higinewvater-dwelling bacteria than
in any other categories of bacteria, including sggeed pathogens (Audet al,

2007).



One of the best examples of genome reduction caiowe in the epidemic-
causingRickettsia prowazekiwhich is the most dangerous rickettsial species.
Genome comparisons &. prowazekiiwith the less virulenR. conorii have
revealed thaR. prowazekiis a subset dR. conorii,with only 834 open reading
frames (ORFs) compared to the 1,374 ORFR.ofonorii(Ogataet al, 2001).
Although intracellular motility has been considered virulence factor of
Shigella(Goldberg and Theriot, 1995) ahdteria monocytogenedilney and
Portnoy, 1989; Mounieet al, 1990),R. prowazekiis completely immobile in
the cytoplasm (Teysseiat al, 1992). Actin-based motility iR. conoriiandR.
rickettsii requires two proteins functioning together, Sca@ RickA, suggesting
that these two proteins could be virulence factoisR. rickettsii R. typhi
possesses only the Sca2 protein and is also maliie cytoplasm but less than
R. conorii(Teysseireet al, 1992)(Fig. 3). However, none of these proteins are
found in R. prowazekjiwhich lacks actin-based motility (Kleks al, 2010).
Consequently, motility is not a virulence factoer sebut can be part of a
virulence repertoire in some pathogens (GeorgiatelsRaoult, 201d). Other
studies have also demonstrated genome reductioa lmver extent in the
extremely successful and fR. africae,the agent of African tick-bite fever. In
contrast with their possession of virulence fagtB.sprowazekiandR. africae
have the most and the least decayed genomes, tigspecamong pathogenic
Rickettsiag(Fournieret al., 2009). A comparison dR. africaewith R. rickettsii

suggested the loss of essential gend®. inckettsiias a possible factor involved



in the development of virulence (Fourneral, 2009). In general, pathogenic
Rickettsiaspecies lack what was defined as “pathogeniciagngs” and that are
present in other bacterial pathogens (Hacker anpeKa2000). It has been
suggested that plasmids contain genes encodingipsotesponsible for host
recognition, invasion and pathogenicity. The preseof plasmids irfRickettsia
species, however, did not show any correlation withlence (Paddockt al,
2004; Ogateet al, 2005; Blaneet al, 2008). The examples dRickettsiaeand
Shigella spp. show that the terms “pathogenicity islandsid dvirulence
plasmids” are misleading. The genomic analysis iokettsial species has
revealed that the shift to pathogenicity does eguire the acquisition of new
genes, but in more cases, and not onhRiokettsia gene loss seems to be
implicated in the emergence of virulence (Morar@Andersson and Kurland,
1998; Andersson and Andersson, 1999; Blanal, 2004&; Darbyet al, 2007;
Merhejet al, 200%). In a recent study in our laboratory, we demaistt that
the only features found at higher levels in extlgmaangerous bacterial
pathogenic species than in closely related ledsogahic species were toxins
and toxin-antitoxin modules (TA) (Georgiades andita 201 D).

In conclusion, ecept for toxins, which have a direct effect aneé ardeed
virulence factors, other products named “virulerfeetors” are, in reality,
associated with fitness in a genomic context ana ispecific environment,
including in tested experimental models. Compaeatenomics have shown

than pathogenic bacteria have smaller genomes ribarspecialized bacteria.



Therefore, it is not possible to say that supplaargrvirulence factors establish
pathogenicity, but rather, the overall gene repertes more associated with
virulence than specific genes. In a recent studg, deletion of four different
gene clusters in fungi attenuated their virulenc@lants, while deletion of the
“divergence cluster 8-12” (region encoding effeajenes with mow sequence
conservation) caused a hypervirulent fungal phgre{chirawsket al, 2010).
Under these conditions, a virulent gene repertisireomposed of both present
and absent genes. The tefmrulence factor” seems to be invalid, and we

propose that it should be abandoned.

5. Phylogeny and taxonomy

Biological dogma states that phylogeny reflectsoteymy. Indeed, the
16S rRNA sequence has been widely used for theriggsn of many newly
classified bacterial specieBdssello-Moraand Amann, 2001; Drancoust al,
2004; Rouxet al, 2009. A 16S rRNA divergence of 1-2% is considered to
correspond to approximately 50 million years ofedlgence Qchmanet al,
1999; Ogataet al, 2007, and a cut-off of 98.7% similarity in 16S rRNAflexts
a new speciesS{ackebrandandEbers, 200% However, an accurate delineation
of bacterial species cannot be guaranteed by #efusbosomal DNA sequence
identity, which often leads to misleading speciefingtions ox et al, 1992;
Rossello-Moraand Amann, 200). Bartonella henseladéas two copies of 16S

rRNA in some cases, which likely emerged througtongbination (Sanoget



al., 2003), and these copies present a divergentethigan 1.3% (Viezens and
Arvand, 2008). For several bacterial species, tesgnce of multiple copies of
the 16S rRNA gene has been documented (Acetaal, 2004). Although
generally, these multiple copies in an organism eitleer identical or nearly
identical, in some cases, they are divergent entoigiverestimate the number
of bacterial strains. This overestimation can bensa the case obDelisea
pulchra strains, in which 16S rRNA gene copies were usedlustrate the
effects of 16S rRNA heterogeneity in the marinetéaal community Dahllof

et al, 2000; Adékambet al, 2008). The use of 16S rRNA for such analysis is
limited dueto its inherenheterogeneityfDahllof et al, 2000). Moreover, using
the molecular clock scale based on 16S rRNA aseaiap definition criterion,
specialized bacteria within mammalian hosts are defined as species
(Georgiades and Raoult, 2@G)1 Species definition cannot be based on the
percent divergence of 16S rRNA because bacterimppavdivergence less than
1.3% correspond to bacterial complexes rather thaecies (Doolittle and
Papke, 2006).

