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Introduction

Virus genomes span about 3 orders of magnitude in genome size, from less than 2 kilobases (kb) in the smallest RNA and single-stranded (ss) DNA viruses to more than 2 megabases (Mb) in the giant pandoraviruses. However, from the dwarfs to the giants of the virus world, viruses share a signature feature, the high density of protein-coding genes. Although some viruses encode multiple RNA species, such as tRNAs as well as other non-coding RNAs, at least 90% of the genome sequence of any virus is dedicated to protein coding [START_REF] Kondratova | Poliovirus protein 3A binds and inactivates LIS1, causing block of membrane protein trafficking and deregulation of cell division[END_REF] Viral proteins are responsible for essential roles in virus reproduction, such as the formation of virions and at least some functions of the virus genome replication. Typically, the proteins that are essential for virus reproduction are shared by large groups of viruses (hereafter, virus hallmark proteins, or VHP) [START_REF] Koonin | The ancient Virus World and evolution of cells[END_REF][START_REF] Iranzo | The Double-Stranded DNA Virosphere as a Modular Hierarchical Network of Gene Sharing[END_REF]. The simplest viruses with smallest genomes encode primarily or exclusively VHPs [START_REF] Krupovic | Order to the viral universe[END_REF]. Viruses with larger genomes encode a great variety of additional proteins that are primarily involved in virus-host interactions, in particular, counteracting host defenses. The genomes of giant viruses encode hundreds of such ancillary proteins that remain poorly characterized [START_REF] Legendre | Diversity and evolution of the emerging Pandoraviridae family[END_REF][START_REF] Koonin | Evolution of the Large Nucleocytoplasmic DNA Viruses of Eukaryotes and Convergent Origins of Viral Gigantism[END_REF][START_REF] Aylward | A phylogenomic framework for charting the diversity and evolution of giant viruses[END_REF].

The key feature of virus genome evolution is its much higher pace compared to the genomes of cellular life forms. The evolution rates differ widely among viruses, but in many cases [START_REF] Duffy | Rates of evolutionary change in viruses: patterns and determinants[END_REF][START_REF] Saberi | A planarian nidovirus expands the limits of RNA genome size[END_REF][START_REF] Peck | HSP70 homolog functions in cell-to-cell movement of a plant virus[END_REF], even a single family of viruses can explore a larger region of the sequence space in its evolution than an entire domain of cellular life forms [START_REF] Duffy | Rates of evolutionary change in viruses: patterns and determinants[END_REF][START_REF] Saberi | A planarian nidovirus expands the limits of RNA genome size[END_REF][START_REF] Peck | HSP70 homolog functions in cell-to-cell movement of a plant virus[END_REF]. This fast evolution of virus proteins presents major challenges for the analysis of the evolutionary relationships among virus proteins and consequently, among different groups of viruses [START_REF] Claverie | Fundamental Difficulties Prevent the Reconstruction of the Deep Phylogeny of Viruses[END_REF]. Even VHPs often can be identified only by applying the most sensitive sequence comparison approaches and/or methods for protein structure comparison. As for ancillary proteins, virus proteomes remain replete with "dark matter", proteins for which neither structure nor function can be predicted without direct experiment.

Evolution of viruses involves extensive gene exchange with the hosts [START_REF] Koonin | The depths of virus exaptation[END_REF][START_REF] Irwin | Systematic evaluation of horizontal gene transfer between eukaryotes and viruses[END_REF]. Therefore, the evolutionary histories of virus proteins are diverse and often intricate. For the VHPs, a long history of evolution within the virosphere is traceable, and origin from specific cellular homologs at the start of that history is apparent for some but not other of these key viral proteins. For the ancillary virus proteins, diverse evolutionary scenarios can be reconstructed. Apart from the dark matter, these proteins span a wide range of sequence and structure similarity to cellular homologs, suggestive of both different modes of evolution and different timing of gene capture by viruses. On many occasions, adaptation of a captured host protein by a virus represents exaptation (Gould and Vrba, 1982a;[START_REF] Gould | The exaptive excellence of spandrels as a term and prototype[END_REF], a distinct mode of evolution whereby a protein acquired by a virus changes its function (for example, an enzyme is inactivated and repurposed for a structural role), resulting in major changes, at least at the amino acid sequence level. In other cases, the functional and structural modification is less dramatic, for example, when a component of a cellular molecular machinery is exploited by a virus as a dominant negative inhibitor of the respective host function, such as programmed cell death.

In this chapter, we present an overview of the currently available data and concepts on the origins and evolution of different classes of virus proteins. Our description of the evolutionary trends among virus proteins is structured in accordance with the recently developed comprehensive hierarchical taxonomy of viruses (International Committee on Taxonomy of Viruses Executive, 2020; Koonin et al., 2020c). This taxonomy organizes the virosphere throughout the multiple taxonomic levels, down from the top rank of realms (Table 1, Figure 1).

Virus hallmark proteins

Proteins that are shared by a broad range of viruses are hallmarks of the virus state (Koonin et al., 2006). Indeed, these proteins are responsible for the key functions in virus reproduction, namely, virion formation and replication of virus genomes. These two categories of functions differ in that the major components of virions are encoded in any virus genomes, whereas genome replication, at least, in viruses with DNA genomes, is mediated by interacting virus and host proteins, in widely different proportions across various groups of viruses [START_REF] Weigel | Bacteriophage replication modules[END_REF][START_REF] Raoult | Redefining viruses: lessons from Mimivirus[END_REF][START_REF] Krupovic | Order to the viral universe[END_REF][START_REF] Forterre | Cellular domains and viral lineages[END_REF]Koonin et al., 2021b).

The VHPs are difficult to define formally, and some degree of arbitrariness in this definition is hard to avoid. Nevertheless, the number of VHPs, obviously, is small, no more than 20, depending on the criteria applied (Table 2). Several of these proteins are "super-VHPs", which connect different Baltimore classes of viruses, that is, viruses that encapsidate different forms of nucleic acids (single-stranded or double-stranded RNA or DNA) and accordingly employ distinct routes of genome expression (Figure 1) [START_REF] Baltimore | Expression of animal virus genomes[END_REF]Koonin et al., 2021a). Other VHPs bring together multiple, diverse groups of viruses within a single Baltimore class. Furthermore, deeper connections among the VHPs exist at the level of domain folds. In the description that follows, we group the VHPs by such deep commonalities which imply ancient common origin. In the currently adopted high level taxonomy of viruses, the VHPs serve as signatures defining 6 virus realms (Figure 1), the highest level of the taxonomic hierarchy, and to a large extent, the kingdoms, the next level taxa (Koonin et al., 2020c;Koonin et al., 2021b;[START_REF] Krupovic | Adnaviria: a New Realm for Archaeal Filamentous Viruses with Linear A-Form Double-Stranded DNA Genomes[END_REF].

RNA-dependent RNA polymerase and reverse transcriptase

With few exceptions, RNA replication does not occur in cells, and accordingly, the replication of viruses with RNA genomes that comprise the virus realm Riboviria is catalyzed by virus-encoded enzymes (Figure 1). Within the kingdom Orthornavirae, which includes viruses with positive-sense (+) RNA, negative-sense (-) RNA and dsRNA genomes that have no DNA stage in their replication cycle, the enzyme responsible for the genome replication (and transcription, in viruses that produce subgenomic mRNAs) is the RNAdependent RNA polymerase (RdRP) [START_REF] Ng | Structure-function relationships among RNA-dependent RNA polymerases[END_REF]te Velthuis, 2014;[START_REF] Velthuis | Structural insights into RNA polymerases of negative-sense RNA viruses[END_REF]. The RdRP is the signature of Orthornavirae, the only VHP that is universally conserved in the viruses of this kingdom. The second kingdom under Riboviria is Pararnavirae, which consists of viruses with (+)RNA or dsDNA genomes that include a reverse transcription step in their replication cycles. The signature VHP of Pararnavirae, and again, the only protein shared by all viruses in this kingdom is reverse transcriptase (RT) although most members also share the structural module (Krupovic and Koonin, 2017b;Krupovic et al., 2018b).

The RdRPs and the RTs are two homologous families of enzymes that are sufficiently closely related to each other, especially at the structure comparison level (Figure 2) [START_REF] Xiong | Origin and evolution of retroelements based upon their reverse transcriptase sequences[END_REF][START_REF] Iyer | Origin and evolution of the archaeo-eukaryotic primase superfamily and related palm-domain proteins: structural insights and new members[END_REF][START_REF] Monttinen | Automated structural comparisons clarify the phylogeny of the right-hand-shaped polymerases[END_REF]Koonin et al., 2020a), that they are justifiably considered a single "super-VHP". RdRP-RT brings together 5 Baltimore classes of viruses, 3 within Orthornavirae and 2 within Pararnavirae, and given its ubiquity in each of these classes, is the most prominent among all the VHPs. RdRP and RT belong to the much broader class of proteins that contain the so-called Palm [START_REF] Iyer | Origin and evolution of the archaeo-eukaryotic primase superfamily and related palm-domain proteins: structural insights and new members[END_REF][START_REF] Monttinen | Automated structural comparisons clarify the phylogeny of the right-hand-shaped polymerases[END_REF]Koonin et al., 2020a), Thumb and Fingers subdomains and include various polymerases as well as nucleotide cyclases and nucleases (hereafter Palm domain proteins, for brevity). Two families of Palm domain proteins are among the VHPs.

Family B DNA polymerases

A broad variety of dsDNA viruses in the realms Varidnaviria and Duplodnaviria encode a DNAdependent DNA polymerase (DdDP) that is responsible for the virus genome replication. The overwhelming majority of these DdDPs belong to family B (hereafter PolB for brevity), a distinct group of Palm domain proteins (Figure 2) that, apart from the viral polymerases includes the replicative DdDPs of eukaryotes and some groups of archaea [START_REF] Sullivan | Evolution of DNA polymerases: an inactivated polymerase-exonuclease module in Pol epsilon and a chimeric origin of eukaryotic polymerases from two classes of archaeal ancestors[END_REF][START_REF] Raia | An updated structural classification of replicative DNA polymerases[END_REF][START_REF] Kazlauskas | Diversity and evolution of B-family DNA polymerases[END_REF]Koonin et al., 2020a). Because, unlike in the case of Riboviria, dsDNA viruses have the opportunity to engage the host replication machinery, PolB is not universally present in dsDNA viruses. More specifically, the majority of viruses of the realm Varidnaviria, especially those with larger genomes and infecting eukaryotes, encode PolB, but in the realm Duplodnaviria, a substantial fraction of viruses lack it [START_REF] Weigel | Bacteriophage replication modules[END_REF][START_REF] Krupovic | Order to the viral universe[END_REF]. Generally, the larger the genome the more replication proteins the virus encodes. All viruses with genomes larger than 140 kb encode DNA polymerases [START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF]. A distinct subfamily of PolB, the protein-primed DdDPs, is found in several groups of viruses with genomes smaller than 50 kb in the realms Varidnaviria (tectiviruses, autolykiviruses, polintoviruses, adenoviruses) and Duplodnaviria (phi29-like phages of the family Salasmaviridae) as well as in several groups of archaeal viruses (thaspiviruses, halspiviruses, ampullaviruses, ovaliviruses, wyrdviruses) and virus-like DNA plasmids and other Mobile Genetic Elements (MGEs) (for example, casposons, the only group of prokaryotic self-synthesizing transposons currently known) [START_REF] Krupovic | Polintons: a hotbed of eukaryotic virus, transposon and plasmid evolution[END_REF]Krupovic et al., 2017;[START_REF] Wang | Novel Sulfolobus virus with an exceptional capsid architecture[END_REF][START_REF] Kim | Spindleshaped viruses infect marine ammonia-oxidizing thaumarchaea[END_REF].

The small dsDNA viruses that belong to the realm Monodnaviria (papillomaviruses and polyomaviruses) as well as the viruses of the realm Adnaviria and most of the other dsDNA viruses of hyperthermophilic Thermoproteota (formerly Crenarchaeota) do not encode PolB or any other DdDP (with the exception of ampullaviruses and ovaliviruses). Again, because of the abundance of functionally exchangeable homologs in cellular life forms, the evolutionary history of PolB is far more complex than that of the RdRP-RT. On multiple occasions, viral PolBs apparently were replaced by cellular homologs although protein-primed PolB remains a genuine virus hallmark [START_REF] Kazlauskas | Diversity and evolution of B-family DNA polymerases[END_REF].

Rolling circle replication initiation endonucleases

The third VHP with the Palm domain is the endonuclease of the so-called HUH superfamily (after the signature amino acid motif of these nucleases, where U is a hydrophobic amino acid), which is involved in the initiation of DNA replication via the rolling circle mechanism (RCRE, rolling circle replication endonuclease) [START_REF] Ilyina | Conserved sequence motifs in the initiator proteins for rolling circle DNA replication encoded by diverse replicons from eubacteria, eucaryotes and archaebacteria[END_REF][START_REF] Koonin | Computer-assisted dissection of rolling circle DNA replication[END_REF][START_REF] Chandler | Breaking and joining single-stranded DNA: the HUH endonuclease superfamily[END_REF]. The RCRE is universal among the ssDNA viruses in the Monodnaviria and is the signature of this virus realm (Koonin et al., 2020c). Some dsDNA viruses in the realms Adnaviria, Duplodnaviria and Varidnaviria encode RCRE as well [START_REF] Kazlauskas | Multiple origins of prokaryotic and eukaryotic singlestranded DNA viruses from bacterial and archaeal plasmids[END_REF]. In small dsDNA viruses of the families Papillomaviridae and Polyomaviridae, the large protein involved in virus replication (known as T [for tumor] antigen in polyomaviruses) contains a DNA-binding domain which is an inactivated derivative of the RCRE [START_REF] Luo | Solution structure of the origin DNA-binding domain of SV40 T-antigen[END_REF][START_REF] Enemark | Crystal structure of the DNA binding domain of the replication initiation protein E1 from papillomavirus[END_REF].

