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Abstract
	“Ambiviruses” are mobile genetic elements that were recently discovered in fungi. Their RNA genomes are circular, circa 5 kb in length, and have at least two open reading frames (ORFs) in non-overlapping ambisense orientation. Both ORFs are conserved among all currently known “ambiviruses” and one of them encodes a viral RNA-directed RNA polymerase (RdRp) that firmly places “ambiviruses” into ribovirian kingdom Orthornavirae. However, the “ambivirus” RdRps are only distantly related to those encoded by orthornaviraens in currently established phyla. Furthermore, their genomes have the unique features of encoding RdRps but also having divergent ribozymes in various combinations in both sense and antisense orientation. Indeed, the detection of circular forms in both sense orientations suggest that “ambiviruses” use rolling circle replication for propagation. Here we propose to establish a framework for the classification of this very rapidly growing group of viruses that accommodates an initial set of 20 well-annotated “ambivirus” genome sequences in a new phylum, a new class, a new order, four families, four new genera, and 20 new species.


Text of proposal
		“Ambiviruses” is the term first used by Sutela et al. and Forgia et al. for a group of unique mobile genetic elements with RNA genomes discovered in isolates of agaricomycete (Ceratobasidiaceae: Ceratobasidium sp. and Tulasnellaceae: Tulasnella sp.) [9] and sordariomycete fungi (Cryphonectriaceae: Cryphonectria parasitica (Murrill) M.E.Barr (1978)) [4]. Soon after, a number of other “ambiviruses” have been characterized from mostly agaricomycetes (e.g., physalacriaceaen Armillaria spp., bondarzewiaceaen Heterobasidion spp., ceratobasidiaceaen Rhizoctonia spp., and phanerochaetaceaen Phlebiopsis gigantea (Fr.) Jülich (1978)) [2, 7, 10]. All these “ambiviruses” were discovered as “orphan encoding sequences” (i.e., BLAST searches with non-redundant database at the time of discovery did not result in detectable homologs). Indeed, recent highly comprehensive similarity-based virus-discovery searches in large metatranscriptomic datasets missed “ambiviruses” as well [3, 8, 12]. 

“Ambiviruses” from axenically isolated fungi have RNA genome lengths of 4.3–5.2 kb and encode at least two conserved proteins from non-overlapping open reading frames (ORFs) in ambisense orientation (ORF-A and ORF-B) (Fig. 1). Some “ambivirus” genomes have a third ORF encoding a protein with a sequence not conserved among the clade members. ORF-A encodes a highly divergent RNA-directed RNA polymerase (RdRp) with typical A, B, and C motifs in the palm subdomain [5], indicating that “ambiviruses” are ribovirian orthornaviraens. Interestingly, other researchers discovered “ambiviruses” as circular ribozyme-possessing entities, with hammerhead (HHRz), hairpin (HpRz), and other ribozyme types located at the C-termini of both ORFs [5, 6] (Fig. 1) Ribozyme activity and rolling circle replication was confirmed in vitro and in vivo for two specific “ambiviruses”, Cryphonectria parasitica ambivirus 1 (CpAV1) and Tulasnella ambivirus 4 (TuAV4) [5]. This finding identified “ambiviruses” as “hybrids” of RdRp-encoding orthornaviraens and viroids.

Here, we propose an initial taxonomic framework for the classification of “ambiviruses”. Notably, “ambiviruses” monophyletic in the RdRP phylogeny carry unrelated types of ribozymes (Fig. 4), indicating that the two characters evolve independently of each other and are exchanged horizontally, with RdRP being the only feature unifying the entire virus group. Due to the conservation of the RdRP, the hallmark protein of orthornaviraens, we propose that “ambiviruses” be accommodated within kingdom Orthornavirae. Furthermore, given the unique combination of highly divergent RdRP-encoding ORFs, ribozyme activity, and circular genomes, we propose assigning this virus group to a new orthornaviraen phylum, Ambiviricota.

Focusing only on several well-annotated ambiviricot sequences at this time, we propose the phylum to include a single class with a single order for four families including four genera and 20 species, based upon a 90%-identity threshold in pairwise alignment of ORF-A as the species demarcation criterion (Figs. 2 and 3). Primary distinction among the genera is based on phylogenetic analyses. All viruses assigned to different genera and the four families proposed in this document form monophyletic clades in phylogenetic analyses performed using their RdRP proteins.

Our knowledge of ambiviricot diversity is rapidly increasing [1, 5]. A recent study of 46,500 fungal transcriptomes identified more than 2,500 ambivircot sequences with as little as 27% protein sequence identity to previously described genomes; these sequences likely represent at least 345 distinct ambiviricots [1] in addition to hundreds described before [5] (Figs. 4 and 5). The framework proposed here will likely suffice to classify these new ambiviricots in an expanded scheme requiring future creation of additional classes, orders, and families.

Etymology for proposed taxa: see Excel spreadsheet.








