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AVANT PROPOS

Le format de présentation de cette these correspond a une
recommandation de la spécialité¢ Maladies Infectieuses et
Microbiologie, a I’intérieur du Master des Sciences 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
composées et qui comportent un format de these utilisé dans le Nord
de P’Europe et qui permet un meilleur rangement que les theses
traditionnelles ; par ailleurs, la partie introduction et bibliographie est
remplacée par une revue envoycée dans un journal afin de permettre
une évaluation extérieure de la qualité de la revue et de permettre a
I’étudiant de commencer le plus t6t possible une bibliographie
exhaustive sur le domaine de cette thése. 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 de la
compétition internationale et permet de se concentrer sur des travaux

qui bénéficieront d’une diffusion internationale.

Prof. Didier Raoult
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RESUME

Mycobacterium abscessus sensu lato est la troisieme
espece de mycobactéries la plus fréquemment documentée au
cours des infections communautaires et nosocomiales dans les
pays développés. Actuellement, l'espece Mycobacterium
abscessus sensu lato comprend deux sous especes
M. abscessus subsp. abscessus et M. abscessus subsp. bolletii,
cette derniere regroupe des mycobactéries précédemment
identifiées comme M. bolletii et M. massiliense. Ces
changements taxonomiques montrent que la diversité de ces
agents pathogenes opportunistes est mal décrite.

Au cours de notre travail de these, nous avons analysé
14 génomes publiés de M. abscessus sensu lato par approche
bioinformatique, analyses fonctionnelles par BlastP et
analyses phylogénétiques. Ce travail a montré que
M. abscessus sensu lato comprend au moins cinq taxons
différents spécifiés par des caractéristiques microbiologiques
d’intérét médical. En particulier chaque taxon est caractérisé
par un répertoire spécifique de facteurs d’interaction avec
1I’hote (y compris PE, PPE, LpgH, MCE, Yrbe et le systeme de
sécrétion de type VII ESX3 et ESX4), de systemes d'efflux de
molécules, de multiples résistances et de prophages. Au cours
d'un deuxieme travail, nous avons développé une technique
Multispacer Sequence Typing d’identification et de
génotypage de M. abscessus sensu lato basée sur le
séquencage de huit régions intergéniques. Cette technique
distingue sans ambiguité M. massiliense de M. bolletii et
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M. abscessus et offre un outil d'identification pouvant étre
utilisée en routine au laboratoire.

Les mycobactéries M. abscessus sensu lato sont
caractérisées par la présence de mycobactériophages. De facon
surprenante, aucune ¢tude structurale n'avait été réalisée pour
aucun des ~ 3500 mycobactériophages décrits. Nous avons
réalisé une étude génomique et structurale du bactériophage de
M. bolletii que nous avons nomme¢ Araucaria du fait de sa
ressemblance a la plante Araucaria. Le mycobactériophage
Araucaria appartient a la famille des Siphoviridae et possede
un génome de 64 kb contenant 89 ORF, dont 27 sont annotés.

La résolution de cette premiere structure 3D d'un
mycobactériophage a montré une capside et un connecteur
similaires a ceux de plusieurs bactériophages de bactéries a
Gram négatif et positif; et une queue hélicoidale décorée par
des pointes radiales (ressemblant a la plante Araucaria)
susceptibles d'accueillir des dispositifs d'adhésion a son hote
et caractéristiques d’Araucaria. La partie basale (baseplate) du
phage Araucaria présente des caractéristiques observées dans
les phages qui se lient a des récepteurs de protéines. Ces
résultats d'analyses structurales suggerent un mécanisme
d'adhésion d'Araucaria a son hote en deux temps, par liaison
de la queue aux saccharides de I'hote dans un premier temps
puis liaison de la baseplate aux protéines de la paroi cellulaire
dans un deuxiecme temps. Ces hypotheses doivent étre
confirmées expérimentalement.

Enfin, nous avons analysé la présence de séquence de
phages dans 48 génomes disponibles de M. abscessus sensu
lato. Des séquences de prophage ont ¢té détectées dans
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47/48 génomes de M. abscessus, codant de 0 a 8 régions de
prophages spécifiant quatre situations : 1) prophages complets
codant des protéines de structure, les protéines de lyse, des
protéines d'intégration et des protéines nécessaires a la
réplication et la recombinaison, 11) prophages incomplets dont
certains genes fonctionnels ne sont pas annotés avec certitude,
111) prophages incomplets ayant perdu une partie des genes
fonctionnels, iii1) éléments prophage-like codant seulement
quelques protéines virales. Nous avons annoté 20304 protéines
en 853 groupes: 30% des protéines annotées sont des protéines
de  mycobactériophages, 48%  proviennent  d'autres
bactériophages infectant des bactéries a Gram négatif et positif
et 23% sont des protéines virales. L'analyse fonctionnelle a
montré 44% des protéines annotées impliquées dans la
réplication de I'ADN et le métabolisme et 37% de protéines
structurales. Par ailleurs, les especes M. abscessus codent des
protéines annotées comme répresseur de phage et dont le role
reste indéfini.

Notre analyse phylogénétique suggere que les especes de
M. abscessus sensu lato ont ¢été infectées par différents
mycobactériophages et ont une histoire évolutive différente de
celle des hotes mycobactériens et contiennent aussi des
protéines acquises par transfert horizontal dont la plupart sont
des protéines de bactériophages et des protéines de fonctions
inconnues.

Enfin, nous avons séquencé et analysé deux
mycobactéries non-tuberculeuses responsables d’infections
opportunistes, Mycobacterium simiae et Mycobacterium
septicum. Le génome de M. simiae DSM 44165" contient
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5782 968 pb et un taux de GC égal a 65,15%. Il code 5727
genes dont 81,6% codent pour une fonction putative connue.
Le génome de M. septicum DSM44393 ' est 6 879 294 pb de
longueur, avec un taux de GC égal a 66,73%. M. septicum
code 6692 genes dont 71,01% codent pour une fonction
putative connue.

Nos travaux de recherche sur M. abscessus sensu lato et
leurs mycobactériophages ont permis de résoudre la premiere
structure d’un mycobactériophage, Araucaria, suggérant un
mécanisme original d’infection en deux étapes. Egalement,
ces travaux ont donné de nouveaux outils d'analyses au
laboratoire de ces mycobactéries pathogenes opportunistes et
constituent un socle pour de futures analyses fonctionnelles
concernant le rdle de ces mycobactériophages dans Ila
pathogénicité de leurs hotes.



ABSTRACT

Mycobacterium abscessus sensu lato 1s the third group of
mycobacteria most frequently encountered in community- and
health care-associated infections in developed countries.
M. abscessus sensu lato comprises of M. abscessus subsp.
abscessus and M. abscessus subsp. bolletii. Later taxon
accommodates  isolates  previously referred to as
Mycobacterium bolletii and Mycobacterium massiliense.
Current phenotypic and genetic markers poorly describe the
diversity of this group of opportunistic pathogens. This high
phenotypic and genotypic similarity leads to a confusing
situation and some authors have questioned the current
taxonomic classification.

In a first step, using bioinformatic approaches and
functional analysis using BlastP, we reviewed the published
genomes of 14 M. abscessus strains showing that
M. abscessus sensu lato comprises of five different taxons
specified by particular characteristics of microbiological and
medical interests. Mycobacteria of the five clusters encode
host-interaction factors (including PE, PPE, LpqH, MCE,
Yrbe and type VII secretion system ESX3 and ESX4), drug-
efflux systems, multiple resistances and prophages in
agreement with their role as opportunistic pathogens. In a
second step, based on sequencing of eight intergenic spaces,
we developed a Multispacer Sequence Typing technique
(MST) for M. abscessus group sub-species identification and
strain genotyping. MST clearly differentiates formerly
“M. massiliense” organisms from other M. abscessus subsp.
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bolletii organisms. This technique could be a tool routinely
used in laboratory.

These mycobacteria host bacteriophages which have not
been explored so far. No structure of any mycobacteriophage
is available, although more than 3,500 mycobacteriophages
have been described to date. To fill this gap, we embarked
in a genomic and structural study of a bacteriophage from
M. bolletii. We named this mycobacteriophage Araucaria, it
belongs to Siphoviridae family and possesses a 64-kb genome
containing 89 ORFs, among which 27 could be annotated with
certainty. We resolved Araucaria 3D structure, the first 3D
structure ever resolved for a mycobacteriophage. Its capsid
and connector share close similarity with several phages from
Gram™ or Gram' bacteria. The helical tail decorated by radial
spikes, possibly host adhesion devices, according to which the
phage name “Araucaria” was chosen being its most distinctive
characteristics. Its host adsorption device, at the tail tip,
assembles features observed in phages binding to protein
receptors. All together, these results suggest that Araucaria
may infect its mycobacterial host using a mechanism
involving adhesion to cell wall saccharides and protein, a
feature that remains to be further explored.

Beside M. bolletii mycobacteriophage, we analysed
48 M. abscessus sequenced genomes for encoding prophages.
A total of 47/48 genomes encode at least one-prophage
regions. Prophage regions were detected 1n 47/48
M. abscessus genomes. M. abscessus genomes harbor 0 to
8 prophage regions and these regions could be separated into
four types: 1) intact prophages who encodes structural
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proteins, lysis proteins, integration proteins and sites and
proteins necessary for the replication and the recombination,
11) questionable prophages which some functional genes could
not be annotated with certainty, ii1) incomplete prophage
regions who lost some of the functional genes, 1ii1) prophage-
like elements which encode few viral proteins. We annotated
20,304 viral and phage proteins clustered into 853 groups:
30% of the annotated proteins are mycobacteriophages
proteins, 48% are other phages infecting Gram positive and
negative bacteria and 23% are viral proteins. Moreover
functional analysis showed that 44% of annotated proteins are
implicated in DNA replication and metabolism and 37% are
bacteriophages’ proteins including structural proteins. Our
phylogenetic analyses suggested that M. abscessus species
were infected by different mycobacteriophages and have a
different evolutionary history than the bacterial hosts and
some proteins that are acquired by horizontal gene transfer
mostly mycobacteriophages’ proteins and hypothetical
proteins.

Finally, we sequenced and analyzed two non-tuberculosis
mycobacterium causing human infections, Mycobacterium
simiaie and Mycobacterium septicum. The draft genome
sequence of M. simiae DSM 44165" is 5,782,968-pb long with
65.15 % GC content (one chromosome, no plasmid)
containing 5,727 Open Reading Frames (ORFs) which 81.6%
were assigned a putative function. The draft genome sequence
of M. septicum DSM44393 ' is 6,879,294-bp in length, with
an overall GC content of the chromosome of 66.73%
containing 6,692 protein-coding genes which 71.01 % were
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assigned a putative function.

Our works on M. abscessus sensu lato and
mycobacteriophages have solved the first structure of a
mycobacteriophage, Araucaria, suggesting a novel mechanism
of infection in two stages. Also, these studies have provided
new tools for laboratory analysis of opportunistic pathogenic
mycobacteria and provide a foundation for future functional
analyses on the role of mycobacteriophages in the
pathogenicity of their hosts.



I-INTRODUCTION:
MYCOBACTERIUM
ABSCESSUS ET
MYCOBACTERIOPHAGES






Commentaire

Les mycobactéries sont phylogénétiquement classées parmi les
bactéries a Gram positif a haut GC% caractérisées par une paroi
cellulaire qui forme une véritable enveloppe cireuse et protectrice du
fait de sa propriété d'acido-alcoolo-résistance et sa richesse
exceptionnelle en acides gras et lipides. Il s'agit d'un genre bactérien
extrémement polymorphe qui comporte des mycobactéries a
croissance rapide (moins de 7 jours pour produire des colonies
visibles), des mycobactéries a croissance lente (7-60 jours pour
produire des colonies visibles) et une espece non-cultivée en dehors
des animaux, Mycobacterium leprae, agent de la I¢pre. La lepre, la
tuberculose et I'ulcere de Buruli causé par Mycobacterium ulcerans
sont les trois principales infections a mycobactéries dans le monde
tandis que les autres especes dont Mycobacterium abscessus qui est
I’objet de notre travail de theése, constituent des pathogenes
opportunistes et le troisieme groupe de mycobactéries les plus
fréquemment rencontrées dans les laboratoires de microbiologie

clinique dans les pays développés [1, 2].

M. abscessus sensu lato regroupe des mycobactéries non
tuberculeuses longtemps confondues avec Mycobacterium chelonae
[3]. M. abscessus sensu lato est composé de M. abscessus subsp.
abscessus et M. abscessus subsp. bolletii [4] qui a été précédemment
identifié comme «Mycobacterium massiliense » ou « Mycobacterium

bolletii» [5,6]. La discrimination et 1’identification de M. abscessus
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sensu lato restent difficiles. Les autres especes éEtroitement
apparentées comprennent M. salmoniphilum [7], M. immunogenum
[8], M. massiliense [5], M. bolletii [6] et Mycobacterium franklinii [9]
formant ensemble le complexe M. chelonae-abscessus. Sur le plan
médical, M. abscessus est souvent isolé a partir d'échantillons des
voies respiratoires recueillis chez des patients présentant une maladie
pulmonaire chronique telle que la mucoviscidose [10]. Dans cette
situation, il a été montré qu’un membre de M. abscessus sensu lato,
M. abscessus subsp. massiliense est transmissible de patient a patient
[11]. Ces mycobactéries sont également responsables d'infections
de la peau et des tissus mous a la suite d'interventions chirurgicales
et cosmétiques [l, 2]. Les infections a M. abscessus sont
particulicrement critiques pour les patients immunodéprimés chez qui
elles peuvent étre fatales [12]. Les chats [13,14] et les dauphins
[15,16] sont également infectés par M. abscessus alors que les
poissons sont particuliecrement infectés par M. salmoniphilum [17,7].
Les infections a M. abscessus sont également difficiles a traiter, en
raison de la résistance naturelle a large spectre de ces mycobactéries

qui peuvent également acquérir des facteurs de résistance [1, 2, 11].

Quelques publications ont rapporté des séquences de phages
dans le génome des souches de M. abscessus [18, 19]. Cette
particularité  reste  peu  analysée. Actuellement, 3607
mycobactériophages ont ¢été isolés essentiellement a partir
d'échantillons environnementaux a l'aide de M. smegmatis comme

hote [20]. Ces mycobactériophages sont de I’ordre des Caudovirales,
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la plupart de la famille des Siphoviridae. 1ls sont caractérisés par la
présence d’une queue non-contractile flexible relativement longue ;
neuf mycobactériophages sont classés dans la famille des Myoviridae,
caractérisés par la présence d’une queue contractile [20]. Bien que les
mycobactériophages  Myoviridae  soient = morphologiquement
identiques, les siphovirus montrent des morphologies variables avec
une longueur de queue variant de ~ 105 a ~ 300 nm et des structures a
I'extrémité de la queue visiblement différentes selon les phages [20-
24]. Pour la plupart, les capsides sont isométriques, bien que certains
mycobactériophages comme Corndog, Che9c et Brujita aient des
capsides aplaties. La taille de la capside isométrique varie de ~ 48 nm
de diametre (BP et Halo) a ~ 85 nm de diametre (Bxz1). En général, la
taille de la capside correle avec la taille du génome suggérant une
densité¢ d'emballage de I’ADN relativement constante [20-24].
Certains phages (par exemple D29) ont un large spectre d'hotes
et infectent aussi bien des mycobactéries a croissance rapide
(par exemple M. smegmatis) que des mycobactéries a croissance lente
(par exemple M. tuberculosis) [20], tandis que d'autres
mycobactériophages (par exemple Barnyard et DS6) infectent un seul
hote [25]. Par ailleurs, plusieurs phages peuvent discriminer entre les
souches d'une espece particuliere, par exemple le phage 33D permet
de distinguer entre les souches M. bovis dont les souches vaccinales
BCQG, et plusieurs phages ont des préférences pour certaines souches
de M. smegmatis. Les barrieres moléculaires et génétiques opposées

par I’hote et le mécanisme d’infection des mycobactériophages ne
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sont pas connus.

Au total, 531 mycobactériophages sont séquencés
[Mycobactériophage Database] révélant leur grande diversité et le fait
qu’ils véhiculent des génes majoritairement de fonction inconnue. Les
génomes des mycobactériophages sont regroupés en différents clusters
et des singletons [20-24]. Une caractéristique inhabituelle est la taille
moyenne du génome d'environ 70 kb avec des variations importantes
entre 41 kb (Angel) et 150 kb (Bxzl, Catera) [24]. Cette taille
moyenne est deux fois plus grande que celle des phages qui infectent
les bactéries commensales [24]. Les principales différences dans la

taille correspondent a la présence de genes non structuraux.

Les génomes des mycobactériophages présentent un mosaicisme
plus accentué que celui des autres bactériophages [20-24]. Cela
correle avec différentes histoires évolutives des différents segments
de génome compliquant leurs études phylogénétiques [24]. Les
mycobactériophages peuvent ¢&tre utilisés comme outils de
manipulation génétique des mycobactéries pathogeénes. La
construction de plasmide de réplication sur la base de phages TM4 et
D29 a permis de construire des mutants knock-out [26-28]. En outre,
les mycobactériophages sont utilisés comme marqueurs de diagnostic
afin d'améliorer et d'accélérer la reconnaissance des mycobactéries
pathogenes dans les échantillons de patients, ainsi que la résistance
aux médicaments de ces pathogenes [29, 30]. En outre, des systemes
rapporteurs de la luciférase basés sur les phages TM4 et D29 ont été

construits dans le méme but [31, 32]. Aussi il a été démontré que les

14



mycobactériophages peuvent éEtre utilisés comme agents anti-
mycobactériens contre les infections causées par M. avium et

M. tuberculosis [33].

La disponibilit¢ du génome de 39 M. abscessus, 13
M. massiliense et deux M. bolletii dans les bases de données du
National Center for Bioinformatics ouvre de nouvelles perspectives
permettant d’évaluer la diversité de ces taxons et leurs

mycobactériophages.

La premiere partie de nos travaux soumis a BMC Genomics est
une revue de génomique comparative de 14 génomes publiés de
M. abscessus afin d'analyser en profondeur leur diversité. Dans une
deuxiéme partie, nous avons développé une approche moléculaire
pour I’identification et le génotypage de M. abscessus. Ces résultats
on ¢té publiés dans BMC Microbiology. Dans la troisieme partie,
nous avons réalisé par microscopie électronique la premicre
reconstruction 3D d’un mycobactériophage et une analyse
bioinformatique du mycobactériophage de M. bolletii que nous avons
nomm¢é Araucaria. Ces résultats ont fait 1’objet d’une publication dans
Journal of Virology. Ensuite, nous avons investigué la diversité de
prophages dans 48 génomes de M. abscessus et étudié I’histoire
¢volutive et fonctionnelle des prophages codés dans 48 génomes

séquenceés de M. abscessus sensu lato.

En parallele, dans le but de comprendre la pathogénicité des
mycobactéries non tuberculeuses nous avons séquencé le génome de

deux mycobactéries pathogénes opportunistes; ces travaux sont
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présentés dans la partie « annexes». Ces deux génomes ont
respectivement fait [’objet d’une publication dans Genome

Annoucement et Standards in Genomic Sciences.
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Abstract

Background Mycobacterium abscessus sensu lato, the third group
of mycobacteria most frequently encountered in community- and
health care-associated infections in developed countries,
comprises of M. abscessus subsp. abscessus and M. abscessus subsp.
bolletii. Later taxon accommodates isolates previously referred as
Mycobacterium bolletii and Mycobacterium massiliense. The
diversity of this group of opportunistic pathogens is poorly
described.

Results Herein reviewing 14 published M. abscessus sensu lato
genomes found a pangenome of 6,153 proteins and core genome
of 3,947 proteins. Combining genome length (from 4.8-Mb to 5.51-
Mb), average nucleotide identity (from 94.19% to 98.58%),

phylogenomic analysis and the number of prophage regions
(from 0 to 7) discriminates five clusters: cluster n° 1 comprises of
M. abscessus sensu stricto mycobacteria, clusters n° 2A and n° 2B
comprise of M. massiliense mycobacteria and clusters n°® 3A and n°
3B comprise of M. bolletii mycobacteria. The mean number of
prophage regions is 2 in cluster n° 1; 1.33 in cluster n°® 2A; 3.5 in
cluster n° 2B and five in clusters n°® 3A and n° 3B. A total of 36
genes are uniquely present in cluster n° 1, 15 in clusters n° 2A and
n° 2B and 15 in clusters n° 3A and n° 3B. These genes could be
used in the detection and identification of M. abscessus organisms.
Further, the mean number of host-interaction factors (including
PE, PPE, LpgH, MCE, Yrbe and type VII secretion system ESX3 and
ESX4) varies from 70 in cluster n°® 1, 80 in cluster n° 2A, 74 in
cluster n° 2B and 93 in clusters n° 3A and n° 3B. As for antibiotic
and biocide resistance, mycobacteria of the five clusters encode
drug-efflux systems and multiple resistances. They encode both
penicillin-binding proteins targeted by (3-lactam antibiotics and an
Ambler class A 3-lactamase for which inhibitors exist.
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Conclusions Altogether, these data indicate that M. abscessus
sensu lato comprises of five different taxons specified by
particular characteristics of microbiological and medical interests.
Genomics data here reported could base the development of
laboratory tools for the description of M. abscessus diversity.

Keywords: Mycobacterium abscessus, Mycobacterium bolletii,
Mycobacterium  massiliense, Araucaria, mycobacteriophage,
prophage.
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Background

The non-tuberculous mycobacterium Mycobacterium abscessus
was long confused with Mycobacterium chelonae [1]. Other closely
related species include Mycobacterium salmoniphilum [2],
Mycobacterium immunogenum [3], Mycobacterium massiliense [4],
Mycobacterium bolletii [5] and Mycobacterium franklinii [6]
altogether forming the Mycobacterium chelonae-abscessus
complex. This complex is the third group of mycobacteria most
frequently encountered in clinical microbiology laboratories in
developed countries besides the Mycobacterium tuberculosis and
Mycobacterium avium complexes [7, 8]. Bibliometrics retrieving
over 1,700 publications in the Medline database illustrates the
emerging status of this complex which members are causing both
sporadic cases and outbreaks of community-acquired and health-
care associated infections [9] (Figure 1). Not only humans but also
cats [10,11] and dolphins [12-14] are infected while fishes are
uniquely infected by M. salmoniphilum [2,15].

The species M. abscessus sensu lato is comprising of M. abscessus
subsp. abscessus and M. abscessus subsp. bolletii. Later taxon
accommodates isolates previously referred as M. bolletii or
M. massiliense [16]. The availability of 39 M. abscessus, 13
M. massiliense and two M. bolletii genomes in National Center for
Biolnformatics (NCBI) genome database provides new
opportunities to assess the diversity of this species. Here, we
review 14 complete published M. abscessus genomes and compare
them with the re-annotated M. tuberculosis H37Rv genome
(Table 1) in order to in-depth analyse the diversity of M. abscessus.
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Results and discussion

Mycobacterium abscessus diversity

Genetic analyses poorly describe the diversity of M. abscessus
sensu lato mycobacteria. For example, the 16S rRNA gene yields
an identical sequence for M. abscessus and M. bolletii, which shares
99% sequence identity with M. massiliense, M. chelonae,
M. immnogenum and M. salmoniphilum. RpoB gene sequencing
founded the description of recent species [17-19] but yielded
further conflicting results [20-22]. Multilocus sequencing analysis
[23], multispacer sequence typing [24] and whole genome
sequencing [8] differentiated M. massiliense from M. bolletii.

M. abscessus mycobacteria comprise one circular chromosome. In
addition, M. abscessus ATCC 19977 contains one 23-kb plasmid
identical to the Mycobacterium marinum pMM23 plasmid,
encoding mer operon and mercury reductase protein, which may
confer resistance to organomercury compounds [25]. The mean
percentage of nucleotide sequence identity of core proteins [26]
indicate that M. abscessus sensu lato mycobacteria form five
clusters; cluster n°1 includes M. abscessus type strain and strains
M93, 94, M152 and Go06; cluster n°2A includes M. massiliense
type strain and strains M154 and M18; cluster n°2B includes
strains 47]J26, M115, M172 and M139; cluster n°3A includes
M. bolletii type strain and cluster 3B includes M. bolletii strain M24
(_). Interestingly, group 2B isolates have been made only in
Malaysia, Asia, suggesting a limited regional diffusion of this
cluster. M. abscessus sensu lato proteomes were aligned using
Mauve software [27] to infer phylogeny using the Neighbor-Net
algorithm in the package SplitsTree4 [28]. The phylogenomic
network indicates that M. abscessus genomes form three clusters
as defined above (Figure 2A). Also, a phylogenomic tree based on
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gene content (i.e., the presence or absence of orthologs)
(_) differently organized M. abscessus genomes from the
whole genome concatenated tree (Figure 2A) or even the
phylogenetic tree based on rpoB gene sequences (_).
Interestingly, phylogenomic analysis showed that the M. abscessus
gene repertoires have different evolutionary histories and
suggested that differential gene loss and lateral gene acquisition
are playing important roles in the evolution of some M. abscessus
strains. Notably, the situation of strain Go06 is confusing, as it
presents 98.4% nucleotide sequence identity with M. abscessus
type strain in cluster n°1 (_) whereas its rpoB gene
sequence and single nucleotide polymorphisms analysis were
indicative of M. massiliense [29 and 8]. Our analyses indicate that
strain Go06 have an ambiguous classification as a chimera
between M. abscessus and M. massiliense and is the only example
compatible with a lateral transfer of rpoB gene within
M. abscessus. M. abscessus median GC% content is 64.2%, ranging
from 62.7% (M. abscessus ATCC 19977) to 64.2% (strain Go 06).
The GC% is not characteristic of the clusters as the median GC%
content of cluster n°1, 2A and 3 is 64.2%, close to the median
64.1% GC% content in cluster n°2B. However, there is a
significant 14.7% variation in the genome length from 4.8-Mb
(M. abscessus M154) to 5.51-Mb (M. abscessus M24) with a median
of 5.07-Mb. In cluster n°1, median of genome size is 5.07-Mb, 4.89-
Mb in cluster n°2A, 5.01-Mb in cluster n°2B and 5.28-Mb in cluster
n°3.

