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	Abstract of Taxonomy Proposal: 

	
Description of current taxonomy:       
Arthropod-infecting viruses with helical capsids and large double-stranded DNA genomes are classified into the orphan class Naldaviricetes, which is currently not assigned to any of the 10 established realms. Naldaviricetes includes five families, four of which are included within the order Lefavirales. 

Proposed taxonomic change(s):     
We propose assigning class Naldaviricetes to a new realm, “Telodnaviria”, kingdom “Anansivirae” and phylum “Pifaffiniviricota”, and classifying Apis mellifera filamentous virus into a new family, “Mellonaviridae” within the existing order Lefavirales, within class Naldaviricetes. In addition, we propose assigning the floating family Nimaviridae to a new order “Neritevirales”. 

Demarcation criteria for new taxon/taxa:
Membership in “Telodnaviria” will be contingent on the conservation of a set of proteins implicated in the formation of characteristic filamentous virions, and infectivity factors, most notably, the per os infectivity factors (PIFs). The relationships between viruses of taxa within the realm will be determined based on comparative genomics and phylogenetic analysis of conserved proteins. 

Justification:      
Naldaviricetes do not encode the hallmark proteins that are used for classification of other viruses into realms, such as HK97-fold major capsid protein (MCP) for duplodnavirians or double jelly-roll MCP for varidnavirians. Accordingly, naldaviricetes do not belong to any of the established realms. Instead, naldaviricetes encode a distinct set of conserved proteins implicated in virion morphogenesis and infectivity, justifying their assignment to a separate realm.  




	Text of Taxonomy proposal:  

	
Description of current taxonomy:       
Arthropod-infecting viruses with helical capsids and large double-stranded DNA genomes are classified into the class Naldaviricetes, which was established in 2021 (van Oers et al., 2023). Naldaviricetes includes five families: Baculoviridae, Filamentoviridae, Hytrosaviridae, Nudiviridae, and Nimaviridae. Based on phylogenetic analysis and an expanded set of shared genes, the first four families are unified within the order Lefavirales, whereas Nimaviridae was placed within Naldaviricetes as an orphan family, i.e., unassigned to an order. 
Discovered nearly 50 years ago in honeybees and several other winged insects, Apis mellifera filamentous virus (AmFV) has a large (≈500-kb) double-stranded DNA genome. However, only a few complete or near-complete genome sequences are available in public databases, with most displaying ambiguous regions (Figures 1 and 2). Thus, the genome sequence of AmFV strain CtN3 (Bandoo et al., 2026) was chosen as a representative (GenBank accession number: PV347098). The DNA pol gene analysis showed that there are 3 genotypes (Figure 3) of AmFV circulating globally (Figure 4). AmFV shares a conserved gene set with naldaviricetes and is considered to share a common ancestry with the viruses of this class (Bandoo et al., 2026; Gauthier et al., 2015; Hartmann et al., 2015; Yang et al., 2022). However, AmFV remains to be formally classified with 8 viral genomes available in GenBank sharing >95% pairwise identity (Figure 2). 
Another group of unclassified viruses related to naldaviricetes is represented by the ant-infecting Camponotus japonicus labial gland disease virus (CjLGD; Jiang et al., 2025). The latter group appears to be most closely related to AmFV and was suggested to represent a separate family (Jiang et al., 2025). 
	
Proposed taxonomic change(s):     
We propose assigning class Naldaviricetes to a new realm, “Telodnaviria”, kingdom “Anansivirae” and phylum “Pifaffiniviricota”, and classifying Apis mellifera filamentous virus into a new family, “Mellonaviridae” within the existing order Lefavirales, within class Naldaviricetes. In addition, we propose assigning the floating family Nimaviridae to a new order “Neritevirales”.
N.B. A separate proposal is being prepared for 2027 for the classification of Camponotus japonicus labial gland disease virus infecting ants.

Demarcation criteria for new taxon/taxa:
Membership in “Telodnaviria” will be contingent on the conservation of a set of proteins implicated in the formation of characteristic, helically symmetric virions, most notably the baculovirid VP39-like MCP. All members of the realm characterized thus far also encode per os infectivity factors (PIFs), which represent one of the hallmarks of “Telodnaviria”. However, we do not exclude the possibility that viruses in which pif genes were replaced by functionally equivalent but unrelated genes will be discovered in the future. 
The relationships between viruses of taxa within the realm will be determined based on comparative genomics and phylogenetic analysis of conserved proteins.
Kingdom “Anansivirae”, and phylum “Pifaffiniviricota” are monotypic taxa; thus, demarcation criteria previously established for the class Naldaviricetes apply. 
 

