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Three years into the COVID-19 pandemic, humanity
continues to be reminded of the impact of RNA viruses
on the economy and society. Discovery-based surveys
during these last 3 years have built upon decades of
advances and have been reshaping knowledge of the
RNA virosphere. For example, four parallel studies,
exploring thousands of metatranscriptomes from diverse
environments (Chen et al., 2022; Edgar et al., 2022; Neri
et al., 2022; Zayed et al., 2022), have transformed our
understanding of the ribovirian kingdom Orthornavirae,
which harbours viruses that replicate via virus-encoded
RNA-directed RNA polymerases (RdRps) (Figure 1A).
Together, these four studies have augmented the known
RNA virosphere by more than an order of magnitude,
mapped orthornaviran RNA virus ecologies on a global
scale, and perhaps uncovered a key missing link in our
understanding of how early life evolved billions of years
ago. However, a recent rarefaction analysis indicates
that RNA virus discovery, orthornaviran or otherwise, is
not even close to saturation (Neri et al, 2022)
(Figure 1B).

The COVID-19 pandemic and these recent discov-
eries have catapulted RNA viruses to the forefront of
virology, but researchers have been exploring Earth’s
RNA viruses for more than two decades. The first
marine RNA virus was isolated from a portunid crab in
1966 (Vago, 1966), and the first and thus far only

marine RNA prokaryotic virus was isolated a decade
later (Hidaka & Ichida, 1976). This led to several
decades of growing RNA virus culture collections with a
focus on those that infect aquatic animals of economic
interest (Lang et al., 2009), as well as those that might
have ecological importance as the hypothesized
causes of phytoplankton bloom termination (Lawrence
et al., 2006). However, something close to magic
ensued after researchers turned sequencing technolo-
gies toward uncultured virus particles and sought to
explore the RNA virosphere via Sanger-sequenced
RdRp sequences (Culley et al., 2003). Despite Sanger
sequencing’s low throughput, this novel survey
approach revealed a diverse array of highly-divergent
‘picorna-like’ RNA viruses that were likely infecting
marine phytoplankton. A decade later, sequencing
technologies had advanced sufficiently to enable the
exploration of diverse environments, often via mining
RdRp sequences in RNA-seq data derived from
(i) biotic samples (including holobiont, unicellular, and
multicellular organisms), such as invertebrates (Li
et al.,, 2015; Shi et al., 2016; Vieira et al., 2022b; Wu
et al., 2020), vertebrates (Shi et al., 2018), plants
(Roossinck, 2012; Vieira et al., 2022a), protists (Cai
et al., 2012; Charon et al., 2022, 2020, 2021; Lachnit
et al., 2015; Nagasaki et al., 2004; Sasai et al., 2018;
Shirai et al., 2008; Tai et al., 2003; Tomaru et al. 2004,
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FIGURE 1

(A) Timeline of studies focusing on orthornaviran RNA viruses in biotic samples and natural environments. Relevant (non-

exhaustive) literature on orthornaviran RNA viruses derived from hosts from natural ecosystems published from the 1960s to October 2022 are
listed by first-author name. Sources of the RNA viruses are shown for each study, with icons described in the legend. (B) Rarefaction curve
adapted from a previous study (Neri et al., 2022), representing the accumulation of unique clusters as a function of the number of analysed
samples. (C) Global RNA-directed RNA polymerase (RdRp) phylogenies showing established and, in quotation marks, proposed orthornaviran
phyla, with reverse transcriptase (RT)-encoding RNA viruses (ribovirian pararnavirans) as the root of the trees. Adapted, simplified figures (left,
middle, and right) of the phylogenetic trees were built from datasets in three previous studies, respectively (Neri et al., 2022; Wolf et al., 2018;

Zayed et al., 2022).

