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AVANT PROPOS

Le format de présentation de cette thése correspond a une
recommandation de la spécialité Maladies Infectieuses et Microbiologie,
a l'intérieur du Master desSciences de la Vie et de la Santé qui dépend
de I'Ecole Doctorale des Sciences de la Vie de Marseille.

Le candidat est amené a respecter des regles qui lui sont imposées et
quicomportent un format de these utilisé dans le Nord de I'Europe et
qui permet un meilleur rangement que les theses traditionnelles. Par
ailleurs, la partie introduction et bibliographie est remplacée par une
revue envoyée dans un journal afin de permettre une évaluation
extérieure de la qualité de la revue et de permettre a 'étudiant de
commencer le plus tot possible une bibliographie exhaustive sur le
domaine de cette these. Par ailleurs, la thése est présentée sur article
publié, accepté ou soumis associé d’un bref commentaire donnant le
sens général du travail. Cette forme de présentation a paru plus en
adéquation avec les exigences dela compétition internationale et
permet de se concentrer sur des travaux qui bénéficieront d’une

diffusion internationale.

Prof. Didier Raoult
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Résumé

Le genre Rickettsia, sont des petites bactéries Gram-négatives et symbiotes
intracellulaires obligatoires des eucaryotes. Les Ricketftsia sont surtout
connus pour leur pathogénicité et pour provoquer des maladies graves chez
'homme et les autres animaux. A ce jour, 26 espéces valides de Rickettsies
ont été identifites dans le monde entier, dont 20 sont des agents
pathogénes éprouvées. Toutes les espéces de Rickettsies validées sont
associées a des arthropodes. Les phylogénies basées sur divers marqueurs
moléculaires ont présenté des topologies discordantes, avec seulement
R. belli et R. canadensis qui ne sont classées ni parmi la fievre
boutonneuse groupe rickettsies, ni parmi le typhus groupe rickettsies. En
utilisant les méthodes avancées de séquencage de génomes entiers, nous
avons obtenu et analysé quatre séquences génomiques de Rickettsies :
R. helvetica, R. honei, R. australis et R. japonica. Via la phylogénomique qui
constitue une nouvelle stratégie permettant de mieux comprendre leur
évolution, I'on remarque que ces micro-organismes ont subi une évolution
génomique réduite au cours de spécialisation en intracellulaire. Plusieurs
caractéristiques évolutives, comme le réarrangement des genes, la
réduction génomique, le transfert horizontal de génes et I'acquisition d’ADN
égoiste, ont formé les génomes Rickettsia d’aujourd’hui. Ces processus
peuvent jouer un réle important pour équilibrer la taille du génome afin de
'adapter au mode de vie intracellulaire. En outre, la pathogénicité des

rickettsies peut étre associée a la réduction génomique.
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Abstract

The Rickettsia genus is composed of small, Gram-negative, bacteria that are
obligate intracellular eukaryotic symbionts. Members of the genus Rickettsia are
best known for infecting and causing severe diseases in humans and other
animals. To date, 26 valid Rickeftsia species have been identified worldwide,
including 20 that are proven pathogens. All validated Rickeffsia species are
associated to arthropods that act as vectors and/or reservoirs. The phylogenies
based on various molecular markers have resulted in discrepant topologies, with
R. belli and R. canadensis being classified neither among spotted fever nor
typhus group rickettsiae. In this thesis, using the advanced whole genomic
sequencing methods, we have and analyzed the genomic sequences from four
Rickettsia species, including R. helvetica, R. honei, R. australis and R. japonica.
Phylogenomics constitute a new strategy to better understand their evolution.
These microorganisms underwent a reductive genomic evolution during their
specialization to their intracellular lifestyle. Several evolutive characteristics, such
as gene rearrangement, reduction, horizontal gene transfer and aquisition of
selfish DNA, have shaped Rickettsia genomes. These processes may play an
important role in free-living bacteria for balancing the size of genome in order to
adapt the intracellular life style. In addition, in contrast with the concept of
bacteria becoming pathogens by acquisition of virulence factors, rickettsial
pathogenecity may be linked to genomic reduction of metabolism and regulation

pathways.
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Le genre Rickettsia dans l'ordre des Rickettsiales (a-proteobacteria) est
composé de petites bactéries a Gram-négatif, sont des parasites
intracellulaires stricts des cellules eukaryotes (1). Rickettsia prowazekii a été
'une des premiéres bactéries intracellulaires a avoir bénéficié du
séquencage du genome entier, dés I'année 1998 (2). A ce jour, le genre
Rickettsia contient 26 espéces officiellement validées, dont 22 ont fait 'objet
d’'un séquencage génomique. Ces bactéries sont de petite taille, d’environ
1 um x 0.5 ym. Leurs génomes varient en taille de 1,11 Mb pour R. typhi a
2,17 Mb pour une souche répertoriee comme Rickettsia endosymbiote
d’'Ixodes scapularis. Leur contenu en G+C varie de 29% pour R. typhi a 33%
pour Rickettsia endosymbiote d’/xodes scapularis.

Les bactéries du genre Rickettsia peuvent causer de nombreuses
maladies chez 'homme. Tout au long de l'histoire, les especes de Rickettsia,
en particulier R. prowazekii, ont été responsables de millions de morts
pendant les premiere et seconde guerres mondiales (3). Les symptémes les
plus caractéristiques associent une éruption, une fiévre élevée et des
céphalées. Les rickettsioses restent de maladies d’actualité. en 1995, une
epidémie de typhus épidémique a touché plus de 50 000 personnes dans
des camps de réfugiés au Burundi.

Les rickettsies sont une menace sérieuse pour 'lhomme, car elles sont le
plus souvent associées avec des arthropodes se nourrissant de sang,
comme les tiques, les puces, les poux et les acariens (4). Lhomme peut

entrer en contact avec ces hotes par l'intermédaire de leurs animaux de
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compagnie ou des espéces sauvages, a domicile ou dans des zones de
loisirs (figure 1). L'homme est infecté par les bactéries au travers de la
piqure d’arthropode dans le cas des tiques et des mites, ou par inoculation
de matiéres fécales infectées sur la peau, comme c’est le cas avec les
puces et les poux (5). A ce jour, parmi les 26 espéces de Rickettsia décrites,
20 ont fait preuve de pathogénicité chez ’lhomme (review tableau 1).

Selon le type de maladie causée chez 'homme et de réactivité
antigénique croisée, le genre Rickettsia est divisé en deux biotypes: (i) le
groupe des fiévres boutonneuses (SFG), qui comporte comprennent
22 espéces présentant des distributions géographiques restreintes, en
dehors de R. felis. Des rickettsies du groupe SFG ont été trouvées sur tous
les continents sauf en Antarctique. Ces bactéries ont une température de
croissance optimale de 32°C et un contenu génomique en G+C entre 32 et
33%. Elles peuvent polymériser I'actine et donc étre mobiles et entrer dans
le noyau des cellules- hétes (6); (ii) Le groupe du typhus (TG) inclut
R. prowazekii et R. typhi. Les bactéries du groupe TG ont une température
de croissance optimale de 35°C et un contenu génomique en G+C de 29%.
De plus, elles ne se trouvent que dans le cytoplasme des cellules hotes (6) ;
(iii) les analyses phylogénétiques construites a partir des séquences des
genes d’ARN ribosomiques 16S et 23S indiquent que R. belli et

R. canadensis ne sont classées dans aucun des deux groupes (6).
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Dans cette thése, en guise d’introduction, nous avons fait une revue de
la littérature scientifique sur les caractéristiques de pathogénicité des
espéeces de Rickettsia afin d’avoir une image générale de leur pathogénicité
et voies de transmission. Le groupe SFG contient 18 espéces pathogénes,
dont R. conorii, 'agent de la fiévre boutonneuse méditerranéenne,
R. rickettsii, 'agent de la fievre pourprée des montagnes rocheuses,
R. helvetica, 'agent d’une fiévre anéruptive, R. honei, 'agent de la fiévre
boutonneuse des iles Flinders, R. australis, 'agent du typhus a tiques du
Qeensland, R. japonica, I'agent de la fievre boutonneuse japonaise ou
orientale. Les membres du groupe SFG sont distribués de 'Amérique du
Nord a I’Asie du Sud-est, quasiment dans le monde entier (review tableau 1).
Ces bactéries sont vectorisées principalement par des tiques dures, telles
que Dermacentor variabilis, Dermacentor adersoni, Rhipicephalus
sanguineus ou Ixodes ricinus (7,8). En revanche, R. felis, contrairement aux
autres membres du groupe SFG, est principalement propagée par les puces
de chat et de chien du genre Ctenocephalides (9). Les deux espéces du
groupe TG sont également présentes dans le monde entier. Elles sont
principalement vectorisées par des insectes, les puces et les poux (10, 11).
Le typhus épidémique, causé par R. prowazekii, est la plus sévére
rickettsiose, avec un taux de mortalité de pres de 30% (10,12). Cette
rickettsiose a actuellement une distribution géographique limitée a quelques
zones restreintes en Europe de I'est, en Afrique et en Amérique du sud. Le

typhus murin, causé par R. typhi, a une distribution mondiale et a été
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impliqué dans une épidémie a Hawaii 2002 (13).

