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Avant propos

Le format de présentation de cette thése correspond a une recommandation
de la spécialité Maladies Infectieuses et Microbiologie, a I'intérieur du
Master de 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 imposées et qui comportent un format de these utilisé
dans le Nord de I'Europe permettant un meilleur rangement que les theses
traditionnelles. Par ailleurs, la partie introduction et bibliographie est
remplacée par une revue envoyée dans un journal afin de permettre une
évaluation extérieure de la qualité de la revue et de permettre a I'étudiant de
le commencer le plus tot possible une bibliographie exhaustive sur le
domaine de cette these. Par ailleurs, la thése est présentée sur article publié,
accepté ou soumis associé d’'un bref commentaire donnant le sens général
du travail. Cette forme de présentation a paru plus en adéquation avec les
exigences de la compétition internationale et permet de se concentrer sur

des travaux qui bénéficieront d’une diffusion internationale.

Professeur Didier RAOULT
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Résumé

La compréhension de I'évolution des génomes est un des enjeux clé de la
biologie actuelle. Cela induit l'identification des événements génétiques
affectant les génomes au cours du temps, mais aussi la détermination des
relations entre les génomes, les phénotypes et I'environnement des
organismes.

Nous avons rédigé une revue de la littérature consacrée a la contribution de
la génomique dans la compréhension de la diversité, de I'évolution et des
causes génétiques de phénotypes d'un super-phylum bactérien appelé
super-phylum PVC (pour Planctomycetes, Verrucomicrobiae et Chlamydiae).
Ces bactéries proviennent d'environnements variés et présentent des
caractéristiques phénotypiques particulieres, dont certaines ne sont
retrouvées que dans ce groupe. Les analyses génomiques ont révélé la
grande diversité de ces especes, mais ont aussi permis de reconstruire
I'évolution de leurs génomes et dans certains cas, d'expliquer I'apparition de
phénotypes particuliers. Plusieurs caractéristiques morphologiques ou

physiologiques restent cependant mal expliquées, que ce soit leur origine ou



leur évolution, entre autre a cause du manque de données disponibles. Une
partie de notre travail était consacré a I'étude de I'évolution et de I'impact de
la présence d'un plan cellulaire particulier chez les bactéries PVC. Ce plan
cellulaire est sujet a différentes interprétations et induirait la
compartimentation des cellules en deux régions distinctes dont I'une
contiendrait le nucléoside. Les résultats obtenus semblent indiquer que cette
caractéristique n'induit pas une protection des génomes bactériens vis a vis
des transferts de génes horizontaux, comme on pourrait le supposer, sa
fonction reste donc pour l'instant indéfinie. En revanche les observations
microscopiques réalisées sur deux especes ont permis de mieux
appréhender I'évolution de ce plan cellulaire. Nous avons, de plus, détecté
une contribution de I'environnement concernant la sélection des genes
transférés. Il semblerait que les genes transférés soient en effet sélectionnés
selon leurs fonctions par les différents environnements.

Nos travaux ont donc permis d'améliorer la compréhension des relations
entre I'évolution, les phénotypes et I'environnement, en particulier chez les
bactéries du super-phylum PVC, fournissant ainsi de nombreuses pistes de

travail qui pourront étre approfondies dans le futur.



Abstract
The comprehension of genomes evolution is a key issue of modern biology.
This induces the identification of genetic events occurred in history of
genomes and also the determination of relations between the genomes,
phenotypes and environments. We wrote a review dedicated to the genomic
contribution in comprehension of diversity, evolution and genetic causes of
phenotypic features, in a bacterial super-phylum named PVC (for
Planctomycetes, Verrucomicrobiae and Chlamydiae). These bacteria are
distributed in varied environments and present specific phenotypic
characteristics, whom some of them are identified only in this group.
Genomic analyzes revealed the important diversity of these species and
allow also to reconstruct the genomes evolution and, in some cases, to
explain the presence of specific phenotypes. Due to the lack of information,
it is difficult to define the origins and evolution of all specific phenotypes.
One part of our work was dedicated to the study of evolution and impact of
one of this phenotype, the special cell plan detected in PVC bacteria. This
original cell plan is subject to different interpretations and induces the

compartmentalization of cells in two different regions, whom one containing



the nucleoid. Our results indicate that this feature has probably no role in the
protection of bacterial genomes against horizontal genes transfers, so, its
function is still unknown. Microscopic observations of two species from PVC
super-phylum permit to better understand the evolution of the special cell
plan. The environment seems to contribute in the genomes evolution, by
selection of genes transferred. Genes transferred are probably selected
according to their functions by the different environments.

Our works allowed to improve the knowledge about relations between
evolution, genomes, phenotypes and environment, especially in bacteria

from PVC super-phylum, providing new information for future works.



Introduction

La génomique est aujourd’hui un domaine en pleine expansion, fortement
favorisée par des méthodes de séquencage a haut débit de plus en plus
perfectionnées, elle donne accés a un nombre croissant de données
concernant I'ensemble des génomes. L'exploitation de toutes ces
informations nécessite le développement de méthodes d’analyse et de
comparaison des génomes diverses et variées qui révelent I'impressionnante
diversité des espéces et souches bactériennes (1-3). Cette diversité au sein
des bactéries est liée a la grande plasticité de leurs génomes, fruits des
combinaisons complexes entre de multiples événements génétiques ayant
eu lieu au cours du temps. En effet, chague génome est une mosaique sans
cesse réorganisée de différentes d’ADN transmis verticalement mais aussi
horizontalement, perdus ou dupliqués (4). L'identification des événements
génétiques est donc un enjeu important dans la compréhension de la
complexité des génomes. La reconstruction de I'évolution des génomes
bactériens qui en découle, permet non seulement de comprendre d'ou

proviennent ces génomes mais aussi d'identifier les causes de



caractéristiques physiologiques ou morphologiques observées chez les

bactéries.

Au début des années 2000, de nombreuses bactéries ou phyla restaient
encore mal connues du fait de la difficulté de les cultiver, la génomique a
donc permis I'étude de ces différentes especes. Un grand nombre de
bactéries du super-phylum PVC (Planctomycetes, Verrucomicrobiae et
Chlamydiae) ont donc été révélées ces derniéres années, telles que de
nombreuses Verrucomicrobiae (5-7) ou les phyla mineurs Lentisphaera,
Poribacteria, WWE2 ou Omnitrophica (8) qui n'ont attisés que tres
récemment l'intérét des chercheurs. Ces données ont ainsi permis de mieux
appréhender I’évolution complexe de ce super-phylum. En effet, les
bactéries PVC, assez variées au niveau des habitats et des modes de vies,
présentent des caractéristiques phénotypiques particulieres, dont quelques
une sont spécifiques a ce super-phylum (9-11). L'évolution des génomes est
donc un élément clé pour mieux comprendre la présence de ces différentes

caractéristiques.
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L'objectif principal de ce travail de these était donc de mieux appréhender
I'évolution des génomes et de déterminer leurs relations avec les
caractéristiques phénotypiques et les environnements des bactéries. Nous
nous sommes intéressés en particulier au super-phylum PVC puisqu'il
comporte des bactéries aux environnements et aux phénotypes variées, ce
gui en fait un bon modele pour I'étude de I'évolution des génomes. Dans un
premier temps, la revue présente les différents travaux de génomiques
consacrés a ces bactéries. Ces travaux ont démontré la grande diversité des
bactéries de ce super-phylum, menant au séquencage de 240 génomes
(principalement Planctomycetes, Verrucomicrobiae et Chlamydiae) mais
aussi a l'identification de nombreux fragments de séquences provenant de
bactéries encore non caractérisées dans les banques de données. Quatre
publications ont été consacrées a la détection des événements génétiques,
et plus particulierement aux transferts latéraux de matériel génétiques,
chez les bactéries PVC. La synthése des informations obtenues permet ainsi
de dessiner I'évolution du super-phylum. La génomique apporte aussi des
informations intéressantes concernant les origines et |’évolution des

caractéristiques phénotypiques particulieéres des bactéries du super-phylum
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PVC, en particulier a propos de la présence d'une hypothétique membrane
intra-cytoplasmique chez certaines bactéries. Cette hypothétique membrane
intra-cytoplasmique, identifiée chez les Planctomycetes, certaines
Verrucomicrobiae, une Lentisphaera et les Poribacteria (12-15), entrainerait
la compartimentation des bactéries en deux régions distinctes dont I'une
contiendrait le nucléoside. La compartimentation de ces bactéries est en fait
le theme principal du premier article de cette thése. La question testée au
cours de ce travail étant de savoir si la présence d'une compartimentation
chez les bactéries protege leur ADN contre les transferts de genes, et si oui
par quels moyens. Il s'agit ici non plus de déterminer la cause d'une
caractéristiqgue phénotypique mais au contraire d'observer les possibles
conséquences d'un phénotype sur I'évolution des génomes. Des
observations microscopiques ont donc été réalisées sur les bactéries dont le
plan cellulaire était inconnu ; Cela a permis de reconstituer de maniere plus
précise |I'évolution de ce caractere au fil du temps. Une méthode d'analyse
phylogénomique a ensuite était mise en place afin de détecter les transferts
horizontaux de matériel génétique chez les bactéries PVC, particulierement

celles présentant une membrane intra-cytoplasmique. Des bactéries
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phylogéntiquement proches ont aussi été analysées afin de pouvoir
comparer bactéries compartimentées ou non. Aucune différence
significative entre les bactéries compartimentées et les bactéries non
compartimentées n'a pu étre identifiée, tendant a prouver que la membrane
intra-cytoplasmique ne constitue pas une protection efficace contre les
transferts de genes. Certaines observations intéressantes ont cependant pu
étre faites, telles que le taux important de transferts entre les Chlamydiae et
les plantes ou les différences de fonctions des genes transférés, non pas
selon la structure des bactéries mais selon leur environnement. Cette
constatation nous a donc amené a élargir notre étude, en nous interpellant
sur les possibles effets de I'environnement des bactéries sur I'évolution de
leurs génomes, c'est le theme du deuxieme article présenté. Les bactéries
déja étudiées ont été triées en fonction de leur environnement et de leurs
style de vie (intracellulaire ou extracellulaire, isolée ou en communauté) et
différentes caractéristiques propres aux genes transférés ont été étudiées.
La quantité de HGT et la proportion de genes due a des transferts au sein des
génomes bactériens ont été comparées et analysées. Puis nous nous

sommes intéressés aux partenaires des transferts de genes ainsi qu'a leurs
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fonctions, dans le but de détecter une possible sélection par
I’environnement. Nous avons pu constater que les bactéries intracellulaires
présentent de fortes diminutions du nombre de transferts, sauf si elles sont
contenues dans des amibes comme cela été déja prouvé (16, 17). De plus les
bactéries échangent plus avec les bactéries provenant de leur propre
environnement, indépendamment des liens phylogénétiques existants. Enfin
I'environnement semble bien affecter la sélection des genes transférés,
puisque plusieurs fonctions sont significativement surreprésentées dans les
HGT de bactéries provenant de certains environnements comparé aux autres

bactéries.
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Abstract

An important amount of data was acquired about bacterial genomes since
the first genome sequenced in 1995. These data lead to the reconstruction
of the evolution of bacterial genomes contents, allowing to understand the
diversity and origins of genomes, but also the causes of phenotypical
features. The PVC (Planctomycetes, Verrucomicrobiae, Chlamydiae) super-
phylum contains bacteria with varied environments and lifestyles. These
bacteria present several unusual features, inducing a special interest for the

evolution of their genomes contents.

The genomic studies on PVC bacteria allow to understand the diversity of
these bacteria: 240 genomes have been sequenced since 2007; additionally
lots of 16S fragments different from those of bacteria already described in
databases were also identified, showing that we know only a very low
proportion of all of these bacteria. New phyla were also identified, as
Omnitrophica, WWE2, ... Among all the genomic studies dedicated to these
bacteria, four were dedicated to the different genetic events occured during
the evolution. The comparison of these studies permitted to better

understand the genomes content evolution in the PVC super-phylum. Some
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genomic works also contributed in the debate about the unusual features of
PVC bacteria. For example, the detection of outer membrane protein typical
from Gram negatives bacteria by sequence similarity is an interesting
argument concerning the question of a possible compartmentalization of

Planctomycetes, Verrucomicrobiae, Poribacteria and Lentisphaerae.
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Introduction

In the last years, the important increase of the genomic studies, favored by
sequencing methods more and more precise, allowed the acquisition of an
incredible amount of information. The analysis and comparison of these data
reveal the important diversity of the bacteria and allow also the detection of
genetic events occurred during bacterial genomes history, leading to the
reconstruction of genomes contents evolution. The reconstruction of
evolution show that each genome is a mosaic of genetic material inherited
vertically and horizontally from varied sources, also affected by gene loss
and duplication (1) (Figure 1). Genomic data are also used to answer
guestions about genetic causes of physiological or morphological features
(2,3). Among all bacteria, we chose to work on the super-phylum PVC
(Planctomycets, Verrucomicrobiae and Chlamydiae), in one hand for its
important diversity and recent metagenomic studies and in other hand for
its specific features (for example, the gain of C1 enzyme activity (4) or the
possible loss of peptidoglycan (5,6,7,8) in some Verrucomicrobiae...) (Figure

2).
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1) Genomes available and sequencing projects

The PVC superphylum comprises today 240 complete genomes (counting the
different strains of a same species) (9) distributed in the 3 main phyla:
Chlamydia (180 genomes), Planctomycetes (28 genomes), Verrucomicrobiae
(31 genomes) and 1 minor phyla, Lentisphaerae (1 genome). The special
interest in Chlamydiae is related to the pathogenicity of these bacteria. Lots
of other sequencing projects are in progress today, some of them concern
bacteria of the 3 main phyla and the others are dedicated to bacteria from
minor phyla little studied (Omnitrophia (OP3), Poribacteria and WWE2).

The interest of research community in this super-phylum is really recent, the
sequencing began in 2007 with 26 phyla sequenced during this year
(especially the different strains of Chlamydia trachomatis). The year 2012
was important for genomic of PVC bacteria, with 89 genomes sequenced
(whose 75 genomes from strains of C.trachomatis and Chlamydia psitacci).

The latest 2 years present less genomes sequenced with only 28 in 2014.

19



2) The genomes evolution

1. Genomes evolution and extrinsic constraints: the important
diversity of PVC bacteria revealed by genomic
Several metagenomic studies have been realized with a special interest in
PVC bacteria detection, these works increase our knowledge about the
diversity of the bacteria in this super-phylum.
The Verrucomicrobiae were identified thanks to 16S RNA in varied
environments (water, soils, plants...) : Bergmann et al (10) proved that these
bacteria dominate several bacterial communities (grasslands, soils...), it is
also supported that Verrucomicrobiae compose 10% of soil bacterial
communities (11). Freitas et al (12) determined also that Verrucomicrobiae
are ubiquitous in marine environments. Metagenomic study of the
Rhizosphere by Kielak et al in 2009 (13) permitted the detection of several
new sequences of 16s RNA related to Verrucomicrobiae, proving that the
species already known formed only a little proportion of the phylum. Other
studies, as research of Verrucomicrobiae in extremes environments (14) and
freshwater (15), led also to identify numerous new samples of

Verrucomicrobiae that will be studied in the future.
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The habitats of Planctomycetes are less varied than Verrucomicrobiae
but this phylum remain represented in lots of bacterial communities. A study
realized by Shu et al in 2008 (16) about Planctomycetes in surface seawater
and sediments demonstrate that 50% of the sequences identified are
different from Planctomycetes sequences already known. So a large part of
Planctomycetes diversity is still unknown. Another works allow the
identification of new Planctomycetes sequences in varied environments
(Bondoso et al (17) for microalgae, Cayrou et al (18) in human gut, Dedysh
(19) for acidophilic Planctomycetes, Chouari at al (20) for Wastewater and
Brummer (21) et al for fresh water biofilms).

Chlamydia are the most studied bacteria due to their pathogenicity,
however, the recent genomic studies focused more on one species of
Chlamydia than on their diversity in the different environments. Some
metagenomic works were realized, for example Pizzeti et al in 2012 (22), in
the Tyrrhenian coastal lake, but the proportion of unknown species in
Chlamydia seems to be less important than in the two previous phyla.

The Lentisphaera were not very well-known today and represent only

1 % of the bacteria in oceans. This phylum contains only 4 characterized
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species distributed in 3 families (Lentisphaeraceae, Victivallaceae and
Oligosphaeraceae) (23). Two metagenomic studies, realized by Chouari et al
and published respectively in 2003 and 2005 (20, 24), allowed to identify
another monophylogenetic bacterial group possibly associated to
Lentisphaera, the WWE2 group. In 2010 Limam et al (25) proved the
important diversity of this WWE2 group and two subgroups were
determined.

The Poribacteria form an independent monophyletic phylum, these
bacteria are symbionts of some marine sponges. One of their strain has a
genome sequenced to two-thirds today (26) and lots of segments obtained
present a high similarities with sequences from Rhodopirellula baltica (27).

The phylum Omnitrophica (previously known as OP3), is only
composed of bacteria known by their 16S RNA and three fragments
identified by Glockner et al in 2010 (28). These 16S RNA allow to identify 5
subdivisions and they present a rate of divergence inferior to those of other
bacteria, inducing a low phylogenetic deep in these bacteria. In the 3
fragments of genomes detected, numerous sequences present a best hits

with the sequences from Deltaproteobacteria. However, the frequencies of
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tri-tetra nucleotides are uniformly distributed along the sequences, so these
ortholog of deltapreoteobacterial genes were probably acquired by ancient
HGT or are the results of a convergent evolution caused by a similar lifestyle
(based on anaerobic respiration in anoxic environment). Some other phyla
are possible candidates as members of PVC super-phylum, bacteria OD1,
BRC1 and NBL-UPA2 (24).

The PVC bacteria are present in an important quantity of
environments, so their genomes have probably been affected by lots of
variations since the last common ancestor, allowing the adaptation to
different conditions. These bacteria represent an important community of
bacteria that should studied deeper to better understand activities in
microbial communities.

2. Genomes evolution and Intrinsic constraints : genetic events and
variations revealed by genomic

The genomic studies allow to detect the genetic events occurred
during bacterial history, inducing the reconstruction of the evolution of
genomes contents in PVC superphylum (Figure 1). Four works were

especially interested in the evolutionary analysis of PVC genomes : first,
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study of Kamneva et al in 2010 (29) is a work focused on indel in PVC
genomes. This work gives a first sight into the PVC evolution, 17 species are
studied. 12% of branches of the phylogenies are under positive selection of
indel (more integration than deletions), few branches present also negative
selection. A total of 37365 insertions and 53557 deletions was detected, the
medium length of indel was 3.77/3.22 amino acids by protein, respectively.
The three other papers are dedicated to the detection of different genetic
events that occurred during the PVC evolution. A work realized by Kamneva
in 2012 (30) discusses about all genetic events, a project of Pinos et al (paper
submitted) focuses on the detection of HGT between PVC and other
bacteria. Fuschman et al (31) were interested to determine the proportion of
proteins in PVC bacteria that are similar to eukaryote or archaea proteins.
We describe briefly the content of these studies and determine the common
point characterizing the PVC genomes evolution. Kamneva et al used 26
species in order to determine the rates of the different genetic events
occurred along the evolution of PVC super-phylum. In their study, Pinos et al
worked on 33 species in order to detect HGT between PVC bacteria or their

ancestors and the other bacteria. They also used 31 control bacteria from
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phyla Bacteroidetes-Chlorobi and Spirochaetes in order to compare the HGT
rate in the different phyla. Fuchsman et al used more diversified genomes
with 134 bacterial genomes blasted against 32 genomes of eukaryotes and
archaea in order to determine if Planctomycetes or Verrucomicrobiae
exchange more with eukaryotes and archaea than other bacteria (as it was
suggested by Glockner et al in 2003) or not (as it was assumed by Staleyi et
alin 2006).

Kamneva et al reconstructed the history of PVC bacteria and determined
that the common ancestor of these bacteria should count approximately
3106 genes. However, as we seen in the first part, the number of genomes
available increased a lot since 2012, so this approximation should be
modified.

The evolution of Planctomycetes is characterized by the expansion of their
genomes whereas the evolution of Verrucomicrobiae and Lentisphaera is a
balance between the expansion and the reduction of genomes. The
Planctomycetes, Lentisphaerae and Verrucomicrobiae have HGT proportions

similar to those of control bacteria.

25



Chlamydial evolution is marked by the reduction of genomes due to a
significantly low gain rate compared to other bacteria, especially in the
intracellular species isolated from other microorganisms. The gain rate
detected is low due to the important decrease of HGT rate in Chlamydia,
probably related to their physical isolation from other microorganisms. The
decrease of genomic material in these bacteria is consistent with previous
studies showing the prevalence of the genome reduction in evolution of
intracellular bacteria (32, 33).

Some functions of HGT were identified in the two studies, a high level of
HGT of Chlamydia are dedicated to cellular motility, a high level of HGT of all
PVC bacteria are implicated in transduction signal and amino acid
metabolism. Kamneva et al also identified an important quantity of HGT
implicated in lipid metabolism, membrane transport and carbohydrate
metabolism. Pinos et al identified more transferred genes implicated in
Transcription, cell wall/envelop biogenesis and posttranslational
modifications/proteins turnover.

Concerning the partners of transfers, bacterial recurrent partners were

identified in Kamneva and Pinos studies : the Proteobacteria, Desulfovibrio

26



vulgaris, Sorangium cellulosum and Candidatus Solibacter usitatus are
common partners for recent HGT. The ancestor of PVC seems to exchange
more with Acidobacteria than other bacteria (Acidobacteria are mostly
detected in soil, so this observation could be an indication of the
environment of PVC ancestor). Kamneva et al identified also three
important ways of HGT between PVC bacteria, Pirellula staleyi with
Blastopirellula marina, Planctomyces maris (also called Gimesia maris) with
Planctomyces brasiliensis and Planctomyces limnophilus. In their results
Pinos et al observed an important exchange of genes between Chlamydia
and the Eukaryotes, especially in ancient nodes. This observation is
consistent with the existing literature dedicated to transfers between plants
and Chlamydia (34,35) that supports a role of Chlamydia in Chloroplast
endosymbiosis. Some bacteria present also a significantly higher HGT rate
with Archaea than other bacteria, l.pallida, C.flavus, CK.stuttgartiensis and
L.araneosa. This important exchange of genes between CK.stuttgartiensis
and Archaea has already been detected by Fuchsman et al in 2006.

These studies give us a general idea of genomes content evolution in PVC

super-phylum and their interaction with environment. However, the
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genomes of PVC is not very well known, we saw in the first part that lots of
bacteria need to be sequenced, especially bacteria from minor phyla.
Additionally, the genomes of Planctomycetes and Lentisphaera are enough
enigmatic, with only 60% to 54% and 49% of protein associated to a specific
function, that is really low compared to other bacteria (72% to 65%) (36, 37).
These lack induces a limited reliability for the results obtained. So, in the
future, it could be interesting to determine the genes functions thanks to
biochemical methods. Associated with the results of genomes sequencing
projects, these data will give us a new light concerning the evolution of PVC

super-phylum.

3) Genomes evolution and Phenotypic features (Figure 2)

The bacteria of the PVC super-phylum show genetic and cellular features
unusual for bacteria: a special cell plan in Verrucomicrobiae, Lentisphaera,
Poribacteria and Planctomycetes (38, 39), absence of tubulin like protein
FtsZ in Planctomycetes and Chlamydia (40, 41), crateiform surface and

budding reproduction (42) in Planctomycetes and some specific enzymatic
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activities (amonium oxydation in anammox bacteria (43)or C1 enzyme
activity in Methylacidiphilales (4)) .