Palm/RRM domain, the core of the virus replication machinery Apart from the three VHPs discussed above, the Palm domain is represented in another replication VHP, archaeo-eukaryotic primase (AEP; Figure 2) that is encoded by many dsDNA viruses in the realms Varidnaviria and Duplodnaviria [START_REF] Ilyina | Conserved sequence motifs in the initiator proteins for rolling circle DNA replication encoded by diverse replicons from eubacteria, eucaryotes and archaebacteria[END_REF][START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF]. Additionally, some DNA viruses in the realm Duplodnaviria and one group of viruses in Varidnaviria, the Sputnik-like lavidaviruses (virophages), encode DdDPs of family A (PolA, Figure 2), another group of Palm domain enzymes, that either function in replication or were recruited for a role in transcription (Koonin, 2006;[START_REF] Irwin | Comparative genomics of the FtsK-HerA superfamily of pumping ATPases: implications for the origins of chromosome segregation, cell division and viral capsid packaging[END_REF][START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF].

The Palm domain is a distinct variety of the RNA Recognition Motif (RRM; Figure 2), one of the most common RNA and DNA binding domains present in a wide variety of proteins in all life forms [START_REF] Clery | RNA recognition motifs: boring? Not quite[END_REF]. Thus, the Palm/RRM domain is the most prominent protein structural unit that connects the replication machineries of all 4 major realms of viruses as well as all Baltimore classes (Krupovic et al., 2019). Later in this chapter, we discuss the deep implications of this unity for the origin and evolution of viruses.

Helicases and genome packaging NTPases Superfamily 3 helicases. The most common protein fold in nature is the P-loop domain, the scaffold that harbors the catalytic sites of an enormous diversity of ATPases and GTPases [START_REF] Walker | Distantly related sequences in the alpha-and beta-subunits of ATP synthase, myosin, kinases and other ATPrequiring enzymes and a common nucleotide binding fold[END_REF][START_REF] Leipe | Evolution and classification of P-loop kinases and related proteins[END_REF][START_REF] Longo | On the emergence of P-Loop NTPase and Rossmann enzymes from a Beta-Alpha-Beta ancestral fragment[END_REF]. Viruses also encode a broad variety of P-loop NTPases, which function in various DNA or RNA transactions during genome replication and/or packaging into capsids, but only three of these qualify as VHPs. By far the most widespread group of P-loop NTPases in viruses is the protein family known as Superfamily 3 helicases (S3H; Figure 3) [START_REF] Gorbalenya | A new superfamily of putative NTP-binding domains encoded by genomes of small DNA and RNA viruses[END_REF]. Notably, S3H is encoded by viruses in different realms and Baltimore classes that widely differ with respect to the genome size and replication mechanisms [START_REF] Koonin | The ancient Virus World and evolution of cells[END_REF][START_REF] Krupovic | Origin of viruses: primordial replicators recruiting capsids from hosts[END_REF]. These include many RNA viruses in the kingdom Orthornavirae (primarily, in phylum Pisuviricota), the eukaryotic ssDNA viruses in the kingdom Shotokuvirae (realm Monodnaviria), large DNA viruses that comprise the phylum Nucleocytoviricota and many viruses in the realm Duplodnaviria. In all these viruses, the S3H helicases appear to be directly involved in RNA or DNA unwinding during the genome replication. However, in some viruses, e.g., parvoviruses, besides its role in genome replication, S3H also functions as a motor that drives the packaging of the viral DNA into preformed empty capsids [START_REF] King | DNA helicasemediated packaging of adeno-associated virus type 2 genomes into preformed capsids[END_REF]. Other viruses employ different helicases that are only distantly related to S3H, in the same capacity, as discussed below.

Large terminase subunit. All dsDNA viruses of the realm Duplodnaviria encode another P-loop enzyme, distantly related to SF2 helicases, that contains an N-terminal ATPase and a C-terminal RNase H-like nuclease domain, and is known as the large subunit of the terminase complex (TerL) (Figure 3). The C-terminal nuclease domain of TerL is responsible for the cleavage of virus DNA concatemers formed during replication into genome-sized units, whereas the ATPase domain packages these units into the virus capsid utilizing the energy of ATP hydrolysis [START_REF] Black | Structure, assembly, and DNA packaging of the bacteriophage T4 head[END_REF][START_REF] Rao | Mechanisms of DNA Packaging by Large Double-Stranded DNA Viruses[END_REF][START_REF] Yang | Architecture of the herpesvirus genome-packaging complex and implications for DNA translocation[END_REF].

FtsK-like genome packaging ATPase. Numerous, although not all, dsDNA viruses in the realm Varidnaviria encode an ATPase distinct from the large terminase subunit that, however, performs a similar function in DNA packaging into virus capsids (Figure 3). This ATPase belongs to the FtsK family that includes ATPases involved in DNA pumping into daughter cells during bacterial cell division [START_REF] Irwin | Comparative genomics of the FtsK-HerA superfamily of pumping ATPases: implications for the origins of chromosome segregation, cell division and viral capsid packaging[END_REF][START_REF] Strömsten | In vitro DNA packaging of PRD1: a common mechanism for internal-membrane viruses[END_REF]. Filamentous ssDNA bacteriophages of the kingdom Loebvirae (realm Monodnaviria) also encode FtsKlike ATPases which, however, instead of packaging the viral dsDNA into icosahedral capsids, pump the viral ssDNA through the cytoplasmic membrane of the host during virion extrusion [START_REF] Sokolova | Multisubunit RNA Polymerases of Jumbo Bacteriophages[END_REF][START_REF] Loh | The fascinating biology behind phage display: filamentous phage assembly[END_REF][START_REF] Roux | Cryptic inoviruses revealed as pervasive in bacteria and archaea across Earth's biomes[END_REF].

RNA viruses typically do not encode genome packaging enzymes, with nucleic acids being coassembled with major structural proteins to form virions [START_REF] Twarock | RNA-Mediated Virus Assembly: Mechanisms and Consequences for Viral Evolution and Therapy[END_REF]. The only currently known exception to this trend are the dsRNA bacteriophages of the family Cystoviridae (ream Riboviria) that encode packaging enzymes related to the superfamily 4 helicases [START_REF] Burroughs | Comparative genomics and evolutionary trajectories of viral ATP dependent DNA-packaging systems[END_REF] [START_REF] Mancini | Atomic snapshots of an RNA packaging motor reveal conformational changes linking ATP hydrolysis to RNA translocation[END_REF][START_REF] Kainov | Structural basis of mechanochemical coupling in a hexameric molecular motor[END_REF][START_REF] Mancini | Mechanism of RNA packaging motor[END_REF][START_REF] El Omari | Tracking in atomic detail the functional specializations in viral RecA helicases that occur during evolution[END_REF]. All packaging enzymes mentioned above form pentameric or hexameric ring-shaped assemblies with a central channel for the translocation of the viral RNA or DNA genome (Figure 3).

Virus capsid proteins

Virus capsids show remarkable structural diversity. Compared to proteins involved in genome replication, the sequences of capsid proteins (CPs) evolve much faster, so that the principal approach for the identification of distant relationships among CPs is structure comparison. Altogether, about 20 major CPs with distinct structures have been identified (Krupovic and Koonin, 2017a).

Importantly, however, the abundances of different capsid shapes and distinct capsid proteins differ widely, so that there are a few common forms and a long tail of rare, odd ones. The majority of viral capsids have icosahedral symmetry, whereas a substantial minority are filamentous or rodshaped, with helical symmetry. Both icosahedra and helices are thermodynamically favorable forms of protein aggregation, so that both capsid architectures can be built from multiple, unrelated proteins. In particular, at least 10 unrelated protein folds were detected among the major CPs of icosahedral capsids (Krupovic and Koonin, 2017a). Among these, only 3 families consisting of protein components of icosahedral capsids are common enough to qualify as VHPs.

Single jelly roll capsid protein.

The single jelly roll (SJR) CP is the most common of the virus capsid proteins, being the major component of the icosahedral capsids of diverse positive-sense RNA viruses in the kingdom Orthornavirae as well as ssDNA and dsDNA viruses in the realm Monodnaviria (Figure 4A) (Krupovic and Koonin, 2017a). Distinct varieties of SJR CP are present also in the dsDNA viruses in the kingdom Helvetiavirae (realm Varidnaviria) [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] De Colibus | Assembly of complex viruses exemplified by a halophilic euryarchaeal virus[END_REF][START_REF] Santos-Perez | Structural basis for assembly of vertical single beta-barrel viruses[END_REF], and as minor capsid proteins, in most other members of the Varidnaviria [START_REF] Van Etten | Atomic structure of the 75 MDa extremophile Sulfolobus turreted icosahedral virus determined by CryoEM and X-ray crystallography[END_REF][START_REF] Fang | Near-atomic structure of a giant virus[END_REF].

SJR is a widespread domain in a broad variety of cellular proteins, many of which function by binding carbohydrates, in some cases as multidomain proteins containing SJR fused to a carbohydrate-active enzyme (Krupovic and Koonin, 2017a). At least some of the cellular SJR proteins, in particular those of the tumor necrosis factor (TNF) superfamily, form aggregates resembling virus capsids and thus appear to represent facile material for recruitment as virus CPs [START_REF] Liu | Crystal structure of sTALL-1 reveals a virus-like assembly of TNF family ligands[END_REF]. Typically, such recruitment involved acquisition of additional positive charge regions at the protein termini that interact with the viral nucleic acid, promoting its encapsidation [START_REF] Requião | Viruses with different genome types adopt a similar strategy to pack nucleic acids based on positively charged protein domains[END_REF]. The SJR CPs of eukaryotic RNA and ssDNA viruses, on the one hand, and those of bacterial microviruses (Monodnaviria) and halopaniviruses (Varidnaviria), on the other hand, show affinity to different groups of cellular SJR proteins (Krupovic and Koonin, 2017a). Thus, SJR CPs apparently have been recruited by viruses from cellular ancestral proteins on at least two and likely more independent occasions. Double jelly roll capsid proteins. The CPs of the diverse dsDNA viruses in the kingdom Bamfordvirae of the realm Varidnaviria consist of two fused jelly roll domains and are known as double jell roll (DJR) CPs (Figure 4B) [START_REF] Krupovic | Virus evolution: how far does the double beta-barrel viral lineage extend?[END_REF][START_REF] Abrescia | Structure unifies the viral universe[END_REF]. The second kingdom currently included in Varidnaviria, Helvetiavirae, consists of three families of bacterial and archaeal viruses, Sphaerolipoviridae, Simuloviridae and Matshushitaviridae, that possess two SJR CPs encoded in separate genes [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] De Colibus | Assembly of complex viruses exemplified by a halophilic euryarchaeal virus[END_REF][START_REF] Santos-Perez | Structural basis for assembly of vertical single beta-barrel viruses[END_REF]. The SJR CPs of Helvetiavirae form homo-and heterodimers, which further aggregate into pseudohexagonal, heterohexameric capsomers that structurally resemble the homotrimeric capsomers of DJR-CPs of the Bamfordvirae. Given this structural similarity, it has been hypothesized that DJR-CPs evolved via fusion of the two SJR-CPs following a gene duplication [START_REF] Ravantti | Superimposition of Viral Protein Structures: A Means to Decipher the Phylogenies of Viruses[END_REF]. However, subsequent focused search for cellular homologs of the DJR-CP identified several families of such proteins, in some of which the DJR domain is fused to various carbohydrate-active enzymes [START_REF] Krupovic | Evolution of a major virion protein of the giant pandoraviruses from an inactivated bacterial glycoside hydrolase[END_REF]. The jelly roll domains of the DJR CPs of Bamfordvirae show closer structural similarity to some of these cellular proteins than to the SJR-CPs of Helvetiavirae, suggesting that the capsid proteins in the two kingdoms of Varidnaviria were acquired independently from different cellular ancestors [START_REF] Krupovic | Evolution of a major virion protein of the giant pandoraviruses from an inactivated bacterial glycoside hydrolase[END_REF].

HK97 capsid proteins

The third capsid protein VHP is the CP of the tailed icosahedral viruses of the realm Duplodnaviria [START_REF] Abrescia | Structure unifies the viral universe[END_REF][START_REF] Suhanovsky | Nature's favorite building block: Deciphering folding and capsid assembly of proteins with the HK97-fold[END_REF][START_REF] Duda | The amazing HK97 fold: versatile results of modest differences[END_REF], which has a characteristic HK97-like fold, after the phage for which the capsid structure was solved first [START_REF] Wikoff | Topologically linked protein rings in the bacteriophage HK97 capsid[END_REF]. No cellular homologs of the HK97 CP with the same domain architecture have been identified (except for nanocompartments known as encapsulins that apparently was derived from the HK97 CP), but a more complex relationship with two families of cellular proteins has been discovered. Apparently, the HK97 CP evolved from bacterial proteins known as dodecins, via insertion of an uncharacterized domain (Figure 4C) [START_REF] Holm | DALI and the persistence of protein shape[END_REF] (Krupovic et al., 2020a). Dodecins are involved in flavin storage in bacteria and form dodecameric spherical structures that can be considered (mini)capsid-like [START_REF] Grininger | Dodecins: a family of lumichrome binding proteins[END_REF].