En raison de leur mode de vie intracellulaire, les génomes de rickettsies
ont subi une évolution réductive. Leur proximité phylogénétique avec les
mitochondries rend ces organismes encore plus intéressants (2). En plus de
leur intérét médical, les bactéries du genre Rickettsia sont également un
modele pour les études évolutives. Au cours des deux derniéres decennies,
un nombre croissant de nouvelles espéces de Rickefttsia a été identifié dans
différentes régions géographiques. Le développement du séquencgage
génomique complet a haut débit (appelé « next generation sequencing » par
les anglo-saxons) nous a permis de révéler les caractéristiques génomiques
des Rickettsia. Dans cette thése, nous avons analysé 4 génomes de
rickettsies ont séquencé, incluant R. helvetica strain COP9, R. honei strain
RB', R. australis strain phillips’ et R. japonica strain YH'. Nous avons
également dans notre revue étudié les modes d’évolution des espéces de
Rickettsia, dont les réarrangements géenomiques, I'évolution réductive,
I'expansion génomique et I'évolution des ADN égoistes.

Au cours de cette thése, nous nous sommes intéressés également aux
facteurs de virulence des Rickettsia. Les éléments trouvés conservés dans
les génomes bactériens appelés ilots de pathogénicité ne sont pas
retrouvés dans les séquences des genomes de Rickettsia (14).De plus,
dans les plasmides de des bactéries identifiés aujourd’hui, aucun facteur de
virulence n’a pu étre identifié non plus. Donc, dans notre travail, nous avons

particulierement étudié les éléments impligués dans les processus
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d'infection de I'héte. Les antigénes principaux de Rickettsia sont les
antigénes de surface cellulaire du groupe Sca. Les deux principaux
membres en sont les protéines immunodominantes OmpA et OmpB. La
famille Sca comporte 16 membres qui sont soit entiers, soit interrompus par
des codons stop (pseudogeénes), soit présents sous forme de fragments, soit
totalement absents dans certaines espéces de Rickettsia. Seules Sca 1,
OmpB et Sca4 sont présentes chez toutes les rickettsies (15, 16, 17). Ces
protéines sont impliquées dans la reconnaissance et l'invasion dans la
cellule héte (18). Aprés phagocytose par les cellules eucaryotes, la
membrane du phagosome contenant les Rickettsia est détruite par 'activité
phospholipase D, et les bactéries sont libérées dans le cytoplasme des
cellules hétes (5). Le mécanisme d’infection de cellules est différent entre
les deux groupes de rickettsies. Les bactéries du groupe SFG diffusent de
cellule a cellule par polymérisation de I'actine cellulaire (protéine RickA,
19,20), tandis que les bactéries du groupe TG se multiplient dans les
cellules-hétes jusqu’a ce qu’elles explosent puis diffusent a d’autres cellules
(Figure 3, 4, 5). De plus, la comparaison génomique entre R. africae et
R. rickettsii a révélé que la pathogénicité de ces bactéries est influencée par
la réduction de leur génome au travers d’'une perte des génes de régulation
(21). Nous avons également comparé ces génomes avec les autres
génomes de Rickettsia, et d’autres études seront menées pour étudier leur

pathogeénicité.
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CHAPITRE I

Review

Review of characteristics of rickettsial genomes
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1. Introduction

The genus Rickettsia in the order Rickettsiales of the a-proteobacteria, is
composed of small Gram-negative bacteria, obligate intracellular parasites
of eukaryotic cells (1). Rickettsia species have been found in many
ecological niches and are most commonly associated with blood-feeding
arthropod hosts, including lice, fleas, ticks and mites (2, 3, 15, 21, 22). To
date, 26 Rickettsia species are described (table 1). Of these, 20 are proven
human pathogen. Rickettsioses are found worldwide and include severe
diseases such as epidemic typhus (R. prowazekii), Rocky Mountain spotted
fever (R. rickettsii), Mediterranean spotted fever (R. conorii), and North
Asian tick typhus (R. sibirica) (7, 11, 12, 14).

Arthropods are both vectors and reservoirs of rickettsiae (24, 25).
Animals and humans may be infected through arthropod bites or
contaminations of skin wounds by flea or louse feces (28, 31). Once injected
into the skin, rickettsiae invade endothelial cells, multiply intracellularly and
spreed from cell to cell.

The genus Rickettsia has traditionally been divided into 2 groups on the
basis of phenotypic and genotypic traits (37,38, 39, 40): (i) the spotted fever
group (SFG) include 18 species exhibiting restricted territorial distributions,
most of which are transmitted by hard ticks (16, 17, 18, 20, 23). SFG
rickettsiae have been found on every continent except Antarctica (27, 29, 30,
33). SFG rickettsiae have an optimal growth temperature of 32 °C and a

genomic G+C content between 32% and 33%. They can polymerize actin
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and hence enter the host cell nucleus (34); (ii) the typhus group (TG),
including R. prowazekii and R. typhi, transmitted by body lice and rat fleas,
respectively. TG rickettsiae have an optimal growth temperature of 35°C, a
genomic G+C content of 29%, and are only found in the cytoplasm of host
cells (34, 44). However this classification does not apply to all species. For
example, the SFG R. helvetica exhibits no actin polymerization and only
appears in the cytoplasm of host cells (35); the SFG R. akari is and R. felis
transmitted by mites and cat fleas, respectively; R. bellii and R. canadensis
cannot be classified within neither group (36, 41, 42, 43).

In evolutionary terms, Rickettsia species is close to microbial relatives of
mitochondria (4). Rickettsiae and mitochondria might have shared a
common ancestor and a similar evolutionary process to colonize the
cytoplasm of eukaryotic cells 2 billion years ago (8). Some gene remnants
and split genes are degraded protein-encoding genes (9), suggesting that
during evolution, and adaptation to intracellular lifestyle, rickettsial genomes
may have lost genes that were mandatory by progressive degradation or
mutation. R.bellii is the earliest diverging species of known rickettsiae and
can survive in phagocytic ameobae. Its genome exhibits many genes highly
similar to orthologs in intracellular bacteria from ameobae. This suggests
that rickettsial ancestors have exchanged genes with amoeba-like protozoa,
eventually leading to their adaptation to the intracellular lifestyle within

eukaryotic cells.
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Rickettsia species was among the first intracellular bacteria that benefited
from whole genome sequencing, as early as 1998 (4). Currently, the
Rickettsia genus contains 26 officially validated species. Twenty-two
genomes have been sequenced to date (table 2). Rickettsia genomes range
in size from 1,11Mb for R. typhi to 2,1Mb for Rickettsia endosymbiont of
Ixodes scapularis. Their G+C content ranges from 29% (R. typhi) to 33%
(Rickettsia endosymbiont of Ixodes scapularis). Compared to other free
living bacteria, these genomes are smaller, and contain large numbers of
degraded genes and high levels of non coding sequences (5, 52, 53). It is
hypothesized that during their specialization to their intracellular lifestyle,
they were eliminated some biosynthetic pathways producing the metabolite,
and now provided by eucaryotic cells (5, 54). Some biosynthetic pathways
are replaced by transport systems. Rickettsial genomes contain many genes
encoding transposases and motifs involved in protein-protein interaction
such as ankyrin repeats and tetratricopeptide repeats (6, 56, 57), which
suggests a role in pathogenicity, possibly in interacting with host cell
proteins.

In this review, we discuss the mechanisms of genomic evolution identified in

several Rickettsia species.
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2. Plasmids in Rickettsia species.

