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Abstract
	Here we propose to create 3 new orders and 5 new families for classification of viruses that were newly identified in the hydrothermal vent sediment and rocks and found to infect anaerobic methanotrophic ANME-1 archaea. They are related to viruses from 4 different assemblages, namely, realms Duplodnaviria, Adnaviria and Varidnaviria, as well as archaeal spindle-shaped viruses, which are not currently classified into a higher taxon.


Text of proposal
		Candidatus Methanophagales (ANME-1) is a major order-level clade of archaea responsible for methane removal in deep-sea sediments through anaerobic oxidation of methane. Their viruses have not been reported previously. Using virus metagenomics, we identified several new clades of ANME-1 viruses in marine sediments and found that they have little proteomic overlap with known viruses that have been officially classified. Here, we analyzed 10 complete ANME-1 virus genomes using vCONTACT v2.0 (1) and VipTree (2), along with related incomplete genomes of ANME-1 viruses, wherever available, for a broader context of viral diversity. vCONTACT2 revealed that ANME-1 viruses are distinct from known viruses infecting bacteria, archaea, and eukaryotes (Fig. 1), and form several interconnected modules of variable sizes within a gene-sharing network (Fig. 2). 

The 10 complete ANME-1 viruses are distributed within 4 unconnected modules, and according to their proteome profiles and predicted structural features are distantly related to classified members of head-tailed viruses of the class Caudoviricetes (realm Duplodnaviria), tailless icosahedral viruses of the realm Varidnaviria, rod-shaped viruses of the realm Adnaviria, and spindle-shaped viruses (realm yet undefined), respectively. To demarcate the family-level assignments of ANME-1 viruses, we used ViPTree (2), a tool designed to inform virus taxonomy based on the clustering and branch lengths of phylogenomic trees constructed using global proteome comparisons between the analyzed viruses. The ANME-1 viruses were analyzed in the context of previously classified archaeal viruses of the class Caudoviricetes associated with halophilic and methanogenic archaea. Using as a guide the distances separating the established families of head-tailed archaeal viruses infecting halophilic and methanogenic hosts, ViPTree analysis of ANME-1 viruses suggested that they can be classified into five families that are distinct from all existing viral families.

To reveal a finer taxonomic structure within each archaeal virus assemblage, we relied on the clustering analyses performed using vConTACT v2.0, which has been specifically developed and calibrated to identify genus-level groupings of prokaryotic viruses. This further subdivided 2 of the families into 4 genera.

Description of the proposed virus families

Order Coyopavirales, family Chaacviridae

Clade 1 in the vCONTACT2 network comprises viruses predicted to have tailless icosahedral virions (Fig. 2, Fig. 3A). This group of viruses is characterized by novel major capsid protein (MCP), which is predicted using AlphaFold2 to have the double jelly-roll (DJR) fold, the hallmark protein of viruses within the realm Varidnaviria (Fig. 3B). This group of viruses displays minimal proteome overlap with other known viruses, including ANME-1 viruses described below, and is characterized by a uniform 10-11 kb genome size and a gene encoding protein-primed family B DNA polymerase (pPolB). We propose classifying these viruses into a new family, Chaacviridae, after Chaac, the god of death in the Mayan mythology.

Chaacviridae comprises two genera that have relatively similar functional composition in their proteomes, yet exhibit relatively low sequence conservation and distinct gene arrangements. As shown in Fig. 3A, viruses in the two genera appeared to have undergone a genomic inversion during their evolutionary history. We propose the genus names Homochaacvirus and Antichaacvirus (from homo [same in Greek] and anti [opposed in Greek] to emphasize the inversion of a gene module including the pPolB gene). Additionally, although members of the Homochaacvirus and Antichaacvirus encode closely related MCPs (annotated as MCP-2 in Fig. 3A-C), their pPolBs are highly divergent, forming two distinct clades in the phylogenetic tree (Fig. 3D). Compared to the well-characterized DJR-MCP of the bacteriophage PM2, the MCPs of homochaacviruses and antichaacviruses have an additional small beta-barrel inserted after the alpha-helix between jelly-roll beta-strands (Fig. 3B). We have also identified relatives of chaacviruses with highly divergent DJR MCPs, but this group of viruses does not include representatives with complete genomes as could be judged from the presence of inverted or direct terminal repeats, so they are left out from further taxonomic considerations.

Three complete genomes of chaacviruses have been obtained, as judged from the presence of inverted terminal repeats, consistent with the presence of pPolB gene. The three viruses share less than 90% average nucleotide identity and represent separate species. Homochaacvirus genus will include viruses PBV304 and PBV305, whereas genus Antichaacvirus will include a single representative PBV266.