In some cases, the genomic can be used to determine the causes of these
different physiological and morphological characteristics. For example, the
C1 enzyme activity is due to a transfer between Archaea and some
Planctomycetes and Verrucomicrobiae, followed by an degradation of these
genes in Planctomycetes leading to a detection of the C1 Enzyme activity
only in the Verrucomicrobiea Methylacidiphilum (4) . Another example is the
loss of peptidoglycan in some Verrucomicrobiae from Opitutaceae group,
this loss was related to the loss of one protein implicated in the pathway of
peptidoglycan biosynthesis (5-8). The FtsZ, an essential protein for cellular
division, is missing in Planctomycetes and Chlamydiae, indicating a special
cellular division. This absence is a consequence of two independent losses of
the gene for FtsZ protein (44). However, the origin of some PVC features are
not still resolved. For example the genomic causes of a special cell plan in
several bacteria is not known. This specific cell plan concerns all the
Planctomycetes (39, 45, 46) some of Verrucomicrobiae (47) one

Lentisphaera and one Poribacteria (48). It is characterized by the presence of
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an intracytoplasmic membrane, inducing the separation of the cytoplasm in
two compartments, the pirellulosome inside (with DNA (49)) and the
paryphoplasm outside. Some compartmentalized bacteria show a more
complex cell plan with another compartment (anamoxosome in Candidatus
Kuenenia Stuttgartiensis (43) or a double internal membrane with ribosome
(50) in the same compartment that DNA (49) and endocytosis in Gemmata
obscuriglobus (51). Kamneva et al in 2012 (30) tried to detect protein
related to this cell plan but they detect only one domain DUF1501, present
in all compartmentalized bacteria, except CK.stuttgartiensis. So, the
correlation between compartmentalization and the presence of DUF1501
domain is not obvious. The evolution of this character is difficult to
determined due to the lack of information about cell plan in several bacteria.
However, the most probable history is that cell plan appeared in the
common ancestor of PVC super-phylum, followed by a losses in Chlamydiae,
when these bacteria became isolated from other microorganims (Pinos et al,
submitted paper). The question of the compartmentalization in the
Planctomycetes, Verrucomicrobiae, Lentisphaera and Poribacteria is also

subject to very different interpretation. Indeed, some people (52, 53)
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suggest that these bacteria are Gram negative bacteria, the intracytoplasmic
membrane is only a cytoplasmic membrane with more invaginations than in
other Gram negatives bacteria and the cytoplasm is an enlarged periplasm.
The genomic works realized on these bacteria give some interesting
information about this problem and complete the microscopic observations.
In 2012, Speth and al (53) researched and identified several proteins similar
to outer membrane proteins typical of bacteria Gram negatives in the
Planctomycetes and Verrucomicrobiae genomes (22 species studied where
they identified between 20 to 70 outer membrane proteins). The detection
of these proteins could indicate the presence of a structure similar to
external membrane of gram negative bacteria in the bacteria studied. So, the
authors hypothesize that bacteria considered as compartmentalized are just
gram-negatives bacteria with a special membrane plasticity. This hypothesis
is supported by the identification, in R.baltica, of a protein similar to
transport membrane proteins characteristic to the envelop of bacteria Gram
negatives (54). Another argument debated is the presence or absence of
peptidoglycan (PG) in the different bacteria of PVC super-phylum. Until

2014, the Planctomycetes were supposed to lack PG and this phenomenon
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was considered as an argument to the compartmentalization of bacteria
(37). But in 2014, Jeske et al (55) use genomic analysis on 3 Planctomycetes,
completed by biochemical and microscopic analyzes, to prove the presence
of PG in Planctomycetes, indeed, all the genes essential for PG synthesis
were identified in the 3 bacteria. The paper published by Van-Teesling et al
in 2015 (56) confirmed the presence of PG in Planctomycetes. As we seen
previously, some Verrucomicrobiae are considered as lacking PG synthesis
mechanisms (Verrucomicrobia, Cerasicoccus, Pelagicoccus, Puniceicoccus and
Coraliomargarita (5-8) but genomic analysis of these species could be
revised in a next future. These information about cell plan in PVC super-
phylum are interesting but the absence of the complete genome of
Poribacteria (a bacteria potentially compartmentalized) and of
Omnitrophica, WWE2 and Oligosphaerea (potential bacteria extracellular
without special cell plan) added to the lack of microscopic data prevents a
clear conclusion on this topic. We hope that the microscopic information
about cell plan in these bacteria will be available in the next future.

Associated with the genomes whose sequencing is in project, these data will
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allow to better understand the origin, evolution and nature of this

hypothetical compartmentalization.

Conclusion

In conclusion the genomic provides important information about the
bacteria from PVC super-phylum, in terms of phylogenetic diversity,
evolution and phenotypic features. However, some information are still
missing to reconstruct the complete history of genomes contents evolution

in these bacteria.
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Figures

Figure 1

Model of genomes evolution in one phylum. Genetic events occured during
the evolution of these genomes are indicated by the arrows (continue, for
genes transfers and dotted, for gene losses). In the modern species, the
parts of the genomes that were vertically and horizontally acquired from
different sources are differentiated by colors (blue for vertical inheritance

and purple, green, pink, blue and yellow for transfers)

Figure 2

Species tree of PVC bacteria. The unusual features of these bacteria are
indicated on this phyla : points for genetic events (pink for gain of C1 enzyme
activity, brown for loss of peptidoglycan biosynthesis, green for loss of Ftsz
activity, yellow for gain of annamox activity) names of phyla colored for the
different cell plans (blue for bacteria with unknown cell plan, red for bacteria
with special compartmentalized cell plan, black for bacteria with a classical

cell plan)
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Le super-phylum PVC est composé de sept phyla comprenant des
bactéries avec des modes de vie et des environnements variés. Parmi
les différents phyla, quatre (Planctomycetes, Verrucomicrobiae,
Lentisphaera et Poribacteria) comportent des bactéries avec une
structure cellulaire inhabituelle chez les bactéries (12-15). Cette
structure cellulaire est constituée par une membrane intra-
cytoplasmique qui sépare la cellule en deux compartiments distincts
(pirellulosome et paryphoplasme) dont I'un contiendrait le
nucléoside (18). La présence de cette membrane intra-cytoplasmique
reste tres controversée et plusieurs études tendent a considérer
cette structure cellulaire comme une simple déformation originale de
I’enveloppe de bactéries a Gram négatif (19, 20). Qu’elle que soit la
réelle nature de cette particularité, sa fonction demeure cependant
inconnue. En partant de I'idée de la compartimentation nous avons
proposé et testé I’hypothése suivante : si le nucléoside est bien isolé
du cytoplasme par une membrane intra-cytoplasmique, alors il est
possible que cette membrane limite le flux d’ADN étranger dans le

compartiment interne, diminuant ainsi la fréquence des transferts de
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genes dans I’ADN des organismes compartimentés, en comparaisons
des bactéries non compartimentées. Nous avons donc utilisé les
génomes de 64 bactéries (33 bactéries PVC et 31 bactéries témoins)
afin de déterminer le taux de genes acquis par transfert dans ces
bactéries et comparer les bactéries possédant une membrane intra-
cytoplasmique avec les autres bactéries. Afin de mener a bien cette
étude nous avons déterminé la structure cellulaire de bactéries pour
lesquelles elle était encore inconnue et utilisé les données obtenues
pour reconstituer I’évolution de la compartimentation au sein du
super-phylum. Une méthode de phylogénomique a été mise au point
afin de détecter les transferts de genes et des analyses statistiques
ont été réalisées a partir de ces différents résultats.

Nous avons ainsi pu identifier deux bactéries possiblement
compartimentées, en particulier la chlamydiae Simkania negevensis
qui représente un groupe de Chlamydia peu étudié au niveau
microscopique. Apres reconstitution de I’évolution de la
compartimentation chez les bactéries, il semblerait que cette

caractéristique soit apparue au niveau de I'ancétre commun du
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super-phylum, cependant le manque d’informations concernant les
bactéries PVC issues des phyla mineurs empéche de conclure avec
certitude concernant la date d’apparition. La détection et I'analyse
des transferts de genes ne permettent pas de différencier les
bactéries compartimentées des non compartimentés, ce qui semble
indiquer que la membrane intra-cytoplasmique n’a aucun impact sur
le taux de transferts de genes chez les bactéries. En revanche certains
résultats semblent indiquer que le taux de transferts de genes chez
les bactéries pourrait étre modulé par le mode vie ou
I’environnement des espéeces.

Cette article a été soumis récemment au journal Direct Biology.
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Abstract

Background: The PVC super-phylum gathers bacteria from seven
phyla (Planctomycetes, Verrucomicrobiae, Chlamydiae, Lentisphaera,
Poribacteria, OP3, WWE?2) presenting different lifestyles, cell plans
and environments. Planctomyces and several Verrucomicrobiae
exhibit a complex cell plan, with an intracytoplasmic membrane
inducing the compartmentalization of the cytoplasm into two regions
(pirellulosome and paryphoplasm). The evolution and function of this
cell plan is always subject to debate. In this work, we hypothesized
that it could play a role in protection of the bacterial DNA, especially
against Horizontal Genes Transfers (HGT). Therefore, 64 bacterial
genomes belonging to 6 different phyla (3 phyla PVC and 3 controls)
were studied. We reconstructed the evolution of the cell plan as
precisely as possible in each bacteria and their ancestors, thanks to
information obtained by bibliographic study and electronic

microscopy. We used a strategy based on comparative phylogenomic

46



in order to determined the part occupied by the horizontal transfers
for each studied genomes.

Results: Our results show that the bacteria Simkania negevensis
(Chlamydia) and Coraliomargarita akajimensis (Verrucomicrobiae)
whose cell plan were unknown before are compartmentalized, as we
can see on the micrographies. That is one of the first indication of the
presence of intracytoplasmic membrane in a Chlamydia. The
proportion of HGT seems to be not related to the cell plan of
bacteria, suggesting that compartmentalization does not induce a
protection of bacterial DNA against HGT. Conversely, lifestyle of
bacteria seems to impact the ability of bacteria to exchange genes.
Conclusions: Our study allows a best reconstruction of the evolution
of intracytoplasmic membrane, but this structure seems to have no

impact on HGT.
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Background

The PVC super-phylum gather seven bacterial phyla
(Planctomycetes, Verrucomicrobiae, Chlamydiae, Lentisphaera,
Poribacteria, OP3, WWE?2) [1-4], and comport 37 species of bacteria
detected. The monophyly of this super phylum have been discussed a
lot in the last years, due to the difficulty to obtain a consensual
phylogeny [5-14]. The phylogenetic relations between PVC and other
bacteria are a subject still controversial [5, 13]. Recently, it seems
that a global consensus was reached, that include all these bacteria in
a same super-phylum [2, 5]. This idea is confirmed by the discovery in
2012 and 2014 of a molecular signature conserved in all PVC bacteria
[1, 15]. PVC bacteria present an important variety of environments:
water, soils, vertebrates, amoeba, insects... [5, 16-21]

The bacteria of this group present different interesting
characteristics [11, 22]. Some of these features can be found in other
bacteria: some Planctomycetes are implicated in carbon and nitrogen

cycles [23, 24] or synthesizes special sterols [25], many Chlamydiae
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are pathogens of mammals [26, 27], some Chlamydiae and
Verrucomicrobiae are symbionts [19]. But PVC present also genetic
and cellular features unusual for bacteria: compartmentalization in
Verrucomicrobiae and Planctomycetes [28, 29], absence of tubulin
like protein FtZ and of peptidoglycan in cell wall of Planctomycetes
and Chlamydia [30, 31], crateiform surface and budding reproduction
[32] in Planctomycetes. Among these characteristics, we were
specifically interested to the compartmentalization of bacteria. This
feature is characterized by a specific cell plan, and concerns all the
Planctomycetes [29, 33, 34] some of Verrucomicrobiae [28] one
Lentisphaera and one Poribacteria [35]. The cytoplasm of bacteria is
separated in two compartments by an intracytoplasmic membrane
(ICM), the pirellulosome inside (with DNA [36]) and the
paryphoplasm outside. This membrane is a lipid bilayer in contact
with proteins [29, 32, 33] presenting structural similarities with
proteins from eukaryotic membranes as Clathrins [37, 38]. Some
compartmentalized bacteria present also a more complex cell plan

with presence of another compartment (anamoxosome in
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Candidatus Kuenenia Stuttgartiensis [32, 39, 40] or a double internal
membrane with ribosome [41] in the same compartment that DNA
[36] and endocytosis in Gemmata obscuriglobus [42].
Compartmentalization in PVC bacteria is still debatable and three
opinions are defended actually : 1- As some features of PVC bacteria
are current in Eukaryota [15], this observation allow some people to
assume that the compartmentalization of PVC is the precursor of
Eukaryotic nuclei, but this idea is not very popular [34, 43-48]. 2-
Another proposition is that the compartment is structurally and
functionally similar to a nucleus but that these two structures
appeared independently [49]. 3- Some people identify the
membrane as an invagination of the external membrane |50].

In considering the reality of the existence of
compartmentalization in PVC bacteria, it would be interesting to
determine the functions of this specific cell plan, because no previous
studies could determined this. Here we assume the hypothesis that
this membrane could be a protection against Horizontal Gene

Transfers (HGT). This hypothesis is based on two main observations:
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presence or absence of compartmentalization in the different PVC
bacteria and the reconstruction of ancestral states, impact of the
internal membrane in Eukaryotes that limits the contact between
foreign elements and DNA. We use a strategy of HGT detection to
reconstruct the history of HGT during the evolution of PVC bacteria,
before and after appearance and disappearance of

compartmentalization.

Results
Lifestyle of species and evolution of cell plan
Cell plan and lifestyle (figure 1.a.b.c)

The electron microscopic pictures obtained for the thin sections
of Simkania negevensis (Figure 1a) and Coraliomargarita akajimensis
(Figures 1b, 1c), revealed the presence of a potential intracytoplasmic
membrane in these 2 bacteria. In both cases, cells contain a
pirellulosome and a paryphoplasm separated by the intracytoplasmic

membrane. The nucleoid is contained within the pirellulosome. For
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S.negevensis, we noticed some differences compared to the other
compartmentalized species : We identified the membrane of the
phagocytic vacuole, related to the absorption of Simkania by an
Amoeba, surrounding the Chlamydia. An important presence of
internal membranes is also detected, probably the folds of the
intracytoplasmic membrane, as it is visible for the G.obscuriglobus in
the micrographies and the three dimensional reconstruction
published by Santarella-Mellwig et al in 2010 |38] and 2013 [37]
respectively. The possible compartmentalization of S.negevensis is
very interesting because the cell plan is unknown in a large majority
of sympatric Chlamydia. C.akajimensis presents a more classical cell
plan with an intracytoplasmic membrane close to the external
membrane, as it was already observed in some PVC bacteria by
Santarella-Mellwig in 2013 [37] and Kuo-Chang Lee and al in 2009
[28]. These observations are really interesting but need to be
confirmed by using electron microscopy incorporating high-pressure

freezing and cryosubstitution.
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Ancestral reconstruction results (Figure 2)

Microscopic observations allow us to better reconstruct the
ancestral state of cell plan all along the PVC super-phylum evolution,
compared to studies already published. In the tree (Figure 2), we can
observe that all allopatric bacteria are not compartmentalized,
whereas, before they became isolated, their ancestors should be
compartmentalized. All the sympatric PVC bacteria are
compartmentalized or supposed to be according cell plan prediction.
So, the disappearance of compartmentalization occurred in the same
time that bacteria converted to intracellular allopatric lifestyle.

Intracellular allopatric bacteria are isolated from other bacteria,
so their genomes are protected against HGT. Extracellular and
intracellular sympatric bacteria are more exposed to exchanges
because they are in contact with other bacteria. So, it is possible that
nuclei disappeared in Intracellular allopatric bacteria because it

became useless to avoid HGT, due to isolation of these bacteria.
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Relation between cell plan and genomes content (mobilome, HGT)
HGT analysis results (Figure 3)

If we compare allopatric and sympatric bacteria, we detect an
important decrease of HGT level after the Chlamydiacea became
intracellular allopatric. The rate of recent HGT identified in allopatric
bacteria is significantly lower than these of other bacteria (Wilcoxon-
Mann-Whitney test : p-value=3.0*10-4). This is probably due to the
fact that intracellular bacteria are physically isolated from other
microorganisms, which prevents the opportunities of HGT [69]. This
agrees with previous studies showing that the predominant
evolutionary process in intracellular bacteria is genome reduction
leading to small genome sizes [70, 71]. Intracellular bacteria of
amoeba with 5.8% of HGT are the exception |72, 73].

The Chlamydia form an interesting group of bacteria, due to
their variations in lifestyle and HGT. We focused on this group and we
compared the rate of recent HGT between Chlamydiae and the other
PVC bacteria. We noticed a low significant difference (t-test : p-

value=1.2*10-2). Conversely, if we compare the proportion of HGT
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between allopatric and sympatric Chlamydiae, we noticed that
sympatric Chlamydia exchange importantly and significantly more
with other bacteria than allopatric Chlamydiae (t-test : p-
value=5.9*10-3). The results observed for all the bacteria of our set,
for PVC bacteria only and for Chlamydia are not modified if we
compared only the proportions of genes exchanged with other
bacteria and viruses (without sequences transferred with
Eukaryotes).

We focused only on sympatric bacteria and compare
compartmentalized species with no compartmentalized. The two
groups are comparable because the phylogenetic richness and
deepness of bacterial groups are similar. We noticed that there is no
difference in the level of HGT (recent or ancient) according cell plan.
We could imagine that this absence of difference is due to a problem
of our strategy but two observations demonstrate the efficiency of
our method: Chlamydia present an important rate of ancient HGT
with eukaryotes, significantly higher than other of bacteria (ANOVA

test p-value= 3.3X10-6). This observation is consistent with the

95



existing literature dedicated to transfers between plants and
Chlamydia |74, 75] that supports a role of Chlamydia in Chloroplast
endosymbiosis: Spirochaetes seem to exchanges more with
Firmicutes as it was already detected in previous studies |76, 77]

We observed that intracytoplasmic membrane has no impact on
HGT frequency, its function remains unknown. So the disappearance
of intracytoplasmic membrane in intracellular isolated bacteria
should be related to another cause.
Mobilomes study results

Among the bacterial set, we detected only one element related
to mobilomes that seems to vary significantly with cell plan:
conjugation genes that are significantly over represented in the
genomes of Intracellular allopatric bacteria, and underrepresented in
extracellular compartmentalized bacteria . But conjugation genes
have other uses in bacteria than conjugation, they play role in flagella
and other mechanisms. So the abundance of conjugation genes in

bacteria has probably no influence on HGT.
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Material and method
Bacteria selection and genomes recovery

We selected Bacteria from 4 phyla of PVC super-phylum:
Planctomycetes, Verrucomicrobia, Lentisphaerae, and Chlamydiae.
Bacteria from three phylogenetically close phyla are choose as
negative controls, based on a reference tree (this tree was built with
40 markers, comprises 99 bacteria and was published in 2012 by
Kamneva et al [5]: Bacteroidetes, Spirochaetes and Chlorobi. We
retrieved the proteomes of all bacteria selected in genomes NCBI
database. We also studied the mobilomes of bacteria, in this aim, few
bacteria representing each main phyla and different intracellular
bacteria were selected as control groups.
Lifestyle determination

The lifestyle of selected bacteria is determined by a
bibliographic study of each bacterium. Two types of lifestyles
extracellular are known: allopatric or sympatric bacteria. The
definition of allopatry and sympatry for bacteria are given in different

publications [51, 52] : Sympatric bacteria are bacteria living in
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community with other microorganisms, they exchange easily genes
by lateral transfer through their interactions. Allopatric bacteria are
living in cells and are not in contact with other microorganisms, they
are obligate intracellular bacteria.
Cell plan determination

Cell plans of bacteria are determined thanks to transmission
electron microscopy pictures already available in bibliography [28,
29, 34, 35] and microscopic observations of the bacteria whose cell
plan is unknown. First, the species Simkania negevensis (DSM27360,
type strain) was grown within a culture of its amoebal host A.
castellanii. At H6, and H16 post-infection, cultures were centrifuged
at 2000 rpm/min during 10 minutes, and the pellets were fixed for
electron microscopy. The second species, Coraliomargarita
akajimensis (DSM 45221, type strain), is not an obligate intracellular
bacteria, and thus, could be cultivated directly into Bacto Marine
Broth medium (Difco). Growth occurred after 6 days of cultivation,
and when the bacterial suspension reached the exponential growth

phase, it was centrifuged at 5500 rpm/min during 30 minutes, and
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fixed for electron microscopy.

An aliquot of each culture was kept for DNA extraction, followed by a
standard 16S rRNA PCR, in order to confirm the bacterial
identification. DNA extraction was performed using the automate
EZ1, following manufacturer’s instructions (QiaGen). DNA
amplification and sequencing reactions were performed with a
thermocycler Mastercycler (Eppendorf), using respectively the
following sets of primers: FD1 (5" AGAGTTTGATCCTGGCTCAG 3’) and
RP2 (5" ACGGCTACCTTGTTACGACTT-3'); and 536F (5'-
CAGCAGCCGCGGTAATAC-3’) and RP2. Sequences were corrected and
analyzed using the software CodonCode, and identification was done
using the online BLAST program of the NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). For both bacteria, Electron
microscopic observations were realized in different steps : for
embedding, cells were fixed for 1 hour with glutaraldehyde 2.5% in
0.1M sodium cacodylate buffer and washed three times with a
mixture of 0.2M saccharose/0.1M sodium cacodylate. Cells were

post-fixed for 1 hour with 1% Os04 diluted in 0.2M Potassium hexa-
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cyanoferrate (1) / 0.1M sodium cacodylate solution. After four 5 min
washes with distilled water, cells were gradually dehydrated with
ethanol by successive 10 min baths in 30%, 50%, 70%, 96%, 100% and
100% ethanol. Substitution was achieved by successively placing the
cells in 25%, 50% and 75% Epon solutions for 15 minutes. Cells were
placed for 1 hour in 100% Epon solution and in fresh Epon 100%
over-night under vacuum at room-temperature. Polymerization took
place with cells in fresh 100% Epon for 24h at 60°. All solutions used
above were 0.2um filtered. Ultrathin 70 nm sections were cut with a
UC7 ultramicrotome (Leica) and placed on HR25 300 Mesh
Copper/Rhodium grids (TAAB, UK). Sections were stained with
Reynolds solution. Electron micrographs were obtained on a Tecnai
G20 TEM (FEI) operated at 200 keV equipped with a 4096 x 4096
pixels resolution Eagle camera (FEl)).
Phylogeny and cell plan evolution reconstruction

The phylogenies of PVC bacteria and Bacteroidetes-Chlorobi-
Spirochaeta were reconstructed thanks to 16S and 23S RNA. We used

Mega5 [53] software to perform it (alighment by Muscle algorithm

60



[54, 55], manual removal of non-conserved positions, tree built with
NJ |56] and ML [57] methods, with 150 bootstraps). We checked if
tree obtained is congruent with our reference tree for validation.
Thanks to information about compartmentalization in bacteria and
phylogeny, we reconstructed the ancestral state of cell plan with
parsimony method (Mesquite software [58, 59]). The tree obtained
allow us to date the different events occurred during evolution of the
phyla studied (appearance and disappearance of
compartmentalization, conversion to intracellular allopatric or
sympatric lifestyle).
Mobilome study

The presence of intracytoplasmic membrane in bacteria can
disturb only certain mechanisms of transfers among all of them,
leading or not to a decrease of HGT level depending if the deficiency
of some mechanisms are offset by the other. The elements studied
are those involved in HGT, elements of mobilome or elements
allowing transfers. Transfers are realized in four steps described

below:
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e Transfer of the sequence between donor and acceptor, realized by
conjugation (thanks to Conjugation genes and Plasmids ) or
Transduction (by Phages (complete or incomplete))

e Insertion of the transferred sequence in the genome of the
acceptor: mediated by Transposases and Integrases. This process
can be stopped by CRISPs.

e Translation of inserted sequence because a sequence not
translated is useless and will disappear. The translation of a
sequence derived from another organism depends on quantity
and diversity of tRNA, more there are various types of tRNA, the
more it is possible that one of these tRNA can translate transferred
sequence

We retrieve information about these element on different databases.

