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Introduction Early taxonomic classification and the discovery of the Archaea

The classification of organisms is a very ancient practice, with informal classification of organisms dating back to Aristotle (384--322 BC) in his book Historia Animalium (Aristotle 1993). Although many other systems of classification were created following Aristotle, it wasn't until the 18 th century that Carl Linnaeus published the first hierarchal system for naming species (Linné 1735). Linnaeus described three Kingdoms, animals, plants, and minerals, with all living organisms being classified as either plants or animal. These Kingdoms were further divided into classes, orders, families, and genera based on shared phenotypic characteristics (Linné 1735). Although bacteria had been observed over 100 years earlier by Antonie van Leeuwenhoek, they were classified in the plant kingdom until the 19 th century [START_REF] Sapp | The New Foundations of Evolution: On the Tree of Life[END_REF]. The publication of On the Origin of Species in 1859 by Charles Darwin paved the way for phylogenetic cladistics by introducing the theory that the diversity of life arose from common decent with modification through a branching pattern of evolution [START_REF]On the Origin of Species[END_REF]. In 1866, Ernst Haeckel, a strong advocate of Darwin's theories, defined a new kingdom that included all unicellular organisms called Protista [START_REF] Haeckel | Generelle Morphologie der Organismen[END_REF]. This kingdom was subdivided into several groups, including what he called the monerans, structureless and homogeneous organisms. This group included bacteria and some small eukaryotes. Haeckel was the first to represent all living organisms in the framework of a phylogenetic tree, with Protista having equal rank to kingdoms Animalia and Plantae (Figure 1).

In 1937, Edouard Chatton, French biologist and mentor of André Lwoff, was the first to classify organisms with nucleated cells (eukaryotes) and organisms that do not have a distinct nucleus (prokaryotes) into two different groups [START_REF] Sapp | The prokaryote--eukaryote dichotomy: meanings and mythology[END_REF], introducing the famous Prokaryote/Eukaryote dichotomy. In 1938, Herbert Copeland proposed a four--kingdom classification system that moved "prokaryotic organisms", or Heaeckel's Monera, into a separate kingdom [START_REF] Copeland | The kingdoms of organisms[END_REF]. Further developments in microscopy and microbiology after the Second World War led to the distinction of bacteria as separate from viruses and other cellular organisms. However, viruses and bacteria were classified together in a new kingdom called Protophyta [START_REF] Breed | Bergey's Manual of Determinative Bacteriology[END_REF], which was maintained until the late 1950's [START_REF] Sapp | The prokaryote--eukaryote dichotomy: meanings and mythology[END_REF]. Based on molecular structure and physiology, in 1957 Andre Lwoff distinguished viruses from bacteria by demonstrating that viruses contained only one type of nucleic acid (RNA or DNA) and they do not reproduce by division like a cell [START_REF] Lwoff | The concept of virus[END_REF]. "The Concept of a Bacterium" by Stanier and van Niel followed Lwoff's concept of viruses, however they could only define prokaryotes negatively in relation to eukaryotic organisms, with the main features being the absence of internal membranes and nuclear division by fission [START_REF] Stanier | The concept of a bacterium[END_REF]. The only positive definition of bacteria was the presence of a cell wall that contains a specific mucopeptide for its structure [START_REF] Stanier | The concept of a bacterium[END_REF]. The classification of prokaryotic and eukaryotic organisms into two separate superkingdoms or empires, which was at first only a cell organization distinction, quickly turned into a phylogenetic distinction [START_REF] Sapp | The prokaryote--eukaryote dichotomy: meanings and mythology[END_REF]. This was followed by formal proposals of the two kingdoms, Prokaryae and Eukaryotae [START_REF] Stanier | The concept of a bacterium[END_REF]Allsopp 1969). However, the ability to classify bacteria in terms of natural or "phylogenetic" relationships was heavily debated because unlike plants and animals that could be classified based on physiology and comparative anatomy, bacteria lacked complex morphological traits and displayed a huge level of physiological diversity, which is difficult to interpret. In 1963, Stanier emphasized this by stating that bacteria as a whole were monophyletic, given their prokaryotic cell structure, but the evolutionary relationships between different bacteria could not be arranged phylogenetically [START_REF] Stanier | The microbial world[END_REF]. As Lwoff had proposed that there would be no transitional forms between viruses and cellular organisms, Stanier also proposed that there would be no transitional forms between bacteria and all other organisms [START_REF] Stanier | The microbial world[END_REF].

Based on the clear distinction of prokaryotes from eukaryotes, in 1969 Robert Whittaker, who had originally not included Copeland's Monera as a kingdom but had divided autotrophs and heterotrophs into two different kingdoms (Fungi and Protists), published a new classification of organisms in which he proposed the first five--kingdom system, monera (bacteria and blue-green algae), fungi, protists, plants, and animals (Figure 2) [START_REF] Whittaker | New concepts of kingdoms or organisms. Evolutionary relations are better represented by new classifications than by the traditional two kingdoms[END_REF]. As opposed to

Haeckel's classification system, Whittaker's system placed much less importance on unicellular organisms by representing bacteria as the lowest ranking kingdom with progressive evolution toward multicellular organisms. This five--kingdom system was widely accepted, and the debate about the phylogenetic classification of bacteria started to change in light of advances in the field of molecular evolution. 

The Molecular Revolution

The molecular revolution began with the discovery of the double helix structure of DNA by [START_REF] Watson | A Structure for Deoxyribose Nucleic Acid[END_REF][START_REF] Watson | A Structure for Deoxyribose Nucleic Acid[END_REF][START_REF] Watson | A Structure for Deoxyribose Nucleic Acid[END_REF]. A few years later, Fredrick Sanger and colleagues determined that the two--polypeptide chains of insulin had precise amino acid sequences, leading to the finding that every protein had a unique amino acid sequence [START_REF] Sanger | Chemistry of insulin; determination of the structure of insulin opens the way to greater understanding of life processes[END_REF]. The protocols developed by Sanger made it tractable to determine protein sequences. The notion of using molecules as documents of evolutionary history was first created by Francis Crick in 1959[START_REF] Crick | On Protein Synthesis[END_REF], and more formally by Pauling and Zuckerkandl who pioneered the use of amino acid comparison to infer evolutionary relationships by using hemoglobin sequences to study primate phylogeny [START_REF] Zuckerkandl | Molecules as documents of evolutionary history[END_REF]. They noticed that the number of differences between lineages changes roughly linearly with time, indirectly introducing the notion of the "molecular clock" [START_REF] Zuckerkandl | Molecules as documents of evolutionary history[END_REF].

Around the same time, Fitch and Margoliash inferred phylogenetic relationships between some animals and fungi by comparing amino acid similarities and differences in the cytochrome C molecule [START_REF] Fitch | Construction of phylogenetic trees[END_REF]. They reinforced the molecular clock concept by suggesting that "differences between cytochrome c of any two species is mostly conditioned by the time elapsed since the lines of evolution leading to these two species originally diverged." [START_REF] Fitch | Construction of phylogenetic trees[END_REF]. The notion of the molecular clock was a very important step in the ability to reconstruct the evolutionary history of organisms, however none of these studies addressed the phylogenetic relationships among all life.

Moreover, early genetic approaches were not as successful in classifying microorganisms (reviewed in [START_REF] Woese | Bacterial evolution[END_REF]).

In 1977, a publication by [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: the primary kingdoms[END_REF]) not only revolutionized the study of microbial evolution but the entire field of molecular phylogenetics. Carl Woese who was one of the main contributors to the study of the genetic code was interested in understanding how the translation of amino acid sequences from codons had evolved [START_REF] Woese | UNIVERSALITY IN THE GENETIC CODE[END_REF]. This interest led Woese to study the conservation and variation in the DNA of different organisms using molecular phylogeny. He focused on ribosomal RNA because rRNA is present in all cells, it's abundant, and its sequence changes slowly with time allowing the detection of relatedness among distantly related species [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: the primary kingdoms[END_REF]. Because DNA sequencing technologies were not yet available Woese and colleagues developed a 16S rRNA fingerprinting approach to analyze for the first time the phylogenetic relationships within the prokaryotic domain as well as the relationship between the two primary cell types using a comparative approach [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: the primary kingdoms[END_REF]. In doing so they revealed that "prokaryotes" and "eukaryotes" do not represent a dichotomy because the prokaryotes are divided into two distinct urkingdoms, the eubacteria and the archaebacteria [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: the primary kingdoms[END_REF]. At this time the proposed kingdom "archaebacteria" consisted of only four methane--generating organisms, Methanobacterium thermoautotrophicum, Methanobrevibacter ruminantium, Methanobacterium sp., and Methanosarcina barkeri, which had previously been described as possessing a very unique phenotype with cell walls lacking peptidoglycan [START_REF] Cheeseman | Isolation and properties of a fluorescent compound, factor 420 , from Methanobacterium strain M.o[END_REF], special coenzymes [START_REF] Fox | Classification of methanogenic bacteria by 16S ribosomal RNA characterization[END_REF][START_REF] Taylor | Coenzyme M, essential for growth of a rumen strain of Methanobacterium ruminantium[END_REF][START_REF] Cheeseman | Isolation and properties of a fluorescent compound, factor 420 , from Methanobacterium strain M.o[END_REF]) [START_REF] Cheeseman | Isolation and properties of a fluorescent compound, factor 420 , from Methanobacterium strain M.o[END_REF][START_REF] Taylor | Coenzyme M, essential for growth of a rumen strain of Methanobacterium ruminantium[END_REF][START_REF] Fox | Classification of methanogenic bacteria by 16S ribosomal RNA characterization[END_REF], and distinct tRNA modification [START_REF] Fox | Classification of methanogenic bacteria by 16S ribosomal RNA characterization[END_REF]. At the time, these methanogens were an unknown class of anaerobes, but their unqiue methanogenic phenotype made them seem well suited to life on earth about 3--4 billion years ago, hence the suffix name -archae-- [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: the primary kingdoms[END_REF]. Following this proposal it was found based on 16S rRNA cataloging that the archaebacteria also included 9 extreme halophiles, which live in hypersaline brines (Magrum et al. 1978), and thermophiles, which live in geothermal environments [START_REF] Woese | Archaebacteria[END_REF]. This new method of phylogeny used by Woese was not immediately accepted, and his suggestion of a tripartite division of all life forms was highly controversial [START_REF] Albers | The legacy of Carl Woese and Wolfram Zillig: from phylogeny to landmark discoveries[END_REF]. Therefore, Zillig's discovery of the distinct subunit composition of archaeal RNAP, which differs dramatically from that of the less complex bacterial RNAP, was an important piece of evidence that strengthened the validity of Woese's phylogenetic classification [START_REF] Zillig | Dna--Dependent Rna--Polymerase From Halobacterium--Halobium[END_REF][START_REF] Zillig | Dna--Dependent Rna--Polymerase From the Archaebacterium Sulfolobus--Acidocaldarius[END_REF]). In addition, Zilligs work on RNAP subunit composition also demonstrated that the RNAPs of archaebacteria resembled that of eukaryotic RNAPs, providing the first hint that archaea might share specific features with eukaryotes [START_REF] Prangishvilli | DNA--dependent RNA polymerase of thermoacidophilic archaebacteria[END_REF][START_REF] Zillig | Phylogeny of DNA--dependent RNA polymerases: testimony for the origin of eukaryotes[END_REF].

In 1980 Woese and Fox used 16S rRNA catalogs in an attempt to trace history back to the common ancestor of all extant life and to refine the phylogeny of prokaryotes [START_REF] Fox | The phylogeny of prokaryotes[END_REF] (Figure 3). Fox et al. created a general outline of the phylogeny seen from their comparisons of 16S rRNA catalogs (Figure 3). This phylogeny defined three lines of descent that diverge independently from a common ancestor and separated the archaebacteria into three groups, thermo--acidophiles, halophiles, and methanogens that form a coherent group to the exclusion of both bacteria and eukaryotes. In doing so they created, for the first time, the concept of the last archaebacterial common ancestor [START_REF] Fox | The phylogeny of prokaryotes[END_REF], which is now popularly known as LACA (Makarova et al. 2007). Fox and Woese reinforced the separation of archaebacteria from bacteria and eukaryotes by defining them by distinct characteristics such as "(i) a variety of cell walls, none of which conatin muramic acid (the hallmark of eubacterial walls), (ii) membranes whose major component is a branched chain (phytanyl), ether--linked lipid, (iii) transfer RNA's (tRNA) devoid of ribothymidine in the TΨC loop (T, thymine; Ψ, pseudouridine; C, cytidine), (iv) distinctive RNA polymerase subunit structures, and perhaps (v) an unusual but still not fully elaborated spectrum of coenzymes. (All archaebacteria demonstrate the first four of these properties; the fifth so far is confined largely to methanogens)" [START_REF] Fox | The phylogeny of prokaryotes[END_REF]). The first sequence--based phylogeny of the archaebacteria was constructed in 1985 when the complete 16S rRNA sequences for more than 10 archaebacterial species became available [START_REF] Woese | Archaebacterial phylogeny: Perspectives on the Urkingdoms[END_REF]. This helped to refine and confirm the earlier concepts of the archaebacterial phylogeny and supported their separation into two divisions, Division I-- the thermophilc sulfur dependent species which included the genera Sulfolobus, Thermoproteus, Pyrodictium, and Desulfurococcus and Division II--the three major methanogen groups (Methanomicrobiales, Methanococcales, and Methanobacteriales), the extreme halophiles, and two thermoacidophiles (Thermoplasma acidophilum and Thermococcus celer) [START_REF] Woese | Archaebacterial phylogeny: Perspectives on the Urkingdoms[END_REF]. From this phylogeny the close relationship between the halophiles and methanomicrobiales was revealed as well as the early branching of Thermococcus and the grouping of Thermoplasmatales with the methanogens and extreme halophiles (Figure 4). Following the rooting of the tree of life in 1989 based on universal paralogous proteins [START_REF] Gogarten | Evolution of the vacuolar H+--ATPase: implications for the origin of eukaryotes[END_REF]Iwabe et al. 1989), Woese and colleagues officially classified the archaebacteria as a separate domain of life (Woese et al. 1990). By placing the root on the branch leading to the bacteria, the archaea and eukaryotes became sister lineages, which entitled Woese to remove the suffix bacteria (Figure 5) and three separate domains of life were defined, the "Domain Eucarya [Greek adjective eu--(good; true in modern common usages); and Greek noun karuōtos (nut or kernel; refers to the nucleus in modem biological usage)]: cells eukaryotic; cell membrane lipids predominantly glycerol fatty acyl diesters;

ribosomes containing a eukaryotic type of rRNA. Domain Bacteria [Greek noun βακτηρία (small rod or staff)]: cells prokaryotic; membrane lipids predominantly diacyl glycerol diesters; ribosomes containing a (eu)bacterial type of rRNA. Domain Archaea [Greek adjective ἀρχαῖος (ancient, primitive)]: cells prokaryotic; membrane lipids predominantly isoprenoid glycerol diethers or diglycerol tetraethers; ribosomes containing an archaeal type of rRNA" (Woese et al. 1990). The Archaea were divided into two major lineages, the Crenarchaeota and the Euryarchaeota: the Kingdom Crenarchaeota (Greek noun for spring, fount) comprising most "thermoacidophiles" including the genera Thermoproteus (thermophilic sulphur--dependent organisms) and Pyrodictium (hyperthermophilic organisms) and the Kingdom Euryarchaeota (Greek adjective for broad, wide, spacious) comprising more diverse Crenarchaeota (Figure 6). However, the discovery of a few distant and deeply branching lineages, such as the Korarchaeota [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF], indicated that there was likely a much greater archaeal diversity and that more lineages might be recovered through improved molecular ecological searches, more sophisticated cultivation techniques, and by metagenomic approaches [START_REF] Schleper | Genomic studies of uncultivated archaea[END_REF]. Moreover, although 16S rRNA phylogenies are helpful in revealing the diversity of the archaea, they are unable to resolve their deep evolutionary relationships (Figure 6). In fact, the inability to resolve the deepest nodes of the archaeal tree using 16S rRNA was highlighted by the group of Norman Pace (Figure 7) when they showed that an archaeal phylogeny including cultured and uncultured environmental samples is completely unresolved with regard to the relationships between lineages [START_REF] Robertson | Phylogenetic diversity and ecology of environmental Archaea[END_REF]. This irresolution has been attributed to unequal rates of evolution and differences in base composition [START_REF] Philippe | How good are deep phylogenetic trees?[END_REF]. It is also well known that phylogenies based on single genes do not contain enough signal for ancient events (Gribaldo and Philippe 2002). In 1996 the first complete archaeal genome was sequenced, that of Methanocaldococcus jannaschii (formerly Methanococcus jannaschii) a thermophilc methanogen [START_REF] Bult | Complete genome sequence of the methanogenic archaeon, Methanococcus jannaschii[END_REF].

Shortly after the first archaeal genome was sequenced, an exponential rate of genome sequencing occurred, with a doubling time of approximately 34 months for archaea [START_REF] Koonin | Genomics of bacteria and archaea: the emerging dynamic view of the prokaryotic world[END_REF]. The availability of additional completely sequenced genomes made it possible to use alternative markers to 16S rRNA sequences. Phylogenomic approaches, or the use of phylogenetic principles to make sense of genomic data, were popularized as the number of complete genomes began to increase (Delsuc et al. 2005). One approach in phylogenomics is the simultaneous use of many genes to reconstruct early phylogenetic 15 events (reviewed in (Delsuc et al. 2005)). Large concatenated datasets, or supermatrix approaches, were first used in studies of the early evolution of eukaryotes [START_REF] Philippe | Phylogeny of eukaryotes based on ribosomal RNA: long--branch attraction and models of sequence evolution[END_REF][START_REF] Baldauf | The deep roots of eukaryotes[END_REF][START_REF] Simpson | The real "kingdoms" of eukaryotes[END_REF]. However, phylogenomic studies in prokaryotes were limited because as complete genome sequences became available for a larger number of bacterial and archaeal organisms, it became apparent that considerable horizontal gene transfer (HGT) has occurred between prokaryotes [START_REF] Doolittle | Lateral genomics[END_REF][START_REF] Doolittle | Phylogenetic classification and the universal tree[END_REF][START_REF] Ochman | Lateral gene transfer and the nature of bacterial innovation[END_REF]. This caused some to suggest that there could not be a sequence-based universal phylogenetic tree [START_REF] Doolittle | Lateral genomics[END_REF][START_REF] Doolittle | Phylogenetic classification and the universal tree[END_REF][START_REF] Bapteste | Phylogenetic reconstruction and lateral gene transfer[END_REF][START_REF] Bapteste | On the conceptual difficulties in rooting the tree of life[END_REF][START_REF] Bapteste | Do orthologous gene phylogenies really support tree--thinking?[END_REF][START_REF] Koonin | Genomics of bacteria and archaea: the emerging dynamic view of the prokaryotic world[END_REF], and specifically that a phylogeny of prokaryotes may not exist [START_REF] Bapteste | Lateral gene transfer challenges principles of microbial systematics[END_REF][START_REF] Papke | A critique of prokaryotic species concepts[END_REF]. Despite the impact of HGT on prokaryotic evolution, some early phylogenomic methods based on whole--genome analysis resulted in phylogenetic trees similar to the rRNA tree [START_REF] Snel | Genome phylogeny based on gene content[END_REF][START_REF] Korbel | SHOT: a web server for the construction of genome phylogenies[END_REF][START_REF] Wolf | Coelomata and not Ecdysozoa: evidence from genome-wide phylogenetic analysis[END_REF][START_REF] Dutilh | The consistent phylogenetic signal in genome trees revealed by reducing the impact of noise[END_REF]). In addition, in 2002 several analyses based on supertrees [START_REF] Daubin | A phylogenomic approach to bacterial phylogeny: Evidence of a core of genes sharing a common history[END_REF] and supermatrices [START_REF] Brown | Universal trees based on large combined protein sequence data sets[END_REF][START_REF] Brochier | Eubacterial phylogeny based on translational apparatus proteins[END_REF][START_REF] Matte--Tailliez | Archaeal phylogeny based on ribosomal proteins[END_REF]) identified a core set of genes that are rarely affected by HGT that can be used to reconstruct the phylogeny of prokaryotes. One of the first phylogenomic studies aimed specifically at reconstructing the evolutionary history of the archaea using a supermatrix approach involved the concatenation of ribosomal proteins [START_REF] Matte--Tailliez | Archaeal phylogeny based on ribosomal proteins[END_REF]. Ribosomal proteins are highly conserved at the functional and sequence level and are universal, two qualities that had made the SSU rRNA the marker of choice for the phylogeny of organisms. Additionally, they were shown to be very rarely horizontally transferred between organisms (Matte-- Tailliez et al. 2002). Subsequent comparative phylogenomic analyses of ribosomal proteins and the components of the transcription machinery including increased taxonomic samplings yielded robust, largely resolved, and congruent trees for the Archaea (Brochier et al. 2004;Brochier, Forterre, et al. 2005;Brochier, Gribaldo, et al. 2005;Gribaldo and Brochier--Armanet 2006;[START_REF] Brochier--Armanet | Mesophilic Crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota[END_REF]Brochier--Armanet et al. 2011). The same was also found for components of other macromolecular systems conserved in archaeal genomes such as the exosome and the signal recognition particle (Gribaldo and Brochier--Armanet 2006). These analyses demonstrated that a core of orthologous proteins exists which can be used to infer a robust phylogeny of the archaea. The use concatenation of ribosomal proteins has now become the standard for inferring the phylogenetic positions of newly sequenced bacterial and archaeal genomes (Brochier et al. 2004;Brochier, Forterre, et al. 2005;Brochier, Gribaldo, et al. 2005;Brochier--Armanet et al. 2011;Ramulu et al. 2014).

Over one hundred genomes later

In 2010, just a little more than 30 years after the discovery of the Archaea, 100 complete archaeal genomes had been sequenced and made publically available (Brochier--Armanet et al. 2011). The availability of a large number of archaeal genomes revealed many new insights on archaeal evolution and diversity. The phylum Crenarchaeota consisted of three major orders, Thermoproteales, Sulfolobales, and Desulfurococcales, all represented by hyperthermopilic organisms. The Euryarchaota, being more diverse, comprised ten major orders, Thermococcales, Methanopyrales, Methanobacteriales, Methanococcales, Thermoplasmatales, Archaeoglobales, Methanosarcinales, Methanocellales, Methanomicrobiales, and

Halobacteriales.

A phylogeny based on concatenated ribosomal proteins published in 2011 (Brochier--Armanet et al. 2011) provided a very robust tree that recovered all of the major archaeal lineages and orders (Figure 8). In particular several relationships were confirmed such as the early emergences of the Thermococcales, and the split between Methanogens Class I and Class II, supporting the emergence of methanogenesis just after the Thermococcales with subsequent loss of this metabolism in various lineages. The inclusion of two uncultured species distantly related to Thermoplasmatales based on 16S rRNA, 'Candidatus Aciduliprofundum boonei' and uncultured marine Group II in the protein phylogeny (Figure 8) confirmed their close relationship with Thermoplasmatales and strengthened the late emergence of the Thermoplasmatales which were sometimes indicated as the deepest branching euryarchaeal lineage [START_REF] Kelly | Archaeal phylogenomics provides evidence in support of a methanogenic origin of the Archaea and a thaumarchaeal origin for the eukaryotes[END_REF]) likely due to HGT from Crenarchaeota and Bacteria [START_REF] Fütterer | Genome sequence of Picrophilus torridus and its implications for life around pH 0[END_REF]). Within the Crenarchaeota the basal branching of the Thermoproteales was recovered, with Sulfolobales and Desulfurobales sharing a close relationship (Figure 8). 

The Korarchaeota

Six years after the classification of the Archaea as a separate Domain of life (Woese et al. 1990), a new archaeal phylum was proposed, the Korarchaeota (greek noun for young man or young woman) [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF]. This proposal was based on environmental rRNA sequence analyses of two organisms from a hydrothermal pool (Figure 9) in Yellowstone National Park [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF]. The Korarchaeota exhibit an ultrathin filamentous morphology and inhabit geographically isolated terrestrial and marine thermal environments [START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF]) (Figure 9). The genome of 'Candidatus Korarchaeum cryptofilum' [START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF], the first representative of Korarchaeota, wasn't sequenced until over a decade later. This led to the observation that it lacks many biosynthetic pathways, and it encodes ribosomal proteins and RNA polymerases that are closely related to those of Crenarchaeota, but its tRNA maturation, DNA replication/repair, and cell division systems more closely resemble those of Euryarchaeota [START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF]). These unique features were consistent with the proposal that Korarchaeota represents a distinct phylum of the archaea [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF]. Different analyses have disagreed on the placement of Korarchaeota in the archaeal phylogeny, either indicating a basal lineage [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF] or a deep relationship with the Crenarchaeota [START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF]. However with only one sequenced representative the relationship to the other main archaeal divisions is unclear (Brochier--Armanet et al. 2011).

. high abundance in marine freshwaters, soils, surface sediments, and geothermal habitats suggesting they play a prominent role in the global nitrogen cycle (Figure 11). Furthermore, comparative genomics and physiological studies have revealed a novel primarily copper-based pathway for ammonia oxidation and respiration distinct from that of the known ammonia--oxidizing bacteria [START_REF] Stahl | Physiology and Diversity of Ammonia--Oxidizing Archaea[END_REF]. Comparative genomic and phylogenetic analysis of the first Group I genome from Cenarchaeum symbiosum led to the proposal that mesophilic crenarchaeota represent a third archaeal phylum, the Thaumarchaeota (Greek noun for a wonder) [START_REF] Brochier--Armanet | Mesophilic Crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota[END_REF]. This was based on their diversity, genomic distinctiveness, and the fact that they did not branch within any other previously known archaeal phyla in phylogenetic analysis [START_REF] Brochier--Armanet | Mesophilic Crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota[END_REF]). The complete genome sequences of other Group I members appropriated the definition of this lineage as a new phylum [START_REF] Brochier--Armanet | Spotlight on the Thaumarchaeota[END_REF]. A specific character was also found which seems to be restricted to Thaumarchaeota, a eukaryotic--like topoisomerase IB (TopoIB), a topoisomerase capable of relaxing both negative and positive superturns in supercoiled DNA (Brochier--Armanet, Gribaldo, et al. 2008). Homologs of Topo IB have not been found in any other archaeal lineage, and phylogenetic analysis suggested that this gene was not acquired by HGT from eukaryotes (Brochier--Armanet, Gribaldo, et al. 2008).

The Thaumarchaeota have now been found to constitute one of the most abundant and diverse phyla of the archaea with not only mesophilic lineages from fresh water [START_REF] Sauder | Aquarium nitrification revisited: Thaumarchaeota are the dominant ammonia oxidizers in freshwater aquarium biofilters[END_REF], oceans [START_REF] Francis | Ubiquity and diversity of ammonia--oxidizing archaea in water columns and sediments of the ocean[END_REF][START_REF] Beman | Molecular and biogeochemical evidence for ammonia oxidation by marine Crenarchaeota in the Gulf of California[END_REF], soil [START_REF] Ochsenreiter | Diversity and abundance of Crenarchaeota in terrestrial habitats studied by 16S RNA surveys and real time PCR[END_REF][START_REF] Leininger | Archaea predominate among ammonia--oxidizing prokaryotes in soils[END_REF], and also human skin [START_REF] Probst | Archaea on human skin[END_REF]), but also with some lineages from thermophilic environments [START_REF] La Torre De | Cultivation of a thermophilic ammonia oxidizing archaeon synthesizing crenarchaeol[END_REF]. It is worth noting that the deepest thaumarchaeal branches are composed of uncultivated groups from various hot environments 21 [START_REF] La Torre De | Cultivation of a thermophilic ammonia oxidizing archaeon synthesizing crenarchaeol[END_REF], suggesting that the ancestor of Thaumarchaeota was a thermophile, and that mesophily in some thaumarchaeal lineages is a derived character (Brochier--Armanet et al. 2012).

In addition to the Thaumarchaeota, another new phylum was recently proposed, the 'Aigarchaeota', based on genome sequencing of the first representative of the uncultivated lineage Hot Water Crenarchaeotic Group I (HWCG I), 'Candidatus Caldiarchaeum subterraneum' [START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF]. HWCG I is a group of uncultivated archaea that comprises thermophiles detected in high--temperature environments, such as terrestrial surface and subsurface hot springs and deep--sea hydrothermal vents [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF][START_REF] Marteinsson | Phylogenetic diversity analysis of subterranean hot springs in Iceland[END_REF][START_REF] Nunoura | Genetic and functional properties of uncultivated thermophilic crenarchaeotes from a subsurface gold mine as revealed by analysis of genome fragments[END_REF][START_REF] La Torre De | Cultivation of a thermophilic ammonia oxidizing archaeon synthesizing crenarchaeol[END_REF][START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF]). The composite genome of 'Ca. C. subterraneum' was obtained from a metagenomic library of a geothermal water stream [START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF]. Based on phylogenetic analysis, comparative genomics, and the presence of components of the eukaryotic ubiquitin--like protein modifier system previously not detected in archaea or bacteria, 'Ca. C. subterraneum' and other members of this group were proposed to constitute a new phylum of archaea, the Aigarchaeota (greek noun for dawn and aurora) [START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF]. However, the proposal of the Aigarchaeota as a new phylum is debated because 'Ca. C. subterraneum' also encodes features typical of the Thaumarchaeota, such as TopoIB, and emerges at the base of the Thaumarchaeota in phylogenies based on concatenated ribosomal proteins (Figure 8) (Brochier--Armanet et al. 2011;[START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF]. Furthermore, the distances inferred between 'Ca. C. subterraneum' and the thaumarchaeal lineages are very similar to those seen between different euryarchaeal orders, suggesting that it could represent a deeply branching thaumarchaeal order instead of a new archaeal phylum (Brochier--Armanet et al. 2011).

Nano--sized archaea

In 2002, the first nanosized archaeon was discovered, Nanoarchaeum equitans, a hyperthermophilic archaeon from a submarine hot vent (Figure 12) off the coast of Iceland on the Kolbeinsey Ridge (Huber et al. 2002). It is only 400 nm in diameter and possesses the smallest sequenced archaeal genome (0.5 Mb). N. equitans grows attached to the surface of Ignicoccus hospitalis (Figure 12) an obligate chemolithoautotrophic sulfur reducer within the crenarchaeal family of the Desulfurococcaceae (Huber et al. 2002). N. equitans cannot be cultivated in the absence of its host I. hospitalis, whereas the latter thrives well without its putative symbiont (Huber et al. 2002). Surprisingly, N. equitans could not be detected with the general primers used for detection of other archaea because it harbors many base--pair exchanges even in the so--called 'highly conserved regions' that are usually employed as primer targets for SSU rDNA PCR (Huber et al. 2002). Based on its basal position in archaeal trees of SSU rRNA (Huber et al. 2002) and concatenated ribosomal proteins (Waters et al. 2003), N. equitans was suggested to represent a new phylum of archaea, the Nanoarchaeota. This proposal was first accepted because of the atypical features found in N. equitans such as split tRNA genes that were interpreted as ancestral characters (Di [START_REF] Giulio | The split genes of Nanoarchaeum equitans are an ancestral character[END_REF]. However more detailed phylogenetic analyses suggest that N. equitans is most likely a very fast evolving and derived euryarchaeal lineage closely related to Thermococcales (Brochier--Armanet et al. 2011) see Figure 8. Parvarchaeum acidophilus ARMAN--5') [START_REF] Baker | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF]). These lineages called ARMANS (archaeal Richmond Mine acidophilic nanoorganisms) live in association with Thermoplasmatales (Figure 13) and contain split genes and high AT contents, typical of streamlined and fast evolving symbionts [START_REF] Baker | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF]. Phylogenetic analyses of several individual genes suggested that the ARMANS branch near the root of the Euryarchaeota [START_REF] Baker | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF], but phylogenetic analysis of r--proteins rather suggested that ARMAN--4 and ARMAN--5 might be closely related to N. equitans, whereas and ARMAN--2 emerges later within the Euryarchaeota (Brochier--Armanet et al. 2011) (see Figure 8). However, the ARMANS are very
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fast evolving lineages and their placement in the archaeal phylogeny is still unclear (Brochier--Armanet et al. 2011).

Figure 13. 1) Richmod Mine of Iron Moutain in Redding, California were the ARMANS were discovered and isolated 2) Microscopy of ARMAN and Thermoplasma taken from Baker et al 2010. The ARMAN cell (center, orange) is penetrated by a needle--like protrusion from Thermoplasma (lower left), an Archaea that lives in the same acidic pools as ARMAN. The much smaller, yellow lemon--shaped cells are viruses that also infect ARMAN cells.

Recently discovered archaeal lineages

Since 2010 the number of archaeal genomes available has continued to increase. Recent progress in genomic sequencing technologies and cultivation--independent methods have allowed for uncultivated lineages to be more easily sequenced. Just in the last few years a number of exciting new archaeal lineages have been sequenced which have revealed an even greater diversity of the archaea.

Nanohaloarchaea

High saline habitats are found all over the world in the form of hypersaline lakes, salt ponds, and solar salterns. Although salt--adapted organisms derive from all three domains of life, most extreme hypersaline habitats are dominated by halophilic archaea belonging to the class Halobacteria [START_REF]Microbial life at high salt concentrations: phylogenetic and metabolic diversity[END_REF]. However, recently two novel halophlic archaea ('Candidatus Nanosalina sp. J07AB43' and 'Candidatus Nanosalinarum sp. J01AB56') were discovered in a hypersaline lake in Australia (Figure 14) and near--complete genomes were constructed from a de novo metagenomic assembly of multiple, deeply sequenced libraries [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF]). These halophilc archaea represent another group of nano--sized archaea with very small genome and cell sizes (0.8--1.0 nm with 1.2 Mb genomes) [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF].
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be a dominant species in the microbial community (Borrel et al. 2012). Furthermore, uncultured archaea with more than 97% identity in 16S rRNA to 'Ca. Methanomethylophilus alvus' have also been identified in the digestive tract of various animals (Janssen and Kirs 2008). Two other closely related strains have been enriched from termite gut, MpT1 and MpM2 (Paul et al. 2012), as well as from waste treatment sludge, 'Candidatus Methanogranum caenicola' (Iino et al. 2013). These lineages were initially given the name "Methanoplasmatales" due to their phylogenetic proximity to the wall--less thermoacidophilic Thermoplasmatales, but a new name has now been proposed for the order, "Methanomassiliicoccales", by Iino et al. 2013 based on the name given to the first isolated species (Iino et al. 2013).

The availability of the first two genomes of Methanomassiliicoccales, M. luminyensis and "Ca. M. alvus", made it possible to clarify their evolutionary relationships with the other euryarchaeal lineages using other markers than 16S rRNA (Borrel et al. 2013). An analysis of concatenated ribosomal proteins from 84 euryarchaeal genomes firmly demonstrates that M. luminyensis and "Ca. M. alvus" represent a monophyletic lineage that is not associated with the previously known orders of methanogens (Figure 15). As previously noted based on 16S rRNA phylogenies, these two lineages share a close relationship with Thermoplasmatales, but also appear to be specifically related to two uncultured lineages: the planktonic Marine Group II (MG--II) and the Marine Benthic Group D (MBG--D) (Figure 15). These results support the proposal of a new order of methanogens, resulting in a total of seven different orders of methanogens within the archaea (Borrel et al. 2013). Several previous phylogenetic studies have supported a single ancient origin of methanogenesis in the Euryarchaeota likely after the Thermococcales with subsequent loss of this metabolism in non--methanogenic euryarchaeal orders (Bapteste, Brochier, et al. 2005;Brochier, Forterre, et al. 2005;Gribaldo and Brochier--Armanet 2006). The existence of this additional order of methanogens now further strengthens this notion and indicates that most of the non--methanogenic euryarchaeal lineages actually derive from methanogenic ancestors through loss of this metabolism (red crosses in Figure 15). that are shared by all methanogens is largely consistent with the ribosomal protein--based phylogeny, demonstrating that these genes have not been horizontally transferred.

SM1 archaeaon

The SM1 lineage was first discovered in 2001 living in association with sulfide--oxidizing bacteria in cold sulfurous marsh water of the Sippenauer Moor near Regensburg, Bavaria, Germany [START_REF] Rudolph | Natural communities of novel archaea and bacteria growing in cold sulfurous springs with a string--of--pearls--like morphology[END_REF]. This association involves the sulfide--oxidizing bacteria forming a string--of--pearls community around the SM1 colonies (Figure 16) [START_REF] Rudolph | Natural communities of novel archaea and bacteria growing in cold sulfurous springs with a string--of--pearls--like morphology[END_REF]. In these communities, the bacterial partner and the SM1 euryarchaeon are present in almost equal abundance. SM1 archaea have now been found in sulfide--containing fresh and marine waters all over Europe and can thrive in both anaerobic and aerobic enviroments 27 [START_REF] Rudolph | Ecology and microbial structures of archaeal/bacterial strings--of--pearls communities and archaeal relatives thriving in cold sulfidic springs[END_REF]. SM1 archaea also possess very unique cell surface appendages called hami beacuse they closely resemble manmade fishhooks or anchors [START_REF] Moissl | The unique structure of archaeal "hami," highly complex cell appendages with nano--grappling hooks[END_REF] (Figure 16). These appendages have only been observed in SM1 and are believed to be involved in cell anchoring or adhesion (Moissl et al. 2005). Based on 16S rRNA phylogenetic analysis, SM1 branches deeply within the euryarchaeal tree with no close relationship to any of known archaeal lineages [START_REF] Rudolph | Natural communities of novel archaea and bacteria growing in cold sulfurous springs with a string--of--pearls--like morphology[END_REF]. More recently, SM1 has been discovered in biofilms found 1 meter below the water table of a sulfidic spring where the upwelling water is not yet mixed with atmospheric oxygen [START_REF] Henneberger | New insights into the lifestyle of the cold--loving SM1 euryarchaeon: natural growth as a monospecies biofilm in the subsurface[END_REF]. This represents the only known example of a naturally occurring archaea--dominated biofilm, with up to 95% being composed only of SM1 [START_REF] Henneberger | New insights into the lifestyle of the cold--loving SM1 euryarchaeon: natural growth as a monospecies biofilm in the subsurface[END_REF]. The bacteria found in the biofilm are either randomly distributed or form dense microcolonies [START_REF] Henneberger | New insights into the lifestyle of the cold--loving SM1 euryarchaeon: natural growth as a monospecies biofilm in the subsurface[END_REF]. A few other archaea have been detected in the biofilm that appear to be closely related to SM1, but they are present only in very small abundance [START_REF] Probst | Tackling the minority: sulfate--reducing bacteria in an archaea--dominated subsurface biofilm[END_REF]). 

Open questions concerning the phylogeny of Archaea

Although the phylogeny of the Archaea is overall well resolved, it is by no means definitive because there are still a few nodes that remain to be clarified. The relationship between some groups needs to be further investigated, for example, the monophyly of Desulfurococcales, the relationships among Class I methanogens, and the relationships among Class II methanogens and their link with Halobacteriales (Brochier--Armanet et al. 2011). The phylogenetic position of some of the very recently discovered lineages, such as SM1, will also need to be investigated once genome sequences are available. Additionally, the position of the nano--sized archaea in the archaeal phylogeny, i.e the Nanoarchaeota, ARMANS, and Nanohaloarchaea, has still not been clarified (Brochier--Armanet et al. 2011). The discovery of nano--sized archaea from a very diverse range of habitats (hydrothermal, acidic, hypersaline) and lifestyles (parasitic/symbiotic, freeliving) may represent convergent evolution, suggesting that small genome and cell size has been selected for multiple times throughout the archaeal diversity. However, some phylogenetic analyses have recovered the monophyly of all of the nano--sized archaea [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]Spang et al. 2013;Williams and Embley 2014). In fact, [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF] have proposed the existence of a monophyletic superphylum called DPANN whose members would be characterized by small cell and genome sizes and would include the ARMANS, Nanohaloarchaea, and Nanoarchaeota [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]. However, given the fast evolutionary rates of these nano--sized lineages further analyses need to be carried out to further investigate their position (Brochier--Armanet et al. 2011).

Aside from resolving the relationships among some lineages, the relationships between the major phyla also need to be clarified. Some of the proposed phyla are only represented by one uncultivated member such as Korarchaeota [START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF] and Aigarchaeota [START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF]. The lack of genomic data from other members makes it difficult to determine their relationship to the other phyla, and moreover, to determine if they actually warrant their status as a phylum (Brochier--Armanet et al. 2011). Furthermore, the root of the archaeal tree is still unknown, making it difficult to truly understand the exact relationships between each of the phyla (Brochier--Armanet et al. 2011). The archaea were traditionally rooted in between the Crenarchaeota and Euryarchaeota in trees based rRNA using bacteria as an out--group [START_REF] Woese | Archaebacterial phylogeny: Perspectives on the Urkingdoms[END_REF][START_REF] Woese | Bacterial evolution[END_REF]. Subsequent studies using rRNA have also rooted the archaeal tree using bacteria which resulted in different rootings such as on the branch leading 29 to the Thaumarchaeota, the Korarchaeota, or the Euryarchaeota (Brochier--Armanet, Gribaldo, et al. 2008;[START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF][START_REF] Groussin | Adaptation to environmental temperature is a major determinant of molecular evolutionary rates in archaea[END_REF]. A few archaeal phylogenies were rooted using the eukaryotes as an out--group, which lead to the suggestion that the Thaumarchaeota might be the deepest branching archaeal lineage (Brochier--armanet et al 2008, Spang Schleper 2010) (Brochier--Armanet, Gribaldo, et al. 2008;[START_REF] Spang | Distinct gene set in two different lineages of ammonia--oxidizing archaea supports the phylum Thaumarchaeota[END_REF].

However, most published archaeal phylogenies are left unrooted (Brochier--Armanet et al. 2011). Finding the root is very important to our understanding of the deep evolution of the archaea and the nature of the ancestor.

The Last Archaeal Common Ancestor

The availability of sequenced genomes from a larger diversity of archaea as well as a robust phylogeny of the domain has provided a good framework to reconstruct the evolutionary history and nature of the last archaeal common ancestor (LACA). For example, phylogenomic analyses have been used to reconstruct the evolutionary history of key cellular processes. One study addressed the origin of aerobic respiration by performing a phylogenomic analysis of the four types of dioxygen reductases (O2Red), the key enzymes of aerobic respiratory chains [START_REF] Brochier--Armanet | The multiple evolutionary histories of dioxygen reductases: Implications for the origin and evolution of aerobic respiration[END_REF]. These four systems have very different evolutionary histories, with some of them being transferred from bacteria to archaea or vice versa [START_REF] Brochier--Armanet | The multiple evolutionary histories of dioxygen reductases: Implications for the origin and evolution of aerobic respiration[END_REF]. It was shown that family A--O2Red and is an ancient dioxygen reductase that likely originated prior to the divergence between archaea and bacteria and therefore was present in the archaeal ancestor suggesting it may have been aerotolerant or even capable of oxygen respiration [START_REF] Brochier--Armanet | The multiple evolutionary histories of dioxygen reductases: Implications for the origin and evolution of aerobic respiration[END_REF]. Furthermore, a study of the origin of archaeal flagella, which is completely unrelated to bacterial flagella, predicted the presence of two different types of flagella in the last archaeal common ancestor [START_REF] Brochier--Armanet | Phylogenomics of the archaeal flagellum: rare horizontal gene transfer in a unique motility structure[END_REF]. Addtionally, phylogenomic analyses of the enzymes involved in methanogensis have suggested that this metabolism arose late in the archaea, likely after the divergence of thermococcales, with subsequent loss in non--methanogenic members of euryarchaeota (Bapteste, Brochier, et al. 2005;Borrel et al. 2013).

A hyperthermophilic (optimal growth temperatures of >80°C) ancestor of archaea was suggested very early based on the abundance of hyperthermophiles in the archaeal domain and their early branching in rooted archaeal SSU rRNA trees [START_REF] Woese | Bacterial evolution[END_REF]. The hypothesis of a hyperthermophilic LACA has also been supported by the evolutionary history and distribution of reverse gyrase, a hyperthermophilic specific DNA topoisomerase that produces positive supercoiling into circular DNA [START_REF] Déclais | Reverse gyrase, the two domains intimately cooperate to promote positive supercoiling[END_REF][START_REF] Forterre | A hot story from comparative genomics: reverse gyrase is the only hyperthermophile--specific protein[END_REF][START_REF] Brochier--Armanet | Widespread distribution of archaeal reverse gyrase in thermophilic bacteria suggests a complex history of vertical inheritance and lateral gene transfers[END_REF]. A study which specifically aimed to reconstruct the evolutionary history of environmental temperatures in the archaeal domain by analyzing the G+C and amino acid content of bacterial and archaeal ribosomal DNA genes and proteins also predicted that the ancestor of archaea was hyperthermophilic (Figure 17), with an estimated optimal growth temperatures around 82 degrees Celsius [START_REF] Groussin | Adaptation to environmental temperature is a major determinant of molecular evolutionary rates in archaea[END_REF]. These results are consistent with previous studies that used phylogenetics to infer ancestral conditions of life [START_REF] Galtier | A nonhyperthermophilic common ancestor to extant life forms[END_REF][START_REF] Boussau | Parallel adaptations to high temperatures in the Archaean eon[END_REF][START_REF] Gaucher | Palaeotemperature trend for Precambrian life inferred from resurrected proteins[END_REF].

Figure 17. Evolution of OGT in Archaea taken from Groussin and Gouy 2011. The phylogenetic reconstruction is based on 72 genes and on a 9,799 amino acid long alignment. Branch lengths correspond to temperature estimates at nodes, with a linear gradient of color between nodes. No evolution of OGT is represented in the vertical tree lines. The Thaumarchaea branches are colored black because OGTs for uncultured organisms are not available. The branch length scale is in substitution per site. The color scale is in degree Celsius. Mean estimates of temperature at key nodes are given between square brackets with the confidence intervals (95%) for estimates of ancestral OGTs between round brackets. Bootstrap values higher than 85% are represented.
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Large--scale comparative genomic studies have also attempted to reconstruct the gene content of the archaeal ancestor (Makarova et al. 2007;Csuros and Miklos 2009;[START_REF] Wolf | Updated clusters of orthologous genes for Archaea: a complex ancestor of the Archaea and the byways of horizontal gene transfer[END_REF].

According to these reconstructions, each of the major archaeal lineages underwent some degree of genome reduction, suggesting that the ancestor of the archaea was more gene rich and complex than current day representatives (Makarova et al. 2007;Csuros and Miklos 2009;[START_REF] Wolf | Updated clusters of orthologous genes for Archaea: a complex ancestor of the Archaea and the byways of horizontal gene transfer[END_REF]. The latest reconstruction based on a comparative analysis of 120 archaeal genomes inferred between 1,400 and 1,800 gene families in the last common ancestor of the extant archaea (Figure 18). The patterns of gene gain and loss were mapped on a phylogeny based on ribosomal proteins with the root on the branch leading to the Euryarchaeota with Nanoarchaeota left unresolved [START_REF] Wolf | Updated clusters of orthologous genes for Archaea: a complex ancestor of the Archaea and the byways of horizontal gene transfer[END_REF]. After taking into account paralogous proteins and lineage--specific genes in modern archaeal genomes, these authors predicted that approximately 2,500 genes were present in the ancestral genome, which is a larger genome than those of extant archaea [START_REF] Wolf | Updated clusters of orthologous genes for Archaea: a complex ancestor of the Archaea and the byways of horizontal gene transfer[END_REF]. This trend of genome streamlining has also been supported by reconstructions of the ancestral state of specific functional systems. For example, comparative analysis of the cell divisions machineries indicates that the common ancestor of extant archaea might have possessed all three varieties of the cell division systems found in modern forms, the FtsZ-based bacterial--type system, the ESCRT--III--based eukaryote--like system and a putative novel system that uses an archaeal actin--related protein [START_REF] Makarova | Evolution of diverse cell division and vesicle formation systems in Archaea[END_REF]. The archaeal ancestor was also predicted to have possessed more ribosomal proteins than most extant lineages, suggesting there has even been streamlining of key cellular processes [START_REF] Desmond | On the last common ancestor and early evolution of eukaryotes: reconstructing the history of mitochondrial ribosomes[END_REF]).