There are 9,000 validated bacterial species andnillion eukaryotic species,
even though the biomass of bacteria is comparablbdt of eukaryotes; this
suggests that use of the 16S rDNA sequence aadamc tool is not adapted
to the definition of species. Furthermore, genoaantents are not represented
by phylogeny. In a study based on the genomic cortemparison of bacteria

with different lifestyles, discrepancies betweexotsomy and gene content were



observed (Audiet al, 2007, Merhegt al, 200%). The phylogenomic analysis
yielded a tree similar to the one produced usiregtBS rDNA gene sequence.
However,y-proteobacteria appeared to be divided into threepmg, confirming
that these species were more similar to each athlerms of gene content than
to their close phylogenetic relatives (Audit al, 2007). Similarly, rickettsial
species and relatives, such\@slbachiaandEhrlichia species, comprise an
proteobacterial clade characterized by small gesorties clade is distantly
related to othen-proteobacterial species with larger genomes (Mo2&92).
Phylogenetic analysis dRickettsiaspecies based on 16S rRNA sequences has
been frequently performed; however, significanterehces about intragenus
phylogeny are not possible because the sequeneealraost identical (Roux
and Raoult, 1997). In fact, the official moleculariteria used for the
classification of a bacterial species, DNA/DNA hdmation > 70%, GC
content < 5% and a 16S rRNA divergence < 1, 3%natue applied to
Rickettsiaspecies. A 16S rRNA divergence < 2% alone woulkgfy all
Rickettsiaewithin the same species (Fournier and Raoult, OBGrthermore,
based on this criterion, bacteria specialized tonmalian hosts are not defined
as a species (Georgiades and Raoult, &01Homo sapiensemerged
approximately 250,000 to 400,000 years ago, wihiefirst human-specialized
pathogenic bacterial specidd, tuberculosisemerged much later, only 20,000
years ago (Wirtlet al, 2008). The trees produced by the concatenafigi94,

668 and 635 core gene proteins for 7, 8 and l1llladlairickettsial genome



sequences gave more robust and accurate phylog@lemsc et al, 200Db;
Fournieret al, 2008; Merhegt al, 200®). Through these analyses, the typhus
group (TG) and the spotted fever group (SFG) welméated, as well as SFG
subgroups (Roux and Raoult, 199R).belliiandR. canadensiwere also found
to lie outside of the TG and the SFG (Meréegal, 200D).

For organisms such as archaea, bacteria and soielular eukaryotes, the
species and gene trees do not show much identitly @ach other on an
evolutionary scale (Bapteset al, 2009). This result is due to the fact that
individual gene histories can be different from th&tory of a species. Over the
past 15 years, lateral inheritance (as opposecetical inheritance) has been
proven to be a major evolutionary force in micr@mgms (Bapteste and
Boucher, 2008). Examples of extensive chimerism le@d across prokaryotes
are common, and it is absolutely plausible thatyeggne in prokaryotes has
been affected by LGT at some point in evolutionhistory (Baptesteet al,
2009). With this in mind, whole gene content andspnt and absent genes
should be taken into consideration when searchimyg & reliable species

classification(Fig. 4).

6. Definition of a virus
The discovery of giant viruses with large genomes Inaised many
qguestions about virus definitions and evolutioncéwing to Lwoff, viruses

have typically been defined as “filterable infeagoagents” smaller than 200 nm



that are unable to undergo binary fission and lestype of nucleic acid with
few protein-encoding genes (Lwoff, 1957). Giantuggs, such as mimivirus
(Raoultet al, 2004; Raoulet al 2007) and mamavirus (La Scaaal. 2008),
challenge the size criteria used for the definitddra virus. These viruses, with
an icosahedral capsid diameter of nearly 400 nwe particle sizes comparable
to that of bacteria such adycoplasma(La Scolaet al, 2003; Raouliet al,
2004). Mimivirus possesses a large double-strami¢d genome (1,181 Kb).
The mimivirus genome has 1,262 putatiyBFs, of which 911 are predicted to
be protein-coding genes, and 298 could be assdodtd functional attributes
(Raoultet al, 2004).Mamavirus has a slightly larger genome than mimsvir
(1,200 Kb), and 99% of its predicted genes areototious to mimivirus ORFs
(Colson and Raoult, 2010). The concept of the spatiicle (and genome) that
once defined viruses is no longer valid.

The discovery of large viruses prompted a re-ev@naf the commonly used
viral isolation methods and consideration of thke nlayed by amoebae as a
source of giant viruses. Because amoebae ingegpaigle that is larger than
100 nm, these phagocytes represent a potentiatesanfr giant viruses with
chimeric repertoires (Raoult and Boyer, 2010). &dje another virus,
Marseillevirus, has recently been isolated from aba@. It has a diameter of
250nm and a genome size of 368,454 bp (Bateal, 2009). Mimivirus,
Mamavirus and Marseillevirus belong to tlkemiviridae, a family in thegroup

of nucleo-cytoplasmic large DNA viruses (NCLDVsydt et al 2006; Boyelet



al., 2009). Genomic analysis of the giant viruses showed timdy 4.6% and
11.2% of theORFsof mimivirus and marseillevirus, respectively, Haamologs

in the NCLDV core gene set. Hence, the majoritythed genome is lineage-
specific. In addition to the core genome, the gene repertufirtnese amoeba-
associated viruses contaidgplicated genes, ORFans and genes likely acquired
through LGT. Indeeda substantial proportioof the genomexhibits sequence
similarities to gene homologs found in bacteri@haea, eukaryotes and viruses
(Raoultet al, 2004). Using phylogenetic analyses, a bacterddacteriophage
origin has been inferred for 49 genes and a eukargagin for 85 genes of the
marseillevirus genome (Boyest al, 2009). Likewise, 60 genes from the
mimivirus genome had reliable homologs in cellidpecies and seemed to be
acquired from eukaryotes, especially from amoelMerdira and Brochier-
Armanet, 2008). These chimeric gene contents maye hasulted from
acquisitions through LGT involving the eukaryotiosh (amoeba) and sympatric
bacteria and viruses.moebae may serve as a genetic mixing bowl from kvhic
giant viruses may have gathered a complex set oegeleading to large
chimeric genomes (Raoult and Boyer, 2010).

The genomes of giant viruses help to elucidate thégin and early evolution.
The position of viruses within the TOL has beenudject of disagreement.
Indeed, the classification of organisms into a arsal TOL based on ribosomal
RNA sequences (Pace, 2006) evidently excludesastushich lack ribosomes.

As acellular organisms, viruses were intentionalbt represented with other



living ribosome-encoding organisms in the TOL (Moaeand Lopez-Garcia,
2009). Like other viruses, the mimivirus genometaors genes for replication.
Surprisingly, the genome of mimivirus also contaigenes thatcode for
components of translation machinery never befotmdoin virusesjncluding
four amino-acyl transfer RNA synthetases, peptigéease factor 1, the
translation elongation factor EF-TU and translaiiwtiation factor 1 (Raouléet
al., 2004). The presence of these genomic featuretriggered a reappraisal of
the definition of living beings (Raoult and Forer2008) and the evolutionary
implication of viruses. The phylogenetic analysisnamivirus proteins that
have closely related eukaryotic homologs suppatappearance of mimivirus
as representing a fourth domain of life togethethwbacteria, archaea and
eukaryotes (Raoutt al, 2004). Indeed, there are some genes that atkming
history, including DNA processing genes, even tlihug whole, complete
organism cannot be represented by a classic tré.oAn additional genomic
study revealed the early emergence of NCLDVs whos® genome is as
ancient as the three currently accepted domairngeo{Boyer et al, 201@).
These findings confirm previous hypotheses stativag viruses may be at the
origin of many eukaryotic genes (Villarreal and igbis, 2000; Forterre,
2006) and might have contributed to nucleus foroma{Bell, 2001; Takemura,
2001). Thus, the study of giant virus genomes sHigiid on the origin of
eukaryotes and emphasizes the possible role pléyedapsid-containing

organisms in the evolution of ribosome-encodingaargms.



