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Abstract

Land plants host a vast and diverse virome that is dominated by RNA viruses,
with major additional contributions from reverse-transcribing and single-
stranded (ss) DNA viruses. Here, we introduce the recently adopted com-
prehensive taxonomy of viruses based on phylogenomic analyses, as applied
to the plant virome. We further trace the evolutionary ancestry of distinct
plant virus lineages to primordial genetic mobile elements. We discuss the
growing evidence of the pivotal role of horizontal virus transfer from in-
vertebrates to plants during the terrestrialization of these organisms, which
was enabled by the evolution of close ecological associations between these
diverse organisms. It is our hope that the emerging big picture of the forma-
tion and global architecture of the plant virome will be of broad interest to
plant biologists and virologists alike and will stimulate ever deeper inquiry
into the fascinating field of virus–plant coevolution.
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INTRODUCTION: OVERVIEW OF VIRUS ORIGINS, HOST RANGES,
AND MEGATAXONOMY

During the past decade,we have witnessed dramatic inflation in the number and diversity of known
viruses, thanks to the reduction of nucleotide sequencing costs and the rapid rise of metagenomics,
metatranscriptomics, andmetaviromics.The preceding stasis in the study of the global virome was
marked with a heavy bias towardmedically or economically important virus diseases. Although the
remarkable diversity of virus genome replication and expression cycles was well appreciated, the
virus world looked rather fragmented at the time. The exponential growth in new virus discov-
ery revealed numerous connections between virus lineages, enabled the development of unifying
concepts (12, 20, 21, 55, 70, 100, 149, 194, 200), and helped to draft the first coarse-grained chart
of the entire virus world (88). This new virus world emerged as a gene–genome network of high
internal connectivity and perpetual dynamic exchange with the worlds of other mobile genetic
elements (MGEs) and cellular host organisms (76, 86, 89).

Unlike cellular organisms that share ∼100 homologous genes inherited from the last universal
cellular ancestor (LUCA), there is not a single gene shared by all viruses. Therefore, as a whole,
viruses are undoubtedly polyphyletic, originating on several or even numerous occasions from
distinct gene sets (97). However, there are two functional types of virus genes that define the virus
lifestyle: those enabling semiautonomous genome replication (replication modules) and those re-
sponsible for virion formation (morphogeneticmodules). Some viruses encode no proteins directly
involved in replication (69), whereas others have lost the morphogenetic module (e.g., capsid-
less viruses) (86). However, the vast majority of viruses carry both replication and morphogenetic
modules, and disentangling their evolutionary histories is key to understanding virus origins and
evolution in general.

The semiautonomous, semiparasitic genome replication model of viruses is shared with an
enormous variety of selfish replicons or MGEs that do not form virions but encode at least some
genes involved in their propagation. The most common MGEs are DNA plasmids and self-
propagating transposons (e.g., eukaryotic retrotransposons). Replication of the diverse MGEs
involves protein-primed DNA polymerase B (PolB), rolling-circle replication endonucleases
(RCREs), superfamily 3 helicase (S3H), or reverse transcriptase (RT). Strikingly, all these enzymes
are also typical of viruses and are either rare or completely absent in cells (97). In addition, RNA
viruses, but not MGEs or cells, encode RNA-dependent RNA polymerases (RdRPs) homologous
to the RTs. It remains an open question whether the extant virus RdRPs are direct descendants
of primordial RdRPs that might have been involved in the replication of RNA genomes in the
hypothetical RNA-protein world but before the advent of DNA genomes (194).

The shared evolutionary histories of replication modules of MGEs and viruses can be tenta-
tively traced to ancient replication systems predating LUCA, with the primordial RNA recog-
nition motif (RRM) being at the root of the replicative enzymes (97). Therefore, virus/MGE
replication modules appear to emerge at the earliest stages of evolution, possibly even within pro-
tocellular replication systems, in accord with the concept of genetic parasite inevitability (90).

What distinguishes viruses from other MGEs are proteinaceous capsids that harbor and pro-
tect virus genomes between infections and enable genome delivery to the host cell. Despite the
spectacular variety of capsid morphologies, the virus morphosphere is heavily dominated by icosa-
hedral viruses, followed by those with elongated helical capsids.Recent analyses indicate thatmany
if not most virus morphogenetic modules have evolved from cellular ancestors at different phases
of life evolution from LUCA to this day (100). Thus, the evolutionary histories of the core mod-
ules of virus genomes point to ancient MGE-like elements providing replication-related proteins
to emerging viruses while snatching protocapsid proteins from cells as the prevalent scenario in
virus origins (97).
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Given the apparent primordial origins ofMGEs, a timeframe for the origin of bona fide, encap-
sidated viruses can be approximated from the evolutionary history of the respective virus hosts.
A paradigm of the early origins, perhaps at the LUCA stage, is provided by viruses with single
jelly roll (SJR) and double jelly roll (DJR) capsid proteins (CPs). These virion proteins were pro-
posed to emerge on several occasions via repurposing of a wide variety of cellular carbohydrate-
binding homologs sharing an SJR fold (100). Because the dsDNA viruses possessing icosahedral
capsids formed by DJR-CP infect bacteria, archaea, and diverse eukaryotes, it seems likely that the
DJR-CP evolved in the pre-LUCA virosphere, and viruses encoding this CP diversified, adapt-
ing to newly evolving host organisms. Although SJR-CPs are particularly common in eukaryotic
RNA and ssDNA viruses, there are some DNA bacteriophages and archaeal viruses utilizing this
archetypal CP fold. However, it appears that these groups of viruses have recruited cellular SJR
proteins on several independent occasions.