Section 2. The relationship between Archaea and Eukaryotes

Archaea and the origin of the eukaryotic cell

Eukaryotic cells differ greatly from prokaryotic cells by a number of features such as: membrane--bound nucleus, numerous membrane--enclosed organelles (e.g., mitochondria, lysosomes, Golgi apparatus), cytoskeletal elements, and division by mitosis [START_REF] Katz | Origin and diversification of eukaryotes[END_REF]. It has been proposed that the last eukaryotic common ancestor (LECA) already possessed a modern nucleus [START_REF] Ben J Mans | Comparative genomics, evolution and origins of the nuclear envelope and nuclear pore complex[END_REF]) and associated features, such as the nucleolus [START_REF] Staub | Insights into the evolution of the nucleolus by an analysis of its protein domain repertoire[END_REF]), capped and polyadenylated mRNA, introns [START_REF] Collins | Complex spliceosomal organization ancestral to extant eukaryotes[END_REF], nuclear pore complexes (Bapteste, Charlebois, et al. 2005;[START_REF] Neumann | Comparative genomic evidence for a complete nuclear pore complex in the last eukaryotic common ancestor[END_REF], chromatin [START_REF] Iyer | Comparative genomics of transcription 123 12 3 factors and chromatin proteins in parasitic protists and other eukaryotes[END_REF], and linear chromosomes and centromeres [START_REF] Cavalier | Origin of the cell nucleus, mitosis and sex: roles of intracellular coevolution[END_REF]. Additional features such the mitochondrion (Embley, van der Giezen, Horner, Dyal, and Foster 2003;[START_REF] Gabaldón | From endosymbiont to host--controlled organelle: the hijacking of mitochondrial protein synthesis and metabolism[END_REF]), a complete membrance--trafficking system [START_REF] Dacks | Evolution of specificity in the eukaryotic endomembrane system[END_REF][START_REF] Craene | Evolutionary analysis of the ENTH/ANTH/VHS protein superfamily reveals a coevolution between membrane trafficking and metabolism[END_REF], a cytoskeleton based on actin and microtubules [START_REF] Hammesfahr | Evolution of the eukaryotic dynactin complex, the activator of cytoplasmic dynein[END_REF], and a modern cell cycle [START_REF] Eme | The phylogenomic analysis of the anaphase promoting complex and its targets points to complex and modern--like control of the cell cycle in the last common ancestor of eukaryotes[END_REF] are also predicted to have already existed in LECA (Figure 19). How, when, and in what order these features originated during the path leading to the LECA remains one of the most important unanswered questions in Evolutionary Biology.
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! parasites Microsporidia and a number of parasitic protists including Entamoeba, Giardia, and

Trichomonas [START_REF] Smith | Eukaryotes with no mitochondria[END_REF]. However, later evidence demonstrated that all of these organisms possess homologs of known mitochondrial proteins targeted to internal organelles, such as the hydrogenosome or mitosome, that share common ancestry with mitochondria (van der [START_REF] Van Der Giezen | Conserved properties of hydrogenosomal and mitochondrial ADP/ATP carriers: a common origin for both organelles[END_REF]Embley, van der Giezen, Horner, Dyal, and Foster 2003;[START_REF] Embley | Hydrogenosomes, mitochondria and early eukaryotic evolution[END_REF]. This led to the notion that LECA already contained a mitrochondrion and that its absence in archezoan is due to loss [START_REF] Martin | A positive definition of prokaryotes[END_REF][START_REF] Lane | The energetics of genome complexity[END_REF].

The eukaryotic cell is a chimera of bacterial, archaeal, and eukaryotic specific features.

Eukaryotic information systems (i.e. transcription, translation, and DNA replication) resemble those found in the Archaea [START_REF] Sarmiento | Diversity of the DNA Replication System in the Archaea Domain[END_REF], whereas eukaryotic biosynthetic and metabolism functions are generally assumed to be bacterial--like [START_REF] Canback | Molecular phylogeny of the free--living archezoan Trepomonas agilis and the nature of the first eukaryote[END_REF]. This mixture of bacterial and archaeal features has led to several diverse hypotheses on the origin of eukaryotes. These mostly differ in regard to which bacterial and archaeal lineages contributed to the eukaryotic cell, how many partners were involved, and the nature of their contribution (i.e. symbiosis, engulfment, ancestry, fusion), but they can be grouped into to major categories, the "amitochondriate", and the "mitochondriate" scenarios (Embley and Martin 2006) (Figure 20). The amitochondriate models suggest that the LECA contained many eukaryotic features, such as the nucleus, the endoplasmic reticulum (ER), and the cytoskeleton, which evolved as the result of a primary fusion or symbiosis of specific archaeal and bacterial partners [START_REF] Zillig | Comparative biochemistry ofArchaeaandBacteria[END_REF][START_REF] Lake | Was the nucleus the first endosymbiont?[END_REF][START_REF] Gupta | The origin of the eukaryotic cell[END_REF][START_REF] López--Garcıá | Metabolic symbiosis at the origin of eukaryotes[END_REF][START_REF] Margulis | The last eukaryotic common ancestor (LECA): acquisition of cytoskeletal motility from aerotolerant spirochetes in the Proterozoic Eon[END_REF]. This cell then served as the host for the endosymbiontic event that gave rise to the mitochondria. In contrast, the mitochondriate models postulate that all of the eukaryotic cell characteristics, including the nucleus, cytoskeleton, ER, and the mitochondria, are the result of a single symbiotic event involving a bacterial and an archaeal cell [START_REF] Searcy | Cytoskeletal origins in sulfur--metabolizing archaebacteria[END_REF][START_REF] Martin | The hydrogen hypothesis for the first eukaryote[END_REF]. These hypotheses invoke a 2 Domains topology for the Tree of Life composed of two primary Domains, the Archaea and the Bacteria, and a secondary Domain, the Eukaryotes. However, these hypotheses differ in the mechanisms involved in the emergence of eukaryotes, the nature of the archaeal and bacterial lineages inferred to be at the origin, and the host of the symbiosis, bacterium versus archaeon (Embley and Martin 2006).

One of the first fusion scenarios was proposed by Zillig in 1991, which stated that eukaryotes originated from a physical fusion of two cells leading to a single cellular compartment and a single integrated genome [START_REF] Zillig | Comparative biochemistry ofArchaeaandBacteria[END_REF]. This process is different from the origin of the 35 mitochondrion, meaning that modern eukaryotes emerge from three cells, a fusion followed by endosymbiosis (Figure 20). Another hypothesis proposed by Lake and Rivera in 1994, known as the eocyte hypothesis, suggests that eukaryotes originated from the engulfment of an archeaon, specifically a crenarchaeota, by a bacterium (Lake and Rivera 1994) (Figure 20).

Engulfment of a eoycte archaeon by a bacterial host (a gram--negative bacterium) was also proposed by [START_REF] Gupta | The origin of the eukaryotic cell[END_REF][START_REF] Gupta | The origin of the eukaryotic cell[END_REF][START_REF] Gupta | The origin of the eukaryotic cell[END_REF] (Figure 20). Alternative hypotheses propose that a member of the Euryarchaeota, rather than a crenarchaeote, was involved in a symbiosis with a bacterium. For example, some models suggest that a member of the genus Thermoplasma, a wall--less sulfur--respiring thermoacidophile, was the archaeal parent in the symbiosis that gave rise to the eukaryotic cell [START_REF] Searcy | Cytoskeletal origins in sulfur--metabolizing archaebacteria[END_REF][START_REF] Margulis | The last eukaryotic common ancestor (LECA): acquisition of cytoskeletal motility from aerotolerant spirochetes in the Proterozoic Eon[END_REF]). The serial symbiosis theory of Lynn Margulis involves a Thermoplasma as a host to a Spirochete (which would give rise to eukaryotic flagella), with the mitochondrion is the resulting from a secondary symbiosis [START_REF] Margulis | The last eukaryotic common ancestor (LECA): acquisition of cytoskeletal motility from aerotolerant spirochetes in the Proterozoic Eon[END_REF]) (Figure 20). However, in the model by Searcy, which also involves a Thermoplasma, there is only one symbiosis and that is with the bacterium that gave rise to the mitochondria (Searcy and Hixon 1991) (Figure 20).

Two other models, the hydrogen hypothesis [START_REF] Martin | The hydrogen hypothesis for the first eukaryote[END_REF] and the syntrophy hypothesis (López--Garcıá and Moreira 1999), predict that the archaeal parent was a methanogenic archaeon (Figure 20). The syntrophy hypothesis is a mitochondria late or amitochondriate model, as it suggests that two proteobacteria endosymbionts were involved.

First a methanogenic archaeon and a deltaproteobacterium (an ancestral sulphate--reducing myxobacteria) came together by syntrophy (two organisms that are mutually depenedent on each other and as a result either exchange substantial genetic material or they fuse together).

The resulting fusion cell then evolved into an amitochondrial eukaryote which phagocytosed the second endosymbiont, an alphaproteobacterial methanotroph, giving rise to the mitochondria (López--Garcıá and Moreira 1999). In contrast the hydrogen hypothesis, supposes there was only one endosymbiosis between an alphaproteobacterium and a strictly anaerobic autotrophic methanogenic archaeon that required hydrogen and carbon dioxide from the environment [START_REF] Martin | The hydrogen hypothesis for the first eukaryote[END_REF]. This alphaproteobacterial symbiont gave rise to the nuclear envelope, mitochondria, and other features early eukaryotes all at once (Figure 20). Each of these hypotheses is attractive, but none are free of problems. First of all, there are no known examples of symbioses between bacteria and archaea in nature. Also, there is the problem of the lipids. The plasma membranes of Bacteria and Eukaryotes contain phospholipids in which fatty acids are covalently bound to sn--glycerol--3--phosphate via an ester linkage, whereas all the Archaea studied so far contain phospholipids with isoprenoid chains linked to sn--glycerol--1--phosphate via an ether bond (reviewed in (Lombard et al. 2012)). Therefore, all models invoking an archaeal host have to explain which process and what selective pressure led to the archaeal--to--bacterial membrane transition. This problem is rarely addressed by the different hypotheses that have been proposed to explain the emergence of eukaryotes from an archaeal host cell. One explanation is that there was progressive replacement of archaeal membranes by the phospholipids of the bacterial partner of the symbiosis [START_REF] Martin | The hydrogen hypothesis for the first eukaryote[END_REF]. However, it is not clear what kind of selective
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pressure would invoke this replacement of the host archaeal membrane specifically because components of bacterial phospholipids are present in some archaea and vice versa, but the transformation from one membrane type to another has never been observed in nature (Lombard et al. 2012). Models that invoke a bacterial host cell [START_REF] Lake | Was the nucleus the first endosymbiont?[END_REF][START_REF] López--Garcıá | Metabolic symbiosis at the origin of eukaryotes[END_REF] avoid the problem of the lipids because this would imply that the outer membranes of the host cell would have been bacterial, while the archaeal membrances were subsequently lost. Additionally, most of these hypotheses are not backed up by phylogenetic analyses because most universal rooted trees [START_REF] Gogarten | Evolution of the vacuolar H+-ATPase: implications for the origin of eukaryotes[END_REF]Iwabe et al. 1989;[START_REF] Brown | Root of the universal tree of life based on ancient aminoacyl--tRNA synthetase gene duplications[END_REF][START_REF] Lawson | Phylogenetic analysis of carbamoylphosphate synthetase genes: complex evolutionary history includes an internal duplication within a gene which can root the tree of life[END_REF]Brown et al. 1997;Gribaldo and Cammarano 1998) have recovered Archaea and Eukaryotes as sister lineages.

Universal gene trees and origin of Eukaryotes

At the end of the 80's, two studies independently obtained the first rooted universal trees of life by using ancient paralogous gene couples. The first one used the catalytic and regulatory subunits of the V--and F--type ATPases [START_REF] Gogarten | Evolution of the vacuolar H+--ATPase: implications for the origin of eukaryotes[END_REF], and the second one the translation elongation factors EF--Tu/1a and EF--G/2 (Iwabe et al. 1989). Both studies indicated that the first divergence from the last universal common ancestor separate a lineage leading to Bacteria from a lineage leading to the common ancestor of Archaea and Eukaryotes.

These results were endorsed by Woese to propose his 3 Domain topology for the Tree of Life (Woese et al. 1990). Ancient couples of paralogous genes that are largely distributed and not transferred among domains are very rare. Nevertheless, a few of them were found and analyzed in the following years. [START_REF] Brown | Root of the universal tree of life based on ancient aminoacyl--tRNA synthetase gene duplications[END_REF] used tRNA synthetases (lle--tRS)

versus paralogous Val--and Leu--tRS, [START_REF] Lawson | Phylogenetic analysis of carbamoylphosphate synthetase genes: complex evolutionary history includes an internal duplication within a gene which can root the tree of life[END_REF] used an internal gene duplication in carbamoyl phosphate synthetase (CPS), Brown et al. (1997) used aminoacyl--tRNA synthetases Tyr--tRS versus paralogous Trp--tRS, and Gribaldo and Cammarano (1998) used the Signal Recognition Particle (SRP) 54kD protein and its paralogous SRP receptor SR--a. All of these analyses confirmed a root in the branch leading to the Bacteria and recovered the monophyly of the archaeal domain as sister to the Eukaryotes [START_REF] Brown | Root of the universal tree of life based on ancient aminoacyl--tRNA synthetase gene duplications[END_REF][START_REF] Lawson | Phylogenetic analysis of carbamoylphosphate synthetase genes: complex evolutionary history includes an internal duplication within a gene which can root the tree of life[END_REF]Brown et al. 1997;Gribaldo and Cammarano 1998).

The debate over the monophyly of the Archaea started nearly 10 years before the archaea were officially classified as a separate Domain of life by Woese and colleagues (Woese et al. 1990). One of the most famous challenges was provided by Lake et al. 1984 based on ribosome morphology (Figure 21). Lake and colleagues broke up the Archaea (then archaebacteria) by placing the Crenarchaeota, which they called eocytes, in a clade with eukaryotes, and all other archaebacteria in a clade with the eubacteria (Lake et al. 1984).

Similarities found in RNA polymerase structures also supported a close relationship between the "eocytes" and the eukaryotes. By analyzing RNA polymerase structural differences, Wolfram Zillig and coworkers supported a division of the archaebacteria into two different groups --the methanogens/halophiles and the thermoacidophiles (eocytes), and showed that the RNA polymerases of the 'eocytes' more closely resemble the RNA polymerases of eukaryotes in terms of their complex component patterns and structure at the level of single components [START_REF] Huet | Archaebacteria and eukaryotes possess DNA-dependent RNA polymerases of a common type[END_REF][START_REF] Zillig | The Phylogenetic Relations of Dna--Dependent Rna--Polymerases of Archaebacteria, Eukaryotes, and Eubacteria[END_REF][START_REF] Zillig | Phylogeny of DNA--dependent RNA polymerases: testimony for the origin of eukaryotes[END_REF]. Lake used this similarity in RNA polymerases to further support his eocyte hypothesis (Lake et al. 1984;[START_REF] Lake | Was the nucleus the first endosymbiont?[END_REF]. Woese and colleagues heavily refuted the claims that the archaea were not monophyletic by pointing out that the use of ribosomal morphology as well as RNA polymerase complexity and structure was not solid evidence for a specific relationship between sulfur--dependent archaea and eukaryotes. They argued that the ribosomal features used by Lake and colleagues, such as the "lobes of various sizes", were of unknown molecular basis because they were in a region that had been characterized by others as lacking intrinsic ribosomal proteins (Woese and 39 Olsen 1985). Additionally, the lobe of "archaebacteria" was only characterized from one representative, Halobacterium cutirubrum, making the claimed phylogenetic distribution of shapes very biased. Moreover, as more ribosome structures were determined, it was discovered that the so--called unique structural characteristics of "eoyctes" are also present in archaebacteria, such as Methanococcus vannielii [START_REF] Stöffler | Electron microscopy of archaebacterial ribosomes[END_REF][START_REF] Stöffler--Meilicke | Structure of Ribosomal Subunits of M. vannielii: Ribosomal Morphology as a Phylogenetic Marker[END_REF]) and Halobacterium marismortui [START_REF] Harauz G | Characteristic Views of Prokaryotic--50s Ribosomal--Subunits[END_REF].

In 1987, Lake developed a new phylogenetic approach called evolutionary parsimony, a technique related to parsimony analysis which applies to four lines of descent (each able to contain multiple species) and for each of the possible unrooted trees a χ 2 value is calculated and the tree is retained if the associated χ 2 value is significant [START_REF] Lake | A rate--independent technique for analysis of nucleic acid sequences: evolutionary parsimony[END_REF]. By performing a phylogenetic analysis of rRNA sequence using his evolutionary parsimony method, Lake recovered the eocyte tree, with the eocytes and eukaryotes as a sister group that he called Karyotes, and the Methanogens, halophiles, and members of the Bacteria forming a monophyletic group which he called the Parkaryotes (Lake 1988). Note that the root of this universal tree lies within the Archaea, with Bacteria emerging from them (Figure 22).

Figure 22. Rooted evolutionary tree based on rRNA sequences taken from Lake 1988. The tree was constructed using the evolutionary parsimony method and the root was selected by parsimony rooting. The branch lengths represent the number of transversion differences rather than substitutions. The parkaryotes contain the eubacteria, halobacteria, and methanogens (including Thermoplasma and Archaeoglobus), and the karyotes consist of the eocytes and the eukayotes.

However, the "eocyte" tree obtained by Lake based on rRNA sequences was challenged by phylogenetic analyses of SSU rRNA using Maximum parsimony and Neighbor Joining methods, which showed a classical 3Domain topology [START_REF] Gouy | Phylogenetic analysis based on rRNA sequences supports the archaebacterial rather than the eocyte tree[END_REF]. A few years later, Lake and Rivera used the identification of an 11--amino acid insertion within the elongation factor EF--Tu/1α that occurs in both the eocytes and the eukaryotes and is not present in Euryarchaeota (Figure 23) as another argument to support the eocyte hypothesis [START_REF] Rivera | Evidence that eukaryotes and eocyte prokaryotes are immediate relatives[END_REF]. Some subsequent phylogenetic analyses supported Lake's eocyte hypothesis, but these were based almost solely on phylogenetic analyses of elongation factor genes. For example, reanalysis of the EF--2/G and EF--Tu/1a data sets by [START_REF] Baldauf | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF], albeit obtaining a root between the bacteria and the archaea/eukaryotes, favored the placement of the eukaryotes within the archaea, sister to the Crenarchaeota (Baldauf et al. 1996). However, it was shown that depending on the phylogenetic methods, the amino acid positions, and taxonomic sampling used, unrooted phylogenies based upon the elongation factor proteins yielded conflicting results [START_REF] Cammarano | The archaea monophyly issue: A phylogeny of translational elongation factor G(2) sequences inferred from an optimized selection of alignment positions[END_REF]). Cammarano et al. constructed an EF--2/G gene tree using new sequences from the archaea and various methods (distance--matrix, maximum likelihood, and parsimony) and obtained strong support for the monophyly of the three domains, with the bifurcation of the kingdoms Crenarchaeota and Euryarchaeota [START_REF] Cammarano | Early evolutionary relationships among known life forms inferred from elongation factor EF--2/EF--G sequences: phylogenetic coherence and structure of the archaeal domain[END_REF]). Creti et al. also showed that the archaea are strongly monophyletic for EF--2/G genes but only weakly for EF--Tu/1a genes [START_REF] Creti | Evolution of translational elongation factor (EF) sequences: reliability of global phylogenies inferred from EF--1 alpha(Tu) and EF--2(G) proteins[END_REF]. At the same time, additional support for the eocyte tree came from a phylogenetic analysis of LSU and SSU rRNAs and of concatenated nucelotide sequences of the two largest subunits of RNA polymerase (Tourasse and Gouy 1999). By using phylogenetic methods that take into account
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the variability of the substitution rate among sites [START_REF] Yang | A space--time process model for the evolution of DNA sequences[END_REF][START_REF] Tourasse | Evolutionary distances between nucleotide sequences based on the distribution of substitution rates among sites as estimated by parsimony[END_REF], they recovered support for the eocyte--eukaryote relationship for both datasets (Figure 24).

Figure 24. Unrooted universal phylogeny deduced from concatenation of the two largest subunits of RNA polymerase taken from Tourasse and Gouy 1999. NJ trees, based on 717 codons were evaluated by the maximum likelihood method under Kimura's substitution model [START_REF] Kimura | A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide sequences[END_REF], A) without and B) with a gamma distribution for rate variation among sites. By taking into account rate variation across sites (B), the authors recovered the eocyte tree.

One of the earliest attempts to analyze the relationship between the primary domains of life using a large number of genes came from Brown and Doolittle (Brown and Doolittle 1997).

They performed phylogenetic analyses on 56 proteins involved in various cellular systems (e.g. informational, metabolism, amino acid biosynthesis, cofactors, respiration), considering only gene trees with two or more species from each domain (Brown and Doolittle 1997). Of the 56 genes analyzed, only 21 could be used to test the relationship between archaea and eukaryotes (i.e. members from both archaeal domains were present and statistical support for the archaea/eukaryotic grouping exisited). More than half of these 21 trees depicted the archaea as monophyletic, only three showed a branching order consistent with the eocyte hypothesis (Ef--Tu.1/1a, RP L11, and RP S11), and the remaining eight trees had either methanogens or halophiles as the closest relative to eukaryotes (Brown and Doolittle 1997).

The authors noted that phylogenetic evidence from both duplicated and unrooted gene trees is generally consistent with the 3 Domains topology tree in which archaea and eukaryotes are sister lineages (Brown and Doolittle 1997). However, they also stated that most of their single gene trees were likely to be unreliable due to horizontal gene transfer events between the primary domains of life, unrecognized paralogy, or unequal evolutionary rates [START_REF] Roger | A chimeric origin for eukaryotes re--examined[END_REF]Brown and Doolittle 1997;[START_REF] Feng | Determining divergence times with a protein clock: update and reevaluation[END_REF]). In addition, they emphasized that in order to fully understand the relationship between the three domains, an evolutionary paradigm had to be created where genomes, biochemistry, and organisms are all considered in together (Brown and Doolittle 1997).

Phylogenomic approaches

Starting from the beginning of the 21 st century several large--scale phylogenetic analyses were performed that investigated the relationships between Archaea and Eukaryotes either directly or indirectly. These studies used different approaches for assembly of the datasets and different methods of analysis and supported either 3D or 2D scenarios (Figure 25).

However, it was remarked that there is an overlap in the datasets used [START_REF] Gribaldo | The origin of eukaryotes and their relationship with the Archaea: are we at a phylogenomic impasse?[END_REF].

This overlap is due to the use of universal markers because of the need for a bacterial outgroup, which significantly restricts the number of markers that can be used to investigate the relationship between archaea and eukaryotes. The conflicting results obtained, despite the use of overlapping markers, may be explained by the various accuracy level of different methodologies, different approaches used to assemble the datasets, taxonomic sampling, and also in the interpretation of the results [START_REF] Gribaldo | The origin of eukaryotes and their relationship with the Archaea: are we at a phylogenomic impasse?[END_REF]. Phylogenomic approaches taken to resolve deep evolutionary relationships have to be performed with great care as they are prone many biases and artifacts (Delsuc et al. 2005;[START_REF] Gribaldo | The origin of eukaryotes and their relationship with the Archaea: are we at a phylogenomic impasse?[END_REF]. Some of these issue are inherent to biological sequence data such as compositional bias and varying evolutionary rates, but the outcome of phylogenomic studies are also strongly influenced by the quality of the data analyzed, which heavily depends on selection of markers, taxonomic sampling, cysteine; 2, alanine, serine, threonine, pro-- line, glycine; 3, asparagine, aspartic acid, glutamic acid, glutamine; 4, histidine, arginine, lysine; 5, meth--ionine, isoleucine, leucine, valine; 6, phenylalanine, tyrosine, tryptophan. They also analyzed the data using standard one--matrix models in both a Maximum Likelihood and Bayesian framework. Both Bayesian and Maximum Likelihood analyses of the universal protein dataset recovered a 2D topology in which the Eukaryotes emerge from within the Archaea as sister to the Crenarchaeota, consistent with the eocyte hypothesis (Figure 26) (Cox, Foster, et al. 2008). Using the same methods, a subsequent analysis was done by the same authors but with the addition of representatives from newly sequenced archaeal taxa. Fox et al. 2009reanalyzed the Cox et al. 2007 dataset using two available genomes from the phylum Thaumarchaeota as well as five additional crenarchaeotes. For this analysis 41 of the universal proteins used by Cox et al. 2008 were analyzed, after excluding previously unidentified paralogs (Foster, Cox, and Embley 2009a). This updated analysis recovered a sister relationship between the Eukaryotes and a cluster comprising Crenarchaeota and Thaumarchaeota (Figure 27) (Foster, Cox, and Embley 2009a). Although these studies used evolutionary models that were shown to fit better the data, it is noteworthy that the authors also obtained a 2D topology with less sophisticated homogeneous models, suggesting that their results may be linked more to the data set used (i.e. the genes and the taxonomic sampling) than to the new evolutionary models (Gribaldo et al. 2010).
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Eukaryotes and the TACK superphylum

Over the past few years a large number of analyses have appeared in the literature recovering the 2 Domains tree. Most of these analyses have been performed on nearly the same set of universal proteins with a limited number of taxa and a majority of them have been done by the same group (Figure 28). In 2011, Guy and Ettema re--evaluated the phylogenetic position of eukaryotes using 26 universal proteins defined as the intersection between the datasets used in the phylogenomic studies of Cox et al. 2007 and[START_REF] Ciccarelli | Toward automatic reconstruction of a highly resolved tree of life[END_REF]. The phylogenies were constructed using the LG model (Le and Gascuel 2008) in the Maximum Likelihood and Bayesian framework, and Bayesian analysis were also performed using the models CAT (Lartillot and Philippe 2004) and CATBP (a model that accounts for variations of the evolutionary process both along the sequence and across lineages) [START_REF] Blanquart | A site--and time--heterogeneous model of amino acid replacement[END_REF]. All methods supported a strong affiliation of the Eukaryotes with the Thaumarchaeota, 'Aigarchaeota', Crenarchaeota, and Korarchaeota (Guy and Ettema 2011). Based on this affiliation the authors proposed the existence of a new superphylum of archaea composed of the Thaumarchaeota, 'Aigarchaeota', Crenarchaeota, and Thaumarchaeota, collectively called the TACK (Guy and Ettema 2011).
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This relationship was further highlighted by a specific enrichment of eukaryotic--like features within the TACK superphylum (Figure 29). 25). The bacterial out--group is not shown. Schematic phylogenies (a--b) were rooted based on the root obtained with the bacterial out--group and schematic phylogenies (c--d) were rooted on the branch leading to euryarchaoeta. Panel d shows the phylogenetic distribution of orthologs of eukaryotic core genes based on those that have been reported in the literature. The rooted phylogenetic tree of the archaea was based on the 26 universal proteins with the eukaryotes omitted. The tree was inferred with Phylobayes under the LG model with a continuous gamma distribution.

However, these eukaryotic--like characters are not uniquely present in the TACK, and are also heterogeneously distributed among the TACK lineages. For example, the small RPB8 subunit of the eukaryotic RNA polymerase (RpoG), is present in Crenarchaeota and Korarchaeota but is absent in Thaumarchaeota and 'Aigarchaeota' [START_REF] Koonin | Orthologs of the small RPB8 subunit of the eukaryotic RNA polymerases are conserved in hyperthermophilic Crenarchaeota and[END_REF]. Components of a eukaryotic--type ubiquitin (Ubl) modifier system are present in 'Aigarchaeota' [START_REF] Nunoura | Insights into the evolution of Archaea and eukaryotic protein modifier systems revealed by the genome of a novel archaeal group[END_REF] but are absent in all other members of the TACK sequenced so far, and the archaeal actin ortholog [START_REF] Makarova | Evolution of diverse cell division and vesicle formation systems in Archaea[END_REF][START_REF] Yutin | The origins of phagocytosis and eukaryogenesis[END_REF] is only present in the crenarchaeal order Thermoproteales and in 'Ca. Korarchaeum cryptofilum' (Korarchaeota). The authors reconcile this patchy distribution by suggesting that a complex ancestral TACK lineage from which eukaryotes emerged existed only transiently in time, that a more complex archaeal lineage remains to be discovered, or that the extant TACK lineages have undergone differential reductive evolution (Guy and Ettema 2011).

In 2012, a third analysis was performed by the group of Martin (Williams et al. 2012). It should be noted that each subsequent analyses of these authors resulted in the reduction of the number of universal markers and amino acid positions used for phylogenetic reconstruction (Figure 28). Williams et al. also analyzed 64 genes conserved in their sample of archaea and eukaryotes to investigate the in--group relationship between the eukaryotes and a specific archaeal lineage (Williams et al. 2012). To analyze the Archaea/Eukaryote phylogeny they placed the root in the branch leading to the Euryarchaeota as indicated by the universal tree, albeit not exactly in the same place (Figure 30). The universal and archaea/eukaryote datasets were analyzed under the Bayesian framework using the CAT model (Lartillot and Philippe 2004) and in both the Maximum Likelihood and Bayesian framework using the homogeneous substitution model LG (Le and Gascuel 2008). Altogether, the results of these analyses support either a sister relationship or origin from within the TACK superphylum (Figure 30) (Williams et al. 2012). In 2013, Lasek--Nesselquist and Gogarten performed an analysis to test the effects of model choice on the ribosomal tree of life (Lasek--Nesselquist and Gogarten 2013). To do this they tested several models of varying sophistication on three different datasets and employed different strategies to remove compositional heterogeneity in order to examine their effects on the topological outcome. They concatenated 86 ribosomal proteins and analyzed three datasets with different taxonomic samplings and with different amounts of missing data. The datasets were analyzed in both a Maximum likelihood and Bayesian framework using different models of evolution, the CAT model (Lartillot and Philippe 2004) (Figure 31), two mixture models LG4M and LG4X implemented in PhyML--4X that allow changes in the rate matrix across sites but not across different lineages [START_REF] Le | Modeling protein evolution with several amino acid replacement matrices depending on site rates[END_REF], UL3 from PhyML-structure (Le et al. 2008), a mixture model that employs three different substitution matrices based on solvent accessibility of residues and secondary structure, as well as the LG model (Le and Gascuel 2008) with an estimation of amino acid frequencies from the data (Figure 31).

From this study they found that different models displayed varying proficiencies at resolving different areas of the tree, but all of the models recovered topologies where Eukarya emerge from within Archaea as sister to Korarchaeota/Thaumarchaeota (KT) or Crenarchaeota/KT clade under all or at least one of the strategies employed (Lasek--Nesselquist and Gogarten 2013). Although 'Aigarchaeota' was not included in this study, their results are compatible with a TACK--Eukaryote relationship (Figure 31). Another recent analysis by [START_REF] Rochette | Phylogenomic Test of the Hypotheses for the Evolutionary Origin of Eukaryotes[END_REF] focused on dissecting the origins of eukaryotic genes in much more detail than previous studies. In this study the authors distinguished genes whose phylogeny supports a relationship between eukaryotes and a particular prokaryotic taxonomic group, genes that have been transferred among prokaryotes, and genes that do not contain sufficient phylogenetic signal [START_REF] Rochette | Phylogenomic Test of the Hypotheses for the Evolutionary Origin of Eukaryotes[END_REF]). To do so, they used clusters of homologs provided by the HOGENOM protein family database [START_REF] Penel | Databases of homologous gene families for comparative genomics[END_REF] to determine proteins families that date back to the LECA (Last Eukaryotic Common
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Ancestor) which have homologs in prokaryotic genomes. These protein families or clades were determined by analysis of individual Maximum Likelihood trees using extended topological criteria, which they term configurations [START_REF] Rochette | Phylogenomic Test of the Hypotheses for the Evolutionary Origin of Eukaryotes[END_REF]. They identified 554 LECA--traceable protein clades with prokaryotic homologs, and of these one--third of them appeared archaea--related and two--thirds appeared bacteria--related. First, they used 28 universal makers to test the monophyly of the three domains. From this they found that monophyly of the bacteria was strongly supported in all but one tree, whereas the monophyly of the archaea was only recovered in four trees. However, they found that for many LECA clades the 3--Domain topology and the best paraphyletic--Archaea topology were equivalent.

The authors also analyzed the relationship between archaea and eukaryotes using all of the archaea--related LECA clades (121 genes). They did not recover a specific branching order for the archaeal phyla or a particular position of eukaryotes relative to them. Therefore, they conclude that their results are compatible with the view that Eukaryotes branch deeply within the Archaea or close to the root [START_REF] Rochette | Phylogenomic Test of the Hypotheses for the Evolutionary Origin of Eukaryotes[END_REF].

The latest large--scale phylogenetic analysis was performed in response to a universal phylogeny published in Nature by Rinke et al 2013. These authors recovered a 3 Domains universal tree of life by including many uncultured lineages that they obtained from a large single--cell sequencing project [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]). In addition, they obtained a monophyletic clade comprising of all nano--sized archaea, which they propose to represent a distinct phylum called the DPANN [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]. Subsequent reanalysis of the dataset used in Rinke et al.

2013 showed that they did not use the best--fit model for the data and they included mitochondrial and plastid sequences in the eukaryotic dataset (Williams and Embley 2014).

Reanalysis of the dataset after removal of problematic genes and the use of the better--fitting CAT+GTR+Γ4 model resulted in the recovery the eocyte tree (TACK/eukaryote relationship) rather than a 3D topology (Williams and Embley 2014). The same results were obtained when the tree was reconstructed using the 29 universal proteins from Williams et al. 2012. The monophyly of the DPANN was also recovered with high support, but the position of the clade as a whole within the archaea was not resolved (Williams and Embley 2014).

Last year a review appeared in Nature by the group of Marin Embley (Williams et al. 2013) which largely popoularized the notion of 2D topology of the tree of life and a chimeric origin for Eukaryotes. At about the same time, Joran Martijn and This Ettema proposed a new chimeric hypothesis for the origin of eukaryotes (Figure 32). The phagocytosing archaeon theory (PhAT), which poses that eukaryotes evolved from an ancestral archaeal lineage belonging to the recently proposed 'TACK superphylum' (Martijn and Ettema 2013). In the PhAT model, a cellular fusion between a TACK archaeon and an alphaproteobacterium resulted in a mitochondrion containing but nucleus--lacking cell, similar to the scenario recently proposed by the group of Eugene Koonin [START_REF] Yutin | The origins of phagocytosis and eukaryogenesis[END_REF]). This hypothesis starts with a transient TACK archaeon that contained a full set of the eukaryotic specific proteins (ESPs). Then this ancient TACK lineage lost its cell wall and the cytoskeleton matured into a primitive phagocytosis machinery resulting in rampant HGT into the archaeal genome. In order to maintain genetic integrity, a protective membrane boundary was formed via invagination and an ancient alphaproteobacterium was phagocytosed but not digested. This alphaproteobacterium then established an endosymbiotic relationship with the host cell and eventually evolved into an ATP generating organelle, the mitochondrion. The 53 energetic advantage brought by the presence of the mitochondrion then allowed the host cell to evolve cellular complexity (Martijn and Ettema 2013). It has to be noted that this scenario is not very different from classical eukaryogenesis models proposed in the past, except that the starting point is a modern archaeon. However, one important point that is not addressed in the PhAT model is the replacement of the archaeal--lipids, as discussed earlier.

An origin of Eukaryotes from a modern archaeon represents a dramatic shift of paradigm on the tree of life that surely deserves the most exhaustive investigation. Although it is true that many recent analysis using more sophisticated models of evolution have recovered support for the 2 Domains tree, the bulk of this evidence comes from universal proteins, which are prone to suffer from a number of drawbacks. First of all, the number of proteins that can be used is very small because of the need for a bacterial out--group [START_REF] Gribaldo | The origin of eukaryotes and their relationship with the Archaea: are we at a phylogenomic impasse?[END_REF]. This also drastically limits the number of positions that can be unambiguously aligned between the three domains. Moreover, only a limited taxonomic sampling of bacteria Archaea and eukaryotes can be used due to the need for widespread presence in representatives of the three domains as well as the computational burden of large--scale analysis using sophisticated models (Delsuc et al. 2005). Finally, it is also well known that universal proteins are heavily mutationally saturated leading to a loss of phylogenetic signal (Gribaldo and Philippe 2002).
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These two phylogenomic branches are highly complementary because the phylogeny obtained from the first approach can be used as a frame of reference to retrace the history of individual genes or cellular systems. In turn, by analyzing the history of individual genes, additional phylogenetic markers can be identified which can be used to establish or clarify evolutionary relationships. For my thesis I have decided to investigate the relationship between archaea and eukaryotes using two complementary phylogenomic approaches: (i) the analysis of a specific archaeal cellular system with an evolutionary link to eukaryotes, and (ii) a large--scale phylogenomic analysis at the level of the three domains of life.

The key to understanding the relationship between archaea and eukaryotes is to first have a solid picture of the evolutionary history and diversity of the archaeal domain. Not only is it important to have a robust phylogeny, but also it is important to understand the nature of the archaeal ancestor and the subsequent evolution of this domain. For this reason, I first focused on the evolution of DNA replication in the archaea, a key cellular system shared with eukaryotes. The objective of this study was to retrace the evolutionary history of DNA replication in the archaea, reconstruct the archaeal phylogeny, and gain insight on the relationship between archaea and eukaryotes.

Next, I performed a large--scale analysis that involved studying protein families shared between archaea and eukaryotes. By studying protein families shared between these two domains I aimed to identify new phylogenetic markers that could be used to test the archaeal/eukaryote relationship as well as proteins shared between eukaryotes and a specific archaeal lineage. Additionally, I identified phylogenetic markers shared between archaea and bacteria in order to root the archaeal tree, the key to understanding the relationship between archaea and eukaryotes as well as the nature of the archaeal ancestor and the evolution of the entire archaeal domain.

Evolution of shared cellular processes

Large scale phylogenomics! Archaeal tree! Archaeal ancestor! 57

Results

Phylogeneomic analysis of DNA replication in the Archaea

My first analysis focused on the fine dissection of an archaeal cellular process evolutionarily linked to eukaryotes. Archaeal informational systems (translation, transcription, replication) harbor a specific evolutionary link with Eukaryotes. Compared to previous analyses of translation and transcription components, phylogenomic analysis of DNA replication appears more complex due to the existence of multiple paralogs which are sometimes highly divergent and probably issued from integrative elements. I performed an exhaustive phylogenomic analysis of the 22 known components of DNA replication in over 140 complete archaeal genomes. This allowed me to accurately assign them in terms of orthology, paralogy, horizontal gene transfers, and copies originating from mobile elements. My results provide a full picture of the diversity of DNA replication among different lineages, and allowed me to infer the presence of a modern--type DNA replication machinery in the last archaeal common ancestor. I was able to clarify the precise evolutionary history that shaped this key cellular machinery during archaeal diversification. This appears incredibly dynamic and involved multiple independent gene losses, duplications, horizontal transfers, non--orthologous replacements, and a significant impact of mobile elements. My study allowed me to highlight a new set of markers that provide information on yet unclear evolutionary relationships within archaea, such as those among the recently discovered lineages with nano--sized representatives. In addition, the precise identification of orthologs allowed me to analyze, for the first time, the phylogenetic signal carried by DNA replication components. This is highly consistent with that harbored by two other key informational machineries, translation and transcription, strengthening the existence of a robust organismal tree for the Archaea. Finally, most of the components inferred to have been present in the archaeal ancestor are shared with eukaryotes, where some were reassigned to other cellular functions, such as repair, allowing discussion on the evolutionary relationships between Archaea and Eukaryotes.

Additionally, my results provide important and useful information for future functional studies on DNA replication components in the archaea.

The results from this analysis have been published in GBE in January 2014 and highlighted by the Faculty of 1000 Prime.

Introduction

Replication of the genetic material is a crucial step of the cell cycle. All three domains of life replicate their DNA semiconservatively [START_REF] Meselson | The replication of DNA in Escherichia coli[END_REF] and follow basically the same sequence of events (for a recent review see DePamphilis and Bell [2010]): The replication fork is assembled by a specific protein or initiation complex that recognizes the origin of replication on the chromosome and opens up the doublestranded DNA. A helicase is then recruited, producing a replication bubble that is protected by single-stranded DNA-binding proteins. The core replication machinery then assembles at the fork with the help of the sliding clamp, a ring-shaped factor that tethers it to the DNA template. The main replicative polymerase extends DNA replication bidirectionally from short RNA primers made by a primase, with one strand being synthesized continuously (leading strand), and the other discontinuously (lagging strand). The Okazaki fragments produced during synthesis of the lagging strand are joined together by a DNA ligase after excision of the RNA primers. During the whole process, a number of topoisomerases act to resolve topological problems arising from DNA supercoiling in front of the replication fork and chromosome entangling at the end of replication. Despite the overall conservation of these major steps, the machinery used for DNA replication in Archaea and Eukaryotes exhibits striking differences to the bacterial replication machinery, which uses nonhomologous proteins belonging to completely different families (fig. 1) [START_REF] Grabowski | Archeal DNA replication: eukaryal proteins in a bacterial context[END_REF][START_REF] Barry | DNA replication in the archaea[END_REF].

The archaeal replication machinery is generally considered to be a simplified version of the eukaryotic apparatus, which usually harbors more components (fig. 1). However, it too has its own peculiar characteristics. Along with a PolB polymerase, most archaea also possess a PolD polymerase whose catalytic subunit has no homologs in Bacteria or Eukaryotes [START_REF] Cann | A heterodimeric DNA polymerase: evidence that members of Euryarchaeota possess a distinct DNA polymerase[END_REF]. Furthermore, to relax positive superturns arising during replication and decatenate the chromosome at the end of GBE ß The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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Dna A Cdc6-Orc1 ORC(1), ORC (2)(3)(4)(5)(6), Cdc6 Forterre et al. 2007). Some archaeal components have homologs in eukaryotes that are not involved in DNA replication (fig. 1). For example, eukaryotic homologs of the catalytic subunit of archaeal TopoVI (Spo11) are involved in the initiation of meiotic recombination [START_REF] Bergerat | An atypical topoisomerases II from Archaea with implications for meiotic recombination[END_REF]. Additionally, homologs of the archaeal single-stranded binding (SSB) proteins were identified in eukaryotes several years ago [START_REF] Robbins | The euryarchaeota, nature's medium for engineering of single-stranded DNA-binding proteins[END_REF] and are the subject of growing appeal due to their probable yet poorly understood role in genome integrity [START_REF] Richard | Single-stranded DNA-binding protein hSSB1 is critical for genomic stability[END_REF][START_REF] Shi | Essential developmental, genomic stability, and tumour suppressor functions of the mouse orthologue of hSSB1/NABP2[END_REF]. The role of some homologs of eukaryotic replication components in archaea is not clear and remains to be confirmed by functional studies. For example, Dna2 may be involved in Okazaki fragment maturation, performing the same function as in eukaryotes [START_REF] Higashibata | Helicase and nuclease activities of hyperthermophile Pyrococcus horikoshii Dna2 inhibited by substrates with RNA segments at 5 0 -end[END_REF]. Similarly, the role of the archaeal RecJ, a 5 0 -3 0 exonuclease (also found in bacteria and a distant homolog of eukaryotic Cdc45) remains to be verified experimentally, but may fulfill the same function in an archaeal CMG (Cdc45, MCM, GINS) complex [START_REF] Makarova | The CMG (CDC45/RecJ, MCM, GINS) complex is a conserved component of the DNA replication system in all archaea and eukaryotes[END_REF]. Archaea also harbor a few homologs of bacterial replication components such as NAD+dependent DNA ligase, DNA gyrase, and DnaG (fig. 1). Although ATP-dependent ligases are ubiquitous in Archaea and Eukaryotes [START_REF] Wilkinson | Bacterial DNA ligases[END_REF][START_REF] Martin | ATP-dependent DNA ligases[END_REF], bacterial-like NAD+-dependent ligases have been identified in some members of Halobacteriales [START_REF] Zhao | ATP-and NAD+-dependent DNA ligases share an essential function in the halophilic archaeon Haloferax volcanii[END_REF]. DNA gyrase, a topoisomerase belonging to the Topo IIA family, is present in a number of euryarchaeal lineages (Forterre et al. 2007). In the case of archaeal homologs of bacterial primase DnaG [START_REF] Aravind | Phosphoesterase domains associated with DNA polymerases of diverse origins[END_REF], the proposal that they are involved in replication [START_REF] Bauer | Novel interaction of the bacterial-Like DnaG primase with the MCM helicase in archaea[END_REF]) is weakened by strong evidence that suggests a role in RNA metabolism [START_REF] Hou | The archaeal DnaG protein needs Csl4 for binding to the exosome and enhances its interaction with adenine-rich RNAs[END_REF].

Dna C Cdc6-Orc1 Cdc6 Cdt1 Dna B (E.coli) MCM MCM ( 
Remarkably, the machinery for DNA replication appears to vary greatly among archaeal lineages, which can harbor various combinations of key components. This variation includes different main replicative polymerases (PolB and PolD), single or multiple replication origins and initiator proteins (Cdc6/ Orc1), different SSB proteins (SSB, RPA), and alternative multimeric complexes (PCNA, RFC, and GINS); [START_REF] Grabowski | Archeal DNA replication: eukaryal proteins in a bacterial context[END_REF][START_REF] Barry | DNA replication in the archaea[END_REF][START_REF] Mcgeoch | Extra-chromosomal elements and the evolution of cellular DNA replication machineries[END_REF][START_REF] Bell | DNA replication: archaeal oriGINS[END_REF][START_REF] Beattie | Molecular machines in archaeal DNA replication[END_REF]. There have also been reports of possible replacements of components by nonhomologous proteins, such as the putative initiator protein MJ0774 in Methanococcus jannaschii [START_REF] Zhang | Identification of replication origins in the genome of the methanogenic archaeon, Methanocaldococcus jannaschii[END_REF] and the putative single-stranding binding protein ThermoDPB in Thermoproteales [START_REF] Paytubi | Displacement of the canonical single-stranded DNAbinding protein in the Thermoproteales[END_REF]. Moreover, archaeal genomes can display additional copies of replication components that are often embedded in integrative elements of plasmid and/or viral origin. For example, the integrated element TKV3 of Thermococcus kodakarensis KOD1 encodes a homolog of PCNA [START_REF] Fukui | Complete genome sequence of the hyperthermophilic archaeon Thermococcus kodakaraensis KOD1 and comparison with Pyrococcus genomes[END_REF]; Haloferax volcanii harbors three replication origins and nine Cdc6/Orc1 coding genes, with one pair embedded in a 50 kb prophage region [START_REF] Hartman | The complete genome sequence of Haloferax volcanii DS2, a model archaeon[END_REF]; Sulfolobales contain three replication origins and three Cdc6/Orc1 copies, one of which is associated with the second origin of replication that was contributed by an integrative element [START_REF] Samson | Specificity and functionof archaeal DNA replication initiator proteins[END_REF]. Finally, a number of additional divergent MCM homologs originating from integrative elements or plasmids are present in various archaeal taxa [START_REF] Krupovic | The evolutionary history of archaeal MCM helicases: a case study of vertical evolution combined with hitchhiking of mobile genetic elements[END_REF].

Such extreme diversity has made it particularly challenging to dissect the evolutionary history of archaeal DNA replication. Although some components have been previously analyzed [START_REF] Chia | Evolution of DNA replication protein complexes in eukaryotes and Archaea[END_REF][START_REF] Krupovic | The evolutionary history of archaeal MCM helicases: a case study of vertical evolution combined with hitchhiking of mobile genetic elements[END_REF], no attempt has been made to perform a global survey of the complete machinery. Here, we have carried out an in depth phylogenomic analysis of all components of DNA replication in over 140 complete archaeal genomes. We specifically assess the taxonomic distribution of homologs in each of these genomes. In addition, we precisely identify copies arising from integrative elements/decaying paralogs/horizontal gene transfers as opposed to those that constitute a conserved and vertically inherited core replication machinery, providing important information for further evolutionary and functional analysis of these components. Phylogenetic analysis of the core components allowed us to infer the nature of DNA replication in the last archaeal common ancestor (LACA) and the subsequent evolutionary history that shaped this machinery. Finally, our analysis enabled us to investigate, for the first time, the phylogenetic signal carried by DNA replication. It shows remarkable consistency with that harbored by the two other main informational processes (transcription and translation), confirming the existence of a robust phylogenomic core that can be used to reconstruct the tree of the Archaea.

Materials and Methods

Identification of Homologs of DNA Replication Components

Homologs of each archaeal DNA replication component were retrieved from the reference sequence database at the National Center for Biotechnology Information (NCBI) using the BlastP (Altschul et al. 1997) program with different seeds from each archaeal order. The top 100 best hits for each order were then used to create hidden Markov model (HMM) profiles (Johnson et al. 2010; http://www.hmmer.org, last accessed January 16, 2014) that allowed an iterative search of a local database of 142 archaeal genomes including 98 plasmid sequences and a local database of 56 complete archaeal virus genomes downloaded from the Viral Genomes database of NCBI (as of June 20, 2013) (supplementary table S3, Supplementary Material online). The absence of a given homolog in a specific genome was verified by performing additional tBlastN (Altschul et al. 1997) 
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context was investigated using MaGe [START_REF] Vallenet | MaGe: a microbial genome annotation system supported by synteny results[END_REF], MGV2 [START_REF] Kerkhoven | Visualization for genomics: the Microbial Genome Viewer[END_REF]), and STRING [START_REF] Szklarczyk | The STRING database in 2011: functional interaction networks of proteins, globally integrated and scored[END_REF].

Phylogenetic Analysis

Multiple alignments were performed with MUSCLE v3.8.31 (Edgar 2004) and manually inspected using the ED program from the MUST package (Philippe 1993) to verify that all sequences retrieved at the first step were homologous. Final single protein data sets were trimmed using the software BMGE (Criscuolo and Gribaldo 2010) with default parameters and subjected to phylogenetic analyses by Maximum Likelihood and Bayesian methods. Maximum likelihood analyses were performed with Treefinder (Jobb et al. 2004;version of 2008). For each protein data set, the best-fit parameters and model of amino acid substitution were chosen using the Akaike information criterion with a correction (AICc) for finite sample sizes [START_REF] Hurvich | Regression and time series model selection in small samples[END_REF] as implemented in Treefinder (Jobb et al. 2004). Bootstrap supports were calculated based on 100 resamplings of the original alignment. Bayesian analyses were run with MrBayes 3.2 (Ronquist et al. 2012), using the mixed amino acid substitution model and four categories of evolutionary rates. Two independent runs were performed for each data set, and runs were stopped when they reached a standard deviation of split frequency below 0.01 or the log likelihood values reached stationary. The majority rule consensus trees were obtained after discarding first 25% samples as burn-in.