7. Metagenomics and microbial diversity

The study of many species is difficult or even isgible, mainly due to
our inability to culture them in the laboratory (Kger et al, 2005).
Metagenomics, or the culture-independent genonatyais of an assemblage of
organisms, allows us to study microorganisms byiptecing their genetic
information from DNA that is extracted directly fro communities of
environmental microorganisms. Metagenomics has atede that the vast
majority of microbial diversity has been missedhgstultivation-based methods
(Handelsman, 2004; Riesenfeld et al., 2004; Eckhkairgl, 2005). Indeed,
approximately 10% and 60% of the sequences fromrammental microbial
and viral metagenomes, respectively, are novel esmps; they have no
significant similarity to any sequence in the GeniBaon-redundant database
(Tysonetal., 2004; Venteet al, 2004; Edwards and Rohwer, 2005). Thus, our
knowledge has been gleaned from the relatively Ismaiber of presently
culturable representatives while ignoring the “Uhaoed majority” (Hugenholtz
et al, 1998).
Metagenomics has offered unprecedented insightsnmcerobial diversity and
sparked a revolution in the field of microbiologyistorically, microbiology has
focused on single species in pure laboratory cestuthus, the understanding of
microbial communities has lagged behind the undedshg of their individual

members. In addition, limited information about pimyogy and functional roles



can be gained from microbes in culture. Metagensrnsca new tool to study
microbes in the complex communities in which theye land to begin to
understand how these communities work. Indeed, geatamics relies on high-
throughput sequencing, which permits the isolatioin large portions of
genomes, providing access to protein-coding gendsbaéochemical pathways.
Metagenomics focuses onrgfiling the functions encoded by a microbial
community in a selected environment rather than t§yes of organisms
producing themAnalysis of the genomic content of communities gfamisms
sheds light on the metabolic variability of an @omment and on specific
physiological functions (Eckburget al, 2005; Dinsdaleet al, 2008).
Metagenomic studies of the pathogen-associatedobiamne have allowed for
an understanding of the role of microbial commuasitiand their clinical
implications (Gillet al, 2006; Leyet al, 2006; Turnbaughkt al, 2006; Willner
et al. 2009). Information from metagenomic libraries hlas ability to enrich
our knowledge and has applications in many aspecisdustry, therapeutics,
and environmental sustainability.

Metagenomic approaches have revealed insights @ntoronmental features
with important evolutionary implicationdetagenomic functional analyses of
ecosystems have revealed the correlation betweechgmical conditions,
metabolic capacity and genetic diversity in micedbl@mommunities (Edwardst
al. 2006; Frias-Lopezt al, 2008; Simonet al, 2009). Indeed, sequencing

projects provide a means for sampling the genetersity of natural microbial



populations by estimating the rate of recombinatow have the potential to
reveal much about the evolution of these populatiGfohnson and Slatkin,
2009). Moreover, His gene-centric approach to environmental sequognci
suggests that the functional profile predicted fremvironmental sequences of a
community is similar to that of other communitiesage environments of origin
pose similar demand3hese findings have provided insight into the psses
of adaptation and the evolution of life on earth.

Notably, netagenomics represents a powerful tool that camsbd to access the
abundant biodiversity of environmental samples, iitaccuracy depends on
many limitations. Technical and economic constsalimit the depth of analysis
necessary for obtaining a representative picture no€robial and viral
communities, their metabolic profiles and their @dtion dynamics (Morgaet
al., 2010). Indeed,afrge-scale sequencing of metagenomic DNA permis th
isolation of the most predominant species in th@arenment, while sequences
from low-abundance species may go undetected. ifnwy, only the most
frequently represented functional genes and matabhohthways that are
relevant in a given ecosystem can be identifiedass®ssed. However, the low-
abundance species and their encoded functions eteaddplay a critical role in
the ecology and physiology of the studied environin{®iganeawand Moreau,
2007).

In conclusionmetagenomics has shown that the uncultured midralwdd far

outnumbers the cultured world and has emphasize@xtent of our ignorance



about the microbial world. Metagenomics has helpktatidate the structure,
function and interactions of microbial communitiésese advances were not
possible in the culture-dependent era. Metagenomamstitutes a

comprehensive approach for understanding evolaimhphysiology.

8. Orphan genes

Orphan genes constitute a class of lineage-spegfies that do not show
homology to sequences in other species (FischerEasehberg, 1999). They
typically encode small proteins and show high ngmesymous substitution
rates, but their functions are unknown (DomazeteLaisd Tautz, 2003; Daubin
and Ochman, 2004). Recently, a classification of~@& has been proposed,
dividing ORFans into singletons, multipletons, dmkage ORFans (Boyeat
al., 201M). Each newly sequenced genome contains signifraamiers of such
genes (Toll-Rieraet al, 2009). For example, of 60 fully sequenced mi@iob
genomes, 14% of genes are species-specific orgsas and Fischer, 2003),
while 18% of genes iDrosophilaare restricted to thBrosophilagroup (Zhang
et al, 2007; Zhowet al, 2008). However, the origin of orphan genes remsai
mystery (Merkeev and Mironov, 2008). One proposeednario is that they
derived from gene duplication events in which onpycaccumulated so many
sequence changes that the ancestral similaritg ismger detectable (Domazet-
Loso and Tautz, 2003). It was recently proposetl $hah ORFans could also

represent genes of viral or plasmid origin (Roehal., 2006), and some seem to



correspond to truly new genes formael novothrough diverse mechanisms of
gene evolution (Boyeet al, 201®). This mechanism has been proposed to
have made a significant contribution to the formatiof novel genes in
mammals, specifically in primates, in which 5.5%oophan genes could have
originatedde novofrom non-coding genomic regions (Toll-Riesaal,, 2009).
The formation of novel genes has also been destiibBrosophila (Begunet
al., 2006; Levineet al, 2006; Zhotet al, 2008) andsaccharomyceserevisiae
(Caiet al, 2008).

In a recent study in our laboratory, we identifiadsmall number of gene
sequences iRickettsiaspecies that had no match in any database anddbat
to have resulted fronde novocreation (Georgiadest al, 2011). Indeed, 17
rickettsial gene sequences seem to have no homolahpe NR database. The
Ka/Ks ratio revealed that 15 of these sequencesg wiiner non-functional or
had adopted functionality. Of course, the probgbitf pseudogenization or
even of a possible viral origin of these genes khowt be excluded, but
because these genes were not found in regionstraites of active or ancient
integrated extra-chromosomal elements, we strobgligve that they are novel
genes (Georgiades al,, 2011).