In sharp contrast to ancient and widespread SJR-CPs and DJR-CPs, the zinc finger domain
virion matrix Z protein is utilized by only one family of vertebrate −RNA viruses, Arenaviridae
(100). The Z-protein fold is closely similar to that of eukaryotic E3 ubiquitin ligases, implying
relatively recent recruitment by ancestral arenavirus, apparently within a timeframe of vertebrate
evolution. Therefore, emergence of viruses with novel combinations of replication and morpho-
genetic modules covers the entire history of life, from LUCA to vertebrates, and likely extends to
this day (see the section titled ssDNA Viruses).

In general, viruses with distinct forms of encapsidated genomes (Baltimore classes) are differ-
entially represented among evolutionary lineages of cellular host organisms (88).The archaea host
the most restricted set of viruses, namely, dsDNA and ssDNA viruses only. In contrast, animals
are the only group of organisms known to host viruses of all seven Baltimore classes, including
RNA, reverse-transcribing, and DNA viruses. The virome of the land plants has a distinct com-
position that is heavily dominated by diverse +RNA viruses, with a more limited representation
of dsRNA,−RNA, reverse-transcribing, and ssDNA viruses, to the exclusion of bona fide dsDNA
viruses (34). In contrast, the virome of green algae is rich in large dsDNA viruses of the family
Phycodnaviridae (22, 129, 185). The virome of fungi has a similar composition, lacking dsDNA
viruses as well, but exhibits a bias toward dsRNA viruses (35, 48).

Although the Baltimore classes provide a useful framework for comparing virome composi-
tions, themost recently developed and International Committee onTaxonomy of Viruses (ICTV)-
approved classification of viruses is not based on Baltimore classes or virion morphology (88).
Rather, this megataxonomy is underpinned by virus phylogenomics complemented by bipartite
(gene–genome) network analysis and comparison of the virion and CP structures. This evolution-
ary classification includes four virus realms, each subdivided into kingdoms, phyla, classes, orders,
families, genera, and species (88). The virome of land plants fits in two realms,Riboviria (RNA and
reverse-transcribing viruses) andMonodnaviria (ssDNA viruses).

Below, we discuss the composition and large-scale evolution of the plant virome from the
vantage point of phylogenomics. Because of the sparse sampling of lower plants (green algae,
bryophytes, lycophytes, and ferns) as well as gymnosperms, the analysis of the plant virome
is mostly limited to flowering land plants (angiosperms). However, viruses of lower plants are
briefly covered in the context of the plant virome evolution. Our principal conclusion is that the
plant virome was largely shaped by horizontal virus transfer (HVT), often between extremely di-
vergent hosts. The HVT events appear to occur through tight ecological associations between
diverse organisms, including predation and parasitism as well as commensalism and symbio-
sis. The shorter-term evolution of viruses via mutations (46, 125) is beyond the scope of this
article.

www.annualreviews.org • Evolution of the Global Plant Virome 11.3
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COMPOSITION OF THE ANGIOSPERM VIROME

There are at least three metrics that are useful for classifying plant virome components: (a) evo-
lutionary, i.e., classified via phylogenomic and taxonomic diversity; (b) ecological, i.e., classified
via the virus host range and infection frequency within plant populations; and (c) economical, i.e.,
classified via virus disease impacts on crop, bioenergy, or ornamental plants. Here, we focus on
the evolutionary approach but also mention virus ecology and disease impacts where these are
most relevant.

By and large, the replication and morphogenetic modules of plant viruses are shared with other
viruses of eukaryotes, and animal viruses in particular (34).What distinguishes plant viruses from
their kin are processes defined by the specifics of plant biology: plant-to-plant virus transmission
followed by two-phase systemic infection that involves local cell-to-cell movement and systemic
transport through the plant vasculature (134).

The active intercellular virus spread occurs through plasmodesmata (14) and typically requires
specialized, virus-encoded movement proteins (MPs) (64). The evolutionarily diverse MPs rep-
resent the most prominent signature of plant viruses (131). Typically, systemic transport relies on
additional functionalities of virus proteins such as MPs, CPs, or counter-defense proteins (41).
However, in some viruses with larger genomes, this function involves dedicated long-distance
transport proteins.

