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Flaviviridaeis afamily of non-segmented positive-sense RNA viruses that
includes major pathogens such as hepatitis C virus, dengue viruses and
yellow fever virus. Recent large-scale metagenomic surveys have

identified many RNA viruses related to members of this family, such as
orthoflaviviruses and pestiviruses. These viruses diverge by having different
genome lengths and configurations, and host range. Here we performed an
analysis of RNA-directed RNA polymerase (RARP) hallmark gene sequences
of flaviviruses and ‘flavi-like’ viruses. We uncovered four divergent clades and
multiple lineages that are congruent with phylogenies of their helicase genes,
protein profile hidden Markov model profiles, and evolutionary relationships
based on predicted RARP protein structures. These results support their
classificationinto three families (Flaviviridae, Pestiviridae and Hepaciviridae)
and 12 generainthe established order Amarillovirales, with groupings
correlating with genome properties and host range. This taxonomy provides

aframework for future evolutionary studies on thisimportant viral family.

Flaviviridaeis afamily of positive-sense RNA viruses thatincorporates
severalmajor humanand veterinary pathogens, includingawide range
of often highly virulent arthropod-borne viruses, including yellow fever
virus (YFV) and dengue viruses (original genus Flavivirus)*. The family
also includes the Pestivirus genus comprising a number of systemic
pathogens of cows, pigs and sheep, and was subsequently expanded to
incorporate athird genus, Hepacivirus, for hepatitis C virus (HCV)?and
its relatives in non-human primates, bats and rodents®. In 2012, a fourth
genus, Pegivirus, was added for arange of apparently non-pathogenic
RNA viruses infecting humans (human pegivirus [HPgV]) and abroad
range of non-human primates, bats and other mammals*, and one avian
(goose) host’. Since then, there have been only minor changes to flavi-
virus 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®.

Current members of the Flaviviridae have consistent genome
organizations (positive-sense, non-segmented, linear, non-3’-poly-
adenylated RNA 9.0-13 kb in length), protein expression strategies
(synthesis of a single polyprotein with a conserved organization

thatis cleaved into structural proteins located at the N terminus and
non-structural proteins at the C terminus) (Fig. 1a), and a primarily
mammalian host range (in case of orthoflaviviruses, also arthropods)".
In addition to the gene encoding the RNA-directed RNA polymerase
(RdRP), flaviviruses are homologous in their superfamily 2 helicase
and serine protease domain sequences’.

However, members of the Flaviviridae family also differ consider-
ably, including possession of structurally distinct capsid proteins (and
theapparentlack of a capsid in pegiviruses), packaging mechanisms,
polyprotein translation strategy that may be 5’-cap-dependent (ortho-
flaviviruses) or driven through aninternal ribosomal entry site (IRES)
in other flaviviruses (Fig. 1a), and two disparate fusion glycoprotein
systems (Fig. 1a). Indeed, other than the helicase and RARP genes, no
non-structural protein gene sequences are homologous across viruses
of all four genera®.

The more recent application of high-throughput sequencing
technologies to detect and genetically characterize viruses ina much
wider range of potential hosts has transformed our understanding
of the diversity and abundance of viruses of this family’. Analyses
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particularly of arthropods and more recently fish and other aquatic
life have created a case for amajor expansionin viruses assigned to the
established genera and revealed a diversity of genome organizations.
For example, Jingmén tick virus (JMTV)® and related ‘jingmenviruses’
have multipartite genomes with four or more separate segments’ %,
The majority of flavi-like viruses have furthermore been discovered
outside the primarily mammalian and vector host range of classified
flaviviruses. A comprehensive list of currently described flavi-like
viruses and their hosts is provided in Extended Data Table 1.

These discoveries beg the question of how to classify these viruses
and how to organize the current order Amarillovirales to best reflect
their evolutionary relationships”. For example, by phylogenetic analy-
sis of RARP domain sequences, JMTV and other segmented flavi-like
viruses typically group closer to members of the Orthoflavivirus genus
than to flaviviruses of other genera, but JMTV’s putative assignment
to this genus conflicts with what had been previously considered
family-defining characteristics across the Flaviviridae family, that is,
anon-segmented genome. The genomic diversity of flavi-like viruses
and expanded host ranges that now encompasses multiple kingdoms
of eukaryotes profoundly questions how a virus family such as the
Flaviviridae can be best defined’.

The future development of a robust taxonomy framework for
flaviviruses, and indeed other virus families with similarly expanded
genetic and genome organizational complexities, clearly requires
aradically different set of criteria than those that have guided their
current classification.

In this suggested update to the classification of flaviviruses, we
have assigned primacy to the RdRP (hallmark) gene phylogeny predi-
cated onthe previously established principles for agenomics-based
taxonomy of viruses™, and that assignments should be based on the
most evolutionarily conserved gene within virus groups”™. At pre-
sent, most viruses are assigned into seven realms that are divided on
the basis of their separate origins and possession of shared ortholo-
gous gene(s)'® . Almost all RNA viruses, including flaviviruses, have
been assigned to the realm Riboviria on the basis of possession of
evolutionarily related RARPs that are distinct from those of cellular
polymerases, substantiating their likely single origin. As the hallmark
gene for ribovirians, its phylogenetic relationships therefore serve
to best delineate the evolutionary history of RNA viruses. Recast-
ing virus taxonomy through evolutionary relationships of hallmark
genes™ has furthermore enabled the development of a hierarchi-
cal higher-rank classification of RNA viruses, in which the family
Flaviviridae has been assigned as a (single) member of the order
Amarillovirales in the class Flasuviricetes, phylum Kitrinoviricota,
and kingdom Orthornavirae.