HGT detection

In order to detect HGT, OrthoMCL [60] was used for
construction of orthologous groups. If a gene is absent in

Orthologous groups, it means that it is only present in a single species

among all those studied, we consider it as a "potential orphan".
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These genes were acquired by recent gains (gain specific to one
species) and can be either real orphans or recent HGT candidates.
Based on specie tree and Orthologous groups, Phylopattern [61]
pipeline allowed the detection of genetic events in four steps:
Comparison between species tree and each orthologous groups.
Detection of missing species in orthologous groups. Reconstruction of
ancestral state for each proteins. Identification of two types of
genetic events: gains and losses. These gains are ancient and could
be a possible ancient HGT, de novo genes, or artifacts. Then we
focused on gene gains (ancient and recent) and Blast [62] each
sequences against nr database (NCBI). Probable HGT (recent or
ancient) are identified thanks to filtering on Blast results: For each
blast results, sequences derived from phylum where gene gain was
detected were removed (for example, if gain was identified in
Akkermansia muciniphila (Verrucomicrobiae), all sequences in Blast
results derived from Verrucomicrobiae were removed). Sequences
with e-value>10-5, coverage<60% or identities<30% were also

removed. Then, species of the first 10 sequences remaining in Blast
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result were identified. If species identified do not belong to one of
the six phyla studied, gene gain is probably an HGT.

For each HGT (recent or ancient), the position of genes
transferred were defined thanks to the RAST software [63, 64] in
order to detect those that are grouped and could have been
transferred in a same event, . Then, we calculated the number of
HGT, the percentage of proteins present in each species due to
transfers and the rate of pairs base (pb) sequences implicated in
transfers compared to all genomes. The length of sequences
transferred was also determined.

Statistical analyzes

We realized a comparison of variances between the different
groups of bacteria (based on cell plan) for each elements studied
(test of normality followed by Kruskal test or ANOVA and Tukey or
Nemenuyi test). To check the phylogenetic bias, we realized also
statistical analysis with bacterial groups based on the phyla. A
Principal component analysis (PCA) and a hierarchical clustering

principal component (HCPC) were also realized to define the
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clustering of bacteria according the different parameters studied and
determine if clustering can be related with phylogeny or cell plan. So,
we can see if compartmentalized bacteria present a specific HGT
ratio or mobilome structure (we used only elements significantly

variable detected by comparison of variance).

Conclusion

The different pictures obtained for Verrucomicrobiae and
Chlamydiae allow a best definition of ancestral and modern states of
compartmentalization and so, permit to reconstruct intracytoplasmic
membrane evolution in PVC bacteria. But this compartmentalization

seems have no significant impact on HGT quantity or mechanisms.
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Tables and figures

Figure 1a: Transmission electron micrograph of thin section of cell of
Simkania negevensis. Pirellulosome (PI) and paryphoplasm (P) are
separated by the intracytoplasmic membrane (ICM). The nucleoid (N)
is contained within the pirellulosome. The bacterium lives in the
cytoplasm of an amoeba and is surrounded by the membrane of

phagocytic vacuole (VM). Bar marker, 0.2 um.

Figure 1b and 1C : Transmission electron micrograph of thin section
of cell of Coraliomargarite akajimensis. Pirellulosome (PI) and
paryphoplasm (P) are separated by the intracytoplasmic membrane
(ICM). The nucleoid (N) is contained within the pirellulosome. Bar

marker, 0.2 um.

Figure 2 : Phylogeny of PVC super phylum with indications of cell plan
and lifestyles for modern species and their ancestors. (The points at

the nodes indicates the cell plan : black for compartmentalization,
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white for no compartmentalization and red for unknown cell plan.

The color squares give the lifestyles of bacteria)

Figures 3 : Proportion of genes acquired by transfer recently and
formerly in each genomes of the 65 bacteria studied. The black points
at the nodes of phylogeny show the quantity of HGT occurred
between the node and the following. The rates of recent and ancient
HGT are presented in tables, a high rate of HGT is indicates by a red

color, a low rate by yellow and very low by green.
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Au vue des résultats obtenus dans notre étude précédente nous
avons donc élargi notre domaine de recherche en travaillant sur
I'influence des environnements et des modes de vie des bactéries sur
le taux de transferts de genes. Ces deux caractéristiques forment ce
gue nous avons appelé «l’habitat» des bactéries. Nous avons repris
les résultats obtenus précédemment en nous concentrant
uniguement sur les transferts de genes récents (ayant donc eu lieu
chez des bactéries pour lesquelles nous connaissons
I’environnement). Les bactéries ont donc été triées en fonction de
leur habitat, et les taux de transferts de genes, ainsi que la fonction
des genes transférés et les partenaires de transferts, ont été
compareés entre les différents habitats.

Les génomes des bactéries étudiés comprennent entre 0.2% et 1.5%
de genes acquis par transfert. Les Chlamydia vivant chez les
métazoaires présentent un taux de genes acquis par transfert
extrémement faible comparé aux autres bactéries. L’analyse des
différents partenaires de transfert a permis de définir trois groupes

distincts de bactéries : les bactéries environnementales (issues des
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sols, de milieux aquatiques, des sols et des milieux aquatiques et les
bactéries ubiquitaires), les bactéries vivant au sein des amibes et les
bactéries issues des métazoaires (intracellulaires ou extracellulaires).
Certaines fonctions de genes transférés sont surreprésentées dans un
ou plusieurs habitats, tels que le métabolisme, la transduction du
signal et les mécanismes de défense. Ces fonctions pourraient donc
jouer un réle important dans I'adaptation des bactéries a leurs
habitats respectifs.

Cette article est en cours de révision pour la journal Applied

Environmental Biology.
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Abstract

The genome analysis has dramatically opened wide horizons for
evolutionary studies, identifying genetic events in relation with
environmental conditions. To evaluate the impact of habitat of
bacteria on genome evolution, we studied the genome content of 64
bacteria belonging to 6 different phyla and occupying different
habitats. A comparative phylogenomic approach, phylogenetic
profiling and an implicit phylogenetic analysis allowed us to
determine the rate of the horizontal transfers for each studied
species as well as the functional distribution of the horizontally
transferred genes and the partners for transfers in the different
habitats.

Our results showed that recent horizontal transfers represent 0.2 to
15% of the genome’s content; bacteria from soil, from insects and
ubiquitous bacteria have the largest proportions of horizontal
transfers. The statistical analysis allowed classifying bacteria into
groups according to their preferences for transfer partners. Some

functions including metabolic functions, signal transduction and
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defense mechanisms were found to be significantly overrepresented
in some habitats. These functions may play an important role in the
species adaptation to their habitats sources and interaction with

their environment.

84



Background

The genome sequence of bacterial species provides insight into
the interrelationship between the ecology and the evolution of these
species. Environment is one of the important forces determining the
evolution of bacterial genomes. Thus gene content of bacterial
genomes might relate their adaptation to successive environments
and/or lifestyles. Indeed, extremophile bacteria acquired genes or
genetic structures implicated in essential metabolisms for survival in
extreme habitats. The amino acid composition of the genome plays a
major role in their adaptation to thermophilicity (1) and adaptation
to acidophilic environments induced the appearance of specific
metabolisms such as nitrogen fixation (2). Likewise, bacteria of ocean
present different genes functions according to the nutriments
available in their habitats (3) and Phytoplasma got complex genomic
structures such as potentially mobile unities that are necessary for
plants parasitism (4). In the same idea, intracellular bacteria and
endosymbionts have very small genomes due to the deterioration of

genes became useless in the new environment of the host cell (5-8).
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More generally, some functions expression is known to characterize
lifestyle of bacteria, hence transcription regulator expression differs
significantly between intracellular pathogenic bacteria and free living
species (9).

Among the different genetic changes allowing habitat
adaptation, gain is the most interesting, due to its capacity to bring
new functions to genomes. Horizontal transfer of DNA (HT) appears
as a major driving force of innovation and evolution (10, 11) as it
provides additional functions allowing adaptation to specific
conditions and environmental changes. Many examples in the
literature indicate that genes encoding for metabolic functions (12-
14) represent the most transferred genes and some metabolic
networks are modulated by incorporation of horizontally transferred
sequences (15). Thereby, Salmonella senftenberg presents lots of HT
implicated in sucrose production in order to adapt to its host (12).
Other trials studying the mechanisms of pathogenesis showed that
the acquisition of genes encoding for antibiotic resistance (16-19)

and virulence (20-27) is a key step for host’s colonization and
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development of pathogenesis. Nevertheless transfers also depend on
possibilities offered by the habitat. Several studies about specific
“ecological niches” proved the influence of the environment on HT
between bacteria (28). Thus, biofilms environments are known to
facilitate the transfers between bacteria (29-32) and HT between
bacteria seems to be more related to similarity of environment than
to geographic or phylogenetic proximity (33). Environmental
changing conditions are also well known factors for HT regulation,
thereby, UV irradiation or starvation were shown to affect the
mobility of transposons and Iss (34, 35). In naturally competent
Gram-negative bacteria, the stress conditions may also enhance the
quantity of HT (28, 36-39). Altogether, habitat influences HT in
bacteria by two ways, it creates the necessity of functional
adaptation and provides the necessary conditions for transfers.

The majority of genomic studies focused on one or few species,
or on bacteria living in only one habitat (40-43) but no comparative
study concerning the impact of the different existing habitats on the

genomes evolution is available nowadays. In the present work, we
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proposed to compare bacteria belonging to two sister super-phyla
but from different habitats, in order to evaluate the real impact of
habitat on bacterial genomes contents and their organization, with a
special interest for HT. We wanted to verify if the genome sequence
permits to reconstruct the habitat of species, as it is supported by
reverse ecology theory (44). Therefore, we have included the
genomes of 64 bacteria from various habitats. We considered that
the environment i.e. water, soil, insects... and lifestyle i.e. isolated
bacteria (such as intracellular bacteria) or bacteria living in contact
with other microorganisms, are components of one bacterial
characteristic, the habitat. We used a strategy based on comparative
phylogenomics in order to determine genes specific to the different
habitats and genes acquired by horizontal transfer. Statistical
analyses of the partners and functions involved in the HT allowed us

to evaluate the real impact of habitat on the genomes evolution.
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Materials and methods
Bacterial set selection, definition of lifestyles and environments
The genomes of 64 bacteria have been retrieved from NCBI (

http://www.ncbi.nlm.nih.gov/) and (http://mirrors.vbi.vt.edu/

mirrors/ftp.nchi.nih.gov/genomes/Bacteria/ ). These bacteria belong

to six different phyla: The three phyla of PVC superphylum,
Planctomycetes, Verrucomicrobiae (Lentisphaerae) and Chlamydia
and the phylogenetically closest phyla, Bacteroidetes, Chlorobi and
Spirochaeta. The phylogenetic relationships among bacteria were
determined thanks to a reference tree built with 44 phylogenetic
markers for 99 bacteria published in 2012 by Kamneva and al (45).
We reconstructed the species tree of PVC bacteria and Bacteroidetes-
Chlorobi-Spirochaeta thanks to 16S and 23S RNA using reference
alignment and Mega5 (46) software. The studied bacteria have
different lifestyles (intracellular or extracellular, allopatric or
sympatric (47, 48)) and live in different environments (amoeba,
mammals, soils, water, insects). Lifestyles and living environment

were defined for each bacteria thanks to literature search (49-98)

89



and databases ((JGI (http://genome.jgi.doe.gov/ ), GOLD (https://

gold.jgi-psf.org/index ), LPSN (http://www.bacterio.net/index.html ),

NCBI (http://www.ncbi.nlm.nih.gov/taxonomy and

http://www.ncbi.nlm.nih.gov/genome ) (99-101)). We considered

only the main habitat of species.

Genomes analysis: core gene, specific genes, ORFans

OrthoMCL (102) was used for construction of orthologous groups.
Genes that do not belong to any orthologous groups are either
acquired by recent HT or generated de novo. Blast against NR
database allowed the identification of ORFans in the genome with no
identifiable homologous genes (e-value<10-4 and coverage>50%).
Among orthologous groups constructed by OrthoMCL, we identified
those that are specific to one habitat i.e. groups containing only
proteins of bacteria from the same habitat (present at least in 2 or 3
genomes for habitats containing more than 6 bacteria, as water,
Extracellular and intracellular bacteria of vertebrates). We calculated

the rate and determined the function of proteins that are specific to
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habitat in each species using three different softwares, COGnitor,
WGA and Interpro (103-106).

HT detection, functions and partners identification

The horizontal transfers were identified using a comparative
phylogenomic approach, phylogenetic profiling of proteins and
phylogenetic analysis of gene trees in comparison with species tree.
We used Phylopattern (107) pipeline to study the genetic events in
four steps: 1, Comparison between species tree and trees
constructed on the basis of each orthologous groups; 2, Detection of
missing species in orthologous groups; 3, Reconstruction of ancestral
state for each proteins; 4, Identification of two types of genetic
events: gains and losses. The gains could be a possible ancient HT,
recent HT (occurred in one or several studied species), de novo
genes, or artifacts. We focused on recent gene gains and Blast (108)
each sequence against NR database. For each blast result, if the first
ten hits belong to another phylum than that of the query and were
validated as ortholog by a reciprocal best hit, the enquired gene

could be considered as horizontally acquired. Sequences with e-value
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> 10-5, coverage < 60% or identities < 30% were not considered. We
calculated the number of HT, the percentage of proteins present in
each species due to HT and the length of horizontally transferred
sequences. We determined with which organism the transfer was
realized thanks to the Blast results and we identified the function of
transferred genes by using three different softwares, COGnitor, WGA
and Interpro (103-106). These softwares allow to attribute one type
of function to proteins, according the COG to which proteins belong.
We studied the possible significant difference of HT distribution
among the different studied groups of bacteria concerning the HT
partners and functions. Therefore, the difference was estimated
thanks to a comparison of variance (tests of normality followed by
Kruskal Wallis (109) or ANOVA tests and Tukey (110) or Nemenyi
(111) tests). We realized a Principal Components Analysis (PCA) (only
with variables identified as differentially distributed by analysis of
variance) followed by a hierarchical clustering (HCPC) to identify
clustering of bacteria according to their transfer partners or their

functions. We looked for a possible relation between clustering and
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habitats. All analyzes are realized with R software. The statistical
analyzes were completed by correlation tests (Pagel test with matrix
transformation and Correlation test with Spearman coefficient on R
software). For each function, we determined if the different

proportions observed vary according to the bacterial habitat.

Results
Core gene

The genome size varied widely among the 64 studied bacteria
ranging from 0.63 Mb for Blattabacterium to 9.76 Mb for
Singulisphaera acidiphila with an average of 3.83 +/- 2.2. Bacteria of
soils, insects and water-soils presented the largest genome sizes with
an average of 7.07 Mb, 6.45 Mb and 5.69 Mb respectively, while the
smallest genome sizes were found among intracellular and
extracellular bacteria of vertebrates and bacteria from amoeba with
an average of 1.14 Mb, 2.56 Mb and 2.91 Mb, respectively.
Ubiquitous bacteria and bacteria from water with an average

genomes size of 4.63 Mb, formed medium genomes. Likewise, the
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proteomes contents were very different among the studied bacteria,
ranging from 579 proteins for Blattabacterium sp to 7,969 for
Gemmata obscuriglobus, with an average of 3,227 +/- 2,513 (Table
S1). The 206,508 proteins of the 64 proteomes could be assigned to
16,918 orthologous groups (OG) using OrthoMCL. Among these,
1,224 OGs were common to, at least one bacterium from six of the
eight different habitats and constituted the core gene. We could infer
a putative function to 74% of the proteins from the core gene (19.5%
for storage and processing information, 36.8% metabolism and 43.8%
cellular processes and signaling) while 24% are poorly characterized.
Energy production and conversion with 8.5%, cell
wall/membrane/envelop biogenesis with 12.4%, transcription with
9.1% and signal transduction mechanisms with 11.6% were
significantly over-represented functions among the proteins of the
core gene (Chi2 test: p-value =9.4*10-7) (Figure 1).
Specific genes

The core gene represented an average of 26.2% of the genome

content and varied from 20.1% for the bacteria of insects to 49.5 %
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for the intracellular vertebrates (Figure 1). This wide difference was
due to the set of genes that are specific to each environment.
Bacteria of insects showed the highest proportion of their genes
shared with the other groups and the lowest quantity of specific
genes (29 genes) (Figure 2). The functional distribution of the specific
genes was significantly different from that of the core genes in all the
habitats with significantly less genes implicated in cell process and
signaling (20% to 35%) (t-test ; p-value=4.3*10-4). Thus, among the
specific genes with clearly identified function, we found a significantly
high proportion of genes dedicated to information storage (31.6%) in
bacteria from amoeba (Kruskal-Wallis test : p-value = 2.5*%10-4) ; the
genes specific to bacteria from insects were significantly more
dedicated to metabolism (64.8%) and less to cell process (17.8%)
(Kruskal-Wallis test: p-value = 1.8*%10-4 and 2.0*10-5 ) (Figure 2 B).
The analysis of the functions of specific genes showed that
some functions were significantly overrepresented in some habitats
compared to other habitats. Thus, genes encoding for proteins

involved in the amino acid transport and metabolism (15.6%) and the
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coenzyme transport and metabolism (13.3%) were overrepresented
in the specific set of genes of bacteria from insects (Kruskal-Wallis
test: p-value = 1.0*10-2 and ANOVA test : p-value=1.1*10-7), genes
encoding for the signal transduction mechanisms (15.7%) and
defense mechanisms (8.1%) were significantly overrepresented in the
set of 185 specific genes found for intracellular bacteria of
vertebrates (Kruskal-Wallis test : p-value = 2.2*10-5 and 1.8*%10-6 ;
Correlation test : p-value= 5.5%10-2 and 3.1*10-3), genes encoding
for transcription (16.3%) were overrepresented in the set of 178
specific genes of amoeba ( Kruskal-Wallis and Correlation test : p-
value = 3.9%10-6 and 4.7*10-3) and genes encoding for coenzyme
transport and metabolism (9.7%) were overrepresented in the set of
95 specific genes of bacteria of soils (ANOVA test: p-value = 1.1*10-7)
and genes encoding for transcription were over represented (18.8%)
in bacteria from soil-water compared to the other habitats ( Kruskal-
Wallis and Correlation test : p-value = 3.9*10-6 and 4.7*10-3) (Figure
2). The ubiquitous bacteria with 556 genes have the significantly

highest proportion of specific genes in average (Chi2: p-value =
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2.2*10-16). However, the functional distribution of these genes
didn’t reveal a particular function with a significant
overrepresentation compared to the other habitats. Likewise,
bacteria from water and extracellular bacteria of vertebrates present
also a high proportion of specific genes with 345 and 347 specific
proteins, respectively but no category of functions was significantly
over-represented among these habitats compared to the others
(Figure 2). Specific genes could be due to two different mechanisms:
acquisition of gene in an ancestor followed by gene loss in all
descents, except in bacteria living in one habitat; or an Horizontal
Transfer (HT) that occurred only in one environment. Among the
specific genes, between 1.1% (extracellular bacteria of vertebrates)
and 8.6% (bacteria of soils) are probable HT.

Finally, we observed a low and non-significant variation in
ORFans proportion. Intracellular bacteria from vertebrates presented
the smallest proportion of ORFans (3.4%); the highest proportions of
ORFans were observed in bacteria of soils, amoeba and water-soils

(7.7% - 7.6%) (Figure 1). It is noteworthy that Rhodopirellula Baltica
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harbored the largest percentage of ORFans in genomes (11.0%) and
Borrelia burgdorferii the smallest percentage (0.9%).
Horizontal transfers

Globally, we counted 10,922 events of recent HT detected in
the studied bacteria thanks to the phylogenetic profile analysis,
followed by an implicit phylogenetic analysis. This genes correspond
to 11,866,799 bp (4,9% of the totality of sequences). Thus, 12,885
proteins (6,3 % of all the proteins) were subject to HT. The incidence
to which the HT events occurred was as high as 202.6 +/- 138.3 yet
highly variable among bacteria ranging from 0 transferred protein in
the genome of Blattabacterium and Borrelia spp. to 803 proteins in
the genome of Chthoniobacter flavus (Figure 3). Bacteria from soil,
from insects and ubiquitous bacteria presented the highest average
of proteins transferred (624.3, 418.3 and 311.3 proteins/species,
respectively), compared to extracellular bacteria of vertebrates
(152.9/species), bacteria from amoeba (133.5/species) and
intracellular bacteria of vertebrates (20 transferred proteins

/species). Species living in water present an intermediate quantity
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with 214.5 proteins transferred by proteome. The transferred
fragments presented a mean length of 1,124+/- 274 bp yet very
heterogeneous in the studied bacteria, ranging from 859 bp for C.
tepidum to 1,492 pb for S. acidophila. However, the size of
transferred sequences was closely similar among the different
habitats (1022 +/- 383 bp). The proportion of the transferred
sequence in the genome was variable among the studied bacteria.
The statistic comparison of the bacterial group from different
habitats allowed to define three classes thanks to percentages of
sequences due to transfer (Kruskal-Wallis test : p-value = 2.3*10-2):
Bacteria of soils (8.4%) and insects (7.3%) in one class, bacteria from
amoeba (4.8%), water (4.9%) and extracellular bacteria of
vertebrates (4.6%) presented similar proportions and formed the
second class. Intracellular bacteria of vertebrates were grouped in
the third class, with 1.9% of sequence transferred.

These genetic exchanges were mostly realized with bacteria
(92.5%) but we observed also some exchanges with Archaea (2.43%),

Eukaryota (1.8%) and viruses (0.2%). The frequency of partners
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varied significantly for bacteria from amoeba (86.6% of exchanges
with bacteria, 9.8% with Eukaryotes and 3.1% with Archaea), for
water-soils bacteria (95.5%, 0.9% and 3.4%), for ubiquitous bacteria
(92.8%, 4.2% and 2.4%) and bacteria from water (95.5%, 0.9% and
3.4%) where the exchanges of sequences were significantly more
frequent with Eukaryotes or Archaea than in bacteria from insects,
soils, extracellular and intracellular bacteria of vertebrates, for which
more than 90% of exchanges were with bacteria, less than 1% with
Eukaryota and less than 2% with Archaea) (Kruskal test : p-value=
3.3*10-3 and 3.1*10-2). Finally, it is noteworthy that bacteria from
amoeba showed a significantly high amount of HT realized with
eukaryotes, plants in particular, compared to bacteria of other
habitats.