Altogether, genomics analyses revealed a more heterogeneous
structure of M. abscessus sensu lato than the one currently
suggested by the nomenclature, which recognizes only two
subspecies within M. abscessus [16]. Recent whole genome
sequencing analyses of clinical isolates in Great Britain also clearly
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distinguished the three clusters here reported [8]. These data
plead for revaluating the taxonomy of M. abscessus, which
comprises of five taxons, three species corresponding to the
clusters n® 1, 2 and 3 with M. massiliense and M. bolletii each
comprising of two sub-species.

Mycobacterium abscessus pan- and core-genome

In order to normalize the predicted proteins and to minimize
differences of presence/absence of genes and length, the coding
sequences were predicted using prodigal software [30]. In total,
we identified 70,309 protein-coding sequences. The number of
protein-coding genes in each genome varies from 4,651 to 5,079
(Table 3). We first performed clustering using orthoMCL [31] with
a conservative parameter value of 50% sequence identity this
allows to find coding genes that are unique to the different
clusters. In total, we identified 3,947 (64%) groups of proteins
composing the M. abscessus core genome. They are containing a
total number of 57,172 protein sequences. Then we annotated the
sequences using Clusters of Orthologous Groups database (COG)
[32] and BLASTP. We identified 36 genes unique to cluster n° 1
coding hypothetical proteins, proteins implicated in transcription,
energy production and transport, carbohydrate metabolism and
transport, lipid metabolism nucleotide metabolism and transport,
amino acid metabolism and transport, post-translational
modification and inorganic ion transport and metabolism
(_). Eleven unique genes were identified in M93,
coding proteins implicated in amino acid metabolism and
transport and transcription. Ten unique genes were identified in
M94, coding lipid metabolism proteins. Within cluster n° 2, we
identified 15 unique genes, coding hypothetical proteins, proteins
implicated in transcription and lipid metabolism. Three unique
genes were identified in M. massiliense type strain, coding lipid
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metabolism proteins. Eight unique genes were identified in M18,
coding lipid metabolism proteins. Four unique genes were
identified in M115 and M139, coding respectively hypothetical
proteins and lipid metabolism proteins. Twenty unique genes
were identified in M172, coding proteins implicated in replication
and repair, signal transduction and transcription. Within cluster
n° 3, we identified 15 unique genes, coding hypothetical proteins,
proteins implicated in amino acid metabolism and transport and
translation. Nine unique genes were identified in M. bolletii type
strain, coding hypothetical proteins and proteins implicated in
transcription. Twenty-three unique genes were identified in M24,
coding hypothetical proteins, proteins implicated in nucleotide
metabolism and transport, amino-acid metabolism and transport,
post-translational modifications and inorganic ion transport and
metabolism. These unique genes

could base a refined identification of the taxon here defined as
forming M. abscessus. However, we could not exclude that these
unique genes could be due to a coding sequence, which arose
denovo, to HGT or gene loss for the other subspecies. In the case
of absence of a gene, this could also be due to a real loss or to
anassembly artefact.

Mycobacterium abscessus prophagome

Differences in the genome size of M. abscessus mycobacteria
correlate with the number of prophage regions which are
detected in 13/14 M. abscessus genomes (Figure 4): M. abscessus
M154 (M. massiliense cluster n°® 2A) has the smallest genome
encoding no prophage whereas M. bolletii M24 (cluster n° 3) has
the largest genome encoding seven prophage regions (Figure 4).
Prophage regions comprise up to 5% of the genome lenght in
M. abscessus M172. The number of prophage regions in other
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genomes is diverse, ranging from one to six regions encoding
putative genes in the subsystem of phages, prophages,
transposable elements and plasmids, which might contribute to
species diversity [33]. The mean number of prophage regions is
2 in cluster n° 1, 1.33 in cluster n° 24, 3.5 in cluster n° 2B and 5 in
cluster n° 3. This observation confirms the particularity of cluster
3: M. bolletii CIP108541 T contains a 13-kb and a 63-kb prophages
whereas M. bolletii strain M24 contains seven prophage regions
including one 17-kb region homologous to the M. bolletii
CIP108541 T 13-kb region and a 27-kb region homologous to the
M. massiliense CCUG 48898 50-kb region [34,35] (Table 4).
M. abscessus genomes encode putative phage-related genes
necessary for phage replication as well as phage-tail protein,
phage endolysin, capsid proteins (major protein and scaffold
proteins) and phage tape measure protein. Both ends of
this region encode putative phage integrases. M. abscessus
genomes encode small prophage-like regions. However, only
M. bolletii mycobacteria have been reported to produce a
mycobacteriophage that we named Araucaria after we recently
resolved its electron microscopy 3D structure [36]. M. abscessus
M94 genome harbours one particular pseudo-tRNA spanning the
region 51,150-57,394 in contig 33, which is not observed in the
other M. abscessus genomes [37].

Mycobacterium abscessus resistome

As all mycobacteria, M. abscessus sensu lato mycobacteria are
embedded into a hydrophobic cell wall barrier to hydrophilic
antibiotics. Accordingly, M. abscessus mycobacteria are multidrug
resistant organisms exhibiting different drug resistance [38-40].
M. abscessus sensu lato genomes encode many proteins potentially
involved in drug-efflux systems, including members of the major
facilitator family, ABC transporters and MmpL proteins; Small

28



243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

Multidrug Resistance-family, a family of lipophilic drug efflux
proteins [41]; and a multidrug resistance stp protein similar to
M. tuberculosis involved in spectinomycin and tetracycline
resistance [42]. M. abscessus, M. bolletii and M. massiliense were
reported to be in-vitro susceptible to amikacin; however,
comparison with the M. tuberculosis H37Rv resistome and the
antibiotic resistance databases indicate that M. abscessus
mycobacteria encode an aminoglycoside 29-N-acetyltransferase
and aminoglycoside phosphotransferases involved in resistance to
aminoglycosides. Also, genetic analyses disclosed 16S rRNA gene
mutations conferring aminoglycoside resistance [4,5,43]. Indeed,
the presence of a single rRNA operon in all of the M. abscessus
genomes favors the occurrence of dominant mutations conferring
resistance to aminoglycosides and macrolides. M. abscessus
genomes encode a rifampin ADP-ribosyl transferase and
monooxygenases potentially involved in resistance to rifampin
and tetracyclines. Moreover, M. abscessus genomes encode three
tet(M) genes conferring resistance to tetracyclyine and
doxycycline; the number of tet(M) genes was correlated to the
resistance to cyclines in Escherichia coli [44]. However,
M. massiliense was reported to be susceptible and M. abscessus and
M. bolletii to be resistant to doxycycline [45]. M. abscessus
mycobacteria encode resistance to fusidic acid, glycopeptides,
MLS (Macrolide-Lincosamide-StreptograminB), phenicols,
rifampicin, sulphonamide and trimethoprim. Also, M. abscessus
genomes encode FolP homologs conferring resistance to
cotrimoxazole, = homolog of UDP-N- acetylglucosamine
1-carboxyvinyltransferase, a MurA protein conferring resistance
to fosfomycin and homologs of 23S rRNA methylases conferring
resistance to macrolides. Also, M. abscessus genome encodes an
erm(41) gene which mutations were reported to confer
clarithromycin resistance [46]. In-vitro tests showed that
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M. massiliense clinical isolates could be distinguished from
M. abscessus isolates for their susceptibility to ciprofloxacin [47]
whereas M. bolletii isolates were reported to be resistant to all
quinolones [48]. A mutation at codon 90 in gyrA gene was
reported in clinical isolates of M. abscessus exhibiting high
resistance to ciprofloxacin [47]. This observation contrasts with
our genome analysis, which found no such mutations, suggesting
that other mechanisms of resistance may be involved in high-level
resistance to quinolones [48]. Accordingly, we found that
M. abscessus mycobacteria encode qepA2, a plasmidic gene
conferring quinolone resistance in gram-negative bacteria [49].
M. abscessus mycobacteria were reported to be in-vitro resistant
to penicillin, amoxicillin, cefoxitin, ceftriaxone, cefotaxime and
imipenen [4,5]. This contrasts with the fact that they encode
Penicillin-binding proteins (PBPs), targets for -lactam antibiotics
(except for tabtoxinine-f-lactam, which inhibits glutamine
synthetase), which are essential for peptidoglycan synthesis
[50,51]. M. abscessus genomes encode an Ambler class A
B-lactamase homologous to [(-lactamases in gram-negative
bacteria and to two (-lactamases in M. tuberculosis. 3-lactamases
inhibitors have not been evaluated against M. abscessus sensu lato
mycobacteria.

Post-genomic analysis of host-interactions

M. abscessus mycobacteria are ubiquitous environmental
organisms in soil and water [9] where they may have to cope with
amoeba: M. chelonae, M. abscessus, M. massiliense and
M. immunogenum were reported to survive within Acanthamoeba
polyphaga tropohozoites and cysts [5]. Accordingly, our analyses
indicate that M. abscessus mycobacteria encode factors implicated
in host interactions. The mean number of genes encoding PE, PPE,
LpgH, MCE, Yrbe and type VII secretion system is of 70 in
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M. abscessus cluster n°® 1, 80 in M. massiliense cluster n° 2A, 74 in
M. massiliense cluster n°® 2B and 93 in M. bolletii cluster n° 3. In
M. abscessus, rough colonies lack mmpL4 (a gene required for
glycopeptidolipid biosynthesis) and lost surface colonization,
replication into human macrophages and stimulation of innate
immune response; these observations suggested that
glycopeptidolipid was a virulence factor [52-54]. Accordingly,
glycopeptidolipids are required for sliding motility [55] and
biofilm formation [56]. Glycopeptidolipids have also been
suspected to inhibit phagocytosis of M. avium subsp. avium [57].
M. abscessus genomes encode Mammalian Cell Entry (MCE)
proteins similar to M. tuberculosis H37Rv. MCE operon promotes
internalization of M. tuberculosis by mammalian cells [58] and
initiates rapid induction of transcription of genes involved in
substrate trafficking [59]. The number of mce operons which
correlated with pathogenicity [60], varies from six in cluster n° 2B
mycobacteria to 13 in cluster n°® 3 mycobacteria. In parallel,
M. abscessus genomes encode 12 (cluster n°® 1) to 21 (cluster n° 3A
and 3B) copies of Yrbe proteins. As for secretion systems, recent
evidences showed that mycobacteria evolved specialized type VII
secretion systems to transport extracellular proteins across the
cell wall [61]. Type VII secretion systems ESX-1 and ESX-5 are
involved in cell-to-cell migration of M. tuberculosis [61,62]. In
M. abscessus, our analyses indicate that ESX-3 and ESX-4 systems
are conserved (Figure 5). However, M. abscessus M139 (cluster
n° 2B) lacks two proteins of the ESX-3 system and M. abscessus
M93 (cluster n° 1) lacks ESAT-6 like and CFP-10-like proteins
secreted by the ESX-4 system. Interestingly, M. abscessus M18
(cluster n° 2A) encodes ESAT-6 and CFP-10 proteins secreted by
ESX-1 system. In addition, there are two or three PE (proline-
glutamate) and six (M. massiliense, M. abscessus M115 or
M. abscessus 47]26) to 12 (M. bolletii M24) PPE (proline-proline-
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glutamate) proteins, which are reported to be involved in the
virulence of M. tuberculosis [63]. Our analyses further indicated
that proteins related to phenazine biosynthesis, homogentisate
catabolism, phenylacetic acid degradation and DNA degradation
might have been transferred from Actinobacteria (e.g.
Rhodococcus spp., Streptomyces sp.p) and pseudomonas
(Pseudomonas aeruginosa and Burkholderia cepacia). Although
distantly related, these bacteria share the same ecosystem as
M. abscessus mycobacteria within cystic fibrosis microbiota.

Conclusions

M. abscessus mycobacteria emerge as opportunistic pathogens.
Data here presented indicate that these mycobacteria are more
diverse than previously suspected. We here define five clusters
which, in addition to unsequenced species (M. salmoniphilum,
M. franklinii, M. chelonae and M. immunogenum), may specify at
least nine different taxons within the M. chelonae-abscessus
complex. A very interesting feature feature is the small, "closed"
pangenome, less than twice the size of the core genome.
Accordingly, we identified 66 genes uniquely present in each
cluster; these genes could be used in refined detection and
identification of M. abscessus organisms. We indeed observed that
each taxon has specificities; in particular, members of clusters
n° 3A and n° 3B exhibit larger genomes encoding
mycobacteriophages and more host-interaction factors than the
other clusters. These particular capacities are relevant not only to
microbiology but also to medicine as they specify different
prognosis of infection and treatment. Therefore, genomics data
here reported could serve to develop laboratory tools useful for
the routine diagnosis of M. abscessus diversity.
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32



368

369
370
371
372

373

374
375
376
377
378
379
380
381
382

383

384
385
386
387
388
389
390
391

392

Genome dataset

The whole genomes of 14 M. abscessus strains were downloaded
from Genbank (_). The genomic sequence, either contigs or
finished genomes were concatenated to one pseudogenome per
genome.

Prophage detection and genome annotation

Protein sequences were predicted using prodigal software [30] to
generate normalized files containing the combined protein
sequences of all 14 genomes. Prophage regions were detected
using PHAST software (_). Predicted proteins were
annotated using BLASTp against the National Center for
Biotechnology Information (NCBI) non-redundant (NR) database,
UNIPROT (http://www.uniprot.org/), the Clusters of Orthologous
Groups (COG) [33] and a home-made antibiotic resistance gene
database.

Genome clustering and calculation of core genomes

Proteome sequences were compared using by BlastP and pairwise
alignments using ClustalW and the ANI was determined by the
mean percentage of nucleotide sequence identity of core proteins
[26]. We clustered the M. abscessus homologous genes using
orthoMCL [31] on the translated protein sequences of all
predicted genes with a conservative parameter value of 50%
sequence identity. The determination of the different unique core
genomes was based on the homology clusters found by orthoMCL.
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Phylogentic analysis

M. abscessus proteomes were aligned using Mauve software [27]
to infer phylogeny using the Neighbor-Net algorithm in the
package SplitsTree4 [28]. The orthologous group data found by
orthoMCL were used to construct a whole-genome phylogenetic
tree based on gene content. We generated a matrix of binary
discrete characters (“0” and “1” for absence and presence,
respectively) [64]. Using this matrix, we constructed a
phylogenetic tree implementing the neighbor-joining (NJ) method
within SplitsTree4 [28].
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416 Table 1 : List of Mycobacterium abscessus genomes here studied.
Organism Isolated from Geography BioProject
M. abscessus CIP104536 PRJNA61613,
Type strain human knee infection unknown PRJNA15691
PRJNA179981,
M. abscessus 47]26 isputum sample from a patient with CF England PRJNA73255
sputum sample from a Malaysian patient presenting with a
prolonged productive cough suggestive of a bacterial lower PRJNA180393,
M. abscessus M93 respiratory tract infection Malysia PRJNA84203
sputum sample of a Malaysian patient with a persistent cough PRJNA180394,
M. abscessus M94 and fever and consolidation in the chest radiograph Malysia PRJNA88149
M. abscessus M152 acid-fast bacillus (AFB)-positive sputum of a Malaysian man Malysia PRJNA159789
respiratory tract specimen collected in woman with hemoptoic PRJNA180015,
M. bolletii BD Type strain pneumonia Marseille PRJNA73695
M. abscessus M24 the bronchoalveolar lavage fluid of a Malaysian patient Malysia PRJNA89595
PRJNA180742,
M. massiliense CCUG 48898  sputum specimen from hemoptoic pneumonia Marseille PRJNA65215
lymph node biopsy specimen from a Malaysian patient
M. massiliense M18 suspected of having tuberculous cervical lymphadenitis Malysia PRJNA89593
PRJNA170732,
M. massiliense strain GO 06 undergone knee joint surgery Brazil PRJNA168263
M. abscessus M154 M. massiliense strain M154 malysia PRJNA89603
sputum from a Malaysian patient presenting with persistent
cough and loss of body weight suggestive of pulmonary
M. abscessus M115 tuberculosis Malysia PRJNA89601
sputum sample of a 26-year-old Nepalese male presenting with
M. abscessus M139 hemoptysis Nepal PRJNA159701
M. abscessus M172 putum isolate from a Malaysian patient Malysia PRJNA89599
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417 Table 2 : Average nucleodite identity and characteristics of Mycobacterium abscessus genomes.

ﬁi‘;‘;ﬁ‘te Genome ANI Vs ANI Vs bolletii ANI Vs
Groups Strain Mb GC% abscessus T T massiliense T
M. abscessus
CIP104536T 5,09 62,7 1,00 95,56 94,74
M93 5,08 64,2 97,30 95,35 94,76
M94 5,1 64,2 97,56 95,67 94,79
M152 491 64,1 98,59 96,33 95,73
Group 1 M. abscessus strain GO 06 5,07 64,2 98,35 95,23 95,64
M. massiliense
T 5,2 64,2 95,56 96,13 1,00
M18 4,89 64,2 96,66 96,09 97,57
M. massiliense M154 4,8 64,1 96,14 95,81 97,26
M115 4,98 64,1 96,16 95,36 96,92
M172 5,2 64,2 95,30 94,93 96,17
M. massiliense | M47]26 4,87 64,1 96,23 95,74 96,93
Group 2 genomespecies |M139 5,05 64,1 95,94 95,64 96,88
M. bolletii T 5,05 64,2 94,51 1,00 95,33
Group 3 M. bolletii M24 5,51 64,2 94,91 96,47 94,20
418
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419

420

Table 3: Mycobacterium abscessus core genome and unique genes.

Unique core
Organism CDS genome Total genes
M. abscessus - 36 180
M. abscessus Type strain 4954 - -
strain GO 06 4944 - -
M. abscessus M93 4733 11 11
M. abscessus M94 4841 10 10
M. abscessus M152 4762 - -
M. massiliense - 15 107
M. massiliense Type strain 4962
M. massiliense M18 4663 8 8
M. abscessus 47]26 4766 - -
M. abscessus M154 4651 - -
M. abscessus M115 4802 4 4
M. abscessus M139 4754 4
M. abscessus M172 5079 20 20
M. bolletii - 15 30
M. bolletii Type strain 4733 9 9
M. abscessus M24 4960 23 23
M. abscessus core genome - 3,947 57,172
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421 Table 4: Mycobacterium abscessus prophages.

Groups Strain REGION REGION_LENGTH CDS REGION_POSITION
M. abscessus ATCC19977.CIP104536T 1 81Kb 110 1754551-1835095
1 16.4Kb 33 197463-213867
M93 2 38Kb 51 232006-270072
3 53Kb 70 1762720-1815780
Group 1 M. abscessus 4 20.2Kb 26 1820768-1841058
M94 1 58.3Kb 84 1039523-1097850
2 79.4Kb 99 4959719-5039151
M152 1 48.9Kb 53 1897722-1946683
2 34.9Kb 44 4784847-4819818
Go06 1 65Kb 44 1768158-1833157
1 12.5Kb 21 1600973-1613514
M. massiliense BD 2 31.3Kb 33 1620002-1651385
M. massiliense 3 50.4Kb 69 3907205-3957680
M18 1 62.8Kb 67 4702725-4765592
M154 0 0 0 0
1 11.6Kb 10 1416841-1428481
M115 2 77.1Kb 102 1624644-1701770
3 55.3Kb 79 3356346-3411651
1 55.1Kb 74 502478-557677
Group 2 2 50.7Kb 50 546109-596832
M172 3 59Kb 67 1934186-1993225
M. massiliense 4 31.1Kb 33 2050376-2081567
genomespecies 5 39.4Kb 45 3711805-3751246
6 19.6Kb 40 3753466-3773078
1 39.9Kb 48 1066714-1106668
M47]26 2 12.4Kb 16 3596408-3608873
3 41.4Kb 42 3823414-3864899
M139 1 35.9Kb 43 2906235-2942215
2 12.5Kb 17 5033731-5046263
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Groups Strain REGION | REGION_LENGTH CDS  |REGION_POSITION
1 41.6Kb 47 1684736-1726377
M. bolletii BD 2 20.9Kb 38 1727918-1748849
3 12.4Kb 16 3641720-3654182
1 37.1Kb 51 560940-598047
. 2 37Kb 37 1680197-1717263
Group3 | M. bolletii 3 17Kb 21 3830340-3847343
M24 4 18.1Kb 34 5051771-5069955
5 26Kb 35 5155113-5181190
6 19.2Kb 26 5213195-5232444
7 26.5Kb 33 5312024-5338593
422
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Figure 1. Number of publications retrieved in PubMed for
Mycobacterium abscessus complex (March 2013).
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Figure 2. Phylogenomic analysis of M. abscessus. A. Aligned whole
genomes phylogenetic network. B. Gene content phylogeny
constructed from the matrix of discrete characters using the
neighbor-joining method. C. RpoB gene based phylogentic tree
using neighbor-joining method.
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Figure 3. Core genomes in M. abscessus clusters.
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Commentaire

M. abscessus sensu lato comprend des mycobactéries
actuellement classées en M. abscessus subsp. abscessus et
M. abscessus subsp. bolletii [4]. Ce dernier a été précédemment
identifi¢ comme « M. bolletiin ou «M. massiliense» [5, 6].
Cependant, ces organismes ne sont pas distingués en routine a l'aide
des tests phénotypiques, y compris l'analyse de la composition en
acides mycoliques et ils partagent 100% de similarité de séquence du
gene de I’ARNr 16S. Ces organismes ont ¢té initialement différenciés
sur la base de > 3% de divergence de la séquence partielle du gene
rpoB et de profils différents de sensibilité aux agents anti-microbiens
[34]. Ensuite, des résultats contradictoires basés sur le séquengage
rpoB ont été rapportés [35] et le séquengage combiné des genes rpoB,
hsp65 et secA a été préconisé pour l'identification de M. abscessus
[4,36, 37]. Dans la premicre partie de ce travail, nous avons montré
que M. abscessus sensu lato est composé d'au moins cinq taxons
différents spécifiés par des caractéristiques microbiologiques d’intérét
médical. Dans cette partie notre objectif a été¢ de développer une
méthode d’identification et génotypage permettant la discrimination
rapide et efficace au laboratoire de M. abscessus sensu lato. En
utilisant la souche type M. abscessus subsp abscessus CIP104536"
comme référence, nous avons séquence huit régions intergéniques de
21 isolats cliniques et 48 génomes disponibles. Nous avons comparé
notre méthode Multiple Spacer sequence Typing (MST) avec une

méthode basée sur I’analyse des séquences des genes de ménages

S5



(MLSA) argH (arginino- succinate lyase), cya (adenylate cyclase),
murC (UDP N-acetylmuramate-L-Ala ligase, pfa (phosphate acetyl-
transferase) and purH (phoshoribosylminoimiazolcarboxy- lase
ATPase subunit) [38]. Les résultats des deux méthodes MST et MLSA
montrent que 37 organismes de M. abscessus sont regroupés en 12 et
neuf types, respectivement, quatre M. bolletii et M. abscessus M139
sont regroupés en trois et quatre types, respectivement, et
27 M. massiliense sont regroupés en neuf et cinq types,
respectivement. L'indice Hunter-Gaston ¢était de 0,912 pour MST et de
0,903 pour MLSA. L'arbre basé sur les huit séquences concaténées de
régions intergéniques est similaire a celui basé sur MLSA et le
séquengage du gene rpoB. Nous avons observé trois groupes
principaux qui comprennent chacun la souche de type des sous-
especes de M. abscessus respectifs. Deux isolats présentaient une
discordance entre 1’arbre rpoB et 1’arbre basé sur MLSA, un isolat
présentait une discordance entre MST et rpoB et un isolat présentait
une discordance entre MST et MLSA. Le seul séquencage de la région
intergénique n° 2 a permis l'identification précise des différents isolats
au niveau des sous-especes. La méthode MST est une nouvelle
approche basée sur le séquencage permettant a la fois l'identification
et le génotypage de M. abscessus et différenciant clairement
M. massiliense et M. bolletii. Ce travail a fait I’objet d’un article de
notre premier chapitre publié dans BMC microbiology ayant un

impact factor de 3,10.
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Abstract

Background: Mycobacterium abscessus group includes antibiotic-resistant, opportunistic mycobacteria that are
responsible for sporadic cases and outbreaks of cutaneous, pulmonary and disseminated infections. However,
because of their close genetic relationships, accurate discrimination between the various strains of these
mycobacteria remains difficult. In this report, we describe the development of a multispacer sequence typing (MST)
analysis for the simultaneous identification and typing of M. abscessus mycobacteria. We also compared MST with
the reference multilocus sequence analysis (MLSA) typing method.

