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Historically, virus taxonomy has been limited to describing
viruses that were readily cultivated in the laboratory or
emerging in natural biomes. Metagenomic analyses, single-
particle sequencing, and database mining efforts have yielded
new sequence data on an astounding number of previously
unknown viruses. As metagenomes are relatively free of biases,
these data provide an unprecedented insight into the vastness
of the virosphere, but to properly value the extent of this
diversity it is critical that the viruses are taxonomically
classified. Inclusion of uncultivated viruses has already
improved the process as well as the understanding of the taxa,
viruses, and their evolutionary relationships. The continuous
development and testing of computational tools will be
required to maintain a dynamic virus taxonomy that can
accommodate the new discoveries.
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Introduction

Few viruses are readily cultivated under laboratory con-
ditions and even fewer cause noticeable outbreaks of
disease. Over a century of virus research has resulted
in an extremely biased view of global virus diversity and a
limited, patchy, and non-systematic picture of the taxon-
omy of viruses, but viral metagenomic datasets can illu-
minate the true extent of the virosphere. Specifically,
when previously described viral genome sequences are
included in a clustering analysis together with the viral
sequences obtained from metagenomics, the known
sequences tend to fall within a limited subset of the
clusters [1-6]. In less than a decade, the analysis of
genomic sequences of uncultivated viruses, mostly
derived from metagenomes, has led to a surge in virus
discovery, providing invaluable new data with limited
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bias for the identification and characterization of viruses.
For cellular organisms (such as Bacteria, Archaea, and
microbial eukaryotes), a vast expansion in the number
of available genome sequences and updated analytics
enabled a systematic genome-based classification that
has had a profound impact on taxonomy [7°,8,9]. Tech-
niques for cultivation-independent discovery of viruses,
including metagenomic analysis and single-particle
sequencing, as well as database mining efforts have
contributed sequence data for hundreds of thousands
of previously unknown viruses [2,10-14], with advances
in overall virus taxonomy following closely behind
[15,16%17]. As genome sequences of uncultivated viruses
provide new detailed information about the complex
virosphere, the International Committee on Taxonomy
of Viruses (IC'TV) has the challenge of robustly classify-
ing this unprecedented diversity. The ICTV has started
addressing this challenge through several important
amendments to policy. First, genomic characteristics
are now acknowledged as the fundamental component
of taxonomic classification [17], facilitating the alignment
of taxonomy with the evolutionary events from which
viral lineages emerged. Second, distant relationships can
now be formalized using the recently introduced 15 hier-
archical ranks [16°]. Although virus taxonomy will always
remain dynamic to accommodate newly discovered viral
lineages and adjust to advancing insights, inclusion of
uncultivated viruses has already improved the accuracy
and depth of the depicted evolutionary relationships of
taxa and our understanding of the viruses they represent,
as illustrated with several examples below [18-20].
Herein, the Bioinformatics Expert Group (BEG) of the
ICTYV provides a perspective on the lessons learned and
remaining challenges for taxonomic classification based
on viruses discovered using cultivation-free methods.

Improving taxonomic classification through
computational analyses

A recurrent theme in accomplishing a robust computa-
tional framework for virus taxonomy is the power of
sequence-similarity searches for identifying uncultivated
viral sequences, assessing the validity and completeness
of the recovered genomes, and identifying and function-
ally annotating genes and encoded proteins. Each newly
identified virus sequence improves the potential of
sequence-similarity search strategies, leading to further
discovery and continually expanding our view and under-
standing of the virosphere. As a result of pioneering work
in viruses, almost 50 years of data has been collected on
genomic sequences from cultivated [21] and uncultivated
[22] viruses, as well as cellular organisms in the tree of life.
Computational analyses to compare and organize these
data include sequence-based and profile-based searches,
phylogenetic and phylogenomic tools, and clustering
methods used to meaningfully identify and classify
viruses in taxa at ranks from species to realm. Other tools
exploit this information to distinguish viral and cellular

