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Abstract

:

Mitoviruses are small vertically transmitted RNA viruses found in fungi, plants and animals. Taxonomically, a total of 105 species and 4 genera have been formally recognized by ICTV, and recently, 18 new putative species have been included in a new proposed genus. Transcriptomic and metatranscriptomic studies are a major source of countless new virus-like sequences that are continually being added to open databases and these may be good sources for identifying new putative mitoviruses. The search for mitovirus-like sequences in the NCBI databases resulted in the discovery of more than one hundred new putative mitoviruses, with important implications for taxonomy and also for the evolutionary scenario. Here, we propose the inclusion of four new putative members to the genus Kvaramitovirus, and the existence of a new large basally divergent lineage composed of 144 members that lack internal UGA codons (subfamily “Arkeomitovirinae”), a feature not shared by the vast majority of mitoviruses. Finally, a taxonomic categorization proposal and a detailed description of the evolutionary history of mitoviruses were carried out. This in silico study supports the hypothesis of the existence of a basally divergent lineage that could have had an impact on the early evolutionary history of mitoviruses.
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1. Introduction


Viruses belonging to the family Mitoviridae have a small (2151–4955 nt) non-segmented positive-sense single-stranded (+ss) RNA genome which codes for a single protein, namely, the RNA-dependent RNA polymerase (RdRp) [1,2]. These non-virion-forming viruses do not have an extracellular phase, as they are vertically transmitted RNA elements. Although it is likely that they can migrate to the cytoplasm of host cells [3,4], their replicative cycle occurs within the mitochondrial matrix of their hosts [1,5,6,7,8]. Mitovirus sequences have been found in the genome (nuclear and/or mitochondrial) of some eukaryotic organisms, especially in embryophytes [6,9,10], indicating their ability to endogenize in their plant hosts. However, the search for mitovirus sequences within the genome of other taxa has been unsuccessful [11,12,13,14,15]. To date, mitoviruses have been found to replicate in fungi [1,16], embryophytes [6,7] and animals [8]. Those that replicate in fungal and animal mitochondria have a similar UGA/UGG codon ratio to that of host core mitochondrial genes [5,8], while mitoviruses that replicate in plant mitochondria do not have internal UGA codons, since this codon encodes a translation stop signal in plastids [6,7]. The UGA and UGG codons are two synonymous codons for the amino acid (aa) tryptophan (W) in some genetic codes, such as the mitochondrial genetic codes of invertebrates and fungi. However, UGA is a translation termination signal for the standard genetic code, while only the UGG codon encodes for W [17].



Mitoviruses and narnaviruses (family Narnaviridae), which are other vertically transmitted naked RNA cytoplasmatic elements, are considered to be the simplest RNA viruses [2]. According to phylogenetic reconstructions, members of both these taxonomic families form a monophyletic lineage at the tree root of the global RNA virome. Moreover, mitoviruses and narnaviruses share a recent common ancestor with +ssRNA bacteriophages (class Leviviricota), forming a basal evolutionary lineage of the global RNA virome named “Narna-Levi” [18], “Branch 1” [2] or “phage-related (+)RNA viruses” [19]. Taxonomically, a total of 105 species and 4 genera (Unuamitovirus, Duamitovirus, Triamitovirus and Kvaramitovirus) of mitoviruses have been recognized by the International Committee on Taxonomy of Viruses (ICTV) [20], and recently, a new mitovirus genus named “Kvinmitovirus” has also been proposed [21]. Nevertheless, the systematic classification of the mitoviruses remains under constant review.



RNA sequencing and metatranscriptomics studies are a major source of hundreds of new “Narna-Levi”-like sequences, and consequently, these new sequences are continually being added to open databases [18,22,23,24,25,26]. Moreover, RNA sequencing studies in organisms for purposes other than virus identification are a very valuable source for identifying new putative mitoviruses. For example, a clade of putative mitoviruses associated with animals was recently identified from public sequence databases [21]. In addition, although empirical evidence is still needed for its confirmation, the in silico approach based on similarities between protein sequences and close evolutionary relationships has revealed the existence of a new mitovirus lineage (clade “Kvinmitovirus”) [21]. This lineage was previously hidden from phylogenetic approaches based on hundreds or thousands of sequences obtained in metatranscriptomic studies. Following a similar approach to the one mentioned above, the aim of this article was to examine mitovirus-like sequences from different open databases to try to reveal new phylogenetic associations and to evaluate their potential contribution to the current knowledge about the evolutionary history of the family Mitoviridae.




2. Materials and Methods


2.1. Open Access Databases


In the present study, two public libraries of nucleotide (nt) and protein sequences were explored: the Transcriptome Shotgun Assembly (TSA) database and the non-redundant (nr) protein sequences database, both from the National Center for Biotechnology Information (NCBI, U.S. National Library of Medicine, Bethesda, MD, USA; accessed on 10 June 2022).




2.2. Bioinformatic Tools


Mitovirus-like sequences were scanned using the tBLASTn and BLASTp algorithms implemented by default at the web server of the NCBI Basic Local Alignment Search Tool (BLAST) [27] program: https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 15 September 2022).



Hypothetical coding regions, aa sequences and codon composition were predicted using ORFfinder (translation table numbers 1 and 4) on the web server https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on 15 September 2022) and the Translate program [28]. The conserved protein sequence of Mitovirus RpRd (NCBI accession code: pfam05919: Mitovir_RNA_pol) was corroborated against CDD v. 3.20, using the NCBI CD-Search service [29], implemented by default at https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi (accessed on 15 September 2022). A positive coincidence was considered for an e-value ≤ 1.00 × 10−10.



To estimate the overall percent of pairwise sequence identity for all deduced proteins included in the phylogenetic studies, the Sequence Demarcation Tool (SDT) v. 1 program [30] was used (the ClustalW algorithm was chosen to compute the identity score for each pair of sequences). For multiple sequence alignments, several programs were utilized: (i) CLUSTAL-Omega v. 1.2.4 [31] at the https://www.ebi.ac.uk/Tools/msa/ (accessed on 15 September 2022) web server, (ii) Multiple Alignment using Fast Fourier Transform (MAFFT) v. 7.505 [32] at https://mafft.cbrc.jp/alignment/server/index.html (accessed on 15 September 2022) [33], and (iii) Profile Multiple Alignment with Predicted Local Structure (PROMALS) [34] at the http://prodata.swmed.edu/promals/promals.php web server. Access to these servers was between October 1, 2022 and January 18, 2023.



Phylogenetic trees by the Maximum Likelihood method were generated with IQ-TREE v. 1.6.11 [35]. To determine the optimal aminoacidic substitution matrix (model of molecular evolution) according to the Bayesian Information Criterion, the ModelFinder program [36] was used. The statistical support of branches was estimated by the Ultrafast Bootstrap 2 (UFBoot2) [37] method. These three programs were run on the Los Alamos lab web server [38]. For mitoviruses (Mitoviridae) phylogenetic reconstructions, five members from the genus Unuamitovirus, five from the genus Duamitovirus, five from the genus Triamitovirus, one from the genus Kvaramitovirus and five from the clade “Kvinmitovirus” were arbitrarily included. Henceforth, throughout this article, we refer to these mitoviruses as “formal mitoviruses”, since they were formalized by the ICTV [20]. For simplicity, “formal mitoviruses” will include the members recently incorporated in the proposed new genus “Kvinmitovirus” [21]. To perform a deeper phylogenetic analysis, 25 members of the family Narnaviridae, 23 members of Botourmiaviridae, 20 members of “Narliviridae” and 20 members of the family “Leviviridae” (Fiersviridae) were included in this study. Details of all included sequences are given in Table S1. As an outgroup to rooted phylogenetic trees, the 20 RNA replicase sequences from “Leviviridae” family were chosen, taking into account the most complete and robust phylogenetic studies [2,19]. All ML-trees were displayed as generalized midpoint-rooted rectangular phylograms, using MEGA X v. 10.1.5 software [39].