In bacteria, plasmids are known to play an important role in horizontal
gene transfer, acquisition of virulence determinants and antibiotic resistance,
and environmental adaptation (61, 62, 63, 64). Initially, rickettsiologists
assumed that rickettsiae were devoid of plasmids (4, 51). This was
supported by the sequencing of the first 3 rickettsial genomes of
R. prowazekii, R. conorii, and R. typhi which were devoid of plasmids.
However, in 2005, the sequencing of the R. felis genome enabled the
discovery of a polymorphic plasmid, present under 2 forms, pRF and pRFJ,
with size of 62,829-bp and 39,263-bp, respectively. pRF possessed 68 open
reading frames (ORFs), 53 of which having orthologs in public databases.
pRF& was identical to pRF with the exception of a 23,566-bp segment that
contains 24 ORFs (65). First, R. felis plasmids were considered to be unique
among rickettsiae, because pRF-like sequence failed to be detected in other
Rickettsia species (66). However, pRF being likely to be conjugative, and its
phylogenetic analysis suggesting an origin in ancestral rickettsiae, it was
suspected that plasmids existed in other Rickettsia species (59).
Subsequently, a 23,486-bp plasmid, pRM, was identified in R. monacensis
by PFGE and Southern blot methods (72, 73). The sequence analysis
identified 23 ORFs, 22 of which encoded proteins that were highly similar to
hypothetical proteins present in other bacteria, including 11 of which
matched those encoded by the pRF plasmid. Both pRF and pRF® plasmid

contained transposases that are associated to horizontal gene transfer in
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other bacteria (68). R. massiliae was the second fully sequenced rickettsial
genome that harbored a plasmid. This 15,286-bp plasmid pRMA had 12
protein-coding genes and a pseudogene, 7 of them being present in pRF,
including that 2 ORFs related to transposable elements (67). R. peacokii
exhibited a 26,406-bp plasmid, pRPR. This plasmid contained 20 putative
genes and 5 pseudogenes. 1 ParA protein, 2 hypothetical proteins and
1 transposase had a best BLAST match with pRF ORFs; 6 ORFs were
similar to those from pRMA including 1 DnaA-like protein, 2 Hsp molecular
chaperons and 3 transposases (69). In R. africae, one small plasmid pRA
was detected, pRA exhibiting a size of 12,377-bp. pRA contained 11 genes,
including 6 genes that were highly similar to a DnaA-like protein,
1 site-specific recombinase, 2 transposases, 1 autotransporter protein,
Sca12, that may play a role in interaction with host cells, and 1 ParA-like
plasmid stability protein. In R. amblyommii, 3 plasmids were detected (45):
pRAM18 had a size of 18,344-bp, pPRAM23 had a size of 22,852-bp and
pRAM32 had a size of 31,972-bp. These two plasmids both encoded the
DnaA-like replication initiator and ParA-like plasmid stability protein
orthologous to genes from the pRM plasmids. Only pPRAM23 encoded 1 Hsp
protein that was also present in pRM. This plasmid also carried a PhrB UV
damage repair enzyme that was only found in R. belli and Orientia
tsutsugamushi, as well as 2 scal12 gene copies (71). pPRAM32 encoded
22 genes, including 17 coding proteins. The shotgun sequencing project of

Rickettsia endosymbiont of Ixodes scapularis detected three plasmids.
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pREIS1 and pREIS3 had sizes of 55,147-bp, 66,811-bp, respectively. The
pREIS3 plasmid was incompletely sequenced. The ParA protein was
detected in all three plasmids, together with Tra family conjugal transfer
proteins. However, no DnaA-like replication initiator protein was identified in
these plasmids. In R. helvetica, we identified a 47,188-bp plasmid, pRhe
(142). pRhe had 49 genes, including 22 plasmidic genes involved in
maintenance, transmissibility and DNA processing machinery, and 14 genes
possibly involved in adaptation and defense of R. helvetica. The genes
encoding DnaA-like protein, ParA encoding plasmid stability protein and
helicase recD/traA-like protein were present in two copies each. On the
basis of PFGE and southern blot results, R. akari had one plasmid and
R. rhipicephali had several plasmids (71). In R. australis, we identified a
26,608-bp conjugative plasmid, pRau (19, 143). pRau had 25 ORFs
including 11 genes: Tra, Mob family proteins, DnaA-like protein, ParA
stability protein, TIdD/PmbA protein, transposases and hypothetical proteins.

The identification of plasmids in 9 Rickettsia species revealed an
unsuspected genetic diversity in Rickettsia genomes. In addititon, the
conjugative ability and transposon elements in plasmids suggest that
rickettsial genomes may exchange genes through lateral gene transfer.
Phylogenetic studies of the ParA plasmid stability protein shows that all the
rickettsial plasmid-encoded ParA proteins, except that encoded by pREIS4
from rickettsia endosymbiont of I. scapularis, were highly diverse from the

chromosomal ParA proteins and majority clustered in to three groups
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(Figure1). These results suggested that Rickettsia plasmids possibly have

mutiple origins (71).

3. Phylogenomic study and genomic evolution in the
Rickettsia genus
3.1. Mechanisms of evolution
The obligate intracellular lifestyle of Rickettsia species drove their
genomes to adapt to this specific environment, resulting not only in
differences in the genome size, but also in genomic architecture (76, 77).
Their phylogenetic relationship with mitochondria also make interesting in
evolutionary studies (8).
3.1.1. Genomic rearrangements of Rickettsia genomes
By comparison of 7 Rickettsia genomes (5), except for R. bellii, all
genomes express long range colinearities and only a few genomic
rearrangements. Three genomes of R. prowazekii, R. typhi and R. conorii
share 775 genes. Although most of these genes are colinear, in R. typhi,
compared to R. prowazekii and R. conorii, there is a 35-kb inversion in gene
order, which is close to the replication terminus. In addition, there is a
R. typhi-specific inversion nearby the origin of replication, compared to
R. prowazekii and R. conorii (10). Such inversions are also seen in the
sequences of R. helvetica, R. honei and R. australis (142, 143, 144),
indicating that this region is a hot spot for genomic rearrangements.

The major mechanism responsible for genomic rearrangement in
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Rickettsia is homologous intra-chromosomal recombination which occurred
between inversely oriented repetitive sequences and duplicated genes (79,
80). Homologous intra-chromosomal recombination results in a deletion or
an invasin of one or several repetitive sequences.

Such events have been observed in Rickettsia, as shown by the case of
the so-called super-ribosomal protein gene operon (81). This operon is
highly conserved in a broad range of bacteria and archaea and consists of
about 40 genes locating in seven operons with a conserved order (77). The
conserved order of these 40 genes is considered as the reflection of the
ancient origin of super ribosomal protein gene operons. This expected order
is shared by the common ancestor of bacteria and archaea, but differences
in the orientation of genes within the operons, as well as the numbers of
operons and their locations in genomes vary from species to species (81).

Bacterial rRNA genes of bacteria are normally organized into operons
with a conserved order 16S-23S-5S, and tRNA genes are often found in the
spacer between the 16S and the 23S rRNA genes (32). However, it has
been observed that Rickettsia species have an unusual arrangement of
rRNA genes, as the 16S rRNA gene is separated from the 23S and 5S rRNA
gene cluster (26, 78). This rearranged divided operon structure was
observed in all rickettsial genomes so far, including R. conorii, R. parkeri,
R. sibirica, R. rickettsii, R. amblyomii, R. montana, R. rhipicephali,
R. australis, R. akari, R. felis, R. canada, R. typhi and R. bellii. The upstream

spacer of the rearranged 23S rRNA gene in some Rickettsia species
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contains short repetitive sequences that have been eliminated in other
related species. This suggests that the rearrangement of rRNA genes
occurred by intra-chromosomal recombination several times independently

during the evolution of the Rickettsia lineage.

3.1.2. The reductive evolution of Rickettsia genomes.

Rickettsia species has small genome sizes ranging from 1.1 Mb (R. typhi)
to 2.1 Mb (rickettsia endosymbiont of Ixodes scapularis). 1t has been
suggested that obligate intracellular bacteria like Rickettsia have evolved
from a common ancestor who had a larger genome size. The reconstruction
of the genome from the last common ancestor genome of Rickettsia species
provided a chromosome of 1,252 protein coding genes and 39 RNA-coding
genes (5). R. bellii, R. felis, R. massiliae, R. africae, R. conorii, R. prowazeKii
and R. typhi retained 85%, 81%, 91%, 92%, 95%, 98% and 98% of these
genes, respectively. TG rickettsiae only evolved by genome reduction from
the common ancestor. The gene loss process is an important factor for the
diversity of modern Rickettsia species Of the 1,252 genes from the common
ancestor, 39% were lost in at least one species. R. bellii and R. felis have
larger genomes, and underwent less gene loss. The highest degree of gene
loss was observed in TG rickettsiae genomes. R. massiliae, R. conorii, and
R. africae underwent an accelerated rate of gene loss after the separation of
SFG and TG. The different gene loss degrees suggest that the genome

reduction occurred through several modes of reductive evolution, and the
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gene loss process is still ongoing today (9, 74, 75). Genome reduction may
result from the elimination of large segments of DNA by homologous
recombination, and progressive degradation and subsequent elimination of

small segments of DNA.

Genome recombination

The study of rickettsial genomes highlighted many genes, such as rRNA
(rpsL and rpsG) and elongation factor proteins (tuf and fus) present in more
than one copy in Rickettsia genomes (58). The deletion or inactivation of
these copies does not seem lethal for the bacterial life. These genes can
serve as repeat sequences, and initiate a rapid gene loss through
intra-chromosomal recombination (80). When compared to other bacteria
genomes, Rickettsia genomes have a high percentage of non-coding DNA
sequences which also contain many repeat sequences (83, 84). In addition,
sequence comparison of the identified ORFs located in the intergenic
regions of different Rickettsia species has provided several examples of
homologous recombination as the responsible mechanism for gene
deterioration which may also play a role in rapid gene loss. For example, a
putative ORF has two pairs of short internal repeat elements at two sides,
locating in the intergenic region of the S-adenosylmethionine tRNA gene
(gueA), and ABC-transporter protein coding gene (abcT3). These repeat
sequences provided the chance of occurrence of a rapid gene loss by

homologous recombination. This putative ORF is absent in TG rickettsiae,
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but inactive or degraded in SFG, and the size of this inactivated ORF varies
between different members of the SFG rickettsiae (81). It suggests that the
size differences in the SFG rickettsiae are a result of independent
homologous recombination between the internal repeat elements in this
region. The degree and positions of deletions caused by intra-chromosomal
recombination in Rickettsia is different among the species, which suggests
that the homologous recombination is an ongoing process that may result in

an ongoing loss of genes under weak or no selection pressure (81).