sequences in whole-community datasets, picking out the
viral needles from the metagenomic haystack [23]. Dif-
ferent viral strains or subtypes can be distinguished
through viromics, opening up new possibilities to distin-
guish evolutionary and ecological dynamics of unculti-
vated viruses in infected hosts and in natural biomes.
Recent benchmarking studies based on simulated or
mock community data provide information on the advan-
tages and disadvantages of different computational tools
for identifying and classifying viruses [24-26]. Viruses
that are relatively closely related to known ones can be
identified by direct sequence-similarity searches of whole
genomes or taxon-specific hallmark genes, which are also
used for meaningful phylogenies and taxonomic classifi-
cation. Viruses that are relatively unknown, representing
new members within higher ranks require sensitive pro-
file hidden Markov model-based sequence-similarity
searches and assessment of the statistical significance
of the hits [26]. Moreover, fundamentally different
approaches have been used, including using the absence
of known gene families as a signal for identifying viral
sequences [27] and homology-independent features, such
as genomic coding structure including directionality of
genes, intergenic regions, or replichores [28,29], and
nucleotide usage patterns [30]. These genomic features
may be extracted computationally from viral sequences
and encoded into machine-learning tools to identify
viruses in metagenomic data.

To facilitate taxonomic efforts, newly discovered viral
sequences need to be consistently deposited into data-
bases. Relevant information to be recorded varies widely
for different groups of viruses, depending on the extent to
which they have been sampled and studied in detail. On
the one hand, relevant information in highly sampled
clades (such as, severe acute respiratory syndrome coro-
navirus 2 [SARS-CoV-2], human immunodeficiency virus
1 [HIV-1], and influenza A viruses) includes well-anno-
tated genomic variants with detailed functional and host
information. On the other hand, information on viruses
from sparsely sampled taxa, which may be found in more
or less exotic hosts and environments, may remain limited
to non-redundant sequence clusters based on protein-
sharing networks, which may be used to delineate future
viral taxa [5,6,31]. Because of their versatility and scal-
ability, gene-sharing networks have been popular for
presenting preliminary taxonomic classification of viruses
discovered in metagenomes.

Recent breakthroughs in high-throughput discovery of
uncultivated viruses notwithstanding, there is a bottle-
neck in annotation and taxonomic classification. The
ICTV ratifies hundreds of taxonomy proposals each year
[18-20], but the rate of virus discovery is several orders of
magnitude higher. As a result, the number of viruses that
are represented and classified in the International Nucle-
otide Sequence Database Collaboration (INSDC) and
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RefSeq databases, which implement ICTV’s taxonomy,
remains relatively limited. Databases that gather the
sequences of uncultivated viruses, such as the Integrated
Microbial Genome/Viral Resources (IMG/VR) database,
are more inclusive but necessarily also less curated,
lacking manual annotation and potentially containing
occasional ‘false-positives’ (7.e., sequences from non-viral
organisms), which are an inevitable result of using compu-
tational tools to make sense of the data [32,33]. It is also
important to note that the performance of virus-identifi-
cation tools is often assessed in cross-validation tests,
assembled by randomly extracting training and testing
data from the available sequences in the database (e.g., in
an 80:20 ratio, respectively). Such practices should be
carefully designed to account for the biased composition
of databases. The sequences extracted from a database do
not typically have the same degree of novelty and diver-
sity as a real dataset, and this biased representation may
result in overestimation of a tool’s performance. A prom-
ising approach is to omit sequences from entire higher-
rank taxa, such as viral families from the training data to
mimic their novel discovery, as was done for bacterial taxa
to benchmark the taxonomic classification tool CAT [34].
Such an approach depends on clear and reproducible
descriptions of viral taxa, ideally according to Findability,
Accessibility, Interoperability, and Reusability (FAIR)
Data Principles [35]. Attaining such descriptions and
making them accessible to large-scale analyses poses a
major challenge for the ICTV and the international
virology community.

Completing virus taxonomy with uncultivated
viruses

Our view of virus taxonomy is expanded by taxa that are
based on viruses discovered using cultivation-free meth-
ods. Access to their genome sequences facilitates the
identification of taxon-specific characteristics, including
genomic properties, environmental affiliations, and
biome-specific or regionally specific genomic features
that may point towards host-differentiation. If virus tax-
onomy captures consistently evolving characteristics to
represent lineages, uncultivated viruses may thus con-
tribute new knowledge on the processes leading to the
emergence of different taxa, facilitating their demarca-
tion. As more viruses are discovered, -classification
becomes increasingly important to identify their relative
positions in the taxonomic hierarchy (Figure 1).