3. Results and Discussion


3.1. Search for Putative Mitoviruses in the Open Databases


First of all, assembled contigs with mitovirus-like sequences were scanned on the NCBI TSA database using the tBLASTn mode of the NCBI BLAST web program. We used the tBLASTn strategy since its algorithm is more sensitive than BLASTn for matching putative mitoviral genomes with a high degree of divergence with respect to the query. In order to increase the sensibility for finding mitovirus domains in the tBLASTn search, we used an arbitrarily selected short query that only included the aa sequence of the conserved protein domain (CPD) of the mitovirus RdRps (highest evolutionary conserved region among known mitoviruses), which is composed of six conserved aa sequence motifs (I, II, III, IV, V and VI [40]). This query was the conserved region of the RNA replicase coded by Sclerotinia sclerotiorum mitovirus 3 (NCBI accession code: AGC24232.1; coordinates 265 aa–463 aa), the formal member of the viral species Duamitovirus scsc 3. Using this query, tBLASTn searches were performed on databases for different clades of eukaryotes (clade-limited tBLASTn search). These searches included all major taxa of eukaryotes: Metazoan, CruMs, Malawimonadidae, Fornicata, Parabasalia, Heterolobosea, Euglenozoa, Rhodophyta, Glaucophyceae, Charophytes, Chlorophyta, Stramenopiles, Alveolata, Rhizaria, Haptista, Ancyromonadida and Cryptomonadida (Table S2). In total, 247 TSA sequences were obtained, which were manually curated. Only those sequences with a hypothetical single open reading frame (ORF) of >1000 nt and with a hypothetical deduced protein (translation table #4 or #1) containing the Mitovirus RdRp CPD (NCBI accession conde pfam05919; e-value ≤ 1.00 × 10−10) were included in our study. In addition, to avoid the inclusion of redundant sequences, contigs with a very high sequence similarity (pairwise identity percentage greater than 90%) were eliminated, with only one of these being preserved. These sequences, with a high degree of similarity, were considered as putative strains of the same putative viral species or as truncated contigs generated from the same original transcript. These selection criteria for mitovirus-like TSA sequences were previously applied by Jacquat et al. [21].



After sequence curing, only 54 TSA sequences were considered to be putative near-complete mitovirus genomes. These were then subjected to an alignment with formal mitoviruses (see Materials and Methods section) using the MAFFT (strategy: L-INS-i) aligner. The obtained midpoint-rooted phylogram showed several highly-supported clusters (Figure 1). However, in order to simplify the analyses in the present article, we focused only on those that were the most taxonomically and phylogenetically relevant, according to some considerations described below. Surprisingly, the obtained results revealed an interesting clustering between Ophiostoma mitovirus 7 (OnuMV7), a unique member of the species Kvaramitovirus opno7 belonging to the monospecific genus Kvaramitovirus and the TSA sequence under the NCBI accession code GIFJ01468976.1. Curiously, the last two revisions reported by the Mitoviridae Study Group (SG) [20] and Jacquat and colleagues [21] found great topological instabilities of OnuMV7 for all phylogenetic reconstructions, indicating the genus Kvaramitovirus to be a “lonely” and “small” lineage with no clear evolutionary relationships. Therefore, the clustering reported here could be revealing the existence of a new representative member of the genus Kvaramitovirus. This association was analyzed throughout the present article, and provisionally, this two-member clade was referred to as “Clade A”.



The above-mentioned ML-tree construction also showed another interesting clade that deserves to be explored in depth (Figure 1). This was composed of eight TSA sequences that branched at the base of the tree to form a robust basally divergent putative lineage. This clade was analyzed throughout this study, and provisionally, this was referred to as “Clade B”. This branching pattern could reflect the existence of a sister lineage to existing mitoviruses, with an early evolutionary origin in the history of the viral family. This hypothesis was studied in the present work (see below) to investigate the evolutionary stage of mitoviruses, especially in the earliest evolutionary stages of the family.



In order to tentatively expand the number of members in the obtained clades “A” and “B”, a search of putative mitoviruses for aa sequence similarity was performed using BLASTp software. Thus, we searched for aa sequences recorded at the NCBI nr Protein Sequence database. Regarding our attempt to expand “Clade A”, the deduced protein from the sequence recorded under the NCBI accession code GIFJ01468976.1 was used as the query (query “a”: Figure 1), with this query being the only putative virus to branch along with OnuMV7. Furthermore, a deduced protein that was clustered within clade “B” was arbitrarily chosen as the query to try to expand “Clade B”. This was the TSA sequence with the NCBI code GFTX01082149.1 (query “b”: Figure 1). The resulting first 250 hits of each BLASTp search were examined for sequences that were phylogenetically clustered within the preset clades “A” and “B”.



In addition to these searches, a data set of 8469 hypothetical proteins generated from 442 RNA sequencing libraries (NCBI BioProject accession code: PRJNA716119) reported by Sadiq et al. [41] and Chen et al. [42] were also inspected to be able to tentatively expand the number of members of the obtained clades “A” and “B”. These sequences were filtered to retain only hypothetical proteins with a Mitovirus RdRp CPD. This filtering enabled 574 deduced proteins to be identified as putative members of Mitoviridae. This set of 574 mitoviral proteins was then scanned and analyzed for members that evolutionarily fit within the clades “A” and “B”. Finally, the sequences obtained from the BLASTp searches and the bioproject PRJNA716119 that clustered within clades “A” and “B” were inspected to eliminate redundant sequences (pairwise alignments with an identity greater than 90%) and sequences lacking one protein motif (I–VI) of Mitovirus RdRp. The obtained results demonstrated that a total of four new putative mitovirus were clustered into “Clade A”, while 144 new putative mitovirus sequences were clustered into “Clade B”. All sequences are described in the supplementary Table S3.




3.2. New Putative Mitoviruses in the Phylogenetic Context of the Phylum Lenarviricota


A deep evolutionary reconstruction including members of the “Narna-Levi” clade (formally phylum Lenarviricota) was performed in order to assess the evolutionary relationships of the two new clades studied in the present work. It is worth mentioning that RNA replicases encoded by “Narna-Levi” viruses have a low overall similarity among the different taxonomic families which complicates the construction of a realistic tentative phylogenetic tree [41,43]. In particular, the aa sequences included in the present study (Table S1) showed a global pairwise alignment identity of 27.91% (SD: 9.58%), indicating a technical limitation [44]. To confront this difficulty, we conducted a phylogenetic reconstruction using the PROMALS aligner that generates a probabilistic consistency-based progressive multiple structure-sequence alignment [34]. The probabilistic consistency-based scoring combines both aa similarity information and secondary structure similarity information through the profile-profile comparison using the hidden Markov model. PROMALS offers certain advantages over traditional MSA algorithms for distantly related protein homologs since it was designed to align divergent sequences [34,45].The obtained phylogram is shown in Figure 2. To support further deductions based on the tree derived from PROMAL, we also evaluated other alignment methods to construct trees: CLUSTAL-O and MAFFT / FFT-NS-i (see Figure S1).



The obtained phylogenic tree showed three main clades whose phylogenetic relationships were consistent with a recent comprehensive phylogenetic study of the phylum Lenarviricota [41] (Figure 2). Narnaviridae, Botourmiaviridae and “Narliviridae” form a sister clade to Mitoviridae, with “Leviviridae” being a basal group. This three-way topology was also observed in the phylograms generated from the alignments with CLUSTAL-O and MAFFT / FFT-NS-i (Figure S1). In our phylogenetic reconstructions, the resolution at the level of the major lineages within the Narna-Levi clade was greater than at the level of the genera. The clustering of members of the mitovirus genera was not consistent among the three trees (Figure 2 and Figure S1). For example, the genus “Kvinmitovirus” nested within the genus Triamitovirus (Figure 2) or a small subclade of “arkeomitoviruses” branched within the formal mitoviruses clade (Figure S1). This apparent inconsistency between members of the mitovirus genera was clarified in subsequent reconstructions, as described in the Section 3.7, in which the monophyly of “Arkeomitovirinae”, formal mitoviruses, and mitoviruses genera were retained according to the ICTV report [20] and our previous study [21]. It should be remarked that the discrimination between mitoviruses, narnaviruses, narliviruses, botourmiaviruses and leviviruses shown in the present ML-trees (Figure 2 and Figure S1) was consistent with the work of Sadiq and colleagues [41].



The 144 curated sequences that fit into “Clade B” were found to be monophyletic and constituted a sister clade to formal mitoviruses, sharing a hypothetical recent common ancestor. In addition, the branch length of “Clade B” was shorter than the branch of the formal mitoviruses clade (Mitoviridae), suggesting a smaller number of evolutionary change events (0.1 and 0.5, respectively, of the estimated average number of substitutions per site) with respect to the hypothetical aa sequence of the most recent common ancestor of all mitoviruses. This branch length pattern was not reflected in the phylograms obtained by CLUSTAL-O and the FAFFT/FFT-NS-I alignment (Figure S1). The tree of the Figure 2 shows that new putative mitoviruses that accommodated in the “Clade A” (labeled with bold letters in the sub-tree corresponding to the formal mitoviruses) were found to be monophyletic, including OnuMV7 (genus Kvaramitovirus). The monophyly of “Clade A” was kept with high support in all the alignment methods employed in the present study (Figure S3). The globality of the phylogenetic analyses allows us to suggest the existence of a basally divergent lineage of putative mitoviruses, with respect to the mitoviruses formally recognized by the ICTV, and to be able to tentatively expand the genus Kvaramitovirus.




