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	[bookmark: _Hlk191744689]Etymology (origin) of proposed taxonomic names: 

	Taxon name 
	Etymology of the term

	Euflavivirus
	“True” flaviviruses, members of the original genus

	Crangovirus
	After a caridean shrimp species name, Crango crango (Linnaeus, 1758)

	Orthoflavivirus alphei
	Gen. sing. from Ancient Greek Ἀλφειός (Alpheiós), snapping shrimp

	Fusivirus
	After fusion

	Orthoflavivirus iunctionis
	Gen. sing. Latin of iunctio (Latin for junction)

	Tamanavirus
	After Tamana bat virus

	Tamanavirus parnelli
	Gen. Sing. Latin – from bat species name Pteronotus (Phyllodia) parnellii Gray, 1843 named after Richard Parnell

	Termitovirus
	After termite host

	Termitovirus isopterae
	Nom. Sing. Latin of Isoptera, an infraorder for termites

	Guaicovirus
	After Guaico culex virus

	Guaicovirus culicis
	Gen. Sing. Latin of Culex , a genus for mosquitoes

	Jingmenvirus 
	After Jīngmén tick virus

	Jingmenvirus rhipicephali
	Gen. Sing. Latin of Rhipicephalus, a genus for ticks

	Arachnivirus 
	derived from the Greek word ἀράχνη (arachni)

	Arachnivirus neosconae
	Gen. Sing. Latin of spider species name Neoscona nautica (L. Koch, 1875) 

	Boletivirus 
	From Bólè tick virus 4

	Boletivirus hyalommae
	Gen. Sing. Latin of Hyalomma, a genus for ticks

	Chrysopivirus
	After Chrysopidae, a family for green lacewings

	Chrysopivirus vittae
	Gen. Sing. Latin of vitta (Latin for lace)

	Koshovirus 
	After gentian Kobu-sho-associated virus

	Koshovirus sonchi
	Gen. Sing. Latin of Sonchus, a genus for sow thistles



	Permission for use of names derived from a living person:        

	Taxon name
	Full name of person from whom the name is derived
	Attached 

	
	
	

	
	
	

	
	
	

	
	
	



	Abstract of Taxonomy Proposal: 

	[bookmark: _Hlk184970407]Taxonomic rank(s) affected: Flaviviridae, Amarillovirales

Description of current taxonomy:  Flaviviridae is a family for non-segmented positive-sense enveloped RNA viruses many of which are significant pathogens, including hepatitis C virus and yellow fever virus. Flaviviridae is the sole family included in order Amarillovirales and is subdivided into four genera: Orthoflavivirus, including 52 species into which arthropod-borne and insect-specific flavivirids are classified; Pestivirus (19 species), Hepacivirus (14 species); and Pegivirus (11 species). 

Proposed taxonomic change(s):  Recent large-scale metagenomic surveys have identified many diverse RNA viruses related to classical orthoflaviviruses and pestiviruses but possessing quite different genome lengths and configurations. They have a hugely expanded host range that spans multiple animal phyla (including mollusks, cnidarians and stramenopiles), and plants. 

Phylogenetic analysis of RNA-directed RNA polymerase (RdRP) hallmark gene sequences splits flavivirid and ‘flavi-like’ viruses into four divergent clades and multiple lineages within them. The tree is congruent with helicase gene phylogeny, PPHMM profile comparisons, and RdRP protein structure predicted relationships predicted by AlphFold2. These results support their classification into the established order, Amarillovirales as three separate families (Flaviviridae, Pestiviridae, and Hepaciviridae), and a total of at least 12 genera. 

Justification: Although the current classified members of the Flaviviridae and flavi-like viruses form a monophyletic group separate from other RNA viruses, they are far more divergent from each other than other RNA virus genera, supporting their assignment as three separate families and several genera within them. Taxonomic assignments based on RdRP hallmark gene evolutionary relationships provides a stable reference for assignment of further members of this order, and a framework from which major genome re-organisational events can be understood.  


	Text of Taxonomy proposal:  

	
Taxonomic rank(s) affected: Flaviviridae, Amarillovirales

Description of current taxonomy:  Flaviviridae is a family of positive-sense RNA viruses and the only family included in order Amarillovirales. The family includes four genera: Orthoflavivirus, including 52 species into which arthropod-borne and insect-specific flavivirids are classified, Pestivirus (19 species) for viruses of ruminants and a wider range of mammals, Hepacivirus (14 species), and Pegivirus (11 species). Flavivirid genome organization is shared across the four genera, with a single 8000–10,700 base open reading frame that is translated and cleaved to generate core and envelope proteins, and a shared complement of protease, helicase and RNA-directed RNA polymerase (RdRP) non-structural proteins. Viruses of different flavivirid genera differ, however, in their mechanisms of translation initiation and virion formation. 