When a novel virus is discovered, researchers should
consider submitting a taxonomy proposal to establish a
new taxon, if sufficient supporting information is avail-
able. Changes to virus taxonomy should be submitted
through taxonomy proposals to the IC'TV, which centra-
lizes the process while considering the opinions of the
global virology community. Consistent with the replica-
tion of a virus in nature, the repeated observation of
multiple similar genomes in independent experiments

is considered to be strong evidence that a sequence
represents a real virus—although this is not required
for an ICTV taxonomy proposal, and other evidence
may be used as well. If a newly discovered virus belongs
to a previously established taxon that falls within the
scope of one of the ICTV Study Groups, that Study
Group should be consulted and can assist in the submis-
sion of a taxonomy proposal. Taxonomy proposals are
processed as part of a yearly cycle, with a deadline around
May or June for submission to the relevant ICTV Sub-
committee Chair, ICTV Executive Committee approvals
over the summer, proposal revisions, voting by ICTV
Members in October or November, and ratification
around February. After ratification, the new taxonomy
may be incorporated into public databases. For further
details and contact information, please see the ICTV
website at https://ictv.global.

Assembling and validating uncultivated virus
genome sequences

Viral sequence assembly is performed with specialized
software that generates contiguous sequences from short-
sequencing reads, such as, Metaviral SPAdes (which
exploits the specific coverage profile of viral contigs in
metagenomes) [36] or SAVAGE (which can differentiate
viral strains with sufficient coverage) [37]. Especially in
metagenomes, sequences might be mis-assembled, so it is
important to assess sequence validity. Benchmarking
studies have shown that chimeras and mis-assemblies
are rare but depend on the assembly program and param-
eter settings [38,39°]. Because chimeric assemblies may
occur more frequently among less-abundant genomes
with incomplete horizontal coverage, high numbers of
chimeras have been observed among shorter contigs, also
a consequence of low abundance [40]. Moreover, chi-
meras are more likely to occur among genomes of organ-
isms that share high levels of sequence similarity, such as
closely related viral populations. Another issue that might
occur is artificial replication of regions or the entire contig
in the assembly. Assembled sequences should be inves-
tigated for potential assembly errors—for example, by
mapping the sequencing reads to the assembled contigs,
observing the depth-of-coverage profile, mapping of
mate-paired reads, and multi-mapping reads. Long-read
sequencing technologies may be used to validate contigs
assembled from short-sequencing reads or bypass short-
read sequencing altogether [41]. Recovering the same or
highly similar sequences multiple times independently
from different datasets or samples provides strong evi-
dence for their validity. For example, two almost-identi-
cal sequences (one polymorphism in 96 908 nucleotides)
of crAss-like bacteriophages were recovered from two
gorilla feces samples [42]. Validity investigations and
all experimental and computational methods used to
identify uncultivated virus sequences should be clearly
described in the taxonomy proposal. Morcover, it is
critical that the raw data are deposited in one of the
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(a) Before taxonomic classification of uncultivated viruses, important steps that may be integrated or jointly assessed include: assessing contig/
genome quality, identifying viral sequences, gene calling and functional annotation, and estimating genome completeness. (b) The challenge of
taxonomic classification consists of: (left) placing the uncultivated viruses into the existing taxonomy at the appropriate lower rank(s) and (right)
proposing new taxa at a higher rank if it is sufficiently supported by data—for example, if two or more genome sequences representing the new

taxon have been observed independently.

INSDC sequence-read archives so researchers can re-
examine the original data, should any doubts arise.

Estimating the completeness of uncultivated viral
genome sequences is a challenge that deserves special
attention, since new taxa should only be proposed if at
least coding-complete genome sequences of representa-
tive viruses have been determined. Arguably the stron-
gest indication of a genome sequence being complete is
its similarity in gene content to genomes from known
viruses or to sequences that were independently assem-
bled. Features, such as terminal repeats at the ends of an
assembled contig, also indicate that the genome was
completely assembled and likely reflect a circular or
circularly permuted genome. However, it should be noted
that these repeats might represent a repeated region
within the same genome. Depending on the length
and identity of the repeated region, these regions could
trigger assembly programs to break the genome into
fragments, and the repeated regions could also end up
as identical ends of the contig. The computational tool
CheckV estimates genome completeness and contamina-
tion for a viral sequence by taking into consideration
contig circularity and similarity of the candidate sequence
to related viral genomes [43°]. Because of its dependency

on reference genomes, CheckV performs less well with
viral genomes that have few or distant known relatives
and when terminal repeats are lacking from the contig.

Assigning viruses to the existing taxonomy:
how ‘novel’ is a virus?