Supporting evidence
Fig. 1. Genome organization or representative “ambiviruses”
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5′ RACE and Sanger sequencing of the (A, C, E) positive (+) and (B, D, F) negative (-) strands of three ambiviricot genomic RNAs, showing the in vivo self-cleavage sites (blue arrows) at the predicted cleavage-sites for their HHRz and HpRz motifs, respectively. Ribozyme secondary structures are drawn as inlays. Adapted from Figure 3 in [5].
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Fig. 2. Phylogenetic tree based upon alignment of amino acid sequences of well annotated ambiviricot RdRPs (ORF-A encoded proteins) considered in this proposal. Alignment was performed with MAFFT, while tree topology was calculated with the maximum likelihood methodology implemented in IQ-Tree [11], using the ultrafast bootstrap methods. 

[image: ]

Fig. 3. Identity matrix of all ambiviricot ORF-A encoded protein sequences used for this proposal (Supplementary File). Pairwise alignment was performed using Clustal omega. Shades of color intensity from blue to red represent percentiles of identity.
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Fig. 4. Ambiviricot diversity

[image: ]
Maximum-likelihood phylogenetic tree of ambiviricot RNA-directed RNA polymerase (RdRp) palmprints of 439 distinct species-like operational taxonomic units (sOTUs). DVRz, delta virus ribozyme; HHRz, hammerhead ribozyme; HpRz, hairpin ribozyme; TWRz, twister ribozyme. Sites of self-cleavage are indicated with arrows. Adapted from Figure 2 in [5].


Fig. 5. Ambiviricot diversity
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Maximum-likelihood phylogenetic tree of ambiviricot RNA-directed RNA polymerases (RdRps), mid-point pseudo-rooted. Branches are colored according to the fungal order of the SRA sequencing experiment from which the viral sequences were discovered; gray branches correspond to ambiviricots from metatranscriptome projects reported by [5] (see Figure 4) and used to create the HMM search profile used. Black dots at internal nodes indicate branching events with SH-like support of 0.9 or better. The scale bar is in average amino acid substitutions per site (taken from Figure 3 in [1]).
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YP_002019757.1_[Ourmia_melon_virus] 13.78 13.75 13.7 12.63 14.43 14.94 13.26 14.74 14.59 14.21 14.43 14.08 14.7 14.59 15.07 13.41 13.63 14.34 15.68 14.97 14.37 14.01 14.13

UJT31805.1_[Phlebiopsis_gigantea_ambi-like_virus_1] 13.78 32.81 33.21 28.66 28.61 28.61 28.37 25.4 22.69 21.53 20.93 20.32 18.22 20.47 20.78 20.28 21.23 21.65 19.68 20.85 20.66 18.99 20.65

UHK02572.1_[Heterobasidion_ambi-like_virus_1] 13.75 32.81 83.22 26.6 29.08 29.08 28.47 24.78 21.88 21.55 22.24 23.42 20.18 20.98 20.1 20.04 19.36 22.94 21.39 21.8 21.44 20.51 21.36

UHK02574.1_[Heterobasidion_ambi-like_virus_2] 13.7 33.21 83.22 25.59 28.13 27.95 28.6 24.28 21.13 20.79 22.26 23.47 21.05 19.89 19.35 20.36 19.31 23.44 21.95 22.84 22.1 21.62 22.87

QMP84024.1_[Rhizoctonia_solani_ambivirus_1] 12.63 28.66 26.6 25.59 36.94 36.19 32.92 31.44 20.98 22.08 22.83 22.19 20.22 20.81 20.66 20.6 19.55 22.96 22.4 22.91 22.91 20.72 21.04

DAD54839.1_[Armillaria_mellea_ambi-like_virus_2] 14.43 28.61 29.08 28.13 36.94 90.73 29.55 29.62 20.82 20.71 21.56 20.74 15.26 16.01 15.86 18 18.56 20.11 19.27 20.6 20.79 19.8 18.4

WCL23005.1_[Armillaria_spp._ambi-like_virus_4] 14.94 28.61 29.08 27.95 36.19 90.73 28.46 28.21 20.21 20.55 21.07 19.77 15.42 16.95 16.64 18.18 18.4 19.55 18.55 19.85 20.22 18.99 17.59

QPB44664.1_[Tulasnella_ambivirus_1] 13.26 28.37 28.47 28.6 32.92 29.55 28.46 39.72 20.16 23.34 23.56 21.11 19.23 19.91 19.75 21.17 19.38 22.01 20.58 20.83 21.01 18.35 18.59

QPB44666.1_[Tulasnella_ambivirus_2] 14.74 25.4 24.78 24.28 31.44 29.62 28.21 39.72 21.26 21.25 20.96 19.28 18.87 18.77 18.93 20.11 18.39 20.81 19.42 20.74 21.11 17.72 17.27