Evolutionary roots of the virus hallmark proteins and implications for the origin of viruses

The observations on the origins of the two functional classes of VHPs, those involved in virus genome replication and those forming virus structure or facilitating its formation like packaging ATPases (replication and structural VHPs, for brevity), suggest different routes of evolution and translate into a parsimonious scenario for the origin of viruses. The replication VHPs, particularly, RdRP and RT, but also, protein-primed DNAP, RCRE and S3H, have only distant homologs among cellular proteins, suggestive of an early origin, likely antedating the Last Universal Cellular Ancestor (LUCA). Evolutionary reconstructions suggest that the LUCA was a population of organisms comparable in complexity with the extant prokaryotes (Mushegian and [START_REF] Murakami | Cell-to-cell movement of plant viruses. Insights from amino acid sequence comparisons of movement proteins and from analogies with cellular transport systems[END_REF]Koonin, 2003;[START_REF] Mirkin | Algorithms for computing parsimonious evolutionary scenarios for genome evolution, the last universal common ancestor and dominance of horizontal gene transfer in the evolution of prokaryotes[END_REF][START_REF] Ouzounis | A minimal estimate for the gene content of the last universal common ancestor--exobiology from a terrestrial perspective[END_REF][START_REF] Fournier | Ancient horizontal gene transfer and the last common ancestors[END_REF]Krupovic et al., 2020a). In particular, multiple polymerases and helicases were apparently already represented in the LUCA [START_REF] Leipe | Did DNA replication evolve twice independently?[END_REF][START_REF] Forterre | Three RNA cells for ribosomal lineages and three DNA viruses to replicate their genomes: a hypothesis for the origin of cellular domain[END_REF]Koonin et al., 2020a). Furthermore, RdRP and RT are the types of replicative enzymes that can be expected to exist at the time of the transition from the hypothetical primordial RNA-protein world to the DNA-RNAprotein life of the modern variety [START_REF] Forterre | The two ages of the RNA world, and the transition to the DNA world: a story of viruses and cells[END_REF][START_REF] Higgs | The RNA World: molecular cooperation at the origins of life[END_REF]. Looking even deeper into the earliest stages of evolution, it seems likely that the currently ubiquitous RRM was one of the first protein domains to become a component of the replication system in the hypothetical RNA world [START_REF] Krupovic | Origin of viruses: primordial replicators recruiting capsids from hosts[END_REF], conceivably, as a cofactor to ribozyme polymerases. The subsequent diversification of the RRM including the emergence of catalytic sites gave rise both to the replication VHPs and to cellular polymerases.

The origins of the structural VHPs appear to be quite different. For each of these, in particular, each of the three widespread CPs that form icosahedral capsids, as well as the packaging ATPases, specific cellular ancestors could be identified (Krupovic and Koonin, 2017a). The respective families of cellular proteins are present and highly diversified in all three domains of life, suggesting that they have already emerged by the time of the LUCA. Thus, the structural VHPs, most likely, evolved from cellular ancestors early in the evolution of life, but already after the advent of modern-like proto-cells [START_REF] Krupovic | Origin of viruses: primordial replicators recruiting capsids from hosts[END_REF]. For other structural components of virions, later origin from cellular ancestors was inferred.

Taken together, the findings on the origins of the replicative and structural VHPs suggest a mixed scenario for the origin of viruses (Figure 5) [START_REF] Krupovic | Origin of viruses: primordial replicators recruiting capsids from hosts[END_REF]. The replication machineries of viruses appear to originate from the primordial pool of replicators in which different forms of RNA and DNA genomes that subsequently gave rise to different Baltimore classes of viruses have already evolved. The replication machineries of viruses, particularly those with DNA genomes, were substantially reshaped by recruitment of components from the hosts, in some cases with replacement of ancestral genes. Nevertheless, the cores of virus replication systems seem to antedate modern cells. In terms of the traditionally discussed hypotheses on the origin of viruses, this part of the scenario corresponds to the "virus early" hypothesis. In contrast, the structural VHPs clearly derive from cellular ancestors and were recruited for functions in the virions at different stages of evolution, which corresponds to the "escaped genes" hypothesis of virus origin. This mixed, 'chimeric' scenario appears to be the most parsimonious explanation of the origin of viruses, and remarkably, it is recapitulated at later stages of the evolution of many viruses. In particular, various groups of ssDNA viruses in the realm Monodnaviria appear to have evolved independently when a small RCR plasmid merged with the gene encoding the SJR CP of a positivesense RNA virus [START_REF] Koonin | Networks of evolutionary interactions underlying the polyphyletic origin of ssDNA viruses[END_REF][START_REF] Kazlauskas | Multiple origins of prokaryotic and eukaryotic singlestranded DNA viruses from bacterial and archaeal plasmids[END_REF].

The first virus genomes to emerge, most likely, encoded only a replication VHP coming from a primordial replicator and a structural VHP captured from a host cell. One of such prototypical combinations would have been RdRP-SJR-CP, an arrangement that is found in some of the simplest extant RNA viruses, such as totiviruses. Subsequent evolution of most virus lineages involved accretion of proteins through recruitment of host genes as outlined in the next sections.

Moderately conserved proteins involved in core virus functions

Beneath the VHPs in the hierarchy of virus proteins by evolutionary conservation, is a larger collection of proteins that are conserved in a substantial but limited diversity of viruses within a kingdom (more typically, within a phylum) and participate in core functions, such as genome replication and expression. Most viruses encode such additional core proteins, with the exception of those with the smallest genomes and simplest genome organization, such as several groups of RNA viruses in the kingdom Orthornavirae, for example, totilike and tombus-like viruses, and many ssDNA viruses in the realm Monodnaviria, e.g., circoviruses and parvoviruses, in which the protein repertoire is limited to VHPs. For most of these moderately conserved proteins, origin via recruitment of a host gene is readily traceable.

Viruses vary enormously in the extent to which core functions, such as genome replication and expression, rely on virus-encoded proteins or are relegated to directly recruited host proteins. The "logic" of the labor separation between virus and host proteins appears traceable in some cases but not others. In particular, among RNA viruses, the polymerases responsible for genome replication are typically encoded in the virus genome because RNA replication does not normally occur in uninfected cells. Otherwise, however, these viruses substantially differ in the extent of their replicative autonomy from the host, with those with the smallest genomes encoding no additional proteins for core functions, but those with larger genomes accruing several such proteins . The small genomes of the viruses in the realm Monodnaviria accommodate a single replicative protein, otherwise relying on the cellular machinery. The dsDNA viruses with larger genomes, in the realms Varidnaviria, Duplodnaviria and Adnaviria, demonstrate striking diversity. In particular, most of the large and giant viruses within Nucleocytoviricetes encode (nearly) complete replication and expression systems, which can be construed as an essential adaptation for the autonomous replication of these viruses within 'virus factories' in the cytoplasm of infected cells [START_REF] Koonin | Evolution of the Large Nucleocytoplasmic DNA Viruses of Eukaryotes and Convergent Origins of Viral Gigantism[END_REF]. However, some members of Nucleocytovirecetes underwent different degrees of reductive evolution that accompanied relocation of the virus replication and expression site to the cell nucleus [START_REF] Van Etten | Atomic structure of the 75 MDa extremophile Sulfolobus turreted icosahedral virus determined by CryoEM and X-ray crystallography[END_REF], and involved the loss of many or even most of the viral genes involved in these core processes. Some of the smaller viruses within Varidnaviria that reproduce in prokaryotic cells or in the eukaryotic nuclei encode DNA polymerases but otherwise primarily rely on host proteins for the genome replication and expression. Among the dsDNA viruses in the realm Duplodnaviria, the variation is even greater as some of these viruses encode virtually autonomous replication and transcription systems [START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF][START_REF] Philosof | Novel Abundant Oceanic Viruses of Uncultured Marine Group II Euryarchaeota[END_REF], whereas others have virtually no proteins involved in these processes [START_REF] Weigel | Bacteriophage replication modules[END_REF]. More specifically, most of the dsDNA viruses of hyperthermophilic Thermoproteota, in particular, those in the realm Adnaviria, apparently rely on the host replication and expression apparatus (almost) completely (Krupovic et al., 2018a).

There are several recurrent structural and functional themes among the moderately conserved core virus proteins. It is unrealistic to cover in this chapter all or even most of these proteins, but we discuss the most common and characteristic ones.

P-loop enzymes

The P-loop fold is the most common one among all protein domains [START_REF] Longo | On the emergence of P-Loop NTPase and Rossmann enzymes from a Beta-Alpha-Beta ancestral fragment[END_REF]. The small set of VHPs discussed above includes three P-loop enzymes, SF3 helicases and two packaging ATPases. In addition, many viruses encode a considerable diversity of P-loop enzymes with a more narrow spread. The most prominent of these are several groups of helicases, some of which are signatures of virus phyla or classes. Apart from the super-VHP, the SF3 helicase, SF1 helicases are represented in a broad variety of positive-sense RNA viruses in the phylum Kitrinoviricota and in the order Nidovirales of the phylum Pisuviricota, whereas SF2 helicases are encoded by two large virus families (Flaviviridae and Potyviridae) among the Pisuviricota, in which most viruses possess S3H [START_REF] Wolf | Origins and evolution of the global RNA virome[END_REF]. Among the positive-sense RNA viruses, the presence of a helicase strongly correlates with the genome size: all viruses with genomes in excess of about 6 kb encode a helicase, whereas those with smaller genomes do not. This pattern implies that, among the positive-sense RNA viruses, helicases are required for efficient replication of long genomic RNA and were independently acquired on at least 4 separate occasions, by recruitment of host enzymes or in some cases, by intervirus recombination. This is a striking case of convergent acquisition by viruses of genes with similar functions (but not necessarily closely related or homologous at all) driven by common selective forces, which may be considered one of the key principles of virus evolution.

SF2 helicases are also encoded by most of the large DNA viruses of the class Nucleocytovirecetes in the realm Varidnaviria as well as by herpesviruses and numerous tailed bacteriophages in the realm Duplodnaviria [START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF]. Members of Nucleocytovirecetes encode up to 4 distinct SF2 helicases (for example, in poxviruses) that appear to have been independently captured from the hosts and function in virus genome expression and other, still not fully understood roles. Bacterial viruses in the realm Duplodnaviria encode the DnaB-like SF4 helicase homologous to the bacterial replicative helicases that in many viruses is fused to a bacterial DnaG-like primase domain. This architecture of the virus primase-helicase mimics the fusion of S3H and AEP that is a signature of Nucleocitoviricetes and is also found in some viruses in Duplodnaviria as well as plasmids. Actually, nearly all possible combinations of SF1-SF4 helicases with AEP and DnaG-like primases can be found among dsDNA viruses [START_REF] Kazlauskas | The logic of DNA replication in double-stranded DNA viruses: insights from global analysis of viral genomes[END_REF]. In some cases, the fusion proteins even contain family A or family B DNA polymerases. Once again, in different viruses, selection for efficient replication apparently drove the evolution of the composite replicative proteins from distinct but functionally analogous domains. Many bacterial and archaeal viruses within Duplodnaviria also encode a DNA-dependent ATPase or helicase of the AAA+ superfamily that is involved in the initiation of virus DNA replication [START_REF] Weigel | Bacteriophage replication modules[END_REF]Liu et al., 2021a). It should be noticed, however, that replicative helicases and ATPases are missing in many groups of DNA viruses, among both Varidnaviria and Duplodnaviria, conceivably, because host proteins with the corresponding activities are directly recruited to participate in virus genome replication.

Apart from the helicases, a class of P-loop enzymes common among dsDNA viruses with large DNA genomes, in both Varidnaviria and Duplodnaviria, are nucleotide and nucleoside kinases, in particular, thymidine and thymidylate kinases. These kinases are common but not ubiquitous among Nucleocytovirecetes as well as among Herpesvirales and Caudoviricetes [START_REF] Mesyanzhinov | The genome of bacteriophage phiKZ of Pseudomonas aeruginosa[END_REF][START_REF] Gardberg | Structural basis for the dual thymidine and thymidylate kinase activity of herpes thymidine kinases[END_REF][START_REF] Yu | Hidden evolutionary complexity of Nucleo-Cytoplasmic Large DNA viruses of eukaryotes[END_REF]Liu et al., 2021a). This is another case of convergent capture of enzymes with the same functionality by multiple lineages of viruses under evolutionary pressure to complement the host nucleotide metabolism that, however, manifests only in certain hosts and cell types.