Genome degradation

Rickettsia is characterized by high rate of accumulation of slightly
harmful deletions, mutations and insertions (82). Alternatively, gene loss can
also result from the accumulations of small mutations. Comparison of the
R. conorii and R. prowazekii genomes enabled the different steps of gene
degradation to be identified, from complete gene to functional split gene, to
split gene not functional, to gene remnant (9). The formation of internal stop
codon inside of the intact gene can occur through creation of a frameshift
inside of genes by a single base mutation, insertion or deletion. The intact
gene has been fragmented into several split genes. The overall images of
the split gene still have high similarity to the full length ortholog in relative
species. The ORFs could preserve its function and still can be transcribed, if
the stop codon is generated in the region of polycistronic sequence which

allows the conservation some of the enzymatic activities. By genomic repair
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system, these alternations still can be restored. However, if the stop codon is
formed in the region of high A+T%, the mutation in polyA is difficult to be
rescued, because of its infidelity of the polymerase. As intracellular parasites,
Rickettsia genomes have an evolutionary trend of genomic reduction. The
genomic degradation is detrimental for G+C%, and enrichment for A+T%.
The continue degradation would lead the split gene inactivation and become
a split gene not functional rather than the genomic recovery. Then, the
complete gene is interrupted by several stop codons, and performs no more
functional. Parallel sequence comparisons of certain genes demonstrate the
process from full functional gene to split gene not functional. As an example,
the gene encoding for AmpG is widely present in Rickettsia genomes (9).
AmpG protein cause resistance to antibiotics of the B-lactam family. The
ampG4 sequence was studied in five SFG and TG rickettsiae species. This
gene was found intact in the SFG rickettsiae R. conorii, R. rickettsii and
R. montanensis, but degraded in the TG rickettsiae. In the TG rickettsiae
members, the ampG4 gene contains many frameshifts and stop codons.
The filamentation protein-encoding gene fic is also found intact in the SFG
rickettsiae but present as a split gene in the TG rickettsiae. This gene is
interrupted by 13 stop codons and contains a 279 bp-deletion in
R. prowazekii, and contains 2 stop codons with a 579 bp-deletion in R. typhi.
Furthermore, this degradation process may continue, split gene evolving into
gene remnants or even being completely eliminated from Rickettsia

genomes. The genomic sequence comparison of R. prowazekii and
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R. conorii identified 229 ORFs, in the former genome which have significant
similarity with the intergenic non coding regions of the later genome (9).
Thus, intergenic spacers may contain the degraded gene remnants that are
no longer recognized as functional genes but retain patial gene signatures.
The gabD gene encodes succinate semialdehyde dehydronenase
oxidoreductase (SSDH), playing a role in the formation of succinate from
succinate semialdehyde by reducing NAD+/NAD(P)+ to NADH/NADPH (85).
This gene is found to be complete in the SFG rickettsiae, but highly
degraded in the TG rickettsiae, where only a 3’-end remnant of the gene
remains (81). If the degradation inactivates a gene that plays a crucial part
within a complex pathway or network, according to the domino theory of
gene death (86), the gene loss may eventually cause a massive gene
extinction of the dependent genes. As evidence, the entire cytochrome c
oxidase pathway is missing from the R. typhi genome (10). By comparison
with the reconstruction of the Rickettsia ancestor genome, modern rickettsial
genomes are seriously reduced, including deletion of important biosynthesis
pathways. In addition, comparative studies of Rickettsia genomes suggested
that the virulence differences observed among Rickettsia species may be

linked to the genomic reduction (70).
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3.1.3. Genomic expansions of Rickettsia genomes
Although the reductive trend is dominant in Rickettsia genomes, the
genetic elements replication, proliferation and gene integration still can occur.
Genome size expansions may occur through of foreign DNA acquisition by
gene transfer, intragenomic duplication or receive of reception of

transposons or repetitive sequences.

Horizontal gene transfer (HGT)

In bacteria, gene transfer usually occurs via mobile genetic element such
as plasmid and requires a set of conjugation genes such as fra family genes
(87, 88). The R. belli genome possesses a set of complete conjugation
genes, and pilli like-filaments were observed on the bacterial surface (89).
As described above, the pRF plasmid from R. felis contains the tra family
conjugation genes. Among 13 tested Rickettsia collection strains, 11 got
positive conjugation gene detection. This suggests that the conjugation
elements are widely present among Rickettsia spp (88), and that horizontal
gene transfer (HGT) occured at a high rate (88). To detect HGT events,
rickettsial COGs missed from at least one genome were analysed by
phylogeny. Six genes were indicated to be likely acquired by HGT. These
genes encoding for enzymes with synthase or proteolytic activities, originate
from y-proteobacteria or eukaryotes (90). In some cases, a HGT can be
followed by a gene loss, as the case for the metK gene. This gene, encoding

the S-adenosylmethionine synthase, is considered to have been acquired
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from y-proteobacteria before the separation of SFG and TG. Later, the metK
was lost by R. prowazekii. Conversly, Rickettsia species can also be gene
donors. For example, the gene encoding the nucleotidyltransferase
substrate binding protein from SFG rickettsiae is distributed to Firmicutes
species and Bacteroidetes species In addition, a putative permease was
provided toy-proteobacteria species by a Rickettsia ancestor (90).

Ameobae have been proposed to be an evolutionary "training ground" for
many ameobae-associated bacteria. Therefore, it is assumed that the
Rickettsia ancestor also used ameobae as hosts (91). The phylogenetic
reconstructions inferred the possibility of gene transfer between the
Rickettsia ancestor and other ameobae parasite. The R. belli genome
presents many ORFs exhibiting a high degree of similarity with genes from
two intracellular bacteria of ameobae: Legionella pneumophila and
Protochlamydia ameobophila. By phylogenetic analysis, 15 genes between
R. belli and L. pneumophila, and 7 genes between R. belli and
P. ameobophila are considered as possible HGT elements. Within ameobae,
HGT might have given the Rickettsia ancestor the access to novel gene
pools, with possibility to acquire foreign DNA from other intracellular bacteria,

thus, in capability of adaptation environment (89).

Gene duplication
Rickettsia genomes may also have gained genes via duplication (9, 65).

Gene duplication is an important source of bacterial adaptation to variable
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environmental conditions and new niches (93). But gene duplication is a rare
event in Rickettsia genomes (92). Duplicated genes may still conserve the
full function from the original source, and may play a role in increasing the
effect of encoded function. Gene duplication may prevent the dysfunction of
genes caused by deletion or intra-chromosomal homologous recombination
or inactivation by SNP mutations. On the other hand, with the accumulation
the mutations, a duplicated gene may become non functional or accept
diverse mutation and finally develop into a new functional gene, providing a
putative new selective advantage in a new environment (94). Even during
the course of evolution, the Rickettsia genomes have a trend of gene loss
rather than gene duplication, the strong selective effect co-existing with
functional duplication required for survival.

Various gene families are duplicated in Rickettsia genomes, such as
duplication of Type IV secretion systems components. Type IV secretion
systems (T4SSs) is functional as multiple component membrane spanning
transporters and is widely found in many Rickettsia genomes. The
R. prowazekii and R. conorii genomes have encoded for six Vir components
(virB4, virB8-virB11, virD4), and the virB4, virB8 and virB9 have two copies
of each (95). These copies have been scattered in separated locales of the
genome. The copies exhibit differences in nonsynonymous substitution. The
R. felis genome contains 14 spoT transcribed genes involved in transcription
and cellular metabolism (65). These duplicate spoT genes may help the

bacteria to persist in the host and adapt to its intracellular environment. The
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R. bellii and several SFG rickettsiae genomes contain many duplication
toxin/antitoxin (TA) systems which involved in the stringent response
pathway cascade. These genes may help the bacteria in global regulation of
metabolism and the stress response (89). The R. conorii genome has
multiple copies of ampG agent encoding B-lactamase, which may explain
the resistance of these bacteria to B-lactam antibiotics (9). R. prowazekii, the
most degraded Rickettsia genome, which lacks the genes encoding the
biosynthesis of purines and pyrimidines (4), has five tic1 gene paralogs (97).
This gene encodes on ATP/ADP translocase responsible for the capture of
ATP from the host cell (96). Similar sequences are found in R. typhi,
R. montanensis and R. rickettsii without any stop codon or frameshift. It

seems that these five paralogs are functional (81).

