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New virus isolates from Italian hydrothermal environments underscore the biogeographic pattern in archaeal virus communities
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axis electron tomography revealed that SIFV virions acquire their lipid envelopes inside the host through an unknown mechanism, involving either de novo membrane formation or trafficking of lipids from the cytoplasmic membrane to virion assembly centers.

Collectively, our results show that high-temperature continental hydrothermal systems harbor a highly diverse virome and shed light on the evolution of archaeal viruses. Moreover, our data contribute to the knowledge on virus-host interplay in extreme geothermal environments.

Le deuxième axe de recherche s'est orienté autour de la compréhension des mécanismes d'assemblage et de libération du virus filamenteux enveloppé SIFV. Celui-ci infecte l'archéon hyperthermophile et acidophile Sulfolobus islandicus. Nos résultats montrent que SIFV est lytique et libéré par des portails pyramidaux formés dans la membrane de la cellule hôte, ce qui est inattendu pour des virus enveloppés. La tomographie électronique à deux axes a révélé que les virions de SIFV acquièrent leurs enveloppes à l'intérieur de l'hôte, soit par la formation de membrane de novo, soit par le trafic de lipides de la membrane cytoplasmique vers les centres d'assemblage des virions.

Collectivement, nos résultats montrent que les systèmes hydrothermaux continentaux à haute température abritent un virome très diversifié et nous éclairent sur l'évolution des virus d'archées. De plus, nos données contribuent aux connaissances sur les interactions virus-hôte dans les environnements géothermiques extrêmes.
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ABSTRACT

Extreme geothermal environments are inhabited by archaeal viruses with unique genome contents and remarkable morphologies, many of which have not been described among viruses infecting bacteria or eukaryotes. However, the number of known species of viruses infecting archaea remains low compared to the eukaryotic or bacterial viruses. Moreover, the lack of relationships to other known viruses and distinctiveness of their genomes suggest that the mechanisms of virus-host interaction are likely to be also novel. Therefore, in the framework of my studies, I have focused on two major lines of research: (i) isolation and characterization of new hyperthermophilic archaeal viruses and (ii) molecular mechanisms of virus-host interactions in Archaea.

We investigated the virus diversity in the sulfurous fields of the Campi Flegrei volcano in Pozzuoli, Italy. Five new archaeal viruses infecting neutrophilic hyperthermophiles of the genus Pyrobaculum and acidophilic hyperthermophiles belonging to three different genera of the order Sulfolobales, namely, Saccharolobus, Acidianus, and Metallosphaera were isolated.

The newly characterized viruses belong to the families Rudiviridae, Globuloviridae and Tristromaviridae. Notably, phylogenomic analysis of the newly isolated and previously sequenced rudiviruses revealed a clear biogeographic pattern, with all Italian rudiviruses forming a monophyletic clade, suggesting geographical structuring of virus communities in extreme geothermal environments.

One of the non-enveloped rudiviruses isolated in Pozzuoli, namely, Saccharolobus solfataricus rod-shaped virus 1 (SSRV1), and the enveloped Sulfolobus islandicus filamentous virus (SIFV) were structurally and biochemically characterized. The study has revealed conserved structural features shared by these viruses and clarified the evolutionary relationship between nonenveloped and enveloped filamentous viruses.

The second line of research focused on understanding the mechanisms of virion assembly and release on the example of the enveloped filamentous virus SIFV, which infects the hyperthermophilic and acidophilic archaeon Sulfolobus islandicus. Our results showed that SIFV is a lytic virus, which is released through pyramidal portals formed in the host cell membrane, a highly unexpected egress mechanism for an enveloped virus. Interestingly, dual-
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Archaea: The third domain of life

The current classification of life recognizes three cellular domains, namely Eukarya, Bacteria and Archaea. This classification was proposed by Carl R. Woese and George E. Fox in 1977 based on ribosomal rRNA sequences [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: The primary kingdoms[END_REF]. The development of comparative genomics and phylogenetic analyses enabled Woese and collaborators to propose that the third domain of life, the Archaea, could be subdivided into two phyla: Euryarchaeota and Crenarchaeota [START_REF] Woese | Towards a natural system of organisms: proposal for the domains Archaea, Bacteria, and Eucarya[END_REF]. Whereas Euryarchaeota is highly diverse in terms of occupied habitats and encompasses methanogens, extreme halophiles, acidophiles, mesophiles and thermophiles, Crenarchaeota is phylogenetically and metabolically less diverse and is mainly composed of thermophiles and hyperthermophiles [START_REF] Baker | Diversity, ecology and evolution of Archaea[END_REF][START_REF] Gupta | Molecular signatures for the Crenarchaeota and the Thaumarchaeota[END_REF][START_REF] Woese | Towards a natural system of organisms: proposal for the domains Archaea, Bacteria, and Eucarya[END_REF]. Remarkably, during the last decades, advances in cultivationindependent genomic approaches and sequencing technologies have uncovered an unsuspected diversity of new archaeal lineages distinct from Crenarchaeota and Euryarchaeota. These findings have permitted the classification of Archaea into four superphyla: Euryarchaeota, TACK (acronym for Thaumarchaeota, Aigarchaeota, Crenarchaeota and Korarchaeota, the original phyla assigned to this superphylum), DPANN (acronym for Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaeota) and Asgard [START_REF] Baker | Diversity, ecology and evolution of Archaea[END_REF][START_REF] Eme | Archaea and the origin of eukaryotes[END_REF][START_REF] Guy | The archaeal 'TACK' superphylum and the origin of eukaryotes[END_REF][START_REF] Macleod | Asgard archaea: Diversity, function, and evolutionary implications in a range of microbiomes[END_REF][START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF][START_REF] Woese | Towards a natural system of organisms: proposal for the domains Archaea, Bacteria, and Eucarya[END_REF][START_REF] Zaremba-Niedzwiedzka | Asgard archaea illuminate the origin of eukaryotic cellular complexity[END_REF] (Figure 1).

Euryarchaeota comprises the greatest number of metabolically diverse cultured lineages, including methanogenic, halophilic, acidophilic and thermophilic archaea [START_REF] Andrei | Living with salt: metabolic and phylogenetic diversity of archaea inhabiting saline ecosystems[END_REF][START_REF] Biddle | Heterotrophic Archaea dominate sedimentary subsurface ecosystems off Peru[END_REF][START_REF] Fox | Classification of methanogenic bacteria by 16S ribosomal RNA characterization[END_REF][START_REF] Larsen | Halophilic and halotolerant microorganisms-an overview and historical perspective[END_REF][START_REF] Reysenbach | A ubiquitous thermoacidophilic archaeon from deep-sea hydrothermal vents[END_REF][START_REF] Smith | Isolation and characterization of Methanobacterium ruminantium n. sp[END_REF][START_REF] Takai | Genetic diversity of archaea in deep-sea hydrothermal vent environments[END_REF][START_REF] Takai | Archaeal diversity in waters from deep South African gold mines[END_REF]. Originally, it was thought that archaea from this phylum were exclusively involved in methane production (methanogens). However, subsequent studies have shown that euryarchaea have a much broader ecological impact, playing key roles in biogeochemical cycles [START_REF] Haroon | Anaerobic oxidation of methane coupled to nitrate reduction in a novel archaeal lineage[END_REF][START_REF] Orphan | Multiple archaeal groups mediate methane oxidation in anoxic cold seep sediments[END_REF][START_REF] Raghoebarsing | A microbial consortium couples anaerobic methane oxidation to denitrification[END_REF]. In addition, recent analyses have shown that certain euryarchaeotes are responsible for anaerobic methane oxidation and might degrade other shortchain hydrocarbons, such as butane (Wang et al., 2019c). In contrast, most members of the Crenarchaeota are hyperthermophiles with optimal growth temperatures around 80°C, thriving in sulfur-rich, hot terrestrial and marine environments [START_REF] Woese | Towards a natural system of organisms: proposal for the domains Archaea, Bacteria, and Eucarya[END_REF]. While some crenarchaea are sulfur-cycling chemolithoautotrophs, many others are anaerobic heterotrophs.

The most extensively studied group of crenarchaea corresponds to Sulfolobus spp., first isolated from acidic hot springs in Yellowstone National Park [START_REF] Brock | Sulfolobus: a new genus of sulfur-oxidizing bacteria living at low pH and high temperature[END_REF]. Notably, development on genetic tools have turned Sulfolobus into a well-stablished model for studies on hyperthermophilic archaea and their viruses (Zhang et al., 2018a).

Figure 1 The archaeal three of life. Schematic phylogenetic tree including major archaeal groups for which genomic data are currently available. The currently recognized groups include the Euryarchaeota (green branches) and archaea of the TACK, Asgard, and DPANN superphyla (tan, yellow, and pink branches, respectively). Eukaryotes (gray branch) are suggested to have emerged from the Asgard archaea upon endosymbiosis with an alphaproteobacterial partner (the mitochondrial endosymbiont). For each archaeal lineage, key characteristics regarding metabolism and lifestyle are depicted. The figure is reproduced with permission from Spang, A., Caceres, E.F., and Ettema, T.J.G. (2017). Genomic exploration of the diversity, ecology, and evolution of the archaeal domain of life. Science 357, eaaf3883.

Advances in DNA sequencing, metagenomics and computational approaches during the past few years have prompted the discovery of a vast archaeal diversity in diverse ecosystems, revealing several new taxonomic groups and the description of more than 30 phyla within this domain [START_REF] Adam | The growing tree of Archaea: new perspectives on their diversity, evolution and ecology[END_REF][START_REF] Baker | Diversity, ecology and evolution of Archaea[END_REF][START_REF] Spang | Genomic exploration of the diversity, ecology, and evolution of the archaeal domain of life[END_REF]. The first additional phylum was termed Korarchaeota and includes the largest group of deep-branching unclassified archaea. Representatives of this phylum thrive in a variety of geographical and geochemical conditions, including both terrestrial and marine environments, and remain uncultivable under laboratory conditions [START_REF] Barns | Perspectives on archaeal diversity, thermophily and monophyly from environmental rRNA sequences[END_REF][START_REF] Barns | Remarkable archaeal diversity detected in a Yellowstone National Park hot spring environment[END_REF][START_REF] Elkins | A korarchaeal genome reveals insights into the evolution of the Archaea[END_REF]. Recent metagenomic analyses of deep-sea hydrothermal sediments have increased the available number of Korarchaeota genomes. Interestingly, several genomes of Korarchaeota are predicted to contain mcr-like genes, which are proposed to be involved in methane cycling coupled with sulfate reduction [START_REF] Dombrowski | Expansive microbial metabolic versatility and biodiversity in dynamic Guaymas Basin hydrothermal sediments[END_REF][START_REF] Mckay | Co-occurring genomic capacity for anaerobic methane and dissimilatory sulfur metabolisms discovered in the Korarchaeota[END_REF].

Studies on genetic diversity of natural communities have uncovered several uncultivated lineages related to Crenarchaeota, which were commonly named as "mesophilic Crenarchaeota" due to their ability to grow in moderate-temperature conditions. However, phylogenomic analyses of conserved genes and differences in gene content have located these lineages into a new phylum, namely Thaumarchaeota [START_REF] Brochier-Armanet | Mesophilic crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota[END_REF].

Members of the phylum Thaumarchaeota are abundant in marine and soil ecosystems and play crucial roles in nitrogen cycling by mediating chemolithotrophic ammonia oxidation [START_REF] Karner | Archaeal dominance in the mesopelagic zone of the Pacific Ocean[END_REF][START_REF] Santoro | Activity, abundance and diversity of nitrifying archaea and bacteria in the central California Current[END_REF]. In addition, certain members have been reported to obtain ammonia from urea and cyanate, as well as to encode a complete aerobic pathway for highly energy-efficient carbon fixation [START_REF] Baker | Genome-enabled transcriptomics reveals archaeal populations that drive nitrification in a deep-sea hydrothermal plume[END_REF][START_REF] Hallam | Genomic analysis of the uncultivated marine crenarchaeote Cenarchaeum symbiosum[END_REF][START_REF] Könneke | Ammoniaoxidizing archaea use the most energy-efficient aerobic pathway for CO<sub>2</sub> fixation[END_REF][START_REF] Palatinszky | Cyanate as an energy source for nitrifiers[END_REF]. The genome analysis of the uncultivated Candidatus 'Caldiarchaeum subterraneum' led to the proposal of a sister lineage of Thaumarchaeota, termed 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]. Members of the Aigarchaeota are widely distributed in marine hydrothermal environments as well as in terrestrial and subsurface geothermal systems [START_REF] Beam | Ecophysiology of an uncultivated lineage of Aigarchaeota from an oxic, hot spring filamentous 'streamer' community[END_REF][START_REF] Hedlund | Uncultivated thermophiles: current status and spotlight on 'Aigarchaeota[END_REF][START_REF] Hua | Genomic inference of the metabolism and evolution of the archaeal phylum Aigarchaeota[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]. Phylogenetic analysis of single-copy core genes showed that Thaumarchaeota, Aigarchaeota, Crenarchaeota and Korarchaeota are closely related and form a monophyletic assemblage, which was called the "TACK" superphylum. Interestingly, members of this superphylum share a common set of genes involved in cytokinesis, protein recycling, membrane remodelling and cell shape determination [START_REF] Guy | The archaeal 'TACK' superphylum and the origin of eukaryotes[END_REF][START_REF] Hua | Genomic inference of the metabolism and evolution of the archaeal phylum Aigarchaeota[END_REF]).

An additional phylum, 'Nanoarchaeota', was proposed with the discovery of Nanoarchaeum equitans, a nanosized organism (500 nm in diameter) that turned out to be an obligate symbiont of the crenarchaeon Ignicoccus hospitalis [START_REF] Huber | A new phylum of Archaea represented by a nanosized hyperthermophilic symbiont[END_REF]. In agreement with its host dependency, genomic analysis of N. equitans showed that its genome is one of the smallest known (~490 kb) and lacks essential genes for lipid, amino acid and nucleotide biosynthesis [START_REF] Waters | The genome of Nanoarchaeum equitans: Insights into early archaeal evolution and derived parasitism[END_REF]. Notably, the development of single-cell and metagenomic approaches have unveiled many other nanosized and/or genome-reduced archaeal lineages during the past few years [START_REF] Castelle | Major New Microbial Groups Expand Diversity and Alter our Understanding of the Tree of Life[END_REF][START_REF] Dombrowski | Genomic diversity, lifestyles and evolutionary origins of DPANN archaea[END_REF][START_REF] Probst | Differential depth distribution of microbial function and putative symbionts through sedimenthosted aquifers in the deep terrestrial subsurface[END_REF][START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]. These genome-reduced Archaea have been proposed to form a monophyletic and deep-branching archaeal superphylum, named DPANN -referring to the phyla Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota. Unlike N. equitans, which has been extensively studied, very little is known about the other DPANN lineages and our current knowledge mostly relies on genomic data [START_REF] Dombrowski | Genomic diversity, lifestyles and evolutionary origins of DPANN archaea[END_REF][START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF].

The recent discovery of Lokiarchaeota in 2015, a clade found in deep marine sediments, has provided important insights into the potential archaeal origin of eukaryotes [START_REF] Spang | Complex archaea that bridge the gap between prokaryotes and eukaryotes[END_REF].

Phylogenomic approaches have suggested that Lokiarchaeota forms a sister group to Eukaryotes, suggesting a shared common ancestor. Thus, it has been postulated that the first eukaryotic cells have evolved from an archaeal ancestor [START_REF] Spang | Complex archaea that bridge the gap between prokaryotes and eukaryotes[END_REF]. Genomic analyses have revealed that Lokiarchaeota encode a handful of genes that were previously thought to be specific to eukaryotes. These shared eukaryotic signatures proteins (ESP) comprise cytoskeletal components (actin homologues, gelsolin-domain proteins and actin regulator profilins), constituents of the ubiquitin modifier system and a variety of small GTPases involved in regulatory processes such as cytoskeleton remodeling and signal transduction [START_REF] Akıl | Genomes of Asgard archaea encode profilins that regulate actin[END_REF][START_REF] Spang | Complex archaea that bridge the gap between prokaryotes and eukaryotes[END_REF][START_REF] Zaremba-Niedzwiedzka | Asgard archaea illuminate the origin of eukaryotic cellular complexity[END_REF]. Notably, lokiarchaea encode biosynthetic pathways that might be involved in formation of the bacterial/eukaryotic-type ester-linked lipid membrane, rather than the ether-based membrane as in the case of other archaea [START_REF] Villanueva | Phylogenomic analysis of lipid biosynthetic genes of Archaea shed light on the 'lipid divide[END_REF], supporting the hypothesis that an archaeal ancestor was at the origin of the first eukaryotic cells [START_REF] Spang | Complex archaea that bridge the gap between prokaryotes and eukaryotes[END_REF].

Searches of novel archaeal lineages related to Lokiarchaeota, led to the metagenomic discovery of the Asgard superphylum, which includes new uncultivated members spread in a wide variety of environments, including hydrothermal sediments, microbial mats as well as freshwater and marine environments [START_REF] Dombrowski | Expansive microbial metabolic versatility and biodiversity in dynamic Guaymas Basin hydrothermal sediments[END_REF][START_REF] Macleod | Asgard archaea: Diversity, function, and evolutionary implications in a range of microbiomes[END_REF][START_REF] Seitz | Genomic reconstruction of a novel, deeply branched sediment archaeal phylum with pathways for acetogenesis and sulfur reduction[END_REF][START_REF] Spang | Complex archaea that bridge the gap between prokaryotes and eukaryotes[END_REF][START_REF] Tully | The reconstruction of 2,631 draft metagenome-assembled genomes from the global oceans[END_REF][START_REF] Wong | Disentangling the drivers of functional complexity at the metagenomic level in Shark Bay microbial mat microbiomes[END_REF][START_REF] Zaremba-Niedzwiedzka | Asgard archaea illuminate the origin of eukaryotic cellular complexity[END_REF]. Some members of the Asgard superphylum have been reported as mixotrophs, with putatively significant roles in sulfur and nitrogen cycling (Liu et al., 2018b;[START_REF] Seitz | Genomic reconstruction of a novel, deeply branched sediment archaeal phylum with pathways for acetogenesis and sulfur reduction[END_REF]. A new class of rhodopsin has also been identified in the genomes of Asgard, indicating a possible phototrophic lifestyle [START_REF] Macleod | Asgard archaea: Diversity, function, and evolutionary implications in a range of microbiomes[END_REF][START_REF] Pushkarev | A distinct abundant group of microbial rhodopsins discovered using functional metagenomics[END_REF]. Importantly, following a decade of experimentation, an Asgard archaeon related to Lokiarchaeota was successfully isolated from deep-sea marine sediments [START_REF] Imachi | Isolation of an archaeon at the prokaryoteeukaryote interface[END_REF]. Ca. 'Prometheoarchaeum syntrophicum' is an anaerobic, extremely slow-growing strain that degrades amino acids through syntrophy. Morphologically, Ca. P. syntrophicum possesses unique long, often branched protrusions and has no visible eukaryote-like intracellular complexes, as previously predicted for Asgard archaea [START_REF] Imachi | Isolation of an archaeon at the prokaryoteeukaryote interface[END_REF][START_REF] Zaremba-Niedzwiedzka | Asgard archaea illuminate the origin of eukaryotic cellular complexity[END_REF].

The proposal of Asgard as the closest prokaryotic relatives of eukaryotes has raised a debate as to whether eukaryotes have evolved as a sister clade of Archaea (three-domain hypothesis) or branched off from within Archaea (two-domain theory) [START_REF] Da Cunha | Lokiarchaea are close relatives of Euryarchaeota, not bridging the gap between prokaryotes and eukaryotes[END_REF][START_REF] Da Cunha | Asgard archaea do not close the debate about the universal tree of life topology[END_REF][START_REF] Heinz | Reshaping the tree of life[END_REF][START_REF] Lake | Eukaryotic origins[END_REF][START_REF] Sun | Perspectives on Cultivation Strategies of Archaea[END_REF][START_REF] Van Der Gulik | In defence of the threedomains of life paradigm[END_REF][START_REF] Zhou | Two or three domains: a new view of tree of life in the genomics era[END_REF]. Notably, recent discovery of six additional Asgard phyla and phylogenetic analysis of universally conserved genes of the expanded Asgard dataset showed no strong support for the origin of eukaryotes from within Asgard but rather suggested a three-domain topology for the tree of life, with eukaryotes branching outside archaea [START_REF] Liu | Expanding diversity of Asgard archaea and the elusive ancestry of eukaryotes[END_REF].

Cultivation efforts, coupled with advances in molecular biology, genetics and phylogenetic approaches are expected to shed further light on the evolutionary connections within and between the domains of life.

Environmental distribution of Archaea

Archaea were long considered to exist solely in environments with harsh conditions, at the extremes of temperature, salinity or pH. Indeed, some archaeal species hold records for growing at the highest temperature (Methanopyrus kandleri strain 116, 122°C), lowest pH (Picrophilus oshimae and Picrophilus torridus, pH ~ 0) and highest salt concentration (Halobiforma haloterrestris, ~ 5.2 M NaCl) [START_REF] Christian | Solute concentrations within cells of halophilic and non-halophilic bacteria[END_REF][START_REF] Schleper | Picrophilus gen. nov., fam. nov.: a novel aerobic, heterotrophic, thermoacidophilic genus and family comprising archaea capable of growth around pH 0[END_REF][START_REF] Takai | Cell proliferation at 122 degrees C and isotopically heavy CH4 production by a hyperthermophilic methanogen under highpressure cultivation[END_REF]. However, cultivation-independent analyses in the last decade revealed that archaea are ubiquitous in almost all environments analyzed until now, including diverse aquatic and soil ecosystems, and are part of the microbiome of various animals, including humans [START_REF] Bates | Examining the global distribution of dominant archaeal populations in soil[END_REF][START_REF] Cowie | Archaeal diversity revealed in Antarctic sea ice[END_REF][START_REF] Karner | Archaeal dominance in the mesopelagic zone of the Pacific Ocean[END_REF][START_REF] Koskinen | First Insights into the Diverse Human Archaeome: Specific Detection of Archaea in the Gastrointestinal Tract, Lung, and Nose and on Skin[END_REF][START_REF] Probst | Archaea on Human Skin[END_REF][START_REF] Raymann | Unexplored Archaeal Diversity in the Great Ape Gut Microbiome[END_REF].

Thermophilic and hyperthermophilic archaea are found in a variety of globally diverse geothermal environments, ranging from deep sea hydrothermal vents to terrestrial hot springs [START_REF] Ding | Microbial Community Structure of Deep-sea Hydrothermal Vents on the Ultraslow Spreading Southwest Indian Ridge[END_REF][START_REF] Kambura | Bacteria and Archaea diversity within the hot springs of Lake Magadi and Little Magadi in Kenya[END_REF][START_REF] Pagaling | Bacterial and archaeal diversity in two hot spring microbial mats from the geothermal region of Tengchong, China[END_REF][START_REF] Satoh | Archaeal Community Structures in the Solfataric Acidic Hot Springs with Different Temperatures and Elemental Compositions[END_REF][START_REF] Straub | Biotechnology of extremely thermophilic archaea[END_REF][START_REF] Zhang | Bacterial and archaeal communities in the deep-sea sediments of inactive hydrothermal vents in the Southwest India Ridge[END_REF]. While thermophiles are defined as growing between 50°C and 70°C, the optimal growth temperature of hyperthermophiles is ~80°C and can be up to 122°C [START_REF] Stetter | Hyperthermophilic procaryotes[END_REF]. In general, hyperthermophiles consist of aerobic and anaerobic chemolithoautotrophs and heterotrophs growing at neutral or acidic pH. Acidophilic hyperthermophiles, members of the genera Sulfolobus, Acidianus, Metallosphaera and Stygiolobus, are found in terrestrial and marine solfataric fields and grow optimally at pH of around 3 [START_REF] Ai | Increased acid resistance of the archaeon, Metallosphaera sedula by adaptive laboratory evolution[END_REF][START_REF] Grogan | Phenotypic characterization of the archaebacterial genus Sulfolobus: comparison of five wild-type strains[END_REF][START_REF] Stetter | Hyperthermophilic procaryotes[END_REF][START_REF] Wheaton | The Confluence of Heavy Metal Biooxidation and Heavy Metal Resistance: Implications for Bioleaching by Extreme Thermoacidophiles[END_REF]. Notably, both thermophiles and hyperthermophiles have developed similar adaptations to thrive in such harsh conditions. These specific structural adaptations to avoid irreversible unfolding and undesired aggregation include an increased hydrophobic core of the protein, larger number of disulfide bonds and salt-bridging [START_REF] Cacciapuoti | Role of disulfide bonds in conformational stability and folding of 5'-deoxy-5'methylthioadenosine phosphorylase II from the hyperthermophilic archaeon Sulfolobus solfataricus[END_REF][START_REF] Fukuchi | Protein surface amino acid compositions distinctively differ between thermophilic and mesophilic bacteria[END_REF][START_REF] Karshikoff | Ion pairs and the thermotolerance of proteins from hyperthermophiles: a 'traffic rule' for hot roads[END_REF][START_REF] Reed | Protein Adaptations in Archaeal Extremophiles[END_REF][START_REF] Thiroux | The first head-tailed virus, MFTV1, infecting hyperthermophilic methanogenic deep-sea archaea. Environmental microbiology[END_REF][START_REF] Vieille | Hyperthermophilic Enzymes: Sources, Uses, and Molecular Mechanisms for Thermostability[END_REF].

Halophilic archaea thrive in environments with extremely high concentrations of salt (salinities ranging from 10% to ~ 36%) and are found in a wide variety of environments that differ in location, climate and chemical composition, such as salt lakes, soda lakes and seawater ponds [START_REF] Deng | Isolation and characterization of halophilic bacteria and archaea from salt ponds in Hangu Saltworks, Tianjin, China[END_REF][START_REF] Luk | Viruses of haloarchaea[END_REF][START_REF] Sorokin | Microbial diversity and biogeochemical cycling in soda lakes[END_REF][START_REF] Tazi | Life in extreme environments: microbial diversity in Great Salt Lake, Utah[END_REF]. Notably, haloarchaea dominate the microbial communities in ecosystems with NaCl concentrations of around 15-20%, with bacterial halophiles accounting for less than a quarter of the population [START_REF] Oren | Diversity of halophilic microorganisms: environments, phylogeny, physiology, and applications[END_REF]. Other archaeal species have been found in ecological niches with high pH (alkaliphiles), low temperatures (psycrophiles), high pressure (piezophile) or anoxia (anaerobes), highlighting the enormous diversity and ubiquity of archaea [START_REF] Dalmasso | Thermococcus piezophilus sp. nov., a novel hyperthermophilic and piezophilic archaeon with a broad pressure range for growth, isolated from a deepest hydrothermal vent at the Mid-Cayman Rise[END_REF][START_REF] Duckworth | Phylogenetic diversity of soda lake alkaliphiles[END_REF][START_REF] Franzmann | Methanogenium frigidum sp. nov., a Psychrophilic, H2-Using Methanogen from Ace Lake, Antarctica[END_REF][START_REF] Franzmann | A Methanogenic Archaeon from Ace Lake, Antarctica: Methanococcoides burtonii sp[END_REF][START_REF] Mayer | Adaptations of anaerobic archaea to life under extreme energy limitation[END_REF][START_REF] Tazi | Life in extreme environments: microbial diversity in Great Salt Lake, Utah[END_REF].

Methanogenic archaea are the only known organisms capable of using CO2 and H2 as energy and carbon sources to produce methane. Despite their strict anaerobic requirements, methanogenic archaea are globally distributed in different environments, including hydrothermal vents, soils, swamps, freshwater sediments, marine ecosystems and the intestinal tract of certain animals [START_REF] Hackstein | FECAL METHANOGENS AND VERTEBRATE EVOLUTION[END_REF][START_REF] Jones | Methane generation and microbial activity in a domestic refuse landfill site[END_REF][START_REF] Knittel | Diversity and distribution of methanotrophic archaea at cold seeps[END_REF][START_REF] Valentine | Biogeochemistry and microbial ecology of methane oxidation in anoxic environments: a review[END_REF]. Remarkably, methanogens have a quantitatively large impact on the global carbon cycle, with estimations of around 1 billion tons of methane per year formed by methanogenic archaea in anoxic environments [START_REF] Thauer | Methanogenic archaea: ecologically relevant differences in energy conservation[END_REF].

Although no pathogenic archaeon has been identified so far, many reports have shown archaea to be widely distributed in the human gut as well as in the vaginal cavity, oral cavity and skin [START_REF] Bang | Archaea associated with human surfaces: not to be underestimated[END_REF][START_REF] Belay | Methanogenic bacteria in human vaginal samples[END_REF][START_REF] Borrel | The host-associated archaeome[END_REF][START_REF] Dridi | Archaea as emerging organisms in complex human microbiomes[END_REF][START_REF] Probst | Archaea on Human Skin[END_REF]. Interestingly, a study has demonstrated that two of the most common archaea in the human intestinal tract, Methanobrevibacter smithii and Methanosphaera stadtmanae, are recognized by the human innate immunity system, causing the activation of an inflammatory cytokine response to different extents [START_REF] Bang | The Intestinal Archaea Methanosphaera stadtmanae and Methanobrevibacter smithii Activate Human Dendritic Cells[END_REF].

Metagenomic analyses of several environmental samples collected around the globe have shown that, besides being ubiquitous, archaea are abundant in different ecological niches. For instance, archaea represent about 20% of all microbial biomass present in the oceans [START_REF] Delong | Environmental diversity of bacteria and archaea[END_REF]. Similarly, a global quantification of archaeal and bacterial 16S rRNA genes in subseafloor sediment samples showed that archaeal cells represents 37.3% of the total microbial cells present in the subseafloor sedimentary biosphere, corresponding to 1.1 × 10 29 cells on Earth [START_REF] Hoshino | Abundance and distribution of Archaea in the subseafloor sedimentary biosphere[END_REF]. Moreover, ammonia-oxidizing archaea, which belong to the phylum Thaumarchaeota and contribute significatively to the global nitrogen and carbon cycling, have been shown to represent one of the most abundant microbial groups in the ocean. Quantitative analysis demonstrated that Thaumarchaeota represent up to 20% (about 1.0 × 10 28 cells) of all microbial prokaryotes present in the oceans, suggesting a key role of ammonia oxidizers in this vast ecosystem [START_REF] Karner | Archaeal dominance in the mesopelagic zone of the Pacific Ocean[END_REF][START_REF] Pester | The Thaumarchaeota: an emerging view of their phylogeny and ecophysiology[END_REF].

Notably, the archaeal gene encoding a subunit of the enzyme ammonia monooxygenase (amoA) was found to be 3,000-fold more abundant than its bacterial counterpart in agricultural soils [START_REF] Leininger | Archaea predominate among ammonia-oxidizing prokaryotes in soils[END_REF], pointing out the important role of ammonia-oxidizing archaea in distinct ecological niches as well as in the global biogeochemistry.

Characteristics of Archaea

Although the major fraction of archaeal genes are domain-specific, some archaeal genes have homologues in ether bacteria or eukaryotes [START_REF] Allers | Archaeal geneticsthe third way[END_REF][START_REF] Leigh | Model organisms for genetics in the domain Archaea: methanogens, halophiles, Thermococcales and Sulfolobales[END_REF][START_REF] Yutin | The deep archaeal roots of eukaryotes[END_REF]. Besides being morphologically nearly indistinguishable from bacteria, archaea share with bacteria a similar chromosomal organization and lack of intracellular compartments [START_REF] Bell | Transcription and translation in Archaea: a mosaic of eukaryal and bacterial features[END_REF]. Similarly, archaeal operational genes involved in central metabolism, energy conversion and biosynthesis are most similar to their bacterial counterparts [START_REF] Allers | Archaeal geneticsthe third way[END_REF]. Archaea and bacteria also share several defense systems against mobile genetic elements (MGE), including restriction-modification, abortiveinfection and toxin-antitoxin systems as well as CRISPR-Cas adaptive immunity and Argonaute-based innate immunity [START_REF] Makarova | Comparative genomics of defense systems in archaea and bacteria[END_REF]. Nevertheless, a closer look at Archaea has revealed several genetic and biochemical similarities with Eukarya. These common features include the information processing machineries for DNA replication, transcription and repair, e.g., the similar structures of the DNA-dependent RNA polymerases and occurrence of histones [START_REF] Allers | Archaeal geneticsthe third way[END_REF][START_REF] Baker | Diversity, ecology and evolution of Archaea[END_REF][START_REF] Henneman | Structure and function of archaeal histones[END_REF][START_REF] Huet | Archaebacteria and eukaryotes possess DNA-dependent RNA polymerases of a common type[END_REF]. Likewise, the lack of peptidoglycan in the cell wall is also a shared attribute in Archaea and Eukarya [START_REF] Kandler | Chemical composition of the peptidoglycan-free cell walls of methanogenic bacteria[END_REF]. Among the archaea-specific features, the most remarkable are the ether-based lipid membranes and the uniqueness of certain physiologies and metabolic pathways, e.g., the production of methane by methanogenic archaea and the capacity to thrive in harsh environmental conditions such as hypersaline environments and extremely high temperatures [START_REF] Kates | The phytanyl ether-linked polar lipids and isoprenoid neutral lipids of extremely halophilic bacteria[END_REF][START_REF] Koga | Ether polar lipids of methanogenic bacteria: structures, comparative aspects, and biosyntheses[END_REF][START_REF] Smith | Isolation and characterization of Methanobacterium ruminantium n. sp[END_REF][START_REF] Woese | Towards a natural system of organisms: proposal for the domains Archaea, Bacteria, and Eucarya[END_REF].

Cell morphology and structure

Similar to bacteria, archaea are single-celled organisms, lacking the nucleus and membranebound organelles. Cells are relatively small, most ranging from 0.5 to 4 μm in diameter and display a variety of shapes, with coccoid and rod-shaped being the most common morphologies. Interestingly, unique forms, like triangular discs or square box-shaped morphologies have been described for haloarchaea [START_REF] Javor | Box-shaped halophilic bacteria[END_REF][START_REF] Oren | The Enigma of Square and Triangular Halophilic Archaea[END_REF][START_REF] Rodrigues-Oliveira | Identification of a conserved receptor-binding site on the fiber proteins of CAR-recognizing adenoviridae[END_REF]. Cell wall-lacking archaea of the order Thermoplasmatales are pleomorphic, varying in shape from spherical to filamentous structures. Notably, the presence of a lipopolysaccharide-like material (consisting of a unique tetraether lipid with mannose and glucose units) in the membrane of Thermoplasma acidophilum has been suggested to ensure the membrane stability under extremely hot and acidic conditions [START_REF] Shimada | Complete polar lipid composition of Thermoplasma acidophilum HO-62 determined by highperformance liquid chromatography with evaporative light-scattering detection[END_REF].

Archaea also have been reported to form biofilms in a diversity of ecological niches, including Antarctic seawater, acid mine drainages, alkaline lakes and the human gut [START_REF] Couradeau | Prokaryotic and Eukaryotic Community Structure in Field and Cultured Microbialites from the Alkaline Lake Alchichica (Mexico)[END_REF][START_REF] Edwards | An archaeal ironoxidizing extreme acidophile important in acid mine drainage[END_REF][START_REF] Van Wolferen | Archaeal biofilm formation[END_REF][START_REF] Webster | Site-specific variation in Antarctic marine biofilms established on artificial surfaces[END_REF]. Despite the apparent ubiquity of archaeal biofilms, little is known about their formation mechanisms, especially when compared to the wealth of available information for bacterial biofilms.

However, some studies have suggested that biofilms might offer certain advantages to archaeal cells such as protection against harsh external conditions, favoring gene transfer and supporting symbiotic relationship with other microorganisms [START_REF] Chimileski | Biofilms formed by the archaeon Haloferax volcaniiexhibit cellular differentiation and social motility, and facilitate horizontal gene transfer[END_REF][START_REF] Koerdt | Crenarchaeal Biofilm Formation under Extreme Conditions[END_REF][START_REF] Wegener | Intercellular wiring enables electron transfer between methanotrophic archaea and bacteria[END_REF]. In addition, electron microscopic observations as well as direct studies on the archaeal cell surfaces have shown that archaea display a variety of surface structures, some of which are unique to archaea (Albers and Meyer, 2011) .

Cell envelope characteristics

The cell envelope of archaea displays some unique features that distinguish archaea from bacteria end eukaryotes. The most notable difference includes the composition of the lipid membrane: while bacterial and eukaryotic membranes are composed of fatty acid chains esterlinked to glycerol moieties, archaeal membrane lipids are characterized by ether linkages between isoprene-based alkyl chains and glycerol moieties (Figure 2) [START_REF] De Rosa | Structure, biosynthesis, and physicochemical properties of archaebacterial lipids[END_REF][START_REF] Gribaldo | The origin and evolution of Archaea: a state of the art[END_REF][START_REF] Jain | Biosynthesis of archaeal membrane ether lipids[END_REF][START_REF] Kates | The phytanyl ether-linked polar lipids and isoprenoid neutral lipids of extremely halophilic bacteria[END_REF][START_REF] Koga | Ether polar lipids of methanogenic bacteria: structures, comparative aspects, and biosyntheses[END_REF]Villanueva et al., 2014). Interestingly, while haloarchaea and other mesophilic archaea largely contain diether lipids (archaeol) of C20 phytanyl chains that assemble into bilayer membranes, certain acidophilic and hyperthermophilic archaea encompass tetraether lipids (glycerol dibiphytanyl glycerol tetraethers [GDGT]) of C40 isoprenoid chains that span the entire thickness of the membrane yielding a unique lipid monolayer [START_REF] Koga | Biosynthesis of ether-type polar lipids in archaea and evolutionary considerations[END_REF]Villanueva et al., 2014). This lipid monolayer has been suggested to decrease the membrane fluidity and, therefore, be an important adaptation of hyperthermophiles and acidophiles to extreme geothermal conditions by reducing the membrane permeability [START_REF] Jacquemet | Archaeal tetraether bipolar lipids: Structures, functions and applications[END_REF][START_REF] Siliakus | Adaptations of archaeal and bacterial membranes to variations in temperature, pH and pressure[END_REF]. The hydrophobic core consists of C20C20 archaeol isoprenoids. The headgroups of phospholipids can be a range of polar compoundsfor example, glycerol, serine, inosine, ethanolamine, myo-inositol or aminopentanetetrols. Glycolipids also exhibit a range of sugar residuesfor example, glucose, mannose, galactose, gulose, Nacetylglucosamine or combinations thereof. The figure is reproduced with permission from Albers, S.V., and Meyer, B.H. (2011). The archaeal cell envelope. Nature reviews Microbiology 9,[414][415][416][417][418][419][420][421][422][423][424][425][426] Most archaea are surrounded by a thin highly-ordered protein layer anchored to the cell membrane, which is knowns as the surface (S-) layer. The S-layer is proposed to maintain an osmotic balance, protect the cell from harsh environmental conditions and contribute to cell shape (Albers and Meyer, 2011;[START_REF] Sára | S-Layer proteins[END_REF][START_REF] Sleytr | Self-assembly of the hexagonally and tetragonally arranged subunits of bacterial surface layers and their reattachment to cell walls[END_REF][START_REF] Sleytr | Crystalline Bacterial Cell Surface Layers (S Layers): From Supramolecular Cell Structure to Biomimetics and Nanotechnology[END_REF].

Usually, S-layer proteins carry extensive post-translational modifications, such as N-and Oglycosylation, which are believed to be a common strategy to protect the cells from the extreme conditions of the environment [START_REF] Eichler | Facing extremes: archaeal surface-layer (glyco)proteins[END_REF][START_REF] Palmieri | Surface-exposed Glycoproteins of Hyperthermophilic Sulfolobus solfataricus P2 Show a Common N-Glycosylation Profile[END_REF]. Remarkably, S-layer proteins are able to assemble into a two-dimensional crystalline protein array with distinct geometries, with the hexagonal lattice being the most common in archaeal cells (Albers and Meyer, 2011;[START_REF] Sleytr | Crystalline Bacterial Cell Surface Layers (S Layers): From Supramolecular Cell Structure to Biomimetics and Nanotechnology[END_REF]. This intrinsic self-assembling property makes S-layer suitable for a variety of nanotechnology applications [START_REF] Ilk | S-layer fusion proteins-construction principles and applications[END_REF]. Bacterial and archaeal S-layers are usually composed of one (glyco)protein [START_REF] Rodrigues-Oliveira | Identification of a conserved receptor-binding site on the fiber proteins of CAR-recognizing adenoviridae[END_REF], although in Sulfolobales, the S-layer is composed of two conserved glycosylated proteins, SlaA and SlaB [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF]. The S-layer model for Sulfolobus has been proposed, in which both proteins have recognizable and distinct roles during the S-layer building: the small, membranebound protein SlaB acts as a stalk that anchors the large protein SlaA to the cytoplasmic membrane, leading to the formation of a crystal-like matrix that surrounds the cell [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF][START_REF] Zhang | Revealing S-layer Functions in the Hyperthermophilic Crenarchaeon Sulfolobus islandicus (bioRxiv)[END_REF].

Few archaeal species possess a cell wall consisting of pseudomurein polymers, which superficially are equivalent, but not evolutionarily related to the bacterial peptidoglycan [START_REF] Claus | Cell Envelopes of Methanogens[END_REF][START_REF] König | Pathways and Principles of the Biosynthesis of Methanobacterial Cell Wall Polymers[END_REF][START_REF] Visweswaran | Murein and pseudomurein cell wall binding domains of bacteria and archaea--a comparative view[END_REF]. The rod-shaped methanogenic archaea Methanospirillum hungatei and Methanosaeta concilii possess a more complex cell envelope composed of unique tubular paracrystalline proteinaceous sheaths. Structurally, these sheaths are less porous and more stable than regular S-layer due to the recurrent presence of disulphide bonds between cysteine residues [START_REF] Beveridge | Surface layers of bacteria[END_REF]. Methanospirillum and Methanosaeta grow and divide within these proteinaceous sheaths, which enclose an entire chain of cells, rather than single cells [START_REF] Beveridge | The ultrastructure of Methanothrix concilii, a mesophilic aceticlastic methanogen[END_REF][START_REF] Beveridge | Unusual stability of the Methanospirillum hungatei sheath[END_REF][START_REF] Zeikus | Fine structure of Methanospirillum hungatii[END_REF].