Thisapproachalso acknowledges that the deeper evolution of all
viruses may be punctuated by major genome reorganizations associ-
ated with changes in host range or ecologies. Examples of modular
evolution in flaviviruses include multiple IRES exchanges within and
between flaviviruses and viruses of the family Picornaviridae®*, and
acquisition of glycoproteins associated with commitment to vertebrate
hosts?. Collectively, these create different evolutionary histories and
phylogenetic relationships between different genome regions. While
these evolutionary events can be represented in the form of reticulated
trees or networks, the strictly hierarchical classification of viruses
required by the ICTV (and indeed of other biological taxonomies)
requires primacy to be assigned to hallmark genes in the creation of
coherent taxonomy frameworks.

Accordingly, we present reclassification of flaviviruses and
flavi-like viruses grounded in varied analyses of RARP hallmark gene
relationships. This provides a robust, well-supported and coherent
taxonomic framework that can serve as ascaffold for future expansion
of this group of viruses. Moreover, our multimodal approach may pro-
vide atemplate for re-examining other viral taxonomies, as we seek to
organize the huge viral diversity revealed by metagenomics.

Results

To establish a new taxonomic framework for classified flaviviruses
and unclassified flavi-like viruses, we generated a dataset of repre-
sentative sequences from currently classified members of the family
Flaviviridae (viruses of 52,19, 14 and 11 species in four genera: Ortho-
flavivirus, Pestivirus, Hepacivirus and Pegivirus, respectively®) and a
comprehensive sample of coding-complete sequences of currently
unclassified flavi-like viruses® (listed in Supplementary Table 5). This
datasetincludes representatives from groups of segmented flavi-like
viruses, divergent ‘pesti-like’ viruses, many with extended genomes,
many additional ‘hepaci-like’ 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). Genome regions encoding
the enzymatic domains of the RARP and helicase genes were extracted
for alignment and analysis.

RdARP phylogeny splits flavi-/flavi-like viruses into 4 clades

Our initial analysis focused on translated flavivirus and flavi-like’'RARP
domain sequences. Using the distantly related viruses of family
Tombusviridae as an outgroup, the RARP domain phylogeny of
our sequence set, calculated with IQ-TREE*, resulted in four main
bootstrap-supported clades (I-1V), each comprising a number of
bootstrap-supported lineages (labelled as la-1, IIm-s, lllt-w anticlock-
wise around the tree) (Fig. 1b). Viruses of the four currently established
flavivirus genera were distributed in three of the four clades, with
hepaciviruses and pegiviruses clustering togetherin and largely defin-
ing clade Ill. In this phylogeny, jingmenviruses, ‘tamanaviruses’ and
numerous ‘insect-specific flaviviruses’ (ISFs) cluster with orthoflavi-
virusesin cladeI. The viruses that were previously loosely defined as
‘large-genome flaviruses’ (LGFs) join pestivirusesin cladelland include
diverse viruses distributed across multiple lineages (for example,
Bolé tick virus, a potentially tick-vectored pathogen of mammals)®in
cladellq, and plant-infecting koshoviruses'>?* in clade IIs (Fig. 1b and
Supplementary Table 1).

Toinvestigate the robustness of the clade and lineage groupings,
the IQ-TREE-based maximum-likelihood (ML) phylogeny generated for
Fig.1bwas compared with trees generated through atemporal recon-
struction using the Bayesian evolutionary analysis by sampling trees
cross-platform programme (BEAST; https://github.com/beast-dev/
beast-mcmc) and, in parallel, the protein distance-based unweighted
pair group method with arithmetic mean (UPGMA) phylogeny method
asimplementedin MEGA7.0 (ref. 20) (Extended Data Fig.1). BEAST and
UPGMA results reproduced clades I-1V with bootstrap support com-
parable to the original ML analysis (Fig. 1b and Extended Data Fig. 1a).
However, in the time-rooted BEAST tree, Tombusviridae became an
inlier (Extended DataFig.1c), in marked contrast toits clearly defined
outgroup positionsinthe IQ-TREE and UPGMA trees. The grouping of
individual sequences within lineages a-w defined by IQ-TREE analy-
sis was almost entirely reproduced in the BEAST and UPGMA trees,
except for eight sequences that did not group with their lineages in
the UPGMA tree (Extended Data Fig. 1b). Despite these, the clade and
lineage assignments were relatively robust to different evolutionary
reconstruction methods.

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

Congruence of RARP and helicase domain phylogenetic trees

Thereis evidence for modular exchange of structural or assessor pro-
teins among flaviviruses of the four established current genera (for
instance, acquisition of glycoprotein-encoding genes)*, but it is less
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Fig.1| Genome organizational and genetic diversity of flaviviruses and flavi-
like viruses. a, Organization of example genomes in each lineage of flaviviruses
and flavi-like viruses. Genome diagrams for the example viruses listed in Table 1
drawn to scale (bottom scale bar) and main functional domains identified by
InterProScan browser v.103 (https://www.ebi.ac.uk/interpro/search/sequence/).
b, RARP amino-acid sequence phylogenies differentiate flaviviruses and flavi-
like viruses into four highly supported main clades: 1, 11, lland IV, and lineages
(a-w) within these clades. Maximum-likelihood tree of aligned flavivirus and

flavi-like RARP domain amino-acid sequences, estimated using the LG + F + R10
model using IQ-TREE* with tombusvirus sequences as an outgroup. Bootstrap
support values for the main branches of the tree are shown in red if >70%. Already
classified flaviviruses are shownin colour-filled circles. The main clades are
numbered I-1V and lineages are labelled with lowercase letters. The alignment
and component sequences within each clade are provided in a fully annotated
tree (Supplementary Dataland 2 and Supplementary Table 5).
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Fig.2|Helicase domain (NS3) amino-acid sequence phylogeny supports
partitioning of flaviviruses and flavi-like viruses into four main clades.
Tanglegrams of flavivirus and flavi-like virus helicase and RARP domain
sequences constructed from ML phylogenetic trees generated by IQ-TREE*
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trees, with established flavivirus genera coloured as in Fig. 1b, and segmented
flavi-like viruses (lineages k and lin red). A copy of the figure with the branches
individually labelled is provided as Supplementary Fig. 1. The alignment of
helicase sequences is provided in Supplementary Data 3.