Selfish DNA

In addition to gene duplication, genome expansion can also occur
through the duplication of selfish DNA (99, 100, 102). Due to their
self-propagating characteristic these mobile genetic elements are found in
most organisms (101). Selfish DNA related to the repeat elements has no
obvious cellular function, but some evidences suggest that self-replicating
elements have physiological functions such as stress response (103). In
some cases, they can increase the fitness of their host significantly. Selfish
DNA considered being an important factor for the genome evolution as well

as transposaes, responsible for the genomic redistributions and expression
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of regulation. The sequence analysis of the R. conorii genome uncovered
the presence of the repeat mobile elements, the repeat palindromic element
(RPE) (55, 98).

These RPEs have a length between 100-150 bp in Rickettsia. In the
genome of R. conorii, 656 RPE sequences are identified. On the basis of
sequence similarity, RPE sequences were classified into 8 families (RPE-1
to RPE-8). Their copy numbers ranged from 5 to 223 (99). The RPE-like
repetitive element with palindromic sequence presents in both non coding
sequences and genes in Rickettsia, unlike the presence only in the non
coding sequences in Enterobacteria (45, 104, 105). 44 RPE-1 sequences
are discovered in the R. conorii genome and 10 copies in the R. prowazekii
genome. Surprisingly, in R. conorii, 19 RPE-1 targeted different genes, in
R. prowazekii, 9 RPE-1 were inserted in the regions encoding proteins (98).
We highlighted the same process of evolution of genes by inserting
palindromic sequence in the genomes of Wolbachia genus bacteria (141,
145). But the existent of this phenomenon in other organisms remains
unclear. Several observations suggest that the RPE is an element that has
recently proliferated in the genomes of Rickettsia without destroying the
expressions and functions of genes. RPE sequences are slightly hydrophilic.
Most of the RPEs are capable to form a stable hairpin like mRNA secondary
structures. Most genes with the insertion of RPE have homologues in
bacteria distant. Some of these genes correspond to essential proteins for

the metabolism, such as the glutamyl-tRNA synthetase and
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tRNA(lle)-lysidine synthetase. The positions of the RPE in protein
sequences appear random, but their positions seem compatible with the
3-dimensional structures of proteins. By comparison with the homologous
proteins, it demonstrated that the insertion sites of RPE are always located
on the surface of the targeted proteins, far from the functional or catalytic

sites (106).

By insertion into an existing gene, these repeats form a new ORF, giving
an additional peptide segment in the final gene product. Under the evolution
stress, these insertions followed by a long term of selection, the genes may
appear the evolutionary advantage compared with the original genes and
contribute the emergence of new protein sequences, domains and functions.
This suggests that the RPEs participate directly in the generation of new
gene sequences (98). The RPE elements in different proteins may have a
possible functional role for the host. The R. prowazekii genome has a high
evolutionary degradation rate. Indeed, the RPEs in R. prowazekii are more
difficult to identified, only two of them are predicted to be able to form stable
hairpin structures (106), most of them may already lost their functions. The
loss of RPE may not deeply affect the protein function. RPE possible had a
functional role in the early Rickettsia genomes but became weekly due to
the rapid deterioration process in the current days.

By genomic sequence analysis, many other repeats have been found, in

Rickettsia genomes including ankyrin repeats (ANK) and tetratricopeptide
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repeats (TPR) (107). In eukaryotes, ANK containing proteins have a cell
membrane connection function, including membrane of endosynmbiont to
the cytoskeleton (108). But in bacteria, its function is poorly known. In
Pseudomonas aeruginosa, the ANK like protein AnkB is essential for the
periplasmic catalase activity. It probably plays a role of protective scaffold in
the periplasm (109). In Anaplasma phagocytophilum, the ANK repeat protein
AnkA was shown to be associated with the chromatin of infected cells.
These suggest that ANK is involved in the alteration of the host cell gene
transcription by binding to host chromatin (110). The protein with ANK
domains expressed in O. tsutsugamushi can modify the stability of the host
protein synthesis to control the cellular functions after infection, suggesting
that the ANK protein plays a role in pathogenesis (113). TPRs identified as
34-amino acid degenerate sequences, are involved widely in many functions,
but mainly in protein-protein interaction (111, 112). The TPR-containing
proteins of Legionella pneumophila have been involved in interfering with
the host cell trafficking events (114, 115). The ANK and TPR repeats have

also been found in pathogenic bacteria and in viruses (108).

3.2. Virulence factors in Rickettsia

The study of the virulence of Rickettsia species has been initiated long
ago. This research has mainly focused, through in vitro studies, on
Rickettsia-host interactions. The pathogenicity of Rickettsia species involves

several steps including recognition, invasion, phagosome escape,
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intracellular multiplication and cell lysis (6). Unlike other Gram-negative
bacteria with lipopolysaccharide outer membrane, after heating or trypsin
treatment, Rickettsia species loses their adherence ability to host cells (116).
In additional, Rickettsia species possesses a paralogous family of outer
membrane protein, the Sca family proteins, among which rOmpA and
rOmpB have been described as major rickettsial antigens (13, 49, 50, 60). It
was described that Anti-rOmpA antibodies can prevent the attachment of
R. rickettsii to host cells (117). This suggested that the invasion of Rickettsia
into their targeted host cells requires a surface adherence by a protein
ligand. rOmpA and rOmpB are globally present in SFG rickettsiae, the TG
rickettsiae only having rOmpB (48). rOmpB is highly conserved in the
Rickettsia genus (46, 47). It is involved in recognition and facilities in the
invasion step to the host cell (119). Immunization against these two proteins
provided a partial protection in mice against the SFG rickettsiae (120).
rOmpB can interact with Ku70, a subunit of a nuclear DNA-dependent
protein kinase present in the nucleus, cytoplasm and plasma membrane.
This interaction is used by R. rickettsii to invade Vero and HelLa cells (121).
Recent evidence demonstrated that the rOmpB-Ku70 ligand can mediate
Rickettsia adhesion to nonphagocytic host cells (122). In additional, the
overlay assays of 2D-PAGE and mass spectrometry revealed two additional
putative adherence factors of Rickettsia, Adr1 and Adr2, encoded by the
genes RC1281, RC1282 in R. conorii and the gene RP827, RP828 in

R. prowazekii (118), respectively. These two proteins are present
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ubiquitously among Rickettsia species. Furthermore, following phagocytosis,
Rickettsia is able to escape into the cytoplasm before the phagolysosomal
fusion (123). In bacteria, the escape from phagosomes and vesicle lysis is
likely dependant on a phospholipase A2 (PLA2) activity (124). However,
there is no PLA2-encoding gene in Rickettsia. But in R. conorii genome, the
first rickettsial phospholipase-D (PLD) was found (125, 126). Salmonella
transformed with the R. prowazekii PLD gene was able to escape from
phagosomal vacuoles, which demonstrates that PLD was a major factor for
Rickettsia phagosomal escape (127). Then, once Rickettsia penetrates into
the cytoplasm of host cells, they are able to proliferate. By interaction with
the host structure components, such as actin cytoskeleton (128, 129), these
bacteria can search the nutrient environment, spread between cells and
avoid the host immune response (130, 131). Actin motility is considered to
be an important virulence factor in Listeria species and Shigella species
(136, 137). One of the characteristics of SFG rickettsia is their actin-based
motility, which has been identified in R. conorii, R. rickettsii, R. monacensis,
R. parkeri and R. australis (132, 133, 134). By genomic comparison of SFG
and TG rickettsiae, the protein RickA, who retains a WiIskott-Aldrich
syndrome protein homolog domain, is considered as the responsible factor
of actin polymerization (9). RickA can recognize and recruit the Arp2/3
complex which is an actin nucleator which can initiate the polymerization of
new actin filaments and organize filaments into Y-branched arrays, then

generate y-branched networks in order to control the actin cytoskeleton
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(135). RickA acts as a nucleator of actin polymerization. The R. prowazekii
genus has no presence of rickA ortholog, and this species lacks actin
motility (140). To realize the bacteria biology function Rickettsia needs to
export the toxin proteins into the host cell or into the extracellular matrix.
Rickettsial genomes contain genes encoding the type IV secretion system
components (138). The homologies with the virB/virD4 secretion system of
Agrobacterium tumefaciens suggest that the type IV secretion system in
Rickettsia genomes belongs to the T4SS type IV subgroup (139). The
regulation of the type IV in Rickettsia species is poorly understood. Genes
encoding for VirB-type T4SS have been found in all sequenced genomes of
Rickettsial spp (66). The traditional definition of bacterial virulence factors is
that any component produced by a pathogen contributes to a disease in a
host (136). Proteins are thought to be the main responsible for the
pathogenicity. The elements found conserved in bacteria genomes called
pathogenicity islands are easily recognized in a distinct genome. But such
structures cannot be found in Rickettsia genome sequences (61). However,
in Rickettsia plasmids identified todate, no virulence factors could be
identified. The genomic comparison between R. africae and R. rickettsii
revealed that pathogenicity may be influenced by genome reduction,
possibly by the loss of regulatory genes. In R. rickettsii, the loss of regulatory
genes was associated with development of virulence under selective

pressure (70).
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4. Conclusion

In the last decades, more and more new Rickettsia species are continued
discovered in different geographic regions. The next generation sequencing
methods and advanced molecular analysis tools arising the enormous
amount data and the innovation in the science research of this genus. The
influence of obligate intracellular lifestyle reshaped their genomic
architectures. The evolutionary stress drove Rickettsia species to a extreme
genomic reduction. Different evolutionary processes such as genome
rearrangements, loss of genomic information and gene duplications have
been discused. Gene loss seems to be far more extensive than gene
acquisition.