Cell surface appendages

Similar to bacteria, archaea possess distinct cell surface appendages, including archaeal flagella (archaella) implicated in cell motility and diverse pili involved in intercellular communication, biofilm formation and adhesion to various organic and inorganic substrates (Albers and Meyer, 2011;[START_REF] Pohlschroder | Archaeal type IV pili and their involvement in biofilm formation[END_REF]. Interestingly, although archaeal and bacterial flagella are rotating organelles, structural and molecular characterization has revealed that the two structures are evolutionarily unrelated [START_REF] Albers | The Archaellum: An Update on the Unique Archaeal Motility Structure[END_REF][START_REF] Jarrell | The archaellum: an old motility structure with a new name[END_REF][START_REF] Streif | Flagellar Rotation in the Archaeon Halobacterium salinarum Depends on ATP[END_REF][START_REF] Trachtenberg | The archaeabacterial flagellar filament: a bacterial propeller with a pilus-like structure[END_REF]. Accordingly, the archaellum acts as a propeller-type driven machine superficially similar to bacterial flagellum [START_REF] Daum | Twitch or swim: towards the understanding of prokaryotic motion based on the type IV pilus blueprint[END_REF][START_REF] Jarrell | The archaellum: an old motility structure with a new name[END_REF], but structurally related to archaeal type IV pili (T4P) (Wang et al., 2020b;Wang et al., 2019a). Furthermore, whereas bacterial flagella use the energy in the proton motive force to drive the rotation, archaella employ ATP hydrolysis [START_REF] Albers | The Archaellum: An Update on the Unique Archaeal Motility Structure[END_REF][START_REF] Macnab | The Bacterial Flagellum: Reversible Rotary Propellor and Type III Export Apparatus[END_REF][START_REF] Streif | Flagellar Rotation in the Archaeon Halobacterium salinarum Depends on ATP[END_REF].

Bioinformatic and structural approaches have shown that many archaeal surface structures are homologous to bacterial T4P [START_REF] Makarova | Diversity and Evolution of Type IV pili Systems in Archaea[END_REF]. Indeed, archaeal T4P are among the most commonly found surface appendages in described archaea and correspond to proteinaceous structures formed from subunits of the type IV pilin proteins [START_REF] Pohlschroder | Archaeal type IV pili and their involvement in biofilm formation[END_REF]. Recent structural studies have elucidated the structure of T4P in hyperthermophilic archaea; surprisingly, Sulfolobus islandicus T4P has an extremely stable structure that resists harsh treatments such as digestion by trypsin and pepsin as well as boiling in sodium dodecyl sulfate and 5M guanidinium-HCl. The resilience of the pilus was attributed to extensive surface glycosylation on serine and threonine residues, which are anomalously abundant in the Sulfolobus T4P, compared to the bacterial T4P and other Sulfolobus proteins (Wang et al., 2019a). Importantly, cryo-EM structures of the T4P of the acidophilic hyperthermophile Saccharolobus solfataricus and the neutrophilic hyperthermophile Pyrobaculum arsenaticum suggested that the extensive glycosylation previously observed in the Sulfolobus islandicus pilus is an adaptation to acidic environments, rather than extreme temperatures. At even higher temperatures but neutral pH, much less glycosylation was observed in Pyrobaculum than in Sulfolobus and Saccharolobus T4P (Figure 3) (Wang et al., 2020b).

Cannulae and hami are less-studied surface appendages that are unique to archaea. Cannulae are found exclusively in the marine hyperthermophilic archaea of the genus Pyrodictium.

Interestingly, Pyrodictium spp. are found as a dense network of cells and tubules, because dividing cells remain interconnected through cannulae. The function of these structures remains unclear, but it has been proposed that they might be involved in exchange of nutrients or cell attachment [START_REF] Horn | In vivo observation of cell division of anaerobic hyperthermophiles by using a high-intensity darkfield microscope[END_REF][START_REF] Stetter | Pyrodictium gen. nov., a New Genus of Submarine Disc-Shaped Sulphur Reducing Archaebacteria Growing Optimally at 105°C[END_REF]. The euryarchaeon SM1, which grows in cold sulphidic springs, displays on its surface helical filaments named hami, from which three hooks emanate every 4 nm [START_REF] Moissl | The unique structure of archaeal 'hami', highly complex cell appendages with nano-grappling hooks[END_REF][START_REF] Rudolph | Natural Communities of Novel Archaea and Bacteria Growing in Cold Sulfurous Springs with a String-of-Pearls-Like Morphology[END_REF]. Hami are proposed to favor cell-cell attachments for the formation of microbial communities (Albers and Meyer, 2011). 

Cell division

Similar to bacteria, archaea reproduce asexually through binary fission [START_REF] Makarova | Evolution of diverse cell division and vesicle formation systems in Archaea[END_REF][START_REF] Samson | Cell cycles and cell division in the archaea[END_REF]. Although no archaeal species are known to produce spores, some haloarchaea undergo phenotypic switching to thick-walled cells that are resistant to osmotic shock, superficially resembling spores [START_REF] Kostrikina | Cytological peculiarities of some extremely halophilic soil archaeobacteria[END_REF]. Unlike in bacteria and eukaryotes, cell division in archaea remains poorly understood. Yet, archaeal division follows the four regular conceptual stages of cytokinesis: (i) placement of the early division components at the division site; (ii) recruitment of later division components to the divisional site, (iii) application of a force on the membrane that leads to constriction, and (iv) membrane abscission generating the segregation of the daughter cells [START_REF] Caspi | Dividing the Archaeal Way: The Ancient Cdv Cell-Division Machinery[END_REF].

Interestingly, whereas Crenarchaeota encompass homologs of the eukaryotic Endosomal Sorting Complex Required for Transport (ESCRT) machinery, which is involved in membrane abscission during cytokinesis, almost all members of the Euryarchaeaota encode homologs of the bacterial tubulin-like protein FtsZ, which forms contracting rings at the septum during cell division [START_REF] Bernander | Archaea and the cell cycle[END_REF][START_REF] Hobel | The Sulfolobus solfataricus AAA protein Sso0909, a homologue of the eukaryotic ESCRT Vps4 ATPase[END_REF][START_REF] Lindås | A unique cell division machinery in the Archaea[END_REF].

Diversity of Archaeal Viruses

Viruses infecting archaea constitute a distinctive part of the virosphere and exhibit diverse virion morphologies, many of which have never been observed among viruses infecting bacteria or eukaryotes. Diversity of archaeal viruses is also reflected in their genome content, with ∼75% of the genes lacking detectable homologs in sequence databases (Krupovic et al., 2018). The vast majority of isolated archaeal viruses infect hyperthermophiles and hyperhalophiles of the phyla Crenarchaeaota and Euryarcheaota, respectively [START_REF] Luk | Viruses of haloarchaea[END_REF]Prangishvili et al., 2017). However, a handful of viruses have been recently isolated and described to infect methanogens (Pfister et al., 1998b;[START_REF] Thiroux | The first head-tailed virus, MFTV1, infecting hyperthermophilic methanogenic deep-sea archaea. Environmental microbiology[END_REF][START_REF] Weidenbach | Methanosarcina Spherical Virus, a Novel Archaeal Lytic Virus Targeting <span class="named-content genus-species" id="named-content-1">Methanosarcina</span> Strains[END_REF][START_REF] Wolf | Characterization of the lytic archaeal virus Drs3 infecting Methanobacterium formicicum[END_REF] and ammonia-oxidizing thaumarchaea (Kim et al., 2019). In addition, putative viruses associated with thaumarchaea [START_REF] Ahlgren | Discovery of several novel, widespread, and ecologically distinct marine Thaumarchaeota viruses that encode amoC nitrification genes[END_REF][START_REF] Chow | Combining genomic sequencing methods to explore viral diversity and reveal potential virushost interactions[END_REF][START_REF] Danovaro | Virus-mediated archaeal hecatomb in the deep seafloor[END_REF][START_REF] Krupovic | Integrated mobile genetic elements in Thaumarchaeota[END_REF][START_REF] Krupovic | A thaumarchaeal provirus testifies for an ancient association of tailed viruses with archaea[END_REF]Roux et al., 2016), marine thermoplasmata [START_REF] Vik | Putative archaeal viruses from the mesopelagic ocean[END_REF] and marine group II Euryarchaeota [START_REF] Nishimura | Environmental Viral Genomes Shed New Light on Virus-Host Interactions in the Ocean[END_REF][START_REF] Philosof | Novel Abundant Oceanic Viruses of Uncultured Marine Group II Euryarchaeota[END_REF] were identified using metagenomics, single cell genomics and mining of the archaeal genome sequences for proviruses, suggesting that archaeal viruses play important ecological roles in different ecosystems. Indeed, it has been demonstrated that in the deep ocean, virus-mediated lysis of archaea is more rapid than that of bacteria, with the average abatement rate of 3.2% per day versus 1.6% per day, respectively. As a result, turnover of archaea in surface deep-sea sediments accounts for up to one-third of the total microbial biomass killed, resulting in the release of ∼0.3 to 0.5 gigatons of carbon per year globally [START_REF] Danovaro | Virus-mediated archaeal hecatomb in the deep seafloor[END_REF]. Based on their diverse virion morphologies and genomic properties, the characterized archaeal viruses are currently classified into 20 families [START_REF] Adriaenssens | Taxonomy of prokaryotic viruses: 2018-2019 update from the ICTV Bacterial and Archaeal Viruses Subcommittee[END_REF] (Figure 4 and Table 1). Notably, taxonomic classification of a variety of additional groups remains to be defined [START_REF] Geslin | Analysis of the First Genome of a Hyperthermophilic Marine Virus-Like Particle, PAV1, Isolated from <em>Pyrococcus abyssi</em>[END_REF]Gorlas et al., 2012;Liu et al., 2019;Mochizuki et al., 2011;[START_REF] Munson-Mcgee | An Uncultivated Virus Infecting a Nanoarchaeal Parasite in the Hot Springs of Yellowstone National Park[END_REF]Wagner et al., 2017;[START_REF] Weidenbach | Methanosarcina Spherical Virus, a Novel Archaeal Lytic Virus Targeting <span class="named-content genus-species" id="named-content-1">Methanosarcina</span> Strains[END_REF]. Archaeal virome encompasses virus groups which are evolutionarily related to viruses of bacteria and eukaryotes, but most archaeal virus lineages have no counterparts among viruses from the two other domains [START_REF] Krupovic | The LUCA and its complex virome[END_REF]. Moreover, comparative genomics and bipartite genegenome network analyses have shown that most of the hyperthermophilic archaeal viruses are disconnected from the rest of the virosphere and likely display distinct evolutionary origins (Iranzo et al., 2016a;[START_REF] Iranzo | The Double-Stranded DNA Virosphere as a Modular Hierarchical Network of Gene Sharing[END_REF]. (Häring et al., 2005a;Prangishvili et al., 2018a). The linear dsDNA viral genome is condensed into a cone-shaped nucleocapsid that is further encased in a lipidcontaining envelope. The broad end of the bottle-shaped virions is decorated with short, thick filaments inserted into a structural disc, and the pointed end appears to be involved in attachment to host cells. Ampullaviruses have been detected in terrestrial hot springs in Italy, Iceland and Japan (Gudbergsdóttir et al., 2016;Häring et al., 2005a); however, only one representative of this family has been isolated.

The virions of Aeropyrum coil-shaped virus (ACV), the sole member of the family Spiraviridae, infect hyperthermophilic archaea from the genus Aeropyrum (order Desulfurococcales, phylum Crenarchaeaota) and are hollow, non-enveloped cylindrical particles with filamentous appendages protruding from both termini of the helical structure [START_REF] Mochizuki | Archaeal virus with exceptional virion architecture and the largest single-stranded DNA genome[END_REF][START_REF] Prangishvili | ICTV Virus Taxonomy Profile: Spiraviridae[END_REF]. The viral genome is a single-stranded, positive-sense DNA molecule. The virions are formed by the condensation of the circular ssDNA genome and capsid proteins into a rope-like structure that is further condensed into a spring-like coil [START_REF] Mochizuki | Archaeal virus with exceptional virion architecture and the largest single-stranded DNA genome[END_REF].

The Guttaviridae family includes Sulfolobus neozealandicus droplet-shaped virus (SNDV) and Aeropyrum pernix ovoid virus 1 (APOV1), infecting hyperthermophilic archaea from the crenarchaeal orders Sulfolobales and Desulfurococcales, respectively (Arnold et al., 2000a;Mochizuki et al., 2011;[START_REF] Prangishvili | ICTV Virus Taxonomy Profile: Guttaviridae[END_REF]. Guttaviruses have slightly pleomorphic enveloped virions with circular dsDNA genomes. Virions of Sulfolobus neozealandicus droplet-shaped virus (SNDV) resemble elongated droplets with varying dimensions and a bunch of thick filaments covering the pointed end of the particle (Arnold et al., 2000a). Virions of another member of the family, Aeropyrum pernix ovoid virus 1 (APOV1), are ovoid without exhibiting attached fibers (Mochizuki et al., 2011).

Filamentous viruses

Unlike bacterial and eukaryotic filamentous viruses that have ssDNA and ssRNA genomes, respectively, filamentous archaeal viruses possess dsDNA genomes. They have been grouped

into the families Rudiviridae [START_REF] Prangishvili | A novel virus family, the Rudiviridae: Structure, virus-host interactions and genome variability of the sulfolobus viruses SIRV1 and SIRV2[END_REF], Lipothrixviridae [START_REF] Prangishvili | A new proposed taxon for double-stranded DNA viruses, the order "Ligamenvirales[END_REF], Tristromaviridae [START_REF] Prangishvili | ICTV Virus Taxonomy Profile: Tristromaviridae[END_REF] and Clavaviridae (Prangishvili et al., 2019a), and infect hyperthermophilic hosts from the orders Sulfolobales, Desulfurococcales and Thermoproteales, of the phylum Crenarchaeota. The three former families are evolutionarily related and are unified into a class Tokiviricetes (Wang et al., 2020c). Unlike tokiviruses, which have linear dsDNA genomes, clavaviruses have some of the smallest known circular dsDNA genomes (5.2 kb) [START_REF] Mochizuki | Diversity of viruses of the hyperthermophilic archaeal genus Aeropyrum, and isolation of the Aeropyrum pernix bacilliform virus 1, APBV1, the first representative of the family Clavaviridae[END_REF]. Notably, members of the Lipothrixviridae and Tristromaviridae families are enveloped with a lipid membrane (Kasson et al., 2017;Rensen et al., 2016), a feature not observed in filamentous viruses infecting bacteria or eukaryotes.

Members of the Rudiviridae infect hyperthermophilic acidophiles of the order Sulfolobales and have non-enveloped rod-shaped virions decorated with three terminal fibers at each end [START_REF] Prangishvili | A novel virus family, the Rudiviridae: Structure, virus-host interactions and genome variability of the sulfolobus viruses SIRV1 and SIRV2[END_REF]. Virions of rudiviruses are formed by multiple copies of a homodimeric MCP that wraps around the linear dsDNA, condense it into a hollow helical tube and maintain it in an A-form, as revealed by cryo-electron microscopy reconstruction of the virion of Sulfolobus rod-shaped virus 2 (SIRV2) (DiMaio et al., 2015).

Viruses from the Lipothrixviridae family infect hyperthermophilic acidophiles of the order Sulfolobales and possess flexible virions decorated at each terminus with thin filaments, varying in number and arrangement for different species (Arnold et al., 2000b;Bettstetter et al., 2003;Häring et al., 2005b;Vestergaard et al., 2008). Exceptionally, the termini of Acidianus filamentous virus 1 (AFV1) are decorated with claw-like structures which clasp upon interaction with the host cell appendages (Bettstetter et al., 2003). The virion nucleoprotein core is built from multiple copies of the two MCP, which are similar in structure to each other as well as to the single MCP of the Rudiviridae. Same as in rudiviruses, the structural unit is a dimer of the two MCPs, multiple copies of which bind linear dsDNA, condense it into a helical tube and maintain it in an A-form. However, in this case, the helical nucleocapsid is covered by a membrane containing lipids selectively acquired from the pool of host lipids. Remarkably, viral membranes are twice thinner than the cytoplasmic membrane of the host (Kasson et al., 2017;Liu et al., 2018a;Wang et al., 2020a). Lipid analysis has shown that AFV1 selects for flexible glycerol dibiphytanyl glycerol tetraether (GDGT) lipids, which lack cyclopentane rings and are rather flexible to bent into a unique U-shaped, horseshoe conformation (Kasson et al., 2017). However, the function of the viral envelope as well as the mechanism of envelopment and lipid selection remain to be understood. Due to the pronounced similarities in their structural and genomic properties, which suggest relatively close evolutionary relationships, the families Rudiviridae and Lipothrixiridae have been unified in the order Ligamenvirales [START_REF] Prangishvili | A new proposed taxon for double-stranded DNA viruses, the order "Ligamenvirales[END_REF].

Viruses belonging to the Tristromaviridae family infect neutrophilic hyperthermophiles of the order Thermoproteales and have flexible filamentous virions with terminal filaments attached to one or both ends, which are responsible for host recognition by binding to T4P [START_REF] Rensen | A virus of hyperthermophilic archaea with a unique architecture among DNA viruses[END_REF]Wang et al., 2020b). Although initially thought to be evolutionarily unrelated to other known viruses due to lack of any identifiable sequence similarity, cryo-EM structure of the Pyrobaculum filamentous virus 2 (PFV2) has uncovered an unsuspected relationship to rudiviruses and lipothrixviruses (Wang et al., 2020c). Similar to lipothrixviruses, tristromaviruses consist of an envelope and an inner helical core built from linear dsDNA and two MCPs. The genome is also condensed and maintained in an A-form conformation, suggesting that such structure is a general adaptation of crenarchaeal viruses to extreme temperatures rather than low pH, because viruses infecting both neutrophilic (Thermoproteales) and acidophilic (Sulfolobales) hosts accommodate this DNA conformation (DiMaio et al., 2015;Kasson et al., 2017;Liu et al., 2018a;Wang et al., 2020c). Remarkably, unlike in lipothrixviruses, the lipid envelope of tristromaviruses has the same thickness and lipid composition as the host membrane (Rensen et al., 2016), highlighting the variety of mechanisms employed by filamentous enveloped viruses for lipid selection.

The sole known member of the Clavaviridae family, Aeropyrum pernix bacilliform virus 1 (APBV1), infects neutrophilic hyperthermophiles of the order Desulfurococcales and has nonenveloped, rigid bacilliform virions with two asymmetric terminal cap structures at each end, one pointed and the other rounded. The virions are built from circular dsDNA, multiple copies of a single MCP and three minor structural proteins [START_REF] Mochizuki | Diversity of viruses of the hyperthermophilic archaeal genus Aeropyrum, and isolation of the Aeropyrum pernix bacilliform virus 1, APBV1, the first representative of the family Clavaviridae[END_REF]. Cryo-EM structure of the virion has revealed that the DNA is tightly packed within the capsid as a lefthanded superhelix and held in place by the interactions with positively charged residues lining the internal surface of the virion tube (Ptchelkine et al., 2017). A model for the assembly of APBV1 has been proposed in which the virion assembly starts when one of the cap structures recognizes and binds to the viral genome at three specific sites, forming three long loops. These gradually intertwine under the guidance of the concomitant capsid assembly to form a left-handed superhelix. Finally, once the DNA is fully covered with the MCP, the open end of the virion is sealed by a second cap structure (Ptchelkine et al., 2017).

Fusiform viruses

Spindle-shaped viruses are widespread in archaea-dominated terrestrial and marine environments. Tailless spindle-shaped viruses have been isolated from hyperthermophilic crenarchaea [START_REF] Arnold | The genetic element pSSVx of the extremely thermophilic crenarchaeon Sulfolobus is a hybrid between a plasmid and a virus[END_REF][START_REF] Goodman | Comparative genetic and genomic analysis of the novel fusellovirus Sulfolobus spindle-shaped virus 10[END_REF][START_REF] Redder | Four newly isolated fuselloviruses from extreme geothermal environments reveal unusual morphologies and a possible interviral recombination mechanism[END_REF]Schleper et al., 1992;[START_REF] Stedman | Fusellovirus[END_REF]Wiedenheft et al., 2004;[START_REF] Zhang | Novel <em>Sulfolobus</em> Fuselloviruses with Extensive Genomic Variations[END_REF], hyperhalophilic euryarchaea [START_REF] Bath | His1 and His2 are distantly related, spindle-shaped haloviruses belonging to the novel virus group, Salterprovirus[END_REF]Bath and Dyall-Smith, 1998) and ammonia-oxidizing thaumarchaea (Kim et al., 2019), and are classified into families Fuselloviridae, Halspiviridae and Thaspiviridae, respectively. Tailed spindle-shaped viruses containing one or two tail-like appendages extending from the pointed ends of the virion are classified into the family Bicaudaviridae [START_REF] Prangishvili | ICTV Virus Taxonomy Profile: Bicaudaviridae[END_REF]Prangishvili et al., 2006b). Despite the shared morphology, the two families appear to be evolutionarily unrelated and their virions are constructed from unrelated major capsid proteins, suggesting convergent evolution (Krupovic et al., 2014).

Known representatives of the Fuselloviridae family are isolated from terrestrial hot springs and infect hosts from the order Sulfolobales, phylum Crenarchaeota [START_REF] Arnold | The genetic element pSSVx of the extremely thermophilic crenarchaeon Sulfolobus is a hybrid between a plasmid and a virus[END_REF][START_REF] Redder | Four newly isolated fuselloviruses from extreme geothermal environments reveal unusual morphologies and a possible interviral recombination mechanism[END_REF]Schleper et al., 1992;[START_REF] Stedman | Fusellovirus[END_REF][START_REF] Zhang | Novel <em>Sulfolobus</em> Fuselloviruses with Extensive Genomic Variations[END_REF]. Fuselloviruses have enveloped lemon-shaped virions decorated with terminal fibers at one of the two pointed ends.

However, other family members have been reported to be more pleomorphic and elongated, with three relatively thick filaments at one pointed end [START_REF] Redder | Four newly isolated fuselloviruses from extreme geothermal environments reveal unusual morphologies and a possible interviral recombination mechanism[END_REF]. The virions of SSV1, the type virus of Fuselloviridae, consist of four virus-encoded structural proteins, VP1-VP4 (Quemin et al., 2015), with the circular dsDNA genome being packaged within the virion as a nucleoprotein complex.

Similar to fuselloviruses, the sole member of the newly created Halspiviridae family, His1, has enveloped spindle-shaped virions with short terminal fibers located at one of the two pointed ends (Bath and Dyall-Smith, 1998). However, despite their morphological similarities and the homology of their major capsid proteins, His1 differs from fuselloviruses by i) infecting halophilic archaea, instead of hyperthermophilic archaea, ii) having linear dsDNA, rather than circular, and iii) encoding a protein-primed family B DNA polymerase [START_REF] Adriaenssens | Taxonomy of prokaryotic viruses: 2018-2019 update from the ICTV Bacterial and Archaeal Viruses Subcommittee[END_REF][START_REF] Bath | His1 and His2 are distantly related, spindle-shaped haloviruses belonging to the novel virus group, Salterprovirus[END_REF]. Thaspiviridae is other recently created family that groups spindleshaped viruses infecting marine ammonia-oxidizing thaumarchaea from the phylum Thaumarchaeota. Similar to His1, thaspiviruses have linear dsDNA genomes and do not display significant sequence similarity to genomes of other archaeal viruses (Kim et al., 2019).

Interestingly, two unclassified spindle-shaped viruses infecting members of the order Thermococcales, phylum Euryarchaeota, Pyrococcus abyssi virus 1 (PAV1) and Thermococcus prieurii virus 1 (TPV1), have been isolated from deep-sea hydrothermal vents [START_REF] Geslin | Analysis of the First Genome of a Hyperthermophilic Marine Virus-Like Particle, PAV1, Isolated from <em>Pyrococcus abyssi</em>[END_REF]Geslin et al., 2003;Gorlas et al., 2012). Despite their morphological resemblance to fuselloviruses, the genomes of PAV1 and TPV1 are not recognizably similar to those of fuselloviruses, suggesting that the two viruses are likely to be classified into a new separate family.

Representatives of the Bicaudaviridae family infect hosts from the order Sulfolobales (Häring et al., 2005c;Krupovic et al., 2014;Prangishvili et al., 2006b). Remarkably, virions of Acidianus two-tailed virus (ATV), the only currently classified member of the family Bicaudaviridae, undergoes a morphological transformation outside and independent of the host cell. ATV particles are released from host cells as tailless spindle-shaped particles, after which they develop tail-like appendages at both ends of the virion (Häring et al., 2005c;Prangishvili et al., 2006b). Extracellular morphological development of the ATV virion takes place specifically at temperatures above 75 °C, close to that of the natural habitat, and does not require the presence of host cells, an exogenous energy sources or specific co-factors (Prangishvili et al., 2006b).

Icosahedral viruses

Similar to bacteria and eukaryotes, archaea are also infected with icosahedral viruses. Tailless icosahedral viruses with an internal membrane layer are classified into the families Turriviridae [START_REF] Rice | The structure of a thermophilic archaeal virus shows a double-stranded DNA viral capsid type that spans all domains of life[END_REF], Portogloboviridae (Liu et al., 2017), Sphaerolipoviridae [START_REF] Demina | HCIV-1 and Other Tailless Icosahedral Internal Membrane-Containing Viruses of the Family Sphaerolipoviridae[END_REF] and Simuloviridae [START_REF] Zhang | Temperate membrane-containing halophilic archaeal virus SNJ1 has a circular dsDNA genome identical to that of plasmid pHH205[END_REF]. The former two families include viruses infecting hyperthermophilic crenarchaea of the genus Sulfolobus/Saccharolobus, whereas the latter two families, until recently, constituted two genera of the same family, Sphaerolipoviridae [START_REF] Pawlowski | Gammasphaerolipovirus, a newly proposed bacteriophage genus, unifies viruses of halophilic archaea and thermophilic bacteria within the novel family Sphaerolipoviridae[END_REF], and include evolutionarily related viruses of hyperhalophilic archaea.

Overall virion organization is the same for viruses from all four families of tailless archaeal viruses: the icosahedral protein capsid covers an internal membrane layer, which encloses the dsDNA genome. Nevertheless, structural studies have revealed that the structures of the protein capsids are very different in members of the distinct families.

The Portogloboviridae family currently includes two closely related viruses, Sulfolobus polyhedral virus 1 (SPV1) and SPV2 (Liu et al., 2019), although only SPV1 has been isolated as a pure strain (Liu et al., 2017). SPV1 is unique among bacterial and archaeal icosahedral viruses in that instead of encapsidating a naked dsDNA molecule, its circular genome is condensed and packed in the form of a unique spherical nucleoprotein coil. The latter is surrounded by an internal lipid membrane and an outer icosahedral protein shell (Wang et al., 2019b). Cryo-EM reconstruction at near-atomic resolution revealed that the icosahedral capsid is built from a single jelly-roll (SJR) capsid protein that forms hexameric capsomers, whereas the five-fold vertices are occupied by a penton protein, which also has the SJR fold and forms pentamers. Analysis of the composition of the internal membrane of SPV1 showed that lipids are selectively acquired from the host cell, as is the case for members of the Lipothrixviridae, Turriviridae and Fuselloviridae families (Kasson et al., 2017;Liu et al., 2018a;Maaty et al., 2006;Quemin et al., 2015) (Kasson et al., 2017;Liu et al., 2017b;Maaty et al., 2006;Quemin et al., 2015), suggesting that this strategy could be a common mechanism among crenarchaeal viruses. Moreover, the virion reconstruction revealed that also in portogloboviruses, the dsDNA is in an A-form (Wang et al., 2019b), which indicates that A-DNA may be the prevalent storage form of DNA in extreme geothermal environments.

STIV and STIV2 are the only isolated members of the Turriviridae family. Virions of STIV are similar in their overall design to the virions of the Portogloboviridae, i.e. icosahedral particles with spikes protruding from the vertices of the polyhedron and an internal lipid membrane layer [START_REF] Happonen | Familial relationships in hyperthermo-and acidophilic archaeal viruses[END_REF][START_REF] Rice | The structure of a thermophilic archaeal virus shows a double-stranded DNA viral capsid type that spans all domains of life[END_REF][START_REF] Veesler | Atomic structure of the 75 MDa extremophile <em>Sulfolobus</em> turreted icosahedral virus determined by CryoEM and X-ray crystallography[END_REF]. However, there is major difference between these two types of virions in the ways of genome packaging. Unlike in portogloboviruses, the DNA is present in a naked state as in icosahedral bacterial viruses with an inner lipid layer from the families Tectiviridae and Corticoviridae. The structural similarity between these bacterial and archaeal viruses is extended to the structures of the MCPs, which carry the double-jelly roll (DJR) fold, and the minor capsid (penton) proteins, which have the SJR folds [START_REF] Veesler | Atomic structure of the 75 MDa extremophile <em>Sulfolobus</em> turreted icosahedral virus determined by CryoEM and X-ray crystallography[END_REF]. In recognition of the common ancestry, all viruses encoding DJR MCPs, including Turriviridae, were recently unified by the International Committee on Taxonomy of Viruses (ICTV) into the kingdom Bamfordvirae [START_REF] Koonin | Global Organization and Proposed Megataxonomy of the Virus World[END_REF].

Until recently, family Spaherolipoviridae included three genera, Alphasphaerolipovirus, Betasphaerolipovirus and Gammasphaerolipovirus [START_REF] Pawlowski | Gammasphaerolipovirus, a newly proposed bacteriophage genus, unifies viruses of halophilic archaea and thermophilic bacteria within the novel family Sphaerolipoviridae[END_REF]. Members of the Alphasphaerolipovirus and Betasphaerolipovirus genera infect halophilic archaea and have linear and circular dsDNA genomes, respectively. By contrast, gammasphaerolipoviruses infect thermophilic bacteria (genus Thermus) and encapsidate circular dsDNA genomes [START_REF] Jaatinen | Biochemical and structural characterisation of membrane-containing icosahedral dsDNA bacteriophages infecting thermophilic Thermus thermophilus[END_REF]. Viruses from the three genera share overall architecture of the capsid, built using two SJR MCPs, which are oriented vertically with respect to the capsid surface, closely resembling the DJR MCPs of viruses in the Bamfordvirae [START_REF] Gil-Carton | Insight into the Assembly of Viruses with Vertical Single β-barrel Major Capsid Proteins[END_REF][START_REF] Rissanen | Bacteriophage P23-77 capsid protein structures reveal the archetype of an ancient branch from a major virus lineage[END_REF][START_REF] Zhang | Temperate membrane-containing halophilic archaeal virus SNJ1 has a circular dsDNA genome identical to that of plasmid pHH205[END_REF]. However, in terms of gene content and sequence similarity, viruses from the three genera share very little in common [START_REF] Aiewsakun | Evaluation of the genomic diversity of viruses infecting bacteria, archaea and eukaryotes using a common bioinformatic platform: steps towards a unified taxonomy[END_REF].

Accordingly, it has been recently proposed to move genera Betasphaerolipovirus and Gammasphaerolipovirus into separate families, Simuloviridae and Matsushitaviridae, respectively.

Spherical and pleomorphic viruses

Spherical viruses infecting Archaea can be grouped into the families Globuloviridae and

Ovaliviridae. Members of the Globuloviridae infect neutrophilic hyperthermophiles of the order Thermoproteales, whereas the sole representative of the family Ovaliviridae infects a hyperthermophilic acidophilic host from the order Sulfolobales, both in the phylum Crenarchaeota (Ahn et al., 2006;Häring et al., 2004;[START_REF] Hartman | Discovery and Characterization of Thermoproteus Spherical Piliferous Virus 1: a Spherical Archaeal Virus Decorated with Unusual Filaments[END_REF]Wang et al., 2018a).

By contrast, archaeal pleomorphic viruses with pseudo-spherical shapes of the Pleolipoviridae family infect haloarchaea of the phylum Euryarchaeota (Demina and Oksanen, 2020).

The spherical virions of the Globuloviridae are covered with a lipid-containing envelope, which encases a tightly-packed superhelical core consisting of linear dsDNA and multiple copies of the MCP. Multiple protrusions, spherical in their appearance, are found on the virion surface; however, their role remains unknown (Ahn et al., 2006;Häring et al., 2004;[START_REF] Hartman | Discovery and Characterization of Thermoproteus Spherical Piliferous Virus 1: a Spherical Archaeal Virus Decorated with Unusual Filaments[END_REF]. Observation of partially disrupted virions of Pyrobaculum spherical virus (PSV)

suggested that there is no regular arrangement of the superhelical nucleoprotein filament inside the virion. Exceptionally, the newly characterized Thermoproteus spherical piliferous virus 1 (TSPV1) has numerous unusual filaments decorating its surface that can extend tens of micrometres from the virion and are presumed to be involved in host interactions [START_REF] Hartman | Discovery and Characterization of Thermoproteus Spherical Piliferous Virus 1: a Spherical Archaeal Virus Decorated with Unusual Filaments[END_REF].

Virions of the sole member of the family Ovaliviridae, Sulfolobus ellipsoid virus 1 (SEV1), are ellipsoid, with the nucleoprotein coil being surrounded by a lipid membrane. In contrast to the globuloviruses, the virions of SEV1 are formed by nucleoprotein filaments that are regularly arranged (Wang et al., 2018a). The linear dsDNA is covered by multiple copies of the MCPs and condensed into a unique spherical nucleoprotein coil, which is enclosed by a membrane decorated with protruding spikes. It has been proposed that the viral DNA wraps around the longitudinal axis of the virion to form a multilayered disk-like structure with a central hole; sixteen of these structures stack together to form an unusual spool-like capsid.

Interestingly, electron micrographs of infected cells showed enveloped viral capsids in the cytoplasm of the host cell, indicating that the virus acquires the lipid membrane intracellularly by an unknown mechanism (Wang et al., 2018a).

The Pleolipoviridae family comprises globally distributed archaeal viruses with pseudospherical, enveloped morphologies carrying either ssDNA or dsDNA in circular or linear topologies. The envelope of pleolipoviruses contains two major membrane proteins, whereas internal nucleoproteins are absent [START_REF] Pietilä | Pleolipoviridae, a newly proposed family comprising archaeal pleomorphic viruses with single-stranded or double-stranded DNA genomes[END_REF]. The currently characterized pleolipoviruses have been isolated on halophilic archaeal strains of the class Halobacteria, some of which displaying a wide range of tolerance to NaCl concentrations [START_REF] Demina | Vesicle-like virion of Haloarcula hispanica pleomorphic virus 3 preserves high infectivity in saturated salt[END_REF]. Based on the gene content and whole-genome sequence identity of their members, Pleolipoviridae is divided into three genera: Alphapleolipovirus, Betapleolipovirus and Gammapleolipovirus [START_REF] Bamford | ICTV Virus Taxonomy Profile: Pleolipoviridae[END_REF]. Alphapleolipoviruses encode a putative rollingcircle replication initiation protein, whereas betapleolipoviruses genomes contain a protein with a predicted winged-helix DNA-binding domain and gammapleolipoviruses encode a putative protein-primed DNA polymerase (Demina and Oksanen, 2020;[START_REF] Pietilä | Pleolipoviridae, a newly proposed family comprising archaeal pleomorphic viruses with single-stranded or double-stranded DNA genomes[END_REF].

Head-tailed viruses

Archaea are hosts to head-tailed viruses, which closely resemble tailed bacteriophages of the order Caudovirales (realm Duplodnaviria). Archaeal head-tailed viruses with all three prototypical tail morphologies have been isolated: long, contractile tails (typical of members of the Myoviridae), short tails (Podoviridae) and long, non-contractile tails (Siphoviridae) [START_REF] Pietilä | Archaeal viruses and bacteriophages: comparisons and contrasts[END_REF][START_REF] Sencilo | A Glimpse of the genomic diversity of haloarchaeal tailed viruses[END_REF]. Similar to their bacterial relatives, virions of archaeal head-tailed viruses comprise an icosahedral capsid (head) and a helical tail containing tail fibers, which play a role in cell recognition. All head-tailed viruses encapsidate linear dsDNA genomes, which in archaeal viruses can vary in length from 26 kb to 144 kb. Archaeal head-tailed viruses have been isolated from extreme halophiles (Atanasova et al., 2016) as well as from mesophilic (Pfister et al., 1998a;[START_REF] Wolf | Characterization of the lytic archaeal virus Drs3 infecting Methanobacterium formicicum[END_REF] and marine hyperthermophilic methanogens [START_REF] Thiroux | The first head-tailed virus, MFTV1, infecting hyperthermophilic methanogenic deep-sea archaea. Environmental microbiology[END_REF]. However, related proviruses have been detected in a wide range of archaea belonging to different phyla, suggesting that the last common archaeal ancestor (LACA) has been already infected with head-tailed viruses [START_REF] Krupovic | The LUCA and its complex virome[END_REF].

Features of hyperthermophilic archaeal viruses

All characterized hyperthermophilic archaeal viruses possess DNA genomes, which can be either ssDNA or dsDNA, linear or circular. The average genome sizes are rather small (20-30 kb) with the clavavirus APBV1 having one of the smallest known dsDNA genomes (5.5 kb) [START_REF] Mochizuki | Diversity of viruses of the hyperthermophilic archaeal genus Aeropyrum, and isolation of the Aeropyrum pernix bacilliform virus 1, APBV1, the first representative of the family Clavaviridae[END_REF]. Notably, however, the sole representative of the Spiraviridae family, ACV, possesses one of the largest genomes (24.9 kb) among currently described ssDNA genomes [START_REF] Mochizuki | Archaeal virus with exceptional virion architecture and the largest single-stranded DNA genome[END_REF]. Viruses with linear genomes use different strategies to protect and replicate the genome termini, such as covalently closed hairpins, covalently attached terminal proteins and terminal inverted repeats (TIRs) [START_REF] Blum | The genome of the archaeal virus SIRV1 has features in common with genomes of eukaryal viruses[END_REF][START_REF] Peng | Sequences and replication of genomes of the archaeal rudiviruses SIRV1 and SIRV2: relationships to the archaeal lipothrixvirus SIFV and some eukaryal viruses[END_REF]Pina et al., 2014;[START_REF] Prangishvili | A new proposed taxon for double-stranded DNA viruses, the order "Ligamenvirales[END_REF]. Although no RNA viruses infecting archaea have been isolated, the existence of such viruses has been postulated based on metagenomic sequencing of samples from archaea-dominated acidic hot springs in the Yellowstone National Park, USA [START_REF] Bolduc | Identification of Novel Positive-Strand RNA Viruses by Metagenomic Analysis of Archaea-Dominated Yellowstone Hot Springs[END_REF]Bolduc et al., 2015).

Along with the extraordinary diversity of morphotypes, another outstanding feature of hyperthermophilic archaeal viruses is the uniqueness of their genome contents, with a very low proportion of genes with recognizable homologues in public databases. Indeed, family-specific comparison of viral proteomes against the available sequences revealed that a fraction of ~85% of the crenarchaeal virus proteins do not have identifiable homologs when an E-value threshold of <1e-5 is used (Krupovic et al., 2018). In line with this observation, the analysis of the evolutionary relationships between all dsDNA viruses using a bipartite network approach, which traces connections between viral genomes through shared gene families, revealed that hyperthermophilic archaeal viruses are largely disconnected from the global dsDNA virosphere [START_REF] Iranzo | The Double-Stranded DNA Virosphere as a Modular Hierarchical Network of Gene Sharing[END_REF]) (Figure 5). Moreover, the families themselves are largely disconnected from each other and share just a small number of common genes, suggesting that they have evolved independently of one another (Iranzo et al., 2016a;[START_REF] Iranzo | The Double-Stranded DNA Virosphere as a Modular Hierarchical Network of Gene Sharing[END_REF]. Most of the common genes shared between the families are involved in transcriptional regulation and glycosylation and could be independently acquired by the viruses from their respective hosts (Krupovic et al., 2018). It is worth noting that reconstruction of the evolutionary history of the individual virus families is hindered by scarcity of known members in the families. Only one or two members have been described in the families Ampullaviridae, Bicaudaviridae, Clavaviridae, Spiraviridae, Guttaviridae, Tristomaviridae, Portogoboviridae, and Turriviridae. Even in the most populated families, Fuselloviridae, Rudiviridae, and Lipothrixviridae the number of known members is rather limited precluding tracing any general evolutionary trends (Iranzo et al., 2016a;[START_REF] Iranzo | The Double-Stranded DNA Virosphere as a Modular Hierarchical Network of Gene Sharing[END_REF].

Virus-host interactions

Although the knowledge of virus-host interactions in archaea remain highly fragmented, the increasing number of genetic tools developed for archaea and their viruses as well as application of advanced structural and functional genomics efforts have yielded valuable information on certain aspects of virus-host interactions. Some of these mechanisms are shared with bacterial and/or eukaryotic viruses, whereas others are unique to archaeal viruses.