clear whether sequences encoding the core replicationmodule of these
viruses (including serine protease, helicase and RARP) evolve as a unit
orare similarly subject to genome exchange and rearrangements. Com-
pared to theserine protease, the helicase domain was clearly identified
in all the flavi- and flavi-like viruses, which made it a good candidate
to complement our RARP analyses. We thus deduced flavivirus and
flavi-like helicase domain amino-acid sequences, aligned them, per-
formed IQ-TREE** analysis and compared the result to the RARP IQ-TREE
tree using a tanglegram (Fig. 2). Phylogenetic groupings of viruses of
the four current genera were highly concordant, with only minor dif-
ferences in branching order within genera. The positions of flavi-like
viruses grouping with orthoflaviviruses were generally concordant
among 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 RARP tree. This result is not necessarily
surprising because the helicase domainis shorter and more divergent
than the RARP domain, and hence probably reflects lower resolution of
relationships rather thanindicating genome reorganization between
the two domains. Other minor exceptions included Wénling moray
eel hepacivirus (WMEHV) moving from an outlier position in clade Il
(lineage Illt) into Hepacivirusin the helicase tree, a finding notincom-
patible with potential sequence errors in the deposited RARP region
sequence.Bole tick virus4 (BoTV4) fellwithinthellqlineage inthe RARP
domain tree, but as an outlier to pestiviruses in the helicase domain
tree. Finally, flavi-like viruses from environmental samples (clade IV
inthe RARP tree) were located within the pestivirus-LGF branches in
the helicase domain tree.

RdRP protein structure relationships match sequence
phylogenies

The function of any given protein is primarily a feature of its
three-dimensional structure. Consequently, protein structure is fun-
damentally more conserved than the underlying protein sequence.
Theadvent of accurate proteinstructure prediction through machine
learning (for example, AlphaFold2) is enabling surveys of protein
formand function at enormous scales*®* and has driven the develop-
ment of new high-throughput structure comparisons tools (for
example, Foldseek®) that enable structure-guided inference of deep
evolutionary relationships®**.

Inarecentinvestigation of glycoproteins, we systematically applied
protein structure prediction to viruses of Flaviviridae*, generating
thousands of structures spanning the complete polyproteins of all
viruses represented in the RARP phylogeny (Supplementary Table 5).
Drawing onthis dataset, we generated complete NS5/NS5BRARP domain
structure predictions for each virus using ColabFold*. After filtering for
prediction confidence and length, we analysed 400 RdRP structures
using FoldTree® to produce a structure-guided tree (Fig. 3a) based
onthe local distance difference test (Iddt) structural similarity metric
(examples of comparisons are shown in Fig. 3b). As a control, experi-
mentally determined RARP structures from orthoflavi-, jingmen-, pesti-
and hepaciviruses, taken from the protein databank, were included in
the analysis. This structure-based approach does not explicitly con-
sider protein sequence and, therefore, represents an independent
recapitulation of the sequence-based phylogeny (Fig. 1b).

Thetopology of the structure-based tree (Fig. 3a) was remarkably
similar to that of the sequence-based tree (Fig. 1b) and supports the
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Fig. 3| RARP domain (NS5/NS5B) structural comparison supports partitioning
of flaviviruses and flavi-like viruses into four main clades. a, Structure-based
tree of 400 flavivirus and flavi-like virus’ RARP domains, derived from an Iddt
distance matrix (calculated using FoldTree®, powered by Foldseek®’; scale bar
indicates Iddt distance, which is approximate to the inverse of the pairwise
Iddtscore). Main clades and lineages are labelled as in Fig. 1b. Experimentally
determined structure references were included in the analyses and are shown as

Dengue virus 1
Alongshan virus

lddt = 0.67

Hepatitis C virus Gt1
bat Pegivirus
lddt = 0.74
square tips with labels: PDB: 5F3Z, dengue virus type 3; PDB: SWU3 Alongshan
virus; PDB: 5YF6 classical swine fever virus; PDB: 1C2P, hepatitis C virus genotype 1b.

b, Examples of aligned RARP domain structures, colour-coded as stated in the
label; lineage identifiers (for example, b versus w) indicate the position of the
compared structures on the tree. Iddt values represent structural similarity,
with values of 1 being perfectly aligned identical structures. BVDV, bovine viral
diarrhoea virus.
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Fig. 4| Alignment-free hidden Markov model homology analysis supports
partitioning of flaviviruses and flavi-like viruses into one order and four
family rank clades. GRAViTy* Jaccard distances calculated for classified
flaviviruses 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) >70% are shown in
red. A copy of the figure with the branches individually labelled is provided as
Supplementary Fig. 2.

same four major clades. Moreover, most of the lineages represented in
the sequence phylogeny were consistentin their position and compo-
sition. The only exceptions are lineage Ia, which in the structure-based
tree formed a basal branch from lineage Ic, and lineages li and Illv
which moved subtly in relation to their neighbouring clades. Clades
Ij, lInand Illlt were lost from the structure-based tree due to filtering of
lower-confidence structural predictions. Major clade IV for flavi-like
viruses from environmental samples also shifted position slightly,
branching between clade Il and the Tombusviridae outgroup in the
structure-based tree. However, this divergent and basal taxon will
probably remain difficult to place by any method without further
discovery of similar viruses. Reassuringly, experimentally determined
structurereferences were placed within the expected clades (for exam-
ple, PDB: 1C2P HCV genotype 1b NS5B within the hepacivirus clade);
this suggests that the predicted structures faithfully recapitulate the
structural diversity of RARP.