For the analysis of DNA gyrase, alternative tree topologies were statistically evaluated using the following paired-sites tests: expected-likelihood weights, bootstrap probability (BP; [START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the Bootstrap[END_REF], [START_REF] Kishino | Evaluation of the maximum likelihood estimate of the evolutionary tree topologies from DNA sequence data, and the branching order in hominoidea[END_REF], Shimodaira and Hasegawa (SH;[START_REF] Shimodaira | Multiple comparisons of log-likelihoods with applications to phylogenetic inference[END_REF][START_REF] Goldman | Likelihood-based tests of topologies in phylogenetics[END_REF], Weighted SH test [START_REF] Shimodaira | Multiple comparisons of log-likelihoods with applications to phylogenetic inference[END_REF][START_REF] Buckley | Evaluating hypotheses on the origin and evolution of the New Zealand alpine cicadas (Maoricicada) using multiple-comparison tests of tree topology[END_REF], and approximately unbiased (AU) test [START_REF] Shimodaira | An approximately unbiased test of phylogenetic tree selection[END_REF] as implemented in Treefinder (Jobb et al. 2004). A total of 500000 RELL [START_REF] Kishino | Maximum likelihood inference of protein phylogeny and the origin of chloroplasts[END_REF]) replicates were run. Three alternative topologies were tested and it was determined that the data did not reject the topology if the P value was greater than 0.05 for all tests.

Supermatrix Analyses

Fourteen DNA core replication proteins that were present in at least 60% of the archaeal genomes (PriS, MCM, PCNA, Cdc6/ Orc1, DPL, DPS, PolB, TopoVI-A, TopoVI-B, RFC-s, RFC-l, RNaseH, DNA ligase, and FEN-1) were retained for supermatrix analysis. To handle species-specific paralogs, we chose one paralog, and the slowest evolving if applicable, to limit possible artifacts due to fast evolutionary rates. In the case of ancient paralogs, we also chose those representing the cluster with larger taxonomic representation and/or showing the slowest evolutionary rates. For example, we chose the Cdc6/Orc1-1 paralog (see Results). Each multiple alignment was independently realigned, trimmed, and concatenated into a character supermatrix comprised of 4,295 amino acid positions and 129 archaeal taxa (after keeping only one representative strain of the same species). PhyloBayes 3.3b (Lartillot et al. 2009) was used to perform Bayesian analysis using the CAT + GTR model and a gamma distribution with four categories of evolutionary rates was used to model the heterogeneity of site evolutionary rates. The concatenated datasets were also recoded using Dayhoff 6 and Dayhoff4 recoding schemes as implemented in PhyloBayes 3.3b (Lartillot et al. 2009) and analyzed with the same model parameters. For each data set, two independent chains were run until convergence (max diff < 0.01). The first 25% of trees were discarded as burn in and the posterior consensus was computed by selecting one tree out of every two to compute the 50% majority consensus tree. Maximum likelihood analysis was carried out by PhyML (Guindon et al. 2010), the LG model and a gamma correction with four categories of evolutionary rates. Bootstrap support was calculated based on 100 resamplings of the original alignment.

Results

Archaeal DNA Replication: The Core Component and the Variable Shell

We performed an exhaustive search for homologs of the 16 major components of the DNA replication machinery (22 proteins considering subunits) in 142 complete archaeal genomes (fig. 2; supplementary table S1, Supplementary Material online). The taxonomic distribution of these proteins shows a highly dynamic pattern along the different archaeal lineages. Some components are present essentially in a single copy and in the majority of genomes (e.g., GINS 51, TopoVI A and B, RFC-L, DNA ligase 1, Fen1, RNase HII, PriS, and PriL), whereas others are missing altogether from a number of archaeal lineages (e.g., Cdc6/Orc1 in Methanococcales and Methanopyrales, TopoVI in Thermoplasmatales, PolD and RPA in Crenarchaeota, SSB in most Euryarchaeota and Thermoproteales). Incomplete assembly of some genomes, such as the Nanohaloarchaea, uncultured marine group II, Candidatus Caldiarchaeum subterraneum (Aigarchaeota), and the ARMANS (Archaeal Richmond Mine Acidophilic Nanoorganisms) suggests that some absences in these taxa must be taken with caution. Finally, a few components display a large number of extra copies in some taxa (e.g., Cdc6/Orc1 in Halobacteriales, MCM in Methanococcales, RPA in many Euryarchaeota, PolB in many Euryarchaeota and Crenarchaeota, PCNA in Crenarchaeota).

Inspection of multiple alignments, phylogenies, and genome synteny allowed us to highlight two categories of homologs: 1) slow-evolving homologs lying within chromosomal regions that are syntenic among closely related taxa and whose phylogeny is overall consistent with the archaeal 
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phylogeny, as opposed to 2) highly divergent copies that lie within nonconserved genetic contexts and/or display more restricted taxonomic sampling and inconsistent phylogenetic affiliations. We reasoned that the first category represents components that were primarily vertically inherited during archaeal diversification and form what we called the conserved core replication components (fig. 2, filled circles; for full accession numbers see supplementary table S1, Supplementary Material online), whereas the second category represents horizontally transferred genes, decaying paralogs, or homologs arising from integration of extrachromosomal elements that form a variable pool of proteins that we called the shell replication components (fig. 2, open circles; for full accession numbers see supplementary table S1, Supplementary Material online).

An example of our approach is provided by the analysis of Cdc6/Orc1. Except for the previously mentioned absence in Methanococcales and Methanopyrales, all archaeal genomes contain at least one homolog of the initiation protein Cdc6/ Orc1. Most lineages harbor at least two copies, and a very large number of homologs are present in Halobacteriales (fig. 2). We found that in each genome only one or two Cdc6/Orc1 homologs are slow evolving and show conserved synteny among closely related taxa. Additional copies, when present, are very divergent and display nonconserved genomic contexts. When a phylogenetic tree was built from all homologs (not shown) the first category formed two clearly distinct clusters representing a large taxonomic coverage, which, albeit not completely resolved, is globally consistent with archaeal phylogeny. In contrast, the second category fell into an unresolved group showing very long branches, restricted taxonomic coverage and highly inconsistent phylogenetic relationships. The first category was therefore assigned to the core replication machinery (fig. S1, Supplementary Material online). For validation, among the three Cdc6/Orc1 copies present in Sulfolobales, we correctly assigned the copy corresponding to the origin of replication embedded in an integrative element as a shell component [START_REF] Robinson | Extrachromosomal element capture and the evolution of multiple replication origins in archaeal chromosomes[END_REF]. Similarly, among the large number of Cdc6/Orc1 copies present in Halobacteriales, only two were identified as part of the core replication, whereas all others fell into the shell component (fig. 2; supplementary table S1, Supplementary Material online).

The identification of the fast-evolving shell components allowed for a finer analysis of the precise evolutionary history of core Cdc6/Orc1 proteins (fig. 3). Although the tree was not completely resolved due to the limited number of positions analyzed, the monophyly of the two clusters was strongly supported, each displaying robust monophyletic groups corresponding to the major archaeal phyla and orders (fig. 3A). In particular, when two copies are present in a given taxon, they generally correspond to either one cluster or the other.

For instance, this is the case of the two core paralogs of Sulfolobales; one corresponds to the first cluster (Cdc6/ Orc1-1) and the other to the second cluster (Cdc6-Orc1-2). The same is true for Halobacteriales, where only two core paralogs belonging to each of the two clusters could be identified. This suggests that Cdc6/Orc1-1 and Cdc6/Orc1-2 are ancient paralogs that arose from gene duplication and were both likely present in the LACA. Therefore, the absence of one of the two copies in present day genomes must be interpreted as the consequence of gene loss (fig. 3B). This trend of gene loss is observed across the whole archaeal tree, with different lineages having lost either one paralog or the other. For example, we can infer loss of Cdc6/Orc1-2 in the ancestor of Thaumarchaeota and in the ancestor of Thermococcales, and loss of Cdc6/Orc1-1 in the ancestor of Thermoproteales and Korarchaeota (fig. 3B). Methanococcales and Methanopyrales have pushed this trend to the extreme by losing both copies, likely in parallel to replacement by a nonorthologous protein (Zhang RR and Zhang C-CT 2004;[START_REF] Berthon | Genomic context analysis in Archaea suggests previously unrecognized links between DNA replication and translation[END_REF]. The Cdc6/Orc1-2 cluster appears to evolve faster than the Cdc6/ Orc1-1 cluster and exhibits a few inconsistencies with the archaeal phylogeny, such as the branching of Korarchaeota and Aigarchaeota within Thermoproteales, and of Thermoplasmatales/uncultured marine group II at the base of Crenarchaeota (fig. 3A). More data from these lineages will be necessary to clarify whether these taxa acquired their Cdc6/Orc1-2 via horizontal gene transfer from Crenarchaeota, or if these placements are the result of a tree artifact. Indeed, a number of horizontal gene transfers from Crenarchaeota are known to have occurred during adaptation of Thermoplasmatales to thermoacidic environments [START_REF] Fu ¨tterer | Genome sequence of Picrophilus torridus and its implications for life around pH 0[END_REF]. Finally, Halobacteriales have kept both Cdc6-Orc1 and Cdc6/Orc1-2 paralogs, but most genomes have acquired multiple extra copies arising from integration of mobile elements (fig. 2). It has to be noted that Cdc6/Orc1-1 coincides with one of the three origins of replication identified in H. volcanii [START_REF] Hawkins | Accelerated growth in the absence of DNA replication origins[END_REF]), but Cdc6-Orc1-2 does not. The same is true for Sulfolobus solfataricus, where only Cdc6/Orc1-1 coincides with one of the three origins of replication [START_REF] Samson | Specificity and functionof archaeal DNA replication initiator proteins[END_REF].

The Cdc6/Orc1 case is not unique. By using the same approach, we identified shell copies for most replication components, with an apparent preference for Cdc6/Orc1, MCM, PCNA, and PolB (fig. 2). Remarkably, the components that appear enriched in shell copies are also specifically present in plasmid and viral sequences, particularly from Halobacteriales (fig. 4; supplementary table S2, Supplementary Material online). This suggests that the shell replication homologs may come predominantly from extrachromosomal elements. In addition, it appears that extrachromosomal entities are enriched with different replication proteins, for example, Cdc6/ Orc1 is more abundant in plasmids and PolB is particularly present in viruses (fig. 4). Although the current taxonomic covering of viral and plasmid sequences from archaea is narrow (supplementary table S3, Supplementary Material online), these data suggest that replication proteins are frequently exchanged between extrachromosomal elements and cellular genomes.

The precise identification of core and shell replication components can be important for functional studies on archaeal replication, as proteins belonging to the core may have essential roles while shell components may keep functions linked to their extrachromosomal entity. For instance, of the three MCM present in T. kodakarensis, we assigned the gene encoding MCM3 (TK1620) to the core (supplementary table S2, Supplementary Material online); in fact, experimental data have shown that this is the only essential copy and is likely the only MCM involved in genome replication [START_REF] Pan | Thermococcus kodakarensis encodes three MCM homologs but only one is essential[END_REF]. Additionally, of the two PCNA homologs in T. kodakarensis, we designated PCNA1 (TK0535) as the core component and PCNA2 (TK0582) as the shell, consistent with the finding that only PCNA1 is required for cell viability [START_REF] Pan | Thermococcus kodakarensis has two functional PCNA homologs but only one is required for viability[END_REF]).

The analysis of each replication protein allowed us to precisely reconstruct the global evolutionary history of DNA replication in the Archaea and the dynamics that shaped this key cellular machinery from the LACA throughout the subsequent diversification of this Domain of Life. Some of our results also provide interesting evolutionary and functional information, and are detailed hereafter.

Complex Evolutionary History of SSB and RPA Proteins

It is commonly assumed that SSB proteins with a single OB fold and a flexible C-terminal tail (SSB) are typical of Crenarchaeota [START_REF] Wadsworth | Identification and properties of the crenarchaeal single-stranded DNA binding protein from Sulfolobus solfataricus[END_REF] and that SSB proteins with multiple OB folds (RPA) are typical of Euryarchaeota [START_REF] Grabowski | Archeal DNA replication: eukaryal proteins in a bacterial context[END_REF][START_REF] Kerr | Insights into ssDNA recognition by the OB fold from a structural and thermodynamic study of Sulfolobus SSB protein[END_REF]. The high degree of sequence divergence among archaeal SSB proteins makes the assignment of homologs particularly challenging. According to sequence similarity and the presence of single or S1, Supplementary Material online).

Euryarchaeal RPAs can display different domain architectures and form various structural conformations. For example, Methanococcus jannaschii encodes a unique SSB protein, homologous to eukaryotic RPA70 that functions as a monomer in solution [START_REF] Kelly | Identification and characterization of a single-stranded DNA-binding protein from the archaeon Methanococcus jannaschii[END_REF]. Methanosarcina acetivorans encodes a homolog of eukaryotic RPA70 called MacRPA1, along with two divergent homologs, MacRPA2 and MacRPA3, each able to self-assemble into a homomultimeric complex [START_REF] Robbins | Functional analysis of multiple single-stranded DNA-binding proteins from Methanosarcina acetivorans and their effects on DNA synthesis by DNA polymerase BI[END_REF][START_REF] Skowyra | Identification of essential and non-essential single-stranded DNA-binding proteins in a model archaeal organism[END_REF]. In addition, many archaeal genomes encode proteins that are not homologous to RPA but are found close by and therefore were called RPA-associated proteins [START_REF] Berthon | Genomic context analysis in Archaea suggests previously unrecognized links between DNA replication and translation[END_REF]) (hereafter referred to as RAP). In H. volcanii these RPA-associated proteins are thought to be cotranscribed with the adjacent RPA2 and RPA3 genes [START_REF] Skowyra | Identification of essential and non-essential single-stranded DNA-binding proteins in a model archaeal organism[END_REF] and have been shown to interact with them [START_REF] Stroud | Genetic and biochemical identification of a novel single-stranded DNA-binding complex in Haloferax volcanii[END_REF]. We found that homologs related to Methanosarcina RPA1 are largely distributed in archaeal genomes (in yellow in fig. 5, see also supplementary table S2 [Supplementary Material online] for full accession numbers) and their phylogeny, although not completely resolved, is consistent with the archaeal tree (not shown). Therefore, these likely represent the core RPA component and are likely essential. In fact, among the three RPA copies present in H. volcanii, the copy that we assigned to the core is the only one that is essential [START_REF] Skowyra | Identification of essential and non-essential single-stranded DNA-binding proteins in a model archaeal organism[END_REF].

A number of late emerging euryarchaeal lineages also display one or two additional and divergent RPA homologs that we classified as RPA2 and RPA3 according to their sequence similarity to Methanosarcina acetivorans MacRPA2 and MacRPA3 (in green in fig. 5, see also supplementary table S2 [Supplementary Material online] for full accession numbers). Their specific distribution in late emerging euryarchaeal lineages and phylogenetic analysis (not shown) indicates that RPA2 and RPA3 are paralogs that arose via gene duplication in Euryarchaeota, after the divergence of Thermococcales, Methanococcales, and Methanobacteriales. We found that RPA2 and RPA3 always lie close to RAP2 and RAP3 proteins (in red in fig. 5). RAP2 and RAP3 proteins are homologous and phylogenetic analysis showed a consistent topology to that of RPA2/RPA3 (not shown) suggesting that they also arose by gene duplication in the same ancestor. Such similar evolutionary history and genomic association strongly points to an ancient and important functional linkage of RPA and their associated proteins in these euryarchaeota. 

GBE

Thermococcales display very peculiar characteristics concerning their SSB proteins. Pyrococcus furiosus harbors three nonhomologous SSB proteins: RPA41, RPA14 (which, despite its name, is not homologous to eukaryotic RPA14), and RPA32. Together these form a stable heterotrimeric complex, and their encoding genes are adjacent in the genome [START_REF] Komori | Replication protein A in Pyrococcus furiosus is involved in homologous DNA recombination[END_REF]. RPA41 is only distantly related to other archaeal RPA1 homologs, and closely related homologs of RPA32, RPA14, and RPA41 are also found in Methanococcales where they maintain the same genomic arrangement (fig. 5). Because these two orders do not share an exclusive common ancestor according to ribosomal protein trees [START_REF] Matte-Tailliez | Archaeal phylogeny based on ribosomal proteins[END_REF]Brochier et al. 2004Brochier et al. , 2005;;Brochier-Armanet et al. 2011), the presence of such a unique three-protein RPA system may be explained with a horizontal gene transfer, either directly or through a common mobile element, which possibly displaced the original RPA1. In fact, some Methanococcales genomes still harbor an RPA1 homolog that may represent the original protein (fig. 5; supplementary table S2, Supplementary Material online).

In contrast to RPA, SSB homologs have a much more restricted taxonomic distribution and are mostly present in a single copy (fig. 2; supplementary table S2, Supplementary Material online). The presence of an SSB in Thermophilum pendens, an early emerging lineage in the Thermoplasmatales, testifies to the ancestral presence of this protein in this lineage prior to its replacement by the nonhomologous ThermoDPB [START_REF] Paytubi | Displacement of the canonical single-stranded DNAbinding protein in the Thermoproteales[END_REF]. The distribution of SSB appears complementary to that of RPA, with the notable exception of Thaumarchaeota, Korarchaeota, Thermoplasmatales/DHEV2, two Nanohaloarchaea, and ARMAN, which harbor both an RPA1 and an SSB homolog (fig. 2). The function of SSB homologs outside the Crenarchaeota is unknown, as is their possible interaction or division of labor in the taxa that harbor an RPA homolog. We noticed that the SSB homologs of Aigarchaeota and Thermoplasmatales/DHEV2 harbor the flexible C-terminal tail typical of crenarchaeal SSB. In Crenarchaeota, this tail appears to be involved in repair and recombination [START_REF] Cubeddu | DNA damage detection by an archaeal single-stranded DNA-binding protein[END_REF] S1, Supplementary Material online). Phylogenetic analysis of SSB homologs (supplementary fig. S1, Supplementary Material online) suggests that Thermoplasmatales and Aigarchaeota may have acquired their SSB via horizontal gene transfer from Crenarchaeota, an event possibly linked with the loss of the native RPA1 in both lineages. Intriguingly, this putative transfer displays a similar pattern to the one that is likely at the origin of the Cdc6/Orc1-2 of these lineages, as discussed earlier. It is therefore not excluded that both Cdc6/Orc1-2 and RPA1 where transferred together, indicating a possible direct functional linkage of these two components.

Fused Archaeal DNA Primases: A Shared Derived Character for Nanosized Archaea?

Archaeal DNA primases (PriS and PriL) show low sequence similarity with their eukaryotic counterparts and even within Archaea. Most archaea contain a classic primase, made of a catalytic subunit PriS and an accessory subunit PriL (fig. 6). The PriL subunit contains a conserved Fe-S cluster-binding domain that plays an important role in primase activity (Klinge et al. 2007) (fig. 6, yellow box). The activity of PriS lies in an Nterminal catalytic domain with a conserved motif (fig. 6, black bars). It has been previously observed that Nanoarchaeum equitans contains a short atypical primase encoded by a single gene, which is composed of a fusion of the catalytic domain of PriS and the Fe-S cluster-binding domain of PriL [START_REF] Iyer | Origin and evolution of the archaeo-eukaryotic primase superfamily and related palm-domain proteins: structural insights and new members[END_REF]. We identified this same type of primase in the recently sequenced Nanoarchaeote Nst1 [START_REF] Podar | Insights into archaeal evolution and symbiosis from the genomes of a nanoarchaeon and its inferred crenarchaeal host from Obsidian Pool[END_REF] and in an uncultured nanoarchaeon from a recent single cell genomics survey [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF].

Besides Nanoarchaeota, two novel uncultured archaeal lineages characterized by reduced genomes and very small cell sizes have been highlighted recently: a candidate class called Nanohaloarchaea represented by three metagenomic assemblies isolated from a highly saline lake in Australia [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF], and the Archaeal Richmond Mine Acidophilic Nanoorganisms or ARMAN lineage represented by three metagenomic assemblies isolated from an acidic iron-rich mine in the United States [START_REF] Baker | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF]. Interestingly, we found that Candidatus Parvarchaeum acidophilus ARMAN 5 and the nanohaloarchaeon Candidatus Nanosalinarum sp. J07AB56 contain a single gene encoding a fused PriS/PriL whose sequences are closely related to that of 

GBE

N. equitans but are very divergent in comparison to other archaeal primases. The second available nanohaloarchaeum Candidatus Nanosalina sp. J07AB43 harbors two adjacent genes encoding for a short primase that clearly align with the other fused primases (fig. 6). Candidatus Parvarchaeum acidiphilum ARMAN 4 has a PriL homolog that aligns well with the C-terminal metal binding domain of the short PriL, but appears to lack the N-terminal catalytic PriS domain (fig. 6). However, it is located at the end of a contig in this nonassembled genome, and therefore the presence of the PriS domain cannot be excluded at present. In contrast, Candidatus Micrarchaeum acidiphilum ARMAN 2 possesses a classic primase (fig. 6).

It could be argued that these peculiar fused primases arose from evolutionary convergence following genome streamlining in these nanosized lineages. However, the hypothesis of convergence can be excluded because they are related at the sequence level. This leaves two possibilities: either the lineages harboring a fused primase share a common ancestor or the fused primases have replaced the original primases via horizontal gene transfer. Based on phylogenetic analysis of 38 universal protein markers, [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF] have proposed the existence of a monophyletic superphylum called DPANN whose members would be characterized by small cell and genome sizes and would include the ARMANS, Nanohaloarchaea, and Nanoarchaeota. The sharing of fused primases may appear consistent with the existence of a DPANN clade. However, it is not consistent with Ca. Micrarchaeum acidiphilum ARMAN 2 harboring a classical primase. Moreover, the grouping of nanosized archaeal lineages in phylogenetic trees should be interpreted with caution given that robust clustering of fast evolving lineages is a well-known artifact of phylogenetic reconstruction (Gribaldo and Philippe 2002). Indeed, recent ribosomal protein trees support the clustering of Ca. Parvarchaeum acidiphilum ARMAN 4, Ca. Parvarchaeum acidophilus ARMAN 5 and Nanoarchaeota to the exclusion of Ca. Micrarchaeum acidiphilum ARMAN 2 (Brochier-Armanet et al. 2011), and the grouping of Nanohalobacteria with Halobacteriales [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF].

Alternatively, it may be hypothesized that these fused primases have replaced the original primase via horizontal gene transfer among these lineages, possibly through related integrative elements. Fused DNA primases might be frequent in integrative elements, as suggested by the DNA polymerase/ primase recently highlighted in the plasmid pTN2 from Thermococcus nautilus [START_REF] Soler | Two novel families of plasmids from hyperthermophilic archaea encoding new families of replication proteins[END_REF]) that harbors a similar PriS/PriL fusion. However, we observe that this fused primase displays no sequence similarity with the primases of nanosized archaea, indicating an independent origin. Moreover, organisms belonging to nanosized lineages thrive in very different environments (hyperthermophilic [Huber et al. 2002], extreme halophilic [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF], or extreme acidic [START_REF] Baker | Lineages of Acidophilic Archaea Revealed by Community Genomic Analysis[END_REF]), making the hypothesis of a horizontal gene transfer puzzling. Undoubtedly, more data are needed to clarify the issue and further understand the diversity and evolutionary history of these fascinating lineages.

Acquisition of Bacterial DNA Gyrase: When and How Many Times?

To resolve topological conflicts arising during replication, archaea use a TopoVI that relaxes both positive and negative supercoils. Previous phylogenetic analysis has indicated that bacterial-like DNA gyrases were acquired in a number of euryarchaeota through horizontal gene transfer (Forterre et al. 2007). Because bacterial DNA gyrases actively introduce negative DNA supercoiling, this transfer event likely had a significant impact, changing the overall genome topology and all associated cellular processes, such as the pattern of gene expression (Forterre et al. 2007;Forterre and Gadelle 2009). In most of these euryarchaea, DNA gyrase now coexists with the endogenous TopoVI. In contrast, Thermoplasmatales have lost their original TopoVI and now must solely rely on DNA gyrase for replication and chromosome decatenation (Forterre et al. 2007;Forterre and Gadelle 2009). With the availability of an expanded taxonomic sampling covering more euryarchaeal diversity, we sought to address the timing and number of events that introduced DNA gyrase into this phylum. Consistent with previous reports, we found both DNA gyrase subunits in all genomes from the orders Archaeoglobales, Methanosarcinales, and Halobacteriales [START_REF] Bergerat | An atypical topoisomerases II from Archaea with implications for meiotic recombination[END_REF]Forterre et al. 2007;[START_REF] Berthon | Genomic context analysis in Archaea suggests previously unrecognized links between DNA replication and translation[END_REF]Forterre and Gadelle 2009). We also identified both subunits in all analyzed genomes of the orders Methanomicrobiales and Methanocellales (which together with Methanosarcinales form the methanogen class II), as well as in DHEV2, uncultured marine group II, and Ca. Micrarchaeum acidiphilum ARMAN 2 (fig. 2; supplementary table S1, Supplementary Material online).

Given that these lineages form a late emerging monophyletic cluster in the archaeal phylogeny, and that DNA gyrase is most likely rarely acquired because of its biological consequences, we speculated that this horizontal gene transfer occurred only once at the base of this group. Albeit not completely resolved, a phylogenetic tree of concatenated large and small DNA gyrase subunits shows that archaeal sequences form a monophyletic cluster (fig. 7) supporting a single acquisition of DNA gyrase in these archaea via horizontal gene transfer from an unidentified bacterium. The uncultured marine group II is an exception and likely represents an independent horizontal transfer. However, the weak phylogenetic signal makes this monophyletic group very unstable, as it can be broken up in two clusters depending on the bacterial taxonomic sampling used (not shown). In this case, one cluster corresponds to Halobacteriales and Methanogens class II, and the other to Thermoplasma/DHEV2/Archaeoglobales/ S1 (Supplementary Material online) for accession numbers and taxonomic information.
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horizontal gene transfers from bacteria are at the origin of DNA gyrases in the two groups of archaea. However, we speculate that the second transfer would have been possible only because the newly introduced DNA gyrase replaced an already present bacterial-type enzyme. The two alternative scenarios (a single transfer or two successive transfers) remain possible, as statistical tests showed that the data do not reject either of the two topologies (P > 0.48 for all tests, see Materials and Methods for details).

DNA gyrase is likely essential in all species that harbor it, suggesting that it may be difficult to lose this enzyme once acquired. We could not find any homologs of DNA gyrase in the genomes of Nanohaloarchaea nor of ARMAN-4 and ARMAN-5 (fig. 2). This may be consistent with an emergence of these lineages prior to the alleged first horizontal gene transfer introducing DNA gyrase in the Thermoplasma/ DHEV2/Archaeoglobales/ARMAN-2.

DNA Replication Proteins Harbor a Robust Signal for Archaeal Phylogeny

Fourteen core DNA replication orthologs present in more than 60% of the taxa (PriS, MCM, PCNA, Cdc6/Orc1, DPL, DPS, PolB, TopoVI-A, TopoVI-B, RFC-s, RFC-l, RNaseH, DNA ligase, and FEN-1) were concatenated into a large supermatrix of 4,295 amino acid positions from 129 complete or nearly complete archaeal genomes (keeping only one genome per species, see Materials and Methods). The amount of missing data from the concatenation was analyzed, and except for phyla or orders displaying specific losses or absences (e.g., both small and large subunits of PolD absent in all Crenarchaeota) there are no specific species that are underrepresented (supplementary fig. S2, Supplementary Material online). The phylogeny obtained from this supermatrix (fig. 8) is highly consistent with the previous archaeal phylogenies inferred from transcription and translation components [START_REF] Matte-Tailliez | Archaeal phylogeny based on ribosomal proteins[END_REF]Brochier et al. 2004Brochier et al. , 2005;;Brochier-Armanet et al. 2011). The monophylies of Crenarchaeota, Euryarchaeota, Korarchaeota, and Thaumarcheaota are all recovered with strong support as well as those of all major orders. The phylogeny solidifies the clustering of uncultured marine group II and the DHEV2 representative with the Thermoplasmatales (Brochier-Armanet et al. 2011) and the monophyly of Methanogens class I (i.e., Methanopyrus kandleri + Methanobacteriales + Methanococcales) (Bapteste et al. 2005). The robust monophly of Thaumarchaeota and Aigarchaeota observed in the replication tree is in agreement with the proposal that Aigarchaeota represent an early emerging thaumarchaeotal lineage (Brochier-Armanet et al. 2011). Other important points that should be underlined are 1) the emergence of Acidilobus within Desulfurococcales, which refutes the recent proposal of the new order Acidilobales [START_REF] Prokofeva | Isolation of the anaerobic thermoacidophilic crenarchaeote Acidilobus saccharovorans sp. nov. and proposal of Acidilobales ord. nov., including Acidilobaceae fam. nov. and Caldisphaeraceae fam. nov[END_REF]); 2) the clustering of Halobacteriales with Methanogens class II, with a specific grouping of Methanomicrobiales and Halobacteriales; 3) the grouping of Methanogens class II + Halobacteriales with Archaeaoglobales and Thermoplasmatales (fig. 8).

A few differences were observed between the replication phylogeny and the previous trees based on ribosomal proteins (Brochier-Armanet et al. 2011). For example, the robust monophyly of Methanogens class I and Thermococcales, the grouping of Korarchaeota with Thaumarchaeota, and the early emergence of Methanocellales within Methanogens class II (fig. 8). Finally, all of the nanosized archaea (Nanoarchaeota, ARMAN-5, ARMAN-4, and the three Nanohaloarchaea), except for ARMAN-2, form a monophyletic clade that emerges after the divergence of Thermococcales and Methanogens class I (fig. 8). Considering the very fast evolutionary rate of these lineages, it cannot be excluded that this grouping is due to a tree reconstruction artifact. To test this possibility, we created several versions of the concatenated dataset containing different combinations of taxa (i.e., we removed all nanosized lineages from the concatenation and reintroduced them one by one) and we recoded the amino acid supermatrix using Dayhoff 6 and Dayhoff4 recoding schemes, a procedure known to alleviate certain artifacts due to fast evolutionary rates (Delsuc et al. 2005). However, no major differences were observed.

Discussion

Dynamic History of a Key Cellular System Through our precise identification and phylogenetic analysis of core replication components, we reconstructed the global evolutionary history of the DNA replication machinery in Archaea. In particular, we inferred the presence of a complete and modern type machinery in the LACA (table 1). The LACA would have harbored two Cdc6/Orc1 paralogs, two GINS paralogs (GIN23 and GIN51), and one homolog each of the MCM helicase, the sliding clamp PCNA and its loader RFC with both subunits, the polymerase PolB, the archaeal primase with both subunits, the Okazaki fragment processing flap endonuclease Fen1 and RNaseH II, the ATP-dependent DNA ligase, and the topoisomerase Topo VI with both subunits. Although the involvement of DnaG in replication is dubious, this protein must have an important and conserved role because it is universally present in archaea. Moreover, the phylogeny is robustly supported and is strikingly consistent with the archaeal species tree (not shown). This indicates that the presence of DnaG in archaea is not due to horizontal gene transfer from bacteria but instead was harbored by the LACA and was subsequently strictly vertically inherited up to present. For the few remaining components (PolD, SSB, and RPA1), their presence in the LACA strongly depends on the root of the archaeal tree, which is presently unclear (Brochier-Armanet et al. 2011;table 1). TopoIB represents a special case because its presence in LACA relies on whether 

GBE

Archaea and Eukaryotes are sister lineages, a currently unsettled matter (see below).

The core components inferred in the ancestor of each phylum are overall very similar (table 1). Major differences appear most evident in the ancestor of Crenarchaeota, with a number of specific characters such as the presence of at least two PCNA and PolB paralogs, the absence of PolD, and the presence of SSB but not RPA. The subsequent evolutionary history of the DNA replication machinery appears very dynamic. In particular, the absence in any present day lineage of a component inferred to have been present in the LACA has to be interpreted as a consequence of gene loss. We observed many independent gene losses frequently involving one of two ancestral paralogs, for example, Cdc6/Orc1 and GINS. A similar phenomenon of gene loss has been observed in archaeal ribosomes, which appear to have experienced independent losses of components in different lineages [START_REF] Desmond | On the last common ancestor and early evolution of eukaryotes: reconstructing the history of mitochondrial ribosomes[END_REF][START_REF] Yutin | Phylogenomics of prokaryotic ribosomal proteins[END_REF], as well as on a global genomic scale (Csuros and Miklos 2009). Our results are therefore consistent with a growing consensus on a complex LACA (Makarova et al. 2007;Csuros and Miklos 2009;[START_REF] Wolf | Updated clusters of orthologous genes for Archaea: a complex ancestor of the Archaea and the byways of horizontal gene transfer[END_REF].

However, there is not a unique trend toward gene loss in regard to the replication machinery. We highlighted the occurrence of a number of component accretions throughout archaeal diversification. Examples are the multiplication of RPA copies in Euryarchaeota and the expansion of the MCM family in Methanococcales. These are both due to gene duplication of core components and acquisition of additional shell components from extrachromosomal elements. Some of these events also led to increased complexity of multiprotein machineries involved in replication. For example, whereas most archaeal RFC are composed of four identical RFC small subunits (RFC-S) and one RFC large subunit (RFC-L) [START_REF] Barry | DNA replication in the archaea[END_REF], some species contain two RFC-S homologs (RFC-S1 and RFC-S2). In these cases, three RFC-S1 subunits and one RFC-S2 subunit assemble with RFC-L to form the pentameric RFC complex [START_REF] Chen | Biochemical and mutational analyses of a unique clamp loader complex in the archaeon Methanosarcina acetivorans[END_REF]. Similarly, Crenarchaeota contain two or three copies of PCNA that have arisen from gene duplication and form a heterotrimeric structure in which each subunit has specific binding functions to different replication proteins [START_REF] Grabowski | Archeal DNA replication: eukaryal proteins in a bacterial context[END_REF][START_REF] Barry | DNA replication in the archaea[END_REF]. It is noteworthy that, according to current knowledge, these accretions of components in multisubunit complexes appear to be due to gene duplication rather than integration of shell components or horizontal gene transfer. However, it will be very interesting to study if extra copies arising from integrative elements may, in some instances, replace the native component or integrate complexes made of core components.

As opposed to the high dynamics of shell components, horizontal gene transfers involving core components appear to be relatively rare. A few cases can been seen which are An evident phenomenon affecting archaeal DNA replication is the presence of many divergent extra copies particularly those involved in the first steps of replication, such as Cdc6/Orc1, MCM, RPA1, and PolB (fig. 2). Moreover, different archaeal viruses, proviruses, and plasmids are known to encode homologs of Cdc6/Orc1 and MCM [START_REF] Pagaling | Sequence analysis of an Archaeal virus isolated from a hypersaline lake in Inner Mongolia, China[END_REF][START_REF] Yamashiro | Structural analysis of the plasmid pTA1 isolated from the thermoacidophilic archaeon Thermoplasma acidophilum[END_REF]Krupovic, Forterre, et al. 2010). Similarly, an archaeal homolog of eukaryotic Ctd1 called WhiP was recently identified in the integrative element that contributed the third origin of replication in Sulfolobales [START_REF] Robinson | Extrachromosomal element capture and the evolution of multiple replication origins in archaeal chromosomes[END_REF]. Precise identification of all extra copies of replication components that reside in integrative elements in archaeal genomes requires extensive work and is beyond the scope of this article. Nevertheless, our study strongly suggests that extrachromosomal elements have had an impact on the evolution of the archaeal DNA replication machinery and actively modeled its composition, both by picking up and transferring components to and from cellular genomes. Considering the small number and taxonomic coverage of viral sequences presently available in public databases (supplementary table S3, Supplementary Material online) our analysis suggests that the world of archaeal extrachromosomal entities may be particularly enriched in genes encoding for replication proteins. Moreover, the presence of highly divergent and related components in Thermococcales and Methanococcales, such as their DNA primase and the RPA three-gene cluster, may indicate potential avenues of gene sharing through a common pool of plasmids and viruses [START_REF] Soler | Two novel families of plasmids from hyperthermophilic archaea encoding new families of replication proteins[END_REF].

Archaeal plasmids and viruses rarely encode components of the transcription machinery and, to our knowledge, no translation components. The targeting of DNA replication by virus/plasmid entities to hijack the host machinery provides a strong advantage and is a well-known phenomenon. However, it is much less known that, upon viral/plasmid integration, many DNA replication proteins of extrachromosomal origin became residents (either transient or permanent) of cellular genomes. This can confuse the phylogeny of these proteins if the difference between real and false cellular genes is not correctly assessed. Finally, it will be interesting to carry out a similar global analysis in Bacteria and Eukaryotes to understand whether this phenomenon is particularly evident in the Archaea or is a more general trend.

An Archaeon at the Origin of Eukaryotes?

A recent analysis inferred the core DNA replication components in the last eukaryotic common ancestor [START_REF] Aves | Evolutionary diversification of eukaryotic DNA replication machinery[END_REF]. Aves et al. predicted that LECA (the Last Eukaryotic Common Ancestor) would have possessed all of the components that we have inferred in the archaeal ancestor, with the exclusion of PolD (table 1). This is coherent with the classical scenario indicated by ancient paralogous protein pairs where Archaea are a sister lineage to Eukaryotes [START_REF] Gogarten | Evolution of the vacuolar H+--ATPase: implications for the origin of eukaryotes[END_REF]Iwabe et al. 1989;Gribaldo and Cammarano 1998). In contrast, recent analyses support the emergence of Eukaryotes from within the archaeal radiation (Cox et al. 2008;Foster et al. 2009;Guy and Ettema 2011;Williams et al. 2012;[START_REF] Alvarez-Ponce | Gene similarity networks provide tools for understanding eukaryote origins and evolution[END_REF][START_REF] Lasek-Nesselquist | The effects of model choice and mitigating bias on the ribosomal tree of life[END_REF]. In particular, a deep branching within a cluster composed of Thaumarchaeota, Aigarcharchaeota, Korarchaeota, and Crenarchaeota seems to be predominant, and would be consistent with an apparent enrichment of eukaryotic-like characters in these phyla with respect to Euryarchaeota (Guy and Ettema 2011).

Unfortunately, archaeal DNA replication components are very divergent from their eukaryotic homologs, preventing the reconstruction of reliable phylogenies to test the evolutionary relationship between these two domains of life. Nonetheless, our reconstruction of the evolution of the DNA replication machinery along archaeal diversification sheds new light on this issue. The absence of eukaryotic core components from the replication machinery of the ancestor of a given archaeal lineage would exclude the emergence of eukaryotes from one of its members (unless invoking an extremely unparsimonious scenario where the component was independently lost in all members of the lineage but only kept in the one that would have given rise to eukaryotes). By this rationale, we can exclude the emergence of eukaryotes from within the radiation of any of the major archaeal phyla. For example, the lack of GINS 23 and SSB in the ancestor of Euryarchaeota (table 1) would exclude an emergence of Eukaryotes from within this phylum. Similarly, the absence of RPA in the ancestor of Crenarchaeota would also exclude an emergence of Eukaryotes from within the radiation of this phylum. Furthermore, an origin of Eukaryotes from within Crenarchaeota also seems unlikely given the presence of a peculiar heterotrimeric PCNA derived from an ancestral homotrimeric structure. In this situation, the complex would have reverted back into the homo-trimeric form observed in present day eukaryotes, an improbable scenario. Among the four major archaeal phyla, none seem to be particularly enriched in characters shared with Eukaryotes, perhaps with the Raymann et al.
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exception of Thaumarchaeota (table 1). However, this kind of argument should not be used to infer a specific evolutionary link between Eukaryotes and Thaumarchaeota. In fact, gene loss appears to be a common process that has substantially affected DNA replication, along with many other cellular processes during the diversification of Archaea.

Irrespective of the different evolutionary scenarios for the origin of eukaryotes, our study indicates that the ancestral replication machinery of these two domains of life was very similar (table 1). Therefore, our analysis provides a key starting point for understanding the subsequent evolutionary history of the eukaryotic DNA replication machinery. For example, specific gene duplications would have occurred in the eukaryotic ancestor giving rise to paralogous components such as MCM (2)(3)(4)(5)(6)(7) and GINS (Sld5, Psf1, Psf2, and Psf3), or the addition of multiple nonhomologous subunits like ORC (1)(2)(3)(4)(5)(6), RPA [START_REF] Bäumer | The F420H 2 dehydrogenase from Methanosarcina mazei is a redox-driven proton pump closely related to NADH dehydrogenases[END_REF]34,14), and RNaseH2 (A, B, C). A few components with homology to archaea are not involved in replication in eukaryotes, and it can be speculated that they were reassigned to other cellular functions. For example, most eukaryotes encode a homolog of the A subunit of archaeal TopoVI called Spo11 [START_REF] Bergerat | An atypical topoisomerases II from Archaea with implications for meiotic recombination[END_REF], which is not involved in replication but instead induces the double stand breaks that initiate meiotic recombination [START_REF] Bergerat | An atypical topoisomerases II from Archaea with implications for meiotic recombination[END_REF][START_REF] Martini | Sex and the single (double-strand) break[END_REF]. In contrast, members of the Archaeplastida (land plants and green, red, and glaucocystophyte algae) possess homologs of both subunits (A and B) of archaeal TopoVI, where they combine into a functional enzyme that appears to play a role in DNA endoreduplication, a process required for polyploidization [START_REF] Hartung | Molecular characterization of homologues of both subunits A (SPO11) and B of the archaebacterial topoisomerase 6 in plants[END_REF]. The presence of both subunits in some protist lineages such as Kinetoplastids opens up the possibility that a functional TopoVI was present in the ancestor of Eukaryotes [START_REF] Malik | Protist homologs of the meiotic Spo11 gene and topoisomerase VI reveal an evolutionary history of gene duplication and lineage-specific loss[END_REF], and was subsequently lost in most lineages. The same logic applies to the archaeal-like SSB that we identified in representatives of most eukaryotic phyla (supplementary table S4, Supplementary Material online), where it may have an important and possibly ancestral role in [START_REF] Robbins | The euryarchaeota, nature's medium for engineering of single-stranded DNA-binding proteins[END_REF][START_REF] Richard | Single-stranded DNA-binding protein hSSB1 is critical for genomic stability[END_REF][START_REF] Shi | Essential developmental, genomic stability, and tumour suppressor functions of the mouse orthologue of hSSB1/NABP2[END_REF].

On the other hand, a few of the core components of eukaryotic DNA replication are not present in Archaea and therefore would have arisen specifically in the lineage leading to Eukaryotes. This is the case of DNA pol-a and the B-subunit of the primase complex, topoisomerase IIA, and the FACT complex [START_REF] Aves | Evolutionary diversification of eukaryotic DNA replication machinery[END_REF]. The emergence of DNA pol-a is particularly fascinating. In Bacteria and Archaea the RNA primer is directly extended by the main replicative DNA polymerase, but in Eukaryotes Pol-a adds 10-30 nt DNA stretches to the RNA primer, and only then does the complex hand-off to the main replicative DNA polymerase (DePamphilis and Bell 2010). These 10-30 nucleotides therefore need to be removed during Okazaki fragment maturation [START_REF] Stillman | DNA polymerases at the replication fork in eukaryotes[END_REF], raising the question of the origin of this polymerase [START_REF] Forterre | Why are there so many diverse replication machineries?[END_REF]. The future availability of both genomic and experimental data from a larger fraction of eukaryotic diversity will surely allow a better understanding of the diversity and evolutionary history of DNA replication in this Domain of Life.

Finally, further exploration of diversity and function of archaeal replication may uncover unsuspected links with their eukaryotic cousins. It is not excluded that some of these components/functions were ancestrally present in the Archaea and subsequently lost.

Increasing the Conserved Phylogenomic Core for Archaea

In the past, we have shown that the components of the transcription and translation machineries contain a consistent and robust phylogenetic signal that reflects the history of archaeal diversification (Brochier et al. 2005;Gribaldo and Brochier-Armanet 2006;[START_REF] Gribaldo | Phylogeny of prokaryotes: does it exist and why should we care?[END_REF]. The third major informational system that remained to be analyzed was the DNA replication machinery. However, the complex evolutionary history of DNA replication components and the occurrence of multiple highly divergent copies of unclear origin rendered the application of phylogenomic approaches to this cellular machinery particularly challenging. Our precise identification of orthologs has now made it possible to perform such analysis, and indeed, archaeal DNA replication carries a robust phylogenetic signal that is largely consistent with that of the two other informational systems. Moreover, reconstructing the evolution of DNA replication brings novel information to the archaeal phylogeny. It consolidates important relationships such as Aigarchaeota as a sister lineage of Thaumarchaeota, and the monophyly of Methanogens class I. The clustering of Thermococcales and Methanococcales merits further study, because it is not apparent in trees based on ribosomal proteins or transcription components [START_REF] Matte-Tailliez | Archaeal phylogeny based on ribosomal proteins[END_REF]Brochier et al. 2004Brochier et al. , 2005;;Brochier-Armanet et al. 2011) but is in agreement with some common peculiarities in their replication machinery (see above). Therefore, this relationship in the tree based on replication components may reflect a bias introduced by undetected independent transfers from related mobile elements, viruses, and/or plasmids. The phylogenetic placement of nanosized archaea remains unclear. Their grouping in our trees may indicate common ancestry, but only partially supports the recently proposed DPANN cluster [START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]. In fact, one member of the ARMANS (Ca. Micrarchaeum acidiphilum ARMAN-2) does not cluster with the other nanosized lineages, consistent with the analysis of ribosomal proteins (Brochier-Armanet et al. 2011). This is congruous with a number of additional observations: the absence of a fused primases (figs. It is important to highlight that a detailed analysis such as ours allows for the identification of novel phylogenetic markers that would most likely be discarded by more automated analyses. A commonly used approach to build concatenated data sets for phylogenetic analysis is to choose genes present in a single copy in all (or nearly all) genomes to avoid problems arising from a mixture of orthologs and paralogs. Such a strategy drastically reduces the number of usable markers, especially when dealing with deep evolutionary relationships. In addition, this type of strategy biases our understanding of prokaryotic evolution, by underrepresenting vertical inheritance (tree-like process) with respect to horizontal gene transfers (net or forest-like process) (Dagan and William Martin 2006). Had we applied such strategy, we would have essentially discarded all replication components. Instead, we have shown that reliable phylogenetic information can be extracted even from proteins that are not universally distributed or exist in multiple paralogs-allowing the tree to appear from the forest. Even if a strict core of vertically inherited genes might be limited, our results clearly demonstrate the existence of a soft core of cellular components involved in different processes whose genes have similar histories and can therefore be used to trace back the evolutionary relationships among the organisms that carry them (Gribaldo and Brochier-Armanet 2006;[START_REF] Gribaldo | Phylogeny of prokaryotes: does it exist and why should we care?[END_REF]. It is likely that this soft phylogenomic core is much richer than usually assumed.

Conclusions

The emergence of novel techniques grants rapid access to an ever-wider fraction of microbial diversity, both from a genomic and functional point of view. In this context, the integration of evolutionary studies will be of primary importance, not only to provide key information for experimental work but also to uncover general trends in the global evolutionary history of the largest fraction of the biosphere.

Large--scale phylogenomic analysis

My second major project involved the investigation of the relationships between Archaea and Eukaryotes through a large--scale analysis. Over the last few years, there have been a growing number of studies indicating an archaeal origin of eukaryotes. However, all these studies used the same approach, i.e. the reconstruction of universal trees through the use of a very similar and small dataset of markers. Moreover, universal phylogenies may be criticized for a number of reasons. Universal proteins can be heavily mutationally saturated and they present several limitations such as: the number of proteins can be used because of the need for a bacterial out--group, the number of positions that can be unambiguously aligned between the three domains, and the taxonomic sampling because of the need for widespread presence in representatives of the three domains. I applied a novel strategy, which involved extracting and separately analyzing two sets of markers conserved between archaea/eukaryotes on one side, and archaea/bacteria on the other. This way, I could obtain new and more markers, better alignments, and use a larger taxonomic sampling. I carried out an extensive analysis on 132 archaeal genomes involving the extraction of core protein families, detection of orthologs, and exhaustive searches on bacteria and eukaryal genomes. I could identify 72 reliable phylogenetic makers shared between archaea and eukaryotes and 46 shared between bacteria and archaea. These markers were assembled into the largest supermatrices ever used for testing the archaea/eukaryote relationship. By analyzing the archaeal/eukaryote dataset I was able to exclude the origin of eukaryotes from within any of the archaeal orders or phyla. When I analyzed the bacterial/archaeal dataset I could highlight a new and original rooting for the archaeal tree that lies within the Euryarchaeota. These results were consistently obtained using a wide range of phylogenetic approaches, evolutionary models, statistical tests, and mutational desaturation analyses. My results would support an emergence of Eukaryotes from within the Archaea as sister to the TACK superphylum but also change dramatically our view on the phylogeny and evolution of the archaeal domain. Finally, I performed an exhaustive search for homologs of eukaryotic proteins inferred to date back to the LECA (the Last Eukaryotic Common Ancestor) that are not universally present in the Archaea. I identified 10 markers that were not reported in previous analyses that belong to a wide range of cellular processes. This opens up new avenues of research on the origin of these markers.

We are waiting for a few last results but the manuscript is ready to be submitted within the next month.
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Article 2

The quest for Eukaryotic origins turns the tree of Archaea upside down Kasie Raymann 1 , Céline Brochier--Armanet 2 , Simonetta Gribaldo First, a dataset of proteins shared between Archaea and Eukaryotes robustly excludes the emergence of Eukaryotes from within the TACK superphylum or the Euryarchaeota. Second, we root the tree of Archaea using a bacterial outgroup and highlight the possibility for an alternative and original rooting within Euryarchaeota, leading on one side to a group comprising Methanogens Class I/Thermococcales/TACK and on the other side to all other euryarchaeal lineages. These results are robust against a range of statistical tests including the use of a nonhomogeneous model of protein evolution and mutational desaturation analysis.