Collectively, the Flaviviridae incorporates several major human and veterinary pathogens, including hepatitis C virus (HCV) and a wide range of often highly virulent arthropod-borne viruses, including yellow fever virus (YFV) and dengue viruses [2]. The Flavivirus and Pestivirus genera were included in the family, Flaviviridae [3, 4], a group that was subsequently expanded to incorporate a third genus, Hepacivirus, for HCV [5] and relatives infecting non-human primates, bats, and rodents (reviewed in [6]). Finally, a fourth genus, Pegivirus, was added in 2012 for a range of apparently non-pathogenic RNA viruses infecting humans (human pegivirus [HPgV]) and a broad range of non-human primates, bats, and other mammals [7] and one avian (goose) host [8]. Since then, there have been only minor changes to flavivirid classification, essentially limited to the expansion of the number of species assigned to the Pestivirus, Pegivirus and Hepacivirus genera and the renaming of the genus Flavivirus to Orthoflavivirus [9].

Shared features of current members of the Flaviviridae include a common genome organization (positive-sense, non-segmented, linear, non-3'-polyadenylated RNA 9.0–13 kb in length), protein expression strategies (synthesis of a single polyprotein with a conserved organization that is cleaved into structural proteins located at the N terminus and nonstructural proteins at the C terminus), and a primarily mammalian host range (in case of orthoflaviviruses, also arthropods) [2]. In addition to the RdRP gene, flavivirids are homologous in their superfamily 2 helicase (NS3) and serine protease domain sequences [10].

However, among flavivirids, there are also some major differences, including possession of structurally distinct capsid proteins in viruses of different genera (and the apparent lack of a capsid in pegiviruses), packaging mechanisms, polyprotein translation strategy that may be 5'-cap-dependent (orthoflaviviruses) or driven through an internal ribosomal entry site (IRES; other flavivirids), and two disparate fusion glycoprotein systems. (Fig. 1). Indeed, other than the serine protease, helicase and RdRP, no other nonstructural protein genes are homologous across viruses of all four genera.

High throughput sequencing technologies have detected and genetically characterized viruses related to flavivirids in a much wider range of potential hosts, particularly of arthropods and more recently fish and other aquatic life. These include insect-only (non-vectored) flavivirids [11-16] and the expansion of species assignments to the Pestivirus, Pegivirus, and Hepacivirus genera for viruses that infect primates, other mammals, and birds (reviewed in [6, 17-20]). The taxonomic assignment of a much wider range of ‘flavi-like’ viruses [21] is more problematic. Their RdRP gene sequences group phylogenetically with those of classified members of Flaviviridae, but they often possess quite different genome organisations, genome lengths, and host ranges. These include the ‘large-genome flaviviruses (LGFs); [22-24], with genomes substantially longer than currently classified flavivirids, the longest to date being maximus pesti-like virus’s genome of ≈40 kb [25]. Jīngmén tick virus (JMTV) [26] and related jingmenviruses have multisegmented genomes with four or more separate segments [27-30]. In addition, the majority of ‘flavi-like’ viruses have been discovered outside the primarily mammalian and vector host range of classified flavivirids, being distributed across the animal kingdom, from poriferans (sponges) [25], cnidarians (jellies) [31], mollusks (squid) [32], arthropods (insects [22, 29, 33]; diplurans [29]; scorpions [29]; crustaceans [31, 32, 34]), nematodes [35], platyhelminths [36, 37]) to echinoderms (sea cucumbers) [38], hemichordates (acorn worms) [31], cartilaginous and bony fish [23, 31, 39-42], amphibians (frogs) [31, 43], and reptiles [41]. Although only a few are known so far, ‘flavi-like’ viruses have also been discovered in stramenopiles (diatoms and oomycotes) [44, 45] and in angiosperm plants [1, 28, 46].

Proposed taxonomic change(s):  Our proposed re-classification of flavivirids is based upon a submitted paper [47] that applies several analysis methods to reinvestigate their genetic relatedness to the wide range of currently described flavi-like viruses. For classification purposes, we have assigned primacy to the RdRP (hallmark) gene phylogeny using previously established principles for a genomics-based taxonomy of viruses [48] that state that assignments should be based on the most evolutionarily conserved gene within virus groups [49-51]. As members of the realm Riboviria, the RdRP is used as the hallmark gene for delineating RNA virus evolutionary histories. These define taxonomic assignments irrespective of relationships between other genome regions. Many flavi-like viruses differ substantially in genome organisation from classified flavivirids, including genome segmentation and instances of gene loss and acquisition. Structural genes encoding virion components are particularly variable and may be driven by major changes in host range or ecologies. Examples of the diversity of genome organisations of flavi-like viruses is shown in Fig. 1 

To depict phylogeny relationships between classified flavivirids and flavi-like viruses, we accessed an alignment of their RdRP genes and a comprehensive sample of coding-complete sequences of currently unclassified ‘flavi-like’ viruses from a previous study [52] (listed in Table S1; Suppl. Data of [47], that includes a detailed methodological description of analysis methods) . This dataset included representatives from groups of segmented ‘flavi-like’ viruses, divergent ‘pesti-like’ viruses, many with extended genomes, many additional ‘hepaci-’ and ‘pegi-like’ viruses primarily found in marine vertebrates, plant-infecting ‘koshoviruses’ and a selection of ‘flavi-like’ viruses recovered from environmental samples such as diatom colony-associated virus (DCAV). 