Example structural alignments of clade representatives corrobo-
rate their distribution onthe tree (Fig. 3b). Dengue virus typeland HCV
genotype 1were at opposite ends of the tree (clade I and Ill) and their
respective RARPs align with arelatively low Iddt score (0.47), whereas
pairings withincladel, Iland Illlgave higher scores: 0.67,0.61and 0.74,

respectively (note thatanlddtscore of 1.0 represents perfect alignment
ofidentical structures).

ColabFoldisan AlphaFold2-based approach and, therefore, infers
proteinstructure using co-evolutionary patterns extracted from mul-
tiple sequence alignments (MSAs). Consequently, it may be argued
that our structure-only phylogeny (Fig. 3a) is not truly independent
of sequence similarity. Therefore, we repeated our analysis using a
protein language model (pLM)-based structure prediction method
(Chai-1run using ESM-2 embeddings***), whichinfers structure purely
from primary sequence and without MSAs. This method results in
lower prediction confidence (as measured by the pLDDT metric;
Supplementary Fig. 2a); despite this, the resultant structures are in
excellentagreement withreference structures (Supplementary Fig. 2b).
Generating a structure-based tree using pLM-based predictions pre-
servesallthe major clades and groupings found in the ColabFold tree,
with consistent placement of experimentally determined structure
references (Supplementary Fig. 2c). However, lower prediction confi-
denceappearstoincreasebranchlengths and creates some topological
ambiguity (for example, subclade Ia being nested within Ib). Nonethe-
less, inferring evolutionary relatedness through structure-only analysis
(using both MSA- and pLM-based structure prediction methods) cor-
roborates sequence-based approaches and is highly supportive of the
organization of flaviviruses and flavi-like viruses into four main clades.

Alignment-free hidden Markov model homology analysis
Genome Relationships Applied to Virus Taxonomy (GRAViTy) is a
non-supervised, alignment-free method to assess the relatedness of
virus genome sequences through calculation of protein profile hidden
Markov model (PPHMM) homologies and through metrics of genome
organizationsuchasthe orderand orientation of genes®. We performed
GRAViTy analysis using our flavivirus and flavi-like virus dataset (Sup-
plementary Data 4) for phylogeny and RdRP structure comparisons;
genomes of segmented jingmenviruses were concatenated inorder of
segmentlength fromshorttolong. Results were remarkably concord-
antwith those determined by RARP and helicase domain phylogenies,
with bootstrap-supported segregation of the same sequences into
three main clades I-11l (Extended Data Fig. 2). Flavi-like viruses from
environmental samples formed an outlier position as clade IV.

Todepictthe wider inter-relationships of classified flaviviruses and
flavi-like viruses, we compared their sequences with sequences repre-
senting viruses of all other established ribovirian families. Flaviviruses
and flavi-like viruses were monophyleticin the GRAViTy dendrogram,
supporting their assignment to a common higher taxonomic rank,
the established order Amarillovirales (Fig. 4). 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 asso-
ciated with Jaccard distances of ~0.9 (Fig. 4). Although very general,
the distances between clades |, II, IIl and IV were within the range of
between-family distances elsewhere in the dendrogram, whereas
their combined grouping occurs at the level of order assignments
for other virus families assigned to orders (for example, Nidovirales
and Picornavirales).

Taxonomic associations with genome properties and

host range

Within cladel, lineage Ib comprises the currently classified members of
the Orthoflavirus genus, as well as a high number of currently unclassi-
fied primarily ISFs. Lineage Ic is similarly populated by ISFs, including
the current unclassified cell-fusing agent virus (CFAV), consistent with a
previous suggested assignment to a new genus within the Flaviviridae®®.
Thesimilarly divergent Tamanabatvirus (TABV) fallsin the very diverse
lineage If, which also includes flavi-like viruses infecting lumpfish
(Cyclopterus lumpus) and pygmy squid (Xipholeptos notoides). The
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Fig. 5| Diagrammatic summary of suggested changes to flavivirus taxonomy. Relationships between genus and higher-rank taxa in the current classification of
Flaviviridae (left side, blue boxes) with those of the suggested expanded classification of flaviviruses (right side); suggested new taxa are shownin red.

segmented JMTV and Guaico Culex virus (GCuV) and their relatives
have beenassigned to lineageslk andIl, adjacent to lineage lj consisting
of the non-segmented infectious precocity virus. Extending the host
range of this clade were Cnidariaflavivirus and Harrimaniidae flavivirus
infecting basal metazoans such as jellies and acorn worms™ in lineage
la. Despite the evident lineage (and host) diversity, cladel is clearly
monophyletic with a bootstrap-supported long branch separating
members from other clades.

Clade Il similarly subdivides into several bootstrap-supported
lineages Ilm-IIs, with currently classified pestiviruses clustering exclu-
sively in lineage Ilo along with currently unassigned more divergent
viruses exclusively infecting vertebrates, as does lineage IIn (in fish).
Viruses assigned to other lineages within clade Il are arthropod hosted,
with the striking exception of the plant-infecting Apis flavivirus, carrot
flavi-like virus 1, Gentian Kobu-sho-associated virus, Coptis virus1and
Sonchus virus 1 (SONV1) that form a subgroup, termed koshoviruses,
within lineage 11s**?”%, Arthropod and plant-infecting members of
cladell,suchasBoélétick virus 4 (BoTV4) and SONV1, frequently showed
substantially longer genomes than the vertebrate-infecting members
oflineagesIlnandllo (ranges11,038-11,450 and 11,555-15,154 nucleo-
tides [nt], respectively) compared with lineage Ilm (20,432-22,622 nt),
11q (13,599-18,696 nt), lIr (14,731-26,314 nt) and IIs (18,749-27,708 nt).

