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	Abstract of Taxonomy Proposal: 

	
Taxonomic rank(s) affected:       
Monodnaviria

Description of current taxonomy:       
Realm Monodnaviria includes four kingdoms, Loebvirae, Sangervirae, Shotokuvirae, and Trapavirae, which comprise bacteria-infecting viruses that form filamentous virions, bacteria-infecting viruses that form small icosahedral capsid, eukaryote-infecting viruses that form icosahedral capsids, and archaea-infecting viruses that produce pleomorphic virions, respectively.

Proposed taxonomic change(s):     
We propose moving three of the four monodnavirian kingdoms, namely, Loebvirae, Sangervirae, and Trapavirae, into three new realms and renaming the realm Monodnaviria to “Floreoviria”. 

Justification:
Realm Monodnaviria was created to unify viruses with small single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA) genomes that replicate using, in most cases, homologous rolling circle replication initiation endonucleases (Reps) of the HUH superfamily. However, recent comparative sequence and structural analyses showed that Reps encoded by viruses from these different kingdoms are not orthologous and, in some cases, not homologous (that is, some Reps do not belong to the HUH superfamily). Furthermore, the structural modules of these viruses are also unrelated. Thus, grouping of viruses from the four kingdoms within the same realm is unjustified.



	Text of Taxonomy proposal:  

	
Taxonomic rank(s) affected:       
Monodnaviria

Description of current taxonomy:       
Realm Monodnaviria includes four kingdoms, Loebvirae, Sangervirae, Shotokuvirae, and Trapavirae, which comprise bacteria-infecting viruses that form filamentous virions, bacteria-infecting viruses that form small icosahedral capsid, eukaryote-infecting viruses that form icosahedral capsids, and archaea-infecting viruses that produce pleomorphic virions, respectively.

Proposed taxonomic change(s):     
We propose moving three of the four monodnavirian kingdoms, namely, Loebvirae, Sangervirae, and Trapavirae, into three new realms and renaming the realm Monodnaviria to “Floreoviria”.

Demarcation criteria:
Realm 1 (Loebvirae): Members of the realm “Efunaviria” encode related morphogenetic modules centered around the FtsK family ATPase and hydrophobic MCPs that are extruded from the membrane upon virion assembly and egress, or be demonstrably derived from the bona fide members of this realm.
 
Realm 2 (Sangervirae): Members of the realm “Volvereviria” have ssDNA genomes and encode SJR MCPs related to those of other members of the class “Microviricetes”, or be demonstrably derived from the bona fide members of this realm.
  
Realm 3 (Shotokuvirae): Members of the realm “Floreoviria” encode the replication module based on the two-domain replication protein comprising the N-terminal HUH superfamily endonuclease domain and the C-terminal S3H domain, or be demonstrably derived from the bona fide members of this realm.

Realm 3 4 (Trapavirae): Members of the realm “Pleomoviria” share the morphogenetic module, consisting of the characteristic membrane fusion protein and matrix protein, and virion assembly mechanism with the existing members of the realm, especially, with the more extensively studied viruses of the family Pleolipoviridae.

Justification:      
Realm Monodnaviria was created to unify viruses with small single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA) genomes that replicate using homologous rolling circle replication initiation endonucleases (RCREs) of the HUH superfamily (Koonin et al., 2020). Recent comparative sequence and structural analyses showed that replication proteins encoded by viruses from different kingdoms are not orthologous and, in many cases, not homologous. Furthermore, the structural modules, i.e., sets of genes encoding proteins involved in virion morphogenesis and structure, of these viruses are also unrelated. Thus, grouping of viruses from the four kingdoms within the same realm violates the criterion of virus realm monophyly and is therefore unjustified. Below we outline the properties of viruses classified within the four kingdoms and highlight the inter-kingdom differences.

Kingdom Loebvirae
Viruses in the kingdom Loebvirae have circular ssDNA genomes that are packed within helically symmetrical filamentous particles. The morphogenetic module of filamentous phages and their virion morphogenesis process itself are unique among ssDNA viruses. The ssDNA replicative intermediate is being extruded through the host cytoplasmic membrane, with the major capsid proteins (MCPs), which are transiently embedded within the membrane, assembling around the rod-shaped DNA in a helical fashion, dissociating from the membrane in the process. The tips of the filamentous particles are decorated with minor capsid proteins, including those involved in host recognition and binding. The FtsK family ATPase plays a key role in ATP-driven genome extrusion through the membrane.