Among the different bacterial partners, the most common were
Proteobacteria (41.5%), Firmicutes (23.15%), Cyanobacteria (6.3%),
Actinobacteria (5.2%), Fusobacteria (1.7%), Chloroflexi (1.5%) and
Acidobacteria (1.3%) (Figure 4). This partners’ distribution was

respected for bacteria from amoeba, soils, water-soils and bacteria
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from water. However, bacteria from insects and ubiquitous bacteria
exchanged in majority with Proteobacteria, in second with Firmicutes
and in third with Actinobacteria (6.6% and 10.9% with Actinobacteria,
respectively). Gammaproteobacteria spp. were the most represented
transfer partners for bacteria from insects (14.7%), water (17.2%) and
water-soils (11.3%) (Figure 4). Bacteria from intracellular vertebrates
exchanged in majority with Firmicutes (21.4%), in second
Proteobacteria (17.6%) and third with Cyanobacteria (6%). Finally
bacteria from extracellular vertebrates had a significantly higher
proportion of exchanges with Firmicutes (41.1%) and lesser with
Proteobacteria (30.9%) than the other habitats. Bacteria from
intracellular and extracellular vertebrates have not the same
distribution but are both characterized by their preference for the
Firmicutes as transfer partners and their significantly low proportion
of transfers with Actinobacteria (Kruskal test : p-value= 3.6*10-3 and
ANOVA test : p-value=3.8*%10-2). The Principal components analysis
and hierarchical clustering showed a relationship between bacteria

habitats and partners transfers (Correlation test : p-value=7.9*10-
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29). Clustering determined three groups of bacteria according to
partners: the environmental bacteria in a first group (soils, water,
soils-water and Ubiquitous bacteria), bacteria from Amoebain a
second group and the intracellular and extracellular bacteria of
vertebrates in the third group. These results suggested that HT
partners can be used to infer bacterial habitats.

The general functional distribution in the HT detected for the
different habitats was not similar to that of the core genes. Genes
involved in cell process and signaling (33 to 50%) seems to be
significantly more subject to HT whereas genes dedicated to
information storage (12% to 17%) were less subject to HT (t-test : p-
value =4.1*10-2 and 1.7*10-3). Using a strategy based on
comparative phylogenomic, we found that there were also significant
differences among the habitats. Bacteria from soils-water presented
significantly bigger proportion of genes dedicated to cell process and
signaling (50.2%) than bacteria from other habitats (Kruskal-Wallis
test : p-value = 2.5*10-2). Differences between habitats were even

more visible in studying the sub-categories of functions. HT in
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bacteria from amoeba were characterized by the over representation
of the amino acid transport and metabolism function (16%) (Kruskal-
Wallis test and correlation test: p-value = 7.5%10-2 and 2.1*10-4). HT
in ubiquitous bacteria were characterized by the over representation
of two functions, the lipid transport and metabolism (10.5%) and the
signal transduction mechanism function (20.2%) (ANOVA test: p-
value= 6.9*10-3 and 2.3*10-4); the later function was also
overrepresented in bacteria from soils (17.9 %). HT from extracellular
vertebrates were significantly more implicated in defense mechanism
(4.7%) (Kruskal-Wallis: p-value=3.5*%10-2). Altogether, the analysis of
HT sequences allowed the identification of genes/functions that are
specific to some habitats. The statistical significance of some HT
events that are concomitant with a habitat demonstrated that the
occurrence of HT was not due to hazard. Some of these genes were
acquired via horizontal transfer according to a strategy of

colonization and adaptation to the environment.
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Discussion

Our comparative phylogenomic analysis of 64 bacteria revealed
the influence of the living environment on bacterial genome
composition. Genes that are specific to each environment have been
identified on the basis of orthologous analysis; they seem to be
selected according to their functions, with preferential functions
different in each habitat. This first approximation to study evolution
in relation with the environment has been completed by
phylogenetic profiling and phylogenetic analysis that identified the
horizontal transfer events, described the functional profile of
transferred genes and demonstrated the role played by the habitat in
the choice of partners for transfer. Our findings were in agreement
with previous studies (45, 125, 126), which validate our method as a
powerful approach for the identification of HT and potential transfer
partners.

The proportion of HT in species depends on the capacity to
exchange with other microorganisms. Our findings indicate that

intracellular bacteria of vertebrates have low percentages (1.9%) of
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horizontally transferred sequences compared to the other bacteria
(between 4.6% and 8.4%). This is probably due to the fact that
intracellular bacteria are physically isolated from other
microorganisms, which prevents the opportunities of HT (112). This
agrees with previous studies showing that the predominant
evolutionary process in intracellular bacteria is genome reduction
leading to small genome sizes (113 114). Intracellular bacteria of
amoeba with 5.8% of HT are the exception (115, 116). Indeed,
amoeba can phagocytes several bacteria at once giving a particular
field for potential genetic exchange moreover it can be a training
ground for the emergence of parasitism (115). Finally, the low
proportion of specific genes that has been detected in bacteria from
insects, soils and soils-water (0.6% to 1.6%), compared to other
bacteria (7.5% to 18.4%) is rather due to the species richness and
phylogenetic relationships (117, 118). Indeed, in the bacterial groups
representing the habitats insects, soils and soils-water, species

richness are lower than in other groups (except for bacteria from
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Amoeba and Ubiquitous), and species are phylogenetically distant
(conversely to bacteria from Amoeba and Ubiquitous).

Some functions were found to be significantly overrepresented
among the transferred genes in some habitats. These
overrepresented functions included two metabolic functions the
amino acid and lipid metabolism and transport, signal transduction
and defense mechanisms. These functions may play an important
role in the species adaptation to their habitats sources and
interaction with their environment. Moreover, these findings indicate
that selection of the transferred genes is rather specific to the
different habitats and seems to be biased by the encoded functions.
Numerous studies indicate that the genes identified for HT encode
for metabolic mechanisms and other functions that enhance
pathogenicity like genes for virulence and antimicrobial activity (11,
15-27, 119). Informational genes (those involved in transcription,
translation, and related processes) were considered to be less prone
to lateral transfer. However, an automatic analysis of 116 bacterial

genomes showed that horizontal transfer occurred in genes involved
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in cell surface and DNA binding besides the pathogenicity-related
functions (120). A recent genomic study revealed that genes essential
for transcription and translation had also experienced multiple lateral
transfers in the genome of a Rickettsia species (48). Our findings
confirm the random character of lateral transfers that can affect any
function and support that selection is rather specific of the habitat
and acts in order to promote adaptation to the environment.

The analysis of the microbial partners allowed the identification
of two distinct groups: the environmental bacteria that have
exchanged especially with the Proteobacteria on one hand and
bacteria from microbiomes that have exchanged especially with the
Firmicutes on the other hand. It has been already assumed that HT
occurred preferentially between bacteria from the same habitats.
Firmicutes are one of the two major phyla present in gut micorbiome
(5, 128) and this is the main partner of our bacteria from vertebrates.
In the same way, Acidobacteria are mainly detected in soil (122) and
they are overrepresented as HT partners of bacteria from soils

compared to bacteria from other habitat. In a previous study, it was
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demonstrated that the habitat plays an important role in determining
the composition of microbial genomes. Thus genome analysis of
bacteria from different habitats allowed the formation of two groups:
the environmental bacteria of ocean, soil and stromatolites one hand
and bacteria from microbiomes (human and mouse) on the other
hand (121). Our study showed that habitat influences the flux of
horizontal transfers and subsequently the microbial composition of
the genomes. The tendency of bacteria from Amoeba to exchange
more with Eukaryotes, especially plants, is probably due to their
ancestral habitats. Indeed, ancestral Chlamydiae are known to have
lived in and acquired genes from plants (123, 124). Thus, we can
support that one part of HT detected are ancient HT acquired by the
interaction between the ancestors of the Chlamydiae and the plants,
followed by the loss in the majority of bacteria. It is worthy to note
that like previous studies for HT detections, it is difficult to distinguish
between ancient and recent HT; yet HT partners are the witnesses of

modern and ancestral habitats of the studied bacteria.
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Thanks to this study, we know that the habitat influences the
bacterial genome contents, especially the HT selection. However, in
our set of bacteria, we have only few representatives of soil bacteria
and three bacteria from insects or ubiquitous. This is low compared
to the diversity of bacteria and environments existing. The ever
increasing number of sequenced genomes will help to improve the
estimation of HT. Indeed, the introduction of additional genomes of
different bacterial species to have several representatives of each
environment might be very interesting to establish a more reliable
evaluation of the impact of the environment on the genome

evolution.
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Figures legends

Figure 1. Comparison of the genome contents in the different
habitats. The quantity of genes in core genome and their functions
are indicated in the center of flower. Genes specific to each habitats
and genes shared by different habitats are represented by the
different petals. The clouds represents the ORFans percentages in
genomes. The width of the petals and the clouds is proportional to
the quantity of specific genes and percentage of ORFans,

respectively.

Figure 2. Functional distribution of the specific genes. A) Proportions
of each COG categories in the bacteria from different habitats. B) The

repartition of the four functional categories in each studied habitat.

Figure 3. Functional description of the detected horizontally
transferred genes in each studied bacteria. Only the four functional

categories of COGs are presented. The habitats of species and their
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ancestors are indicated by the color of the branches (red : ubiquitous,
cyan : water, green : insects, yellow: amoeba, pink: intracellular
vertebrates, purple: extracellular vertebrates, blue: water and soils,

brown: soils), the black dotted branches indicate an unknown habitat

Figure 4. Preferences for horizontal transfer partners among
habitats. The colored point corresponds to the bacteria from the
different habitats (red : ubiquitous, cyan : water, green : insects,
yellow: amoeba, pink: intracellular vertebrates, purple: extracellular
vertebrates, blue: water and soils, brown: soils). The traits are
colored according to the habitats of studied bacteria and their

thickness is proportional to the amount of genes exchanged.

121



Supplementary figure

Table S1. Genomic features and habitats of bacteria studied.
For each bacteria studied, we present the genomes identifiers,
genomic features (proteins quantity, GC percent) and the habitat

(environment and lifestyle).
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Figure 1. Comparison of the genome contents in the different habitats. The quantity of genes in core genome and their
functions are indicated in the center of flower. Genes specific to each habitats and genes shared by different habitats are
represented by the different petals. The clouds represents the ORFans percentages in genomes. The width of the petals and

the clouds is proportional to the quantity of specific genes and percentage of ORFans, respectively.
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Figure 2: Functional distribution of the specific genes. A) Proportions of each COG categories in the bacteria from

different habitats. B) The repartition of the four functional categories in each studied habitat.
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Figure 3: Functional description of the detected horizontally transferred genes in each studied bacteria. Only the four
functional categories of COGs are presented. The habitats of species and their ancestors are indicated by the color of the
branches (red : ubiquitous, cyan : water, green : insects, yellow: Amoeba, pink: intracellular vertebrates, purple: extracellular

vertebrates, blue: water and soils, brown: soils), the black dotted branches indicate an unknown habitat
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Figure 4: Preferences for horizontal transfer partners among habitats. The colored point corresponds to the bacteria
from the different habitats (red : ubiquitous, cyan : water, green : insects, yellow: Amoeba, pink: intracellular
vertebrates, purple: extracellular vertebrates, blue: water and soils, brown: soils). The traits are colored according to

the habitats of studied bacteria and their thickness is proportional to the amount of genes exchanged.
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Species Genome Size  GC percent Proteins Genome identifier Environment Lifestyle

Chlamydia muridarum Nigg 1,09 40,30% 911 NC_002620 Vertebrates Intracellular
Chlamydophila abortus S26/3 1,14 39,90% 932 NC_004552 Vertebrates Intracellular
Chlamydia trachomatis 434/Bu 1,04 41,30% 885 NC_010287 Vertebrates Intracellular
Chlamydophila pecorum E58 1,11 41,10% 988 NC_015408 Vertebrates Intracellular
Chlamydophila caviae GPIC 1,18 39,20% 1005 NC_003361 Vertebrates Intracellular
Chlamydophila felis Fe/C-56 1,17 39,40% 1013 NC_007899 Vertebrates Intracellular
Chlamydia psittaci NJ1 1,17 39,00% 1052 NC_018626 Vertebrates Intracellular
Chlamydophila pneumoniae J138 1,23 40,60% 1069 NC_002491 Vertebrates Intracellular
Candidatus Protochlamydia amoebophila 2,41 34,70% 2031 NC_005861 Amoeba Intracellular
Parachlamydia acanthamoebae UV-7 3,07 39,00% 2782 NC_015702 Amoeba Intracellular
Simkania negevensis Z 2,63 41,60% 2512 NC_015713 Amoeba Intracellular
Waddlia chondrophila WSU 86-1044 2,13 43,80% 1956 NC_014225 Amoeba Intracellular
Blattabacterium sp (Blaberus giganteus) 0,63 25,70% 576 NC_017924 Insects Intracellular
Verrucomicrobium spinosum DSM 4136 8,22 58,60% 6477 NZ_ABIZ00000000 Insects Extracellular
Treponema primitia ZAS-2 4,06 50,80% 3523 NC_015578 Insects Extracellular
Opitutaceae bacterium TAV1 7,07 62,10% 5830 NZ_AHKS00000000 Insects Extracellular
Brachyspira intermedia PWS/A 3,31 27,20% 2872 NC_017243 Vertebrates Extracellular
Treponema brennaborense DSM 12168 3,06 51,50% 2531 NC_015500 Vertebrates Extracellular
Treponema denticola ATCC 35405 2,84 37,90% 2767 NC_002967 Vertebrates Extracellular
Treponema pallidum subsp. pallidum DAL-1 1,14 52,80% 1056 NC_016844 Vertebrates Extracellular
Akkermansia muciniphila ATCC BAA-835 2,66 55,80% 2138 NC_010655 Vertebrates Extracellular
Alistipes finegoldii DSM 17242 3,73 56,60% 3110 NC_018011 Vertebrates Extracellular
Bacteroides vulgatus ATCC 8482 5,16 42,20% 4066 NC_009614 Vertebrates Extracellular
Bacteroides xylanisolvens XB1A 5,98 42,10% 4405 NC_021017 Vertebrates Extracellular
Capnocytophaga ochracea DSM 7271 2,61 39,60% 2171 NC_013162 Vertebrates Extracellular
Porphyromonas asaccharolytica DSM 20707 2,19 52,50% 1699 NC_015501 Vertebrates Extracellular
Prevotella dentalis DSM 3688 3,35 55,90% 2544 NC_019960 NC_019968 Vertebrates Extracellular
Parabacteroides distasonis ATCC 8503 4,81 45,10% 3849 NC_009615 Vertebrates Extracellular
Porphyromonas gingivalis W83 2,34 48,30% 1909 NC_002950 Vertebrates Extracellular
Prevotella intermedia 17 2,7 43,50% 2266 NC_017860 NC_017861 Vertebrates Extracellular
Riemerella anatipestifer ATCC 11845 = DSM 15868 2,16 35,00% 1972 NC_014738 Vertebrates Extracellular
Tannerella forsythia ATCC 43037 3,41 47,00% 3001 NC_016610 Vertebrates Extracellular
Borrelia burgdorferi JD1 1,53 28,00% 1458 NC_017403 Vertebrates Extracellular
Borrelia garinii BgVir 0,99 28,20% 950 NC_017717 Vertebrates Extracellular
Chthoniobacter flavus Ellin428 7,85 61,10% 6716 NZ_ABVLO0000000 Soils Extracellular
Opitutus terrae PB90-1 5,96 65,30% 4612 NC_010571 Soils Extracellular
Pedosphaera parvula Ellin514 7,41 52,60% 6510 NZ_ABOX00000000 Soils Extracellular
Methylacidiphilum infernorum v4 2,29 45,50% 2472 NC_010794 Soils, water Extracellular
Verrucomicrobiae bacterium DG1235 5,78 54,30% 4909 NZ_ABSI00000000 Soils, water Extracellular
Gemmata obscuriglobus UQM 2246 9,16 67,20% 7969 NZ_ABGO00000000 Soils, water Extracellular
Isosphaera pallida ATCC 43644 5,53 62,40% 3722 NC_014962 Soils, water Extracellular
Leptospira biflexa serovar Patoc 3,96 38,90% 3600 NC_010842 NC_010845 Ubiquitous Extracellular
Leptospira interrogans serovar Lai str. 56601 4,7 35,00% 3702 NC_004342 NC_004343 Ubiquitous Extracellular
Turneriella parva DSM 21527 4,41 53,60% 4139 NC_018020.1 Ubiquitous Extracellular
Spirochaeta africana DSM 8902 3,29 57,80% 2782 NC_017098 Water Extracellular
Sphaerochaeta pleomorpha str. Grapes 3,59 46,20% 3159 NC_016633 Water Extracellular
Coraliomargarita akajimensis DSM 45221 3,75 53,60% 3120 NC_014008 Water Extracellular
Lentisphaera araneosa HTCC2155 6,02 40,90% 5104 NZ_ABCK00000000 Water Extracellular
Planctomyces brasiliensis DSM 5305 6,01 56,40% 4750 NC_015174 Water Extracellular
Planctomyces limnophilus DSM 3776 5,46 53,70% 4258 NC_014148 Water Extracellular
Planctomyces maris DSM 8797 7,78 50,50% 6480 NZ_ABCE00000000 Water Extracellular
Phycisphaera mikurensis NBRC 102666 3,88 73,20% 3282 NC_017080 Water Extracellular
Pirellula staleyi DSM 6068 6,2 57,50% 4717 NC_013720 Water Extracellular
Rhodopirellula baltica SH 1 7,15 55,40% 7325 NC_005027 Water Extracellular
Singulisphaera acidiphila DSM 18658 9,76 62,30% 7251 NC_019892 Water Extracellular
Blastopirellula marina DSM 3645 6,66 57,00% 6025 NZ_AANZ00000000 Water Extracellular
Candidatus Kuenenia stuttgartiensis 4,2 41,00% 4663 _ Water Extracellular
Chlorobium limicola DSM 245 2,76 51,30% 2434 NC_010803 Water Extracellular
Chlorobaculum parvum NCIB 8327 2,29 55,80% 2043 NC_011027 Water Extracellular
Chlorobium phaeobacteroides BS1 2,74 48,90% 2469 NC_010831 Water Extracellular
Chlorobium tepidum TLS 2,15 56,50% 2245 NC_002932 Water Extracellular
Chloroherpeton thalassium ATCC 35110 3,29 45,00% 2710 NC_011026 Water Extracellular
Prosthecochloris aestuarii DSM 271 2,58 50,10% 2327 NC_011059 Water Extracellular
Pelodictyon phaeoclathratiforme BU-1 3,02 48,10% 2707 NC_011060 Water Extracellular

Table S1 Genomic features and habitats of bacteria studied.
For each bacteria studied, we present the genomes identifiers, genomic features (proteins quantity, GC percent) and the habitat (environment and
lifestyle).
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Additional tables not submitted

Table S2: Results for general analyzes of genomes (Detail for core gene, orthologous groups,

specific genes and HGT)

Tables S3 : Functions for specific and transferred genes (quantity and percent),

Table S4 : Partners for genes transfers (quantity and percent)
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C_flavus
O_terrae
P_parvula
G_obscuriglobus
I_pallida
M_infernorum
V_bacterium
L_biflexa
L_interrogans
T_parva
A_finegoldii
A_muciniphila
B_burgdorferii
B_dutonii
B_intermedia
B_vulgatus
B_xylanosolvens
C_orchracea
P_asacharolytica
P_dentalis
P_distasonis
P_gingivalis
P_intermedia
R_anatipestifer
T_brennaborense
T_denticola
T_forsythia
T_pallidum
C_abortus
C_caviae

C_felis
C_muridarum
C_pecorum
C_pneumoniae
C_psitacii
C_trachomatis
B_marina
C_akajimensis
C_limicola
C_parvum
C_phaeobacteroides
C_tepidum
C_thalassium
CK_stuttgartiensis
L_araneosa
P_aestuarii
P_brasiliensis
P_limnophilus
P_maris
P_mikurensis
P_phaeoclathatiforme
P_staleyi
R_baltica
S_acidiphila
S_africana

S_pleomorpha

Species

Candidatus Protochlamydia amoebophila
Parachlamydia acanthamoebae UV-7
Simkania negevensis Z

Waddlia chondrophila WSU 86-1044
Opitutaceae bacterium TAV1
Treponema primitia ZAS-2
Verrucomicrobium spinosum DSM 4136
Blattabacterium sp (Blaberus giganteus)
Chthoniobacter flavus Ellin428

Opitutus terrae PB90-1

Pedosphaera parvula Ellin514

Gemmata obscuriglobus UQM 2246
Isosphaera pallida ATCC 43644
Methylacidiphilum infernorum V4
Verrucomicrobiae bacterium DG1235
Leptospira biflexa serovar Patoc
Leptospira interrogans serovar Lai str. 56601
Turneriella parva DSM 21527

Alistipes finegoldii DSM 17242
Akkermansia muciniphila ATCC BAA-835
Borrelia burgdorferi JD1

Borrelia dutonii

Brachyspira intermedia PWS/A
Bacteroides vulgatus ATCC 8482
Bacteroides xylanisolvens XB1A
Capnocytophaga ochracea DSM 7271
Porphyromonas asaccharolytica DSM 20707
Prevotella dentalis DSM 3688
Parabacteroides distasonis ATCC 8503
Porphyromonas gingivalis W83

Prevotella intermedia 17

Riemerella anatipestifer ATCC 11845 = DSM 15868

Treponema brennaborense DSM 12168
Treponema denticola ATCC 35405
Tannerella forsythia ATCC 43037
Treponema pallidum subsp. pallidum DAL-1
Chlamydophila abortus S26/3
Chlamydophila caviae GPIC
Chlamydophila felis Fe/C-56

Chlamydia muridarum Nigg
Chlamydophila pecorum E58
Chlamydophila pneumoniae J138
Chlamydia psittaci NJ1

Chlamydia trachomatis 434/Bu
Blastopirellula marina DSM 3645
Coraliomargarita akajimensis DSM 45221
Chlorobium limicola DSM 245
Chlorobaculum parvum NCIB 8327
Chlorobium phaeobacteroides BS1
Chlorobium tepidum TLS
Chloroherpeton thalassium ATCC 35110
Candidatus Kuenenia stuttgartiensis
Lentisphaera araneosa HTCC2155
Prosthecochloris aestuarii DSM 271
Planctomyces brasiliensis DSM 5305
Planctomyces limnophilus DSM 3776
Planctomyces maris DSM 8797
Phycisphaera mikurensis NBRC 102666
Pelodictyon phaeoclathratiforme BU-1
Pirellula staleyi DSM 6068
Rhodopirellula baltica SH 1
Singulisphaera acidiphila DSM 18658
Spirochaeta africana DSM 8902

Sphaerochaeta pleomorpha str. Grapes

Habitats

Environment

Amoeba
Amoeba
Amoeba
Amoeba
Insects
Insects
Insects
Insects
Soils
Soils
Soils
Soils, water
Soils, water
Soils, water
Soils, water
Ubiquitous
Ubiquitous
Ubiquitous
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Vertebrates
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water

Water

Lifestyle

Intracellular
Intracellular
Intracellular
Intracellular
Extracellular
Extracellular
Extracellular
Intracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular

Extracellular

Genomes

Identfifiers

NC_005861
NC_015702
NC_015713
NC_014225

NZ_AHKS00000000
NC_015578
NZ_ABIZO0000000
NC_017924
NZ_ABVLO0000000
NC_010571
NZ_ABOX00000000
NZ_ABGO00000000
NC_014962
NC_010794
NZ_ABSI00000000
NC_010842 NC_010845
NC_004342 NC_004343
NC_018020.1
NC_018011
NC_010655
NC_017403
NC_017717
NC_017243
NC_009614
NC_021017
NC_013162
NC_015501

NC_019960 NC_019968
NC_009615
NC_002950

NC_017860 NC_017861
NC_014738
NC_015500
NC_002967
NC_016610
NC_016844
NC_004552
NC_003361
NC_007899
NC_002620
NC_015408
NC_002491
NC_018626
NC_010287

NZ_AANZ00000000
NC_014008
NC_010803
NC_011027
NC_010831
NC_002932
NC_011026

NZ_ABCK00000000
NC_011059
NC_015174
NC_014148

NZ_ABCE00000000
NC_017080
NC_011060
NC_013720
NC_005027
NC_019892
NC_017098
NC_016633

Table S2: Results for general analyzes of genomes (Detail for core gene, orthologous groups, specific genes and HGT)
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Size

24
31
2.6
21
71
4.1
8.2
0.6
7.9
6.0
7.4
9.2
55
23
5.8
4.0
4.7
4.4
3.7
2.7
15
1.0
33
52
6.0
26
22
3.4
4.8
23
2.7
22
31
2.8
3.4
11
11
1.2
1.2
11
11
1.2
1.2
1.0
6.7
3.8
2.8
23
2.7
2.2
33
4.2
6.0
2.6
6.0
55
7.8
3.9
3.0
6.2
7.2
9.8
33
3.6

Proteins

2031
2782
2512
1956
5830
3523
6477
576
6716
4612
6510
7969
3722
2472
4909
3600
3702
4139
3110
2138
1458
950
2872
4066
4405
2171
1699
2544
3849
1909
2266
1972
2531
2767
3001
1056
932
1005
1013
911
988
1069
1052
885
6025
3120
2434
2043
2469
2245
2710
4663
5104
2327
4750
4258
6480
3282
2707
4717
7325
7251
2782
3159

Orthologous
group (OG)

1223
1573
1229
1309
2822
2052
3516
521
3620
2979
3195
3436
2737
1348
2908
2579
2383
2228
1853
1461
746
740
1458
2681
2709
1518
1292
1839
2632
1424
1549
1397
1876
1621
1904
817
858
876
883
796
824
834
874
802
3621
2121
1898
1725
1850
1610
1927
1856
2360
1799
3295
2978
3843
1932
1903
3328
3435
4117
1849
1931

Proteil
Quantity

1301
1711
1328
1420
3240
2377
4073
526
4213
3435
3761
4245
2905
1433
3288
2802
2561
2518
2097
1579
762
755
1637
3196
3200
1602
1381
2016
3087
1524
1649
1466
2037
1778
2059
838
874
896
907
809
845
863
905
817
4004
2309
2018
1796
1978
1681
2073
2191
2853
1915
3664
3187
4383
2083
2073
3629
3881
4917
2043
2299



s in 0G

Percent

64.1
61.5
52.9
72.6
55.6
67.5
62.9
91.3
62.7
74.5
57.8
53.3
78.1
58.0
67.0
77.8
69.2
60.8
67.4
73.9
52.3
79.5
57.0
78.6
726
73.8
813
79.3
80.2
79.8
72.8
74.3
80.5
64.3
68.6
79.4
93.8
89.2
89.5
88.8
85.5
80.7
86.0
92.3
66.5
74.0
82.9
87.9
80.1
74.9
76.5
47.0
55.9
82.3
77.1
74.9
67.6
63.5
76.6
76.9
53.0
67.8
73.4
72.8

Proteins/OG

11
11
11
11
12
12
12
1.0
12
12
12
12
11
11
11
11
11
11
11
11
1.0
1.0
11
12
12
11
11
11
12
11
11
11
11
11
11
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
11
11
11
1.0
11
1.0
11
12
12
11
11
11
11
11
11
11
11
12
11
12

ORFans
Quantity

148
189
340
132
430
233
923
1
676
238
715
863
318
285
544
152
372
426
311
214
6
6
133
112
366
93
82
33
153
112
71
63
93
139
186
107
6
11
18
20
43
73
31
58
731
293
96
32
145
151
141
691
786
91
475
477
807
467
51
399
775
802
176
148

Percent

7.3
6.8
14.3
6.8
3.7
6.6
14.9
0.2
10.0
52
11.0
111
8.6
115
111
4.6
10.1
10.4
10.0
10.0
0.7
0.8
4.6
2.7
83
43
4.8
23
4.0
5.9
31
3.2
3.7
5.0
6.2
10.1
0.7
11
18
2.2
4.3
6.6
29
57
11.9
9.4
3.9
1.6
59
6.7
52
14.7
153
4.0
10.0
113
1255
14.6
1.9
85
10.6
11.2
6.3
4.7

Specific gens
Quantity

170
232
113
184
37
15
34
0
110
50
123
56
42
6
12
709
664
291
431
47
164
152
52
780
801
251
233
494
661
300
400
188
105
136
446
64
192
207
202
160
155
164
206
159
669
73
377
322
350
284
217
104
163
352
602
488
723
112
356
561
512
276
63
77

Percent

8.4
8.3
4.5
9.4
0.6
0.4
0.5
0.0
1.6
11
1.9
0.7
11
0.2
0.2
19.7
17.9
7.0
139
22
11.2
16.0
18
19.2
18.2
116
13.7
19.4
17.2
15.7
17.7
9.5
4.1
4.9
14.9
6.1
20.6
20.6
19.9
17.6
15.7
153
19.6
18.0
111
23
155
15.8
14.2
12.7
8.0
2.2
3.2
15.1
12.7
115
11.2
3.4
13.2
11.9
7.0
3.8
23
2.4

Core genes
Quantity ~ Percent
734 36.1
871 313
736 29.3
765 39.1
1085 18.6
874 248
1220 18.8
399 69.3
1220 18.2
1198 26.0
1248 19.2
1375 17.3
1019 274
804 325
1126 229
1032 28.7
968 26.1
1048 253
761 245
822 38.4
358 24.6
369 38.8
780 27.2
913 225
876 19.9
660 30.4
601 354
671 26.4
928 241
616 323
591 26.1
673 341
711 28.1
640 231
665 222
400 37.9
486 52.1
489 48.7
498 49.2
469 51.5
492 49.8
489 45.7
493 46.9
473 53.4
1071 17.8
923 29.6
808 332
762 373
765 31.0
750 334
859 317
969 20.8
935 18.3
775 333
1021 215
995 234
1067 16.5
902 27.5
793 29.3
1028 21.8
1036 14.1
1298 17.9
844 303
823 26.1

Proteins transferred

Quantity

188
120
156
70
525
462
268
82
1026
351
496
377
245
130
333
304
292
338
240
159

416
466
157
104
34
55
188
37
66
153
211
319
119
24

16
14
35
22
30

34
343
217

77

78
115

68
248
542
358

67
146

48
322
244
111
152
205
238
208
504

130

Percent of
proteomes

9.3
43
6.2
3.6
9.0
131
4.1
14.2
15.3
7.6
7.6
4.7
6.6
53
6.8
8.4
7.9
8.2
7.7
7.4
0.0
0.0
14.5
115
3.6
4.8
2.0
22
4.9
1.9
29
7.8
83
115
4.0
23
0.0
1.6
1.4
3.8
22
2.8
0.8
3.8
5.7
7.0
3.2
3.8
4.7
3.0
9.2
116
7.0
2.9
31
11
5.0
7.4
4.1
3.2
2.8
33
7.5
16.0

Quantity

152
105
134
63
466
321
244
0
803
297
472
347
222
102
288
265
258
285
213
129
0
0
317
388
133
9
33
51
165
32
63
131
176
227
105
23
0
15
12
34
20
24
8
27
307
186
67
70
103
55
203
450
344
55
139
43
284
220
97
137
184
219
165
345

Sequences transferred
si::eesn:e\; Average size  Total size
1.2 12139 184517.0
1.1 989.5 103893.0
1.2 1052.9 141086.0
1.1 998.6 62909.0
1.1 1289.2 600787.0
1.4 1465.3 471818.0
1.1 1032.8 253043.0
0.0 0.0 0.0
1.3 11343 910602.0
1.2 1473.9 437758.0
1.1 966.1 455983.0
1.1 859.4 299077.0
1.1 1295.8 287664.0
1.3 1186.8 121051.0
1.2 1247.2 359186.0
1.1 1103.7 292471.0
1.1 1004.3 259107.0
1.2 1075.4 306492.0
1.1 1161.1 247318.0
1.2 1362.2 175717.0
0.0 0.0 0.0
0.0 0.0 0.0
13 1213.0 384535.0
1.2 1421.4 551496.0
1.2 1359.2 180773.0
1.1 878.3 82562.0
1.0 983.4 32453.0
1.1 1287.3 65650.0
1.1 1188.9 196167.0
1.2 1217.8 38971.0
1.0 1061.7 66888.0
1.2 972.3 127371.0
12 12138 213631.0
14 1330.5 302027.0
1.1 1362.0 144368.0
1.0 1124.0 25853.0
0.0 0.0 0.0
1.1 1519.1 22787.0
12 1021.5 12258.0
1.0 1190.2 40467.0
1.1 1213.4 24268.0
13 1246.8 29924.0
1.0 601.6 4813.0
13 1478.7 39925.0
1.1 1088.2 334066.0
12 1164.6 216618.0
1.1 1290.5 86461.0
1.1 1049.6 73471.0
1.1 892.6 91934.0
12 11525 63388.0
12 12183 247323.0
1.2 1172.5 527640.0
1.0 1054.8 362842.0
1.2 1167.9 64234.0
1.1 913.3 126950.0
1.1 1007.5 43322.0
1.1 1061.9 301569.0
1.1 1173.1 258088.0
1.1 1000.3 97026.0
1.1 1041.2 142643.0
1.1 1054.5 194026.0
1.1 1149.0 251632.0
1.3 1315.7 217094.0
1.5 1492.2 514824.0

Percent of
genomes

7.7
3.4
5.4
3.0
8.5
116
31
0.0
115
7.3
6.2
33
5.2
53
6.2
7.4
55
6.9
6.6
6.6
0.0
0.0
116
10.7
3.0
3.2
15
2.0
4.1
17
25
59
7.0
10.6
4.2
23
0.0
1.9
1.0
3.7
22
2.4
0.4
3.8
5.0
5.8
31
3.2
3.4
29
7.5
12.6
6.0
2.5
21
0.8
3.9
6.7
3.2
23
2.7
26
6.6
14.3



CP_amoebophila
P_acanthamoeba
S_negevensis

W _chondrophila
O_bacterium
T_primitia
V_spinosum
Blattabacterium_sp
C_flavus
O_terrae
P_parvula
G_obscuriglobus
|_pallida
M_infernorum
V_bacterium
L_biflexa
L_interrogans
T_parva
A_finegoldii
A_muciniphila
B_burgdorferii
B_dutonii
B_intermedia
B_vulgatus
B_xylanosolvens
C_orchracea
P_asacharolytica
P_dentalis
P_distasonis
P_gingivalis
P_intermedia
R_anatipestifer
T_brennaborense
T_denticola
T_forsythia
T_pallidum
C_abortus
C_caviae

C_felis
C_muridarum
C_pecorum
C_pneumoniae
C_psitacii
C_trachomatis
B_marina
C_akajimensis
C_limicola
C_parvum
C_phaeobacteroides
C_tepidum
C_thalassium
CK_stuttgartiensis
L_araneosa
P_aestuarii
P_brasiliensis
P_limnophilus
P_maris
P_mikurensis
P_phaeoclathatiforme
P_staleyi
R_baltica
S_acidiphila
S_africana

S_pleomorpha

Tables S3 : Functions for specific and transferred genes (quantity and percent),

Species

Complete name
Candidatus Protochlamydia amoebophila
Parachlamydia acanthamoebae UV-7
Simkania negevensis Z
Waddlia chondrophila WSU 86-1044
Opitutaceae bacterium TAV1
Treponema primitia ZAS-2
Verrucomicrobium spinosum DSM 4136
Blattabacterium sp (Blaberus giganteus)
Chthoniobacter flavus Ellin428
Opitutus terrae PB90-1
Pedosphaera parvula Ellin514
Gemmata obscuriglobus UQM 2246
Isosphaera pallida ATCC 43644
Methylacidiphilum infernorum v4
Verrucomicrobiae bacterium DG1235
Leptospira biflexa serovar Patoc
Leptospira interrogans serovar Lai str. 56601
Turneriella parva DSM 21527
Alistipes finegoldii DSM 17242
Akkermansia muciniphila ATCC BAA-835
Borrelia burgdorferi JD1
Borrelia dutonii
Brachyspira intermedia PWS/A
Bacteroides vulgatus ATCC 8482
Bacteroides xylanisolvens XB1A
Capnocytophaga ochracea DSM 7271
Porphyromonas asaccharolytica DSM 20707
Prevotella dentalis DSM 3688
Parabacteroides distasonis ATCC 8503
Porphyromonas gingivalis W83
Prevotella intermedia 17
Riemerella anatipestifer ATCC 11845 = DSM 15868
Treponema brennaborense DSM 12168
Treponema denticola ATCC 35405
Tannerella forsythia ATCC 43037
Treponema pallidum subsp. pallidum DAL-1
Chlamydophila abortus S26/3
Chlamydophila caviae GPIC
Chlamydophila felis Fe/C-56
Chlamydia muridarum Nigg
Chlamydophila pecorum E58
Chlamydophila pneumoniae J138
Chlamydia psittaci NJ1
Chlamydia trachomatis 434/Bu
Blastopirellula marina DSM 3645
Coraliomargarita akajimensis DSM 45221
Chlorobium limicola DSM 245
Chlorobaculum parvum NCIB 8327
Chlorobium phaeobacteroides BS1
Chlorobium tepidum TLS
Chloroherpeton thalassium ATCC 35110
Candidatus Kuenenia stuttgartiensis
Lentisphaera araneosa HTCC2155
Prosthecochloris aestuarii DSM 271
Planctomyces brasiliensis DSM 5305
Planctomyces limnophilus DSM 3776
Planctomyces maris DSM 8797
Phycisphaera mikurensis NBRC 102666
Pelodictyon phaeoclathratiforme BU-1
Pirellula staleyi DSM 6068
Rhodopirellula baltica SH 1
Singulisphaera acidiphila DSM 18658
Spirochaeta africana DSM 8902

Sphaerochaeta pleomorpha str. Grapes

1.0
1.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.0
2.0
1.0
1.0
0.0
0.0
0.0
0.0
3.0
3.0
0.0
0.0
1.0
2.0
0.0
2.0
0.0
0.0
0.0
0.0
0.0
2.0
2.0
0.0
2.0
1.0
1.0
2.0
20
1.0
0.0
0.0
1.0
1.0
0.0
1.0
0.0
0.0
0.0
3.0
2.0
2.0
0.0
1.0
2.0
1.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

3.0
6.0
3.0
5.0
1.0
1.0
0.0
0.0
6.0
2.0
6.0
2.0
2.0
0.0
0.0
22.0
22.0
8.0
7.0
2.0
4.0
3.0
0.0
17.0
17.0
6.0
3.0
6.0
16.0
5.0
4.0
3.0
2.0
2.0
6.0
2.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.0
26.0
1.0
15.0
19.0
17.0
15.0
13.0
4.0
1.0
15.0
19.0
9.0
22.0
1.0
21.0
18.0
16.0
15.0
1.0
1.0

131

1.0
2.0
0.0
1.0
0.0
0.0
0.0
0.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0
11.0
9.0
6.0
4.0
0.0
3.0
3.0
0.0
7.0
7.0
0.0
2.0
3.0
3.0
2.0
3.0
0.0
1.0
1.0
3.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
5.0
3.0
5.0
5.0
5.0
5.0
5.0
2.0
6.0
5.0
7.0
5.0
12.0
1.0
4.0
7.0
7.0
2.0
0.0
0.0

4.0
5.0
3.0
6.0
3.0
2.0
2.0
0.0
2.0
1.0
3.0
2.0
2.0
0.0
0.0
18.0
19.0
10.0
16.0
1.0
5.0
5.0
4.0
31.0
27.0
14.0
8.0
15.0
20.0
13.0
9.0
8.0
3.0
3.0
18.0
1.0
6.0
7.0
6.0
5.0
4.0
4.0
7.0
5.0
22.0
3.0
12.0
11.0
13.0
10.0
9.0
4.0
8.0
11.0
25.0
14.0
24.0
5.0
11.0
16.0
18.0
6.0
1.0
2.0

3.0
2.0
1.0
3.0
0.0
0.0
0.0
0.0
2.0
0.0
2.0
0.0
0.0
0.0
0.0
9.0
9.0
3.0
2.0
1.0
1.0
0.0
0.0
6.0
7.0
2.0
2.0
4.0
6.0
2.0
4.0
0.0
0.0
0.0
4.0
0.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
5.0
0.0
2.0
1.0
4.0
1.0
2.0
3.0
1.0
4.0
4.0
3.0
5.0
2.0
2.0
3.0
4.0
3.0
0.0
0.0

9.0
10.0
6.0
10.0
3.0
0.0
3.0
0.0
3.0
2.0
4.0
3.0
3.0
0.0
1.0
31.0
28.0
12.0
24.0
5.0
6.0
6.0
4.0
37.0
50.0
12.0
10.0
23.0
39.0
13.0
22.0
11.0
5.0
3.0
20.0
1.0
6.0
5.0
5.0
4.0
3.0
3.0
6.0
4.0
27.0
7.0
14.0
9.0
6.0
8.0
10.0
4.0
11.0
9.0
27.0
20.0
33.0
12.0
10.0
22.0
32.0
14.0
5.0
7.0

0.0
2.0
1.0
2.0
1.0
2.0
3.0
0.0
4.0
4.0
6.0
1.0
1.0
0.0
0.0
16.0
15.0
7.0
10.0
0.0
1.0
1.0
2.0
20.0
22.0
4.0
8.0
10.0
20.0
10.0
8.0
3.0
3.0
3.0
17.0
3.0
3.0
3.0
3.0
1.0
2.0
2.0
3.0
1.0
14.0
2.0
3.0
5.0
5.0
5.0
7.0
1.0
7.0
5.0
16.0
7.0
17.0
5.0
5.0
10.0
14.0
7.0
1.0
1.0

4.0
7.0
2.0
7.0
1.0
2.0
0.0
0.0
0.0
0.0
0.0
2.0
0.0
0.0
2.0
17.0
17.0
9.0
6.0
0.0
0.0
1.0
0.0
6.0
8.0
3.0
5.0
3.0
7.0
4.0
6.0
4.0
2.0
1.0
4.0
1.0
2.0
5.0
3.0
3.0
3.0
3.0
4.0
2.0
9.0
0.0
7.0
5.0
5.0
6.0
4.0
1.0
0.0
4.0
6.0
7.0
9.0
2.0
6.0
6.0
8.0
6.0
2.0
2.0

5.0
5.0
3.0
3.0
0.0
0.0
0.0
0.0
2.0
2.0
0.0
0.0
0.0
0.0
0.0
5.0
5.0
4.0
4.0
1.0
2.0
3.0
2.0
13.0
14.0
5.0
2.0
8.0
14.0
4.0
5.0
2.0
2.0
3.0
11.0
1.0
3.0
3.0
2.0
0.0
1.0
2.0
3.0
0.0
31.0
2.0
1.0
4.0
4.0
2.0
4.0
0.0
9.0
4.0
10.0
8.0
21.0
4.0
2.0
19.0
19.0
6.0
4.0
6.0

K
10.0
14.0

9.0
13.0
1.0
0.0
1.0
0.0
7.0
0.0
7.0
6.0
5.0
1.0
1.0
29.0
27.0
13.0
26.0
4.0
0.0
0.0
4.0
41.0
320
12.0
8.0
26.0
40.0
14.0
20.0
8.0
7.0
8.0
19.0
5.0
5.0
4.0
4.0
3.0
5.0
5.0
5.0
3.0
24.0
2.0
12.0
12.0
14.0
11.0
9.0
5.0
8.0
12.0
24.0
21.0
36.0
7.0
11.0
14.0
25.0
11.0
2.0
3.0

Quantity
L M
5.0 8.0
7.0 100
5.0 7.0
4.0 110
2.0 1.0
0.0 0.0
2.0 1.0
0.0 0.0
3.0 5.0
1.0 1.0
4.0 4.0
2.0 3.0
0.0 2.0
0.0 0.0
1.0 1.0
140 37.0
16.0 32.0
10.0 16.0
26.0 20.0
2.0 1.0
2.0 2.0
2.0 2.0
2.0 1.0
37.0 36.0
370 380
10.0 11.0
7.0 110
22.0 29.0
28.0 35.0
16.0 10.0
210 16.0
80 11.0
4.0 2.0
8.0 5.0
23.0 200
3.0 1.0
7.0 5.0
7.0 5.0
5.0 5.0
5.0 5.0
5.0 5.0
5.0 5.0
6.0 5.0
5.0 5.0
18.0 30.0
2.0 7.0
19.0 34.0
140 220
18.0 31.0
11.0 18.0
15.0 12.0
7.0 4.0
8.0 7.0
18.0 34.0
11.0 38.0
120 33.0
20.0 40.0
5.0 6.0
20.0 26.0
10.0 240
11.0 23.0
8.0 16.0
0.0 7.0
2.0 6.0

2.0
3.0
1.0
4.0
0.0
2.0
2.0
0.0
2.0
3.0
2.0
1.0
1.0
0.0
0.0
13.0
10.0
8.0
5.0
3.0
3.0
3.0
3.0
11.0
6.0
1.0
4.0
2.0
10.0
3.0
3.0
0.0
5.0
7.0
6.0
3.0
2.0
3.0
3.0
1.0
3.0
3.0
3.0
1.0
22.0
0.0
8.0
6.0
11.0
7.0
5.0
1.0
6.0
10.0
23.0
19.0
24.0
3.0
9.0
16.0
12.0
3.0
2.0
0.0

3.0
5.0
2.0
4.0
0.0
0.0
0.0
0.0
5.0
3.0
3.0
1.0
2.0
1.0
0.0
16.0
13.0
7.0
6.0
2.0
3.0
3.0
2.0
13.0
13.0
6.0
6.0
6.0
11.0
5.0
5.0
6.0
5.0
1.0
7.0
2.0
7.0
7.0
5.0
9.0
6.0
6.0
7.0
9.0
18.0
2.0
14.0
10.0
12.0
10.0
7.0
2.0
3.0
12.0
21.0
12.0
27.0
4.0
11.0
13.0
16.0
7.0
3.0
1.0

3.0
3.0
3.0
20
0.0
1.0
1.0
0.0
3.0
2.0
3.0
0.0
0.0
0.0
0.0
15.0
14.0
7.0
14.0
2.0
4.0
4.0
0.0
32.0
32.0
7.0
11.0
19.0
26.0
12.0
14.0
3.0
4.0
2.0
17.0
2.0
7.0
7.0
7.0
8.0
5.0
5.0
7.0
8.0
16.0
0.0
16.0
18.0
17.0
18.0
7.0
4.0
3.0
14.0
16.0
13.0
15.0
3.0
18.0
10.0
15.0
11.0
4.0
2.0