3.3. Proposal of Supra-Generic Taxa


The members of the basally divergent clade were manually inspected in order to evaluate the genetic architecture. Surprisingly, the deduced ORFs of the putative mitoviruses included in “Clade B” did not have an internal in-frame UGA. Hence, tryptophan (W) was encoded only by the UGG codon in all 144 members. Therefore, this is a structural feature that distinguishes the representative members of this new putative mitovirus lineage from the formal mitoviruses, as the latter present several internal UGA codons. Although the lack of UGA codons has rarely been reported in fungal mitoviruses [5], it is a feature of plant mitoviruses [6]. However, phylogenetic evidence has indicated that plant mitoviruses originated by a “horizontal jump” from a fungal mitovirus to form a monophyletic clade within the genus Duamitovirus [6]. Moreover, the UA content in the putative near-complete nt mitovirus genomes included in “Clade B” was, in general, lower than 60% (mean: 54.6%; SD: 4.1%), with this proportion being relatively low compared to formal mitoviruses, as these have a content greater than 55%, and more commonly of 60–70% (sequences details given in Table S4). These molecular characteristics of the putative mitoviral genomes are similar to those of the narnavirus genomes. In Narnaviridae, the relatively low proportion of AU and the absence of UGA codons within the ORF are apparently adaptations to replication in the host cell cytoplasm. So, in order to assess whether these viruses share genomic characteristics with narnaviruses, we scanned for the presence of long uninterrupted ORFs in the antisense strand (-ssRNA), a feature detected in narnaviruses (ambigrammatic genome) [46]. Although the putative mitoviral genomes included in “Clade B” cannot be considered as complete end-to-end sequences, there is no evidence for the existence of putative large reverse ORF (1000 nt or more) encoding of functional proteins. The sequences were manually scanned (Table S3) using the NCBI-ORFfinder [28] and the NCBI-CDS [29] programs. Finally, despite the fact that these viral sequences have an architecture that is more similar to narnaviruses than authentical mitoviruses, the absence of ambigrammatic sequences, the presence of the six aa sequence motifs typical of mitoviral RdRps and the monophyly (suggesting a recent common shared ancestry with the formal mitoviruses), seem to indicate that the “Clade B” belongs to the family Mitoviridae. The molecular characteristics of “arkeomitoviruses” shared with narnaviruses are probably the result of an evolutionary convergence caused by selection pressure from the cytoplasmic protein biosynthesis machinery.



According to our approaches, we believe that there is sufficient evidence to propose the existence of putative mitoviruses belonging to a basally divergent lineage, with this new lineage being relatively (evolutionary speaking) distant to the already proposed mitovirus genera. These results led us to propose a taxonomic division of the family Mitoviridae into two supra-generic taxa: (i) subfamily “Mitovirinae”, which involves the genera Unuamitovirus, Duamitovirus, Triamitovirus and Kvaramitovirus, and also the clade “Kvinmitovirus”; and (ii) subfamily “Arkeomitovirinae” (arkeo means ancient in the Esperanto language), which involves the putative mitoviruses initially included in “Clade B”.




3.4. The genus Kvaramitovirus: A Proposal for Expansion


The exemplar OnuMV7, belonging to the monospecific genus Kvaramitovirus, but with an unclear phylogenetic relationship [21], was robustly clustered with four new putative mitoviruses (“Clade A”) (Figure 2 and Figure S3). These putative mitoviruses were retrieved from the NCBI TSA database (GIFJ01468976.1) and the NCBI nr protein database (Grapevine-associated mitovirus 11, MW648458.1; Grapevine-associated mitovirus 12, MW648459.1 and Fusarium asiaticum mitovirus 8, MZ969058.1). The TSA sequence, identified by the NCBI accession number GIFJ01468976.1 and classified as a putative near-complete mitovirus genome in the present study, was obtained from a transcriptomic study of an exemplar of breadcrumb sponge (Halichondria panacea, Porifera; Demospongiae). This putative mitovirus branched at the root of the other four members and exhibited a greater number of cumulative evolutionary changes (Figure 2 and Figure S2). All these putative mitoviruses shared a high proportion of AU content: 67–73% (Table S4). The identity percentage among all combinations of pairwise alignments ranged from 24.00% to 47.00% (BLASTp alignment of protein sequences). This was lower than the species demarcation criterion (threshold of 70%) established by the ICTV Mitoviridae SG [20]. Thus, the protein sequence identity scores and the phylogenetic evidence reported here are strong reasons for proposing the following four new members, probably belonging to four new species within the genus Kvaramitovirus: “Halichondria panicea associated mitovirus 1” (GIFJ01468976.1), Grapevine-associated mitovirus 11 (MW648458.1), Grapevine-associated mitovirus 12 (MW648459.1) and Fusarium asiaticum mitovirus 8 (MZ969058.1) (Table S2). Halichondria panicea associated mitovirus 1 was redeposited under the GenBank Third Party Annotation (TPA) accession number BK062826.1.




3.5. On the Origin of the New Putative Mitoviruses without In-Frame UGA(W) Codons


The putative near-complete mitovirus genomes included in the new proposed subfamily called “Arkeomitovirinae” were obtained from transcriptomic or metatranscriptomic studies from the whole or a part of the presumptive host (body, tissue, an organ, portion of the body, intestinal content, excrement or body fluids/exudates) and also from environmental samples. Although an RNA-seq comes from a single organism or an anatomical part of a single organism, it is not possible to discard its origin from a mitovirus-infected symbiont or a mitovirus-infected parasite. Studies on the dinucleotide frequency of the putative mitovirus genome and the presumptive host nuclear/mitochondrial genome should be performed for proper host assignment [8]. The host assignment for these new putative mitoviruses without in-frame UGA codons requires an in-depth analysis that will be addressed in a future study. It is also important to clarify that these sequences were identified from transcriptomic studies on organisms belonging to evolutionarily unrelated taxonomic groups, such as chlorophytes, phaeophytes, cnidarians, malacostracans, bivalves, gastropods, mammals, actinopterygians, poriferans, ascidiaceans, birds (Aves), insects and tunicates. In addition to these, several sequences were obtained from diverse metatranscriptome environments (ponds, lakes, rivers, paddy sediment), animals feces and land, among other sample sites. Thus, as these new putative mitoviruses without internal UGA codon sequences were generated from independent transcriptomic studies, cross-contamination events could be discarded. Interestingly, this grouping did not involve putative mitoviruses previously identified in fungi or plants. However, due to the impossibility of accessing the samples, it was not possible to determine whether these new putative mitoviruses without in-frame UGA codons came from a cytoplasmic / mitochondrial replicating mitovirus, or whether they originated from a transcriptionally active mitovirus sequence integrated into the host genome as a non-retroviral Endogenous RNA Viral Element (NERVE).



Recently, Jacquat and colleagues [21] noted the lack of concrete evidence about mitovirus integration into the genome of non-plant organisms. In our study, the putative mitovirus genome sequences included in “Clade B” lacked in-frame UGA within the ORFs, which could be indicative of an adaptation to a translation system that does not use UGA codons—for example, the Bacterial, Archaeal and Plant Plastid Code (T.T. n° 11), Chlorophycean Mitochondrial Code (T.T. n° 16), Scenedesmus obliquus Mitochondrial Code (T.T. n° 22), Thraustochytrium Mitochondrial Code (T.T. n° 23), or the nuclear/cytoplasmatic translation system of all eukaryotic cells. The wide distribution of the geographic origin of the sequences, as well as the great diversity of environments and organisms at these sample sites, could be indicative of putative mitoviruses that infect bacteria (the UGA codon is a signal of the termination of translation with no encoding of the tryptophan aa). This hypothesis is plausible since bacteria occupy every site as they are found in all habitats on Earth [47,48,49].



In order to explore this last possibility, two BLAST searches were performed. Firstly, we performed a tBLASTn search on bacteria (NCBI taxid:2) entries in the TSA database, using the fragment 199 aa of the RdRp coded by Sclerotinia sclerotiorum mitovirus 3 (the same as that used in the initial search in the present work) as the query. However, this search did not generate any hits for the 23 TSA databases registered (September 2022 update). Secondly, a similar search was performed on the NCBI–Whole Genome Shotgun (WGS) database to evaluate a possible mitovirus sequence integration into the bacterial chromosome (prokaryote Bacteria: NCBI taxid:2). Here, the only hit (NCBI accession: CACLOE010000022.1) did not reveal any significant similarity (33% of the query cover and an e-value of 0.006), and therefore its mitovirus origin was discarded. Finally, a bacterial origin of the putative codonless mitovirus UGA, included in the new proposed subfamily named “Arkeomitovirinae”, could be excluded. This conclusion is consistent with the extensive literature on bacterial viruses [50,51].



Fungi are considered to be the main hosts of mitoviruses, and hence, it might be expected that they are also the hosts of putative “arkeomitoviruses”. This idea is plausible since the fungi are part of the microbiota of almost all multicell organisms and environments in the biosphere [48,52,53]. Only a small group of fungi, mainly the most basally divergent fungi (non-ascomycetes and basidiomycetes fungi), do not use the UGA(W) in the mitochondrial genetic codes. In agreement with this, these fungi are infected by mitoviruses, with only a few or without any UGA codons in their ORFs in an adaptation process [5]. Although this hypothesis should be considered, the fungal origin of the putative mitoviruses belonging to “arkeomitoviruses” still remains to be demonstrated by experimental procedures.