Using the distantly related tombusvirids as an outgroup, the RdRP domain phylogeny of the sequence set, calculated with IQ-TREE, resulted in four main bootstrap-supported clades (I–IV), each containing a number of bootstrap-supported lineages (labelled as Ia–l, IIm–s, IIIt–w anticlockwise around the tree) (Fig. 2). Viruses of the four currently established flavivirid genera were distributed in three of the four clades, with hepaciviruses and pegiviruses clustering together in and largely defining clade III. In this phylogeny, ‘jingmenviruses’, ‘tamanaviruses’, and numerous ‘insect-specific flaviviruses (ISFs)’ cluster with orthoflaviviruses in clade I. The viruses that were previously loosely defined as ‘LGFs’ join pestiviruses in clade II, and include diverse viruses distributed across multiple lineages, e.g., Bólè tick virus (a potentially tick-vectored pathogen of mammals) [24] in clade IIq and plant-infecting ‘koshoviruses’ [1, 28, 46] in clade IIs (Fig. 2; Table S1 in [47]).

To investigate the robustness of the clade and lineage groupings, the IQ-TREE-based maximum-likelihood phylogeny generated for Fig. 2 was compared with trees generated through a temporal reconstruction using the Bayesian evolutionary analysis by sampling trees cross-platform program (BEAST) and using the protein distance-based unweighted pair group method with arithmetic mean (UPGMA) phylogeny method (Fig. 3). BEAST and UPGMA results reproduced clades I–IV with bootstrap support comparable to the original maximum likelihood analysis (Figs. 2, 3A). However, in the time-rooted BEAST tree, Tombusviridae became an inlier (Fig. 3C), in marked contrast to its clearly defined outgroup positions in the IQ-TREE and UPGMA trees. The grouping of individual sequences within lineages a–w defined by IQ-TREE analysis were almost entirely reproduced in the BEAST and UPGMA trees, with the exception of eight sequences that did not group with their lineages in the UPGMA tree (Fig. 3B). Despite these, the clade and lineage assignments were relatively robust to different evolutionary reconstruction methods.

These RdRP phylogenies provide an excellent framework for the taxonomic reorganization of the Flaviviridae. Nonetheless, we recognized that phylogenetic inference over these very large genetic distances is challenging and therefore sought to corroborate (or, indeed, refute) these apparent taxonomic groupings with alternative and complementary approaches.

[bookmark: _Hlk183284585]Helicase domain phylogeny. While there is evidence for modular exchange of structural or assessor proteins among flavivirids of the four established current genera, for instance acquisition of glycoprotein-encoding genes  [52, 53], it is less clear whether sequences encoding the core replication module of these viruses (including serine protease, helicase and RdRP) evolve as a unit or are similarly subject to genome exchange and rearrangements. To investigate this, and to complement our RdRP analyses, we deduced flavivirid and ‘flavi-like’ helicase domain amino acid sequences, aligned them, performed IQ-TREE analysis, and compared the result to the RdRP IQ-TREE tree using a tanglegram (Fig. 4). Phylogenetic groupings of viruses of the four current genera were highly concordant, with only minor differences in branching order within genera. The positions of ‘flavi-like’ viruses grouping with orthoflaviviruses were generally concordant between regions, but with some exceptions. For instance, there was a change in the topology of the deeper branches underlying the ‘LGF’, pestivirus and hepaci/pegivirus groupings, creating paraphyletic groups not observed in the RdRP tree. This result is not necessarily surprising because the helicase domain is shorter and more divergent than the RdRP domain and hence likely reflects lower resolution of relationships rather than indicating genome reorganization between the two domains. Other minor exceptions included Wēnlǐng moray eel hepacivirus (WMEHV) moving from an outlier position in clade III (lineage IIIt) into Hepacivirus in the helicase tree, a finding not incompatible with potential sequence errors in the deposited RdRP region sequence. Bólè tick virus 4 (BoTV4) fell within the IIq lineage in the RdRP domain tree, but as an outlier to pestiviruses in the helicase domain tree. Finally, ‘flavi-like’ viruses from environmental samples (clade IV in the RdRP tree) were located within the pestivirus-‘LGF’ branches in the helicase domain tree.

Protein structure relationships. The function of any given protein is primarily a feature of its three-dimensional structure. Consequently, protein structure is fundamentally more conserved than the underlying protein sequence. The advent of accurate protein structure prediction through machine-learning (e.g., AlphaFold2) is enabling surveys of protein form and function at enormous scales [54, 55]; and has driven the development of new high-throughput structure comparisons tools (e.g., Foldseek) that enable structure-guided inference of deep evolutionary relationships [56, 57].