Proteases

In a broad variety of viruses, all or some of the mature virus proteins are produced by proteolytic processing of precursors. In many families of positive-sense RNA viruses in the phyla Kitrinoviricota and Pisuviricota, either the entire genomic RNA or its large portion encoding nonstructural proteins are expressed as a polyprotein that contains one or more protease domains [START_REF] Wolf | Origins and evolution of the global RNA virome[END_REF]. These viruses encode proteases of two expansive families with unrelated folds, papain-like and chymotrypsin-like (MEROPS clans PA and CA, respectively) [START_REF] Gorbalenya | Cysteine proteases of positive strand RNA viruses and chymotrypsin-like serine proteases. A distinct protein superfamily with a common structural fold[END_REF][START_REF] Gorbalenya | Putative papain-related thiol proteases of positive-strand RNA viruses. Identification of rubi-and aphthovirus proteases and delineation of a novel conserved domain associated with proteases of rubi-, alpha-and coronaviruses[END_REF], and some viruses encompass both types of proteases (Figure 6). A unique feature of RNA virus chymotrypsin-like proteases is the replacement of the catalytic serine by a cysteine in most of them, such as the well studied proteases of picornaviruses [START_REF] Gorbalenya | Cysteine proteases of positive strand RNA viruses and chymotrypsin-like serine proteases. A distinct protein superfamily with a common structural fold[END_REF]. Another remarkable twist is the recruitment of a chymotrypsin-like protease as the capsid protein replacing the ancestral SJR CP in alphaviruses within Togaviridae, an expansive family of animal positive-sense RNA viruses in the phylum Kitrinoviricota. Most likely, alphaviruses acquired the protease from another RNA virus family, Flaviviridae (Krupovic and Koonin, 2017a), in which this protein is not a virion component, but rather, performs a function typical of proteases, namely, polyprotein processing [START_REF] Kim | Crystal structure of the hepatitis C virus NS3 protease domain complexed with a synthetic NS4A cofactor peptide[END_REF]. Convergently with the case of the SJR CPs, recruitment of the protease as the alphavirus CP involved acquisition of a positively charged, nonstructured N-terminal region (Mendes and Kuhn, 2018). The reverse-transcribing RNA viruses of the kingdom Pararnavirae also produce polyproteins that are cleaved by a virus-encoded aspartate protease (Figure 6) [START_REF] Silva | Inhibition and catalytic mechanism of HIV-1 aspartic protease[END_REF].

The utility of proteases for RNA viruses of eukaryotes is obviously linked to the features of the eukaryotic translation whereby the great majority of mRNAs are monocistronic (that is, contain a unique initiation site near the 5'terminus from which a single protein is translated). Thus, to produce individual, mature proteins, RNA viruses employ 3 strategies, some viruses combining two or even all three: proteolytic processing of precursor polyproteins, transcription of subgenomic mRNAs and genome segmentation. Under the selective pressure for expressing individual proteins, viruses within Riboviria acquired unrelated proteases on at least three independent occasions (the papain-like, chymotrypsin-like and aspartate proteases). Most likely, however, there have been more of such recruitment events because both the papain-like and chymotrypsin-like proteases in different groups of positive-sense RNA viruses are only distantly related to each other (Figure 6). Furtherrmore, some (-)RNA bunyaviruses, such as members of the Nairoviridae and Phenuiviridae families, and (+)RNA viruses of the orders Tymovirales and Nidovirales encode homologs of the ovarian tumor protease, a papain-like cysteine protease, which is involved in deubiquitination of various host proteins, thereby promoting evasion of the innate immune response [START_REF] Deaton | The vOTU domain of highly-pathogenic porcine reproductive and respiratory syndrome virus displays a differential substrate preference[END_REF][START_REF] Bailey-Elkin | Structure and Function of Viral Deubiquitinating Enzymes[END_REF][START_REF] Dzimianski | Probing the impact of nairovirus genomic diversity on viral ovarian tumor domain protease (vOTU) structure and deubiquitinase activity[END_REF][START_REF] Proulx | Role of Virally-Encoded Deubiquitinating Enzymes in Regulation of the Virus Life Cycle[END_REF].

For some of the RNA virus proteases, the origin from specific families of cellular proteases is traceable. The chymotrypsin-like proteases in the order Picornavirales were apparently derived from the HtrA family of bacterial proteases (Koonin et al., 2008). The aspartate protease of the reversetranscribing viruses seems to originate from the Ddi1 protease, a highly conserved component of the eukaryotic ubiquitin signaling network [START_REF] Krylov | A novel family of predicted retroviral-like aspartyl proteases with a possible key role in eukaryotic cell cycle control[END_REF][START_REF] Sirkis | Ddi1, a eukaryotic protein with the retroviral protease fold[END_REF].

Although viruses with DNA genomes typically do not encode polyproteins, most of the viruses of eukaryotes in the realm Varidnaviria encode a cysteine protease (MEROPS clan CE), distantly related to papain-like proteases (clan CA) that is required for the maturation cleavage of capsid proteins [START_REF] Byrd | The vaccinia virus I7L gene product is the core protein proteinase[END_REF][START_REF] Weber | Adenain, the adenovirus endoprotease (a review)[END_REF][START_REF] Ansarah-Sobrinho | Role of the I7 protein in proteolytic processing of vaccinia virus membrane and core components[END_REF][START_REF] Born | Capsid protein structure, self-assembly, and processing reveal morphogenesis of the marine virophage mavirus[END_REF][START_REF] Li | Crystal Structure of African Swine Fever Virus pS273R Protease and Implications for Inhibitor Design[END_REF]. Notably, this protease is specifically related to the eukaryotic deubiquitinating enzyme (DUB) Ulp1 that probably was recruited by varidnaviruses at an early stage of their evolution in eukaryotes [START_REF] Krupovic | Polintons: a hotbed of eukaryotic virus, transposon and plasmid evolution[END_REF]. The majority of the dsDNA viruses in the realm Duplodnaviria encode an unrelated serine protease with a unique fold (MEROPS clan SH; Figure 6), known as assemblin in herpesviruses, that also catalyzes the proteolytic maturation of the major capsid protein or cleavage of the scaffolding protein [START_REF] Cheng | Double-stranded DNA bacteriophage prohead protease is homologous to herpesvirus protease[END_REF][START_REF] Thomas | Extensive proteolysis of head and inner body proteins by a morphogenetic protease in the giant Pseudomonas aeruginosa phage phiKZ[END_REF][START_REF] Duda | Functional domains of the HK97 capsid maturation protease and the mechanisms of protein encapsidation[END_REF][START_REF] Zuhlsdorf | Assemblins as maturational proteases in herpesviruses[END_REF]. Remarkably, assemblin protease is structurally related to proteins forming the tubes of phage tails [START_REF] Fokine | Common Evolutionary Origin of Procapsid Proteases, Phage Tail Tubes, and Tubes of Bacterial Type VI Secretion Systems[END_REF], suggesting that the iconic tails of Caudoviricetes evolved from a protease, mirroring the evolution of alphaviral CPs from a polyprotein-processing protease and, more broadly, supporting the exaptation scenario where viral structural proteins have evolved through refunctionalization of preexisting cellular and viral proteins. Notably, in some tailed phages, assemblin is replaced by a different serine protease related to bacterial ClpP [START_REF] Liu | Displacements of prohead protease genes in the late operons of doublestranded-DNA bacteriophages[END_REF].

Sporadically, other proteases, such as metalloproteases of the zincin family, are also encoded in phage genomes [START_REF] Yutin | Discovery of an expansive bacteriophage family that includes the most abundant viruses from the human gut[END_REF]. Altogether, the diversity and complex evolutionary history of virus proteases further demonstrate the pervasive trend of convergent capture of unrelated host proteins with similar functions by different virus lineages. 7A) [START_REF] Broyles | Homology between RNA polymerases of poxviruses, prokaryotes, and eukaryotes: nucleotide sequence and transcriptional analysis of vaccinia virus genes encoding 147-kDa and 22-kDa subunits[END_REF][START_REF] Lu | Identification of three late expression factor genes within the 33.8-to 43.4map-unit region of Autographa californica nuclear polyhedrosis virus[END_REF][START_REF] Passarelli | A baculovirus gene involved in late gene expression predicts a large polypeptide with a conserved motif of RNA polymerases[END_REF][START_REF] Guarino | A virus-encoded RNA polymerase purified from baculovirus-infected cells[END_REF][START_REF] Hillen | Structural Basis of Poxvirus Transcription: Transcribing and Capping Vaccinia Complexes[END_REF].

DNA-dependent

However, the evolutionary history of the RNAPs appears to be highly complex, with multiple gene exchanges and displacements between the viruses and their eukaryote hosts [START_REF] Yu | Hidden evolutionary complexity of Nucleo-Cytoplasmic Large DNA viruses of eukaryotes[END_REF][START_REF] Guglielmini | Diversification of giant and large eukaryotic dsDNA viruses predated the origin of modern eukaryotes[END_REF].

The diversity of the transcription machinery in tailed bacteriophages is far greater. Different members of Caudovirecetes encode two unrelated types of RNAPs. Numerous groups of bacteriophages have homologs of the highly conserved, multisubunit bacterial RNAP in which the Double-Psi Beta Barrel (DPBB) domains from the two large subunits jointly comprise the catalytic site (Figure 7B) [START_REF] Sokolova | Multisubunit RNA Polymerases of Jumbo Bacteriophages[END_REF][START_REF] De Martín Garrido | Structure of the bacteriophage PhiKZ non-virion RNA polymerase[END_REF]. However, the phage versions are often highly derived, demonstrating extreme divergence as well as subunit fusion and loss of individual subunits [START_REF] Drobysheva | Structure and function of virion RNA polymerase of a crAss-like phage[END_REF]. In some phages, the RNAP is reduced to a single protein containing two DPBB domains (Figure 7C). However, several groups within Caudovirecetes, in particular, T7-like phages, instead of the DPBB-domain RNAP, encode a single-subunit RNAP containing a Palm domain and derived from the A family DNAPs (Figure 7D) [START_REF] Jackson | Structure of T7 RNA polymerase complexed to the transcriptional inhibitor T7 lysozyme[END_REF][START_REF] Tahirov | Structure of a T7 RNA polymerase elongation complex at 2.9 A resolution[END_REF]. As in the case of DPBB RNAPs, some T7-like RNAPs are partitioned into several subunits [START_REF] Mirkin | Algorithms for computing parsimonious evolutionary scenarios for genome evolution, the last universal common ancestor and dominance of horizontal gene transfer in the evolution of prokaryotes[END_REF]. Notably, this RNAP was recruited for mitochondrial genome transcription in eukaryotes, most likely, from a prophage that was integrated into the genome of the premitochondrial endosymbiont [START_REF] Filee | Viral proteins functioning in organelles: a cryptic origin?[END_REF][START_REF] Shin | Bacteriophage origins of mitochondrial replication and transcription proteins[END_REF][START_REF] Harada | Phage Origin of Mitochondrion-Localized Family A DNA Polymerases in Kinetoplastids and Diplonemids[END_REF]. The driving forces behind the enormous diversification of the RNAPs in tailed phages remain a puzzle. Some of the phage RNAPs, from both the DPBB and the Palm domain varieties, are encapsidated into virions and are injected into the host cell along with the genome to transcribe the phage early genes [START_REF] Murakami | Cell-to-cell movement of plant viruses. Insights from amino acid sequence comparisons of movement proteins and from analogies with cellular transport systems[END_REF][START_REF] Drobysheva | Structure and function of virion RNA polymerase of a crAss-like phage[END_REF]. The structural requirements for such virion RNAPs are likely to be substantially different from those for the RNAP involved in bacterial transcription, resulting in dramatic changes in the phage RNAP sequence, structure and subunit organization.

Capping enzymes

Some common components of the virus proteomes can be naturally linked to the key molecular features of the hosts. Nearly all eukaryote mRNAs contain a 5'-terminal cap that is required for translation initiation and protects the mRNA from degradation [START_REF] Ramanathan | mRNA capping: biological functions and applications[END_REF]. Some positive-sense RNA viruses, in particular, those in the orders Picornavirales and Potatovirales within Pisuviricota, circumvent the requirement for the cap by protecting the RNA with a 5'terminal, covalently bound virus protein and initiating translation at distinct RNA domains, known as internal ribosomal entry sites (IRES) [START_REF] Goodfellow | The genome-linked protein VPg of vertebrate viruses -a multifaceted protein[END_REF][START_REF] Jiang | The genome-linked protein VPg of plant viruses-a protein with many partners[END_REF]. Alternatively, some RNA viruses, such as hepaciviruses, pestiviruses and pegiviruses (family Flaviviridae), lack both the cap and the terminal protein, and instead only carry an IRES, which enables efficient translation of mRNAs lacking a 5′ cap structure [START_REF] Simmonds | ICTV Virus Taxonomy Profile: Flaviviridae[END_REF]. However, the majority of the viruses infecting eukaryotes make capped mRNAs via one of three strategies. Segmented negative-sense RNA viruses (orders Bunyavirales and Articulavirales within Negarnaviricota) encode a distinct endonuclease that clips off cap-containing 5'-terminal segments of host mRNAs to initiate the synthesis of capped virus mRNAs [START_REF] Olschewski | The Cap-Snatching Mechanism of Bunyaviruses[END_REF]. Numerous other viruses, primarily, those that (at least, for part of their lifecycle) reproduce inside the nucleus, in particular, all reverse-transcribing viruses in the kingdom Pararnavirae, all small DNA viruses in the realm Monodnaviria, smaller viruses within Varidnaviria (for example, adenoviruses) and herpesviruses, exploit the host capping apparatus [START_REF] Decroly | Conventional and unconventional mechanisms for capping viral mRNA[END_REF]. However, viruses reproducing in the host cytoplasm, in particular, the majority of the eukaryote-infecting RNA viruses within Orthornavirae and most of the Nucleocytoviricetes, encode their own capping enzymes that apparently evolved from the host enzymes on several independent occasions and show complex evolutionary relationships [START_REF] Koonin | Viruses know more than one way to don a cap[END_REF]. Some of these enzymes are divergent homologs of the host capping machinery, as in the case of Nucleocytoviricetes, which encode the enzymatic domains with RNA 5′triphosphatase, RNA guanylyltransferase, RNA (guanine-N7)-methyltransferase and 2′-Omethyltransferase activities catalyzing all the steps of cap formation, either as separate proteins or as protein fusions encompassing two or more domains [START_REF] Shin | Bacteriophage origins of mitochondrial replication and transcription proteins[END_REF][START_REF] Kvansakul | Crystal structure of vaccinia virus mRNA capping enzyme provides insights into the mechanism and evolution of the capping apparatus[END_REF]. In dsRNA reoviruses, the capping enzyme is part of the virion and contains four enzymatic domains, which sequentially catalyze all four steps of the cap synthesis [START_REF] Ravantti | Superimposition of Viral Protein Structures: A Means to Decipher the Phylogenies of Viruses[END_REF]. Coronaviruses and likely other members of the Nidovirales also use the canonical capping pathway and encode the enzymes for all four reactions [START_REF] Bouvet | In vitro reconstitution of SARS-coronavirus mRNA cap methylation[END_REF][START_REF] Decroly | Conventional and unconventional mechanisms for capping viral mRNA[END_REF]. The RNA guanylyltransferase encoded by these viruses has evaded detection until recently, but now has been demonstrated to reside in the NiRAN domain of the RdRP [START_REF] Lehmann | Discovery of an essential nucleotidylating activity associated with a newly delineated conserved domain in the RNA polymerasecontaining protein of all nidoviruses[END_REF][START_REF] Walker | The SARS-CoV-2 RNA polymerase is a viral RNA capping enzyme[END_REF].