Finally, it has been reported that new genes nbghéssential to an organism’s
viability. In the case oDrosophila 59 de novogenes were found to be as
essential as the old genes in terms of viabilithe Tobservation of lethal

phenotypes caused by the knockout of new gene®steghthatle novecreated



genes may integrate a vital pathway by interaciity existing genes, and this
co-evolution may lead to the new gene becomingspehsable (Cheat al,
2010).

In summary, gene creation is a continuous and tiedgthenomenon, and this
idea is supported by the discovery of new geneschwlare permanently
generated and whose identification is becomingemsingly frequent (Boyeat
al., 201(; Raoult, 2018). De novecreated genes are evidence of life’'s

permanent creativity.

9. The tree of life

The tree of life was used by Darwin approximateb0 years ago, as a
concept to explain the evolutionary relationshipgtween different species
(Doolittle, 1999; Lawton, 2009). It has been acedpas a biological fact since
(Doolittle and Bapteste, 2007). According to Darwirtheory, namely the
“descent with modification theory” (Penny, 2011lhetcommon descent of
species is demonstrated by similarities betweertiepewhile modifications
driven by natural selection create differencespacges that result in speciation
(Doolittle and Bapteste, 2007). The TOL is therefaomposed of a common
ancestor, the root of the tree, species separafielly and in a stable way, key
branches, and branches containing the most recantdgn species (Raoult,
201(; Raoult, 2016). However, evidence acquired using comparativeogen

analyses contradicts the existence of a single aomancestor for the gene



repertoire of any organism. Evidence obtained tinogenomic analyses
suggests that nearly all genes have been exchamgedombined at some point
and that there are no two genes with a similaohysbn the phylogenetic tree
(Raoult, 2016).

Since the late 1990s, LGT and gene loss in battggaomes have been
recognized as much more frequent than previoushpgeed (Ochmaset al,
2000; Lawrence, 2005; Dagan and Martin, 2007). &JB1% of the genome-to-
genome variation within a species is the resull.&fT and gene loss, and
homologous recombination is now thought to be ih& tause of sequence
divergence in many bacteria (Doolittle and Bapte&@07). Thus, LGT had
been considered a rare phenomenon in intracelbaleteria (Audicet al,, 2007)
until the discovery of the mobilome Rickettsiae suggesting that such events
were possible (Merhej and Raoult, 2010). Consedyjesdveral further studies
identified candidates for LGT iRickettsiaspecies (Wolkt al, 1999; Ogataet
al., 2006; Blancet al, 2004; Blanc et al, 200b; Georgiadest al, 2011).
Moreover, genetic elements invade and proliferateickettsial genomes and
eventually integrate genes into their host's chreomoes (Merhej and Raoult,
2010). Analysis of th®. felisgenome has provided evidence for gene transfers
between the chromosome and tRe felis plasmid, while the plasmids
themselves seem to have been acquired throughgadign (Ogataet al, 2005).
The first evidence for LGT iR. belliialso indicated the role of amoebae in gene

exchanges; amoebae constitute a melting pot inhwbpecies can exchange



genetic material (Ogatat al, 2006; Molineret al, 2010). Indeed, the genome
of R. bellii contains many genes highly similar to those aficellular bacteria
of amoebae, such &aggionella pneumophilandProtochlamydia amoebophila
(Ogataet al, 2006).L. pneumophilahas developed the ability to infect different
species of amoebae (Rowbotham, 1980; Fietdsl, 2002). A recent study on
L. pneumophilgrovided evidence for non-vertical inheritance:534% of the
genome has been involved in recombination eventshis study, LGT events
betweenLegionellaand all bacterial groups known to be present ilnerae
were detected (Coscolkt al, 2011). In parallel, other studies have iderdifie
eukaryotic-like genes irLegionella that are most likely of amoebal origin
(Lurie-Weinbergeret al, 2010; Molinerat al, 2010; Schmitz-Esseet al,
2010). The most plausible scenario for the multjhglogenetic origins of an
important fraction of.egionellagenes is the exchange of genetic material in the
common amoeba host.

These lateral transfer events do not always invalliele genes or certain gene
functions. TheR. felisparadigm is the first rickettsial genomic analysisvhich
random transfers of DNA sequences were found taraoclependently of gene
functions or sequence lengths (Merleg¢jal, 2011,in press. The functional
vision of genes and sequences often influencesitsti® analytical strategies
and interpretations. Some bacterial genomes coafaio 40% of genes with no

apparent function aside from duplication (selfisengs) (Raoult, 201).



Likewise, random sequences could have hybridizéxden species because of
their sympatric lifestyle (Mayr, 1957).

In light of these post-genomic data, a post-Darstinioncept should be
introduced, one that assimilates the chimerismrandaic structur¢Fig. 5) of

all living organisms through both non-vertical inkence andde novocreation
(Raoult, 2010). The Tree of Life is a biblical phrase (Pennyl20that matches
well the desire to have classification reflectife t“natural order” that is
inclusively hierarchical and goes back to a siragieestor (Doolittle, 1999). Our
current genomic knowledge no longer matches withwibes representation of
the tree of life. Species evolution looks much nlde a rhizome (Deleuze and
Guattari, 1976; Raoult, 20t)) reflecting all of the various origins of genomic
sequences in each species (Raoult, 20HVery living organism has a variety
of ancestors; exchanges between species are in@mdehe creation of new
genes is frequent and constant in all organismsekample, the human genome
IS a chimera and viruses and bacterial species adge our ancestors.
Retroviruses left relics in our genomes, in theesavay that both HHV-6A and
B viruses can integrate into human chromosomes mag be vertically
transmitted in the germ line (Arbucklet al, 2010). Trypanosoma cruzi
sequences were also integrated and identified tiido genomes of patients
(Hechtet al, 2010). Therefore, the definition of a commonestor should be
revised and instead of referring to a single amcesefer to viral ancestors,

bacterial ancestors, eukaryotic ancestors and eathacestors.



10. Conclusion

We think that the radical approach developed bypibst-modern French
philosophers is useful at this time, as technolbgg allowed for important
discoveries. From this perspective, rickettsioltsyis virologists and
bacteriologists, all of whom have different poimtk view, can make a real
contribution to their fields and to the study oé thvolution of living organisms.
Without the adoption of a non-traditional visionlaage proportion of living
organisms, which are now within reach, will remaivisible because we will be
trapped by the theories of the"2@entury. Objects are constrained by their
definitions. For example, giant viruses were misbgdcientists and were not
identified earlier because of the misleading dabns of virues that wanted
them to be filterable and smaller than 200nm (Lwd¥57) If the definitions are
false, like we demonstrated for the great denonanatof microbiology, objects
cannot be conceived in a reasonable way and thdussons derived from the
observations of the microorganisms will be biasgdisleading believes and

theories.
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Figure Legends

Figure 1. Compartmentation in prokaryotes and eukaryotes.
Compartmentation dsemmata obscuriglobu#®) and a eukaryotic celB) is
comparable.