In a recent investigation of glycoproteins, protein structure prediction was systematically applied to flavivirids [52], generating thousands of structures spanning the complete polyproteins of all viruses 
represented in the RdRP phylogeny (Fig. 2; Table S1, Suppl. Data in [47]). Drawing on this dataset, we generated complete NS5/NS5b RdRP domain structure predictions for each virus (see Methods). After filtering for prediction confidence and length, we analysed 400 RdRP structures using FoldTree [57] to produce a structure-guided tree based on the local distance difference test (lddt) structural similarity metric. This structure-based approach does not explicitly consider protein sequence and, therefore, represents an independent recapitulation of the sequence-based phylogeny (Fig. 2).

The topology of the structure-based tree was remarkably similar to that of the sequence-based tree and supports the validity of the same four major clades (Fig. 5A). Moreover, most of the lineages represented in the sequence phylogeny were consistent in their position and composition. The only exceptions are lineages Ia, which in the structure-based tree formed a basal branch from lineage Ic, and lineages Ii and IIIv which moved subtly in relation to their neighboring clades. Clades Ij, IIn, and IIIt were lost from the structure-based tree due to filtering of lower confidence structural predictions. Major clade IV, containing ‘flavi-like’ viruses from environmental samples, also shifted position slightly, branching between clade II and the Tombusviridae outgroup in the structure-based tree. However, this divergent and basal taxon will likely remain difficult to place by any method without further discovery of similar viruses.

Example structural alignments of clade representatives corroborate their distribution on the tree (Fig. 5B). Dengue virus type 1 and HCV genotype 1 were at opposite ends of the tree (clade I and III) and their respective RdRPs align with a relatively low lddt score (0.47), whereas pairings within clade I, II and III give higher scores: 0.67, 0.61 and 0.74 respectively (note that an lddt score of 1.0 represents perfect alignment of identical structures). Thus, inferring evolutionary relatedness through structure-only analysis corroborates sequence-based approaches and is highly supportive of the organization of flavivirids and ‘flavi-like’ viruses into four main clades.

Analysis by GRAViTy version 2. Genome Relationships Applied to Virus Taxonomy (GRAViTy) is a non-supervised, alignment free method to assess the relatedness of virus genome sequences though calculation of protein profile hidden Markov model (PPHMM) homologies and through metrics of genome organization such as the order and orientation of genes [58]. We performed GRAViTy analysis using our flavivirid and ‘flavi-like’ virus dataset (Table S1) for phylogeny and RdRP structure comparisons; genomes of segmented ‘jingmenviruses’ were concatenated in order of segment length from short-to-long. Results were remarkably concordant with those determined by RdRP and helicase domain phylogenies (Figs. 2–4), with bootstrap-supported segregation of the same sequences into three main clades I–III (Fig. 6A). ‘Flavi-like’ viruses from environmental samples (formed an outlier position as clade IV.

To depict the wider inter-relationships of classified flavivirids and ‘flavi-like’ viruses, we compared their sequences with sequences representing viruses of all other established ribovirian families. Flavivirids and ‘flavi-like’ viruses were monophyletic in the GRAViTy dendrogram, supporting their assignment to a common higher taxonomic rank, the established order Amarillovirales (Fig. 6B). The Jaccard distances calculated by GRAViTy do not provide a precise quantitative estimate of evolutionary distance or thresholds for taxonomic assignments. However, ribovirian families differ from each other in the distance range of 0.7–0.85, whereas viruses within families typically are associated with Jaccard distances of approximately 0.9 (Fig. 6B). Although very general, the distances between clades I–IV were within the range of between-family distances elsewhere in the dendrogram, whereas their combined grouping occurs at the rank of order assignments for other virus families assigned to orders (e.g., Nidovirales and Picornavirales).

Association between taxonomic groupings and host range. Within clade I, lineage Ib encompasses the currently classified members of the Orthoflavivirus genus, as well as a high number of currently unclassified primarily insect-specific flaviviruses (ISFs). Lineage Ic is similarly populated by ISFs, including the current unclassified cell fusing agent virus (CFAV), consistent with a previous proposed assignment to a new genus within Flaviviridae [59]. The similarly divergent Tamana bat virus (TABV) falls in the very diverse lineage If that also contains ‘flavi-like’ viruses infecting lumpfish (Cyclopterus lumpus Linnaeus, 1758) and southern pygmy squid (Xipholeptos notoides (Berry, 1921)). The segmented JMTV and Guaico Culex virus (GCuV) and their relatives were assigned to lineages Ik and Il, adjacent to lineage Ij encompassing the non-segmented infectious precocity virus. Extending the host range of this clade were Cnidaria flavivirus and Harrimaniidae flavivirus infecting basal metazoa such as jellies and acorn worms [31] in lineage Ia. Despite the evident lineage (and host) diversity, clade I is clearly monophyletic with a bootstrap-supported long branch separating members from other clades.