Justification:      
The core gene set conserved in members of Naldaviricetes, as well as AmFV and CjLGD, has been described previously (van Oers et al., 2023, Guinet et al., 2024; Jiang et al., 2025). These genes can be broadly assigned to four functional categories: (i) DNA replication, (ii) transcription, (iii) infectivity, and (iv) virion assembly and morphogenesis (Figure 5). Below we consider the provenance of genes in the four categories. 

Information processing genes in Naldaviricetes (categories i and ii)
Naldaviricetes encode a number of proteins shared with other viruses with large dsDNA genomes, namely, those of realms Duplodnaviria and Varidnaviria. These proteins are implicated in genome replication and transcription. However, careful evolutionary analyses showed that many of these genes have been convergently and independently acquired by the corresponding viruses from the host or through horizontal transfer between viruses that share the same host (Johnstone et al., 2024). For instance, detailed phylogenetic analysis of family B DNA polymerases revealed a complex evolutionary history of these enzymes within Naldaviricetes, Nucleocytoviricota, and Herpesvirales. DNA polymerases encoded by viruses within each of these three taxa are not monophyletic, but rather display phylogenetic affinities to different groups of eukaryotic DNA polymerases, either Delta or Epsilon, indicative of horizontal gene transfer and replacement events occurring in the history of each virus group (Kazlauskas et al., 2020). DNA polymerases of baculovirids cluster with Epsilon-like polymerases and form a distinct monophyletic group that is only distantly related to the homologs from poxvirids, malacoherpesvirids and alloherpesvirids (Rosani et al., 2023). Consistently, in structure-based comparisons, Epsilon DNA polymerases were identified as the closest structural homologs of the baculovirid DNA polymerase. Similarly complex evolutionary history is observed for the largest RNA polymerase subunits encoded by baculovirid genes lef-8 and lef-9. At the sequence level, the encoded baculovirid LEF-8 and LEF-9 proteins are not recognizably similar to any viral or cellular protein (outside of Naldaviricetes). However, in structure-based searches, cellular RNA polymerases were identified as the closest homologs (Johnstone et al., 2024). Regardless, in the absence of proper phylogenetic analysis (precluded by the extreme sequence divergence of baculovirid lef-8 and lef-9 sequences), the provenance of baculovirid RNA polymerases remains uncertain beyond their closer similarity to homologs from eukaryotes and their viruses. Another protein involved in mRNA biogenesis, with both eukaryotic and viral homologs is LEF-4, an enzyme participating in the synthesis of the mRNA cap structure. LEF-4 represents a fusion of the N-terminal metal-dependent 5’-triphosphatase domain and the C-terminal guanylyltransferase domain (Shuman, 2002). Unlike in certain nucleocytoviricots, LEF-4 does not contain the C-terminal cap methyltransferase domain and in its domain organization is most similar to the capping enzyme of Entamoeba histolytica Schaudinn, 1903 (Shuman, 2002). In structure-based searches, the triphosphatase domain was most similar to Cet1 from Trypanosoma cruzi Chagas, 1909 (PDB ID: 6l7v), whereas the guanylyltransferase domain was more similar to the archaeal DNA ligase than to structurally related mRNA guanylyltransferases of eukaryotes or viruses. Notably, the structures of capping enzymes from nucleocytoviricots, such as vaccinia virus, phycodnavirus PBCV-1, and Acanthamoeba polyphaga mimivirus, were available in the databases, indicating genuine distinctiveness of LEF-4. The informational module of naldaviricetes also includes a helicase exemplified by the baculovirid protein Ac95, which is sometimes considered to be related to the D5 primase-helicase of vaccinia virus, a core gene in nucleocytoviricots. However, unlike D5-like proteins, the N-terminal region of Ac95 is unrelated to primases and structural models of this domain are not significantly similar to any protein structures in either DALI or FoldSeek searches. The similarity to D5 primase-helicase is limited to the C-terminal superfamily 3 helicase domain, one of the hallmark virus proteins widespread across viruses with RNA and DNA genomes from all three domains of life. Indeed, in profile-profile searches the helicase domain of Ac95 is only marginally more similar to the D5 homologs from nucleocytoviricots than to homologs from prokaryotic viruses, with protein sequence identity between the helicase domains in both cases being ≈10% (Johnstone et al., 2024). Thus, the helicase appears to be homologous but not orthologous to the D5-like primases-helicases of nucleocytoviricots and hence does not provide support for an ancestral relationship between the two virus groups. Instead, naldaviricetes encode a genuine eukaryotic-like heterodimeric primase, LEF-1, which corresponds to the catalytic DNA primase subunit with structural similarity to eukaryotic and archaeal primases rather than to viral homologs (Iyer et al., 2005). Accordingly, the structure-based searches showed that LEF-2, previously shown to be a cofactor of the LEF-1 primase, is homologous to the non-catalytic large subunit of archaeo-eukaryotic primases (Johnstone et al., 2024).