The plant-to-plant transmission of viruses requires vectors such as plant-feeding arthropods,
nematodes, plant-parasitic fungi, and plasmodiophorids (protists of the phylum Cercozoa) (9, 42,
140, 159).The process of transmission is virus and vector specific and often involves genetic deter-
minants associated with virions and additional transmission factors known as helper components.

Plants possess potent RNA-based defense systems against both RNA andDNA viruses, includ-
ing RNA interference (RNAi), also known as RNA silencing (6, 62, 111). To facilitate infection,
many plant viruses rely on either specialized RNAi suppressor proteins or suppression activity of
proteins with other functionalities (e.g., MPs, CPs, or transmission factors) (23).

Thus, a genome of an archetypal plant virus contains replication, morphogenesis, transport,
transmission, and RNAi suppression modules.Many virus genes, particularly in viruses with small
genomes, contribute to more than one of these activities. There are, however, plant viruses with
reduced, minimal genomes that have either lost or never acquired transport, transmission, or
counter-defense functions. Such viruses lead a persistent lifestyle characterized by vertical trans-
mission through seeds and/or pollen and a lack of pathogenicity and infectivity (ability to infect
new hosts de novo via plant-to-plant transmission) (142, 160). In this section, we describe the tax-
onomic structure of the global plant virome based primarily on the evolutionary provenance of
the virus replication and morphogenetic modules.

RNA Viruses: Realm Riboviria, Kingdom Orthornavirae

As mentioned above, most of the plant virome diversity fits into the realm Riboviria.Within this
realm, the kingdom Orthornavirae harbors the bona fide RNA viruses with no DNA stage in their
replication cycles (88). The replication modules of RNA viruses are organized around the RdRP,
the only gene that is conserved in all viruses of this kingdom, to the exclusion of the rest of the
global virome. Therefore, the phylogenetic tree of the RdRPs is used as a scaffold to reconstruct
the RNA virus evolution and develop the corresponding taxonomy (194). According to this tree,
Orthornavirae splits into five branches at the phylum rank (Figure 1).

Phylum Lenarviricota.The deepest branching phylum Lenarviricota harbors +RNA bacterio-
phages that are believed to be the ancestors of eukaryotic virus familiesMitoviridae,Narnaviridae,
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Figure 1 (Figure appears on preceding page)

Hierarchical taxonomy of the plant RNA and reverse-transcribing viruses. Only taxa containing plant-infecting viruses are shown.
Genome maps of selected viruses are shown on the right. Functionally equivalent domains or genes are indicated with the same color.
Asterisks denote families including capsidless viruses. Viruses: OuMV, Ourmia melon virus (NC_011068, NC_011069, NC_011070);
CpMV1, Cryphonectria parasitica mitovirus 1 (NC_004046); BCV1, Beet cryptic virus 1 (NC_011556, NC_011557); STV, Southern
tomato virus (NC_011591); CPMV, Cowpea mosaic virus (NC_003549, NC_003550); SBMV, Southern bean mosaic virus
(NC_004060); TEV, Tobacco etch virus (NC_001555); BdMoV, Burdock mottle virus (NC_021735, NC_021736); TMV, Tobacco
mosaic virus (NC_001367); TYMV, Turnip yellow mosaic virus (NC_004063); TBSV, Tomato bushy stunt virus (NC_001554); RDV,
Rice dwarf virus (NC_003760, NC_003761, NC_003762, NC_003763, NC_003764, NC_003765, NC_003766, NC_003767,
NC_003768, NC_003772, NC_003773, NC_003774); L-A, Saccharomyces cerevisiae virus L-A (NC_003745); TSWV, Tomato
spotted wilt virus (NC_002052, NC_002050, NC_002051); BYSMV, Barley yellow striate mosaic cytorhabdovirus (NC_028244);
CaMV, Cauliflower mosaic virus (NC_001497); Athila, Arabidopsis thaliana Athila virus (X81801); Hopscotch, Zea mays Hopscotch
virus (ZMU12626). Abbreviations: RdRP, RNA-dependent RNA polymerase; MP, movement protein; SJR, single jelly roll capsid
protein; i/o/f/r-CP, inner/outer/filamentous/rod-shaped capsid protein; S1/2/3H, superfamily 1/2/3 helicase; 3C-Pro, 3C protease;
S/P-Pro, serine/cysteine protease; vOTU, viral homolog of the ovarian tumor protease; CapE, capping enzyme; En, cap-snatching
endonuclease; AlkB, alpha-ketoglutarate-dependent dioxygenase; RiS, RNA interference suppressor; G/Gn-Gc, receptor-binding and
membrane fusion glycoprotein; G, glycoprotein; N, nucleocapsid; M, matrix protein; P, phosphoprotein; GAG, group-specific antigen;
INT, integrase; RT, reverse transcriptase; RH, RNase H; LTR, long terminal repeat.