Clade II similarly sub-divides into a number of bootstrap-supported lineages IIm–s, with currently classified pestiviruses clustering exclusively in lineage IIo along with currently unassigned more divergent viruses exclusively infecting vertebrates, as does lineage IIn (fish). Viruses assigned to other lineages within clade II are arthropod-hosted with the striking exception of the plant-infecting Apis flavivirus, carrot flavi-like virus 1, Gentian Kobu-sho-associated virus, Coptis virus 1, and Sonchus virus 1 that form a sub-group, termed ‘koshoviruses’, within lineage IIs [1, 46, 60]. Arthropod and plant-infecting members of clade II frequently have substantially longer genomes than the vertebrate-infecting members of lineages IIn and IIo (ranges 11,038–11,450 and 11,555–15,154 respectively) compared with lineage IIm (20,432–22,622), IIq (13,599–18,696), IIr (14,731–26,314), and IIs (18,749–27,708).

Members of clade III are all non-segmented, possessing similar genome lengths (8294–12,290) and form a well-defined separate grouping from other flavivirids. In contrast to the wide host range of clade I and II, all clade III members have presumed or demonstrated vertebrate hosts, spanning a wide range of mammals, birds, reptiles, and bony and cartilaginous fish. Two lineages, IIIu and IIIw, encompass currently classified members of the Pegivirus and Hepacivirus genera along with a range of more divergent viruses with a greater host range beyond mammals and birds.

Proposals for assignments. The reproducible phylogenetic relationships of flavivirids and ‘flavi-like’ viruses using different tree construction methods in the RdRP domain sequences (Fig. 2 & 3) were recapitulated by protein structure-guided analysis (Fig. 5). RdRP is evidently co-evolving with the helicase gene (Fig. 4), suggesting that the essential replicase of flavivirids and ‘flavi-like’ viruses traces a single coherent evolutionary history. This is also reflected in the relationships identified by an alignment-free method for analyzing complete genome sequences (Fig. 6). Therefore, we are confident that the foundational RdRP phylogeny in Figure 2 provides a robust framework for a genomics-based re-classification of flavivirids.

These analyses based on clade and lineage relationships provide a framework to map clades and lineages onto families and genera. However, there are quite variable branch lengths within lineages (Fig. 2) and differences in thresholds that split lineages in BEAST and UPGMA tree across clades I, II and III (Fig. 3). These observations indicate that a purely cladistic classification may not conform to specific sequence divergence thresholds that are often used elsewhere in virus taxonomy. Indeed, formal comparison of mean amino acid sequence identities between and within lineages in the three clades vary considerably (Fig. 7), particularly in clade I where sequence identities between lineages Ia, Ib, Ic, and Id were all much greater than within-group values of other lineages (notably If, Ih, Ii and Ij, and lineage n in clade II). 

With this caveat, we propose the following re-classification and expansion of the Flaviviridae through incorporation of the large number of additional ‘flavi-like’ viruses (Table 1). The following proposals for a radically reorganised and expanded flavivirid taxonomy are presented below. 

Proposed taxonomic assignments and demarcation criteria (Table 2):

Order	Flavivirid and ‘flavi-like’ viruses form a monophyletic group in comparison with all other members of the Riboviria, enabling their assignment to a single taxonomic rank. Although not precise, divergence among flaviviruses at this rank was comparable to that of members of virus orders in GRAViTy analysis (Fig. 6B). We therefore propose that all flavivirid and ‘flavi-like’ viruses can be assigned to the established order Amarillovirales.

Family	The level of sequence divergence among members of clades I–IV was comparable to inter-family distances of other RNA viruses on GRAViTy analysis. There is no formal divergence threshold by which families may be defined in the Riboviria or in other virus realms. However, a maximum intra-family Jaccard distance score of between 0.7-0.75 was observed in the majority of RNA virus families on analysis of (coding-) complete genome sequences by GRAViTy v2, including the three proposed families in the current proposal (Fig. 6B). This threshold was consistently below the level between different orders of RNA viruses. We therefore propose assignment of members of lineages I, II, and III to individual families. We maintain the name Flaviviridae for one of them, and propose ‘Pestiviridae’ and ‘Hepaciviridae’, respectively, for the other two, reflecting the historical key virus members of these families.

While a separate, bootstrap-supported lineage IV was consistently observed, its members are highly divergent genetically and derive from environmental samples. Where hosts are suspected, these are extremely diverse and require further verification. We therefore do not propose to create a family for lineage IV at this time.

Genus	All three suggested families contain a number of bootstrap-supported lineages of sequences, with members often possessing distinct genome organisations, lengths and host tropisms. We propose that the lineage assignments form the basis for genus demarcation.  
a. 
Current genera. Clades Ib, IIo, IIIu, and IIIw contain currently classified flavivirids and we propose that the assignments of members of these clades to Orthoflavivirus, Pegivirus, Pestivirus and Hepacivirus genera are retained. However, we propose that the genera Pestivirus and Hepacivirus genera are renamed as ‘Orthopestivirus’ and ‘Orthohepacivirus’ (to avoid confusion of vernacular names with those of the newly assigned Pestiviridae and Hepaciviridae family names). The proposed genus names maintain a degree of continuity with established nomenclature.