As viruses are extremely diverse, many different
approaches are used for the classification of viruses into
different taxa [44°]. Although several automated
approaches assist in the process [6,45,46°], no single tool
is capable of correctly classifying viruses of all taxa or
across all ranks. Thus, the challenge of automated taxo-
nomic classification by placing viruses into the existing
taxonomy based on their sequence remains unsolved
(Figure 1b). Ideally, uncultivated virus sequences would
be assessed for inclusion into all existing virus taxa at all
ranks using their respective demarcation criteria, which
are available in the ICTV taxonomy proposals and in the
yearly reports. Observing a few arbitrary genera (Figure 2)
illustrates that these criteria are diverse and, in some
cases, non-specific, non-concrete, and impractical. In
many cases, these taxonomic demarcation criteria are
the result of careful investigations into the genetic char-
acteristics of cultured viruses that best correspond to
meaningful phenotypic properties and associations with
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Figure 2
Supplementary Table 9. Current species demarcation criteria from ICTV 9th and 10th reports.
Group Family Genus Demarcation Reference
Phylogenetic position of genes encoding homologs of 1IV6 ORFs 022L, 037L, 067R, 075L, 142R, 176R, 295L, 347L, 393L and 428L.
Presence or absence of occlusion bodies
Lack of DNA/DNA hybridization with other species at low stringency ICTV 10th
dsDNA virus Ascoviridae Ascovirus Restriction enzyme fragment length polymorphisms (RFLPs) report

Ranavirus

Iridovirus

Host of isolation and experimental host range

Association with specific hymenopteran parasites, if apparent
Megalocytiviruses are distinguished from ranaviruses and lymphocystiviruses by the presence of inclusion body-bearing cells and
sequence analysis of key viral genes, e.g., ATPase and MCP, for which PCR primers have been developed. Most megalocytiviruses
Megalocytivirus ' show >94% sequence identity within these genes, whereas sequence identity with ranaviruses and lymphocystiviruses is <50%. Based ICTV 10th
on sequence analysis and serological studies, all megalocytiviruses isolated to date appear to be strains of the same or a small report
number of closely-related viral species. Sequence analysis suggests the presence of three closely-related clusters composed of RSIV,
ISKNV, and TRBIV and a fourth, more distant, cluster comprised of a single isolate, SDDV. Whether these clusters represent distinct
species, or strains of a single species, remains to be resolved. In general ISKNV-like viruses have been isolated from freshwater fish,
Ranavirus species are distinguished by multiple criteria including amino acid and nucleotide sequence identity/similarity, phylogeny,
principal host species, genome size, genetic co-linearity, gene content, and G+C content. Many isolates within the genus show >90% | ICTV 10th
sequence identity/similarity within the major capsid protein and other conserved proteins. In view of this high level of sequence identity, ~ report
a re-evaluation of the number of ranavirus species is currently under consideration.
Only very limited colinearity has been observed between 11V3 and the genome of any other 11Vs sequenced to date. The genes of 11V3,
Chloriridovirus  like those of other members of the family, are likely not grouped by temporal class, lack introns, are closely-spaced, and are not pre-  ICTV 10th
sent on overlapping strands of the viral genome. Because suitable in vitro replication systems are lacking, little is known about the viral  report
replication strategy. However, as with other members of the family, overall replication strategy is thought to be similar to that of FV3.
The MCP of 1IV1 shows 66.4% amino acid (aa) sequence identity to that of 11V6 and approximately 50% or lower aa sequence identity
to iridovirids in other genera. Less than 1% DNA-DNA hybridization was detected by the dot-blot method between 1IV1 and 11IV6
genomic DNA (stringency: 26% mismatch). Restriction endonuclease profiles (Hindll, EcoRl, Sall) showed a coefficient of similarity of ICTV 10th
<66% between 11V1 and IIV6. Moreover, these species did not share common antigens when tested by tube precipitation, infectivity
neutralization, reversed single radial immunodiffusion or enzyme-linked immunosorbent assay. Given the current ease of sequence
determination, future demarcation of viral species will likely rely more on genomic sequence analysis, host range, clinical features, etc.,
and less on restriction endonuclease profiles, hybridization data, and immunological cross-reactivity.