Rickettsia genomes are highly rearranged which is suggested to be the
result of intrachromosomal recombination at duplicated sequences, such as
the super ribosomal protein operons and the 16S-23S-5S rRNA operons
appears different figures to the other bacteria and archaea. The evidence
suggested that it is a consequence of intrachromosomal recombination at
the inversely oriented repeat sequences of genes or spacers in ancestor at
an early stage of the transition to an obligate intracellular life style.

Reductive evolution is the major evolution process that has influenced the
genomes of Rickettsia. Primarily, the genome reduced through by
homologous recombination between oriented repetitive sequences at the
early stage. By reducing mass of repeated sequences, the rate of

homologous recombination becomes minor. However, Rickettsia species
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also exhibit genomic expansion event through the HGT, the duplication of
genes or selfish DNA, such as RPE, ANK repeat sequences and the
integration mobile insertion elements. The homologous recombination may
still ongoing by the competition with genomic expansion. Sequence and
phylogenetic analysis suggest that the deletion event occur more often than
the insertion in Rickettsia. After the consumption of repeated sequences,
Rickettsia genomes will continue genomic degradation by the short
mutations. This will give rise to the formation of split genes, pseudo genes
and junk DNA. Eventually, they are expected to slowly deteriorate from the
genome. Phylogenomic analysis of the TG and SFG rickettsiae indicate that
many fragment, split or completely disappeared genes of one species may
remain active in another species, such as ampG4, fic and gabD genes
present intact in the SFG but highly degraded or split in the TG rickettsiae.
This process may play an important role in free-living bacteria for balancing
the size of genome in order to adapt the intracellular life style. In addition,
opposite with the concept of bacteria becoming pathogens by acquisition of
virulence factors, Rickettsia pathogenecity may related with the genomic

reduction of the metabolism and the regulation pathway.

5. Prospectives
The traditional phylogeny research based on various molecular markers
have resulted a disordered phylogeny tree topologies. Today, the genomic

studies diverted the focalization at genes and protein-coding sequences to
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the comparison of the entire genomes. This whole-genome-based

phylogenomic tool provides a new strategy to describe the phylogenetic

position of Rickettsia species.
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Fig.1. Phylogenetic tree of Rickeftsia species besed on 16S rRNA. Phylogenetic tree is generated
by MEGA4 neighbour-joining of 24 Rickettsia species.
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Abstract

The present study reports the complete and annotated genome
sequence of R. helvetica strain C9P9 that was first isolated in 1979 from
Ixodes ricinus ticks in Switzerland and is considered as a human pathogen.
The comparison of this 1,36 Mb genome with other rickettsia genomes
provides additional insight into the mechanisms of evolution in Rickefttsia

species.
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GENOME ANNOUNCEMENT

Genomic Comparison of Rickettsia helvetica and Other Rickettsia

Species

Xin Dong,? Khalid El Karkouri,® Catherine Robert,® Frédérick Gavory,? Didier Raoult,® and Pierre-Edouard Fournier®

Unité de Recherche sur les Maladies Infectieuses et Tropicales Emergentes, UMR CNRS 6236, IRD 198, Faculté de Médecine, Aix-Marseille Université, Marseille, France,* and

Genoscope, Centre National de Séquencage, Evry, France®

We report the complete and annotated genome sequence of Rickettsia helvetica strain C9P9, which was first isolated in 1979
from Ixodes ricinus ticks in Switzerland and is considered a human pathogen.

ickettsia helvetica was first isolated from Ixodes ricinus ticks in

Switzerland in 1979. It was subsequently detected in many
European countries, Russia, Japan, and Thailand. R. helvetica has
been suggested to play a role in various human diseases, but its
exact pathogenesis remains uncertain.

Genomic DNA extracted from R. helvetica strain C9P9 grown
in Vero cells was pyrosequenced using the 454 GS FLX Titanium
platform (Roche, Meylan, France) (8) and assembled using the
Newbler software (Roche). Potential coding sequences (CDSs)
were predicted using AMIGene (5), and split genes or nonpre-
dicted genes were detected using Artemis (http://www.sanger.ac
.uk/software/Artemis/) and BLASTN (1). Assignment of protein
functions was performed by searching against the RickBase, Gen-
Bank, and Pfam databases using BLASTP (1, 4, 9), while rRNAs,
tRNAs, and other RNAs were identified using BLASTN or
tRNAscan-SE (7). Gene orthologs were identified using Or-
thoMCL (6) with a BLASTP E value cutoff of 1 X 107° and a
Markov Clustering inflation parameter default of 1.5.

Thirty-two contigs were assembled into two scaffolds. The gaps
were closed using Phusion DNA polymerase and specific primers.
The R. helvetica genome consists of a 1,369,827-bp chromosome
with a G+C content of 32.2%, in the range of other rickettsial
genomes, and a 47,188-bp plasmid (pRhel) with a G+ C content of
32.6%. The predicted total complement of 1,135 genes (1,515
open reading frames) includes 858 complete genes, 168 split
genes, and 178 genes present only as fragments. Of these, 881 were
assigned putative functions and 254 encode hypothetical proteins
and proteins of unknown function. R. helvetica also contains 33
tRNAs, a single rRNA operon with noncontiguous 16S and 23S
rRNAs, and 3 other RNAs. In addition, the pRhel plasmid encodes
49 genes (59 CDSs) but no tRNA.

The R. helvetica chromosome exhibits a high level of synteny
with its closest phylogenetic neighbor, R. massiliae (3), with the
exception of three inversions of 36,436 bp, 48,196 bp, and 17,375
bp, respectively. R. helvetica has 121 genes that are absent from R.
massiliae, and the latter has 161 genes missing from R. helvetica.
Most of these differentially present genes encode ankyrin repeat-,
leucine-rich repeat-, or tetratricopeptide repeat-containing pro-
teins, transposases, proteins of unknown function, and Tra family
proteins. The R. helvetica genome appears more degraded than
that of R. massiliae (168 versus 99 split genes and 178 versus 85
fragment genes, respectively). In comparison with the R. prowa-
zekii genome (2), R. helvetica lacks only 36 genes, including the
genes for 16 proteins of unknown function, three transposases,

0021-9193/12/$12.00 Journal of Bacteriology p. 2751

two ankyrin repeats, four transferases, two cell surface antigens,
and one each for the integration host factor B subunit, a large
extracellular a-helical protein, a monovalent cation/proton anti-
porter, peptide chain release factor RF-2, a prolyl endopeptidase
precursor, pyrroloquinoline quinine biosynthesis protein C, sig-
nal peptide peptidase SppA, and a DNA invertase Pin-like protein.
Thus, none of these genes is likely to be linked to rickettsial viru-
lence. In contrast, many genes involved in the biosynthesis and
regulation of biosynthesis of amino acids and nucleotides present
in R. helvetica were absent from R. prowazekii. Further studies will
be conducted to investigate the pathogenesis of R. helvetica.

Nucleotide sequence accession number. The R. helvetica
strain C9P9 genome sequence and the pRhel plasmid sequence
have been deposited in the DDBJ/EMBL/GenBank databases un-
der accession no. AICO00000000.
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Abstract

R. honei strain RBT has been isolated from a febrile patient on Flinders
Island, Australia in 1991, and has been proposed for Flinders Island spotted
fever (FISF) agent which is pathogenic for humans and is transmitted to
human by tick bites. The comparison of this about 1,27 Mb genome with
other Rickettsia genomes provides additional insight into the mechanisms of

evolution in Rickettsia species.
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Rickettsia honei strain RB" was isolated from a febrile patient on Flinders Island, Australia, in 1991 and has been demonstrated
to be the agent of Flinders Island spotted fever, a disease transmitted to humans by ticks. The comparison of this 1.27-Mb ge-
nome with other Rickettsia genomes provides additional insight into the mechanisms of evolution in Rickettsia species.

he Rickettsia genus is composed of small, Gram-negative, ob-

ligate intracellular bacteria (1). These microorganisms under-
went a reductive genomic evolution during their specialization to
their intracellular lifestyle (2). Recent studies demonstrated that
genome reduction was associated with virulence in rickettsiae (3).
R. honei strain RB" was isolated from a febrile patient on Flinders
Island, Australia, in 1991 and has been described as a Flinders
Island spotted fever (FISF) agent which is pathogenic for humans
(4). FISF is characterized by fever, headache, myalgia, transient
arthralgia, maculopapular rash, and in some cases cough (6). R.
honei strain RB” is transmitted to human mainly by Bothriocroton
hydrosauri (formerly Aponomma hydrosauri) tick bites (5). Most
cases occur in summer.