and Botourmiaviridae (35, 194). The mitoviruses are capsidless RNA replicons that encode only
the RdRP and replicate within the mitochondria. Most of the known mitoviruses have been iden-
tified in fungi, but recently members of this family have been detected in plants as well (66, 143).
Technically, capsidless, noninfectious mitoviruses are mobile RNA elements, their claim to virus-
ness being solely the RdRP. The family Botourmiaviridae is also populated by fungal viruses but
contains a small genus Ourmiavirus that includes encapsidated, MP-encoding plant viruses (122,
155). In addition, a rich diversity of related yet unclassified viruses has been described in inverte-
brates (173). Thus, plant ourmiaviruses represent but a twig within Lenarviricota, a phylum that is
expected to spawn several new virus taxa.

Phylum Pisuriviricota.This second phylum of RNA viruses corresponds to a massive lineage
previously described as the picornavirus supergroup (85, 91) and now splits into three classes
(Figure 1) (88). The class Duploviricetes consists of simple icosahedral dsRNA viruses that typ-
ically encode only the RdRP and a distinct type of CP. In this class, there are two families that
contain plant viruses, Partitiviridae and Amalgaviridae. Partitiviridae is a vast family that includes a
variety of fungal and unclassified invertebrate viruses (142, 173). The currently recognized plant
partitivirids are corralled into genera Alphapartitivirus and Betapartitivirus, both shared with their
fungal and unclassified invertebrate kin. This striking host range diversity among closely related
viruses is suggestive of their exceptional propensity to HVT. A broad plant metavirome screening
has shown that partitivirids are a prevalent component of the plant virome present in a variety of
the wild plant species (161). The reason why the apparent ecological dominance of partitivirids
was overlooked is that they lead a nonpathogenic lifestyle. The dsRNA amalgavirids of plants
and, again, fungi encode RdRPs related to those of partitivirids and a protein distantly related to
nucleocapsid proteins (NCs) of −RNA plant viruses in the Phenuiviridae family (see below) (96,
153). Similar to partitivirids, plant amalgavirids apparently resigned to a noninfectious, vertically
transmitted lifestyle (168). It is not clear whether amalgaviruses form virions, but they provide an
apparent case of a dsRNA virus that, instead of transcribing its genome in virio, which is typical of
dsRNA viruses, adopted the replication mechanism involving NCs that is characteristic of −RNA
viruses.

In contrast to the dsRNA Duploviricetes included in Pisuriviricota solely by virtue of the phylo-
genetic affinity of the RdRPs, Pisoniviricetes and Stelpaviricetes share a chymotrypsin-like protease
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responsible for the polyprotein processing, the SJR-CP and protein (VPg)-primed mechanism of
RNA synthesis (Figure 1). The class Pisoniviricetes includes two orders, Picornavirales and Sobelivi-
rales, each harboring a family of icosahedral plant viruses, Secoviridae and Solemoviridae, respec-
tively. The secovirids are rank-and-file picornaviruses with two-component genomes that share
S3H with other members of Picornavirales (Figure 1).Most of the family members are transmit-
ted by insect (e.g., aphids, beetles, whiteflies) or nematode vectors (169). By contrast, solemovirids
have much smaller, densely packed genomes (Figure 1) and are transmitted by beetles and a va-
riety of other insects (179).

Finally, the class Stelpaviricetes includes the order Patatavirales, which has a single, expansive,
economically important plant virus family, Potyviridae (49, 156). The potyvirids are a highly de-
rived family of picorna-like viruses that encode a superfamily 2 helicase (S2H) not found in other
picorna-like viruses as well as two additional proteases with multiple functions in virus replication,
RNAi suppression, and vector transmission. Unlike most of the viruses in this phylum that have
icosahedral virions made of SJR-CPs, potyviruses possess a distinct type of CP that forms flexuous
filamentous virions of diverse plant +RNA viruses (fCP) (33, 198). Strikingly, structural analysis
has shown that fCP is also homologous to phenuivirid (−RNA viruses) NCs, indicating yet an-
other evolutionary connection between RNA viruses from different phyla (2). Most potivirids
share the nonpropagative, nonpersistent transmission mode that involves virion attachment to
receptors within the arthropod stylet or foregut mediated by the virus helper component (192).
Interestingly, potyvirus genera evolved affinity to distinct vectors, including aphids, whiteflies, and
mites, whereas the genus Bymovirus exploits plasmodiophorid protists for virus transmission (159).