The enzymes responsible for different reactions required for capping can be non-homologous from one group of viruses to the next. For instance, RNA 5′-triphosphatase, which catalyzes the cleavage of the phosphate bond in 5′-triphosphorylated mRNA, can belong to four different enzyme families [START_REF] Decroly | Conventional and unconventional mechanisms for capping viral mRNA[END_REF], indicative of multiple independent gene acquisitions and/or replacements. Whereas members of the Nucleocytoviricetes and reoviruses synthesize their caps using the canonical pathway that also operates in eukaryotes, many RNA viruses evolved unconventional pathways for synthesizing the cap [START_REF] Decroly | Conventional and unconventional mechanisms for capping viral mRNA[END_REF] which, however, has the same structure as that of the hosts (Figure 8). The first of such distinct capping pathways is used by negative-sense RNA viruses of the order Mononegavirales [START_REF] Ogino | RNA Synthesis and Capping by Non-segmented Negative Strand RNA Viral Polymerases: Lessons From a Prototypic Virus[END_REF]. The L protein of mononegaviruses is a multifunctional enzyme responsible for both RNA replication and capping. One of the L subdomains has the GDP polyribonucleotidyl transferase (PRNTase) activity and transfers GDP, rather than GMP, as it occurs in the canonical pathway, to the RNA 5′ end [START_REF] Ogino | RNA Synthesis and Capping by Non-segmented Negative Strand RNA Viral Polymerases: Lessons From a Prototypic Virus[END_REF][START_REF] Proulx | Role of Virally-Encoded Deubiquitinating Enzymes in Regulation of the Virus Life Cycle[END_REF]. The methyltransferase subdomain of the L protein then methylates both ribose-2′-O position of the first nucleotide, and subsequently, the guanine-N7 position, thereby generating the mature cap structure (Figure 8). Alphaviruses and nodaviruses use a different capping pathway by virtue of a unique bifunctional enzyme with the methyltransferase-guanylyltransferase (MTase-GTase) activity [START_REF] Ahola | Sequence analysis reveals a conserved extension in the capping enzyme of the alphavirus supergroup, and a homologous domain in nodaviruses[END_REF][START_REF] Ahola | Alphavirus RNA replication in vertebrate cells[END_REF]. Unlike cellular cap methyltransferases, which methylate GTP only after it is transferred to the 5′ end of the mRNA, the alphaviral MTase-GTase first methylates GTP and only subsequently conjugates it to the 5′ end of the viral mRNA (Figure 8). Furthermore, the first step of the alphavirus/nodavirus capping reaction, namely, dephosphorylation of the triphosphorylated RNA 5' end, which is performed by a dedicated RNA 5′triphosphatase in the canonical pathway, is carried out by the viral helicase, using the same NTPase active site that powers the RNA unwinding activity [START_REF] Ahola | Alphavirus RNA replication in vertebrate cells[END_REF]. Remarkably, the MTase-GTase of alphaviruses is located at the neck of membrane-bound replicase complexes, also known as spherules, where it forms a dodecameric, crown-shaped ring, which acts as a gateway between the lumen of virus replication centers and the host cytoplasm [START_REF] Jones | Capping pores of alphavirus nsP1 gate membranous viral replication factories[END_REF]Zhang et al., 2021). The unique MTase-GTase of alphaviruses evolved through relatively minor structural elaborations of the canonical SAMdependent MTase fold [START_REF] Jones | Capping pores of alphavirus nsP1 gate membranous viral replication factories[END_REF], a testament to the enormous "creativity" of virus evolution, likely stimulated by the prohibitive genome size constraints.

Lineage-specific virus proteins involved in core processes

Apart from the common contributors to the core processes of genome replication and expression as well as morphogenesis, some groups of viruses, including even viruses with larger RNA genomes, encode proteins dedicated to more specific roles in such processes. Notable examples of such specialized proteins contributing to genome replication of RNA viruses are the exonuclease (ExoN) and a pyrimidine-specific endonuclease (NendoU) that are conserved in all viruses of the order Nidovirales within Pisuviricota, but not found in any other viruses [START_REF] Gorbalenya | Nidovirales: evolving the largest RNA virus genome[END_REF][START_REF] Ulferts | Nidovirus ribonucleases: Structures and functions in viral replication[END_REF]. Distant homologs of both nucleases were identified in eukaryotes indicating that these genes were recruited from the host at the onset of the evolution of Nidovirales. Both enzymes are required for coronavirus RNA replication, where ExoN supplies the proofreading activity which, along with other factors, apparently provides for genome expansion [START_REF] Gorbalenya | Nidovirales: evolving the largest RNA virus genome[END_REF][START_REF] Ferron | The enzymes for genome size increase and maintenance of large (+)RNA viruses[END_REF]. Another group of positive-sense RNA viruses with relatively large genomes, members of the family Closteroviridae within Kitrinoviricota, encode a molecular chaperone of the HSP70 family that is required for virion assembly [START_REF] Alzhanova | Cell-tocell movement and assembly of a plant closterovirus: roles for the capsid proteins and Hsp70 homolog[END_REF][START_REF] Dolja | Comparative and functional genomics of closteroviruses[END_REF][START_REF] Avisar | Class VIII myosins are required for plasmodesmatal localization of a closterovirus Hsp70 homolog[END_REF].

Viruses with large dsDNA genomes in the realms Varidnaviria and Duplodnaviria harbor a vast repertoire of lineage specific proteins involved in genome replication and expression as well as virion morphogenesis. As an example, it is interesting to mention that viruses from several families within Nucleocytoviricotes encode histones [START_REF] Thomas | Lausannevirus, a giant amoebal virus encoding histone doublets[END_REF][START_REF] Erives | Phylogenetic analysis of the core histone doublet and DNA topo II genes of Marseilleviridae: evidence of proto-eukaryotic provenance[END_REF][START_REF] Yoshikawa | Medusavirus, a Novel Large DNA Virus Discovered from Hot Spring Water[END_REF]Liu et al., 2021b;[START_REF] Rolland | Clandestinovirus: A Giant Virus With Chromatin Proteins and a Potential to Manipulate the Cell Cycle of Its Host Vermamoeba vermiformis[END_REF][START_REF] Valencia-Sanchez | The structure of a virus-encoded nucleosome[END_REF]. For instance, members of Marseilleviridae encode unique histone doublets, which form nucleosomes remarkably similar to those found in all eukaryotes (Liu et al., 2021b;[START_REF] Valencia-Sanchez | The structure of a virus-encoded nucleosome[END_REF]. Certain members of Phycodnaviridae, another family within Nucleocytoviricotes, instead encode a different chromatin protein of the DVNP family (PFAM: PF19060.3), exemplified by EsV-1-52 from Ectocarpus siliculosus virus 1, that promotes genome compaction and replaced the histones in dinoflagellates, a group of single-celled eukaryotes [START_REF] Gornik | Loss of nucleosomal DNA condensation coincides with appearance of a novel nuclear protein in dinoflagellates[END_REF][START_REF] Irwin | Comparative genomics of the FtsK-HerA superfamily of pumping ATPases: implications for the origins of chromosome segregation, cell division and viral capsid packaging[END_REF].

Virus proteins involved in virus-host interactions

All viruses are entangled in diverse interactions with the host organisms, in particular, coping with the multiple lines of defense, including innate and, in some groups of organisms, adaptive immunity [START_REF] Agol | Viral security proteins: counteracting host defences[END_REF]. A key aspect of virus evolution is the perennial arms race with the host whereby the hosts evolve and adapt defense mechanism, whereas viruses escape through the fixation of resistance mutations and evolution of antidefense mechanisms [START_REF] Forterre | The great billion-year war between ribosome-and capsid-encoding organisms (cells and viruses) as the major source of evolutionary novelties[END_REF]. Thus, both defense and antidefense systems tend to evolve rapidly, in terms of gene gain and loss as well as sequence and structure change. As can be expected, the repertoires of dedicated proteins involved in virushost interactions are tightly linked to the host biology. In particular, viruses of prokaryotes and eukaryotes have completely different sets of such proteins, and so do viruses of unicellular eukaryotes, plants and animals.

Viruses with large DNA genomes in the realms Varidnaviria and Duplodnaviria encode numerous proteins involved in various types of virus-host interactions, mostly, counter-defense. As a rule of thumb, about half of the proteins in large virus genomes (those in excess of about 100 kb) have dedicated functions in virus-host interactions, as observed, for example, in such thoroughly characterized group as chordopoxviruses within Nucleocytovirecetes.

Viruses with small genomes in the realms Riboviria and Monodnaviria encode few proteins that function solely in virus-host interaction. Typical of these viruses is gene sharing whereby virus proteins responsible for core functions moonlight in virus-host interactions. For example, most viruses in the family Picornaviridae, in addition to the main chymotrypsin-like protease responsible for most of the polyprotein cleavages (see above) encompass additional proteases, chymotrypsinlike 2A, which is encoded directly downstream of the capsid proteins, or papain-like L(leader), the N-terminal portion of the respective polyproteins. These proteases are essential for virus reproduction because they cleave the polyprotein in cis, but their unique function is the cleavage of the host translation initiation factor eIF4G and some other host proteins, inhibiting translation of the host capped mRNAs and suppressing innate immunity, including apoptosis [START_REF] Agol | Viral security proteins: counteracting host defences[END_REF][START_REF] Moral-Lopez | L protease from foot and mouth disease virus confers eIF2-independent translation for mRNAs bearing picornavirus IRES[END_REF][START_REF] Croft | Picornaviruses and Apoptosis: Subversion of Cell Death[END_REF]. Notably, in other picornaviruses, proteins occupying the same positions in the polyprotein but lacking protease activity inhibit host translation via other, non-enzymatic mechanisms. Apart from these "security proteins", the 3A protein of picornaviruses that is responsible for the membrane localization of the virus replication complex has been shown to inhibit apoptosis [START_REF] Kondratova | Poliovirus protein 3A binds and inactivates LIS1, causing block of membrane protein trafficking and deregulation of cell division[END_REF][START_REF] Agol | Viral security proteins: counteracting host defences[END_REF]) [START_REF] Jackson | Structure of T7 RNA polymerase complexed to the transcriptional inhibitor T7 lysozyme[END_REF].

A heterogeneous set of positive-sense RNA viruses in both Kitrinoviricota and Pisuviricota, including alphaviruses, rubella virus, hepeviruses and some coronaviruses, encode, within their non-structural polyproteins, the Macro domain (so named after the macro variant of histone H2A that contains this domain) [START_REF] Koonin | Evolution and taxonomy of positive-strand RNA viruses: implications of comparative analysis of amino acid sequences[END_REF]. In addition, Macro domains are encoded by some of the Nucleocytovirecetes as well some bacteriophages within Duplodnaviria. The Macro domains in RNA and DNA viruses are distantly related and apparently were acquired from the host on multiple, independent occasions. Macro domain are phosphohydrolases that are specific for (poly)ADP-ribose [START_REF] Neuvonen | Differential activities of cellular and viral macro domain proteins in binding of ADP-ribose metabolites[END_REF]. The primary function of the Macro domain is likely to be in antidefense, via the reversal of ADPribosylation of virus proteins, given that poly ADPribose polymerases are known antivirus factors [START_REF] Egloff | Structural and functional basis for ADP-ribose and poly(ADPribose) binding by viral macro domains[END_REF][START_REF] Aravind | The natural history of ADP-ribosyltransferases and the ADPribosylation system[END_REF][START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF]. However, direct involvement in virus genome replication cannot be ruled out either, especially, in betacoronaviruses where the nsP3 protein contains two derived Macro domains and binds RNA [START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF]Li et al., 2021). The macrodomain is a striking case of recruitment of a highly specific enzyme by unrelated viruses infecting diverse hosts, illustrating both the wide spread of some defense mechanisms and the multifunctionality of virus proteins.