Specific genes

percentages

Q R S T U \ w z A © D E F G H | J K L M N (0] P Q R S} T U Vv w z
1.0 500 580 7.0 1.0 2.0 0.0 0.0 06 17 06 22 17 50 00 22 28 56 28 44 11 17 17 06 278 322 39 06 1.1 00 00
10 650 80.0 9.0 3.0 4.0 0.0 0.0 04 25 08 20 08 41 08 29 20 57 29 41 12 20 12 04 266 328 37 12 16 00 00
00 270 390 30 0.0 1.0 0.0 0.0 09 26 00 26 09 51 09 17 26 77 43 60 09 17 26 00 231 333 26 00 09 00 00
1.0 540 550 50 3.0 2.0 0.0 0.0 05 26 05 31 15 51 10 36 15 66 20 56 20 20 10 05 276 281 26 15 10 00 00
00 140 100 10 0.0 0.0 0.0 0.0 00 26 00 79 00 79 26 26 00 26 53 26 00 00 00 00 368 263 26 00 00 00 00
1.0 1.0 4.0 0.0 2.0 0.0 0.0 0.0 00 56 00 111 00 0.0 111 111 00 00 00 00 111 00 56 56 56 222 00 111 00 00 00
00 130 6.0 1.0 2.0 0.0 0.0 0.0 00 00 00 54 00 81 81 00 00 27 54 27 54 00 27 00 351 162 27 54 00 00 00
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 00 00O 00O 00O 00 00 00 00O 00O 00 00 00 00 00 00 00 00 00 00 00 00
0.0 380 240 30 4.0 1.0 0.0 1.0 00 52 09 17 17 26 34 00 17 60 26 43 17 43 26 00 328 207 26 34 09 00 00
1.0 140 15.0 1.0 4.0 0.0 0.0 1.0 00 34 17 17 00 34 69 00 34 00 17 17 52 52 34 17 241 259 17 69 00 00 00
1.0 420 350 20 3.0 1.0 0.0 0.0 00 47 00 23 16 31 47 00 00 55 31 31 16 23 23 08 328 273 16 23 08 00 00
20 200 80 3.0 4.0 1.0 0.0 0.0 00 33 00 33 00 49 16 33 00 98 33 49 16 16 00 33 328 131 49 66 16 00 00
1.0 110 100 4.0 2.0 1.0 0.0 0.0 00 43 00 43 00 64 21 00 00 106 00 43 21 43 00 21 234 213 85 43 21 00 00
0.0 1.0 2.0 1.0 0.0 1.0 0.0 0.0 00 00 00 00O 00O 00 00 00 00 143 00 00 00 143 00 0.0 143 286 143 00 143 00 00
1.0 20 3.0 1.0 0.0 1.0 0.0 0.0 00 00 00 00 00 71 00 143 00 71 71 71 00 00 00 71 143 214 71 00 71 00 00
9.0 251.0 176.0 34.0 21.0 5.0 0.0 0.0 03 29 15 24 12 41 21 23 07 39 19 49 17 21 20 12 334 234 45 28 07 00 00
9.0 2350 1680 33.0 17.0 3.0 0.0 0.0 03 31 13 27 13 40 21 24 07 38 23 45 14 18 20 13 334 239 47 24 04 00 00
30 820 720 180 120 5.0 0.0 0.0 03 25 19 32 10 38 22 29 13 41 32 51 25 22 22 10 261 229 57 38 16 00 00
7.0 131.0 126.0 8.0 7.0 3.0 0.0 1.0 02 15 09 35 04 53 22 13 09 57 57 44 11 13 31 15 289 278 18 15 07 00 00
1.0 11.0 110 1.0 3.0 0.0 0.0 0.0 00 39 00 20 20 98 00 00 20 78 39 20 59 39 39 20 216 216 20 59 00 00 00
00 570 650 50 4.0 1.0 0.0 0.0 00 24 18 30 06 36 06 00 12 00 12 12 18 18 24 00 339 387 30 24 06 00 00
1.0 50.0 60.0 5.0 4.0 1.0 0.0 0.0 00 19 19 32 00 38 06 06 19 00 13 13 19 19 25 06 318 382 32 25 06 00 00
20 180 100 3.0 1.0 0.0 0.0 0.0 00 00 00 69 00 69 34 00 34 69 34 17 52 34 00 34 310 172 52 1.7 00 00 00
7.0 240.0 216.0 26.0 19.0 5.0 0.0 1.0 04 21 08 38 07 45 24 07 16 50 45 44 13 16 39 08 291 262 32 23 06 00 00
9.0 257.0 2180 23.0 150 7.0 0.0 0.0 04 20 08 32 08 59 26 10 17 38 44 45 07 15 38 11 305 259 27 18 08 00 00
1.0 790 720 9.0 1.0 4.0 0.0 0.0 00 23 00 54 08 46 15 12 19 46 39 42 04 23 27 04 305 278 35 04 15 00 00
30 76.0 60.0 6.0 9.0 1.0 0.0 0.0 00 12 08 33 08 41 33 21 08 33 29 45 17 25 45 12 314 248 25 37 04 00 00
3.0 160.0 156.0 19.0 5.0 3.0 0.0 0.0 02 11 06 29 08 44 19 06 15 50 42 55 04 11 36 06 306 298 36 10 06 00 00
80 197.0 1750 21.0 180 7.0 0.0 1.0 03 23 04 28 09 55 28 10 20 57 40 50 14 16 37 11 280 249 30 26 10 00 00
20 920 880 110 6.0 4.0 0.0 0.0 00 16 06 41 06 41 32 13 13 44 51 32 09 16 38 06 291 278 35 19 13 00 00
3.0 126.0 132.0 120 9.0 2.0 0.0 0.0 05 09 07 21 09 52 19 14 12 47 49 38 07 12 33 07 296 310 28 21 05 00 00
20 57.0 540 6.0 4.0 2.0 0.0 0.0 00 16 00 42 00 57 16 21 10 42 42 57 00 31 16 10 297 281 31 21 10 00 00
20 300 290 7.0 3.0 0.0 0.0 0.0 00 17 09 26 00 43 26 17 17 60 34 17 43 43 34 17 259 250 60 26 00 00 00
0.0 450 400 110 40 0.0 0.0 0.0 00 14 07 20 00 20 20 07 20 54 54 34 48 07 14 00 306 272 75 27 00 00 00
4.0 1420 1250 150 13.0 7.0 0.0 0.0 00 12 06 37 08 42 35 08 23 40 48 42 12 15 35 08 295 260 31 27 15 00 00
1.0 210 120 80 2.0 0.0 0.0 0.0 00 29 14 14 00 14 43 14 14 71 43 14 43 29 29 14 300 171 114 29 00 00 00
20 530 620 140 80 8.0 1.0 1.0 10 05 05 29 05 29 14 10 14 24 34 24 10 34 34 10 256 300 68 39 39 00 0.0
20 59.0 680 140 80 8.0 1.0 1.0 09 05 05 32 05 23 14 23 14 18 32 23 14 32 32 09 266 306 63 36 36 00 00
20 43.0 490 110 2.0 7.0 0.0 0.0 00 06 06 36 06 30 18 18 12 24 30 30 18 30 42 12 261 297 67 12 42 00 00
3.0 430 530 130 40 6.0 0.0 1.0 12 06 06 29 06 23 06 17 00 17 29 29 06 52 47 17 250 308 76 23 35 00 00
20 450 490 140 6.0 6.0 0.0 1.0 06 06 06 24 06 18 12 18 06 30 30 30 18 36 30 12 266 290 83 36 36 00 00
20 490 53.0 140 7.0 5.0 0.0 1.0 06 06 06 22 06 17 11 17 11 28 28 28 17 34 28 11 275 298 79 39 28 00 00
20 60.0 66.0 140 8.0 8.0 1.0 1.0 09 05 05 32 05 27 14 18 14 23 27 23 14 32 32 09 271 299 63 36 36 00 00
30 430 530 130 5.0 6.0 0.0 1.0 12 00 06 29 06 23 06 12 00 18 29 29 06 53 47 18 251 310 76 29 35 00 00
7.0 176.0 206.0 25.0 31.0 6.0 0.0 2.0 01 36 07 31 07 37 19 12 43 33 25 42 31 25 22 10 244 286 35 43 08 00 00
10 240 150 4.0 1.0 1.0 0.0 0.0 00 13 39 39 00 91 26 00 26 26 26 91 00 26 00 13 312 195 52 13 13 00 00
50 1120 99.0 170 6.0 7.0 0.0 0.0 00 37 12 29 05 34 07 17 02 29 47 83 20 34 39 12 275 243 42 15 1.7 00 00
30 870 810 16.0 6.0 7.0 0.0 0.0 03 56 15 32 03 26 15 15 12 35 41 64 18 29 53 09 254 237 47 18 20 00 00
6.0 92.0 880 180 8.0 7.0 0.0 0.0 03 45 13 34 10 16 13 13 10 37 47 81 29 31 45 16 241 230 47 21 18 00 00
30 740 750 190 7.0 4.0 0.0 0.0 00 49 16 32 03 26 16 19 06 36 36 58 23 32 58 10 239 243 61 23 13 00 00
20 56.0 420 130 7.0 3.0 0.0 0.0 04 56 21 39 09 43 30 17 17 39 64 52 21 30 30 09 240 180 56 30 13 00 00
1.0 210 320 80 3.0 3.0 0.0 0.0 00 36 18 36 27 36 09 09 00 45 64 36 09 18 36 09 191 291 73 27 27 00 00
20 430 370 9.0 7.0 1.0 0.0 0.0 00 06 34 45 06 62 40 00 51 45 45 40 34 1.7 17 11 243 209 51 40 06 00 00
40 105.0 86.0 170 8.0 5.0 0.0 0.0 00 39 13 29 10 24 13 10 10 31 47 89 26 31 37 10 275 225 45 21 13 00 00
8.0 158.0 167.0 28.0 33.0 9.0 0.0 2.0 05 29 11 38 06 41 24 09 15 37 17 58 35 32 24 12 241 255 43 50 14 00 00
4.0 133.0 156.0 23.0 27.0 3.0 0.0 2.0 04 17 09 26 06 38 13 13 15 39 23 62 36 23 24 08 250 293 43 51 06 00 00
11.0 1740 2180 31.0 330 9.0 0.0 3.0 03 28 15 31 06 42 22 11 27 46 25 51 31 34 19 14 221 277 39 42 11 00 00
20 280 200 6.0 3.0 2.0 0.0 0.0 00 08 08 41 17 99 41 17 33 58 41 50 25 33 25 17 231 165 50 25 17 00 00
30 93.0 960 180 80 7.0 0.0 0.0 03 55 10 29 05 26 13 16 05 29 52 68 24 29 47 08 243 251 47 21 18 00 00
8.0 164.0 181.0 25.0 240 5.0 0.0 5.0 03 30 12 27 05 37 17 10 32 23 17 40 27 22 17 13 272 301 42 40 08 00 00
10.0 135.0 1340 31.0 180 8.0 0.0 2.0 02 29 13 32 07 57 25 14 34 45 20 41 21 29 27 18 242 240 55 32 14 00 00
30 79.0 670 120 6.0 6.0 0.0 0.0 00 52 07 21 10 49 24 21 21 38 28 56 10 24 38 10 274 233 42 21 21 00 00
00 130 170 20 4.0 2.0 0.0 0.0 00 14 00 14 00 71 14 29 57 29 00 100 29 43 57 00 186 243 29 57 29 00 00

10 170 230 40 1.0 2.0 0.0 0.0 00 12 00 25 00 86 12 25 74 37 25 74 00 12 25 12 210 284 49 12 25 00 00
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Complete name
Candidatus Protochlamydia amoebophila
Parachlamydia acanthamoebae UV-7
Simkania negevensis Z
Waddlia chondrophila WSU 86-1044
Opitutaceae bacterium TAV1
Treponema primitia ZAS-2
Verrucomicrobium spinosum DSM 4136
Blattabacterium sp (Blaberus giganteus)
Chthoniobacter flavus Ellin428
Opitutus terrae PB90-1
Pedosphaera parvula Ellin514
Gemmata obscuriglobus UQM 2246
Isosphaera pallida ATCC 43644
Methylacidiphilum infernorum v4
Verrucomicrobiae bacterium DG1235
Leptospira biflexa serovar Patoc
Leptospira interrogans serovar Lai str. 56601
Turneriella parva DSM 21527
Alistipes finegoldii DSM 17242
Akkermansia muciniphila ATCC BAA-835
Borrelia burgdorferi JD1
Borrelia dutonii
Brachyspira intermedia PWS/A
Bacteroides vulgatus ATCC 8482
Bacteroides xylanisolvens XB1A
Capnocytophaga ochracea DSM 7271
Porphyromonas asaccharolytica DSM 20707
Prevotella dentalis DSM 3688
Parabacteroides distasonis ATCC 8503
Porphyromonas gingivalis W83
Prevotella intermedia 17
Riemerella anatipestifer ATCC 11845 = DSM 15868
Treponema brennaborense DSM 12168
Treponema denticola ATCC 35405
Tannerella forsythia ATCC 43037
Treponema pallidum subsp. pallidum DAL-1
Chlamydophila abortus $26/3
Chlamydophila caviae GPIC
Chlamydophila felis Fe/C-56
Chlamydia muridarum Nigg
Chlamydophila pecorum E58
Chlamydophila pneumoniae J138
Chlamydia psittaci NJ1
Chlamydia trachomatis 434/Bu
Blastopirellula marina DSM 3645
Coraliomargarita akajimensis DSM 45221
Chlorobium limicola DSM 245
Chlorobaculum parvum NCIB 8327
Chlorobium phaeobacteroides BS1
Chlorobium tepidum TLS
Chloroherpeton thalassium ATCC 35110
Candidatus Kuenenia stuttgartiensis
Lentisphaera araneosa HTCC2155
Prosthecochloris aestuarii DSM 271
Planctomyces brasiliensis DSM 5305
Planctomyces limnophilus DSM 3776
Planctomyces maris DSM 8797
Phycisphaera mikurensis NBRC 102666
Pelodictyon phaeoclathratiforme BU-1
Pirellula staleyi DSM 6068
Rhodopirellula baltica SH 1
Singulisphaera acidiphila DSM 18658
Spirochaeta africana DSM 8902

Sphaerochaeta pleomorpha str. Grapes

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
2.0
1.0
0.0
0.0
0.0
0.0
2.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
1.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

C
10.0
0.0
4.0
0.0
15.0
0.0
10.0
0.0
24.0
2.0
1.0
12.0
12.0
15.0
3.0
7.0
10.0
11.0
22.0
14.0
0.0
0.0
18.0
18.0
3.0
2.0
4.0
1.0
0.0
0.0
13.0
12.0
0.0
4.0
9.0
28.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
12.0
4.0
2.0
6.0
4.0
4.0
24.0
59.0
9.0
2.0
3.0
7.0
23.0
8.0
1.0
8.0
2.0
4.0
20.0
6.0

D
3.0
0.0
0.0
0.0
9.0
5.0
2.0
0.0
1.0
0.0
3.0
0.0
1.0
1.0
1.0
2.0
0.0
3.0
0.0
1.0
1.0
0.0
20
4.0
1.0
0.0
0.0
0.0
2.0
0.0
0.0
1.0
0.0
0.0
2.0
2.0
0.0
0.0
0.0
0.0
0.0
1.0
1.0
0.0
0.0
1.0
0.0
0.0
2.0
1.0
1.0
7.0
0.0
0.0
0.0
2.0
1.0
0.0
1.0
1.0
0.0
0.0
2.0
0.0

=
17.0
1.0
6.0
2.0
18.0
9.0
15.0
0.0
46.0
11.0
2.0
6.0
10.0
34.0
5.0
6.0
7.0
15.0
8.0
33.0
0.0
0.0
24.0
23.0
4.0
2.0
5.0
1.0
1.0
1.0
12.0
7.0
4.0
2.0
8.0
82.0
0.0
1.0
6.0
0.0
1.0
0.0
0.0
3.0
22.0
10.0
1.0
1.0
9.0
1.0
11.0
15.0
11.0
1.0
4.0
8.0
10.0
2.0
3.0
11.0
10.0
13.0
29.0
16.0

4.0
1.0
2.0
20
4.0
0.0
4.0
0.0
3.0
2.0
1.0
2.0
5.0
2.0
3.0
1.0
1.0
8.0
7.0
10.0
0.0
0.0
5.0
9.0
1.0
2.0
1.0
0.0
2.0
0.0
2.0
1.0
2.0
0.0
1.0
3.0
0.0
0.0
1.0
1.0
1.0
0.0
1.0
0.0
1.0
3.0
0.0
20
1.0
0.0
2.0
3.0
2.0
0.0
1.0
4.0
3.0
0.0
0.0
3.0
2.0
3.0
6.0
2.0

3.0
1.0
43.0
6.0
18.0
9.0
13.0
0.0
47.0
7.0
1.0
6.0
14.0
44.0
1.0
9.0
7.0
12.0
21.0
7.0
0.0
0.0
27.0
44.0
20.0
5.0
4.0
0.0
3.0
2.0
9.0
10.0
2.0
2.0
6.0
34.0
0.0
0.0
3.0
0.0
1.0
0.0
0.0
0.0
8.0
15.0
2.0
4.0
2.0
20
9.0
11.0
29.0
1.0
16.0
15.0
10.0
3.0
2.0
5.0
24.0
18.0
139.0
6.0

133

1.0
1.0
0.0
1.0
6.0
2.0
5.0
0.0
29.0
0.0
0.0
7.0
18.0
15.0
3.0
7.0
3.0
5.0
7.0
11.0
0.0
0.0
7.0
14.0
3.0
0.0
7.0
0.0
1.0
0.0
8.0
10.0
5.0
0.0
5.0
21.0
0.0
1.0
2.0
0.0
0.0
0.0
0.0
1.0
12.0
9.0
0.0
3.0
4.0
5.0
16.0
31.0
5.0
20
3.0
9.0
8.0
4.0
8.0
3.0
2.0
3.0
2.0
5.0

3.0
4.0
2.0
2.0
4.0
7.0
16.0
0.0
28.0
2.0
1.0
5.0
3.0
4.0
2.0
11.0
0.0
4.0
1.0
5.0
0.0
0.0
7.0
17.0
4.0
0.0
1.0
3.0
1.0
1.0
7.0
6.0
1.0
0.0
24.0
3.0
0.0
0.0
4.0
1.0
0.0
1.0
0.0
2.0
8.0
4.0
0.0
0.0
4.0
20
6.0
6.0
7.0
2.0
2.0
7.0
10.0
3.0
7.0
4.0
7.0
1.0
3.0
4.0

9.0
0.0
3.0
0.0
6.0
3.0
3.0
0.0
8.0
3.0
0.0
3.0
3.0
2.0
2.0
4.0
3.0
4.0
5.0
13.0
0.0
0.0
10.0
10.0
0.0
0.0
0.0
1.0
0.0
1.0
1.0
4.0
0.0
0.0
3.0
5.0
0.0
0.0
0.0
0.0
1.0
1.0
0.0
0.0
4.0
20
0.0
20
1.0
0.0
2.0
5.0
12.0
0.0
2.0
2.0
2.0
1.0
4.0
2.0
2.0
0.0
0.0
2.0

5.0
2.0
30.0
1.0
17.0
17.0
16.0
0.0
77.0
4.0
5.0
16.0
16.0
95.0
3.0
13.0
2.0
18.0
7.0
11.0
0.0
0.0
15.0
20.0
7.0
2.0
9.0
1.0
2.0
0.0
20.0
22.0
2.0
1.0
10.0
35.0
0.0
1.0
2.0
0.0
1.0
0.0
0.0
0.0
23.0
12.0
1.0
0.0
9.0
2.0
4.0
15.0
36.0
2.0
12.0
19.0
23.0
3.0
13.0
15.0
17.0
4.0
49.0
12.0

Quantity
L M
12.0 10.0
2.0 5.0
2.0 7.0
20 4.0
6.0 30.0
10.0 14.0
70 150
0.0 0.0
41.0 620
7.0 5.0
20 3.0
20.0 11.0
13.0 19.0
40 170
20 7.0
8.0 10.0
4.0 11.0
40 16.0
14.0 15.0
6.0 8.0
1.0 0.0
0.0 0.0
4.0 13.0
19.0 46.0
7.0 5.0
1.0 2.0
5.0 2.0
3.0 3.0
110 2.0
3.0 1.0
100 15.0
70 210
3.0 140
0.0 1.0
8.0 10.0
13.0 10.0
0.0 0.0
0.0 0.0
2.0 0.0
2.0 2.0
0.0 0.0
0.0 0.0
0.0 0.0
1.0 0.0
12.0 14.0
4.0 16.0
3.0 4.0
1.0 3.0
6.0 6.0
5.0 3.0
1.0 8.0
220 320
21.0 14.0
20 1.0
70 19.0
9.0 16.0
70 240
6.0 6.0
8.0 6.0
8.0 10.0
5.0 7.0
1.0 16.0
6.0 8.0
3.0 9.0

3.0
0.0
8.0
0.0
14.0
7.0
11.0
0.0
18.0
1.0
1.0
11.0
2.0
44.0
1.0
10.0
0.0
9.0
0.0
0.0
0.0
0.0
26.0
2.0
20
0.0
4.0
0.0
0.0
2.0
2.0
3.0
4.0
0.0
5.0
3.0
0.0
0.0
8.0
2.0
0.0
0.0
1.0
3.0
10.0
6.0
1.0
0.0
6.0
2.0
3.0
11.0
19.0
1.0
2.0
11.0
20.0
1.0
0.0
3.0
5.0
0.0
0.0
3.0

7.0
20
6.0
1.0
12.0
2.0
12.0
0.0
33.0
2.0
1.0
6.0
13.0
3.0
3.0
6.0
3.0
6.0
7.0
10.0
0.0
0.0
11.0
13.0
4.0
2.0
4.0
1.0
2.0
2.0
10.0
5.0
4.0
2.0
10.0
6.0
0.0
0.0
4.0
1.0
0.0
0.0
1.0
2.0
10.0
7.0
0.0
3.0
5.0
1.0
8.0
21.0
7.0
20
4.0
0.0
9.0
2.0
6.0
4.0
5.0
3.0
4.0
5.0

8.0
1.0
6.0
3.0
13.0
8.0
7.0
0.0
26.0
2.0
3.0
4.0
13.0
21.0
0.0
6.0
6.0
11.0
11.0
8.0
0.0
0.0
19.0
17.0
5.0
4.0
5.0
0.0
1.0
0.0
7.0
5.0
8.0
1.0
6.0
46.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
10.0
16.0
3.0
5.0
2.0
3.0
15.0
18.0
3.0
1.0
6.0
9.0
5.0
5.0
4.0
9.0
6.0
3.0
17.0
22.0

Q
2.0
1.0
1.0
2.0
6.0
5.0
5.0
0.0

21.0
2.0
0.0
0.0

10.0
4.0
1.0
7.0
1.0
5.0
2.0
1.0
0.0
0.0
7.0
7.0
1.0
0.0
4.0
1.0
0.0
0.0
5.0
5.0
1.0
0.0
7.0
5.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
7.0
4.0
1.0
0.0
1.0
0.0
2.0