Results: Based on the M. abscessus CIP104536" genome, eight intergenic spacers were selected, PCR amplified and
sequenced in 21 M. abscessus isolates and analysed in 48 available M. abscessus genomes. MST and MLSA grouped
37 M. abscessus organisms into 12 and nine types, respectively; four formerly “M. bolletii" organisms and M. abscessus
M139 into three and four types, respectively; and 27 formerly “M. massiliense” organisms grouped into nine and five
types, respectively. The Hunter-Gaston index was off 0.912 for MST and of 0.903 for MLSA. The MST-derived tree
was similar to that based on MLSA and rpoB gene sequencing and yielded three main clusters comprising each the

sequence typing, Genotyping

type strain of the respective M. abscessus sub-species. Two isolates exhibited discordant MLSA- and rpoB gene
sequence-derived position, one isolate exhibited discordant MST- and rpoB gene sequence-derived position and
one isolate exhibited discordant MST- and MLSA-derived position. MST spacer n°2 sequencing alone allowed for the
accurate identification of the different isolates at the sub-species level.

Conclusions: MST is a new sequencing-based approach for both identifying and genotyping M. abscessus mycobacteria
that clearly differentiates formerly “M. massiliense” organisms from other M. abscessus subsp. bolletii organisms.

Keywords: Mycobacterium, Mycobacterium abscessus, Mycobacterium massiliense, Mycobacterium bolletii, Multispacer

Background

Mycobacterium abscessus mycobacteria are increasingly
being cultured from respiratory tract specimens col-
lected from patients with chronic pulmonary diseases,
including cystic fibrosis [1-9]. These mycobacteria are
also responsible for skin and soft-tissue infections
following surgical and cosmetic practices [10-12] and
catheter-related bacteremia [13,14]. These infections are
particularly critical for immune-compromised patients
and may be fatal [15]. Water is suspected as a source
of infection, as M. abscessus mycobacteria have been
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isolated from tap water [16]. Moreover, M. abscessus
mycobacteria have been shown to be resistant to water-
borne free-living amoebae [17,18]. M. abscessus infec-
tions are also associated with treatment failure owing,
due to the natural broad-spectrum resistance to antibio-
tics in addition to acquired resistance, with subtle differ-
ences in the antibiotic susceptibility pattern being
observed among isolates [19].

Indeed, M. abscessus is comprised of a heterogeneous
group of mycobacteria currently classified into M.
abscessus subsp. abscessus and M. abscessus subsp. bolle-
tii [20,21], with the later subspecies accommodating
mycobacteria previously identified as “Mycobacterium
bolletii” or “Mycobacterium massiliense” [18,22]. How-
ever, these organisms are nearly indistinguishable using
phenotypic tests including the mycolic acid pattern
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analysis and share 100% 16S rRNA gene sequence similar-
ity [20]. They were initially differentiated on the basis of
>3% rpoB gene sequence divergence and different anti-
microbial susceptibility patterns [23,24]. Nevertheless,
confusing results based on rpoB sequencing have been
reported [21], and combining sequencing of the rpoB,
hsp65 and secA genes has been advocated for the optimal
identification of the M. abscessus mycobacteria [25].

To further decrypt the diversity and genetic relation-
ships among M. abscessus organisms, we investigated a
collection of reference, sequenced genomes and clinical
M. abscessus isolates using multispacer sequence typing
(MST), which is a sequencing-based approach previously
used for the species identification and genotyping of
Mycobacteria, including Mycobacterium avium [26] and
Mycobacterium tuberculosis [27] and non-mycobacterial
pathogens, such as Yersinia pestis [28], Rickettsia prowa-
zekii [29] and Bartonella quintana [30]. This approach
was here compared with multilocus sequence analaysis
which relies the sequencing of 5-8 genes (21, 25), and
rpoB genes sequencing (23, 24).

Methods

Bacterial isolates

Reference M. abscessus CIP104536%, M. abscessus
DSMZ44567 (German Collection of Microorganisms
and Cell Cultures, Braunschweig, Germany), M. absces-
sus subsp. bolletii CIP108541T (herein referred as
“M. bolletii”) and M. abscessus subsp. bolletii CIP108297"
(herein referred as “M. massiliense” [23]) were used in this
study. In addition, a collection of 17 M. abscessus clinical
isolates from the mycobacteria reference laboratory of the
Méditerranée Infection Institute, Marseille, France were
also studied (Table 1). All of the mycobacteria were grown
in 7H9 broth (Difco, Bordeaux, France) enriched with 10%
OADC (oleic acid, bovine serum albumin, dextrose and
catalase) at 37°C. As for the identification, DNA extraction
and rpoB partial sequence-based identification were per-
formed using the primers MYCOF and MYCOR?2 (Table 1)
as previously described [24]. In addition, the rpoB gene
sequence retrieved from 48 M. abscessus sequenced
genomes was also analysed (Additional file 1) (http://
www.ncbi.nlm.nih.gov/).

Reference MLSA typing

Fragments from five housekeeping genes argH (arginino-
succinate lyase), cya (adenylate cyclase), murC (UDP
N-acetylmuramate-L-Ala ligase, pta (phosphate acetyl-
transferase) and purH (phoshoribosylminoimiazolcarboxy-
lase ATPase subunit) were amplified using the sets of
primers as previously described (21). The sequences of
each one of these five housekeeping genes retrieved from
48 M. abscessus sequenced genomes, were also included
in the MLSA analysis (Additional file 1).
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MST analysis

Sequences of the whole intergenic spacers were
extracted from the reference M. abscessus CIP104536"
(ATCC19977) genome (GenBank accession CU458896.1)
using the perl script software and a total of 8 spacers
with a 200-700-bp sequence size were further used in
analysis. For each of these 8 spacers, specific PCR pri-
mers were designed using Primer3 software v 0.4.0
(http://frodo.wi.mit.edu/primer3) and tested in silico for
specificity using BLAST software (http://www.ncbi.nlm.
nih.gov). The PCR conditions were first optimized using
DNA extracted from the reference M. abscessus, “M.
bolletii” and “M. massiliense” isolates before analysis of
DNA extracted from the 17 clinical isolates (Table 1).
The PCR amplifications were performed in a 50 pl PCR
mixture containing 5 pl 10x buffer (Qiagen, Courtaboeuf,
France), 200 mM each dNTP, 1.5 mM MgCl,, 1.25 U Hot-
StarTaq polymerase (Qiagen), 1 pl each primer (10 pM),
33 ul nuclease-free water and 5 pl DNA template. The
amplification program consisted of an initial 15 min
denaturation step at 95°C followed by 40 cycles of 30 s at
95°C, 30 s at 60°C and 1 min at 72°C; the amplification
was completed by a final 5-min elongation step at 72°C.
Negative controls consisting of PCR mixture without
DNA template were included in each PCR run. The pro-
ducts were visualized by gel electrophoresis, purified using
a MultiScreen PCR filter plate (Millipore, Molsheim,
France) and sequenced in both directions using the
BigDye Terminator sequencing kit (Applied Biosystems,
Villebon-sur-Yvette, France), as previously described [27].
The sequences were edited using the ChromasPro soft-
ware (version 1.42; Technelysium Pty Ltd), aligned using
Clustal W (MEGA 5 software) and compared with the
reference M. abscessus ATCC 19977 sequences (GenBank
accession CU458896.1). For MST and MLSA discrimin-
ation power was calculated using the Hunter-Gaston
Index [31]:

DI=1- {AﬁZjl”/(”’ = 1)]

where D is the numerical index of discrimination, N is the
total number of isolates in the sample population, s is the
total number of different types and #j is the number of
isolates belonging to the jth type.

Phylogenetic analysis

Phylogenetic trees were constructed based on rpoB gene,
concatenated MLSA genes, concatenated spacers and
MST spacer n°2 sequences using the neighbor—joining
method with Kimura’s two-parameter (K2P) distance
correction model with 1000 bootstrap replications in the
MEGA version 5 software package [32]. The rpoB gene
sequence-based tree was rooted using M. chelonae strain
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Table 1 Spacers characteristics used in this study

Page 3 of 10

Name Genome position* Framing genes* PCR primers PCR product size (bp)
Spacer 1 106145-106396 MAB_0104:enoyl-CoA hydratase/isomerise F: GGGATGCGCAGATGACGGGG 506
MAB_0105c:oxidoreductase R : GCTACCCCGAATGGGGCACG
Spacer 2 173727-173985 MAB_0176:antigen 85-A precursor F: TCGAGTTTCCTCCGGGCGGT 438
MAB_0177:antigen 85-A/B/C precursor R: AATCCAGGCAGAACGGCCGC
Spacer 3 422777-423027 MAB_0423chypothetical protein F: GCCATTGCTGTCCGTGCGGT 344
MAB_0424:putative protease R : GCCGCGAACAGGCCAAACAG
Spacer 4 494411-494670 MAB_0495chypothetical protein F: CGCCCTTGCGCAGGAGTGAT 528
MAB_0496c:hypothetical protein R: GCCTGGTTCGGACGGTGACG
Spacer 5 761805-762060 MAB_0761cputative 3-hydroxyacyl-CoA dehydrogenase  F : ACCACATCGGCGAGCGTGTG 545
MAB_0762:hypothetical protein R : CCAACACCGGGTCGCGGTAC
Spacer 6 771170-771436 MAB_0772chypothetical protein F: CGTCGGTCTTGCCGACCGTC 600
MAB_0773:hypothetical protein R : GGCGCCGACGATCTAGCACC
Spacer 7 880381-880639 MAB_0887c:hypothetical protein F: CGGCAGTGCAAGGTGCGTTG 519
MAB_0888c:putative fumarylacetoacetase R : GCACCGTGTCCGGTCCTCAG
Spacer 8  959422-959678 MAB_0950c:putative amino acid permease family protein  F: GGGGCGTATGCGCCGTTACC 474
MAB_0951:putative aminoglycoside phosphotransferase R : CGAACGCGCTGTGATTCGGC
Spacer 9 1002935-1003200  MAB_0995:hypothetical protein F: GGCCGCGACAAGCTGATCGT 684
MAB_0997chypothetical protein R: ATGCAGGGCACCGTGCGTAG
Spacer 10 1216613-1216879 MAB_1201c:transcription elongation factor GreA F: CGTTCTCGCGCAGGTCTCCC 517
MAB_1202c:hypothetical protein R: CCGAACGATCCGTGCCGGTC
Spacer 11 1818877-1819188  MAB_1818hypothetical protein F: AGCCAACTGCCATGGCGCTT 495
R

MAB_1819c:hypothetical protein

- ACCGAGACGTCATGCACCGC

* With reference to M. abscessus ATCC 19977 genome.

CIP 104535" and M. immunogenum strain CIP 106684"
rpoB gene sequences. A heatmap was constructed using
the R statistical software based on the spacer profile as a
distance matrix.

Results and discussion

rpoB identification and rpoB tree

The identification of M. abscessus CIP104536", M.
abscessus DSMZ44567, M. bolletii CIP108541" and M.
massiliense CIP108297" was confirmed by partial 7poB
sequencing. The sequences were deposited in the
GenBank database (GenBank accession: KC352778 -
KC352795). Isolates P1, P2.1, P2.2, P2.3, P2.4, P2.5, P3.1,
P3.2, P4, P5, P6, P7 and P8 exhibited 99% rpoB sequence
similarity with M. abscessus ATCC19977" and were
identified as M. abscessus. Isolates P9 and P10 exhibited
99% rpoB sequence similarity with “M. bolletii”
CIP108541" and were identified as “M. bolletii” whereas
isolate P11 exhibited 99% rpoB sequence similarity with
“M. massiliense” CIP108297" and was identified as “M.
massiliense”. A total of 23 M. abscessus sequenced gen-
omes were identified as M. abscessus since they exhib-
ited 98 to 100% similarity with the M. abscessus type
strain rpoB partial gene sequence. M. abscessus M24
shared 99% similarity with the M. bolletii type strain

partial rpoB gene sequence. A total of 26 M. abscessus
and “M. massiliense” sequenced genomes shared 99% to
100% similarity with “M. massiliense” partial rpoB gene
sequence. The tree built from 69 partial rpoB gene
sequences showed three distinct groups, each compris-
ing the type strain (Figure 1a).

Reference MLSA analysis

Fragments for the expected size were amplified and
sequenced for the five MLSA genes. The sequences were
deposited in the GenBank database (GenBank accession:
KC352742 - KC352759, KC352760 - KC352777,
KC352796 - KC352813, KC352814 - KC352831,
KC352832 - KC352849). Concatenation of the five
sequences yielded a total of 19 different types, including
9 types for 37 M. abscessus organisms, four types for 4
“M. bolletii” organisms and M. abscessus M139 and five
types for 27 “M. massiliense” organisms. The Hunter-
Gaston Index for MLSA was of 0.903. The MLSA tree
based on the five gene concatened sequences showed
three principal clusters, ie. a M. abscessus cluster,
a “M. bolletii” cluster and a “M. massiliense” cluster
(Figure 1b). Latter cluster comprised of five sub-clusters
with “M. massiliense” type strain and P11 strain sub-
clustering together close to M. abscessus 5S strain. Also,
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MLSA-derived tree clustered M. abscessus M139 strain
and P5 strain respectively identified as “M. massiliense”,
close to the “M. bolletii” whereas both strains clus-
tered with M. abscessus in the rpoB gene sequence-
derived tree.

MST analysis

Analysis of the reference M. abscessus ATCC 19977
complete genome sequence yielded 3538 intergenic
spacers with >300 spacers were 200-700 bp in length.
Successful PCR sequencing was achieved for 8 spacers in
all the isolates studied; the sequences were deposited in
the GenBank database (GenBank accession: KC352850 -
KC352890). In M. abscessus isolates, including the 37
sequenced genomes, the spacer sequence variability was
generated by one to 12 single nucleotide polymorphisms
(SNPs) (spacers n°1 and n°8), one to 18 SNPs and one to
two nucleotide deletions (spacer n°2), one to two SNPs
(spacers n°3 and n°7) and nucleotide insertion (spacers

n°2 and n°5). In “M. bolletii” isolates, the spacer sequence
polymorphisms were generated by one SNP for spacer
n°l, two SNPs and one deletion for spacer n°2, two SNPs
for spacer n°3 and nine SNPs for spacer n°7. In “M. mas-
siliense” isolates, including 28 sequenced genomes, the
spacer sequence polymorphism were generated by nine
SNPs and one insertion (spacer n°1), one insertion (spacer
n°3), five SNPs and two insertions (spacer n°4), one SNP
(spacer n°5) and two SNPs (spacer n°7). Concatenation of
the eight spacer sequences yielded a total of 24 types,
with the 37 M. abscessus organisms grouped into 12 spa-
cer types, four formerly “M. bolletii” organisms grouped
into three spacer types and 28 formerly “M. massiliense”
organisms grouped into nine spacer types. This yielded a
Hunger-Gaston Index of 0.912. Spacer n°5 was found to
be the most variable of the eight spacers under study,
exhibiting 13 different alleles (Table 2). When combining
the eight spacer sequences, a unique MST profile for each
reference isolate was obtained, i.e., MST1 and MST2 for
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Table 2 Spacers allelic polymorphism and MST @ genotypes of M. abscessus, “M. bolletii” and “M. massiliense” isolates

Isolates Spacer1 Spacer2 Spacer3 Spacer4 Spacer5 Spacer6 Spacer7 Spacer8 Genotype
M.abscessus_ ATCC19977_CIP104536T 1 1 1 1 1 1 1 1 1
M.abscessus_DSMZ44567 2 1 2 2 2 1 2 1 2
P1 2 1 2 2 2 1 2 1 2
P2.1 1 2 1 3 1 1 2 2 3
P22 1 2 1 3 1 1 2 2 3
P2.3 1 1 1 1 1 1 1 1 1
P24 1 1 1 1 1 1 1 1 1
P2.5 1 1 1 1 1 1 1 1 1
P2.6 1 1 1 1 1 1 1 1 1
P3.1 3 1 2 1 1 1 2 1 4
pP3.2 3 1 2 1 1 1 2 1 4
P4 1 1 1 1 1 1 1 2 5
P5 1 1 1 1 3 1 2 1 6
P6 1 1 1 1 1 1 1 1 1
pP7 4 1 2 4 4 1 2 1 7
P8 4 1 2 4 4 1 3 1 8
M.abscessus_3A-0930-R_3A_0930_R 1 1 1 1 1 1 1 1 1
M.abscessus_3A-0930-S_3A_0930_S 1 1 1 1 1 1 1 1 1
M.abscessus_3A-0122-S_3A 0122 S 1 1 1 1 1 1 1 1 1
M.abscessus_3A-0731_3A_0731 1 1 1 1 1 1 1 1 1
M.abscessus_3A-0122-R_3A_0122 R 1 1 1 1 1 1 1 1 1
M.abscessus_3A-0119-R_3A_0119 R 1 1 1 1 1 1 1 1 1
M.abscessus_6G-0728-R_M6G_0728 R 1 1 1 1 1 1 1 1 1
M.abscessus_6G-0212_M6G_0212 1 1 1 1 1 1 1 1 1
M.abscessus _6G-1108_6G_1108 1 1 1 1 1 1 1 1 1
M.abscessus _6G-0728-S_6G_0728_S 1 1 1 1 1 1 1 1 1
M.abscessus_6G-0125-R_6G_0125_R 1 1 1 1 1 1 1 1 1
M.abscessus _6G-0125-S_6G_0125_S 1 1 1 1 1 1 1 1 1
M.abscessus_45-0116-S_4S_0116_S 5 1 2 5 5 2 2 2 9
M.abscessus_45-0116-R_4S_0116_R 5 1 2 5 5 2 2 2 9
M.abscessus_45-0206_M4S_0206 5 1 2 5 5 2 2 2 9
M.abscessus_45-0726-RB_4S_0726_RB 5 1 2 5 5 2 2 2 9
M.abscessus_45-0303_4S_0303 5 1 2 5 5 2 2 2 9
M.abscessus_45-0726-RA_4S_0726_RA 5 1 2 5 5 2 2 2 9
M.abscessus_M93 3 1 2 6 6 1 2 3 10
M.abscessus_M94 2 1 2 2 7 1 4 2 1
M.abscessus_M152 2 1 2 7 7 1 2 3 12
M.bolletti_CIP108541T 6 3 3 3 8 1 5 2 13
P9 6 3 3 3 8 1 5 2 13
P10 7 4 1 3 8 1 2 2 14
M.abscessus_M24 8 3 4 8 8 1 2 2 15
M.massilliense_CIP108297T 5 5 5 9 9 1 6 3 16
P11 5 5 5 9 9 1 6 3 16
M.massiliense _2B-0912-S_2B _0912_S 9 5 6 10 10 2 7 3 17
M.massiliense_2B-030_ M2B_0307 9 5 6 10 10 2 7 3 17
M.massiliense_2B-0912-R_2B_0912_R 9 5 6 10 10 2 7 3 17
M.massiliense_2B-0626_M2B_0626 9 5 6 10 10 2 7 3 17
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Table 2 Spacers allelic polymorphism and MST @ genotypes of M. abscessus, “M. bolletii” and “M. massiliense” isolates

(Continued)

M.massiliense_2B-1231_M2B_1231 9 5 6 10 10 2 7 3 17
M.massiliense_2B-0107_M2B_0107 9 5 6 10 10 2 7 3 17
M.massiliense _15-154-0310_M1S_154_0310 9 5 6 10 10 2 7 3 17
M.massiliense_1S-152-0914_M1S_152_0914 9 5 6 10 10 2 7 3 17
M.massiliense_15-153-0915_M1S_153_0915 9 5 6 10 10 2 7 3 17
M.massiliense_15-151-0930_M1S_151_0930 9 5 6 10 10 2 7 3 17
M.massiliense _M18 9 5 6 10 10 2 7 3 17
M.abscessus_M159 9 6 6 9 10 3 7 4 18
M.abscessus_47)26 9 5 6 6 1 4 7 3 19
M.abscessus_ M172 10 7 2 9 12 3 8 5 20
M.abscessus_M154 10 7 2 9 12 3 8 5 20
M.abscessus_55-1215_55 1215 11 5 2 6 13 2 6 2 21
M.abscessus_55-1212_5S_1212 1 5 2 6 13 2 6 2 21
M.abscessus_55-0817_5S_0817 11 5 2 6 13 2 6 2 21
M.abscessus_55-0708_5S_0708 11 5 2 6 13 2 6 2 21
M.abscessus_55-0422_5S_0422 11 5 2 6 13 2 6 2 21
M.abscessus_55-0304_5S_0304 1 5 2 6 13 2 6 2 21
M.abscessus_55-0421_5S_0421 11 5 2 6 13 2 6 2 21
M.abscessus_M156 10 7 2 11 12 3 9 5 22
M.abscessus_M148 10 7 2 1 12 3 9 5 23
M.abscessus_M139 10 5 2 1 14 3 10 3 24
DI 0.8295 0.6228 0.6969  0.8001 0.8371 0.6038 0.8084 0.7158 0.912

2 MST = Multispacer Sequence Typing. ° isolates were listed with reference to their corresponding patient, for example P1 = isolate 1 from patient 1, P2.7 = isolate

1 from patient 2, etc. DI = Discrimination index.

M. abscessus CIP104536" and M. abscessus DSMZA4567
respectively, MST13 for “M. bolletii” CIP108541" and
MST16 for “M. massiliense” CIP108297". At the sequence
level, we found that MST1 and MST?2 genotypes differ by
at most nine SNPs, whereas MST1 differed from MST13
by up to 18 SNPs, one insertion and two deletions and
from MST16 by 14 SNPs, 11 deletions and two insertions
(supplementary material). The 17 clinical M. abscessus
isolates were grouped into eight MST types, named
MST1 to MSTS8, with five M. abscessus isolates exhib-
iting the M. abscessus CIP104536" MST1 genotype and
one isolate (P1 strain) exhibiting the AM. abscessus
DSMZ44567 MST?2 genotype. The P9 “M. bolletii” clinical
isolate yielded the MST13 genotype in common with the
reference “M. bolletii” CIP108541%, whereas the P10 “M.
bolletii” clinical isolate yielded a unique MST14 genotype
that differ from MST13 by two SNPs in spacer n°l. M.
abscessus M24 yielded the MST15 and differed from
MST13 by four polymorphic spacers. In “M. massiliense”
nine different profiles were generated MST 16 to MST24.
The P11 “M. massiliense” clinical isolate shared the
MST16 genotype with the reference “M. massiliense”
CIP108297". “M. massiliense” 2B isolate, “M. massiliense”
1S isolate and “M. massiliense” M18 isolate shared the

same MST profile (MST17). M. abscessus 5S isolate exhib-
ited the MST21 profile.

MST based tree and comparaison with rpoB identification
and MLSA analysis

The MST-phylogenetic tree clustered isolates from
patients P1 to P8 with M. abscessus reference strain, iso-
lates from P9 and P10 with “M. bolletii” and isolate from
P11 with “M. massiliense”, in agreement with their rpoB
sequence-based identification and MLSA analysis
(Figure 1c). The MST, MLSA and rpoB phylogenetic
trees separated the M. abscessus isolates into three prin-
cipal clusters depicted by M. abscessus, “M. bolletii” and
“M. massiliense” isolates (Figure 1la, b and c). However,
MST resolved “M. bolletii” cluster into two sub-clusters
formed by isolate P5 and all of the other M. bolletii iso-
lates with a 76% bootstrap value, wich is discordant with
MLSA and rpoB based tree. Each cluster or sub-cluster
of the M. abscessus isolates corresponded to different
genotypes. The “M. massiliense” cluster was more dis-
perse and divided into six sub-clusters with isolate P11
and “M. massiliense” type strain sub-clustering alone.
The results of this analysis were consistent for 67 iso-
lates and inconsistent for two isolates P5 and M.
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Figure 2 Heatmap and clustering of M. abscessus mycobacteria under study based in difference of profile.

abscessus M139. A heatmap incorporating all spacer pat-
terns into a matrix further demonstrated that spacer n°2
was the most discriminating spacer (Figure 2). Hence,
the tree based on the spacer n°2 sequence also discrimi-
nated the three M. abscessus, “M. bolletii” and “M. mas-
siliense” clusters (Figure 3). This discrimination potential
makes spacer n°2 a useful new tool for the accurate
identification of M. abscessus subspecies. Furthermore,
these data indicated that it was readily possible to dis-
criminate isolates that would have been identified as
“M. bolletii” [26] or “M. massiliense” [23] using a

previous taxonomy proposal and are now grouped as
M. abscessus subsp. bolletii according to a recent
taxonomy proposal [20,21].