QMP84022.1_[Cryphonectria_parasitica_ambivirus_1] 14.59 22.69 21.88 21.13 20.98 20.82 20.21 20.16 21.26 26.69 27.63 27.57 21.79 22.73 22.59 23.73 19.4 24.91 23.28 23.28 22.93 22.92 23.1

DAD54837.1_[Armillaria_mellea_ambi-like_virus_1] 14.21 21.53 21.55 20.79 22.08 20.71 20.55 23.34 21.25 26.69 33.88 30.21 23.17 22.94 23.09 22.67 20.85 23.47 23.65 23.06 23.24 23.36 24.84

WCL23000.1_[Armillaria_spp._ambi-like_virus_2] 14.43 20.93 22.24 22.26 22.83 21.56 21.07 23.56 20.96 27.63 33.88 36.79 25.71 23.82 23.97 24.28 20.62 29.14 25.04 27.21 26.86 24.26 24.8

UJT31806.1_[Phlebiopsis_gigantea_ambi-like_virus_2] 14.08 20.32 23.42 23.47 22.19 20.74 19.77 21.11 19.28 27.57 30.21 36.79 23.31 23.23 23.53 23.08 23.16 24.78 25.09 26.33 26.33 22.88 24.53

QPB44670.1_[Tulasnella_ambivirus_3] 14.7 18.22 20.18 21.05 20.22 15.26 15.42 19.23 18.87 21.79 23.17 25.71 23.31 46.56 46.56 27.95 27.84 29.4 26.83 27.95 27.62 24.14 23.04

QPB44672.1_[Tulasnella_ambivirus_4] 14.59 20.47 20.98 19.89 20.81 16.01 16.95 19.91 18.77 22.73 22.94 23.82 23.23 46.56 91.7 29.23 31.88 30.1 29.22 29.32 29 24.81 26.27

QPB44668.1_[Ceratobasidium_ambivirus_1] 15.07 20.78 20.1 19.35 20.66 15.86 16.64 19.75 18.93 22.59 23.09 23.97 23.53 46.56 91.7 29.07 31.46 29.44 30.05 29.32 29.16 24.67 26.27

QPB44674.1_[Tulasnella_ambivirus_5] 13.41 20.28 20.04 20.36 20.6 18 18.18 21.17 20.11 23.73 22.67 24.28 23.08 27.95 29.23 29.07 27.49 29.77 27.78 27.97 27.3 25.99 25.33

DAD54841.1_[Armillaria_novae-zelandiae_ambi-like_virus_1] 13.63 21.23 19.36 19.31 19.55 18.56 18.4 19.38 18.39 19.4 20.85 20.62 23.16 27.84 31.88 31.46 27.49 28.03 27.12 27.91 27.59 21.33 22.8

DAD54835.1_[Armillaria_luteobubalina_ambi-like_virus_1] 14.34 21.65 22.94 23.44 22.96 20.11 19.55 22.01 20.81 24.91 23.47 29.14 24.78 29.4 30.1 29.44 29.77 28.03 56.49 59.03 58.55 32.27 30.29

DAD54833.1_[Armillaria_ectypa_ambi-like_virus_1] 15.68 19.68 21.39 21.95 22.4 19.27 18.55 20.58 19.42 23.28 23.65 25.04 25.09 26.83 29.22 30.05 27.78 27.12 56.49 78.75 78.25 30.52 31.45

QUD20360.1_[Armillaria_borealis_ambi-like_virus_1] 14.97 20.85 21.8 22.84 22.91 20.6 19.85 20.83 20.74 23.28 23.06 27.21 26.33 27.95 29.32 29.32 27.97 27.91 59.03 78.75 97.27 30.98 30.85

QUD20357.1_[Armillaria_borealis_ambi-like_virus_1] 14.37 20.66 21.44 22.1 22.91 20.79 20.22 21.01 21.11 22.93 23.24 26.86 26.33 27.62 29 29.16 27.3 27.59 58.55 78.25 97.27 30.64 30.85

UHK02578.1_[Heterobasidion_ambi-like_virus_4] 14.01 18.99 20.51 21.62 20.72 19.8 18.99 18.35 17.72 22.92 23.36 24.26 22.88 24.14 24.81 24.67 25.99 21.33 32.27 30.52 30.98 30.64 40.2

UHK02576.1_[Heterobasidion_ambi-like_virus_3] 14.13 20.65 21.36 22.87 21.04 18.4 17.59 18.59 17.27 23.1 24.84 24.8 24.53 23.04 26.27 26.27 25.33 22.8 30.29 31.45 30.85 30.85 40.2


image7.emf

image8.png
order ©

Agaricales
Archaeosporales
Auriculariales
Boletales
Cantharellales
Diaporthales
Erysiphales
Glomerellales
Magnaporthales
metatranscriptome
Pezizales
Polyporales
Pucciniales
Russulales
Synchytriales
Thelephorales

Tremellales





image1.png