The virus infection cycle can be subdivided into several stages. The infection starts with the recognition and binding to specific host receptors on the host cell surface which leads to the delivery of the viral genetic material into the cell interior (Hartman et al., 2019;Hong et al., 2015;Quemin et al., 2013). Following the entry, many viruses hijack the host replication, transcription and translation machineries to produce multiple copies of the virus progeny [START_REF] Gardner | Protein-protein interactions leading to recruitment of the host DNA sliding clamp by the hyperthermophilic Sulfolobus islandicus rod-shaped virus 2[END_REF]Martínez-Alvarez et al., 2016;[START_REF] Martínez-Alvarez | Formation of a Viral Replication Focus in <span class="named-content genus-species" id="named-content-1">Sulfolobus</span> Cells Infected by the Rudivirus Sulfolobus islandicus Rod-Shaped Virus 2[END_REF]Pina et al., 2014). For some enveloped viruses, the morphogenesis and egress are concomitant, whereas in the case of non-enveloped viruses the virion assembly typically precedes the release. Thus far, two different egress strategies have been elucidated for archaeal viruses: a budding mechanism similar to that of some eukaryotic enveloped viruses and a unique lytic mechanism employed by certain crenarchaeal viruses which involves the formation of pyramidal structures on the host cell surface (Bize et al., 2009a;Brumfield et al., 2009;Quemin et al., 2016;Wang et al., 2018a). Similar to bacteriophages and certain eukaryotic viruses, some archaeal viruses can undergo lysogenic life cycle, whereby the virus genome integrates into the host chromosome as a provirus or remains as an episomal element until the cell host is exposed to certain stimuli or stress conditions that induce viral replication [START_REF] Liu | Identification and characterization of SNJ2, the first temperate pleolipovirus integrating into the genome of the SNJ1-lysogenic archaeal strain[END_REF]Mochizuki et al., 2011;[START_REF] Muskhelishvili | SSV1-encoded site-specific recombination system in Sulfolobus shibatae[END_REF]Prangishvili et al., 2006b;Schleper et al., 1992;[START_REF] Zhan | Site-Specific Recombination by SSV2 Integrase: Substrate Requirement and Domain Functions[END_REF][START_REF] Zhang | Temperate membrane-containing halophilic archaeal virus SNJ1 has a circular dsDNA genome identical to that of plasmid pHH205[END_REF]. In addition, some viruses can establish a carrier state, whereby the virus is stably maintained in a fraction of the cellular population, without causing cell lysis with the remaining cells being transiently resistant to the viral infection (Bettstetter et al., 2003;Papathanasiou et al., 2019). Archaea and their viruses have evolved defense and counterdefense mechanisms to survive, among which CRISPR-Cas system and anti-CRISPR (Acr)

proteins have been the most studied (Athukoralage et al., 2020;Bhoobalan-Chitty et al., 2019;Fusco et al., 2015a;He et al., 2018;[START_REF] Koonin | Evolutionary Genomics of Defense Systems in Archaea and Bacteria[END_REF][START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF][START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF].

Virus entry

The infection cycle begins with the recognition of a suitable host through specific interactions between a receptor-binding protein exposed on the virion and a receptor located on the surface of the host cell. Once the viral protein successfully binds to the host receptor, the virus particle typically undergoes a conformational change that results in the delivery of the genetic material into the cytoplasm of the host cell [START_REF] Poranen | Common principles in viral entry[END_REF]. For the well-studied viruses infecting bacteria, different cell surface structures have been recognized to be targeted by viruses, including pili, flagella, peptidoglycan, lipopolysaccharide and integral membrane proteins [START_REF] Davison | Identification of the Bacillus anthracis (gamma) phage receptor[END_REF][START_REF] Gaidelyte | The entry mechanism of membrane-containing phage Bam35 infecting Bacillus thuringiensis[END_REF][START_REF] Guerrero-Ferreira | Alternative mechanism for bacteriophage adsorption to the motile bacterium <em>Caulobacter crescentus<[END_REF][START_REF] Marti | Long tail fibres of the novel broad-host-range T-even bacteriophage S16 specifically recognize Salmonella OmpC[END_REF][START_REF] Romantschuk | Function of pili in bacteriophage phi 6 penetration[END_REF][START_REF] Shin | Receptor Diversity and Host Interaction of Bacteriophages Infecting Salmonella enterica Serovar Typhimurium[END_REF][START_REF] Xia | Wall Teichoic Acid-Dependent Adsorption of Staphylococcal Siphovirus and Myovirus[END_REF]. Viral attachment and entry have been poorly studied in archaea and only recent efforts have provided the first insights into the entry mechanisms and possible receptors of hyperthermophilic and hyperhalophilic archaeal viruses (Hartman et al., 2019;[START_REF] Kukkaro | Virus-host interactions in environments with a wide range of ionic strengths[END_REF]Quemin et al., 2013;Rowland et al., 2020;Wang et al., 2019a).

Interaction with cellular appendages

Similar to bacteria, electron microscopy observations have showed that many filamentous viruses bind to pili. For instance, termini of the filamentous virions of members of the Lipothrixviridae family are decorated with diverse structures, which have been proposed to play a role in the viral attachment to the host cell, specifically to pilus-like appendages (Arnold et al., 2000a;Bettstetter et al., 2003;Häring et al., 2005b).

The interaction of SIRV2, the prototype virus of the family Rudiviridae, with cellular appendages has been studied in more detail. Both ends of the rod-shaped SIRV2 virions contain three terminal fibers which specifically interact with the pili abundantly present on the surface of Sulfolobus islandicus LAL14/1 cells (Figure 6). Notably, when the pili were detached from the cells, the virus interacted nearly exclusively with the tips of the pili, whereas in the context of metabolizing cells, the virions were observed both at the tips and on the sides of the pili, suggesting that virions move along the pili toward the cell surface. However, the energy source for this movement remains unclear. Once at the cell surface, the SIRV2 virions appear to disassemble, presumably as a consequence of the delivery of the viral DNA into the host cytoplasm (Quemin et al., 2013). Similarly, rudivirus SSRV1 and tristromavirus PFV2 have also been shown to interact with the type IV pili of Saccharolobus solfataricus and Pyrobaculum arsenaticum, respectively (Wang et al., 2020b). Deletion of the orthologous pilin genes, pilA1 and pilA2, in S. islandicus M.16.4 resulted in loss of T4P and resistance to rudivirus SIRV8, a close relative of SIRV2, which could no longer adsorb to the host cell (Rowland et al., 2020). These observations further reinforce the critical role of pili during the early stages of archaeal virus infection. Attachment to pili-like filaments was also confirmed for Sulfolobus turreted icosahedral virus (STIV), the type member of the Turriviridae family, which specifically recognizes unidentified pili-like filaments of its host, Saccharolobus solfataricus (Hartman et al., 2019). The icosahedral STIV virions are decorated with turret-like protrusions at each of the fivefold vertexes [START_REF] Veesler | Atomic structure of the 75 MDa extremophile <em>Sulfolobus</em> turreted icosahedral virus determined by CryoEM and X-ray crystallography[END_REF]. A three-dimensional reconstruction of the STIV-pilus interaction using cryo-electron tomography displayed that the turrets physically interact with the S. solfataricus pilus (Hartman et al., 2019). Furthermore, tomographic reconstruction and sub-tomogram averaging unequivocally showed that pilus recognition occurs at the cleft between the second and third jelly-roll domains of the pentameric turret protein C381. Notably, structurally similar jelly-roll domains have been implicated in receptor recognition in highly diverse viruses, including P22-like head-tailed phages (Caudovirales), tectiviruses and adenoviruses [START_REF] Bewley | Structural Analysis of the Mechanism of Adenovirus Binding to Its Human Cellular Receptor[END_REF][START_REF] Bhardwaj | Atomic structure of bacteriophage Sf6 tail needle knob[END_REF]Hartman et al., 2019;[START_REF] Leavitt | The Tip of the Tail Needle Affects the Rate of DNA Delivery by Bacteriophage P22[END_REF]Roelvink et al., 1999). Despite the molecular insights into the receptor binding, as in the case of SIRV2, it remains unclear how (and whether) the virus moves along the filaments and how circular virus genome is delivered into the host cytoplasm. Notably, adsorption to the pili of both SIRV2 and STIV was shown to occur exclusively at physiologically-relevant, high temperatures (Hartman et al., 2019;Quemin et al., 2013).

Interaction with cell-surface

The relative simplicity of the archaeal cell envelope likely underlies the mechanisms of virus entry and egress. Spindle-shaped viruses of the Fuselloviridae family are often attached to extracellular membrane vesicles or cellular fragments, suggesting that viral receptors are exposed on the host cell surface, with S-layer itself being a prime suspect. The spindle-shaped virion of the model fusellovirus SSV1 at one of the two pointed ends of the virion contains short terminal fibers, likely composed of protein VP4, which are postulated to mediate host recognition (Quemin et al., 2015;Stedman et al., 2015). Despite the observations suggesting possible interactions between SSV1 terminal fibers and the host cell surface, two recent studies on the Sulfolobus S-layer produced somewhat contradictory results regarding the role of Slayer in fusellovirus infection. On the one hand, the essential role of the S-layer in SSV1 infection appears to be supported by the finding that Saccharolobus solfataricus cells in which slaB encoding the membrane-anchoring S-layer protein was downregulated by a CRISPRbased silencing technology are less susceptible to SSV1 infection [START_REF] Zink | CRISPR-mediated gene silencing reveals involvement of the archaeal S-layer in cell division and virus infection[END_REF]. On the other hand, cells in which both genes encoding the S-layer proteins SlaA and SlaB were deleted remained susceptible to infection with SSV9, a close relative of SSV1, suggesting that S-layer is not essential for either adsorption or infection by SSV9 (Rowland et al., 2020). These discrepant results call for additional studies focusing on the entry mechanism of fuselloviruses.

The entry process has also been explored for viruses infecting halophilic archaea. Insights have been obtained into the DNA ejection process in the halophilic spindle-shaped virus His1, the type member of the Halspiviridae family. Similar to fuselloviruses, at one of the pointed ends, His1 virion carries a putative receptor-binding module consisting of a central hub and six spikes (Hong et al., 2015). In vitro analysis demonstrated that His1 DNA ejection is unidirectional, occurs at a rate comparable to that of bacteriophage λ and is dependent on external osmotic pressure [START_REF] Hanhijärvi | DNA ejection from an archaeal virus--a single-molecule approach[END_REF]. Notably, in vitro, the His1 DNA ejection was only partial, suggesting that cellular factors are required for completion of the nucleic acid transfer.

Interestingly, upon DNA ejection, the lemon-shaped virions transform into empty tubes, indicating that capsid proteins are capable of undergoing substantial quaternary structural changes (Hong et al., 2015). The host recognition by archaeal head-tailed viruses appears to be mediated by tail fiber proteins, resembling the initial interactions of the bacteriophages of the order Caudovirales.

Members of the family

Interestingly, the head-tailed dsDNA virus φCh1 infecting the haloalkaliphilic archaeon Natrialba magadii encodes a phase variation system (Klein et al., 2012). The system consists of an invertible region including a site-specific recombinase of the tyrosine recombinase superfamily interspersed between convergently oriented ORFs 34 and 36, which encode viral tail fiber proteins. Recombination in this region leads to an exchange of the gene fragments encoding the carboxy-termini of the tail fiber proteins, thereby creating a set of heterogeneous gp34 and gp36 proteins with distinct C-termini. Notably, only ORF34 is expressed during the virus infection indicating that fiber proteins of φCh1 are produced exclusively from this ORF.

Binding assays showed that only one type of the heterogeneous tail fibers encoded by ORF34 interacts with N. magadii, suggesting that other tail fiber variants enable adsorption to other host strains. Galactose moieties present on the cell surface were implicated in host recognition by φCh1 (Klein et al., 2012). Thus, as reported for bacterial viruses, the generation of two types of tail fiber proteins with distinct binding features might expand the φCh1 host range to quickly respond to habitat changes.

Kinetics of virus entry

There is a wide variation in terms of adsorption kinetics among archaeal viruses. Generally, hyperthermophilic archaeal viruses tend to display rapid adsorption rates, whereas halophilic viruses are notoriously slow. For instance, it has been shown that SIRV2 adsorbs very rapidly, with ∼80% of the virions bound to the host cell within the first 30 seconds of infection (Quemin et al., 2013). Similarly, ∼50% of spindle-shaped SMV1 virions were attached to the cells within 1 minute post-infection (p. i.) (Uldahl et al., 2016). By contrast, only 30% of the salterprovirus His1 and siphovirus HHTV-1 virions adsorb to their host in 3 h (Bath and Dyall-Smith, 1998;[START_REF] Kukkaro | Virus-host interactions in environments with a wide range of ionic strengths[END_REF]. Similarly, the adsorption of the tailless icosahedral haloarchaeal virus HCIV-1 is rather efficient but slow, with the 80% of the particles adsorbed to cells after 4-5 hours p.i. While the high adsorption rates of hyperthermophilic viruses are thought to minimize the time they are exposed to harsh extracellular conditions, including acidic pH and high temperatures (Quemin et al., 2013), the low adsorption rates of haloarchaeal viruses are hypothesized to reflect an evolutionary adaptation to the long generation time of the hosts, whereby rapid adsorption might deplete the host population [START_REF] Kukkaro | Virus-host interactions in environments with a wide range of ionic strengths[END_REF].

Alternatively, it has been proposed that the changing salinity conditions of natural hypersaline environments may have favored the slow-adsorbing viruses that bind efficiently only under a specific range of salt concentrations [START_REF] Porter | PH1: an archaeovirus of Haloarcula hispanica related to SH1 and HHIV-2[END_REF].

Genome replication

Very few studies have investigated experimentally the mechanisms of archaeal virus genome replication. In most cases, the mode of genome replication has been inferred from recognizable virus-encoded replication-associated genes, including rolling-circle replication initiation endonucleases (RCRE), DNA polymerases, replicative helicases and other components of the host replisome. Members of the families Ampullaviridae, Thaspiviridae, Halspiviridae and Ovaliviridae as well as members of the genus Gammapleolipovirus (Pleolipoviridae) have linear dsDNA genomes and encode protein-primed family B DNA polymerases [START_REF] Bath | His1 and His2 are distantly related, spindle-shaped haloviruses belonging to the novel virus group, Salterprovirus[END_REF]Kim et al., 2019;[START_REF] Peng | Genome of the Acidianus bottle-shaped virus and insights into the replication and packaging mechanisms[END_REF]Wang et al., 2018a). By contrast, certain head-tailed haloarchaeal viruses encode RNA-primed DNA polymerases closely related to the corresponding proteins of their hosts [START_REF] Sencilo | A Glimpse of the genomic diversity of haloarchaeal tailed viruses[END_REF]. Generally, there is a correlation between the viral genome size and the completeness of the viral DNA replication machinery. Viruses with small to medium-sized genomes (5-50 kb) commonly encode only essential components of the replication machinery, with the rest of the components being recruited from the host, whereas viruses with large genomes (>100 kb) appear to depend minimally on the host replisome, encoding nearly complete DNA replication machineries including DNA polymerases, proliferating cell nuclear antigen (PCNA), primases, replicative helicases and homologs of the archaeal Orc1/Cdc6 replication initiators [START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF]. Global analysis of dsDNA viral genomes demonstrated that replicative helicases are the most common replication proteins (75% of the genomes) in the dsDNA virus world. Indeed, some archaeal viruses with medium-sized genomes encode replicative minichromosome maintenance (MCM) helicases. Interestingly, phylogenetic analysis indicates that the mcm genes found in haloarchaeal, methanosarcinal, and methanococcal (pro)viruses were acquired from their respective hosts many times independently [START_REF] Krupovic | Comparative analysis of the mosaic genomes of tailed archaeal viruses and proviruses suggests common themes for virion architecture and assembly with tailed viruses of bacteria[END_REF][START_REF] Krupovič | The Evolutionary History of Archaeal MCM Helicases: A Case Study of Vertical Evolution Combined with Hitchhiking of Mobile Genetic Elements[END_REF].

The RCRE are encoded by members of the Pleolipoviridae (genus Alphapleolipovirus) [START_REF] Pietilä | Pleolipoviridae, a newly proposed family comprising archaeal pleomorphic viruses with single-stranded or double-stranded DNA genomes[END_REF] and Sphaerolipoviridae (genus Betasphaerolipovirus) [START_REF] Wang | Identification, Characterization, and Application of the Replicon Region of the Halophilic Temperate Sphaerolipovirus SNJ1[END_REF].

However, experimental evidence for rolling circle replication, showing the presence of ssDNA replicative intermediates, has been obtained only in the case of sphaerolipovirus SNJ1 (Wang et al., 2018c). It has been shown that the SNJ1 RepA protein, an RCRE of the HUH superfamily, is indispensable for the genome replication of SNJ1 [START_REF] Wang | Identification, Characterization, and Application of the Replicon Region of the Halophilic Temperate Sphaerolipovirus SNJ1[END_REF]. Closest homologs of SNJ1 RepA are encoded by plasmids of halophilic archaea, while more divergent homologues (13-19% identity) are also identified in euryarchaea from the orders Methanosarcinales and Thermoplasmatales, as well as in ammonia-oxidizing archaea of the phylum Thaumarchaeota, underpinning a wide distribution of the SNJ1 RepA-like proteins across mobile genetic elements from diverse archaeal lineages. Interestingly, SNJ1 RepA also shares similarity with bacterial transposases of the IS91 family, which transpose via a rollingcircle-like mechanism, highlighting evolutionary connections between viruses, plasmids and transposons (Wang et al., 2018c). A divergent RCRE has been also identified in rod-shaped viruses of the Rudiviridae family [START_REF] Oke | A Dimeric Rep Protein Initiates Replication of a Linear Archaeal Virus Genome: Implications for the Rep Mechanism and Viral Replication[END_REF]. The protein has been structurally characterized and studied biochemically. In vitro, the Rep protein displays the expected nicking activity. However, its role in the viral genome replication remains unclear, because it does not seem to be expressed during the virus life cycle, at least, under laboratory conditions [START_REF] Oke | A Dimeric Rep Protein Initiates Replication of a Linear Archaeal Virus Genome: Implications for the Rep Mechanism and Viral Replication[END_REF][START_REF] Okutan | Novel insights into gene regulation of the rudivirus SIRV2 infecting Sulfolobus cells[END_REF][START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF].

Although genome replication has been most extensively studied for rudiviruses, the actual mechanism remains enigmatic. Members of the Rudiviridae, such as SIRV2, encode several proteins proposed to be involved in DNA replication, recombination and repair. Those proteins include the above mentioned Rep [START_REF] Oke | A Dimeric Rep Protein Initiates Replication of a Linear Archaeal Virus Genome: Implications for the Rep Mechanism and Viral Replication[END_REF], a ssDNA-binding protein with a unique fold [START_REF] Guo | Functional characterization of a conserved archaeal viral operon revealing single-stranded DNA binding, annealing and nuclease activities[END_REF], a ssDNA-annealing ATPase [START_REF] Guo | Functional characterization of a conserved archaeal viral operon revealing single-stranded DNA binding, annealing and nuclease activities[END_REF], a Cas4-like ssDNA nuclease [START_REF] Gardner | Characterization of Sulfolobus islandicus rod-shaped virus 2 gp19, a single-strand specific endonuclease[END_REF], a dUTPase [START_REF] Prangishvili | Biochemical and phylogenetic characterization of the dUTPase from the archaeal virus SIRV[END_REF] and a Holliday junction resolvase [START_REF] Birkenbihl | Holliday junction resolving enzymes of archaeal viruses SIRV1 and SIRV21 1Edited by J. Karn[END_REF]. Furthermore, yeast two-hybrid analysis showed that five SIRV2 proteins interact with the host DNA sliding clamp PCNA, known as a "molecular toolbelt" which interacts with multiple components of the host replisome [START_REF] Gardner | Protein-protein interactions leading to recruitment of the host DNA sliding clamp by the hyperthermophilic Sulfolobus islandicus rod-shaped virus 2[END_REF][START_REF] Pan | The archaeal PCNA proteins[END_REF]. Presumably, SIRV2 recruits the host replication machinery for the assembly of the replisome on the viral DNA template. An immunofluorescence study of SIRV2 infected cells demonstrated that viral DNA synthesis is confined to a focus near the periphery of the cell. The study also provided evidence that the viral ssDNA-binding protein (gp17) as well as host PCNA and DNA polymerase I (Dpo1) are recruited to the site of viral DNA synthesis, confirming their essential role in the viral genome replication [START_REF] Martínez-Alvarez | Formation of a Viral Replication Focus in <span class="named-content genus-species" id="named-content-1">Sulfolobus</span> Cells Infected by the Rudivirus Sulfolobus islandicus Rod-Shaped Virus 2[END_REF].

Given that SIRV2 does not encode an identifiable DNA polymerase, the host polymerase Dpo1 found at the viral DNA synthesis site is likely to be involved in the replication of SIRV2

genome. An exceedingly complex model of SIRV2 replication has been proposed, whereby the virus employs a combination of strand-displacement, rolling-circle and strand-coupled replication mechanisms, which yields highly branched intermediates of about >1200 kb (~34 viral genome units) with unusual 'brush-like' structures (Martínez-Alvarez et al., 2016;[START_REF] Martínez-Alvarez | Formation of a Viral Replication Focus in <span class="named-content genus-species" id="named-content-1">Sulfolobus</span> Cells Infected by the Rudivirus Sulfolobus islandicus Rod-Shaped Virus 2[END_REF]. However, it remains unclear how these three replication mechanisms are coordinated and whether all of them are essential for SIRV2 genome replication. In addition, the particular role of the host and viral proteins involved in the orchestration of viral DNA replication remains obscure.

It should be noted, however, that most archaea-specific viruses do not encode identifiable DNA replication proteins, implying that these viruses either depend on the host DNA replication machinery or employ novel uncharacterized mechanisms for DNA replication. For instance, the genome replication of the lipothixvirus AFV1 has been suggested to start by the formation of a D-loop and progress by the strand displacement replication mechanism, whereas termination relies on recombination events through the formation of terminal-loop-like structures (Pina et al., 2014). However, the genes involved in this unique mechanism of replication are currently unknown. Similarly, the conspicuous absence of recognizable genes encoding type B DNA polymerases in viral genomes with linear dsDNA and terminal proteins, as in the case of the haloarchaeal sphaerolipoviruses PH1, SH1 and HHIV-2, suggests novel mechanisms of genome replication. A model resembling that of the Streptomyces linear plasmids has been proposed, whereby the cellular polymerase is employed for the viral genome replication and the terminal proteins are involved in the end patching of the DNA after replication [START_REF] Porter | PH1: an archaeovirus of Haloarcula hispanica related to SH1 and HHIV-2[END_REF][START_REF] Yang | In Vitro Deoxynucleotidylation of the Terminal Protein of <em>Streptomyces</em> Linear Chromosomes[END_REF][START_REF] Yang | The terminal proteins of linear Streptomyces chromosomes and plasmids: a novel class of replication priming proteins[END_REF]. Halobacterium halobium cells, respectively [START_REF] Iro | The lysogenic region of virus phiCh1: identification of a repressor-operator system and determination of its activity in halophilic Archaea[END_REF][START_REF] Ken | Halobacterium halobium strains lysogenic for phage phi H contain a protein resembling coliphage repressors[END_REF][START_REF] Liu | Identification and characterization of SNJ2, the first temperate pleolipovirus integrating into the genome of the SNJ1-lysogenic archaeal strain[END_REF][START_REF] Luk | Viruses of haloarchaea[END_REF]Wang et al., 2018c;[START_REF] Zhang | Temperate membrane-containing halophilic archaeal virus SNJ1 has a circular dsDNA genome identical to that of plasmid pHH205[END_REF]. The induction of the provirus replication typically occurs as a response to stressful conditions, such as DNA damage (e.g., by UV light or mitomycin C), temperature shock and shift from aerobic to anaerobic conditions. Depending on the virion release mechanism, the provirus induction can lead either to cell lysis, as for the head-tailed archaeal viruses and SNJ1, or to growth retardation, as observed for the fusellovirus SSV1 and pleolipovirus SNJ2 [START_REF] Chen | ORF4 of the Temperate Archaeal Virus SNJ1 Governs the Lysis-Lysogeny Switch and Superinfection Immunity[END_REF][START_REF] Liu | Identification and characterization of SNJ2, the first temperate pleolipovirus integrating into the genome of the SNJ1-lysogenic archaeal strain[END_REF][START_REF] Mei | Salinity Regulation of the Interaction of Halovirus SNJ1 with Its Host and Alteration of the Halovirus Replication Strategy to Adapt to the Variable Ecosystem[END_REF]Pietilä et al., 2013a;[START_REF] Pietilä | Structure of the archaeal head-tailed virus HSTV-1 completes the HK97 fold story[END_REF]Schleper et al., 1992;[START_REF] Torsvik | Bacteriophage of Halobacterium salinarium[END_REF][START_REF] Zhang | Temperate membrane-containing halophilic archaeal virus SNJ1 has a circular dsDNA genome identical to that of plasmid pHH205[END_REF].

Site-specific integrases of archaeal viruses, all belonging to the tyrosine recombinase superfamily, have been experimentally studied for two groups of viruses: fuselloviruses SSV1 [START_REF] Muskhelishvili | SSV1-encoded site-specific recombination system in Sulfolobus shibatae[END_REF] and SSV2 [START_REF] Zhan | Site-Specific Recombination by SSV2 Integrase: Substrate Requirement and Domain Functions[END_REF], and pleolipovirus SNJ2 [START_REF] Zhang | Revealing S-layer Functions in the Hyperthermophilic Crenarchaeon Sulfolobus islandicus (bioRxiv)[END_REF]. The integrase of SNJ2 catalyzes homologous recombination between the viral attachment site located next to the integrase gene and the homologous site located within one of the tRNA genes on the host chromosome, leading to merger of the two genomes [START_REF] Zhang | Revealing S-layer Functions in the Hyperthermophilic Crenarchaeon Sulfolobus islandicus (bioRxiv)[END_REF]. Interestingly, integrases of fuselloviruses are unique in that the attachment site lies within the integrase gene itself and homologous recombination leads to disruption of the integrase gene into two fragments which flank the integrated provirus [START_REF] Muskhelishvili | SSV1-encoded site-specific recombination system in Sulfolobus shibatae[END_REF][START_REF] Serre | Cleavage properties of an archaeal site-specific recombinase, the SSV1 integrase[END_REF][START_REF] Zhan | Site-Specific Recombination by SSV2 Integrase: Substrate Requirement and Domain Functions[END_REF]. Nevertheless, phylogenetic analysis has shown that SSV-like integrases have evolved from the more typical SNJ2-like integrases [START_REF] Zhang | Revealing S-layer Functions in the Hyperthermophilic Crenarchaeon Sulfolobus islandicus (bioRxiv)[END_REF].

Transcription

Genomic analysis of archaeal viruses has shown a lack of genes encoding identifiable RNA polymerases as well as the presence of archaeal promoter elements, indicating a strong dependence on the host transcriptional machinery. However, the existence of putative transcription regulators in viral genomes suggests a viral-driven modulation of the host transcription to redirect it towards the expression of specific viral genes in an efficient and temporal manner [START_REF] Sheppard | Structure and mechanisms of viral transcription factors in archaea[END_REF]. Bioinformatics, biochemical, structural and transcriptomic efforts have provided valuable insights into the role of viral transcription regulators as well as into the modulation of the virus/host gene expression during the course of infection.

Transcription regulators

A number of archaeal virus ORFs have been predicted to contain DNA-binding motifs typical of cellular transcription factors, with the majority displaying ribbon-helix-helix (RHH), winged helix-turn-helix (wHTH) or zinc (Zn) finger motifs. Notably, RHH and wHTH transcription factor sequences encoded by archaea and their viruses are bacterial-like, whereas archaeal Znfinger domains resemble those of eukaryotes [START_REF] Guillière | Solution Structure of an Archaeal DNA Binding Protein with an Eukaryotic Zinc Finger Fold[END_REF][START_REF] Guillière | Structure, function, and targets of the transcriptional regulator SvtR from the hyperthermophilic archaeal virus SIRV1[END_REF]Prangishvili et al., 2006a). The typically small size of such putative transcription factors makes them amenable to structural studies and during the past years some have been experimentally characterized and their structures have been solved. For instance, The p06 protein of lipothrixvirus AFV1 is the first experimentally characterized archaeal Zn-finger protein. The protein preferentially binds to GC-rich DNA regions and displays a classical Zn-finger motif, albeit with an atypical substitution of one of the residues responsible for chelation of the Zn ion [START_REF] Guillière | Solution Structure of an Archaeal DNA Binding Protein with an Eukaryotic Zinc Finger Fold[END_REF].

Most of the functionally characterized transcription regulators encoded by archaeal viruses are repressors, often also autoregulating their own expression. For example, the Sulfolobus virus transcription regulator (SvtR), encoded by rudivirus SIRV1, contains an RHH fold and forms a homodimer that resembles bacterial repressors CopG, NikR and MetJ. Functional characterization of SvtR showed that its high-affinity binding-site corresponds to the promoter region of the gp30 gene, which encodes a structural protein involved in the assembly of terminal fibers. Hence, it has been suggested that the primary function of SvtR is to prevent the premature expression of the structural protein encoded by gp30. Furthermore, SvtR binds to the promoter of its own gene (gp08), downregulating its own expression [START_REF] Guillière | Structure, function, and targets of the transcriptional regulator SvtR from the hyperthermophilic archaeal virus SIRV1[END_REF].

The Acidianus virus transcription regulator (AvtR), encoded by lipothrixvirus AFV6, is highly conserved in the Betalipothrixvirus genus and consists of two RHH motifs connected by a linker [START_REF] Peixeiro | Structure and function of AvtR, a novel transcriptional regulator from a hyperthermophilic archaeal lipothrixvirus[END_REF]. AvtR represses the expression of its own gene (gp29), but is able to both activate and repress the expression of the gp30 gene in a concentration-dependent manner. Although in the case of both genes, AvtR binding sites are distant from the TATA boxes, DNase I footprinting assays showed that AvtR protects a region of approximately 100 nucleotides between the divergently oriented gp29 and gp30 promoters. This finding suggests that AvtR regulation depends on protein oligomerization on the DNA template. It has been proposed that AvtR binds to the initial binding site with high affinity and its oligomerization along the viral DNA induces cooperative binding to degenerate secondary sites with weaker affinity [START_REF] Peixeiro | Structure and function of AvtR, a novel transcriptional regulator from a hyperthermophilic archaeal lipothrixvirus[END_REF].

The transcriptional regulator F55 encoded by the fusellovirus SSV1 is one of the more extensively studied transcription factors encoded by archaeal viruses. Upon exposure to UV light, F55 plays a crucial role in the transition from the carrier to the induced state of SSV1.

F55 is a dimer with an RHH DNA-binding motif. F55 recognizes tandem repeat sequences located within the promoters of the immediate early-induced transcripts T5, T6 and Tind as well as in its own promoter [START_REF] Fusco | T(lys), a newly identified Sulfolobus spindle-shaped virus 1 transcript expressed in the lysogenic state, encodes a DNAbinding protein interacting at the promoters of the early genes[END_REF]. Notably, binding of F55 to the target sequences leads to repression of the gene expression, whereas its dissociation causes activation of the transcription upon exposure of the SSV1 infected cells to UV light [START_REF] Fusco | Unravelling the Role of the F55 Regulator in the Transition from Lysogeny to UV Induction of <span class="named-content genus-species" id="named-content-1">Sulfolobus</span> Spindle-Shaped Virus 1[END_REF]. A recent study using a variant of electrophoretic mobility shift assay (EMSA) coupled to mass spectrometry revealed that host RadA recombinase is associated with F55 when bound to the specific promoter sequences, forming a RadA-F55-dsDNA complex [START_REF] Fusco | The interaction between the F55 virus-encoded transcription regulator and the RadA host recombinase reveals a common strategy in Archaea and Bacteria to sense the UV-induced damage to the host DNA[END_REF]. The RadA recombinase belongs to the RecA/RadA/Rad51 protein superfamily and promotes DNA repair and recombination in hyperthermophilic archaea. Therefore, it has been proposed that RadA is a molecular sensor of the SSV1 host DNA damage, analogous to the role of bacterial

RecA protein in the life cycle of phage λ. According to the proposed model, the exposure of infected cells to UV light causes massive DNA degradation that leads to accumulation of ssDNA regions. The RadA protein, which is coupled to F55 on the viral dsDNA genome, is recruited to the ssDNA regions and is progressively released from the RadA-F55-dsDNA complex, causing dissociation of F55 from the viral target sequences, thereby leading to activation of transcription of the immediate early transcripts. Notably, however, in vitro addition of ssDNA to the stable RadA-F55-dsDNA complex did not result in the release of the transcriptional block, prompting further studies to understand the specific role of RadA in the activation of the SSV1 transcription [START_REF] Fusco | The interaction between the F55 virus-encoded transcription regulator and the RadA host recombinase reveals a common strategy in Archaea and Bacteria to sense the UV-induced damage to the host DNA[END_REF].

The regulation of lysogeny has been also investigated for the haloarchaeal icosahedral virus SNJ1. The product of SNJ1 ORF4 has been recently suggested to controls the lysis-lysogeny switch [START_REF] Chen | ORF4 of the Temperate Archaeal Virus SNJ1 Governs the Lysis-Lysogeny Switch and Superinfection Immunity[END_REF]. The expression level of ORF4 in the host cell appears to play a crucial role in the repression of genes responsible for the lytic pathway. Consistently, in the absence of ORF4, SNJ1 produces clear plaques, whereas in its presence, the plaques are turbid.

In addition, ORF4 has been shown to play a key role in conferring immunity to the host cell against subsequent infections by SNJ1 (homotypic superinfection immunity), presumably by repressing the genome replication of the superinfecting viruses. ORF4 is conserved in other SNJ1-like proviruses, suggesting that the mechanisms behind the lysis-lysogeny switch and superinfection immunity is conserved in SNJ1-like proviruses [START_REF] Chen | ORF4 of the Temperate Archaeal Virus SNJ1 Governs the Lysis-Lysogeny Switch and Superinfection Immunity[END_REF].

Bicaudavirus ATV encodes an atypical transcriptional regulator, ORF145, which has apparently evolved from the major capsid protein, with which it shares significant sequence similarity. Similar to the major capsid protein, ORF145 is abundantly present in ATV virions.

The protein binds to the host RNA polymerase (RNAP) with nanomolar affinity and inactivates it in a reversible manner via an allosteric mechanism. ORF145, renamed as RNAP inhibitory temporal control leads to three clearly distinguishable sets of genes: immediate early, early and late genes [START_REF] Fröls | Elucidating the transcription cycle of the UV-inducible hyperthermophilic archaeal virus SSV1 by DNA microarrays[END_REF]. Transcriptomic analysis of the closely related virus SSV2 also displays a temporal regulation of gene expression which occurs in a distributive fashion with expressed genes not being adjacently located [START_REF] Ren | Transcriptomic analysis of the SSV2 infection of Sulfolobus solfataricus with and without the integrative plasmid pSSVi[END_REF]. Contrary to SSV1 and SSV2, analysis of gene expression of the lytic viruses SIRV2 and STIV display little temporal regulation of the viral gene transcription, with SIRV2 starting the transcription at multiple sites in the genome [START_REF] Kessler | Transcription of the rod-shaped viruses SIRV1 and SIRV2 of the hyperthermophilic archaeon sulfolobus[END_REF][START_REF] Ortmann | Transcriptome Analysis of Infection of the Archaeon <em>Sulfolobus solfataricus</em> with <em>Sulfolobus</em> Turreted Icosahedral Virus[END_REF]. Moreover, an RNAseq analysis on the two-tailed virus STVS2 shows that transcription of the majority of viral genes starts shortly after infection and increases throughout the infection cycle [START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF].

Studies on the host gene expression during virus infection showed that host response differs among archaeal viruses. While a small proportion of host genes was differentially expressed during the induction of SSV1 lysogens, the expression of several host genes encoding DNA replication, repair and transcription proteins was increased upon the infection with SSV2 [START_REF] Fröls | Elucidating the transcription cycle of the UV-inducible hyperthermophilic archaeal virus SSV1 by DNA microarrays[END_REF][START_REF] Ren | Transcriptomic analysis of the SSV2 infection of Sulfolobus solfataricus with and without the integrative plasmid pSSVi[END_REF]. Likewise, the transcription of more than one third of the Sulfolobus genes was differentially regulated as consequence of the SIRV2 infection. Notably, transcriptomic analysis of SIRV2 and STSV2 display a strong upregulation of antiviral defense genes including those for CRISPR-Cas and toxin-antitoxin systems. Consistently, infected Sulfolobus islandicus cells are actively undergoing CRISPR spacer acquisition from STSV2 [START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF][START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF]. These findings indicate that host response is virus-dependent since some viruses trigger a massive host response, whereas others, such as SSV1, are nearly unnoticed by the host. Interestingly, the same set of host genes can be upand down-regulated by two different viruses, which suggests that distinct groups of host functions are required for the propagation of different archaeal viruses. For instance, the crenarchaeal cell division operon (cdv), homologous to the eukaryotic ESCRT machinery, is downregulated upon SIRV2 and STSV2 infection but upregulated during the STIV infection (Krupovic et al., 2018;[START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF][START_REF] Ortmann | Transcriptome Analysis of Infection of the Archaeon <em>Sulfolobus solfataricus</em> with <em>Sulfolobus</em> Turreted Icosahedral Virus[END_REF][START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF].

Analysis of the host gene expression during virus infection also revealed significant upregulation of the host genes implicated in DNA replication and repair. The infection with fuselloviruses SSV1 and SSV2 leads to upregulation of genes encoding reverse gyrases, two subunits of the topoisomerase VI and the replication initiation protein Orc1/Cdc6, whereas the expression of the genes encoding the MCM helicase, PCNA and Dpo1 were boosted only in the case of SSV2 [START_REF] Fröls | Elucidating the transcription cycle of the UV-inducible hyperthermophilic archaeal virus SSV1 by DNA microarrays[END_REF][START_REF] Ren | Transcriptomic analysis of the SSV2 infection of Sulfolobus solfataricus with and without the integrative plasmid pSSVi[END_REF]. Similarly, reverse gyrase and Orc1/Cdc6like genes were upregulated during the STIV infection, whereas genes implicated in energy production and metabolism were downregulated [START_REF] Ortmann | Transcriptome Analysis of Infection of the Archaeon <em>Sulfolobus solfataricus</em> with <em>Sulfolobus</em> Turreted Icosahedral Virus[END_REF]. The STSV2 infection leads to increased transcription of Holliday junction resolvase, DNA topoisomerase I and several DNA repair proteins, albeit the expression of the reverse gyrase, unlike for other crenarchaeal viruses, was downregulated [START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF]. Differential regulation of genes encoding proteins involved in transcription suggests that viral transcription also relies on the host cell machinery. For instance, infection with SSV2, SIRV2 and STIV resulted in the upregulation of transcription initiation factor IIB, different subunits of the DNA-directed RNA polymerase and several transcriptional regulators [START_REF] Okutan | Novel insights into gene regulation of the rudivirus SIRV2 infecting Sulfolobus cells[END_REF][START_REF] Ortmann | Transcriptome Analysis of Infection of the Archaeon <em>Sulfolobus solfataricus</em> with <em>Sulfolobus</em> Turreted Icosahedral Virus[END_REF][START_REF] Ren | Transcriptomic analysis of the SSV2 infection of Sulfolobus solfataricus with and without the integrative plasmid pSSVi[END_REF].

Virion egress

The last stage of the viral infection cycle corresponds to the egress of new virions from the host cell. So far, release mechanisms have been studied in detail only for a handful of archaeal viruses. Generally, there are two types of archaeal virusesthose that disrupt the host cell upon virion egress (i.e., lytic viruses) and those that do not (i.e., non-lytic viruses).

Cell membrane disruption

Lytic archaeal viruses have evolved several unrelated mechanisms for disruption of the cell envelope. The most extensively characterized mechanism involves formation of large pyramidal portals, dubbed virus-associated pyramids (VAP) (Figure 7). VAPs develop on the surface of the infected cells, protrude through the S-layer and open outward as flower petals, generating apertures through which the mature virions exit from the cell. This mechanism is used by viruses from at least three unrelated families, namely, Rudiviridae, Turriviridae and Ovaliviridae. VAPs of the rudivirus SIRV2 and turrivirus STIV exhibit seven-fold symmetry, while those of the ovalivirus SEV1 are six-sided. The VAPs consist of multiple copies of a single 10 kDa viral protein containing a transmembrane domain which promotes its insertion into the cellular membrane (Bize et al., 2009b;Brumfield et al., 2009;Quax et al., 2011;Quax et al., 2010;Snyder et al., 2011;Wang et al., 2018a). Interestingly, heterologous expression of the SIRV2 pyramid protein P98 in archaeal (Sulfolobus acidocaldarius), bacterial (Escherichia coli) or eukaryotic (Saccharomyces cerevisiae) cells resulted in correct protein insertion into the membrane and formation of VAPs. Nevertheless, the signal triggering the opening of the pyramid structures appears to be archaea-specific, because pyramids expressed in bacteria and eukaryotes were never observed in the open conformation (Daum et al., 2014). In addition, pyramidal structures have also been observed on the surface of an unidentified crenarchaeon, probably of the order Thermoproteales, infected with an unknown filamentous virus as well as on the surface of Pyrobaculum oguniense cells, suggesting that the VAP-based strategy is common among crenarchaeal viruses (Bize et al., 2008;Rensen et al., 2015). Head-tailed viruses infecting euryarchaea also lyse their host cells, but the underlying mechanism remains unknown. Bacterial relatives of archaeal head-tailed viruses lyse the cells using the holin-endolysin system, in which holin is a small membrane protein which forms lesions in the membrane, whereas endolysin is a peptidoglycan digesting enzyme. Phages infecting gram-negative bacteria often encode additional lysis proteins responsible for disintegration of the outer membrane [START_REF] Bernhardt | The lysis protein E of phi X174 is a specific inhibitor of the MraY-catalyzed step in peptidoglycan synthesis[END_REF][START_REF] Catalão | Diversity in bacterial lysis systems: bacteriophages show the way[END_REF][START_REF] Young | Phage lysis: do we have the hole story yet?[END_REF]. Thus far, homologs of the components constituting the holin-endolysin systems have not been identified in archaeal viruses. However, several viruses infecting methanogenic archaea, including siphovirus ψM1 infecting Methanothermobacter marburgensis, encode pseudomurein endoisopeptidases which degrade the pseudomurein layer. Activity assays confirmed the cell wall-degrading activity of the pseudomurein endoisopeptidases which cleave the ε-isopeptide bond between alanine and lysine in the peptide chain of the pseudomurein. However, it remains unclear how these enzymes cross the cell membrane to reach the cell wall since no genes encoding potential holins have been identified in the genome of methanogenic viruses [START_REF] Luo | The genome of archaeal prophage PsiM100 encodes the lytic enzyme responsible for autolysis of Methanothermobacter wolfeii[END_REF][START_REF] Schofield | Biochemical Characterisation of Phage Pseudomurein Endoisopeptidases PeiW and PeiP Using Synthetic Peptides[END_REF]. Furthermore, pseudomurein is not universally present in euryarchaea or even methanogens. How head-tailed viruses infecting other archaea, such as halophiles, are released from the host remains unclear.