New genera. We propose assignment of further genera within each of the three proposed families in the basis of forming bootstrap-supported groupings consistent between multiple analysis methods, and a minimum of three members so that the extent of grouping can be assessed. In proposing new genera, we give priority to clades corresponding to established genera and to those containing previously described and well-characterised viruses, such as cell fusing agent virus (CFAV) and Tamana bat virus (TABV).

To guide assignments, however, assignments, there is however no specific level of genetic divergence of flavivirids that would define genus membership. Indeed, amino acid sequence identities of RdRP gene amino acid sequences between and within lineages in the three clades showed considerable variation (Fig. 7). A threshold of 0.3 amino acid sequence identity would create several genera within each proposed family but identities between lineages Ia, Ib, Ic, and Id were greater and inconsistent with within-group values of other lineages, as were lineages IIIu, IIIv and IIIw. Contrastingly If, Ih and Ii were a little lower than the threshold. A demarcation line in the UPGMA and BEAST trees (blue dotted line in Figs. 3B and 3C) would, however, support provisional genus assignments across all three clades / families, and in separate GRAViTy 2 analysis (Fig. 6A). 

On this basis, we propose the establishment and naming of a total of eight additional genera and three subgenera in addition to the four genera currently assigned (Table 2). These would include four further genera within the Flaviviridae family, Tamanavirus, Termitovirus, Guaicovirus and Jingmenvirus, and four additional genera in the Pestiviridae family, Arachnivirus, Boletivirus, Chrysopivirus and Koshovirus in addition to the established, renamed genus Orthopestivirus. 

However, based on divergence and grouping below the blue threshold line, we propose that lineages Ia- Id should be combined into single genus with a proposed name Orthoflavivirus, with individual groupings within these of Ib, Ic and Id assigned as subgenera Euflavivirus, Fusivirus, and Crangovirus. These subgenus assignments possess biological relevance in terms of host range and vector transmission. As a result, all established Orthoflavivirus species will remain but the genus will be expanded by viruses not considered “classical” orthoflaviviruses before. 

Species	 Assignments of species in established and newly proposed genera await the future development of genome-based assignment thresholds that can be more widely applied across the three families in the Amarillovirales. However, exemplar species for all newly proposed genera and subgenera have been proposed, typically corresponding the first described example of each group possessing a coding complete genome sequence. Assignments of established species have been retained.  

A diagrammatic summary of the proposed taxonomic changes is provided in Fig. 8.

Justification:  This taxonomy proposal makes a robust case for an evolutionarily-based reclassification of flavivirids using an approach that puts primacy on genetic relationships of the hallmark RdRP gene. The radical differences in genome organization, such as segmentation, changes to translation mechanisms and exchanges of structural gene modules of most ‘flavi-like’ viruses had historically prevented their incorporation into virus taxonomy when there was uncertainty over which criteria were most taxonomically informative. The use of protein structure relationships of RdRP and potentially other replication-associated enzymes provides a valuable new method to determine deeper evolutionary histories of RNA viruses and has substantiated the family and order relationships proposed.   
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Table 1. Listing of clades and lineages of flavivirids and ‘flavi-like’ viruses and suggested revised and expanded taxonomy

	Clade
	Lineage
	n1
	Genus2
	Example3
	Example virus name
	Comments

	I
	ⓐ
	2
	
	OX394137
	Cnidaria flavivirus (CnFV)
	Marine invertebrates, including acorn worms (Enteropneusta) and Cnidaria

	[bookmark: _Hlk184553094]
	ⓑ
	95
	Orthoflavivirus
	U87411
	dengue virus type 2 (DENV-2)
	Expansion of established genus, several insect-specific flaviviruses

	
	ⓒ
	39
	
	KJ741267
	cell-fusing agent virus (CFAV)
	Large group of ‘ISFs’

	
	ⓓ
	5
	
	MK473878
	Crangon crangon flavivirus (CCFV)
	Crustacean and other marine hosts

	
	ⓔ
	2
	
	MT075326 
	salmon flavivirus (SaFV)
	

	
	ⓕ
	3
	
	AF285080
	Tamana bat virus (TABV)
	Infects diverse lineage with marine hosts

	
	ⓖ
	3
	
	MW052131 
	Waxsystermes virus 
	Diverse host range, arthropods, shark

	
	ⓗ
	2
	
	OX394159
	Chowder Bay tunicate associated flavi-like virus
	Marine invertebrates

	
	ⓘ
	3
	
	BK059737,  BK059738 
	fluviflavili virus
	Platyhelminth and environmental sources