However, even some of the viruses with the smallest genomes encode dedicated proteins that contribute to virus-host interaction in a specific manner dictated by the host biology. Viruses of plants, all of which have comparatively small genomes, apparently, because large viruses cannot spread between plant cells, stand out with respect to the prominence of such links between dedicated virus proteins and biological features of the hosts. A prominent case in point are the movement proteins (MP) of plant viruses that enable the movement of viral RNA or DNA among the plant cells through plasmodesmata [START_REF] Lu | Identification of three late expression factor genes within the 33.8-to 43.4map-unit region of Autographa californica nuclear polyhedrosis virus[END_REF][START_REF] Taliansky | Common and unique features of viral RNA-dependent polymerases[END_REF]. A great variety of both RNA viruses from Orthornaviria and Pararnaviria, and ssDNA viruses infecting plants encode homologous MPs of the so-called 30K family that bind virus RNA or DNA and transport it from cell to cell [START_REF] Marq | The doublestranded RNA binding domain of the vaccinia virus E3L protein inhibits both RNA-and DNA-induced activation of interferon beta[END_REF][START_REF] Murakami | Cell-to-cell movement of plant viruses. Insights from amino acid sequence comparisons of movement proteins and from analogies with cellular transport systems[END_REF]. Undoubtedly, the MPs extensively spread horizontally under strong selection because intercellular movement is a condition of virus spread in plants. The origin of the 30K family of MPs remains obscure. Several groups of positivesense plant RNA viruses within Kitrinoviricota lack a 30K family MP, but instead encode three unrelated proteins involved in virus movement, one of which is a distinct SF1 helicase, in the socalled triple gene block (Mushegian and Koonin, 1993;[START_REF] Morozov | Triple gene block: modular design of a multifunctional machine for plant virus movement[END_REF]. Other plant viruses employ unrelated proteins as MPs. It appears likely that additional MPs will be discovered in those plant viruses that lack both a 30K MP and the triple gene block. Indeed, carmoviruses (family Tombusviridae) encode two small proteins of 7 and 9 kDa, sometimes referred to as double gene block proteins, which are essential for intra-and inter-cellular movement, but are unrelated to either 30K or triple gene block MPs [START_REF] Navarro | An Update on the Intracellular and Intercellular Trafficking of Carmoviruses[END_REF], further indicating that the ability to cross plasmodesmata evolved on several occasions. In yet other plant viruses, such as closteroviruses, the functions of the MP are performed by minor virion components including the aforementioned virus-encoded HSP70 family chaperone [START_REF] Peck | HSP70 homolog functions in cell-to-cell movement of a plant virus[END_REF][START_REF] Alzhanova | Cell-tocell movement and assembly of a plant closterovirus: roles for the capsid proteins and Hsp70 homolog[END_REF][START_REF] Avisar | Class VIII myosins are required for plasmodesmatal localization of a closterovirus Hsp70 homolog[END_REF], another case of gene sharing.

In addition to the MPs, numerous plant and insect viruses encode proteins, in some cases, more than one per genome, known as silencing suppressors, that inhibit the powerful RNAi systems of their hosts [START_REF] Csorba | viral silencing suppressors: Tools forged to fine-tune hostpathogen coexistence[END_REF][START_REF] Jin | Recent advances in understanding plant antiviral RNAi and viral suppressors of RNAi[END_REF][START_REF] Deng | Small RNAs Participate in Plant-Virus Interaction and Their Application in Plant Viral Defense[END_REF]. Most of the silencing suppressors are small, structurally diverse proteins. Although many show no significant similarity to any known proteins [START_REF] Lingel | The structure of the flock house virus B2 protein, a viral suppressor of RNA interference, shows a novel mode of double-stranded RNA recognition[END_REF], some RNA and DNA viruses encode silencing suppressors containing the dsRNA binding domain (dsRBD), a small protein motif of ~70 amino acids with an αβββα fold, whose key property is binding dsRNA [START_REF] Fierro-Monti | Proteins binding to duplexed RNA: one motif, multiple functions[END_REF]. It cannot be ruled out that some of the silencing suppressors evolved de novo from spurious open reading frames (ORFs) in viral genomes.

Several small groups of plant positive-sense RNA viruses in the order Tymovirales within Kitrinoviricota and family Potyviridae within Pisuviricota encode an RNA demethylase of the AlkB family that repairs oxidative damage in virus RNAs [START_REF] Aravind | The DNA-repair protein AlkB, EGL-9, and leprecan define new families of 2-oxoglutarate-and iron-dependent dioxygenases[END_REF][START_REF] Van Den Born | Viral AlkB proteins repair RNA damage by oxidative demethylation[END_REF]. It remains unclear why some but not other plant viruses require this enzyme for their reproduction. One possibility is that the AlkB homolog is present mostly in viruses infecting trees that might exhibit a high level of oxidative stress.

Connections to the host biology are tractable for other viruses as well, especially in well-studied, model host organisms. Thus, most of bacteriophages encode peptidoglycan digesting enzymes (lysins) or other proteins that cause lysis of the cell wall allowing virus egress [START_REF] Cahill | Phage Lysis: Multiple Genes for Multiple Barriers[END_REF][START_REF] Chamakura | Phage single-gene lysis: Finding the weak spot in the bacterial cell wall[END_REF]. The lysins belong to several unrelated families of peptidoglycan-cleaving enzymes, indicative of independent capture by different groups of phages [START_REF] Abdelrahman | Phage-Encoded Endolysins[END_REF]. Remarkably, even leviviruses and microviruses, ssRNA and ssDNA phages with extremely compact genomes, respectively, encode distinct lysis proteins which, in these cases, are small membrane proteins encoded in alternative ORFs that cause lysis by inhibiting different stages of the peptidoglycan biosynthesis pathway [START_REF] Chamakura | Single-gene lysis in the metagenomic era[END_REF]. Apparently, these are independent cases of de novo emergence of virus proteins whereby spurious ORFs were fixed in evolution under strong selective pressure for the essential lysis activity. Indeed, leviviruses encode several unrelated lysis proteins that were overprinted over different viral genes (Chamakura et al., 2020).

Viruses infecting biologically distinct groups of bacteria display more specific adaptations. A notable example are the numerous viruses of cyanobacteria (cyanophages), many of which carry genes for the entire photosystem I, photosystem II or both [START_REF] Sullivan | Evolution of DNA polymerases: an inactivated polymerase-exonuclease module in Pol epsilon and a chimeric origin of eukaryotic polymerases from two classes of archaeal ancestors[END_REF][START_REF] Senkevich | Ancient Gene Capture and Recent Gene Loss Shape the Evolution of Orthopoxvirus-Host Interaction Genes[END_REF][START_REF] Alperovitch-Lavy | Reconstructing a puzzle: existence of cyanophages containing both photosystem-I and photosystem-II gene suites inferred from oceanic metagenomic datasets[END_REF][START_REF] Fridman | A myovirus encoding both photosystem I and II proteins enhances cyclic electron flow in infected Prochlorococcus cells[END_REF]. The photosystems of cyanophages supplement those of the host cyanobacteria, maintaining the host metabolism at the level sufficient to support the maximum rate of the virus reproduction. Such complementation of the host metabolism that is either overtasked by the virus infection or shut down in response to it is likely to be the driving force behind the capture of a variety of metabolic enzymes by viruses with large DNA genomes. In particular, the widespread nucleoside and nucleotide kinases discussed above and other enzymes of nucleotide metabolism that are common in viruses, for example, ribonucleotide reductases and dihydrofolate reductases, belong in this functional category [START_REF] Sullivan | Phylogenomics of T4 cyanophages: lateral gene transfer in the 'core' and origins of host genes[END_REF]Liu et al., 2021a).

A particularly notable example of recruitment of proteins complementing host functions that merits special discussion are protein components of the translation systems that are encoded by many giant viruses, primarily, in the family Mimiviridae within Nucleocytoviricetes. The most striking case is tupanvirus that encodes all protein components of the translation machinery except for the ribosomal proteins, including the complete set of aminoacyl-tRNA synthetases (aaRS) and translation factors [START_REF] Abrahao | Tailed giant Tupanvirus possesses the most complete translational apparatus of the known virosphere[END_REF][START_REF] Rodrigues | The Complex Nature of Tupanviruses[END_REF]. Although the functions on these proteins have not been studied in the native virushost systems, the activity of some of the aaRS has been demonstrated in vitro, and the conservation of the catalytic amino acids indicates that all the viral aaRS are active [START_REF] Abergel | Virusencoded aminoacyl-tRNA synthetases: structural and functional characterization of mimivirus TyrRS and MetRS[END_REF]. Thus, it appears highly likely that virus proteins complement rather than inhibit the host translation system. The presence of multiple translation system components among the mimivirus proteins fueled speculation on the origin of giant viruses from cellular ancestors by reductive evolution [START_REF] Colson | Reclassification of giant viruses composing a fourth domain of life in the new order Megavirales[END_REF][START_REF] Legendre | Genomics of Megavirus and the elusive fourth domain of Life[END_REF][START_REF] Nasir | Investigating the Concept and Origin of Viruses[END_REF]. However, the distribution of the translation system components among the giant viruses is extremely patchy, and phylogenetic analysis indicates that these proteins have been acquired piecemeal during virus evolution [START_REF] Williams | Informational gene phylogenies do not support a fourth domain of life for nucleocytoplasmic large DNA viruses[END_REF]Yutin et al., 2014a). Notably, a variety of bacterial and archaeal members of Caudoviricetes encode varying sets of ribosomal proteins [START_REF] Mirkin | Algorithms for computing parsimonious evolutionary scenarios for genome evolution, the last universal common ancestor and dominance of horizontal gene transfer in the evolution of prokaryotes[END_REF], numerous tRNAs and diverse tRNA metabolism genes, occasionally, including aminoacyl-tRNA synthetases [START_REF] Hendrix | Jumbo bacteriophages[END_REF]Liu et al., 2021a).

Analogously to the silencing repressors in viruses of eukaryotes, viruses of bacteria and archaea encode many proteins that target the prokaryote defense machinery, in particular CRISPR adaptive immune systems. Thanks to the CRISPR boom, the anti-CRISPR proteins (ACRs) have been studied in greater detail than other antidefense proteins of prokaryote viruses [START_REF] Koonin | Anti-CRISPRs on the march[END_REF][START_REF] Davidson | Anti-CRISPRs: Protein Inhibitors of CRISPR-Cas Systems[END_REF][START_REF] Wiegand | Structures and Strategies of Anti-CRISPR-Mediated Immune Suppression[END_REF][START_REF] Li | Anti-CRISPRs go viral: The infection biology of CRISPR-Cas inhibitors[END_REF]. The ACRs show enormous structural and functional diversity [START_REF] Wiegand | Structures and Strategies of Anti-CRISPR-Mediated Immune Suppression[END_REF]. The spread of the ACRs among bacterial and archaeal viruses is extremely non-uniform. Some viruses, for example, certain rudiviruses in the realm Adnaviria, encode multiple ACRs that can account for up to 25% of the genome coding capacity, whereas other, related viruses appear to encode many fewer ACRs or none at all [START_REF] He | Anti-CRISPR proteins encoded by archaeal lytic viruses inhibit subtype I-D immunity[END_REF][START_REF] Bhoobalan-Chitty | Inhibition of Type III CRISPR-Cas Immunity by an Archaeal Virus-Encoded Anti-CRISPR Protein[END_REF][START_REF] Athukoralage | An anti-CRISPR viral ring nuclease subverts type III CRISPR immunity[END_REF]. There is little sequence and even structure conservation among the ACRs from different viruses except for closely related ones, suggestive of rapid sequence evolution and, possibly, de novo emergence of these proteins, again, analogously to the silencing suppressors of plant viruses. Most of the ACRs are small proteins that inhibit a specific variety of CRISPR systems by binding to different parts of the large CRISPR effector complexes (or multidomain effector proteins) and blocking their activity. Some of these proteins are DNA mimics that form unproductive complexes with the CRISPR effectors [START_REF] Shin | Bacteriophage origins of mitochondrial replication and transcription proteins[END_REF][START_REF] Liu | Phage AcrIIA2 DNA Mimicry: Structural Basis of the CRISPR and Anti-CRISPR Arms Race[END_REF][START_REF] Gabel | Structural basis for inhibition of the type I-F CRISPR-Cas surveillance complex by AcrIF4, AcrIF7 and AcrIF14[END_REF]. Most of the ACRs lack any enzymatic activity, but there are notable exceptions, such as the viral ring nuclease that is widely spread among bacterial and archaeal viruses, and cleaves cyclic oligoadenylates, abrogating dormancy or cell death induction by type III CRISPR systems that is triggered by these second signal molecules [START_REF] Athukoralage | An anti-CRISPR viral ring nuclease subverts type III CRISPR immunity[END_REF]. Notably, this viral ring nuclease adopts a unique protein fold, so far not detected in any other proteins, making its origin enigmatic. Computational methods for ACR prediction from viral genome sequences that have been developed on the basis of salient characteristics of the ACR proteins and genes, such as small size, close gene spacing and adjacency to genes encoding transcription repressors regulating their expression, indicate that bacterial and archaeal viruses within Duplodnaviria and Adnaviria encode numerous, still uncharacterized ACRs [START_REF] Gussow | Machinelearning approach expands the repertoire of anti-CRISPR protein families[END_REF]. Moreover, diverse proteins encoded by prokaryote viruses, some resembling the ACRs in general properties, including the lack of readily identifiable origin, most likely, inhibit other defense systems of bacteria and archaea [START_REF] Bernheim | The pan-immune system of bacteria: antiviral defence as a community resource[END_REF].