10.0
3.0
0.0
1.0
9.0

11.0
0.0
3.0
4.0
1.0
0.0
7.0
2.0

R
51.0
23.0
29.0
16.0
77.0
97.0
70.0

0.0
251.0
41.0
42.0
138.0
59.0
101.0
16.0
92.0
39.0
79.0
62.0
24.0
0.0
0.0
125.0
122.0
51.0
37.0
42.0
11.0
23.0
22.0
91.0
78.0
28.0
7.0
109.0
102.0
0.0
5.0
8.0
15.0
9.0
13.0
3.0
12.0
111.0
50.0
35.0
21.0
49.0
15.0
70.0
131.0
121.0
12.0
63.0
60.0
161.0
39.0
48.0
61.0
42.0
42.0
118.0
92.0

41.0
16.0
49.0
12.0
74.0
71.0
54.0
0.0
271.0
33.0
41.0
113.0
41.0
121.0
19.0
84.0
30.0
82.0
53.0
10.0
3.0
0.0
86.0
70.0
36.0
40.0
41.0
12.0
11.0
13.0
108.0
52.0
35.0
4.0
80.0
72.0
0.0
8.0
3.0
10.0
7.0
10.0
1.0
7.0
79.0
53.0
22.0
240
39.0
220
57.0
119.0
93.0
7.0
35.0
57.0
145.0
32.0
43.0
48.0
49.0
47.0
81.0
86.0

1.0
3.0
20.0
2.0
40.0
19.0
39.0
0.0
104.0
5.0
5.0
27.0
22.0
14.0
2.0
22.0
6.0
44.0
6.0
4.0
0.0
0.0
32.0
13.0
1.0
4.0
11.0
1.0
1.0
1.0
17.0
16.0
3.0
1.0
38.0
40.0
0.0
0.0
3.0
0.0
0.0
1.0
0.0
0.0
29.0
9.0
0.0
3.0
10.0
1.0
17.0
35.0
28.0
1.0
7.0
12.0
50.0
2.0
4.0
14.0
31.0
1.0
29.0
14.0



10.0
8.0
3.0
0.0
9.0
9.0
2.0
0.0

20.0
1.0
1.0
7.0
5.0

49.0
1.0
6.0
1.0

12.0
3.0
2.0
0.0
0.0
6.0

12.0
3.0
0.0
6.0
0.0
1.0
2.0
8.0
6.0
2.0
1.0
2.0
3.0
0.0
0.0
0.0
1.0
1.0
1.0
1.0
5.0

16.0
7.0
3.0
3.0
7.0
2.0
4.0

14.0

20.0
1.0
9.0

13.0

33.0
1.0
1.0
8.0
0.0
2.0
2.0
0.0

1.0
1.0
3.0
3.0
10.0
3.0
2.0
0.0
18.0
3.0
1.0
5.0
2.0
5.0
0.0
4.0
1.0
8.0
7.0
7.0
0.0
0.0
12.0
16.0
20
2.0
4.0
0.0
2.0
0.0
4.0
0.0
5.0
0.0
7.0
4.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
2.0
20
0.0
0.0
0.0
20
1.0
4.0
0.0
0.0
2.0
0.0
4.0
0.0
1.0
3.0
4.0
3.0
8.0
37.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
1.0
3.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.0
0.0
0.0
3.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.5
0.4
0.0
0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.8
0.0
0.0
0.0
0.0
2.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.4
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

5.0
1.5
2.4
4.0
25
5.4
0.0
0.0
21
39
4.1
3.0
43
7.4
31
3.2
22
2.6
85
7.6
0.0
0.0
3.9
3.6
1.9
1.9
53
0.0
15
2.6
0.0
0.6
18
18
0.0
15.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.6
31
17
2.6
7.4
5.4
9.2
103
20
0.0
25
0.0
37
2.6
6.8
0.9
24
3.6
4.4
0.9
3.8

1.5
0.0
0.0
13
0.2
0.4
17
0.0
0.1
23
0.2
0.0
0.4
0.0
0.8
0.6
0.6
0.6
0.0
0.5
0.0
0.0
0.4
0.8
0.6
0.0
0.0
0.0
0.0
0.0
3.0
0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.6
111
0.0
0.0
0.4
0.0
0.0
1.4
0.4
12
0.0
0.0
0.0
0.0
0.0
0.7
0.0
26
12
0.4
0.4
0.0
0.4

8.5
83
7.9
6.7
57
159
3.0
0.0
4.1
4.6
1.8
15
35
52
4.2
4.9
1.9
23
31
17.8
0.0
0.0
53
4.6
25
1.9
2.6
3.4
2.0
26
15
18
2.7
4.9
3.2
7.7
0.0
6.3
12.8
0.0
4.5
0.0
0.0
7.9
5.6
43
13
1.2
14
4.2
26
25
1.4
31
2.0
3.4
3.0
17
1.8
53
4.9
26
4.5
55

2.0
1.5
1.8
4.0
0.3
0.6
0.0
0.0
0.3
1.0
0.5
0.5
1.8
0.7
22
13
0.3
0.3
2.7
5.4
0.0
0.0
11
1.8
0.6
1.9
0.0
3.4
0.5
0.0
3.0
0.0
0.9
0.6
1.6
0.0
0.0
0.0
2.1
2.8
4.5
0.0
111
0.0
0.3
13
0.0
25
0.0
0.8
0.5
0.5
1.4
0.6
0.0
0.6
1.5
0.0
0.9
0.6
13
0.4
0.9
11

1.5
53
11.0
13
7.4
6.6
3.0
0.0
4.2
4.6
1.8
15
5.0
52
3.4
4.2
29
17
8.1
3.8
0.0
0.0
59
8.9
12.5
4.8
2.6
10.2
8.1
0.0
45
12
19.2
1.8
1.6
7.7
0.0
0.0
6.4
0.0
45
0.0
0.0
0.0
21
6.4
26
49
2.7
34
1.9
6.6
1.4
25
3.9
26
5.6
25
0.9
12
2.2
37
10.9
26.2

0.5
0.0
1.8
4.0
25
41
0.7
0.0
26
15
14
17
6.4
22
14
1.6
2.2
1.4
2.7
59
0.0
0.0
1.5
2.8
1.9
0.0
53
17
15
0.0
15
4.9
0.0
15
4.0
0.0
0.0
6.3
43
0.0
0.0
0.0
0.0
2.6
31
3.8
0.0
37
6.8
6.1
5.4
11
14
4.4
0.0
2.3
33
3.4
0.0
2.4
13
37
0.9
0.4

15
1.5
0.6
2.7
0.7
0.6
23
0.0
25
1.0
18
12
11
0.0
11
52
35
6.9
0.4
2.7
0.0
0.0
1.5
3.4
25
0.0
53
3.4
1.0
7.7
15
4.3
0.9
12
0.8
0.0
0.0
0.0
85
2.8
0.0
3.6
0.0
53
21
17
0.0
0.0
2.7
23
1.0
1.6
5.6
0.6
2.0
2.0
26
25
0.9
2.4
18
2.2
3.2
0.6

4.5
23
0.0
2.7
0.3
1.0
1.0
0.0
0.7
15
0.4
0.7
11
22
11
1.0
13
0.9
1.9
7.0
0.0
0.0
2.2
2.0
0.0
0.0
0.0
0.0
1.0
2.6
0.0
25
13
0.6
0.0
0.0
0.0
0.0
0.0
0.0
45
3.6
0.0
0.0
1.0
0.9
0.0
25
0.0
0.8
0.9
2.7
0.0
0.0
2.0
0.3
0.7
0.8
0.0
0.6
0.9
15
0.9
0.0

25
3.0
2.4
4.0
16.0
6.8
57
0.0
6.8
4.4
4.1
4.0
57
15
5.0
52
4.1
29
2.7
59
0.0
0.0
33
4.0
4.4
1.9
53
17
6.1
26
3.0
8.0
134
3.7
1.6
3.8
0.0
6.3
43
0.0
45
0.0
0.0
0.0
59
5.1
13
0.0
2.7
15
26
8.2
2.8
5.7
0.0
57
7.0
25
4.4
53
6.7
8.1
7.7
9.2

Percentages
L M
6.0 5.0
53 38
06 9.8
27 93
0.7 29
25 19
33 47
0.0 0.0
36 55
15 7.7
1.3 43
50 27
46 6.7
3.0 81
1.1 45
23 49
25 32
23 29
54 58
32 43
00 00
00 0.0
09 28
38 93
44 31
1.0 19
53 26
34 68
35 96
7.7 77
16.7 3.0
49 37
09 31
09 28
24 113
00 38
0.0 0.0
00 0.0
43 0.0
56 56
0.0 0.0
00 0.0
00 0.0
26 00
31 36
1.7 68
38 51
12 37
6.8 4.1
04 31
38 56
48 3.2
28 69
31 13
59 20
29 43
33 59
51 51
1.8 26
36 36
36 45
26 7.7
23 32
1.1 15

134

15
0.8
0.0
13
7.4
0.6
23
0.0
1.6
36
3.6
2.7
0.7
0.0
25
36
3.2
14
0.0
0.0
0.0
0.0
5.7
0.4
13
0.0
26
0.0
1.0
0.0
0.0
0.0
36
0.9
3.2
0.0
0.0
0.0
17.0
5.6
0.0
0.0
111
7.9
26
2.6
13
0.0
2.7
11
1.9
43
0.0
25
3.9
0.6
4.1
0.8
0.9
36
13
11
23
0.0

35
15
18
4.0
0.5
1.2
0.7
0.0
29
31
1.6
15
4.6
22
17
39
1.9
29
2.7
5.4
0.0
0.0
24
26
25
1.9
53
17
2.0
26
3.0
3.7
2.7
15
32
7.7
0.0
0.0
85
2.8
0.0
0.0
111
53
26
3.0
0.0
37
14
31
3.7
1.6
2.8
25
3.9
29
0.0
17
0.9
3.0
18
18
23
0.8

4.0
15
18
0.0
35
8.9
2.7
0.0
23
33
0.9
1.0
4.6
4.4
31
23
1.9
17
43
43
0.0
0.0
4.2
3.4
31
3.8
26
51
3.0
0.0
15
25
2.7
6.7
6.5
3.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
26
26
6.8
3.8
6.2
4.1
5.7
31
0.7
14
31
0.0
2.0
33
4.2
26
1.2
4.0
18
2.7
3.2

Q
1.0
15
0.0
13
0.7
1.0
17
0.0
1.9
15
2.0
0.0
35
0.7
14
1.6
2.2
2.0
0.8
0.5
0.0
0.0
15
14
0.6
0.0
0.0
3.4
0.5
2.6
0.0
18
0.4
0.6
0.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.8
17
13
0.0
0.0
0.8
17
0.7
14
25
0.0
14
33
0.0
0.0
0.6
18
1.8
0.5
13

R
25.4
308
25.6
213
17.0
19.7
323
0.0
222
19.8
28.8
343
209
28.9
2.1
227
292
311
24.0
13.0
0.0
0.0
27.4
245
31.9
352
316
27.1
31.8
282
348
29.4
12.9
282
226
26.9
0.0
313
17.0
217
209
16.4
333
316
285
21.4
449
25.9
203
26.8
229
27.4
31.9
26.4
3.1
26.1
222
331
36.8
29.0
272
28.8
19.0
223

S]
20.4
24.8
28.7
253
20.3
139
23.7

0.0
24.0
19.0
25.9
28.1
14.5
222
229
175
26.7
229
20.5

5.4

0.0

0.0
18.8
14.1
225
38.1
18.4
20.3
17.7
30.8
16.7
26.4
21.9
26.4
28.2
15.4

0.0
50.0

6.4
27.8
318
35.7
111
18.4
20.3
226
28.2
29.6
29.7
21.8
20.8
211
22.2
25.8
25.5
30.9
21.1
27.1
36.0
231
21.4
19.2
22.2
153

0.5
3.8
0.6
2.7
2.4
7.7
6.3
0.0
9.2
10.3
8.9
6.7
7.8
4.4
123
12.7
7.0
10.9
23
22
0.0
0.0
7.0
2.6
0.6
3.8
26
3.4
35
2.6
15
25
8.9
4.3
24
3.8
0.0
0.0
6.4
0.0
0.0
3.6
0.0
0.0
7.4
3.8
0.0
37
14
6.5
6.1
6.3
4.2
6.9
2.0
4.9
4.4
17
4.4
59
6.3
59
14.0
5.5

5.0
0.8
12
13
8.2
0.6
3.0
0.0
18
23
59
17
18
0.7
3.4
0.6
19
0.6
12
11
0.0
0.0
13
2.4
1.9
0.0
26
0.0
4.5
0.0
15
0.6
13
0.0
1.6
3.8
0.0
0.0
0.0
2.8
4.5
3.6
111
13.2
4.1
3.0
3.8
37
2.7
15
2.4
4.5
111
3.8
39
23
4.8
0.8
0.9
4.1
3.6
22
0.0
0.4

0.5
23
18
0.0
0.8
0.8
1.0
0.0
1.6
26
0.7
12
0.7
0.7
2.2
0.6
13
2.0
2.7
3.8
0.0
0.0
2.6
3.2
13
19
0.0
5.1
1.0
0.0
3.0
0.6
13
113
4.0
0.0
0.0
0.0
2.1
0.0
0.0
0.0
0.0
0.0
0.5
0.9
0.0
0.0
2.7
0.4
0.7
0.0
14
25
0.0
11
0.0
0.0
0.9
0.0
13
0.0
18
15

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
0.3
0.2
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
12
0.0
0.0
0.0
0.0



Species Habitats Bacterial partners
Environment Lifestyle Bacteria Acidobacteria Actinobacteria  Aquificae  Chloroflexi  Chrysi C i Deil

CP_amoebophila Candidatus Protochlamydia amoebophila Amoeba Intracellular 1371 5 52 0 17 0 150 23
P_acant b Par: ia acanth, bae UV-7 Amoeba Intracellular 1081 8 33 3 3 0 72 7
S_negevensis Simkania negevensis Z Amoeba Intracellular 1526 4 142 7 14 0 84 12
W_chondrophila Waddlia chondrophila WSU 86-1044 Amoeba Intracellular 531 2 54 1 1 0 22 17
O_bacterium Opitutaceae bacterium TAV1 Insects Extracellular 5141 50 561 12 64 0 171 24
T_primitia Treponema primitia ZAS-2 Insects Extracellular 5007 12 217 4 12 0 144 11
V_spinosum Verrucomicrobium spinosum DSM 4136 Insects Extracellular 2338 37 117 6 23 0 208 17
Blattabacterium_sp Blattabacterium sp (Blaberus giganteus) Insects Intracellular 0 0 0 0 0 0 0 0
C_flavus Chthoniobacter flavus Ellin428 Soils Extracellular 25 0 0 0 0 0 0 0
O_terrae Opitutus terrae PB90-1 Soils Extracellular 3710 358 235 4 39 0 285 26
P_parvula Pedosphaera parvula Ellin514 Soils Extracellular 4870 188 637 11 75 0 862 49
G_obscuriglobus Gemmata obscuriglobus UQM 2246 Soils, water Extracellular 3269 34 402 3 102 2 468 21
I_pallida Isosphaera pallida ATCC 43644 Soils, water Extracellular 2785 72 269 12 95 0 357 30
M_infernorum Methylacidiphilum infernorum V4 Soils, water Extracellular 1409 28 67 37 20 0 63 74
V_bacterium Verrucomicrobiae bacterium DG1235 Soils, water Extracellular 3566 92 217 1 30 0 214 24
L_biflexa Leptospira biflexa serovar Patoc Ubiquitous Extracellular 3505 41 308 11 47 2 240 15
L_interrogans Leptospira interrogans serovar Lai str. 56601 Ubiquitous Extracellular 2547 20 230 6 22 2 277 2
T_parva Turneriella parva DSM 21527 Ubiquitous Extracellular 3402 12 591 11 44 1 226 18
A_finegoldii Alistipes finegoldii DSM 17242 Vertebrates Extracellular 2916 15 227 5 18 2 116 31
A_muciniphila Akkermansia muciniphila ATCC BAA-835 Vertebrates Extracellular 2338 24 58 6 27 0 147 50
B_burgdorferii Borrelia burgdorferi JD1 Vertebrates Extracellular 0 0 ] 0 0 0 0 0
B_dutonii Borrelia dutonii BgVir Vertebrates Extracellular 0 0 0 0 0 0 0 0
B_intermedia Brachyspira intermedia PWS/A Vertebrates Extracellular 4289 7 78 8 2 1 79 2
B_vulgatus Bacteroides vulgatus ATCC 8482 Vertebrates Extracellular 4454 71 179 3 8 3 121 11
B_xylanosolvens Bacteroides xylanisolvens XB1A Vertebrates Extracellular 1331 34 82 0 2 0 44 0
C_orchracea Capnocytophaga ochracea DSM 7271 Vertebrates Extracellular 1126 11 136 3 0 0 41 16
P_asacharolytica Porphyromonas asaccharolytica DSM 20707 Vertebrates Extracellular 315 1 3 0 0 0 6 0
P_dentalis Prevotella dentalis DSM 3688 Vertebrates Extracellular 475 5 31 0 5 1 11 0
P_distasonis Parabacteroides distasonis ATCC 8503 Vertebrates Extracellular 1634 18 105 0 10 2 24 1
P_gingivalis Porphyromonas gingivalis W83 Vertebrates Extracellular 373 0 13 0 1 0 8 0
P_intermedia Prevotella intermedia 17 Vertebrates Extracellular 759 2 16 3 5 0 53 13
R_anatipestifer Riemerella anatipestifer ATCC 11845 = DSM 15868 Vertebrates Extracellular 1347 19 64 4 16 0 49 1
T T ense DSM 12168 Vertebrates Extracellular 2751 1 130 0 13 1 19 5
T_denticola Treponema denticola ATCC 35405 Vertebrates Extracellular 3365 0 118 3 8 1 58 1
T_forsythia Tannerella forsythia ATCC 43037 Vertebrates Extracellular 856 6 51 0 6 0 59 9
T_pallidum Treponema pallidum subsp. pallidum DAL-1 Vertebrates Extracellular 328 2 4 0 1 0 0 8
C_abortus Chlamydophila abortus $26/3 Vertebrates Intracellular 0 0 0 0 0 0 0 0
C_caviae Chlamydophila caviae GPIC Vertebrates Intracellular 69 0 0 0 0 0 0 0
C_felis Chlamydophila felis Fe/C-56 Vertebrates Intracellular 0 0 0 0 0 0 0 0
C_muridarum Chlamydia muridarum Nigg Vertebrates Intracellular 58 0 2 0 5 0 7 0
C_pecorum Chlamydophila pecorum E58 Vertebrates Intracellular 54 0 0 0 0 0 0 0
C i Cl i iae 1138 Vertebrates Intracellular 52 0 0 0 0 0 0 0
C_psitacii Chlamydia psittaci NJ1 Vertebrates Intracellular 48 0 2 0 0 0 0 0
C_trachomatis Chlamydia trachomatis 434/Bu Vertebrates Intracellular 82 0 0 0 0 0 1 0
B_marina Blastopirellula marina DSM 3645 Water Extracellular 3820 94 357 7 82 1 380 36
C_akaji i Corali ita akaji is DSM 45221 Water Extracellular 2309 17 73 8 14 1 181 3
C_limicola Chlorobium limicola DSM 245 Water Extracellular 477 6 4 0 14 0 90 0
C_parvum Chlorobaculum parvum NCIB 8327 Water Extracellular 541 5 14 11 8 0 57 0
C_phaeobacteroides Chlorobium phaeobacteroides BS1 Water Extracellular 795 2 30 21 14 0 75 8
C_tepidum Chlorobium tepidum TLS Water Extracellular 464 5 16 3 6 0 28 1
C_thalassium Chloroherpeton thalassium ATCC 35110 Water Extracellular 1476 46 80 19 125 1 135 30
CK_stuttgartiensis Candidatus Kuenenia stuttgartiensis Water Extracellular 6085 63 138 94 90 3 591 37
L_araneosa Lentisphaera araneosa HTCC2155 Water Extracellular 3432 8 83 17 16 2 208 11
P_aestuarii Prosthecochloris aestuarii DSM 271 Water Extracellular 386 0 7 1 11 0 38 1
P_brasiliensis Planctomyces brasiliensis DSM 5305 Water Extracellular 1379 19 80 1 11 0 155 16
P_limnophilus Planctomyces limnophilus DSM 3776 Water Extracellular 521 3 15 2 2 0 65 2
P_maris Planctomyces maris DSM 8797 Water Extracellular 3347 43 277 5 63 0 296 21
P_mikurensis Phycisphaera mikurensis NBRC 102666 Water Extracellular 2623 22 404 1 27 2 231 29
P_phaeoclathatiforme  Pelodictyon phaeoclathratiforme BU-1 Water Extracellular 744 3 24 2 3 0 94 1
P_staleyi Pirellula staleyi DSM 6068 Water Extracellular 1455 23 192 2 31 0 145 7
R_baltica Rhodopirellula baltica SH 1 Water Extracellular 2126 23 222 1 14 2 302 1
S_acidiphil Singuli idiphila DSM 18658 Water Extracellular 2841 135 374 0 56 0 389 24
S_africana Spirochaeta africana DSM 8902 Water Extracellular 2119 1 210 3 44 4 90 52
S_pleomorpha Sphaerochaeta pleomorpha str. Grapes Water Extracellular 5457 6 242 2 55 1 53 97

Table S4 : Partners for genes transfers (quantity)
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HGT partners quantity