Figure 2: Time scale otukaryogenesis and nucleogenesis. Eukaryotes are no
the only species with compartmentation. First eyb@s emerged from an
endosymbiotic event. The first nucleus appearedoxppately three billion
years ago in Planctomycetes an@hlamydia These numbers are
approximations (Bromham and Penny, 2003; Cavalmitt§ 2004; Trevors
and Abel, 2004).

Figure 3: Matility is not necessarily a virulence factoA)(Rickettsia conorii

iIs mobile in the cytoplasm and in the nucleus anden quickly. Actin-based
motility is associated with the Sca2 and RickA pnag (represented in red
and blue circles respectively). Yellow stars are d@monstrate that the
bacterium moves fast in the cytoplasm; dotted lines to show that the
bacterium can be found anywhere in the cytoplastheuen in the nucleus.
(B) Rickettsia typhis also mobile in the cytoplasm, but it moves lgsgkly
than R. conorii Its mobility is associated with the Sca2 protgi@) R.
prowazekiiis completely immobile in the cytoplasm. The Seafzl RickA

proteins are absent.



Figure 4: Phylogenomic tree based on whole gene contensdépt@bsent
genes) in pathogenic and non-pathogdnicoli species and. dysenteriae
Two clusters are formed: one for pathogenic spdameed), and one for non-
pathogenic species (in blue). Pathogenic straiesdarded into 5 groups:
enteropathogenic (EPEC); enterohaemorrhagic (EHEG)ppathogenic
(UPEC); enterotoxigenic (ETEC); enteroaggregativ&KC).

Figure 5: Each one of the four domains of lifé)(Eukaryotes (in yellow),
(B) Archaea (in blue),§) Viruses (in pink) and¥) Bacteria (in green), is
represented as mosaics containing genes fromualldimmains. Purple squares

represent ORFan genes.
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Abstract

Background: The evolution of theAlphaproteobacterisand origin of the
mitochondria are topics of considerable debate.tMuaslies have placed the
mitochondria ancestor within thRickettsialesorder Ten years ago, the
bacteriumOdyssella thessalonicensigas isolated fromAcanthamoeba spp
and the 16S rDNA phylogeny placed it within tRekettsialesRecently, the
whole genome ofD. thessalonicensibas been sequenced, and 16S rDNA
phylogeny and more robust and accurate phylogenamatyses have been
performed with 65 highly conserved proteins.

Methodology/Principal findings: The results suggested that the.
thessalonicensis emerged between the Rickettsiales and other
Alphaproteobacteria The mitochondrial proteins of thd&eclinomonas
americana have been used to locate the phylogenetic positbnthe
mitochondrion ancestor within thidphaproteobacteridree. Using the K tree
score method, nine mitochondrion-encoded proteun®se phylogenies were
congruent with theAlphaproteobacteriaphylogenomic tree, have been
selected and concatenated for Bayesian and Maximukelihood
phylogenies. Th&eclinomonasamericanamitochondrion is a sister taxon to
the free-living bacteridCandidatusPelagibacter ubiqueand together, they

form a clade that is deeply rooted in Riekettsialeslade



Conclusions/Significance: The Reclinomonas americananitochondrion
phylogenomic study confirmed that mitochondria eyedr deeply in the
Rickettsiales clade and that they are closely related @andidatus

Pelagibacter ubique



Introduction

Proteobacteriaare one of the best-studied phyla within bacté@cording to
the 16S rDNA phylogenyProteobacteriaare subdivided into five classas:
B, v, 6 ande [1]. Alphaproteobacteridiodiversity and evolution has been well
studied through phylogenetic analyses [2]. Curneimylogenomic analysis
allows the subdivision of thélphaproteobacteriainto six major orders:
Rhodospirillales, = Caulobacterales, @ SphingomonadalesRickettsiales,
Rhodobacterales and Rhizobiales Among them, Sphingomonadales,
Rhodobacteralesand Rhizobiales have a strong record of free-living
organisms and are widespread in aquatic and tealestabitats; these
organisms also have intracellular lifestyles aswlautualists or pathogens
and animal pathogens [3]. Unlike the three previouders Rickettsiales
members are mostly obligate intracellular bactesiad either parasitic, for
Rickettsia and Orientiapr symbiotic for Wolbachia Gene losses often
occurred during the evolution of the intracellutrecies, which explains the
small genome sizes of intracellular versus fremdj\Alphaproteobacterig4].
Wolbachiais a special case study that lives in symbiosié arthropods and
annelids. This species shows evidence of genomactied, but it also
experienced several gene integration events fr@avsyimbiont genome to the
host nuclear genome [5]. It is thought that mitawada originated through an

endosymbiotic event that occurred between the gRit&ettsialesand a pro-



eukaryotic cell [6, 7]. Based on biological argunsef8], the endosymbiotic
event occurred during the early stages of eukarystolution approximately
one billion years ago. Phylogenetic analyses hdteamated to reveal the
nature of the engulfed bacterium, but this remansubject of debate [9].
Molecular phylogenomic analyses of whole mitochaaldsroteins rooted the
mitochondrion among thAlphaproteobacterig10-12] but revealed that the
heterogeneous origin of mitochondrial genes didctesrly locate the position
of the mitochondrion ancestor within tAdphaproteobacteridree. Studies of
mitochondrial proteins that are congruent with tA&haproteobacteria
evolution place the mitochondrion at the root of Rickettsialesorder [13].
CandidatusPelagibacter ubiques a marine free-living bacterium, member of
the SAR11 clade, with a small genome and an AT gehome [14] that was
included in theRickettsialesclade since 2007 [2] although there is still
discussion on whether a free-living bacterium cobkl part of a clade
including obligate intracellular species [15]. Hoxee, phylogenomic studies
including CandidatusPelagibacter ubiquéocated the mitochondrion ancestor
within the Rickettsialesorder [2]. Furthermore, its very small and AT rich
genome constitute two features that are typicama@bchondria and related
obligate intracellular parasites such as Riekettsiales[15]. More recent
studies, on the mitochondria ofhlamydomonas reinhardti[10] and

Saccharomyceserevisiag16] find RhizobialesandRhodobacteraleas sister



taxa of the mitochondria more often thritkettsiales Therefore, bcause of
limitations in phylogenomic methods and data awditg, the origin of the
mitochondrial ancestor remains unclear.