Members of clade Il were all non-segmented, possessed similar
genome lengths (8,294-12,290 nt) and formed a well-defined separate
grouping from other flaviviruses. In contrast to the wide host range
of cladeland|l, all clade Il members had presumed or demonstrated
vertebrate hosts, spanning a wide range of mammals, birds, reptiles,
and bony and cartilaginous fish. Two lineages, Illu and Illw, comprised
currently classified members of the Pegivirus and Hepacivirus genera
along witharange of more divergent viruses with agreater host range
beyond mammals and birds.

A suggested reclassification of flavi-/flavi-like viruses
Thereproducible phylogenetic relationships between flaviviruses and
flavi-like viruses in the RARP domain sequences using different tree
construction methods (Fig. 1b and Extended Data Fig. 1) were reca-
pitulated by protein structure-guided analysis (Fig.3). The RdARP gene
is evidently co-evolving with the helicase gene (Fig. 2), suggesting that
the essential replicase of flaviviruses and flavi-like viruses traces asingle
coherent evolutionary history. Thisis alsoreflected in the relationships
identified by an alignment-free method for analysing whole genome
sequences (Extended DataFig.2). Therefore, we are confident that the
foundational RARP phylogeny in Fig. 1a provides a robust framework
for agenomics-based reclassification of flaviviruses.

Nature Microbiology | Volume 10 | November 2025 | 3026-3037

3032


http://www.nature.com/naturemicrobiology

Analysis

https://doi.org/10.1038/s41564-025-02134-0

Table 1] Listing of clades and lineages of flavivirus and flavi-like viruses and suggested revised taxonomy

Clade (Suggested) Lineage n° (Suggested) Suggested INSDC accession Example virus
family® genus®® subgenus number
@ 2 0OX394137 Cnidaria flavivirus (CnFV)
® 95 Euflavivirus us7411 Dengue virus type 2 (DENV-2)
Orthoflavivirus
© 39 Fusivirus KJ741267 Cell-fusing agent virus (CFAV)
@ 5 Crangovirus MK473878 Crangon crangon flavivirus (CCFV)
® 2 MT075326 Salmon flavivirus (SaFV)
® 3 Tamanavirus AF285080 Tamana bat virus (TABV)
I Flaviviridae ® 3 Termitovirus MWO052131 waxsystermes virus (WXTV)
® 2 OX394159 Chowder Bay tunicate associated flavi-like
virus (CbtuFV)
o} 3 BK059737, BKO59738 Fluviflavili virus
0] 2 MTO8413 Infectious precocity virus (IPV)
® 9 Guaicovirus KM521566-KM521570 Guaico Culex virus (GCuV)
0] 19 Jingmenvirus KJO01579-KJ001582 Jingmén tick virus (JMTV)
® 8 Arachnivirus KR902730 Xinzhou spider virus (XSV)
@ 2 MG599985 Xiamén fanray pesti-like virus (XFPV)
(6] 34 Orthopestivirus M96751 Bovine viral diarrhoea virus 1 (BVDV1)
Il Pestiviridae ® 1 SRR7976360
@ 39 Boletivirus KR902736 Bole tick virus 4 (BoTV4)
(G} 15 Chrysopivirus KR902734 Shuangao lacewing virus 2 (SgLWV2)
® 20 Koshovirus BK062903 Sonchus virus 1 (SONV1)
® 1 MG599990 Weénling moray eel hepacivirus
© 54 Pegivirus U44402 Human pegivirus (HPgV) genotype 2
] Hepaciviridae
0} 1 MG334001 (Hepacivirus sp.)
@ 101 Orthohepacivirus AF009606 Hepatitis C virus (HCV) genotype 1a
\' (unclassified) AP014912 Diatom colony-associated ssRNA virus

(DCAV)

2Suggested new and renamed taxa are printed in bold font. *Available distinct coding-complete genome sequences; examples representing species range within the larger groups. °A genus
was suggested when the lineage was represented by at least three or more examples (excluding SRR library-annotated sequences) and with viruses that consistently grouped together by

different phylogenetic methods and showed some commonality in genome organization.

These analyses based on clade and lineage relationships provide
a framework that maps clades and lineages onto families and gen-
era. However, there are quite variable branch lengths within lineages
(Fig.1b) and differencesin thresholds that split lineages in BEAST and
UPGMA trees across clades |, Il and Il (Extended Data Fig. 1). 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 showed considerable variation (Extended Data Fig. 3),
particularlyincladelfor whichsequenceidentitiesacross lineagesla,
Ib, Ic and Id were all much greater than within-group values of other
lineages (notably If, Ih, liand Ij, and lineage nin clade II). For classifica-
tion purposes, it might be considered that the four lineages 1a, 1b, 1c
and 1d were assigned as a group equivalent to those formed in other
lineages; this would create a higher threshold inthe UPGMA and BEAST
trees (blue dotted line in Extended Data Fig. 1b,c) that is more consis-
tent with between-lineage thresholds in clades Il and III.