2009, 2012), and fungi (Deakin et al.,
et al., 2016) and (ii) environmental samples, such as
faeces (Krishnamurthy et al, 2016), sediments
(Callanan et al., 2020), soils (Hillary et al., 2022; Starr
et al, 2019; Wu et al, 2021), rivers (French
et al., 2022), and seawater from specific sites (Culley
et al., 2003, 2006, 2014; Djikeng et al., 2009; Steward
et al., 2013; Urayama et al., 2018; Vlok et al., 2019;
Wolf et al., 2020) and from geographic locations repre-
senting the entire global oceans (Dominguez-Huerta
et al.,, 2022; Zayed et al., 2022). The environments

2017; Marzano

most explored for RNA viruses during these two
decades are aquatic (e.g., marine, sewage, and river-
ine), providing us with the first insights into their ecol-
ogy, evolution of their viral inhabitants, and
methodological challenges associated with characteriz-
ing specific natural ecosystems (Culley, 2018; Liao
et al., 2022). In all, although RNA virus taxonomy is
under constant development, 20 years of metagenomic
and metatranscriptomic surveys have moved the nee-
dle from a few thousand formally-defined RNA virus
species to more than 100,000 species-rank taxa (Neri
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et al., 2022) that have yet to be officially recognized by
the International Committee on Taxonomy of Viruses
(ICTV) and a growing number of orthornaviran phyla
(Neri et al., 2022; Zayed et al., 2022) (Figure 1C).

As we stare into our ‘crystal ball’, we seek clarity on
how much of the orthornaviran RNA virosphere
remains to be discovered by guesstimating how many
distinct (i.e., species-rank) RNA viruses exist and have
existed on Earth. The number of distinct bacterial
viruses of all realms was estimated to be 10’—10°; this
conservative extrapolation was based on the projected
numbers of distinct bacteria (hypothesized to be the
predominant hosts of the virosphere) and assuming
10-100 distinct viruses per bacterial host (Koonin
et al., 2022). In addition, the number of distinct eukary-
otic viruses (of all genome configurations) was esti-
mated to be 87 million, derived from assuming
10 distinct viruses per 8.7 million estimated distinct
eukaryotic hosts (Geoghegan & Holmes, 2017). To
infer the corresponding number of eukaryotic RNA
viruses, we calculated a factor of 0.555 (the currently
3113 ICTV-recognized orthornaviran species divided
by the 5610 total ICTV-recognized virus species con-
servatively known to harbor viruses infecting eukary-
otes; ICTV, 2022a, 2022b), with some caveats:
(i) potentially faulty host assignment may be included
(viruses discovered in metazoans could, for instance,
be viruses of metazoan bacterial fauna), (i) DNA virus
discovery is more advanced than for RNA viruses, and
(iii) newly described RNA viruses are much more likely
to be incompletely described (incomplete genomes,
preventing their official classification) than DNA viruses.
By applying the calculated factor of 0.555 to the size of
the estimated eukaryotic virosphere (Geoghegan &
Holmes, 2017), we obtained an estimate of 48.28 mil-
lion eukaryotic orthornaviran species. Consequently,
the currently 3113 eukaryotic orthornaviran species
and the reported uncultivated orthornaviran RNA
viruses (124,873 clusters representing taxonomic ranks
from species to genus in a single study) (Neri
et al., 2022) represent the very ‘tip of the iceberg’, com-
prising 0.006% and 0.259%, respectively, of the total
eukaryotic RNA viruses on Earth.