Ten years ago, the intra-amoebal gram-negative ebactOdyssella
thessalonicensisyas isolated fromAcanthamoebapp. [17]; the 16S rDNA
was sequenced amhylogenetic analysis was performed. The resultieg
placedO. thessalonicensis thesame clade aBaraholosporaand in a sister
clade toRickettsiales It was suggestethat HolosporaceaecomprisedO.
thessalonicensis, Holospora obtusa, NHP Bacteriamd Caedibacter
caryophilus,and that it was within thRickettsiale®rder.

Whole genome shotgun sequencingf thessalonicensisecently yielded
genomic data on a new intracellulalphaproteobacterialn this study, we
have used the sequencé&l thessalonicensigienome and the available
alphaproteobacterial genomes reanalyze the phylogenetic position Of
thessalonicensis and the evolutionary relationship between the
Alphaproteobacteriaand the Reclimonas americananitochondrion which
resembles the most the ancestral proto-mitochdngeiaome than any other
mitochondrial DNA investigated to date [18].

Results

Alphaproteobacteria 16S rDNA phylogeny



Phylogenies to recover the position@dndidatus Pelagibacter ubiquandO.
thessalonicensjswere built with 53 sequences of 16S rDNA, inchgdi49
Alphaproteobacterial6S rDNA sequences, comprisiii@y thessalonicensis,
one GammaproteobacterigEscherichia coliK-12), one Betaproteobacteria
(Bordetella holmes)j one EpsilonproteobacterigSulfurimonasautotrophicg
and one Deltaproteobacteria (Desulfobacterium indolicum Three
phylogenetic methods were used: Maximum Likelihgddl), Maximum
Parsimony (MP) and Neighbor Joining (NJ). All threethods yielded the
same topology, although branches were better stggbdry ML and MP
methods. The monophyly é&hodospirillalesvas not supporte(Figure 1A).
Instead, this order was split into two clades @ponding to the
Acetobacteraceaeand Rhodospirillaceae families. It appears thatO.
thessalonicensigs a sister taxon to the clade formed aedibacter

caryophilusand the fourAcetobacteraceaspecies (Bootstrap (BP) = 100).

Phylogenies placeBaraholosporadeep in theRickettsialexlade (BP = 99),
while Candidatus Pelagibacter ubiquis a sister taxon t@araholospora
Candidatus Pelagibacter ubiqweas grouped witlRickettsialesThese results
were also consistent with those obtained on thdogleyetic tree realized
without theO. thessalonicensi$6S rDNA sequencéFigure 1B), however,

the topology ofCandidatus Pelagibacter ubigu&anching right outside the

Rickettsialeswas not well supported (BP = 76). Both ribosomalNAD



phylogenies (with or withoutO. thessalonicensgisalso showed that the
Magnetococcus spvas the first diverging\lphaproteobacteria
Alphaproteobacteria phylogenomic tree

Because the 16S rDNA does not guarantee an acadekteation of bacterial
species [4, 19, 20], we performed a phylogenomalyais involving highly
conserved proteins among 4&Iphaproteobacteria We selected non-
duplicated proteins in thAlphaproteobacterigoroteomes and performed an
all-against-all BLAST analysis. Proteins presentaih Alphaproteobacteria
with high-scoring segment pair lengths of more th&@ amino acids and 20%
identity were selected; only 65 proteins matchedsé¢h criteria. The 65
corresponding alignments were performed, consebledks were selected,
and the resulting cured alignments were concatdnata single 12,437 amino
acid alignment and used for phylogeny constructibhe ML and MP
methods showed similar topologies with high brasapports, while the NJ
method gave very low bootstrap values. The thessalonicensislustered
together withAlphaproteobacteriaother than theRickettsialesclades, with
high support values (BP=85), even though the alesefidolosporaceadrom
the dataset does not allow a strong confirmatiothisf topology(Figure 2).
Candidatus Pelagibacter ubiquetopology as sister taxon tRickettsiales
however, was confirmed, asfdrmed a deep branch alongsiBe&kettsiales

also with high support values (BP=87), and theres w@wa early divergence



between the intracellulaRickettsialesand the free-living Pelagibacter
(Figure 2). The phylogenomic tree suggested thatAdfihaproteobacteria
have evolved from an ancestor located betweeRitieettsialeslade and the
otherAlphaproteobacteria

Mitochondrion andAlphaproteobacteria relationship

Mitochondrion-encoded proteins whose phylogenylisest to the previous
Alphaproteobacterigphylogenomic tree were selected according to thee&
score methodTable 1) and used to place the mitochondrion within the
Alphaproteobacteria tree. The nine best protein alignments were
concatenated, and ML and Bayesian phylogenies wézered (Figure 3A).
The Bayesian tree had the same topology as the e, talthough the
Bayesian tree branches were better suppo@ethessalonicensisas located
alongside the group formed by thdRhodospirillaceae and the
Acetobacteraceaed@Posterior Probability (PP) =1, BP=95), and itarmh
appeared early in thélphaproteobacteriaevolution. ML and Bayesian
methods showed thd. americanamitochondrion grouped with the free-
living Candidatus Pelagibacter ubiqu®P= 0.98, BP= 96), and that together
they branched deeply alongsiddrickettsiales The mitochondrion
phylogenomic tree also suggested an early divemd@atweenCandidatus
Pelagibacter ubiqueand the mitochondrion as shown by the length ef th

branches and the position of the node. Mitochomdricees withoutO.



thessalonicensipresented the same topology for @@ndidatus Pelagibacter
ubiqueand the mitochondrion, but the branches were ndtsupported (BP=
63) (Figure 3B).

Discussion

Ten years ago, 16S rDNA phylogeny studies desciieithessalonicensis
belonging to theRickettsialesorder [17].Here except from the 16S rDNA
tree, we constructed a phylogenomic analysis, nameurate for species
delineation [4], and we used the three classicramiee methods (ML, MP,
NJ), as well as the Bayesian approach, not us#teioriginal paper [17]. The
phylogenetic positioning oD. thessalonicensiithin the Rickettsialesclade
was only in part verified by the 16S rDNA phyloggodree that groupe@.
thessalonicensiswith the Acetobacteraceaeand as sister taxon of the
Holosporaceaemember,Caedibactercaryophilus In the original paper, the
16S rDNA datasets used were not the same, asutg Eit7] did not include
Acetobacteraceagaandidatus Paraholosporaor CandidatusPelagibacter
ubique Phylogenomic analyses Afphaproteobacteriallowed more robust
trees to be built, which help to establish a magkable position ofO.
thessalonicensis the Alphaproteobacteriafamily. However, we recognize
that the unavailability of thélolosporaceaggenomes may raise questions on
the accuracy of the topology dD. thessalonicensisNevertheless, the