	
	ⓙ
	2
	
	MT084113 
	infectious precocity virus
	Infect crustaceans

	
	ⓚ
	9
	
	KM521566 - KM521570 
	Guaico Culex virus (GCuV)
	Arthropod-specific viruses, 5 segments

	
	ⓛ
	19
	
	KJ001579 - KJ001582
	Jīngmén tick virus (JMTV)
	Arthropod host (ticks), vector-borne transmission to mammals, 4 segments, 

	II
	ⓜ
	3
	
	KR902730 
	Xīnzhōu spider virus (XSV)
	Infect several arachnid species

	
	ⓝ
	2
	
	MG599985
	Xiàmén fanray pesti-like virus (XFPV)
	Cartilaginous fish (Chondrichthyes)

	
	ⓞ
	34
	Pestivirus
	M96751
	bovine viral diarrhea virus 1
	Expansion of established genus, primarily mammalian

	
	ⓟ
	1
	
	SRR7976360
	
	Soil metagenome sequence

	
	ⓠ
	39
	
	KR902736
	Bólè tick virus 4
	Tick and diverse invertebrate hosts

	
	ⓡ
	15
	
	KR902734
	Shuāngào lacewing virus 2
	Wide range of insect hosts

	
	ⓢ
	20
	
	BK062903 
	Sonchus virus
	Diverse, hosts include arthropods, nematodes and angiosperm plants

	III
	ⓣ
	1
	
	MG599990
	Wēnlǐng  moray eel hepacivirus
	

	
	ⓤ
	54
	Pegivirus
	U44402
	human pegivirus genotype 2
	Expansion of established genus, mammalian and avian hosts

	
	ⓥ
	1
	
	MG334001
	(hepacivirus sp.)
	Detected in a terrapin

	
	ⓦ
	101
	Hepacivirus
	AF009606
	hepatitis C virus genotype 1a
	Expansion of established genus,  mammalian, reptile, avian, cartilaginous and bony fish hosts

	IV
	(unclassified)
	AP014912
	diatom colony-associated ssRNA virus
	Environmental ‘flavi-like’ viruses 



1Available distinct coding-complete genome sequences; examples representing species range within the larger groups.
2Established genus assignments
3INDSC accession number of example virus.




Table 2. Proposed taxonomic assignments of “flavi-like” viruses

	Phylogeny
	Proposed new taxonomic assignments1
	Exemplar

	Clade
	Lineage
	Family
	Genus 
	Subgenus
	Species name2
	Virus name
	Accession no.2

	Families

	I
	
	Flaviviridae
	
	
	
	
	

	II
	
	Pestiviridae
	
	
	
	
	

	III
	
	Hepaciviridae
	
	
	
	
	

	Genera, subgenera and species

	I

	Ia, Ib, Ic, Id
	Flaviviridae
	Orthoflavivirus
	

	
	Ib
	
	
	Euflavivirus
	Orthoflavivirus dengue
	dengue virus type 2 (DENV-2)
	U87411

	
	Ic
	
	
	Fusivirus
	Orthoflavivirus iunctionis
	cell-fusing agent virus (CFAV)
	MK473878

	
	Id
	
	
	Crangovirus
	Orthoflavivirus alphei 
	Crangon crangon flavivirus (CCFV)
	MK473878

	
	If
	
	Tamanavirus
	
	Tamanavirus parnellis
	Tamana bat virus (TABV)
	AF285080

	
	Ig
	
	Termitovirus
	
	Termitovirus isoptera 
	Waxsystermes virus 
	MW052131

	
	Ik
	
	Guaicovirus
	
	Guaicovirus culicis
	Guaico Culex virus (GCuV)
	KM521566 - KM521570

	
	Il
	
	Jingmenvirus
	
	Jingmenvirus rhipicephali
	Jīngmén tick virus (JMTV)
	KJ001579 - KJ001582

	

	II
	IIm
	Pestiviridae
	Arachnivirus
	
	Arachnivirus neosconae
	Xīnzhōu spider virus 3 (XSV)
	KR902730

	
	IIo
	
	Orthopestivirus
	
	Orthopestivirus bovis
	bovine viral diarrhea virus 1
	M96751

	
	IIq
	
	Boletivirus
	
	Boletivirus hyalommae 
	Bólè tick virus 4
	KR902736

	
	IIr
	
	Chrysopivirus
	
	Chrysopivirus vittae
	Shuāngào lacewing virus 2
	KR902734

	
	IIs
	
	Koshovirus
	
	Koshovirus sonchi
	Sonchus virus
	BK062903 

	

	III
	IIIu
	Hepaciviridae
	Pegivirus
	
	Pegivirus hominis
	human pegivirus genotype 2
	U44402

	
	IIIw
	
	Orthohepacivirus
	
	Orthohepacivirus hominis
	hepatitis C virus genotype 1a
	AF009606



1Established taxa are shown in bold; red if renamed; genera may contain additional members and potential species
2Exemplar species shown