This novel rooting would support an emergence of Eukaryotes from within Archaea as sister to the TACK superphylum and is also obtained in trees obtained from a universal protein dataset. Therefore, if we are to embrace an archaeal origin for Eukaryotes, we also have to accept a dramatic rethinking of archaeal evolution and systematics over the last 40 years.

Introduction

How the lineage leading to the fantastic diversity of eukaryotic forms, including humans, came into being is one of the most fascinating open questions in Evolutionary Biology. Since their discovery in 1977, the Archaea have not stopped intriguing evolutionary biologist due to the presence of a number of eukaryotic traits, a feature that clearly distinguishes them from Bacteria. This has given rise to a variety of hypotheses on their involvement in the origin of Eukaryotes (Guy et al. 2014). The presence of these features has been traditionally interpreted as having been inherited from a common ancestor shared with Eukaryotes, whose nature remained indetermined. Initially divided in two major phyla, Euryarchaeota and Crenarchaeota, based on 16S rRNA trees (Woese et al. 1990;Guy et al. 2014), the availability of genomic sequences from a larger fraction of archaeal diversity has progressively blurred this line and introduced at least three new phyla, the Thaumarchaeota, the Aigarchaeota, and the Korarchaeota (Brochier--Armanet et al. 2011). Albeit suggested by a few old phylogenetic analysis (Lake et al. 1984;Lake 1988;[START_REF] Baldauf | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF]Tourasse and Gouy 1999), over the past five years a number of universal trees of life rooted in the branch leading to Bacteria have supported an emergence of Eukaryotes from within the radiation of modern Archaea (Cox, Foster, et al. 2008;Foster, Cox, and Embley 2009a;Guy and Ettema 2011;Williams et al. 2012;

Lasek--Nesselquist and Gogarten 2013; Williams and Embley 2014), with a specific link to a group comprising Thaumarchaeota/Aigarchaeota/Crenarchaeota and Korarchaeota (also called the TACK superphylum) (Guy and Ettema 2011). This has very important consequences because it clearly defines that an organism endowed with characteristics of a modern archaeon was the starting point for the process of eukaryogenesis. It is therefore critical to test the robustness of this hypothesis against the widest possible range of approaches, in particular to avoid all potential criticisms on the reliability of the phylogenetic signal contained in datasets used for comparing such distant domains which are prone to tree reconstruction artifacts (Gribaldo and Philippe 2002). In fact, universal datasets are heavily saturated by multiple substitutions that occurred at the same position over such long evolutionary time. Moreover, multiple alignments among the three domains reduce the set of markers and the number of unambiguously aligned positions that can be used. Finally, bacterial markers are frequently very distant from their archaeal/eukaryal counterparts. This introduces a very long branch leading to Bacteria, which contrast to the small one leading to Archaea/Eukaryotes, making it very difficult to resolve and introducing potential biases.

Here, we have applied the alternative strategy to universal proteins which we proposed a few years ago [START_REF] Gribaldo | The origin of eukaryotes and their relationship with the Archaea: are we at a phylogenomic impasse?[END_REF]. We assembled two separate datasets, one containing only Archaea and Eukaryotes and one containing only Archaea and Bacteria. This strategy allowed us to gather more markers than previously used, obtain better quality alignments, and use a larger taxonomic sampling. We first tested if Eukaryotes are related to a specific archaeal lineage. Then, we analyzed the second dataset to root the tree of Archaea using a sure outgroup. Comparison of these two datasets provides new and original information on the topology of the universal tree of life, but also has important consequences on the origin and early evolution of the Archaea.

Results

Assembly of three high quality datasets of markers

In order to gather high quality datasets (i.e. well aligned verified orthologs with large taxonomic coverage), we applied a very strict semi--automatic protocol (see M&M for details). We first identified 235 protein families present in at least 95% of 132 complete archaeal genomes. We specifically excluded fast evolving lineages such as nanosized archaea, which may introduce artifacts. Because a large and representative taxonomic sampling is essential to verify the quality of the phylogenetic signal and detect eventual tree reconstruction artifacts, we searched for their homologs in a local databank of 211 and 31 genomes representative of major bacterial and eukaryotic phyla, respectively. We extracted the protein families that were present in at least 90% of Bacteria and/or 90% of Eukaryotes.

We removed partial sequences and very distant homologs and built preliminary phylogenetic trees. We identified and removed the protein families showing clear signs of horizontal gene transfer (i.e. non--monophyly of archaea and/or bacteria), as well as eukaryotic sequences of bacterial/mitochondrial origin. This led to 92 candidate protein datasets (Archaea/Eukarya, Archaea/Bacteria, and Universal), for which we chose a smaller representative taxonomic sampling of 49 archaea, 67 bacteria, and 18 eukaryotes. In order to further identify potential horizontal gene transfer within Archaea or Bacteria, we extracted and realigned the archaeal and bacterial sequences from the three datasets, and Prunier (Abby et al. 2009) was used to identify and remove sequences causing incongruence.

Following this step, the datasets maintaining at least 90% of taxonomic coverage for bacteria and/or archaea were retained. Sequences from the three domains were reunited and realigned, and datasets containing at least 70 amino acid positions after trimming were kept, leading to a final list of 79 protein families. We then assembled three concatenated datasets allowing for a maximum 10% of missing taxa for each protein: Archaea/Bacteria (AB, 46

proteins, 10986 amino acid positions), Archaea/Eukarya (AE, 72 proteins, 17892 aa *$" 

:2&'4'2=&^P! #=1! C='K($&#6! ]*@fP! de! :$24('=&! #=1! FHFH! ##! :2&'4'2=&^! ]O'7C$(! E^N! O'=#66LP! J(! #=#6LW(1!4/(!<C4#4'2=#6!&#4C$#4'2=!6(K(6!2M!(#3/!1#4#&(

87

We ran two independent analyses, one in the Maximum Likelihood framework with an empirical 20x20 homogeneous model of amino acid substitution LG+Γ4 (Le and Gascuel 2008), and one in the Bayesian framework with a more realistic model of protein evolution that takes into account the heterogeneity of the substitution process across sites CAT+GTR+Γ4 (Lartillot and Philippe 2004).

Both Bayesian and Maximum Likelihood analyses gave a consistent and robust unrooted phylogeny (Figure 2). The quality of our dataset is underlined by the nicely resolved internal phylogenies for both Archaea and Eukaryotes, recovering the monophyly of the major archaeal orders and eukaryotic phyla, which are frequently difficult to recover, especially in such deep phylogenies. However, Bayesian analysis appears to better resolve the internal eukaryotic topology, notably concerning the monophyly of Euglenozoa/Heterolobosea, which has a very low bootstrap support in the ML tree, and that of Stramenopiles/Alveolata, which is not recovered in the ML tree. Also, the ML support for the monophyly of TACK is very low (bootstrap value 65%) as compared to Bayesian analysis (posterior probability 1). These differences may be due to a better capture of the substitution process for the A/E dataset by the CAT+GTR model, as a Bayesian analysis with CAT alone was largely unresolved (not shown). Nevertheless, although the tree is unrooted, Eukaryotes appear robustly external to both TACK and Euryarchaeota, meaning that any branching within their radiation can be excluded. This placement does not appear to be affected by a bias in amino acid composition because it is also recovered when the dataset is recoded according to 6 Dayhoff categories (SM Figure 1). In order to further test this external placement of Eukaryotes with respect to TACK and Euryarchaeota, we fixed the archaeal and eukaryal internal phylogenies and manually created 27 alternative topologies by moving the eukarya within each of the internal archaeal branches (i.e. all branches excluding within orders, see numbered nodes on Figure 2). We then we ran an AU test with RAxML v 7.2.8 (Stamatakis 2006) with LG+G4 to see if they are statistically rejected as compared to the one indicated by the Bayesian and ML trees (i.e. #1). All alternative topologies were rejected with statistical confidence except #1, and a single less supported alternative hypothesis indicating a branching of Eukaryotes with Korarchaeota (#11).

As the A/E dataset includes 37 markers that are universal and 35 that are specifically shared between Archaea and Eukaryotes, we sought to verify if one of the two groups of proteins were responsible for the signal obtained from the whole dataset. However, this does not seem the case as separate Bayesian and Maximum Likelihood analyses of these two sets of proteins (SM Figure 2 and 3) give trees consistent with those obtained by the whole supermatrix.

In order to assess whether the phylogenetic signal provided by the AE dataset is robust against its heavy mutational saturation level (Figure 1), we applied the slow--fast method (Brinkmann and Philippe 1999). Slow--fast is a desaturation strategy (see M&M for details) that identifies and progressively removes the most saturated positions in a sequence alignment. Using this method one can follow the variation in the phylogenetic signal as more saturated positions are added to the matrix. For each position of the supermatrix, we the evolutionary rates within established monophyletic groups in both archaea and eukaryotes were estimated. Then, the overall rate of a position was calculated as the sum of the internal rates over all groups. This strategy avoids circularity because it does not make any assumptions about the evolutionary relationships among groups. We built 41 supermatrices including positions showing progressively higher rates of substitutions among groups, from 0 to 41 (Figure 3) and calculated both Bayesian (CAT+G4) and ML (LG+G4) trees for each of them. We followed the evolution of the topologies and support at nodes in order to identify the window were the matrices provide the most reliable results as a tradeoff between too little signal (few saturation but few positions) and too much noise (more positions but more saturation). We then analyzed the evolution of the signal for the relationship between Archaea and Eukaryotes as assessed by the monophyly of Euryarchaeota and that of the TACK. Consistent with the analysis of the complete dataset, we observe robust support for the monophyly of Euryarchaeota starting from the very first matrices and a progressive increase for the monophyly of TACK with the CAT+GTR model (Figure 3A). With the LG model we observe strong support for monophyly of the Euryarchaeota and a much less robust support for the monophyly of the TACK (Figure 3B). Indeed, alternative topologies are present in the bootstrap sampling of trees where the TACK are paraphyletic due to an instable branching of To sum up, our results show that the CAT+GTR+Γ4 model appears more robust than the

LG+Γ4 model for extracting phylogenetic signal from the AE dataset. Furthermore, our results

do not support an emergence of Eukaryotes from either within the TACK or within the Euryarchaeota, consistent with the analysis of the global supermatrix (Figure 2). These results are robust against desaturation analysis and different statistical tests.

Where is the root of the Archaea?

If a branching of Eukaryotes is excluded from within the TACK or within the Euryarchaeota, this leaves three possibilities: (i) they are sister to the TACK; (ii) they are sister to the Euryarchaeota; or (iii) they are sister to all Archaea (TACK+Euryarchaeota). The choice between these three alternatives therefore depends on where the root of the Archaea lies. In fact, a root within Euryarchaeota would favor scenario (i), a root within TACK would favor scenario (ii), and a root between Euryarchaeota and TACK would leave open all three possibilities.

Therefore, we proceeded to root the archaeal tree by using the AB dataset, because Bacteria are a sure outgroup. The AB dataset contains 46 proteins (37 universal and 9 uniquely shared between Archaea and Bacteria) and 10,986 aa positions. Both Bayesian (CAT+GTR+Γ4) and Maximum likelihood (LG+Γ4) analysis provide a largely resolved tree with robust internal branching for both Archaea and Bacteria, albeit ML has lower support at nodes (Figure 4 and 5, respectively). In particular, we observe the monophyly of all major bacterial phyla,
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including for example that of Proteobacteria, frequently difficult to recover (Ramulu et al. 2014), and Planctomycetales/Verrucomicrobiales/Chlamydia (PVC) (Wagner and Horn 2005). Although the aim of this study was not to resolve the deep phylogeny of the bacterial domain, these data testify for the good quality of our dataset. Concerning Archaea, we recover all major orders, which is consistent with the internal phylogeny obtained with the A/E dataset. These results do not appear to be affected by biases of amino acid compositions because they are also supported with a recoded dataset (SM Figure 4). However, we observe one major discrepancy between the Bayesian and the ML analysis concerning the root of the Archaea. In fact, Bayesian analysis with the CAT+GTR model (Figure 4) recovers a root within Euryarchaeota, making this phyum non--monophyletic. With this root the Methanococcales/Methanobacteriales/Thermococcales are clustered with the TACK (which we will call hereafter Group I, pp 1) on one side, and on the other side all other euryarchaeal lineages are together (hereafter called Group II pp 1). In contrast, ML analysis with the LG model (Figure 5) shows strong support for a root of Archaea in between Euryarchaeota (BV 97%) and TACK (BV 98%). Because the root within Euryarchaeota would favor scenario (i)

where Eukaryotes are sister to the TACK would leave open all three possible scenarios for eukaryotic origins, this discrepancy needs to be carefully tested. Similar to the A/E dataset analysis, we fixed the archaeal and bacterial topologies and carried out an AU test (LG+G4) on all 27 possible locations of the root (i.e. all branches except within orders) (Figure 4). Our results show that only four alternative rootings are statistically not rejected, with highest support for root # 1 (between TACK and Euryarchaeota, as observed in the ML tree in Figure 4B), but immediately followed by root #17 (within Euryarchaeota, as observed in the PBayes tree in Figure 4).

We therefore sought to investigate the impact of mutational saturation on these alternative rootings by applying the SF approach to the A/B dataset. We built different supermatrices including positions with progressively higher rates of substitutions among groups, from zero to 53 (S0 to S53). Bayesian (CAT+GTR+ Γ4) and ML (LG+ Γ4) analyses were performed on each matrix and we followed the evolution of the phylogenetic signal (Figure 6). When we examine the evolution of the phylogenetic signal for the archaeal topology for the Bayesian (CAT+GTR+ Γ4) we never observe a rooting between TACK and Euryarchaeota (root #1) but systematically a rooting deep within Euryarchaota (root #17), as assessed by the non-monophyly of Euryarchaeota (Figure 6). As observed for the A/E dataset, Maximum likelihood +LG analysis is overall less robust than Bayesian (CAT+GTR+ Γ4) analysis, in particular concerning the monophyly of Proteobacteria, which is recovered only with matrices S12 to S21 (between 3776 and 5971 aa positions) and rather low support (not shown). When examining the evolution of the archaeal topology, we observe a robust support for root #1 as assessed by the joint monophylies of Euryarchaeota
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and TACK, consistent with the complete dataset (Figure 6B). However, we also note a low support for the alternative root #17 in the less saturated matrices S6 to S11 as assessed by the joint monophylies of Group I and Group II, and a switch to root #1 at matrix S12 (Figure 6B and SM Figure 5 and6).

We ran AU tests for all possible 27 roots on three SF matrices, S11 (just before the switch between root #17 and #1), S15 (within the les saturated window supporting root #1) and the more saturated S27 matrix. Results show that the three matrices significantly reject all rootings except root #1 (between TACK and Euryarchaeota), root #17 (within Euryarchaeota)

as well as a few alternative rootings deep within Euryarchaeota (Table 3A). Finally, for all the seven roots not rejected by the AU tests on both the complete dataset and the SF matrices (i.e. #1, 17, 18, 14, 15, 16, 19) we ran a more realistic model of protein evolution that allows both amino acid composition as well as evolutionary rates to change along tree branches (branch-nonhomogeneous and nonstationary) (Groussin et al. 2013). The results confirm those of the AU test, with only root #14 rejected (Table 3B). In conclusion, our analyses of the AB dataset highlight the existence of an original new rooting of the archaeal tree deep within Euryarchaeota, which is robustly supported by Bayesian (CAT+GTR+Γ4) analysis and is not rejected by Maximum likelihood (LG+Γ4) analysis, statistical tests, and a desaturation approach.

Is the phylogenetic signal of universal markers consistent with the AE and AB datasets?

As mentioned in the Introduction section, the trees obtained from universal datasets may be criticized. However, previous analyses included a very limited taxonomic sampling of bacteria and eukarya and were never tested against alternative topologies. Our ABE dataset contains a very large taxonomic sampling and 9090 aa positions, around twice the size of previously published analyses, and a much larger taxonomic sampling. Moreover, although the ABE dataset partially overlaps with both the AE and AB datasets, we can specifically analyze the reliability of its phylogenetic signal combined over the three domains by comparing it to the results obtained with the AE and AB datasets.

Bayesian (CAT+GTR+ Γ4) and Maximum likelihood (LG+ Γ4) analysis provide largely resolved trees (Figure 7 and 8, respectively) with monophylies of major archaeal orders and bacterial and eukaryal phyla that are consistent with those obtained by the separate AE and AB analyses. Both trees indicate an emergence of Eukaryotes from within the TACK, specifically sister to Korarchaeota, albeit with very low support (pp 0.61 Figure 7 and 38% BV, Figure 8).

Our extensive analysis of the AE dataset now indicates that the sisterhood between Eukaryotes and Korarchaeota observed in our and previously published universal trees is likely artifactual. Interestingly, when Korarchaeon is removed from the dataset, the ML tree switches to a classical 3Domains topology, with the Archaea becoming monophyletic (albeit with low confidence, BV 82%, not shown), revealing that the ML support for Eukaryotes within Archaea in universal trees containing Korarchaeota is due to an artifact. In contrast, the Bayesian tree remains stable when Korarchaeon is removed from the dataset, with

Eukarya staying sister to TAC (not shown). So, the emergence of Eukaryotes from within Archaea in Bayesian analysis of universal markers with CAT+GTR+Γ4 appears robust against changes in the taxonomic sampling. 
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Concerning the root of the Archaea, both ML and Bayesian analyses on the ABE dataset give results that are consistent with those obtained with the AB dataset. In fact, Maximum likelihood with the LG+Γ4 model still supports monophily of the Euryarchaeota (BV 99%), whereas Bayesian analysis with the CAT+GTR+Γ4 model supports paraphyly of Euryarchaeota with a split corresponding to root #17 observed in the AB tree (pp 0.97 and pp 1). However, when analyzing the desaturated ABE datasets with ML (LG+Γ4), we observe support for root #17 in the lowest saturation matrices and a clear switch to monophyly of Euryarchaeota in the more saturated matrices (not shown).

The consistency of the phylogenetic signal of the ABE dataset with that contained in the larger AB and AE datasets confirm its high quality, which may become a reference for future analyses aimed at reconstructing universal trees. More importantly, our results strongly indicate that an emergence of Eukaryotes from within Archaea by using universal markers is strongly supported by Bayesian+CAT+GTR+Γ4 and is systematically accompanied by a root within Euryarchaeota, which is also brought to light when running ML on the less saturated datasets.

Discussion

Although debated in early reports (Lake et al. 1984;Lake 1988;[START_REF] Baldauf | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF]Hashimoto and Hasegawa 1996;Tourasse and Gouy 1999), it is only recently that an emergence of Eukaryotes from within Archaea has been brought back to the frontline by a number of analyses on universal proteins (Williams et al. 2013). Largely considered to be the result of better performing models of protein evolution, this "2 Domains" topology of the Tree of Life is more likely the fruit of the availability of new genomes from a larger representative of archaeal diversity, as it is also obtained with a wide range of classical approaches. The biological plausibility of 2D scenarios and their consequences have been extensively discussed in the literature (Embley and Martin 2006;Lombard et al. 2012;Guy et al. 2014). In particular, if Eukaryotes emerged from within the diversification of modern archaea, this unequivocally implies that the process of eukaryogenesis was initiated in an ancestor that harbored specific archaeal characteristics. It was recently proposed that such ancestor would have been an archaeon with that already possessed some eukaryotic characteristics such as the ability of phagocytosis (Martijn and Ettema 2013). In this respect, this model is similar to classical ones for eukaryogenesis apart from the starting point. However, it remains to be discussed what biological process and selection pressure would have accompanied the transition from specific G1P archaeal lipids to the classical G3P eukaryotic lipids. Moreover, it has to be noted that basal archaeal lineages are all hyperthermophilic, including the TACK superphylum. Therefore, if Eukaryotes branched off deep within the Archaea, we also need to take into account how the earliest steps of eukaryogenesis may have taken place in such hot environments. If anything, a hyperthermophilic origin for Eukaryotes excludes the hypothesis that eukaryogenesis was triggered by mitochondrial symbiosis, as to our knowledge alphaproteobacteria are not usual inhabitants of such hot environments. Finally, we have to understand perhaps one of the most intriguing consequences of an archaeal origin for eukaryotes, i.e. the scattered distribution of eukaryotic characters in different archaeal lineages. We exhaustively searched for homologs of eukaryotic proteins inferred to date back to the LECA (the Last Eukaryotic Common Ancestor) that are not universally present in the Archaea (see M&M for details) (Figure 9). With respect to a previous analysis (Guy and Ettema 2011), we identified 10 novel markers (GTPases Arf1, NOG1, RPAP4/GPN1, and SAR1, PP2 metallophosphoesterase, a H/ACA RNA--protein complex component Nop10p, ribosomal L11 methyltransferase, 50S ribosomal protein L39e, RNase PH Rrp41, DNA helicase TIP49, and a RIO--like serine/threonine protein), opening future avenues of phylogenomic investigation on these cellular processes. In contrast, the dicer helicase (ERCC4), ribosomal protein L30e, and the multiprotein bridging factor 1 (MBF1) were not included because they are present in all phyla. RpoG was also not included because it did not meet our threshold requirement.

Importantly, no archaeal lineage appears to be specifically enriched in eukaryotic characters, except perhaps for a few ribosomal proteins in Crenarchaeota (Figure 9). Therefore, this argument cannot be used to indicate a particular archaeal group at the origin of Eukaryotes. Further analysis will be needed to assess if this scattered distribution is due to ancient horizontal gene transfer between eukaryotes and archaea, followed by a dynamic evolutionary process involving, for example, additional transfer among archaea possibly coupled with gene losses. ! within Euryarchaeota. Therefore, if we want to embrace an origin of Eukarya from within Archaea, we also need to accept this dramatically novel root for the third Domain of Life.
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A rooting within Euryarchaeota has sometimes been observed in previous universal trees, albeit in in different branches depending on the dataset and approach, and never discussed (Cox, Cox, et al. 2008;Foster, Cox, and Embley 2009b;Williams et al. 2012;Lasek--Nesselquist et al. 2013). These analyses were based on universal proteins with a very limited taxonomic sampling of bacteria and eukarya, and frequently included very fast evolving archaeal taxa, which may lead to concerns of tree reconstruction artifacts. Here, this new rooting is revealed with an original approach, high quality datasets of markers, and a large array of strategies to extract reliable phylogenetic signal.

If confirmed, these results will provoke a real revolution in our view of the evolution of the third domain of life, not to mention the systematics, as the archaeal tree would virtually turn upside down with respect to what usually assumed (Figure 9). Classically considered as the earliest emergence in the Euryarchaeota, the Thermococcales would move away from their basal position to become the closest relatives to the branch from which the TACK (and Eukaryotes) originated. The nature of the last archaeal common ancestor (LACA) will have to be reconsidered. This may have harbored a number of features now present in modern Euryarchaeota, whereas the characters specific of TACK or TACK+Eukaryotes would have originated later and will not need to be inferred back to the LACA. The capacity to perform methanogenesis would become an ancestral characteristic in the Archaea, which would have been subsequently lost a large number of times independently along their diversification, even more than previously suspected (Borrel et al. 2013). Similarly, all phylogenomic analyses aimed at the reconstruction of ancestral features and their evolution along archaeal diversification (e.g. optimal growth temperatures, dynamics of cellular processes and structures, emergence of various metabolisms, inference of gene losses, duplications, horizontal gene transfers, etc.) may sensibly change.

A nonmonophyly of Euryarchaeota does not appear shocking from a genomic point of view. In fact, all the features initially considered as defining the line between Euryarchaeota and Crenarchaeota such as for instance the cell division protein FtsZ, the main replicative DNA polymerase PolD, eukaryotic--like histones, have now been found in other phyla, notably the Thaumarchaeota or the Korarchaeota. Rather, we now may want to search for markers that are specific for either Group I or Group II archaea. One intriguing character that may support this split is the presence of a DNA gyrase of bacterial type in Group II archaea, inferred to have arisen from a single horizontal gene transfer event from bacteria and supposed to have had a 10 3 dramatic effect on the global DNA topology of the recipient archaeon (Raymann et al. 2014).

However, under the new archaeal root, no horizontal gene transfer would have to be inferred because this gyrase may have been present in the ancestor of all archaea and inherited only in Group II. Finally, it has to be stressed that a root within Euryarchaeota does not provide a solution to the puzzling distribution of eukaryotic characters in the archaea because it still requires a number of horizontal/gene transfers and/or losses.

Conclusions

The quest for eukaryotic origins is a difficult one. The availability of novel data from the archaea combined with the development of original approaches and improved evolutionary models has brought much progress to the issue. Unexpectedly, it also seems to blow a wind of novelty on our image of the very evolution of the Archaea, which, 40 years after their discovery, have not yet revealed all of their secrets. Our study confirms that the study of ancient evolution cannot be disconnected from a global vision on the whole Tree of Life, and will bring many exciting discoveries in the years to come. In particular, it will be critical to further explore not only the diversity of the TACK as probably the closest relatives of eukaryotes, but also that of the basal euryarchaeota lineages, in particular methanogens, as this will bring new information of the ancient history of one the most enigmatic of the three Domains of Life.

Materials and Methods

Dataset construction

Local databases were constructed using 132, 211, and 31 complete or nearly complete archaeal, bacterial, and eukaryotic genomes respectively which were downloaded from the National Center for Biotechnology Information (NCBI). An all--against--all BLASTp [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]) search was performed on the local archaeal database. Homologous sequences were clustered into protein families using SiLiX (Miele et al. 2011) a minimum thresholds of 70% length overlap and 30% identity. Large paralogous protein families were split using the MCL clustering algorithm as implemented in BioLayout (Theocharidis et al. 2009). Taxonomic distribution of each protein family in archaea was determined and the eventual absence of proteins was verified by additional Blastp and tBlastn searches. Protein families present in more than 95% of the analyzed archaeal genomes were kept for further analysis. This resulted in a total of 230 protein families which were then used as seeds to perform HMMER searches (Johnson et al. 2010) on the local database of eukaryotes and bacteria. If present in more than 90% of the eukaryotic and/or bacterial genomes, multiple alignments were constructed, trimmed and subjected to phylogenetic analysis (archaea alone, bacteria alone, archaea/bacteria, archaea/eukaryotes, and archaea/bacteria/eukaryotes). All multiple alignments were performed with MUSCLE v3.8.31 (Edgar 2004) and manually inspected using SEAVIEW (Gouy et al. 2010). Single protein datasets were trimmed using the software BMGE (Criscuolo and Gribaldo 2010) with a BLOSUM30 matrix. Proteins that contained more than 70 amino acid positions after trimming were not retained for further analysis.

All individual trees were manually inspected. A protein family was retained if it met three criteria: the monophyly of archaea in AB trees, the monophyly of bacteria in AB trees, and the monophyly of all the major phyla of archaea and bacteria. Additionally, the trees were inspected for eukaryotic proteins of bacterial/mitochondrial origin. When multiple copies of a protein were present, the less divergent homolog was retained. This resulted in a total of 49 Archaea/Bacteria markers, 74 Archaea/Eukarya markers, and 39 Universal markers. In order to decrease the computational time of the analysis the taxonomic sampling was then reduced to 49 archaea, 67 bacteria, and 18 eukaryotes, keeping at least three representatives for each order when possible. To ensure that all proteins contained congruent signal, Prunier (Abby et al. 2009) was used (bootstrap threshold 70%, depth 2). The phylogenetic trees tested by Prunier were built using RAxML v 7.2.8 with 1000 rapid bootstraps (Stamatakis 2006). All sequences detected as transfers affecting nodes external to orders were removed from the alignments and the 49 Archaea/Bacteria markers, 74 Archaea/Eukarya markers, and 39 Universal markers were concatenated into three large supermatrices, allowing up 10 percent of missing taxa for each protein. The final concatenated datasets consisted of, AB (46 proteins and 10986 positions), AE (72 proteins and 17892 positions), and ABE (37 proteins and 9090 positions).

Phylogenetic analysis

Phylogenies of individual proteins were inferred using PhyML v. 3.1 (Guindon et al. 2010) and RAxML v 7.2.8 (Stamatakis 2006). Single matrix substitution models were chosen using the ProteinModelSelection script available from the RAxML website (http://sco.h-its.org/exelixis/software.html). In order to take into account the heterogeneity of evolutionary rates across sites, we used a gamma distribution with four discrete classes of sites (Γ4) and an estimated alpha parameter. The branch robustness of the ML trees was 10 5 estimated with the non--parametric bootstrap procedure implemented in PhyML (100 replicates of the original dataset), and the rapid bootstrap method implemented in RAxML (500 replicates of the original dataset).

Phylogenetic trees of the supermatrices were subjected to Maximum Likelihood and Bayesian analysis. Single matrix substitution models were chosen using the ProteinModelSelection script available from the RAxML website (http://sco.h--its.org/exelixis/software.html). PhyloBayes 3.3b (Lartillot et al. 2009) was used to perform Bayesian analysis using the CAT+Γ4 and CAT+GTR+Γ4 models and a gamma distribution with four categories of evolutionary rates was used to model the heterogeneity of site evolutionary rates. The concatenated datasets were also recoded using the Dayhoff6 recoding scheme as implemented in PhyloBayes 3.3b (Lartillot et al. 2009) and analyzed with the same model parameters. For each data set, two independent chains were run until convergence.

Convergence was assessed by evaluating the discrepancy of bipartition frequencies and between independent runs. The first 25% of trees were discarded as burn in and the posterior consensus was computed by selecting one tree out of every two to compute the 50% majority consensus tree. Maximum likelihood analyses were performed using PhyML v 3.1 [START_REF] Guindon | New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0[END_REF] and RAxML v 7.2.8 (Stamatakis 2006), the LG+Γ4 model. The branch robustness of the ML trees was estimated with the non--parametric bootstrap procedure implemented in PhyML (100 replicates of the original dataset), and the rapid boostrap method implemented in RAxML (500 replicates of the original dataset). The ABE dataset was also analyzed with and without Korarchaeota using all methods described.

Hypothesis testing

Candidate topologies were created using TreeGraph2 (Stoever and Mueller 2010). The per-site log likelihood values were calculated for each topology under the LG+Γ4 model using RAxML, and under a branch heterogeneous substitution model with +Γ4 using COaLA (Groussin et al. 2013). The alternative topologies were then statistically evaluated using the approximately unbiased (AU) test [START_REF] Shimodaira | An approximately unbiased test of phylogenetic tree selection[END_REF] as implemented in CONSEL (Shimodaira and Hasegawa 2001).

Desaturation analysis

A site--by--site desaturation of all three supermatrices was carried out using the Slow--Fast method (Brinkmann and Philippe 1999). To do this, the sequences from each dataset were subdivided into known monophyletic groups (16 bacterial phyla, 12 archaeal orders/phyla, and 4 eukaryotic groups) (see supplementary Table 1 for details). All of the considered groups contained 3 or more taxa except Korarchaoeota, which was considered alone. The evolutionary rate at sites was estimated with the program SlowFaster, which uses Maximum parsimony to count the number of changes of every alignment position within the selected groups (Kostka et al. 2007). For the AE dataset 42 (SF0 to SF41) matrices of increasing size were built by progressively incorporating more fast--evolving positions into the alignment.

The same was done for the AB dataset (SF0 -SF65) and ABE dataset (S0--S75). We then extracted the matrices with a fixed increase in the number of positions (AB +350 aa, AE +500 aa, ABE +250). This resulted in 30 matrices for AB, 28 matrices for AE, 34 matrices for ABE that were subjected to Maximum Likelihood (LG+Γ4) and Bayesian analysis (CAT and CAT+GTR with Γ4). The support values (bootstrap value or posterior probability) at defined nodes of interest were recorded and plotted using R (R Development Core Team 2014).

Discussion and Perspectives

Nearly 40 years after their discovery, the genomic revolution has revealed that the archaea are very diverse organisms. The archaea have now been found in nearly every habitat imaginable, and it is very likely that many more archaeal lineages are yet unknown.

Unfortunately, in some ways, the fact that no archaea pathogens have been discovered has affected the interest to study this domain, and it is sad that most of the general public is still ignorant of the existence of the archaea. However, the discovery that the archaea play key roles in important biogeochemical process and are abundant in the microbiome of animals, including ours, has sparked interest in studying them, and in the last few years several metagenomic analyses have helped in revealing more about the diversity and prevalence of the archaea.

During my thesis I have contributed to our understanding of archaeal diversity and evolution in several ways. First I analyzed a key cellular system, DNA replication, which has a very complex evolutionary history making it difficult to dissect. By accurately identifying orthologous replication proteins I was able to obtain a robust archaeal phylogeny that is consistent with two other key cellular systems, translation and transcription, which have been successfully used to reconstruct the archaeal phylogeny. The robust phylogeny obtained from the core DNA replication proteins further testifies that a phylogeny of the archaea does exist even if it can be difficult to extract. This dataset now constitutes an additional gene set that can be used in further analyses to reconstruct the phylogeny in archaea in light of new genomes. In fact, my dataset has already been used in two collaborations for to determine the placement of newly discovered lineages.

By analyzing the components of DNA replication I was able to gain more information on some unresolved nodes in the archaeal tree, such as the evolutionary relationships and placement of fast evolving nanosized lineages However, these relationships clearly need to be analyzed further by specific analyses such as whole genome comparisons and additional markers. It is also possible that in the future the availability of additional complete genomes from slow evolving related lineages may help clarify the issue.

During this analysis, I also made a few interesting observations that should be investigated experimentally. For example, I highlighted the existence of a conserved second origin 11 1 recognition protein Cdc6/Orc--1 copy that is ancestral and present in nearly all archaeal genomes and may therefore have a key and possibly regulatory function. Also, the presence of both single stranded binding proteins RPA and SSB in some archaeal lineages such as the Thaumarchaeota is intriguing and should be experimentally studied. In fact many metazoans, including men, also possess in addition to RPA proteins archaeal--like SSB homologs with a potential and unclear involvement in disease, but their possible interaction has never been evoked.

Integrative elements appear to specifically target the archaeal DNA replication machinery and are likely major players in the dynamic evolutionary history of this cellular process. It would be interesting to see if the same is true for Eukaryotes and Bacteria, or if this is a unique phenomenon in the Archaea. Finally, given the complex history of this system, the data obtained during this study may represent a good dataset for testing the accuracy of DTL (duplication, loss, and transfer) models (Szöllosi et al. 2012;Szöllosi and Daubin 2012;[START_REF] Szöllosi | Efficient Exploration of the Space of Reconciled Gene Trees[END_REF][START_REF] Boussau | Genome--Scale Coestimation of Species and Gene Trees[END_REF].

Our lack of knowledge about the true diversity of the archaea greatly hinders the ability of understand the relationship between archaea and eukaryotes. Since the discovery of the archaea researchers have been trying to understand their exact relationship to eukaryotes.

Knowing more about the diversity of archaea can aid in our understanding of this relationship. However, as eukaryotic organisms ourselves we focus on how we have come into existence and we sometimes forget that we must look much deeper to get the full picture.

When I started my thesis I myself was focusing specifically on understanding how the eukaryotic cell originated, but during the course of my Ph.D I found myself realizing that in order to discern the origin of eukaryotes we first need to have a full picture of the organism that are more closely related to them and from which they even might originate.

Part of my thesis involved applying a novel approach to investigate the relationships between archaea and eukaryotes. For the first time, I separately analyzed the Archaea and Eukaryotes on one side and the Archaea and Bacteria on the other. This resulted in three very high quality datasets that included more amino acid positions, proteins, and taxa than previously used in large--scale universal studies. The progresses in technology allowed me to analyze these large datasets using sophisticated approaches and evolutionary models that would have been unthinkable to process in a reasonable computing time until recently. Nevertheless, these analyses took a very large computational power and several months of computing time and some of the more sophisticated nonhomogeneous evolutionary models could not be applied because of the size of the dataset. With the exponential increase in computer technologies it is likely that in a few years we will be able to analyze these datasets with even more sophisticated models of evolution and include many more taxa.

Although larger than previously used, my datasets were still limited in taxonomy coverage because I only aimed at resolving the overall relationships among archaea and eukaryotes. However, they resulted in very well resolved phylogenies for all three domains and can be a reference for many future studies. As of now, the root of the eukaryotic tree and the evolutionary relationships among the major phyla are still unclear. The same is true for the bacterial phylogeny. My Archaea/Bacteria and Archaea/Eukaryote datasets could be used not only to root but also refine the phylogenies of both the Bacteria and the Eukaryotes.

During this study I had an unexpected result: I highlighted an original root of the archaeal tree that supports an emergence of eukaryotes from within the archaeal domain, but also dramatically changes our perspectives on the origin and evolution of the archaea and opens a new avenue of research on eukaryotic evolution and the early steps of eukaryogenesis. This new root also has a large impact on all future studies aimed at understanding the nature of the Last Archaeal Common Ancestor (LACA). For example, by placing the Methanogens Class I as early branchings in the archaeal phylogeny, it opens up the possibility that methanogenesis is more ancient than previously thought. This new root could also have an impact on the inferred optimal growth temperature (OGT) of the LACA. In fact, previously published predictions of the OGT were mapped onto a tree rooted between the Euryarchaeota and the TACK, resulting in the inference of a hyperthermophilic ancestor (approx. 86 degrees) as well as a hyperthermophilic ancestor of euryarchaeota with a progressive decrease in OGT in the euryarchaeal lineage [START_REF] Groussin | Adaptation to environmental temperature is a major determinant of molecular evolutionary rates in archaea[END_REF]. However, if the root is placed within the euryarchaeota, in particular around lineages where the optimal growth temperature is much lower (between 40--60) then this may lead to lower inferred OGT in the LACA. This root would have an impact on all other phylogenomic studies, including studies predicting ancestral genome content ancestral gene content. Given the groundbreaking nature of this result, it will of course be necessary to support it with additional studies. In particular, the need for the bacterial out--group limits the number of proteins that can be used for phylogenetic analysis.

The limitation in the number of proteins that can be used is mostly due to the extensive amount of horizontal gene transfer that has occurred among and between these two prokaryotic domains. In fact, of the approximately 250 genes that I identified as present in 11 3 over 95% of the archaeal genomes, more than 30% of them were discarded either because of horizontal transfers detected within the archaea or between archaea and bacteria. Although these transferred genes could not be used in my analysis, they could be indeed very useful with different approaches. In fact, new methods have recently been developed which attempt to jointly infer gene trees and species trees, which account for duplication, loss, and HGT (Szöllosi et al. 2012;Szöllosi and Daubin 2012;Szöllosi et al. 2013;Boussau et al. 2013). One way to test our new root for the archaea would be to apply these methods and determine whether this new topology reduces the amount of HGT that is needed to reconcile the gene trees with the species tree. In addition, it may be envisaged to use the whole core of the archaea and methods that do no need an outgroup, for example branch--heterogeneous models that allow lineages to diverge toward different amino acid compositions making the position of the root affect the likelihood value.

My analysis also involved defining a "relaxed" core genome for each of the major archaeal phyla. This analysis needs to be refined and expanded to include the cores of each lineage, especially if the Euryarchaeota are confirmed not to be a monophyletic group. In particular, the thresholds used for defining these cores were very stringent because it was important to use proteins present in nearly all archaeal genomes, and also because I wanted to insure the accurate identification of orthologs for phylogenetic analysis. By comparing core genes present in different lineages many important things can be revealed. This would for example allow the identification of lineage specific genes, which might be important for understanding specific features such as adaptation to particular environments. It would also help to better understand the relationships between lineages, specifically those that are still unresolved, such as the relationship among the nano--sized archaea. Reconstructing the core genome of each lineage can also reveal the impact of horizontal gene transfer on different lineages either from other archaeal lineages or from bacteria. Furthermore, the identification of proteins shared among different lineages could aid in clarifying the root of the archaeal tree.

Another important result of my thesis was the identification of a number of new markers inferred to have been present in the last common ancestor of eukaryotes (LACA) but instead found in some archaeal lineages only. This opens up whole new avenues of research involving the full phylogenomic dissection of the cellular processes they are involved in, from both the archaeal and eukaryotic sides. Moreover, it is unclear whether these proteins were present in the archaeal ancestor and were subsequently independently lost in different lineages, or if they are the result of ancient horizontal gene transfers between archaea and eukaryotes. This needs to be investigated by further phylogenomic analyses, of these proteins in both eukaryotes and archaea. Careful analysis of these scattered proteins could help test the hypothesis of a more complex ancestor as well as help reveal the frequency of transfers between eukaryotes and prokaryotes. Moreover, if the eukaryotes indeed originated from within the archaea we really need new hypotheses to explain this from a biological point of view. Although some models have been put forth there are still unresolved issues such as the transition from archaeal--type to eukaryotic--type lipids and a hyperhtermophilic origin for eukaryotes. Now, one of the most important steps is to further explore the diversity of life. With new technology the amount of genomes available is overwhelming, but there needs to be more focus on discovering and sequencing unexplored branches of the tree of life. Only by understanding the real diversity of life will we ever begin to unravel the most fundamental questions in evolutionary biology.

11 5 13 5 a kappa particle), and each killer paramecium strain harbors its own specific endosymbiont that usually resides in the cytoplasm but can also be in the nucleus [START_REF] Preer | The hereditary symbionts of Paramecium aurelia[END_REF]. Whereas all these obligate endosymbionts initially were placed in the genus Caedibacter, they were later shown to belong to different proteobacterial lineages [START_REF] Beier | The genus Caedibacter comprises endosymbionts of Paramecium spp. related to the Rickettsiales (Alphaproteobacteria) and to Francisella tularensis (Gammaproteobacteria)[END_REF].

In Caedibacter, the killer trait is directly linked to the production of R-bodies, unusual cytoplasmic refractile inclusion bodies [START_REF] Dilts | A mutation in the R body-coding sequence destroys expression of the killer trait in P. tetraurelia[END_REF] [for review, see [START_REF] Pond | R-bodyproducing bacteria[END_REF]]. What is known about R-bodies comes primarily from Caedibacter taeniospiralis, which belongs to the gammaproteobacteria family of Thiotrichales (Figure 1) [START_REF] Beier | The genus Caedibacter comprises endosymbionts of Paramecium spp. related to the Rickettsiales (Alphaproteobacteria) and to Francisella tularensis (Gammaproteobacteria)[END_REF]. R-bodies are highly insoluble protein ribbons that are typically coiled into cylindrical structures. They are produced by only a fraction of the endosymbiont population, which then stop dividing. When R-body2containing bacteria are released into the environment and captured by sensitive strains, killing occurs very rapidly. The exact mechanism for killing is not known, but it is thought that internalization of the R-body-containing bacteria into the food vacuole triggers unrolling of the R-body, which penetrates the phagosomal membrane and delivers a killer toxin to the cytoplasm (Figure 1) [START_REF] Jurand | Prelethal effects of killing action by stock 7 of Paramecium aurelia[END_REF][START_REF] Preer | Kappa and other endosymbionts in Paramecium aurelia[END_REF]. Isolated R-body2containing bacteria are capable of killing sensitive Paramecium strains in various ways, with prelethal symptoms such as paralysis, vacuolization, and opposite swimming rotation. On the contrary, exposure to non-R-body2containing Caedibacter is not lethal [for review, see [START_REF] Pond | R-bodyproducing bacteria[END_REF]], and a mutant Caedibacter strain unable to make R-bodies loses its killing ability [START_REF] Dilts | A mutation in the R body-coding sequence destroys expression of the killer trait in P. tetraurelia[END_REF]. Different strains of Caedibacter produce different types of R-bodies, which vary in diameter (0.2520.8 mm), length (,10230 mm), ribbon morphology (tapered or blunt termini), mode of unrolling (from the outside or from the inside in a telescopic fashion), and the nature of the stimulus for unrolling (changes in pH, temperature, ionic strength) [for review, see [START_REF] Pond | R-bodyproducing bacteria[END_REF][START_REF] Sanchez-Amat | R-bodies[END_REF]]. Interestingly, the unrolling of type 51 R-bodies has been shown to be reversible (they unroll when the pH is dropped ,6.5 and reroll when the pH is again raised .7.0) [START_REF] Pond | R-bodyproducing bacteria[END_REF].

Studies of the genetic determinants of R-bodies began in the early 1980s, and in C. taeniospiralis the R body2coding region was found to lie on a plasmid [START_REF] Quackenbush | Cloning and expression of DNA sequences associated with the killer trait of Paramecium tetraurelia stock 47[END_REF]. When a region from the pKAP47 plasmid (from Paramecium teraurelia California strain 47) was cloned into Escherichia coli, R-bodies were produced, but the clones did not exhibit toxicity toward sensitive Paramecium strains [START_REF] Quackenbush | Cloning and expression of DNA sequences associated with the killer trait of Paramecium tetraurelia stock 47[END_REF]. Therefore, whereas production of R-bodies is necessary for killing by C. taeniospiralis, as described previously, it is not sufficient for killing by recombinant Escherichia coli. This excludes a direct cytotoxic effect of R-bodies and indicates a requirement for an essential unknown toxin encoded either by the plasmid or the C. taeniospiralis genome [START_REF] Preer | Cytological observations on the cytoplasmic factor "kappa" in Paramecium aurelia[END_REF][START_REF] Quackenbush | Cloning and expression of DNA sequences associated with the killer trait of Paramecium tetraurelia stock 47[END_REF]. These data have been recently confirmed, and it has been shown that recombinant E. coli expressing the four reb genes of the C. taeniospiralis pKAP298 plasmid (from Paramecium teraurelia Panama strain 298) were capable of producing R-bodies but were not toxic toward sensitive Paramecium strains [START_REF] Schrallhammer | Tracing the role of R-bodies in the killer trait: Absence of toxicity of R-body producing recombinant E. coli on paramecia[END_REF].

Very little information is available on the assembly process of Rbodies. At least three polypeptides of 10, 13, and 18 kDa were found to be involved in the structure and assembly of type 51 R-bodies [START_REF] Kanabrocki | Organization and expression of genetic determinants for synthesis and assembly of type 51 R bodies[END_REF]) and were later shown to be encoded by three genes: rebC, rebB, and rebA, respectively, the last two being homologous [START_REF] Heruth | Characterization of genetic determinants for R body synthesis and assembly in Caedibacter taeniospiralis 47 and 116[END_REF]). These early data proposed that the major structural protein is RebB and that RebA may act as a scaffold to facilitate the polymerization process whereas RebC may act as a transcriptional regulator [START_REF] Heruth | Characterization of genetic determinants for R body synthesis and assembly in Caedibacter taeniospiralis 47 and 116[END_REF]). Finally, it was suggested that RebB might be modified posttranslationally, with the possible involvement of RebC [START_REF] Heruth | Characterization of genetic determinants for R body synthesis and assembly in Caedibacter taeniospiralis 47 and 116[END_REF]. The role of a fourth gene in the reb locus, rebD, coding for a homolog of RebA and RebB, is unclear but it was shown not to be necessary for R-body production in E. coli [START_REF] Heruth | Characterization of genetic determinants for R body synthesis and assembly in Caedibacter taeniospiralis 47 and 116[END_REF].

The complete sequence of the Reb-harboring pKAP298 plasmid of C. taeniospiralis strain 298 was obtained in 2005 [START_REF] Jeblick | Sequence, transcription activity, and evolutionary origin of the R-body coding plasmid pKAP298 from the intracellular parasitic bacterium Caedibacter taeniospiralis[END_REF]. It was found that this plasmid contains 63 open reading frames, 23 only having similarity with proteins with known function, and a few being similar to proteins encoded by phages or prophages, which led to the suggestion that the plasmid originated from a bacteriophage [START_REF] Jeblick | Sequence, transcription activity, and evolutionary origin of the R-body coding plasmid pKAP298 from the intracellular parasitic bacterium Caedibacter taeniospiralis[END_REF], which is consistent with early observations of the association of phage-like particles with R-bodies [START_REF] Preer | Kappa and other endosymbionts in Paramecium aurelia[END_REF]. A protein with homology to the Soj-ParA family of membrane-associated ATPases was suggested as a possible candidate for the toxin, which would kill the host by somehow affecting its membrane, although a precise mechanism was not proposed [START_REF] Jeblick | Sequence, transcription activity, and evolutionary origin of the R-body coding plasmid pKAP298 from the intracellular parasitic bacterium Caedibacter taeniospiralis[END_REF].

The harboring of an endosymbiont that produces R-bodies gives a competitive advantage to its killer Paramecium host with respect to sensitive strains [START_REF] Kusch | Competitive advantages of Caedibacter-infected Paramecia[END_REF]. In turn, R-body production seems to play a role in defense against predation and creates a benefit for the Caedibacter strains at the population level (Sanchez-Amat 2006). However, many important questions remain to be clarified. For example, it is not known how obligate symbiosis is established in the first place or how sensitive strains can pick up Caedibacter and become killers, nor how killer Paramecium strains are protected from their own specific R-body producing endosymbionts [START_REF] Gibson | Transplantation of killer endosymbionts in paramecium[END_REF][START_REF] Preer | Kappa and other endosymbionts in Paramecium aurelia[END_REF].