phylogeny of the 65 proteins undoubtedly supporst tCandidatus



Pelagibacter ubiqueemerged deeply alongsideickettsiales while the O.
thessalonicensibranch was well supported betweRrctkettsialesand other
Alphaproteobacteria As previously described [2, 13], the selectiontlod
mitochondrion proteins whose phylogeny was close&i the
Alphaproteobacterigphylogenomic tree was a powerful approach for lagat
the ancestor of mitochondria. Most studies argust tmitochondria are
closely related to thdRickettsialesorder. However, recent studies on the
mitochondrion of the green algag, reinhardtii, have proposed that most of
its mitochondrial protein sister taxon were memlzgrthe Rhizobialesand the
Rhodobacteralefl1] more often than thRickettsiale®rder, while a study on
S. cerevisiaemitochondrion proposes that its sister taxa areemaften
members of thdkhizobialeq16]. The latter study argues the possibility that
mitochondrial genomes have a mosaic structlfg, [so maybe their origin
and evolution is dictated by different elementsoaging to the organism they
belong to. Mitochondria are heterogenous and their genomesctate
suggests possible genome fusions, addition of reife elements and
recombination. Different analyses using mitochoadsf different organisms
would give different results and comparison woudd be possible (data not
shown).Therefore, for this study, we decided to focus amythe origins of

R. americana mitochondrion that resembles the most to the proto



mitochondrion ancestor, avoiding to add noise ® phylogenies with the
addition of many mitochondria.

It has been proven that adding characters whilestoacting phylogenetic
trees increases the probability that the topoldgihe obtained tree is correct.
The more signals are tested, the more the braraskesell supported [21D.
thessalonicensiss, most probably, a noRickettsialesspecies the closest
related toRickettsialesas raised by our phylogenomic analyses, it isstioee
legitimate toaccount theD. thessalonicensigenome when studying the origin
of mitochondria.The addition of new data frol@. thessalonicensighole-
genome sequencing and the mitochondrial proteiecgeh method using the
K tree score partially confirmed the results folnydwilliams three years ago
[2], as well as the ones found by other studigsporting the grouping of the
mitochondria with Alphaproteobacteria[12], and more specifically with
Rickettsiale§13] and reinforced the topology presentifglagibacterubique
in the Rickettsialesorder [2]. Further and more surprisingly, in otudy, the
mitochondrion branch emerged as a sister taxoGaofdidatusPelagibacter
ubique a result strongly supported by the chosen approbr the studies
mentioned above the mitochondrion branch does metrge as a sister taxon
of Candidatus Pelagibacter ubique Differences are probably due to the
different datasets used by each study that do hmiva fair comparison.

Moreover, mitochondria seem to have chimeric angrbgenous structures



[15] that vary from one organism to another, intradg different results
according on which mitochondrion is used in evemydg. There still is an
important debate on whether the free-living organisCandidatus
Pelagibacter ubiqués a member of thRickettsialerder or not, because it is
not an intracellular species [15]. Our results Jlinlor the first time
undoubtedly,Candidatus Pelagibacter ubigue the Rickettsialesorder and
furthermore, with theReclimonas americanaitochondrial ancestor. Trees
with or without O. thessalonicensipresent the same topology, but the
positioning of Candidatus Pelagibacter ubique&s a sister taxon of
Reclinomonas americanamitochondrion is better supported whed.
thessalonicensiss used for the tree reconstruction. The node ptege
Candidatus Pelagibacter ubiquand the mitochondrion as sister taxa are
better supported wher®. thessalonicensiss used (Figure 3A,B). O.
thessalonicensidata reinforce previous results.

From theR. americananitochondrion phylogenomic tree, we can suggest two
hypotheses. In the first, th&Rickettsiales (also including Candidatus
Pelagibacter ubiquend the protonitochondrion ancestor) had a free-living
common ancestor with a rather small genome. There twwo endosymbiotic
events, one for thRickettsiacea@and one for mitochondria. In the second and
more parsimonious hypothesis, there was a singtaltédive intracellular

Rickettsialescommon ancestor with two clades evolving into aictstr



intracellular species contemporary to the emergehakaryotes and to the
creation of proto-mitochondria. In contra§tandidatus Pelagibacter ubique
later evolved into a free-living form due to enviroental changes that
facilitated its adjustment to a relatively stabletracellular environment.
CandidatusPelagibacter ubiques the smallest free-living bacterium. Such a
massive genome reduction can only be explainedxingrae specialisation
[22]. However,Pelagibacterubique is a bacterium found in water everywhere
in the world. Its small size may therefore witnéssprevious lifestyle. If its
ancestor was a facultative intracellular species dgbenomereduction took
place during its association with a proto-eukary@gure 4). One single
endosymbiotic event is by itself complicated enowgtd absolutely more
parsimonious than two simultaneous endosymbiotemtesy so we believe that
the most plausible hypothesis is the latter. Moeepa scenario suggesting
that the Rickettsialesancestor became intracellular after diverging from
Candidatus Pelagibacter ubiqueould not explain this species extremely
small genome.Many hypotheses were described &tickettsiales and
mitochondria, in our study we argument on our higpsis that was never
explored beforand which was well-supported by our results antheyuse of
data used for the first time in a study on mitoahaal origins.

The use of new data fronD. thessalonicensiswhole-genome

sequencing in the reconstructionAlphaproteobacterigphylogenies, strongly



confirmed the emergence of tRe americanamitochondrion branch between
CandidatusPelagibacter ubigueand the otheRickettsialesgenera. Indeed,
the topology of the trees built witho@. thessalonicensithat presented the
Candidatus Pelagibacter ubiquen the Rickettsialesclade was not well
supported; therefore, proper determination ofatohomy was not possible.
By addingO. thessalonicensighe classification ofCandidatus Pelagibacter
ubique as member oRickettsialesis strongly sustained by all topologies
obtained by classic phylogenetic methods, such Bsavid by the Bayesian
method. Finally, positioning thB. americanamitochondrion ancestor within
Alphaproteobacterighas proven that the monophyly Rickettsialesand the
R. americanamitochondrion, and the evolution @fandidatusPelagibacter
ubique,emerged from an intracellular to a free-living amgsm. Currently, the
most numerous and successful extracellular battespacies on Earth,
Candidatus Pelagibacter ubiquevhich is highly dominant in both salt and
fresh water worldwide [23], is actually a member tfe intracellular
Rickettsialeorder.