Thus, analysis of the DNA replication and transcription modules does not support common origin of naldaviricetes and other large DNA viruses from the realms Varidnaviria and Duplodnaviria. 

Infectivity-related genes (category iii)
This functional category includes a set of genes encoding per os infectivity factors (PIFs) that were first described in baculovirids in which they are required for oral infectivity in insect hosts (Boogaard et al., 2018). Ten PIFs (PIF0–9) have been reported to be essential for baculovirid oral infection. Except for PIF5, PIFs form a protein complex (Peng et al, 2010; Boogaard et al 2017; Wang et al., 2019), which prevents proteolytic degradation and is predicted to mediate attachment and membrane fusion (Johnstone et al., 2024). Homologs of baculovirid PIFs are found in all naldaviricetes although not all pif genes have been identified in all groups within the class; in some cases, likely due to high sequence divergence rather than genuine absence. Importantly, it has been recently demonstrated that PIFs encoded by parasitoid wasps producing nudivirid-derived virus like elements are general entry factors essential for systemic infection (Wang et al., 2026). For the nudivirids themselves, PIFs are also likely to have a broader function in cell entry, as these viruses do not have a homolog of the baculovirus F or GP64 proteins. Thus, the original function of the PIF complex has likely been to promote entry of enveloped virions of naldaviricetes. Importantly, none of the PIFs have homologs in other viruses identifiable through sequence or structure comparisons (Johnstone et al., 2024). Thus, PIFs are a hallmark of naldaviricetes, further emphasizing the distinctiveness of this group of viruses.

Virions assembly and morphogenesis (category iv)
All naldaviricetes form rod-shaped or filamentous nucleocapsids, a morphology not observed among viruses of realms Varidnaviria and Duplodnaviria, which typically form icosahedral capsids (or odd-shaped ovoid-shaped particles in several groups of varidnavirians) (Krupovic and Koonin, 2026). High resolution virion structures are available only for baculovirids (Johnstone et al., 2024; Benning et al., 2024; Jia et al., 2023). However, low-resolution cryo-EM analysis of the nimavirid white spot syndrome virus particles suggested that the overall virion organization is broadly conserved (Sun et al., 2023). 

The baculovirid nucleocapsid forms a tubular container accommodating the genomic DNA in an internal cavity (Figure 6). The two ends of the baculovirid particles are capped by complex, distinct terminal structures, denoted the cap and the base (Johnstone et al., 2024). The base resembles a crown with triangular spikes pointing out of a flat base, whereas the cap has a distinct conical shape. The main baculovirid tube of the nucleocapsid is made of 14 helical strands of dimers of the major capsid protein (MCP; also called VP39 or Ac89), organized with a C14 cyclic symmetry (Figure 7; Johnstone et al., 2024). The fold of the MCP, centered around the conserved zinc finger domain (Figure 8), and its assembly into a helical capsid are unique among known viruses. 

Until now, homologs of the baculovirid MCP (VP39) were identifiable only in nudivirids. Accordingly, the MCP is typically not included among the core naldaviricete genes. However, detailed analysis of viral protein structures allowed us to identify homologs of baculovirid MCPs in all other naldaviricete families, except for Nimaviridae (Figure 8). However, given the overall similar organization of the nimavirid capsid (Sun et al., 2023), it is highly likely that the MCP ortholog evaded detection due to high sequence divergence. Notably, we identified VP39-like MCP orthologs also in AmFV and CjLGD. 