With this caveat, we can make some tentative suggestions for the
reclassification of flaviviruses that accommodates the large number
of additional flavi-like viruses described since the last classification
of the family’ (Table 1). The following findings were considered in the
design of a new flavivirus taxonomy:

A. Flavivirus and flavi-like viruses form a monophyletic group in
comparison with all other members of the Riboviria, enabling

theirassignmenttoasingletaxonomicrank.Althoughnotprecise,
divergence among flaviviruses at this rank was comparable to
that of members of virus orders in GRAViTy> analysis (Fig. 4).
We therefore posit that all flavivirus and flavi-like viruses can be
assigned to the established order Amarillovirales.

. Thelevel of sequence divergence among members of clades -1V

was comparable to interfamily distances of other RNA viruses
on GRAViTy* analysis. We therefore suggest the assignment of
members of lineages |, Iland Il into three new families. We retain
the name Flaviviridae for lineage | and suggest the names ‘Pes-
tiviridae' and ‘Hepaciviridae’ for lineages Il and IlI, respectively,
reflecting the historical key virus members of these families.

. While a separate, bootstrap-supported lineage IV was consis-

tently observed, its members are highly divergent genetically
and derive from environmental samples. Where hosts are sus-
pected, these are extremely diverse and require further verifica-
tion. We therefore do not suggest creating a family for lineage IV
at this time.

. All three suggested families comprise several bootstrap-supported

clades of sequences, often with distinct genome organizations,
lengths and host tropisms. We suggest that the clade assignments
can be used for genus demarcation in specific circumstances:

. Cladeslb, Ilo, llluandIllw comprise currently classified flavivirus-

es and should be assigned in the revised taxonomy. We suggest
thatthecurrentgenusnames Orthoflavivirus, Pegivirusand Hepa-
civirus be retained, with Pestivirus modified to ‘Orthopestivirus’
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(because of the suggested Pestiviridae family name), and Hepa-
civirus modified to ‘Orthohepacivirus’ (because of the suggested
Hepaciviridae family name). As much as possible, this maintains
continuity with established nomenclature while acknowledging
the greatly expanded diversity of viruses assigned to each.

b. Criteria for designating further generainclude:

i. Bootstrap-supported groupings consistent with multiple
methods

ii. Aminimum of three members so that the extent of grouping can

be assessed, and

Priority should be given to clades including previously de-

scribed and well-characterized viruses, such as CFAV and TABV.

c. We further note that the group comprising lineages Ia, Ib, Ic and
Id within clade I show greater comparability with genetic diver-
gence thresholds between genera elsewhere. The name Ortho-
flavivirus could then be applied to this group (with an expanded
membership), while its component lineages could be assigned
as the subgenera ‘Euflavivirus’ (true flaviviruses), ‘Crangovirus’
and ‘Fusivirus’. Retaining the name Orthoflavivirus for the genus
avoids the need to rename the 49 currently assigned species
within the current genus.

d. On this basis, we suggest the creation and naming of a total of 8
additional genera and four subgenera in addition to three gen-
erathat remain as previously assigned (Table 1).

iii.

A diagrammatic summary of the suggested changes is provided
inFig. 5.

Discussion

The RARP domain is considered the ‘hallmark gene’ for the clas-
sification of RNA viruses, primarily because comparison of RARP
sequences provided evidence for their monophyletic origin separate
from all known cellular polymerases'®*’. Using the RARP phylogeny
as the reference point, the evolutionary history of flaviviruses and
flavi-like viruses has evidently been punctuated by multiple genome
reorganizations, expansions, exchange of structural sequence mod-
ules and genome segmentation”">?*. The continuous discovery of
flavi-like viruses in highly divergent hosts means thatit is no longer
possible to use the criteria of genome length, coding strategy and
host range that had been used for taxonomic placement of currently
classified flaviviruses.

The requirement of all biological taxonomies for a hierarchical
classification necessitates selection of acommon marker gene present
inall clades. Thus, the confirmed grouping of already classified flavivi-
ruses and flavi-like viruses into established order Amarillovirales and
their suggested assignment to 3 familiesand 12 genera (Table 1) is based
on the phylogeny of RARP. Other genome regions exhibit much more
horizontal gene transfer, resulting in distinct evolutionary histories that
may even originate from cellular life (for example, E™, expressed by pes-
tiviruses and LGFs, is of bacterial origin®); clearly, organization based
onthese genomic regions would confound taxonomic classification.

We observed a primary division into four clades, all of which are
bootstrap supported by each of the methods we used. The established
genus assignments were replicated in these analyses, but there is a
much closer relationship between hepaciviruses and pegiviruses than
betweenthe other currently established genera. Indeed, hepaciviruses
and pegiviruses cluster in one main clade (1lI), LGFs cluster with pesti-
viruses inanother (II), whereas jingmenviruses, orthoflaviviruses and
tamanaviruses cluster in another (I). There is no pre-defined level or
evolutionary distance range in the RARP phylogeny (or hallmark genes
elsewhereintheICTVtaxonomy) that dictates family rank assignments.
However, athreshold]Jaccard distance level of 0.8-0.85 drawn through
the amarilloviral grouping reproduces family rank assignments else-
where in realm Riboviria (Fig. 4).

Consequently, splitting the current family Flaviviridaeinto three
families is consistent with degrees of relatedness between and within
other classified RARP-encoding RNA virus families. This split resultsin
the removal of genera Hepacivirus, Pegivirus and Pestivirus from family
Flaviviridae, which would be restricted to genus Orthoflavivirus and
novel genera for flavi-like viruses.