Kingdom Loebvirae includes a single order, Tubulavirales, with three families, 32 genera and 61 species. However, over 10,000 loebviraen genomes were identified across bacterial diversity and multiple types of ecosystems by mining genomic and metagenomic data (Figure 1a; Roux et al., 2019). Analysis of this greatly expanded set of loebviraen genomes revealed that whereas the morphogenetic module is relatively well conserved across the kingdom, the replication module varies greatly. Although, by definition, all loebviraens produce ssDNA intermediates, this can be achieved using different mechanisms. The rolling circle replication mechanism can be catalyzed by non-homologous endonucleases (nickases). In particular, the most common RCRE among loebviraens belong to the Rep_trans family (Figure 1b), which is structurally and evolutionarily distinct from the HUH superfamily enzymes. Besides the Rep_trans family enzymes, some loebviarens encode RepL family replication proteins (Rep), structurally related to helix-turn-helix DNA-binding proteins and widespread in plasmids of gram-positive bacteria (Hefford et al., 1997). Finally, certain viruses of the Plectroviridae family lack dedicated genes for the genome replication and instead appear to produce the ssDNA intermediates during transposition catalyzed by DDE superfamily transposases of the IS3 and IS30 families (Krupovic and Forterre, 2015).

Clustering analysis of the HUH superfamily RCRE encoded by loebviraens showed that they are not monophyletic but have rather been acquired from plasmids on multiple independent occasions (Figure 2; Kazlauskas et al., 2019). Based on the above, there is no evidence that the ancestor of loebviraens encoded an HUH superfamily RCRE. Given the extent of gene replacement, the replication module is not an appropriate feature to classify this kingdom within the realm Monodnaviria. Instead, the morphogenetic module appears as a more appropriate hallmark of this virus group. Thus, we propose moving Loebvirae out of Monodnaviria to a new realm, “Efunaviria”. 

Kingdom Sangervirae
Kingdom Sangervirae comprises viruses with small circular ssDNA genomes and icosahedral capsids. Although the kingdom currently includes a single family, Microviridae, a taxonomic proposal has been put forward to promote the family to the rank of a class, “Microviricetes”. Sangerviraens are genetically vastly diverse but relatively uniform in terms of both morphogenetic and replication modules. The morphogenetic module commonly consists of the MCP with a single jelly-roll (SJR) fold and a pilot protein involved in genome delivery, but may also include scaffolding proteins, spike protein and other minor components of the virion (Doore and Fane, 2016; Kirchberger and Ochman, 2023). The replication module primarily includes the HUH superfamily RCRE. Notably, neither the MCP nor the RCRE of sangerviraens are closely related to homologs from other known viruses, including members of the three other kingdoms within Monodnaviria, suggesting an independent origin of this virus group (Figure 2). Thus, we propose moving kingdom Sangervirae to a separate realm, which we propose naming “Volvereviria”.

Kingdom Trapavirae
Kingdom Trapavirae comprises archaea-infecting viruses with enveloped pleiomorphic virions and currently includes two monotypic phyla, Saleviricota and Calorviricota. Phylum Saleviricota contains the family Pleolipoviridae which includes viruses with linear or circular dsDNA or ssDNA genomes and infecting extremely halophilic archaea (Liu et al., 2022). Phylum Calorviricota also includes a single family, Thalassapleoviridae, which includes viruses infecting deep-sea hyperthermophilic archaea (Baquero et al., 2024). Membership within Trapavirae is based on the morphogenetic module, which consists of an archaea-specific membrane fusion protein and a conserved membrane-embedded matrix protein. By contrast, the replication modules are highly diverse. Alphapleolipoviruses have ssDNA genomes and encode HUH superfamily RCREs, but these are not monoplyletic and have been exchanged with different plasmid families on several independent occasions (Figure 3). For instance, RCREs of HRPV-1 and HHPV-1 cluster with homologs encoded by pTP2-like and pGRB1-like archaeal plasmids, respectively (Figure 2). The viruses of genus Betapleolipovirus do not encode a recognizable replication protein, whereas gammapleolipoviruses encode protein-primed family B DNA polymerases and contain linear dsDNA genomes (Liu et al., 2022). Similarly, in Thalassapleoviridae, members of only one of the three genera encode RCRE and appear to replicate by the rolling circle mechanism (Baquero et al., 2024). 

The evidence presented above shows that neither morphogenetic nor replicative module link trapaviraens to viruses from the other three kingdoms within Monodnaviria. Thus, we propose moving the kingdom Trapavirae into a separate new realm, “Pleomoviria”.

Kingdom Shotokuvirae
Kingdom Shotokuvirae is currently the largest kingdom within Monodnaviria, with three phyla, Commensaviricota, Cossaviricota, and Cressdnaviricota, which collectively include 29 families of eukaryotic viruses with small circular or linear ssDNA or dsDNA genomes. All viruses within Shotokuvirae have small icosahedral capsids, usually built based on the T=1 lattice and less commonly, based on the T=3 lattice. The MCPs of all shotokuviraens have the SJR fold, but in some lineages, e.g., family Bacilladnaviridae, the ancestral SJR MCP has been replaced by a non-orthologous one, likely through recombination with ssRNA viruses (Kazlauskas et al., 2017; Munke et al., 2022; Roux et al., 2013; de la Higuera et al., 2020). Most shotokuviraens encode a relatively uniform replication module consisting of a fusion of the HUH superfamily endonuclease domain and a superfamily 3 helicase (S3H) domain. Nevertheless, the replication module of shotokuviraens has undergone dramatic changes on at least three occasions:
1. In members of the class Papovaviricetes (kingdom Cossaviricota) the HUH endonuclease domain has been inactivated, while retaining the catalytically active S3H domain. As a result, the HUH domain of the replication proteins of papovaviricetes functions as an origin recognition domain rather than an endonuclease and the replication does not proceed through an ssDNA intermediate; Accordingly, papovaviricetes have circular dsDNA genomes, rather than ssDNA genomes.
2. In members of the class Mouviricetes (kingdom Cossaviricota), the HUH domain of the RCRE was replaced by a protein-primed family B DNA polymerase (but the S3H domain was retained as a separate gene) (Krupovic and Koonin, 2014).; and
3. The most radical change has apparently happened in members of the phylum Commensaviricota (family Anelloviridae), which retained the ancestral SJR MCP (Butkovic et al., 2023) but lost the RCRE. Recent preliminary evidence suggests that anellovirids do not encode any enzymes required for the replication of their genomes, which is performed entirely by the host DNA replisomes (Prince et al., 2025). 