An embryophyte origin was discarded because the mitoviruses that replicated in embryophytes were shown to be a monophyletic clade which evolutionarily originated from a horizontal jump from a fungal mitovirus belonging to the genus Duamitovirus [6]. Moreover, the origin of the NCBI biosamples rules out this possibility (Table S3).



Finally, to summarize, we do not have information to assign a host; however, the absence of internal UGA and the relatively low proportion of AU is consistent with an adaptation to the cytoplasmic/nuclear translation system of eukaryotic cells, regardless of their host genome integration or cytoplasmic autonomous replication.




3.6. A Coherent Picture of the Evolution of Mitoviruses


All the phylogenetic reconstructions performed here indicated that “Arkeomitovirinae” is a basally divergent lineage in the mitovirus evolutionary tree. The phylogenetic evidence and the distinctive structural features (no in-frame UGA and a low proportion of AU) led us to propose the existence of a new monophyletic clade of mitoviruses that could have had an impact on the known evolutionary scenario of mitoviruses.



The first ideas on the evolutionary scenario of mitoviruses were reported by Koonin and Dolja (2014) [54] and Koonin et al. (2015) [55] (Figure 3 and Figure 4). They proposed that ancient levivirus-like phages (inhabitants of the pre-eukaryotic world) infecting α-proteobacteria became “trapped” during eukaryogenesis. The loss (deletion) of genes associated with regressive evolution [56] may explain the transition from a multigenic (infectious levivirus-like virus) to a single gene (mito- and narna-like viruses) genome. In this way, these precursor viruses to existing mitovirus would lose their lytic capacity and become a naked replicon within the endosymbiotic organelle. In fact, this was demonstrated experimentally by Mills et al. (1967) [57], who found that an infectious virion-forming levivirus, phage Qβ, converted to a non-infectious non-capsid self-replicating ribonucleoprotein complex (mitovirus-like entity) [57]. Initially, it was thought that mitoviruses were exclusive to fungi [1,16]. Then, the discovery that all plant-replicating mitoviruses and plant-endogenous mitoviruses exhibit monophyly, and also probably originated from a horizontal jump of a glomeromycotan mitovirus, added another chapter to the evolutive scenario [6]. The evidence indicated that this was a unique evolutionary event. The ICTV Mitovirus SG classified the mitoviruses that replicate in plants within the genus Duamitovirus, a monophyletic clade consisting mainly of fungal mitoviruses. Another interesting finding probably expands the host range of mitoviruses beyond fungi and plants, including metazoans as the putative host [21], as evidence based on phylogenetic analysis indicated that fungal (genus Unua-, Dua-, Tria-, and Kvaramitovirus) and animal (Kvinmitovirus) mitoviruses probably share a recent common ancestor [21]. This hypothesis is consistent with the phylogeny of animals and fungi, which forms a monophyletic clade (Obazoa supergroup) [21]. This evolutionary scenario also proposed that current cytoplasmatic narnaviruses emerged from ancient mitovirus-like naked replicons by a “jump” to the cytoplasm (Figure 4). In light of new evidence, narnaviruses seemed to have evolved as a sister group to mitoviruses and gave rise to two other families of narna-like viruses: Botourmiaviridae and “Narliviridae” [41]. However, to simplify the discussion, we will only refer to the Narnaviridae family, which has evidence of sharing a common ancestor with mitoviruses.



In our present article, a basally divergent lineage is added. Although the information we recovered is not sufficient to assign hosts to these new putative mitoviruses without in-frame UGA codons, it is sufficiently relevant to be able to predict the existence of a lineage of mitoviruses with an unusual genetic architecture that emerged early in the evolutionary history of mitoviruses. In this way, two major current mitovirus lineages would have been configured, with internal UGA (“Mitovirinae”) and without internal UGA (“Arkeomitovirinae”). Although it is not possible to rule out their replication on host mitochondria or their endogenization into the host genome, the lack of in-frame UGA codons and the low proportion of AU in the genomes of the putative mitoviruses belonging to “Arkeomitovirinae” would seem to indicate their cytoplasmic location as being similar to that of narnaviruses, which have a low proportion of AU in their genomes and replicate in the cytoplasm [1]. However, this has to be demonstrated by experimental procedures.




3.7. An Alternative Parsimonious Scenario for the Origins of Mitoviruses


Although the authentic hosts and their replicative location of the “arkemitoviruses” remain to be determined, the lack of in-frame UGA codons and the low proportion of AU in the genomes would seem to indicate their cytoplasmic location as being similar to that of narnaviruses. In order to evaluate the evolutionary scenario of “arkemitoviruses” and formal mitoviruses, we analyzed the accumulated substitutions with respect to the most recent common ancestor of all mitoviruses. The phylogenic results obtained by PROMALS (designed to align divergent sequences) showed a smaller number of evolutionary change events for the “Arkeomitovirinae” clade. To corroborate this assumption, we made new phylogenetic inferences for members of the family Mitoviridae only. The sequences were aligned using different programs (PROMALS, CLUSTAL-O, MAFFT and EXPRESSO [58] ), and prior to building the trees, each alignment was used to estimate the best-fitting substitution model. The results are shown in Figure S3. The branch length of the “Arkeomitovirinae” clade was shorter than the branch of the “Mitovirinae” clade, suggesting a lower number of substitutions per alignment site: 0.5 vs 0.6, 0.1 vs. 0.2, 0.2 vs 0.4 for PROMALS, CLUSTAL-O and EXPRESSO derived ML-trees, respectively (Figure S3). The MAFFT-derived tree shows an inverse pattern. These differences are subtle, but it is worth noting that the evidence suggests directionality, indicating the “arkemitoviruses” to be a precursor to the mitochondrial mitoviruses. In this context, a new parsimonious scenario for the origins of Mitoviridae family is described below.



A levi-like phage ancestor that infected α-proteobacteria was released to the cytoplasm from a phagocytosed infected α-proteobacterium in the eukaryogenesis era. This release could have occurred by the lysis of the engulfed α-proteobacteria, with the consequent release to the host proto-eukaryotic cell cytoplasmic matrix of virions and viral components not assembled into virions (viral proteins and viral +ssRNA). This RNA viral genome of the ancestral levi-like phage could replicate in the cytoplasm since the prokaryotic genetic code (TT #11) of alpha-proteobacterium and the canonical eukaryotic genetic code (TT #1) are very similar (in both genetic codes the UGA codon is a translation stop signal). Viral RNAs would continue with replication in the cytoplasm of the first-born prokaryote, and the phages underwent genetic reduction up to becoming a non-infective cytoplasmic self-replicating entity, only maintaining the RNA replicase coding region. Under this proposed new scenario, the “arkeomitoviruses” of cytoplasmatic replication are the first forms of mitovirus to appear (see scheme in Figure 4). Then, the authentic mitochondrial replicating mitoviruses (“Mitovirinae”) are a sub-lineage that migrate to the mitochondria of the common ancestor of fungi and animals (obazoans). In this way, the two major current mitovirus lineages would have been configured to the sub-families “Mitovirinae” and “Arkeomitovirinae”.



The currently accepted evolutionary scenario posits that mitoviruses originated inside mitochondria (proto-mitochondria) from a levi-like phage ancestor “trapped” in the endosymbiotic organelle, and then, narnaviruses originated from a mitoviral member that jumped to the cytoplasm (Figure 4). Normally, the phages would have caused the rupture of the bacterial cell membrane (lysis). Why would it not have happened? The new parsimonious scenario for the origins of Mitoviridae family proposed here assumes that “arkeomitoviruses” of cytoplasmatic replication were the first forms of mitovirus to appear. The cytoplasmic origin was due to the release of levi-like phages, and the subsequent reductive evolution, into the cytoplasm caused by the “explosion” of an infected endosymbiont α-proteobacterium. That is, in this new scenario, it is proposed that the lysis would have occurred as expected. So, the hypothetical scenario (here proposed) posits that narnaviruses originated from a cytoplasmatic mitoviral ancestor. Then, a lineage of mitoviruses would have migrated into the mitochondria of the host lineage that gave rise to fungi and animals (Obazoa supergroup). In the mitochondrial environment, mitoviruses will have progressively gained internal UGA codons by selective pressure from the mitochondrial protein biosynthesis machinery (“Mitovirinae”). “Arkeomitoviruses” that remained in the cytoplasm did not gain internal UGA codons.



Phylogenetic reconstructions based on viral sequence present serious limitations for resolving deep phylogenies of small RNA viruses by their high mutation rates [59,60]. This feature explains the impossibility of establishing an unequivocal evolutionary directionality of the main lineages of the phylum Lernaviricota as discussed in Sadiq’s paper [41], especially between narnaviruses and mitoviruses. Therefore, the evolutionary scenarios proposed in this work are hypothetical and need to be confirmed.