Besides the structural components of the virion, the morphogenetic module of naldaviricetes includes an Erv-like flavin adenine dinucleotide (FAD)-dependent sulfhydryl oxidase (called AC92 or P33), which catalyzes the formation of disulfide bonds, likely in viral proteins, such as PIF5 and MCP (Figure 9). Although some nucleocytoviricots, such as vaccinia virus, also encode homologous sulfhydryl oxidases, such as vaccinia virus E10R protein (Senkevich et al., 2002), comparison of the viral and cellular homologs suggests that naldaviricetes and nucleocytoviricots have recruited these enzymes independently of each other from cellular organisms (Johnstone et al., 2024).

Thus, none of the components of the naldaviricete morphogenetic module have orthologs in other DNA viruses, supporting the independent provenance of these viruses. Conversely, naldaviricetes do not encode any of the hallmark proteins which form the basis for the classification of other viruses into realms, such as HK97-fold major capsid protein (MCP) for duplodnavirians or double jelly-roll MCP for varidnavirians (Krupovic and Koonin, 2026). Accordingly, we propose assigning Naldaviricetes to a new realm, “Telodnaviria”. 

Classification of Apis mellifera filamentous virus into a new family, new genus, and new species
As mentioned above, AmFV shares a conserved set of genes with members of Naldaviricetes, including the VP39-like MCP (Figure 5) and several PIF homologs (Guinet et al., 2024; Jiang et al., 2025). In particular, analysis of the complete AmFV genome sequence revealed the homologs of PIF0 through PIF5 (Bandoo et al., 2026). Furthermore, AmFV encodes homologs of all four core components of the RNA polymerase, LEF-4, LEF-5, LEF-8 and LEF9, conserved in lefavirals (Jiang et al., 2025). Thus, we propose classifying AmFV into a new species, new genus, new family, “Mellonaviridae” with the order Lefavirales. 

Assignment of Nimaviridae to a new order, “Neritevirales”, within class Naldaviricetes
Due to high sequence divergence compared to viruses within the order Lefavirales and lack of identifiable homologs of the signature lefaviral genes, namely, those encoding components of the RNA polymerase, Nimaviridae has been assigned to the class Naldaviricetes as a floating family (van Oers et al., 2023). Here we propose assigning this family to a new monotypic order “Neritevirales”. 

The proposed taxonomy is schematically depicted in Figure 10.
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Figure 1. Illustration of primer binding sites for the verification of the inverted translocation/genome rearrangement region in the AmFV – CTN3 (PV347098) genome. A comparison of the relative genome arrangement is provided with the output from the Mauve (Darling et al., 2004) genome alignment. The ambiguous nucleotide regions in the genomes available in GenBank are highlighted as grey vertical bars. Adapted from Bandoo et al. (2026).
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Figure 2: A. Intergenomic identity plot of AmFV genomes available in GenBank determined using VIRIDIC (Moraru et al., 2020). B. Proteomic tree inferred using ViPTree (Nishimura et al., 2017) of the AmFV sequences. Apis mellifera filamentous-like virus (OR553294), a divergent relative of AmFV, was used as an outgroup. The log branch length scaling is shown and a zoomed in section of the tree with AmFV sequences is provided on the right. Adapted from Bandoo et al. (2026).
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Figure 3: Midpoint rooted maximum-likelihood phylogenetic tree of the AmFV DNA polymerase nucleotide sequences available in GenBank, along with those from SRA-based assemblies. Adapted from Bandoo et al. (2026).
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Figure 4: The current known distribution of AmFV across the world includes Algeria, Argentina, Armenia, Bangladesh, Belgium, China, Cyprus, England, Ethiopia, France, Hungary, Italy, Jamaica, Jordan, Kenya, Mexico, New Zealand, Peru, the Plurinational state of Bolivia, the Republic of Kosovo (not recognized by the UN), Scotland, South Africa, the State of Palestine, Sweden, Switzerland, the Syrian Arab Republic, the Czech Republic, the Republic of Korea, the Russian Federation, the United States of America, and Turkey. The countries are color-coded based on the genotypes from the AmFV DNA pol sequence analyses with the USA shown in grey to indicate all three genotypes that have been identified circulating in bees. Unknown = no sequence information to determine genotype. Adapted from Bandoo et al. (2026).