Conclusion

We herein developed a sequencing-based MST genotyping
technique that allows the accurate identification and
discrimination of M. abscessus mycobacteria. Therefore,
MST could be added to the panel of molecular methods
currently available for genotyping M. abscessus mycobac-
teria, with the advantages that MST is a PCR and
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Figure 3 Phylogenetic tree based on MST spacer n°2 sequence.
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sequencing-based technique, thereby providing a robust
and accurate result without requiring a high DNA concen-
tration and purity, as is the case for pulsed-field gel
electrophoresis (PFGE) [5] and randomly amplified poly-
morphic DNA (RAPD) [33]. Furthermore, MST targets
intergenic spacers, which undergo less evolutionary pres-
sure and are thus more variable than the housekeeping
genes targeted in multilocus sequence typing [21]. Also,
MST incorporating sequencing is an open approach to
described new genotypes more versatile than counting the
number of tandem repeats [34]. We propose that MST
could be incorporated into a polyphasic molecular
approach to resolve the phylogenetic relationships of
difficult-to-identify M. abscessus isolates [35]. Combining
MST data with phylogenetic analyses clearly indicated that
M. abscessus heterogeneity spans beyond the current two
M. abscessus subspecies, as two “M. massiliense” isolates
were readily discriminated from the other “M. bolletii”
isolates [21]. These data, therefore, question the current
nomenclature of M. abscessus mycobacteria, which
incorporates mycobacteria previously recognized as “M.
bolletii” and “M. massiliense” as “M. abscessus subsp.
bolletii”. The data presented here indicate that this no-
menclature masks the underlying diversity of M.
abscessus mycobacteria, potentially hampering the
recognition of microbiological, epidemiological and
clinical particularities that are linked to each subspe-
cies. The elevation of “M. massiliense” as a new M.
abscessus subspecies would accommodate the data
produced in the present study [24].

Additional file

Additional file 1: rpoB and MLSA genes accession Number of 49
sequenced genomes.
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Commentaire

Dans la premicre partie de cette these, nous avons montré que les
génomes de M. abscessus sensu lato codent pour des prophages. Au
sein de M. abscessus sensu lato, M. bolletii se singularise par la
production spontanée d'un mycobactériophage (Adékambi T,
Drancourt M, données non publiées). Un total de 3427
mycobactériophages a été isolé et 448 génomes ont été séquences et
assemblés en 20 groupes (notés groupe A a groupe T) et sept
singletons [24] (http://phagesdb.org/). Ce grand ensemble de génomes
complets révele une diversité considérable [20-25] et peu
d'homologues détectables dans les bases de données [25]. Outre
'intérét de phages infectant une bactérie pathogene, les études de
mycobactériophages peuvent révéler des caractéristiques spécifiques
des interactions mycobactéries / phages en raison des caractéristiques
de la paroi cellulaire particulieres de ces hotes [27]. Bien qu'un grand
nombre de mycobactériophages ait ét¢ isolé et séquencé [20-24], leurs
mécanismes d’infection et de reconnaissance de 1’hdte sont encore
mal compris.

Tous les mycobactériophages caractérisés sont des phages ADN
double brin de l'ordre des Caudovirales et appartiennent a la famille
des Siphoviridae ou Myoviridae [24]. Nos objectifs ont ét¢ dans cette
3°™ partie d’analyser en profondeur la particularité de M. bolletii a
exprimer un mycobactériophage en essayant de comprendre son
mécanisme d’infection par la résolution pour la premicre fois de la

structure 3D d'un mycobactériophage par microscopie ¢lectronique;
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puis d'enrichir le répertoire et la diversité des souches de M. abscessus
sensu lato en mycobactériophages et de comprendre leurs histoires

évolutives.

Mycobactériophage de M. bolletii

Nous rapportons ici l'annotation du génome et la caractérisation
du prophage de M. bolletii que nous avons nommé Araucaria, ainsi
que la premiere reconstruction 3D en microscopie électronique de
particules isolées de l'ensemble du virion. Araucaria appartient a la
famille des Siphoviridae et possede un génome de 64 kb contenant 89
protéines dont 27 sont annotées. La capside et le connecteur de
Araucaria présentent des similitudes avec  plusieurs phages de
bactéries a Gram négatif ou Gram positif, sa caractéristique la plus
distinctive et selon laquelle le nom du phage a été choisi est la queue
hélicoidale décorée par des pointes radiales, pouvant éventuellement
servir a I’adhésion a 1’hdte. Son dispositif d'adsorption, a I'extrémité
de la queue, comprend des caractéristiques observées chez des phages
liant a des récepteurs de protéines tels que les bactériophages SPP1.
Ces résultats suggerent qu’Araucaria peut infecter la mycobactérie
hote par un mécanisme impliquant 'adhésion aux saccharides de la
paroi cellulaire et des protéines, une caractéristique qui doit encore

eme

étre explorée. Ce travail a fait I’objet d’un 37 article de these et a été

publié dans Journal of Virology dont I’impact factor est de 5,076.
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Prophages de M. abscessus sensu lato

Notre objectif dans cette partie est d’analyser en détails le
répertoire des prophages de M. abscessus sensu lato et de comprendre
leur histoire évolutive. Nous avons analysé 48 génomes de
M. abscessus sensu lato pour la présence de séquence de phages dans
leurs génomes. Des séquences de prophage ont été¢ détectées dans
47/48 génomes de M. abscessus, codant de 0 a 8 régions de prophages
spécifiant quatre situations: 1) prophages complets codant des
protéines de structure, les protéines de lyse, des protéines d'intégration
et des protéines nécessaires a la réplication et la recombinaison,
i1) prophages incomplets dont certains genes fonctionnels ne sont pas
annotés avec certitude, ii1) prophages incomplets ayant perdu une
partie des geénes fonctionnels, iiil) €éléments prophage-like codant
seulement quelques protéines virales. Nous avons ainsi annoté
20304 protéines virales dans 853 groupes comprenant 30% qui sont
des protéines de mycobactériophages, 48% sont d'autres phages qui
infectent les bactéries a Gram négatif et positif et 23% sont des
protéines virales. Par ailleurs l'analyse fonctionnelle a montré que
44% des protéines annotées sont impliquées dans la réplication de
I'ADN et le métabolisme et 37% sont des protéines de bactériophages
dont les protéines structurales. Par ailleurs, les especes M. abscessus
codent des protéines annotées comme répresseur de phage et dont le
role reste indéfini. Notre analyse phylogénétique suggere que les
especes de M. abscessus sensu lato ont été infectées par différents

mycobactériophages et ont une histoire évolutive différente de celle
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des hdtes mycobactériens et contiennent aussi des protéines acquises
par transfert horizontal dont la plupart sont des protéines de
bactériophages et des protéines de fonctions inconnues. Ce travail est
en cours de rédaction pour soumission, nous avons intégré un premier
3éme

draft comme notre 4™ article de thése dans notre chapitre.
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The unique characteristics of the waxy mycobacterial cell wall raise questions about specific structural features of their bacterio-
phages. No structure of any mycobacteriophage is available, although ~3,500 have been described to date. To fill this gap, we
embarked in a genomic and structural study of a bacteriophage from Mycobacterium abscessus subsp. bolletii, a member of the
Mpycobacterium abscessus group. This opportunistic pathogen is responsible for respiratory tract infections in patients with lung
disorders, particularly cystic fibrosis. M. abscessus subsp. bolletii was isolated from respiratory tract specimens, and bacterio-
phages were observed in the cultures. We report here the genome annotation and characterization of the M. abscessus subsp.
bolletii prophage Araucaria, as well as the first single-particle electron microscopy reconstruction of the whole virion. Araucaria
belongs to Siphoviridae and possesses a 64-kb genome containing 89 open reading frames (ORFs), among which 27 could be an-
notated with certainty. Although its capsid and connector share close similarity with those of several phages from Gram-negative
(Gram™) or Gram™ bacteria, its most distinctive characteristic is the helical tail decorated by radial spikes, possibly host adhesion de-
vices, according to which the phage name was chosen. Its host adsorption device, at the tail tip, assembles features observed in phages

binding to protein receptors, such as phage SPP1. All together, these results suggest that Araucaria may infect its mycobacterial host
using a mechanism involving adhesion to cell wall saccharides and protein, a feature that remains to be further explored.

ycobacterium abscessus subsp. bolletii is a member of the My-
cobacterium abscessus complex of opportunistic pathogens
responsible for outbreaks of skin and soft tissue infections follow-
ing surgical and cosmetic practices (1). These mycobacteria are
also responsible for a wide range of other infections, including
catheter-related bacteremia (1) and respiratory tract infections in
patients with lung disorders, particularly cystic fibrosis (1-5). M.
abscessus mycobacteria are broadly resistant to antibiotics, so their
infections may require curative surgery (6). M. abscessus subsp.
bolletii was first isolated from a respiratory tract specimen col-
lected from a woman presenting with hemoptoic pneumonia (7).
To date, 3,427 mycobacteriophages have been isolated and 448
mycobacteriophage genomes have been sequenced and assembled
in 20 clusters (A through T) and seven sequenced singletons (8)
(http://phagesdb.org/). This large set of complete genomes reveals
a considerable diversity (8—11). Conversely, the large genetic rep-
ertoire of the predicted mycobacteriophage protein-coding genes
possesses a low number of detectable homologues in the public
databases (9, 10). Besides the interest in phages infecting a bacte-
rial pathogen, studies of mycobacteriophages may reveal specific
features of mycobacterium-phage interactions due to the peculiar
cell wall features of these hosts (12). Despite the wealth of myco-
bacteriophages isolated and sequenced (8-11, 13), their infection
and host recognition mechanisms are still poorly understood.
All mycobacteriophages characterized to date are double-
stranded DNA (dsDNA)-tailed phages of the Caudovirales order
and belong to the Siphoviridae or Myoviridae (9, 10). We report
here the electron microscopic (EM) reconstruction of the M. ab-
scessus subsp. bolletii siphophage Araucaria and its integrated pro-
phage. To date, no other EM structure of any mycobacteriophage
has been described. Due to the highly flexible nature of Siphoviri-
dae tails, which limits the structural characterization, we used a
methodology specially implemented to characterize their tail (14).
Based on our EM reconstructions and bioinformatics analysis, we
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could achieve a pseudoatomic model for some parts of this sipho-
viridal virion and reveal the striking features of Araucaria’s tail
and host adsorption device (HAD).

MATERIALS AND METHODS

Mycobacterial host. M. abscessus subsp. bolletii CIP108541" was grown in
7H9 broth (Difco, Bordeaux, France) enriched with 10% OADC (oleic
acid, bovine serum albumin, dextrose, and catalase) in 8-ml tubes at 37°C.

Araucaria mycobacteriophage production and purification. Two li-
ters of M. abscessus subsp. bolletii in 7H9 broth complemented with 100
mM CaCl, was cultured. M. abscessus subsp. bolletii culture was then
centrifuged at 3,000 X g for 10 min and filtrated using 0.45-pm-pore-size
filters (Minisart filters). The 2 liters of supernatant was ultracentrifuged
(Beckman Coulter ultracentrifuge) at 22,000 rpm for 2 h. The pellet was
resuspended in 2 ml of phosphate-buffered saline (PBS) and purified
using preparative Superdex 200 (GE Healthcare) gel filtration.

M. abscessus subsp. bolletii prophage genome analysis and annota-
tion. The M. abscessus subsp. bolletii CIP108541" genome was made avail-
able (15). The prophage region was predicted using PHAST (PHAge
Search Tool) (16). Open reading frames (ORFs) were predicted using the
software program Prodigal (http://prodigal.ornl.gov/) (17) with default
parameters. The predicted protein-coding sequences were searched
against the National Center for Biotechnology Information (NCBI)
nonredundant (NR) database and UNIPROT (http://www.uniprot.org/)
and against the Clusters of Orthologous Groups (COG) (18) using
BLASTP. The ARAGORN software tool (19) was used to find tRNA genes,
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TABLE 1 Summary of the data processing strategies employed for M.
abscessus subsp. bolletii mycobacteriophage reconstruction

Structure Symmetry Resolution (&) No. of particles
Capsid Icosahedral 30 7,431
Connector CI2 28 6,740
Tail Helicoidal 24 2,565
Baseplate C6 26 6,460

and a BLASTn search was conducted against the NR database. Proteins
were also checked for domain using a hidden Markov model (HMM)
search against the Pfam database (20). The predicted protein-coding se-
quences were also searched against the ACLAME (A CLAssification of
Mobile genetic Elements) database. Tandem Repeat Finder was used for
repetitive DNA prediction (21) and against Mycobacteriophage database
(http://phagesdb.org/). CRISPRs were searched in the M. abscessus subsp.
bolletii genome using the CRISPERfinder software program (http://crispr
.u-psud.fr/Server/).

Electron microscopy. (i) Specimen preparation. Approximately 3 pl
of sample was applied onto glow-discharged carbon-coated grids and in-
cubated for 1 min. The grids were blotted, 10 .l of a 2% uranyl acetate
solution was added, and they were incubated for 30 s. Stain excess was
blotted, and the grids were transferred to the microscope for imaging.

(ii) Data collection. Approximately 1,500 charge-coupled device
(CCD) images were collected using a Tecnai Spirit operated at 120 kV and
a 2Kx2K CCD camera at a magnification of X48,500, resulting in a pixel
size of 4.95 A/pixel.

(iii) Image processing. Particles (2,500 [full phage], 7,300 [capsid],
5,900 [connector], 2,000 [tail], or 6,400 [baseplate]) were manually se-
lected using the program boxer from the EMAN2 package (22); extracted
into boxes of 500 by 500 pixels (full phage, coarsened by 2), 200 by 200
pixels (capsid), 100 by 100 pixels (connector), 80 by 80 pixels (tail), or 100
by 100 pixels (baseplate); and combined into the five different data sets
(Table 1). The data sets were pretreated using the SPIDER package (23)
and submitted to maximum likelihood (ML) classification and alignment
(24) using the Xmipp package (25). The initial models were built to form
a visually selected class average representing a side view imposing the
corresponding symmetry (C6 for the full phage, tail, and baseplate; C12
for the connector; and icosahedral for the capsid). The initial models were
then refined by three-dimensional ML refinement first and further refined
with SPIDER with a sampling rate of 5°. After refinements, final models
were obtained at resolutions of approximately 30 A (capsid), 28 A (con-
nector), 24 A (tail), and 26 A (baseplate) as estimated by Fourier shell
correlation (FSC) and the ¥2-bit threshold criterion (26) (Fig. 1).

(iv) Tail helical processing. The tail particles pretreated as described
above were submitted to helical processing. The rotational symmetry used
was C6 and, as the particles were already aligned, the maximum allowed
in-plane rotational angle was set to 10°. The initial helical parameters
were determined using the Brandeis Helical Package (27) to calculate
the Bessel orders of the basic layer lines (6 and —6). These were later
refined by IHRSR++ (28) to a helical rise of 38 A and a rotation
between subunits of 26°.

(v) Structure visualization. Molecular graphics and analyses were
performed with the UCSF Chimera package (Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Fran-
cisco). The model/EM map or EM map/EM map fitting was performed by
the option “fitin map” of the “volume” register. We then chose a mode of
fitting in which a map of the atomic model was calculated at a given
resolution (here 30 A), and a correlation coefficient was calculated be-
tween the calculated and observed maps. A fit was considered good when
a correlation coefficient better than 0.8 was obtained.

RESULTS

Genome characteristics of mycobacteriophage Araucaria. The
mycobacteriophage Araucaria was isolated by concentrating a
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large volume of M. abscessus subsp. bolletii CIP108541" culture
and was not induced by usual methods. The Araucaria prophage
genome sequence was predicted and retrieved from the sequenced
M. abscessus subsp. bolletii CIP108541" genome (15; M. Dran-
cour, unpublished data). The Araucaria prophage genome is
64,129 bp long, within the average size of mycobacteriophage
genomes (41,441 bp to 164,602 bp) (http://phagesdb.org/)
(Table 2). The GC content was calculated to be 64.41%, a value
similar to that of its host, M. abscessus subsp. bolletii (64.0%) (15),
and within the average range of mycobacteriophage genomes
(50.3% to 68.4%) (Tables 2 and 3). It has been proposed that two
mycobacterial phage genomes displaying nucleotide sequence
similarity above 50% should be included within the same cluster
(13). Using this criterion, BLASTN and Dotter analysis of the
Araucaria genome, mycobacteriophage clusters (A through T and
singletons), and Mycobacterium prophages revealed that Arauca-
ria has no discernible overall DNA sequence similarity to Myco-
bacterium prophages (Fig. 2). However, close to the above-men-
tioned cutoff criteria, Araucaria shares 52% sequence similarity to
mycobacteriophage Dori and 47% sequence similarity to mem-
bers of cluster B, together with even weaker sequence similarities
to clusters A, G, I, and K (8, 11) (http://phagesdb.org/). Conse-
quently, according to the above-described analysis and phyloge-
netic comparison of the Araucaria genome with mycobacterio-
phages (Dori, Bzx1, L5, Rosebush, Phaedrus, Halo, Brujita, and
TM4) representing clusters A, G, I, and K, the Araucaria genome
can be assigned to a Dori-like prophage (Fig. 3).

The genomic analysis of the Araucaria prophage genome re-
vealed four main clusters dedicated to host integration, DNA rep-
lication, DNA packaging and lysis, and virion assembly (Fig. 4).
Analysis of the Araucaria prophage genome identified 89 putative
open reading frames (ORFs) encoding proteins but did not reveal
the presence of tRNA or other small RNA coding sequences
(Fig. 4; see also Table S1 in the supplemental material). Overall,
based on BLAST analysis and genomic organization, a function
could be proposed for only 27 of the 89 ORFs (30% of total) (see
Table S1). This analysis showed also that 55 ORFs of the Araucaria
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FIG 1 Graphs of the FSC curves of the final three-dimensional reconstruc-
tions. Graphs were obtained by correlation of two different three-dimensional
reconstructions created by splitting the particles set into two subsets. The
resolution was estimated by the %2-bit cutoff threshold criterion.
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TABLE 2 Genometrics of Araucaria prophage, 4 mycobacterium prophages, and mycobacteriophage cluster genomes

No. of No. of Avg genome Avg GC Avg no. of Avg no. of
Phage Cluster members subclusters size (bp) content (%) genes tRNAs
Araucaria Dori-like 64,129 64.2 89 0
M. abscessus type strain Prophage 80,545 59.5 110 1
Mycobacterium tuberculosis H37Rv PhiRv1 Prophage 10,643 66.0 64 0
M. tuberculosis H37Rv PhiRv2 Prophage 8,759 66.8 45 0
Mpycobacterium ulcerans Agy99 phiMUO1 Prophage 18,424 62.3 67 0
Dori Singleton 64,613 66.0 93 0
DS6A Singleton 60,588 68.4 97 0
Patience Singleton 70,506 50.3 108 1
Wildcat Singleton 78,296 57.2 148 24
A A 10 242 51,484 63.3 89.3 0.9
B B 5 116 68,667 67.1 98.1 0.0
C C 2 55 155,578 64.7 228.7 334
D D 14 6,471 59.7 86.9 0
E E 40 75,398 63.1 143 1.8
F F 3 76 5,741 61.5 105.2 0
G G 21 41,837 66.6 62.3 0
H H 2 5 69,953 57.1 98.7 0
I I 2 6 49,954 66.5 78 0
J ] 12 109,821 60.9 78 0
K K 5 35 59,689 67.0 233 1.5
L L 2 14 74,978 58.9 118 8
M M 4 81,636 61.3 142.5 20
N N 6 42,756 66.2 65.5 0
(0] (0] 4 70,759 65.4 113.5 0
P P 8 47,376 67.1 82 0
Q Q 4 53,757 67.4 78 0
R R 2 71,102 56.0 96 0
S S 2 65,172 63.4 107 0
T T 3 42,833 66.2 None None

genome (61%) share sequence similarity with other mycobacte-
riophage genes, among which only a few had known function and
seven were found to be unique (see Table S1).

(i) Integration cassette. The ORF2 protein showed 88% and
58% sequence similarity with the integrase protein of Mycobacte-
rium massiliense and mycobacteriophage Spartacus (cluster F1),
respectively. Using the Pfam database, an integrase domain was
detected toward the C terminus of this ORF protein, between
amino acid positions 67 and 241 (Pfam: PF0058). Temperate my-
cobacteriophages typically encode either a serine or tyrosine inte-
grase that mediates prophage integration (8-11, 13). In the Arau-
caria prophage genome, the ORF2 protein is perfectly identified as
atyrosine integrase and is located 22 kb distant from the cluster of
structural proteins (Fig. 3).

(ii) DNA replication, recombination, and modification
genes. Many genes associated with DNA replication, recombina-
tion, and modification could be identified in the Araucaria ge-
nome. The ORF16 protein shares 79% sequence similarity with an
OREF protein from mycobacteriophage Dori and belongs to the
YqaJ recombinase family. Such recombinases were shown to form
oligomers and to function as processive alkaline exonucleases that
digest linear double-stranded DNA in an Mg”"-dependent fash-
ion (29). The ORF17 protein shares 67% sequence similarity with
the RecT recombinase from mycobacteriophage Brujita (cluster
I1). The ORF19 protein sequence is 56% similar to the RusA
endodeoxyribonuclease from mycobacteriophage MacNcheese
(cluster K3). Finally, the ORF22, ORF24, and ORF46 proteins are
putative methyltransferases, since they are homologous to methyl-
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transferases from mycobacteriaphages Ramsey (cluster F1), Dlane
(cluster F1), and M. massiliense.

(iii) DNA packaging and lysis genes. The ORF47 protein had
several characteristics in common with phage terminase large sub-
unit: it shares 74% identity with the large terminase subunit of
mycobacteriophage Dori, and it contains a terminase domain be-
tween amino acids 61 and 454. Phage terminases are generally
composed of a large and a small subunit encoded by side-by-side
genes. Despite this, we could not identify sequence-wise a gene
coding for the small terminase subunit in the Araucaria prophage
genome. Despite this, the ORF48 protein could be assigned to the
small terminase subunit with respect to its position and size.

The ORF84 protein possesses an N-acetylmuramoyl-L-alanine
amidase domain. N-acetylmuramoyl-L-alanine amidases have
been described to cleave the bond between N-acetylmuramoyl
moieties and L-amino acid residues in cell wall glycopeptides.
BLAST comparison of the ORF84 protein revealed homology to
lysin A (64%) from mycobacteriophage TM4 (cluster K2 [30]).
The ORF85 protein shares 82% sequence identity to M. massil-
iense cutinase, as well as with ORF proteins belonging to myco-
bacteriophage Marvin (cluster S). Cutinase that degrades cutin, a
polyester protecting leaves, is also present in mycobacteria, for
which it might be involved in cell wall wax degradation (31, 32).
Finally, the ORF30 protein shares 38% sequence similarity with
the holin (gp31) of the mycobacteriophage Fruitloop (cluster F1
[9, 10]), a small protein forming membrane pores through which
the folded endolysin reaches its substrate. Two transmembrane
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TABLE 3 Prophage and mycobacteriophage genomes used for this study

Phage Cluster Genome size (bp) GC content (%) No. of genes No. of tRNAs
Araucaria Dori-like 64,129 64.2 89 0
M. abscessus type strain Prophage 80,545 59.5 110 1
M. tuberculosis H37Rv PhiRv1 Prophage 10,643 66.0 64 0
M. tuberculosis H37Rv PhiRv2 Prophage 8,759 66.8 45 0
M. ulcerans Agy99 phiMUO1 Prophage 18,424 62.3 67 0
Dori Singleton 64,613 66.0 93 0
DS6A Singleton 60,588 68.4 97 0
Patience Singleton 70,506 50.3 108 1
Wildcat Singleton 78,296 57.2 148 24
Bxbl Al 50,550 63.6 86 0
L5 A2 52,297 62.3 85 3
Bxz2 A3 50,913 64.2 86 3
Peaches A4 51,377 63.9 86 0
Airmid A5 51,083 59.8 90 1
DaVinci A6 51,547 61.5 97 1
Timshel A7 53,278 63.1 85 1
Saintus A8 49,228 61.2 93 1
Alma A9 51,339 62.6 91 1
Twister Al0 51,094 65.0 87 1
Colbert B1 67,774 66.5 100 0
Rosebush B2 67,480 68.9 90 0
Phaedrus B3 68,090 67.6 98 0
Nigel B4 69,904 68.3 94 1
Acadian B5 69,864 68.4 96 0
Bxz1 C1 156,102 64.8 225 35
Myrna Cc2 164,602 65.4 229 41
Adjutor D 64,511 59.9 86 0
244 E 74,483 63.4 142 2
che8 F1 59,471 61.3 112 0
Che9d F2 56,276 60.9 111 0
Squirty F3 60,285 62.4 None None
Halo G 42,289 66.7 64 0
Konstantine H1 68,952 57.4 95 0
Barnyard H2 70,797 57.5 109 0
Brujita 11 47,057 66.8 74 0
Che9c 12 57,050 65.4 84 0
Omega J 110,865 61.4 237 2
Adephagia K1 59,646 66.6 94 1
T™M4 K2 52,797 68.1 89 0
MacnCheese K3 61,567 67.3 99 0
Fionnbharth K4 58,076 68.0 94 1
Larva K5 62,991 65.3 96 1
LeBron L1 73,453 58.8 120 9
Faith1 L2 75,960 58.9 129 12
Bongo M 80,228 61.6 132 19
Redi N 42,594 66.1 68 0
Corndog ¢} 69,777 65.4 99 0
BigNuz P 48,984 66.7 82 0
Giles Q 53,746 67.3 78 0
Send513 R 71,547 56.0 96 0
Marvin S 65,100 63.4 107 0
Bernall3 T 42,392 66.2 None None

helices have been detected in the ORF30 protein using TMHMM,
encompassing residues 13 to 40 and 45 to 72.