Viruses

Archaea

Eukaryota partners

Proteobacteria partners

Archaea Viruses

Stramenopiles  Viridiplantae

Alveolata  Euglenozoa  Fungi  Metazoa
26

Gamma  Delta  Epsilon  Beta  Eukaryota

Thermotogae  Alpha

Firmicutes Fusobacteria Proteobacteria Tenericutes

Synergistetes

21
36
34
41

137
19
18
49

22

26

29

264
49
77

80
90
133
31

22

87
84
65
13
250
235
183

348
318
519
208
1093

177
130
149
36
1020
249
484

716
629
883
292
3004

219
228
242
102
1013

22
33

20
21

13

12

97

14

79
103
41

22

37

622
128
345

17
52

0

6
54
10

329
586

33

1006
1604

3385

23

12

39

206

13

13

122

771 380 19 529 10

353

12

2057

465

70

24

73

25

623 424 18 579 138

562

2214

505

20

121

288

516 339

478

1634

415

182

422 212

460

316

15

1416

329

47

21

21

452 64 14 122 48

178

837

195

33

1343 308 11 262 17

317

2254

561

97

33

41 30

12

885 317 92 352 151

275

1974

40

620

48 39

33

16 67

10

588 217 53 193 152

215

1295

527

105 13

13

27

34

795 310 37 370 108

268

1827

449

73

23

13

519 223 23 105 52

156

13

1029

37

1083

28

10

10

19

476 219 59 125 58

184

1074

789

14

74

29

10

461 101 292 167 81

54

1079

150

2670

11

138

27 11

16

971 272 76 237 68

203

1775

34

1716

11

25

37

23

313 55 28 44 82

71

514

528

239 27 73 86 17

55

482

64

316

23

81

11

125

145

10

11

12

77

32

136

27

225

29

19

22

528 122 21 53 58

96

825

26

473

13

18

82

21

143

15

131

15

32 247 18 51 66
93
56

22
33

414

26

175

45 35

10

22

21 134 39
35

40

467

755
399

327 28

2032
2535

56

21

10

42

145

145

55

49

35

42 14

182

28

298
309
82

227

10
13

13

4

44 17

172

10
16

314

73

23

184

44

49

11

21

15

30

36
551

12
908

15
2053

19

126
19
19

341
165
61

16

342
189
63
94
107
60
206
1172

434
213

13

34

16

60
10
22

1080
121
131
208
122
253
869

1656

256
30
53
58
29

48

309
345
502
337

16

42

70
85
37
87
268

36

18

99
470
408

79

10

100
77

22

26
75
16

664
2794
2195

14

11

173
1443

366
235
29

33

13
11

299
61
84
31

259

195
97

118

131

242

252

127

1466
114
383
179
807
628
223
268
595
442
382

164
77
216

598
15
215
23
501
345
34
222

12
17
10
49
67
12
49
58
103
92

292

103
53

17

804
382
1928

118
564
443

284
149
129
124
139
312
89

1424

56
216
405
478

530
730
1286
1476

14

188

240

653
3626

12

149
271

894
996

22

103

10

11

103

473

12

44
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Bacterial partners

Bacteria  Acidobacteria  Actinobacteria Aquificae Chloroflexi Chrysiogenetes Cyanobacteria Deinococcus Firmicutes Fusobacteria
Candidatus Protochlamydia amoebophila 82.8 0.3 31 0.0 1.0 0.0 9.1 14 13.2 0.2
Parachlamydia acanthamoebae UV-7 92.5 0.7 2.8 0.3 0.3 0.0 6.2 0.6 19.5 0.0
Simkania negevensis Z 93.2 0.2 8.7 0.4 0.9 0.0 5.1 0.7 14.8 0.4
Waddlia chondrophila WSU 86-1044 78.8 0.3 8.0 0.1 0.1 0.0 33 25 15.1 0.0
Opitutaceae bacterium TAV1 97.5 0.9 10.6 0.2 1.2 0.0 3.2 0.5 19.2 0.1
Treponema primitia ZAS-2 97.8 0.2 4.2 0.1 0.2 0.0 2.8 0.2 66.1 1.1
Verrucomicrobium spinosum DSM 4136 96.5 1.5 4.8 0.2 0.9 0.0 8.6 0.7 8.5 0.4
Blattabacterium sp (Blaberus giganteus) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chthoniobacter flavus Ellin428 95.7 2.5 7.5 0.1 1.1 0.0 9.4 0.5 11.5 0.1
Opitutus terrae PB90-1 96.6 9.3 6.1 0.1 1.0 0.0 7.4 0.7 12.1 0.1
Pedosphaera parvula Ellin514 95.7 3.7 125 0.2 1.5 0.0 16.9 1.0 9.9 0.2
Gemmata obscuriglobus UQM 2246 95.9 1.0 11.8 0.1 3.0 0.1 13.7 0.6 12.2 0.0
Isosphaera pallida ATCC 43644 93.9 2.4 9.1 0.4 3.2 0.0 12.0 1.0 111 0.0
Methylacidiphilum infernorum V4 93.6 1.9 4.5 25 13 0.0 4.2 4.9 13.0 0.2
Verrucomicrobiae bacterium DG1235 98.6 25 6.0 0.0 0.8 0.0 5.9 0.7 15.5 0.2
Leptospira biflexa serovar Patoc 93.2 1.1 8.2 03 1.3 0.1 6.4 0.4 16.5 1.1
Leptospira interrogans serovar Lai str. 56601 914 0.7 8.3 0.2 0.8 0.1 9.9 0.1 18.9 0.4
Turneriella parva DSM 21527 93.8 03 16.3 03 1.2 0.0 6.2 0.5 12.4 0.2
Alistipes finegoldii DSM 17242 95.6 0.5 7.4 0.2 0.6 0.1 3.8 1.0 35.5 1.2
Akkermansia muciniphila ATCC BAA-835 96.4 1.0 24 0.2 11 0.0 6.1 21 325 11
Borrelia burgdorferi JD1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Borrelia dutonii BgVir 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Brachyspira intermedia PWS/A 96.2 0.2 1.7 0.2 0.0 0.0 1.8 0.0 59.9 3.4
Bacteroides vulgatus ATCC 8482 95.4 1.5 3.8 0.1 0.2 0.1 2.6 0.2 36.7 0.7
Bacteroides xylanisolvens XB1A 91.9 23 5.7 0.0 0.1 0.0 3.0 0.0 36.4 0.4
Capnocytophaga ochracea DSM 7271 97.2 0.9 11.7 0.3 0.0 0.0 35 1.4 27.3 5.5
Porphyromonas asaccharolytica DSM 20707 96.6 0.3 0.9 0.0 0.0 0.0 1.8 0.0 445 1.2
Prevotella dentalis DSM 3688 96.3 1.0 6.3 0.0 1.0 0.2 2.2 0.0 45.6 5.5
Parabacteroides distasonis ATCC 8503 94.7 1.0 6.1 0.0 0.6 0.1 14 0.1 27.4 15
Porphyromonas gingivalis W83 98.7 0.0 3.4 0.0 0.3 0.0 2.1 0.0 34.7 4.0
Prevotella intermedia 17 97.8 03 21 0.4 0.6 0.0 6.8 1.7 22,6 34
Riemerella anatipestifer ATCC 11845 = DSM 15868 91.9 13 4.4 0.3 11 0.0 33 0.1 22.3 19
Treponema brennaborense DSM 12168 96.8 0.0 4.6 0.0 0.5 0.0 0.7 0.2 715 19
Treponema denticola ATCC 35405 98.3 0.0 3.4 0.1 0.2 0.0 1.7 0.0 741 6.6
Tannerella forsythia ATCC 43037 97.3 0.7 5.8 0.0 0.7 0.0 6.7 1.0 35.7 1.1
Treponema pallidum subsp. pallidum DAL-1 96.2 0.6 1.2 0.0 0.3 0.0 0.0 23 54.0 4.7
Chlamydophila abortus S26/3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chlamydophila caviae GPIC 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chlamydophila felis Fe/C-56 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chlamydia muridarum Nigg 96.7 0.0 33 0.0 8.3 0.0 11.7 0.0 0.0 0.0
Chlamydophila pecorum E58 98.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 38.2 0.0
Chlamydophila pneumoniae J138 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.8 0.0
Chlamydia psittaci NJ1 100.0 0.0 4.2 0.0 0.0 0.0 0.0 0.0 62.5 0.0
Chlamydia trachomatis 434/Bu 94.3 0.0 0.0 0.0 0.0 0.0 1.1 0.0 41.4 0.0
Blastopirellula marina DSM 3645 96.3 24 9.0 0.2 2.1 0.0 9.6 0.9 13.9 0.3
Coraliomargarita akajimensis DSM 45221 96.4 0.7 3.0 0.3 0.6 0.0 7.6 0.1 10.7 0.2
Chlorobium limicola DSM 245 94.3 1.2 0.8 0.0 2.8 0.0 17.8 0.0 5.9 0.0
Chlorobaculum parvum NCIB 8327 94.9 0.9 2.5 1.9 14 0.0 10.0 0.0 9.3 0.2
Chlorobium phaeobacteroides BS1 94.5 0.2 3.6 25 1.7 0.0 8.9 1.0 6.9 1.2
Chlorobium tepidum TLS 94.5 1.0 33 0.6 1.2 0.0 5.7 0.2 5.9 0.0
Chloroherpeton thalassium ATCC 35110 923 2.9 5.0 1.2 7.8 0.1 8.4 1.9 10.8 0.9
Candidatus Kuenenia stuttgartiensis 92.8 1.0 21 14 14 0.0 9.0 0.6 22.0 0.2
Lentisphaera araneosa HTCC2155 88.9 0.2 21 0.4 0.4 0.1 5.4 0.3 15.5 0.1
Prosthecochloris aestuarii DSM 271 94.4 0.0 17 0.2 2.7 0.0 9.3 0.2 3.7 0.0
Planctomyces brasiliensis DSM 5305 98.6 1.4 5.7 0.1 0.8 0.0 11.1 1.1 15.4 0.0
Planctomyces limnophilus DSM 3776 98.1 0.6 2.8 0.4 0.4 0.0 12.2 0.4 43 0.0
Planctomyces maris DSM 8797 98.5 13 8.2 0.1 1.9 0.0 8.7 0.6 14.7 0.0
Phycisphaera mikurensis NBRC 102666 97.5 0.8 15.0 0.0 1.0 0.1 8.6 11 12.8 0.1
Pelodictyon phaeoclathratiforme BU-1 97.4 0.4 31 0.3 0.4 0.0 12.3 0.1 4.5 0.0
Pirellula staleyi DSM 6068 96.6 1.5 12.7 0.1 21 0.0 9.6 0.5 14.7 0.9
Rhodopirellula baltica SH 1 97.3 11 10.2 0.0 0.6 0.1 13.8 0.5 8.6 0.1
Singulisphaera acidiphila DSM 18658 96.3 4.6 12.7 0.0 1.9 0.0 13.2 0.8 8.1 0.1
Spirochaeta africana DSM 8902 95.2 0.0 9.4 0.1 2.0 0.2 4.0 2.3 29.3 1.0
Sphaerochaeta pleomorpha str. Grapes 98.0 0.1 43 0.0 1.0 0.0 1.0 1.7 65.1 1.6

Table S4 : Partners for genes transfers (percent)
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HGT partners percentages

Proteobacteria partners Eukaryota partners Archaea Viruses
Proteobacteria Synergistetes  Tenericutes Thermotogae  Alpha Gamma Delta  Epsilon Beta Eukaryota  Alveolata  Euglenozoa  Fungi Metazoa Stramenopiles Viridiplantae  Archaea Viruses
43.2 0.1 0.0 0.0 10.7 21.0 53 13 4.8 159 0.0 1.8 1.6 1.6 13 83 13 0.0
53.8 0.4 0.0 0.5 111 27.2 7.2 0.5 7.7 4.2 0.2 0.0 1.9 0.3 0.1 1.6 3.1 03
53.9 0.1 0.0 0.0 9.1 317 4.0 0.8 8.1 4.7 0.0 0.1 2.0 1.2 0.2 11 2.1 0.1
43.3 0.0 0.0 0.4 5.3 30.9 1.9 0.4 4.6 14.4 0.7 0.1 0.1 31 1.8 7.3 6.1 0.7
57.0 0.1 0.0 0.1 19.4 20.7 4.7 03 11.8 0.7 0.0 0.0 0.4 0.1 0.0 0.1 15 03
19.6 0.6 0.0 0.4 4.9 6.4 4.6 1.0 2.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.2
66.2 0.1 0.0 0.2 20.0 24.2 7.6 0.1 14.2 1.6 0.0 0.0 0.5 0.9 0.0 0.0 17 0.2
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
56.1 0.2 0.0 0.1 136 20.4 8.2 03 13.4 13 0.0 0.0 0.2 0.7 0.0 0.2 0.0 0.0
53.5 0.3 0.0 0.1 9.2 20.1 9.9 0.5 13.8 0.3 0.0 0.0 0.1 0.1 0.0 0.1 3.2 0.0
435 0.1 0.0 0.2 11.0 12.2 8.3 0.4 11.4 2.7 0.0 0.0 0.5 1.4 0.1 0.5 14 0.2
47.9 0.2 0.0 0.0 14.0 15.1 9.9 0.2 8.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35 0.6
47.7 0.5 0.1 0.7 10.7 15.5 142 0.1 7.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.1 0.0
55.6 0.1 0.0 0.4 11.8 30.0 4.3 0.9 8.1 3.2 0.0 0.0 1.4 1.4 0.1 0.2 3.1 0.1
62.3 0.1 0.0 0.1 8.8 37.1 8.5 03 7.2 0.5 0.0 0.0 0.1 0.1 0.0 0.1 0.9 0.0
52.5 0.2 0.0 0.1 7.3 235 8.4 2.4 9.4 4.0 0.1 0.3 11 0.8 0.1 0.9 2.6 0.2
46.5 0.2 0.1 0.8 7.7 211 7.8 1.9 6.9 55 0.3 0.4 0.6 2.4 0.3 1.2 1.7 14
50.4 0.1 0.0 0.2 7.4 21.9 8.5 1.0 10.2 3.0 0.1 0.1 0.9 0.7 0.1 0.4 2.9 0.4
337 0.4 0.2 11 5.1 17.0 7.3 0.8 3.4 17 0.0 0.4 0.1 0.8 0.1 0.0 2.4 03
44.3 0.7 0.0 0.7 7.6 19.6 9.0 2.4 5.2 2.4 0.0 0.2 0.8 0.1 0.4 0.4 1.2 0.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
242 0.5 0.2 0.6 1.2 10.3 23 6.6 37 1.8 0.0 0.0 0.2 0.7 0.0 0.1 17 03
38.0 0.3 0.1 0.2 4.3 20.8 58 16 5.1 15 0.0 0.3 0.6 0.2 0.1 0.0 3.0 0.2
355 0.0 0.1 0.9 4.9 21.6 3.8 1.9 3.0 57 0.0 0.1 1.6 26 0.1 0.0 17 0.8
41.6 0.3 0.2 0.0 4.7 20.6 23 6.3 7.4 15 0.0 0.0 0.0 0.7 0.2 0.0 0.7 0.7
383 0.6 0.0 2.1 3.4 24.8 1.8 7.1 1.2 25 0.3 0.0 0.6 0.6 0.0 0.3 0.9 0.0
27.6 0.2 0.0 0.0 6.5 15.6 12 2.4 18 22 0.0 0.0 0.0 0.0 0.2 20 14 0.0
47.8 0.4 0.1 0.5 5.6 30.6 7.1 1.2 3.1 3.4 0.1 0.0 0.5 13 0.2 11 17 0.2
37.8 0.3 03 6.1 5.6 21.7 4.8 2.4 3.4 0.3 0.0 0.0 0.3 0.0 0.0 0.0 11 0.0
53.4 0.8 0.0 0.0 4.1 31.8 2.3 6.6 85 0.1 0.0 0.0 0.0 0.1 0.0 0.0 1.9 0.1
51.5 0.0 0.2 0.0 6.3 319 2.7 1.4 9.1 2.7 0.0 0.0 0.3 1.5 0.1 0.7 31 2.4
14.0 0.2 0.2 0.2 2.0 5.1 51 0.2 1.5 12 0.0 0.0 0.1 0.4 0.0 0.7 2.0 0.0
8.7 0.8 0.1 0.6 0.6 53 12 0.4 1.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.1
35.1 0.1 0.2 0.5 3.8 19.5 5.0 1.9 4.7 15 0.0 0.0 0.3 0.9 0.0 0.1 11 0.1
24.0 6.7 03 0.3 2.1 214 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
71.0 0.0 0.0 0.0 5.8 63.8 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
133 0.0 0.0 0.0 8.3 17 17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33 0.0
20.0 0.0 0.0 0.0 5.5 0.0 109 1.8 0.0 1.8 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0
7.7 0.0 0.0 0.0 0.0 5.8 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.3 0.0 0.0 0.0 2.1 2.1 0.0 0.0 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17.2 0.0 0.0 0.0 3.4 13.8 0.0 0.0 0.0 57 0.0 0.0 0.0 11 0.0 4.6 0.0 0.0
51.8 0.3 0.0 0.4 10.9 22.9 8.6 0.4 8.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.2 0.5
69.2 0.0 0.0 0.0 8.9 45.1 7.9 0.4 6.9 25 0.0 0.0 0.3 0.7 0.1 1.4 0.8 03
61.1 0.0 0.0 0.2 9.5 23.9 125 0.0 121 2.0 0.8 0.0 0.2 1.0 0.0 0.0 3.8 0.0
60.5 0.0 0.2 23 12.3 23.0 16.5 0.4 7.4 39 0.0 0.0 0.0 0.9 0.0 2.8 1.2 0.0
59.7 0.1 0.0 0.0 10.1 24.7 12.7 0.8 9.4 0.5 0.0 0.0 0.0 0.4 0.0 0.0 4.3 0.7
68.6 0.4 0.0 0.2 7.5 24.8 122 14 20.4 1.8 0.0 0.0 0.0 0.0 0.0 1.8 37 0.0
415 0.1 0.0 0.6 5.4 15.8 129 16 4.8 14 0.0 0.0 0.3 0.3 0.3 0.3 6.2 0.1
42.6 0.5 0.0 0.5 4.1 13.3 17.9 11 5.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.2 0.0
56.8 0.1 0.0 0.1 4.2 38.0 7.7 0.4 6.1 0.3 0.0 0.0 0.1 0.1 0.0 0.0 10.6 0.2
71.4 0.2 0.0 0.2 18.8 27.9 149 0.2 7.1 2.7 0.0 0.0 0.0 0.5 0.0 2.2 2.9 0.0
57.5 0.1 0.1 0.2 15.4 27.4 6.0 1.2 7.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12 0.2
71.9 0.0 0.0 0.0 222 33.7 5.8 0.2 10.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19 0.0
56.8 0.2 0.0 0.1 16.6 23.8 7.6 0.2 8.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14 0.0
52.9 0.1 0.0 0.1 16.5 233 7.2 0.1 5.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 0.0
69.4 0.5 0.0 0.0 7.3 29.2 12.7 0.8 16.9 0.9 0.0 0.0 0.0 0.9 0.0 0.0 1.6 0.1
48.5 0.3 0.0 0.1 14.3 17.8 7.8 0.1 8.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33 0.1
58.9 0.0 0.1 0.2 18.5 27.2 6.0 0.2 6.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7 0.0
50.0 0.2 0.0 0.2 16.2 15.0 8.2 0.0 10.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35 0.2
40.2 0.2 0.0 2.7 6.7 17.2 113 0.1 4.0 0.5 0.0 0.0 0.0 0.1 0.0 0.4 4.1 0.1
17.9 0.8 0.2 15 4.9 8.5 23 0.1 1.8 0.2 0.0 0.0 0.0 0.2 0.0 0.0 1.8 0.0
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Conclusion

Les génomes bactériens évoluent via différents événements

génétiques : mutations, pertes et acquisitions de génes (duplications,
gain de novo et transferts horizontaux). Au cours de cette thése nous
avons pu voir les relations étroites entre ces événements, I’évolution

des bactéries, leurs structures cellulaires et leurs environnements.

Nous avons constaté que la présence d’une hypothétique membrane
intracellulaire chez certaines bactéries du super-phylum PVC ne
semblait pas étre impliquée dans la protection des génomes bactériens
contre les transferts de génes horizontaux. La fonction de cette
structure ne peut donc pour l'instant étre identifiée, d’autres
hypotheses peuvent cependant étre formulées, comme par exemple un
role dans un possible épissage qui pourrait étre étudiée grace aux
données ARN. Les analyses microscopiques effectuées sur les bactéries
de structure cellulaire inconnue ont permis de reconstituer, en partie,

I’évolution de cette caractéristique. A contrario I‘environnement des
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bactéries ou leur mode de vie semblent influencer I’évolution de la
composition des génomes, d’abord au niveau global mais surtout au

niveau de la sélection des genes obtenus par transferts horizontaux.

Nos résultats patissent de plusieurs manques : en premier lieu, il
manque encore un certain nombre de génomes complets (en particulier
ceux des bactéries possiblement compartimentées) qui permettraient
de mieux appréhender I’évolution des différentes caractéristiques de
ces bactéries ; deuxiemement, la difficulté de détecter de fagon précise
les transferts de genes ou plus généralement de différencier les
multiples événements génétiques : troisiemement, I'absence
d’ontologie concernant les différents environnement et modes de vies
qui sont étudiés. Des solutions doivent donc étre apportées pour
améliorer les études menées sur le super-phylum PVC ; I'aboutissement
de projets de séquencage sera déja une premiere étape, qui devra étre
associée a une amélioration des méthodes de détection génétique et a

une réflexion sur I'organisation et la nature des environnements. Des
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études complémentaires pourraient aussi étre menées via I’étude des
transcriptomes et des interactomes en rapport avec les différents
phénotypes observés. L'intégration de ces données en un seul modele
synthétique nous permettrait de connaitre plus précisément les
mécanismes évolutifs des bactéries PVC et de prédire en plus les

fonctions et les interactions des genes impliqués (21).
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Résumé

La compréhension de |'évolution des génomes est un des enjeux clé de la biologie actuelle. Cela induit
I'identification des événements génétiques affectant les génomes au cours du temps, mais aussi la
détermination des relations entre les génomes, les phénotypes et I'environnement des organismes.
Nous avons rédigé une revue de la littérature consacrée a la contribution de la génomique dans la
compréhension de la diversité, de I'évolution et des causes génétiques de phénotypes d'un super-phylum
bactérien appelé super-phylum PVC (pour Planctomycetes, Verrucomicrobiae et Chlamydiae). Ces
bactéries proviennent d'environnements variés et présentent des caractéristiques phénotypiques
particulieres, dont certaines ne sont retrouvées que dans ce groupe. Les analyses génomiques ont révélé
la grande diversité de ces especes, mais ont aussi permis de reconstruire I'évolution de leurs génomes et
dans certains cas, d'expliquer I'apparition de phénotypes particuliers. Plusieurs caractéristiques
morphologiques ou physiologiques restent cependant mal expliquées, que ce soit leur origine ou leur
évolution, entre autre a cause du manque de données disponibles. Une partie de notre travail était
consacré a I'étude de I'évolution et de l'impact de la présence d'un-plan-cellulaire particulier chez les
bactéries PVC. Ce plan cellulaire est sujet a différentes interprétations et induirait la compartimentation
des cellules en deux régions distinctes dont I'une contiendrait le nucléoside. Les résultats obtenus
semblent indiquer que cette caractéristique n'induit pas une protection des génomes bactériens vis a vis
des transferts de génes horizontaux, comme on pourrait le supposer, sa fonction reste donc pour l'instant
indéfinie. En revanche les observations microscopiques réalisées sur deux espéces ont permis de mieux
appréhender I'évolution de ce plan cellulaire. Nous avons, de plus, détecté une contribution de
I'environnement concernant la sélection des génes transférés. Il semblerait que les génes transférés
soient en effet sélectionnés selon leurs fonctions par les différents environnements.

Nos travaux ont donc permis d'améliorer la compréhension des relations entre |'évolution, les
phénotypes et I'environnement, en particulier chez les bactéries du super-phylum PVC, fournissant ainsi
de nombreuses pistes de travail qui pourront étre approfondies dans le futur.

Abstract

The comprehension of genomes evolution is a key issue of modern biology. This induces the identification
of genetic events occurred in history of genomes and also the determination of relations between the
genomes, phenotypes and environments. We wrote a review dedicated to the genomic contribution in
comprehension of diversity, evolution and genetic causes of phenotypic features, in a bacterial super-
phylum named PVC (for Planctomycetes, Verrucomicrobiae and Chlamydiae). These bacteria are
distributed in varied environments and present specific phenotypic characteristics, whom some of them
are identified only in this group. Genomic analyzes revealed the important diversity of these species and
allow also to reconstruct the genomes evolution and, in some cases, to explain the presence of specific
phenotypes. Due to the lack of information, it is difficult to define the origins and evolution of all specific
phenotypes. One part of our work was dedicated to the study of evolution and impact of one of this
phenotype, the special cell plan detected in PVC bacteria. This original cell plan is subject to different
interpretations and induces the compartmentalization of cells in two different regions, whom one
containing the nucleoid. Our results indicate that this feature has probably no role in the protection of
bacterial genomes against horizontal genes transfers, so, its function is still unknown. Microscopic
observations of two species from PVC super-phylum permit to better understand the evolution of the
special cell plan. The environment seems to contribute in the genomes evolution, by selection of genes
transferred. Genes transferred are probably selected according to their functions by the different
environments.

Our works allowed to improve the knowledge about relations between evolution, genomes, phenotypes
and environment, especially in bacteria from PVC super-phylum, providing new information for future
works.