The genome sequencing of R. honei strain RB* was performed
by 454 shotgun sequencing. Briefly, the shotgun sequencing was
performed using a GS-FLX Titanium sequencer (Roche, Meylan,
France) and assembled into 11 contigs. All 11 contigs were part of
the chromosome, with a size of 1,268,758 bp and a G+C content
of 32.4%, which is similar to other rickettsial genomes. No plas-
mid was detected. The chromosome was predicted to encode
1,284 genes (1,595 open reading frames [ORFs]). Among these
genes, 1,046 (81%) were complete, 158 (12%) were split into two
or more ORFs, and 80 (6%) were present as fragments. Of the
1,284 genes, 751 (58%) encoded proteins with putative functions,
and 533 (42%) encoded hypothetical proteins and proteins of
unknown function. The R. honei genome had 3 noncontiguous
rRNA genes (55, 16S, and 23S rRNA), 33 tRNAs, and 3 other
RNAs.

Phylogenically, R. honei is closely related to R. rickettsii, R.
conorii, and R. slovaca (4). The 11 R. honei contigs exhibited an
almost perfect colinearity with these 3 genomes, with the excep-
tion of an inversion of 34,133 bp, 81,501bp and 32,367 bp, respec-
tively. By comparison with the closest genome, that of R. conorii,
R. honei missed 56 genes but had an additional 89 specific genes.
Most of these differentially present genes encoded ankyrin repeat-
containing proteins, leucine-rich repeats (LRRs), tetratricopep-
tide repeat-containing proteins, transposases, and proteins of un-
known function. By comparison with R. prowazekii, the agent of
epidemic typhus, the most pathogenic Rickettsia species with the
smallest genome (834 genes only), R. honei missed only 37 genes.
These genes encoded proteins of unknown function (n = 17),
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transposases (n = 3), ankyrin repeat-containing proteins (n = 2),
transferases (n = 6), and synthetases (n = 3) and one from each of
the following categories: cell surface antigens, BioY family pro-
teins, multisubunit Na™/H™ antiporters, protein kinase C inhib-
itors, Sec7 domain-containing proteins, site-specific recombi-
nases, and VirD4 proteins. Thus, none of these genes is likely to
play a role in rickettsial virulence. In contrast, many genes in-
volved in the biosynthesis and regulation of biosynthesis of amino
acids and nucleotides present in R. honei were absent from R.
prowazekii. Further studies will be conducted to investigate
whether a reduced metabolism of amino acids and/or nucleotides
plays a role in the pathogenesis of rickettsiae.

Nucleotide sequence accession number. The genome se-
quence has been deposited in the GenBank database under acces-
sion number AJTT00000000.
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Abstract

R. australis strain phillips’ has been isolated in Queensland Australia
1950, and has been proposed for Queensland Tick Typhus (QTT) agent
which is pathogenic for humans and is transmitted to human by tick bites.
The comparison of this about 1,29 Mb genome with other Rickettsia
genomes provides additional insight into the mechanisms of evolution in

Rickettsia species.
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Rickettsia australis strain Phillips” was isolated in Queensland, Australia, in 1950. It is the tick-borne agent of Queensland tick
typhus, a disease endemic in Australia. The 1.29-Mb genome sequence of this bacterium is highly similar to that of Rickettsia

akari but contains two plasmids.

he genus Rickettsia is composed of small Gram-negative, obli-

gate intracellular alphaproteobacteria (1) that underwent pro-
gressive genomic reduction (2). However, paradoxically, recent
genomic studies have suggested that genome reduction was asso-
ciated with increased virulence in rickettsiae (3). Rickettsia aust-
ralis was first identified in residents of Northern Queensland,
Australia, in 1950 (4). This bacterium is a spotted fever group
rickettsia and causes Queensland tick typhus (QTT). QTT is en-
demic in the eastern part of Australia, where it is transmitted to
humans through the bites of Ixodes holocyclus or Ixodes tasmani
ticks (6). It is considered to be mostly mild and is characterized by
fever, headache, and myalgia followed by the development of a
maculopapular or vesicular rash, an inoculation eschar (65% of
cases), and lymphadenopathy (71%) (5).

The genome sequencing of R. australis strain Phillips” was per-
formed by 454 shotgun and 454 paired-end sequencing. Briefly,
the shotgun sequencing was performed using a GS-FLX Titanium
sequencer (Roche, Meylan, France) with assembly into 1 complete
circularized chromosome, 1 complete circularized plasmid, and 1
putative incomplete plasmid. The chromosome has a predicted
size 0f 1,297,390 bp and a G+ C content of 31.7%), which is similar
to that of other rickettsial genomes. The plasmid (pRau01) has a
size of 26,608 bp with a G+C content of 33.7%. The second plas-
mid is made of 13 contigs, for a total size of 30,176 bp, and has a
G+C content of 21.7%. The chromosome contains 1,110 genes
(1,426 open reading frames [ORFs]), including 820 complete
genes (74%), 139 split genes (12%), and 151 gene fragments
(14%). Among these 1,110 genes, 855 genes (77%) encode pro-
teins with putative functions and 255 (23%) encode hypothetical
proteins and proteins of unknown function. The R. australis ge-
nome contains 3 noncontiguous rRNAs (58S, 16S, and 23S rRNA),
33 tRNAs, and 3 other RNAs. The pRau01 plasmid carries 16 genes
(25 ORFs), whereas the second plasmid carries 20 genes (24
OREFs).

R. australis exhibits an almost perfect genomic synteny with
Rickettsia akari, its closest phylogenetic neighbor, with the excep-
tion of two inversions of 78,519 bp and 36,776 bp. R. australislacks
only 46 genes that are present in R. prowazekii, the agent of epi-
demic typhus, the most severe human rickettsiosis (7). These
genes encode proteins of unknown function (23 genes), trans-
posases (3 genes), ankyrin repeat-containing proteins (2 genes),
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transferases (6 genes), cell surface antigens (1 gene), synthetases (3
genes), and 1 gene in each of the following categories: BioY family
protein, ABC-type transporter related to toluene tolerance pro-
tein, dCTP deaminase, putative transcriptional regulator, Sco2
protein precursor, DNA invertase Pin-like protein, VirD4 protein,
and beta-glucosidase. None of these genes appears to be related to
rickettsial virulence. In contrast, many genes involved in the bio-
synthesis and regulation of biosynthesis of amino acids and nucle-
otides present in R. australis are absent from R. prowazekii. Fur-
ther investigations will be conducted to study the genomic basis of
rickettsial virulence and the potential role of plasmids.

Nucleotide sequence accession number. The whole-genome
shotgun project has been deposited in the GenBank database un-
der accession number AKVZ00000000.

ACKNOWLEDGMENT

This work did not benefit from any external funding.

REFERENCES

1. Blanc G, et al. 2007. Lateral gene transfer between obligate intracellular
bacteria: evidence from the Rickettsia massiliae genome. Genome Res. 17:
1657-1664.

2. Blanc G, et al. 2007. Reductive genome evolution from the mother of
Rickettsia. PLoS Genet. 3:e14. doi:10.1371/journal.pgen.0030014.

3. Fournier PE, et al. 2009. Analysis of the Rickettsia africae genome reveals
that virulence acquisition in Rickettsia species may be explained by genome
reduction. BMC Genomics 10:166.

4. Graves S, Stenos J. 1999. Rickettsioses in Australia, p 244-246. In Raoult
D, Brouqui P (ed), Rickettsiae and rickettsial diseases at the turn of the third
millenium. Elsevier, Paris, France.

5. McBride WJ, Hanson JP, Miller R, Wenck D. 2007. Severe spotted fever
group rickettsiosis, Australia. Emerg. Infect. Dis. 13:1742-1744.

6. Sexton DJ, Dwyer B, Kemp R, Graves S. 1991. Spotted fever group
rickettsial infections in Australia. Rev. Infect. Dis. 13:876—886.

7. Walker DH. 1988. Pathology and pathogenesis of the vasculotropic rick-
ettsioses, p 115-138. In Walker DH (ed), Biology of rickettsial disease. CRC
Press Inc., Boca Raton, FL.