Lytic life cycle has been also demonstrated for filamentous enveloped viruses of the Tristromaviridae family which infect hyperthermophilic Pyrobaculum species (phylum Crenarchaeota). Electron microscopy analysis has shown that at the late stages of infection, the cells are packed with virions and their envelope is slashed by long, straight cuts not observed for other archaeal virus-host systems (Rensen et al., 2016). However, the mechanism underlying this lysis mechanism has not been investigated.

Viral release without membrane disruption

Many archaeal viruses are released from the host without causing cell lysis. This type of virion egress has been most extensively studied on the example of fusellovirus SSV1 (Quemin et al., 2016). The assembly of SSV1 virions is concomitant with the egress and occurs by a mechanism that resembles the budding of enveloped eukaryotic viruses (Figure 8). Dual-axis electron tomography analysis has shown that viral nucleoprotein complexes are extruded through the host cytoplasmic membrane in the form of tubular intermediate structures which share a continuous envelope with the host membrane. Subsequently, the SSV1 virions attached to the cell membrane undergo maturation to the characteristic spindle-shaped morphology.

Formation of constricted ring-like structures at the trailing end of the virion bud precedes the separation of the SSV1 virion from the cell membrane (Quemin et al., 2016). The ring-like structures observed during the final step of SSV1 budding resembles the budding necks observed prior to the ESCRT machinery-mediated membrane scission during egress of some eukaryotic viruses, including human immunodeficiency virus and Ebola viru. The ESCRT system drives key membrane-remodeling processes in eukaryotes, including cytokinesis, multivesicular body biogenesis and viral budding processes [START_REF] Hurley | Membrane budding and scission by the ESCRT machinery: it's all in the neck[END_REF].

Notably, proteins homologous to eukaryotic ESCRT components are conserved in several members of the Sulfolobales and play a central role in cell division [START_REF] Makarova | Evolution of diverse cell division and vesicle formation systems in Archaea[END_REF][START_REF] Samson | A role for the ESCRT system in cell division in archaea[END_REF], suggesting that, as for eukaryotic viruses, SSV1 budding may rely on a cellular membrane remodeling machinery (Quemin et al., 2016). Similarly, pleolipoviruses have been suggested to possess a nonlytic life cycle and be released through a budding mechanism [START_REF] Pietilä | Pleolipoviridae, a newly proposed family comprising archaeal pleomorphic viruses with single-stranded or double-stranded DNA genomes[END_REF][START_REF] Roine | New, closely related haloarchaeal viral elements with different nucleic Acid types[END_REF]. Notably, however, unlike crenarchaea, halophilic archaea do not encode the ESCRT machinery. reproduced with permission from Quemin, E.R.J., Chlanda, P., Sachse, M., Forterre, P., Prangishvili, D., and Krupovic, M. (2016). Eukaryotic-Like Virus Budding in Archaea. mBio 7, e01439-16.

Antiviral defense and viral counterdefense mechanisms

In most environments, viruses and their hosts are engaged in a constant evolutionary arms race.

In this context, a broad range of host defense strategies as well as viral counterdefense mechanisms have been described in bacteria [START_REF] Azam | Bacteriophage-host arm race: an update on the mechanism of phage resistance in bacteria and revenge of the phage with the perspective for phage therapy[END_REF], whereas in archaea such mechanisms remain poorly understood, with the exception of the CRISPR-Cas system. Upon STSV2 infection, the type I-A module was strongly upregulated, whereas the expression level of one type III-B complex was downregulated through the course of STSV2 infection and the second type III-B complex was weakly upregulated [START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF]. The interaction between tailed spindle-shaped virus SMV1 and the CRISPR-Cas systems of S.

islandicus REY15A was studied in more detail by constructing strains carrying plasmid-borne mini-CRISPR arrays targeting SMV1 genome [START_REF] Guo | Tolerance of Sulfolobus SMV1 virus to the immunity of I-A and III-B CRISPR-Cas systems in Sulfolobus islandicus[END_REF]. The CRISPR response against SMV1 was type-specific, with the III-B CRISPR complex showing a tight control on the inhibition of the viral replication and proliferation during the infection, whereas the I-A CRISPR complex gradually lost the control of the viral proliferation allowing viral replication and release. The absence of SMV1 escape mutations conferring tolerance to I-A CRISPR system suggests that the virus has evolved a mechanism, probably an Acr protein, specific against the type I-A CRISPR system [START_REF] Guo | Tolerance of Sulfolobus SMV1 virus to the immunity of I-A and III-B CRISPR-Cas systems in Sulfolobus islandicus[END_REF]. with the fusellovirus SSV2 showed strong upregulation of the six CRISPR loci. By contrast, such effect was not observed when S. solfataricus P2 was infected with SSV1, a close relative of SSV2. Surprisingly, the co-infection with both viruses caused the silencing of the host CRISPR response. The major difference between SSV1 and SSV2 lies in the UV-inducible operon present in SSV1 but not in SSV2. Therefore, it has been speculated that SSV1 UVinducible operon encodes transcription factors that may silence the CRISPR-Cas response in the SSV1-infected strain (Fusco et al., 2015a).

Interestingly, CRISPR-mediated defense systems appear to be employed not only by cells to defend against mobile genetic elements, but also by viruses for interviral conflicts. It was discovered that some archaeal viruses carry mini-CRISPR arrays (with 1-2 repeat-spacer units), which are preceded by promoter-containing leader sequences and genetic determinants required for insertion of new spacers (Medvedeva et al., 2019). Remarkably, most of these virus-borne spacers target closely related viruses present in the same population. For instance, SPV1 and SPV2, two closely related viruses of the family Portogloboviridae isolated from a Japanese hot spring, were found to possess mini-CRISPR arrays with spacers reciprocally targeting each other (Medvedeva et al., 2019). The existence of related viruses carrying mini-CRISPR arrays against each other in the same population suggests that viruses have adapted the host defense system for interviral conflicts. Furthermore, virus-borne mini-CRISPR arrays may represent a mechanism of heterotypic superinfection exclusion, in which a cell infected by one virus becomes resistant to another closely-related virus (Liu et al., 2019;Medvedeva et al., 2019).

Toxin-antitoxin system

The toxin-antitoxin (TA) modules consist of a toxin protein capable of inhibiting the cell growth and an antitoxin that neutralizes the action of the toxin. TA modules can be encoded by both cellular organisms and mobile genetic elements, more commonly, plasmids but also viruses. The toxin and its cognate antitoxin form a stable complex preventing the toxin from exerting its toxic effect in normally growing cells. Whereas toxin is a stable protein, often a nuclease, the antitoxin is typically labile, with quick turnaround, and has to be constantly synthesized. Under stressful circumstances, when the production of antitoxin is perturbed, the toxin is unleashed, leading to cell dormancy or death. Given that virus infection can lead to disbalance in toxin-antitoxin equilibrium, TA clusters have been proposed to represent a mechanism of abortive infection, in which an infected cell commits "altruistic suicide" to protect the population [START_REF] Yamaguchi | Toxin-antitoxin systems in bacteria and archaea[END_REF]. Although the role of TA systems in virus-host interactions has been poorly understood in archaea, it has been suggested that csa5 represents a toxin gene in the type I-A CRISPR system of Saccharolobus solfataricus P2, because Csa5 is toxic in the CRISPR-deficient S. solfataricus strain. Infection with rudivirus SIRV2 leads to induction of the Csa5 expression and formation of Csa5 oligomers in Sulfolobus cells, suggesting that Csa5 may be involved in programmed cell death in response to virus infections [START_REF] He | First experimental evidence for the presence of a CRISPR toxin in sulfolobus[END_REF]. Future work is required to gain insights into the mechanism of Csa5 toxicity and its biological relevance.

Transcriptomic analyses have revealed an upregulation of the type II TA systems upon viral infection. The type II TA systems are widespread among members of the order Sulfolobales and consist of an antitoxin protein that directly binds and inhibits the effect of a toxin protein.

S. islandicus LAL14/1 encodes 16 operons of the family VapBC (virulence associated proteins B and C) and 6 operons of the family HEPN-NT (higher eukaryote and prokaryote nucleotide binding-nucleotidyltransferases), whereby the toxins are proposed to perform RNA cleavage.

Notably, the expression of 11 out of 16 VapBC and 3 out of 6 HEPN-NT loci increased after SIRV2 infection at different time points. In most cases, the expression level of both genes coding the toxin and antitoxin was upregulated to similar extents [START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF]. Likewise, bicaudavirus STSV2 infection caused a strong upregulation of the host TA gene pairs, including vapBC [START_REF] León-Sobrino | Transcriptome changes in STSV2-infected Sulfolobus islandicus REY15A undergoing continuous CRISPR spacer acquisition[END_REF]. Even though the role of TA operons remains unclear, the increase in TA gene expression after infection strongly suggests a function in host defense response. blocking the host type III CRISPR defense system (Athukoralage et al., 2020). Given that the target of AcrIII-1 is a signaling molecule (cA4) with a constant structure, rather than specific CRISPR effector protein, this Acr is likely to be able to inhibit any type III CRISPR subtype using cA4 as part of its activation. Consistently, the AcrIII-1 family is widely distributed in viruses infecting both archaea and bacteria as well as plasmids and proviruses.

AIMS OF THE STUDY

Viruses of hyperthermophilic archaea represent an integral but unique part of the virosphere, with many members displaying virion architectures not observed among viruses infecting bacteria or eukaryotes. However, despite their distinctiveness and importance in the viral world, the number of isolated species of viruses infecting archaea is low compared to the known eukaryotic or bacterial viruses. Moreover, the understanding on virus-host interplay in Archaea remains scarce. To address these outstanding questions, my PhD thesis project had three main aims:

1. to isolate new hyperthermophilic archaeal virus-host systems (chapter 1),

2. to characterize the newly isolated viruses by a combination of various microscopy, genomic and microbiological approaches (chapters 1 and 2), and

3. to study the mechanisms of virion assembly and release employed by an enveloped filamentous archaeal virus (chapter 3).

6.RESULTS

CHAPTER 1

Isolation and characterization of new archaeal viruses from Italian hydrothermal environments

Introduction

One of the most remarkable features of hyperthermophilic archaea is the diversity and uniqueness of their viruses. Most of these viruses infect members of the phylum Crenarchaeota and are evolutionarily unrelated to viruses infecting bacteria, eukaryotes or even archaea thriving at moderate temperature [1][2][3][4]. Thus far, unique to hyperthermophilic archaea are rod-shaped viruses of the families Rudiviridae and Clavaviridae; filamentous enveloped viruses of the families Lipothrixviridae and Tristromaviridae; as well as spherical (Globuloviridae), ellipsoid (Ovaliviridae), droplet-shaped (Guttaviridae), coil-shaped (Spiraviridae) and bottle-shaped (Ampullaviridae) viruses [1,5]. Hyperthermophilic archaea are also infected by two types of spindle-shaped viruses, belonging to the families Fuselloviridae and Bicaudaviridae [6,7]. Whereas bicaudaviruses appear to be restricted to hyperthermophiles, viruses distantly related to fuselloviruses are also known to infect hyperhalophilic archaea [8], marine hyperthermophilic archaea [9,10] and marine ammonia-oxidizing archaea from the phylum Thaumarchaeota [11]. Finally, hyperthermophilic archaea are also infected by three groups of viruses with icosahedral virions, Turriviridae [12], Portogloboviridae [13] and two closely related, unclassified viruses infecting Metallosphaera species [14]. Portoglobovirus SPV1 is structurally and genomically unrelated to other known viruses [13,15], whereas viruses structurally similar to turriviruses are widespread in all three domains of life [1,16]. Structural studies on filamentous and spindleshaped crenarchaeal viruses have illuminated the molecular details of virion organization and further underscored the lack of relationship to viruses of bacteria and eukaryotes [17][18][19][20][21][22][23].

The uniqueness of hyperthermophilic archaeal viruses extends to their genomes, with ∼75% of the genes lacking detectable homologs in sequence databases [24]. All characterized archaeal viruses have DNA genomes, which can be single-stranded (ss) or double-stranded (ds), linear or circular. Comparative genomic and bipartite network analyses have shown that viruses of hyperthermophilic archaea share only few genes with the rest of the virosphere [25]. Furthermore, with some exceptions (see below), most of the genes in archaeal viruses are family-specific [26]. These observations, in combination with the structural studies, led to the suggestion that crenarchaeal viruses have originated on multiple independent occasions and constitute a unique part of the virosphere [1].

Although the infection cycles of crenarchaeal viruses have been studied for just a handful of representatives, the available data has already provided valuable insight into the virus-host interaction strategies in archaea. Two different egress strategies have been elucidated. The enveloped virions of fusellovirus SSV1 are assembled at the host cell membrane and are released from the cell by a budding mechanism similar to that of some eukaryotic enveloped viruses [27]. By contrast, lytic crenarchaeal viruses belonging to three unrelated families, Rudiviridae, Turriviridae and Ovaliviridae, employ a unique release mechanism based on the formation of pyramidal protrusions on the host cell surface, leading to perforation of the cell envelope and release of intracellularly assembled mature virions [5,28,29]. Remarkably, the pyramids are formed by a single virus-encoded protein of less than 100 amino acids and the corresponding gene has been apparently exchanged horizontally among viruses from different families [30,31]. Differently from bacteriophages, many hyperthermophilic archaeal viruses encode divergent glycosyltransferases of either GT-A or GT-B superfamily and some carry multiple gene copies, suggesting an important function [2,24,32]. Consistently, virions of many crenarchaeal viruses are glycosylated [16,17,19,33,34], although the exact physiological role of the glycosylation remains unknown. A recent study has suggested that glycosylation confers solubility and stability to macromolecular assemblies, such as type 4 pili and potentially virions, in extreme environments [35]. Another functional group of proteins which is broadly distributed across different families of crenarchaeal viruses includes anti-CRISPR (Acr) proteins. Indeed, CRISPR-Cas systems are prevalent in archaea in general and hyperthermophiles in particular [36]. Recent studies have uncovered three families of Acr proteins widespread in archaeal viruses and plasmids, which block CRISPR-Cas systems of types I and III by different mechanisms [37][38][39].

Single-cell sequencing combined with environmental metagenomics of hydrothermal microbial community from Yellowstone National Park [40] led to the estimation that >60% of cells contain at least one virus type and a majority of these cells contain two or more virus types [41]. However, despite their diversity, distinctiveness, and abundance, the number of isolated species of viruses infecting hyperthermophilic archaea remains low compared to that of the known eukaryotic or bacterial viruses [2]. Indeed, it has been estimated that only about 0.01-0.1% of viruses present in geothermal acidic environments have been isolated [42]. Similarly, using a combination of viral assemblage sequencing and network analysis, it has been estimated that out of 110 identified virus groups, less than 10% represent known archaeal viruses, suggesting that the vast majority of virus clusters represent unknown viruses, likely infecting archaeal hosts [43]. Furthermore, the evolution and structuring of virus communities in terrestrial hydrothermal settings remain poorly understood. Here, to improve understanding on these issues, we explored the diversity of archaeal viruses at the active solfataric field of the Campi Flegrei volcano [44][45][46] in Pozzuoli, Italy, namely, the Pisciarelli hydrothermal area. The field is known for hot acidic environmental conditions [46] and its microbial communities are dominated by extremophilic microbes [34,[47][48][49][50]. However, the area we selected is characterized by hydrothermal conditions that are continuously changing in the short term due to the volcano dynamics, which could have an effect on the composition of resident microbial communities and their viruses. We report on the isolation and characterization of five new archaeal viruses belonging to three different families and infecting hosts from five different crenarchaeal genera.

Materials and methods

Materials and Methods are available in the Supplementary Information.

Results

Diversity of virus-like particles in enrichment cultures

Nine environmental samples (I1-I9) were collected from hot springs, mud pools and hydrothermally altered terrains of the solfataric fields of the Campi Flegrei volcano in Pozzuoli, Italy, with temperatures ranging from 81 to 96 °C and pH values between 1 and 7 (Supplementary Information, Table S1). The enrichment cultures were obtained by inoculating the samples into different media favoring the growth of hyperthermophilic members of the genera Sulfolobus/Saccharolobus, Acidianus and Pyrobaculum [34,51]. In particular, samples with acidic pH were inoculated into medium favoring the growth of Sulfolobus/ Saccharolobus and Acidianus species, whereas those with neutral pH were inoculated into the Pyrobaculum medium (see Supplementary Materials and Methods for details). Virus-like particles (VLPs) were collected from cell-free culture supernatants and visualized by transmission electron microscopy as described in Supplementary Information.

A variety of VLPs were detected in the Sulfolobus/Saccharolobus enrichment cultures of samples I3 and I9 and the Pyrobaculum enrichment culture of sample I4 (Fig. 1). Based on virion morphologies, the VLPs detected in the two samples inoculated in Sulfolobus/Saccharolobus medium could be assigned to five archaeal virus families: Fuselloviridae (Fig. 1a), Bicaudaviridae (Fig. 1b), Ampullaviridae (Fig. 1c), Rudiviridae (Fig. 1d) and Lipothrixviridae (Fig. 1e). VLPs propagated in the Pyrobaculum medium resembled members of the families Globuloviridae (Fig. 1f), Tristromaviridae (Fig. 1g) and Guttaviridae (Fig. 1h). We next set out to establish pure cultures of these different viruses and to isolate their respective hosts.

Isolation of virus-host pairs

In order to isolate VLP-propagating strains, 215 singlestrain isolates were colony purified from the enrichment cultures established in the Sulfolobus/Saccharolobus medium of the VLP-producing samples I3 and I9. Concentrated VLPs were first tested against the isolates by spot test. In case of cell growth inhibition, a liquid culture of the isolate was established and infected with the halo zone observed in the spot test. The production of the viral particles was subsequently verified by TEM. As a result, three strains replicating VLPs were identified. Comparison of their 16S rRNA gene sequences showed that the three strains belong to three different genera of the order Sulfolobales, namely, Saccharolobus (until recently known as Sulfolobus), Acidianus and Metallosphaera. The 16S rRNA genes of these strains, POZ9, POZ149 and POZ202, respectively, displayed 100, 99, and 99% identity to the corresponding genes of Acidianus brierleyi DSM 1651 (NZ_CP029289), Saccharolobus solfataricus Ron 12/III (X90483) and Metallosphaera sedula SARC-M1 (CP012176). Rodshaped particles of different lengths were propagated successfully in the three isolated strains (Fig. 2a-c) and, following the nomenclature used for other rudiviruses, were named Metallosphaera rod-shaped virus 1 (MRV1), Acidianus rod-shaped virus 3 (ARV3) and Saccharolobus solfataricus rod-shaped virus 1 (SSRV1), respectively.

Negatively stained MRV1, ARV3, and SSRV1 virions are rod-shaped particles measuring 630 ± 20 × 25 ± 2 nm, 670 ± 40 × 23 ± 4 nm and 750 ± 30 × 24 ± 3 nm, respectively (Fig. 2a-c). Similar to members of the Rudiviridae family, the three viral particles have terminal fibers located at each end of the virion, which have been shown to play a role in host recognition in the case of Sulfolobus islandicus rodshaped virus 2 (SIRV2) [52].

The three rudiviruses displayed different infection dynamics. Infection of S. solfataricus POZ149 cultures with SSRV1 (MOI = 3) resulted in severe growth retardation (Fig. S1a). The optical density of infected cultures remained constant for the first 24 hpi, similar to what has been reported previously for the prototypical rudivirus SIRV2 [28]. By contrast, infection with MRV1 and ARV3 had no apparent effect on the growth of M. sedula POZ202 and A. brierleyi POZ9, respectively (Fig. S1a). Nevertheless, production of extracellular virions was detected in all three cultures, starting at 8 (for SSRV1) or 12 (for MRV1 and ARV3) hpi and peaking at 24-32 hpi (Fig. S2).

A different approach was chosen to identify the hosts of the viral particles detected in the Pyrobaculum medium. Exponentially growing liquid cultures of Pyrobaculum strains were mixed with concentrated VLPs and incubated for 15 days at 90 °C (see Supplementary Materials and Methods). The replication of the particles was monitored by TEM. P. arsenaticum 2GA propagated filamentous and spherical particles, named Pyrobaculum filamentous virus 2 (PFV2; Fig. 2d) and Pyrobaculum spherical virus 2 (PSV2; Fig. 2e), respectively. Because P. arsenaticum 2GA could not be grown as a lawn on solid medium, dilutions of infected cells were made in order to establish cultures infected with just one type of viral particles.

Negatively stained virions of PFV2 are filamentous and flexible particles of about 450 ± 20 × 34 ± 4 nm in size with terminal filaments of up to 130 nm in length attached to one or both ends of the virions (Fig. 2d), similar to what has been reported for PFV1 [34]. PSV2 virions are spherical particles of around 90 ± 20 nm of diameter, with a variable number of bulging protrusions on their surface (Fig. 2e), resembling Pyrobaculum spherical virus (PSV) particles [50]. Unfortunately, the hosts for other VLPs shown in Fig. 1 could not be isolated, either due to unfavorable growth under laboratory conditions or due to virusmediated extinction of the corresponding host cell populations.

Infection of P. arsenaticum 2GA with PSV2 resulted in a slight retardation of the host growth, with no detectable cell debris throughout the incubation, suggesting that the virus is not lytic (Fig. S1b). By contrast, infection with the filamentous virus PFV2 resulted in growth retardation of P. arsenaticum 2GA. This observation is consistent with the previous results showing that the closely related virus PFV1 lyses its host through an unknown mechanism [34].

Host range

To test the host ranges of the five isolated viruses, strains of the family Sulfolobaceae available in our laboratory collection (Table 1) were infected with MRV1, ARV3, and SSRV1, whereas strains of Pyrobaculum (Table 1) were infected with PSV2 and PFV2. The production of virions was verified by spot test (for MRV1, ARV3 and SSRV1) and TEM. Only two strains were found to serve as additional hosts for ARV3 and PFV2. A. hospitalis W1 supported the propagation of ARV3, whereas P. oguniense TE7 served as a host of PFV2 (see Supplementary Materials and Methods for details).

We next investigated whether the infection in most of the tested strains is blocked prior or following the entry into the cell. To this end, the corresponding cells were incubated with the virus for 1 h, excess of the viruses was removed by extensive washes and presence of the viral DNA in the cells was tested by PCR. SSRV1 DNA could be detected in the largest number of strains. In addition to the host S. solfataricus POZ149 cells, SSRV1 DNA was present in A. convivator, A. hospitalis W1, S. solfataricus strains P1 and P2 as well as in S. islandicus strains HVE10/4 and LAL14/1 (Table 1 and Fig. S3a). Notably, however, adsorption assay (see Supplementary Materials and Methods) did not show appreciable binding of SSRV1 virions to most of the nonhost strains (Fig. S4), consistent with the lower sensitivity of the latter assay compared to PCR. Indeed, the signal of SSRV1 DNA amplification was substantially fainter in the non-host cells, compared to the designated host. ARV3 DNA was detected in all three Acidianus strains, whereas that of MRV1, in addition to the host Metallosphaera strain, was found in A. brierleyi POZ9 and S. solfataricus P2 (Table 1 and Fig. S3b,c). These results suggest that MRV1 is able to deliver its DNA into cells from three different genera isolated in the same location, but the infection is blocked at a later, post-entry stage of the infection cycle.

PFV2 DNA was detected in P. arsenaticum 2GA and P. oguniense TE7 cultures, consistent with the observations made by TEM (Table 1, Fig. S3d), whereas PSV2 genome was detected not only in the host strain but also in P. oguniense TE7 and P. arsenaticum PZ6 (Fig. S3e), although no virions were observed in the latter strains by TEM.

Genome organization

Genomes of the five viruses were isolated from the purified virions and treated with DNase I, type II restriction endonucleases (REases) and RNase A. None of the viral genomes were sensitive to RNase A, but could be digested by DNase I and REases, indicating that all viral genomes consist of dsDNA molecules. The genomes were sequenced on Illumina MiSeq platform, with the assembled contigs corresponding to complete or near-complete virus genomes. The general properties of the virus genomes are summarized in Table 2.

New species in the Globuloviridae family

The linear dsDNA genome of PSV2 is 18,212 bp in length and has a GC content of 45%, which is similar to that of other Pyrobaculum-infecting viruses (45-48%) [34,50]. The coding region of the PSV2 genome is flanked by Table 1 Host range of the archaeal viruses isolated in this study.

Archaeal strain

Newly-isolated archaeal virus

MRV1 ARV3 SSRV1 PSV2 PFV2 Metallosphaera sedula POZ202 H - - - - Acidianus brierleyi POZ9 -* H - - - Acidianus convivator - -* -* - - Acidianus hospitalis W1 - +* -* - - Saccharolobus solfataricus P1 - - -* - - Saccharolobus solfataricus P2 -* - -* - - Saccharolobus solfataricus POZ149 - - H - - Sulfolobus islandicus LAL14/1 - - -* - - Sulfolobus islandicus REN2H1 - - - - - Sulfolobus islandicus HVE10/4 - - -* - - Sulfolobus islandicus REY15A - - - - - Sulfolobus islandicus ΔC1C2 - - - - - Sufolobus acidocaldarius DSM 639 - - - - - Pyrobaculum arsenaticum PZ6 (DSM 13514) - - - -* - Pyrobaculum arsenaticum 2GA - - - H H Pyrobaculum calidifontis VA1 (DSM 21063) - - - - - Pyrobaculum oguniense TE7 (DSM 13380) - - - -* +*
H isolation host, + supports virus replication, * supports DNA delivery,no virus production observed.

New virus isolates from Italian hydrothermal environments underscore the biogeographic pattern in. . . S2).

Globuloviruses stand out as some of the most mysterious among archaeal viruses, with 98% of their proteins showing no similarity to sequences in public databases and lacking functional annotation [24]. Homologs of PSV2 proteins were identified exclusively in members of the Globuloviridae (Fig. 3), corroborating the initial affiliation of PSV2 into the family Globuloviridae based on the morphological features of the virion. Nineteen PSV2 ORFs, including those encoding the three major structural proteins (VP1-VP3) [53], have closest homologs in PSV [50] with amino acid sequence identities ranging between 28% and 65% (Fig. 3); 13 of these ORFs are also shared with Thermoproteus tenax spherical virus 1 (TTSV1; E < 1e-05), the only other characterized member of the Globuloviridae family [54]. The remaining 13 PSV2 ORFs yielded no significant matches to sequences in public databases. The three genomes display no appreciable similarity at the nucleotide sequence level, indicating considerable sequence diversity within the Globuloviridae family. Notably, among five PSV proteins for which high-resolution structures are available [32], only one protein with a unique fold, PSV gp11 (ORF239), is conserved in PSV2 (E = 2e-17).

Sensitive profile-profile comparisons using HHpred allowed functional annotation of only four PSV2 proteins. The PSV2 ORF2 encodes a protein with an AAA+ ATPase domain, which is most closely related to those found in ClpB-like chaperones and heat shock proteins (HHpred probability of 99.6%; Supplementary Information, Table S2). ORF3 encodes one of the two proteins with nine putative transmembrane domains and is predicted to function as a membrane transporter, most closely matching bacterial and archaeal cation exchangers (HHpred probability of 95.5%). Interestingly, the product of ORF4 is predicted to be a circadian clock protein KaiB, albeit with a lower probability (HHpred probability of 93%). Finally, ORF32 shares homology with a putative transcriptional regulator with the winged helix-turn-helix domain (wHTH) of S. solfataricus (HHpred probability of 94.4%). In addition, ORF11 encodes a functionally uncharacterized DUF1286-family protein conserved in archaea and several Saccharolobus-infecting viruses (HHpred probability of 99.5%; Supplementary Information, Table S2).

New species in the Tristromaviridae family

The linear genome of PFV2 is 17,602 bp long and contains 39 ORFs, all except one located on the same strand. The coding region is flanked by 59 bp-long TIRs. The GC content (45.3%) of the genome is similar to that of PSV2 and other Pyrobaculum-infecting viruses [34,50], but is considerably lower than in P. arsenaticum PZ6 (58.3%), and P. oguniense TE7 (55.1%). Eleven of the PFV2 ORFs were predicted to encode proteins with one or more membrane-spanning domains (Supplementary Information, Table S3). The PFV2 genome is 98.9% identical over 70% of its length to that of PFV1, the type species of the Tristromaviridae family [55]. PFV1 and PFV2 were isolated ~3 years apart, from the same solfataric field in Pozzuoli [34], suggesting that the population of tristromaviruses is relatively stable over time. Accordingly, 36 of the 39 PFV2 ORFs are nearly identical to those of PFV1, with the ORFs encoding the three major structural proteins (VP1, VP2 and VP3) showing amino acid sequence identities higher than 96.6% (Supplementary Information, Table S3). Two events account for the differences between PFV1 and PFV2: (i) a deletion spanning most of the PFV1 gene 27 (including codons 72-495) as well as the downstream genes 28-30, and (ii) insertion of a four-gene block between PFV1 genes 36 and 37 in PFV2 (Fig. 4). PFV1 gene 27 encodes a minor virion protein, whereas genes 29 and 30 encode putative lectin-like carbohydrate-binding proteins [34]. The absence of the corresponding genes in PFV2 genome suggests that they are dispensable for the PFV1/PFV2 infection cycle. Notably, a homolog of the PFV1 glycoside hydrolase gene 28 is reinserted into PFV2 genome as part of the four-gene block (PFV2 ORF34). However, the two genes do not appear to be orthologous in PFV1 and PFV2 genomes, because they share much lower sequence similarity compared to other orthologous genes (50% versus average 96.5% identity). By contrast, PFV2 ORF35 has no counterpart in PFV1 but is homologous to the glycosyltransferase gene of Thermoproteus tenax virus 1 (TTV1) [56], the only other known member of the Tristromaviridae family [55] (Fig. 4). Thus, comparison of the closely related tristromavirus sequences revealed active genome remodeling in this virus group, involving both deletions and horizontal acquisition of new genes.

New rod-shaped viruses

The linear genomes of the isolated rudiviruses have a length ranging from 20,269 to 26,079 bp and a GC content varying between 32.02 and 34.12%. The MRV1 genome contains 80 bp-long TIR, suggesting that the genome is codingcomplete (i.e., contains all protein-coding genes). Although no TIRs could be identified for ARV3 and SSRV1, comparison with the genomes of other rudiviruses (Fig. 5) suggests that the two genomes are also nearly complete.

The genomes of MRV1, ARV3, and SSRV1 contain 27, 33, and 37 ORFs, respectively (Supplementary Tables S4-S6), and display high degree of gene synteny (Fig. 5). Comparison of the three genomes showed that they share 26 putative proteins, with amino acid sequence identities ranging between 35.1% and 93.9%. Among the previously reported rudiviruses, the three newly isolated viruses share the highest similarity with ARV2 (ANI of ~78%), which was metagenomically sequenced from samples collected in the same Pozzuoli area [49]; this group of viruses shares 20 genes.

Rudiviruses represent one of the most extensively studied families of archaeal viruses with many of the viral proteins being functionally and structurally characterized [57]. Most of the MRV1, ARV3 and SSRV1 ORFs have orthologs in at least one other member of the Rudiviridae. For instance, 96%, 76%, and 84% of the MRV1, ARV3, and SSRV1 ORFs, respectively, have orthologs in ARV2. Genes shared with other rudiviruses include those for the major and minor capsid proteins, several transcription factors with ribbon-helix-helix motifs, three glycosyltransferases, GCN5-family acetyltransferase, Holliday junction resolvase, SAM-dependent methyltransferase and a gene cassette encoding the ssDNA-binding protein, ssDNA annealing ATPase and Cas4-like ssDNA exonuclease (Fig. 5). The conservation of these core proteins in the expanding collection of rudiviruses underscores their critical role in viral reproduction. Conspicuously missing from the MRV1 and ARV3 are homologs of the SIRV2 P98 protein responsible for the formation of pyramidal structures for virion egress [30]. Cells infected with ARV3 and MRV1 were imaged by transmission electron microscopy at the peak of virion release (24 and 32 hpi; Fig. S2), but no evident pyramids were observed on the surface of the infected cells (Fig. S5). Thus, the mechanisms of MRV1 and ARV3 egress remain enigmatic and deserve further investigation.

Homologs of known Acr proteins encoded by diverse crenarchaeal viruses [37][38][39] are also missing from MRV1 and ARV3 genomes. Notably, SSRV1 carries a gene for the recently characterized AcrIII-1, which blocks antiviral response of type III CRISPR-Cas systems by cleaving the cyclic oligoadenylate second messenger [37]. Given that CRISPR-Cas systems are highly prevalent in hyperthermophilic archaea [36], the lack of identifiable anti-CRISPR genes in MRV1 and ARV3 is somewhat unexpected, suggesting that the two viruses encode novel Acr proteins. Similarly, lack of the genes encoding recognizable P98-like pyramid proteins in MRV1 and ARV3 (as well as in ARV1 and ARV2) suggests that these viruses have evolved a different solution for virion release.

Besides the core genes, rudiviruses are known to carry a rich complement of variable genes, which typically occupy the termini of linear genomes and are shared with viruses isolated from the same geographical location [58]. For instance, MRV1, ARV3, and SSRV1 carry several genes, which are exclusive to Italian rudiviruses. These include a divergent glycoside hydrolase, putative metal-dependent deubiquitinase, alpha-helical DNA-binding protein, transcription initiation factor and several short hypothetical proteins, which are likely candidates for Acrs (Supplementary Information, Tables S4-S6). Notably, some of these hypothetical proteins are shared with other crenarchaeal viruses isolated from the same location. In particular, ARV3 ORFs 5 and 33 as well as SSRV1 ORF31 are homologous to the putative proteins of the bicaudaviruses Acidianus two-tailed virus (ATV) and ATV2, whereas SSRV1 ORF36 is conserved in lipothrixvirus Acidianus filamentous virus 6.

A biogeographic pattern in the Rudiviridae family

To gain insight into the global architecture of the rudivirus populations and the factors that govern it, we performed phylogenomic analysis of all available rudivirus genomes using the Genome-BLAST Distance Phylogeny method implemented in VICTOR [59]. Our results unequivocally show that the 19 sequenced rudiviruses fall into six clades corresponding to the geographical origins of the virus isolation (Fig. 6), suggesting local adaptation of the corresponding viruses. Thus, on the global scale, horizontal spread of rudivirus virions between geographically remote continental hydrothermal systems appears to be restricted. Remarkably, despite forming a monophyletic group, all rudiviruses originating from Italy infect relatively distant hosts, belonging to three different genera of the order Sulfolobales. Such pattern was somewhat unexpected, because for all previously characterized rudiviruses, the genetic divergence of the viruses paralleled that of their respective hosts [58,60]. Thus, we hypothesized that such pattern of host specificities might signify host switching events in the history of the Italian rudivirus assemblage. CRISPR arrays, which contain spacer sequences derived from mobile genetic elements, keep memory of past infections and are commonly used as indicators for matching the uncultivated viruses to their potential hosts [61][62][63]. Thus, to investigate which hosts were exposed to Italian rudiviruses, we searched the CRISPRdb database [START_REF] Pourcel | CRISPRCasdb a successor of CRISPRdb containing CRISPR arrays and cas genes from complete genome sequences, and tools to download and query lists of repeats and spacers[END_REF] for the presence of spacers matching the corresponding viral genomes. Spacer matches were found for all five virus genomes, albeit with different levels of identity. Matches with 100% identity were obtained for ARV2, ARV3, SSRV1, and MRV1 (Supplementary Information, Table S7). Spacers matching ARV2 and ARV3 were found in Saccharolobus solfataricus P1, whereas ARV2 was also targeted by a CRISPR spacer (100% identity) from Metallosphaera sedula DSM 5348. Unexpectedly, MRV1, which infects Metallosphaera species, was matched by spacers from different strains of S. solfataricus. Conversely, SSRV1 infecting S. solfataricus was targeted by multiple spacers from CRISPR arrays of M. sedula DSM 5348 (Supplementary Information, Table S7). These results are consistent with the possibility that in the recent history of Italian rudiviruses, host switching, even across the genus boundary, has been relatively common.

Revised classification of rudiviruses

Of the 19 rudiviruses for which (near) complete genome sequences are available, only three (SIRV1, SIRV2, and ARV1) are officially classified. All three viruses are included in the same genus, Rudivirus. Here, we propose a taxonomic framework for classification of all cultivated and uncultured rudiviruses for which genome sequences are available. As mentioned above, phylogenomic analysis revealed six different clades (Fig. 6), highlighting considerable diversity of the natural rudivirus population, which has stratified into several assemblages, warranting their classification into distinct, genus-level taxonomic units. To this end, we compared the genome sequences using the Gegenees tool [START_REF] Ågren | Gegenees: fragmented alignment of multiple genomes for determining phylogenomic distances and genetic signatures unique for specified target groups[END_REF], which fragments the genomes and calculates symmetrical identity scores for each pairwise comparison based on BLASTn hits and a genome length. The analysis revealed seven clusters of related genomes, which were generally consistent with those obtained in the phylogenomic analysis (Table S8). Notably, due to considerable sequence divergence, ARV1 falls into a separate cluster from other Italian rudiviruses. Consistently, in the phylogenomic tree, ARV1 forms a sister group to other Italian rudiviruses. Furthermore, among the five Italian rudiviruses, the genome of ARV1 is most divergent, displaying multiple gene and genomic segment inversions and relocations compared to the other viruses (Fig. 5). Viruses from the seven clades also differ considerably in terms of the variable gene contents. For instance, viruses SIRV1 and SIRV2 isolated in Iceland share 11 genes that are absent from the USA SIRVs [58]. Thus, to acknowledge the differences between the known rudiviruses, we propose to classify them into seven Fig. 6 Inferred phylogenomic tree of all known members of the Rudiviridae family based on whole genome VICTOR [59] analysis at the amino acid level. The tree is rooted with lipothrixviruses, and the branch length is scaled in terms of the Genome BLAST Distance Phylogeny (GBDP) distance formula D6. Only branch support values >70% are shown. For each genome, the abbreviated virus name, GenBank accession number and host organism (when known) are indicated. Question marks denote that the host is not known. The tree is divided into colored blocks according to the geographical origin of the compared viruses.

genera: "Icerudivirus" (former Rudivirus, to include SIRV1-SIRV3), "Mexirudivirus" (SMRV1), "Azorudivirus" (SRV), "Itarudivirus" (ARV1), "Hoswirudivirus" (ARV2, ARV3, MRV1, SSRV1; hoswi-, for host switching), "Japarudivirus" (SBRV1) and "Usarudivirus" (SIRV4-SIRV11). We note that this classification would be consistent with the current practices of the International Committee on Taxonomy of Viruses (ICTV) to classify viruses based on their protein and genomic sequences [START_REF] Simmonds | Consensus statement: Virus taxonomy in the age of metagenomics[END_REF].

Discussion

Here, we reported the results of our exploration of the diversity of hyperthermophilic archaeal viruses at the solfataric field in Pisciarelli, Pozzuoli. Previous sampling of archaeal viruses in the thermal springs in Pisciarelli led to the isolation of viruses from the families Ampullaviridae, Bicaudaviridae, Lipothrixviridae, Rudiviridae and Tristromaviridae [34,[START_REF] Häring | Viral diversity in hot springs of Pozzuoli, Italy, and characterization of a unique archaeal virus, Acidianus bottle-shaped virus, from a new family, the Ampullaviridae[END_REF][START_REF] Vestergaard | A novel rudivirus, ARV1, of the hyperthermophilic archaeal genus Acidianus[END_REF][START_REF] Prangishvili | Structural and genomic properties of the hyperthermophilic archaeal virus ATV with an extracellular stage of the reproductive cycle[END_REF][START_REF] Vestergaard | Structure of the acidianus filamentous virus 3 and comparative genomics of related archaeal lipothrixviruses[END_REF], whereas those of the families Fuselloviridae, Globuloviridae and Guttaviridae, which we observed in the initial enrichment cultures, have not been previously reported from the sampled Pisciarelli sites. Nevertheless, similar virion morphologies have been observed in high-temperature continental hydrothermal systems from other geographical locations across the globe [50,[START_REF] Arnold | SNDV, a novel virus of the extremely thermophilic and acidophilic archaeon Sulfolobus[END_REF][START_REF] Mochizuki | Provirus induction in hyperthermophilic archaea: characterization of Aeropyrum pernix spindle-shaped virus 1 and Aeropyrum pernix ovoid virus 1[END_REF][START_REF] Wiedenheft | Comparative genomic analysis of hyperthermophilic archaeal Fuselloviridae viruses[END_REF][START_REF] Pauly | Diversified local CRISPR-Cas immunity to viruses of Sulfolobus islandicus[END_REF], pointing to global distribution of most groups of hyperthermophilic archaeal viruses. However, how these virus communities are structured and whether geographically remote hydrothermal ecosystems undergo virus immigration is not fully understood. Notably, metagenomics analysis of two hot springs located in Pozzuoli has shown that representatives of the Lipothrixviridae, Bicaudaviridae, Ampullaviridae and Rudiviridae families dominated the corresponding virus communities at the time of sampling, collectively amounting to over 90% of the sequencing reads [49]. We have observed virions representing all four virus families by TEM in our enrichment cultures, corroborating the results of the metagenomic sequencing, and could isolate three representatives of the Rudiviridae family.