Interestingly, casual observations of coiled R-body structures of various types have been reported in several free-living bacteria: the hydrogen-oxidizing b-proteobacterium Pseudomonas taeniospiralis [START_REF] Lalucat | Spiral bodies"-intracytoplasmic membraneous structures in a hydrogen oxidizing bacterium[END_REF], now known as Hydrogenophaga taeniospiralis; the soil b-proteobacterium Pseudomonas avenae [START_REF] Wells | The ultrastructure of Pseudomonas avenae II. Intracellular refractile (R-body) structure[END_REF], now known as Acidovorax avenae subsp. avenae; the soil strain Pseudomonas sp. EPS-5028 [START_REF] Fusté | Isolation of a new free-living bacterium containing R-bodies[END_REF]; the anoxigenic photosynthetic N2-fixing a-proteobacterium Rhodospirillum centenum [START_REF] Favinger | Rhodospirillum centenum, sp. nov., a thermotolerant cyst-forming anoxygenic photosynthetic bacterium[END_REF]; the soil strain Pseudomonas aeruginosa 44T1 [START_REF] Espuny | R-bodies in Pseudomonas aeruginosa strain 44T1[END_REF]; and the melanin-producing marine g-proteobacterium Marinomonas mediterranea [START_REF] Hernandez-Romero | Marinomonas mediterranea is a lysogenic bacterium that synthesizes R-bodies[END_REF]. However, no further study on these R-body structures has been reported for any of these species [for review, see (Sanchez-Amat 2006)], nor have they been linked to the presence of Reb homologs in their genomes. Therefore, the role of these R-bodies in these diverse bacterial remains puzzling. A recent study has shown the presence of Reb homologs in the genome of the rhizobiale Azorhizobium caulinodans, a microsymbiont of the tropical legume Sesbania rostrata [START_REF] Akiba | phrR-like gene praR of Azorhizobium caulinodans ORS571 is essential for symbiosis with Sesbania rostrata and is involved in expression of reb genes[END_REF]. Interestingly, deletion of the putative transcription factor praR caused aberrant nodule formation and was linked to greater expression of the reb locus. On the contrary, a double reb and praR mutant had a restored wild-type nodule formation. The authors hypothesized that praR is essential to suppress the killer trait conferred by the reb locus and establish symbiosis between A. caulinodans and S. rostrata [START_REF] Akiba | phrR-like gene praR of Azorhizobium caulinodans ORS571 is essential for symbiosis with Sesbania rostrata and is involved in expression of reb genes[END_REF]). However, it is not known whether A. caulinodans is able to make R-bodies. The authors also reported the presence of Reb homologs in a number of Proteobacteria and in the Bacteroidetes member Kordia algicida OT-1 [START_REF] Akiba | phrR-like gene praR of Azorhizobium caulinodans ORS571 is essential for symbiosis with Sesbania rostrata and is involved in expression of reb genes[END_REF].

Here, we have performed an exhaustive phylogenomic analysis of Reb homologs in currently available bacterial genomes. Reb homologs are widely distributed in members of Proteobacteria, comprising many free-living taxa as well as symbionts or pathogens of various eukaryotes, including humans. The evolutionary history of reb genes appears very dynamic, involving vertical inheritance, horizontal gene transfers, and gene duplications. By combining phylogenetic, genome synteny, and genomic content analyses, we highlight a few potential candidate partners of Reb proteins. Finally, we found no clear signs of reb loci originating from defective prophages, or from recent transfer via mobile elements. Ecological implications are discussed.

MATERIALS AND METHODS

Homology searches

Reb proteins (A-D) encoded in the plasmid pKAP298 from C. taeniospiralis (AAR87077.1, AAR87076.1, AAR87131.1, AAR87075.1) were used as seeds to search for Reb homologs in the nonredundant protein database at the National Center for Biotechnology Information (NCBI). Homology searches were performed by BlastP (Altschul et al. 1997) and all hits within an e-value cutoff of 1 • 10 23 were retained. PSI-BLAST and tBLASTn programs (Altschul et al. 1997) also were used to search for highly divergent or misannotated Reb homologs. Searches were reiterated by using a number of seeds from various taxa. We also performed targeted searches against the metagenome and the viral sequence databases at the NCBI, and against all eukaryotic genome sequence available at the Joint Genome Institute (http://genome.jgi.gov). Sequences were aligned using Muscle 3.8.31 (Edgar 2004). Poorly aligned or divergent sequences were manually removed. Finally, HMM searches were performed with HMMER 3.0 (hmmer.org) against a local databank of 841 complete bacterial genomes (only one representative per species), including 435 from Proteobacteria downloaded from the NCBI ftp Genomes server using a model built on the multiple alignment of all previously recovered Reb proteins, but no additional homologs were found.

Sequence analysis

Sequence secondary structures were predicted using PSIPRED (http:// bioinf.cs.ucl.ac.uk/psipred/) [START_REF] Buchan | Protein annotation and modelling servers at University College London[END_REF]. Alpha helical wheel diagrams were created using the tool created by Don Armstrong and Raphael Zidovetzki (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi). Pre-dictProtein was used to search for additional structural features (http://www.predictprotein.org/). We searched for Reb homologs with available 3D structures using sequence based-PSI-BLAST (Altschul et al. 1997) searches at the PFAM and Uniprot databases by using HHpred (http://hhpred.tuebingen.mpg.de/hhpred) and FFAS03 (http://ffas.ljcrf.edu/ffas-cgi/cgi/ffas.pl). WebLogo analysis was performed at http://weblogo.berkeley.edu/.

Phylogenetic analysis

The final dataset of 203 Reb homologs was aligned using Muscle 3.8.31 (Edgar 2004) and trimmed using BMGE (Criscuolo and Gribaldo 2010) with the less-stringent parameters (Blosum30), giving a dataset of 73 unambiguously aligned amino acid positions for phylogenetic analysis. A Bayesian tree was obtained using Phylobayes 3.3 (Lartillot et al. 2009). (See figure legends for details on analyses.) 16s rRNA sequences from Proteobacterial taxa representative of the diversity of this phylum were downloaded from the NCBI, as well as from the specialized Silva (http://www.arb-silva.de/) and the Ribosomal Database Project (http://rdp.cme.msu.edu/) databases. Sequences were aligned using Muscle 3.8.31 (Edgar 2004) and manually trimmed using the ED program of the MUST suite (Philippe 1993). Maximum likelihood trees were obtained using Treefinder (Jobb et al. 2004). (See figure legends for details on analyses.)

Genome synteny and genome content analysis

For genome synteny analysis, we retrieved the five open reading frames upstream and downstream of the reb loci (or extracted from contigs when the whole genome sequence was not available). Protein sequences were defined as homologous when sharing at least 40% similarity and less than 20% difference in length. Pairs of homologous proteins were then expanded to homologous protein families by including all proteins homologous to at least one member of the family.

For genome content analysis, families of homologous proteins were built from 861 fully sequenced bacterial genomes downloaded from the NCBI ftp Genomes server. Protein sequences were defined as homologous if sharing at least 50% similarity and less than 20% difference in length. Pairs of homologous proteins were then expanded to homologous protein families by including all proteins homologous to at least one member of the family.

RESULTS

Taxonomic distribution

Although the production of R-bodies has been observed in a few freeliving bacteria (see Introduction), the effective distribution of Reb homologs in prokaryotes has not been clear. We carried out an exhaustive search for Reb homologs in current sequence databases (see Materials and Methods) (Figure 2). We found no additional homologs of RebC other than the C. taeniospiralis pKAP298 plasmid, indicating that this protein is specific to the Caedibacter Reb system. On the contrary, RebB, RebA and RebD are homologous and widely distributed. We identified 203 Reb homologs from 64 taxa belonging exclusively to Proteobacteria, with the one exception of Kordia algicida OT-1, which belongs to the phylum Bacteroidetes, as recently noticed [START_REF] Akiba | phrR-like gene praR of Azorhizobium caulinodans ORS571 is essential for symbiosis with Sesbania rostrata and is involved in expression of reb genes[END_REF]. Reb homologs are widely distributed among representatives of four of the six subdivisions of Proteobacteria, Alpha, Beta, Gamma, and Delta (Figure 3). We found between one and nine Reb homologs in each genome (Figure 2). Although reb genes were first identified on the C. taeniospiralis pKAP298 plasmid, we found Reb homologs on only two additional plasmids: the megaplasmid from the a-proteobacterium Ruegeria pomeroyi DSS-3, and the AZOBR_p4 plasmid from the a-proteobacterium Azospirillum brazilense Sp245 (Figure 2). The availability of a complete genome for these two taxa indicates that no additional homologs are present on the chromosome. We could not find any other Reb homologs in viruses, Archaea, or Eukarya, apart from four homologs from the Global Ocean Sampling marine metagenome sequence database that are closely related to Proteobacteria (not shown).

Of importance, for three taxa with available sequence data, we could link for the first time the previously reported observation of Rbodies (see Introduction and references therein) with the presence of Reb homologs. In particular, R. centenum has six copies, A. avenae has four copies, and M. mediterranea has nine copies (Figure 2). Rebcontaining taxa display a wide variety of lifestyles. Albeit many taxa harboring Reb homologs harbor free-living lifestyles in a wide variety of environments, from marine to terrestrial, a few taxa other than C. taeniospiralis appear to have an interaction with eukaryotes. For example, Pseudovibrio sp. JE062 is a symbiont of sponges; Vibrio fischeri ES114 is the specific bioluminescent symbiont in the light-emitting organs of certain squids and fishes; Labrenzia alexandrii and Oceanicaulis alexandrii have been isolated from dinoflagellates; Stenotrophomonas maltophilia R551-3, Azospirillum brasilense Sp245, and Pseudomonas fluorescens Pf-5 are plant growth2promoting endophytes; various strains of Burkholderia ambifaria are important in the biocontrol of pea plant phytopathogens; and Azorhizobium caulinodans is a nitrogen-fixing proteobacterium involved in mutualistic rhizobiale symbioses with plant roots.

Other than in the algae pathogen Kordia algicida, we also found Reb homologs in a number of important pathogens of plants such as Acidovorax avenae subsp. avenae ATCC 19860; various strains of Xanthomonas; Burkholderia gladioli and B. glumae; Ralstonia syzygii R24; but also in important pathogens of aquatic animals such as shrimp and corals (Vibrio nigripulchritudo ATCC27043; Vibrio coralliilyticus ATCC-BAA450). Reb homologs were also found in the genomes of opportunistic pathogens of humans, such as various strains of Pseudomonas aeruginosa, including the hypervirulent LESB58 strain; in various strains of Burkholderia pseudomallei, the causative agent of meilodiosis, in B. mallei, that causes glanders and pneumonia; and Stenotrophomonas maltophila, a rare but serious threat to patients who require catheterization. We also observed some interesting patterns by looking at the distribution of Reb homologs in closely related strains (Figure 2). For example, although the sponge symbiont Pseudovibrio sp. JE062 harbors reb genes, its closely related free-living relative Pseudovibrio sp. FO-BEG1 does not. Similarly, Burkholderia thailandensis MSMB43, an opportunistic pathogen that causes meilodiosis, has reb genes, whereas the closely related B. thailandensis E264, a common soil and avirulent strain, does not (Figure 2).

Sequence analysis

Despite the widespread presence of Reb homologs in many bacterial taxa, it remains to be proven experimentally that these are responsible for producing R-bodies. However, some hints can already be gained from sequence analysis.

Reb homologs are 95 amino acids long on average. They show good conservation at the sequence level and all display a basic alpha helical secondary structure with no significant structural difference among sequences (Figure 4A). Very little is known about the regulation and mechanism of R-body assembly [for review see, [START_REF] Sanchez-Amat | R-bodies[END_REF]]. We could not observe any particular pattern in the sequences that allows distinguishing the equivalents of RebA, B, and D of C. taeniospiralis in other taxa, and this was also confirmed by phylogenetic analysis. Overall sequence conservation is high, suggesting that these Reb homologs are likely functional and conserved at the structural level. A WebLogo analysis highlighted highly conserved positions (Figure 4B) that may be important for R-body assembly and/or unrolling-rolling, and should be the target of choice of future mutation studies. Unfortunately, we could not identify any homologous proteins with a solved crystal structure in extant databases (see Materials and Methods). Small proteins assembling into structures frequently display amphipathic helices, which consist of hydrophobic amino acids concentrated on one side and hydrophilic or polar amino acids on the other, and these can be highlighted using helical wheel diagrams (see Materials and Methods). However, we found no evidence that the helices of Reb homologs display amphipathic character (data not shown). Obtaining the 3-D structure of an R-body will therefore be essential to understand how Reb homologs assemble and function. When present in multiple copies, Reb homologs are clustered on the genome, mostly lying side-by-side or separated by a few intervening genes (Figure 5). We generally found only one reb locus per genome, with the exception of M. mediterranea whose nine homologs are organized into two different genomic regions, and Xanthomonas axonopodis and Chromobacterium violaceum, which both have an extra Reb homolog located far from the main cluster (Figure 5). Given their short length, the phylogeny of Reb homologs is globally poorly resolved, but a few monophyletic groups are apparent which are consistent with genomic synteny (Supporting Information, Figure S1 and Figure 5). This allowed us to infer the evolutionary history of these Reb homologs (Figure 5). In some cases, Reb homologs from the same taxon are more closely related to each other than to Rebs of other taxa, suggesting that these have arisen from species-specific duplication events. This is for, instance, the case of five reb genes from Marinomonas sp. MED121, which are all more closely related to each other than to any other Reb (Figure 5). The same can be said for the six of the seven reb genes from Vibrio fischeri ES114 (Figure 5). In other cases, there is clear evidence for vertical inheritance of Reb proteins from the ancestor of a specific Proteobacterial family (e.g., Xanthomonas) (Figure 5). In yet other instances, Reb proteins are most closely related among distantly related lineages, suggesting horizontal transfer of the whole locus, for example in the case of Marinomonas mediterranea MMB-1 and Shewanella denitrificans OS217 (Figure 5). Horizontal gene transfer was also suggested for extra reb copies in a few taxa (Figure 5). Finally, phylogeny could not help in assigning the equivalents in other taxa of the RebA-B-D of C. taeniospiralis, as these are more closely related among themselves (Figure S1). It is therefore difficult to make analogies between the previously reported data on the role of the RebA-B-D of C. taeniospiralis in the assembly process of its R-bodies and what occurs in the other taxa. Moreover, because we found no homologs of RebC outside C. taeniospiralis, it is possible that other proteins have analogous function in Reb-harboring taxa. This finding would be consistent with RebC being a transcription regulator and therefore potentially species-specific.

In search for potential partners of Reb proteins

It has been shown that RebA, B and C from C. taeniospiralis are sufficient for production of type 51 R-body in E. coli but not for the killing phenotype (see Introduction), which indicates that yet-unidentified partners coded on either the plasmid or the chromosome of C. taeniospiralis are involved in the killing. Interestingly, we found no homologs of the 63 proteins encoded in the C. taeniospiralis pKAP298 plasmid in any of the Reb-harboring taxa. This may indicate that none of these proteins is a likely candidate for the killing toxin, which would be then encoded in the C. taeniospiralis genome (yet unavailable). Alternatively, the C. taeniospiralis toxin may well be on the plasmid but is not conserved in other bacteria, which may either display no killing activity or use nonhomologous toxins.

To search for candidate partners of Reb proteins, we carried out a genome synteny analysis of the reb locus in 41 taxa for which a complete genome or sufficient genomic structure information is available (Figure 6, see Materials and Methods). Two mutually exclusive synteny patterns could be observed (hereafter referred to as Group 1 and 2, respectively; Figure 6). Strikingly, the genes included in these conserved synteny patterns are exclusively present in Rebharboring taxa, strongly suggesting a functional link with the Reb system. The Group 1 synteny pattern is defined by four proteins annotated as hypothetical: HP1.1 (red), HP1.2 (blue), HP1.3 (yellow), and HP1.4 (orange), which are only found in the surroundings of the reb locus and are only present in Reb-harboring taxa. The HP1.4 (~60280 aa) and HP1.3 (!170 aa) proteins appear to be distant Reb homologs. However, they lack some of the conserved amino acid positions characteristic of other Reb proteins, and the HP1.3 protein is approximately twice as long as a typical Reb (data not shown). The HP1.1 (~360 aa) and the HP1.2 (~1102120 aa) proteins display no putative conserved domains. These four proteins often exhibit the same genomic organization (HP1.1,HP1.2,HP1.3, HP1.4; Figure 6). In three cases, another hypothetical protein (HP1.5, purple) is associated with this context, and is distantly related to the HP1.3 protein (Figure 6).

The Group 2 synteny pattern is defined by the presence of two proteins annotated as hypothetical: HP2.1 (light blue) and HP2.2 (fuchsia) (Figure 6). These proteins are approximately the same size (~2052220 aa) and display no putative conserved domains. They frequently co-occur, but their genomic organization varies in different taxa. An interesting characteristic of Group 2 synteny pattern is the frequent association with a putative RNA polymerase sigma-factor protein (HP2.3, light pink) and a transcriptional regulator/cyclic nucleotide binding protein (HP2.4, dark pink), which might be involved in transcription regulation of reb genes in these taxa. It should be noted that the conserved Group 1 and Group 2 synteny patterns are generally consistent with the Reb clusters highlighted by phylogenetic analysis (Figure 5) and have phylogenies similar to the Reb one (not shown), indicating a common evolutionary history and providing further suggestion of a functional link between these proteins and Reb proteins. As an additional strong indication, the plasmid sequence of A. brasilense contains the four proteins characteristic of the Group 1 synteny pattern.

A few taxa did not present any particularly conserved genomic context nor did they harbor the conserved genes found in Group 1 or Group2 synteny patterns. It is therefore possible that other genetic elements important for reb function are located in different positions of the genome in these taxa. To this end, we sought to identify additional proteins specific to Reb-harboring taxa by carrying out a whole-genome content analysis (see Material and Methods). Using the complete genomes of 841 bacterial taxa-including 25 Reb-harboring complete genomes-we constructed protein families having at least 50% identity and 80% size conservation (see Material and Methods). This analysis confirmed that the only protein family exclusively present in Rebharboring taxa is the Reb family itself, along with the protein families specific to Group 1 and 2 synteny patterns (Figure 7). Although genomes of taxa not containing Reb homologs harbored distant homologs of the HP2.3 and HP2.4 (light pink and dark pink) proteins of genome synteny patterns, these fell outside of subfamilies which are exclusively present in Reb-harboring taxa. These few conserved proteins might be either involved in regulation of R-body assembly and function, or represent the toxin, and should be priority targets for future studies. It will also be interesting to test whether the Reb-harboring taxa that harbor none of these candidate partners are able to make R-bodies or display killing activity. Finally, it should be noted that none of these proteins belong to the Soj-ParA family or any annotated membrane-associated ATPase, weakening the previous hypothesis that these types of protein may represent the toxin responsible for killing [START_REF] Jeblick | Sequence, transcription activity, and evolutionary origin of the R-body coding plasmid pKAP298 from the intracellular parasitic bacterium Caedibacter taeniospiralis[END_REF].

A phage origin? Jeblick and Kush emphasized the presence of phage-related genes on the reb carrying plasmid [START_REF] Jeblick | Sequence, transcription activity, and evolutionary origin of the R-body coding plasmid pKAP298 from the intracellular parasitic bacterium Caedibacter taeniospiralis[END_REF] and Preer [START_REF] Preer | Kappa and other endosymbionts in Paramecium aurelia[END_REF]) observed an association of phage-like particles with Rbodies, suggesting that R-bodies may be encoded by defective phage genes. Moreover, the evolutionary analysis of Reb families (Figure 5) and their genomic context (Figure 6) suggest horizontal gene transfer events, for which bacteriophages are known to be major contributors. However, we found no Reb homologs in genomic sequences from phages. We therefore sought to see if Reb homologs are part of integrated elements or prophages. We examined the 40 kbp on each side of the reb locus in the 25 Reb-harboring taxa for which complete genome sequences are available for the presence of prophages (integrated phages) or other phage-related elements. First, we searched using the PHAST database [http://phast.wishartlab.com (Zhou et al. 2011)], which contains phage proteins that have been associated with a clear phage function. However, none of these regions were positive for prophage sequences. As a complementary analysis, we specifically searched a comprehensive local databank of 1130 bacteriophage sequences downloaded from GenBank (December 2011), which included 248 phages isolated from 33 proteobacterial genera. These regions did not display any specific similarity to phage elements. We also looked at whether reb loci are embedded in genomic islands by running searches on the IslandViewer server [http://www.pathogenomics.sfu.ca/islandviewer [START_REF] Langille | IslandViewer: an integrated interface for computational identification and visualization of genomic islands[END_REF]], which combines several prediction methods: (1) atypical dinucleotide content; or (2) codon usage; (3) identification of unique regions not present in closely related genomes; and ( 4) presence of genes that are functionally related to mobile elements. However, none of the analyzed genomes displayed identified potential genomic islands adjacent to or surrounding the reb locus. We also verified from the literature whether Reb homologs were present in any previously reported genomic region of potential exogenous origin. For example, reb genes did not fall into any of the two atypical regions identified in the genome of Xanthomonas oryzae pv. oryzae PXO99A [START_REF] Salzberg | Genome sequence and rapid evolution of the rice pathogen Xanthomonas oryzae pv. oryzae PXO99A[END_REF], nor in the four atypical regions highlighted in the genome of Xanthomonas campestris pv. campestris str. ATCC 33913 [START_REF] Vorholter | Comparison of two Xanthomonas campestris pathovar campestris genomes revealed differences in their gene composition[END_REF], and were not included in any of the prophage islands identified in the genome of the Pseudomonas aeruginosa hypervirulent LESB58I strain [START_REF] Winstanley | Newly introduced genomic prophage islands are critical determinants of in vivo competitiveness in the Liverpool epidemic strain of Pseudomonas aeruginosa[END_REF]. Finally, among 1062 plasmid sequences available from Proteobacteria, we detected reb genes only on two plasmids other than the C. taeniospiralis plasmid pKAP298: the Azospirillum brasilense Sp245 plasmid AZOBR_p4 and the Ruegeria pomeroyi DSS-3 megaplasmid. 

DISCUSSION

Despite having been continuously and intensively studied from the 1930s through the 1980s, recent data on R-bodies have been scarce. With a whole array of novel technology, studies on the diversity and role of these puzzling bacterial structures can now be fully tackled. Our exhaustive analysis shows that Reb homologs are widely present in Proteobacterial genomes spanning the diversity of this major bacterial phylum, indicating that they are much more widespread than previously known. In the perspective of obtaining experimental data, our analysis remains for the time being largely descriptive, but nevertheless provides a number of interesting hints for discussion and future work.

Sequence analysis suggests structural and functional conservation, indicating that Reb homologs are likely responsible for the production of functional R-bodies in all the taxa where we found them, although this needs to be verified experimentally. Moreover, the presence of Reb homologs in bacteria where R-bodies have been previously observed is already a good hint. The occurrence of R-bodies in a wide range of bacteria harboring Reb homologs should be tested, with priority given to those that have medical, agricultural, and ecological implications. Our data will also help direct mutational studies to characterize the system further through structural and functional analysis of reb genes from Caedibacter but also other taxa, including those that harbor multiple reb genes and those that have only one copy. Also, it will be important to verify the involvement in R-body production, assembly, regulation, and killing of the likely partners that we have identified by genome context and whole genome content analysis. Because none of the Reb-harboring genomes identified in this study possess homologs of the genes carried by the C. taeniospiralis plasmid, it is possible that the killing toxin is encoded in the C. taeniospiralis genome and is perhaps one of the candidate genes that we have identified. The completion of this genome will therefore be very important. Another possibility is that the R-bodies are delivery systems for species-specific toxins.

Our analysis of taxonomic distribution shows that Reb homologs are present in taxa displaying very different lifestyles, suggesting that the role of R-bodies in nature could be quite diverse. Moreover, we show that intact reb loci have been spread among Proteobacterial taxa via horizontal transfer, indicating that an advantage exists in acquiring and keeping R-bodies. However, we found no clear signs of a phage origin for the reb loci. It remains possible that this is due to an undersampling of phages from the Reb-harboring taxa or that these horizontal transfers correspond to events old enough to have allowed sequences to adapt to the new genome, or that all traces of the transfer vectors have been erased from the genome after transfer. Some of the Reb-harboring taxa have very important ecological, agricultural, and medical relevance. In addition, by observing the pattern of presence/absence of reb genes in closely related strains, we found intriguing links between virulence and presence of reb genes that will surely be worthy of further investigation. R-bodies may be involved in mediating interactions of these bacteria with eukaryotic cells, perhaps through the triggering of unrolling when ingested in the vacuole, similarly to what observed in the Caedibacter/Paramecium interaction.

We found Reb homologs in many free-living bacteria. R-bodies in these bacteria may be used as a defense mechanism against grazing by eukaryotes. Bacteria have in fact developed various strategies against protozoan predation in nature [START_REF] Matz | Off the hook-how bacteria survive protozoan grazing[END_REF]. Many examples have been reported of cytotoxicity responses against grazing by eukaryotes in different bacteria such as Pseudomonas [START_REF] Matz | Microcolonies, quorum sensing and cytotoxicity determine the survival of Pseudomonas aeruginosa biofilms exposed to protozoan grazing[END_REF][START_REF] Weitere | Grazing resistance of Pseudomonas aeruginosa biofilms depends on type of protective mechanism, developmental stage and protozoan feeding mode[END_REF] and Vibrio [START_REF] Erken | In situ grazing resistance of Vibrio cholerae in the marine environment[END_REF]. Also, it is tempting to speculate that some of these free-living, Reb-harboring taxa can establish transient "killing" symbioses with ciliates or other protists, as seems to be indicated by the fact that some Reb-harboring taxa have indeed been isolated from aquatic microbial eukaryotes. It will be interesting to perform feeding experiments to test their killing potential in Paramecium and also other protistan taxa, such as algae. Indeed, we confirmed the presence of reb genes in Kordia algicida, a planktonic bacterium recently highlighted as a killer of diatoms by a yet unclear mechanism involving an unidentified protease [START_REF] Paul | Interactions of the algicidal bacterium Kordia algicida with diatoms: regulated protease excretion for specific algal lysis[END_REF]. Our study suggests that delivery of this protease could Figure 6 Genome synteny analysis of the reb locus mapped onto an Unrooted Maximum likelihood phylogenetic tree of 16s rRNA sequences from the 64 reb-containing Proteobacteria. The tree was created using Treefinder with the GTR model of nucleotide substitution and a discrete gamma distribution with four categories to take into account among-site rate variation. Numbers at nodes indicate BVs for 100 replicates of the original dataset. For clarity, only BVs greater than 50% are shown. The scale bar represents the average number of substitutions per site. Species where Reb homologs are located on a plasmid are marked by a black circle. A white star in a red circle marks the fully sequenced genomes used in the analysis. Reb homologs are shown in green. Homologous genes are represented by the same color. For clarity, only genes discussed in the text are indicated. Black slash-like symbols represent large regions in between genes. The RebC of C.taeniospiralis (AAR87131) is shown in light green and outlined in black to indicate its lack of homology with the other rebs. The genome context for the Flavobacterium K. algicida is shown separately.
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be performed via R-bodies, which would therefore be important players in the regulation of algal blooms. Similarly, it would be interesting to verify whether the presence of Reb homologs in the powerful coral pathogen Vibrio coralliilyticus is linked to R-body production and if these are somehow involved in delivery of the killing toxin. The killing factor produced by K. algicida is triggered independently of the presence of the diatom target but rather likely depends on a quorum sensing mechanism when the population size reaches a certain density [START_REF] Paul | Interactions of the algicidal bacterium Kordia algicida with diatoms: regulated protease excretion for specific algal lysis[END_REF]. Similarly, the triggering of R-body production in a fraction of the Caedibacter endosymbiont population in Paramecium, a phenomenon that is not yet understood, may be regulated by a quorum sensing mechanism.

In addition, our study suggests that R-bodies may be involved in the interaction of Proteobacteria with several multicellular organisms, such as plants and animals. The recently reported involvement of reb genes in the regulation of a rhizobial symbiosis [START_REF] Akiba | phrR-like gene praR of Azorhizobium caulinodans ORS571 is essential for symbiosis with Sesbania rostrata and is involved in expression of reb genes[END_REF]) and the presence of Reb homologs in a number of Proteobacteria known to interact with plant roots is intriguing, and it is not excluded that Rbodies may help the bacterium to move through plant tissues, via delivery of specific lytic compounds. Indeed, we found Reb homologs in a number of bacterial strains known to be able to penetrate the xylem of plants. A similar mechanism may be used to move through tissues by some Proteobacteria that interact with animals, such as Vibrio fischeri with its squid host. Finally, the presence of reb genes in important pathogens of eukaryotes, including humans, some of which are responsible for emerging and poorly characterized infections, should prompt the study of their potential involvement in the infection process, perhaps by helping tissue invasion.

If our predictions are verified, bacteria may represent a largely overlooked role in the regulation of microbial eukaryotic abundance and distribution, in addition to the much more studied impact of viruses. This regulation may be performed at different levels, by direct killing of eukaryotic grazers, but also by providing mechanisms used for defense among eukaryotes, as is the example of the Paramecium/ Caedibacter symbiosis. Interestingly, it was recently reported that the thricocysts of eukaryotic algae belonging to the Cryptomonads, ejectile organelles that are probably used with a defensive role against predation, are composed of four proteins that share similarity with Reb proteins [START_REF] Yamagishi | Trichocyst ribbons of a cryptomonads are constituted of homologs of R-body proteins produced by the intracellular parasitic bacterium of Paramecium[END_REF]. The authors proposed that these proteins were acquired horizontally from Proteobacteria. R-body2harboring bacteria could therefore play a larger role in the origin and spread of defense mechanisms in eukaryotic microorganisms. Finally, elucidation of the mechanism of rolling/unrolling/toxin delivery of R-bodies will surely open the way to interesting biotechnological applications.

Figure 7 Whole genome content analysis. Graphical representation of protein families created using the R software (R Development Core Team 2011). The 25 fully sequenced Reb-harboring taxa are represented on the x-axis and the other 816 fully sequenced bacterial taxa analyzed are represented on the y-axis. Each point on the graph represents a protein family (see Materials and Methods for details on how protein families were defined). For example, the Reb family (indicated by a green box) is present in 24 fully sequenced Reb-harboring taxa but in none of the remaining genomes. The 4 Rebs of Acidovorax avenae subsp. Avenae ATCC 19860 did not fall into the Reb protein family because they are very divergent (see Figure 5 and Figure S1). The other five unique protein families specific to Reb-harboring taxa (see main text) are shown with boxes corresponding to colors as defined in the legend to Figure 6.
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Abstract

Background: A seventh order of methanogens, the Methanomassiliicoccales, has been identified in diverse anaerobic environments including the gastrointestinal tracts (GIT) of humans and other animals and may contribute significantly to methane emission and global warming. Methanomassiliicoccales are phylogenetically distant from all other orders of methanogens and belong to a large evolutionary branch composed by lineages of non-methanogenic archaea such as Thermoplasmatales, the Deep Hydrothermal Vent Euryarchaeota-2 (DHVE-2, Aciduliprofundum boonei) and the Marine Group-II (MG-II). To better understand this new order and its relationship to other archaea, we manually curated and extensively compared the genome sequences of three Methanomassiliicoccales representatives derived from human GIT microbiota, "Candidatus Methanomethylophilus alvus", "Candidatus Methanomassiliicoccus intestinalis" and Methanomassiliicoccus luminyensis.

Results: Comparative analyses revealed atypical features, such as the scattering of the ribosomal RNA genes in the genome and the absence of eukaryotic-like histone gene otherwise present in most of Euryarchaeota genomes.

Previously identified in Thermoplasmatales genomes, these features are presently extended to several completely sequenced genomes of this large evolutionary branch, including MG-II and DHVE2. The three Methanomassiliicoccales genomes share a unique composition of genes involved in energy conservation suggesting an original combination of two main energy conservation processes previously described in other methanogens. They also display substantial differences with each other, such as their codon usage, the nature and origin of their CRISPRs systems and the genes possibly involved in particular environmental adaptations. The genome of M. luminyensis encodes several features to thrive in soil and sediment conditions suggesting its larger environmental distribution than GIT. Conversely, "Ca. M. alvus" and "Ca. M. intestinalis" do not present these features and could be more restricted and specialized on GIT. Prediction of the amber codon usage, either as a termination signal of translation or coding for pyrrolysine revealed contrasted patterns among the three genomes and suggests a different handling of the Pyl-encoding capacity. Conclusions: This study represents the first insights into the genomic organization and metabolic traits of the seventh order of methanogens. It suggests contrasted evolutionary history among the three analyzed Methanomassiliicoccales representatives and provides information on conserved characteristics among the overall methanogens and among Thermoplasmata.

Keywords: Archaea, Methanomassiliicoccales, Methanomethylophilus, Methanomassiliicoccus, Origin of replication (ORI) binding (ORB) motif, Genome streamlining, CRISPR, Pyrrolysine Pyl, H 2 -dependent methylotrophic methanogenesis, Energy conservation

Background

Methanogenic archaea are distributed worldwide in anaerobic environments and account for a large proportion of methane emissions into the atmosphere, partly due to anthropogenic activity (e.g. rice fields and livestock). Over the last ten years, sequences of novel archaeal lineages distantly related to all orders of methanogens have recurrently been found in diverse anaerobic environments. One of these lineages, phylogenetically related to the Thermoplasmatales, was first reported in the rumen [1,2] and was thereafter referred as Rumen Cluster-C in this environment [3]. The methanogenic nature of these archaea was subsequently strongly supported by the co-occurrence in human stool samples of 16S rRNA affiliated to this lineage and mcrA genes (a functional marker of methanogens) distantly related to any other methanogens [4,5]. The final evidence that they represent a new order of methanogens was recently given with the isolation of Methanomassiliicoccus luminyenis B10 from human feces [6] and the culture in consortia of several strains of this order: "Candidatus Methanomethylophilus alvus" [7] and "Candidatus Methanomassiliicoccus intestinalis" [8] from human feces samples, MpT1 and MpM2 [9] from termite gut and "Candidatus Methanogranum caenicola" [10] from waste treatment sludge. All the culture-based studies agreed on a common methanogenic pathway relying on the obligate dependence of the strains on an external H 2 source to reduce methyl-compounds into methane. The restriction to this metabolism was previously only observed in two methanogens from digestive tract (Methanosphaera stadtmanae and Methanomicrococcus blatticola) and considered an exception [11]. The apparently large distribution of this obligate metabolism among this novel order of methanogens turns this exception into one of the important pathways among the overall methanogens. It also highlights the need for a more cautious utilisation of the term of "hydrogenotrophic methanogens" which is generally used to refer to methanogens growing on H 2 + CO 2 , but also fits for an increasing number of described methanogens growing on H 2 + methyl-compounds. Two names were proposed for this order, Methanoplasmatales [9] and Methanomassiliicoccales [10], the latter being now validated by the International Committee on Systematics of Prokaryotes [12]. For this reason, the name of Methanomassiliicoccales will be used in the current publication to refer to this novel order of methanogens.

The global contribution of Methanomassiliicoccales representatives to methane emission could be large, considering that it constitutes one of the three dominant archaeal lineages in the rumen [3] and in some ruminants it represents half or more of the methanogens [13][14][15]. Using mcrA and 16S rRNA sequences, several studies have also highlighted the broad environmental distribution of this order, not limited to digestive tracts of animals but also retrieved in rice paddy fields, natural wetlands, subseaflor and freshwater sediments for example [9,10,16,17]. Methanomassiliicoccales were split into three large clusters, the "Ca. M. alvus" cluster, grouping sequences mostly retrieved from digestive tract of animals, the M. luminyensis cluster, mainly composed of sequences from soils and sediments and to a lesser extent from digestive tracts, and the Lake Pavin cluster formed by sequences retrieved from diverse environments but not digestive tracts [16].

The genome sequences of three different Methanomassiliicoccales members cultured from human stool samples, M. luminyensis B10 [18], "Ca. M. intestinalis Mx1-Issoire" [8] and "Ca. M. alvus Mx1201" [7], have recently been made available [19]. M. luminyensis shows 98% identity with "Ca. M. intestinalis" over the whole 16S rRNA gene and only 87% with "Ca. M. alvus". According to the environmental origin of the sequences constituting the large cluster to which they belong, M. luminyensis and "Ca. M. intestinalis" might be more recently adapted to gut condition than "Ca. M. alvus". Moreover the important difference in genome size and [G + C] % content between the two Methanomassiliicoccus spp. genomes suggests a rapid evolution of one of them in response to its adaptation from soil or sediment to digestive tract conditions [8]. Despite the important phylogenetic distance between "Ca. M. alvus" and the Methanomassiliicoccus spp., these genomes uncover common unique genomic characteristics. In particular, the analysis of "Ca. M. alvus" and M. luminyensis methanogenic pathways revealed they lack the 6 step C 1 -pathway forming methyl-CoM by the reduction of CO 2 with H 2, otherwise present in all previously sequenced methanogens, fitting with their restriction to H 2 -dependent methylotrophic methanogenesis [16]. Moreover, these analyses helped define putative alternative substrates to methanol by identification of genes involved in the use of methylated-amines and dimethyl-sulfide. Methylated-amines utilization by Methanomassiliicoccales representatives has also been proposed in a metatranscriptomic study on rumen methanogens [17]. The use of tri-, di-and monomethylamine, with the obligate dependence on H 2 , has subsequently been validated in vivo with M. luminyensis [20]. This property could be significant for human health since gut-produced TMA could be implied in two different diseases [19][20][21][22]. The presence of pyrrolysine (Pyl, O), the 22 nd proteinogenic amino acid, is associated to this metabolism as it is incorporated in methyltransferases involved in utilization of methylated-amines through an amber codon suppression by a Pyl-tRNA [23,24]. All the necessary genetic machinery is found in the three genomes of the Methanomassiliicoccales, including the genes for pyrrolysine synthesis (pylBCD), the amber suppressor tRNA Pyl (pylT) and the dedicated amino-acyl tRNA synthetase (pylS). Their structure and unusual features, together with the evolutionary implications of this system have been recently described elsewhere [25].

These original metabolic and genetic characteristics, as well as the closer phylogenetic proximity of this order with Thermoplasmatales than other orders of methanogens prompted us to perform a more comprehensive analysis of these three genomes. We provide here their general characteristics, including comparisons to phylogenetic neighbor genomes, and derived potential metabolism and adaptation to environmental conditions from their gene composition. In the particular context of the missing genes of the CO 2 reduction-pathway otherwise shared by all other methanogens, we reevaluate the global core of enzymes that are unique and specific to all methanogens and highlight the atypical composition of genes likely involved in energy conservation. The potential usage of the amber codon as a translational stop signal or encoding a Pyl in proteins was analyzed and suggests a differential handling of the Pyl-encoding capacity among the three Methanomassiliicoccales representatives.

Results and discussion

General genomic features

Genome size, [G + C] %, CDS and tRNA numbers were separately reported in the announcement of these genomes [7,8,18]. Data are gathered in the Table 1 with other newly defined general features.

The tRNA gene complement present in the genomes is in part redundant and covers the usual 20 amino acids, with the exception of Lys in M. luminyensis, for which no tRNA was detected: this amino acid is likely encoded in the remnant ~17 kbp from this genome which are currently not available (Table 1). An archaeal complete set of amino-acyl tRNA synthetases is found in all three genomes, Asn-and Gln-tRNAs being obtained by an Asp-/Glu-tRNA (Asn/Gln) amidotransferase [26]. As previously described [25], an important feature is the presence of a tRNA Pyl in all the three genomes. Several small noncoding RNAs (ncRNAs, complete list in Additional file 1: Table S1) were detected. Among them are found a Group II catalytic intron (only in "Ca. M. alvus"), the RNA component of the archaeal signal recognition particle (aSRP RNA) and the archaeal RNAse P.

Strikingly, 16S and 23S rRNA genes are not clustered and do not form a transcriptional unit as found in most bacterial and archaeal genomes. Among archaea, this unusual characteristic was first documented in Thermoplasmatales [27], but is also found in related lineages such as the uncultured Marine Group II (MG-II) and Aciduliprofundum boonei (Figure 1). This particular organization of the rRNA genes is consistent with the phylogenetic position of the seventh order of methanogens determined using a concatenation of ribosomal proteins [16] and constitutes a distinctive characteristic of Thermoplasmatales and related lineages. On a practical point of view, this also indicates that the Ribosomal Intergenic Transcribed Spacer Analysis, recently proposed as a tool to study the diversity of the methanogenic archaea in digesters [28], will likely fail to detect the Methanomassiliicoccales representatives.

As previously reported [8], the three genomes show significant size heterogeneity, with a variation of 58% (from around 1.7 Mbp to 2.6 Mbp, Table 1). Such heterogeneity is found even within the same genus with 36% size variation between the genomes of "Ca. M. intestinalis" and M. luminyensis (1.9 to 2.6 Mbp). The number of genes is highly variable and ranges from 1,705 ("Ca. M. alvus") to 2,713 (M. luminyensis). The average CDS size and gene density is very close among the three genomes (around 900 bp and a protein coding gene every 984 to 1,054 bp). The main translation initiation codon is methionine (AUG) for which two copies of the corresponding tRNA are detected in "Ca. M. alvus" and three copies in "Ca. M. intestinalis" and M. luminyensis. In a lower extent, GUG and UUG are also found as translation start codons (Additional file 1: Table S2). Nucleotide composition [G + C] % ranges from 41.3% to 60.5% (Table 1) [7,8,18]. Codon usage patterns among CDS primarily reflect this [G + C] % variation, "Ca. M. intestinalis" primarily using AT-rich codons for a given amino acid (Additional file 1: Table S2). Two of the three stop codons follow this usage pattern, the ochre codon UAA accounts for 45% of the stop codons in the genome of "Ca. M. intestinalis" and respectively only 17% and 14% in the genomes of "Ca. M. alvus" and M. luminyensis and a 15 1 same trend is observed for opal codon UGA (Additional file 1: Table S2). However, a different pattern is observed for the amber codon UAG and could be the result of a different selection process (see dedicated section on amber codon usage and putative Pyl-containing proteins). All the ribosomal RNA genes of the three genomes have a [G + C] % above 50%. In "Ca. M. intestinalis", they thus have a largely higher [G + C] % than the genome average. When compared to M. luminyensis, general characteristics of the "Ca. M. intestinalis" genome suggest streamlining accompanied by a sharp [G + C] % reduction as previously observed in free-living Prochlorococcus [29]. This potential genomic evolution could be related to the recent colonization of digestive tract by "Ca. M. intestinalis" from soil or sediment environments.

CRISPR elements

The CRISPR system confers to prokaryotes a highly adaptive and heritable resistance to foreign genetic elements such as plasmids and phages [30][31][32][33]. CRISPR loci are composed of genome-specific conserved Direct Repeats (DRs) separated by small sequences (spacers) which constitute a record of past infections. CRISPR-associated (Cas) proteins are responsible for integration of new spacers borrowed from invasive DNA and use the small antisense RNA transcript of these spacers to protect the cell from new invasions. CRISPR loci were previously notified in the three Methanomassiliicoccales genomes [7,8,18] and are characterized in the present study. The CRISPR DRs are concentrated in one genomic unit in "Ca. M. intestinalis" and M. luminyensis but are interrupted by a gene encoding a putative IS4-type transposase (AGI85628.1) in "Ca. M. alvus". The DRs of the three genomes differ from each other in length (31 and 36 bp, Additional file 1: Table S3), sequence and associated 2D-structure (Additional file 2: Figure S1), and belong to three different superclasses. A CRISPR map analysis [34] attributed the M. luminyensis DRs to the superclass D, family 3 and the "Ca. M. intestinalis" DRs to the superclass A (no family) with a partial motif #27 which is exclusively shared with Methanococcales sequences (from Methanothermus okinawensis, Methanocaldococcus jannaschii and Methanocaldococcus fervens, Additional file 2: Figure S1). The "Ca. M. alvus" DRs (ATCTACACTAGTAGAAATTCTGAATGAGTTTT Data from [8]: in bracket stands the total bp (26 contigs) available from database [GenBank: CAJE01000001 to CAJE01000026], analyzed in this study.

e Presence of CRISPR repeats split into two neighboring loci (see Additional file 1: Table S3) surrounding a DNA sequence containing one gene encoding a putative transposase.

AGAC, superclass E) could not be classified in any sequence/structure family and likely represents a new family of CRISPR DR elements. The number of spacers within DRs ranges from 12 to 113 per locus (from 59 to 113 per genome). Each spacer has a particular size range, from 25 to 28 bp in "Ca. M. alvus" to 35 to 40 bp in M. luminyensis (Additional file 1: Table S3). A few other CRISPR-like elements are also found in as many as three copies and their functional role remains unknown (Additional file 1: Table S3).

According to the CRISPR system classification proposed by Makarova et al. [35] on the basis of organization and composition of the Cas protein-coding genes found in the neighborhood of the CRISPRs, M. luminyensis presents a CRISPR-Cas system subtype I-C (WP_019177384.1 to WP_019177390.1). The CRISPR-Cas system of "Ca. M. intestinalis" is a hybrid of the subtypes I-A and I-B since its organization corresponds to subtype I-B, but contains the signature gene of the subtype I-A (Cas8a) (AGN26276 to AGY50180.1). The recently defined PreFran subtype (for Prevotella and Francisella) is present in "Ca. M. alvus" (AGI85629 to AGI85632). Notably, the Cas1 protein of "Ca. M. alvus" is predicted to contain a pyrrolysine (see section on amber codon usage and putative Pylcontaining proteins).

As suggested by the different superclass assignments of the repeats and the different types of CRISPR-Cas system, these CRISPRs likely result from non-vertical inheritance among the three species. The PreFran type, only found in 20 bacterial genomes so far is rather uncommon in comparison to the type I of the Methanomassiliicoccus spp. Bacteria that hold the PreFan type are generally found in tight association with animals and the genus Prevotella is one of the dominant in rumen [36] and human gut [37] suggesting that "Ca. M. alvus" may have acquired this system through other gut bacteria. Moreover, the spacers are specific to each of the three genomes suggesting they undergone different histories of infection. In "Ca. M. alvus", one of the spacers is 93% similar (25 of 27 nt) to a ssDNA virus isolated from pig feces (JX305998.1).

With the exception of viruses from the families of Myoviridae and Siphoviridae (head-tail viruses) which also infect bacteria, archaeal viruses sequenced to date have almost no significant residue identity with each other and sequences in public databases [38,39]. Accordingly, 15 3

the lack of detection of prophage sequences by dedicated software does not imply the absence of prophages in these three genomes: some clusters of 10-30 adjacent genes with few significant matches in public databases might represent still unknown prophages. Furthermore, genes distantly related to phage ones are found in the three genomes and could belong to unknown prophages or represent residual traces of past infection. This is for example the case of two contiguous genes, present in the vicinity of the "Ca. M. intestinalis" CRISPR locus, which encode putative proteins (YP_008071639.1 & YP_0080716 40.1) with similarity to phage capsid synthesis proteins.

Genome replication

Origins of replication were identified with a consensus Origin Recognition Box (ORB) motif recently identified from active replication origins of Thaumarchaeota (Nitrosopumilus maritimus), Crenarchaeota and Euryarchaeota [40]. Several ORB motifs were found in the three genomes, most of them gathered by pairs (Table 2). A consensus sequence for a Methanomassiliicoccales ORB motif was deduced and shows little difference with the archaeal consensus recently proposed [40] (Table 2). Each of the three genomes possesses two copies of the orc1/cdc6 (Origin Recognition complex/Cell division cycle 6) gene (Table 3). At least two ORB motifs are found in the vicinity of only one of the two orc1/cdc6 genes. In the draft genome of M. luminyensis, these two genes are associated in the same contig (CAJE01000021), allowing comparison with the other two genomes. In every case, the orc1/cdc6 genes are each located on a different strand (Additional file 2: Figure S2). They are close together within the M. luminyensis and "Ca. M. intestinalis" genomes (respectively around 70 and 90 kbp), and more distant in "Ca. M. alvus" (around 695 kbp). They are inversely oriented in the three genomes. Consistent with a recent study [41], phylogenetic analysis reveals that these genes correspond to two paralogs, orc1/cdc6.1 and orc1/cdc6.2 (Additional file 2: Figure S3). orc1/cdc6.1 lies close to the predicted origin of replication, displays a conserved genomic context (Figure 2) is slow-evolving and groups phylogenetically with Thermoplasmatales/ DHVE2/uncultured Marine Group II (Additional file 2: Figure S3), consistent with vertical inheritance. On the other hand, orc1/cdc6.2 copies display much faster evolutionary rates, lies in a non-conserved genomic context (Figure 2), and show inconsistent phylogenetic placement close to Crenarchaeota (Additional file 2: Figure S3). This may be due to a tree reconstruction artifact or may represent a possible horizontal gene transfer from an unspecified crenarchaeon. Given its higher conservation, its conserved genomic context and its vicinity to ORB motifs, Orc1/Cdc6.1 is likely the main initiator protein and Orc1/Cdc6.2 may represent an inactive or accessory copy, possibly active in different environmental conditions.