Received 22 June 2012 Accepted 29 June 2012

Address correspondence to Pierre-Edouard Fournier, pierre-
edouard.fournier@univmed fr.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.01117-12

jb.asm.org 5129

1senb Aq 210z ‘62 1snbny uo /610 wse ql//:dny wouy papeojumog



CHAPITRE VI

Article |V

81






Genomic analysis
of Rickettsia japonica strain YH'

DONG Xin, Khalid El Karkouri, Catherine Robert, Didier Raouilt,

Pierre-Edouard Fournier

Aix Marseille Université, URMITE, UM63, CNRS 7278,
IRD 198, Inserm 1095, Faculté de Médecine
27 Boulevard Jean Moulin, 13385 Marseille cedex 05, France
tel : +33 (0)4 91 3243 75, Fax : + 33 (0)4 91 3877 72

E-mail: didier.raoult@gmail.com

Running head
Study of the Rickettsia japonica genome
Word count: Abstract 51 words, text 483 words

Keywords: Rickettsia japonica, genome

83






Abstract

Rickettsia japonica strain YH™ was reported in 1984 in Japan, and has
been proposed for Japanese spotted fever (JSF) agent and is transmitted to
human by tick bites. The comparison of this about 1,33 Mb genome with
other Rickettsia genomes provides additional insight into the mechanisms of

evolution in Rickettsia species.
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The genus Rickettsia is composed of small Gram negative, obligate
intracellular bacteria (1). These microorganisms underwent a reductive
genomic evolution during their specialization to their intracellular lifestyle (2).
The recent studies demonstrated that genome reduction was associated to
virulence in rickettsiae (3). In Japan, R. japonica, classified within the spotted
fever group, is the causative agent of Japanese spotted fever (JSF) (4). The
first JSF patient was reported in 1984 in Tokushima Prefecture. According to
the national surveillance system in Japan, JSF cases resulting in death have
been gradually increasing (5, 7). The JSF is found mainly in the southwestern
part of Japan (7). Recent epidemiologic evidences indicated that Dermacentor
taiwanensis and Haemaphysalis flava can be both vector and reservoirs of
R. japonica (6).

The genome sequencing of R. japonica strain YH' was performed by
454 paired-end sequencing. Briefly, the sequencing result was performed by
GS-FLX Titanium sequencer (Roche, Meylan, France). The genome of
R. japonica strain YH' was assembled to one chromosomic scaffold which
contains 29 contigs (range from 951 bp to 197,977 bp), and one complete
circularized plasmid, pRjap. All 29 chromosomic contigs are predicted with a
size of 1,331,743 bp and G+C content of 32.7% which is similar to other
rickettsial genomes. The plsmid, pRjap, has a size of 19,854 bp and a G+C
content of 31.8%. The chromosome has been predicted of 1,239 genes (1,515
ORFs) and encodes 19 genes (21 ORFs). Among these genes, 889 genes

(71,8%) are complete, 167 genes (13,5%) are present as fragment, and 183
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genes (14,7%) are split genes. All over this genes, 894 genes (72,2%) encode
proteins with putative functions, 345 genes (27,8%) encode hypothetical
proteins or proteins of unknown function. We also identified 3 rRNA genes (5S,
16S and 23S rRNA), 33 tRNAs and 3 other RNAs.

Based on various molecular markers, the phylogenetic analsis indicates
that R. rhipicephili is the closest species to R. japonica. Except for 4 different
inversion regions (13,405 bp, 4,785 bp, 65,590 bp and 38,431 bp), the
R. japonica genome exhibits a most perfect colinearity with R. rhipicephili.
Furthermore, we compared the R. japonica genome with the R. prowazekii
genome which causes the most serious epidemic typhus to human (8). This two
genomes share 800 common genes. The R. japonica genome only missed 40
genes that were present in R. prowazekii. This genes encode proteins of
unknown function (21), transposases (3), ankyrin repeats containing proteins
(2), transferases (5), and one gene of each of the following categories: BioY
family protein, Cell surface antigen Sca6 protein, LPS biosynthesis protein,
Na+/proline symporter histidine kinase, Poly-beta-hydroxybutyrate polymerase,
DNA invertase Pin-like protein, Twin-arginine translocation protein TatA,
Universal stress protein UspA and VirD4 protein. But no rickettsial virulence
factor have been identified. In contrast, many genes involved in the
biosynthesis and regulation of biosynthesis of amino acids and nucleotides
present in R. japonica were absent from R. prowazekii. To reveal the

pathogenicity of R. japonica, more further studies will be conducted.
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Nucleotide sequence accession number.

This Whole Genome Shotgun project has been deposited at

DDBJ/EMBL/GenBank under the accession AMRT00000000.
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Cette thése est organisée en deux parties majeures. La premiere partie
consiste en une revue de la littérature sur les génomes de bactéries du
genre Rickettsia, notamment sur leurs caractéristiques générales et leurs
mécanismes évolutifs. Le stress évolutif a conduit a une réduction
génomique extréme des génomes de Rickettsia. Différents processus
évolutifs tels que des réarrangements génomiques, la perte de I'information
génomique et des duplications de génes ont été identifiés. La perte de
genes est trés supérieure a I'acquisition de genes.

Les génomes de rickettsies ont été I'objet de réarrangements importants
résultant de recombinaisons intra-chromosomiques au niveau de séquences
répétées inversement orientées au cours de leur adaptation a un mode de
vie intracellulaire obligatoire (Figure 4). Ainsi, les opérons 16S-23S-5S rRNA
ont des organisations différentes de celles des autres genres bactériens et
des archae.

L'évolution réductrive est le processus d’évolution majeure qu’'ont subi
les génomes de Rickettsia. Cette réduction a été le résultat de
recombinaisons homologues entre les séquences répétées orientés a un
stade précoce. En réduisant leur taille génomique, la masse des séquences
répétées a diminué et taux de recombinaison homologue a également
diminué. Cependant les espéces de Rickettsia présentent également des
cas d’expansion génomique résultant de mécanismes de transfer latéral de
genes, de duplication de genes ou de fragments d’ADN égoiste (rickettsial

palindromic elements, ankyrin repeats, tetratricopeptide repeats, modules
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toxine-antitoxine). L’analyse phylogénique suggére que les événements
réductifs se produisent plus souvent que les processus expansifs chez
Rickettsia. Aprés la réduction des séquences répétées, les génomes de
Rickettsia continueraient la dégradation par des mutations ponctuelles qui
donneraient lieu a la formation de pseudogénes et de fragments de génes
(Figure 2). L'analyse phylogénomique des rickettsies des groupes TG et
SFG indique que de nombreux génes dégradés présents chez certaines
espéeces sous forme de pseudogenes, de fragments ou ayant totalement
disparu, peuvent toujours étre fonctionnels dans d’autres especes. C’est le
cas des génes ampG4, fic et gadD présents intacts dans le groupe SFG,
mais pseudogénes ou tres dégradés dans le groupe TG. Ce processus a pu
jouer un réle important chez les bactéries extra-cellulaires, leur permettant
d’adapter la taille de leur génome au mode de vie intracellulaire. En outre, a
I'inverse du concept classique que les bactéries deviennent pathogénes par
I'acquisition des facteurs de virulence, la pathogénicité des Rickettsia est
liee a la réduction de leurs génomes par perte de certains métabolismes et
voies de régulation.

La seconde partie de notre thése est consacrée a I'étude génomique de
quatre especes de Rickettsia. En utilisant les technologies de séquengage a
haut débit : SOLID, Roche 454 shotgun et paired-end, nous avons séquencé
les génomes de R. helvetica strain COP9, R. honei strain RB', R. australis
strain phillips” et R. japonica strain YH'. Ces 4 espéces de Rickettsia sont

des pathogénes humains recoonus. Dans ces 4 génomes ont été identifiés
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3 génes ARN ribosomiques non contigus, 33 ARN de transfert et 3 autres
ARN qui sont trés similaires entre espéces.

R. helvetica a un génome composé d'un chromosome de 1,37 Mb et
d'un plasmide pRhel de 47 Kb. Le chromosome comprend 1273 génes
(1619 ORFs), dont 923 (72%) sont complets, 203 (16%) sont interrompus
par un ou plus codons stops, et 147 (12%) sont présents sous forme de
fragments. pRhel comporte 49 génes (59 ORFs). Ce travail a été publié
dans Journal of Bacteriology (DONG X et al 2012 May).

Le génome de R. honei consiste en un scaffold chromosomique de
1,27 Mb (11 contigs). Aucun plasmide n’a été identifié. Le chromosome
comporte 1284 genes (1595 ORFs), dont 1046 (81%) sont complets,
158 (12%) sont des pseudogenes et 80 (6%) sont présents sous forme de
fragments. Ce travail a publié dans Journal of Bacteriology (DONG X et al
2012 Aug).

Le génome de R. australis est formé d’'un chromosome complet de
1,29 Mb, d’'un plasmide pRau de 26 Kb et d’'un plasmide putatif incomplet de
30 Kb (13 contigs). Le chromosome comporte 1110 génes (1426 ORFs)
dont 820 sont complets (74%), 151 sont présents sous forme de fragments
(14%) et 139 sont des pseudogenes (12%). Le plasmide pRau comporte
16 génes (25 ORFs). Le plasmide putatif comprend 20 génes (24 ORFs). Ce
travail a été publié dans Journal of Bacteriology (DONG X et al 2012 Sep).

Le génome de R. japonica consiste en un scaffold chromosomique de

1,33 Mb (29 contigs) et un plasmid pRjap de 20 Kb. Le chromosome
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comporte 1,239 genes (1,515 ORFs) dont 889 genes sont completes
(71,8%), 167 genes sont présentssous forme de fragments (13,5%), et 183
genes sont des pseudogénes (14,7%). Ce travail a été accepté dans Journal

of Bacteriology récemment.
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