Phylum Kitrinoviricota.Unlike other Riboviria phyla, where plant viruses are in the minority, the
phylum Kitrinoviricota includes a large fraction of plant viruses that heavily dominate the class
Alsuviricetes (88). Viruses in this class (formerly known as the Alphavirus-like supergroup) share a
universal signature of genome architecture that includes the capping enzyme (CapE), superfamily
1 helicase (S1H), and RdRP (Figure 1) (85, 87). Aside from this replication module, these viruses
show a remarkable diversity of genome organization and virion structure. On the minimalist end
of the complexity spectrum is the family Virgaviridae, which includes the archetypal Tobacco mosaic
virus (TMV) with a 6.4-Kb genome that encodes only CapE–S1H–RdRP RNA replicase,MP, and
a single CP forming rigid rod-shaped particles (rCP). TMV employs an atypical, vectorless mode
of transmission via mechanical damage of host plants, be it caused by wind, passing animals, or
agricultural activities (170).

On the more baroque side is the family Closteroviridae, where the prototype member Beet
yellows virus (BYV) has a ∼15.5-Kb genome encoding 10 proteins, of which 5 form the mor-
phogenetic module and assemble into complex filamentous virions (32). Three of these CPs are
homologous to the fCP of potyvirids as well as to those of alpha-, beta-, and gammaflexivirids,
also members of Alsuviricetes (33, 132). The six-component transport module of closteroviruses
includes a dedicated MP and the entire morphogenetic module, suggesting that a complex virion
architecture evolved to facilitate virus movement (36). In addition, closteroviruses encode potent
RNAi suppressors (19) and, altogether, present one of the most spectacular examples of genome
complexification among RNA viruses (25, 36, 41). Analogous to potivirids, closterovirids from
distinct genera are transmitted in a nonpropagative, semipersistent manner by different insect
vectors, e.g., aphids, whiteflies, and mealybugs (75).

Taxonomically,Alsuviricetes split into three orders, of whichHepelivirales harbors a single plant
virus family, Benyviridae (51). The rCP of benyvirids is homologous to that of virgavirids (33) and
forms the rod-shaped virions transmitted by plasmodiophorid vectors (159). The much larger or-
derMartellivirales includes Bromoviridae,Kitaviridae, and Endornaviridae in addition toVirgaviridae
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and Closteroviridae discussed above. The bromovirids have small tripartite genomes and icosahe-
dral virions that are typically transmitted by various insects in a nonpersistent manner. The most
notorious of the bromovirids, Cucumber mosaic virus, infects no less than 1,000 plant species and
is transmitted by aphids (171). The kitavirids are the only plant viruses in this phylum with en-
veloped virions transmitted by mites (107, 150, 154) and are related to insect viruses in the provi-
sional genusNegevirus (186). The endornavirids are a peculiar group of viruses that, in addition to
the replication module typical of Alsuviricetes, encode various enzymatic domains but have lost the
morphogenetic module altogether. These capsidless viruses are found in fungi and oomycetes but
are extremely widespread in plants, where they cause symptomless, persistent, vertically trans-
mitted infections that have been almost completely overlooked in the premetaviromics era (43,
163).

The third Alsuviricetes order, Tymovirales, consists of five families, including three families of
filamentous viruses that share fCP, Alphaflexiviridae, Betaflexiviridae, and Gammaflexiviridae (for-
merly combined in one family Flexiviridae); spherical Tymoviridae encoding SJR-CPs; and capsid-
less Deltaflexiviridae (121). Among these, Alphaflexiviridae, Betaflexiviridae, and Tymoviridae infect
plants, whereas Gammaflexiviridae and Deltaflexiviridae infect plant-pathogenic fungi. In addition
to highly conserved RdRPs, CapE, and S1H, many Tymovirales possess a papain-like protease.
However, these plant virus families have unrelated transport modules: triple-gene block MPs in
Alphaflexiviridae, 30K-like MP in Betaflexiviridae, and a unique MP in Tymoviridae (131, 187). The
alphaflexivirids and betaflexivirids are transmitted by a variety of arthropods, including aphids,
mites, and mealybugs, although viruses in the genus Potexvirus and some other genera appear to
lack vectors and are transmitted mechanically (121). This latter property is apparently shared by
some tymovirids, whereas others are transmitted by beetles in a nonpropagative manner. Strik-
ingly, it has been reported that tymovirids in the genusMarafivirus are transmitted by leafhoppers
in a propagative fashion, that is, they replicate within the insect (67), a feature that is so far unique
among the nonenveloped +RNA plant viruses.

The second class in the phylum Kitrinoviricota,Tolucaviricetes, contains a single order,Tolivirales,
with two families of icosahedral plant viruses,Tombusviridae (191) and Luteoviridae (182).This class
is linked to Alsuviricetes chiefly through the RdRP phylogeny; other genes encoded in the small,
densely packed tombusvirus and luteovirus genomes encode only SJR-CPs (distantly related to
those in tymoviruses) and unique types of MPs and RNAi suppressors (Figure 1). Many of the
tombusvirids are transmitted by fungi, whereas some (e.g., members of the genus Tombusvirus)
could be soil-transmitted without vectors (159). The luteovirids are transmitted by aphids in a
distinct, persistent, circulative, and nonpropagative manner whereby viruses travel from the in-
sect’s gut to its salivary gland without replicating and are deposited through saliva when the aphid
feeds on a next plant’s phloem (9, 54).