Tissue tropism

report

Current Opinion in Virology

A 2019 perspective [47°] outlined Minimum Information about an Uncultivated Virus Genome (MIUViG) standards for reporting sequences of
uncultivated virus genomes, including best practices and standing challenges for aspects, ranging from checking sequence validity to host
prediction and abundance estimation in samples. This screenshot of the top of Supplementary Table 9 from this article [477] lists the taxonomic
demarcation criteria extracted from the International Committee on Taxonomy of Viruses (ICTV) 9th Report and 10th Report.

hosts. However, the unformalized nature of the taxon
descriptions causes poor reproducibility, making it diffi-
cult for researchers to reliably assign uncultivated viruses
to established taxa, even if they have been ratified by the
ICTV. Although this problem is aggravated in large-scale
metagenomic studies, in which thousands of sequences
need to be classified at once, the scale also invites
opportunity to develop systematic approaches applicable
to many viral genome sequences at once, including
viruses that are not (yet) covered by ICTV taxon-specific
Study Groups.

The diversity in taxonomic criteria is a consequence of
the diversity of viruses, their multiple evolutionary ori-
gins [48], and the diverse community of researchers
involved in defining these criteria over the past 50 years
[15]. While the species concept remains under debate in
virology even more so than in microbiology and mycology
[49-52], factors that play a role in viral evolution include
the nucleic acid type, genome length, host and vector
diversity, and host defense systems. A flat 95% genome-
wide sequence identity threshold for species demarcation
has been nearly universally adopted across bacterial and
archaeal viruses, mitigating the issue of unbalanced
demarcation thresholds for different virus clades [53—
55]. However, demarcation criteria remain variable
among cukaryotic viruses, especially at low taxonomic

ranks (species and genera). For example, for uncultivated
single-stranded DNA (ssDNA) viruses from the Genomo-
viridae and Smacoviridae families, 76-77% genome-wide
pairwise identity of member viruses was chosen as a
species demarcation threshold [56,57]. The reasons for
this variability are rooted in the legitimate differences in
the evolutionary rates, genome architectures, and repli-
cation strategies of viruses across different taxa, as well as
variability in the taxonomically informative regions in
viral genomes [58].

There are many ways to use virus genome sequence data
for taxonomic classification. Ideally, taxonomic demarca-
tion is based on the independent assessment of multiple
genome properties with congruent conclusions. For
example, the recent establishment of Herelleviridae, a
new family of tailed bacteriophages, was based on a wide
range of genomic taxonomy statistics, including marker-
gene phylogenies, gene-sharing networks, and consis-
tency in the overall genomic architecture [44°]. Different
levels of genomic similarity are required for classification
at different taxonomic ranks. An example comes from the
analysis of samples from patients with a febrile respiratory
illness from whom two papillomavirus sequences were
recovered. One of the two sequences was 99.8% identical
to the previously identified genome of betapapilloma-
virus HPV49, whereas the other clustered with a
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bootstrap value of 100% among gammapapillomaviruses
yet was only 61.1% identical to the closest known genome
sequence [59]. These findings suggest that both a mem-
ber of an established species and a new species belonging
to an established genus were discovered. The availability
of many closely related virus genome sequences enables
the structure of the taxonomy to be resolved in much
more detail than is possible with only a few viruses. For
example, fine-grained typing is possible in highly sam-
pled clades of human-infecting viruses [60], whereas
gene-sharing networks are revealing a coarse-grained
structure of the taxonomy of bacteriophages [6].

A minimal requirement for valid automation of virus
taxonomic assignment is the availability of the genome
sequences of all previously identified viruses that are part
of the taxonomy. Indeed, sequence similarity is one of the
strongest signals for identifying viral sequences, estimat-
ing genome completeness, identifying genes, and pre-
dicting gene functions. Thus, expanding the virus
sequence database is essential to make sense of the global
virosphere [61,62]. Exemplar virus genome sequences of
all ICTV-ratified virus species are available in INSDC
databases, a requirement for their recognition by the
ICTV and a guarantee that they can be sustainably
accessed. The accession numbers for these sequences
are available through the virus metadata resource (VMR,
see hteps://ictv.global/taxonomy/vmr/). However, many
more virus sequences belonging to these species are
present in databases, and it may be difficult to identify
them without performing specific searches and in-depth
sequence analyses. Ultimately, the inclusion and
demarcation criteria for all taxa should be made available
in a machine-readable format so that they may be
programmatically accessed and readily applied to viral
sequences to support their classification.