The replication gene set is similar to that of the most closely related lineages (Table 3). However, some interesting features are present in the three genomes. For example, they do not harbor any homologs of the single-stranded binding protein SSB similarly to MG-II, whereas Thermoplasmatales and DHVE2 have both RPA and SSB. The absence of SSB may strengthen the sister relationship of the Methanomassiliicoccales and MG-II lineages as observed in a phylogenetic reconstruction based on ribosomal proteins [16]. The Methanomassiliicoccales, 

GTTCCAGTGGAAATGG-AGGGGT A

Archaea consensus ORB CTTCCAGTGGAAACGAAAGGGGT Pelve et al., [40] Bases in bold indicate consensual bases of the ORB sequence in the Methanomassiliicoccales. The "Ca. M. alvus" ORBs, and the ORB2 of M. luminyensis and "Ca. M. intestinalis" might be extended by a "GGGGGT" sequence otherwise not conserved in the 4 other Methanomassiliioccales ORBs and the Archaea consensus ORB. Marine Group II, and DHVE2 harbor both subunits of the archaeal topoisomerase TopoVI, strengthening a specific loss of this gene in Thermoplasmatales, which replaced it by a bacterial-type DNA gyrase [42]. Moreover, all three Methanomassiliicoccales representatives also harbor a bacterial-like DNA gyrase, known to have been acquired from bacteria in late emerging Euryarchaeota [41]. Some components are present as extra copy in the three genomes (in bold in Table 3), for example the Minichromosome Maintenance Protein (MCM) in the genome of "Ca. M. intestinalis", which is highly divergent with respect to the other MCM coding genes and lies in a genome region with no synteny with the other closely related genomes. This is also the case for an extra PolB coding gene identified in the genome of M. luminyensis. Finally, genes coding for two additional OB-fold containing proteins (RPA-like) were identified in the genomes of "Ca. M. intestinalis" and M. luminyensis. All these extra copies are very divergent and likely represent decaying paralogs or homologs arising from integration of foreign elements. In addition, we found a bacterial type NAD-dependent DNA ligase homolog in the genome of "Ca. M. alvus" that appears to originate via a specific and recent horizontal gene transfer from a bacterium of the Prevotella genus, which is abundant in the human gut microbiota (Additional file 2: Figure S4A). An important feature shared by the three Methanomassiliicoccales representatives, the Thermoplasmatales and other related lineages is the lack of Eukaryotic-like histone found in other Euryarchaeota [43], suggesting that the loss of this gene occurred early in the evolution of the whole lineage. Surprisingly, no gene coding for homologues of the bacterial-type HTa histones known to 

ATP-dependent DNA ligase AGI85913 AGN25909 WP_019176428 X ■ ■ Orc1/Cdc6 AGI84758 (1) AGN25419 (1) WP_019178385 (1) ■■ ■ ■■ AGI85775 (2) AGN27158 (2) WP_019178317 (2) DNA Pol D large subunit (DPL) AGI85099 AGN26720 WP_019177373 ■ ■ ■ DNA Pol D small subunit (DPS) AGI84772 AGN27082 WP_019178373 ■ ■ ■ FEN-1 AGI85207 AGN26626 WP_019176843 ■ ■ ■ GINS 51 AGI84890 AGN27100 X X ■ ■ GINS 23 X X X X X X DNA Gyrase subunit B [AGI86382] [AGY50228] [WP_019178436] [■] [ ■] [ ■] DNA Gyrase subunit A [AGI86381] [AGN27159] [WP_019178437] [■] [ ■] [ ■] MCM AGI86392 AGN26346 WP_019178416 ■ ■ ■ AGN27203 PCNA AGI84935 AGN27068 WP_019176118 ■ ■ ■ DNA Pol B AGI86264 AGN26701 WP_019177962 ■ ■ ■ WP_019177491 Primase large subunit (PriL) AGI84820 AGN27177 WP_019178297 ■ ■ ■ Primase small subunit (PriS) AGI86400 AGY50234 WP_019178400 ■ ■ ■ RFC large subunit AGI85559 AGN26596 WP_019176873 ■ ■ ■ RFC small subunit AGI85778 AGN26166 WP_019177244 ■ ■ ■ RNaseH II AGI86158 AGN25790 WP_019177553 ■ ■ ■ TopoVI subunit A AGI85998 AGN26743 WP_019177592 ■ ■ X TopoVI subunit B AGI85997 AGN26742 WP_019177591 ■ ■ X Topo IB X X X X X X SSB X X X X ■ ■ RPA2 AGI84916 AGN25568 WP_019178149 ■ ■ ■ AGY50184 WP_019177069 rpa2A (rp associated protein) AGI84915 AGN25567 WP_019178150 ■ ■ ■ NAD-dependent DNA ligase [AGI85455] X X [■] X X
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have replaced the native histone in Thermoplasmatales and DHVE2 are present in the Methanomassiliicoccales genomes and the MG-II genome. The DNA packaging function could be fulfilled in M. luminyensis by an Alba protein (WP_019176109.1) also presents in Thermoplasmatales [44] and MG-II, but absent in "Ca. M. alvus" and "Ca. M. intestinalis". Few candidate proteins with a very weak similarity to bacterial histones and a Lysand Arg-rich tail were identified in M. luminyensis (WP_019177894.1) and "Ca. M. intestinalis" (AGN26805.1) but not in "Ca. M. alvus". While the proteins responsible for this crucial function remain elusive, a homologue of the histone acetyltransferase of the ELP3 family was identified in the three genomes (WP_019178580.1, AGN27049 and AGI86364). Only M. luminyensis possesses a histone deacetylase HdaI, related to Crenarchaeota and not found in other Thermoplasmatales (WP_019177579.1).

Core genome

The best BLAST hits of the CDS from the three genomes were most frequently found in other archaeal members (70% to 82%), around 18% to 30% to Bacteria, and less than 0.3% to Eukaryota (Additional file 1: Table S4). It is likely that some of these reflect lateral gene transfer events, consistent with the presence of genomic islands with different [G + C] % composition from the genome average, as observed in "Ca. M. alvus" and, more pronounced, in "Ca. M. intestinalis" (Additional file 2: Figure S2).

The core genome of the three species is composed of 658 CDS. While the number of CDS shared between genome pairs reflects partly their phylogenetic relatedness, an impressive proportion of CDS are specific to each one, in particular for M. luminyensis (Figure 3, Additional file 1: Table S5 for a complete list). Of the core genome, 173 genes are not found in the closest lineages (Ferroplasma acidarmanus, Thermoplasma acidophilum, Thermoplasma volcanium, uncultured Marine Group II and Aciduliprofundum boonei (Table 4, complete data in Additional file 1: Table S5). A part of these genes could correspond to specific traits of the Methanomassiliicoccales, at least for 20 of them which have no close homologue sequence in the databases (Additional file 1: Table S5). Another part of these genes reflects the metabolic pathway of the Methanomassiliicoccales representatives, methanogenesis, not shared with the Thermoplasmatales and any of the other related lineages for which genomic or physiological data are available. As discussed below, some of these genes are unique to methanogens. Among the predicted core proteins, 227 have no homologues in the two other methanogens commonly found in the same environment, the human gut (Methanobrevibacter smithii and Methanosphaera stadtmanae). Some of these differences rely on the particular methanogenic pathway of the Methanomas- siliicoccales which can use methylated amines as substrate [20], which is not the case of M. smithii and M. stadtmanae. One hundred and two core proteins have no homologues in either the closely related lineages or the two gut methanogens (Table 4, complete data in Additional file 1: Table S6). Some show hits to other methanogens (Methanocellales, Methanomicrobiales and Methanosarcinales), and are specific for methanogenesis/ energy conservation. Others likely reflect ancient lateral gene transfer events (LGTs) in the ancestor of the Methanomassiliicoccales. They include proteins involved in carbohydrate metabolism (glycosyl transferases, sugar transporters), nitrogen metabolism, and several proteins specific to the Methanosarcinaceae and involved in methanogenesis (see below).

General metabolism and adaptations to environment

Analysis of archaeal clusters of orthologous groups (ArCOG [45]) resulted in 1,271; 1,438 and 2,065 assigned functions for "Ca. M. alvus", "Ca. M. intestinalis" and M. luminyensis respectively (representing between 77-79% of all CDS) (Additional file 1: Table S7). Components of cell wall/membrane and envelope biogenesis (class M) were less abundant when compared to the other gut methanogens M. smithii and M. stadtmanae. Indeed, comparatively to these Methanobacteriales, electron micrographies of M. luminyensis did not show a prominent cell-wall-like structure [6]. However, it seems that the synthesis of activated mannose is likely possible from fructose-6-P, therefore allowing the biosynthesis of N-glycans potentially associated to a cell-wall. A specific enrichment was observed for inorganic ion transport and metabolism (class P) and, as noted for other methanogens, for coenzyme transport and metabolism (class H): when analyzed in more details, many of the predicted transporters are ABC transporter permease proteins with homology to those identified in other methanogens (Additional file 1: Table S8). Noteworthy is the presence of quaternary ammonium compound efflux pumps as well as specialized systems involved in substrate acquisition for specialized methanogenesis-related functions (H 2 -dependent methylotrophic methanogenesis, see below): this includes putative transporters for dimethylamine (AGI85872.1/AGI85374.1/AGI85246.1 for "Ca. M. alvus", AGN26255.1 for "Ca. M. intestinalis", WP_019178528.1 for M. luminyensis) and trimethylamine (AGI85867.1, The value of 21 encompasses CDS that are specific of the proteome of the Methanomassiliicoccales together with either the ones of the phylogenetic neighbors or of the human gut methanogens, without any other blast hits with the NCBI nr protein sequences database.
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AGN26256.1, WP_019178522.1). The following part of the section focuses on several genomic features of the three Methanomassiliicoccales representatives that suggest metabolic adaptations to their environment. An overview of the inferred general metabolism is given in Additional file 2: Figure S5. As usually observed in methanogens, the three species harbors an incomplete reductive TCA cycle [46]. Further details on lipid, aminoacid and purine synthesis pathways, as well as molecular nitrogen fixation are also presented in Additional file 3.

Similarly to other methanogens and differently from the Thermoplasmatales representatives, the three Methanomassiliicoccales lack PurK for purine synthesis pathway. Two purE-like enzymes were identified (AGI84793.1, AGI85002.1, AGN25661.1, AGN26431.1, WP_01917835 1.1, WP_019177087.1) without clear assignment to class I or class II PurE (Additional file 3). Depending on the assignment of these PurE, the ATP-dependent activity of PurK might be substituted by a class I PurE in presence of high concentration of CO 2 or a class II PurE, both avoiding the hydrolysis of ATP [47]. The former possibility could represent an adaptation to the high CO 2 concentrations in anaerobic environments as proposed for other methanogens [47].

Two possible sources of ammonia are predicted to be common in the three Methanomassiliicoccales, a direct uptake from the environment by dedicated transporters (Additional file 1: Table S8) and an intracellular production, as a by-product of methanogenesis from monomethylamine. The presence of some of these transporters in close association to the genes involved in methanogenesis from monomethylamine suggests that they could alternatively be used to export ammonium when monomethylamine is used for methanogenesis. Ammonia could also be derived from urea in "Ca. M. intestinalis" which possesses a ureA-G operon encoding a urease (AGN27148.1 to AGN27154.1) and a urea transporter (AGN27055.1). Ammonia is likely assimilated by a glutamine synthetase GlnN, one in "Ca. M. alvus" and "Ca. M. intestinalis" (AGI86325.1; AGN25771.1) and two in M. luminyensis (WP_019177566.1; WP_019177539.1, this second one likely acquired through LGT from bacteria). M. luminyensis is predicted to be diazotroph with a putative flexibility upon the dependency on Molybdenum, while "Ca. M. alvus" and "Ca. M. intestinalis" probably lack the capacity to fix N 2 (Additional file 3). N 2 fixation capacity has been found among soil and sediment methanogens but not in common gut methanogens (Additional file 3) [48][START_REF] Mcclendon | Human topoisomerase IIalpha rapidly relaxes positively supercoiled DNA: implications for enzyme action ahead of replication forks[END_REF][50]. Accordingly, the potential capacity of M. luminyensis to fix N 2 could reflect an adaptation to soil or sediment conditions and a facultative association to digestive tracts.

Each Methanomassiliicoccales genome encodes at least one catalase (katE), peroxiredoxin (prx), rubredoxin (rub) and rubrerythrin (rbr) to resist to oxygen exposure (Additional file 1: Table S9). M. luminyensis presents the highest antioxidant capacity, in particular with 8 copies of a peroxiredoxins (prx) gene, against 4 and 2 copies in "Ca. M. intestinalis" and "Ca. M. alvus" respectively. M. luminyensis is also the only one to harbor homologues of superoxide dismutase (sodA) and desulfoferrodoxin (dfx). A large diversity and redundancy of the antioxidant systems was previously reported for dominant rice field soil methanogens, Methanocellales, and described as a specific adaptation of these methanogens to oxic episodes regularly occurring in these environments [48,[START_REF] Mcclendon | Human topoisomerase IIalpha rapidly relaxes positively supercoiled DNA: implications for enzyme action ahead of replication forks[END_REF]. In line with its probable diazotrophic capacity, the larger number and diversity of genes encoding antioxidant enzymes in M. luminyensis argue for a greater adaptation to soil environments than "Ca. M. alvus" and "Ca. M. intestinalis". A glycine-betaine ABC transporter (WP_019176328.1, WP_019176329.1, WP_019176330.1) was also found in M. luminyensis. This kind of transporter helps to cope with external variations in salt concentration by accumulating glycine-betaine as an osmoprotectant and was previously identified in Methanosarcinales [51,52]. No similar transporter of glycine-betaine was identified in "Ca. M. alvus" or "Ca. M. intestinalis".

Interestingly, among the three Methanomassiliicoccales representatives, "Ca. M. alvus" is the only one to encode a choloylglycine hydrolase (YP_007713843.1), which confers resistance to bile salts encountered in the gastro-intestinal tracts (GIT). This gene is also present in the genome of the two other dominant human gut methanogens, M. smithii and M. stadtmanae [53,54], and could have been transferred from other gut bacteria (Additional file 2: Figure S4B). Another adaptation to GIT could be inferred through the presence of a conserved amino acid domain corresponding to COG0790 (TPR repeat, SEL1 subfamily) in at least one protein of each Methanomassiliicoccales representative. This conserved domain has been previously identified in proteins involved in interactions between bacteria and eukaryotes and was never reported in archaea [55] suggesting an adaptation to digestive tracts unique to Methanomassiliicoccales among archaea. In that case, the occurrence of the genes encoding proteins with this domain in the Methanomassiliicoccales genomes, 28 in "Ca. M. alvus", 6 in "Ca. M. intestinalis" and one in M. luminyensis would support a higher adaptation of "Ca. M. alvus" to digestive tracts.

Methanogenesis and core enzymes specific to methanogens

It was previously reported that M. luminyensis and "Ca. M. alvus" lack the genes that encode the 6 step C 1 -pathway leading to methyl-CoM by the reduction of CO 2 with H 2 [16]. Our current analysis revealed a similar lack of these genes in "Ca. M. intestinalis" (Figure 4). It also reveals that "Ca. M. intestinalis" does not harbor the genes mtsAB (Figure 4) which code for enzymes likely involved in methanogenesis from dimethylsulfide [56]. The composition of the methyltransferases involved in the H 2 -dependent methylotrophic methanogenesis from the three genomes was partially determined before [7,8,16,17] and is compiled in the Additional file 1: Table S10, with their relative genomic position displayed in the Additional file 2: Figure S6.

A pool of genes conserved among all methanogens and not found in any other archaea was recently determined by Kaster et al. [57]. These genes encode the subunits of two enzymatic complexes unique and shared by all methanogens, the methyl-H4MPT: coenzyme M methyltransferase (Mtr) and the methyl coenzyme reductase (two complexes of isoenzymes Mcr and Mrt), as well as proteins of unknown function. Being unique to methanogens, these uncharacterized proteins likely have an important role for methanogenesis and could be directly associated to the functioning of Mcr and Mtr [57]. The lack of Mtr and the other genes of the CO 2 -reductive pathway in the three Methanomassiliicoccales described here, prompted us to reevaluate the overall methanogenesis markers. In addition to the five genes coding for subunits of the Mtr enzymatic complex, two former methanogenesis markers (annotated as methanogenesis markers 10 and 14 in the databases and belonging to arCOG00950 and arCOG04866, respectively) are absent from the three Methanomassiliicoccales genomes (Table 5). One of these genes (belonging to arCOG04866) is present in the vicinity of the operon coding for Mtr in Methanosaeta thermophila, Methanobacteriales, Methanopyrales and Methanocellales genomes. Its genomic position in methanogens encoding Mtr and its absence in Methanomassiliicoccales suggests its involvement in the functioning of Mtr. Fifteen genes present in the three Methanomassiliicoccales genomes have homologues (and/or paralogs in the case of atwA and the mcr/mrt operons) conserved in all other methanogens and not in other archaea and could still be considered as methanogenesis markers (Table 5). Interestingly, 13 of these genes, including the mcr operon, are clustered on a small genomic portion (~16 Kb) M. intestinalis" are in green and those absent from "Ca. M. alvus" are in red. MtaA and MtbA are marked with an asterisk to signify that the homologs present in the Methanomassiliicoccales are not yet assigned to one or the other enzyme category. "X" refers to the uncharacterized lipid soluble electron transporter. The question mark points out that the enzymes involved in the reoxidation of the lipid soluble electron transporter remain to be uncovered. See Table 6 and Additional file 1: Table S10 for a description of the set of genes involved.

15 9 of M. luminyensis and "Ca. M. alvus". At the exception of mcrABG and atwA [58], they encode for proteins of unknown function. One of these proteins (WP_019176775.1, AGN26870, AGI85145), not previously reported as a methanogenesis marker, might be associated to the functioning of Mcr as it is encoded by a gene located directly upstream mcrA in the three Methanomassiliicoccales genomes. The nifD-like (NflD) gene previously proposed Related to a bacterial cluster with same conserved domain. 1, Methanogenesis marker, present in and unique to all sequenced methanogens and not in other archaea. 2, Present in all sequenced methanogens and less than 5% of other sequenced archaea. 3, Present in more than 90% of sequenced methanogens including Methanomassiliicoccales and less than 5% of other sequenced archaea. 4, Absent from the Methanomassiliicoccales but present and unique to all other methanogens. 5, Absent from the Methanomassiliicoccales but present in more than 90% other methanogens and not in other archaea. 6, Absent from the Methanomassiliicoccales but present in more than 90% of sequenced methanogens and less than 5% of other sequenced archaea.

to be involved in the biosynthesis of the coenzyme F 430 , the prosthetic group of Mcr/Mrt, is also present in the three genomes [59]. It forms a cluster with a UDP-Nacetylmuramyl pentapeptide synthase like gene (Table 5) and a nifH-like gene also suggested to be involved in coenzyme F 430 biosynthesis. Several uncharacterized proteins are shared by almost all methanogens, while present in very few other archaea, suggesting a tight relationship with methanogenesis (Table 5). This is for example the case of a putative methyltransferase MtxX [60] only missing in Methanosaeta concilii GP6 (but still present as a pseudogene, MCON_2260) among methanogens and only present in Ferroglobus placidus DSM-10642 among non-methanogens.

Other genes present in the three genomes are more widely distributed than in methanogens but play a crucial role in methanogenesis. This is the case of genes required for the biosynthesis of the coenzyme M and coenzyme B involved in the last step of methanogenesis. Inferred CoM biosynthesis uses sulfopyruvate, which originates from 3-phosphoserine converted to cysteate by a cysteate synthase and then to sulfopyruvate (ComDE), as observed in Methanosarcinales, Methanomicrobiales [61] and Methanocellales (Additional file 1: Table S11). An alternative pathway takes place in other methanogens, where CoM originates from phosphoenolpyruvate and sulfite to produce sulfolactate, which is then oxidized [62][START_REF] Graham | Identification of coenzyme M biosynthetic phosphosulfolactate synthase: a new family of sulfonate-biosynthesizing enzymes[END_REF][START_REF] Graupner | Identification of an archaeal 2-hydroxy acid dehydrogenase catalyzing reactions involved in coenzyme biosynthesis in methanoarchaea[END_REF]. These steps require the activity of enzymes encoded by the comABC genes which are absent in the three genomes, similar to what is observed in Methanosarcinales and Methanomicrobiales (Additional file 1: Table S11).

Energy conservation

Methanogenesis is coupled to energy conservation through the establishment of a proton and/or sodium ion electrochemical gradient across the cytoplasmic membrane that drives an archaeal-type A 1 A 0 ATP synthase complex to form ATP [65]. The genes coding for this complex are found in close association with the putative origin of replication in the three genomes (Figure 2, Table 6). The exergonic reduction of the heterodisulfide CoM-S-S-CoB formed by the Mcr complex is a crucial step for energy conservation conserved in all methanogens. The three genomes harbor at least one copy of hdrA, hdrB and hdrC homologues encoding a soluble heterodisulfide reductase (Table 6), HdrB representing the catalytic activity for CoM-S-S-CoB reduction. The current HdrA differs from its homologues present in other methanogens by its longer size and the presence of two predicted FAD-binding sites instead of one, and three 4Fe-4S centers instead of four. The three genomes also contain homologues of hdrD, encoding the catalytic site of a second class of heterodisulfide reductase (HdrDE), but no homologues of hdrE encoding the membrane bound cytochrome subunit of this complex. Similarly to the Methanococcales, Methanobacteriales and Methanopyrales, the hdrB and hdrC genes are adjacent whereas the hdrA gene is located apart and in close association with mvhDGA encoding the cytoplasmic F 420 -non-reducing hydrogenase, absent from members of the Methanosarcinales and some Methanomicrobiales [66]. MvhA contains the Ni-Fe domain for activation of H 2 . MvhADG and HdrABC were shown to form a complex that couples the reduction of CoM-S-S-CoB and a ferredoxin with H 2 through a flavinbased electron bifurcation in Methanothermobacter marburgensis [67]. Presence of MvhADG and HdrABC in the three Methanomassiliicoccales representatives suggests a similar process (Figure 4). Energy conservation may likely result from the subsequent reoxidation of ferredoxin coupled to translocation of H + (or possibly Na + ) across the membrane by a membrane associated enzymatic complex (Figure 4), as proposed by Thauer et al. [68] for M. stadtmanae. However the Ehb complex likely responsible for the translocation Na + in M. stadtmanae is not present in the three Methanomassiliicoccales representatives.

The only identified complex shared by the three genomes which could fulfil this role corresponds to the 11-subunits respiratory complex I found in a large number of archaea and bacteria [START_REF] Moparthi | The evolution of respiratory chain complex I from a smaller last common ancestor consisting of 11 protein subunits[END_REF]. This complex is homologous to the Fpo complex (F 420 H 2 dehydrogenase) of Methanosarcinales [START_REF] Bäumer | The F420H 2 dehydrogenase from Methanosarcina mazei is a redox-driven proton pump closely related to NADH dehydrogenases[END_REF]. Characterized respiratory complex I and Fpo catalyze the exergonic transfer of electrons from a cytoplasmic electron transporter to a membrane soluble electron transporter coupled to the translocation of ions across the membrane [START_REF] Moparthi | The evolution of respiratory chain complex I from a smaller last common ancestor consisting of 11 protein subunits[END_REF][START_REF] Bäumer | The F420H 2 dehydrogenase from Methanosarcina mazei is a redox-driven proton pump closely related to NADH dehydrogenases[END_REF]. A similar process in Methanomassiliicoccales would thus imply a membrane associated electron transport chain which was so far only observed in Methanosarcinales among methanogens. The currently predicted enzymatic complex is truncated as compared to the Fpo of Methanosarcina spp. with the lack of homologues of the FpoO and FpoF subunits, forming an FpoABCDHIJKLMN like complex (Figure 4, Table 6). The lack of the FpoF subunit is similar to the Fpo complex of Methanosaeta representatives which were proposed to use ferredoxin instead of F 420 H 2 as electron donor [START_REF] Welte | Membrane-bound electron transport in Methanosaeta thermophila[END_REF] (Table 6). The three genomes also harbor genes required for biosynthesis of a liposoluble electron transporter (Additional file 3, Table 6), whose role may be to accept electrons from the Fpo complex [START_REF] Tran | Requirement for the proton-pumping NADH dehydrogenase i of Escherichia coli in respiration of NADH to fumarate and its bioenergetic implications[END_REF]. This membranesoluble electron carrier, whose biochemical nature has to be determined experimentally, would drive electron transfer in the membrane, linking the Fpo complex to another membrane bound protein/complex, possibly a second coupling site reducing the heterodisulfide. The energy-converting hydrogenase EchA-F is another membrane enzymatic complex which could also translocate ions by the re-oxidation of the ferredoxin [START_REF] Welte | Involvement of Ech hydrogenase in energy conservation of Methanosarcina mazei[END_REF] but it only occurs in M. luminyensis and "Ca. M. intestinalis" (Figure 4). Nevertheless EchA-F could also operate in reverse and exploit the chemosmotic gradient for anabolic reactions [START_REF] Meuer | Genetic analysis of the archaeon Methanosarcina barkeri Fusaro reveals a central role for Ech hydrogenase and ferredoxin in methanogenesis and carbon fixation[END_REF]. Finally, a gene encoding a membranebound pyrophosphatase is found in the genomes of M. luminyensis and "Ca. M. intestinalis" (Table 6) but not in "Ca. M. alvus". This protein is predicted to allow the translocation of protons across the cytoplasmic membrane by hydrolysis of PPi to phosphate [START_REF] Bäumer | Identification and analysis of proton-translocating pyrophosphatases in the methanogenic archaeon Methanosarcina mazei[END_REF][START_REF] Baykov | Pyrophosphate-fueled Na + and H + transport in prokaryotes[END_REF].

The three genomes share an original combination of genes likely involved in energy conservation, suggesting a different process than what is observed in other methanogens. The predicted flavin-based electron bifurcation in MvhADG/HdrABC complex is a feature shared by most methanogens with the exception of Methanosarcinales and some Methanomicrobiales representatives, while the putative membrane associated electron transport chain related to the activity of the Fpo-like complex was so far a unique feature of Methanosarcinales among methanogens. However, no membrane-bound cytochrome protein like those of the Methanosarcinales was detected to be encoded by the three genomes and the complete process remains to be uncovered.

Amber codon usage and putative Pyl-containing proteins

Previous studies have shown that the genes coding for methyl:corrinoid methyltransferases B dedicated to methylamines utilization (mtmB, mtbB and mttB for mono-, di-and tri-methylamines, respectively) present in M. luminyensis, "Ca. M. intestinalis" and "Ca. M. alvus" contain an in-frame amber Pyl-encoding codon [7,8,25], similarly to what is observed in Methanosarcinaceae and in a few bacteria [77,[START_REF] Gaston | Functional context, biosynthesis, and genetic encoding of pyrrolysine[END_REF], where it encodes the 22 nd proteogenic amino acid pyrrolysine (Pyl, O). All the necessary genetic machinery is found in the three Methanomassiliicoccales genomes, including the genes for pyrrolysine synthesis (pylBCD), the amber suppressor tRNA Pyl (pylT) and the dedicated amino-acyl tRNA synthetase (pylS) [25]. The presence of decoding amber machinery questions the occurrence of Pyl in other proteins than the methyltransferases involved in methylotrophic methanogenesis. This possibility was addressed in the present study by searching all the TAG-interrupted CDS which share the same BLASTP hit with the virtual in-frame translation of the 3' flanking region. These CDS were fused in silico as a unique CDS, stopping at the next stop codon and predicted as potentially incorporating Pyl 
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during the translation process. As a positive control, this strategy identified the above-mentioned methylamines: corrinoid methyltransferases in the three genomes. No putative other Pyl-containing proteins were identified in M. luminyensis. One additional amber-containing CDS was determined in "Ca. M. intestinalis", a putative Fe-S binding protein (AGY50215), which is absent in "Ca. M. alvus" and present in M. luminyensis but not predicted to incorporate Pyl. "Ca. M. alvus" contains the highest number of predicted Pyl-containing proteins, 16 in addition to the methylamines: corrinoid methyltransferases (Table 7, Figure 5). Half of them have homologues in the two other genomes but without in-frame amber codons (in bold, Table 7). Among these 16 proteins, several have a hypothetical function and some are highly conserved in methanogens and/or archaea. This is the case of a digeranylgeranylglyceryl phosphate synthase required in the synthesis of archaeal phospholipids and of the putative methyltransferase MtxX (Tables 5 and7). The CRISPR associated cas1 gene, although present in the three genomes, is only detected as a Pyl-containing enzyme in "Ca. M. alvus". The activity and the effective incorporation of Pyl in such a large range of enzymes of the same organisms remain to be determined experimentally. However, this could reasonably be assumed considering the existence of few functional Pyl-containing proteins (different of methylamines:corrinoid methyltransferases) reported from both Pyl-decoding archaea and bacteria [77,79,[START_REF] Krzycki | Translation of UAG as Pyrrolysine[END_REF]. Particular genetic signals in the genes containing an in-frame TAG have been proposed to enhance the incorporation of Pyl in the proteins but are not obligatorily requested for that purpose [START_REF] Longstaff | In vivo contextual requirements for UAG translation as pyrrolysine[END_REF]. Two alternative adaptations have been proposed for Methanosarcina spp. and the bacteria Acetohalobium arabaticum to minimize proteome alteration in consequence of the insertion of Pyl on the stop codons normally intended to stop the translation [77]. In A. arabaticum the expression of the Pyl-cassette has been shown to be regulated by substrate (trimethylamine) availability, while in Methanosarcina spp. which constitutively express the Pyl-cassette [79,[START_REF] Veit | Effects of nitrogen and carbon sources on transcription of soluble methyltransferases in Methanosarcina mazei strain Gö1[END_REF], the frequency of genes ended by a TAG stop codon is minimized (~4-5% in Methanosarcina spp. vs. 20-30% in A. arabaticum and other Pyl-decoding bacteria, see Additional file 1: Table S12 adapted from [77]). Accordingly, the extremely low frequency of TAG stop codons in "Ca. M. alvus" (1.6%) suggests a constitutive expression of the Pyl-cassette and an efficient ability to incorporate Pyl in proteins (Figure 5, Additional file 1: Table S12). In such tRNA Pyl suppressing context, the apparition of an in-frame amber codon in a CDS would lead to a stable mutation as supported by the high occurrence of genes predicted to encode Pylcontaining proteins in "Ca. M. alvus". The phylogenetic position of "Ca. M. alvus" among a large cluster of gut methanogens suggests a long evolutionary history in this type of environments where mono-di-and trimethylamine are likely not limiting [17,[START_REF] Bailey | Production of amines in equine cecal contents in an in vitro model of carbohydrate overload[END_REF][START_REF] Smith | Studies on amine production in the human colon: enumeration of amine forming bacteria and physiological effects of carbohydrate and pH[END_REF] and may be obtained through the degradation of glycine betaine, choline and L-carnitine by co-occurring microorganisms [START_REF] Koeth | Intestinal microbiota metabolism of l-carnitine, a nutrient in red meat, promotes atherosclerosis[END_REF][START_REF] Mitchell | Metabolism of betaine in the ruminant[END_REF][START_REF] Neill | Conversion of choline methyl groups through trimethylamine into methane in the rumen[END_REF]. This high availability of methylamines during the evolution of "Ca. M. alvus", involving a possibly high and constant expression of the Pyl-machinery, could have been a driving factor that has led to this particularly low usage of the triplet TAG in CDSs as termination signals during translation. In addition, the insertion of an amber codon in a gene coding for a protein of major function (such as the highly conserved MtxX, Cas1 or the digeranylgeranylglyceryl phosphate synthase in the present case) might have turned the expression of the Pyl cassette and the efficient ability to incorporate Pyl essential for growth. As a feedback this would contribute to tight the association of "Ca. M. alvus" cluster methanogens with digestive tract environments. The absence of predicted Pyl-encoding proteins other than MtmB, MtbB and MttB and the high frequency of genes ended by TAG (11.3%) in M. luminyensis (Figure 5, Additional file 1: Table S12) argue for a different handling of the Pyl-encoding capacity, possibly through a more important regulation of Pylincorporation, and could reflect an adaptation to lower or more variable availability in methylamines [START_REF] Benstead | Methanol promotes atmospheric methane oxidation by methanotrophic cultures and soils[END_REF]. Together with other genomic traits described above, this supports a larger distribution of M. luminyensis than digestive tract environments. Following the hypothesis of a methylaminedirected selective pressure on TAG usage in CDSs of the Methanomassiliicoccales, the intermediate TAG usage in the CDSs of "Ca. M. intestinalis" (Figure 5, Additional file 1: Table S12) would reflect a more stringent association to digestive tracts compared to M. luminyensis.

Conclusions

Several atypical features were identified in the three genomes such as the scattering of the ribosomal RNA genes and the absence of eukaryotic-like histone gene otherwise present in most of Euryarchaeota genomes.

The lack of the eukaryotic-like histone gene could represent an ancestral loss of the overall branch composed by Thermoplasmatales and related lineages, replaced by bacterial-type histone in Thermoplasmatales or Alba protein present in all genomes of the branch with the exception of "Ca. M. intestinalis" and "Ca. M. alvus". Intriguingly, the nature of this protein remains elusive in "Ca. M. intestinalis" and "Ca. M. alvus". The absence of a large number of genes otherwise present in all methanogens, but not all restricted to methanogens, was previously reported in M. luminyensis and "Ca. M. alvus" genomes and is presently extended to "Ca. M. intestinalis". The large lack of these genes involved in the CO 2 reduction/methyl-oxidation pathways in other methanogens offers a unique context to redefine the genes encoding enzymes or isoenzymes shared by all and only methanogens. Interestingly, the reevaluation shows that this core is not deeply changed when "Ca. M. alvus" "Ca. M. intestinalis" 
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Methanomassiliicoccales are considered. In addition to the genes encoding the Mtr complex, only two of these methanogenesis marker genes are absent from the Methanomassiliicoccales genomes. Gathered with mcrABG on a small genomic portion in M. luminyensis and "Ca. M. alvus", core genes encoding uncharacterized proteins could be intimately involved in the functioning of the Mcr complex. The process of energy conservation associated to methanogenesis on methyl-compound reduction with H 2 was analyzed. The original composition of genes presently identified to take part to this process suggests the involvement of a flavin-based electron bifurcation and a membrane associated electron transport chain which are distinctive elements of the two main energy conservation processes defined in other methanogens. However the complete process remains to be uncovered and several components have to be characterized.

While the three Methanomassiliicoccales representatives were cultured from gastrointestinal tract, the analysis of their genome revealed differential adaptations to this environment and possibly contrasted evolutionary history. One of the striking differences among the three species relies on their usage of the TAG codon which could have been shaped by the availability of methylamines as a substrate during their evolution. The long term adaptation of "Ca. M. alvus" to GIT environments, suggested by its position among a large cluster of GIT-derived sequences, is supported by its gene composition, along with lateral gene transfer from GIT-associated bacteria. The phylogenetic position of M. luminyensis and "Ca. M. intestinalis" among soil and sediment methanogens suggests a more recent adaptation or more facultative association to GIT conditions. Consistent with this hypothesis, the M. luminyensis genome contains several important genes which are specifically present in soil and sediment methanogens. Although phylogenetically close to M. luminyensis, "Ca. M. intestinalis" has a reduced genome with a lower [G + C] % and does not share the signatures of soil or sediment adaptations of M. luminyensis. These differences could reflect a phenomenon of streamlining in the "Ca. M. intestinalis" genome linked with its adaptation to GIT conditions. A similar phenomenon was previously reported from free-living bacteria [29] and with more extreme amplitude, in obligate pathogens [START_REF] Fraser | The minimal gene complement of Mycoplasma genitalium[END_REF] as well as in bacterial [START_REF] Shigenobu | Genome sequence of the endocellular bacterial symbiont of aphids Buchnera sp[END_REF] and archaeal [START_REF] Waters | The genome of Nanoarchaeum equitans: insights into early archaeal evolution and derived parasitism[END_REF] symbionts.

Methods

Gene structure prediction

Complete genome sequences of "Ca. M. alvus" [GenBank: NC_020913.1] and "Ca. M. intestinalis" [GenBank: NC_02 1353.1] were obtained from enriched consortia of stoolderived cultures from a 91-year-old woman, with an average genome sequence coverage respectively of 36.9 fold and 42.7 fold [7,8]. Genomic sequences from Methanomassiliicoccus luminyensis B10 were retrieved from the Genbank database [GenBank: CAJE01000001-CAJE01000026]. Raw sequences from "Ca. M. alvus" Mx1201, "Ca. M. intestinalis" Mx1-Issoire and M. luminyensis were fed to the RAST Annotation server [START_REF] Aziz | The RAST Server: rapid annotations using subsystems technology[END_REF] using Glimmer3 [START_REF] Delcher | Identifying bacterial genes and endosymbiont DNA with Glimmer[END_REF] for open-reading frames prediction. The RAST Annotation used the released 59 of FIGfam and no frameshifts fixing parameters. To perform an accurate structural annotation of these genomes, a comparative analysis of the "Ca. M. alvus", "Ca. M. intestinalis" and M. luminyensis annotated proteomes was conducted using the TBLASTN program. To identify genes or distantly related genes, a BLOSUM45 substitution matrix was chosen, and low-complexity filters were suppressed. TBLASTN analyses were manually validated to take into account genes with frame-shifts due to sequencing errors. Translation start codons were then validated through a BLASTP comparative analysis of the three annotated proteomes. Protein sequences from the three proteomes were compared together with the curated SWISS-PROT protein sequences database [START_REF] Bairoch | The SWISS-PROT protein sequence data bank[END_REF]. Results were filtered using 80% length and 40% identity thresholds and start codons were manually corrected taking into account protein sizes and local alignments. Non-coding RNAs were predicted using the Rfam database [START_REF] Gardner | Rfam: updates to the RNA families database[END_REF] with an E-value threshold of 1 and results were manually curated. Additional analyses were performed to detect tRNAs by merging results from tRNAscan [START_REF] Schattner | The tRNAscan-SE, snoscan and snoGPS web servers for the detection of tRNAs and snoRNAs[END_REF], TFAM [START_REF] Taquist | TFAM 1.0: an online tRNA function classifier[END_REF], ARAGORN [START_REF] Laslett | ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide sequences[END_REF] and BLASTN [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. CRISPRFinder [100] was applied for each of the three genomes to detect CRISPR loci that were compared together using CRISPRcompar [101] and CRISPRmap [102]. Finally, prophages were sought using PHAST [103]. Circular representation of the "Ca. M. alvus" and "Ca. M. intestinalis" genomes were performed using the CGView Server [104].

Comparative genome analysis and functional annotation

An 'all-versus-all' BLASTP comparison of the predicted protein sequences within each of the three genomes was conducted [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. On the basis of the best BLASTP hits, orthologous relationships were established between the protein sequences of "Ca. M. alvus", "Ca. M. intestinalis" and M. luminyensis. A Venn diagram was then drawn using the Venny web service [105]. Predicted functions provided by the RAST annotation server for each CDS of the three species were kept as functional annotation. Using orthology relationships previously established, a functional annotation transfer was performed. Protein sequences of genes with frame-shift mutations were manually reconstructed. In order to distinguish protein sequences only found within the three genomes and shared protein sequences with closely related species, a BLASTP analysis was conducted. Each protein sequence from the core proteome was compared to i) phylogenetic neighbors proteomes (Aciduliprofundum boonei T469, accession code: NC_013926; Aciduliprofundum sp. MAR08-339, accession code: NC_019942; Ferroplasma acidarmanus fer1, accession code: CM000428; Thermoplasma acidophilum DSM 1728, accession code: NC_002578; Thermoplasma volcanium DSS1, accession code: NC_002689 and MG-II, accession code: CM001443), ii) methanogenic archaeon from human gut (Methanobrevibacter smithii ATCC 35061, accession code: NC_009515 and Methanosphaera stadtmanae DSM 3091, accession code: NC_007681) and iii) the NCBI non-redundant protein sequences database (release 12/2012). Identity threshold was set at 30% with a minimum length coverage of 80%. An arCOG [45] analysis was also performed using the December 2012 release (ftp://ftp.ncbi.nih.gov/pub/wolf/ COGs/arCOG/). Each annotated protein sequence from the three genomes was compared to the arCOG database using BLASTP and an E-value threshold equal to 1e -3 . The arCOG profiles of the three genomes and those of the arCOG database were used to identify proteins potentially shared by all and only methanogens, as well as proteins almost specific to methanogens and shared by almost all methanogens. Distribution of each selected protein among sequenced organisms was checked by BLASTP. Conserved domains of the selected proteins were compared to those of the closest results that belong to non-methanogens and phylogenetic three were constructed to verify their monophyly. Additional proteomes from various archaeal orders were also submitted to this comparison: A. boonei T469; Archaeoglobus fulgidus DSM 4304, accession code: NC_013926; Archaeoglobus veneficus SNP6, accession code: NC_015320; M. smithii ATCC 35061; M. stadtmanae DSM 3091; Thermoplasma acidophilum DSM 1728, accession code: NC_002578 and MG-II. In order to detect putative lateral gene transfers, the same BLASTP analysis was performed for the three proteomes using the UniprotKB database [106]. Only best hits were retrieved and classified according to the three domains of life: Archaea, Bacteria or Eukaryota. The genomes of the Methanomassiliicoccales representatives were not included in the subject database. Metabolic pathways reconstruction was performed through the KEGG Automatic Annotation Server (KAAS) [START_REF] Brochier--Armanet | Phylogeny and evolution of the Archaea: one hundred genomes later[END_REF] using a bi-directional best hit strategy and a custom list of reference organisms. Indeed, based on best BLAST hit results from the three proteomes, 40 species were selected for the KAAS (three-letter organism codes are listed as follows : abi, mac, tac, mba, rci, mig, afu, mpd, tba, mpi, pab, mka, pho, mhu, mja, mla, mth, cdc, amt, drm, mbn, ssg, ele, fnu, mel, mrv, fsv, tsi, lba, ral, sti, msi, sce, eco, ere, aas, eha, sfu, bla, cau). The transportome was determined using the TransportTP server [108] (reference organism: Escherichia coli; E-value threshold: 0.1). Results were manually validated and curated using BLASTP analysis using transportDB [START_REF] Shimodaira | CONSEL: for assessing the confidence of phylogenetic tree selection[END_REF] and taking into account orthology relationships. Signal peptides, transmembrane helices and PFAM domains were predicted through the Inter-ProScan annotation module provided by the BLAST2GO software [110] with default parameters.

Phylogenomic analysis of DNA replication components

Homologs of each major archaeal DNA replication component were retrieved from the reference sequence database at the NCBI using the BLASTP program with different seeds from each archaeal order [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. The top 100 best hits for each order were then used to create HMM profiles [111] (http://www.hmmer.org) that allowed iteratively searching a local database of 142 complete or nearly complete archaeal genomes including 98 plasmid sequences, as well as in a local database of the available complete archaeal virus genomes (56 total) downloaded from the Viral Genomes database of NCBI (as of June 20 th 2013). Absences of a given homolog in a specific genome were verified by performing additional TBLASTN searches [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. Multiple alignments were done with MUSCLE 3.8.31 [112] and manually inspected using the ED program from the MUST package to remove non-homologous or partial sequences [113]. The alignments were trimmed using the software BMGE [114] with default parameters. Phylogenetic analyses were performed on single protein datasets using Maximum Likelihood and Bayesian methods. Maximum likelihood analyses were performed with RaxML [115]. Mr. Bayes 3.2 [116] was used to perform Bayesian analyses using the mixed amino acid substitution model and four categories of evolutionary rates. Two independent runs were performed for each data set, and runs were stopped when they reached a standard deviation of split frequency below 0.01 or the log likelihood values reached stationarity. The majority-rule consensus trees were obtained after discarding first 25% samples as 'burn-in'.

Data access

The whole genome shotgun projects, the complete genome sequences and annotations have been deposited at DDBJ/EMBL/GenBank for "Ca. M. alvus" Mx1201 [GenBank: CP004049] and for "Ca. M. intestinalis" Issoire-Mx1 [GenBank: CP005934]. Predicted CDS and protein sequences for M. luminyensis, some of which are not annotated in GenBank are provided respectively through Additional file 1: Tables S12 andS13.

Additional files

Additional file 1: Additional tables in a zipped folder containing: Table S1. tRNA and ncRNA contents for the genomes of the three Methanomassiliicoccales representatives. Table S2. Codon usage in the three genomes of Methanomassiliicoccales. Table S3. CRISPR DR elements found in the three genomes. Additionally I annotated and analyzed the DNA replication components in the assembled SM--1 genome. Although its precise placement in the archaeal phylogeny is difficult to assess because of its high evolutionary rates, I could establish that SM--1 is a fast evolving euryarchaeal lineage likely close to Methanococcales. This helped discussing the peculiar characteristics of its unique metabolism potentially derived from a methanogenic ancestor.

Altogether, comparative genomics and phylogenetic analysis revealed that SM--1 represents a diverse and widespread novel euryarchaeal order ("Candidatus Altiarchaeales") that can dominate subsurface biotopes. This analysis has just been resubmitted after revision to Nature Communications. 17 3
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Phylogenetic analysis of a novel family of DNA topoisomerases DNA topoisomerases are essential for genome replication and integrity. They are split into two types, type I that introduce single strand breaks into catenated DNA, and type II that introduces double--strand breaks. Of the two types, type II is ubiquitous in all cellular organisms and can be classified in two subfamilies, IIA and IIB based on sequence and structural similarities. In this article a new subfamily of type IIB topoisomerase is characterized, which is present in only a few bacterial genomes, and plasmids, and is called Topoisomerase VIII. Three of these enzymes were characterized and one of them found to exhibit exonuclease activity and relaxation activity, although at low levels. The low activity of these enzymes is likely due to the fact that they are located on decaying mobile elements.

These small topoisomerases have a unique evolutionary history, and the discovery of a subfamily of topoisomerases specifically encoded by plasmids confirms that mobile elements are potential reservoirs of novel proteins involved in DNA metabolism. I contributed to this study by performing phylogenomic analysis on these novel topoisomerases. We identified homologs in only three bacterial phyla, the Firmicutes, Bacteroidetes, and Proteobacteria (alpha and gamma), and on one archaeal and two bacterial plasmids. In bacterial genomes Topoisomerase VIII is located within integrated mobile elements likely derived from conjugative plasmids. Those present in evolutionary close genera are grouped together in the phylogenetic tree, and the Topo VIII encoded by plasmids group with the Topo VIII enzymes from species that are closely related to the hosts. Moreover, some species that possess Topo VIII lack the typical Topo IV present in bacterial genomes, suggesting that Topo VIII might compensate for its absence in these species.

These results were published in Nucleic Acids Research July 3, 2014 and recieved a recommendation on F1000 Prime. 17 5
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INTRODUCTION

DNA topoisomerases are essential for solving topological problems arising during DNA metabolic processes and are therefore critical for the preservation of genome stability (1)(2)(3). They can interconvert different topological forms of DNA and either catenate or decatenate DNA rings by generating transient single-(type I topoisomerases) or doublestranded (type II topoisomerases) DNA breaks in DNA backbones. Type II enzymes are especially important because of their unique capacity to catalyze the transfer of one DNA duplex through another. They are essential for resolving catenanes generated between daughter chromosomes at the end of DNA replication and also play a major role in relaxing positive supercoils generated by tracking processes occurring during transcription and replication. Accordingly, all cellular organisms, without exception, have at least one type II enzyme.

Type II topoisomerases are classi ed into two families, IIA and IIB, based on sequence and structural similarities (4)(5)(6)(7). Archaeal and bacterial types IIA and IIB enzymes are heterotetramers composed of two different subunits (A and B), whereas type IIA enzymes from eukaryotes and their viruses are homodimers, with the B and A moieties fused into a single polypeptide. Several high-resolution structures of both types IIA and IIB enzymes have been solved, highlighting some structural similarities, but also large differences between these two families (8)(9)(10)(11). The B subunits are homologous in the two families and contain a similar ATP-binding site located within a protein domain known as the Bergerat fold, which is characteristic of proteins of the GHKL (Gyrase, Hsp90, histidine Kinase, MutL) superfamily (4,12). Moreover, enzymes from the two families share two other functional domains: the Toprim domain displaying the Rossmann fold (involved in magnesium binding) and 17 7 Nucleic Acids Research, 2014, Vol. 42, No. 13 8579 the Winged Helix Domain (WHD), which contains the active site tyrosine. However, the Toprim domain of type IIA topoisomerases is located within the B subunit, whereas in the IIB family, this domain is located within the A subunit. Furthermore, their WHDs are unrelated, despite the presence of the catalytic tyrosine in both cases (Figure 1). Overall, the A subunits of types IIA and IIB topoisomerases share neither sequence nor structural similarity. This suggests that these two enzyme families originated independently via the association of homologous B subunits with non homologous A subunits (5).

The origin and evolution of topoisomerases are rather puzzling. Ribosomal proteins exist in three distinct versions, corresponding to the three cellular domains, Archaea, Bacteria and Eukarya (13,14); however, each topoisomerase family exists in several versions (hereafter called subfamilies) that do not overlap with the three domains in phylogenomic analyses (5)(6)(7)15). In addition, several groups of viruses encode topoisomerases that are not related to those of their hosts but instead form monophyletic groups that branch in between cellular domains in phylogenetic analyses (5,7,15).

Several distinct subfamilies of type IIA enzymes are known, which differ in catalytic activity and/or quaternary structure. These include (i) DNA gyrases, present in all bacteria, in some members of the archaeal phylum Euryarchaeota and in eukaryotes with endosymbionts of cyanobacterial origin; (ii) topoisomerase IV enzymes, speci c to bacteria; (iii) eukaryotic type II topoisomerases, present in all eukaryotic species; (iv) viral type II topoisomerases encoded by some Nucleocytoplasmic Large DNA Viruses (NCLDV) that infect eukaryotes; and (v) viral type II topoisomerases encoded by T4-like myoviruses that infect bacteria.

The distribution of type IIB topoisomerases is more limited than that of type IIA. This family includes archaeal type IIB enzymes, also called topoisomerase VI, with close homologs in Archaeplastida (plants, red and green algae), some protists and a few bacteria (7,15). Topoisomerases VI are relaxing enzymes devoid of gyrase activity (16), are the only type II topoisomerases present in most archaea, suggesting that they are critical for chromosome segregation. Topoisomerases VI are also the only enzymes capable of relaxing positive supercoils in two of the three major archaeal phyla (17). Thus, these enzymes are also essential for managing the waves of positive supercoiling generated during DNA replication and transcription.

In Eukarya, type IIA topoisomerases control topological stress generated by chromosome segregation, replication and transcription. However in plants, type IIB topoisomerases (close relatives of archaeal topoisomerase VI) control endoreduplication, a polyploidization process responsible for the enlargement of plant cells, which in turn determines plant size (18).