The third class of Kitrinoviricota, Flasuviricetes (Flavivirus supergroup), currently includes the
order Amarillovirales with a single family of exclusively animal, enveloped viruses, Flaviviridae.
However, a single flavi-like virus, Gentian Kobu-sho-associated virus (GKaV), has been identified
in alpine ornamentals cultivated in Japan (4, 82). At ∼23 Kb, this virus possesses the largest among
all known plant virus monopartite genomes. Because the two viruses most closely related to GKaV
infect plant-feeding invertebrates, [Macrosiphum euphorbiae virus 1 identified in a potato aphid
(183) and soybean cyst nematode virus 5 (7)], it seems likely that this virus was relatively recently
transferred from invertebrates to plants.

Phylum Duplornaviricota.This phylum of dsRNA viruses encompasses a limited diversity of
plant viruses that belong to extremely dissimilar families, Totiviridae and Reoviridae. Totivirids are
among the simplest RNA viruses, encoding just a CP and the RdRP (Figure 1), the same gene
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complement as in partitivirids. Furthermore, although the RdRPs of these dsRNA virus families
are widely separated in the phylogenetic tree, both form similar icosahedral virions in which 60CP
homodimers are organized on a pseudo T = 2 lattice (123). This capsid architecture typical of
diverse dsRNA viruses is not seen among other viruses. The genome organizations of partitivirids
and totivirids are, however, distinct: Whereas the former possess bipartite genomes, totiviruses
typically express CP and RdRP from a single genome-size mRNA via translational frameshift.

Plant-infecting totivirids have been discovered only recently in ecogenomics studies. The per-
sistent, apparently nonpathogenic lifestyle of these viruses appears to be similar to that of plant
partitivirids, although much is to be learned about the biology and ecology of plant totivirids (M.
Roossinck, personal communication). So far, Totiviridae has been known to include a variety of
viruses that infect fungi, parasitic protists, and invertebrates (48, 60, 173).

In contrast, plant reovirids are well-studied, pathogenic, insect-transmitted viruses (128, 189)
that form three genera within the family that is otherwise heavily dominated by animal viruses
and also includes a few fungal viruses and a virus from a green picoplankton alga (5, 173). Un-
like the +RNA viruses discussed above, which are transmitted by arthropod or nematode vectors
without replicating (nonpropagative transmission), plant reoviruses replicate in their insect (leaf-
or planthopper) vectors (propagative transmission). Such dual host range involving extremely di-
vergent organisms provides a striking example of virus adaptability as well as potential clues to
the routes of reovirus evolution (see the section titled Origins and Diversification of the Plant
Virome: Horizontal Virus Transfer and Virus–Vector Associations).

Similar to animal reoviruses, their plant kin possess large segmented genomes that consist of 10
or 12 unique dsRNA molecules (Figure 1) encapsidated in a peculiar double-shelled, concentric
icosahedral virion. These genomes produce up to seven virion proteins, including outer and inner
CPs as well as RdRP and CapE, which are coencapsidated with the genome.These virion proteins
function in virion assembly, vector transmission (outer CP), and RNA replication within infected
cells. The nonstructural proteins are involved in the formation of the viroplasm (where genome
replication and virion assembly apparently take place), in RNAi suppression, and in virus cell-to-
cell movement in plants and insects (128).

Phylum Negarnaviricota. Similar to dsRNA viruses, −RNA viruses in this phylum encapsidate
their RdRPs and additional replication proteins. Their virions, however, adopt a highly distinct
architecture, typically with a condensed, helical, filamentous nucleocapsid and a membrane enve-
lope adorned with virus-encoded glycoproteins (47, 92).