The suggested family Pestiviridae would absorb genus Pestivirus
but also include the multiple and highly divergent clades of LGFs.
Mammalian pestiviruses possess a type IV IRES*** and encode major
envelope proteins that are structurally homologous to those of hepa-
civiruses and pegiviruses”. However, unclassified pesti-like viruses of
spiders (lineage Ilm) may use cap-dependent translation and encode
envelope proteins structurally unrelated to those of the originally
assigned mammalian pestiviruses®. LGFs are far more diverse geneti-
callyinthe RdRP sequence thanvirusesin the other suggested families.
However, lowering the family rank assignment threshold would create
up to five or more new families of pesti-like viruses, a step we consider
inappropriate at least until these viruses are better characterized.

Theremainder of flaviviruses and flavi-like viruses groupinadeep
and phylogenetically well-defined third family, Hepaciviridae. The
depth of grouping provides no support for the formation of separate
families for hepaciviruses and pegiviruses. The addition of recently
described hepaci-like or pegi-like viruses infecting fish has greatly
expanded the genetic diversity of both groups and blurs the originally
clear distinction between them. Generally, however, the apparent
absence of a capsid-encoding sequence in pegiviruses, indicative of a
likely radically different virion structure (or conceivably undetected
segmentation of the pegivirus genome), differentiates pegiviruses
from hepaciviruses at least for now.

These analyses provide the basis for assignments of new genera
within each ofthethree new families (Table 1), where they are supported
into genetically well-defined groups and have some commonality in
phenotypic properties, such as host range, and genome organization.
The suggested additional eight generaand three subgenera, represent
obvious candidates for classification by these criteria. However, addi-
tional assignments may be made in the future pending collection of
further characterized flavi-like viruses in ongoing clinical, veterinary
and entomology screens and in metagenomic datafrom the widening
range of invertebrates.

Overall, we believe we have made arobust case for anevolutionar-
ily based reclassification of flaviviruses using an approach that puts pri-
macy ongenetic relationships of the hallmark RARP gene. The seeming
propensity of flaviviruses and potentially other RNA viruses to undergo
radical changes in genome organization (for example, segmentation,
changes to translation mechanisms and exchanges of structural gene
modules) indeed reinforces the need to base classification and infer-
ence on evolutionary histories of the most stable elements within the
genome. The use of proteinstructure relationships of RARP and poten-
tially other replication-associated enzymes provides an exciting new
approach to determine deeper evolutionary histories of RNA viruses
beyond the ranks of family and order analysed in the current study.

Methods

Genome sequences

A comprehensive set of coding-complete genome sequences rep-
resenting the 97 currently established flavivirus species®, supple-
mented with flavi-like viruses analysed previously?, was used as
the basic set for analysis and putative taxon assignments (listed in
Supplementary Table 5). Genome regions encoding the RARP and
helicase domains were extracted for amino-acid sequence deduction,
alignment and analysis.

Sequence alignment and phylogenetic analysis
Alignments were created from highly conserved genome regions of
each virus encoding the RdRP. This region was extracted from each
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sequence by aligning polyprotein sequence subsets according to their
taxonomy and using both pre-existing and newly generated NS5b
annotations obtained from InterProScan (v.5.56-89.0) using Super-
Family (v.1.75), CDD (v.3.18) and Pfams (v.34.0) databases as a guide.
Ambiguously aligned regions, including large insertions presentin the
RdRPs of some large-genome flaviviruses, were removed using trimAl
(v.1.4.1)* with multiple methods and conservation thresholds as pre-
viously described?. The final alignment was obtained using MUSCLE
(v.5.1) with a trimAl consensus and gap threshold value of 5and 0.9,
respectively (final alignment provided in Supplementary Datal). The
phylogeny of sequences in the final alignment was reconstructed using
the ML-based IQ-TREE programme (v.1.6.12)** with an empirically deter-
mined optimal model, Lascuel + F + 10 rate categories (LG + F + R10)
selected on the basis of the minimum Bayesian information criteria
(BIC) score*. Robustness of branching was estimated by bootstrap
resampling (1,000 replicates)**. An unrooted tree with bootstrap sup-
port values shown for the main clades and lineages was plotted using
MEGA?7.0 (ref. 45) (Supplementary Data 2).

The RARP domain amino-acid sequence dataset was analysed in
parallel by the distance-based UPGMA phylogeny method as imple-
mentedin MEGA7.0 (ref. 45), using Jones-Taylor-Thornton (JTT) matrix
protein distances and 100 bootstrap replicates.

A temporal reconstruction of amarilloviral evolution was
performed with BEAST v.10.05 (https://github.com/beast-dev/
beast-mcmc) using dated sequences based on sample date (or Inter-
national Nucleotide Sequence Database Collaboration [INSDC] submis-
sion dateifthisinformation was not annotated; n =143), with uniform
rate, constant population size and BLOSUM protein distances as priors.

A maximum-likelihood phylogenetic tree of alignment
helicase-encoding sequences containing the 13 conserved motifs
(Q-VI) specific for superfamily 2 (Supplementary Data 3) was similarly
generated using IQ-TREE*, with the (lowest BIC**) substitution model.
Thealignment was obtained with MAFFT*¢, the presence of the 13 con-
served motifs visually confirmed, and the alignment trimmed using
TrimAI** with the gappyout option. RARP and helicase domain trees
were compared using Tanglegram**8, Potyvirus, poxvirus and DEAH
helicase family sequences were used to root the tree.

GRAViTy

Genome relatedness of flaviviruses and flavi-like viruses to all cur-
rently classified ribovirians was determined using the GRAViTy ver-
sion 2 implementation® of the original algorithm* (run parameters
providedinSupplementary Data4): analysis was performedinasingle
step, using the new classification function. Default parameters were
used, except for initial translated open reading frame sequence clus-
tering inflation (6.0), and use of the translated open reading frame
alignment method (G-INS-I) and PPHMM similarity cut-off hitscore.
Taxonomic assignments were bootstrapped with 10 iterations, using
the sumtrees method.