A previous study has revealed a biogeographic pattern among S. islandicus-infecting rudiviruses isolated from hot springs in Iceland and United States [58]. That is, viruses from the same geographical location were more closely related to each other than they were to viruses from other locations and the larger the distance the more divergent the virus genomes were. Similar observation has been made for the Sulfolobus-infecting spindle-shaped viruses of the family Fuselloviridae [START_REF] Pauly | Diversified local CRISPR-Cas immunity to viruses of Sulfolobus islandicus[END_REF][START_REF] Held | Viral biogeography revealed by signatures in Sulfolobus islandicus genomes[END_REF][START_REF] Stedman | Biogeographical diversity of archaeal viruses[END_REF]. By contrast, a study focusing on three relatively closely spaced hot springs in Yellowstone National Park concluded that horizontal virus movement, rather than mutation, is the dominant factor controlling the viral community structure [START_REF] Snyder | Virus movement maintains local virus population diversity[END_REF].

Phylogenomic and comparative genomic analysis of the rudiviruses reported herein and those sequenced previously revealed a strong biogeographic pattern, suggesting that diversification and evolution of rudiviruses is influenced by spatial confinement within discrete hightemperature continental hydrothermal systems, with little horizontal migration of viral particles over large distances. Consistently, analyses of the CRISPR spacers carried by hyperthermophilic archaea predominantly target local viruses, further indicating geographically defined coevolution of viruses and their hosts [START_REF] Pauly | Diversified local CRISPR-Cas immunity to viruses of Sulfolobus islandicus[END_REF][START_REF] Medvedeva | Virus-borne mini-CRISPR arrays are involved in interviral conflicts[END_REF]. This is in stark contrast with the global architecture of virus communities associated with hyperhalophilic archaea, where genomic similarity between viruses does not correspond to geographical distance [START_REF] Atanasova | Global network of specific virus-host interactions in hypersaline environments[END_REF][START_REF] Atanasova | Virus-host interplay in high salt environments[END_REF]. Notably, however, it has been suggested that reversible silicification of virus particles, which is conceivable in hot spring environments, might promote long-distance host-independent virus dispersal [START_REF] Laidler | Reversible inactivation and desiccation tolerance of silicified viruses[END_REF].

We also show, for the first time, that relatively closely related rudiviruses infect phylogenetically distant hosts, belonging to three different genera. Interestingly, whereas ARV3 could deliver its DNA exclusively into Acidianus cells, the genomes of SSRV1 and MRV1 were detected not only in their respective Saccharolobus and Metallosphaera hosts, but also in the non-host Acidianus cells (Fig. S3). Given the basal position of Acidianus rudiviruses (Fig. 6), this pattern is best consistent with the host switch events in the history of Italian rudiviruses, whereby the ancestral Acidianus virus gained the ability to infect Saccharolobus and Metallosphaera hosts. At least in the case of rudivirises, relatively few genetic changes appear to be necessary for gaining the ability to infect a new host. In tailed bacteriophages, host range switches are typically associated with mutations in genes encoding the tail fiber proteins responsible for host recognition [START_REF] Sordi | The gut microbiota facilitates drifts in the genetic diversity and infectivity of bacterial viruses[END_REF]. Several molecular mechanisms underlying mutability of the tail fiber genes have been described, including genetic drift, diversity generating retroelements and phase variation cassettes. The latter two systems have been demonstrated to function also in viruses infecting anaerobic methane-oxidizing (ANME) and hyperhalophilic archaea, respectively [START_REF] Paul | Targeted diversity generation by intraterrestrial archaea and archaeal viruses[END_REF][START_REF] Klein | Haloarchaeal myovirus phiCh1 harbours a phase variation system for the production of protein variants with distinct cell surface adhesion specificities[END_REF]. Both mechanisms depend on specific enzymes, namely, reversetranscriptase and invertase. However, neither of the two systems is present in rudiviruses, suggesting that genetic drift is the most likely mechanism responsible for generating diversity in the gene(s) encoding receptor-binding protein(s) of rudiviruses.

Analysis of CRISPR spacers from hyperthermophilic archaea confirmed that viruses closely related to those isolated in this study were infecting highly different hosts in the recent past. Indeed, viruses infecting Saccharolobus and Metallosphaera species are targeted by spacers from CRISPR arrays of Metallosphaera and Saccharolobus, respectively (Table S7). This observation further reinforces a relatively recent host switch event. Notably, this phenomenon appears to be also applicable to rudiviruses from other geographical locations. In particular, SBRV1, a rudivirus from a Japanese hot spring [60], was found to be targeted by 521 unique CRISPR spacers associated with all four principal CRISPR repeat sequences present in Sulfolobales [START_REF] Medvedeva | Virus-borne mini-CRISPR arrays are involved in interviral conflicts[END_REF], suggesting either very broad host range or frequent host switches. Furthermore, we have recently shown that CRISPR targeting is an important factor driving the genome evolution of hyperthermophilic archaeal viruses [START_REF] Medvedeva | Virus-borne mini-CRISPR arrays are involved in interviral conflicts[END_REF]. Given the presence of multiple CRISPR spacers matching rudivirus genomes, we hypothesize that necessity to switch hosts might be, to a large extent, driven by CRISPR targeting. Notably, matching of CRISPR spacers to protospacers in viral genomes is one of the widely used approaches of host identification for viruses discovered by metagenomics, with the estimated host genus prediction accuracy of 70-90% [62,63,[START_REF] Roux | Ecogenomics and potential biogeochemical impacts of globally abundant ocean viruses[END_REF]. Our results suggest that in the case of rudiviruses, spacer matching might not provide accurate predictions beyond the rank of family (i.e., Sulfolobaceae).

Collectively, we show that terrestrial hydrothermal systems harbor a highly diverse virome represented by multiple families with unique virus morphologies not described in other environments. Genomes of the newly isolated viruses, especially those infecting Pyrobaculum species, remain a rich source of unknown genes, which could be involved in novel mechanisms of virus-host interactions. Furthermore, our results suggest that global rudivirus communities display biogeographic pattern and diversify into distinct lineages confined to discrete geographical locations. This diversification appears to involve relatively frequent host switching, potentially evoked by host CRISPR-Cas immunity systems. Future studies should focus on understanding the molecular changes allowing rudiviruses to efficiently infect and multiply in new hosts, attaining host range expansion and escaping CRISPR targeting.

SUPPLEMENTARY MATERIALS AND METHODS Enrichment cultures

Nine samples were collected from hot springs, mud pools and hydrothermally altered terrains at the solfataric field of the Campi Flegrei volcano in Pozzuoli, Italythe study area known as Pisciarelliwith temperatures ranging from 81 to 96°C and pH between 1 and 7 (Table S1). Each sample was inoculated into medium favoring the growth of Sulfolobus/Saccharolobus (basal salt solution supplemented with 0.2% tryptone, 0.1% yeast extract, 0.1% sucrose, pH 3.5), Acidianus (basal salt solution supplemented with 0.2% tryptone, 0.1% yeast extract, sulfur, pH 3.5), and Pyrobaculum (0.1% yeast extract, 1% tryptone, 0.1-0.3% Na2S2O3 × 5 H2O, pH 7) species [1,2]. The enrichment cultures were incubated for 10 days at 75°C, except for Pyrobaculum cultures, which were grown at 90°C for 15 days without shaking.

VLP concentration and purification

Following the removal of cells from the enrichment cultures (7,000 rpm, 20 min, Sorvall SLA-1500 rotor), VLPs were collected and concentrated by ultracentrifugation (40,000 rpm, 2h, 10°C, Beckman SW41 rotor). The particles were resuspended in buffer A: 20 mM KH2PO4, 250 mM NaCl, 2.14 mM MgCl2, 0.43 mM Ca(NO3)2, <0.001% trace elements of Sulfolobales medium, pH 6 [3] and visualized by transmission electron microscopy (TEM) as described below. VLPs were further purified by centrifugation in a CsCl buoyant density gradient (0.45 g ml -1 ) with a Beckman SW41 rotor at 39,000 rpm for 20 h at 10°C. All opalescent bands were collected with a needle and a syringe, dialyzed against buffer A and analyzed by TEM for the presence of VLPs.

Isolation of virus-host pairs

Strains of cells were colony purified by plating dilutions of the Sulfolobus/Saccharolobus enrichment cultures onto Phytagel (0.7% [weight/volume]) plates incubated for 7 days at 75 °C. Brownish colonies were toothpicked, inoculated into 1 mL of growth medium and incubated at 75°C for 3 days. The lawns for isolation of sensitive hosts were prepared as described previously [2]. Inhibition zones were cut out from the phytagel and inoculated into exponentially growing cultures of the corresponding isolates. After incubation at 75°C for 3 days, the virus-like particles (VLPs) were concentrated by ultracentrifugation (40,000 rpm, 2h, 10°C, Beckman SW41 rotor), resuspended in buffer A and observed by TEM (for detailed information, refer to the main text). Pure virus strains were obtained by two rounds of single-plaque purification, as described previously [4].

For Pyrobaculum enrichment cultures, a different approach was taken, because it was not possible to obtain single strain isolates. Growing liquid cultures of P. arsenaticum 2GA [1], P. arsenaticum PZ6 (DSM 13514) [5], P. calidifontis VA1 (DSM 21063) [6] and P. oguniense TE7 (DSM 13380) [7] were mixed with concentrated VLPs and incubated for 15 days at 90°C. Increase in the number of extracellular virus particles was verified by TEM. The relative number of produced virions was assessed by counting the VLPs in different fields under TEM. A cell-free culture with the same amount of virus particles as used for the infection assay and treated under the same conditions was used as a control. In order to obtain cultures producing just one type of viral particles, eight ten-fold serial dilutions (10 ml) of infected cells were established, incubated at 90°C and observed by TEM. Because a plaque assay could not be established for viruses infecting Pyrobaculum, we relied on TEM observations for assessment of virus-host interactions.

Transmission electron microscopy and VLP analysis

For negative-stain TEM, 5 µl of the samples were applied to carbon-coated copper grids, negatively stained with 2% uranyl acetate and imaged with the transmission electron microscope FEI Tecnai Biotwin. The dimensions of the negatively stained virus particles (n=80) were determined using ImageJ [8].

Infection experiments

To test the effect of the viruses on host cell growth, exponentially growing cultures of S. solfataricus POZ149, M. sedula POZ202, A. brierleyi POZ9 and P. arsenaticum 2GA were infected with their viruses at a multiplicity of infection (MOI) of about 1. The MOI was established by plaque counting in the case of SSRV1, whereas quantification by qPCR was used for the other viruses. Cultures of S. solfataricus POZ149, M. sedula POZ202 and A. brierleyi POZ9 were incubated at 75°C with shaking, while P. arsenaticum 2GA liquid cultures were grown at 90°C without agitation. The cell turbidity (OD600) was measured at appropriate time intervals. The infection experiments were performed in triplicate.

Virus quantification by qPCR

Viruses for which plaque test could not be established were quantified by estimating the number of viral genome copies by quantitative (q)PCR. Primers targeting specific virus sequences and 2 µL of each sample were mixed with the qPCR kit (Luna Universal qPCR Master Mix, New England Biolabs). A melting curve for each pairs of primers and a calibration curve with decreasing concentration values of viral DNA ranging between 100-0.01 ng/µL were performed.

Host range

The following laboratory collection strains were used to test their ability to replicate viruses MRV1, ARV3 and SSRV1: A. convivator [9], A. hospitalis W1 [10], Saccharolobus solfataricus strains P1 (GenBank accession no. NZ_LT549890) and P2 [11], Sulfolobus islandicus strains REN2H1 [2], HVE10/4 [12], LAL14/1 [13], REY15A [12], ΔC1C2 [14], and Sulfolobus acidocaldarius strain DSM639 [15]. CsCl gradient-purified virus particles were added directly to the growing cultures of Acidianus species and virus propagation was evaluated by TEM. For Sulfolobus and Saccharolobus species, spot tests were performed and the replication of the virus was evidenced by the presence of an inhibition zone on the lawn of the tested strains.

The host ranges of PFV2 and PSV2 were examined by adding purified virions to the growing cultures of P. arsenaticum PZ6 (DSM 13514) [5], P. calidifontis VA1 (DSM 21063) [6] and P. oguniense TE7 (DSM 13380) [7]. In the absence of the plaque test, virus propagation was monitored by TEM, as described above.

Adsorption assay

Different members of the family Solfolobaceae (Table 1) were infected with SSRV1 at a multiplicity of infection (MOI) of 0.05. Infected cells were incubated with agitation for one hour at 75°C. After one hour of incubation, cells were pelleted and the supernatant was kept at 4°C. The percentage of unadsorbed virus particles was determined by plaque assay comparing the viral concentration in the supernatant at 1hpi with the virus titer in the control, a cell-free culture incubated under the same conditions as the treated cultures. S. solfataricus POZ149 was used as an indicator strain for titrations. Experiments were conducted in triplicate.

Entry of viral DNA into the cells

PCR reactions targeting viral genome sequences were performed on infected cells as a template to study whether viral DNA has entered into the cells. Each strain of the family Solfolobaceae listed in the Table 1 was infected with MRV1, ARV3 and SSRV3. Fresh growing cultures were infected with an estimated MOI of 1, incubated with agitation for one hour at 75°C, and centrifuged to remove non-bound particles. Three additional washes of the pellet were performed to ensure the removal of the residual free virus particles. The pellet was kept at -20°C until further processing. Cells were resuspended in 40 µL of the respective media and treated at 95°C for 20 minutes. Detection of viral genomes in the cells was performed by PCR with specific primers for each virus. Strains of the genus Pyrobaculum were used to test the DNA entry of PSV2 and PFV2 genomes. The samples were maintained at 90°C without shaking for one hour and treated as described above.

16S rRNA gene sequence determination DNA was extracted from exponentially growing cell cultures using the Wizard Genomic DNA Purification Kit (Promega). The 16S rRNA genes were amplified by PCR using 519F (5'-CAGCMGCCGCGGTAA) and 1041R (5'-GGCCATGCACCWCCTCTC) primers [16]. The identity of the isolated strains was determined by blastn searches queried with the corresponding 16S rRNA gene sequences against the non-redundant nucleotide sequence database at NCBI.

Viral DNA extraction, sequencing and analysis of viral genomes

Viral DNA was extracted from purified virus particles as described previously [1]. Sequencing libraries were prepared from 100 ng of DNA with the TruSeq DNA PCR-Free library Prep Kit from Illumina and sequenced on Illumina MiSeq platform with 150-bp paired-end read lengths (Institut Pasteur, France). Raw sequence reads were processed with Trimmomatic v.0.3.6 [17] and assembled with SPAdes 3.11.1 [18] with default parameters. Terminal inverted repeats (TIRs) of the viral genomes were identified by aligning the two corresponding genome termini with BLASTN. Open reading frames (ORF) were predicted by GeneMark.hmm [19] and RAST v2.0 [20]. Each predicted ORF was manually inspected for the presence of putative ribosome-binding sites upstream of the start codon. The in silico-translated protein sequences were analyzed by BLASTP [21] against the non-redundant protein database at the NCBI with an upper threshold E-value of 1e-03. Searches for distant homologs were performed using HHpred [22] against PFAM (Database of Protein Families), PDB (Protein Data Bank) and CDD (Conserved Domains Database) databases. Transmembrane domains were predicted using TMHMM [23]. CRISPR spacers matching the isolated viruses were searched for in the CRISPRdb by blastn with default parameters [24].

Phylogenomic analysis

All pairwise comparisons of the nucleotide sequences of rudivirus genomes were conducted using the Genome-BLAST Distance Phylogeny (GBDP) method implemented in VICTOR, under settings recommended for prokaryotic viruses [25]. The resulting intergenomic distances derived from pairwise matches (local alignments) were used to infer a balanced minimum evolution tree with branch support via FASTME including SPR postprocessing for D6 formula, which corresponds to the sum of all identities found in high-scoring segment pairs divided by total genome length. Branch support was inferred from 100 pseudobootstrap replicates each. The tree was rooted with members of the family Lipothrixviridae.

Genome sequences of 19 rudiviruses were further compared using the Gegenees, a tool for fragmented alignment of multiple genomes [26]. The comparison was done in the BLASTN mode, with the settings 200/100. The cutoff threshold for non-conserved material was 40%. * -the information according to [27]. N.D., not determined. Sampling conducted on October 30, 2018. TMD, transmembrane domains. Blast hits were obtained with BLASTP, using the nr protein database (E-value of 1e-03). Distant homologs were identified by HHpred.

Table S3. Functional annotation of the PFV2 genome. TMD, transmembrane domains. Blast hits were obtained with BLASTP, using the nr protein database (E-value of 1e-03). Distant homologs were identified by HHpred. TMD, transmembrane domains. Blast hits were obtained with BLASTP, using the nr protein database (E-value of 1e-03). Distant homologs were identified by HHpred. TMD, transmembrane domains. Blast hits were obtained with BLASTP, using the nr protein database (E-value of 1e-03). Distant homologs were identified by HHpred. Living organisms expend metabolic energy to repair and maintain their genomes, while viruses protect their genetic material by completely passive means. We have used cryo-electron microscopy (cryo-EM) to solve the atomic structures of two filamentous double-stranded DNA viruses that infect archaeal hosts living in nearly boiling acid: Saccharolobus solfataricus rod-shaped virus 1 (SSRV1), at 2.8-Å resolution, and Sulfolobus islandicus filamentous virus (SIFV), at 4.0-Å resolution. The SIFV nucleocapsid is formed by a heterodimer of two homologous proteins and is membrane enveloped, while SSRV1 has a nucleocapsid formed by a homodimer and is not enveloped. In both, the capsid proteins wrap around the DNA and maintain it in an A-form. We suggest that the A-form is due to both a nonspecific desolvation of the DNA by the protein, and a specific coordination of the DNA phosphate groups by positively charged residues. We extend these observations by comparisons with four other archaeal filamentous viruses whose structures we have previously determined, and show that all 10 capsid proteins (from four heterodimers and two homodimers) have obvious structural homology while sequence similarity can be nonexistent. This arises from most capsid residues not being under any strong selective pressure. The inability to detect homology at the sequence level arises from the sampling of viruses in this part of the biosphere being extremely sparse. Comparative structural and genomic analyses suggest that nonenveloped archaeal viruses have evolved from enveloped viruses by shedding the membrane, indicating that this trait may be relatively easily lost during virus evolution.
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V iruses may constitute the largest source of genetic diversity on Earth (1). They greatly impact human health but also have large and direct impacts on the ecosystem of the planet (2). Random sampling of ocean and lake water led to the surprising observation that the concentration of viruses was on the order of 10 8 per milliliter in these aquatic environments (3), and current estimates for the number of viruses in the Earth's oceans are on the order of 10 30 (2), with estimates of 10 31 viruses on the Earth in total (4), compared with ∼10 23 stars in the universe. Studying viruses has thus been of great interest in many areas of biology and has had an enormous impact on structural biology due to the relative simplicity of virus particles compared to any cellular organisms (5).

Many pathways for DNA repair exist in all living organisms, with some conserved from bacteria to humans (6). These mechanisms are essential to preserve the integrity of genomes due to both exogenous as well as endogenous sources of DNA damage (7). In contrast, when outside the host, viruses must depend upon entirely passive means to protect their genomes using a very limited number of different structural proteins. In some instances, there may only be a single protein (present in many copies) in a virion (8). Viruses that infect archaea have been of particular interest (9)(10)(11)(12), as many of these have been found in the most extreme aquatic environments on earth: Temperatures of 80 to 90 °C with pH values of ∼2 to 3. How DNA genomes can be passively maintained in such conditions is of interest not only in terms of evolutionary biology and the origin of life on Earth (1,13), but has potential consequences for everything from biotechnology (14) to human therapeutics (15).

We have previously used cryo-electron microscopy (cryo-EM) to determine the atomic structures of four archaeal filamentous viruses that infect hyperthermophiles (16)(17)(18)(19). One of these, SIRV2, had a protein coat composed of a homodimer of the major capsid protein (MCP) (19), while AFV1 (18), SFV1 (17), and PFV2 ( 16) had protein coats composed of heterodimers. AFV1, SFV1, and PFV2 are membrane enveloped, while SIRV2 is not. These viruses are classified into three different families, Rudiviridae (SIRV2), Lipothrixviridae (AFV1 and SFV1), and Tristromaviridae (PFV2), with families Rudiviridae and Lipothrixviridae

Significance

Viruses pose enormous threats to human health around the world but can also be potential tools for everything from gene therapy to medical imaging to drug delivery. We have used cryo-electron microscopy to determine the atomic structure of two filamentous viruses that infect hosts living in some of the most extreme environments on the Earth's surface, springs of nearly boiling acid. We show how the structure of the proteins that protect the viral DNA has been conserved in a family of filamentous viruses found in diverse extreme locations around the globe, suggesting that all had a common origin. These results have implications for understanding the evolution of viruses, as well as for developing new methods for packaging DNA in biotechnology.

unified into the order Ligamenvirales (20). Furthermore, a class "Tokiviricetes" has been proposed for unification of the three families of structurally related viruses (16). Here, we extend these observations by solving the structure of the nonenveloped Saccharolobus solfataricus rod-shaped virus 1 (SSRV1) (21) at 2.8-Å resolution, the highest resolution yet achieved for these filamentous viruses, and solving the structure of the membrane-enveloped Sulfolobus islandicus filamentous virus (SIFV) ( 22) at 4.0-Å resolution. With six structures from this group of filamentous viruses, we can make a number of comparisons providing insights into what has been conserved and what has diverged. Although the sequence similarity of the protein subunits within this virus assemblage can be undetectable (17), all share a relatively conserved fold that encapsidates A-form DNA, demonstrating common ancestry. The high resolution of the SSRV1 structure allows us to look with greater confidence at how the A-form is maintained in the virion. While it has been reasonable to assume that enveloped and nonenveloped viruses must have diverged early due to entirely different mechanisms of entry and egress from cells (23), we can show striking similarities between enveloped and nonenveloped archaeal filamentous viruses. It is also clear that other families of archaeal filamentous viruses infecting hyperthermophiles are likely to exist, as the structure of APBV1 (24) shows no apparent homology with the six viruses we now describe.

Results

Two Major Capsid Protein Homologs in SSRV1. All members of the proposed genus "Hoswirudivirus," including SSRV1, encode two proteins homologous to the MCP of SIRV2 (21). The two proteins, SSRV1 gp10 (108 aa; QJF12286) and gp11 (134 aa; QJF12287), are encoded next to each other and can be aligned in their C-terminal regions (22% identity over 74 aa; E = 2e-09), whereas the characteristic N-terminal region is missing in gp10. To investigate whether the virions of rudiviruses in the genus "Hoswirudivirus" are constructed from a heterodimer, similar to lipothrixviruses and tristromaviruses, or from a homodimer, like in all other known rudiviruses, SSRV1 virions were purified and subjected to SDS/PAGE (SI Appendix, Fig. S1) and mass spectrometry analyses, which showed that only gp11 protein is present in the virions. This result indicates that, if expressed, gp10 is not incorporated into the SSRV1 virions at detectable levels.

Cryo-EM of SSRV1. From cryo-EM images of SSRV1 (Fig. 1A), 470,216 overlapping segments were extracted and used for a three-dimensional (3D) reconstruction. The possible helical symmetries were determined from an averaged power spectrum (Fig. 1B), which showed multiple orders of the 1-start helix (n = 1, 2, 3, 4. . .) as well as additional layer lines. Indexing the additional layer lines was done by trial and error, and only one symmetry (∼14.67 subunits per turn of the 43.1-Å pitch 1-start helix) yielded a reconstruction with interpretable features, including side chains (Fig. 1 C-F). It was apparent that the asymmetric unit contained a symmetrical dimer of coat proteins wrapped around 12 bp of A-form DNA, so a dihedral symmetry was imposed on the overall reconstruction. This dihedral symmetry relates the 5′-to-3′ strand of the DNA to the 3′-to-5′ strand. Although the helical symmetry imposed will average together 12 bp of DNA throughout the genome, the separation of these base pairs is still preserved very well in the reconstructed volume (Fig. 1F) even though all sequence information has been lost. The DNA supercoils in the virion with one right-handed supercoil for every 43.1-Å turn of the protein helix (Fig. 1 C and E). Since there are 14.67 asymmetric units per turn of this 1start helix, there are 44 asymmetric units in three turns containing 528 bp. The native twist of the DNA is therefore 528 bp in 47 turns (44 local turns plus three right-handed supercoil turns), which is 11.2 bp/turn, similar to what was found for SIRV2 (19). The helical radius of the DNA solenoidal supercoil is ∼60 Å. Since the EM reconstruction reached 2.8-Å resolution (SI Appendix, Figs. S2 andS3), it was possible to do an unambiguous C α trace through the density map resulting in a chain containing 131 residues, confirming that the 108-aa-long gp10 does not function as an MCP. The MCP of SSRV1, gp11, shares 80% sequence identity with the MCP of SIRV2. A SIRV2-based homology model was then fit and refined into the map (Table 1 and Fig. 1 E andF). The overall fold of the SSRV1 model is very similar with that of SIRV2, but with a more accurate model due to the much higher resolution (2.8 versus 4 Å).

Cryo-EM of SIFV. The membrane-enveloped SIFV had previously been demembranated, imaged by negative staining and reconstructed, but no high-resolution information was obtained (22). Here, we reexamined SIFV using cryo-EM, and it was reconstructed by a similar approach as described above. From cryoelectron micrographs (Fig. 2A), 167,541 overlapping segments were extracted and processed. The averaged power spectrum (Fig. 2B) showed that the pitch of the 1-start helix was 51.3 Å, significantly larger than the 43.1-Å pitch of SSRV1. Again, the symmetry was determined by trial and error, and the correct symmetry was 9.35 subunits per turn of this 51.3-Å pitch helix (Fig. 2 C-E). In contrast to the symmetrical protein homodimer in SSRV1, there was a pseudosymmetrical heterodimer formed by MCP1 and MCP2 in SIFV (Figs. 1F, 2F, and SI Appendix, Fig. S2), and as a consequence the virions lacked the overall dihedral symmetry in SSRV1 and were polar (Fig. 2F). The final EM map had ∼4.0-Å resolution (SI Appendix, Figs. S2 andS3), and an unambiguous C α trace was made through the density map for both MCPs within one asymmetric unit. Each asymmetric unit also contained 12 bp of A-form DNA. The DNA supercoils in SIFV with one right-handed supercoil for every 51.3-Å turn of the protein helix (Fig. 2 C and E). Since there are 9.35 asymmetric units per turn of this 1-start helix, there are ∼28 asymmetric units in three turns containing 336 bp. The native twist of the DNA is therefore 336 bp in 31 turns (28 local turns plus three right-handed supercoil turns), which is 10.8 bp/turn, similar to what was found for AFV1 (18). The values of 10.8 for SIFV and 11.2 for SSRV1 bracket 11.0 bp per turn, the canonical value for A-form DNA (25). The helical radius of the DNA solenoidal supercoil is ∼40 Å.

The membrane can occasionally be seen to be absent in SIFV (Fig. 2A, white arrowhead), and we suggest that this is an artifact of cryo-EM sample preparation, which results from the fluid flow and large shear forces that can be present just prior to vitrification (26). Virions lacking the membrane appear to be more flexible, as was also observed for AFV1 (18). Since the membrane is fluid, we suggest that the greater rigidity of the virions that are enveloped is not due to the rigidity of the membrane, per se, but rather that the presence of the membrane constrains the protein. Although helical symmetry has been imposed on the membrane during the 3D reconstruction, no features appeared in the membrane that might be due to perturbations of the membrane by the protein subunits, or integral membrane proteins that were aligned with the capsid proteins. However, missing residues 122 to 132 appear to form a loop that extends out from the nucleoprotein core to the membrane (Fig. 2G), which has not been seen in the three other membrane-enveloped viruses: AFV1, SFV2, and PFV2. This loop does not appear to generate ordered density in the membrane at this location, and the resolution of the density connecting the nucleoprotein capsid to the membrane is too poor to allow for an unambiguous chain trace in this region. We therefore cannot say whether this loop inserts into the membrane, interacts with the membrane headgroups, or is associated with an integral membrane protein that is disordered. The membrane thus appears in all respects as a fluid, and the radial density profile of the membrane (Fig. 2C) is shown after cylindrical averaging and low-pass filtering. As with AFV1 ( 18), the membrane is anomalously thin (∼20 Å).

Protein-DNA Interactions. Similar to what was previously observed for SFV1 (17), it is clear from the EM density that the MCPs in both SSRV1 and SIFV contain N-terminal portions that project into a DNA groove (Fig. 3A). While some of the residues in these regions are disordered, we can clearly see the side-chain densities for a few polar N-terminal residues in SSRV1, such as Lys3, Arg5, and Arg8, as they are making contacts with the DNA phosphate backbone (Fig. 3 A andB). Such side-chain densities are not observed in SIFV, even though both MCPs of SIFV are also arginine and lysine rich in their N terminus (Fig. 3A). This is presumably due to greater flexibility and the resulting lower resolution in that region. Similarly, since SIRV2 is structurally very similar to SSRV1 and AFV1 is similar to SIFV, it is very likely their MCPs also insert into a DNA groove, but this was not observed previously due to limited resolution. Interestingly, in the tristromavirus PFV2, a virus evolutionarily divergent from members of the Rudiviridae and Lipothrixviridae but sharing a similar fold for the MCPs, such N-terminal projections into DNA were not observed at a fairly high resolution of 3.4 Å (16).

A characteristic feature of filamentous archaeal viruses is that their genomic double-stranded DNA (dsDNA) is complexed in A-form (SI Appendix, Fig. S4), which is considered to be more resilient to various forms of stress, compared to the physiologically more common B-form (16)(17)(18)(19). In both SSRV1 (Fig. 3B) and SIFV (Fig. 3C), there is an extensive coordination of the phosphate groups in the DNA backbone by positively charged protein sidechains, primarily arginines and lysines. This provides a high degree of specificity in maintaining the DNA in an A-form conformation. In contrast, a nonspecific aspect of the protein-DNA interactions may be a desolvation of the DNA by the extensive wrapping of the protein around the DNA. For SSRV1, we have a resolution (2.8 Å) where one begins to see highly ordered bound water molecules (Fig. 3D). There are ∼20 ordered water molecules seen around 12-bp A-DNA within the asymmetric unit of SSRV1, with most of them coordinating the phosphate groups. The phosphate groups in the SSRV1 DNA are therefore presumably making hydrogen bonds with either these waters or adjacent protein side chains. In a 0.83-Å resolution crystal structure of A-DNA, most of the bound waters were found surrounding the phosphate groups (27). The water molecules forming a "spine of hydration" in the minor groove of B-DNA (27)(28)(29), hypothesized to stabilize B-DNA, do not exist in the SSRV1 structure.

Flexibility of the Virions. It is clear from looking at cryo-EM images that some of the archaeal filamentous viruses are more rigid than others. A number of formalisms exist for deducing the flexural rigidity, a, of an object from the thermodynamic fluctuations in curvature that occur in solution. These can be described in terms of a persistence length, p, where p = a/kT. The persistence length defines a characteristic distance over which the orientation of a filament persists. It does not mean that a filament can be approximated as a rigid rod over such a length. When the length of a filament, L, is much smaller than p, such a rigid rod approximation is reasonable. When L >> p, one has a random coil and there is no correlation between the orientation of segments separated by a distance L. We have used cryo-EM images to estimate p for the six filamentous viruses, but there is an important caveat that must be made. The formalism being used assumes thermodynamic equilibrium, which means in the absence of forces and fluxes. However, we know that filaments being prepared for vitrification experience large fluid flow forces, and compression from the thinning film (26,30), and thus are being captured far from thermodynamic equilibrium. Nevertheless, we show estimates of p in Fig. 4A where the relative (as opposed to absolute) rigidity may be inferred. The strongest correlation is between the nucleocapsid diameter and the persistence length, which is consistent with the fact that for a homogeneous rod the rigidity will scale as the fourth power of the diameter. However, it can be seen that SIFV is significantly more flexible than AFV1, even though both have about the same nucleocapsid diameters. This is due to the significantly greater pitch in SIFV (51 vs. 43 Å), which allows more compression of the helical groove during bending (Fig. 4 B and C). Consistent with this, we expect that the greater flexibility of SFV1 compared to SIRV2 and SSRV1, despite its larger diameter, is due to a larger helical pitch. As with the flexible filamentous plant viruses (31), the SIFV structure is held together by a flexible linker in the protein, which crosses the helical groove and makes contacts with subunits in the next turn of the helix.

Another important factor that contributes to the filament rigidity is the interface between the MCPs. To investigate this, we did PISA (Protein Interfaces, Surfaces, and Assemblies) analysis (32) on all six archaeal virions on three types of interfaces (SI Appendix, Fig. S5): 1) the MCP dimer interface; 2) the interface between MCP dimers; and 3) the interface between MCP dimers across the groove of the helix. Within the dimer, as previously reported, protein-protein interfaces are extensive for SIRV2, SSRV1, SFV1, and PFV2 (Fig. 5 and SI Appendix, Fig. S5). The interfaces of AFV1 and SIFV are a bit smaller, due to the turn in the N-terminal helix (Fig. 5C). The protein-protein interface between adjacent dimers are similar among all six virions, with ∼23% total accessible surface area buried. Interactions between dimers across the groove of the helix are weaker compared to the interface between dimers. When excluding the C-terminal hook, nonenveloped virions SSRV1 and SIRV2 have almost three times larger buried surface area than enveloped virions SFV1, PFV2, AFV1, and SIFV, consistent with the greater rigidity observed in SIRV2 and SSRV1 (Fig. 4A and SI Appendix, Fig. S5). When including the C-terminal hook in SFV1 and SIFV, the interfaces between MCP dimers across the helical groove are much larger, which probably stabilize the virions.

Next, we looked at the surface electrostatic potential of the six filamentous viruses without A-DNA (Fig. 4D). As expected, positively charged tunnels were observed for all six viruses to accommodate their dsDNA genome. The nonenveloped virions SIRV2 and SSRV1 have very similar surface electrostatic potential with a moderate number of charged residues on their surfaces. The electrostatic potential surfaces of the protein cores within enveloped virions are more diverse. For example, SFV1 has a large number of negatively charged residues on its surface. The differences in their surface electrostatic potential may explain differences in their selectivity of lipids acquired from the hosts.

Structural Conservation and Diversity of the Filamentous Virus MCPs.

Except for the closely related MCPs of SIRV2 and SSRV1, no other homology is detected at the sequence level. However, a flexible secondary structure alignment indicates obvious homology among the 10 MCPs (Fig. 5A). From the structure-based alignment, it is clear that all MCPs have two or three Nterminal α-helices wrapping the DNA in the lumen of the virus (Fig. 5 A and B), but the details are quite different: SSRV1, SIRV2, and SFV1 have long helices with a kink in the middle to continuously wrap around the DNA; PFV2 is similar to SSRV1, SIRV2, and SFV1, but one of its MCPs, PFV2-2, has domain swapping (Fig. 5C); AFV1 and SIFV, on the other hand, form helix-turn-helix motifs, which fold back to cover the DNA on both sides (Fig. 5 B andC). In the C-terminal domain, all MCPs have a more conserved four-helix bundle (SI Appendix, Fig. S6 A and B), where the MCPs have three shorter helices (Cα1-3) that combine with the longer helix that wraps the DNA to form the bundle. In the PFV2 MCPs, there is a short additional helix in the C terminus that is not part of the bundle (Fig. 5C). Previously, the C-terminal four-helix bundle domain of the major capsid protein from an uncharacterized member of the Rudiviridae family (which also includes SIRV1, SIRV2, and SSRV1) was solved by a combination of X-ray crystallography and NMR (33), and its structure is very similar to the C-terminal four-helix bundle domain of SSRV1 and SIRV2 determined by cryo-EM (SI Appendix, Fig. S6C). Like MCP1 of SFV1, MCP1 of SIFV also has a C-terminal extension reaching out to make extensive contacts with the subunits in the adjacent helical turn (Fig. 5C).

A TM-score ( 34) matrix analysis of the six MCP dimers is shown in Fig. 5D. TM score is a metric for measuring the similarity of two protein structures, and it has a value in the range from 0 to 1, where 1 indicates a perfect match between two structures. It has been shown that TM scores below 0.17 correspond to randomly chosen unrelated proteins, while a TM score higher than 0.5 is indicative of the same general protein fold (34). Pairwise comparison of the dimeric MCP structures from the six filamentous viruses followed by single-linkage clustering, which is suited to detect outliers, revealed three major clusters: SIRV2, SSRV1, and SFV1 clustered together with a TM score of >0.75, AFV1 and SIFV dimers formed a smaller cluster with a TM score of 0.72, whereas PFV2 was an outlier (Fig. 5D). This clustering is generally consistent with the current classification of the corresponding viruses into three families. Notably, however, SFV1, which is an enveloped virus (family Lipothrixviridae), clustered with the nonenveloped rudiviruses rather than with other lipothrixviruses.

To gain further insights into the evolutionary relationship between filamentous archaeal viruses, we performed phylogenomic analysis of all available rudivirus, lipothrixvirus, and tristromavirus genomes using the Genome-BLAST Distance Phylogeny (GBDP) method implemented in VICTOR (35). In the phylogenomic tree based on the shared gene content and rooted with tristromaviruses, all four genera of lipothrixviruses are retrieved with maximal support values. However, family Lipothrixviridae is paraphyletic with respect to rudiviruses, which form a sister clade to genus Gammalipothrixvirus (Fig. 6). Indeed, 10 of the gammalipothrixvirus AFV1 genes are shared with rudivirus SIRV2 (16). This result suggests that rudiviruses have evolved from within lipothrixvirus diversity.

Discussion

Filamentous helical viruses are common in all three domains of life (36)(37)(38)(39)(40), but despite overall similar morphology, virions of bacterial, eukaryotic, and archaeal filamentous viruses are built from unrelated capsid proteins with different structural folds (41). Furthermore, the ways the nucleic acids are protected by the corresponding capsid proteins are radically different in viruses from the different domains of life (19,31,(42)(43)(44). With the two virion structures presented herein, archaeal filamentous viruses of the proposed class "Tokiviricetes" (families Rudiviridae, Lipothrixviridae, and Tristromaviridae) emerge as valuable models for understanding the evolution of virus structure and adaptation to extreme environments. High-resolution structures are now available for six evolutionarily related viruses with different degrees of flexibility, providing insights into structural changes underlying the differences in mechanical properties of the viral particles. Archaeal viruses are unique in this respect, because in eukaryotes, rod-shaped viruses, such as tobacco mosaic virus, the first virus ever isolated (42), on the one hand, and flexible viruses, such as potyviruses (45) and alphaflexiviruses (31), on the other hand, are built from nonhomologous capsid proteins.

Notably, we find that some of the adaptations in virion structure of archaeal viruses are shared with virions of flexible plant viruses. In particular, the flexibility in SIFV, the most flexible among the compared viruses, can be, in part, attributed to the Cterminal tail, which extends into the adjacent helical turn, where it makes contacts with other capsid protein subunits. As a result, all adjacent helical turns in the virion are tied together, allowing deformations such as compression, extension, and torsion, while still maintaining the structural integrity of the virion. A similar solution has previously been shown for plant alphaflexiviruses (31). More generally, comparison of the persistence lengths of the archaeal viruses showed that nucleocapsid diameter and helical rise are the best predictors for virion rigidity, where the smaller diameter and larger rise are associated with a more flexible virion.

In lipothrixviruses, the nucleocapsid is enveloped by a thin monolayer membrane (17,18), which is half the thickness of the host membrane from which it is derived, whereas rudiviruses are not enveloped. Due to its importance for various aspects of virus-host interactions, such as during virus entry and egress, the presence or absence of an envelope is generally considered an inherent property of a given virus group, which is not frequently acquired or lost during evolution. Nevertheless, transitions from enveloped to nonenveloped virions have occurred among certain groups of eukaryotic RNA viruses, apparently as an adaptation to plant hosts (46). Comparison of the relatively closely related rudiviruses and lipothrixviruses provides insights into virion envelopment. The DNA is more tightly complexed by the capsid protein in rudiviruses SIRV2 and SSRV1 than in lipothrixviruses SIFV and AFV1, suggesting that the envelope in the latter group of viruses is an adaptation providing an additional layer of protection for the genome against the acidic extracellular environment in which these viruses thrive. Comparison of the (nucleo) capsid surfaces of lipothrixviruses and rudiviruses did not reveal major differences in their hydrophobicity (SI Appendix, Fig. S7). This is not entirely surprising, as the protein surface would be facing polar headgroups when a membrane is present. Notably, the major difference in capsid surfaces is actually electrostatic potential, suggesting that acquisition/loss of the membrane has likely been accompanied by extensive sequence changes of the capsid surface charged residues. SIFV contains a unique (47). Abundant structural proteins other than the MCPs were indeed identified in SFV1 (17) and PFV1 (48), but not in other lipothrixviruses, including SIFV (SI Appendix, Fig. S2).