Defining genomic taxonomy for uncultivated
viruses and cellular organisms

Many different approaches have been used to define virus
taxa based on genomic properties. Uncultivated virus
genome sequences have been clustered into approximate
species-rank clusters by direct DNA-DNA sequence
comparison. Thresholds of 95% average nucleotide iden-
tity over 85% of the shorter sequence length have been
suggested for double-stranded DNA (dsDNA) bacterial
and archaeal viruses [47°]. Clusters based on these criteria
may be referred to as virus operational taxonomic units
(vOTUs) and were shown to be consistent with biological
species, for example in marine Pseudoalteromonas bacter-
iophages [63]. However, widely different and family
specific identity thresholds are used for species demarca-
tion of eukaryotic viruses. For instance, for uncultivated
ssDNA viruses, 69-78% average nucleotide identity is
used for species demarcation [64—-66]. Uncultivated virus
genome sequences have been clustered into approximate
genus-level clusters by identifying statistically significant

overlap in encoded protein content [67,68]. The cluster-
ing can take multiple forms (e.g. hierarchical clustering
after pairwise comparison of genomes, clustering of gene-
sharing networks with fixed or variable thresholds, or
application of an empirical threshold on shared gene
content). Parameters may be adjusted to tweak the cluster
size, and therewith determine whether the clusters reflect
slightly higher or lower taxonomic ranks.

The gold standard in genomic taxonomy of cellular
organisms involves identifying widely shared marker
genes and generating phylogenies of (concatenated)
alignments of the encoded proteins [69,70]. In contrast
to the two approaches above, this is based on the phylog-
eny of one or several genes, which is taken to reflect the
evolutionary history of the genomes where they are
found. This approach yields a highly resolved phyloge-
netic tree wherein taxa may be defined at multiple ranks.
In the case of viruses, this approach is limited to groups
that share a marker or hallmark gene. Whereas cellular
organisms often share tens to hundreds of genes, even
when they belong to different taxonomic domains, not a
single gene is shared across all viruses. Pragmatically, this
limits any taxonomic approaches based on hallmark genes
to groups that share such a gene [71]. Examples include:
(a) The megataxonomy of all RNA viruses in the Riboviria
realm is based on the presence of an RNA-directed RNA
polymerase (RdRp) gene [72,73]; (b) Multiple families of
cukaryotic ssDNA viruses are classified within the phy-
lum Cressdnaviricota based on the phylogeny of the rolling
circle replication initiation endonuclease [67]; (c¢) The
terminase large subunit Terl,, HK97-like major capsid
protein, and portal protein are conserved across all bacte-
rial and archaeal Caudoviricetes (tailed dsDNA viruses)
and eukaryotic Herpesvirales, and have been used as the
basis to establish the realm Duplodnaviria [72]. Single
gene/protein phylogenies might be a realistic strategy to
classify viruses with small RNA and ssDNA genomes. For
viruses with larger genomes such as tailed bacterial and
archaeal viruses (class Caudoviricetes), concatenated pro-
tein phylogenies become practical [46°]. Critically, the
phylogenies of individual marker genes should be com-
pared to a phylogeny based on a concatenated alignment
to assess potential horizontal gene transfer and taxonomic
biases [74-76].

Conclusion: aligning computational
classifications with ICTV-ratified taxa
Bioinformaticians have created computational tools for
genomic taxonomy that cluster viruses based on genome
similarity [6,45,77-80]. Although these tools provide a
valuable first-order estimate of virus taxa, especially at
lower ranks, they rarely assess hierarchical taxonomic
structure across all ranks and may conflict with ICTV-
ratified taxa that have been meticulously defined by
experts. The main reason for this discrepancy is the fact
that most current computational tools are based on a
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single genomic character, whereas demarcation criteria
for IC'TV-ratified taxa are variable (Figure 2). By formu-
lating taxonomic inclusion and demarcation criteria in a
specific and concrete manner, bioinformaticians can help
disclose virus taxonomy and assist the ICTV in incorpo-
rating the diverse demarcation criteria into computational
tools and models. A notable collaboration to develop
sequence-based taxonomy of cellular organisms (Bacteria
and Archaea) resulted in the prokaryotic Genome Taxon-
omy Database (G'TDB), which includes metagenome-
assembled genomes, and has led to significant community
engagement [81,82]. The open call for taxonomy propos-
als by the ICTV enables all virologists to participate and
contribute to charting the structure of the virosphere.
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