As mentioned above, Chaacviridae is not closely related to any of the existing virus families. However, based on the gene complement, chaacviruses resemble members of the class Tectiliviricetes, which among others includes bacterial members of the families Tectiviridae and Corticoviridae as well as archaeal viruses of the family Turriviridae. Thus, we propose placing Chaacviridae into a new monotypic order Coyopavirales (after Coyopa, the god of thunder in Mayan mythology) within the existing class Tectiliviricetes. 

Demarcation criteria
We propose using 95% sequence identity as a species demarcation criterion, to be consistent with the classification of other bacterial and archaeal viruses in the class Tectiliviricetes. 

Order Nakonvirales, families Ahpuchviridae and Ekchuahviridae

Clade 2 in the vCONTACT2 network comprises viruses encoding proteins typical of members of the class Caudoviricetes, including HK97-fold MCPs, portal protein, large terminase subunit and various tail proteins. ViPTree analysis of these ANME-1 viruses in the context of the previously classified archaeal members of the class Caudoviricetes suggested that ANME-1 viruses form several family level groups. However, only two of these groups include representatives with complete genomes, assembled as circular contigs. Importantly, all ANME-1 viruses form a distinct clade outside of the three existing orders of haloarchaeal and methanogenic archaeal viruses (3) (Fig. 4). Thus, we propose to create a new order Nakonvirales (after Nakon, the most powerful god of war in Mayan mythology) for unification of these two family-level groups.

We propose naming the first of the two groups Ahpuchviridae (after Ah Puch, the god of death in the Mayan mythology). This family is represented by one genus Kisinvirus (after Kisin, another Mayan god of death) and a single species, Kisinvirus pescaderoense. The species includes virus PBV299, which has a dsDNA genome of 70,925 bp and besides the morphogenetic genes typical of members of the Caudoviricetes, encodes an RNA-primed family B DNA polymerase, archaeo-eukaryotic primase and a processivity factor PCNA (Fig. 4B).

The second proposed family, Ekchuahviridae (after Ek Chuah, the patron god of warriors and merchants in the Mayan mythology), is represented by one genus Kukulkanvirus (after Kukulkan, the War Serpent in the Mayan mythology). The proposed genus will include two species, Kukulkanvirus guaymasense (GBV301) and Kukulkanvirus mexicoense (GBV302), with representative viruses containing genomes of 80,551 bp and 71,795 bp, respectively. Notably, viruses in this group encode two divergent HK97-fold MCPs with their own capsid maturation proteases, but all other canonical head-tailed virus structural proteins are encoded as single copy genes. Their replication modules include RNA-primed family B DNA polymerase and archaeo-eukaryotic primase (Fig. 4C).

Demarcation criteria
We propose using 95% sequence identity as a species demarcation criterion, to be consistent with the classification of other bacterial and archaeal viruses in the class Caudoviricetes. Family demarcation was established based on the global proteomic tree calculated using ViPTree.

Family Itzamnaviridae

Clade 3 in the vCONTACT2 network comprises spindle-shaped viruses. This clade includes one family with representatives containing complete genomes. We propose the family name Itzamnaviridae (after Itzamna, lord of the heavens as well as night and day in the Mayan mythology). The members of this family differ in genome sizes (Fig. 5B) and are subdivided into two genera, which we propose naming Demiitzamnavirus and Pletoitzamnavirus (after demi- for half or partial [derived via French from Latin ‘dimedius’] and pleto for full [Latin]).

Demiitzamnaviruses have circular genomes sized around 25 kb, each encoding two MCPs homologous to those characteristic of and exclusive to archaeal spindle-shaped viruses. This genus is represented by species Demiitzamnavirus mexicoense. Pletoitzamnaviruses have genome sizes around 45-48 kb, where roughly half of the genome aligns with nearly the entirety of the genomes of demiitzamnaviruses, including the two MCP genes. However, the remaining fraction of pletoitzamnavirus genomes encodes enzymes of diverse functions, including replicative proteins, such as RNA-primed family B DNA polymerase and archaeo-eukaryotic primase, PCNA, large and small subunit of the replication factor C, etc (Fig. 5B). The content of this genome fraction is relatively flexible, with genes encoding various metabolic and regulatory enzymes swapping in and out, often in the form of multi-gene cassettes. For example, the representative pletoitzamnavirus, PBV082, contains a gene cluster encoding a kinase-phosphatase pair, a thymidylate synthase, and a radical SAM enzyme of unknown function (Fig. 5C). Except for the characteristic MCP, members of the Itzamnaviridae do not encode proteins with appreciable sequence similarity to proteins of other spindle-shaped viruses.