The considerations above beg the question: Was the membrane acquired by the ancestor of rudiviruses to produce the first lipothrixvirus or was it lost in a particular lineage of lipothrixviruses, giving rise to rudiviruses? The existence of a subgroup of rudiviruses encoding relics of a second MCP is consistent with the latter scenario. Notably, the inactivated and functional MCPs are adjacently encoded, as are the two functional MCPs in lipothrixviruses and tristromaviruses. The inactivated MCPs might have been exapted for a different function, a common process in virus evolution (49), thus explaining why they have not been lost. Interestingly, structural comparison of the capsid proteins of filamentous archaeal viruses showed that enveloped filamentous viruses form three clusters, one of which includes SFV1 and nonenveloped rudiviruses. The similarity between the capsid proteins of the three viruses extends also to the overall virion characteristics, including relatively high rigidity and presence of a central cavity, which is not present in SIFV and AFV1. Furthermore, whereas the MCPs of rudiviruses are conserved at the sequence level, those of lipothrixviruses are highly divergent, to the extent that homology between the two MCPs of the same virus or of viruses in the same family but from different genera are not recognizable. This suggests that lipothrixviruses (and their MCPs) have diverged in a more distant past than rudiviruses. Note that there is no reason to assume that evolutionary rate would be different between the two virus families. Based on shared gene content, we have previously proposed that tristromaviruses have diverged from lipothrixviruses and rudiviruses concomitantly with the divergence of their respective hosts, Thermoproteales and Sulfolobales (16), suggesting that the virion organization of the postulated viral ancestor resembled that of lipothrixviruses and tristromaviruses. Finally, phylogenomic analysis of filamentous archaeal viruses also suggests that rudiviruses are a derived rather than ancestral group of viruses. Consequently, currently available data suggest that the most recent common ancestor of extant archaeal filamentous viruses was an enveloped virus with heterodimeric MCPs that encapsidated A-form DNA. Prior to this most recent ancestor, it appears reasonable to imagine a simpler ancestral virus with a homodimeric MCP, resembling the contemporary rudiviruses but not directly related to them. The envelope might have been an ancestral feature, which was shed only in rudiviruses, presumably following the emergence of the MCP capable of efficient DNA protection in harsh environmental conditions. It is almost certain that further exploration of archaeal virus diversity and their structural and biochemical characterization is bound to shed more light on the evolution of this remarkable group of viruses.

The high-resolution structure achieved for SSRV1 allowed us to better understand how B-form DNA is converted into A-form, which is a characteristic feature in this group of viruses (16)(17)(18)(19). Notably, storage of DNA in A-form has been convergently evolved by bacterial spores (50,51) and by an icosahedral hyperthermophilic archaeal virus SPV1 (52), suggesting that Aform is a preferred conformation for DNA storage under extreme environmental conditions. However, A-form DNA might not be the only mechanism of genome protection. For instance, the genome of spindle-shaped virus SSV1 is positively supercoiled in virions (53) and is complexed with the host chromatin protein of the Sul7d family (54). In contrast, the circular genomes of hyperthermophilic bacilliform clavavirus APBV1 (24) and icosahedral turrivirus STIV (55) are encapsidated as naked dsDNA, and it remains unclear whether there are dedicated mechanisms for the DNA protection. Elucidation of these mechanisms should uncover adaptations to life in extreme environments and open doors for biomedical and nanotechnological applications.

Methods

Virus Production and Purification. Exponentially growing cultures of Saccharolobus solfataricus POZ149 (21) and Sulfolobus islandicus LAL14/1 (56) cells were infected with fresh preparations of SSRV1 and SIFV, respectively. The infected cultures were incubated at 75 °C under agitation for 2 d. After the removal of cells (7,000 rpm, 20 min; Sorvall 1500 rotor), viruses were collected and concentrated by ultracentrifugation (40,000 rpm,2 h,10 °C;Beckman 126 SW41 rotor). For cryo-EM analysis, the concentrated particles were resuspended in buffer A (54): 20 mM KH 2 PO 4 , 250 mM NaCl, 2.14 mM MgCl 2 , 0.43 mM Ca(NO 3 ) 2 , and <0.001% trace elements of Sulfolobales medium, pH 6. For SDS/PAGE and mass spectrometry analyses, virus particles were further purified by ultracentrifugation in a CsCl buoyant density gradient (0.45 g•mL -1 ) with a Beckman SW41 rotor at 39,000 rpm for 20 h at 10 °C. The opalescent bands were collected with a needle and a syringe, and dialyzed against buffer A.

Analysis of SIFV and SSRV1 Structural Proteins. The purified virions were analyzed by SDS/PAGE, and proteins were stained with InstantBlue (Expedeon). The stained protein bands of SIFV virions were excised from the gel and in-gel digested with trypsin. For SSRV1, the CsCl-purified virions were trypsinized in solution. The generated peptides were separated and identified by nano-LC-MS/MS (Proteomics Platform, Institut Pasteur) using an Ultimate 3000 system (Dionex) coupled to an LTQ-Orbitrap Velos system (Thermo Fisher Scientific). Peptide masses were searched against annotated SSRV1 and SIFV proteomes using Andromeda with MaxQuant software, version 1.3.0.5 (57).

Phylogenomic Analysis. All pairwise comparisons of the amino acid sequences of rudivirus, lipothrixvirus, and tristromavirus genomes were conducted using the GBDP method implemented in VICTOR, under settings recommended for prokaryotic viruses (35). The resulting intergenomic distances derived from pairwise matches (local alignments) were used to infer a balanced minimum evolution tree with branch support via FASTME including SPR postprocessing for D6 formula, which corresponds to the sum of all identities found in highscoring segment pairs divided by total genome length. Branch support was inferred from 100 pseudobootstrap replicates each. The tree was rooted with members of the family Tristromaviridae.

Cryo-EM Image Analysis. The virus sample (∼4.0 μL) was applied to discharged lacey carbon grids and plunge frozen using a Vitrobot Mark IV (FEI). Frozen grids were imaged in a Titan Krios at 300 keV and recorded with a K3 camera at 1.08 Å/pixel (SSRV1) or a Falcon III camera at 1.4 Å/pixel (SIFV). The SIFV data were collected at the University of Virginia core facility, and the SSRV1 data were collected at the National Cryo-EM Facility of the National Cancer Institute. Micrographs were collected using a defocus range of 1 to 2.5 μm, with a total dose of ∼50 electrons/Å 2 distributed into ∼25 fractions.

To get a preliminary helical reconstruction volume in SPIDER, all of the micrographs were first motion corrected and dose weighted by MotionCorr v2, and then CTF-multiplicated by the theoretical CTF. Filament images corresponding to ∼20 electrons /Å 2 were extracted using EMAN2 (58). Small subsets containing ∼30,000 overlapping 384-pixel-long segments were used to search for the correct helical symmetry. The helical symmetry was determined in SPIDER ( 59) using IHRSR (60) after searching through all possible symmetries by trial and error, until recognizable secondary structural features were seen. A ∼6-Å initial reconstruction was generated from this small subset, and this volume was subsequently filtered to 7 Å as the starting reference used in RELION (61). After using the full dataset in RELION, doing CTF-refinement and Bayesian polishing, the final volume was estimated to have a resolution of 2.8 Å for the SSRV1 and 4.0 Å for SIFV, based on the map:map FSC, model:map FSC and d 99 (62). The final volumes were then sharpened with a negative B-factor automatically estimated in RELION, and the statistics are listed in Table 1.

Model Building. The density corresponding to a single SSRV1 MCP was segmented from the experimental cryo-EM density using Chimera. Then a starting model was generated by homology modeling using the SIRV2 MCP as the reference, and then docked into the segmented map. Then this model was adjusted manually in Coot and real-space refined in PHENIX. The EM density corresponding to A-DNA was also segmented in Chimera, and the A-DNA was manually put in the map and refined in PHENIX. Finally, the refined single MCP and DNA model were used to generate a filamentous model using the determined helical symmetry, and this filament model was refined against the full cryo-EM map using in PHENIX real-space refinement. MolProbity was used to evaluate the quality of the filament model. The refinement statistics are shown in Table 1.

For SIFV, the density corresponding to a single MCP1 or MCP2 was segmented from the experimental filament density using Chimera. The fulllength MCP1/MCP2 protein was built de novo into the segmented map using Rosetta-CM, then adjusted manually in Coot and real-space refined in PHENIX. The EM density corresponding to A-DNA was also segmented in Chimera, and the DNA model was manually built and refined in PHENIX. The filament model was refined in the same way as the SSRV1 model described above.

Data Availability. The atomic coordinates for SSRV1 have been deposited at the Protein Data Bank with accession number 6WQ0. The corresponding density map has been deposited at the Electron Microscopy Data Bank with accession number EMD-21867. The atomic coordinates for SIFV have been deposited at the Protein Data Bank with accession number 6WQ2. The corresponding density map has been deposited at the Electron Microscopy Data Bank with accession number EMD-21868.

INTRODUCTION

Hyperthermophilic archaeal viruses are among the most enigmatic members of the global virosphere, with many of them displaying unique virion architectures and genomic contents (Dellas et al., 2014;Krupovic et al., 2018;Munson-McGee et al., 2018;Prangishvili et al., 2017). The understanding on virus-host interactions in Archaea remains scarce when compared to bacterial or eukaryotic viruses.

However, recent studies have provided first insights into different steps of the infection cycle for several model archaeal viruses, showing that some of the mechanism used by archaeal viruses to interact with the hosts are similar to those of eukaryotic and/or bacterial viruses, whereas others are unique to archaeal viruses (Bize et al., 2009;Martínez-Alvarez et al., 2016;Pina et al., 2014;Quemin et al., 2013;Quemin et al., 2016;Uldahl et al., 2016).

Two major strategies of virion assembly and release have been described for hyperthermophilic archaeal viruses. One strategy is exemplified by the Sulfolobus spindle-shaped virus 1 (SSV1), the prototypic member of the Fuselloviridae family, whereby virion assembly is concomitant with its release via budding through the host cell envelope, closely resembling the release of many eukaryotic enveloped viruses, such as HIV-1 and influenza (Quemin et al., 2016). This release strategy typically does not result in the lysis of the infected cell and, following the eukaryotic virus paradigm, is expected to be common to other enveloped archaeal viruses. By contrast, viruses which assemble virions intracellularly employ egress strategy involving the disruption and death of the host cell. Archaeal viruses have evolved a unique cell lysis mechanism based on the formation of large pyramidal structures, dubbed virus-associated pyramids (VAPs), on the host cell surface [START_REF] Prangishvili | Exceptional virion release mechanism: one more surprise from archaeal viruses[END_REF]. The VAPs protrude through the surface protein (S-) layer, the only component of the archaeal cell envelope besides the cytoplasmic membrane (Albers and Meyer, 2011), and at the end of the infection cycle, the triangular facets of the VAP come apart as flower petals, producing apertures through which the mature virions exit the host cell (Bize et al., 2009;Brumfield et al., 2009;Daum et al., 2014;Quax et al., 2011). Thus far, the VAP-based egress mechanism has been shown to be used by viruses belonging to three unrelated families, namely, Rudiviridae, Turriviridae and Ovaliviridae, all infecting hyperthermophilic and acidophilic archaea of the order Sulfolobales. The VAPs formed by non-enveloped rod-shaped rudiviruses and icosahedral turriviruses are seven-sided (i.e., the VAP has seven triangular facets) (Brumfield et al., 2009;Daum et al., 2014;[START_REF] Fu | In vivo assembly of an archaeal virus studied with whole-cell electron cryotomography[END_REF] and are built from homologous proteins which, in all likelihood, have been exchanged between viruses from the two families by horizontal gene transfer (Quax et al., 2010;Snyder et al., 2011). By contrast, the VAPs built by the ovalivirus SEV1 are six-sided, but the protein responsible for the VAP formation has not been identified (Wang et al., 2018). Notably, similar six-sided pyramids have been also observed on the surface of hyperthermophilic neutrophiles of the order Thermoproteales (Bize et al., 2008;Rensen et al., 2015), suggesting that VAP-based egress strategy is widespread among hyperthermophilic archaeal viruses.

Filamentous viruses of the family Lipothrixviridae are among the most broadly distributed archaeal viruses, with representatives being isolated from hot springs in Iceland, Italy, Russia, USA and Japan (Arnold et al., 2000;Bettstetter et al., 2003;Bize et al., 2008;Häring et al., 2005;Liu et al., 2019;Liu et al., 2018;Vestergaard et al., 2008). Lipothrixviruses have linear double-stranded (ds) DNA genomes and based on genomic similarities are divided into four genera, Alphalipothrixvirus, Betalipothrixvirus, Gammalipothrixvirus and Deltalipothrixvirus. Structural studies have shown that all lipothrixviruses share the same virion organization; namely, linear dsDNA is complexed and condensed by two paralogous major capsid proteins (MCPs) into a helical nucleocapsid, which is further enveloped with a lipid membrane (Kasson et al., 2017;Liu et al., 2018;Wang et al., 2020a). Both ends of the virion are capped with terminal structures responsible for host recognition and binding (Pina et al., 2014). Similar to several other hyperthermophilic archaeal viruses (DiMaio et al., 2015;Wang et al., 2020c;Wang et al., 2019b), the dsDNA in the nucleocapsid of lipothrixviruses is stored in the A-form (Kasson et al., 2017;Liu et al., 2018;Wang et al., 2020a), which is believed to be one of the adaptations to high temperature environments. Remarkably, the lipid envelope surrounding the nucleocapsid of lipothrixviruses is twice thinner than the cytoplasmic membrane of the host cell. It has been shown that gammalipothrixvirus AFV1 selectively recruits from the host those tetraether lipids species, which can be bent into a U-shaped horseshoe conformation, and molecular dynamics simulation has further suggested that these lipids form a thin monolayer membrane around the nucleocapsid (Kasson et al., 2017). By contrast, the envelope of alphalipothrixvirus SFV1 is strongly enriched in archaeol, a short lipid molecule corresponding to ~1% of lipids in the host membrane (Liu et al., 2018). However, whether the viral envelope is acquired during the budding process, as in the case of the majority of other enveloped viruses [START_REF] Rheinemann | Virus Budding[END_REF], remains unknown. Notably, previous studies have suggested that lipothrixviruses are released without causing host cell lysis (Arnold et al., 2000;Bettstetter et al., 2003;Häring et al., 2005), but the exact mechanism has not been investigated.

Here, we have investigated the assembly and release of Sulfolobus islandicus filamentous virus (SIFV), the type member of the Betalipothrixvirus genus. The SIFV virions are enveloped, flexible, filamentous particles measuring ~2 µm in length and 24 nm in width (Figure 1A). At each end of the filament, the SIFV virions are decorated with terminal mop-like structures which presumably play a role in host recognition (Arnold et al., 2000;Bettstetter et al., 2003;Häring et al., 2005). Using dual-axis electron tomography, we show that the ~2 μm-long SIFV virions are assembled in the cytoplasm of the infected cells which have the diameter of 1-1.2 μm, and are released at the end of the infection cycle through six-sided VAPs. The 89 aa-long SIFV protein gp43 is sufficient for VAP formation and its heterologous expression in Escherichia coli leads to formation of similar structures in the bacterial membrane. The VAP protein is conserved in all members of the Betalipothrixvirus and Deltalipothrixvirus genera, but is unrelated to any of the previously characterized VAP proteins from other viruses. Unexpectedly, our results show that, differently from other characterized enveloped viruses, SIFV nucleocapsids are enveloped with a lipid membrane inside the host cell by an unknown mechanism.

RESULTS

Efficient SIFV propagation in Sulfolobus islandicus LAL14/1

To obtain insights into the life cycle of liprothixviruses and to investigate the mechanism by which their virions are released, we focused on SIFV (Arnold et al., 2000). Although Sulfolobus islandicus HVE10/4 has been characterized as the only susceptible host of the virus (Arnold et al., 2000), we found that the virus propagates more efficiently in Sulfolobus islandicus LAL14/1 [START_REF] Zillig | Genetic elements in the extremely thermophilic archaeon Sulfolobus[END_REF], a closely related strain (Jaubert et al., 2013), yielding higher titres of infectious SIFV particles (Figure S1). Consequently, S. islandicus LAL14/1 was used as the host in all subsequent experiments. The S. islandicus LAL14/1 cells display an irregular coccoid morphology typical of Sulfolobus species and have a diameter of ~1 µm [START_REF] Albers | The Family Sulfolobaceae. In The Prokaryotes: Other Major Lineages of Bacteria and The Archaea[END_REF]. Thus, SIFV virions are twice as long as the diameter of the host cell (Figure 1B), indicating that internal volume optimization might be required for efficient virion morphogenesis inside the infected cell.

To choose the optimal infection parameters for the study of SIFV morphogenesis and egress, we first determined the length of the infection cycle by performing a one-step growth experiment using a multiplicity of infection (MOI) of 0.01. A sharp increase in the extracellular virus titer at 11 hpi, signified the length of the latent period (Figure 1C). With 26 ± 7 virions being produced per cell, the burst size is comparable to that determined for the filamentous non-enveloped rudivirus SIRV2 (Bize et al., 2009). The adsorption assay showed that SIFV binding to the host cells is highly efficient, with nearly 70% of the virions being attached to the host cells within the first 2 minutes post-infection (Figure 1C), ensuring nearly synchronous infection of the S. islandicus population. The adsorption rate constant calculated at 2 minutes post-infection was 5.8 × 10 -9 ml min -1 , which is similar to those reported for the turrivirus STIV, rudivirus SIRV2 and bicaudavirus SMV1 (Hartman et al., 2019;Quemin et al., 2013;Uldahl et al., 2016). A cell-free control in which SIFV was incubated at 75°C in the S. islandicus LAL/1 growth medium was performed to ensure that the observed decrease in the virus titer is a result of virus adsorption rather than virion inactivation in the harsh conditions, i.e., high temperatures and acidic pH. The virus titer of the cell-free control did not change over the 30 min of incubation. Infection of S. islandicus cells using an MOI as low as 0.01 resulted in obvious growth retardation of the culture (Figure 1D), whereas at MOIs > 1 there was a significant decrease in the number of colony forming units (Figure 1E). The effects were more pronounced upon infection with higher MOIs, suggesting that SIFV infection leads to cell death in an MOI-dependent manner. The impact of SIFV on the growth dynamics and viability of the infected cells is reminiscent of those reported for the rodshaped lytic virus SIRV2 (Bize et al., 2009), which is structurally and evolutionarily related to SIFV, but is not enveloped (DiMaio et al., 2015;Wang et al., 2020a). Notably, SIRV2 causes massive degradation of the host chromosome upon infection (Bize et al., 2009). To determine whether this is also the case during SIFV infection, the intracellular DNA content of non-infected and SIFV-infected cultures was monitored over time by flow cytometry. Unlike for SIRV2, there was no apparent host DNA degradation in the case of SIFV-infected cells (Figure S2).

Envelopment of SIFV virions occurs in the cytoplasm

To gain insights into SIFV virion assembly and envelopment, the infected cells were analyzed using dual-axis electron tomography at 10 and 12 hpi. The reconstructed tomographic volumes were analyzed using a convoluted neural network (CNN) algorithm to recognize virions, ribosomes and S-layer. At 12 hpi, bundles of filamentous particles resembling SIFV virions were observed (Figure 2A-F), whereas at 10 hpi similar structures were hardly detectable (Figure S3A-B), consistent with the results of the one-step growth experiment showing that SIFV virions start to be released 11 hpi (Figure 1C).

Reconstructed electron tomograms showed that virions are organized in clusters along the membrane plane (Figure 2A). In cross-sections of the infected cells we could trace up to 70% of the total virion length (i.e., 1.4 µm out of 2 µm), indicating that virion bundles are folded to fit the volume of the cell.

Interestingly, ribosome-like structures were occasionally ordered along the viral particles (Figure S4), suggesting an active role during virion morphogenesis.

Analysis of the transversal tomographic sections showed that filamentous virions are present in two forms (Figure 2D, Figure S3B-C): (i) nucleocapsids surrounded by lower density rings that presumably represent viral envelopes, and (ii) nucleocapsids devoid of any visible envelope (Figures 2D-2F, Figure S3C). Linear density profiles measured across four non-enveloped and enveloped nucleocapsids located adjacent to each other showed that the pixel intensities were the same in the region corresponding to the nucleocapsid, whereas profiles of enveloped virions have additional intensities at each side of the cross-section profile, representing the viral envelope (Figures 2G-H). Consistent with this interpretation, no significant difference was found between the diameters of the enveloped and nonenveloped nucleocapsid cores (Figure 2I). However, as expected, the center-to-center distances measured between the enveloped nucleocapsids were significantly larger than those between the nonenveloped nucleocapsids, consistent with the additional spacing contributed by the envelopes (Figure 2J). Collectively, these findings suggest that virion assembly and maturation take place in the cytoplasm of infected cells and proceed through the initial formation of naked nucleocapsids, which are subsequently enveloped. Intriguingly, this means that envelopment itself occurs in the cytoplasm rather than by extrusion of the naked nucleocapsids through the cellular membrane.

To further characterize virion bundles inside the cells, we performed three-dimensional reconstruction of the tomographic data (Figure 3A). Top and lateral projections showed that the virion bundles are organized on a non-perfect hexagonal lattice (Figures 3B,3E) and are slightly twisted (Figures 3B-D).

In particular, virions in the periphery of the bundle twist around the virions in the center at 8° angle (Figure 3C,D).

Characterization of the SIFV envelope

Recent structural characterization of the SIFV virions has revealed that the envelope surrounding the nucleocapsid is twice as thin as the cytoplasmic membrane of the host, as observed for lipothrixviruses from other genera (Kasson et al., 2017;Liu et al., 2018;Wang et al., 2020a). To determine the lipid composition of the viral envelope and host cell membrane, we performed liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis of the mature SIFV virions and S. islandicus LAL14/1 cells. It turned out the lipid composition of the viral envelope is quantitatively very different from that of the host membrane (Figure 2K). The S. islandicus LAL14/1 membrane nearly exclusively contains C40 glycerol dibiphytanyl glycerol tetraether (GDGT) species, long lipid molecules spanning the entire thickness of the membrane, which is effectively a monolayer of GDGT lipids (Villanueva et al., 2014).

The dominant lipid species (~60% of all lipids) is GDGT-4 carrying four cyclopentane rings (Figure S5). By contrast, the envelope of SIFV is strongly enriched in C20 sn-2,3-glycerol diphytanyl ether lipid (Figure S5), known as archaeol, and GDGT-0, two lipid species that together account for less than 1% of the host lipids (Figure 2K). Thus, similar to some other archaeal viruses [START_REF] Bamford | Constituents of SH1, a novel lipidcontaining virus infecting the halophilic euryarchaeon Haloarcula hispanica[END_REF]Kasson et al., 2017;Liu et al., 2018;Quemin et al., 2015), the lipids are incorporated into the SIFV envelope in a highly selective manner, in line with the observation that the envelope is not acquired through the budding process.

Cryo-EM reconstruction of the mature SIFV virions has suggested that one of the two SIFV MCPs interacts with the lipid envelope through an unstructured loop (Wang et al., 2020a). To verify whether either of the two SIFV MCPs interacts with the membrane within infected cells, S. islandicus LAL14/1 cells were sampled at different time points post infection, fractionated into soluble and membrane fractions and analyzed by SDS-PAGE and LC-MS/MS. Interestingly, we found that at 12 hpi both MCPs were largely found in the membrane fraction (see also below). This subcellular localization of the MCPs was obtained repeatedly and was independent of the method used to break the cells.

SIFV is released from the cell through hexagonal VAPs

The intracellular envelopment of SIFV virions raises questions regarding the mechanism of their egress from the host cell. Thus, to better understand this last stage of the SIFV life cycle, infected cells were monitored by transmission electron microscopy (TEM) at different time points after infection. The TEM analysis at 12 and 24 hpi revealed the presence of 6-sided (hexagonal) apertures on the cell surface periplasmatic space (Figure 6B). The pyramidal structures were always found in the closed conformation, suggesting that the signal triggering the opening of the pyramid structures is archaeaspecific. Nevertheless, at 4 h post induction, the optical density of induced cell culture was significantly lower compared to the non-induced control, suggesting that the protein expression and VAP formation are toxic to bacteria. Collectively, these results indicate that gp43 is the only essential component of VAPs.

The gp43 of SIFV is 89aa-long and is the shortest VAP protein identified to date (Figure S8). To study the distribution of SIFV gp43 homologs, we performed PSI-BLAST searches against the viral nonredundant protein database at NCBI. SIFV gp43 homologs were found to be conserved in all characterized members of the Betalipothrixvirus and Deltalipothrixvirus genera of the Lipothrixviridae family, but have no identifiable homologs in viruses from other families. Thus, SIFV gp43-like proteins form a new family of VAP proteins, distinct from that including other known VAP proteins from rudiviruses and turriviruses (Quax et al., 2010;Snyder et al., 2011). The two protein families display similar features, including the N-terminal TMDs and extensive α-helical content (Figure S8). However, the pattern of amino acid conservation is distinct in the two families. Regardless, it is clear that superficially similar complex structures, such as VAPs, can be built from proteins with highly different sequences.

DISCUSSION

Strategies of virus-host interactions in archaea remain largely unexplored. In this study, we attempted to rectify this situation on the example of SIFV, a member of the family Lipothrixviridae. Structural studies have shown that lipothrixvirus virions consist of a helical nucleocapsid enveloped with a thin lipid membrane (Kasson et al., 2017;Liu et al., 2018;Wang et al., 2020a). The nucleocapsid of lipothrixviruses is homologous to the helical capsid of non-enveloped viruses of the Rudiviridae family (Wang et al., 2020a), indicating that viruses from the two families have evolved from a common ancestor. Based on phylogenomic and structural studies, it has been suggested that this ancestor was an enveloped virus, resembling lipothrixviruses, and that rudiviruses have emerged by shedding the lipid membrane (Wang et al., 2020a). Given that in most viruses, virion envelope plays key roles during different stages of virus-host interaction, such as genome delivery or virion egress, functional comparison between rudiviruses and lipothrixviruses offers a unique opportunity to study the evolution of virus host-interactions. Furthermore, the fact SIFV virions are twice longer than the diameter of the host cell poses an intriguing question of how the assembly of such virions is orchestrated inside the host cell.

In many ways, the SIFV infection process resembles that of rudiviruses and some other archaeal viruses, although there are also considerable differences. The SIFV infection cycle starts with rapid virion adsorption to the host cell surface. The high rate of adsorption, similar to that documented for other hyperthermophilic archaeal viruses (Hartman et al., 2019;Papathanasiou et al., 2019;Quemin et al., 2013;Uldahl et al., 2016), is likely to be important for limiting the exposure of the viral particles to extreme environmental conditions. Unlike many other archaeal viruses which recognize their hosts through pili (Hartman et al., 2019;Rowland et al., 2020;Wang et al., 2020b;Wang et al., 2019a), SIFV has been suggested to bind the receptor located directly within the cellular membrane (Arnold et al., 2000). The latent period of SIFV is ~11 h, which is similar to that typical of many other archaeal viruses and might also signify the general preference of hyperthermophilic archaeal viruses to spend more time within, rather than outside of the cell.

Electron tomography analysis has provided the first insights into the intracellular assembly of the SIFV virions. The formation of the SIFV nucleocapsids is highly reminiscent of the assembly of the mature rudivirus virions (Bize et al., 2009;Daum et al., 2014). In the case of both viruses, filamentous (nucleo)capsids are assembled in the cell interior within bundles containing multiple virions. The virions in the bundles are arranged not randomly but on a hexagonal lattice, resembling the property of many icosahedral virions to form crystalline-line arrays within the cell cytoplasm [START_REF] Duyvesteyn | Towards in cellulo virus crystallography[END_REF]. The three-dimensional reconstruction has shown that the bundles are twisted at an 8° angle.

Although the biological relevance of the SIFV bundle twisting is unclear, a similar behavior has been characterized for many biological filaments and artificial materials, such as carbon nanotube ropes and micropatterned filament arrays [START_REF] Bruss | Topological defects, surface geometry and cohesive energy of twisted filament bundles[END_REF]. Interestingly, it has been concluded that the lowest energy state for a bundle of sufficiently flexible and long filaments is generically twisted [START_REF] Bruss | Topological defects, surface geometry and cohesive energy of twisted filament bundles[END_REF]. Accordingly, twisting of the SIFV bundles might derive from the geometric frustration of the bulk virion packing and surface energy of non-contacting virions at the boundary of the bundle. In addition to twisting, the bundles undergo more pronounced bending to fit within the cell.

Whereas the non-enveloped capsids represent mature virions primed for egress in the case of rudiviruses, the SIFV nucleocapsids have to be further enveloped. Most of the studied enveloped viruses, including filamentous Ebola viruses, escape from their host cells by budding [START_REF] Noda | Assembly and budding of Ebolavirus[END_REF][START_REF] Rheinemann | Virus Budding[END_REF][START_REF] Votteler | Virus budding and the ESCRT pathway[END_REF]. Thus, budding is often considered, by default, to be the mechanism of envelope acquisition in enveloped viruses. Indeed, virion morphogenesis and egress of the archaeal fusellovirus SSV1 are concomitant and occur at the cellular cytoplasmic membrane via a mechanism highly reminiscent of the budding of enveloped eukaryotic viruses (Quemin et al., 2016). Similarly, pleolipoviruses and bicaudaviruses have been also proposed to use budding as an exit mechanism (Demina and Oksanen, 2020;Liu et al., 2017). Hence, the finding that SIFV virions are enveloped inside the cell cytoplasm was unexpected. Using electron tomography, we observed both non-enveloped and enveloped SIFV virions within the same cell, suggesting an order of events from non-enveloped nucleocapsids, resembling mature rudivirus virions, to mature, enveloped SIFV virions (Figure 7). In eukaryotes, some viruses acquire envelopes inside the cell by budding through organelles, such as endoplasmic reticulum or Golgi complex [START_REF] Risco | Structural maturation of rubella virus in the Golgi complex[END_REF][START_REF] Roingeard | Hepatitis C virus ultrastructure and morphogenesis[END_REF][START_REF] Shi | Visualizing the replication cycle of bunyamwera orthobunyavirus expressing fluorescent protein-tagged Gc glycoprotein[END_REF]. However, internal, membrane-bound compartments have never been observed in Sulfolobus cells, excluding the possibility that SIFV virions are enveloped by budding through intracellular membranes. Consequently, the envelopment of SIFV might occur by a completely novel mechanism, involving either de novo membrane formation or trafficking of lipids from the cytoplasmic membrane to the virion assembly centers -neither mechanism has been demonstrated for other prokaryotic viruses. Recently, it has been suggested that ovoid-shaped archaeal virus SEV1 also acquires its envelope intracellularly (Wang et al., 2018). Thus, the mechanism of membrane remodeling and envelopment employed by lipothrixviruses might be widespread among evolutionarily unrelated archaeal viruses. Contrary to our initial expectation based on the egress mechanisms employed by other enveloped viruses, SIFV is a lytic virus. Electron microscopy analysis showed that SIFV induces formation of VAPs on the surface of infected cells, which gradually grow in size (Figure 7). A similar mechanism of virion release has been previously described for viruses from families Rudiviridae, Turriviridae and Ovaliviridae (Bize et al., 2009;Brumfield et al., 2009;Wang et al., 2018). Among these, SIFV VAPs more closely resemble VAPs formed by ovalivirus SEV1 (Wang et al., 2018): VAPs of both viruses are six-sided, rather than seven-sided as observed for rudiviruses and turriviruses (Bize et al., 2009;Brumfield et al., 2009). Notably, whereas VAP proteins of rudiviruses and turriviruses share relatively high sequence similarity (Quax et al., 2010;Snyder et al., 2011), gp43 of SIFV has no homologs in ovalivirus SEV1 and appears to be unrelated to the VAP proteins of rudiviruses and turriviruses (Figure S8). The protein responsible for VAP formation during SEV1 infection remains unknown, but it is likely to represent a separate protein family. Furthermore, gp43 homologs could not be identified in lipothrixviruses of the Alphalipothrixvirus and Gammalipothrixvirus genera, suggesting that a considerable diversity of protein families capable of VAP formation remains to be discovered in the archaeal virosphere.

Our results show that expression of gp43 in E. coli leads to VAP formation in the bacterial membrane.

The same result was obtained with the VAP protein of rudivirus SIRV2 (Quax et al., 2011). It should be noted that bacterial and archaeal membranes consist of unrelated lipids: whereas bacterial membranes are bilayers containing phospholipids (fatty acids linked to glycerol moieties by ester linkages), the membrane of Sulfolobus islandicus is largely a monolayer of tetraether lipids (long isoprenoid chains capped on both ends by glycerol moieties through ether linkages). Thus, the inherent ability of the two proteins, lacking any recognizable sequence similarity, to form VAPs in both bacterial and archaeal membranes is remarkable. Whether proteins from the two families have diverged from a common ancestor or have originated independently remains unclear. Regardless, the general replication cycle of enveloped lipothrixviruses and rudiviruses appear to be closely similar, involving formation of helical nucleocapsids which are released through VAPs, suggesting that evolutionary transition from a postulated enveloped lipothrixvirus-like ancestor to the non-enveloped rudivirus-like ancestor did not entail any major adaptations in the mechanisms underlying the virus-host interactions. This finding raises the questions regarding the function of the membrane in lipothrixviruses. We hypothesize that the primary role of the lipothrixvirus envelope is protection of the viral genome in hot and acidic environment. Indeed, structural studies have shown that MCP packing in rigid rod-shaped rudiviruses is tighter than in flexible lipothrixviruses (Wang et al., 2020a). Thus, once the ancestral MCP has evolved towards forming a more robust virus particle, the membrane layer might have become dispensable and was shed. amount of viruses present in the supernatants before release (0-10 hpi) (Bize et al., 2009). Experiments were conducted in triplicate.

Infection studies

Exponentially growing cultures of S. islandicus LAL14/1 were infected with SIFV using an MOI range of 0.01 to 10 and incubated at 75°C with shaking. Samples of 1 mL were collected from each culture at defined time points, and the cell density (OD600) and the number of viable cells (CFU) were measured.

The CFU counting was carried out as described previously (Bize et al., 2009). Non-infected cultures were used as controls. Experiments were conducted in triplicate.

Flow cytometry

Non-infected and SIFV infected S. islandicus LAL14/1 cells were collected at defined time intervals and fixed with 70% cold ethanol overnight. The fixed cells were pelleted by centrifugation at low speed and resuspended in 1 ml of PBS buffer with 0.05% Tween-20. Cells were pelleted a second time and resuspended in 100 μL of staining buffer containing 40 μg/ml propidium iodide (PI). After staining (>30 min), the samples were analyzed for DNA content using an ImageStreamX MarkII Quantitative imaging analysis flow cytometry (Merck Millipore, Germany). The data of 100,000 imaged cells or particles were collected from each sample and analyzed for DNA content by IDEAS data analysis software.

Transmission electron microscopy

For negative-staining TEM analysis, 5 µl of the samples were applied to carbon-coated copper grids, negatively stained with 2% uranyl acetate (w/v) and imaged with the transmission electron microscope FEI Spirit Tecnai Biotwin operated at 120 kV.

Scanning electron microscopy

Liquid cultures of infected S. islandicus LAL14/1 cells were fixed with 2.5% glutaraldehyde for 2 hours at room temperature. Afterwards, fixed cells were washed in 0.1 M HEPES buffer pH 7.2, post fixed for 1 h 30 in 1% osmium tetroxide in 0.1 M HEPES buffer pH 7.2 and rinsed with distilled water.

Samples were dehydrated through a graded series of ethanol (25, 50, 75, 95 and 100%), followed by critical point drying with CO2. Dried specimens were sputtered with 20 nm gold palladium using a GATAN Ion Beam Coater and examined and photographed with a JEOL JSM 6700F field emission scanning electron microscope operating at 7 Kv. Images were acquired from the upper SE detector (SEI).

Preparation of thin sections using chemical fixation

Samples at determined time points were fixed by adding glutaraldehyde to the growth medium to a final concentration of 1% during 2 h at room temperature. Cells were pelleted down and resuspended in 20 µL in 0.1M Hepes, pH 7. The suspensions were mixed with 20 µL of low melting point agar (type VII) and solidified on ice. After solidification, the samples were cut into small pieces, post fixed in 1% osmium tetroxide in 0.1M cacodylate for 1 h on ice, dehydrated in graded ethanol series, infiltrated in propylenoxide:Epon (1:1) and final infiltrated in pure Epon. Samples were transferred into embedding molds and polymerized for 48h at 60°C. Embedded cells were cut into 70-nm thin sections with an Ultracut R microtome (Leica) and collected on Formvar-coated copper grids. Thin sections (70 nm) were stained and imaged with the transmission electron microscope FEI Spirit Tecnai Biotwin operated at 120 kV.

Fractioning of SIFV-infected and non-infected S. islandicus LAL14/1 cells

The protein content of SIFV-infected cells was stablished as described previously with small modifications (Quax et al., 2010). Briefly, an exponentially growing culture of S. islandicus LAL14/1 was infected with SIFV at a MOI of 3. Liquid samples were collected at determined time points and cells were pelleted using low speed centrifugation. Concentrated cells were resuspended in 20 mM Tris-HCl pH 7 and disrupted by sonication (6 cycles with 20 s of sonication and 40 s of pause). Unbroken cells were removed from the total cell lysate by low-speed centrifugation. Membrane and cytosol magnification maps, the areas were baked using a total dose of 1,500 e -/A 2 . The continuous tilt scheme was used for the automatic acquisition of micrographs every 1° over a ±55° range at higher magnification (usually 29K or 50K). After the acquisition of tilt series in all areas of interest, grid was manually rotated by 90° to acquire the second orthogonal tilt axis series in the same areas of interest. Initial image shifts of the tilt series were estimated using IMOD's function tiltxcorr [START_REF] Mastronarde | Automated tilt series alignment and tomographic reconstruction in IMOD[END_REF]. Alignments were further optimized in IMOD using the tracing of gold fiducials across the tilt series. Three-dimensional reconstructions were calculated in IMOD by weighted back projection using the SIRT-like radial filter to enhance contrast and facilitate subsequent segmentation analysis.

The volumes from the two tilt axes were combined to one using fiducials present in IMOD [START_REF] Mastronarde | Dual-Axis Tomography: An Approach with Alignment Methods That Preserve Resolution[END_REF].

Segmentation and analysis of tomographic data

Tomograms were displayed and analyzed using the 3dmod interface of IMOD [START_REF] Kremer | Computer Visualization of Three-Dimensional Image Data Using IMOD[END_REF].

Archaeal cellular membranes were modeled with manual tracing every 40 slices and the use of IMOD's interpolator. Closed or open contours were used, depending if a full archaeon was included in the field of view or not, respectively. Pyramids of interest were manually traced using IMOD's Slicer to orient the planes for tracing parallel to the pyramid's base so the hexagonal shape was easily identifiable.

Traced models were meshed to surfaces using the imodmesh function of IMOD. Meshed models were finally used to calculate density maps from them in eman2 [START_REF] Chen | Convolutional neural networks for automated annotation of cellular cryo-electron tomograms[END_REF]. For the rest of the features that were easily identified: S-layer, ribosomes, virion main bodies and envelope of virions; training sets were prepared based on positive and negative segmentation examples in order to train the convoluted neural network (CNN) algorithms implemented in eman2.3 [START_REF] Chen | Convolutional neural networks for automated annotation of cellular cryo-electron tomograms[END_REF]. Final segmentation results were visualized as iso-surfaces with UCSF Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF]. Many false positives were removed by thresholding out smaller sized particles for each feature using the 'Hide Dust' tool of UCSF Chimera. For the representation of the S-layer, the CNN segmentation result was used as a mask and the S-layer iso-surfaces were produced based on the original density map of the volume data. 

7.CONCLUSIONS AND FUTURE PERSPECTIVES 7.1 New archaeal viruses

It has been estimated that only about 0.01-0.1% of viruses present in geothermal acidic environments have been isolated (Snyder et al., 2010). To improve this situation and to expand our knowledge on the diversity of viruses thriving in extreme thermal environments, we explored the virus diversity in Italian hydrothermal environments. As a result, we successfully isolated and characterized five new archaeal viruses (chapter 1), which are valuable models for understanding the structure and evolution of archaeal viruses (chapter 2) and the mechanisms of their interaction with the hosts.

Globuloviruses and tristromaviruses remain among the most enigmatic archaeal viruses

Pyrobaculum spherical virus 2 (PSV2) and Pyrobaculum filamentous virus 2 (PFV2) were isolated from enrichment cultures grown at 90°C and neutral pH. Based on their morphologies and genome contents, the two viruses were classified into the families Globuloviridae and Tristromaviridae, respectively (chapter 1). Sequence similarity searches showed that both viruses do not share genes with members of other archaeal virus families. In addition, the function for the majority of predicted genes remains unknown, supporting the notion that globuloviruses and tristromaviruses stand out as some of the most mysterious among archaeal viruses.

Remarkably, despite the fact that tristromaviruses do not share genes with other filamentous archaeal viruses, the availability of the pure strain of PFV2 enabled its structural characterization by cryo-EM, which unexpectedly revealed deep evolutionary relationship of tristromaviruses with rudiviruses and lipothrixviruses (Wang et al., 2020c) (Figure 9). The reconstruction of PFV2 at 3.4 Å resolution showed that the nucleocapsid is constructed from two paralogous major capsid proteins, which are homologous to the capsid proteins of members of the Rudiviridae and Lipothrixviridae. Notably, we also found that the linear dsDNA in tristromavirus virions is also stored in the A-form. Due to the shared virion organization of viruses in the three families (Figure 9), the first class-rank taxon for archaeal viruses, 'Tokiviricetes', was proposed to unify them. A deeper characterization of tristromaviruses and globulovirues needs to be carried out in the future to increase our knowledge on these mysterious members of the archaeal virosphere.

Structural studies on globuloviruses are expected to provide insights into the virion architecture and might reveal unanticipated relationships with other spherical viruses. It is noteworthy that the unexplored genomes of these two families might be a source of genes encoding new functions or involved in novel mechanisms of interaction with their hosts.