RdRP structure comparisons

We started with a previous dataset of Flaviviridae protein structure
predictions (https://zenodo.org/records/11092288)*. This covers all
viruses examined in the current study, with their respective polyprotein
sequences broken into sequential 300-residue blocks (overlapping by
100 residues) for protein structure prediction with ColabFold and ESM-
Fold***** The fragmented nature of these structures was insufficient
for accurate structural alignment, therefore we queried the dataset
against experimental RARP structure references using Foldseek®:
orthoflavivirus PDB: 5F3Z, pestivirus PDB: 5YF6 and hepacivirus PDB:
1C2P (refs. 50-52), enabling us to extract continuous RARP domain
sequences for all viruses. Structures were predicted for these RARP
sequences using ColabFold (v.1.5.5)%, taking the highest confidence
model from five predictions. These structures were filtered for average
predictedlocal distance difference test (pLDDT) prediction confidence

using a semi-arbitrary cut-off of >80%. We also discarded structures
below 400 residues inlength, reasoning that heavily truncated struc-
tures may be misinformative. This yielded afinal structure dataset for
this study of 400 flavivirus and flavi-like virus RdRP structures. For
MSA-free structure prediction, this final set of 400 RdRPs were also
analysed with Chai-1(v.0.5.2)* using protein language model ESM-2
embeddings to guide inference (this is the default prediction option
for Chai-1)****, All structure prediction was performed locally, using
an NVIDIA A800 40 Gb GPU.

Predicted RARP structures and experimentally determined struc-
ture references (Orthoflavi- PDB: 5F3Z, Jingmen- PDB: 8WU3 (ref. 53),
Pesti- PDB: 5YF6 and Hepaci- PDB: 1C2P) were analysed using FoldTree™
to produce astructure-guided tree based on the local distance differ-
ence test structural similarity metric (Iddt; not to be confused with
pLDDT), which provides ameasure of structural similarity whileaccom-
modating for some structural flexibility**. Inshort, FoldTree* performs
anall-vs-all structure comparison, driven by Foldseek®, to derive pair-
wiselddtvalues thatare used to calculate adistance matrix and derive
aneighbour-joining tree via QuickTree®. The tree was visualized and
prepared for publication using iTOL*. Example structural models in
Fig. 3b were aligned for visualization using flexible FATCAT, and mod-
elswere viewed and prepared for publication using UCSF ChimeraX>s,

Materials availability
No biological materials were used in the study.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Databases, sequence alignments and raw sequence distance data are
provided in Supplementary Information. All RARP predicted struc-
tures and resultant structure-based trees can be found in GitHub at
https://github.com/GrovelLab/Flavi RARp_Structures Simmonds_2025
(ref. 59).

Code availability

All code used in the analysis is freely available from the sources
cited in the manuscript. Correspondence about the analysis
should be addressed to P.S. or J.C.0.M. (RdRP sequence analysis),
J.G. (RdRP structure analysis), R.M. (GRAViTy analysis) or A.B.
(helicase analysis).
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Extended Data Table 1] Listing of hosts where ‘flavi-like’ viruses have been described

Host

Reference

Primates, other mammals and birds

1- PMID:28786787, 2 - PMID:27692039, 3 - PMID:25545071, 4 - PMID:27741408, 5 - PMID:24511820

Arboviruses (dual host)

6 - PMID:27569558, 7 - PMID:38361819, 8 - PMID:34026271, 9 - PMID:36299728

Arthropods

8 - PMID:34026271, 10 - PMID:27609921, 11 - PMID:26491167, 12 - PMID:36529011, 13 -
PMID:39018195, 14 - PMID:33050289

Amphibians (frogs)

15 - PMID:38059479, 16 - PMID:36694816

Reptiles

17 - PMID:32434883

Cartilaginous and bony fish

11 - PMID:26491167, 16 - PMID:36694816, 17 - PMID:32434883, 18 - PMID:30397510, 19 -
PMID:29147783, 20 - PMID:34017611

Poriferans (sponges)

13 - PMID:39018195

Cnidarians (jellies)

16 - PMID:36694816

Mollusks (squid) 21-PMID:31068424

Diplurans 8 - PMID:34026271

Crustaceans 16 - PMID:36694816, 21 - PMID:31068424, 22 - PMID:34100644
Nematodes 23 - PMID:24643877

Platyhelminths

24 - PMID:35536058, 25 - PMID:35902778

Echinoderms (sea cucumbers)

26 - PMID:32972018

Hemichordates (acorn worms)

16 - PMID:36694816

Stramenopiles (diatoms and oomycotes)

27 - PMID:26877136, 28 - PMID:38361818

Angiosperm plants

7 - PMID:38361819, 29 - PMID:37338667, 30 - PMID:35962825
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Extended Data Fig. 1| Comparison of phylogenetic trees of RNA-directed

RNA polymerase domain (NS5/NS5B) produced by different tree-building
methods. Phylogenetic trees constructed by likelihood (a, b) and distance-
based (c) methods using flavivirus and ‘flavi-like’ RNA-directed RNA polymerase
(RdRP) domain amino-acid sequences. Clades (I-1V) and lineages (a-w) labelled
ineachtree are based on those in Fig. 1b. Tentative threshold levels of divergence
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Extended Data Fig. 2| Heatmap and dendrogram depicting relationships Bootstrap support values (10 iterations) for deeper branches are shown in red if
among classified flaviviruses and ‘flavi-like’ viruses. Clades I-1V identified in >70%. A copy of the figure with the branches individually labelled is provided

the RARP phylogeny (Fig. 1b) were added to equivalent branches in dendrogram. as Fig. S3.
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