[image: ]Figure 5. Heatmap representing the core gene content of filamentovirids related to Leptopilina boulardi filamentous virus (LbFV) compared to virus representatives of Naldaviricetes. A cladogram phylogeny is reported on the left. Taxonomic affiliation of considered viruses is reported on the right. The rows represent the viral species, and the columns represent the genes grouped according to their potential functions. Colored cells indicate the presence of the gene in viral genomes. Of note, the homolog of baculovirid helicase is the helicase 2 in nudivirids, hytrosavirids, and filamentovirids. The figure is reproduced from Guinet et al., 2024.
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Figure 6. The baculovirid nucleocapsid has a unique helical organization sealed by complex base and cap structures. (A) Representative image of a purified AcMNPV BV imaged under cryogenic conditions. Scale bar, 50 nm. (B) Clipped, top view of the helical reconstruction of the nucleocapsid with the MCP VP39 represented in blue and the internal DNA in green. Inset: Clipped side view of the nucleocapsid tube. (C) Composition of the base and tube including the symmetry and stoichiometry determined by cryo-EM. N/D, not determined. (D) Cryo-EM reconstruction of the entire nucleocapsid, assembled from individual reconstructions of the base, tube, and cap. Base (left) and cap (right) colored according to individual subunits. The nucleocapsid tube is colored blue with an individual strand represented in red. (E) Molecular organization of the base (left), tube (middle), and cap (right) as a schematic representation. (Middle) An individual MCP strand of the nucleocapsid helical tube is highlighted with adjacent strands shown in a semitransparent representation. The figure is reproduced from Johnstone et al., 2024.
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Figure 7. The baculovirid nucleocapsid is a cross-linked helical tube stabilized by intermolecular cross-links and a tight pin/lasso interaction. (A) Arrangement of the MCP subunits in the helical tube seen from the outside of the particle. A single, helical strand is highlighted by coloring of the dimer subunits in yellow and blue, with adjacent strands shown in gray. A single asymmetric unit is shown overlaid with the cryo-EM reconstruction as a semitransparent yellow surface. Cysteines potentially involved in intradimer and interdimer disulfide bonds are shown as pink and red spheres, respectively. Bottom left inset: Zoomed-in view of the intra-strand disulfide bond between the adjacent Cys169 and Cys132 residues. Bottom right inset: Zoomed-in view of the interstrand interactions viewed from the inside of the virion, including the putative Cys29-Cys29 disulfide bond and associated zinc finger motif, and the β sheet interaction of two adjacent lassos. (B) MCP dimer formed by two subunits shown in cartoon and semitransparent surface representations as in (A). (C) (Top) MCP dimer, rotated 180° around the y axis with respect to (B). The interdimer pin-lasso interaction is shown by darker yellow and blue coloring with respect to the rest of the molecule (black dashed box). (Bottom) Schematic representation of the dimer and pin-lasso interaction. (D) Schematic of the disulfide network between adjacent MCP dimers. Top right inset: Extended representation of the disulfide network. The dimer is represented by two circles at the center of mass of each subunit. Disulfide bonds are represented by dashed lines with Cys29, Cys132, and Cys169 shown as maroon, red, and orange spheres, respectively. The figure is reproduced from Johnstone et al., 2024.
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Figure 8. Structures and topological diagrams of VP39-like MCP orthologs. Baculovirids are represented by the experimental structure of the MCP of Autographa californica multiple nucleopolyhedrovirus (AcMNPV; PDB id: 8VWH), whereas the other virus groups are represented by AlphaFold models (GenBank accession numbers are shown under the corresponding models). Homologs of the baculovirus VP39 MCP were identified by iterative FoldSeek (van Kempen et al., 2024) searches against the BFVD structure database (Kim et al., 2025) initiated with the experimentally determined structure of AcMNPV VP39 (PDB id: 8VWH). The structures and topological diagram are colored using the rainbow scheme from blue (N-terminus) to red (C-terminus). The legend in the bottom right corner explains the key elements shown in the topological diagrams (Johnstone et al., 2024). Unstructured N- or C-terminal regions were removed from some models for visualization purposes. 
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Figure 9. Structure-based relationships between cellular and viral sulfhydryl oxidases represented as a cluster dendrogram constructed based on the pairwise z-score comparisons calculated using DALI. (Left) Domain organizations for proteins in the four highlighted groups of sulfhydryl oxidases and representative structures (PDB IDs: 3tk0, 3gwn, 3lli, and 3pk0) and their cartoon representation with the Erv domain colored as a rainbow and unique domains in the baculovirus and QSOX proteins in light brown. The FAD molecule is shown as magenta spheres. The figure is reproduced from Johnstone et al., 2024.
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Figure 10. Proposed taxonomic structure of the realm “Telodnaviria”.
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