Antidefense systems probably have been studied in greatest detail in chordopoxviruses, in which about 100 of the approximately 200 encoded proteins have dedicated functions in antidefense [START_REF] Senkevich | Ancient Gene Capture and Recent Gene Loss Shape the Evolution of Orthopoxvirus-Host Interaction Genes[END_REF]. Multiple chordopoxvirus proteins block different innate immunity pathways, in particular, the interferon-mediated resistance, the ubiquitin-proteasome system, and apoptosis, often acting as dominant negative inhibitors [START_REF] Moss | Immune-defense molecules of molluscum contagiosum virus, a human poxvirus[END_REF][START_REF] Bratke | A survey of host range genes in poxvirus genomes[END_REF][START_REF] Moss | Poxviridae: The Viruses and Their Replication[END_REF]. For example, vaccinia virus (VACV) protein E3 contains a dsRNA-binding domain and functions as a dominant negative inhibitor of the PKR kinase through the formation of unproductive complexes with dsRNA, preventing activation of PKR [START_REF] Langland | The role of the PKRinhibitory genes, E3L and K3L, in determining vaccinia virus host range[END_REF][START_REF] Marq | The doublestranded RNA binding domain of the vaccinia virus E3L protein inhibits both RNA-and DNA-induced activation of interferon beta[END_REF]). An unrelated protein, K3, is a structural mimic of the translation initiation factor eIF2a and inhibits via completely different mechanism, directly binding the kinase [START_REF] Elde | Protein kinase R reveals an evolutionary model for defeating viral mimicry[END_REF]. Notably, chordopoxviruses encompass four families of defense proteins, each consisting of several paralogs, two of which include proteins containing repetitive structures, namely, Kelch and TPR repeats, as well as Bcl-2 domains inhibiting different stages of apoptosis and so called PIE (Poxvirus Immune Evasion) domains [START_REF] Senkevich | Ancient Gene Capture and Recent Gene Loss Shape the Evolution of Orthopoxvirus-Host Interaction Genes[END_REF]. The Bcl-2 proteins are a typical case of recruitment of host proteins as dominant negative inhibitors of the respective defense pathways [START_REF] Torres | Multiple Bcl-2 family immunomodulators from vaccinia virus regulate MAPK/AP-1 activation[END_REF][START_REF] Kvansakul | Crystal structure of vaccinia virus mRNA capping enzyme provides insights into the mechanism and evolution of the capping apparatus[END_REF]. Phylogenetic analysis shows that these protein families evolved by serial gene duplication during poxvirus evolution, following the initial capture by an ancestral chordopoxvirus [START_REF] Senkevich | Ancient Gene Capture and Recent Gene Loss Shape the Evolution of Orthopoxvirus-Host Interaction Genes[END_REF]. The origins of most of these proteins can be generically traced to animal ancestors, but not at the level of specific genes. Moreover, the PIE domain fold appears to be unique, with no similarity to any available protein structures [START_REF] Nelson | Structural Conservation and Functional Diversity of the Poxvirus Immune Evasion (PIE) Domain Superfamily[END_REF]. Taken together, these observations indicate that most of the virus antidefense proteins are substantially altered upon recruitment by viruses, in some cases, even through core fold rearrangements. However, there are some exceptions to this trend, when an apparently recently acquired protein retains high sequence similarity to an obvious ancestor in the host, for example, serpins, inhibitors of caspases that prevent apoptosis [START_REF] Bratke | A survey of host range genes in poxvirus genomes[END_REF].

The repertoire of poxvirus antidefense proteins fully depends on the host biology. Indeed, fish poxviruses, the deepest branch among chordopoxviruses, lack all the characteristic antidefense proteins present in the rest of the group and instead encode a roughly equivalent number of proteins without detectable similarity in the current database [START_REF] Gjessing | Salmon Gill Poxvirus, the Deepest Representative of the Chordopoxvirinae[END_REF]. By implication, these proteins can be suspected to function in antidefense, but no specific indications can be gleaned from the analysis of their sequences.

Dark matter of virus proteomes

Fast evolution that often obscures ancestry is arguably one of the key features of virus proteins. Despite the small genome size of most RNA viruses, even these encode many proteins and domains without detectable homologs outside the respective group of viruses. For example, a substantial part of the nidovirus polyproteins remains completely uncharacterized despite conservation in related viruses [START_REF] Saberi | A planarian nidovirus expands the limits of RNA genome size[END_REF][START_REF] Gulyaeva | A nidovirus perspective on SARS-CoV-2[END_REF]. In the preceding section, we mention silencing suppressors encoded by diverse plant viruses. Most of these are small proteins without detectable homologs among known proteins, and the only information on these proteins comes from direct experiments on a handful of model viruses. The enormous variety of uncharacterized viruses encode their own "ORFans" (a nickname for uncharacterized, poorly conserved ORFs) that can be tentatively implicated in antidefense and perhaps other aspects of virus-host interactions, but their specific functions are currently unpredictable, and their origins remain obscure [START_REF] Yin | Identification and investigation of ORFans in the viral world[END_REF]. The ssDNA viruses in the realm Monodnaviria have tiny genomes with few genes, and the encoded proteins consist of known domains except, again, for some uncharacterized small proteins. A distinct family of viruses with small ssDNA genomes, Anelloviridae, common commensals of animals including humans, encode several proteins, none of which has detectable homologs outside this virus family (Kaczorowska and van der Hoek, 2020; [START_REF] Webb | Torque teno viruses in health and disease[END_REF]. Using highly sensitive methods for protein structure prediction, it became possible to determine that the CP of anelloviruses actually is a highly derived SJR protein, but the rest remain dark matter. The viruses with the smallest known genomes, members of the realm Ribozyviria that includes human hepatitis delta virus (HDV) and its relatives from other animals [START_REF] Perez-Vargas | HDV-Like Viruses[END_REF], are thought to originate from viroid-like, non-coding infectious agents and encode a single protein that forms the virus nucleocapsid (Koonin et al., 2021b;[START_REF] Lee | Viroids and Viroid-like Circular RNAs: Do They Descend from Primordial Replicators?[END_REF]. No homologs of this protein have been detected so far. Thus, the entire proteome of this virus realm is dark matter.

In viruses with larger dsDNA genomes, the fraction of protein dark matter differs widely. In the well characterized poxviruses and herpesviruses, the domain architectures as well as biochemical and biological functions of most proteins are known, and the origins of many from cellular ancestors are apparent, even if not down to a specific host gene, due to the high divergence of most virus proteins. However, in other viruses with large genomes, in particular, the giant pandoraviruses [START_REF] Legendre | Diversity and evolution of the emerging Pandoraviridae family[END_REF], most of the proteins represent dark matter. An even higher fraction of such ORFans, up to 90% of the (predicted) proteins, has been reported for large dsDNA viruses that currently could not be classified into any of the two major realms, such a nimaviruses [START_REF] Wang | ICTV Virus Taxonomy Profile: Nimaviridae[END_REF] and yaravirus [START_REF] Boratto | Yaravirus: A novel 80-nm virus infecting Acanthamoeba castellanii[END_REF], in which all proteins except for a few VHP remain complete unknowns.

The dark matter of virus proteomes can be classified into two categories that can be colloquially dubbed "knowable unknowns" and "unknowable unknowns", respectively. The first category consists of highly derived descendants of cellular proteins whereas the second one includes proteins that might have originated in viruses de novo, from non-coding sequences. For the "knowable unknowns", light can be shed on their origins through the application of sensitive methods for detection of sequence and structure similarity. A notable case in point is the large group of the so-called crAss-like phages that includes some of the most abundant phages infecting bacteria in the human gut microbiome [START_REF] Edwards | Global phylogeography and ancient evolution of the widespread human gut virus crAssphage[END_REF]. When the first crAssphage was discovered, no homologs were detected for more than 80% of its predicted proteins, and even the expected VHP, such as the HK97 fold CP, were not identified [START_REF] Dutilh | A highly abundant bacteriophage discovered in the unknown sequences of human faecal metagenomes[END_REF]. However, subsequent analysis that combined the discovery of numerous related phages and search of their protein sequences using sensitive methods established the identity and likely origins of the majority of these unknowns, leaving only about one third of the proteins within the dark matter [START_REF] Yutin | Discovery of an expansive bacteriophage family that includes the most abundant viruses from the human gut[END_REF][START_REF] Yutin | Analysis of metagenome-assembled viral genomes from the human gut reveals diverse putative CrAss-like phages with unique genomic features Nature Communications[END_REF]. With the decisive progress made in the field of protein structure prediction, with AlphaFold2 [START_REF] Jumper | Human anelloviruses: diverse, omnipresent and commensal members of the virome[END_REF] and RoseTTAFold [START_REF] Baek | Accurate prediction of protein structures and interactions using a three-track neural network[END_REF], it can be expected that numerous knowable unknowns among virus proteins leave the dark matter realm soon.. Many other virus proteins, however, such as the silencing suppressors in plant viruses, and ACRs in bacterial and archaeal viruses, seem to be unknowable unknowns. Typically, these are small proteins that are poorly conserved even among closely related viruses and no homologs detected even using the most sensitive available methods. These proteins can be suspected to have originated de novo although demonstrating this origin definitively is difficult except for proteins that evolve by overprinting, that is, as an alternative reading frame within other genes, for which the de novo scenario appears a certainty [START_REF] Pavesi | Viral proteins originated de novo by overprinting can be identified by codon usage: application to the "gene nursery" of Deltaretroviruses[END_REF][START_REF] Pavesi | Viral proteins originated de novo by overprinting can be identified by codon usage: application to the "gene nursery" of Deltaretroviruses[END_REF]. The lysis proteins of leviviruses are a typical case, and analogous proteins in alternative frames are also encoded by other RNA viruses and some ssDNA viruses.

Exaptation and recruitment of host proteins as major routes of virus protein evolution

The massive comparative analyses of virus proteins performed in the last few years provide for some generalizations on the routes of virus proteome evolution. With the apparent exception of the several VHPs that play key roles in virus genome replication and are likely to be direct descendants of enzymes that catalyzed the replication of primordial replicators, the rest of virus evolution appears to be largely a history of exaptation (Figure 9). Exaptation was defined by Gould and Vrba as recruitment of biological structures for roles distinct from their original functions shaped by adaptation (Gould and Vrba, 1982b). Although originally formulated in the context of organismal biology, the concept of exaptation is readily expandable and is a powerful explanatory framework for many aspects of molecular evolution. In virus evolution, exaptation is traceable back to the earliest stage, the recruitment of cellular carbohydrate-binding proteins as viral CPs, in particular, the SJR domains that apparently were recruited on several independent occasions (Krupovic and Koonin, 2017a).

Notably, despite the original reconstructions of the evolution of the DJR CP via SJR duplication in a virus genome, a more detailed investigation revealed an independent exaptation, again of a carbohydrate-active enzyme, a glycoside hydrolase [START_REF] Krupovic | Evolution of a major virion protein of the giant pandoraviruses from an inactivated bacterial glycoside hydrolase[END_REF]. Characteristically, the giant pandoraviruses that lost the ancestral DJR CP of Nucleocytovirecetes (and with it, the icosahedral capsid itself) also recruited an inactivated glycoside hydrolase of a different family as their major virion protein (Krupovic et al., 2020b). In small viruses, the principal adaptation of the CPs for their role in the virions is the acquisition of positively charged residues that interact with the virus genomic RNA or DNA. Typically, these positive charges reside in terminal extensions of the CPs such that exaptation does not substantially affect the core protein fold.

Several other cases of emergence of major virion protein via exaptation of host proteins have been documented (Krupovic and Koonin, 2017a). One notable example is the matrix protein of retroviruses, which is a derivative of the DNAbinding helix-turn-helix domain of transposon integrases. Another case in point are the matrix proteins of the viruses in the order Mononegavirales (phylum Negarnaviricota) that appear to have been derived from cyclophilins, molecular chaperones with peptidyl-prolylisomerase activity. When discussing the evolution of CPs above, we already mentioned the CP of alphaviruses, which is a derived chymotrypsin-like protease. In this case, the route of exaptation was apparently complex, with the protease first acquired by members of Flaviviridae and employed for polyprotein processing, followed by the gene transfer to alhaviruses, in which exaptation for the CP function occurred. The last two examples illustrate an important trend of exaptive evolution of virus proteins, namely, recruitment of enzymes for structural roles accompanied by loss of the enzymatic activity.

The numerous cases of recruitment of cellular proteins by viruses span a wide range of protein adaptation and evolutionary modification. Some of the recruited proteins effectively retain the same ancestral functions, for instance, enzymes involved in virus DNA replication or nucleotide metabolism. In such directly recruited viral enzymes, not only the protein fold but also the catalytic amino acids are conserved, and accordingly, the similarity to the cellular ancestors remains pronounced. Then, there are many exaptations that involve a limited change to the respective protein, notably, in the cases when a protein recruited by viruses functions as a mimic of a host protein involved in a particular antivirus defense pathway and hence a dominant negative inhibitor of that pathway. Soluble cytokine receptors and DEATH domain functioning as apoptosis inhibitors, both encoded by poxviruses, are good examples of such evolutionary strategy (Alvarez-de [START_REF] Miranda | TNF Decoy Receptors Encoded by Poxviruses[END_REF][START_REF] Yu | Hidden evolutionary complexity of Nucleo-Cytoplasmic Large DNA viruses of eukaryotes[END_REF]. These proteins typically are represented in relatively narrow groups of viruses. The cellular ancestry of such proteins is readily discernible, typically, via straightforward sequence comparison. The CPs discussed above are farther removed from their cellular ancestors on the spectrum of virus exaptations and are only detectable by advanced sequence analysis approaches or by structure comparison. In these cases, there is a clear mechanistic similarity between the original function of a protein and that in viruses, even though the biological roles are quite different. Finally, some virus proteins evolve via exaptation of cellular proteins for functions that are not obviously related to the original ones. The discovery of ancestry is such cases comes as a surprise and often requires the most sensitive and/or structural comparisons.