The inconsistent phylogenomic pattern of topoisomerases in the three domains of life is common to most proteins involved in DNA replication, recombination or repair (for the case of DNA polymerases, see (19)). Lateral gene transfers cannot account for the distribution of these enzymes within the classical tree of life based on the ribosome. Instead, this pattern requires more elaborate evolutionary scenarios. We proposed previously that proteins involved in DNA metabolic activities (including topoisomerases) originated rst in the viral world and were later transferred 'randomly' to various cellular lineages (20). This scenario predicts that some contemporary viruses or related mobile elements (plasmids, transposons) still encode unique versions of DNA replication proteins, such as topoisomerases, that were never transferred to the 'cellular world' (except as integrated mobile elements) (7).

Here, we report the in silico discovery and preliminary biochemical characterization of a new DNA topoisomerase subfamily that supports the prediction outlined above. The genes encoding these proteins correspond to the fusion of the B and A subunits of type IIB topoisomerases. We identi ed these genes in 19 bacterial genomes and in three plasmids (two from bacteria and one from an archaeon). In bacterial genomes, these genes are located within integrated mobile elements related to conjugative plasmids. We puried three members of this new subfamily of type IIB enzymes (that we propose to call topoisomerase VIII): one from a mesophilic bacterium, one from a thermophilic bacterium and one from a bacterial plasmid. We show that the enzyme encoded by the bacterial plasmid exhibits ATPdependent relaxation and decatenation activities, the hallmark of type II topoisomerases, whereas the other two enzymes, encoded by integrated elements, exhibit DNA cleavage activity, producing DNA double-stranded breaks, and/or ATP-independent relaxation activity.

MATERIALS AND METHODS

Plasmids and reagents

Negatively supercoiled plasmid pBR322 DNA was purchased from Fermentas life science and kDNA (kinetoplast DNA) from Topogen. The reverse-gyrase enzyme was kindly given by Prof. Marc Nadal. Primers for site-directed mutagenesis were synthesized by Sigma-Aldrich.

Sequence database search

The fusion of the topoisomerase VI protein subunits A and B was used as a query to carry out psi-BLAST and tBLASTn searches of different databases on the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A multiple sequence alignment was obtained with PipeAlign (21) and manually corrected based on conserved motifs. Secondary structures predictions were performed with PSI-PRED (22).

Phylogenetic analysis

For phylogenetic analysis, 27 identi ed homologs of topoisomerases VIII were aligned with MUSCLE 3.8.31 (23) and manually inspected with Seaview 4.3.3 (24). The alignment was trimmed with BMGE software (25) and the BLOSUM30 matrix, resulting in 571 amino acid positions. ProtTest 3 (26) was used to determine the best substitution model for further analysis with the Akaike Information Criterion (AICc) criteria. Maximum likelihood analysis was preformed with RaxML 7.4.2 (27) and the combined tree-search/fast bootstrap method ('-f a') under the 8580 Nucleic Acids Research, 2014, Vol. 42, No. 13 PROTGAMMALG model (four discrete rate categories) with 1000 fast bootstraps. Bayesian analysis was performed with MrBayes 3.0 (28) and the mixed amino acid model with four discrete rate categories, which supported the WAG model with 100% posterior probability. Four Markov chains starting with a random tree were run simultaneously for 1 million generations, sampling trees at every 100th generation. The rst 2500 sampled trees (25%) were discarded as 'burn in'.

Protein structure predictions

Structural predictions were performed with the Phyre2 webserver (29). The N-and C-terminal halves of the three topoisomerase VIII sequences (corresponding to the B and A topoisomerase VI subunits, respectively) were also modeled separately because conserved regions and motifs are scattered all along their alignment. The model was validated by SWISS-MODEL (30). Comparisons between different topoisomerases models were conducted with the PyMOL Molecular Graphics System (http://www.pymol.org).

Analysis of the genetic context and DotPlot analysis

The genomic context of identi ed topoisomerase VIII genes was analyzed with CLC Genomic Workbench as described previously (31). The topoisomerase VIII gene-containing region was considered to be potentially mobile when two criteria were satis ed: (i) the integrase-coding gene was present in proximity of the topoisomerase VIII gene; and (ii) the region containing both topoisomerase VIII-and integrase-coding genes was anked by direct repeats (attachment [att] sites). Gepard (32) was used to generate dotplots for the analysis of large mobile genomic regions.

Recombinant protein expression and puri cation

The gene encoding the topoisomerase VIII from Ammonifex degensii (gene ID: 646359367), Microscilla marina ATCC 23134 (gene ID: 640218028) and Paenibacillus polymyxa M1 (gene ID: 2518132008) were synthesized by GenScript@. The synthetic genes of A. degensii and M. marina were cloned into a pUC57 vector, and ampli ed by PCR with primers containing Strep-Tag, NdeI and NotI restriction sites. The PCR products with the Strep-tags either at the 5 or 3 ends of the genes were cloned into a pET26b expression vector and the sequences of recombinant topoisomerase VIII clones were con rmed by DNA sequencing. One of each of the recombinant plasmids: MicNStrep.pET26b::topoisomerase, MicCStrep.pET26b::topoisomerase, AdegN-Strep.pET26b::topoisomerase and AdegC-Strep.pET26b::topoisomerase was used to transform Escherichia coli BL21 (DE3) strains (Novagen). The synthetic gene of P. polymyxa topoisomerase VIII was purchased directly with an N-terminal Strep-Tag. Bacteria were transformed with the various constructs and were grown subsequently in 1-4 l of Luria Broth (LB) medium containing kanamycin (50 g/ml), at 16 • C overnight, after a heat shock at 42 • C at the beginning of growth phase (OD 600 nm of 0.1). Induction was carried out with 0.5 mM isopropyl-D-1-thiogalactopyranoside (IPTG) when cell 17 9 Nucleic Acids Research, 2014, Vol. 42, No. 13 8581 cultures reached an OD 600 nm of 0.5. Cells were harvested by centrifugation, stored overnight at -80 • C, and then suspended in a Tris-HCl 40 mM pH 8.0, NaCl 200-1000 mM, Dirhiotreitol (DTT) 1 mM, acide éthylène diamine tétraacétique (EDTA) 0.1 mM buffer containing protease inhibitors. Cell lysis was completed by sonication. The cell extracts were then centrifuged at 10 000 × g for 15 min at 4 • C to remove cellular debris and aggregated proteins. Strep-tagged proteins from the soluble fraction were puri ed by gravity-ow chromatography on a Strep-Tactin column (IBA BioTAGnology) according to the manufacturer's recommendation and the eluted proteins were then run on a gel ltration column (Superdex TM 200 16/600, GE Healthcare) with an FPLC AKTA system. The column was equilibrated with buffer B (buffer A containing 10% (v/v) ethylene glycol or glycerol) and the protein was eluted in the same buffer. Topoisomerase VIII enzymes were detected by checking for the presence of a polypeptide with the expected size on an Sodium dodecyl sulfate (SDS)polyacrylamide gel. Fractions containing topoisomerase VIII polypeptides were pooled and concentrated with Amicon 30 kDa cutoff concentrators (Millipore). Protein concentration was determined and the fractions were aliquoted and stored at -80 • C.

In vitro mutagenesis

Plasmids bearing P. polymyxa and M. marina topoisomerase VIII mutant genes were generated with the QuikChange site-directed mutagenesis kit (Stratagene). After mutagenesis, plasmids were puri ed with Macherey Nagel minipreps kit and sequenced to ensure the absence of unwanted mutations.

Positively supercoiled pBR322 preparation

Positively supercoiled pBR322 was prepared by incubation of pBR322 plasmid for 30 min at 90 • C in the presence of Sulfolobus solfataricus reverse-gyrase (RG1) in buffer containing 50 mM Tris-HCl [pH 8.0], 20 mM MgCl 2 , 1 mM adenosine triphosphate (ATP) and 1 mM DTT (33). The reaction was stopped with 10 mM EDTA and 200 mM NaCl and the positively supercoiled plasmid was puri ed with the Macherey-Magel NucleoSpin Gel and PCR Clean-up kit.

DNA relaxation and decatenation assays

Relaxation assays (per 20 l) were performed with negatively or positively supercoiled pBR322 plasmid or kDNA (200 ng) and the indicated amount of enzyme in buffer containing 50 mM Tris [pH 8.0], 2.5 mM MgCl 2 , 0.1 mM EDTA and ATP (as indicated in the gure legends) for 40 min at 20-30 • C or 10 min at 70 • C depending on the topoisomerase host. The reaction also contained a nal concentration of 0.30 M NaCl and ≈19% glycerol from the protein storage buffer. In some cases at the end of the reaction, an additional incubation of 30 min at 55 • C, was done after addition of 2 l sodium dodecyl sulfate (SDS) 10% and 2 l proteinase K (1 mg/ml) to check for stabilized cleavable complexes.

Reactions were stopped with 2 l 1(10% SDS):1(30% glycerol) stop buffer. The reactions were loaded on a 1% agarose gel in 0.5× Tris-Borate-EDTA (TBE) buffer ], 1 mM EDTA). The gels were run at 50 V/cm for 4 h, stained with ethidium bromide (EtBr) and visualized with an imaging system.

RESULTS

Identi cation of DNA topoisomerase VIII, a new subfamily of type IIB topoisomerase

We routinely screen the NCBI non-redundant protein and environmental sequence databases by psi-BLAST (34) to search for new type IIB topoisomerase-encoding genes. During the course of this work, we used the B subunit of topoisomerase VI from particular archaea (e.g. Sulfolobus shibatae) as a query. This led to the detection of a divergent version of type IIB topoisomerases in which the Bergerat fold (ATP-binding site) and the Toprim domain were present in the same polypeptide. We used these unusual proteins as queries to carry out additional Psi-Blast searches. This retrieved a set of closely related proteins of similar sizes corresponding to the topoisomerase VI subunits B and A fused, in that order, into a single polypeptide (Figure 1). After two iterations, we found that genes encoding these atypical type IIB topoisomerases are present in 11 complete and 8 partial bacterial genomes (Supplementary Table S1). In addition, we found two genes encoding these proteins on plasmids (Supplementary Table S1): one in the halophilic archaeon Halalkalicoccus jeotgali B3 (plasmid 5) and the other in the rmicute P. polymyxa M1 (pPPM1a). We also identi ed a very similar protein encoded by two genes (separated by 41 bp) located on a plasmid in Paenibacillus alvei DSM 29 (pPAV109): one gene encodes a protein homologous to the N-terminal moiety of the topoisomerase VI B subunit, whereas the other encodes a protein homologous to the C-terminal moiety of the B subunit fused to a domain homologous to the topoisomerase VI subunit A (Figure 1). Moreover, we also detected small DNA fragments encoding these proteins in several whole genome shotgun and environmental sequence databases (not shown).

These atypical type IIB topoisomerases, with sizes between 695 and 882 amino acids, are annotated either as topoisomerase VI, hypothetical proteins, ATP-binding proteins, Toprim or topoisomerase (ATP hydrolyzing). They harbor the four conserved regions important for type II topoisomerase function, i.e. the Bergerat fold (ATP-binding site), the transducer domain, the WHD and the Toprim domains, as well as the small H2TH domain speci c of the type IIB family (Figures 1 and2). The putative active site tyrosine was adjacent to either another tyrosine (YY) or a phenylalanine (FY), with the exception of the enzymes from Roseobacter sp. AzwK-3b and Rhizobium gallicum in which the tyrosine is preceded by a methionine (MY). This can be considered as a hallmark of the type IIB topoisomerase family, because topoisomerase VI and Spo11 proteins always have YY or FY in their active sites. In contrast, this feature is usually not observed in the type IIA family. Moreover, the identi ed proteins displayed only a remote relationship with topoisomerase VI, and their similarity was restricted to speci c amino-acid signatures within the conserved motifs (Figure 2 and Supplementary Figure S1). Overall, the identi ed group of enzymes is not more closely related to bona de bacterial topoisomerase VI than it is to archaeal or eukaryal topoisomerase VI. In contrast, these atypical type IIB enzymes exhibit extensive sequence similarity with each other, throughout their entire sequence. Furthermore, these proteins share a speci c amino-acid signature, 'R V/I E L N A/S M', in their C-terminal region (Supplementary Figure S1), which is not found in topoisomerases from the currently established families and subfamilies.

All these observations strongly suggest the ancient divergence of these enzymes from topoisomerase VI, as opposed to recent independent fusions of topoisomerase VI subunits A and B in various bacterial lineages. Based on these observations as well as the data presented below, we propose that these proteins should be considered as a distinct subfamily of type IIB enzymes named DNA topoisomerase VIII. This classi cation is consistent with the historical nomen-clature of topoisomerases in which subfamilies of type I enzymes have been systematically given odd numbers (topoisomerases I, III and V) and type II enzymes even numbers (topoisomerases II, IV, VI and VIII) (3).

Topoisomerase VIII is present in three bacterial phyla: Firmicutes (Clostridia and Bacilli), Bacteroidetes (Sphingobacteria) and Proteobacteria (alpha and gamma). Notably, those present in evolutionarily close genera are grouped together in phylogenetic analysis, whereas topoisomerase VIII enzymes from various genera of Proteobacteria and Firmicutes sometimes display mixed phylogenetic patterns (Figure 3). The three topoisomerase VIII enzymes encoded by plasmids are grouped with cellular topoisomerase VIII enzymes from species that are closely related to the hosts of these plasmids. For example, topoisomerase VIII enzymes encoded by pPPM1a and pPAV109 from P. polymyxa and P. alvei, respectively, are grouped with the chromosomally-encoded topoisomerase VIII from Paenibacillus panacisoli. Similarly, the topoisomerase VIII encoded by the plasmid from a haloarchaeon clusters with a sequence present in a metagenome from a hypersaline lake (Figure 3). These observations are consistent with previous studies that have shown that mobile elements often coevolve with their hosts (35,36). Most bacteria carry two type IIA topoisomerases, DNA gyrase and DNA topoisomerase IV, which have specialized functions (3). However, there are cases (e.g. Thermotoga maritima and Mycobacterium tuberculosis) where one dualfunction enzyme is suf cient (3). Therefore, we considered the possibility that topoisomerase VIII may compensate for the absence of topoisomerase IV in some species. However, we found no correlation between the presence of topoisomerase VIII and the presence/absence of topoisomerase IV in any of the species analyzed (Figure 3).

Topoisomerase VIII genes present in bacterial genomes are located within integrated conjugative plasmids

The presence of topoisomerase VIII-encoding genes on three different plasmids and the sporadic distribution of these genes in taxonomically distant bacteria suggested that the presumably 'cellular' (i.e. encoded on bacterial chromosomes) gene copies are, in fact, be carried by integrated mobile genetic elements (37). Indeed, our previous analysis showed that integrated mobile elements often carry genes encoding proteins involved in DNA metabolism (35,38). We performed a detailed analysis of the genetic context of the 'cellular' topoisomerase VIII-encoding genes to verify this hypothesis. Unfortunately, 12 of the 19 topoisomerase VIII-encoding bacterial genomes were only available as WGS (whole genome shotgun) libraries consisting of genomic contigs of variable lengths, complicating their analysis. Nonetheless, we were able to obtain evidence suggesting that at least 10 of the seemingly cellular topoisomerase VIII-encoding genes are encoded by mobile elements (Supplementary Table S1).

In several cases, the mobile elements could be detected via the identi cation of their integration sites. During recombination mediated by the element-encoded integrase, the target sequence (attachment site, attB) is duplicated, and anks the element from both ends as direct repeats (attL and attR). One of the repeats is typically found next to a gene encoding the recombinase. We identi ed the precise targets of integration for seven of the elements. Two elements, AmmDeg-E1 (in A. degensii KC4) and RosAzw-E1 (in Roseobacter sp. AzwK-3b), are integrated in intergenic regions, whereas PaePan-E1 (in P. panacisoli DSM21345) and SinFre-E1 (in Sinorhizobium fredii CCBAU 45436) recombined with 3distal regions of protein-coding genes (Supplementary Ta-8584 Nucleic Acids Research, 2014, Vol. 42, No. 13 ble S1). In addition, elements AgrTum-E1 (in Agrobacterium tumefaciens WRT31), DesKuz-E1 (in Desulfotomaculum kuznetsovii DSM 6115) and RhiGal-E1 (in R. gallicum bv. gallicum R602sp) are integrated into tRNA-Thr, tRNA-Pro and tRNA-Cys genes, respectively (Figure 4).

A search for putative attachment sites within topoisomerase VIII-encoding genomes did not result in the identi cation of additional integrated elements. This may be because some genomic contigs containing the integrated element were incomplete, the elements used another mechanism for integration, or the elements were in an advanced stage of decay, which would render the direct repeats unrecognizable due to mutations. Thus, we used an alternative approach involving the comparison of topoisomerase VIII-encoding and topoisomerase VIII-free closely related bacterial genomes. The integrated elements were expected to disrupt the collinearity of the corresponding genomic loci. DotPlot analysis showed that the genomic regions encoding topoisomerase VIII in Desulfosporosinus meridiei DSM 13257, Desul tobacterium hafniense DCB-2 and D. hafniense Y51 are probably mobile. Notably, the elements in two D. hafniense strains are located in distinct genomic loci (Supplementary Figure S2). In addition, the topoisomerase VIII-encoding contig of D. hafniense DP7 is collinear throughout its length with the corresponding mobile region in D. hafniense DCB-2 and D. hafniense Y51. This suggests that this contig contains a mobile element which is related to the two other D. hafniense elements, De-sHaf DCB-2 and DesHaf Y51.

The predicted integrated elements did not contain any viral signature genes (e.g. for virion components or genome packaging), suggesting that they are unlikely to be of viral origin. In contrast, many of the genes have homologs in bacterial plasmids (Figure 4). For example, 27 of the 42 open reading frames present in AmmDeg-E1 had plasmid homologs, indicating that the topoisomerase VIII-encoding elements are derived from integrative plasmids. We focused on elements for which exact boarders could be unequivocally de ned to analyze genetic content in more detail (Figure 4). Elements PaePan-E1, AmmDeg-E1 and DesKuz-E1 and plasmids pPPM1a and pPAV109 encode both proteins typical of conjugative plasmids and integrative and conjugative elements (ICE) (31); e.g. all ve elements encode TraG-like conjugal transfer coupling protein homologs. In addition, AmmDeg-E1 and DesKuz-E1 share homologs of ParM, a protein responsible for plasmid segregation upon cell division. Both elements also have several copies of toxin-antitoxin modules (RelE/B-like in AmmDeg-E1 and DesKuz-E1, HicA/HicB in AgrTum-E1 and MazE/F-like in AmmDeg-E1; Figure 4), which often ensure the stable maintenance of plasmids and ICEs (39). Several other proteins involved in DNA metabolism besides topoisomerase VIII are encoded within the predicted elements. AmmDeg-E1 and DesKuz-E1 encode homologs of the replication protein RepE of plasmid F, supporting further a link between the two integrated elements and conjugative plasmids. Interestingly, AmmDeg-E1 carries next to the RepE-like gene a homolog of the bifunctional primase-polymerase, which is typically found in various bacterial and archaeal mobile elements (40)(41)(42), whereas DesKuz-E1 contains at the same position a gene corresponding to a unique fusion of DnaG-like primase and DnaB-like helicase (Figure 4). The two smaller elements, RosAzw-E1 and RhiGal-E1, encode a homolog of family I DNA polymerase and a DNA ligase, respectively. Neither RosAzw-E1 nor RhiGal-E1 contains identi able genes for components of the conjugal apparatus.

The elements harboring topoisomerase VIII-encoding genes appear to be at different stages of deterioration. At one end of the spectrum are the three plasmids, which probably rely on the encoded DNA metabolism proteins, including topoisomerase VIII, for their ef cient replication. However, some of the integrated elements appear to be in the process of being inactivated. Analysis of the AmmDeg-E1 revealed that a number of genes, including those encoding superfamily II helicase, DNA methyltransferase, endonuclease, and two transposases, have accumulated mutations resulting in premature stop codons (Figure 4). However, we could identify the attachment sites (perfect direct repeats) anking this element, suggesting that the insertion of this element into the bacterial chromosome was probably a recent event. At the opposite side of the spectrum are the elements for which the borders could not be de ned, as in the case of M. marina ATCC 23134 (Supplementary Table S1). Notably, transposase may be involved in the process of element inactivation because topoisomerase VIII-encoding genes in Dehalobacter species CP, DCA and UNSWDHB are located next to truncated transposase genes.

Structural analysis of topoisomerases VIII

We performed structural modeling of the three topoisomerase VIII enzymes chosen for biochemical analyses (see below), including those from A. degensii KC4 (Adeg, 882 aa), M. marina ATCC 23134 (Mmar, 783 aa) and P. polymyxa M1 plasmid pPPM1a (pPpol, 751 aa). Structures of topoisomerase VI from S. shibatae (pdb code: 2ZBK; (10)) and Methanosarcina mazei (pdb code: 2Q2E; (9)) were used as templates. Despite their low sequence similarities, the three full-length topoisomerase VIII enzymes have the same modular organization as topoisomerase VI and contain ve domains. Topoisomerase VIII contains the Nterminal Bergerat fold, followed by the S13-like H2TH and the ribosomal S5 domains 2-like fold that is present in the transducer domain of topoisomerase VI. This combination of domains is speci c to the subunit B of type IIB topoisomerase. Topoisomerase VIII enzymes also possess a Cterminal WHD and Toprim domains; the organization of the Toprim domain is speci c to type IIB topoisomerase subunit A (in type IIA enzymes, Toprim follows the transducer domain).

The ATP-lid in the ATP-binding site of topoisomerase VIII is highly conserved (Supplementary Figure S3). The switch lysine, which interacts with the ␥ -phosphate of the bound nucleotide is at position 446 in A. degensii, 374 in M. marinus and 369 in P. polymyxa topoisomerase VIII (Supplementary Figure S3). This lysine is conserved in all type IIA enzymes and topoisomerase VI transducer domains (K427 in S. shibatae topoisomerase VI). In the modeled structures, this switch lysine points away from the active site because the template used corresponds to the relaxed state conformation (9).
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Nucleic Acids Research, 2014, Vol. 42, No. 13 In regions corresponding to topoisomerase VI subunit B, the major difference between the two type IIB subfamilies is the length of the transducer domain, which is clearly smaller in topoisomerase VIII. The end of the last helix stops at nearly the middle of ␣11-helix of the S. shibatae topoisomerase VI structure (see alignment in Supplementary Figure S1 and Table S2). This corresponds to residue K450 which was identi ed as a hinge residue involved in helix bending that is crucial for conformational changes during the catalytic cycle (opening-closing of the N-gate) (10). The WHD domain of DNA topoisomerase VIII, a three-helix bundle, is smaller than the equivalent domain of topoisomerase VI (80 residues instead of 160: Supplementary Table S2). The rst helix of this domain acts also as a junction between the transducer and the WHD domains (which corresponds to the junction between the B and A subunits). The structure of the Toprim domain is highly conserved and all the residues implicated in magnesium binding (E209, D261 and D263 in the S. shibatae structure) are spatially conserved.

Based on the structural similarities of the individual domains, we suggest that the architecture of the topoisomerase VIII homodimer is comparable to that of the topoisomerase VI heterotetramer. However, the C-terminal helix of the transducer and the N-terminal helix of the WHD domain are lacking in topoisomerase VIII; therefore, it is dif cult to predict how the short junction characteristic of these enzymes organizes the orientation between these two domains (compare Figure 5 and Supplementary Figure S4). In addition, the ␤-turn-␤ in the topoisomerase VI Toprim domain responsible for the interactions between the two A subunits and the formation of a continuous ␤-sheet is not present in topoisomerase VIII. Therefore, it is dif cult to propose a model for the full-length homodimer.

Topoisomerase VIII enzymatic activities

Impairment of the excision of integrated elements occasionally leads to permanent xation of new functions within cellular lineages, which may even replace ancestral cellular counterparts. This route has been proposed for the origin of a novel nuclear protein in Dino agellates (43) and bacteriophage T3/T7-like RNA and DNA polymerases in mitochondria (44). With this in mind, we set out to verify experimentally whether plasmid-borne topoisomerase VIII possesses its predicted enzymatic activity and whether homologs encoded by (decaying) integrated elements retain two tyrosines of the active site were replaced with phenylalanines in a recombinant protein (Figure 6A).

Notably, the relaxation activity of the P. polymyxa topoisomerase VIII was lower than that of M. marina but ATP dependent, as expected of a type II DNA topoisomerase (Figure 6B and Supplementary Figures S8a,lanes 3,S8b,lanes 4 and 7). Substitution of the conserved aspartate in the P. polymyxa topoisomerase VIII Bergerat fold (D61), which is essential for ATP binding (D73 in E. coli DNA gyrase) abolished the ATP-dependent relaxation activity (Figure 6B). Treatment of the reaction products with proteinase K and SDS only produced linear DNA in the presence of ATP, suggesting the formation of a cleavable complex (Supplementary Figure S8, lane 6). Notably, we showed previously that the formation of a cleavable complex is ATPdependent for S. shibatae DNA topoisomerase VI, whereas it is ATP independent for type IIA enzymes (48).

Some type II topoisomerases relax positively supercoiled DNA more ef ciently than negatively supercoiled DNA [START_REF] Mcclendon | Human topoisomerase IIalpha rapidly relaxes positively supercoiled DNA: implications for enzyme action ahead of replication forks[END_REF]. We thus tested the activity of the P. polymyxa DNA topoisomerase VIII on a positively supercoiled plasmid. This enzyme also exhibited low relaxation activity on positively supercoiled DNA (Supplementary Figure S8b). Finally, decatenation assays with kDNA as a substrate for P. polymyxa DNA topoisomerase VIII showed that this enzyme had a very weak decatenation activity, which was slightly stimulated by ATP (Figure 8C). The poor stability of the proteins precluded further enzymatic characterization.

DISCUSSION

We have identi ed a new group of type IIB topoisomerases that we call DNA topoisomerase VIII, which are encoded by either free or integrated plasmids. We partially characterized three proteins of this new subfamily. One of them exhibited only endonuclease activity, and the other two exhibited relaxation activity. In all cases, the relaxation activities detected with puri ed preparations of recombinant proteins were weak (complete relaxation was never observed). Furthermore, only the topoisomerase VIII encoded by the plasmid of P. polymyxa exhibited the expected ATP-dependent relaxation activity of type II topoisomerases. It is possible that the topoisomerase VIII of A. degensii and those of M. marina do not exhibit this activity because they are located on decaying elements and are no longer fully functional. The enzyme from P. polymyxa may exhibit the expected ATP-dependent relaxation activity because its activ-8588 Nucleic Acids Research, 2014, Vol. 42, No. 13 ity is still required for the maintenance of this large plasmid (366 576 bp). The complete absence of relaxation activity in the case of the A. degensii enzyme is somewhat surprising because our in silico analysis suggests that the insertion of this gene into the bacterial chromosome is relatively recent. This indicates that the activity of enzymes encoded by mobile elements can be rapidly lost after integration; therefore, caution should be exercised when studying the biochemical properties of 'cellular enzymes' obtained by expressing genes present on cellular chromosome if the origin of these enzymes has not been carefully investigated.

We found that the structures of the Bergerat fold domains of the three topoisomerase VIII enzymes were rather variable (Figure 5). The rmsd values varied from 1.5 Å (A. degensii DNA topoisomerase VIII/S. shibatae topoisomerase VI) to 2.9 Å (A. degensii topoisomerase VIII/ M. marina topoisomerase VIII and M. marina topoisomerase VIII/S. shibatae topoisomerase VI). This variability may explain differences in the activities of the three proteins. However, the core fold is highly conserved (especially the ATP-binding pocket, see Supplementary Figure S3). The main difference involves an insertion in the A. degensii topoisomerase VIII and S. shibatae topoisomerase VI in the C-terminal end of the Bergerat fold domain that is not present in M. marina and P. polymyxa topoisomerase VIII. At present, we cannot make substantiated conclusions about the relationship between ATP-dependency and structural differences among topoisomerase VIII enzymes from the available information, especially given that two highly conserved enzymes, the DNA gyrases of M. tuberculosis and Mycobacterium leprae, have different activity spectra (50,51).

The ATP-independent relaxation activity of the M. marina topoisomerase VIII is reminiscent of that of bacterial DNA gyrase (52,53). Bates et al. suggested that the ancestral role of ATP in type II enzyme reactions was to prevent DNA double-strand breaks (DSBs) by controlling the separation of protein-protein interfaces (54). They suggested that the intersubunit interface is weaker in DNA gyrase than in other type II enzymes, explaining its ATPindependent relaxation activity (54). It is interesting that the three different forms of topoisomerase VIII studied here exhibited low ATP-stimulated relaxation, ATP-independent relaxation or produced DSBs. This suggests that the differences between these three enzymes results from subtle modi cations of the protein-protein dimer interface.

The low activity of the P. polymyxa topoisomerase VIII in our in vitro assays may be due to the absence of potentially important accessory proteins required for optimal activity in vivo. For example, plant topoisomerase VI enzymes require two additional proteins, Midget and RLH1, for their activity, at least in vivo (55). Moreover, the cell division protein MukB stimulates the activity of E. coli topoisomerase IV in vitro (56). Other topoisomerases require posttranslational modi cations to achieve full catalytic strength (57). If additional proteins or processing enzymes are indeed required for the full activity of topoisomerase VIII, these accessory proteins are likely to be encoded by the plasmids bearing the topoisomerase VIII genes.

Origin and evolution of DNA topoisomerase VIII

Several families and subfamilies of DNA topoisomerases are widespread in the living world. Some are almost universal (such as topoisomerase IA) or present in all members of one or two cellular domains (such as DNA gyrases in Bacteria or type IIA topoisomerases in Bacteria and Eukarya) (7). In contrast, topoisomerase VIII enzymes appear to be rare, because they are encoded only in about 0.5% of currently available bacterial genomes and are not present in archaeal or eukaryotic genomes. Moreover, topoisomerase VIII is only present in a handful of representatives of three bacterial phyla. Furthermore, two of them, Proteobacteria and Firmicutes, correspond to the two phyla with by far the highest number of completely sequenced genomes. This very narrow distribution of topoisomerase VIII in the living world resembles the case of topoisomerase V, a unique member of type I topoisomerases (family C) that is only present in the archaeon Methanopyrus kandleri (58,59). It also resembles atypical topoisomerases found in the viral world, such as the heterotrimeric type IIA enzymes encoded by T4-like bacteriophages and the homodimeric type IIA enzymes encoded by some Megavirales (7). Strikingly, topoisomerase VIII enzymes are encoded by plasmids (two from bacteria and one from archaea), and in bacterial genomes, they are located within integrated mobile elements. This is therefore another example of a topoisomerase with an unusual phylogenomic distribution and complex evolutionary trajectory.

The fusion of two bacterial topoisomerase VI subunits in one bacterial phylum, followed by sporadic spread to other lineages by lateral gene transfer is one hypothesis that explains the rare and scattered distribution of topoisomerase VIII in Bacteria. However, this hypothesis seems unlikely considering the high divergence of primary sequence between topoisomerase VI and VIII. Notably, bona de topoisomerase VI enzymes present in bacteria cannot be distinguished from their archaeal homologs and branch with archaeal DNA topoisomerase VI enzymes in phylogenetic analyses (38); in contrast, topoisomerase VI and VIII enzymes are so divergent that their amino-acid sequences cannot be reliably aligned for phylogenetic analyses. It is difcult to explain why the fusion protein of the two topoisomerase VI-like subunits (i.e. the ancestor of topoisomerase VIII) would have diverged so rapidly in one particular bacterial lineage but remained conserved during its dispersion in various bacterial lineages.

The divergence between topoisomerases VI and VIII enzymes suggests that the gene duplication at the origin of these two protein subfamilies occurred before the emergence of Archaea and Bacteria (Figure 7). In agreement with this view, topoisomerase VI was probably present in the last archaeal common ancestor (LACA) because this enzyme is now present in all archaea, with the exception of Thermoplasmatales (3). In contrast, the rarity of topoisomerase VIII in bacteria suggests that this protein was not present in the last bacterial common ancestor (LBCA), but was already encoded by plasmids at that time. Modern topoisomerase VIII thus probably originated before the diversi cation of Bacteria, by a fusion between the A and B subunits, following the duplication that initiated the diver- gence between topoisomerase VI and VIII enzymes (Figure 7). In this scenario, the sporadic distribution of topoisomerase VIII in the bacterial domain is easily explained by the co-evolution of bacterial plasmids bearing topoisomerase VIII-encoding genes with their hosts and the sporadic integration of these genes into bacterial genomes (37).

It has been suggested that DNA topoisomerases rst originated and diverged into various families and subfamilies in the viral world (7). Viruses and plasmids are evolutionarily related and can be considered as the same sequence space within a greater viral world (60)(61)(62). Accordingly, it is possible that type IIB topoisomerases rst originated and subsequently diversi ed into two subfamilies (VI and VIII) in this plasmid/viral world. Later on, topoisomerase VI were transferred to the cellular members of the branch of the tree of life leading to LACA, whereas plasmids encoding topoisomerase VIII co-evolved with ancestors of the bacterial domain (Figure 7). The presence of the topoisomerase VIII-encoding gene in the plasmid of a halophilic archaeon can also be explained by the presence of these plasmids in ancient archaeal organisms (LACA and close relatives). However, in this case, it is also possible that these plasmids were transferred from Bacteria to Archaea at the onset of the haloarchaeal lineage, which has experienced the introduction of around 1000 bacterial genes [START_REF] Graham | Identification of coenzyme M biosynthetic phosphosulfolactate synthase: a new family of sulfonate-biosynthesizing enzymes[END_REF]. Irrespective of the evolutionary scenario, the discovery of a subfamily of topoisomerases speci cally encoded by plasmids con rms that mobile elements are potential reservoirs of novel proteins involved in DNA metabolism (7,36,42,[START_REF] Graupner | Identification of an archaeal 2-hydroxy acid dehydrogenase catalyzing reactions involved in coenzyme biosynthesis in methanoarchaea[END_REF].

Possible physiological role of topoisomerase VIII

The role of topoisomerase VIII in plasmid physiology remains to be established. Several conjugative plasmids from Proteobacteria and Firmicutes encode enzymes related to bacterial topoisomerase III (a subfamily of type IA enzymes) (65). These plasmidic topoisomerase III enzymes are used either as decatenases to help the faithful segregation of these large plasmids with low copy number, or as swivels during conjugation to facilitate the unwinding of the donor strand that is transferred to the recipient host (65). Alternatively, they may also be involved in the resolution of hemicatenane structures during plasmid replication or recombination (66). Notably, the plasmids pPPM1a of P. polymyxa and pAV109 of P. alvei encode a DNA topoisomerase III, in addition to a topoisomerase VIII. Topoisomerase III may be involved in the resolution of hemicatenane structures, whereas topoisomerase VIII enzymes could be the decatenase and/or swivelase involved in the segregation of these large plasmids (>100 kb).

Interestingly, the genome of P. polymyxa contains nine loci dedicated to the synthesis of non-ribosomal peptides, one of which is located on the plasmid pPPM1a (67). Of note, some plasmids encode proteins containing pentapeptide repeats that interact with cellular topoisomerases, as demonstrated by uoroquinolone resistance proteins (68). These peptides may serve as important antibiotics in the control of plant pathogens. We can speculate that some of the peptides encoded by the plasmid pPPM1a are also topoisomerase inhibitors. In that case, the plasmidencoded topoisomerase III and topoisomerase VIII may also be resistant to these antibiotics, and serve as substitutes for antibiotic-sensitive cellular topoisomerases. Thus P. polymyxa may be an interesting model to study the role of topoisomerases in plasmid maintenance and transfer. It would also be relevant to screen Paenibacillus species for novel anti-topoisomerase inhibitors and/or new proteins interfering with topoisomerases. Supplementary Figure 1. Phylogeny of Reb homologs. Unrooted Bayesian phylogenetic tree of 203 Reb homologs. The tree was obtained by using Phylobayes 3.3 with the LG model of amino acid substitution and a discrete gamma distribution with four categories to take into account among--site rate variation. Note that the tree is not fully resolved due to the small number of positions that could be used for analysis (73 amino acids). Numbers at nodes represent posterior probabilities. The scale bar represents the average number of substitutions per site. Colored taxa correspond to the rebs represented in Figure 5.
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Abstract : Reconstructing the evolutionary relationships between Archaea and Eukaryotes: a phylogenomic approach It is widely accepted that there exist an evolutionary relationship between Archaea and Eukaryotes, but the exact nature of this relationship is hotly debated. In this thesis I have taken advantage of the large available genomic data to investigate the issue through two complementary phylogenomic approaches: (i) the analysis of a specific archaeal cellular system with an evolutionary link to eukaryotes, and (ii) a large--scale phylogenomic analysis at the level of the three domains of life.

In the first study, I carried out a detailed analysis of a cellular system with an evolutionary link between Archaea and Eukaryotes, DNA replication. I performed an exhaustive phylogenomic analysis of the components of DNA replication in all complete archaeal genomes. This allowed me to accurately assign them in terms of orthology, paralogy, horizontal gene transfers, and copies originating from mobile elements. My results provide a full picture of the diversity of DNA replication among different lineages, and allowed me to infer the presence of a modern--type DNA replication machinery in the last archaeal common ancestor. I was able to clarify the evolutionary history that shaped this key cellular machinery during archaeal diversification. My study allowed me to highlight a new set of markers that provide information on yet unclear evolutionary relationships within archaea. In addition, I analyzed, for the first time, the phylogenetic signal carried by DNA replication components. This is highly consistent with that harbored by two other key informational machineries, translation and transcription, strengthening the existence of a robust organismal tree for the Archaea. Finally, most of the components inferred to have been present in the archaeal ancestor are shared with eukaryotes, allowing discussion on the evolutionary relationships between Archaea and Eukaryotes. My results provide important and useful information for future functional studies on DNA replication components in the archaea.

In the second study, I have performed a large--scale analysis to study the relationships between archaea and eukaryotes. I applied a novel strategy, which involved extracting and analyzing separately two sets of markers conserved between archaea/eukaryotes on one side, and the archaea/bacteria on the other. I carried out an extensive analysis on all complete archaeal genomes involving the extraction of core protein families, detection of orthologs, and exhaustive searches on bacteria and eukaryal genomes. I identified 72 reliable phylogenetic makers shared between archaea and eukaryotes and 46 shared between bacteria and archaea. By analyzing the archaeal/eukaryote dataset I was able to exclude the origin of eukaryotes from within any of the archaeal orders or phyla. When I analyzed the bacterial/archaeal dataset I could highlight an original and new rooting for the archaeal tree that lies within the Euryarchaeota. My analysis would support an emergence of Eukaryotes from within the Archaea and also dramatically change our view on the phylogeny and evolution of the archaeal domain. Finally, I performed an exhaustive search for homologs of eukaryotic proteins inferred to date back to the Last Eukaryotic Common Ancestor that are not universally present in the Archaea. I identified several new markers that were not reported in previous analyses that belong to a wide range of cellular processes. The origin of these markers could open up new avenues of research for future studies.

My results contribute to expanding our view of the diversity of the Archaea, their phylogeny, and their early evolution, including the nature of the LACA. They also shed light on one of the major questions in Evolutionary Biology: the topology of the universal Tree of Life and the origin of the eukaryotic lineage.

5 Figure 1 .

 51 Figure 1. Phylogenetic tree of Ernst Haeckel from 'Generelle Morphologie der Organismen' (1866) with the three branches Plantae, Protista, Animalia. Protista were composed of the monerans (called Moneres in German). Haeckel's Monera included not only bacterial groups but also several small eukaryotic organisms.
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Figure 2 .

 2 Figure 2. Whittakers five kingdom system from 1969 that separates prokaryotic organisms into the Kingdom Monera and places them at the base of the universal tree of life.

Figure 3 .

 3 Figure 3. Schematic representation from Fox et al 1980 of the major lines of prokaryotic descent based on results from 16S rRNA catalog comparisons. Three major lines of descent emerge from a common ancestor, ancestral urcaryotes, ancestral eubacteria, and ancestral archaeobacteria.

Figure 4 .

 4 Figure 4. Phylogenetic tree derived from a distance--treeing algorithm based on an alignment of 16S sequences taken from Woese and Olsen 1986. The root was chosen based on various bacterial and eukaryotic sequences. The distance bar represents the number of mutational events per sequences position.
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Figure 6 .

 6 Figure 6. 16S rRNA maximum likelihood tree of 1,344 archaeal 16S rRNA sequences taken from Schleper et al 2005. Groups of uncultivated species that have been targeted in genomic studies are emphasized in boxes. The scale bar for the whole tree represents 0.05 changes per nucleotide. Triangles in light colours represent branches with exclusively uncultivated species, and dark triangles show branches with cultivated species.

Figure 7 .

 7 Figure 7. Maximum likelihood phylogenetic trees from Robertson et al 2005 based on 712 archaeal rRNA sequences, generated from RAxML with 100 bootstrap replicates. Three bacterial sequences were used as outgroup. Any nodes in the tree that had less than 70% bootstrap support were collapsed. Solid colored groups have at least one cultured representative; others are known only from environmental samples. In 1996 the first complete archaeal genome was sequenced, that of Methanocaldococcus

Figure 8 .

 8 Figure 8. Unrooted Bayesian tree of 99 archaeal species based on the concatenation of 56 ribosomal proteins taken from Brochier--Armanet et al., 2011. The tree was inffered with the CAT+Γ model to take into account evolutionary rate site variations among sites. The scale bar indicates the average number of substitutions per site. Numbers at branches represent posterior probabilities.

Figure 9 . 1 )

 91 Figure 9. 1) Obsidian Pool, Yellowstone National Park, Wyoming, the hydrothermal pool where Korarchaeaota was first discovered. 2) Microscopy of Ca. K. cryptofilum taken from Elkins et al 2008. (A) FISH analysis with Korarchaeota--specific Cy3--labeled oligonucleotide probes. The cell shape results from drying of the specimen on gelatin coated slides before hybridization. (Scale bar, 5 nm.) (B) Phase--contrast image of korarchaeal filaments after physical enrichment. (Scale bar, 5 nm.) (C) Scanning electron micrograph of purified cells. (D) Transmission electron micrograph after negative staining displaying the paracrystalline S layer.

Figure 11 .

 11 Figure 11. A) Schematic representation of the nitrogen cycle, showing the archaea as contributers to the first step, ammonia oxidation. B) Scanning electron micropgrah of N. maritimus taken from Konneke et al 2005 Nature.

Figure 12 . 1 )

 121 Figure 12. 1) Photo of a submarine geothermal vent, the habitat of N. equitans 2) Microscopy of N.equitains and its host Ignicoccus taken from Huber et al 2002. a) Freeze--etched cell of Ignicoccus and four attached cells of N. equitans. b) Ultrathin section of two cells of N.equitans attached to the outer membrane of Ignicoccus. c) Cell of Ignicoccus, with several cells of N. equitans attached d) Confocal laser scanning micrograph Nanoarchaeum (red) and Ignicoccus (green). a-d, Scale bar, 1.0 microm.

Figure 15 .

 15 Figure 15. Phylogenetic position of the Mx order and inferred losses of methanogenesis adapted from Borrel 2013. (a) Bayesian phylogeny of Euryarchaeota based on a concatenation of 57 ribosomal proteins. Values at nodes represent Bayesian posterior probabilities and bootstrap values based on maximum likelihood analysis and 100 resamplings of the original data set. The scale bar represents the average number of substitutions per site. Red crosses indicate complete loss of methanogenesis. (b) Maximum likelihood phylogeny of methanogens based on a concatenation of McrA--B--C--D--G protein sequences. The tree based on a concatenation of the five markers of methanogenesis (McrA--B--C-- D--G) that are shared by all methanogens is largely consistent with the ribosomal protein--based phylogeny, demonstrating that these genes have not been horizontally transferred.

Figure 16 . 1 )

 161 Figure 16. 1) Scanning electron micrographs of a single pearl from the Sippenauer Moor taken from Rudolph et al 2001. A) The inner part of a pearl, showing large numbers of small cocci. B) Detail of the inset in panel A. Single round cocci are embedded in a fibrous matrix. 2) Electron micrographs of SM1 hami appendages taken from Moissel et al 2005. A) Grappling hooks located at the distal ends of the hami taken from XX. Arrowheads indicate locations of barbs. B) High level structured SM1 hami. The hami show prickles (black arrowheads) and grappling hooks (white arrowheads).

Figure 18 .

 18 Figure 18. Reconstruction of the evolution of genome size in the archaea taken from Wolf et al 2012. Square boxes at the bases of clades indicate the number of families in the inferred ancestral genomes; the rectangles at the tips of clades indicate the number of families in the extant genomes within the clade. Square boxes at the tips indicate single genomes; rectangular boxes indicate multiple genomes.

Figure 20 .

 20 Figure 20. Schematic figure showing some examples of fusion hypotheses for the origin of eukaryotes adapted from the text book From Suns to Life: A Chronological Approach to the History of Life on Earth[START_REF] Gargaud | From 12 1 Suns to Life: A Chronological Approach to the History of Life on Earth[END_REF]). In the left panel are the mitochondriate fusion models and on the right are the amitochondriate models.

Figure 21 .

 21 Figure 21. Ribosome structures as support for the eocyte hypothesis. Figures were taken from Lake et al 1984. 1) Elecotron micrographs of the ribosomes of representatives of eubacteria, archaebacteria, eocytes, and eukaryotes. The organisms included in the analysis (from left to right), Synechocystis (eubacteria); Halobacterium cutirubrum (archaebacteria); Thermoproteus tenax (eocyte); and Saccharomyces cerevisiae (eukaryote). The small subunits are shown in panel A and large subunits shown in panel C, with schematic diagrams of their profiles shown below the micrographs in panels B and D. 2) An unrooted dendrogram relating the steps in the evolution of taxa based on ribosome structure from the four proposed lineages. The relationship between the groups was based on parsimony.

Figure 23 .

 23 Figure 23. Figure showing the 11 amino acid region shared between eocytes and eukaryotes taken from Lake et al 1992. The figure shows a comparison of the elongation factors EF--Tu/1α near the KNMTG region (a conserved region conserved responsible for terminating the helix).
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Figure 26 .

 26 Figure 26. Phylogenetic analysis of 45 concatenated proteins universal proteins taken from Cox et al 2008. Scale bars indicate substitutions per site. The dotted branches leading to eubacteria are arbitrary lengths. Nodes highlighted with dots were supported by >95% PP. The 2 values indicate support (PP) for the eocyte hypothesis. (A) NDCH+Γ4 model with Dayhoff--recoded data; (B) CAT+Γ4 model with standard amino acid coded data

Figure 27 .

 27 Figure 27. Bayesian phylogenetic analyses of concatenated amino acid data. The analysis in panel (a) used Dayhoff--recoded data with a GTR +Γ+ NDCH tree--heterogeneous substitution model in P4. This is the analysis summarized in table 3, row I. The analysis shown in panel (b) used standard amino acid-coded data with a CAT--Poisson substitution model in Phylobayes.

Figure 28 .

 28 Figure 28. Methods and datasets used in recent large--scale phylogenomic analyses supporting the 2D topology. Rows highlighted in purple were performed by the group of Martin Embley.

Figure 29 .

 29 Figure 29. Figure showing the evolutionary links between TACK and Eukaryotes taken from Guy and Ettema 2011. The schematic phylogenies shown in a--d represent the results obtained from the phylogenetic analyses of 26 universal proteins using different phylogenetic methods (see Figure25). The bacterial out--group is not shown. Schematic phylogenies (a--b) were rooted based on the root obtained with the bacterial out--group and schematic phylogenies (c--d) were rooted on the branch leading to euryarchaoeta. Panel d shows the phylogenetic distribution of orthologs of eukaryotic core genes based on those that have been reported in the literature. The rooted phylogenetic tree of the archaea was based on the 26 universal proteins with the eukaryotes omitted. The tree was inferred with Phylobayes under the LG model with a continuous gamma distribution.

Figure 30 .

 30 Figure 30. Bayesian phylogenies taken from Williams et al 2012 (a) Bayesian phylogeny inferred from 29 concatenated proteins using conserved between Bacteria, Archaea and eukaryotes (CAT+G4). The eukaryotes emerge as the sister group of Korarchaeum, within the TACK superphylum. (b) Bayesian phylogeny inferred from 63 concatenated proteins shared between Archaea and eukaryotes with the root placed on the branch leading to the Euryarchaeota (CAT+G4). The tree shows the eukaryotes emerging as the sister group to the TACK superphylum, including Korarchaeum. Branch lengths are proportional to substitutions per site, except the truncated bacterial branch in (a).

Figure 31 .

 31 Figure 31. Phylogenetic trees based on the aeb 1 datset (86 concatenated ribosomal proteins-- 13432 aa positions) taken from Lasek--Nesselquist and Gogarten 2013 (a) Bayesian phylogeny inferred by Phylobayes under the CAT model. Dots indicate posterior probabilities of 0.9-1.0. Posterior probabilities less than 0.60 are not shown. The tree recovers the Eukaryotes as sister to Thaumarchaeota/Crenarchaeota/Korarchaeota (b) Maximum Likelihood phylogeny inferred by RAxML under the LGF model. Dots indicate bootstrap support values of 90-100%. Bootstrap values less than 60% are not shown. This tree recovers a sister relationship between Thaumarchaeota/Korarchaeota and Eukaryotes.

Figure 32 .

 32 Figure 32. Schematic step--wise overview of the crucial steps of the proposed PhAT taken from Martijn and Ettema 2013. (1) An archaeon probably belonging to the recently proposed 'TACK superphylum' contains an actin--based cytoskeleton (blue). (2) After losing its cell wall, the archaeon evolves a more flexible actin--based cytoskeleton, which supported the formation of cellular protrusions. (3) The archaeon's cytoskeleton matures into a primitive phagocytotic machinery and the digestion of other prokaryotic cells exposes the archaeon to increasing amounts of 'foreign' DNA destabilizing the archaeal host genome. (4) A protective membrane boundary is formed to protect the genetic integrity of the host cell genome via invagination events, giving rise to a primitive karyotic cell type. An ancient alphaproteobacterium is taken up, which establishes an endosymbiotic interaction with the 'parakaryotic' host cell. (5) The transition of the alphaproteobacterial endosymbiont into an energy-producing mitochondrion forms the basis of the emergence of cellular complexity typical for eukaryotes.