Biogeographical pattern and extensive host switching in the Rudiviridae

Three viruses (MRV1, ARV3 and SSRV1) with rod-shaped filamentous virions were isolated from enrichment cultures growing in acidic conditions (pH 3.5) at 75°C and classified into the Determination of the near-atomic structures of lipothrixvirus SIFV and rudivirus SSRV1 enabled a more detailed comparison with other archaeal filamentous viruses to be performed.

The finding that DNA genomes in all filamentous viruses are stored as A-form DNA strongly suggests that A-DNA is the preferred form of DNA in viruses from extreme geothermal environments. In addition, the fact that A-form DNA is found in hyperthermophilic viruses infecting both neutrophilic (Thermoproteales) and acidophilic (Sulfolobales) hosts suggests that A-form DNA is a general adaptation of crenarchaeal viruses to extreme temperatures rather than low pH (Wang et al., 2020b). Furthermore, our study provided insights into structural changes underlying the differences in mechanical properties of the viral particles. In particular, comparison of the persistence lengths of the archaeal viruses showed that nucleocapsid diameter and helical rise are the best predictors for virion rigidity, where the smaller diameter and larger rise are associated with a more flexible virion (chapter 2). Understanding the exact molecular bases underlying the different mechanical properties of archaeal virus particles might help to harness them as biomaterials for developing new nanotechnological and biomedical applications.

Our results provided near-atomic understanding on how the filamentous virions are constructed and suggested that virion assembly and genome packaging in filamentous hyperthermophilic viruses occur in a coordinated fashion. However, the cellular context of the filamentous virion assembly and in particular, the envelopment of the filamentous nucleocapsids remained unclear. I set out to gain insights into these processes in chapter 3 using electron tomography.

a completely novel mechanism, involving either de novo membrane formation or trafficking of lipids from the cytoplasmic membrane to the virion assembly centers -neither mechanism has been demonstrated for other viruses. Further studies using a combination of cryo-EM and cryo-electron tomography approaches are expected to help to understand how the lipid membrane is acquired inside the host cell. Given that proteins homologous to eukaryotic ESCRT components are conserved in several members of the Sulfolobales [START_REF] Lindås | A unique cell division machinery in the Archaea[END_REF], 

the

  extrêmes représentent un habitat pour les virus d'archées qui ont un contenu génomique unique et des morphologies remarquables, dont la plupart n'ont pas été décrites chez les virus infectent les bactéries et les eucaryotes. Cependant, notre connaissance de ces virus reste insuffisante. En effet, le nombre d'espèces de virus connu infectant les archées est faible par rapport aux virus eucaryotes ou bactériens connus. De plus, l'absence de relations avec d'autres virus connus et le caractère distinctif de leurs génomes suggèrent que les mécanismes d'interaction virus-hôte sont également susceptibles d'être nouveaux. Par conséquent, dans le cadre de mes études, je me suis concentré sur deux axes de recherche: (i) l'isolation de nouveaux virus d'archées hyperthermophiles et (ii) la caractérisation des mécanismes d'assemblage et de libération des virions chez les archées. Nous avons étudié la diversité des virus dans les champs sulfureux du volcan Campi Flegrei à Pozzuoli, en Italie. Cinq nouveaux virus infectant des hyperthermophiles neutrophiles du genre Pyrobaculum et des acidophiles hyperthermophiles appartenant à trois genres différents de l'ordre des Sulfolobales, à savoir, Saccharolobus, Acidianus et Metallosphaera, ont été isolés. Les virus caractérisés appartiennent aux familles Rudiviridae, Globuloviridae et Tristromaviridae. Remarquablement, l'analyse phylogénomique des rudivirus nouvellement isolés et précédemment séquencés a révélé un schéma biogéographique clair, dans lequel tous les rudivirus italiens forment un clade monophylétique, suggérant une structuration géographique des communautés virales dans les environnements géothermiques extrêmes. L'un des virus filamenteux non enveloppés isolés à Pozzuoli, à savoir Saccharolobus solfataricus rod-shaped virus 1 (SSRV1), et le virus enveloppé Sulfolobus islandicus filamentous virus (SIFV) ont été caractérisés structurellement et biochimiquement. L'étude a permis de révéler des caractéristiques structurelles conservées dans les virus d'archées filamenteux et de clarifié la relation évolutive entre les virus filamenteux non enveloppés et enveloppés.

Figure 2 .

 2 Figure 2. The lipids found in the archaeal membrane are fundamentally different from those found in eukaryotic and bacterial membranes. In eukaryotes and bacteria, the glycerol moiety is ester-linked to an sn-glycerol-3phosphate backbone, whereas in archaea the isoprenoid side chains are ether-linked to an sn-glycerol-1-phosphate moiety. The sn1 stereochemistry of the glycerol backbone is a truly archaeal feature, as ether lipids occur in minor amounts in eukaryotes and bacteria. The common bilayer-forming lipids in bacteria are phophatidylglycerol (upper lipid) and phosphatidylethanolamine (lower lipid) (see the figure, part a). Part b of the figure shows the structure of monolayer-forming tetraether lipids; for example, the glycophospholipid from the thermoacidophilic archaeon Thermoplasma acidophilum, in which the hydrophobic core consists of C40C40 caldarchaeol. Part c of the figure shows a bilayer formed of archaeal diether lipids, which can be found, for example, in Halobacteriales.The hydrophobic core consists of C20C20 archaeol isoprenoids. The headgroups of phospholipids can be a range of polar compoundsfor example, glycerol, serine, inosine, ethanolamine, myo-inositol or aminopentanetetrols. Glycolipids also exhibit a range of sugar residuesfor example, glucose, mannose, galactose, gulose, Nacetylglucosamine or combinations thereof. The figure is reproduced with permission fromAlbers, S.V., and Meyer, B.H. (2011). The archaeal cell envelope. Nature reviewsMicrobiology 9,[414][415][416][417][418][419][420][421][422][423][424][425][426] 

Figure 3 .

 3 Figure 3. Cryo-EM of the Pyrobaculum arsenaticum pilus and the Saccharolobus solfataricus pilus. Cryo-EM reconstruction of the P. arsenaticum pilus at 3.8 Å resolution (a) and the S. solfataricus pilus at 3.4 Å resolution (b). Thin slices parallel to the helical axis of the pilus are shown, colored by the helical radius. (c, d) Side view and top view of the P. arsenaticum and S. solfataricus pilus atomic models, built into the cryo-EM maps shown in a, b. The model is colored by chain. Image modified and reproduced with permission from Wang, F., Baquero, D.P., Su, Z., Beltran, L.C., Prangishvili, D., Krupovic, M., and Egelman, E.H. (2020). The structures of two archaeal type IV pili illuminate evolutionary relationships. Nature Communications 11, 3424.

Figure 4 .

 4 Figure 4. Representation of virion morphotypes of archaeal viruses infecting members of the phyla Euryarchaeota, Crenarchaeota and Thaumarchaeota. Names of viral families are indicated below the schematic virus particles.

Figure 5 .

 5 Figure5. The dsDNA virus world as a bipartite network. Nodes corresponding to genomes are depicted as larger circles, and nodes corresponding to core gene families are depicted as dots. An edge is drawn whenever a genome harbors a representative of a core gene family. The modular structure of the network is highlighted by coloring genome nodes according to the module to which they belong. Image modified and reproduced with permission from Iranzo, J.,Krupovic, M., and Koonin, E.V. (2016). The Double-Stranded DNA Virosphere as a Modular Hierarchical Network of Gene Sharing. mBio 7(4) e00978-16.

Figure 6 .

 6 Figure 6. Electron micrographs of SIRV2 interaction with S. islandicus LAL14/1 cells. Samples were collected 1 min postinfection and negatively stained for TEM (A) or plunge-frozen for electron cryotomography (cryo-ET) (B). The virions interact both at the filament tips (right panels) and along the length of the filaments (left panels).The inset in the lower left panel depicts two virions bound to the sides of a single filament. The lower right panel shows a segmented tomographic volume of the SIRV2 virion (red) attached to the tip of an S. islandicus filament (green). The three terminal virion fibers that appear to mediate the interaction are shown in blue (the inset depicts a magnified view of the interaction between the virion fibers and the tip of the filament). Scale bars, 500 nm. Image reproduced with permission from Quemin, E.R., Lucas, S., Daum, B., Quax, T.E., Kühlbrandt, W., Forterre, P., Albers, S.V.,Prangishvili, D., and Krupovic, M. (2013). First insights into the entry process of hyperthermophilic archaeal viruses. J Virol 87, 13379-13385.

  Pleolipoviridae have pleomorphic virions, which resemble membrane vesicles decorated with protruding spikes that in all likelihood participate in host attachment and membrane fusion processes[START_REF] El Omari | The structure of a prokaryotic viral envelope protein expands the landscape of membrane fusion proteins[END_REF]. It has been suggested that upon binding to the receptor, the spike protein VP5 of Halorubrum pleomorphic virus 6 (HRPV-6) undergoes conformation change and drives fusion of the viral membrane with the host cytoplasmic membrane. Structural analysis of HRPV-6 virion by cryo-electron microscopy and crystallography revealed that HRPV-6 VP5 has a unique V-shaped fold that is unrelated to the previously reported class I-III viral fusion protein[START_REF] El Omari | The structure of a prokaryotic viral envelope protein expands the landscape of membrane fusion proteins[END_REF].
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 63 Genome integrationMany archaeal viruses are temperate and can undergo a lysogenic pathway in which they coexist with the host cell as proviruses. In most cases, the temperate viruses integrate their genomes into the host chromosome by the activity of viral site-specific integrases. However, sometimes proviruses can exist as circular extrachromosomal plasmids. For instance, the genomes of the euryarchaeal head-tailed virus φCh1 (family Myoviridae), pleomorphic virus SNJ2 (family Pleolipoviridae) and the crenarchaeal spindle-shaped SSV1 (family Fuselloviridae) integrate into the chromosome of Natrialba magadii, Natrinema sp. J7-1 and Sulfolobus shibatae cells, respectively, whereas the genomes of the sphaerolipovirus SNJ1 and myovirus φH are stably maintained in a non-integrated circular form in Natrinema sp. J7-1 and

  protein (RIP), binds apically to the DNA-binding channel of the RNAP and locks in a fixed position the RNAP clamp domain that typically switches between open and closed conformations during the transcription cycle. The high-affinity complex formed between RIP and the host RNAP inhibits the formation of transcription pre-initiation complexes and represses abortive and productive initiation as well as transcription elongation. Interestingly, RIP efficiently hinders the transcription directed from both host and viral promoters, suggesting a global inhibitory activity. Although the biological significance of a global transcriptional shutdown is unclear, it has been proposed that global repression prevents the host defense response. Notably, presence of RIP in the ATV virions suggests that host transcription might be repressed during the very early stages of the viral infection, potentially, to prevent the activation of the host type III-B CRISPR system[START_REF] Sheppard | Repression of RNA polymerase by the archaeo-viral regulator ORF145/RIP[END_REF][START_REF] Sheppard | Structure and mechanisms of viral transcription factors in archaea[END_REF].4.6.4.2 Transcriptional controlWhole-genome transcriptomic analyses using DNA microarray and RNAseq technologies have provided novel insights into virus-host interactions in crenarchaea. For example, SSV1 infected cells exhibit a tight chronological regulation of viral gene expression upon UV irradiation highly reminiscent of the strategy used by many bacterial and eukaryotic viruses. Thus, SSV1

Figure 7 .

 7 Figure 7. VAPs in closed and open conformation. Tomographic slice (A, C, E, and G) and segmented, surfacerendered volumes (B, D, F, and H) of VAPs in the membrane of SIRV2-infected S. islandicus cells. VAPs are
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 8 Figure 8. Different stages of SSV1 budding. (A to C) Slices through tomograms (top) and volume segmentations (bottom) showing concomitant assembly and release of SSV1 virions. Scale bars, 50 nm. Image modified and
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 661 Antiviral defense mechanismsMechanistically, the defense systems of archaea and bacteria can be classified into three main groups: (i) variation of virus receptors, (ii) innate and adaptive immunity and (iii) dormancy and programmed cell death. The variation of virus receptors includes programmed changes, such as phase variation and physical masking of the receptor in order to hamper the successful binding of the virus to the host cell. Defense mechanisms that rely on immunity involve the recognition and inactivation of invader genetic material either by nonspecific innate immunity, such as restriction modification modules and Argonaute-based innate immunity, or highly specific adaptive immunity, represented by CRISPR-Cas systems. Finally, strategies based on induction of dormancy or programmed cell death upon viral infection include toxin-antitoxin (TA) systems, in which the infection disrupts the balance of the host toxin-antitoxin complex leading to retardation of the cell growth or death[START_REF] Koonin | Evolutionary Genomics of Defense Systems in Archaea and Bacteria[END_REF]. During the past few years the study of antiviral defense mechanisms in archaea has been focused on CRISPR-Cas systems, whereas hints about the role of toxin-antitoxin system in virus-host interactions has been indirectly provided by transcriptomic analysis of infected cells.CRISPR-Cas systemsThe CRISPR-Cas systems represent prokaryotic adaptive immunity mechanism present in about 40% of bacteria and almost all archaea[START_REF] Makarova | Evolutionary classification of CRISPR-Cas systems: a burst of class 2 and derived variants[END_REF]. This system protects cells against invasion of mobile genetic elements, such as viruses and plasmids. CRISPR-Cas immunity involves three main stages: (a) adaptation stage, during which new virus/plasmidderived sequences (spacers) are integrated into the CRISPR array adjacent to the leader sequence of the CRISPR array, (ii) processing stage, during which the CRISPR array is transcribed and processed into separate CRISPR RNAs (crRNAs) containing the spacer sequence with 5′ and 3′ tags from the flanking repeats of the CRISPR array, and (iii) interference stage, whereby the crRNA binds to the assembled CRISPR effector complex (interference module) to recognize and degrade DNA and/or RNA molecules containing the protospacer sequence. Based on gene synteny and the composition of the effector complexes, CRISPR-Cas systems have been divided into two classes, each subdivided into three types and several subtypes. CRISPR-Cas systems are very abundant among archaea and often several different types of CRISPR systems are encoded on the same archaeal genome(Makarova et al., 2020).It has been observed that SIRV2 infection leads to massive activation of the CRISPR-Cas systems present in Sulfolobus islandicus LAL14/1[START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF]. The genome of S. islandicus LAL14/1 contains six CRISPR-cas loci encoding complexes of the three subtypes: I-A, I-D and III-B(Jaubert et al., 2013). The SIRV2 infection led to a sharp increase of the transcription levels of all CRISPR-cas arrays, except for one incomplete type III-B CRISPR-Cas module lacking the CRISPR array. Moreover, the expression of CRISPR arrays was activated immediately after SIRV2 infection and steadily increased during the course of the infection, with the highest levels of cas expression being reached 1 hpi. Notably, the expression levels of different CRISPR-Cas loci varied upon SIRV2 infection, suggesting their specialized roles during viral infection. The ability of SIRV2 to propagate in S. islandicus LAL14/1 despite the presence of active CRISPR-Cas systems carrying spacers matching the viral genome suggested the presence of viral anti-CRISPR (Acr) proteins which could counteract the host immune response[START_REF] Quax | Massive activation of archaeal defense genes during viral infection[END_REF]. Similarly, a transcriptomic analysis on STSV2 infected cells revealed a differential expression level of the CRISPR-Cas systems upon infection. S. islandicus REY15A, the STSV2 host, encodes one type I-A and two type III CRISPR systems.

  Rudivirus SIRV3, a closely related virus to SIRV2, undergoes a host-dependent carrier state infection in S. islandicus REY15A whereby the virus is maintained in a small fraction of the population over several days without apparent chromosomal DNA degradation, disturbance of the cell growth or induction of detectable CRISPR-Cas response. Notably, coinfection with the bicaudavirus SMV1 did not affect the SIRV3 carrier state and led to the coexistence of both viruses in the culture over 12 days, despite the induction of CRISPR spacer acquisition from SIRV3 DNA and the increased transcription of the subtype I-A CRISPR-Cas module. A plausible explanation for the maintenance of both viruses in the cell cultures seems to be that host CRISPR-Cas systems are inhibited by the virus-encoded Acr proteins encoded by SIRV3 and SMV1, which most likely target different types of CRISPR-Cas complexes encoded by the host(Papathanasiou et al., 2019). Transcriptomic analysis of S. solfataricus P2 cells infected
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 662 Counterdefense mechanismsViruses have evolved strategies to evade the targeting by host CRISPR-Cas adaptive immunity.The simplest mechanism involves mutations in the protospacer adjacent motifs (PAM), a short motif necessary for correct CRISPR targeting. A more sophisticated mechanism relies on the dedicated anti-CRISPR proteins (Acrs) which inhibit CRISPR-Cas by a diversity of mechanisms, including binding to specific subunits of the effector complexes. Although Acrs have been studied in many bacteriophages, only three archaeal Acr proteins have been characterized(Athukoralage et al., 2020; Bhoobalan-Chitty et al., 2019; He et al., 2018).All three archaeal Acrs were discovered in rudiviruses, although some of them display much broader distribution. The AcrID1 protein inhibits subtype I-D CRISPR-Cas system by binding directly to the Cas10d subunit of the I-D CRISPR-Cas effector complex. The AcrID1-Cas10d interaction blocks the interference stage of the I-D CRISPR-Cas response in which the CRISPR RNAs (crRNAs) and Cas proteins form an effector complex that recognizes the viral sequence complementary to that of the crRNA spacer and cleaves it. Notably, AcrID1 is a conserved dimeric αβ-sandwich protein widely distributed in viruses infecting hyperthermophilic crenarchaeota of the order Sulfolobales, including rudiviruses, lipothrixviruses, fuselloviruses and monocaudaviruses, with about 50 homologues(He et al., 2018).The two other Acr proteins disarm the type III CRISPR systems. Type III CRISPR-Cas systems exhibit a high complexity and is classified into four subtypes (A-D), of which subtypes III-A (Csm) and III-B (Cmr) have been the most studied ones. In both cases, the type III effector complex binds to the viral protospacer causing the activation of the Cas10 protein as well as the synthesis of cyclic oligoadenylates (cOAs) from ATP. The presence of cOAs, in turn, triggers the activation of the Csm6 RNase in the III-A system and Csx1 in the III-B system to cleave the viral mRNA. It has been recently demonstrated that SIRV2 gp48, which is conserved in several members of Rudiviridae and Lipothrixviridae, is an Acr protein that exclusively inhibits the subtype III-B CRISPR-Cas system (AcrIIIB1) of S. islandicus LAL14/1. AcrIIIB1 was demonstrated to bind to two distinct effector complexes of the subtype III-B system, Cmr-response is by interfering with the Csx1 RNase activation process(Bhoobalan-Chitty et al., 2019). The third archaeal Acr belongs to the DUF1874 protein family and was named AcrIII-1 family, because unlike all other known Acr of bacteria or archaea, it is not specific for a particular subtype, but blocks all subtypes of type III which use cyclic oligoadenylate signalling. AcrIII-1 is an enzyme with a ring nuclease activity, rapidly degrading the cyclic tetra-adenylate (cA4) second messenger into a linear di-adenylate (ApA>P) with a cyclic 2′,3′phosphate, thereby preventing the activation of the type III-associated RNase and, therefore,

Fig. 1

 1 Fig. 1 Electron micrographs of the VLPs observed in enrichment cultures. a Fuselloviruses (tailless lemon-shaped virions). b Bicaudaviruses (large, tailed lemon-shaped virions). c Ampullaviruses (bottle-shaped virions). d Rudiviruses (rod-shaped virions).

Fig. 2

 2 Fig. 2 Electron micrographs of the five isolated viruses. a Metallosphaera rod-shaped virus 1. b Acidianus rod-shaped virus 3. c Saccharolobus solfataricus rod-shaped virus 1. d Pyrobaculum filamentous virus 2. e Pyrobaculum spherical virus 2. Samples were negatively stained with 2% (wt/ vol) uranyl acetate. Scale bars: 500 nm; in insets: 100 nm.

  perfect 55 bp-long terminal inverted repeats (TIR), confirming the linear topology and (near) completeness of the genome. It contains 32 predicted open reading frames (ORFs), all located on the same strand. Thirteen PSV ORFs contain at least one predicted membrane-spanning region. Notably, two of them (ORFs 3 and 9) have nine predicted transmembrane domains (Table

Fig. 3

 3 Fig. 3 Genome alignment of the three members of the Globuloviridae family. The open reading frames (ORFs) are represented by arrows that indicate the direction of transcription. The terminal inverted repeats (TIRs) are denoted by black bars at the ends of the genomes. Genes encoding the major structural proteins are shown in

Fig. 4

 4 Fig. 4 Genome comparison of the three members of the Tristromaviridae family. The open reading frames (ORFs) are represented by arrows that indicate the direction of transcription. The terminal inverted repeats (TIRs) are denoted by black bars at the ends of the genomes. Genes encoding the major structural proteins are shown in dark gray, whereas the four-gene block discussed in the text is shown

Fig. 5

 5 Fig. 5 Genome alignment of the Italian rudiviruses. ARV3, MRV1, and SSRV1 are newly isolated members of the Rudiviridae family, whereas ARV1 and ARV2 were reported previously [49, 68]. The open reading frames (ORFs) are represented by arrows that indicate the direction of transcription. The terminal inverted repeats (TIRs) are denoted by black bars at the ends of the genomes. The functional annotations of the predicted ORFs are depicted above/below the corresponding ORFs. Homologous genes are connected by shading in

Figure S3 .

 S3 Figure S3. Entry of viral DNA into cells. Detection of SSRV1 (a), MRV1 (b), ARV3 (c), PFV2 (d) and PSV2 (e) DNA in different archaeal cells after 1 hpi. Members of the family Sulfolobaceae were mixed with the rudiviruses SSRV1, MRV1 and ARV3, whereas PFV2 and PSV2 were mixed with Pyrobaculum strains. PCR reactions targeting viral genomes were performed with extensively washed infected cells as a template.

Figure S4 .

 S4 Figure S4. Adsorption of SSRV1 to different strains from the family Sulfolobaceae. Cells were mixed with SSRV1 at an MOI of 0.05 and kept at 75°C for 1 h. The number of unbound virions was measured by titration and plaque assay of the cell-free supernatants at 1 hpi. Error bars represent standard deviation from three independent measurements.
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 S5 Figure S5. Transmission electron micrographs of infected cells at 32 hpi. a Metallosphaera sedula POZ202. b Acidianus brierleyi POZ9. The samples were negatively stained with 2% uranyl acetatse. Scale bars: 500 nm.
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 1 Fig. 1. Cryo-EM of the S. solfataricus rod-shaped virus (SSRV1). (A) Representative cryo-electron micrograph of SSRV1 virions. A Saccharolobus solfataricus Type IV pilus, indicated by black arrowhead, is the cellular receptor for SSRV1. (Scale bar, 50 nm.) (B) Averaged power spectrum of the segments used in the IHRSR reconstruction. The layer lines that were used to initially estimate the helical symmetry are indicated, along with the Bessel orders for the correct symmetry found. (C) Surface of the SSRV1 cryo-EM reconstruction at 2.8-Å resolution. The right-handed ∼43-Å pitch 1-start helix passing through every asymmetric unit is shown. (D) Helical net of SSRV1, using the convention that the surface is unrolled and we are viewing it from the outside. Since there are 14.67 subunits per turn of the right-handed 1-start helix, subunits S 14 and S 15 will be above the reference subunit S 0 indicated. (E) Top and side views of the SSRV1 atomic model fit into the EM map. The side view is from a central slice of the map/model, indicated by the dashed line. A-form DNA is colored magenta, and MCP dimers are cyan and yellow. (F) Ribbon models for the SSRV1 protein dimer and 36 bp of A-DNA, fit into the EM map. The clear separation of DNA base pairs is seen in the map, despite averaging over the entire genomic sequence with the imposition of helical symmetry.

Fig. 2 .

 2 Fig. 2. Cryo-EM of the S. islandicus filamentous virus (SIFV). (A) Representative cryo-electron micrograph of SIFV. Most of the virions are enveloped by a membrane, indicated by a black arrowhead. Some virions have lost their membrane, and one is indicated by a white arrowhead. This results in a narrower diameter, and these virions appear to have an increased flexibility. (Scale bar, 50 nm.) (B) Averaged power spectrum of the segments used in the IHRSR reconstruction. The layer lines that were used to initially estimate the helical symmetry are indicated, along with the Bessel orders for the correct symmetry found. (C) Top and side views of the SIFV atomic model fit into the EM map. The side view is from a central slice of the map/model, indicated by the dashed line. A-form DNA is colored magenta, and MCP dimers are in blue and yellow. The membrane has been filtered to 7-A ̊resolution and cylindrically averaged in this figure. The radial density profile of the cylindrically averaged and filtered membrane is shown. (D) Helical net of SIFV, using the convention that the surface is unrolled and we are viewing from the outside. Since there are 9.35 subunits per turn of the right-handed 1-start helix, subunits S 9 and S 10 will be above the reference subunit S 0 indicated. (E) The surface of the 3D reconstruction of SIFV at 4.0-Å resolution, with the membrane removed. (F) Ribbon models of the SIFV MCP dimer (cyan and yellow) and 36 bp of A-DNA (magenta), fit into the EM map. (G) An 11-aa loop (residues 122 to 132) of SIFV-1 associated with the membrane. An unambiguous backbone trace in this region was not possible due to the low resolution resulting from structural flexibility. The membrane shown here is not cylindrically averaged.

Fig. 3 .

 3 Fig. 3. Extensive MCP-DNA interactions in SSRV1 and SIFV. (A) N-terminal residues of SSRV1 MCP, SIFV MCP1 (SIFV-1), and SIFV MCP2 (SIFV-2) inserting into a groove of the A-DNA. The corresponding EM density in this region is shown. For SIFV, these residues are poorly ordered and therefore only a backbone trace is shown. Protein is red, and DNA is yellow. (B) Schematic indicating all of the polar protein-DNA contacts in SSRV1. The MCPs form a symmetrical dimer, so residues colored blue are related by the dihedral symmetry to those colored orange. (C) Schematic indicating all of the polar protein-DNA contacts in SIFV. Residues from SIFV-1 are colored blue, and those from SIFV-2 are colored orange. (D) Water molecules around A-DNA. The 12-bp A-DNA (wrapped by the SSRV1 homodimer) is shown in a yellow ribbon representation, and the water molecules are shown as red spheres. Several close-up views of water and nearby amino acids are shown with the EM density map.

Fig. 4 .

 4 Fig. 4. The flexibility of archaeal filamentous virions. (A) Estimates of the persistence length of the six archaeal filamentous virions. The measurements for each virus were from 100 filaments randomly selected from cryo-EMs. The measurements are shown in box-and-whisker plots that display five summary statistics (the median, two hinges, and two whiskers), and all "outlying" points individually. (B) The filamentous protein-DNA models of SSRV1 and SIFV, with DNA in magenta and protein in gray. (C) The parameters of all six archaeal filamentous virus structures, including helical rise and twist, 1-start pitch, A-DNA diameter, pitch angle θ, and the presence/absence of membrane. The DNA diameter is taken as the distance from the axis of the DNA on one side to the other, as this is more precisely defined than something like the outer diameter. (D) The electrostatic potential surface of all six archaeal filamentous virus structures, calculated by APBS (63).

Fig. 5 .

 5 Fig. 5. Structural conservation and diversity of the filamentous virus MCPs. (A) Structure-based sequence alignments of 10 MCP sequences from six archaeal filamentous virus structures. The α-helices are indicated by blue rounded rectangles, and β-sheets are indicated by orange rectangles. (B) Representative domain architecture of the MCP in known filamentous virus. An SSRV1 dimer with 36-bp A-DNA is shown: One MCP is shown in rainbow coloring and the other in white; DNA is colored magenta. N-terminal α-helices wrap DNA on the luminal side and C-terminal α-helix bundles wrap DNA facing the outer solvent or the membrane. (C) MCP comparison of SSRV1, SIRV2, SFV1, PFV2, AFV1, and SIFV. SSRV1 and SIRV2 are homodimers, while the other four MCP dimers are heterodimers. (D) All-against-all comparison of the six MCP dimers. The matrix is based on the pairwise TM score calculated from the MM-align server.

Fig. 6 .

 6 Fig.6. Inferred phylogenomic tree of archaeal filamentous viruses. The tree is based on whole-genome VICTOR analysis at the amino acid level. The tree is rooted with tristromaviruses, and the branch length is scaled in terms of the Genome BLAST Distance Phylogeny (GBDP) distance formula D6. The numbers above branches are GBDP pseudobootstrap support values from 100 replications. For each genome, the abbreviated virus name and GenBank accession number are indicated. The tree is divided into colored blocks according to the taxonomy of the compared viruses.

Figure 1 .

 1 Figure 1. Characterization of the SIFV infection cycle in S. islandicus LAL14/1 cells. (A) Electron micrograph of purified SIFV particles negatively stained with 2% uranyl acetate. Scale bar, 500 nm. (B) Electron micrograph of S. islandicus LAL14/1 cells infected with SIFV at a MOI of 10. Sample was collected 2 min post-infection and negatively stained with 2% uranyl acetate. Scale bar, 500 nm. (C) One-step growth curve (black) and adsorption kinetics (grey) of SIFV using as host S. islandicus LAL14/1. For the one-step growth curve, cells were infected with an MOI of 0.01 and samples of unadsorbed viruses were collected as described in Materials and Methods. For the adsorption test, cells were infected with an MOI of 0.05 and the percentage of unadsorbed virions was determined as described in Materials and Methods. (D) Optical density (OD) of S. islandicus LAL14/1 liquid cultures infected at MOIs ranging from 0.01 to 10. (E) Number of viable cells (CFU/mL) of infected S. islandicus LAL14/1 liquid cultures at different MOIs (0.01-10).

Figure 2 .

 2 Figure 2. Assembly of SIFV virions in the cytoplasm of the host cell. (A) A slice through a reconstructed tomogram of a sectioned sample of SIFV-infected cells at 12 hpi. (B-C) A segmented and surface-rendering displays of the tomogram in panel A, including various viral and cellular components: S-layer (yellow), virions (blue), ribosomes (purple). Bars, 40 nm. (D) A slice through a reconstructed tomogram of a sectioned sample of SIFV-infected cells at 12 hpi, displaying a transversal view of the virions assembled in the host cytoplasm. (E-F) A segmented and surface-rendering displays of the tomogram in panel D, including various viral and cellular components: S-layer (pink), pyramid in a closed-conformation (yellow), cellular and viral membranes (green), nucleoprotein cores (blue), ribosomes (purple). Bars, 40 nm. (G-H) Linear density profiles of four non enveloped (G) and enveloped virions (H) located adjacent to each other, respectively. C, nucleoprotein core, M, membrane.

Figure 3 .

 3 Figure 3. SIFV virions organized into twisted filament bundles. (A) A slice through a reconstructed tomogram of a cluster of enveloped virions observed at 12 hpi. (B) Top view of the array of enveloped virions. Virions located at the center and periphery of the bundle were colored to have them as positional references. (C) Cross-section through the middle of the array displayed in (B) brought to a vertical orientation. (D) Visualization of the total array displayed in (B). Virions located at the periphery were used to calculate the twist angle θ (θ=8°). (E) Black lines trace the non-perfect hexagonal lattice on which the SIFV virions are organized within the bundle.

Figure 4 .

 4 Figure 4. Visualization of infected S. islandicus LAL14/1 cells by TEM and SEM. (A-B) Infected S. islandicus LAL/14 cells collected at 12 hpi, negatively stained with 2% uranyl acetate and visualized under transmission electron microscopy (TEM). (C-D) Infected S. islandicus LAL/14 cells collected at 24 hpi and visualized by scanning electron microscopy (SEM). (E-F) Thin sections (70 nm) of infected S. islandicus LAL/14 cells collected at10 hpi and visualized by TEM. Arrows indicate VAPs at different stages. Scale bars, A, 200 nm; B, 100 nm; C, 200 nm; D, 200 nm; E, 200 nm; F, 100 nm.

Figure 5 .

 5 Figure 5. Visualization of the six-sided pyramidal structure formed by SIFV. (A) A slice through a reconstructed tomogram showing the closed conformation of a SIFV VAP. Scale bar, 50 nm. (B) Orthogonal view of the SIFV VAP shown in panel A, displaying the hexagonal shape of the base. Scale bar, 50 nm. (C) Lateral view of a 3D map in solid representation of a SIFV VAP. (D) Bottom view of a 3D map in solid representation of a SIFV VAP.

Figure 6 .

 6 Figure 6. Identification of the viral protein involved in VAP formation. (A) Stained SDS-PAGE gels of the cytosolic and membrane fractions of S. islandicus LAL14/1 cells infected with SIFV. Cellular fractions were prepared as described in Materials and Methods. B1-B5 labelling denotes the protein bands that appeared in the membrane fraction as a result of the infection. MW, molecular weight marker. (B) Thin section electron micrographs of E. coli cells expressing SIFV gp43. I, inner membrane, P, periplasmic space, O, outer membrane. Scale bars, 200 nm; in insets: 100 nm.

Figure 7 .

 7 Figure 7. A schematic representation of the SIFV life cycle. The infection starts when the virus binds to its specific host receptor; subsequently, the virus delivers its genetic material into the cell through an unknown mechanism. The viral genome is replicated, and nucleoprotein cores are formed in the cytoplasm by binding of heterodimers of the two MCPs to the linear DNA. Concomitantly with the virion assembly, hexagonal virus-associated pyramids (VAPs) start growing on the surface of infected cells. The formation of mature virions is accomplished when the nucleoprotein cores are enveloped in the cytoplasm through an unclear mechanism. Subsequently, the pyramidal structures disrupt the Slayer and open to produce apertures through which the mature virions exit.

Figure S2 .

 S2 Figure S2. Flow cytometry analysis of infected S. islandicus LAL14/1 cells. Representative DNA content distribution of uninfected and SIFV-infected cells at determined time points (MOI ≈ 3). The content distribution was measured as described in Material and Methods.

Figure S3 .

 S3 Figure S3. Slices through reconstructed tomograms of Sulfolobus islandicus LAL14/1 infected cells at 10 and 12 hpi. (A) Slices displaying SIFV infected cells at 10 hpi. (B) Slices displaying SIFV infected cells at 12 hpi. (C) Slices displaying SIFV infected cells at 12 hpi, wherein clusters of enveloped and non-enveloped nucleocapsids are highlighted with yellow and blue arrows, respectively. Scale bars, 100 nm.

Figure S5 .

 S5 Figure S5. Chemical structures of the lipid species identified in SIFV virions and S. islandicus LAL14/1 cells.

Figure S6 .

 S6 Figure S6. Visualization of the different stages of SIFV VAPs. The first three panels correspond to slices through reconstructed tomograms, whereas the last panel was observed from a thin section electron micrograph. Scale bar, first three panels 100 nm, last panel 400 nm.

Figure S7 .

 S7 Figure S7. Detection of the His6-tagged SIFV gp43 in induced E. coli cells by western blot. Membrane fractions of induced and non-induced samples were collected at 4 hours post-induction. The effect of DTT on the collected fractions was tested.

Figure 9 .

 9 Figure 9. Comparison of the filamentous viruses AFV1, SIRV2 and PFV2. (a) MCP dimer (asymmetric unit) comparison of AFV1, SIRV2 and PFV2. The MCP1 of AFV1, SIRV2 and PFV2 are colored in orange, gold and yellow, respectively. The MCP2 of AFV1, SIRV2 and PFV2 are colored in blue, cyan and light blue, respectively. The N-terminal helices of MCP1 in AFV1, SIRV2 and PFV2 are marked with black arrows. (b) Wrapping of A-DNA in AFV1, SIRV2 and PFV2. Five MCP dimers are displayed: one MCP dimer is colored as in (a); the other four colored in gray. Proteins are shown in ribbon representation (top) and as surfaces (bottom). (c) Comparison of genome maps of rudivirus SIRV2 (NC_004086), lipothrixvirus AFV1 (NC_005830) and tristromavirus PFV2 (MN876844). Homologous genes (E < 1e-04) are indicated with the same colors. The homology between the MCPs of PFV2 (yellow and cyan ORFs) and those of the other two viruses is not recognizable by sequence similarity searches. Figure reproduced with permission from Wang, F., Baquero, D.P., Su, Z., Osinski, T., Prangishvili, D., Egelman, E.H., and Krupovic, M. (2020). Structure of a filamentous virus uncovers familial ties within the archaeal virosphere. Virus evolution 6, veaa023.

  proposed genus "Hoswirudivirus," carry adjacent genes encoding two homologous major capsid proteins of about 108 and 134-aa long (chapter 1), suggesting that viruses of this genus might represent a missing evolutionary link between the families Rudiviridae and Lipothrixviridae. Our mass spectrometry and structural studies have shown that only one of the two MCPs encoded by SSRV1 is incorporated into the virion (chapter 2). This finding, combined with comparative genomics analysis, is most compatible with the evolution of rudiviruses from a lipothrixvirus-like ancestor by shedding of the lipid envelope. This study has provided valuable insights into the long-standing question on the evolutionary relationships among filamentous archaeal viruses. A future study should investigate whether the inactivated MCP of SSRV1 was exapted for a different function during the evolution of this virus lineage.

  infection of Sulfolobus islandicus strains in which different ESCRT components have been knocked down would provide insights into the role, if any, of this membrane-remodeling machinery in the release of archaeal filamentous viruses. The results obtained during my PhD thesis project shed light on the diversity of crenarchaeal viruses and uncovered molecular mechanisms employed by archaeal viruses to interact with their hosts. Further exploration of the archaeal virus diversity and development of new virushost model systems, coupled with advances in molecular biology, genetics and microscopy tools will continue uncovering the mysteries of the archaeal virosphere.

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Representative viruses of the Archaea

	Family name	Virion shape	Representative member	Host	Genome topology and size (bp)
	Ampullaviridae	Bottle-shaped, fibers at the broad end	Acidianus bottle-shaped virus (ABV)	Acidianus convivator	Linear dsDNA, 23,900
	Bicaudaviridae	Spindle-shaped with one or two appendages	Acidianus two-tailed virus (ATV)	Acidianus convivator	Circular dsDNA, 62,730
	Clavaviridae	Bacilliform	Aeropyrum pernix bacilliform virus 1 (APBV1)	Aeropyrum pernix	Circular dsDNA, 5,278
	Fuselloviridae	Spindle-shaped with fibers located at one end	Sulfolobus spindle-shaped virus 1 (SSV1)	Saccharolobus shibatae	Circular dsDNA, 15,465
	Globuloviridae	Spherical	Pyrobaculum spherical virus (PSV)	Pyrobaculum sp. D11	Linear dsDNA, 28,337
	Guttaviridae	Droplet/ovoid-shaped	Aeropyrum pernix ovoid virus 1 (APOV1)	Aeropyrum pernix	Circular dsDNA, 13,769
	Halspiviridae	Spindle-shaped with fibers located at one end	Haloarcula hispanica virus 1 (His1)	Haloarcula hispanica	Linear dsDNA, 14,462
	Lipothrixviridae	Flexible filament with terminal structures	Acidianus filamentous virus 1 (AFV1)	Acidianus hospitalis	Linear dsDNA, 21,080
	Myoviridae	Icosahedral head with long contractile tail	Halorubrum sodomense tailed virus 2 (HSTV-2)	Halorubrum sodomense	Linear dsDNA, 68,527

  ). Image reproduced with permission from Daum, B., Quax, T.E.F., Sachse, M., Mills, D.J., Reimann, J., Yildiz, Ö., Häder, S., Saveanu, C., Forterre, P.,[START_REF] Albers | The Family Sulfolobaceae. In The Prokaryotes: Other Major Lineages of Bacteria and The Archaea[END_REF]. Self-assembly of the general membrane-remodeling protein PVAP into sevenfold virus-associated pyramids. Proceedings of the National Academy ofSciences 111,[3829][3830][3831][3832][3833][3834] 

Table 2

 2 Genomic features of the hyperthermophilic archaeal viruses isolated in this study.

	Virus	Host	Size (bp) TIR Topology GC% ORFs Accession #
	MRV1 Metallosphaera sedula POZ202	20269	+	linear	34.12 27	MN876843
	ARV3 Acidianus brierleyi POZ9	23666	-	linear	32.02 33	MN876842
	SSRV1 Saccharolobus solfataricus POZ149 26097	-	linear	32.31 37	MN876841
	PSV2	Pyrobaculum arsenaticum 2GA	18212	+	linear	45.01 32	MN876845
	PFV2	Pyrobaculum arsenaticum 2GA	17602	+	linear	45.32 39	MN876844

TIR terminal inverted repeats, ORFs open reading frames.

Table S1 .

 S1 Sampling conditions and geological features of the nine samples collected in the solfataric field of Pisciarelli in Pozzuoli, Italy. Coordinates are displayed in the Decimal Degrees format.

	Sample Coordinates pH Temperature (°C) Sample type	Geological features of the sampled sites*
		40° 49.749'N		Milky water	Persistent vigorous bubbling water pool, 1-2 m large and several tens of
	I1	14° 08.823'E 1-2 94		cm deep, located at the base of the southern scarp (L60b)
		40° 49.748'N		Milky water	Bubbling water within a hole which is 50 cm wide and 1 m deep, found
	I2	14° 08.822'E 1	91.8		at the base of the southern scarp (L60)
		40° 49.755'N		Grey mud-bearing water	Main mud pool with bubbling zones
	I3	14° 08.824'E 4-5 81.9-91.2	
		40° 49.758'N		Water spray	Small-sized fracture at the soil surface nearby the main mud pool
	I4	14° 08.821'E 7	95.6		(Fratturina)
		40° 49.763'N		Blackish loose sand (occasional	Vapour-emitting fault of the scarp delimiting the mud pool area to the
	I5	14° 08.825'E N.D. 95	substrate for native sulfur crystallization)	north (L1vent)
		40° 49.748'N		Grey mud with whitish sand	Vapour chimney above the scarp, which borders the mud pool area to
	I6	14° 08.832'E N.D. 91.8		the south (L20camino)
		40° 49.750'N		Grey to black mud	Chimney with low intensity, geyser-like emissions, located above the
	I7	14° 08.835'E N.D. 94.8		scarp bordering the mud pool to the south (L19)
		40° 49.747'N		Blackish sand (substratum of native	Wall rock with feeble vapour emissions above the scarp proxy to the
	I8	14° 08.823'E N.D. 93.3	sulfur crystallization)	water pools (L70)
		40° 49.745'N		Blackish to whitish sand (substratum of	Wall rock with feeble vapour emissions found at the base of the western
	I9	14° 08.821'E N.D. 92.6	native sulfur crystallization)	scarp (L100)

Table S2 .