(iv) Virion assembly cassette. Identification of the genes in-
volved in virion formation and assembly is facilitated by their
conserved order. The virion structure and assembly cassette likely
spans ORF52 to ORF73 (Fig. 3). This ~25-kb segment is among
the smallest virion structure and assembly cassettes observed in
mycobacteriophages, along with those from mycobacteriophage
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BP (24 kb) and mycobacteriophage Marvin (20 kb) (33, 34). A
putative function was assigned to the ORF55, -57, and -62 pro-
teins on the basis of their similarity to proteins of mycobacterio-
phage Dori and members of cluster B. The ORF55 protein shares
70% sequence similarity with mycobacteriophage Dori gp8, an-
notated as the portal protein, and its sequence contains a phage
Mu protein F-like domain, required for viral head morphogene-
sis, suggesting that the ORF55 protein could be the minor head
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FIG 2 Mycobacteriophage Araucaria clusterization. (A) Dot plot comparison
of Araucaria genome with 4 mycobacterium prophages and 47 mycobacterio-
phages representing mycobacteriophage clusters and listed in Table S1 in the
supplemental material using Gepard (75). (B) Phylogenetic tree based on the
nucleotide genome of Araucaria and its 8 closest mycobacteriophages using
the neighbor joining method.

protein. The ORF57 protein shares 55% sequence similarity with
mycobacteriophage Dori gpl0, annotated as the major capsid
protein (MCP). The ORF62 protein is similar to major tail subunit
proteins (MTP, Pham2299) (http://phagesdb.org/). We identified
Araucaria ORF69 as encoding the tape measure protein (TMP)
thanks to its genomic position as well as its very large size (5,379
bp). Analysis of its predicted secondary structure reveals a high
propensity for alpha-helical and coiled-coil structures, which are
hallmarks of TMPs. Finally, based on their position, we expected
ORF70 to -73 to code for the host adsorption device (HAD).

Araucaria virion structure. (i) Capsid and head-to-tail con-
necting region. Bacteriophage capsids contain and protect the
viral genome densely packed under high pressure (35). We com-
puted a reconstruction of the Araucaria mycobacteriophage cap-
sid at a 30-A resolution using ~7,431 particle images and applying
icosahedral symmetry (Fig. 5A and B). The mature capsid is ~600
A wide along its 5-fold axes and is made of 60 hexamers and 11
pentamers of the major capsid protein (MCP; ORF57 protein),
organized with a T=7 symmetry, as well as a dodecamer of the
portal protein occupying a unique vertex (Fig. 5B and C). The
large number of MCP structures reported to date has established
the conservation of the HK97 MCP fold (so-called “Johnson
fold”) among tailed phages, herpesviruses, and some archaeal vi-
ruses (36—39). The HK97 MCP hexamers and pentamers could be
fitted readily in the capsid EM structure (Fig. 5A).

The connector serves to attach the phage capsid to its tail and is
composed of three different components organized as stacked
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FIG 3 Overall alignment of the genome of Araucaria prophage with that of
mycobacteriophage Dori.

raucaria

rings: the portal protein and two head completion proteins (con-
nector and stopper). It is located at a unique capsid vertex, where
it replaces a penton motif (Fig. 5A to C). The 60-fold averaging
procedure of the capsid reconstruction process averaged out the
portal density. We therefore solved independently the structure of
the connector region using ~6,740 particles and applying 12-fold
symmetry along the connector channel axis (Fig. 5D to F). The
reconstructed connector was then plugged at a vertex position
using molecular fitting with Chimera (40) (Fig. 5B and C).

The portal, a dodecameric protein, discloses a conserved fold
in tailed phages and herpesviruses (14, 36). It is involved in DNA
packaging during assembly and in DNA release when phage infec-
tion occurs. The Araucaria portal (ORF52) exhibits weak se-
quence similarity with the HK97 portal sequence using the
FFASO03 server (41) and HHpred (42) (Table 4). We used instead
the structure of the described SPP1 dodecameric portal (43) to fit
into the proximal region of the connector reconstruction. The two
proteins contain similar numbers of amino acids (617 for Arau-
caria and 503 for SPP1). We observed a good agreement at this
resolution between the SPP1 dodecameric atomic model and the
EM map (correlation coefficient [cc] > 0.8) (Fig. 5D and E). This
result further supports the suggested structural similarity between
the Araucaria and HK97/SPP1 portal proteins (Table 4). The re-
maining region of the connector reconstruction reported here was
assumed to account for the two rings of head completion proteins.
It was modeled using SPP1 gp15 connecting module (PDB 2KBZ)
and SPP1 gpl6, the stopper (PDB 2KCA) (44) that closes the
channel to prevent DNA release in the absence of an infection
event (45) (Fig. 2E). An SPP1 dodecameric model of gpl5 was
found to fit well with the dimensions of the corresponding Arau-
caria connector map, while the SPP1 gp16 dodecamer was found
to besslightly larger for the corresponding region in Araucaria (Fig.
5E and F). Dodecameric models of gp15 and gp16 were those used
for fitting in the SPP1 map in the work of Lhuillier et al. (44).

(ii) Araucaria tail. We investigated the Araucaria tail structure.
Initially, following our previously applied procedure (14), we pro-
duced a 6-fold averaged, low-resolution reconstruction of the
whole Araucaria phage from selected straight-tailed virions. This
reconstruction indicated clearly that the tail tube was composed of
34 stacked hexamers, including the tail terminator hexamer, at the
interface with the connector, and the 33 MTP (ORF62) hexamers
form the rest of the tube. In a subsequent step, we boxed short tail
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FIG 4 Map of the mycobacteriophage Araucaria genome.

segments of ~9 MTP rings and combined them in one data set
processed with the appropriate helical symmetry.

The Araucaria tail extends over 1,100 A between the connector
and the baseplate (Fig. 6A). It exhibits a very peculiar decoration
of the MTP rings, making the tail resemble a branch of the Arau-
caria tree (hence its given name). The diameter of the tail, includ-
ing the decorations, is ~160 A. The diameter of the core of the
MTP rings is ~100 A, at its largest extension, and 70 A at the
intersections between the rings (Fig. 6B and C). The MTP hexa-
meric rings are rotated by 26° between each other, and the inter-
hexamer distance is ~38 A (Fig. 6B and C). The tail tube displays
a 40-A-wide central channel between the connector and the base-
plate, which forms the DNA ejection passage (14, 45) (Fig. 6C).
This channel is filled in our reconstruction, and we attributed the

density to the tape measure protein (TMP; ORF69 protein), the
molecular ruler controlling the tail length (46). The oligomeric
TMP probably forms a long helical hexameric region anchored at
both extremities of the tail. In SPP1, a similar density has been
observed in the virion before infection but was absent after infec-
tion and DNA ejection through the tail channel (45). Although of
lower resolution, the overall dimensions of the Araucaria tail com-
ponents are in agreement with those of the SPP1 (45) or TP901-1
tail (14), not taking into account Araucaria’s tail decorations.
(iii) HAD. The Caudovirales tail tip attaches the host adsorp-
tion device (HAD). In Araucaria, the HAD has a funnel shape of
~140 A by 180 A. The largest part of the funnel is located ~30 A
behind the tail junction and carries six bulbs of the dimensions 25
Aby 25 A by 50 A following a 6-fold symmetry (Fig. 7). Above the

A B

s00A | C

120 A

80 A

FIG 5 Reconstruction of Araucaria mycobacteriophage capsid and connector. (A) Surface rendering and pseudoatomic model of the Araucaria mature capsid
icosahedral reconstruction viewed along an icosahedral 2-fold axis. The MCP was fitted into the capsid reconstruction using Chimera. (B) Capsid reconstruction
and fitted reconstruction of the connector at a unique penton apex. (C) Cross-section of the capsid and connector, in the same orientation as in panel B. (D to
F) EM reconstruction of the connector. (D) View of the connector’s 12-fold averaged reconstruction from the capsid interior with the SPP1 portal fitted. (E) Side
view of the connector reconstruction with the SPP1 portal and the first head completion protein dodecamer (SPP1 gp15) fitted. (F) Sliced views of the connector
at the level of the upper portal (up) and of the first head completion protein (down).
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TABLE 4 Sequence analysis of M. abscessus subsp. bolletii mycobacteriophage structural proteins

FFASO3“ Hhpred

OREF protein Annotation Score % identity Probability E value Pvalue Pham
ORF52 HK97 family phage portal protein —6.44 10 88.8 2.9 9E—05 Pham 346
ORGS55 Phage_Mu_F (minor head protein) MHP
ORF57 MCP Pham 3637
ORF62 MTP Pham?2299
ORF69 TMP Pham 4154
ORF70 Dit Lactococcus phage tp901-1 71.63 7.8 0.00027 Pham 362
ORF71 Tal Neisseria meningitidis MC58 —12.3 15 98.66 9.4E—06 3.2E—10 Pham 363
ORF72 Putative HAD Pham 3208
ORF73 Putative HAD Pham 1371

“ FFAS03 scores lower than —9.5 are considered significant.

largest part, the diameter of the HAD decreases to reach ~100 A,
the diameter of the MTP ring. Below it, the diameter regularly
diminishes to reach 30 A at the HAD lower part (Fig. 7A and B).
HHpred searches revealed that the ORF protein following the
TMP, ORF70, shares with ~80% probability structural similarity
with the corresponding protein, Dit, in phage SPP1 and lactococ-
cal phage TP901-1. The X-ray structures of Dit from phages SPP1
(gp19.1) (47), TP901-1 (ORF46 protein) (48), and p2 (ORF15
protein) (49) have been reported, and they were found to share
close structural similarities. HHpred also predicted that the
ORF?71 protein shares structural similarity (98% similarity) with a

FIG 6 Reconstruction of the Araucaria mycobacteriophage tail. (A) Sixfold
averaged reconstruction of the Araucaria phage tail from a few selected virions
exhibiting an almost straight tail, making it possible to count the MTP rings.
(B) Detailed view of the reconstruction of a segment of the tail (9 MTP rings)
using helical symmetry. The helical parameters of the tail are shown. (C)
Cross-section of the tail segment orthogonal to its long axis.

July 2013 Volume 87 Number 14

prophage MUSQO2 43-kDa tail protein (PDB 3CDD). This protein
is structurally similar to phage T4 gp27 (50), to lactococcal phage
p2 ORF16 protein (49), to SPP1 gp21 (51), and to TP901-1 Tal
(ORF47 protein) (52). According to these predicted similarities,
we then fit the phage p2 Dit-Tal complex (ORF15-ORF16) (49), a
1/1 assembly of Dit hexamer and Tal trimer, in the EM density of
the Araucaria HAD (Fig. 7B and C). The fit was found to be excel-
lent in the funnel upper part (cc > 0.90). Noteworthy, the p2 Dit
(ORF15) arm and hand extension (49) was found to fit remark-
ably well with the positions of the HAD lateral bulbs (Fig. 7B and
C). However, the Araucaria bulbs are larger than the p2 Dit
“hands,” which is in agreement with the longer sequence of the
Araucaria Dit protein compared to the p2 one (478 versus 298
amino acids). The Tal proteins of Araucaria (ORF71 protein) and
p2 (ORF15 protein) phages are of similar sizes (345 and 375 amino
acids); however, Araucaria’s Tal does not fill completely the lower
part of the HAD funnel, leaving a large volume empty (~80 A in
length) (Fig. 7B). This volume might be accounted for by the
ORF72 and/or ORF73 protein; both of these are in a position
compatible with a HAD structural role (Fig. 7B).

DISCUSSION

Genome organization. We have described here a temperate my-
cobacteriophage, Araucaria, isolated from M. abscessus subsp.
bolletii, a multidrug-resistant emerging opportunistic pathogen
that reveals a number of original insights into the diversity and
evolution of bacteriophages. This suggests that the current collec-
tion of mycobacteriophages is far from being completely repre-
sentative of the population of integrated mycobacteriophages.

The Araucaria prophage genome contains 17 genes (19%) that
have bacterial homologues, notably among the M. abscessus
group, which have no known function. These genes were therefore
possibly acquired through horizontal transfer. The Araucaria ge-
nome contains all the genes required for lysogeny: those for an
YqaJ recombinase (ORF16), a RecT recombinase (ORF17), and a
RusA endodeoxyribonuclease (ORF19) similar to those of other
mycobacteriophages. A notable feature of Araucaria is that its in-
tegrase gene is located far from the structural protein cluster.

In most siphophages, two proteins are required for cell lysis:
holin, which form holes in the cell membrane, and lysin, which
hydrolyzes the cell wall. ORF84 and ORF60 were identified as
coding for lysin and holin, respectively, and the holin gene was
found to be inserted among the structural genes. Araucaria’s holin
has two transmembrane helices and thus belongs to holin class I
(53). The lysin gene is located on the right arm of the structural
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180 A
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30A

FIG 7 Reconstruction of the Araucaria host recognition device (HAD). (A) Sixfold averaged EM reconstruction of the HAD showing its funnel shape and the
6 bulbs of the protrusions. (B) Same view as in panel A, but with a Dit-Tal complex (ORF15-ORF16) from the phage p2 baseplate (red, 6Dit + 3Tal [49]) fitted

in the EM map. (C) Same view as in panel B, rotated by 90°.

cassette. It is the only protein that shows sequence similarity with
most of the mycobacteriophages sequenced so far, suggesting that
it is highly conserved among them.

The terminase gene, transporting DNA into the proheads prior
to attachment of the tail (54—56), is located close to the structural
gene operon and far from the physical end of the genome, more
than 20 kbp. This is also observed in the genomes of cluster A
myobacteriophages (13, 30, 56-58).

The organization of the structural operon, encoding the virion
proteins, is very similar to that of most other phages. The closest
relatives of the Araucaria virion proteins are from mycobacterio-
phage Dori and cluster B mycobacteriophages, suggesting sub-
stantial lateral gene exchange among them. A few bacterial genes
and a holin gene were observed to be inserted within the structural
operon. Worth noticing, several examples of gene insertions
within the structural gene operon are observed in the Wildcat or
Corndog myobacteriophage (59). There are also examples of in-
terruptions within the head genes of siphoviral phages, such as a
large insertion between the head accessory protein and capsid pro-
tease genes in Vibrio phage SIO-2 (60). Little is known about the
location of specific signals for gene expression in Araucaria or how
these are regulated. However, Araucaria, like other mycobacterio-
phages such as TM4, encodes a WhiB-like protein (ORF32 pro-
tein) that may participate in Araucaria gene expression (61).

Overall structure of the Araucaria phage. We could assemble
the complete EM structure of mycobacteriophage Araucaria from
its four constituting modules, capsid, connector, tail, and host
adsorption device, whose structures were solved independently
(Fig. 8). The capsid and head-to-tail connector complex exhibit
structures and overall dimensions very similar to those of other
Siphoviridae, especially phages SPP1 (38, 45) and TP901-1 (14).
The only difference between Araucaria and TP901-1 is the size of
the stopper, much larger in the latter case. In contrast, the struc-
ture of the MTP rings is very peculiar. Noteworthy, the MTP
(ORF62 protein) of Araucaria is much larger than the MTP of
TP901-1 (352 versus 165 amino acids). The MTP rings of phage
TP901-1 are about 110 A in diameter, a value comparable to that
of the inner core component of the Araucaria tail. It is likely that
the exceeding ~190 MTP residues form Araucaria’s tail protru-
sions. Such protrusions were already reported for phage N\ and
phage SPP1 (62, 63). In phage A, the MTP (gpV) counts 246 amino
acids. The N-terminal domain (gpVy 1-159) forms the MTP rings
(64), while residues 160 to 246 (gpV) belong to an Ig-like do-
main, probably involved with host cell wall saccharide interac-
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tions (63). In SPP1, the MTP-coding gene (orf17.1) is subject to a
frameshift alternative reading, leading either to an MTP of 159
residues, the core, or to a longer form of 266 residues (62). Here
again, the additional domain has a fold of an adhesin, probably
involved in saccharide binding. However, this frameshift occurs in
only 5 to 10% of the expressed MTPs, and the tail has not the hairy
aspect of that of phage Araucaria. The Araucaria tail displays pro-
trusions, which might play an accessory role, yet to be proved, in
the interaction of the virion with the host cell wall through bind-
ing to its surface saccharides. Noteworthy, both phage \ and
phage SPP1 attach to protein-specific receptors, LamB (65) and
YueB (66), respectively. Hence, their binding to cell wall saccha-
rides putatively provided by the tail protrusions might be only a
first reversible step that maintains and orientates transitorily
the phage before specific receptor recognition. Such a host cell

FIG 8 Assembled complete structure of Araucaria mycobacteriophage. The
complete phage was assembled by fitting the individually refined reconstruc-
tions into the map obtained for the full phage.

Journal of Virology



wall scouting mechanism had a remarkable illustration with
podophage T7 (67).

Most phages tail tips harbor a large macromolecular device, the
head adsorption device (HAD). This macromolecular assembly
displays different shapes in Siphoviridae according to the mecha-
nism of attachment to the host. Phages, which attach to host’s
protein often, display a long, straight, element called “tail fiber”
(45). In Gram-negative (Gram™ ) bacteria (e.g., Escherichia coli),
this is observed with phages binding to porins, such as phage T5
(68,69) or phage \. In Gram ™ bacteria, this tail fiber is observed in
phage SPP1 (45, 66) and lactococcal phage c2 (70), which bind to
extracellular components of the type 7 secretion system (T7SS),
called, respectively, YueB (66) and PIP (70). In contrast, lactococ-
cal phages of the 936 and P335 families seem to attach exclusively
to polysaccharides and bear at their tail end a large macromolec-
ular entity called the baseplate. The baseplate dimensions of
phages p2 and TP901-1 are quite large, since these phages harbor
alarge number (18 to 54) of receptor binding proteins (RBPs), the
specific proteins recognizing and attaching to the host (48, 49).
These baseplates have been found, to date, to be composed of a
central axial core formed by Dit and Tal, shared with the straight-
tail tip phages (e.g., SPP1), and of a peripheral component formed
by the RBPs as in phage p2 (49, 71) and eventually other proteins
as in phages TP901-1 (48, 72) and Tuc2009 (73, 74).

Considering the above-described analysis, Araucaria should
belong to the first class of phages, those with a straight tail tip. The
Araucaria HAD is formed of Dit and Tal, plus other axial compo-
nents, but is devoid of RBP-like structures as found in lactococcal
phages p2 and TP901-1. Compared to SPP1, however, Araucaria
possesses a very long Dit, 220 amino acids longer, with an extra
domain appearing as a bulb in the EM density map. Araucaria’s
Dit is also longer, by 180 residues, than phage p2 Dit, which pos-
sesses a protrusion at the same position as Araucaria’s bulb. How-
ever, neither BLAST nor HHpred returned hits related to such
domains.

Araucaria’s Tal possesses 345 amino acids, making it one of the
shortest Tal sequences. While it covers most of the phage p2 Tal
length, it corresponds only to the N-terminal domains of SPP1
and TP901-1 Tal, which are much longer, with 1,110 and 946
amino acids, respectively. The C-terminal domain of SPP1 has
been found to be responsible for host YueB attachment, while in
TP901-1, it is responsible for host cell wall hydrolysis. In Arauca-
ria, the missing density could be assigned to ORF72 or -73. We
suggest that Araucaria should bind to a protein receptor, since no
evidence of a saccharide binding RBP presence is provided by the
tail’s tip shape or its sequence. It is tempting to speculate further,
since mycobacteria possess a T7SS, that a component similar to
T7SS YueB or PIP might serve as a receptor for Araucaria.

In spite of the great diversity of genetic mycobacteriophages
and the mosaic nature of Araucaria, its homology with the myco-
bacteriophage Dori and those from cluster B suggests that Arau-
caria and these phages could share a similar structure and a similar
mechanism of host infection. All together, our results provide
evidence that the Araucaria mycobacteriophage shares building
blocks similar to those of phages infecting Gram™ or Gram ™ bac-
teria. They suggest also that Araucaria may infect its mycobacterial
host by a two-step mechanism, first using reversible cell wall sac-
charide binding and then using irreversible binding to a cell wall
emerging protein domain. The existence of such a mechanism,
postulated for phages N and SPP1, remains to be demonstrated.
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Table S1: The functional details of predicted ORFs of Araucaria prophage

ORFs | ORFs . . . % aa cog
ORFs | Type size bp | size aa Predicted function Homology with E. value identity pfam family
. hypothetical protein MA5S0422 3689 o
1 CDS | 1686 562 DNA/RNA non-specific endonuclease [Mycobacterium abscessus 5S-0422] 0.0 94% gnl|CDDJ|150314
) cDs | 762 254 11115t(13_g(;gs3% ][Mycobacterlum massiliense 1S- ggzl}tgg]cobactenum phage 2E-101 589 onl|CDD|144254 | [L]
hypothetical protein
. . MMI1S1510930 3516 o
3 CDS | 651 217 hypothetical protein [Mycobacterium massiliense 1S-151- 2E-146 94%
0930]
4 CDS | 435 145 hypothetical protein gp57 [Mycobacterium phage Yoshi 2E 05 31% gnl|[CDD|144828
5 CDS | 231 77 hypothetical protein gp58 [Mycobacterium phage Yoshi] 0,00000002 | 42% K]
6 |cDs [288 |96 |hypothetical protein gp4l [Mycobacterium phage 0,00000004 | 40%
Ardmore]
7 CDS |375 125 hypothetical protein gp54 [Mycobacterium phage Dori] 0,0000005 | 43%
hypothetical protein
. . MMI1S1510930 3511 0
8 CDS | 327 109 hypothetical protein [Mycobacterium massiliense 1S-151- 9E-15 42%
0930]
hypothetical protein
. . MM1S1510930 3510 0
9 CDS | 282 94 hypothetical protein [Mycobacterium massiliense 1S-151- 1E-55 93%
0930]
10 CDS | 372 124 hypothetical protein gp41 [Mycobacterium phage Giles] 3E-36 62%
hypothetical protein
. . MMI1S1510930 3508 0
11 CDS | 192 64 hypothetical protein [Mycobacterium massiliense 1S-151- 7E-19 52%
0930]
12 CDS | 2% 98 hypothetical protein gp58 [Mycobacterium phage CrimD] | 0,0000003 | 44%
13 CDS | 270 90 hypothetical protein gp48 [Mycobacterium phage Redi] 3E-20 54%
14 CDS | 183 61 hypothetical protein gp50 [Mycobacterium phage Redi] 7E-13 61%
15 |CDS 150 |50 hypothetical protein gp46 [Mycobacterium phage 0,000000001 | 70%
Babsiella]
16 CDS | 1005 335 Yqal recombinase domain gp63 [Mycobacterium phage Dori] 0.0 79% gnl|CDDJ|150301 | [L]
17 |cps [1062 |354 | Recombinational DNA repair protein RecT (| 4o 1y cobacterium phage Brujita] | 6E-170 67% gnl|CDDJ|146460 | [L]

prophage associated)




gp50 [Mycobacterium phage

18 CDS | 1068 356 cell division protein FtsK . 3E-121 54% gnl|CDDJ150161 | [L]
Babsiella]
19 cDs | 429 143 g::/t;ve resolvase/ Endodeoxyribonuclease %/I[)Z c3nElj\}/{z;;);o]acterlophage: SE-40 56% enl[CDD|147817 | [L]
20 CDS | 240 80 hypothetical protein gp68 [Mycobacterium phage Dori] 3E-23 59%
21 CDS | 327 109 hypothetical protein gp70 [Mycobacterium phage Dori] 2E-10 72%
DNA methylase [DNA replication, . i 0
22 CDS | 1518 506 recombination, and repair] 2p69 [Mycobacterium phage Ramsey] | 2E-170 58%
. . hypothetical protein [Tuber o
23 CDS [402 134 hypothetical protein melanosporum Mel28] 5.6 29%
24 CDS | 1119 373 DNA methylase N-4/N-6 gp61 [Mycobacterium phage DLane] |3E-114 52%
hypothetical protein
. . MMI1S1510930 3496 o
25 CDS | 129 43 hypothetical protein [Mycobacterium massiliense 1S-151- 1E-22 98% gnl|CDD|144957 | [L]
0930]
26 CDS | 261 87 hypothetical protein gp71 [Mycobacterium phage Baka] 7E-15 65%
hypothetical protein
27 CDS | 1011 337 hypothetical protein MM3AO0810R 3184 [Mycobacterium | 0.0 84%
abscessus 3A-0810-R]
28 CDS | 327 109 hypothetical protein gp8 [Mycobacterium phage Bxz1] 2E-22 46%
29 CDS | 366 122 hypothetical protein gp74 [Mycobacterium phage Dori] 3E-57 79%
. . hypothetical protein MA5S1215 0625 o
30 CDS | 591 197 hypothetical protein [Mycobacterium abscessus 5S-1215] 2E-75 92%
31 CDS | 354 118 hypothetical protein gp57 [Mycobacterium phage Charlie] |3E-26 50%
whiB-family transcriptional regulator
32 CDS | 288 96 whiB-family transcriptional regulator [Mycobacterium massiliense 1S-151- | 4E-53 90%
0930]
hypothetical protein
. . MMI1S1510930 3487 0
33 CDS | 1701 567 hypothetical protein [Mycobacterium massiliense 1S-151- 0.0 95%
0930]
hypothetical protein
. . MMI1S1520914 3692 0
34 CDS | 264 88 hypothetical protein [Mycobacterium massiliense 1S-152- 2E-31 98%
0914]
35 CDS | 342 114 hypothetical protein gp84 [Mycobacterium phage Dori] 7E-21 57%
. . signal transduction histidine kinase 0
36 CDS | 267 89 hypothetical protein [Sinorhizobium fredii NGR234] 0.41 43%
hypothetical protein
37 CDS | 225 75 hypothetical protein MMIS1510930_3483 0,000000001 | 56%