Fig. 1. Organization of example genomes in each lineage of flavivirids and ‘flavi-like’ viruses. 
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Genome diagrams for the example viruses listed in Table 1 drawn to scale (lower scale bar) and main functional domains identified by InterProScan browser v. 103 (https://www.ebi.ac.uk/interpro/search/sequence/) [61]
Fig. 2.  RNA-directed RNA polymerase domain (RdRP) amino-acid sequence phylogenies differentiate flavivirids and ‘flavi-like’ viruses into four highly supported main clades.
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[bookmark: _Hlk183279878]Maximum likelihood tree of aligned flavivirid and ‘flavi-like’ RNA-directed RNA polymerase (RdRP) domain amino-acid sequences, estimated using the LG+F+R10 model using IQ-TREE with tombusvirid sequences as an outgroup. Bootstrap support values for the main branches of the tree are shown in red if ≥70%. Already classified flavivirids are shown in color-filled circles. The main clades are numbered I–IV and lineages are labeled with lower-case letters. The component sequences within each clade are provided in a fully annotated tree (RdRP_tree.NWK (File Sq; Suppl. Data in [47]) and listed in Table S1 (Suppl. Data; [47]).

Fig. 3.  RNA-directed RNA polymerase domain (NS5/NS5B) amino-acid sequence phylogenies differentiate flavivirids and ‘flavi-like’ viruses into four highly supported main clades
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Phylogenetic trees constructed by likelihood (A, B) and distance-based (C) methods using flavivirid and ‘flavi-like’ RNA-directed RNA polymerase (RdRP) domain amino-acid sequences. Clades (I–IV) and lineages (a–w) labelled in each tree are based on those in Fig. 2. Tentative threshold levels of divergence separating clades and lineages are shown as red dotted lines in BEAST and UPGMA trees. An alternative threshold corresponding to the assignment of lineages Ia-Id to a common lineage is shown in a blue dotted line. Abbreviations: BP, before present; BEAST, Bayesian evolutionary analysis by sampling trees cross-platform program; JTT, Jones-Taylor-Thornton matrix; ML, maximum likelihood; UPGMA, unweighted pair group method with arithmetic mean.


Fig. 4. Helicase domain (NS3) amino-acid sequence phylogeny supports partition of flavivirids and ‘flavi-like’ viruses into four main clades
[image: ]

Tanglegram of flavivirid and ‘flavi-like’ virus helicase and RNA-directed RNA polymerase (RdRP) domain sequences constructed from ML phylogenetic trees generated by IQ-TREE trees, with established flavivirid genera colored as in Figs. 2 and 3, and segmented ‘flavi-like’ viruses (lineages k and l in red). BoTV4, Bólè tick virus 4; LGFs, large genome flaviviruses, WMEHV, Wēnlǐng moray eel hepacivirus. A copy of the figure with the branches individually labelled is provided as Fig. S1 [47].




Fig. 5. RNA-directed RNA polymerase domain (NS5/NS5B) structural comparison supports partition of flavivirids and ‘flavi-like’ viruses into four main clades
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A) 















Structure-based tree of 400 flavivirids and ‘flavi-like’ viruses’ RdRP domains, derived from a lddt distance matrix (calculated by FoldTree [57], powered by Foldseek [56]), scale bar indicates lddt distance (which is approximate to the inverse of the pairwise lddt score). Main clades and lineages are labelled as in Figure 2.
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Examples of aligned RdRP domain structures, color-coded as stated in the label, lineage identifiers (e.g. b vs w) indicate the position of the compared structures on the tree. lddt values represent structural similarity, with values of 1 being perfectly aligned identical structures. BVDV, bovine viral diarrhea virus.


Fig. 6.  Alignment-free hidden Markov model homology analysis supports partition of flavivirids and ‘flavi-like’ viruses into one order and four family rank clades


[image: ]

A) GRAViTy Jaccard distances calculated for classified flavivirids and ’flavi-like viruses and a representative member of each established RNA virus family in ribovirian kingdom Orthornavirae (n=135), showing approximate demarcation thresholds for orders and families (dashed vertical red lines). Bootstrap support values (10 iterations) are shown in red if ≥70%. A copy of the figure with the branches individually labelled is provided as Fig. S2 [47].
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B) Heatmap and dendrogram depicting relationships among classified flavivirids and ‘flavi-like’ viruses. Clades I–IV identified in the RdRP phylogeny (Fig. 2) were added to equivalent branches in dendrogram. Bootstrap support values (10 iterations) for deeper branches are shown in red if ≥70%. 


Fig. 7. Within- and between-sequence diversity of lineages identified on phylogenetic analysis of RdRP sequences
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Mean pairwise sequence identities of RdRP domain amino acid sequences between and within lineages of clades I-III. Dotted line indicates an approximate threshold dividing within- and between-lineage distances; between-lineage comparisons above threshold shaded in grey; within-lineage distances below the inter-lineage threshold shown in black. 




Fig. 8.  Diagrammatic summary of proposed changes to flavivirid taxonomy
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