  FIG. 1.-(A) General overview of the components of DNA replication in the Archaea compared to the other two domains of life. Same color in a given row indicates homology; gray shading indicates that the bacterial version has only structural similarity with the archaeal/eukaryal component; question marks represent components with unclear implication in archaeal replication, i.e., DnaG, Dna2, and RecJ homologs; asterisks indicate that a eukaryotic homolog exist but is not involved in replication, i.e., SSB and TopoVI. See main text for details. (B) Sketch of the DNA replication machinery in the Archaea. Colors corresponds to those in (A).

Complex 65 A

 65 FIG. 3.-(A) Maximum likelihood phylogeny of Cdc6/Orc1 core components. The tree was calculated by Treefinder (MIX model + gamma4) based on 261 unambiguously aligned amino acid positions. The scale bar represents the average number of substitutions per site. Dots represent bootstrap values (BV) based on 100 replicates of the original alignment. For clarity, supports are shown for major lineages only: black dots indicate BV > 90%, gray dots BV 80-90%, and white dots BV <80%. (B) Evolutionary scenario for Cdc6/Orc1. The two Cdc6/Orc1 paralogs 1 (red) and 2 (green) arose from ancestral gene duplication in the Last Common Archaeal Ancestor. Independent gene losses occurred subsequently in a number of lineages, involving either one paralog (red crosses) or the other (green crosses), and in some cases both. See text for details.
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  FIG. 3.-Continued.

FIG. 4 .

 4 FIG. 4.-Homologs of DNA replication proteins found in archaeal plasmids and viruses. Colors correspond to those used in figure 1. Accession numbers are given in supplementary tableS2, Supplementary Material online.

  (schematically represented by a striped box in fig.5, for a full alignment see supplementary fig.S1, Supplementary Material online). This tail is absent from the SSB of Thaumarchaeota and Korarchaeota, which harbor an RPA1 homolog (fig.5; supplementary fig.S1, Supplementary Material online). This may hint at a change in function of SSB in these taxa or even a potential interaction with RPA1.

FIG. 5 .

 5 FIG. 5.-Taxonomic distribution and diversity of archaeal SSB and RPA homologs plus the associated proteins (RAP2 and RAP3). ThermoDP, the proposed replacement for the native SSB of Thermoproteales, is shown in gray. See text for details.

FIG. 6 .

 6 FIG.6.-Schematic representation of the classic archaeal DNA primase genes encoding for the two subunits PriS and PriL, as opposed to the single genes encoding for fused archaeal primases that we found in some nanosized lineages. The presence of a PriS in Ca. Parvarchaeum acidophilum ARMAN-4 is unknown (question mark). The genome sizes are given in parentheses. See text for details.

FIG. 7 .

 7 FIG. 7.-Bayesian phylogeny of a concatenation of archaeal DNA gyrase small and large subunits and a selection of bacterial homologs (1,083 amino acid positions). The tree was calculated by MrBayes (MIX model + gamma4). The scale bar represents the average number of substitutions per site. Supports at nodes indicate posterior probabilities. Colors correspond to archaeal orders according to those used in figure2. The tree is collapsed for clarity. See supplementary table S1 (Supplementary Material online) for accession numbers and taxonomic information.

  FIG. 8.-Bayesian phylogeny of a concatenated data set of 14 replication components (4,295 amino acid positions). The tree was calculated by Phylobayes (CAT + GTR + gamma4). The scale bar represents the average number of substitutions per site. Values at nodes represent posterior probabilities and BV based on 100 resamplings of the original data set calculated by PhyML (LG model + gamma4), when the same node was recovered.

  2 and 6), the presence of bacterial DNA gyrase (figs.2 and 5), the presence of an SSB with an Nterminal tail (figs. 2 and 5; supplementary fig. S1, Supplementary Material online), and the absence of RPA. Targeted phylogenomic analyses combined with novel Complex Evolutionary History of DNA Replication in Archaea GBE Genome Biol. Evol. 6(1):192-212. doi:10.1093/gbe/evu004 Advance Access publication January 6, 2014 209 77 genomic data from these peculiar lineages will bring important insights into this issue.
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Figure 3 .

 3 Figure 3. Desaturation analysis. On the x--axis the names and number of positions of matrices containing a progressively larger number of saturated positions are shown (see text and M&M for details). The graphs represent the support of each matrix for an external placement of Eukaryotes with respect to the TACK or Euryarchaeota as indicated by the support at the nodes corresponding to the monophylies of these two archaeal groups. The phylogenies were inferred by Phylobayes with the CAT+GTR+Γ4 model (A) and with PhyML with the LG+Γ4 model (B).

Figure 4 .

 4 Figure 4. Unrooted Bayesian phylogeny of the AB supermatrix (10986 amino acid positions). The tree was calculated by Phylobayes (CAT+GTR+Γ4). The scale bar represents the average number of substitutions per site. Values at nodes represent posterior probabilities. The numbered nodes on the archaeal phylogeny represent the 27 alternative rootings that were tested (see text and M&M for details).

Figure 5 .

 5 Figure 5. Unrooted ML phylogeny of the AB supermatrix (10986 amino acid positions). The tree was calculated by PhyML (LG+Γ4). The scale bar represents the average number of substitutions per site. Values at nodes represent supports obtained by non parametric bootstrapping based on 100 resamplings of the original alignment. See text and M&M for details.

Figure 6 .

 6 Figure 6. Desaturation analysis. On the x--axis are shown the names and number of positions of matrices containing a progressively larger number of saturated positions (see text and M&M for details). The graphs represent support of each matrix for the monophyly of the Euryarchaeota and the TACK (supporting root #1) and the monophyly of Group I and Group II (supporting root #17) for each destaturated supermatrix as calculated by Phylobayes with the CAT+GTR+Γ4 model (A) and PhyML with the LG+Γ4 model (LG).

Figure 7 .

 7 Figure 7. Bayesian phylogeny of a concatenated data set of the ABE supermatrix (9090 amino acid positions). The tree was calculated by Phylobayes (CAT+GTR+Γ4). The scale bar represents the average number of substitutions per site. Values at nodes represent posterior probabilities. See text and M&M for details.

Figure 1

 1 Figure 1 Illustration of the C. taeniospiralis Rbody toxin delivery system (see main text for details and references).

Figure 2

 2 Figure 2 Distribution of Reb homologs. Presence/absence of Reb homologs in proteobacteria and Kordia algicida. Colors indicate the different proteobacterial subdivisions.For each genome that harbors Reb homologs, we included complete genomes of closely related taxa without any reb genes, when available. Taxa with no available complete genome sequence but harboring Reb homologs are highlighted in gray. For these taxa, the presence of extra Reb copies cannot be excluded. When present, Reb homologs are indicated by their corresponding accession number. Reb homologs located on plasmids are indicated by an asterisk. See main text for discussion.

Figure 3

 3 Figure 3 Distribution of Reb-harboring taxa across Proteobacteria. Unrooted Maximum likelihood phylogenetic tree of 16s rRNA sequences from 60 taxa representative of proteobacterial diversity. Proteobacterial orders that include members containing Reb homologs are highlighted in red.The number of Reb-harboring taxa over the total number of available complete genomes is indicated in parenthesis. Caedibacter taeniospiralis belongs to the gammaproteobacterial family of Thiotrichales (indicated by a red arrow). The tree was obtained using Treefinder with the J1 model of nucleotide substitution and a discrete gamma distribution with four categories to take into account among-site rate variation. Numbers at nodes indicate bootstrap values (BV) for 100 replicates of the original dataset. For clarity, only BVs greater than 50% are shown. The scale bar represents the average number of substitutions per site.

Figure 4

 4 Figure 4 Sequence analysis. (A) Secondary structure of the RebB of C. taeniospiralis predicted by PSIPRED [http://bioinf.ucl.ac.uk/psipred (Buchan et al. 2010)]. The same structure was substantially conserved in all other Reb homologs. (B) Conserved amino acid positions identified using Weblogo on an unambiguously aligned excerpt of the entire alignment of the 203 identified Reb homologs. For clarity, only 15 representative Reb sequences are shown. Position numbers refer to the RebB of C. taeniospiralis.

Figure 5

 5 Figure 5 Evolutionary inference of Reb homologs based on phylogenetic analysis of the 203 Reb homologs (FigureS1). Here we have highlighted a few of the monophyletic groups. For each taxon, the genome locations of the corresponding Reb proteins are shown. Reb homologs highlighted in green are orthologs that were inferred to have been inherited through speciation events; those highlighted in blue represent paralogs issued from species-specific gene duplications; and those in red are the Reb homologs that have likely originated via horizontal transfer. Adjacent reb genes are indicated in gray. Open reading frames between reb genes are shown in white, and black slash-like symbols represent large intervening regions between reb genes.

Figure 1

 1 Figure 1 Genomic features of ribosomal genes in Euryarchaeota. (A) Phylogeny of Euryarchaeota highlighting the position of the Methanomassiliicoccales (according to[16]). The seven orders of methanogens are in red. (B) Genomic organization of ribosomal genes in Euryarchaeota: 5S, 16S and 23S rRNA genes are symbolized by blue, green and orange arrows, respectively. They are indicated irrespectively of the (+) or (-) DNA strand carrying them. A plain line defines an operon organization where tRNAs (when present) are not shown, nor the number of genes encoding rRNA with the exception of the Methanomassiliicoccales. The 5S rRNA gene in bracket refers to a second 5S rRNA copy isolated from the 16S-23S-5S rRNA gene operon in Methanococcus maripaludis C5.

a

  Not found in close association to another ORB. b Contig [GenBank: CAJE01000021.1].

Figure 2

 2 Figure 2 Genomic regions surrounding the orc1/cdc6.1 (A) and orc1/cdc6.2 (B) genes in the three genomes of Methanomassiliicoccales. Each homologous gene (i.e. showing more than 30% amino acid identity and an e-value < 10 -5 when analyzed by blast against each other) from the 2 regions of the 3 genomes is colored differently and connected with shading. The black arrows represent genes involved in the replication process. The grey arrows represent other genes of various function with no homologue detected on the corresponding region of the 2 other genomes. "Hypoth." refers to genes encoding hypothetical proteins.

Figure 3

 3 Figure 3 Shared and unique CDS among the three genomes. Venn diagram indicating the core genome at its center, deduced from a BLAST analysis of the CDS from the 3 genomes of the Methanomassiliicoccales. Unique and shared CDS among genome pairs are also given.

Figure 4

 4 Figure 4 Proposed pathways for methanogenesis and energy conservation in the Methanomassiliicoccales representatives. The protein names are in bold. The predicted pathways and enzymes present in the three Methanomassiliicoccales species are in blue, those absent from "Ca. M. intestinalis" are in green and those absent from "Ca. M. alvus" are in red. MtaA and MtbA are marked with an asterisk to signify that the homologs present in the Methanomassiliicoccales are not yet assigned to one or the other enzyme category. "X" refers to the uncharacterized lipid soluble electron transporter. The question mark points out that the enzymes involved in the reoxidation of the lipid soluble electron transporter remain to be uncovered. See Table6and Additional file 1: TableS10for a description of the set of genes involved.

Figure 5

 5 Figure 5 Comparison of the number of putative Pyl-containing proteins (other than MtmB/MtbB/MttB methyltransferases) and of the percentage of amber codons used as translational stop signals deduced from the three Methanomassiliicoccales genomes.

  As mentioned in the Introduction section, the SM1 Euryarchaeon forms an almost single species biofilm in a cold, sulfidic spring and has been for long time uncultured and its phylogenetic affiliation unclear. The group of Christine Moissl--Eichinger at Marburg, Germany, has recently obtained the first enrichment and genomic data for this interesting new archaeal lineage and contacted us to perform a phylogenomic analysis to understand the phylogenetic position of the SM--1 lineage. I performed an extensive phylogenetic analysis of the SM--1 lineage (3 assembled genomes) and the close relative IM--4 (shotgun sequence) based on concatenated ribosomal proteins and my dataset of DNA replication markers.

Figure 1 .

 1 Figure 1. Domain organization of type II topoisomerases of the A and B families. Homologous domains are colored similarly, with color intensities differing according to the extent of sequence similarity. Bf: Bergerat fold (4) corresponding to the ATP-binding site with three conserved amino-acid signatures (small vertical bars), H2TH: Helix-2Turn-Helix domain, WHD: Winged Helix Domain; Y: catalytic tyrosine; triangle: catalytic site. The distributions of various type II topoisomerase subfamilies in the three domains of life, Archaea (A, a), Bacteria (B, b) and Eukarya (E, e) are indicated in brackets.

Figure 2 .

 2 Figure 2. Conserved amino-acid regions shared between topoisomerases VI and VIII enzymes. In red, amino acids shared between the two families; in blue, amino acids speci c for the topoisomerase VIII sub-family; in green, amino acids speci c for the topoisomerase VI sub-family. Underlined are alternative amino acids rarely found in otherwise strictly conserved motifs. Adeg: Ammonifex degensii topoisomerase VIII, Teth: Thermoanaerobacter ethanolicus topoisomerase VIII, Mmar: Microscilla marina topoisomerase VIII; pPol: Paenibacillus polymyxa M1 plasmid pPPM1a topoisomerase VIII; Sshi: Sulfolobus shibatae topoisomerase VI; Mmaz: Methanosarcina mazei topoisomerase VI; Anae: Anaeromyxobacter sp. topoisomerase VI; Atha: Arabidopsis thaliana topoisomerase VI. Adeg, Teth, Mmar, Anae and P. polymyxa are Bacteria, Sshi and Mmaz are Archaea, Atha is a eukaryote.

Figure 3 .

 3 Figure 3. Phylogeny of topoisomerase VIII. Bayesian phylogeny of the 24 topoisomerase VIII homologs listed in Supplementary Table S1 and two topoisomerase VIII enzymes detected in metagenomes (571 amino acid positions). The tree was calculated with MrBayes (MIX model + gamma4). The scale bar shows the average number of substitutions per site. Values at nodes are posterior probabilities and bootstrap values calculated with the rapid bootstrap feature of RAxML (LG + gamma4) from heuristic searches of 1000 resampled datasets, when the same node was recovered. Topoisomerase VIII enzymes encoded by a plasmid are marked by circles.

Figure 4 .

 4 Figure 4. Topoisomerase VIII-coding genes in bacterial genomes are encoded within integrated mobile elements. Genomic organization of the six topoisomerase VIII-encoding integrated mobile elements. Open reading frames (ORFs) are depicted by arrows, and corresponding functions are indicated when possible. Topoisomerase VIII-coding genes are shown in red, genes encoding proteins with homologs in plasmids are depicted in gray, and blue arrows correspond to genes encoding DNA-binding proteins. Note that many of the DNA-binding proteins also have plasmid homologs. Positions of the left and right attachment sites (attL and attR, respectively) are also indicated. The positions of premature stop codons in several genes of the Ammonifex degensii KC4 element are depicted with red triangles under the genome map. Abbreviations: Int, integrase; MTase, methyltransferase; prim-pol, bifunctional primase-polymerase.

Figure 6 .

 6 Figure 6. Relaxation and decatenation assays. (A) Relaxation assays of wild-type and double mutants of Microscilla marina (Mmar) topoisomerases VIII. Reactions were carried out without ATP and 200 ng of pBR322 was used as the substrate. Lane 1: control with no enzyme; lanes 2-7, wild-type (WT) with 1, 1.5, 2, 3, 6 and 12 pmol of enzyme, respectively; lanes 8-13, YY-FF double mutants with 0.5, 0.75, 1, 1.75, 3 and 6 pmol of enzyme, respectively. (B) Paenibacillus polymyxa (pPol) topoisomerase VIII relaxation assays with the wild-type enzyme; lanes 1-3, without ATP and with 10, 5, 2.5 pmol of enzyme, respectively, and lanes 4-6, with 1mM ATP and 10, 5, 2.5 pmol of enzymes, respectively; and with the D61A mutant lanes 7-9, without ATP, with 10, 5, and 2.5 pmol of enzyme, respectively, and lanes 10-12 with 1 mM ATP and 10, 5 and 2.5 pmol of enzyme, respectively. Supercoiled and relaxed (or open circular) topoisomers are noted as SC and R/OC, respectively. (C) Paenibacillus polymyxa topoisomerase VIII decatenation assays, with or without ATP; lane 1: no enzyme, lanes 2-4 with 0, 1 and 2 mM ATP, respectively and 20 pmol of enzyme. kDNA: kinetoplastid DNA.

Figure 7 .

 7 Figure 7. Proposed scenario for the evolution of the type IIB topoisomerase family. LBCA (last bacterial common ancestor), LACA (last archaeal common ancestor). Dotted double arrows indicate co-evolution of cellular and plasmidic lineages, with subsequent integration or loss of plasmidic topoisomerase VIII-encoding genes in cellular genomes. Black dotted arrow and question mark, possible transfer of a bacterial plasmid to the archaeal domain. For simplicity, both the presence of a few topoisomerase VI enzymes in Bacteria (transferred from Archaea) and the secondary split of the topoisomerase VIII gene in the plasmid PAV109 of Paenibacillus alvei are not indicated.
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SM Figure 5 . 6 .

 56 Unrooted ML phylogeny of the AB SF11 supermatrix (3497 amino acid positions). The tree was calculated by PhyML (LG+Γ4). The scale bar represents the average number of substitutions per site. Values at nodes represent supports obtained by non parametric bootstrapping based on 100 resamplings of the original alignment. Unrooted ML phylogeny of the AB SF12 supermatrix (3776 amino acid positions). The tree was calculated by PhyML (LG+Γ4). The scale bar represents the average number of substitutions per site. Values at nodes represent supports obtained by non parametric bootstrapping based on 100 resamplings of the original alignment.

  

  

  

  

  

Publication Number of markers used to infer relationships among the three domains Taxonomic sampling Number of amino acid positions used Method Model supported

  

					Single-gene analysis	
	Harris et al. 2003 Genome Res.	50	25 bacteria 1 crenarchaeote 7 euryarchaeotes 3 eukaryotes	variable, depending on the gene	Maximum likelihood Maximum parsimony	3D
					Distance	
	Ciccarelli et al. 2006 Science	31	150 bacteria 4 crenarchaeotes 14 euryarchaeotes 23 eukaryotes	8,09	Concatenation Maximum likelihood	3D
	Yutin et al. 2008 Mol.Biol.Evol	136	variable, depending on the gene	variable, depending on the gene	Single-gene analysis Maximum likelihood	3D
	Rivera & Lake 2004 Nature	complete genome of A. fulgidus	2 bacteria 1 crenarchaeote 2 euryarchaeotes 2 eukaryotes	Not applicable	Genome content (conditioned reconstruction)	2D (the Eukarya sister of the crenarchaeota)
	Pisani et al. 2007 Mol.Biol.Evol	Data not available	97 bacteria 4 crenarchaeotes 17 euryarchaeotes 17 eukaryotes euryarchaeotes 17 eukaryotes	variable depending on gene	Supertree	2D (the Eukarya sister of the Thermoplasmatales) Thermoplasmatales)
					Concatenation: Concatenation:	
	Cox et al. 2008 PNAS Cox et al. 2008 PNAS	45 45	10 bacteria 3 crenarchaeotes 11 euryarchaeotes 16 eukaryotes 10 bacteria 3 crenarchaeotes 11 euryarchaeotes 16 eukaryotes	5,521 5,521	Bayesian Maximum likelihood Maximum Bayesian Maximum likelihood Maximum	2D (the Eukarya sister of the crenarchaeota) 2D (the Eukarya sister of the crenarchaeota)
					parsimony parsimony	
	Foster et al. 2009 Phil.Trans.R.Soc.B Foster et al. 2009 Phil.Trans.R.Soc.B	41 41	8 bacteria 8 crenarchaeotes 2 thaumarchaeotes 6 euryarchaeotes 11 eukaryotes 8 bacteria 8 crenarchaeotes 2 thaumarchaeotes 6 euryarchaeotes 11 eukaryotes	5,222 5,222	Concatenation: Bayesian Maximum likelihood Maximum parsimony Concatenation: Bayesian Maximum likelihood Maximum parsimony	2D (the Eukarya sister of a group comprising the crenarchaeota and the Thaumarchaeota) 2D (the Eukarya sister of a group comprising the crenarchaeota and the Thaumarchaeota)
		C&(1! 4/(! =21(U1'&3$(4(! 32<:2&'4'2=! /(4($27(=('4L! ]-8TS^! <21(6! ]O2&4($!
	GHHI^P! J/'3/! #662J&! 32<:2&'4'2=! 42! 3/#=7(! '=! 1'MM($(=4! 6'=(#7(&! 2K($! 4'<(! #=1! 4/(! T*.!
	<'R4C$(!<21(6!!]A#$4'6624!#=1!"/'6'::(!GHHIj!A#$4'6624!(4!#6N!GHHF^!4/#4!#332<<21#4(&!#<2=7U
	&'4(! 32<:2&'4'2=#6! /(4($27(=('4L! C&'=7! <C64':6(! &C5&4'4C4'2=! 36#&&(&P! (#3/! J'4/! '4&! 2J=!
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	#6N! GHHI^P! J/'3/! 1(M'=(&! &'R! 7$2C:&! 2M! #<'=2! #3'1&! 32$$(&:2=1'=7! 42! 4/(! "*,! <#4$'Rq! EP!

Publication Number of markers used to infer relationships among the three domains Taxonomic sampling Number of amino acid positions used Method Programs and Models Model supported

  

						RAxML:WAG+G	
					Concatenation: Bayesian	MrBayes: WAG+G	
	Cox et al. 2008 PNAS	45 universal	10 bacteria 3 crenarchaeotes 11 euryarchaeotes 16 eukaryotes	5,521	Maximum likelihood Maximum parsimony	P4: GTR+G+NDCH recoded Dayhoff6*	2D (Eukarya sister of the crenarchaeota)
					Neighbor Joining	Phylobayes: CAT+G + recoded	
						Dayhoff6	
						RAxML: GTR+G	
	Foster et al. 2009 Phil.Trans.R.Soc.B	41 universal	8 bacteria 8 crenarchaeotes 2 thaumarchaeotes 6 euryarchaeotes 11 eukaryotes	5,222	Concatenation: Bayesian Maximum likelihood Maximum parsimony Neighbor Joining	MrBayes: WAG+G P4: GTR+G & GTR+G+NDCH recoded Dayhoff6* Phylobayes: CAT+G + recoded	2D (Eukarya sister of a group comprising the crenarchaeota and the Thaumarchaeota)
						Dayhoff6	
	Guy and Ettema 2011 Trends in Micro.	26 universal	10 bacteria 14 crenarchaeotes 2 thaumarchaotes 1 aigarchaeote 1 korarchaeote 7 euryarchaeotes 7 eukaryotes	Not specified	Concatenation: Bayesian & Maximum likelihood	RaxML: LG+G+I Phylobayes: LG+G & CAT+G nh-phylobayes: CATBP	2D (Eukarya originating or sister group of the TACK superphyla)
			8 bacteria 8 crenarchaeotes 2				
	Williams et al. 2012 Proc.R.Soc.B	29 universal 63 AE proteins	thaumarchaeotes 1 aigarchaeote 1 korarchaeote 6 euryarchaeotes 10	U: 3983 AE: 8438	Concatenation: Bayesian	Phylobayes: LG+G & CAT+G	2D (Eukarya originating or sister group of the TACK superphyla)
			eukaryotes				
	Lasek-Nesselquist & Gogarten 2013 Mol Phylogenet Evol.	85 ribosomal proteins different depending on the dataset	abe1: 13,432 abe2: 13941 abe3: 17876	Concatenation: Bayesian & Maximum likelihood	RAxML: LGF+G PhyML-4X: LG4M & LG4X PhyML-Structure: UL3 PhyloBayes CAT+G	2D (Eukarya sister to a Kor/Thaum or Cren/Thaum/Kor clade)
	Rochette et al. 2013 MBE	28 universal 121 AE proteins	variable, depending on the gene	variable, depending on the gene	Single-gene analysis: Bayesian & Maximum likelihood	RAxML: CAT LG+G PhyML-structure: UL3+G Phylobayes LG+G	Deep 2D or close very close 3D
			8 bacteria 8 crenarchaeotes 2				
	Williams et al. 2014 GBE	20 universal 29 universal	thaumarchaeotes 1 aigarchaeote 1 korarchaeote 13 euryarchaeotes 10	not specified	Concatenation: Bayesian	Phylobayes: LG+G & CAT+GTR	2D (Eukarya originating or sister group of the TACK superphyla)
			eukaryotes				

  searches. GenomicRaymann et al.

  Complex Evolutionary History of DNA Replication in Archaea

GBE Genome Biol. Evol. 6(1):192-212. doi:10.1093/gbe/evu004 Advance Access publication January 6, 2014 63 63 FIG. 2.-Distribution of homologs of 22 main replication components in 142 archaeal genomes. Filled circles represent homologs that we assigned to the core replication machinery, whereas gray circles represent homologs assigned to the shell component (see text for details). Split genes are indicated by half circles, and the fused primases by a box (see text for details). Letters in first column indicate the phylum (A, Aigarchaeota; T, Thaumarchaeota; C, Crenarchaeota; K, Korarchaeota; N, Nanoarchaeota; E, Euryarchaeota). Asterisks indicate classes instead of orders. Full accession numbers are given in supplementary table S1, Supplementary Material online.

  2, filled circles; supplementary table S1, Supplementary Material online), and the second to the shell (fig. 2, open circles; supplementary table

Table 1

 1 Inferred Components of DNA Replication in the LACA and in the Ancestor of Each Major Phylum Components shown in bold have homologs in eukaryotes and those shown in gray are root dependent.

	Complex Evolutionary History of DNA Replication in Archaea			
	LACA	Thaumarchaeota/Aigarchaeota	Korarchaeaota	Crenarchaeota	Euryarchaeota
	Cdc6/Orc1-1	Cdc6/Orc1-1		Cdc6/Orc1-1	Cdc6/Orc1-1
	Cdc6/Orc1-2	Cdc6/Orc1-2	Cdc6/Orc1-2	Cdc6/Orc1-2	Cdc6/Orc1-2
	MCM	MCM	MCM	MCM	MCM
	GINS51	GINS51	GINS51	GINS51	GINS51
	GINS23	GINS23	GINS23	GINS23	GINS23
	RPA1	RPA1	RPA1		RPA1
	SSB	SSB	SSB	SSB	
	PolB	PolB	PolB (X2)	PolB (X2)	PolB
	PolD-L/S	PolD-L/S	PolD-L/S		DP-L/S
	RFC-S/L	RFC-S/L	RFC-S/L	RFC-S/L	RFC-S/L
	PCNA	PCNA	PCNA	PCNA (X2)	PCNA
	Pri-S/L	Pri-S/L	Pri-S/L	Pri-S/L	Pri-S/L
	RNaseH II	RNaseH II	RNaseH II	RNaseH II	RNaseH II
	FEN-1	FEN-1	FEN-1	FEN-1	FEN-1
	ATP DNA ligase	ATP DNA ligase	ATP DNA ligase	ATP DNA ligase	ATP DNA ligase
	TopoIV-A/B	TopoVI-A/B	TopoVI-A/B	TopoVI-A/B	TopoVI-A/B
	TopoIB	TopoIB			
	Root-dependent components				

Thaumarchaeota/"Aigarchaeota" ! PolD-L/S, RPA, SSB, TopoIB Korarchaeota ! PolD-L/S, RPA, SSB Crenarchaeota ! SSB Euryarchaeota ! PolD-L/S, RPA NOTE.-Additional components that would have been present in the LACA according to a rooting in each of the four major phyla are indicated. GBE Genome Biol. Evol. 6(1):192-212. doi:10.1093/gbe/evu004 Advance Access publication January 6, 2014

  1* 1. Institut Pasteur, Departement de Microbiologie, Unite Biologie Moleculaire du Gene chez les Extremophiles, Paris, France 2. Universite Lyon 1, CNRS, UMR5558, Laboratoire de Biometrie et Biologie Evolutive, Villeurbanne, France *to whom correspondence should be addressed: simonetta.gribaldo@pasteur.fr How the lineage leading to modern Eukaryotes originated is one of the most fundamental questions in Evolutionary Biology. A number of recent analyses based on universal proteins have indicated an emergence of Eukaryotes from a deep branch within the Archaea,

	specifically	sister	to	or	within	the	TACK

(Thaumarchaeota/Aigarchaeota/Crenarchaeota/Korarchaeota) superphylum. This has important consequences because it indicates that the earliest steps of eukaryogenesis involved a bona fide archaeal ancestor with precise characteristics, such as G1P membrane lipids and a hyperthermophilic lifestyle. Therefore, it becomes crucial to test the robustness of this scenario using new proteins and approaches. Here, we have used a strategy alternative to universal proteins that allows having more markers and better quality phylogenetic signal.

Table 1

 1 

Table 2 .

 2 Hypothesis testing. The table shows results from AU tests on 27 alternative placements for Eukaryotes with respect to Archaea obtained from the per--site log likelhoods calculated by A) RAxML (LG+Γ4) and B) COaLA (nH model + Γ4) for the AE SF matrices SF09 and SF15. See text and M&M for details.

	A

Korarchaeon (not shown). AU tests on two matrices with different level of saturation (S9 and S15) confirm that topology #1 receives the highest support, with two alternative topologies not rejected but much less supported where Eukaryotes are specifically affiliated with either Korarchaeota

(#11) 

or the TAC (#3) (Table

2

).

Table 3 .

 3 Hypothesis testing. AU test p--values obtained from the per--site log likelhoods calculated by A) RAxML (LG+Γ4) for each of the 27 root positions from the full AB matrix as well as the SF matrices SF11, SF25, and SF 27 and B) COaLA (nH model + Γ4). See text and M&M for details.
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Table 1

 1 Genome statistics

	Feature	"Ca. M. alvus"	" Ca. M. intestinalis"	M. luminyensis
	Genome size a	1,666,795	1,931,651	2,637,810 d
				(2,620,233)
	DNA G + C content	55.6%	41.3%	60.5%
	% DNA coding region	89.5%	88.4%	87.6%
	Intergenic regions mean size (SD) a	102 (175)	119 (264)	121 (238)
	Genes mean G + C content	56.3%	42.4%	61.0%
	Putative replicons	1(+1) b	1(+1) b	1 (+1) b
	Extrachromosomal elements	NA c	NA c	NA c
	Total genes	1,705	1,882	2,713
	RNA genes	52	50	52
	rRNA genes (5S-16S-23S)	4 (2 -1 -1)	4 (2 -1 -1)	4 (2 -1 -1)
	tRNA genes	48	46	48
	Protein coding genes	1,653	1,832	2,661
	Mean size of protein coding genes (SD) a	901 (667)	930 (890)	859 (676)
	Median size of protein coding genes a	771	780	732
	Gene products with function prediction	1,335	1,476	2,002
	Gene products assigned to arCOGs	1,271	1,438	2,065
	Gene products assigned Pfam domains	123	125	204
	Gene products with signal peptides	247	336	512
	Gene products with transmembrane helices	281	389	585
	CRISPR repeats	1 e	1	1

a Sizes are given in bp. b Presence of two different cdc6 genes per genome. See the text for more information. c Not available.

d

Table 2

 2 ORBs motifs found in the Methanomassiliicoccales genomes

	ORB	Sequence	Position	Spacing	Orientation	Comment
	"Ca. M. alvus" ORB1	GTTCCAGTGGAAATGG-TGGGGT	78 -99	39	inverted	downstream orc1/cdc6.1
	"Ca. M. alvus" ORB2	GTTCCACTGGAAACAG-AGGGGT	138 -159		inverted	downstream orc1/cdc6.1
	"Ca. M. alvus" ORB3	TTTCCACTGGAAACAG-AGGGGT	1977 -1998	47		upstream orc1/cdc6.1
	"Ca. M. alvus" ORB4	GTTCCACTGGAAATGG-TGGGGT	2045 -2066			upstream orc1/cdc6.1
	"Ca. M. intestinalis" ORB1	ATTACAGTGGAAATGA-AGGGGT	15 -36	256	inverted	downstream orc1/cdc6.1
	"Ca. M. intestinalis" ORB2	TTTGCAGTGGAAATGA-AGGGGT	292 -313			downstream orc1/cdc6.1
	"Ca. M. intestinalis" ORB3 a	GTTCCAGTGGAAATGA-AGGGGT	795626 -795647			downstream fstZ
	"Ca. M. intestinalis" ORB4 a	TCTGCACTGGAAATGA-AGGGGT	1576211 -1576232		inverted	downstream fused nifH/nifE
	M. luminyensis ORB1	GTTCCATTGGAAATCG-GCAGGA	73488 -73475 b	113		downstream orc1/cdc6.1
	M. luminyensis ORB2	GTTCCAGTGGAAATAA-AGGGGT	73341 -73362 b		inverted	downstream orc1/cdc6.1
	Methanomassiliicoccales					
	consensus ORB					

Table 3

 3 DNA replication proteins compared to the corresponding components in Thermoplasmatales, MG-II and DHEV2

	"Ca. M. alvus"	"Ca. M. intestinalis"	M. luminyensis	MG-II	DHEV2	Thermoplasmatales

Table 4

 4 Proteome of the three Methanomassiliicoccales representatives compared to their phylogenetic neighbors, human gut methanogens and NCBI nr proteins Number of deduced proteins of the core genome of Methanomassiliicoccales that are not found in the corresponding organisms.

	Core genome of Methanomassiliicoccales: 658 protein sequences	Specific a	Shared b
	Phylogenetic neighbors	173	485
			125 absent from human gut methanogens
	Human gut methanogens	227	431
			63 absent from phylogenetic neighbors
	Phylogenetic neighbors and human gut methanogens	102	556 shared with at least one
			Encompassing:
			125 absent from human gut methanogens
			71 absent from phylogenetic neighbors
			360 shared with the two groups
	NCBI non-redundant protein sequences database	20 (21) c	637

a b Number of deduced proteins of the core genome of Methanomassiliicoccales that are also found in the corresponding organisms.

c

Table 5

 5 Core proteins of methanogenesis

	Annotation	"Ca. M. alvus"	"Ca. M.	M. luminyensis Distribution	arCOG
			intestinalis"			
	Nitrogenase molybdenum-iron like protein (NifD-like/NflD)	AGI86050	AGN27015	WP_019176684.1	1	arCOG04888
	UDP-N-acetylmuramyl pentapeptide synthase like protein (MurF-like)	AGI86051	AGN27016	WP_019176685.1	1	arCOG02822
	Methyl-coenzyme M reductase operon associated like	AGI85157	AGN26013 WP_019176790.1	1	arCOG03226
	protein (McrC-like)					
	Conserved hypothetical protein	AGI85156	AGN26012 WP_019176789.1	1	arCOG04904
	CoA-substrate-specific enzyme activase	AGI85155	AGN26011 WP_019176788.1	1	arCOG02679
	Conserved hypothetical protein	AGI85154	AGN26010 WP_019176787.1	1	arCOG04903
	Conserved hypothetical protein	AGI85153	AGN26009 WP_019176786.1	1	arCOG04901
	Peptidyl-prolyl cis-trans isomerase related protein	AGI85152	AGN26008 WP_019176785.1	1	arCOG04900
	Methyl coenzyme M reductase operon associated protein (McrC)	AGI85151	AGN26006 WP_019176783.1	1	arCOG03225
	Methyl-coenzyme M reductase, component A2 (AtwA)	AGI85150	AGN26005 WP_019176782.1	1* †	arCOG00185
	Methyl coenzyme M reductase, beta subunit (McrB/MrtB)	AGI85141	AGN26874 WP_019176771.1	1*	arCOG04860
	Methyl coenzyme M reductase, protein D (McrD/MrtD)	AGI85142	AGN26873 WP_019176772.1	1*	arCOG04859
	Methyl coenzyme M reductase, gamma subunit (McrG/MrtG)	AGI85143	AGN26872 WP_019176773.1	1*	arCOG04858
	Methyl coenzyme M reductase, alpha subunit (McrA/MrtA)	AGI85144	AGN26871 WP_019176774.1	1*	arCOG04857
	SH3 fold protein	AGI85145	AGN26870 WP_019176775.1	1	arCOG04846
	Conserved hypothetical protein	AGI85146	AGN26876 WP_019176769.1	2* †	arCOG02882
	AIR synthase-like protein	AGI85549	AGN26462	WP_019176932.1	2	arCOG00640
	Predicted DNA-binding protein containing a Zn-ribbon domain	AGI84948	AGN25597	WP_019176187.1	2*	arCOG01116
	Methyltransferase related protein (MtxX)	AGI85117	AGN26654	WP_019177314.1	3	arCOG00854
	Conserved hypothetical protein	AGI84870	AGN25885	WP_019178690.1	3*	arCOG04893
	Fe-S oxidoreductase, related to NifB/MoaA family	-	-	-	4*	arCOG00950
	Conserved hypothetical protein	-	-	-	4	arCOG04866
	N5-methyltetrahydromethanopterin: coenzyme	-	-	-	4*	arCOG03221
	M methyltransferase, subunit A (MtrA)					
	N5-methyltetrahydromethanopterin: coenzyme	-	-	-	4	arCOG04867
	M methyltransferase, subunit B (MtrB)					
	N5-methyltetrahydromethanopterin: coenzyme	-	-	-	4	arCOG04868
	M methyltransferase, subunit C (MtrC)					
	N5-methyltetrahydromethanopterin: coenzyme	-	-	-	4	arCOG04869
	M methyltransferase, subunit D (MtrD)					
	N5-methyltetrahydromethanopterin: coenzyme	-	-	-	4	arCOG04870
	M methyltransferase, subunit E (MtrE)					
	Soluble P-type ATPase	-	-	-	5	arCOG01579
	Uncharacterized conserved protein	-	-	-	5*	arCOG04844
	Conserved hypothetical protein (putative kinase)	-	-	-	6	arCOG04885
	Protein accession numbers with the same font (bold, italics or bold-italics) are encoded by genes situated close to each other in their respective genomes.
	*Paralogues.					
	†					

Table 6

 6 Genes involved in energy conservation in "Ca. M. alvus", "Ca. M. intestinalis" and M. luminyensis and accession numbers of the proteins they encode (Continued)

	fpoO	/	/	/	
	Energy-converting hydrogenase			
	echA1	/	AGN25511.1	WP_019178471.1	yes
	echA2	/	AGN26997.1	WP_019176386.1	yes
	echB1	/	AGN25512.1	WP_019178472.1	yes
	echB2	/	AGN26998.1	WP_019176385.1	yes
	echC1	/	AGN25513.1	WP_019178473.1	no
	echC2	/	AGN26999.1	WP_019176384.1	no
	echD1	/	AGN25514.1	WP_019178474.1	no
	echD2	/	AGN27000.1	WP_019176383.1	no
	echE1	/	AGN25515.1	WP_019178475.1	no
	echE2	/	AGN27001.1	WP_019176382.1	no
	echF1	/	AGN25516.1	WP_019178476.1	no
	echF2	/	AGN27002.1	WP_019176381.1	no
	Liposoluble electron transporter synthesis			
	ispA a	AGI84964.1	AGN25614.1	WP_019176170.1	/
	ubiA b	AGI85875.1	AGN26416.1	WP_019178349.1	/
			AGN26109.1		
	ubiE c	AGI85874.1	AGN26417.1	WP_019178072.1	/
			AGN25541.1	WP_019178198.1	
				WP_019176998.1	
	a encoding a geranylgeranyl pyrophosphate synthase (GGPPS).			
	b encoding a1,4-dihydroxy-2-naphthoate octaprenyltransferase (DHNOPT).		
	c encoding a 2-heptaprenyl-1,4-naphthoquinone methyltransferase (HPNQMT).		

Table 7

 7 Putative Pyl-containing proteins in "Ca. M. alvus" Proteins in bold indicate homologs in the two other members of the Methanomassiliicoccales, devoided of Pyl. Proteins in italics indicate homologs in the two other members of the Methanomassiliicoccales also containing Pyl.

	Accession number	Annotation	Size a	Comments
	AGI84833.1	hypothetical protein	253	DPM synthase like/GT2 superfamily
	AGI85009.1	hypothetical protein	270	digeranylgeranylglyceryl phosphate synthase
	AGI85117.2	phosphotransacetylase-like protein	242	putative methyltransferase MtxX
	AGI85168.2	filamentation induced by cAMP protein Fic	425	
	AGI85186.1	hypothetical protein	149	Rv0623-like transcription factor
	AGI85280.1	hypothetical protein	917	glycosyltransferase family 29
	AGI85290.1	hypothetical protein	148	
	AGI85300.1	hypothetical protein	444	ATPase domain
	AGI85437.1	hypothetical protein	536	prophage Lp3 protein 8 (helicase) of Lactobacillus spp.
	AGI85443.1	hypothetical protein	717	
	AGI85449.1	hypothetical protein	262	putative methyltransferase
	AGI85596.1	hypothetical protein	162	putative acetyltransferase
	AGI85630.1	hypothetical protein	322	CRISPR-associated endonuclease cas1
	AGI85862.1	MMA:corrinoid methyltransferase	459	
	AGI85863.1	MMA:corrinoid methyltransferase	461	
	AGI85869.1	TMA:corrinoid methyltransferase	504	
	AGI85870.1	DMA:corrinoid methyltransferase	469	
	AGI86303.1	hypothetical protein	389	Sel-1 domain containing protein
	AGI86346.1	transporter family protein	289	bacterial/archaeal transporter family protein
	AGI86379.1	uncharacterized protein	187	conserved in archaea (DUF531)

a Number of amino acids.

Table S4 .

 S4 Number of best hits
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Proteins in brackets indicate horizontal transfers from bacteria; Proteins in italics indicate fast evolving additional copies likely representing decaying paralogs, genes horizontally transferred among archaea, or homologs arising from integration of foreign elements. Absent proteins (or unavailable due to genome incompleteness) are indicated by an X. (1) and (2) in front of the Orc1/Cdc6 protein accession numbers indicate the Orc1/Cdc6.1 and Orc1/Cdc6.2, respectively.
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Appendix 1. Article 3 Genomic survey of reb genes

My undergraduate research project was on the isolation, characterization and sequencing of killer bacterial endosymbionts of various Paramecium strains. These bacteria produce characteristic intracellular structures called R--bodies, which confer them with a killing phenotype towards sensitive strains, and whose role and mechanism of action is still unclear.

A few months before starting my Ph.D with Simonetta Gribaldo, while I was still in the US, we started collaboration to perform a phylogenomic analysis of the genes responsible for the formation of R--bodies, the reb genes. This project allowed me to get a first introduction to bioinformatics and phylogenomics and was finalized during the first months of my thesis in Paris. By performing an exhaustive genomic survey I identified highly conserved Reb homologs in the genomes of a very large number of proteobacterial taxa displaying a wide variety of lifestyles, from free--living to mutualistic or pathogenic association eukaryotes. My phylogenomic analysis indicates a complex evolutionary history involving spread of entire reb loci across distantly related proteobacterial families along with species--specific reb gene duplications, and allowed us to propose a number of potential candidates for additional components of the R--body system.

This work was published in G3 (Genes, Genomes, Genetics), a new journal of the Genetics Society of America, in March 2013. ABSTRACT Bacteria and eukaryotes are involved in many types of interaction in nature, with important ecological consequences. However, the diversity, occurrence, and mechanisms of these interactions often are not fully known. The obligate bacterial endosymbionts of Paramecium provide their hosts with the ability to kill sensitive Paramecium strains through the production of R-bodies, highly insoluble coiled protein ribbons. R-bodies have been observed in a number of free-living bacteria, where their function is unknown.

We have performed an exhaustive survey of genes coding for homologs of Reb proteins (R-body components) in complete bacterial genomes. We found that reb genes are much more widespread than previously thought, being present in representatives of major Proteobacterial subdivisions, including many free-living taxa, as well as taxa known to be involved in various kinds of interactions with eukaryotes, from mutualistic associations to pathogenicity. Reb proteins display very good conservation at the sequence level, suggesting that they may produce functional R-bodies. Phylogenomic analysis indicates that reb genes underwent a complex evolutionary history and allowed the identification of candidates potentially involved in R-body assembly, functioning, regulation, or toxicity. Our results strongly suggest that the ability to produce R-bodies is likely widespread in Proteobacteria. The potential involvement of R-bodies in as yet unexplored interactions with eukaryotes and the consequent ecological implications are discussed.

KEYWORDS kappa particles

Caedibacter phylogenomics

During more than two billion years of coexistence, prokaryotes have established various forms of interaction with eukaryotes. Examples include the mutualistic symbioses that benefit eukaryotic host by providing nutrients, defense, competition, and adaptation to new environments [START_REF] Gast | Ecological strategies of protists and their symbiotic relationships with prokaryotic microbes[END_REF]. At the same time, bacteria have developed various ways to defend themselves against grazing by eukaryotes (Matz and Kjelleberg 2005), with potential implications for the emergence of pathogens [START_REF] Brown | Unexplored reservoirs of pathogenic bacteria: protozoa and biofilms[END_REF]. However, the extent and diversity of bacterial/eukaryotic interactions in nature remains largely underexplored. As a growing amount of genomic data covering a large fraction of bacterial diversity becomes available, hints of such relationships may be gathered from in silico analyses. These can be linked to experimental observations, providing useful directions for further work.

A fascinating example of a bacterial/eukaryote relationship is provided by the killer endosymbionts of the ciliate Paramecium. In the 1930s Tracey Sonneborn discovered that some strains of the Paramecium aurelia complex have a killer phenotype toward sensitive strains [START_REF] Beale | Paramecium: Genetics and Epigenetics[END_REF][START_REF] Preer | Sonneborn and the Cytoplasm[END_REF][START_REF] Sonneborn | Mating types in P. aurelia: diverse conditions for mating in different stocks; occurrence, number and interrelations of the types[END_REF]. Sonneborn could show that this phenomenon is not controlled by nuclear genes, providing one of the first examples of cytoplasmic inheritance [START_REF] Sonneborn | Gene and cytoplasm: II. The bearing of the determination and inheritance of characters in Paramecium aurelia on the problems of cytoplasmic inheritance, pneumococcus transformations, mutations and development[END_REF]. It was later discovered that the killer phenotype is conveyed by an obligate endosymbiotic bacterium (also referred to as 

Appendix 2: Collaborations

During my Ph.D I had the opportunity to be involved in three collaborative projects, through my phylogenetic skills and extensive knowledge of the archaeal phylogeny, as well as the use of my newly identified set of DNA replication components. Two of these collaborative projects have now been published and one is currently under revision in Nature Communications.

Collaboration 1 Comparative genomics of seventh order of Methanogens

Although methanogens are known to inhabit the animal digestive tract, not much is known about their diversity and evolutionary history. As described in the Introduction section, a new lineage of methanogens has been only recently identified from the gut of animals and humans that is not related to any previously known archaeal methanogens but rather affiliated to the Thermoplasmatales. The group of Jean--François Brugere in Clermont--Ferrand, France, has contacted us for collaboration in the frame of a comparative genomic study on the first three complete genomes from this order. I identified and performed phylogenetic analysis on the components of DNA replication to determine their evolutionary history and gain more insight on the relationship of these three lineages to the other archaeal lineages. The replication gene set is very similar to that of the most closely related lineages, i.e. Thermoplasmatales, Marine Group II and DHVE2. However, some unique features were found in the DNA replication components of Methanomassiliicoccales such as some species--specific horizontally acquired replication proteins. Phylogenetic analysis of Cdc6 proteins reveals the presence of the two predicted ancestral copies orc1/cdc6--1 and orc1/cdc6--2 in all three genomes. This study reveals many insights into genome organization and metabolic traits of the seventh order of methanogens, and suggests contrasted evolutionary history among the three analyzed Methanomassiliicoccales representatives.

These results were published in BMC Genomics on the 13 August 2014.
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Collaboration Article 1 score among the three domains of life. Table S5. Genes list of the core genome of the Methanomassiliicoccales, as deduced by a TBLASTN analysis (with reference to CDS of "Ca. M. alvus" genome), and their presence or not in phylogenetical neighbors, human gut Methanobacteriales and non-redundant genbank DB. Table S6. CDS list of the core genome of the Methanomassiliicoccales, absent in phylogenetical neighbors and the human gut Methanobacteriales. In blue, the 20 CDS not retrieved in genbank database. Table S7. arCOG distribution among the Methanomassiliicoccales representative genomes, gut methanogens and some other archaea. Table S8. Complete list of transporters detected by TransportDB, in the three genomes of Methanomassiliicoccales. Table S9. List of the antioxydant systems in the three genomes of Methanomassiliicoccales. Table S10. Genes involved in methanogenesis in "Ca. M. alvus", "Ca. M. intestinalis" and M. luminyensis and accession numbers of the proteins they encode. Table S11. Comparative presence of the genes involved in the synthesis of the coM among the seven orders of methanogens. Table S12. Numbers of CDS with in-frame TAG, and % of the total CDS in various genomes of microorganisms coding or not pyrrolysine (update information from Prat et al. [77]). Table S13. CDS list of M. luminyensis B10. Table S14. Proteome of M. luminyensis B10.

Additional (16 bacterial phyla, 12 archaeal orders/phyla, and 4 eukaryotic groups) that we defined for the slow--fast method. Each group contains between 3--5 taxa (with the exception of Korarchaeota that was considered alone).

The groups are highlighted alternately in gray and white shading.