[Mycobacterium massiliense 1S-151-
0930]




38 CDS |363 121 hypothetical protein gp85 [Mycobacterium phage Dori] 0% 58%
hypothetical protein
39 CDS | 216 72 hypothetical protein MA6GO0125S 0396 [Mycobacterium | 0% 67%
abscessus 6G-0125-S]
lipoprotein, releasing system,
40 CDS | 204 68 hypothetical protein transmembrane protein, LolC/E family | 4.3 33%
[Acinetobacter sp. WC-743
. . . hypothetical protein OUW_20551 o o
41 CDS | 1863 621 resolvase domain-containing protein [Mycobacterium abscessus M93] 0% 71%
hypothetical protein/hypothetical hypothetical protein OUW_20546 o o
42 CDS | 507 169 aminoglycoside/multidrug efflux system [Mycobacterium abscessus M93] 0% 78%
putative liporotein LppU
43 CDS | 546 182 PROBABLE LIPOPROTEIN LPPU [Mycobacterium massiliense 1S-151- | 0% 62% gnl|CDDJ|143990 | [L]
0930]
putative membrane protein
44 CDS | 174 58 hypothetical protein [Mycobacterium massiliense 1S-151- | SE-30 95%
0930]
band 7 family membrane protein
45 CDS | 126 42 hypothetical protein [Corynebacterium glucuronolyticum | 7.8 35%
ATCC 51866]
putative dna modification methylase
46 CDS | 996 332 putative dna modification methylase protein | protein [Mycobacterium massiliense | 0.0 96%
1S-151-0930]
47 CDS | 1527 509 Phage terminase, large subunit gp3 [Mycobacterium phage Dori] 0.0 74% gnl|CDD|144957 | [L]
48 |CDS |252 |84 |hypothetical protein gp61 [Mycobacterium phage 1E-18 56% | gnl/CDDI146059
Phaedrus]
49 CDS | 267 89 hypothetical protein hydrolase [Pseudonocardia sp. P1] 2.8 33% [S]
50 CDS | 552 184 hypothetical protein gp5 [Mycobacterium phage Dori] 3E-72 64%
51 CDS | 423 141 hypothetical protein gp6 [Mycobacterium phage Dori] 5E-49 60%
52 CDS | 1851 617 portal protein gp7 [Mycobacterium phage Dori] 0.0 59%
53 |cDS |162 |54 hypothetical protein gp63 [Mycobacterium phage 0.027 50%
Zemanar]
54 |CDS 390 |130 |hypothetical protein gp96 [Mycobacterium phage 1E-53 67%
Spartacus]
55 CDS | 2355 785 minor head protein gp8 [Mycobacterium phage Dori] 0.0 70% gnl|CDD|152186
56 CDS | 177 59 hypothetical protein 2p9 [Mycobacterium phage Dori] 2E-14 55% gnl|CDDJ|113023
57 CDS | 1782 594 Major Capsid protein gp10 [Mycobacterium phage Dori] 0.0 55%
58 CDS | 771 257 hypothetical protein gpl6 [Mycobacterium phage Gadjet] | 2E-77 49%
59 CDS | 534 178 hypothetical protein gpl12 [Mycobacterium phage Dori] 3E-31 43%
60 |CDS |261 |87 holin gp31 [Mycobacterium phage 0,0003 38%

Fruitloop]




hypothetical protein
MMI1S1510930 3457

61 CDS | 249 83 hypothetical protein [Mycobacterium massiliense 1S-151- 3E-39 80%
0930]
62 CDS | 1056 352 Major tail subunit gpl7 [Mycobacterium phage Dori] 2E-111 66%
63 CDS | 1056 247 hypothetical protein gp19 [Mycobacterium phage Dori] 3E-107 64%
64 CDS | 741 180 hypothetical protein gp20 [Mycobacterium phage Dori] 7E-89 74%
65 CDS | 540 115 hypothetical protein gp21 [Mycobacterium phage Dori] 0,00000005 | 58%
66 CDS | 345 108 Tail Assembly Chaperone gp22 [Mycobacterium phage Dori] 1E-50 76%
67 CDS | 324 168 Tail Assembly Chaperone gp27 [Mycobacterium phage Pipefish] | 2E-32 51% [R]
68 CDS | 504 77 tape measure protein (phage rosebush) gp28 [Mycobacterium phage Kamiyu] | 6E-10 42%
69 CDS | 5379 1793 Phage tail length tape-measure protein gp24 [Mycobacterium phage Dori] 0.0 55% gnl|[CDDJ|146000
70 CDS | 1434 478 Baseplate gp25 [Mycobacterium phage Dori] 0.0 69%
71 CDS | 1035 345 Baseplate gp26 [Mycobacterium phage Dori] 6E-131 57%
72 CDS | 1650 550 Baseplate gp22 [Mycobacterium phage Halo] 4E-124 48%
73 |cDs [309  [103  |Baseplate ?&%fgg;f;fgifs2?5‘312—15?93;]1 4E-62 89%
74 |cDS 222 |74 | hypothetical protein ?&%‘?ggﬁgggfz&zim—fgﬁ SE-42 93%
75 CDS | 639 213 hypothetical protein gp32 [Mycobacterium phage Dori] 8E-102 67%
76 |CDS 597  |199  |hypothetical protein %fr fsgﬁfsﬁ]l’a“erium phage 5E-98 70%
77 CDS | 1278 426 hypothetical protein gp34 [Mycobacterium phage Dori] 0.0 65%
78 CDS | 354 118 hypothetical protein gp35 [Mycobacterium phage Dori] 2E-32 53%
79 CDS | 288 96 hypothetical protein gp35 [Mycobacterium phage Dori] 1E-24 54%
80 CDS | 177 59 hypothetical protein gp41 [Mycobacterium phage Harvey] |4E-11 56%
81 CDS | 696 232 hypothetical protein gp37 [Mycobacterium phage Dori] 3E-61 53%
8 |cps|156 |52 hypothetical protein Iﬁﬁggeltswfgg‘;%’_tgfw 8E-29 94%
hypothetical protein
83 CDS | 285 95 hypothetical protein x&%&s&scltgrgii%ﬁfsiiliense 1S-151- 1E-53 94%
0930]
84 |CDS|1536 |512 BSZ iigtee;h/vljiﬁ rtfe9 z(i?ﬁﬁfd?ﬁ?afi :rrfii:se t‘g};"ggg:;if;g;‘ﬁéﬁ%ﬁf]29 1E-116 46% |gnllCDD|144925
catalytic domains.mureinolytic enzyme
85 CDS | 1164 388 hypothetical protein gp53 [Mycobacterium phage Marvin] | SE-170 63%




hypothetical protein

86 CDS | 156 52 hypothetical protein MELLADRAFT 113625 0.65 43%
[Melampsora larici-populina 98 AG31]
87 CDS |303 101 hypothetical protein gp44 [Mycobacterium phage Dori] 2E-22 55%
hypothetical protein
88 CDS | 717 239 hypothetical protein MA3AO119R_4120 [Mycobacterium | 5SE-94 62%
abscessus 3A-0119-R
89 CDS | 1683 561 endonuclease HNH endonuclease family protein 3E-50 39% gnl|[CDD|148655

[Mycobacterium abscessus 4S-0303]
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Abstract

The analysis of Mycobacterium abscessus genomes including
M. abscessus, Mycobacterium bolletii and Mycobacterium
massiliense type strains found 1-8 prophage regions in 47/48
genomes ranging from small prophage-like elements to complete
prophages. A total of 20,304 viral and phage proteins clustered
into 853  orthologous groups comprised of 30%
mycobacteriophages proteins, 48% other phages infecting gram
positive and negative bacteria and 23% other viral proteins.
Moreover, 44% of annotated proteins are implicated in DNA
replication and metabolism and 37% are specific bacteriophage
proteins including structural proteins. Phylogenomic and
phylogentic analyses indicated that M. abscessus phages have a
different evolutionary history than their mycobacterial hosts,
which had been infected by at least ten different
mycobacteriophages. In particular, 33 proteins occurred by
horizontal transfer in the life of M. abscessus. These proteins are
an integrase, specific mycobacteriophage proteins, hypothetical
proteins and DNA replicaion and metabolism proteins. Gene
exchanges, loss and gain were occurred in the specie M. abscessus
by several mycobacteriophages. This first ever analysis of phage-
mycobacterium co-evolution suggests that mycobactériophages

play a role in M. abscessus diversifications.

Key words: Mycobacterium abscessus, Mycobacterium bolletil,

Mycobacterium massiliense, prophages, mycobacteriophages
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Introduction

Mycobacterium abscessus is an opportunistic pathogens (Ripoll et
al., 2009) responsible for sporadic cases and outbreaks of skin and
soft-tissue infections following surgical and cosmetic practices
[Furuya et al. 2008, Koh et al. 2010, Viana-Niero, 2008]; catheter-
related bacteremia [Petrini, 2006, Don Hayes, 2005]; and
respiratory tract infections in patients with underlying lung
disorders, particularly cystic fibrosis [Griffith DE et al, 1993;
Pierre-Audrigier C et al, 2005, Oliver KN et al, 2003,
Chalermstakulrat W et al., 2006, Jonsson eBE et al., 2007, Levy I et
al., 2008 and Griffith DE et al,, 2003]. These mycobacteria are
broadly resistant to antibiotics and cure may require surgery

(Griffith, D.E. et al., 2007).

There are a few evidences for mycobacteriophages in
M. abscessus including a 81-kb prophage in the reference
M. abscessus genome [Ripoll et al., 2009]. Also, a M. abscessus
mycobacteriophage was isolated and its electron microscopy 3D
structure was reselved [Sassi2Z013]. However, the repertoire of
M. abscessus phages and their evolutionary history within this
bacterium is unknown and no systematic exploration for
prophages and mycobacteriophages has been performed among
additionally available sequenced M. abscessus genomes, leaving
undetermined whether these initial observation were unique or

representative of the M. abscessus.
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Here, exploiting available genome sequences by original bio-
informatic analyses, we explored the repertoire of M. abscessus
mycobacteriophages to gain insights into their evolution history

among M. abscessus.

Materials and Methods

Establishing M. abscessus phage repertoire

The genomes of 48 M. abscessus strains were downloaded from
Genbank (Table 1). As for 47 unfinished genomes, the contigs
were reoriented based on M. abscessus type strain genome
(GenBank GCF_000069185.1) as reference using MAUVE software
[Darling AE et al., 2010]. The prophage regions were detected
using PHAST software [Zhou Y et al.,, 2011]. Protein sequences
were predicted using prodigal software [Hyatt D et al,, 2010] in
order to normalize prediction. M. abscessus pan-proteome was
annotated using BlastP search with a cutoff E-value less than
0.001, percentage similarity more than 30% and an alignment
length more than 50 amino acids against a home made database
(including PHAST database, mimivirus, marseillevirus and

additional mycobacteriophages proteins).

99



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Determining M. abscessus phage phylogenies

M. abscessus proteomes were aligned using Mauve software
[Darling AE et al,, 2010]. Then M. abscessus tree was constructed
using Neighbor-Net algorithm in the package SplitsTree4 [Huson
DH et al,, 2006]. Likewise, the annotated viral and phage proteins
were concatenated for each genome and used for the construction
of M. abscessus phage tree. The annotated viral and phage proteins
were classified using OrthoMCL software [Li L et al., 2003]. Only
protein sequences longer than 50-amino acid residues were
considered for further analysis. Homologous sequences were
selected using the all-against-all BlastP algorithm [Altschul F et al,,
1997] with an E value of <10-5. Then, clustering of the orthologous
sequences was analyzed using the Markov Cluster algorithm [Van
Dongen 2003]. The inflation index of 1.5 was used to regulate
cluster tightness (granularity). The resulting orthologous groups
were used to construct a whole-genome phylogenetic tree based
on gene content. We generated a matrix of binary discrete
characters (“0” and “1” for absence and presence, respectively)
[Kalliopi G et al., 2011]. Using this matrix, we constructed a tree
using the Neighbor-Net algorithm and a heatmap clusterization

using R package [http://www.r-project.org/].
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Detecting gene transfer events

The ortholog groups identified by OrthoMCL were submitted to
PhyloPattern [Gouret P et al,, 2009], a software library based on
the Prolog language [Warren et al., 1997] for the automated
analysis and manipulation of phylogenetic trees (within the
DAGOBAH framework) Phuong Thi Le, et al, 2012]. The
M. abscessus tree was used as a reference to infer topologies in
order to detect gene gain and loss as previously described
[Phuong Thi Le, et al, 2012]. The results were submitted to
FIGENIX [Gouret P et al.,, 2005] for phylogenetic reconstruction
within the DAGOBAH framework as described previously [Thi Le,
et al,, 2012]. These Horizontal Gene Transfer (HGT) events were
detected using an in-house-built transfer filter called HGT agent
[Phuong Thi Le, et al, 2012]. This filter uses PhyloPattern to
annotate each internal duplication node of the tree with three
tags, including the recipient species, the donor species and
external species [Gouret P et al.,, 2009]. Then, This filter applies a
an unique phyletic pattern to maximize the gene tree to find
recipient species that are closer to donor species than to other
external species that would otherwise be placed between the
recipient and donor species in the species tree. As a result, a
“donor” subtree only contains species of a specific group
exclusively from the “recipient” group and vice versa. Using HG
agent, one can specify the names of the donor species and the

recipient species according to their usage.
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Results

M. abscessus phage repertoire

Using PHAST software for prophage prediction, we found that
M. abscessus M154 encodes no prophage regions whereas
47 genomes harbor one to eight prophage regions. A total of
171 predicted prophage regions could be separated into four
types i) intact prophages encoding structural, lysis proteins,
integration proteins and proteins necessary for replication and
recombination 1ii) questionable prophages iii) incomplete

prophage regions iiii) small prophage-like elements (Table 2).

Based on M. abscessus prophage regions homology, M. abscessus
species could be separated into three clusters: M. abscessus,
M. massiliense and M. bolletii (Figure 1). Few exceptions were
observed; strain M139 and 1S_51_0915 strains showed prophage
regions homology with M. abscessus cluster while M. bolletii M24
showed prophage regions homology with M. massiliense cluster
(Figure 1). Interstingly, a 12-kb small prophage like element is
conserved within the M. abscessus and M. massiliense cluster. We
analyzed 242,067 proteins from 48 M. abscessus proteomes and
we found a total of 20,304 (8.4%) proteins to be homologous to
viral or phage proteins. these 20,304 proteins were grouped into
853 groups of orthologous proteins. All the species are

represented in 239 groups (28.02%). Only three M. abscessus have
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unique genes, two viral proteins in M. abscessus M94, four
mycobacteriophage proteins in M. abscessus M159 and two viral
proteins in M. abscessus M172. We found 30% of proteins to be
homologous to mycobacteriophages proteins, 22% proteins to be
homologous to proteins from phage infecting Gram-negative
bacteria, 21% proteins to be homologous to proteins from phage
infecting Gram-positive bacteria, 23% proteins to be homologous
to viral proteins notably mimivirus and marseillevirus, 0.3 %
proteins to be homologous to proteins from phage infecting
archae (Figure 2). The annotation of the prophage found 44% to
be implicated in DNA replication and bacterial or/and phage
metabolism, 37% were annotated as bacteriophages proteins
(including structural, integration and terminase) and 14%
proteins remained with no functional annotation. Interstingly, 289
proteins were annotated as holin and 75 as lysin protein. Twenty-
five M. abscessus genomes including type strains M. abscessus,
M. bolletii and M. massiliense encode lysin proteins which belong
to endolysin A and endolysin B families. Ta total of 37,3 % are
homologous to lysin from mycobacteriophages. The remaining
lysin proteins are homologous to lysin from phage infecting gram-
positive bacteria (bacillus phages). Moreover, 156 proteins are
repressor and anti-repressor proteins of the lambda repressor
CI/C2 family (Lactobacillus phage and Staphylococcus phage),
immunity repressor (Bacillus phage and Geobacillus phage) and

Phage antirepressor protein KilAC domain (Rhodococcus phage).
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M. bolletii genome encodes only one CI/C2 repressor homologous
to the CI repressor from Bacillus phage and one putative
repressors located out of Araucaria genome. While all other
M. abscessus strains encode three to nine repressors. Only
M. abscessus 6G genomes and M. abscessus type strain encode

antirepressors.
Phylogenomic and phylogenetic analyses

The tree based on whole-genome content tree or M. abscessus
treewas showed three clusters representing M. abssessus,
M. massiliense and M. bolletii. However, contrary to what reported
and in contrast to what would normally be expected M18 is not
placed within the M. massiliense group. A phylogenomic prophage
tree constructed based on gene content (i.e., the presence or
absence of orthologous proteins) showed a species organization
that was different from the M. abscessus tree (Figure 3). Rather,
M. massiliense type strain clusters with M. abscessus group, while
M. abscessus 4S species clusters with the M. massiliense 2B species
and M159. This phylogenomic analysis shows that the
M. abscessus viral and phage gene repertoires have different
evolutionary histories. The phylogenomic prophage tree suggests
that differential gene gain and loss and lateral gene acquisition
may have played important roles in the evolution of some
M. abscessus species. Also, the heatmap cluserization showed

different species organization than M. abscessus species tree
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suggesting that M. abscessus species may have been infected by
several phages during their lifes (Figure 4). Like- wise, using the
tree based on whole-genome content, individual phylogenetic
analysis for the different orthologous proteins groups revealed
many topologies that differ from that of the M. abscessus species.
These results suggest that gene loss and HGT are relevant for all

gene functions.

In order to estimate the number of phages infecting M. abscessus, a
phylogenetic tree was constructed based on Tape measure
proteins (TMP) (Figure 5). We could annotate of 135 TMP was
found, and clustered using orthoMCL into ten groups.
Interestingly, Araucaria TMP clusters with M. massiliense 1S and
M172, suggesting that mycobacteriophages infecting this species
may have similar features. The TMP based phylogenetic tree
confirmed the clusterization of the heatmap and suggest that

several mycobacteriophages infected M. abscessus species.
Detection of HGT cases

Among the 853 orthologous groups, phylogenetic tree were
successfully reconstructed for 214 (25%) of the cases, out of
which 33 (15.4%) cases were associated with strong boostrap
support for HGT. Out of the 33 cases of HGT, 17 (51%) proteins
were annotated as mycobacteriophage proteins, nine (27%) as
implicated in DNA replicaion and metabolism, one (3%) integrase

protein and six (18%) hypothetical proteins (Table 4). We found
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15 proteins to be specific mycobacteriophage proteins (45 %),
16 to be phages infecting gram positive and negative bacteria

(48 %) and two proteins to be mimivirus proteins (6%).

We identified 13 examples where M. abscessus species were
probably gene donors in HGT events and 4 examples where
groups of M. abscessus species where probably gene donors.
M. bolletii type strain contributed only to one gene coding an ATP
Binding Cassette transporter protein where’s M115 strain
contributed Five genes coding three bacteriophage proteins and

two hypothetical proteins.

Discussion

Here updating PHAST-Database allowed depicting the co-
evolution of mycobacteriophages within M. abscessus. A first aim
of this study was to explore the repertoire of M. abscessus
mycobacteriophages. Accordingly 171 prophage regions were
observed in 47 genomes of M. abscessus being mosaics and
sharing some homology between each other. Moreover, the
annotation of M. abscessus viral and phage proteins showed
homology to other mycobacteriophage proteins and phages
infecting gram-negative and positive bacteria. The functional
analyses of M. abscessus viral and phage proteins revealed the

presence of proteins implicated on DNA replication and bacterial
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and viral metabolism including ABC transporter. Also phage
repressor proteins were identifed, as no CRISPRs found in
M. abscessus genomes, M. abscessus phage repressors could serve
to maintain their respective prophages in a quiescent state
[Waldor MK and Friedman DI 2005]. Interestingly, M. bolletii
encode two repressor proteins and has been reported to produce
a mycobacteriophage [Sassi M et al., 2013]. Despite the presence
of repressors, the mechanism of M. bolletii releasing
mycobacteriophage unlike the other M. abscessus strains still

unclear.

The phylogentic analyses of M. abscessus species tree shwoed the
caracterization of three clusters M. abscessus, M. bolletii and
M. massiliense. The M. abscessus phage trees showed that
M. abscessus mycobacteriophages have a different evolutionary
history than their hosts. These were confirmed by TMP protein
sequence analyses which where reported to aid in
mycobacteriophage classification [Smith KC et al, 2013].
Moreover, we could classify M. abscessus mycobacteriophages into
at least ten clusters supporting the fact that M. abscessus were

infected by at least ten different mycobacteriophages.

Interestingly, Araucaria prophage genome, the only reprted
mycobacteriophage isolated from M. bolleti type strain gives no
homology with other M. abscessus phage proteins [Sassi M et al.,,

2013]. Only M. abscessus 1S strains have few protein homologies
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with Araucaria proteins. These were confirmed by phylogenetic
studies using whole viral and phage proteins clusterization and

TMP protein sequence based tree.

Finally, phages are reported to be implicated in lateral gene
transfer [Canchaya C et al., 2003], and their production can be
induced by antibiotics, as demonstrated in multidrug-resistant
Staphylococcus aureus [Rolain JM et al, 2011]. HGT event were
identified In M. abscessus and were occurred recently in the life of
M. abscessus. The functional annotation of these HGT showed
them to be integrase protein, mycobacteriophage proteins,

hypothetical proteins and DNA replicaion and metabolism.

We previously observed that the diversity of M. abscessus, while
are emerging pathogens, was indeed supported by the diversity of
their mycobacteriophages [Sassi M et Drancourt M. 2013].
Interestingly, based on phylogentic analysis and prophage region
homology we can separate M. abscesus sensu lato to three clusters
M. abscessus, M. massiliense and M. bolletii with a clearly
participation of myocbacteriophage in the evolution and diversity

of thes mycobacteria.
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Table 1: M. abscessus genomes used for this study
Table 2: M. abscessus species prophage regions

Table 3: M. abscessus HGT cases

Figures

Figure 1: Interacting Map based on M. abscessus prophage region
homology. Blue: M. abscessus species. Red: M. massiliense species.

Green: M. bolletii species.

Figure 2: M. abscessus viral and phage proteins annotation.

Figure 3: M. abscessus phylogeny. A- M. abscessus species split
network tree. B- M. abscessus phage split network tree based on

protein presence absence matrix.

Figure 4: heatmap clusterization based on protein presence

absence matrix.