4. Final Comments


In an article published in 2018, it was deduced that plant mitoviruses originated from a horizontal jump from a fungal host to the evolutionary precursor of today’s embryophytes. Then, another recently published work proposed the existence of a clade of putative mitoviruses that presumably replicated in animals. This in silico study was supported by previous evidence for the identification of a bona fide animal mitovirus that replicates in the mitochondria of a fly species. Here, the existence of a new monophyletic clade (“Arkeomitovirinae”) of putative mitoviruses that use the canonical genetic code to replicate (presumably), which would have an impact on the evolutionary scenario of the mitoviruses, is presented. Due to its apparent basal divergence into the Mitoviridae phylogenetic tree, and also its genetic signatures, the “Arkeomitovirinae” group has been provisionally placed in the taxonomic rank of subfamily. Our study can be supported by the study by Neri and colleagues [61] in which they predict the existence of a large number of putative mitoviruses that are possibly adapted to the eukaryotic nuclear genetic code [61].



In this paper, the expansion of the genus Kvaramitovirus is proposed, which only has one formal member so far. Additionally, finally, this is the first study that has produced a detailed description of the evolutionary history of mitoviruses, a group of viruses that have directly descended from the ancestral phages of the pre-eukaryotic world.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/v15020340/s1. Figure S1: Phylogenetic trees based on different alignments; Figure S2: High-resolution tree of Mitovirus RdRp amino acid sequences; Table S1: Details of sequences included in the phylogenetic reconstructions; Table S2: Result of the initial tBLASTn search of the NCBI TSA database and selection criteria; Table S3: Members of clades Kvaramitovirus and “Arkeomitovirinae”; Table S4: Molecular characteristics of mitoviruses and putative mitoviruses.





Author Contributions


A.G.J. searched and analyzed the sequences, and also performed the phylogenetic analyses. M.G.T. and J.S.D. collaborated on the data analyses and the discussion. A.G.J., M.G.T. and J.S.D. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Grants PICT 2019-03300 and PICT-2021-CAT-I00192 from the National Agency for Scientific and Technological Promotion, Argentina (ANPCyT), PIP 11220200102478CO from the National Scientific and Technical Research Council (CONICET), and 33620180100149CB and 34020190100081CB from the Secretary of Science and Technique (SECyT-UNC).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The virus sequences analyzed in this study and retrieved from NCBI nr protein database are available at NCBI-GenBank under accession numbers detailed in the Supplementary Material section (Tables S1 and S3). The TSA sequences reported in the present study have been redeposited into the GenBank Third Party Annotation database of the NCBI under the following accession numbers and names: NCBI accession code: BK062826 (Halichondria panicea associated mitovirus 1); NCBI accession code BK062827 (Aplysina aerophoba associated mitovirus 1); NCBI accession code BK062828 (Ulva lactuca associated mitovirus 1); NCBI accession code BK062829 (Austropotamobius pallipes associated mitovirus 1); NCBI accession code BK062830 (Gigantidas vrijenhoeki associated mitovirus 1); NCBI accession code BK062831 (Psammomys obesus associated mitovirus 1) and NCBI accession code BK062832 (Polycarpa mytiligera associated mitovirus 1).




Acknowledgments


We would like to thank native speaker, Paul Hobson, for revision of the manuscript. J.S.D. and M.G.T. are Career Members of CONICET. A.G.J. has a fellowship from CONICET.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationship that could be construed as a potential conflict of interest.




References


	



Hillman, B.I.; Cai, G. The Family Narnaviridae: Simplest of RNA viruses. Adv. Virus Res. 2013, 86, 149–176. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, Y.I.; Kazlauskas, D.; Iranzo, J.; Lucía-Sanz, A.; Kuhn, J.H.; Krupovic, M.; Dolja, V.V.; Koonin, E.V. Origins and Evolution of the Global RNA Virome. Mbio 2018, 9, e02329-18. [Google Scholar] [CrossRef]

	



Muñoz-Adalia, E.J.; Diez, J.J.; Fernández, M.M.; Hantula, J.; Vainio, E.J. Characterization of small RNAs originating from mitoviruses infecting the conifer pathogen Fusarium circinatum. Arch. Virol. 2018, 163, 1009–1018. [Google Scholar] [CrossRef] [PubMed]

	



Shahi, S.; Eusebio-Cope, A.; Kondo, H.; Hillman, B.I.; Suzuki, N. Investigation of Host Range of and Host Defense against a Mitochondrially Replicating Mitovirus. J. Virol. 2019, 93, e01503-18. [Google Scholar] [CrossRef] [PubMed]

	



Nibert, M.L. Mitovirus UGA(Trp) codon usage parallels that of host mitochondria. Virology 2017, 507, 96–100. [Google Scholar] [CrossRef] [PubMed]

	



Nibert, M.L.; Vong, M.; Fugate, K.K.; Debat, H.J. Evidence for contemporary plant mitoviruses. Virology 2018, 518, 14–24. [Google Scholar] [CrossRef]

	



Nerva, L.; Vigani, G.; Di Silvestre, D.; Ciuffo, M.; Forgia, M.; Chitarra, W.; Turina, M. Biological and Molecular Characterization of Chenopodium quinoa Mitovirus 1 Reveals a Distinct Small RNA Response Compared to Those of Cytoplasmic RNA Viruses. J. Virol. 2019, 93, e01998-18. [Google Scholar] [CrossRef]

	



Fonseca, P.; Ferreira, F.; Da Silva, F.; Oliveira, L.S.; Marques, J.T.; Goes-Neto, A.; Aguiar, E.; Gruber, A. Characterization of a Novel Mitovirus of the Sand Fly Lutzomyia longipalpis Using Genomic and Virus–Host Interaction Signatures. Viruses 2020, 13, 9. [Google Scholar] [CrossRef] [PubMed]

	



Bruenn, J.A.; Warner, B.E.; Yerramsetty, P. Widespread mitovirus sequences in plant genomes. Peerj 2015, 3, e876. [Google Scholar] [CrossRef]

	



Xu, Z.; Wu, S.; Liu, L.; Cheng, J.; Fu, Y.; Jiang, D.; Xie, J. A mitovirus related to plant mitochondrial gene confers hypovirulence on the phytopathogenic fungus Sclerotinia sclerotiorum. Virus Res. 2015, 197, 127–136. [Google Scholar] [CrossRef]

	



Katzourakis, A.; Gifford, R.J. Endogenous Viral Elements in Animal Genomes. PLoS Genet. 2010, 6, e1001191. [Google Scholar] [CrossRef]

	



Turina, M.; Ghignone, S.; Astolfi, N.; Silvestri, A.; Bonfante, P.; Lanfranco, L. The virome of the arbuscular mycorrhizal fungus Gigaspora margarita reveals the first report of DNA fragments corresponding to replicating non-retroviral RNA viruses in fungi. Environ. Microbiol. 2018, 20, 2012–2025. [Google Scholar] [CrossRef]

	



Blair, C.D.; Olson, K.E.; Bonizzoni, M. The Widespread Occurrence and Potential Biological Roles of Endogenous Viral Elements in Insect Genomes. Curr. Issues Mol. Biol. 2020, 34, 13–30. [Google Scholar] [CrossRef] [PubMed]

	



Picarelli, M.A.S.C.; Forgia, M.; Rivas, E.B.; Nerva, L.; Chiapello, M.; Turina, M.; Colariccio, A. Extreme Diversity of Mycoviruses Present in Isolates of Rhizoctonia solani AG2-2 LP From Zoysia japonica From Brazil. Front. Cell. Infect. Microbiol. 2019, 9, 244. [Google Scholar] [CrossRef]

	



Gilbert, C.; Belliardo, C. The diversity of endogenous viral elements in insects. Curr. Opin. Insect Sci. 2022, 49, 48–55. [Google Scholar] [CrossRef]

	



Myers, J.M.; Bonds, A.E.; Clemons, R.A.; Thapa, N.A.; Simmons, D.R.; Carter-House, D.; Ortanez, J.; Liu, P.; Miralles-Durán, A.; Desirò, A.; et al. Survey of Early-Diverging Lineages of Fungi Reveals Abundant and Diverse Mycoviruses. Mbio 2020, 11, e02027-20. [Google Scholar] [CrossRef] [PubMed]

	



Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; Leipe, D.; McVeigh, R.; O’Neill, K.; Robbertse, B.; et al. NCBI Taxonomy: A comprehensive update on curation, resources and tools. Database 2020, 2020, 1–21. [Google Scholar] [CrossRef]

	



Shi, M.; Lin, X.-D.; Tian, J.-H.; Chen, L.-J.; Chen, X.; Li, C.-X.; Qin, X.-C.; Li, J.; Cao, J.-P.; Eden, J.-S.; et al. Redefining the invertebrate RNA virosphere. Nature 2016, 540, 539–543. [Google Scholar] [CrossRef] [PubMed]

	



Dolja, V.V.; Koonin, E.V. Metagenomics reshapes the concepts of RNA virus evolution by revealing extensive horizontal virus transfer. Virus Res. 2018, 244, 36–52. [Google Scholar] [CrossRef] [PubMed]

	



International Committee on Taxonomy of Viruses (ICTV). Release Executive Committee 53. Code: Proposal 2021.003F. July 2021. Available online: https://talk.ictvonline.org/taxonomy/ (accessed on 1 June 2022).