However, the RNA virosphere may be magnitudes
larger. First, the estimated eukaryotic hosts value of 8.7
million was derived from a study (Mora et al., 2011)
published more than a decade before the still-growing
deluge of newly discovered microbial eukaryotes were
deduced from metagenomic surveys of natural ecosys-
tems (Behnke et al., 2011; Carradec et al., 2018;
Cordier et al., 2022; de Vargas et al., 2015; Edgcomb
et al., 2011; Lecroq et al., 2011; Logares et al., 2012).
Analyses should be performed to see whether these
newly discovered organisms fit into previous (Mora
et al., 2011) and more current eukaryotic diversity pre-
dictions (Pawlowski et al., 2012; Tedersoo et al., 2022)
or, as we hypothesize, whether these predictions have
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to be corrected, possibly by orders of magnitude. Sec-
ond, the vast majority of recognized officially classified
prokaryotic viruses are DNA viruses, with only relatively
few RNA viruses known to infect bacteria and none
known to infect archaea [with an intriguing possible
exception reported in 2012 (Bolduc et al., 2012)]. How-
ever, the number of bacterial RNA viruses, assignable
to lenarviricot class Leviviricetes, duplornaviricot family
Cystoviridae, and pisuviricot family Picobirnaviridae,
have been increasing dramatically in recent years
(Boros et al., 2018; Callanan et al., 2018; Neri
et al., 2022), suggesting that prokaryotic RNA viruses
may not be nearly as exotic in the bacterial world as
assumed. Estimates suggest the existence of 10°-10"2
distinct bacteria (Curtis et al.,, 2002; Lennon &
Locey, 2016). Even if we conservatively assume that
the number of orthornaviran RNA viruses that infect
bacteria remains a fraction of bacterial DNA viruses,
any increase of that fraction will add millions to trillions
of distinct viruses to the RNA virosphere, depending
on how many distinct viruses infect a given host and
how many distinct hosts a particular virus may
infect. For instance, calculated from ICTV metadata
(ICTV, 2022a), 19.5% (889 leviviricete and vidaverviri-
cete species) of the 4556 ICTV-accepted bacterial virus
species harbor orthornavirans, which, when applied to
the estimated bacterial biosphere sizes and conserva-
tively assuming only 10 distinct (species-rank) virus per
distinct (species-rank) bacterium, would lead to a bac-
terial RNA virosphere requiring the establishment of
1.95 million and 1.95 frillion orthornaviran species,
respectively; the upper bound being more than four
orders of magnitude (2.2 x 10%) the size of the eukary-
otic RNA virosphere in our initial conservative
guesstimate.

Stepping away from sheer virus numbers, we won-
der whether there are sufficient data available to appro-
priately portray the diversity of the orthornaviran
virosphere. This virosphere could be populated by
numerous very closely related viruses (big but not very
diverse, as evidenced by the need for few higher and
many lower taxonomic ranks), few very distinct entities
(small but very diverse), or anything in between. A virus
diversity map would be philosophically useful to inform
our understanding, for instance, of the origin of life, and
practically helpful to guide efforts to characterize under-
sampled ecological niches.

Traditionally, the megataxonomic diversity of RNA
viruses has been sorted into three separate blocks,
represented by the groups Il [double-stranded RNA
(dsRNA) viruses], IV [positive-sense RNA (+ssRNA)
viruses], and V [negative-sense ssRNA (—ssRNA)
viruses] in the historic Baltimore classification
(Baltimore, 1971), which, although pragmatic, does not
depict evolutionary relationships. Attempts to create a
panoramic view of the virosphere have focused on cre-
ating ‘megataxa’ (ranks above order, such as classes,
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phyla, kingdoms, and realms), including operational
taxa (such as unofficial ‘superfamilies’), using available
RdRp sequences (Koonin, 1991). For example, recon-
struction of phylogenetic relationships, based on nearly
5000 RdRp sequences available in GenBank in April
2017, indicated five major orthornaviran branches (Wolf
et al, 2018), today officially recognized as phyla
(Koonin et al., 2020). A recent study indicated the pos-
sible need to establish five additional phyla for novel
orthornaviran RNA viruses infecting eukaryotes and
suggested adjustments of the previously proposed evo-
lutionary relationships of some established megataxa
(Zayed et al., 2022). Shortly after, mining of more than
5000 diverse metatranscriptomes revealed the possible
need to establish two different orthornaviran phyla for
novel prokaryotic RNA viruses (Neri et al.,, 2022). In
addition, both studies indicated numerous novel clas-
ses within established phyla. But, due to billions of
years of evolution, the RdRp hallmark gene of orthorna-
virans is one of the most divergent proteins in all of biol-
ogy (Koonin, 1991), making the establishment of a
panoramic view very challenging.