Figure 5: Phylogentic tree based on annotated tape measure

protein sequences using neighbour joining method.
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Table 1: M. abscessus genomes used for this study

Genome lenght

Strain Mb Genome GC%
M154 4,8 64,1
2B-0107 M2B_0107 4,81 64,2
2B-0307 M2B_0307 4,81 64,2
2B-0912-R2B_0912_R 4,81 64,2
2B-0912-S 2B_0912_S 4,81 64,2
2B-0626 M2B_0626 4,81 64,2
B-1231 M2B_1231 4,81 64,2
45-0116-R4S_0116_R 4,84 64
45-0116-S4S_0116_S 4,84 64
45-0726-RA 4S_0726_RA 4,84 64
45-0206 M4S_0206 4,86 64
45-0303 45_0303 4,86 64
45-0726-RA 4S_0726_RB 4,86 64
M47]26 4,87 64,1
M18 4,89 64,2
1S_51_0915 4,89 64,2
1S-152-0930 4,9 64,2
1S_152_0914 4,9 64,2
M159 4,94 64,2
M115 4,98 64,1
M. bolletii BD 5,05 64,2
M93 5,08 64,2
M. abscessus.CIP104536T 5,09 62,7
M94 51 64,2
6G-0125-R 6G_0125_R 5,14 64,1
6G-0212 M6G_0212 5,14 64,1
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Genome lenght

Strain Mb Genome GC%
M. massiliense BD 5,2 64,2
M172 5,2 64,2
5S5-12155S_1215 521 64,1
3A-0122-R3A_0122_R 5,23 63,9
3A-0122-S3A_0122_S 5,23 63,9
5S5-0421 5S_0421 5,24 64,1
5S-1212 5S_1212 5,24 64,1
3A-0930-R 3A_0930_S 5,25 64
5S5-0304 5S_0304 5,25 64,1
5S5-0708 55_0708 5,25 64,1
5S5-0817 55_0817 5,25 64,1
55-0921 M5S_0921 5,25 64,1
3A-0930-R 3A_0930_R 5,27 64
3A-0119-R3A_0119_R 5,28 63,8
3A-0810-R M3A_0810_R 5,29 64
5S5-0422 5S5_0422 5,32 64,1
6G-0728-S 6G_0728_S 5,32 64,1
6G-0125-S6G_0125_S 5,33 64,1
6G-0728-R M6G_0728_R 5,34 64,1
6G-1108 6G_1108 5,34 64,1
3A-0731 3A_0731 5,39 64
M24 5,51 64,2
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Table 2: M. abscessus species prophage regions

117

M. abscessus CIP104536T 5.09 64.1 |1 81 intact 110 |[1754551-1835095
1 41.6 incomplete 47 1684736-1726377
M. bolletii BD 5.05 64.1 |2 20.9 incomplete 38 1727918-1748849
3 12.4 incomplete 16 3641720-3654182
1 12.5 incomplete 21 1600973-1613514
2 37 incomplete 37 1680197-1717263
3 17 incomplete 21 3830340-3847343
M24 5.51 63.8 |4 18.1 incomplete 34 5051771-5069955
5 26 incomplete 35 5155113-5181190
6 19.2 incomplete 26 5213195-5232444
7 26.5 incomplete 33 5312024-5338593
1 16.4 incomplete 33 197463-213867
2 [38  |questionable |51 [232006-270072 |
M93 >.08 64.1 3 53 incomplete 70 1762720-1815780
4 20.2 incomplete 26 1820768-1841058
1 [583  |questionable |84 [1039523-1097850 |
M94 >1 64 2 79.4 incomplete 99 4959719-5039151
1 11.6 incomplete 10 1416841-1428481
M115 4.98 64.1 |2 77.1 incomplete 102 [1624644-1701770
3 55.3 incomplete 79 3356346-3411651
M154 4.8 64.2 |0 0 0 0 0
M159 4.94 64.2 |1 16 incomplete 19 4919233-4935240
M172 5.2 63.9




4 31.1 incomplete 33 2050376-2081567
5 39.4 incomplete 45 3711805-3751246
6 19.6 incomplete 40 3753466-3773078
1 39.9 incomplete 48 1066714-1106668
M47]26 4.87 64.2 |2 12.4 incomplete 16 3596408-3608873
M18 4.89 64.2
3A-0119-R3A_0119_R 5.28 64.1 2834875-2855053
6 1313 lincomplete |9 _ 12963183-2994488
incomplete 1122007-1153312
3A-0122-R3A_0122 R 5.23 64.1 incomplete 3430927-3450992
incomplete 727171-755621
incomplete 855998-887303
3A-0122-S3A_0122_S 5.23 64.1
3A-0731 34,0731 539 641 2118 lincomplete 17 _|154064-165913
4 20.1 incomplete 40 1423251-1443430
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6 313 |incomplete |9  |1551445-1582750
8 |56 |questionable |63 |4018466-4074522

2 118 lincomplete |19 _|154000-165848
JAOBIORMIAGBIOR  |s29 a1 1502081529448
6 1311 lincomplete |9 1636942166808

2 118 |incomplete |19 |154040-165888

3A-0930-R 3A_0930_R 5.27 641 1529492-1567676
6 [22  lincomplete  [22 |3042230-3064276
8 259  |questionable |37 |5246047-5271962

incomplete 154052-165900
incomplete 1162377-1182556
3A-0930-R 3A_0930_S 5.25 64.1
4S-0116-R4S_0116_R 4.84 64.2
4S-0116-S4S_0116_S 4.84 64.2
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45-0206 M4S_0206 4.86 64.2 1 31.1 incomplete 35 [3235550-3266670 |

450303 45,0303 156 61z (311 lincomplete |35 3218556-3249676
4S-0726-RA 4S_0726_RA 4.84 64.2
4S-0726-RA 4S_0726_RB 4.86 64.2

1 23.3 incomplete 16 1945826-1969168

31.1 incomplete 2611298-2642403

55-0304 550304 5.25 64 28.2 incomplete 2683669-2711929

5 20 incomplete 36 3151707-3171755

5S5-0421 5S_0421 5.24 64 3 28 2 incomplete 22 2946721-2974981

incomplete 3414759-3434783

23.3 incomplete 2870816-2894158

31.1 incomplete 3775349-3806454

55-0422 55 0422 5.32 64 28.2 incomplete 3847720-3875980

5 20 incomplete 36 4315696-4335744

1676102-1707207

3 28 2 incomplete 25 1748473-1776733

55-0708 55.0708 5:25 64 incomplete 2216449-2236497

27.2 incomplete 3919017-3946245

5S5-0817 5S5_0817 5.25 64 1 31.1 incomplete 33 2225104-2256209
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incomplete

2297475-2325735

incomplete

2765451-2785499

271 incomplete 4855708-4882907
1 23.3 incomplete 14 1949994-1973336
28.2 incomplete 3559204-3587488
55-0921 M55.0921 5:25 64 28.2 incomplete 3629712-3657972
5 20 incomplete 36 4097750-4117774
2383494-2414599
) incomplete 2455865-2484125
55-1212 55_1212 5.24 64 incomplete 2923840-2943888
6 1194 |incomplete |10 |4254031-4273475

2 13 incomplete 24 582131-595169
55-1215 551215 521 64 31.1 incomplete 2146803-2177908
28.2 incomplete 2217311-2245571
6 23.3 incomplete 16 4349482-4372824

6G-0125-R 66.0125.R >.14 641 13 1462  |incomplete |35 |798744-844965 |
SO SR >33 641 2 1462  |incomplete |36 |1736529-1782750
6G-0212 M6G_0212 >.14 641 13 462  |incomplete |35 |1803589-1849810

6G-0728-RM6G_0728_R 5.34 64.1
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6G-0728-S 6G_0728_S 5.32 64.1
6G-1108 66.1108 5.34 64-1 2 46.2 incomplete 35 1737313-1783534
1 41.6 incomplete 47 2537516-2579135
1S-152-0930 4.9 64.2 |2 15.8 incomplete 32 2581230-2597119
3 12.4 incomplete 16 2867809-2880274
1 41.6 incomplete 47 3559402-3601021
1S_152_0914 4.9 64.2 |2 15.8 incomplete 32 3603116-3619005
3 12.4 incomplete 16 3889695-3902160
1 41.6 incomplete 47 2896041-2937660
1S_51_0915 4.89 64.2 |2 15.8 incomplete 31 2939755-2955644
3 14 incomplete 9 3846091-3860097
1 40 incomplete 48 325006-365014
2B-0107 M2B_0107 481 64.2 2 12.4 incomplete 16 2868969-2881434
1 40 incomplete 49 324795-364803
2B-0307 M2B_0307 481 64.2 2 12.4 incomplete 16 2866959-2879424
1 39.9 incomplete 50 985086-1025040
2B-0912-R2B_0912_R 481 642 15 12.4 incomplete 16 |3527642-3540107
2B-0912-S 2B_0912_S 4.81 64.2 |1 39.9 incomplete 50 1403310-1443264
1 39.9 incomplete 51 984096-1024050
2B-0626 M2B_0626 481 64.2 2 12.4 incomplete 16 3525970-3538435
1 39.9 incomplete 48 1046358-1086336
2B-1231 M2B_1231 >2 639 2 12.4 incomplete 16 3588716-3601181
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195 Table 3: M. abscessus HGT cases
Nb
.. Duplica
Putatve Homology Parent Species Recqpent Donnor Species |tions
HGT Species
before
parent
PHAGE_Mycoba_Peaches-
1 gi|282598664|ref|]YP_003358761.1|gp58[Mycobacterium_ph | [M93] [6G-0125-R] [M93] 5
age_Peaches]
PHAGE_Plankt_PaV_LD- [PSEUDO~-55-
2 gi|371496158|ref|YP_004957306.1|ABCtransporter[Plankto [M94] [M93 M115] 4
: 0421]
thrixphagePaV-LD]
PHAGE_Mycoba_LeBron-
3 gi|304360967|ref|]YP_003857149.1|gp18[Mycobacterium_ph | [M115] [M172] [M115] 2
age_LeBron]
PHAGE_Mycoba_Giles-
4 gi|160700672|ref|]YP_001552352.1|gp23[Mycobacterium_ph | [M94] [6G-0728-R] [M94] 5
age_Giles]
PHAGE_Mycoba_Che9c-
5 gi|29566118|ref[NP_817687.1|gp10[Mycobacterium_phage_ | [M18] [3A-0122_S] [M18] 2
Che9c]
PHAGE_Mycoba_Pukovnik-
6 gi|192824238|ref|YP_001994879.1|gp62[Mycobacterium_ph | [M154] [M115] [M154] 5
age_Pukovnik]
PHAGE_Tricho_2c-
7 gi|116326757|ref|YP_803294.1|hypotheticalproteinTNAV2c |[5S-0921] [4S-0726] [5S-0921] 4
_gp071[Trichoplusia_ni_ascovirus_2c]
PHAGE_Salmon_PVP_SE1- [M. massiliense [M. massiliense
8 gi|363539742|ref|YP_004894027.1|hypotheticalprotein[Sal T]. [M24] T]. 5
monellaphagePVP-SE1]
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PHAGE_Rhodoc_REQ3-

e[Lactococcus_phage P087]

9 gi|372449972|ref|YP_005087193.1|phageintegrase[Rhodoco | [M172] [3A_0930_S] [M172]
ccusphageREQ3]
PHAGE_Salmon_PVP_SE1- M. massiliense

10 gi|363539618|ref|YP_004893903.1|phosphoribosylpyropho |[3A-0122_S1] T]. [3A-0122_S1]
sphatesynthetase[SalmonellaphagePVP-SE1]
PHAGE_Mycoba_Myrna-

11 gi|203454746|ref|]YP_002225062.1|gp183[Mycobacterium_p | [M172] [M94] [M172]
hage_Myrna]
PHAGE_Mycoba_Omega-

12 gi|29566822|ref|[NP_818386.1|gp85[Mycobacterium_phage_ | [M115] [M24] [M115]
Omega]
PHAGE_Mycoba_Pacc40-

13 gi|206600097 |ref|]YP_002241602.1|gp18[Mycobacterium_ph | [M24] [M94] [M24]
age_Pacc40]
PHAGE_Mycoba_Pacc40- (PSEUDO~- ([)1\11;;256 gﬁ:

14 gi|206600097 |ref|YP_002241602.1|gp18[Mycobacterium_ph [M24] -
age_Pacc40] M159] 0122_S2 3A-

0122_S4 47]26]

PHAGE_Acanth_mimivirus-

15 gi|311977570|ref|]YP_003986690.1|DNAtopoisomeraselb[A |[3A-0122_S7] [3A-0122_S5] [3A-0122_S7]
canthamoebapolyphagamimivirus]
PHAGE_Rhodoc_RER2-

16 gi|372449922|ref|YP_005087145.1|hypotheticalprotein[Rho | [M24] [3A-0731] [M24]
dococcusphageRER2]
PHAGE_Aeromo_31-

17 gi|66391812|ref|YP_238737.1|hypotheticalproteinPHG31p8 |[4S-0726] [4S-0303] [4S-0726]
[Aeromonas_phage_31]
PHAGE_Lactoc_P087-

18 gi|229605000|ref|YP_002875699.1|putativecysteinesynthas |[47]26] [5S-0708] [47]26]
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19

PHAGE_Mycoba_Myrna-
gi|203454746|ref|]YP_002225062.1|gp183[Mycobacterium_p
hage_Myrna]

[M172]

[M94]

[M172]

20

PHAGE_Plankt_PaV_LD-
gi|371496158|ref|YP_004957306.1|ABCtransporter[Plankto
thrixphagePaV-LD]

[3A-0122_S5]

[M94]

[3A-0122_S5]

21

PHAGE_Acanth_mimivirus-
gi|311977513|ref|YP_003986633.1|putativedTDP-D-
glucose4,6-dehydratase[Acanthamoebapolyphagamimivirus]

[3A-0122_S4]

[4S-0726-RA]

[3A-0122_54]

22

PHAGE_Bacill_36-
gi|156564011|ref|YP_001429750.1|PcrAhelicase[Bacillus_ph
age_0305phi8_36]

[3A-0122_S7]

[3A-0119-R]

[3A-0122_S7]

23

PHAGE_Mycoba_Che9c-
gi|29566174|ref[NP_817745.1|gp68[Mycobacterium_phage_
Che9c]

[M18]

[M94]

[M18]

24

PHAGE_Mycoba_Che8-
gi|29565783|ref[NP_817355.1|gp17[Mycobacterium_phage_
Che8]

[M24]

[M172 3A-
0122_S4 3A-
0122_S2 47]26]

[M24]

25

PHAGE_Tricho_2c-
gi|116326757|ref|YP_803294.1|hypotheticalproteinTNAV2c
_gp071[Trichoplusia_ni_ascovirus_2c]

[M115]

[4S-0116_S]

[M115]

26

PHAGE_Microm_MpV1-
gi|313768434|ref|YP_004062114.1|hypotheticalprotein[Mic
romonassp.RCC1109virusMpV1]

[M115]

[M94]

[M115]

27

PHAGE_Mycoba_Pipefish-
gi|109521870|ref|YP_655307.1|gp30[Mycobacterium_phage
_Pipefish]

[M18]

[M172]

[M18]

28

PHAGE_Plankt_PaV_LD-
gi|371496158|ref|YP_004957306.1|ABCtransporter[Plankto
thrixphagePaV-LD]

[M. bolletii T]

[4S-0726-RA]

[M. bolletii T]
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PHAGE Lactoc_P087-

29 gi|229605000|ref|YP_002875699.1|putativecysteinesynthas |[M24] [M. bolletii T] [M24]
e[Lactococcus_phage P087]
PHAGE_Mycoba_Omega-
30 gi|29566768|ref[NP_818332.1|gp31[Mycobacterium_phage_ | [M94] [6G-1108] [M94]
Omega]
PHAGE_Burkho_phi1026b- [PSEUDO~- [M. massiliense T
31 gi|38707948|ref|[NP_945089.1|gp58[Burkholderia_phage_ph M154] [M. bolletii T] M154 M172
i1026b] M159]
PHAGE_Mycoba_Cjw1- [PSEUDO~- ([)l\g; 250 1s-1§§-
32 gi|29565933|ref[NP_817504.1|gp55[Mycobacterium_phage_ [M. bolletii T] -
Ciwi] M159] 0930 3A-
0122_S1]
PHAGE_Brocho_BL3-
33 gi|327409421|ref|]YP_004301563.1|gp29[Brochothrixphage |[M115] [M24] [M115]

BL3]

126




Figure 1: Interacting Map based on M. abscessus prophage region homology. Blue: M. abscessus species.

Red: M. massiliense species. Green: M. bolletii species.
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Figure 2: M. abscessus viral and phage proteins annotation.
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Figure 3: M. abscessus phylogeny. A- M. abscessus species split network tree. B- M. abscessus phage split

network tree based on protein presence absence matrix.
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IV- DISCUSSION
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Les données présentées dans cette these indiquent que les souches de
M. abscessus sont plus diversifiées que ce que laisse entendre la
nomenclature actuelle. Nous avons montré I’existence de cinq clusters
qui, en plus des especes non séquencées (M. salmoniphilum,
M. franklinii, M. chelonae et M. immunogenum) indiquent au moins
neuf taxons différents au sein du complexe M. chelonae-abscessus.
Nous avons en effet observé que chaque taxon a des spécificités, en
particulier, les membres des groupes n ° 3A et n ° 3B possedent de
grands génomes codant des mycobactériophages et plusieurs facteurs
d’interaction avec I’hote. Notre analyse des génomes a identifié¢ les
supports génétiques de la résistance aux antibiotiques et du caractere
opportuniste de leur pathogénicité [1,2, 10]. Nous avons identifié
66 genes uniques présents dans chaque groupe; ces geénes pourraient
étre utilisés dans la détection et 1’identification des organismes
M. abscessus. Par conséquent, les données génomiques rapportées par
le présent travail pourraient servir a développer des outils de

laboratoire utiles pour le diagnostic de routine de M. abscessus.

En particulier, nous avons ici développé wune approche
moléculaire basée sur le séquencage des séquences intergéniques
MST. Cette technique a permis I'identification précise et Ila
discrimination entre les souches de M. abscessus (Article 2). La
technique de MST peut étre ajoutée au panel des méthodes
moléculaires actuellement disponibles [34-39] pour le génotypage de
M. abscessus présentant comme principal avantage le fait d’étre basée

sur le séquencgage fournissant ainsi des données robustes.
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Une particularité remarquée grace au séquencage des génomes
de M. abscessus est la présence de séquences de prophages [18, 19].
La premicre observation d’un mycobactériophage en microscopie
¢lectronique a partir d’une culture de M. bolletii a été réalisée au
laboratoire par Adekambi Toidi [données non publiées]. Ainsi nous
avons analysé la séquence du prophage de M. bolletii et résolu par
microscopie électronique la structure 3D de son mycobactériophage
que nous avons nommé Araucaria. Ceci est une premicre étude
structurale d’un mycobactériophage (Article 3). Nous avons aussi
réalisé une ¢tude de co-évolution de 48 génomes de M. abscessus par
approches génomique et phylogénétique (Article 4). Les analyses
génomiques des prophages de M. bolletii et 47 autres génomes de
M. abscessus ont révélé une grande diversité génétique des prophages
et une propricté mosaique de leurs génomes. Ces génomes codent un
grand nombre de geénes de fonction inconnue. Plusieurs études ont
montré que les génomes des mycobactériophages possedent une mine
d'informations sur la diversit¢ des phages qui infectent un hote
bactérien commun [26]. Ces études ont révél¢ la nature omniprésente
d’une architecture mosaique des génomes des mycobactériophages
[25]. Les analyses génomiques et phylogénétiques ont indiqué que les
mycobactériophages de M. abscessus ont une histoire évolutive
différente de celle de leurs hétes. En particulier, 33 protéines codées
par des mycobactériophages indiquent des transferts horizontaux entre
des souches de M. abscessus. 1l a ét¢ démontré que le génome

mosaique des mycobactériophages est composé de différents segments
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avec une histoire évolutive différente les unes des autres [20-25].
Toutefois, les mycobactériophages fournissent une vaste communauté
de geénes échangeables qui se transmettent a leurs hotes et peuvent
conduire a leur diversification [20-25]. Effectivement, 1’intégration de
séquences de mycobactériophages confere de nouvelles informations a
leurs hotes. Les ¢événements d'échanges génétiques entre les
mycobactériophages et leurs hotes peuvent étre expliqués par la
présence de plusieurs classes distinctes de genes impliqués dans
I’intégration et la recombinaison des génomes de mycobactériophages
[25]. La présence d’une telle diversité de protéines suggere différents
types d’intégration et de recombinaison notamment la recombinaison
illégitime. Ces recombinaisons jouent un réle clé dans la création de
génome mosaique et la co-évolution des mycobactériophages avec

leur hote.

Nous avons assemblé les quatre constituants: capside,
connecteur, queue et dispositif d'adsorption a I’héte ou baseplate pour
déterminer la structure du phage Araucaria (Article 4). Cette toute
premicre analyse structurale permet d’émettre des hypotheses quant
aux mécanismes d’infection des mycobactéries par leurs phages. Par
analogie avec les mécanismes connus d’infections par les
Siphoviridae, la premiere étape du cycle de vie d’un phage est la
reconnaissance d'un hote bactérien, par un récepteur/anti-récepteur de
l'interaction, suivie de l'injection de son génome dans la cellule. Les
structures de la capside et du connecteur sont tres similaires a celles

des autres Siphoviridae, surtout les phages SPP1 [40, 41] et TP901 -1
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[42]. Une étude récente par reconstruction cryo-EM de la capside de
mycobactériophage BAKA appartenant au Cluster J a révélé une
structure icosaédrique caractéristique des Siphoviridae [43]. En
revanche, la structure de la queue du mycobactériophage Araucaria est
tres particuliere. C’est une queue hélicoidale décorée par des pointes
radiales déja signalées pour les phages A et SPP1 [44, 41]. Par
analogie avec les phages SPP1 et A, la queue Araucaria pourrait jouer
un role dans l'interaction du phage avec la paroi de la cellule de I’hote
grace a la liaison a ses saccharides de surface. Il convient de noter,
qu’aussi bien le phage A que le phage SPP1 se fixent aux récepteurs
spécifiques aux protéines respectivement LamB [45] et YueB [46].
Par conséquent, leur liaison aux saccharides de la paroi cellulaire peut
étre une premicre étape réversible qui maintient et oriente
transitoirement le phage avant la reconnaissance du récepteur
spécifique. Un tel mécanisme est comparable a celui du podophage T7
[47]. Grace a la partie basale de la queue ou baseplate certains phages
se fixent a une protéine de 1’hote [48-50] notamment ces phages se
lient aux composants extracellulaires du systeme de type de sécrétion
de type 7 (T7SS) YueB [45] et PIP [50]. En revanche, des phages
semblent attacher exclusivement a des polysaccharides comme les
phages P2 et TP901-1 grace a une Receptor-Binding Protein (RBP).
La baseplate d’Araucaria est formée de composantes axiales DIT et
Tal, ainsi que d'autres, mais elle est dépourvue de protéines RBP
comme on en trouve dans les phages p2 et TP901 -1. Par analogie,

nous suggérons qu’Araucaria devrait se lier a un récepteur protéique,
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car aucune preuve de la présence de la protéine RBP n’est fournie par
la forme de la baseplate ou des séquences protéiques la formant. 11 est
tentant de spéculer, que comme les mycobactéries possedent un T7SS,
qu'un composant similaire a YueB ou PIP pourrait servir de récepteur
pour Araucaria. En dépit de la grande diversité génétique des
mycobactériophages et la nature du génome mosaique d'Araucaria,
son homologie avec le mycobactériophage Dori et celle des
mycobactériophages du cluster B [Mycobactériophage Database]
suggere qu’Araucaria et ces phages pourraient partager une structure
similaire et le méme mécanisme d'infection a I'hdte. Araucaria
pourrait infecter son hote en deux étapes, par liaison réversible aux
saccharides dans une premiere étape, puis de facon irréversible a une
protéine de la paroi cellulaire de 1’hdte notamment un composant du
T7SS dans une seconde étape. L'existence d'un tel mécanisme chez les

mycobactériophages reste a démontrer expérimentalement.
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IV- CONCLUSIONS
GENERALES ET
PERSPECTIVES
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Les résultats de nos différentes études sur 1’analyse génomique de
M. abscessus sensu lato et leurs mycobactériophages ont apporté des
données nouvelles permettant de mieux comprendre leur diversité et
leur statut comme opportunistes pathogenes. Dans la premicre partie
de notre theése, nous avons réalisé une premicre étude comparative de
génomes de M. abscessus et pu montrer qu’il existe au moins cingq
taxons au sein de ce groupe. Dans une deuxiéme partie, nous avons
développé une méthode d’identification et de génotypage pouvant étre
facilement et efficacement réalis€ au laboratoire afin de distinguer
entre les différents membres de ce groupe.

Pa ailleurs, dans notre troisieme partie, nous avons résolu pour la
premiere fois par microscopie <¢lectronique la structure d’un
mycobactériophage et nous avons suggéré un mécanisme d’infection
en deux étapes, une adhésion aux saccharides ensuite une liaison aux
protéines. Dans cette méme partie nous avons décrit le répertoire en
prophages et en protéines virales de 48 génomes de M. abscessus
sensu lato. Lors de notre analyse génomique de M. abscessus nous
avons montré 1’existence de trois taxons, M. abscessus, M. massiliense
et M. bolletii. Nous avons remarqué une diversité¢ plus grande de
M. abscessus et M. massiliense et une distinction particuliere de
M. bolletii pour coder et secréter des mycobactériophages. Vu le
nombre restreint des souches séquencées de M. bolletii ceci pourrait
étre confirmé en séquencant d'autres souches de ce taxon. Nous avons
montré que les mycobactériophages de M. abscessus ont une histoire

¢volutive différente de celle de leur hote et ils jouent un rdle dans la
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diversification de cette espece.