	



Jacquat, A.G.; Ulla, S.B.; Debat, H.J.; Muñoz-Adalia, E.J.; Theumer, M.G.; Pedrajas, M.D.G.; Dambolena, J.S. An in silico analysis revealed a novel evolutionary lineage of putative mitoviruses. Environ. Microbiol. 2022, 24, 6463–6475. [Google Scholar] [CrossRef] [PubMed]

	



Le Lay, C.; Shi, M.; Buček, A.; Bourguignon, T.; Lo, N.; Holmes, E.C. Unmapped RNA Virus Diversity in Termites and Their Symbionts. Viruses 2020, 12, 1145. [Google Scholar] [CrossRef]

	



Wille, M.; Harvey, E.; Shi, M.; Gonzalez-Acuña, D.; Holmes, E.C.; Hurt, A.C. Sustained RNA virome diversity in Antarctic penguins and their ticks. ISME J. 2020, 14, 1768–1782. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Pang, R.; Cheng, T.; Xue, L.; Zeng, H.; Lei, T.; Chen, M.; Wu, S.; Ding, Y.; Zhang, J.; et al. Abundant and Diverse RNA Viruses in Insects Revealed by RNA-Seq Analysis: Ecological and Evolutionary Implications. Msystems 2020, 5, e00039-20. [Google Scholar] [CrossRef]

	



Zhang, Y.Y.; Chen, Y.; Wei, X.; Cui, J. Viromes in marine ecosystems reveal remarkable invertebrate RNA virus diversity. Sci. China Life Sci. 2022, 65, 426–437. [Google Scholar] [CrossRef]

	



Hirai, J.; Urayama, S.-I.; Takaki, Y.; Hirai, M.; Nagasaki, K.; Nunoura, T. RNA Virosphere in a Marine Zooplankton Community in the Subtropical Western North Pacific. Microbes Environ. 2022, 37, ME21066. [Google Scholar] [CrossRef]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef] [PubMed]

	



Artimo, P.; Jonnalagedda, M.; Arnold, K.; Baratin, D.; Csardi, G.; de Castro, E.; Duvaud, S.; Flegel, V.; Fortier, A.; Gasteiger, E.; et al. ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res. 2012, 40, W597–W603. [Google Scholar] [CrossRef] [PubMed]

	



Marchler-Bauer, A.; Bryant, S.H. CD-Search: Protein domain annotations on the fly. Nucleic Acids Res. 2004, 32, W327–W331. [Google Scholar] [CrossRef]

	



Muhire, B.M.; Varsani, A.; Martin, D.P. SDT: A Virus Classification Tool Based on Pairwise Sequence Alignment and Identity Calculation. PLoS ONE 2014, 9, e108277. [Google Scholar] [CrossRef] [PubMed]

	



Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J.; et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539. [Google Scholar] [CrossRef]

	



Katoh, K.; Kuma, K.I.; Toh, H.; Miyata, T. MAFFT version 5: Improvement in accuracy of multiple sequence alignment. Nucleic Acids Res. 2005, 33, 511–518. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and visualization. Briefings Bioinform. 2017, 20, 1160–1166. [Google Scholar] [CrossRef] [PubMed]

	



Pei, J.; Grishin, N.V. PROMALS: Towards accurate multiple sequence alignments of distantly related proteins. Bioinformatics 2007, 23, 802–808. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef]

	



Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; Von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [Google Scholar] [CrossRef]

	



Hoang, D.T.; Chernomor, O.; Von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation. Mol. Biol. Evol. 2018, 35, 518–522. [Google Scholar] [CrossRef]

	



Trifinopoulos, J.; Nguyen, L.-T.; Von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A fast online phylogenetic tool for maximum likelihood analysis. Nucleic Acids Res. 2016, 44, W232–W235. [Google Scholar] [CrossRef]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef]

	



Hong, Y.; Dover, S.L.; Cole, T.E.; Brasier, C.M.; Buck, K.W. Multiple Mitochondrial Viruses in an Isolate of the Dutch Elm Disease FungusOphiostoma novo-ulmi. Virology 1999, 258, 118–127. [Google Scholar] [CrossRef]

	



Sadiq, S.; Chen, Y.-M.; Zhang, Y.-Z.; Holmes, E.C. Resolving Deep Evolutionary Relationships within the RNA Virus Phylum Lenarviricota. Virus Evol. 2022, 8, veac055. [Google Scholar] [CrossRef]

	



Chen, Y.-M.; Sadiq, S.; Tian, J.-H.; Chen, X.; Lin, X.-D.; Shen, J.-J.; Chen, H.; Hao, Z.-Y.; Wille, M.; Zhou, Z.-C.; et al. RNA viromes from terrestrial sites across China expand environmental viral diversity. Nat. Microbiol. 2022, 7, 1312–1323. [Google Scholar] [CrossRef]

	



Koonin, E.V.; Dolja, V.V.; Morris, T.J. Evolution and Taxonomy of Positive-Strand RNA Viruses: Implications of Comparative Analysis of Amino Acid Sequences. Crit. Rev. Biochem. Mol. Biol. 1993, 28, 375–430. [Google Scholar] [CrossRef] [PubMed]

	



Rost, B. Twilight zone of protein sequence alignments. Protein Eng. Des. Sel. 1999, 12, 85–94. [Google Scholar] [CrossRef] [PubMed]

	



Chowdhury, B.; Garai, G. A review on multiple sequence alignment from the perspective of genetic algorithm. Genomics 2017, 109, 419–431. [Google Scholar] [CrossRef] [PubMed]

	



DeRisi, J.L.; Huber, G.; Kistler, A.; Retallack, H.; Wilkinson, M.; Yllanes, D. An exploration of ambigrammatic sequences in narnaviruses. Sci. Rep. 2019, 9, 17982. [Google Scholar] [CrossRef]

	



Flemming, H.-C.; Wuertz, S. Bacteria and archaea on Earth and their abundance in biofilms. Nat. Rev. Microbiol. 2019, 17, 247–260. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Rodrigues, J.L.M.; Soudzilovskaia, N.A.; Barceló, M.; Olsson, P.A.; Song, C.; Tedersoo, L.; Yuan, F.; Yuan, F.; Lipson, D.A.; et al. Global biogeography of fungal and bacterial biomass carbon in topsoil. Soil Biol. Biochem. 2020, 151, 108024. [Google Scholar] [CrossRef]

	



Yang, Y.; Lee, S.-H.; Jang, I.; Kang, H. Soil bacterial community structures across biomes in artificial ecosystems. Ecol. Eng. 2020, 158, 106067. [Google Scholar] [CrossRef]

	



Hatfull, G.F.; Hendrix, R.W. Bacteriophages and their genomes. Curr. Opin. Virol. 2011, 1, 298–303. [Google Scholar] [CrossRef]

	



Aiewsakun, P.; Adriaenssens, E.M.; Lavigne, R.; Kropinski, A.M.; Simmonds, P. Evaluation of the genomic diversity of viruses infecting bacteria, archaea and eukaryotes using a common bioinformatic platform: Steps towards a unified taxonomy. J. Gen. Virol. 2018, 99, 1331–1343. [Google Scholar] [CrossRef]

	



Peay, K.; Kennedy, P.G.; Talbot, J.M. Dimensions of biodiversity in the Earth mycobiome. Nat. Rev. Genet. 2016, 14, 434–447. [Google Scholar] [CrossRef] [PubMed]

	



Smith, G.R.; Steidinger, B.S.; Bruns, T.D.; Peay, K.G. Competition–colonization tradeoffs structure fungal diversity. ISME J. 2018, 12, 1758–1767. [Google Scholar] [CrossRef] [PubMed]

	



Koonin, E.V.; Dolja, V.V. Virus World as an Evolutionary Network of Viruses and Capsidless Selfish Elements. Microbiol. Mol. Biol. Rev. 2014, 78, 278–303. [Google Scholar] [CrossRef]

	



Koonin, E.V.; Dolja, V.V.; Krupovic, M. Origins and evolution of viruses of eukaryotes: The ultimate modularity. Virology 2015, 479–480, 2–25. [Google Scholar] [CrossRef] [PubMed]

	



Albalat, R.; Cañestro, C. Evolution by gene loss. Nat. Rev. Genet. 2016, 17, 379–391. [Google Scholar] [CrossRef]

	



Mills, D.R.; Peterson, R.L.; Spiegelman, S. An extracellular Darwinian experiment with a self-duplicating nucleic acid molecule. Proc. Natl. Acad. Sci. USA 1967, 58, 217–224. [Google Scholar] [CrossRef]

	



Armougom, F.; Moretti, S.; Poirot, O.; Audic, S.; Dumas, P.; Schaeli, B.; Keduas, V.; Notredame, C. Expresso: Automatic incorporation of structural information in multiple sequence alignments using 3D-Coffee. Nucleic Acids Res. 2006, 34, W604–W608. [Google Scholar] [CrossRef]