Algorithms in current use to extract RdRp
sequences from datasets essentially work using simi-
larity thresholds (Wolf et al., 2019). If an RdRp is too
diverse (for instance, ‘permuted’, that is, not following
the consensus order of particular elements, or seg-
mented), the algorithm may not recognize it as such—
de facto meaning that a very diverse branch of viruses,
which could constitute a novel megataxon, is over-
looked. Already, we know of RdRps examples that exist
and defy the RdRp alignment approach used for ribovir-
ian classification. For instance, the RdRps of viruses
belonging to families Birnaviridae, Permutotetraviridae,
and Polymycoviridae clearly ‘look’ orthornaviran but
are too diverse to assign them to orthornaviran taxa
with current methods (Koonin et al., 2022). Numerous
relatives of these viruses likely lurk in the metagenomic
datasets already available and have almost certainly
never been sampled.

Further complicating the quest to understand the
virosphere, a recently discovered viroid-like genomic
backbone was suggested to encode an ‘ambi-like’ virus
RdRp, possibly revealing a virus that, on one hand,
appears orthornaviran because of its RdRp, but, on the
other hand, has many similarities with members of the
other realm of RNA viruses, the Ribozyviria (non-RdRp-
encoding hepatitis D-like viruses) (Forgia et al., bioRxiv
preprint 2022.08.21.504695) or their now numerous
unclassified relatives or analogs (de la Pefa et al., 2021;
Edgar et al., 2022). Taken together, these findings indi-
cate that the orthornaviran virosphere is much bigger
than previously expected (i.e., has many more members
that estimated). Finally, orthornavirans likely exist that
have lost their RdRps and function in conjunction with
other “helper” viruses (e.g., albetoviruses, aumaiviruses,
papaniviruses, virtoviruses). Obviously, such viruses

cannot be detected at all using RdRp screening
approaches. In addition, they suggest that entire high-
ranking taxa, likely branching off at the deepest roots of
the RdRp tree, will have to be established, thereby add-
ing significant diversity. As always, in any biological tax-
onomy, any such additions to the overall tree may result
in a revolution in the relationship of all branches to each
other and, hence, likely also result in repeated dramatic
taxonomic remapping. Thus, though taxonomy has at
times been left for ‘dead’ (Drew, 2011), just as recent
sequencing-powered, tree-shaking advances are trans-
forming prokaryote taxonomy (Hugenholiz et al., 2021),
parallel recent advances in our understanding of the
RNA virosphere suggest that taxonomy lives on to help
researchers organize life’s complexity.

CONCLUDING REMARKS

As the orthornaviran virosphere is explored, challenges
linked to each methodological step of the workflow will
need to be addressed to bypass systematic biases and
limitations. Sampling, RNA purification, library-building,
sequencing, RNA virus identification and classification
(via RdRp sequence comparisons), and host infer-
ences are currently hot topics that inspire intrepid bold-
ness among virologists seeking fresh alternative
approaches. It is hoped that the researchers in the field
of RNA virus discovery, evolution, and taxonomy will
collaborate with an enthusiasm that overcomes compe-
tition or acrimony to find solutions to these challenges,
thereby creating best practices for phylogenetic ana-
lyses that can be adopted by the general virologist
community. Standards for global analyses of RdRp
sequences should be at the forefront of these efforts. In
this sense, the coming RdRp summit (http://rdrp.io/)
reflects the willingness of many virologists to embrace
genome-based taxonomy, avoid growing division
regarding methodological options, and promote opera-
tional standards that will catapult the field forward by
enabling genuine intercomparability across biomes as
they are explored.
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