Materials and Methods

Sequence data

O. thessalonicensis[Genome Project: ID63085] was isolated from
Acanthamoeba spm@s described by Britlest al [17]. Genomic DNA was

extracted and sequenced using the same method bBsdionella drancourtii



[24]. The first genome assembly was performed ublagbler software (454
Life Sciences, Roche) and produced 106 contigss¢affolds). Contigs were
sent to the RAST platform [25] for rapid gene potidn and annotation. The
16S rDNA sequences from the #%phaproteobacteriavere extracted from
the Ribosomal Database Project [26]. TAiphaproteobacteriaEscherichia
coli K-12 substr. MG1655[27] and the Reclinomonas americana
mitochondrion proteomes [28] were downloaded frommNCBI database.
Alphaproteobacteria 16 rDNA phylogeny

The 53 16S rDNA sequences were aligned using MUS(2H, and
conserved blocks were selected using Gblocks [BO& curated alignments
were realized and used for phylogeny constructitinylogeny inference was
constructed using three different methods, ML, MB, and a four-category
gamma distribution was fit for among-site rate a&aon. One hundred
bootstrap replicates were completed, and the reguitees were summarized
using the majority-rule consensus method. Bootstiapes were considered
high when they were higher that 85. Trees werdalysgl using MEGA4 [31].
Alphaproteobacteria phylogenomics

We used a stringent method in order to establiphotein list that would be
representative of all th@lphaproteobacteriaused in the study. Duplicated
genes were discarded fromiphaproteobacteriaproteomes using the

BLASTClust program [32] with a minimum overlap dd% and a minimum



identity of 30%. Proteins considered as non-parmalsgwere then gathered
and used for the cluster of orthologous group (C&&axches. An all-against-
all NCBI-BLASTp search was performed on the Alphaproteobacteria
dataset. All of the proteins present in all spewi#h an identity of 20% and a
high-scoring segment pair (HSP) length over 150aracids were considered
orthologous. Through this method, 65 clusters vigeatified. Corresponding
proteins were aligned with MUSCLE, and conservedckd were selected
with Gblocks. The 65-curated alignments were caaed and used for
phylogeny construction. Phylogenies were constdicteing three different
methods, ML, MP, NJ, and 100 bootstrap replicatesrewsampled.
Holosporaceae were not included because of unavailability of irthe
proteomes. Bootstrap values were considered higinwiey were higher that
85. The 65 protein sequences from tAdyssellawere submitted to the
GenBank databag€ile S1)

Mitochondrion phylogeny relationships

The 67 proteins coded by the mitochondrial DNARefclinomonas americana
were compared to th&lphaproteobacterigproteomes using NCBIBLASTDp.
Mitochondrial proteins with the best blast hits (B8 and an e-value under
20 were selected; 59 proteins matched these crit€a. each of the 59
successful proteins, corresponding BBHs were atiga@d an ML tree was

built using PhyML [33]. Trees with 42 leaves were compared to the



Alphaproteobacterianultiprotein treeusing the K tree score. Only 43 trees
had 42 leaves. The nine best trees wkrrmined according to the K tree
score [34].Mitochondrion-encoded proteins were added to eddie nine
successfullignments. The conserved blocks were concatenatedsingle
728-amino acidalignment, and the mitochondrion phylogeny wasrnei@ by
ML and Bayesian inference methods. For the Bayeapproach, phylogeny
was performed using MrBayes [35]; the GTR matrixswesed, and model
parameters (gamma shape and proportion of invaneste allowed to vary
through the Markov Chain Monte Carlo Chain (MCMEdur MCMC chains
were run for one million generations and samplezret00th generation. The
first 100,000 trees were discarded, and the “swothmand of MrBayes was
used to compute the clade posterior probabilittéslosporaceaewere not
included because of unavailability of their protesmBootstrap values were
considered high when they were higher that 85 dacigher that 0.85.The

treeswere rendered with MEGAA4.
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Figure Legends

Figure 1. Alphaproteobacteridl6S rDNA phylogeny.A. A ML phylogenetic
tree of 49Alphaproteobacteriaibosomal DNA sequences is rooted with a
non-Alphaproteobacteriaas outgroup B. Alphaproteobacterial6S rDNA
phylogeny withoutOdyssella thessalonicensi& ML phylogenetic tree of
Alphaproteobacteriaribosomal DNA sequences is rooted with a non-
Alphaproteobacteriaas outgroup Bootstrap values are indicated near
branches as a percentage. Different colors cornespo different orders.
CandidatusPelagibacter ubiquandOdyssellathessalonicensiare shown in
red.

Figure 2. Phylogenomic tree ofAlphaproteobacteriaPhylogenomic tree of
65 concatenated highly conserved proteins represgtite evolution of 42
Alphaproteobacteriaspecies. Important bootstrap values are indicatar n
branches as a percentage. The tree is rooteHsoherichia coli Different
orders of Alphaproteobacteriaare labeled by different color€€andidatus
Pelagibacter ubiqguandOdyssellahessalonicensiare shown in red. Some of

the Rickettsialespecies are collapsed.



Figure 3. Phylogenomic tree ofAlphaproteobacteriaand the Reclinomonas
americana mitochondrion. A. ML and Bayesian tree of nine concatenated
proteins whose phylogeny is closest to Alghaproteobacterigphylogenomic
tree. The Rhodobacteralesare collapsed. B. Phylogenomic tree of 42
Alphaproteobacteriand theReclinomonas americamaitochondrion without
Odyssella thessalonicensis The Rhizobiales and Rhodobacteralesare
collapsed. Both trees are rooted Bscherichia coli Values near nodes are
Bayesian posterior probabilities and ML bootstragspectively. Different
orders of Alphaproteobacteriaare labeled by different color€andidatus
Pelagibacter ubiquandOdyssellahessalonicensiare shown in red.

Figure 4. The hypothesis for mitochondrion and frediving Candidatus
Pelagibacter ubigueemergence. From a single facultative intracellular
Rickettsialescommon ancestor, two clades evolved into stridriagellular
species contemporary to the emergence of eukaryo@ndidatus
Pelagibacter ubiqudater evolved into a free-living form. Arrows ohnet left
represent the 16S rRNA percentage divergence scalethe time scale in
million of years. A 16S rRNA percentage divergen€d.-2% corresponds to
about 50 million years [36]. The arrows on the tigépresent the emergence

events, divergence events and endosymbiotic events.
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Tables
Table 1. Selection of the nine mitochondrion proteis whose phylogeny is

closest to theAlphaproteobacterigphylogenomic tree

K-score Function

0.48375 LSU ribosomal protein L2p (L8e)

0.51416 NADH-ubiquinone oxidoreductase chain G
0.64953 SSU ribosomal protein S4p (S9e)

0.6564 Cyytochrome c-type biosynthesis protein CcmC
0.68246 LSU tribosomal protein L6p (L9e)

0.68879 NADH-ubiquinone oxidoreductase chain |
0.71266 LSU ribosomal protein L5p (L11e)

071299 Succinate deshydrogenase iron-sulfur protein

0.72572 SSU ribosomal protein S3p (S3e)
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