	



Holmes, E.C. What Does Virus Evolution Tell Us about Virus Origins? J. Virol. 2011, 85, 5247–5251. [Google Scholar] [CrossRef]

	



Marz, M.; Beerenwinkel, N.; Drosten, C.; Fricke, M.; Frishman, D.; Hofacker, I.L.; Hoffmann, D.; Middendorf, M.; Rattei, T.; Stadler, P.F.; et al. Challenges in RNA virus bioinformatics. Bioinformatics 2014, 30, 1793–1799. [Google Scholar] [CrossRef]

	



Neri, U.; Wolf, Y.I.; Roux, S.; Camargo, A.P.; Lee, B.; Kazlauskas, D.; Chen, I.M.; Ivanova, N.; Allen, L.Z.; Paez-Espino, D.; et al. Expansion of the global RNA virome reveals diverse clades of bacteriophages. Cell 2022, 185, 4023–4037. [Google Scholar] [CrossRef]








[image: Viruses 15 00340 g001 550] 





Figure 1. Generalized midpoint rooted tree of RNA replicase aa sequences. The deduced Mitovirus RdRps identified in the TSA database are labeled with the NCBI accession number, and the mitovirus formally accepted by the ICTV (colored branches) are labeled with the NCBI accession code and virus name. The color-coding of the branches: green, orange, cyan and purple indicates a member of the genus Unuamitovirus, Duamitovirus, Triamitovirus and Kvaramitovirus, respectively. Red branches indicate members of the recently proposed genus “kvinmitovirus”. Formal members are indicated in colored bold type. Clades discussed in the main text are indicated with a letter (“A” and “B”). Letter E indicates the external group (two Narnaviridae members). An arrow indicates the sequence used as the query to search for similar sequences deposited in open databases (details in the article). Sequence alignment: MAFFT (L-INS-i). Tree construction method: Maximum Likelihood. Evolutive model: LG+F+R6. Node support values are displayed as percentages (only values ≥ 75% are shown). The bar indicates one substitution (estimated median number) per alignment site. 
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Figure 2. Generalized midpoint-rooted tree of 254 RdRp aa sequences encoded by representative members of the phylum Lenarviricota. Branches color-code: blue indicates the proposed subfamily “Arkeomitovirinae” (“Clade B”), cyan indicates formal mitoviruses fitted to the proposed subfamily “Mitovirinae” (formal genera Unuamitovirus, Duamitovirus, Triamitovirus and Kvaramitovirus, and also the proposed genus “Kvinmitovirus”). The family Mitoviridae comprises members of the blue and cyan branches. Orange, red and green indicate the families Narnaviridae, Botourmiaviridae and “Narliviridae”. New members proposed for the genus Kvaramitovirus (“Clade A”) are indicated in bold type in the sub-tree corresponding to the proposed “Mitovirinae” subfamily. The supplementary Figure S2 shows the tree displayed with the labels of the 254 members and the values of the nodes. The phylogenetic reconstructions are detailed in the Materials and Methods section. 






Figure 2. Generalized midpoint-rooted tree of 254 RdRp aa sequences encoded by representative members of the phylum Lenarviricota. Branches color-code: blue indicates the proposed subfamily “Arkeomitovirinae” (“Clade B”), cyan indicates formal mitoviruses fitted to the proposed subfamily “Mitovirinae” (formal genera Unuamitovirus, Duamitovirus, Triamitovirus and Kvaramitovirus, and also the proposed genus “Kvinmitovirus”). The family Mitoviridae comprises members of the blue and cyan branches. Orange, red and green indicate the families Narnaviridae, Botourmiaviridae and “Narliviridae”. New members proposed for the genus Kvaramitovirus (“Clade A”) are indicated in bold type in the sub-tree corresponding to the proposed “Mitovirinae” subfamily. The supplementary Figure S2 shows the tree displayed with the labels of the 254 members and the values of the nodes. The phylogenetic reconstructions are detailed in the Materials and Methods section.
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Figure 3. A comprehensive picture of the origin and evolutionary scenario of Mitoviridae and Narnavridae. The scheme has temporal directionality from left (past) to right (present). Lines represent the ancestor–descendant relationship of the main mitovirus lineages based on the results reported in the present work and those reported by Mitovirus SG [20], Nibert et al. [6] and Jacquat et al. [21]. Solid lines have phylogenetic support from protein sequences. Dotted lines do not have a good topological phylogenetic resolution. The green line indicates the evolutive origin of the monophyletic lineage of plant-replicating mitoviruses (blue string within the mitochondria) and endogenized plant mitoviruses (blue string within the nucleus). This lineage together with a lineage of mitoviruses that replicates in fungi (within mitochondria) constitute the genus Duamitovirus (DuaMV). Moreover, the genera Unuamitovirus (UnuaMV), Triamitovirus (TriaMV) and Kvaramitovirus (KvaraMV) are exclusively made up of fungal mitoviruses. “Kvinmitovirus” (KvinMV) is the recently proposed mitoviruses genus. These five clades are included in the proposed subfamily “Mitovirinae”, a sister clade of “Arkeomitovirinae”. There is no evidence concerning the authentic host of the putative “arkeomitoviruses”. The ancestor common to all mitoviruses was replicating within the mitochondria of the last eukaryotic common ancestor (LECA). This originated from levivirus-like bacteriophages that infected alpha-proteobacteria (mitochondrial precursors) in the pre-eukaryotic world. During eukaryogenesis, these levivirus-like phages became confined within the endosymbiont organelle (loss of lytic cycle) and evolved to become the ancestor of all mitoviruses by genome reduction. The main ideas of the originally proposed evolutive scenario detailed here were taken from Koonin and Dolja [54] and Koonin et al. [55]. 
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Figure 4. Currently accepted and proposed evolutionary scenarios of mitovirus origin. The scenarios are described in Section 3.5 and Section 3.6 of the paper. 






Figure 4. Currently accepted and proposed evolutionary scenarios of mitovirus origin. The scenarios are described in Section 3.5 and Section 3.6 of the paper.



[image: Viruses 15 00340 g004]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
"Arkeomitovirinae"
Mitoviridae

"Mitovirinae" = = = = = = = = =

Narnaviridae

= Botourmiaviridae

— e [ . ,
= ‘Narliviridae”

| —

=
= ‘ “Leviviridae”

AOX47577 Geopora sumneria mitovirus 1 B : .

AEP83726 Tuber excavatum mitovirus I Triamitovirus

DAZ90600.1 Halichondria panicea mitovirus 1

DAD49837.1 Lutzomyla longipalpis mitovirus 1 ) ) )
DAZ90607.1 Glomeridella minima mitovirus 1 "Kvinmitovirus"

DAZ90606.1 Nebalia bipes mitovirus 1

DAZ90608.1 Hanseniella sp mitovirus

AOX47577 Ceratobasidium mitovirus A

ANA08076 Rhizoctonia oryzae sativae mitovirus 1

BAJ23143 Rhlzophagus sp RF1 mitovirus

AANO05635 Gremmeniella mitovirus S1

Triamitovirus

1
1
1
1
1
1
1
1
1
QPK91 778 Fusarium verticillioides mitovirus 1 . . 1
BA036629 Fusarium globosum mitovirus 1 Unuamitovirus 1
AHI43534 Fusarium circinatum mitovirus 2-1 1
BAQ36630 Fusarium coeruleum mitovirus 1 ;
BK062826.1 Halichondria panicea assoc. mitovirus 1 .
QXN75364.1 Grapevine assoc. mitovirus 11 ) .
QXN75365.1 Grapevine assoc. mitovirus 12 Kvaramitovirus :
1
1
1
1
1
1

® : Node support values > 90%

UNG44319.1 Fusarium asiaticum mitovirus 8
AGT55877.1 Ophiostoma mitovirus 7
DAB41741 Azolla filiculoides mitovirus 1
ﬁ(NSJC_;?_?é??Sé? SSclerotlnla sclerotiorum mltgwrus 3
clerotinia nivalis mitovirus 1 ]
QDB74990 Alternaria alternata mitovirus 1 Duamitovirus
QDW865422 Rhizoctonia solani mitovirus 32

j—i : Substitutions per alignment site

Model of sequence evolution: Blosum62+F+R7

Sequence alignment: PROMALS '
Tree construction method: Maximum Likelihood





nav.xhtml


  viruses-15-00340


  
    		
      viruses-15-00340
    


  




  





media/file2.png
GIFJ01547358.1 TSA: Halichondria panicea TRINITY_DN156346_c0_g1_i*