The host range of Negarnaviricota is dominated by invertebrate viruses followed by vertebrate
viruses (110, 172). Several −RNA viruses were recently discovered in protists (59) and fungi (112,
122). The plant viruses in this phylum are notably less diverse than their animal cousins, forming
three families (Tospoviridae, Fimoviridae, and Aspiviridae) and several genera within two large fam-
ilies of mostly animal viruses (Phenuiviridae and Rhabdoviridae). Again, similar to plant reovirids,
most of these viruses are dual-host parasites that reproduce in both plants and arthropod vectors.
Thus, plant virus members of Tospoviridae possess three-component ambisense genomes encapsi-
dated into enveloped virions that also infect their minute insect transmission vectors, thrips (17).
Perhaps the most notorious of the plant −RNA viruses, Tomato spotted wilt virus, which is en-
dowed with extremely broad host range and infects a variety of crops, is the prototype species
in this family (1). The Fimoviridae are characterized by enveloped virions that harbor four- to
eight-component genomes; fimovirids are transmitted by mites, which are tiny arachnid arthro-
pods (38). Finally, most plant rhabdovirids possess monopartite genomes and are transmitted by
the hemipteran insects, including leafhoppers, planthoppers, aphids (Cytorhabdovirus and Nucle-
orhabdovirus), and arachnid mites (Dichorhavirus) (29, 193).
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The −RNA plant viruses are closely related to their animal relatives in virion and genome
architectures except for encoding MPs and RNAi suppressors that are required for systemic in-
fectivity in plants (92). There are, however, three taxa of plant −RNA viruses that depart from this
paradigm to different degrees. The genus Tenuivirus (Phenuiviridae) is distinguished by segmented
RNA genomes that are the largest among all known plant viruses (up to 8 segments totaling up
to ∼25 Kb) (108, 184). Apparently, the tenuiviruses have lost the ancestral membrane envelopes
and switched to using their filamentous nucleocapsids as virions (39). However, tenuiviruses re-
tained nonstructural glycoproteins as helper components mediating the typical propagative mode
of transmission by planthoppers (115, 118). Likewise, the envelopeless, rod-shaped virions ofVari-
cosavirus members (Rhabdoviridae) are formed by nucleocapsid-like CPs. The varicosaviruses ex-
hibit a further notable departure from the majority of arthropod-associated −RNA plant viruses
in being transmitted by zoospores of soil fungi (193). In a similar manner, the aspivirids (previously
classified as Ophioviridae) have also shed their envelopes and use nucleocapsids, albeit of unclear
provenance, as fungus-transmitted virions (92, 159). Given the dominance of nonenveloped plant
viruses, the evolution of these three virus taxa clearly reflects the adaptation of −RNA viruses to
a plant-specific lifestyle.

Reverse-Transcribing Viruses

The second kingdom within the realm Riboviria, Pararnavira, consists of reverse-transcribing
viruses encoding a RT, which is homologous to the RdRPs of RNA viruses. Hence, RNA viruses
and reverse-transcribing viruses are assumed to have evolved from a common ancestor, warranting
their classification within the same highest-level taxon (88). Among six officially recognized fami-
lies within Pararnavira, plants host a share ofMetaviridae and Pseudoviridae that encapsidate+RNA
and the familyCaulimoviridae (informally referred to as pararetroviruses) that encapsidate dsDNA.
The metavirids, pseudovirids, and caulimovirids are classified into the phylum Artverviricota, class
Retraviricetes, and orderOrtervirales (Figure 1) (88, 95). All orterviruses share the replication mod-
ule that consists of the RT and RNase H, a morphogenetic module (Gag polyprotein containing
the characteristic α-helical CP and zinc-knuckle NC domains) and the polyprotein-processing
aspartic protease (95, 99).

Similarly to vertebrate Retroviridae, metavirids and pseudovirids encode integrases and abun-
dantly colonize genomes of diverse eukaryotes, plants being no exception (116, 117). However,
unlike infectious retrovirids, for most metavirids and pseudovirids, infectivity and intercellular
spread have not been described, despite the conservation of the gene encoding structural Gag
polyprotein and occasional presence (including in plant viruses) of genes encoding putative enve-
lope proteins responsible for virus entry (105, 120, 196). Thus, metavirids and pseudovirids have
been historically considered transposable elements and are also known as long terminal repeat
(LTR) retrotransposons of the Ty3/Gypsy and Ty1/Copia families, respectively (116). Accord-
ingly, the majority of the identified LTR retrotransposons have not been included in the ICTV
framework, rendering the genus-level classification of these viruses incomplete (139).

Recent analysis of 80 plant genomes resulted in the identification of nearly 14,000 metavirids
and pseudovirids (139). Both families are represented in all major groups of green plants, including
the basal Chlorophyta, suggesting that both were present in the Viridiplantae genomes since their
origin approximately 700–1,500 million years ago (27, 117, 139, 148). Neither plant metavirids
nor pseudovirids encode recognizable MPs (139), suggesting that these viruses do not move be-
tween cells. Despite the lack of detectable infectious particles, widespread and frequent horizontal
transfer of metavirids/pseudovirids in plants has been reported (37). Although the involved mech-
anisms remain unknown, high similarity between some fungal and plant metavirids suggests that
plant-pathogenic fungi might participate in their horizontal dissemination (147).
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The caulimovirids share the replication andmorphogenetic modules withmetavirids and pseu-
dovirids (Figure 1) but lead a radically different lifestyle: They encapsidate circular dsDNA
genomes and form infectious, isometric, or bacilliform nonenveloped virions (68). Phylogenetic
analysis of the RT suggests that caulimovirids share the most recent common ancestor with
metavirids (95). Similar to metavirids and pseudovirids, the basal caulimovirids, such as Petunia
vein clearing virus, express all proteins as a single polyprotein, which is subsequently processed
by the virus-encoded protease (158). Unlike the other orterviruses, replication of caulimovirids
does not depend on integration into the host chromosome. Even though most caulimovirids do
not encode an integrase, caulimovirus-derived endogenous virus elements (EVEs) are widespread
in plant genomes and are thought to be integrated through nonhomologous end-joining during
DNA repair (16, 45). Although most of these EVEs are inactive, some are infectious upon reacti-
vation by various stress factors (44, 157).