A relevant example is the poxvirus structural protein F12 that turned out to be a derived, inactivated DNA polymerase (Yutin et al., 2014b). Similarly, in herpesviruses, protein UL8 is an inactivated family B DNA polymerase, which was recruited to function as a non-enzymatic, yet essential component of the helicase-primase complex, implicated in multiple protein-protein interactions [START_REF] Kazlauskas | Herpesviral helicaseprimase subunit UL8 is inactivated B-family polymerase[END_REF]). It appears likely that the extent of such radical exaptation of host proteins by viruses is substantially underappreciated because of the major changes of the involved protein sequences and even structures. Many more such cases are likely to be discovered through comprehensive prediction of virus protein structures using the new, powerful methods.

Concluding remarks: organization of the virus pan-proteome and challenges in its analysis

The virus pan-proteome, that is, the entirety of proteins encoded by viruses, is the largest protein pool on earth, apparently spanning a much greater region of the sequence space than the panproteome of all cellular life forms combined. This is the case because viruses with large genomes encode numerous proteins unique to narrow groups of viruses. Our knowledge of the diversity of viromes appears insufficient for a robust quantitative estimate of the size of the virus panproteome, but beyond doubt, there are in the least many millions of groups of related viruses and hence billions of virus proteins. A key common feature of virus proteins is their fast, albeit widely varying, evolutionary change. At coarse grain and with some degree of arbitrariness, the virus panproteome can be classified into 4 classes of proteins that differ in their evolutionary conservation and spread across the virosphere (Figure 10): the VHPs that are broadly conserved across different realms of viruses, proteins involved in core virus functions, such as replication, expression and virion formation, but typically represented within a single virus realm or kingdom, proteins involved in virus-host interactions, primarily, counteracting host defenses, typically, conserved only in narrow groups of viruses and evolving at a high rate, dark matter, that is, proteins without detectable homologs or known functions, almost in all cases shared only by closely related viruses. The boundary between the latter two classes of virus proteins is, obviously, porous, so that as the provenance and functionality of the dark matter proteins are clarified, they migrate into the virushost interaction category. Indeed, most of the current unknowns can be expected to be involved in various virus-host interactions.

Apart from the few VHPs that seem to originate from the primordial protein pool, the bulk of the virus pan-proteome is derived from cellular proteins, via direct recruitment of proteins with activities relevant for virus reproduction as well as extensive exaptation. The degree of change to the sequences and structures of proteins acquired by viruses from hosts reflects the extent of functional change. Genes encoding recruited proteins that retain their activities may experience a period of accelerated evolution once integrated into virus genomes, but the magnitude of such acceleration is constrained by the requirement for preservation of active sites, in addition to the protein fold. In contrast, exaptation events cover a broad range of sequence and structure change, from high level of sequence conservation despite a functional switch to extreme divergence, including structural rearrangement that can make the ancestry of virus proteins hard if possible at all to trace. Comprehensive experimental and computational analyses of virus protein structures have the potential to reveal many more cases of radical protein change accompanying exaptation.

In addition to the recruitment and exaptation of host proteins, virus genomes might be a hotbed of de novo protein emergence. This route of protein origin is obvious in cases of overprinting, but hard to convincingly demonstrate on other occasions. Nevertheless, de novo origin of numerous small proteins encoded by diverse viruses, for example ACRs, appears plausible and could be an important source of new protein folds.

Virus proteomes, clearly, are not random collections of proteins. Rather, the recruitment of cellular proteins for roles in viral reproduction follows a logic dictated by functionalities that are relevant for viruses. Under this logic, different groups of viruses convergently capture distinct, often unrelated proteins providing similar functionalities, for example, helicases and proteases of several different families. Further, viruses acquire and possibly evolve de novo diverse proteins that target the defense systems that are most prominent in their respective hosts, such as CRISPR in bacteria and archaea, RNAi in plants, and apoptosis in animals. An important part of the logic of virus evolution is the "guns for hire" trend whereby viruses capture components of the host defense systems and repurpose them for antidefense, for example, as dominant negative inhibitors (Koonin et al., 2020b).

Concluding the discussion of the major trends in the evolution of virus proteins and proteomes, it seems prudent to mention some serious challenges confronted by the analysis of deep connections among viral proteins. The strongest challenge, arguably, is the fast pace of change of viral protein sequences and even structures, because of which many relationships can remain unnoticed.

Comprehensive structural characterization of viral proteomes is key. With the advent of the latest generation of structure modeling methods, this has become a realistic prospect, but the work itself and careful analysis and interpretation of the results still lie in the future. Fast evolution of viral proteins, especially, perhaps, at times of evolutionary transitions that include emergence of new groups of viruses also seriously compromises the robustness of phylogenetic analyses. Methodological improvements are badly needed and may come from refined methods for phylogenetic tree construction based on direct protein structure comparisons. Further characterization of the diversity of the virus proteomes combined with in depth structural and functional studies of virus proteins using improved methods can be expected to clarify the architecture of the virus panproteome and the logic of virus evolution. 

  and Naldaviricetes (i.e., Baculo-like viruses) encode their own transcription machinery. The DNA-dependent RNA polymerase (RNAP) subunits and core transcription factors encoded by the members of Nucleocytovirecetes and Naldaviricetes have the eukaryotic transcription machinery (Figure
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 2 Figure 2. Virus hallmark proteins involved in genome replication connect the majority of the virosphere. Schematic structures of the core domains of the replicative proteins in the 4 major realms of viruses are shown. The RNA recognition motif (RRM) is one of the most common RNAbinding domains and occurs in all forms of cellular life. Structurally related domains are widespread in many viruses and mobile genetic elements. Replication enzymes containing this module include reverse transcriptase (RT); RNA-dependent RNA polymerase (RdRp); rolling circle replication initiation endonuclease (RCRE); DNA-dependent DNA polymerases of families A (PolA) and B (PolB); and archaeo-eukaryotic primase (AEP). The schematic of the catalyzed reaction is shown for each enzyme, with red and green wavy lines representing DNA and RNA strands, respectively. Topologies of the proteins are shown with arrows for β-strands and green rectangles for α-helices, whereas larger insertions are depicted with yellow rectangles. Red, green and orange circles represent catalytic Asp, His and Tyr residues, respectively. In bacteria, PolA participates in the replication of the lagging DNA strand by connecting Okazaki fragments and in various repair processes, whereas in certain viruses, it functions as the replicative DNA polymerase that was also recruited from a bacteriophage for mitochondrial genome replication in eukaryotes.
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 3 Figure 3. Viral helicases and genome packaging ATPases. The structures of individual proteins and the functional protein oligomers are shown by ribbon diagrams. The structures in the upper panel are colored by secondary structure: α-helices, red; β-strands, blue, whereas in the bottom panel, each chain in the corresponding multimeric assemblies is colored differently. PDB ids: T7 TerL, 4bij; STIV2 B204, 4kfu; AAV2 Rep40 monomer, 1s9h; AAV2 Rep68 hexamer, 7jsi; phi6 P4, 5muv. The ATPase and nuclease domains of the TerL are indicated.
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 4 Figure 4. Major types of capsid proteins found in icosahedral viruses. The capsid architectures and ribbon diagrams of the individual capsid proteins are shown. A. SJR fold is represented by the CP of tobacco necrosis virus (Tombusviridae), PDB id: 1tnv. B. DJR fold is represented by the CP of Pseudoalteromonas phage PM2 (Corticoviridae), PDB id: 2vvf. C. HK97 fold is represented by the CP of Escherichia phage HK97, PDB id: 1ohg. The capsid proteins are colored by secondary structure: α-helices, red; β-strands, blue. The images of the corresponding capsid structures were retrieved from VIPERdb (http://viperdb.scripps.edu/).
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 5 Figure 5. The chimeric scenario for the origin of viruses. The figure is modified from (Krupovic and Koonin, 2017a), with permission.
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 6 Figure 6. Proteases encoded by RNA and DNA viruses. A. Proteolytic processing of the polyprotein encoded by potato virus Y (family Potyviridae). Cleavage sites of the 3 virus-encoded proteases are indicated by bent arrows colored using the same colors as the genes encoding the corresponding proteases. B. Ribbon diagrams of the structures of serine, cysteine and aspartate proteases encoded by RNA and DNA viruses, including the three proteases of potyviruses: P1 (AlphaFold2 model), HC-Pro (PDB id: 3rnv) and NIa-Pro (PDB id: 1lvm); aspartate protease of retroviruses (PDB id: 2i4d); vOTU deubiquitinase of nairoviruses (PDB id: 3phu); virion maturation protease I7 of poxviruses (RoseTTAFold model); capsid maturation protease of duplodnaviruses (PDB id: 5jbl). The structures are colored using the rainbow scheme from blue Nterminus to red C-terminus. Abbreviations: HC-Pro, helper component-protease; CI, cylindrical inclusion protein; VPg, viral protein genome-linked; NIa-Pro, nuclear inclusion a-protease; CP, capsid protein; PIPO, pretty interesting Potyviridae ORF; PVY, potato virus Y; TuMV, turnip mosaic virus; TEV, tobacco etch virus; HIV-1, human immunodeficiency virus 1; CCHFV, Crimean-Congo hemorrhagic fever virus; VACV, vaccinia virus.
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 7 Figure 7. Viral DNA-dependent RNA polymerases (RNAP). A-C. Double Psi Beta Barrel RNAPs. A. Multisubunit RNAP of vaccinia virus (VACV). PDB id: 6ric. B. Multisubunit RNAP of Pseudomonas bacteriophage PhiKZ. PDB id: 7ogr. C. Single-subunit RNAP of Cellulophaga bacteriophage phi14:2. PDB id: 6vr4. D. Palm domain RNAPs of bacteriophages T7 and N4. Note that RNAP of N4 (middle; PDB id: 6dt7) is a heterodimer, whereas T7 RNAP (PDB id: 1h38) and N4 vRNAP (PDB id:2po4) are single-subunit enzymes. Prefix 'v' in vRNAP indicates that the RNAP is encapsidated into virions. Each chain is colored differently in the corresponding structures to highlight the difference between single-subunit and multisubunit enzymes.
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 8 Figure 8. Diversity of cap formation pathways encoded by viruses.
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 9 Figure 9. Routes of evolution of viral proteins.

Figure 10 .

 10 Figure 10. Frequency of the four functional gene categories in viral genomes. The curve is approximate, based on the results of comparative analysis of virus genomes, but not reflecting exact numbers.

Table 1 . The top levels of virus taxonomy Realm Families Hosts Genome type Defining properties

 1 

	Adnaviria	4	Archaea	dsDNA	Filamentous virions with linear A-
					form dsDNA genomes
	Duplodnaviria 50	Archaea, bacteria,	dsDNA	Viruses with icosahedral capsids
			eukaryotes		made of HK97-fold MCPs
	Monodnaviria 20	Archaea, bacteria,	ssDNA and	Viruses with ssDNA genomes
			eukaryotes	some dsDNA	replicated using rolling-circle
					mechanism and encoding HUH
					superfamily encoducleases
	Riboviria	117	Bacteria and	RNA, RT-RNA,	RNA and reverse-transcribing
			eukaryotes	RT-DNA	viruses encoding palm-domain
					RdRPs or RTs
	Ribozyviria	1	Eukaryotes	(-)RNA	Viruses with circular (-)RNA
					genomes with ribozyme features
					and lacking RdRP gene
	Varidnaviria	18	Archaea, bacteria,	dsDNA and	Viruses with icosahedral virions
			eukaryotes	some ssDNA	made of DJR-MCPs and derived
					viruses

Table 2 . Virus hallmark proteins

 2 

	Protein	Function	Distribution
	RNA-dependent RNA	Replicase of RNA viruses	Orthornavirae
	polymerase		
	Reverse transcriptase	Replicase of all RT viruses	Pararnavirae
	Rolling circle replication	Initiator of rolling circle	Monodnaviria, some
	endonuclease	replication	Duplodnaviria, Varidnaviria and
			Adnaviria
	Family B DNA polymerase	Replication of dsDNA genomes	Many Duplodnaviria,
			Varidnaviria, Naldaviricetes,
			several families of archaeal
			viruses
	Superfamily 3 helicase	Unwinding or RNA and DNA	Many Riboviria, Duplodnaviria,
		genomes during replication	Varidnaviria, Monodnaviria
	Archaeo-eukaryotic primase	Priming of DNA synthesis	Many Duplodnaviria,
			Varidnaviria, Naldaviricetes
	Single jelly-roll capsid protein	Major and minor capsid	Many Monodnaviria,
		proteins	Orhornavirae, Helvetiavirae
	Double jelly-roll capsid protein	Major capsid protein	Majority of Bamfordvirae
	HK97-like capsid protein	Major capsid protein	Duplodnaviria
	FtsK-like ATPase	Genome packaging ATPase	Most Varidnaviria, Loebvirae
			(filamentous phages)
	Terminase, large subunit	Genome packaging ATPase and	Duplodnaviria
		nuclease	
	Portal protein	Structural protein essential for	Duplodnaviria
		genome packaging