These changes in the replication and morphogenetic modules notwithstanding, there is sufficient evidence supporting the common ancestry of all shotokuviraens. In particular, the unique two-domain organization of their replication protein has not been observed in Reps of known viruses outside of Shotokuvirae. However, homologous Reps, with the same domain architecture, have been described in a particular group of bacterial plasmids (Figure 2). Thus, the ancestor of shotokuviraens is believed to have an independent origin from a distinct group of RCRE plasmids, independent of those of other monodnavirians (Kazlauskas et al., 2019), justifying the movement of Shotokuvirae into a separate realm. We consider that it would be confusing to retain the realm name Monodnaviria because it implies monophyly of ssDNA viruses, which is not the case. Besides, the name also implies that all members of the realm have ssDNA genomes, whereas this is not true in the case of Shotokuvirae, where members have either ssDNA or dsDNA genomes. However, iInstead of abolishing realm Monodnaviria, we propose renaming it to “Floreoviria”. This realm will include kingdom Shotokuvirae. 

Overall, the four kingdoms within the current realm Monodnaviria include four distinct assemblages of viruses that are monophyletic within-kingdom, but unrelated to viruses from the other kingdoms. This conclusion was reached through analysis of both the replication and morphogenetic modules, the two principal components of viruses with small genomes. Thus, to ensure the monophyly of the realms, we consider it necessary to reorganize the existing realm Monodnaviria by moving three of the four kingdoms into separate new realms and renaming the realm Monodnaviria. 
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<Start here>[image: ]Figure 1. 

Genome sequence space and gene content of tubulavirals. A) The bipartite network links genes represented as protein clusters (PCs) in squares to proposed subfamilies represented as circles with a size proportional to the number of species in each candidate subfamily (log10 scale), grouped and coloured by proposed family. Putative subfamilies that include viral isolates are highlighted with a black outline. Candidate subfamilies are connected to PCs when ≥50% of the subfamily members contained this PC or ≥25% for the larger proposed subfamilies. The three official families within Tubulavirales are highlighted in bold. B) Distribution of inovirid protein families (iPFs) detected in two or more genomes, associated with genome replication, genome integration and toxin–antitoxin systems. The presence of at least one sequence from an iPF (column) in a proposed family (row) is indicated with a grey square. Rolling circle replication (RCR) iPFs include only the RCR endonuclease motif, except for iPF_00203 (highlighted with an asterisk), which also includes the C-terminal S3H motif typical of eukaryotic single-stranded DNA viruses. Transposases used by selfish integrated elements are indistinguishable from transposases domesticated by viral genomes using sequence analysis only; hence, these genes are gathered in a single ‘integration or selfish element’ category. S-rec, serine recombinase; Y-rec, tyrosine recombinase. The figure is reproduced from Roux et al., 2019.
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Figure 2. Representative HUH superfamily Reps clustered by their pairwise sequence similarity. Lines connect sequences with P-value ≤ 1e−08. Groups were named after well-characterized plasmids, viruses or most frequent taxon. The figure is reproduced from Kazlauskas et al., 2019.

[image: Pleolipoviridae phylogeny and genome structure]

Figure 3. Genomes of pleolipovirids. The phylogenomic tree of pleolipovirids (left panel) based on whole genome analysis at the amino acid level performed using VICTOR. The tree is rooted with gammapleolipoviruses, and the branch length is scaled in terms of the Genome BLAST Distance Phylogeny (GBDP) distance formula D6. The bootstrap support values >80% are shown. The right panel shows the linear representation of the pleolipovirid genomes depicted in the tree. Gammapleolipoviruses have linear genomes. The genomes of other viruses are circular. Genes and ORFs are shown as arrows. Homologous genes are indicted with the same colors and are connected between viruses by shadings of different degrees of grey based on the amino acid sequence identity. Genes and ORFs are named in HRPV-1. HRPV-1 genes 3, 4 and 8, and ORFs 6 and 7 form a group of conserved genes characteristic of pleolipovirid genomes. The figure is reproduced from Liu et al., 2022.
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