Aussi, dans un futur proche, il serait également intéressant
d’étudier le spectre d’infection du phage Araucaria et de résoudre la
structure de ses protéines structurales afin de confirmer et de mieux
comprendre son mode d’infection. Il sera également important de
comprendre le mode d’intégration et recombinaison de ces
mycobactériophages dans leur hote. Le role des répresseurs dans la
biologie des mycobactériophages des especes de M. abscessus reste
encore pas connu. Une étude structurale et fonctionnelle de ces

protéines pourrait aider a mieux a comprendre ce mécanisme.

Enfin une investigation plus approfondie sur l'expression par des
souches de M. abscessus des mycobactériophages pouvant infecter ce
groupe et autres pathogenes permettrait de développer de nouvaux

outils de traitement.

Bien que la diversité génétique et la nouveauté de ces phages
soit pleine d'intrigues, le nombre de génomes séquencés continue a
croitre et leurs mysteres continuent a épaissir. Les études réalisées lors
de cette these contribuent a une meilleure compréhension des
mycobactériophages de M. abscessus et la diversité de ce taxon, et
nous amenent a se poser de nombreuses questions concernant ces
génomes, notamment I’existence des séquences de prophages, leurs
roles, leurs expressions et régulations, et leur éventuelle influence sur

la physiologie de la bactérie hote.
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Mycobacterium simiae is a non-tuberculosis mycobacterium causing pulmonary infections in
both immunocompetent and imunocompromized patients. We announce the draft genome
sequence of M. simiae DSM 44165". The 5,782,968-bp long genome with 65.15% GC con-
tent (one chromosome, no plasmid) contains 5,727 open reading frames (33% with unknown
function and 11 ORFs sizing more than 5000 -bp), three rRNA operons, 52 tRNA, one 66-bp
tmRNA matching with tmRNA tags from Mycobacterium avium, Mycobacterium tuberculosis,
Mycobacterium bovis, Mycobacterium microti, Mycobacterium marinum, and Mycobacte-
rium africanum and 389 DNA repetitive sequences. Comparing ORFs and size distribution
between M. simiae and five other Mycobacterium species M. simiae clustered with M.
abscessus and M. smegmatis. A 40-kb prophage was predicted in addition to two prophage-
like elements, 7-kb and 18-kb in size, but no mycobacteriophage was seen after the observa-
tion of 10° M. simiae cells. Fifteen putative CRISPRs were found. Three genes were predicted
to encode resistance to aminoglycosides, betalactams and macrolide-lincosamide-
streptogramin B. A total of 163 CAZYmes were annotated. M. simiae contains ESX-1 to ESX-5
genes encoding for a type-VII secretion system. Availability of the genome sequence may

help depict the unique properties of this environmental, opportunistic pathogen.

Introduction

Mycobacterium simiae is the type species for M.
simiae, and is phylogenetically related to Mycobac-
terium triplex [1], Mycobacterium genavense [2],
Mycobacterium heidelbergense [3], Mycobacterium
lentiflavum [4], Mycobacterium sherrisii [5], Myco-
bacterium parmense [6], Mycobacterium shigaense
[7], Mycobacterium stomatepiae [8] and Mycobac-
terium florentinum [9]. M. simiae is slow growing
and photochromogenic, appearing rust-colored
after exposure to light and is the only non-
tuberculous mycobacterium that, is niacin posi-
tive, like Mycobacterium tuberculosis [10]. M.
simiae was isolated initially from rhesus macaques
in 1965 [11]. In immunocompetent patients, M.
simiae is responsible for lymphadenitis [12,13],
bone infection [14], respiratory tract infection
[15] and skin infection [16]. M. simiae also causes
infection in immunocompromized HIV-infected
patients [17,18], including patients with immune
reconstruction [19]. Tap water has proven to be a
source of M. simiae infection in both community
and hospital-acquired infection [20,21]. To under-
stand the genetics of M. simiae in detail, we

sequenced and annotated a draft genome of the
type strain of M. simiae (DSM 441657).

Classification and features
M. simiae strain DSM 44165 T is the only genome

sequenced strain within the M. simiae complex
(Table 1).

The 16S rRNA gene sequence, derived from the M.
simige strain DSM 44165 T genome sequence
showed 100% sequence similarity to that of M.
simiae type strain DSM 44165 T /ATCC 25275 T
previously deposited in GenBank (GenBank acces-
sion: GQ153280.1) and 99% sequence similarity
with M. sherrisii  (GenBank  accession:
AY353699.1). The rpoB gene sequence of M.
simiae showed 98% similarity with M. sherrisii
(GenBank accession: GQ166762.1), the closest
mycobacterial species. The rpoB gene sequence-
based phylogenetic tree (Figure 1) illustrates that
M. simiae DSM 44165 T is phylogentically closest
to M. sherrisii, M. genavense, M. triplex, M.
stomatepiae and M. florentinum, which are all spe-
cies constituting the M. simiae complex.
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Table 1. Classification and general features of Mycobacterium simiae DSM44165" [22].

MIGS ID Property Term Evidence code
Domain Bacteria TAS [23]
Phylum Actinobacteria TAS [24]
Class Actinobacteria TAS [25]
Subclass Actinobacteridae TAS [25,26]
Current classification Order Actinomycetales TAS [25-28]
Suborder Corynebacterineae TAS [25,26]
Family Mycobacteriaceae TAS [25-27,29]
Genus Mycobacterium TAS [27,30,31]
Species Mycobacterium simiae TAS [11,27]
Gram stain Weakly positive TAS [11]
Motility Non motile TAS [11]
Sporulation nonsporulating NAS
Temperature range mesophile TAS [11]
Optimum temperature 37°C TAS [11]
Salinity normal TAS [11]
MIGS-22  Oxygen requirement aerobic TAS [11]
MIGS-6  Habitat Soil TAS [11]
MIGS-15  Biotic relationship Free-living NAS
MIGS-14  Pathogenicity none NAS
Biosafety level 2 NAS
Isolation Macacus rhesus TAS [11]
MIGS-4  Geographic location Country India TAS [11]
MIGS-5  Sample collection time 1965 TAS [11]
MIGS-4.1  Latitude 20.593684 NAS [11]
MIGS-4.2  Longitude 78.96288 NAS [11]
MIGS-4.3  Depth Not reported TAS [11]
MIGS-4.4  Altitude Not reported TAS [11]

Evidence codes - TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-
traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a gener-
ally accepted property for the species, or anecdotal evidence). These evidence codes are from the Gene On-
tology project [32].
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Mycobacterium simiae strain DSM 44165T

Mycobacterium avium subsp. avium ATCC 25291

Mycobacterium avium 104

Mycobacterium avium subsp. paratuberculosis K-10
Mycobacterium intracellulare ATCC 13950
97 | Mycobacterium sp. MOTT36Y
Mycobacterium colombiense CECT 3035
Mycobacterium europaeum

Mycobacterium saskatchewanense

97 | Mycobacterium montefiorense

Mycobacterium simiae DSM 44165
Mycobacterium sherrisii

Mycobacterium genavense

Mycobacterium triplex

Mycobacterium stomatepiae

Mycobacterium florentinum

91 "
Mycobacterium leprae TN
96 | Mycobacterium leprae

g9 | Mycobacterium marinum M

DSM 44634

Mycobacterium ulcerans Agy99

My
Mycobacterium kubicae
ATCC BAA-614

Mycobacterium kansasii ATCC 12478

Mycobacterium palustre

ls

67 — Mycobacterium celatum
% N £

Mycobacterium branderi
Mycobacterium xenopi RIVM700367
Mycobacterium tuberculosis CDC1551
Mycobacterium tuberculosis F11
y ium canettii CIPT 140010059

Mycobacterium tuberculosis H37Rv

Mycobacterium africanum GM041182
JSe0

87 Mycobacterium rhodesiae NBB3
97 Mycobacterium tusciae JS617
4w _| i i DSM 44199
48 i istibile ATCC 19527
Mycobacterium gilvum PYR-GCK
Mycobacterium vaccae ATCC 25954

Mycobacterium vanbaalenii PYR-1
i NBB4

Mycobacterium goodii
ium is str. MC2 155

Mycobacterium wolinskyi
o Mycobacterium sp. DSM 3803
— 99 | Mycobacterium mageritense

98 | Mycobacterium septicum
Mycobacterium peregrinum

95

®

Mycobacterium porcinum

6 Mycobacterium senegalense

Mycobacterium farcinogenes
7

Mycobacterium fortuitum subsp. fortuitum DSM 46621

[— Mycobacterium abscessus ATCC 19977

chelonae

99
= Mycobacterium abscessus subsp. bolletii
Mycobacterium immunogenum

Mycobacterium massiliense str. GO 06

Mycobacterium phocaicum
o7 ,_— Mycobacterium mucogenicum
57 i

sp. P14

Figure 1. rpoB gene sequence based phylogenetic tree highlighting
the position of Mycobacterium simiae DSM 44165 relative to other
type strains within the Mycobacterium genus. Phylogenetic infer-
ences obtained using the neighbor-joining method within MEGA.
Numbers at the nodes are percentages of bootstrap values ob-
tained by repeating the analysis 1,000 times to generate a majority
consensus tree. Rhodococcus sp P14 was used as an outgroup.
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The M. simiae genome shares, 87%, 83%, 79% and
76% nucleotide similarity with the closest se-
quenced genomes of the species Mycobacterium
sp: MOTT36Y (CP003491.1), M. intracellulare
ATCC 13950 (ABIN00000000), M. indicus pranii
MTCC 9506 (CP002275.1) and M. avium 104
(CP000479.1), respectively.

In order to complement the phenotypic traits pre-
viously reported for M. simiae [10], we observed
106 M. simiae cells by electron microscopy as pre-
viously described [33]. Briefly, M. simiae cells
were deposited on carbon-reinforced Formvar-
coated grids and negatively stained with 1.5 (w:v)
phosphotungstic acid (ph 7.0). The grids were ex-
amined using a Hitachi HU-12 electron micro-
scope (FEI, Lyon, France) at 89x magnification. No
phage was observed in M. simiae DSM 44165 T cul-
tures. M. simiae cells measured 1,226 nm in length
and 594 nm in width of (Figure 2).

Matrix-assisted laser-desorption/ionization time-
of-flight (MALDI-TOF) MS protein analysis was
carried out as previously described [34]. The M.
simiae spectra were imported into the MALDI Bio
Typer  software (version 2.0,  Bruker,

Wissembourg, France) and analyzed by standard
pattern matching (with default parameter set-
tings) against the main spectra of 3,769 bacteria,
including spectra from 79 validly named mycobac-
terial species used as reference data, in the Bio
Typer database (updated March 15th, 2012). The
method of identification includes the m/z from
3,000 to 15,000 Da. For every spectrum, 100
peaks at most were taken into account and com-
pared with the spectra in the database. For M.
simiae DSM 44165 T, the score obtained was 1.7,
matching that of M. simiae 423-B-1-2007-BSI thus
suggesting that our isolate was a member of a M.
simiae species. We incremented our database with
the spectrum from M. simiae DSM 44165 T (Figure
3).

Genome sequencing and annotation
Genome project history

M. simiae is the first member of the M. simiae spe-
cies complex for which a genome sequence has
been completed. This organism was selected to
gain understanding in the genetics of M. simiae
complex in detail (Table 2).

5000

Figure 2. Electron microscopy graph of M. simiae DSM 44165"
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Figure 3. Reference mass spectrum from M. simiae strain DSM 44165. Spectra from 5 individual colonies were com-

pared and a reference spectrum was generated.

Table 2. Project information

MIGS ID Property Term
MIGS-31 Finishing quality High-quality draft
MIGS-28 Libraries used One 454 paired end 3-kb library
MIGS-29 Sequencing platforms 454 GS FLX Titanium
MIGS-31.2  Fold coverage 15.33
MIGS-30 Assemblers Newbler version 2.5.3
MIGS-32 Gene calling method Prodigal
EMBL-EBI/NCBI project ID ~ PRJEB1560
EMBL-EBI/Genbank ID CBMJ020000001-CBMJ020000359
EMBL-EBI Date of Release  June 27, 20113
MIGS-13 Source material identifier DSM 44165"

Project relevance

Pangenome of opportunistic mycobacteria
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Growth conditions and DNA isolation

M. simiae strain DSM 44165 T was grown in 7H9
broth (Difco, Bordeaux, France) enriched with
10% OADC (oleic acid, bovine serum albumin,
dextrose and catalase) in 8-mL tubes at 37°C. The
culture was centrifuged at 8,000 g for 10 min, the
pellet was resuspended in 250 pL of phosphate
buffered saline (PBS) and inactivated by heating at
95°C for one h. The sample was then transferred
into a sterile screw-cap Eppendorf tube containing
0.3 g of acid-washed glass beads (Sigma, Saint-
Quentin Fallavier, France) and shaken using a Bio
101 Fast Prep instrument (Qbiogene, Strasbourg,
France) at level 6.5 (full speed) for 45 s. The su-
pernatant was incubated overnight at 56°C with
25 pL proteinase K (20 mg/ml) and 180 pL T1
buffer from the Nucleospin Tissue Mini Kit
(Macherey-Nagel, Hoerdt, France). After a second
mechanical lysis and a 15 min incubation at 70°C,
total DNA was extracted using the NucleoSpin Tis-
sue Mini kit (Macherey-Nagel, Hoerdt, France).
The extracted DNA was eluted into 100 pL of elu-
tion buffer and stored at -20°C until used.

Genome sequencing and assembly

The concentration of the DNA was measured using
a Quant-it Picogreen kit (Invitrogen) on the Genios
Tecan fluorometer at 79.36 ng/ul. A 5 pug quantity
of DNA was mechanically fragmented on the
Covaris device (KBioScience-LGC  Genomics,
Teddington, UK) through miniTUBE-Red 5Kb. The
DNA fragmentation was visualized in an Agilent
2100 BioAnalyzer on a DNA labchip 7500 with an
optimal size of 3.57kb. The library was constructed
according to the 454 Titanium paired end protocol
(Roche, Boulogne-Billancourt, France). Circulariza-
tion and nebulization were performed to generate a
pattern with an optimum at 415 bp. After PCR am-
plification through 17 cycles followed by double
size selection, the single stranded paired end li-
brary was quantified on the Quant-it Ribogreen kit
(Invitrogen) on the Genios_Tecan fluorometer at
865pg/uL. The library concentration equivalence
was calculated as 1.91E+09 molecules/uL. The li-
brary was stocked at -20°C until used. The library
was clonally amplified with 0.5 cpb in 2 emPCR re-
actions with the GS Titanium SV emPCR Kit (Lib-L)
v2 (Roche, Boulogne-Billancourt, France). The yield
of the emPCR was 20.2%, which is somewhat high
compared to the range of 5 to 20% from the Roche
procedure. A total of 790,000 beads were loaded on
the GS Titanium PicoTiterPlate PTP Kit 70x75 and
sequenced with a GS Titanium Sequencing Kit

XLR70 (Roche, Boulogne-Billancourt, France). The
run was done overnight and analyzed on the clus-
ter through the gsRunBrowser and
gsAssembler_Roche. A total of 241,405 passed filter
wells were obtained and generated 88.64Mb with
an average 367 bp length. The passed filter se-
quences were assembled on the gsAssembler
(Roche, Boulogne-Billancourt, France), with 90%
identity and 40 bp as overlap, yielding one scaffold
and 338 large contigs (>1,500 bp), generating a ge-
nome size of 5.78 Mb, which corresponds to a cov-
erage of 15.33 x genome equivalents.

Genome annotation

Open reading frames (ORFs) were predicted using
Prodigal [35,36] with default parameters. The pre-
dicted bacterial protein sequences were searched
against the NCBI NR database, UNIPROT [37] and
against COGs [38] using BLASTP. The ARAGORN
software tool [39] was used to find tRNA genes,
whereas ribosomal RNAs were found by using
RNAmmer [40] and BLASTn against the NR data-
base. Proteins were also checked for domain using
a hidden Markov model (HMM) search against the
PFAM database [41]. The Tandem Repeat Finder
was used for repetitive DNA prediction [42]. The
prophage region prediction was completed using
PHAST (PHAge Search Tool) [43]. CRISPRs were
found using the CRISPER finder [44].

The antibiotic resistance genes were annotated us-
ing. The CAZYmes, which are enzymes involved in
the synthesis, metabolism, and transport of carbo-
hydrates were annotated using CAZYmes Analysis
Toolkit (CAT) (mothra.ornl.gov/cgi-
bin/cat.cgi?tab=CAZymes)

Genome properties

M. simiae strain DSM 44165 T genome consists of a
5,782,968-pb long (65.15% GC content) chromo-
some without plasmids (Figure 4). Table 3 pre-
sents the nucleotide content and gene count levels
of the genome and the distribution of genes into
COGs functional categories is presented in Table 4.

The genome contains three rRNA (5S rRNA, 23S
rRNA and 16S rRNA), 52 tRNA genes with one
transfer-messenger RNA (tmRNA) and 5,727 ORFs
with 4,673 ORFs (81.6%) having at least one
PFAM domain. The properties and the statistics of
the genome are summarized in Table 3. Of the
coding sequences, 66% could be assigned to COG
families (Table 4).
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Table 3. Nucleotide content and gene count levels of the genome

Attribute Value % of total®
Genome size (bp) 5,782,968 100
DNA coding region (bp) 5,072,379 87.71
DNA G+C content (bp) 3,767,609 65.15
Number of replicons 1

Extrachromosomal elements 0

Total genes 5,782 100
RNA genes 55 0.95
Protein-coding genes 5,727 99.04
Genes with function prediction 4,673 81.6
Genes assigned to COGs 4,105 71,67
Genes with peptide signals 377 6.58
Genes with transmembrane helices 1,144 19.97
CRISPR repeats 15

a) The total is based on either the size of the genome in base
pairs or the total number of protein coding genes in the anno-

t

Table 4: Number of genes associated with the 25 general COG functional categories

ated genome

Code  Value % age®  Description
] 157 2.74 Translation
A 1 0.02  RNA processing and modification
K 410 7,16 Transcription
L 171 2.99  Replication, recombination and repair
B 2 0.03  Chromatin structure and dynamics
D 34 0.59  Cell cycle control, mitosis and meiosis
Y 0 0  Nuclear structure
\% 41 0.72  Defense mechanisms
T 169 2.95  Signal transduction mechanisms
M 162 2.83  Cell wall/membrane biogenesis
N 48 0.84 Cell motility
z 0 0  Cytoskeleton
w 0 0  Extracellular structures
U 23 0.40 Intracellular trafficking and secretion
@) 132 2.30  Posttranslational modification, protein turnover, chaperones
C 400 6.98  Energy production and conversion
G 212 3.70  Carbohydrate transport and metabolism
E 151 2.64  Amino acid transport and metabolism
F 11 0.19  Nucleotide transport and metabolism
H 158 2,76 Coenzyme transport and metabolism
I 418 7,30 Lipid transport and metabolism
P 192 3,35  Inorganic ion transport and metabolism
Q 433 7,56 Secondary metabolites biosynthesis, transport and catabolism
R 656 11,45  General function prediction only
S 291 5,08 Function unknown
1622 1,25 Not in COGs

a) The total is based on the total number of protein coding genes in the annotated genome.
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The draft M. simiae genome has 389 DNA repeti-
tive sequences and contains a 40-kb prophage like
region with attachment sites. Two prophage like
elements sized 7 kb and 8 kb containing six and 12
phage-like proteins respectively. A total of 15
questionable CRISPRs (Clustered Regularly Inter-
spaced Short Palindromic Repeats) were found
and three genes encoding resistance to aminogly-
cosides, betalactamines and Macrolide-
Lincosamide-StreptograminB (Table 3) were an-
notated. M. simiae DSM 441657 showed the pres-
ence of 163 Carbohydrate-Active Enzymes genes
belonging to 36 CAZy family (supplementary data
S1).

Color Key

Analysis of the distribution of M. simiae ORF size
revealed 11 ORFs > 5,000-pb, including two ORFs
> 10,000-pb: a 12,942-bp ORF showed 77% simi-
larity with a M. avium 104 gene encoding a linear
gramidicin synthase subunit D; a 14,415-bp ORF
showed no similarity with NR database. We veri-
fied the open reading frames of the two ORFs us-
ing ORFs finder online software [45] and found
that these ORFs encode 4,313 and 4,804 amino
acids proteins respectively. A heatmap based on
the distribution of ORFs sizes in M. simiae and five
other genomes was done in R [46], which clusters
M. simiae with M. abscessus and M. smegmatis, in-
dicating that the three genomes have similar ORFs
size distribution (Figure 5).

M.smegmatis

M.abscessus

M.simiae

Mycobacterium

M.tuberculosis_ H37Rv

M.bovis

M.avium_paratuberculosis

= I 0w wWwaoom<oO
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Figure 5. Heatmap of the ORFs size distribution of M. simiae compared with 5 other Myco-

bacterium genomes.

314

Standards in Genomic Sciences



Sassi et al.

Recent evidence shows that mycobacteria have
developed novel and specialized secretion sys-
tems for the transport of extracellular proteins
across their hydrophobic, highly impermeable, cell
wall [47]. M. tuberculosis genomes encode up to
five of these transport systems, and ESX-1 and
ESX-5 systems are involved in virulence [47]. In
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The rapidly growing Mycobacterium septicum rarely causes pulmonary infections. We report here the draft genome sequence of
M. septicum strain DSM 443937, isolated from catheter-related bacteremia and initially identified as a member of Mycobacte-

rium fortuitum.
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he rapidly growing Mycobacterium septicum is found in water

environments (1, 2). M. septicum rarely causes pulmonary in-
fections (3, 4) but the name was coined after its initial isolation
from the blood of a patient with catheter-related bacteremia,
when it was identified as a member of the Mycobacterium fortui-
tum group (5). In order to get further knowledge on this group of
mycobacteria, we report here the first draft genome sequence of
M. septicum strain DSM 44393T.

The M. septicum genome was sequenced using the 454 GS FLX
Titanium pyrosequencing system (Roche, Boulogne-Billancourt,
France). The 454 sequencing generated 371,276 reads
(142,575,954 bp), assembled into contigs and scaffolds using
Newbler version 2.6 (Roche) and checked using CLC Genomics
Workbench v 4.7.2 (CLC bio, Aarhus, Denmark). Functional an-
notation was achieved using Prodigal (6) and BLASTp searches
against the National Center for Biotechnology Information
(NCBI) nonredundant (NR), UniProt (http://www.uniprot
.org/), and COG databases (7). tRNA and rRNA genes were pre-
dicted using Aragorn and RNAmmer, respectively (8, 9).

M. septicum strain DSM 44393T comprises 173 contigs (includ-
ing 159 contigs of >1,500 bp) in 7 scaffolds. The draft genome size
is 6,879,294 bp, with 66.73% G+ C content. There are 56 RNAs. Of
the 6,748 predicted genes, 6,692 (92.63%) are protein-coding
genes, including 4,752 (71.01%) genes assigned to a putative func-
tion, 1,381 genes (20.64%) annotated as hypothetical proteins,
and 199 (2.97%) genes identified as ORFans. We found 178 genes
encoding resistance to aminoglycosides, 3-lactamases, fosfomy-
cin, fucidic acid, fluoroquinolones, macrolide-lincosamide-
streptogramin B, phenicol, rifampin, tetracycline, trimethoprim,
and glycopeptides. A total of 119 type VII secretion system pro-
teins were annotated by comparison with reannotated Mycobac-
terium tuberculosis strain H37Rv. The M. septicum genome en-
codes 487 prophages and phage proteins and 11 clustered
regularly interspaced short palindromic repeats (CRISPRs),
according to the fast phage search tool (Phast) (10) and the
CRISPERfinder online software program (http://crispr.u-psud
fr/Server/).

M. fortuitum members were determined to be the closest spe-
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cies to M. septicum based on the 16S rRNA gene sequence similar-
ity. Accordingly, M. septicum presents 83.32% nucleotide se-
quence identity of core proteins with M. fortuitum subsp.
fortuitum, confirming that these are two distinct species within the
same group of mycobacteria (11). We identified 5,977 ortholo-
gous genes shared between M. fortuitum subsp. fortuitum and
M. septicum. Also, 715 genes present in M. septicum are not found
in M. fortuitum. These data could serve to set up new molecular
tools for the refined identification of M. septicum in both environ-
mental and clinical specimens to identify precise epidemiological
and clinical features associated with this emerging opportunistic
pathogen.

Nucleotide sequence accession number. This whole-genome
shotgun project has been deposited at DDBJ/EMBL/GenBank un-
der the accession no. CBMO00000000.1. The version described in
this paper is the first version.
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« Non, la science n’est pas une illusion. Mais ce serait
une illusion de croire que mnous puissions trouver

ailleurs ce qu’elle ne peut pas nous donner »

Sigmund Freud