Demarcation criteria
We propose using 95% sequence identity as a species demarcation criteria, to be consistent with the classification of other prokaryotic viruses.

Order Maximonvirales, family Ahmunviridae

Clade 4 in the vCONTACT2 network corresponds to a rod-shaped virus family with a single representative for which complete genome sequence is available. Virus PBV300 has a linear dsDNA genome of 41,525 bp with 99 bp terminal inverted repeats. It encodes two divergent MCPs homologous to those of viruses in the realm Adnaviria. The virus also encodes several other proteins with homologs in members of the family Rudiviridae, including the terminal fiber protein responsible for receptor binding. For classification of PBV300, we propose the creation of a new genus, Yumkaaxvirus (after Yum Kaax, the god of the woods, the wild nature, and the hunt in Mayan mythology) within a new family, Ahmunviridae (after Ah Mun, the god of agriculture in Mayan mythology). 

We propose placing the family into the class Tokiviricetes (realm Adnaviria), but outside of the two existing orders, Ligamenvirales and Primavirales. We thus propose to assign Ahmunviridae to a new order Maximonvirales, after Maximon, a god of travelers, merchants, mecidine men/women, mischief and fertility in Mayan mythology. 

Demarcation criteria
We propose using 95% sequence identity as a species demarcation criterion, to be consistent with the classification of viruses in the realm Adnaviria.
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Figure 1. Gene-sharing networks produced via vCONTACT v2 indicate that all ANME-1 MGEs (Magenta) are well distinguished from the known haloarchaeal viruses (Blue) and other viruses with known hosts (yellow, RefSeq v202). 
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Figure 2. The ANME-1 mobilome subnetwork of the vCONTACT2 gene-sharing network shown in Figure 1. Solid/open circles indicate viral assemblies with/without identifiable MCPs. Dashed lines encircle five new families of viruses with representative complete genomes. The 9 representative viruses with complete genomes are labeled in grey.



[image: ]
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Figure 3. New tailless icosahedral viruses belonging to the proposed order Coyopavirales and family Chaacviridae.  A, Gene synteny of tailless icosahedral viruses belonging to the new order Coyopavirales and family Chaacviridae. Different colors indicate different protein groups, grey indicate singletons. The scale bars are indicated at the bottom for genome size (left) and amino acid identity scores between connected coding regions (right). The three representative viruses are highlighted in bold. B, Alphafold2-predicted structures of newly discovered DJR MCPs in ANME-1 viruses shown in panel A. C, Maximum-likelihood analysis of new MCP families indicates their long evolutionary distances. D, Maximum-likelihood analysis of pPolB found in different clades of Chaacviridae are respectively related to two clades of spindle-shaped Wyrdviruses targeting Asgard archaea. Abbreviations: MCP, major capsid protein; DJR, double jelly-roll; pPolB, protein-primed DNA polymerase family B.
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Figure 4. The new order Nakonvirales and its two families within the class of Caudoviricetes. A. proteome-scale phylogeny of Caudoviricetes hosted by ANME-1 archaea and 12 families (comprising more than 3 order-level diversity) of haloarchaea indicate a clear dichotomy. The tree is mid-point rooted. ANME-1 viruses with complete circular genomes are indicated in purple, those with unconfirmed completeness in blue. B and C, genome organization and gene content of the complete genomes representing two new families of ANME-1 head-tailed viruses. Blue and purple respectively represents forward and reverse strands. D, Sequence alignment of representatives of ANME-1 viruses. Colors indicates different protein families. Grey indicates singleton proteins without apparent homologs. Scale bar for protein identity scores is indicated at the bottom.
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[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Figure 5. Representatives of new families of rod-shaped and spindle-shaped viruses. A. Gene content of the complete representative linear genome of the new rod-shaped virus family Ahmunviridae. Blue and purple respectively indicate genes encoded on the forward and reverse strands. B, Genome alignment of various spindle-shaped viruses hosted by ANME-1 archaea. The encoded thymidylate synthases ThyX and ThyA are highlighted in red. Different colors indicate 76 different protein groups. Grey indicates singletons. The scale bars are indicated in the bottom right. C, Gene content of the complete circular genome of a representative of the spindle-shaped virus family Itzamnaviridae. Dashed red boxes in B and C shows an example of a nonconserved multi-gene cluster insertion. PolB, DNA polymerase B. MCP, major capsid protein.
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