 S2 Functional annotation of the PSV2 genome.

		15479-16249	256	+ (4)				PSV [YP_015552]	3E-09	28.35
	ORF Position 16279-16446	Length, aa 55	TMD Annotation -	HHpred hit Probability (%) Blast hit	E-value	Identity (%)
	1	276-491 16439-16990	183	--					
	2 3	515-2092 17053-17562 2122-3045 17555-18034	169 159	--+ (9) Cation exchanger, membrane transport protein AAA+ domain found in chaperone proteins ClpB and heat shock proteins -Hypothetical transcription regulator, WHH	6AZY_A 4KJR_A 2X4H_B, 2GXG_A	99.6 95.5 94.4	PSV [YP_015523] PSV [YP_015524]	4E-09 3E-94	27.44 51.03
	4	3085-3225		+ (1) Circadian clock protein KaiB	5JWO_B	93		
	5	3261-3710		-				PSV [YP_015528]	4E-09	32.46
	6	3720-3983		-				PSV [YP_015529]	4E-08	36.71
	7	4022-4726		-				PSV [YP_015536]	5E-42	38.71
	8	4755-5486		+ (1)				PSV [YP_015537]	2E-64	52.58
	9	5516-6424		+ (9)				PSV [YP_015538]	4E-42	35.05
	10	6448-6765		-					
	11	6785-7114		+ (2) DUF1286-family protein	PF06939.11 99.5	PSV [YP_015539]	2E-19	47.86
	12	7133-7849		+ (3) Structural protein VP3			PSV [YP_015540]	3E-12	29.66
	13	7895-8167		-					
	14	8192-8917		+ (6) Structural protein VP2			PSV [YP_015541]	1E-77	64.62
	15	8919-9821		+ (6)				PSV [YP_015542]	3E-50	40.22
	16	9818-10213		+ (1)					
	17	10242-10661		+ (1)				PSV [YP_015544]	9E-17	34.59
	18	10821-11042		-				PSV [YP_015545]	7E-22	54.05
	19	11042-11509		+ (4)				PSV [YP_015546]	2E-65	63.92
	20	11562-11819		-	Structural protein VP1			PSV [YP_015547]	2E-25	49.41
	21	11872-12207		-					
	22	12437-12727		-					
	23	12756-13559		+ (2)				PSV [YP_015551]	1E-29	34.07
	24	13556-13699		-					
	25	13731-14138		-					
	26	14135-14740		-				PSV [YP_015531]	1E-06	32.09
	27	14727-15446		-	PSV protein ORF239	2X3M_A	100	PSV [YP_015532]	2E-17	33.52

Table S4 .

 S4 Functional annotation of the SSRV1 genome.

	7	1963-2235	+ (1)	family contains only archaeal MPN-like domains.			ARV2 [YP_009230220] 5E-37	62.22
	8 35	2379-3686 25188-24664	--	AAA+ ATPase domain	PF13337.6 100	ARV2 [YP_009230221] 0.0	89.66
	9 10 36 11 37	3692-4318 4675-5001 25582-25331 5083-5487 26062-25787	-----	Cas4, CRISPR, MCSG, Exonuclease SIRV2 major capsid protein SIRV2 major capsid protein PadR-family transcriptional regulator; PadR, wHTH DNA binding domain	4IC1_H 3J9X 3J9X 5DYM_A	99.8 99.9 100 94.5	ARV2 [YP_009230222] 3E-130 ARV2 [YP_009230223] 6E-67 Acidianus filamentous 4E-11 virus 6 [YP_001604177] ARV2 [YP_009230224] 1E-83 ARV1 [YP_001542655] 0.21	84.54 40.70% 93.46 91.04 34.88%
	12	5568-5792	-	DNA-binding domain	2XIG_A	92	ARV2 [YP_009230225] 2E-39	83.78
	13	5793-6812	-	N-acetyl-alpha-D-glucosaminyl L-malate synthase 5D01_A	99.9	ARV2 [YP_009230226] 0.0	94.10
	14	7739-6795	-				ARV2 [YP_009230227] 0.0	88.70
	15	7753-8124	-				ARV2 [YP_009230228] 4E-74	94.64
	16	8117-8365	+ (1)				ARV2 [YP_009230229] 9E-37	86.59
	17	8572-8366	-				ARV2 [YP_009230230] 1E-28	85.94
	18	9062-8565	-	GCN5-related N-acetyltransferase; transcriptional regulator (?)	1Z4E_B	99.5	ARV2 [YP_009230231]	4E-109	92.12
	19	9461-9114	-	Holliday-junction resolvase (S. solfataricus)	1OB8_A	99.6	ARV2 [YP_009230233] 5E-67	93.04
	20	10918-9470	-				ARV2 [YP_009230234] 0.0	86.84
	21	11024-11320	+ (1)	SIRV3 pyramid forming protein, c92 STIV			SIRV1 [NP_666630]	5E-26	50.51
	22	11351-13138	-	Domain of unknown function (DUF2341)	PF10102.9 99.2	ARV2 [YP_009230236] 0.0	82.60
	23	13271-16618	-	C-terminal Tale-like DNA-binding domain	4HPZ_A	98.6	ARV2 [YP_009230237] 0.0	86.37
	24	16620-17819	-				ARV2 [YP_009230238] 5E-172	64.13
	25	17899-18369	-	FkbM domain methyltransferase	2PY6_A	99	ARV2 [YP_009230239] 7E-100	86.54
	26	18376-18966	-	dTDP-rhamnosyl transferase, GT2_RfbF_like	cd02526	90.2	ARV2 [YP_009230240] 5E-110	70.26
				GDP-mannose-dependent alpha-(1-6)-					
				phosphatidylinositol monomannoside					
	27	18992-20023	-	mannosyltransferase	3OKP_A	99.9	ARV2 [YP_009230241] 0.0	92.11
	ORF Position 28 20623-20000	Length, aa TMD Annotation -Endoglycosidase; glycoside hydrolase family 18	HHpred hit Probability (%) Blast hit 6Q64_A 88.7 ARV2 [YP_009230242] 7E-134 E-value	Identity (%) 87.92
	1 29	35-271 21886-20633	-+ (12) Amino acid transporters	PF00324.21 99.9	ARV2 [YP_009230213] 1E-19 ARV2 [YP_009230243] 0.0	46.67 87.29
	2 30	284-460 22720-21908	--	CopG DNA binding proteins, CopG-like RHH motif Transcription initiation factor IIB	1IRQ_A 5IYD_M	98.7 100	SRV [YP_009094260] ARV2 [YP_009230244] 2E-125 3E-23 Acidianus two-tailed	64.44 74.14
	3 31	955-521 23103-22879	--	HUH superfamily endonuclease, Rep	2X3G_A	100	ARV2 [YP_009230215] 7E-61 virus [YP_319834] 8E-24	73.24 56.76
	4 32	1207-992 23256-23113	--	SIRV1 ORF56B, transcription factor	2KEL_B	98.7	ARV2 [YP_009230216] 6E-20 ARV2 [YP_009230245] 2E-16	75.51 72.34
	5 33 6 34	1299-1580 23599-23264 1582-1962 24491-23649	----	ParG-like RHH protein with 4 α-helices AcrIII-1 (DUF1874) SIRV1 ORF131 MPN_archaeal; Mov34/MPN/PAD-1 family: archaeal JAB1/MPN/Mov34 metalloenzyme. This cd08059 PF09274.10 94 PF08960.10 100 2X5H_D 100 95.5	ARV2 [YP_009230246] 1E-51 ARV2 [YP_009230218] 7E-38 ARV2 [YP_009230219] 1E-62 ARV2 [YP_009230247] 4E-171	83.33 68.47 80.16 81.79

Table S5 .

 S5 Functional annotation of the MRV1 genome.

		10456-10695 79	+ (2)				ARV2 [YP_009230235] 2E-46	93.67
		10741-12546 601	-	Domain of unknown function (DUF2341)	PF10102.9 99	ARV2 [YP_009230236] 0.0	78.33
		12679-16026 1115	-	C-terminal Tale-like DNA-binding domain	4HPZ_A	98.2	ARV2 [YP_009230237] 0.0	84.64
		16028-17107 359	-				ARV2 [YP_009230238] 5E-113	49.06
		17187-17657 156	-	FkbM domain methyltransferase	PF05050.12 99.1	ARV2 [YP_009230239] 2E-103	87.82
		17664-18254 196	-	Glycosyltransferase like family 2 (Glyco_tranf_2_2)	PF10111.9 83.9	ARV2 [YP_009230240]	1E-120	76.29
		18280-19311 343	-	GDP-mannose-dependent alpha-(1-6)-phosphatidyl inositol monomannoside mannosyltransferase	3OKP_A	99.9	ARV2 [YP_009230241]	0.0	87.72
	ORF Position 1 16-192 20136-19288 282 Length, aa TMD Annotation -CopG DNA binding proteins, CopG-like RHH motif -Transcription initiation factor IIB	HHpred hit Probability (%) Blast hit 1IRQ_A 98.8 [YP_009272968] SIRV3 5IYD_M 100 ARV2 [YP_009230244] 2E-162 E-value 9E-17	Identity (%) 62.07 77.09
	2	663-217	-	HUH superfamily endonuclease	2X3G_A	100	ARV2 [YP_009230215] 7E-65	72.11
	3	846-700	-	Transcription repressor/SIRV1/56B; RHH motif	2KEL_B	98.9	ARV2 [YP_009230216] 7E-20	78.72
	4	1034-1252	-	ParG-like RHH protein with 4 α-helices	PF09274.10 95.8	ARV2 [YP_009230218] 3E-39	84.72
	5	1254-1622	-	SIRV1 ORF131	2X5H_D	100	ARV2 [YP_009230219] 1E-59	76.98
	6	1623-1895	-				ARV2 [YP_009230220] 4E-50	81.11
	7	2075-3382	-	AAA+ ATPase domain	PF13337.6 100	ARV2 [YP_009230221] 0.0	92.64
	8	3379-4014	-	Cas4, CRISPR, MCSG, Exonuclease	4IC1_H	99.9	ARV2 [YP_009230222] 2E-133	86.73
	9	4083-4409	-	SIRV2 major capsid protein	3J9X	99.9	ARV2 [YP_009230223] 4E-60	85.05
	10	4491-4895	-	SIRV2 major capsid protein	3J9X	100	ARV2 [YP_009230224] 7E-85	91.04
	11	4976-5200	-	Phage integrase, N-terminal SAM-like domain (Phage_int_SAM_4)	PF13495.6 93.5	ARV2 [YP_009230225]	1E-38	79.73
	12	5201-6220	-	GDP-mannose-dependent alpha-(1-6)-phosphatidyl inositol monomannoside mannosyltransferase	3OKP_A	99.9	ARV2 [YP_009230226]	0.0	88.20
	13	7147-6203	-				ARV2 [YP_009230227] 1E-178	84.93
	14	7194-7532	-				ARV2 [YP_009230228] 1E-66	85.71
	15	7525-7773	+ (1)				ARV2 [YP_009230229] 2E-36	85.37
	16	7968-7774	-				ARV2 [YP_009230230] 5E-34	92.19
	17	8458-7961	-	GCN5-related N-acetyltransferase	2OH1_C	96.8	ARV2 [YP_009230231] 2E-105	87.58
	18	8845-8498	-	GCN5-related N-acetyltransferase	1OB8_A	99.6	ARV2 [YP_009230231] 2E-105	87.58
	19	10341-8854	-				ARV2 [YP_009230233] 1E-64	89.57

TMD, transmembrane domains. Blast hits were obtained with BLASTP, using the nr protein database (E-value of 1e-03). Distant homologs were identified by HHpred.

Table S6 .

 S6 Functional annotation of the ARV3 genome.

	15	7527-7751		-	Phage integrase, N-terminal SAM-like domain (Phage_int_SAM_4)	PF13495.6	90.7	ARV2 [YP_009230225]	1E-38	82.43%
	16	7752-8771		-	GDP-mannose-dependent alpha-(1-6)-phosphatidyl inositol monomannoside mannosyltransferase	3OKP_A	99.9	ARV2 [YP_009230226]	0.0	85.84%
	17	9698-8754		-				ARV2 [YP_009230227] 2E-177	82.53%
	18	9904-10191		-				ARV2 [YP_009230228] 3E-47	78.95%
	19	10184-10432		+ (1)				ARV2 [YP_009230229] 2E-34	84.15%
	20	10632-10427		-				ARV2 [YP_009230230] 3E-26	78.12%
	21	11153-10632		-	GCN5-related N-acetyltransferase	2OH1_C	96.8	ARV2 [YP_009230231] 6E-100	90.67%
	22	11392-11195		+ (2)				ARV2 [YP_009230232] 2E-17	83.33%
	23	11741-11385		-	Holliday-junction resolvase (S. solfataricus)	1OB8_A	99.7	ARV2 [YP_009230233] 3E-58	77.19%
	24	13156-11741		-				ARV2 [YP_009230234] 0.0	79.62%
	25	13355-13594		+ (2)				ARV2 [YP_009230235] 1E-44	88.61%
	ORF Position 26 13640-15421	Length, aa TMD Annotation -Domain of unknown function (DUF2341)	HHpred hit Probability (%) Blast hit PF10102.9 99.3 ARV2 [YP_009230236] 0.0 E-value	Identity (%) 77.53%
	27	839-1012 15518-18865	57	--	C-terminal Tale-like DNA-binding domain	4HPZ_A	97.7	ARV2 [YP_009230237] 0.0	82.78%
	28	1039-1410 18867-20078	123	--				ARV1 [YP_001542646] 5E-91	39.80%
	29	1562-1792 20242-20712	76	--	FkbM domain methyltransferase	PF05050.12	99.1	ARV1 [YP_001542654] 2E-20 ARV2 [YP_009230239] 1E-92	57.14% 80.77%
	30	20719-21309		-	Glycosyltransferase like family 2 (Glyco_tranf_2_2)	PF10111.9	89.4	Acidianus shaped ARV2 [YP_009230240] spindle-virus 1	3E-24 4E-88	78.18% 59.48%
	31	1802-1987 2173-2478 21335-22372	61 101	---	Transcriptional regulator, CopG-like RHH_7 motif 2K29_B Probable transcriptional regulator PA3067 d2hr3a1 GDP-mannose-dependent alpha-(1-6)-phosphatidyl inositol monomannoside mannosyltransferase 3OKP_A	98.8 87.4 99.9	[YP_003331424] ATV2 [AON96442] ARV2 [YP_009230241]	3E-52 0.0	91.11% 87.68%
	32	3022-2552 23191-22346	156	--	HUH superfamily endonuclease, Rep Transcription initiation factor IIB	2X3G_A 5IYD_M	100 100	ARV2 [YP_009230215] 3E-50 ARV2 [YP_009230244] 4E-82	55.77% 44.57%
	33	3241-3086 23550-23326	51	--	Transcription repressor/SIRV1/56B; RHH motif	2KEL_B	98.9	ARV2 [YP_009230216] 5E-16 ATV [YP_319834] 3E-22	70.45% 50.00%
		3366-3659	97	-	Transcription repressor/SIRV1/56B; RHH motif	2KEL_B	96.4	ARV2 [YP_009230218] 8E-28	68.06%
		3661-4053	130	-	SIRV1 ORF131	2X5H_D	100	ARV2 [YP_009230219] 2E-47	60.00%
		4069-4323	84	-				ARV2 [YP_009230220] 3E-11	35.80%
		4518-5828	436	-	AAA+ ATPase domain	PF13337.6	100	ARV2 [YP_009230221] 0.0	82.30%
									9,0E-115
										74.40%
		5831-6457	208	-	Cas4, CRISPR, MCSG, Exonuclease	4IC1_H	99.8	ARV2 [YP_009230222]	
		6550-6879	109	-	SIRV2 major capsid protein	3J9X	97.2	ARV2 [YP_009230223] 6E-43	60.75%
		7018-7422	134	-	SIRV2 major capsid protein	3J9X	100	ARV1 [YP_001542641] 7E-84	87.31%

Table S7 .

 S7 CRISPR spacer matches to the genomes of Italian rudiviruses and tristromavirus PFV2 obtained in the CRISPRdb database.

	Virus	Alignment	Spacer source	Identity, %	E-value
	ARV1	GAAGACAATTCGTTTTTTTTCAATCCAAGAGATGAAAAT ||||| ||||| ||| ||||||||||||||||||||||| 6.2	Saccharolobus solfataricus 98/2		3e-05
		GAAGAAAATTCATTTATTTTCAATCCAAGAGATGAAAAT			
	ARV2	TCAGATTCTGGCAGTTGATCCACAAATTTCCTAATT	Saccharolobus solfataricus P1		4e-10
		||||||||||||||||||||||||||||||||||||			
		TCAGATTCTGGCAGTTGATCCACAAATTTCCTAATT			
		TAAACCGCAACCTTTTATAAAATCTTCAACTGTAA	Metallosphaera sedula DSM		1e-09
		|||||||||||||||||||||||||||||||||||	5348		
		TAAACCGCAACCTTTTATAAAATCTTCAACTGTAA			
		CGACATTTTCATTATGGATTGTGAGGGATGTGA	Saccharolobus solfataricus		2e-08
		|||||||||||||||||||||||||||||||||	98/2		
		CGACATTTTCATTATGGATTGTGAGGGATGTGA			
		CCAATTCTTGCAAGTGTTGTCCAAATATTTGACCGAAAA	Saccharolobus solfataricus		6e-08
		|||||||||| ||||||||||||||||||||||| ||||	98/2		
		CCAATTCTTGTAAGTGTTGTCCAAATATTTGACC-AAAA			
		AATTTCAAACTTGCAAACGCAACAATTAAATA	Saccharolobus solfataricus		6e-08
		||||||||||||||||||||||||||||||||	98/2		
		AATTTCAAACTTGCAAACGCAACAATTAAATA			
	ARV3	TCATCTACGGTTGCAAGTTCCATAGCCAAGTTGTCAAG	Saccharolobus solfataricus P1		3e-11
		||||||||||||||||||||||||||||||||||||||			
		TCATCTACGGTTGCAAGTTCCATAGCCAAGTTGTCAAG			
		TCAAAAGGTCTTATTTTCGATGAAATTCAAACTTGGAAA	Sulfolobus islandicus HVE10/4		3e-05
		||||| ||||| ||||| |||||||||||||||||||||			
		TCAAATGGTCTAATTTTTGATGAAATTCAAACTTGGAAA			
		GAAGAAAACTCATTTTTTTTCAATCCTAGAGATGAAAAT	Saccharolobus solfataricus		3e-05
		|||||||| |||||| |||||||||| ||||||||||||	98/2		
		GAAGAAAATTCATTTATTTTCAATCCAAGAGATGAAAAT			
		AATTGTAGGTGCAGATTGCGGATCATCAGCTTTGTATTT	Saccharolobus solfataricus P2		3e-05
		||||||||| ||||||||||| ||||| |||||||||||			
		AATTGTAGGGGCAGATTGCGGTTCATCGGCTTTGTATTT			
		GCAGTTTTCGTAACCCTTCTAATAAAATACGATCTGTC	Sulfolobus islandicus HVE10/4		1e-04
		||||||||||||| |||||||||||||| ||||||||			
		GCAGTTTTCGTAATTCTTCTAATAAAATAAGATCTGTC			
	SSRV1 TCTTTAGTCGCTATAATGTCGGGTAATGGTTGCTTACCAG	Metallosphaera sedula DSM		3e-12
		||||||||||||||||||||||||||||||||||||||||	5348		
		TCTTTAGTCGCTATAATGTCGGGTAATGGTTGCTTACCAG			
		AATATTTGTAAATTTCATCAAACATTTTCCTAACTTTATC	Metallosphaera sedula DSM		3e-12
		||||||||||||||||||||||||||||||||||||||||	5348		
		AATATTTGTAAATTTCATCAAACATTTTCCTAACTTTATC			
		CTATGAAATTATCGCATTCGTATGCAAAATATTTCTGGATCT	Metallosphaera sedula DSM		3e-11
		|||||||||| |||||||||||||||||||||||||||||||	5348		
		CTATGAAATTGTCGCATTCGTATGCAAAATATTTCTGGATCT			
		CTATGAAATTATCGCATTCGTATGCAAAATATTTCTGGATCT	Metallosphaera sedula DSM		3e-11
		|||||||||| |||||||||||||||||||||||||||||||	5348		
		CTATGAAATTGTCGCATTCGTATGCAAAATATTTCTGGATCT			
		TGAAAATATTCCAGCGTTATACTTTTGCTTAATGTACTCTTT	Metallosphaera sedula DSM		3e-11
		|||||||||| |||||||||||||||||||||||||||||||	5348		
		TGAAAATATTTCAGCGTTATACTTTTGCTTAATGTACTCTTT			
	MRV1 ATTTTCAGCTGAAAATTTGAAATCTGTAGATTT	Saccharolobus solfataricus P2		1e-08
		|||||||||||||||||||||||||||||||||			
		ATTTTCAGCTGAAAATTTGAAATCTGTAGATTT			
		ATGCCGACATTTTCATTATGGATTGTGAAGGATGTGA	Saccharolobus solfataricus		1e-08
		|||||||||||||||||||||||||||| ||||||||	98/2		
		ATGCCGACATTTTCATTATGGATTGTGAGGGATGTGA			
		AAAAAATATGATATTAAGTTTTTATACAAAAGATTTCTA	Sulfolobus sp. A20		2e-07
		|||||||||||||| || |||||||||||||||||||||			
		AAAAAATATGATATAAACTTTTTATACAAAAGATTTCTA			
		AATTTACGATATTATACCAGTTGAACCTGCAAAAAATGT	Saccharolobus solfataricus P2		2e-07
		|||||||||||||||||| ||||| ||||||||||||||			
		AATTTACGATATTATACCGGTTGAGCCTGCAAAAAATGT			
		AAGTTAGGTTGCGAAACTGAAAAAGCAATTGAATATGA	Saccharolobus solfataricus P1		6e-07
		|||||||||||||| ||||| |||||||||||||||||			
		AAGTTAGGTTGCGACACTGAGAAAGCAATTGAATATGA			
	PFV2	TGGGTCTGGTCTTCTAACCGGTTTTA-GCGGGTTTTTGTGGG	Pyrobaculum oguniense TE7		9e-04
		||||||||| |||||||| || |||| | |||||||||||||			
		TGGGTCTGGGCTTCTAACTGGCTTTATG-GGGTTTTTGTGGG			
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Table 1 .

 1 Cryo-EM and refinement statistics of the SSRV1 and SIFV filaments

	Parameter	SSRV1	SIFV
	Data collection and processing		
	Voltage, kV	300	300
	Electron exposure, e -•Å -2	50	44
	Pixel size, Å	1.08	1.4
	Particle images, n	470,216	167,541
	Helical symmetry		
	Point group	D1	C1
	Helical rise, Å	2.94	5.48
	Helical twist, °24.53	38.49
	Map resolution, Å		
	Map:map FSC (0.143)	2.7	3.9
	Model:map FSC (0.38)	2.8	4.0
	d 99	2.8	4.3
	Refinement and model validation		
	Map-sharpening B-factor, Å 2	-122	-185
	Bond lengths rmsd, Å	0.007	0.005
	Bond angles rmsd, °0.692	0.704
	Clashscore	3.71	18.8
	Poor rotamers, %	0	0
	Ramachandran favored, %	98.4	91.9
	Ramachandran outlier, %	0	0
	MolProbity score	1.16	2.26
	Deposition ID		
	PDB (model)	6WQ0	6WQ2
	EMDB (map)	EMD-21867	EMD-21868
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The egress of the enveloped filamentous virus SIFV involves intracellular envelopment and formation of virus-associated pyramids
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The authors declare that they have no competing interests. (Figure 4A). No such structures were observed on the surface of non-infected cells. Scanning electron microscopy (SEM) analysis confirmed the presence of perforations in the envelope of infected cells at 12 hpi (Figure 4B). The hexagonal apertures closely resemble the opened VAPs previously observed in Pyrobaculum oguniense cells (Rensen et al., 2015). The analysis of thin sections of infected cells demonstrated the presence of pyramidal structures in SIFV-infected cells (Figure 4C), similar to those previously described for lytic viruses of the families Rudiviridae, Turriviridae and Ovaliviridae (Bize et al., 2009;Brumfield et al., 2009;Wang et al., 2018).

ABSTRACT

To obtain further details about the SIFV-induced VAPs, we used dual-axis electron tomography. The VAPs displayed considerable variation in size: the height (measured from the base to the tip of the VAP) ranged from ∼38 to 124 nm and the diameter (measured between the opposite sides of the VAPs' base) varied from 48 to 220 nm (n= 22). The SIFV VAPs grow outwards, penetrating and disrupting the S-layer of the host cell (Figures 5A andS6). At 12 hpi, when the virions are being released, open VAPs were also detected; VAP opening leads to the loss of the intracellular content, including the virions, leaving behind the empty "ghost cells" (Figure S6). Occasionally, SIFV VAPs were associated with dense spherical bodies (Figure 5A), also observed in the case of SIRV2 and STIV VAPs (Daum et al., 2014;[START_REF] Fu | In vivo assembly of an archaeal virus studied with whole-cell electron cryotomography[END_REF]. The relevance of these structures for VAP formation and/or virus release remains unknown. Notably, unlike in the case of VAPs produced by other viruses (Brumfield et al., 2009;Quax et al., 2011;Wang et al., 2018), where multiple VAPs per cell were observed, in the case of SIFV, no more than three VAPs were detected per section of SIFV-infected cells.

Orthogonal views of SIFV VAPs clearly reveal their hexagonal base (Figure 5B), consistent with the six-sided apertures observed in the cell envelope by negative stain electron microscopy (Figures 4A-B). A three-dimensional (3D) map of a SIFV VAP in closed conformation was obtained by manually segmentation (Figures 5C-D). The reconstruction shows that SIFV pyramids are baseless hollow structures consisting of six triangular sides. Presence of VAPs of highly variable sizes, including small

VAPs located beneath the S-layer, it is likely that VAP formation is nucleated by a small hexameric assembly which develops into a six-sided VAP by gradual growth of the triangular facets.

SIFV gp43 is sufficient for VAP formation

SIFV does not encode identifiable homologs of the previously reported VAP proteins P98 and C92 of rudivirus SIRV2 and turrivirus STIV, respectively (Quax et al., 2010;Snyder et al., 2011). Given that the VAPs of rudiviruses and turrivirus are seven-sided (Daum et al., 2014;[START_REF] Fu | In vivo assembly of an archaeal virus studied with whole-cell electron cryotomography[END_REF]Quax et al., 2010), whereas those of SIFV are six-sided, it is conceivable that the proteins forming the two types of VAPs might be unrelated. Thus, to identify the protein responsible for formation of the SIFV VAPs, the proteins enriched in the membrane fraction of SIFV-infected cells at 12 hpi were analyzed by SDS-PAGE and LC-MS/MS. Five protein bands (B1-B5) appeared or grew in intensity in the membrane fraction of infected cells at 12 hpi, compared to earlier time points post infection or the non-infected control (Figure 6A). The upper bands B1 and B2 (with molecular masses of ~20 and ~24 kDa, respectively), also visible in the membrane fraction of infected cells at 10 hpi, were identified as the two major capsid proteins of SIFV, as discussed above. The bands B3 (~15 kDa), B4 (~12 kDa) and B5 (~9 kDa) were detected exclusively in the membrane fraction of infected cells at 12 hpi (Figure 6A).

Whereas B3 contained no identifiable virus proteins, LC-MS/MS analysis has shown that bands B4 and B5 contain several viral proteins of unknown functions, namely, SIFV gp15, gp43, gp20 and gp71

(Table S1).

The four proteins were analyzed for the presence of predicted N-terminal transmembrane domain (TMD), a feature found in other VAP proteins (Quax et al., 2010;Snyder et al., 2011). Only gp43 fulfilled this requirement. To investigate if SIFV gp43 is involved in VAP formation, the corresponding gene was cloned and expressed in Escherichia coli Rosetta (DE3) pLys. Protein expression was confirmed by western-blot analysis with anti-6XHis antibodies (Figure S7). Electron microscopy analysis of thin sections of gp43-expressing cells after 4 hours after induction showed the presence of multiple VAP-like structures on the cytoplasmic membrane of the bacterial cells protruding towards the

MATERIAL AND METHODS

Optimal host

To determine the optimal host for SIFV, Sulfolobus islandicus LAL14/1 and Sulfolobus islandicus HVE10/4 [START_REF] Zillig | Genetic elements in the extremely thermophilic archaeon Sulfolobus[END_REF]Zillig et al., 1993) were grown aerobically at 75°C, pH 3.5 in rich medium containing 0.2% (wt/vol) tryptone, 0.1% (wt/vol) sucrose, 0.1% (wt/vol) yeast extract and mineral salt solution, as described previously (Zillig et al., 1993). Exponentially growing cultures of S. islandicus HVE10/4 and LAL14/1 were infected with the same SIFV preparation and incubated at 75°C under agitation. After two days, cells were removed by centrifugation (7,000 rpm, 20 min, Sorvall 1500 rotor)

and viruses were collected and concentrated by ultracentrifugation (40,000 rpm, 2 h, 10 °C, Beckman 126 SW41 rotor). The virus titer was measured by plaque assay for both cultures.

Plaque assays

Serial dilutions of the viral preparations were mixed with preheated fresh S. islandicus LAL14/1 cells.

Subsequently, 5 mL of pre-heated rich medium containing 0.3% Phytagel TM (Sigma-Aldrich, USA)

were added to the prepared mixtures, vortexed and poured into plates containing 0.1% yeast extract, 0.2% sucrose (w/v) and 0.7% Phytagel TM (Sigma-Aldrich, USA) (Arnold et al., 2000). After three days of incubation at 75°C, visible plaques of 0.5-3 mm appeared on the plates.

Virus production and purification.

Sulfolobus islandicus LAL14/1 was grown aerobically at 75°C, pH 3.5 in rich medium (Zillig et al., 1993). Early exponentially growing cultures (150 mL) were infected with fresh preparations of SIFV and incubated at 75°C under agitation. After two days, the infected cell cultures were transferred into fresh cultures (250 mL) of S. islandicus LAL14/1 cells and incubated for 2 days. Cells were removed by centrifugation (7,000 rpm, 20 min, Sorvall 1500 rotor) and viruses were collected and concentrated by ultracentrifugation (40,000 rpm, 2 h, 10 °C, Beckman 126 SW41 rotor). The concentrated particles were resuspended in buffer A: 20 mM KH2PO4, 250 mM NaCl, 2.14 mM MgCl2, 0.43 mM Ca(NO3)2, and <0.001% trace elements of Sulfolobales medium, pH 6 (Quemin et al., 2015), and stocked at 4°C until used. For SDS/PAGE and mass spectrometry analyses, virus particles were further purified by ultracentrifugation in a CsCl buoyant density gradient (0.45 g⋅mL -1 ) with a Beckman SW41 rotor at 39,000 rpm for 20 h at 10 °C. The opalescent bands were collected with a needle and a syringe and dialyzed against buffer A for 2 hours.

Adsorption assays

Exponentially growing cultures of S. islandicus LAL14/1 cells were infected with SIFV at a MOI of 0.05. Infected cells were incubated under agitation for 30 min at 75°C. Samples of 1 mL were taken at defined time intervals, cells were pelleted at low speed centrifugation, and supernatants were kept at 4°C. The percentage of unadsorbed virus particles was determined by plaque assay comparing the viral concentration in the supernatants with the virus titer in the control, a cell-free culture incubated under the same conditions as the treated cultures. Experiments were conducted in triplicate. The adsorption rate constant (k) was calculated using the following formula, as described previously (Uldahl et al., 2016): k = 2.3/Bt × log10(P0/Pt), where Bt= concentration of cells at a specific time t (cell/mL), P0 = concentration of the virus at zero time (PFU/mL) and Pt = concentration of not adsorbed viruses at a specific time t (PFU/mL).

One-step growth curve

The virus was added to early exponentially growing cultures of S. islandicus LAL14/1 cells at an MOI of 0.01. After 30 min of incubation at 75°C, the cultures were diluted in prewarmed medium to prevent the occurrence of new events of adsorption during the experiment. The diluted cultures were incubated at 75°C under agitation. Samples of 1 mL were collected at defined time points and immediately centrifuged at low speed to separate the free viruses (supernatant) from the cells (pellet). The PFU titers at different time points were determined by plaque assay. The burst size was estimated by dividing the average amount of viruses present in the supernatants after virus release (11-12 hpi) 

Mass spectrometry

The stained protein bands were excised from the gel and in-gel digested with trypsin. The generated peptides were separated and identified by nano-LC-MS/MS (Proteomics Platform, Institut Pasteur) using an Ultimate 3000 system (Dionex) coupled to an LTQ-Orbitrap Velos system (Thermo Fisher Scientific). Peptide masses were searched against annotated SIFV and S. islandicus LAL14/1 proteomes using Andromeda with MaxQuant software, version 1.3.0.5

Expression of SIFV gp43 in E. coli

The SIFV ORF43 was amplified from a pure SIFV stock and cloned into the pUC19 plasmid. The vector contains an isopropyl β-D-1-thiogalactopyranoside-inducible promoter that was used for the expression of the His-tagged protein. E. coli Rosetta(DE3)pLys (Novagen Merck) cells were transformed with the construct, liquid cultures were grown in 2YS medium and induced with 1 mM IPTG at ODs of 0.4-0.6 for 4 hours. A non-induced cell culture was used as control. Thin sections of E. coli cells were prepared as described above.

Western blot

Induced and non-induced E. coli cells were harvested by centrifugation at low speed and resuspended in 20 mM Tris-HCl pH 7. Samples were heat-denaturated in presence of SDS sample loading buffer and, optionally, 10 mM DTT as redactor agent, and loaded onto a 4-12% polyacrylamide Bis-Tris gradient gel. Proteins were transferred onto a PVDF membrane. The presence of the 6×His-tagged SIFV gp43 was visualized using a 1:10,000 dilution of the rabbit polyclonal Anti-6X His tag® antibody conjugated with HRP (Abcam).

Sample preparation for electron tomography

Samples for electron microscopy and electron tomography were treated as described previously (Quemin et al., 2015). Cultures at 10 and 12 hours post infection were pelleted by low-speed centrifugation and resuspended in a minimal volume of rich medium. Samples were processed into capillaries (Leica), transferred into a lecithin-coated sample holder and frozen with a high-pressure freezing machine (HPM100, Leica). The samples were subsequently freeze-substituted with 0.5% glutaraldehyde, 1% OsO4, 0.2% uranyl acetate, 2% H2O, and 4% methanol in acetone according to the following schedule: -90°C for 40 h, 5°C/h for 6 h, -60°C for 8 h, 5°C/h for 6 h, and -30°C for 8 h (Leica Microsystems). Cells were rinsed in acetone and slowly infiltrated with Agar 100 epoxy resin (Agar Scientific, United Kingdom). After heat polymerization, embedded cells were cut into 70-nm thin sections with an Ultracut R microtome (Leica) and collected on Formvar-coated copper grids. Thin sections (70 nm) were poststained with 4% uranyl acetate for 45 min and lead citrate staining during 5 min. Samples were imaged with the transmission electron microscope FEI Spirit Tecnai Biotwin operated at 120 kV. For electron tomography, embedded cells were cut into 200-nm thick sections with an Ultracut R microtome (Leica) and collected on Formvar-coated copper grids. Protein A-gold particles of 10 nm were added on both sides of the sections and stained with 2% lead citrate in water.

Dual-axis electron tomography

Grids were loaded on a dual-axis tomography holder and observed with a TECNAI F20 Transmission Electron Microscope (FEI) operating at 200kV and equipped with a 4k x 4k CCD camera (Ultrascan 4000, Gatan). Micrographs, tilt series and maps, in low and middle magnifications, were acquired using SerialEM [START_REF] Mastronarde | Automated electron microscope tomography using robust prediction of specimen movements[END_REF][START_REF] Schorb | Software tools for automated transmission electron microscopy[END_REF]. After identifying areas of interest on middle Rudiviridae family. Although their genomes display high degree of gene synteny and share 26 putative proteins, the host-range experiments showed that the three viruses infect acidophilic hyperthermophiles belonging to three different genera of the order Sulfolobales, namely, Saccharolobus, Acidianus and Metallosphaera. This discovery would not have been possible without isolation of the pure virus strains.

Phylogenomic analysis of all available rudivirus genomes displayed that all sequenced rudiviruses fall into six clades corresponding to the geographical origins of the virus isolation, suggesting local adaptation of the viruses. This finding contrasts the broadly applicable paradigm that "everything is everywhere", with most viruses moving between different biomes [START_REF] Breitbart | Here a virus, there a virus, everywhere the same virus?[END_REF]. Despite forming a monophyletic group, all rudiviruses originating from Italy infect relatively distant hosts, implying possible host switching events.

Our hypothesis was further supported by the presence of spacers against the genomes of the five described Italian rudiviruses within the CRISPR arrays of different strains of the order Sulfolobales. Notably, this phenomenon appears to be also applicable to rudiviruses from other geographical locations (chapter 1).

The three rudiviruses infecting

Saccharolobus, Acidianus and Metallosphaera isolated in the course of my PhD thesis will serve as valuable models to study the host range evolution in archaeal viruses.

Although rudiviruses represent one of the most extensively studied families of archaeal viruses with many of the viral proteins being characterized, certain unusual features found in the Italian rudiviruses ARV3 and MRV1 deserve further investigation in the future. The absence of a homologue of the SIRV2 P98, a pyramid-forming protein conserved in other rudiviruses, suggests that MRV1 and ARV3 might have evolved a different strategy of egress. Similarly, homologs of known Acr proteins are also missing from MRV1 and ARV3 genomes. Given that CRISPR-Cas systems are highly prevalent in crenarchaea, the lack of identifiable anti-CRISPR genes in their genomes indicate that these two viruses could encode novel Acr proteins (Athukoralage et al., 2020;Bhoobalan-Chitty et al., 2019;He et al., 2018) (chapter 1).

Cryo-EM structures of the filamentous viruses SSRV1 and SIFV

Structural studies on archaeal viruses help to uncover the molecular adaptations to life under extreme environmental conditions and provide insights into the evolution of archaeal viruses.

Unlike other rudiviruses, but similar to lipothrixviruses and tristromaviruses, members of the

SIFV as model to study virus-host interactions in the family Lipothrixviridae

The understanding on virus-host interactions in archaea remains highly fragmented. To gain insights into different aspects of the viral life cycle in archaea, I focused on the Lipothrixviridae family and selected the Sulfolobus islandicus filamentous virus (SIFV) as a model for these studies.

SIFV is lytic

Previous studies had suggested that members of Lipothrixviridae do not cause cell lysis based on the absence of cell debris and the increase of the optical density of infected cultures (Arnold et al., 2000b;Bettstetter et al., 2003;Häring et al., 2005b;Vestergaard et al., 2008). However, we showed for the first time that SIFV affects the cellular growth of its host and, more importantly, employs a lysis mechanism that relies on the formation of pyramidal structures in the membrane of the infected cells (chapter 3).

The observation of VAPs in members of the non-related families Rudiviridae, Turriviridae, Ovaliviridae and Lipothrixviridae indicates that this strategy is widespread among archaeal viruses infecting Sulfolobus, which otherwise share little similarity in virion morphology and gene content (Bize et al., 2009b;Brumfield et al., 2009;Wang et al., 2018a). This observation further reinforces the notion that virion morphogenesis and release mechanisms are uncoupled and evolve independently of each other. Importantly, SIFV protein responsible for the VAP formation, gp43, is not related to the two VAP proteins characterized for rudiviruses and turriviruses, suggesting that the diversity of VAP proteins is much greater that currently realized. The fact that such small proteins (<100 aa) can assemble into large pyramidal structures which can be formed in membranes of organisms from different domains of life is remarkable. Future studies should uncover the intermolecular interactions underlying the VAP formation and reveal the signal and mechanism of VAP opening.

SIFV is enveloped intracellularly

Unexpectedly, our results show that enveloped SIFV virions assemble in the cytoplasm and are released from the cell through pyramidal openings in the cell envelope. Our results suggest that assembly of virions proceeds through formation of naked nucleocapsids and their subsequent envelopment (chapter 3). We hypothesize that envelopment of SIFV nucleocapsids occurs by Thanks to all my new friends, Rosaria, Pravali, Adrian, Cesar, Mery, Daniela, Camilla; my PhD wouldn't have been so pleasant without you. Gracias a mis amigos de siempre por tener las palabras correctas en el momento adecuado; más de una vez, e incluso a distancia, sus palabras me recargaron de energía. Merci à Quentin pour son patiente et soutien inconditionnel pendent ces années, tu as rendu ma vie en France beaucoup plus agréable. Finalmente, gracias infinitas a mis padres, hermana y tío por su amor incondicional; sin el apoyo constante de ustedes hubiera sido imposible lograr todo lo que he conseguido. A pesar de la distancia, siempre sentí sus palabras de apoyo y cariño muy próximas a mi corazón.