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            Abstract
Current knowledge of RNA virus biodiversity is both biased and fragmentary, reflecting a focus on culturable or disease-causing agents. Here we profile the transcriptomes of over 220 invertebrate species sampled across nine animal phyla and report the discovery of 1,445 RNA viruses, including some that are sufficiently divergent to comprise new families. The identified viruses fill major gaps in the RNA virus phylogeny and reveal an evolutionary history that is characterized by both host switching and co-divergence. The invertebrate virome also reveals remarkable genomic flexibility that includes frequent recombination, lateral gene transfer among viruses and hosts, gene gain and loss, and complex genomic rearrangements. Together, these data present a view of the RNA virosphere that is more phylogenetically and genomically diverse than that depicted in current classification schemes and provide a more solid foundation for studies in virus ecology and evolution.
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                    Figure 1: The frequency and diversity of viral RNA transcripts in invertebrate transcriptomes.[image: ]


Figure 2: Phylogenetic diversity of RNA viruses.[image: ]


Figure 3: Genetic exchange among RNA viruses.[image: ]


Figure 4: Evolution of genome organization in RNA viruses.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The contribution of major viral clades to the total virome of each host phylum/order.
a, b, These analyses are based on viruses at all frequency levels (a), and viruses in which the frequency exceeds 0.1% of the total number of non-rRNA reads (b).


Extended Data Figure 2 Phylogenetic incongruence between the RdRp and structural proteins.
a, Match between the phylogenies of the RdRp and coat proteins (S-domain like) for non-segmented members of the Tombusâ€“Noda clade. The relationship between the two phylogenies is displayed to maximize topological congruence. b, The degree of phylogenetic incongruence for different pairs of structural and non-structural phylogenies. The comparisons were based on patristic distances matrices derived from the phylogenies.


Extended Data Figure 3 The gain and loss of RNA virus structural proteins.
a, The parallel acquisition of multiple copies of structural proteins by viruses within the Hepeâ€“Virga clade. Left panel shows an outline of the structural part of their genomes, with homologous structural genes marked in yellow and multiple copies of these proteins within the same genome labelled as â€˜Iâ€™, â€˜IIâ€™, and â€˜IIIâ€™. Right panel shows a maximum-likelihood phylogeny depicting the evolutionary history of the corresponding structural proteins of these viruses. b, Acquisition of a glycoprotein in the genome of Hubei Lepidoptera virus 2 from the Monoâ€“Chu Clade. Its genome is compared against that of a closely related virus (Hubei dimarhabdovirus-like virus 2). Homologous proteins are connected with dotted lines, and the target glycoprotein is shown in red. c, Three examples of glycoprotein loss in the Monoâ€“Chu Clade. Homologous proteins are connected with dotted lines, and the target glycoproteins are shown in blue.


Extended Data Figure 4 Lateral gene transfer between RNA viruses and cellular organisms.
a, Evolutionary origin of two exoribonucleases (cd06133) in two sea-slater-associated viruses (Beihai hepe-like virus 2 and Beihai sea slater virus 4). Top, alignment of viral and (human) cellular exoribonucleases. The solid triangles indicate the key catalytic sites. Lower left panel shows the phylogenetic positions of the two viruses (marked with solid red circles) whose genomes contain these exoribonucleases. The host information for each virus is shown in parentheses. Lower right panel shows the phylogenetic position of the virus exoribonucleases (solid red circle) in the context of cellular exoribonucleases. b, Evolutionary origin of viral serine proteases (cd00190). The phylogeny contains serine proteases from RNA viruses (solid red circles), DNA viruses (solid blue circles) and cellular organisms. Serine proteases from RNA viruses are either highly divergent or group within the diversity of cellular proteins. c, Relative positions of different protein domains in the replicase of selected Hepeâ€“Virga viruses. The domains are shown as ovals and marked with different colours, and comprise: RdRp (cd01699), Helicase (pfam01443), FstJ (pfam01728), OTU (OTU-like cysteine protease, pfam02338), Macro (cl00019), NADAR (cd15457), and viral methyltransferase (pfam01660). More detailed depictions of lateral gene transfer can be found in Supplementary Data 22â€“36.


Extended Data Table 1 Distribution of homologous protein clusters across divergent taxonomic groups (RNA viruses, DNA viruses and cellular organisms)Full size table
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This file contains Supplementary Data 1-36, phylogenies and genome structures of each major virus clade. The phylogenies (SI data 1-21) contain detailed information on evolutionary relationships, the name of the viruses, the frequency of viral RNA, and the presence and location of endogenous virus elements (EVEs). The genome structures (SI data 22-36) contain information on the genome organization and the structural domains of representative viruses. (PDF 1870 kb)
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