100 I 1 GIFJ01468976.1 TSA: Halichondria panicea TRINITY_DN182724_c0_g1_i1
100 GFTMO1049631.1 TSA: Camonlagnea oxyclada GWS016448_comp102972_c0_seq1
1 97 GHIOO1067222.1 TSA: Parolithon sp. isolate Poralithon cruslose coralling algae PO TRINITY DN71623 ¢ g1 1
GFZU01089578.1 TSA: Laurencia pacifica TRINITY DNG7112 0 g2 i1
— 99 l—GFTN01004842.1 TSA: Acrachaetiales sp. 1Aus JAW4243 comp10031_c0_seq1 transcribed RNA sequence
91 GFTX01027530.1 TSA: Ulva lactuca c26385_g1_i1
100 QPK91778 Fusarium verticillioides mitovirus 1
100 AAN05635 Gremmeniella mitovirus S1
100 GFTX01038268.1 TSA: Ulva lactuca ¢29430_qg1_i1
8l9_: BAQ36629 Fusarium globosum mitovirus 1
100 AHI43534 Fusarium circinatum mitovirus 2-1

BAQ36630 Fusarium coeruleum mitovirus 1

i 100 I AGC24232 Sclerotinia sclerotiorum mitovirus 3
90 L ANJ77670 Sclerotinia nivalis mitovirus 2
99 GFTX01032221.1 Ulva lactuca ¢27924 g1 i1
1Oi| GFHA01027891.1 TSA: Melanotaenia splendida tatei TRINITY _DN34116_¢0 g1 i1
79 QDB74990 Alternaria alternata mitovirus 1
96 QDW65422 Rhizoctonia solani mitovirus 32
76 DAB41741 Azolla filiculoides mitovirus 1
] GIFJ01555191.1 TSA: Halichondna panicea TRINITY_DN143886_c0_g1_i1
91 GIFI01296237.1 TSA: Halisarca dujardinii TRINITY_DN73070_c0_g1_i1
100 93 —GIFJ01212638.1 TSA: Halichondria panicea TRINITY_DNB4934_¢0 g1 i1
I GIFJ01340378.1 TSA: Halichondria panicea TRINITY DN36854 <0 gt it
GIFIN1173896.1 TSA: Halisarca dujardinii TRINITY DN87008 ¢ g1 it
- 94 AGT55877.1 Ophiostoma mitovirus 7
GIFJ01468976.1 SA: Halichondna panicea TRINITY_DN162724_cD_g1_i1
100 AAOX47577 Ceratobasidium mitovirus
100 ANA08076 Rhizoctonia oryzae sativac mitovirus 1
100 BAJ23143 Rhizophagus sp RF1 mitovirus —_
100 | QDM55307 Geopora sumneriana mitovirus 1 query "a
k AEP83726 Tuber excavatum mitovirus
100 GHIOD1088039.1 TSA: Poralilhon sp. isolale Porolithon cruslose coralling algae PO_TRINITY DN73887 ¢0 g2 i1
10_0—| I GHIOD1050806.1 TSA: Porolithon sp. isolate Peorolithon crustose coralline algaa PO TRINITY DNG9255 ¢1 g1 it
B GFSX01019172.1 TSA: Acrochaetium secundatum GWSC040 comp20984 c0 seql
o 100 GJIJ01133220.1 TSA: Chrysogorgia stellata isolate specimen 1 contig133220,
100 L Gu01108392.1 TSA: Chrysogorgia stellata isolate specimen 1 contig 108392
93 GJIJ01127044.1 TSA: Chrysogorgia stellata isolate specimen 1 contig127044
L — GJIJD1203263.1 TSA: Chrysogorgia stellata isolate specimen 1 contig203263
99 GIFJ01594597.1 TSA: Halichondria panicea TRINITY_DN205623_c0_g1_i1
91 10&‘_4' GIFJO1745071.1 TSA: Halichondria panicea TRINITY_DN459114_c0_g1_i1
78 GIFJD1718267.1 SA: Halichondria panicea TRINITY_DN392154 ¢0 g1_i1

i

HBKOD1019713.71 TSA: Prymnesium paolylepis, MMETSP0286-d0i:10.5281-zenado. 249982-Transcripl-27738
GJI01138371.1 TSA: Chrysogorgia stellata isolate specimen 1 contig1 38371
90 GIFI01524993.1 TSA: Halisarca dujardinii TRINITY DN164461 c0 g1 i1
_{ 100 | GIFJ01743835.1 TSA: Halichondria panicea TRINITY_DN412866 c0_g1_i1
| 100 | GIFJ01497686.1 TSA: Halichondria panicea TRINITY_DN109165_c0_g1_i
GIFJ01605427.1 TSA: Halichondria panicea TRINITY_DN223300_c0_g1_i1
100 GFSZ01013710.1 TSA: Grania effiorescens SLC002_comp17082_c0_seq4d

' GFSZ201012545.1 TSA: Grania efflorescens SLC002_comp16817_c0_seql
[ | 100 | HAHDO01054073.1 TSA: Lucernaria quadricornis, contg TRINITY_DN4225_c0_g1_i1
L GFZUD1114100.1 TSA: Laurencia pacifica TRINITY_DNE8062_¢0 g1 i1

100 | GIFI01028201.1 TSA: Halisarca dujardinii TRINITY DN26844_c0 g1 i2, ranscribed RNA seguanca
— L GIFJ01091934.1 TSA: Halichondria panicea TRINITY DN40751 c0 g1 i6
GFWA01030331.1 TSA: Chlamydomonas acidophila comp14142 c0 seqi
[ GFTX01031796.1 TSA: Ulva lactuca ¢27795_g1_i2
GDKJ01005156.1 TSA: Colpodella angusta a121405_9

GFTX01080729.1 TSA: Ulva lactuca ¢34542_g1_i1

GFTEQ1001735.1 TSA: Devaleraea mollis GWS030349_comp26723_c0_seq1

90 |
GIIRD1116228.1 TSA: Paracenlrotus lividus TR53718_c0_g1_i1
87 99 DAZ90606.1 Nebalia bipes mitovirus 1
100 DAZ90607.1 Glomeridella minima mitovirus 1
95 99 L DADA49837.1 Lutzomyia longipalpis mitovirus 1

DAZ90608.1 Hanseniella sp mitovirus 1
DAZS90600.1 Halichondria panicea mitovirus 1

95 HBWR010104853.1 TSA: Aplysina aerophoba, TRINITY_DN119881_c0_g1_i1
lﬂ{_—‘—HBWRmomzoeA TSA: Aplysina aerophoba, TRINITY_DN142411_c0_g2 it
GFTX01082149.1 TSA: Ulva lactuca ¢34664_g1_i1 r!
7 GCHW01014342.1 TSA: Hydractinia symbiolongicarpus Hydractnia_37440.0_Transcript_1/0_Confidence_8_Length_1189
GICGO1006928.1 SA: Auslropolamobius pallipes isolale UDP1 evgEQ.L. 105675
82 GIIM0O1102748.1 TSA: Giganlidas vrijenhoeki isolale Giganlidas vrijanhoeki specimeni conlig102748

GEAB01124828.1 TSA: Psammomys aobesus comp48527 ¢l seql 1984
GIUT01051606.1 TSA: Polycarpa mytiligera isolate Dekel beach 20 September 2018 TRINITY DN18608 c0 g1 i9,
NP 660178.1 Saccharomyces 20S RNA namavirus
NP 660177.1 Saccharomyces 23S RNA narnavirus






media/file5.jpg
@ Alpha-protebacteria
A Mitoviruses

@ Ancient levi-like phagues

& Mitochondria _# Animal cell

B Leca
@ Plant cel

¢

"
s

Generic eukaryotic cell
(host unassigned)

Fungi cell





media/file3.jpg
“Arkeomitovirinac”
Mitoviridae

“Mitoviinae" -

| Hornaviigse |

| Botourmiaviridae

| “Narliviridae”

| teviviriaae”

prr—
[fr—
P——

= Simtan o st
[ ——

Kearamitovirs






media/file1.jpg





media/file7.jpg
o pmproescera f Miochondca o~ Mtaises
o Ancentlevitke phagues A Namaviuses






media/file0.png





media/file8.png
Eukaryogenesis
-t - origin of
< >
Narnaviridae
lysis of endosymbiont . :
proteobacteria
origin of .
Proposed arkeomitoviruses "Arkeomitovirinae"
new (without UGA) L
scenario A

"jump" to the
mitochondria

"Mitovirinae"

Narnaviridae

origin of
narnaviruses

origin of

"jump" to the
arkeomitoviruses

cytoplasm

[ "jump" to the

\_ Cytoplasm "Arkeomitovirinae"

Original
scenario
gron i "Mitovirinae"
(with UGA)
& ™
& Alpha-protebacteria ﬁ Mitochondria ” Mitoviruses
@® Ancient levi-like phagues 2~ Narnaviruses
S > 4






media/file6.png
Pre-eukaryotic world ‘ 2 > Eukaryotic world

UnuaMV
il

g .. n— o

" '- i DuaMVv

KvaraMV AU%

Eukaryogenesis *

— KvinMV

mitovirinae"

\ PO .

®

"Leviviridae"
4 “ ™
& Alpha-protebacteria @ Mitochondria “° Animal cell
" < Generic eukaryotic cell
# Mitoviruses O LECA D (host unassigned)
® Ancient levi-like phagues @) Plant cell “ Fungi cell
1 9