Similar to many other plant viruses, caulimovirids encode a movement protein of the 30K su-
perfamily (130) and are insect transmissible in a genus-specific manner by aphids, mealybugs, or
leafhoppers. The mechanism of transmission involves two virus helper factors that bridge virions
to the specific receptor at the tip of an insect’s stylet (10, 192).Notably, the reactivation-competent
endogenous petuniavirus has no known insect vectors, further suggesting that it is a living interme-
diate between the metavirids and more complex caulimovirids. Thus, evolution of caulimovirids
from a metavirus-like ancestor likely involved the loss of the integrase gene and acquisition of the
MP and vector transmission factors.

ssDNA Viruses

Viruses with ssDNA genomes encoding rolling-circle replication endonucleases (RCRE) of the
HUH superfamily are classified into the realm Monodnaviria, which currently encompasses six
phyla (88). The phylum Cressdnaviricota includes all eukaryotic viruses with circular ssDNA
genomes that encode homologous replicases (Reps) containing the N-terminal HUH endonucle-
ase andC-terminal S3H domains (94, 102, 202).This phylum unifies seven virus families and a vast
number of viruses discovered by metagenomics that are affiliated tentatively (clades CRESSV1–
6) (77). All plant viruses of this realm fall into families Geminiviridae and Nanoviridae within the
phylum Cressdnaviricota (Figure 2).

Most members of Cressdnaviricota have extremely small virus genomes (∼2 Kb) encoding only
two proteins, Rep and CP, whereas plant viruses in this phylum encode MP and RNAi suppressor
in addition to Rep and CP.The virions of geminivirids have unique morphology of twinned (gem-
inate) icosahedra encapsidating mono- or bipartite genomes (199). These virions are transmitted
by insects (whiteflies, aphids, leafhoppers) in a genus-specific manner, via a circulative, nonprop-
agative mechanism similar to that of +RNA luteovirids (192, 199).

By contrast, the genomes of nanovirids are partitioned into 6–8 circular DNA molecules of
∼1 Kb, each encoding a single protein and separately encapsidated into simple icosahedral virions
(58). Remarkably, different genomic segments of nanovirids rarely co-occur in the same plant cell;
instead, they individually accumulate in distinct cells so that virus reproduction is achieved by com-
plementation, whereby the gene products are shuttled between the cells (175). Conversely, many
nanovirus particles enter every susceptible aphid vector cell so that distinct genome segments al-
ways remain together (30). Furthermore, during circulative, nonpropagative aphid transmission,
the frequencies of genome fragments change, implyingmore intimate relationships with the insect
than simply passing from gut to salivary glands (176). Unlike geminivirids, in addition to virions,
nanovirid transmission requires a helper component (57).

Both geminivirids and nanovirids are associated with diverse satellite nucleic acids, including
alphasatellites (Alphasatellitidae),which encode their ownReps but not theCPs and thus depend on
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Figure 2

Hierarchical taxonomic structure of the phylum Cressdnaviricota of the ssDNA viruses. Taxa that do not contain plant viruses are
indicated in gray font. Genome maps of selected viruses are shown on the right: FBNYV, Faba bean necrotic yellows virus
(NC_003560, NC_003563, NC_003562, NC_003559, NC_003566, NC_003561, NC_003564, NC_024457); MSV, Maize streak virus
(NC_001346); BGMV, Bean golden mosaic virus (NC_004042, NC_004043). Abbreviations: MP, movement protein; NSP, nuclear
shuttle protein; Rep/RepA, rolling circle replication initiation protein; SJR, single jelly roll capsid protein.

the helper viruses for transmission (13). The alphasatellites evolved from the Rep-encoding com-
ponents of the nanovirus genomes, whereas the second genomic component of bipartite gemi-
niviruses (DNA-B) could have originated from a satellite nucleic acid of unknown provenance
(135). Furthermore, the ultimate origin of eukaryotic Cressdnaviricota appears to be rooted in bac-
terial rolling-circle plasmids, and the diversity of these viruses apparently has been seeded on at
least two independent occasions (76). Phylogenetic analysis indicates that the two classes in the
phylum Cressdnaviricota, Repensiviricetes and Arfiviricetes (Figure 2), evolved from two subgroups
of related bacterial plasmids (76), implying that nanovirids and geminivirids are not monophyletic.
The transformation of a plasmid into a virus necessitated the acquisition of a CP-encoding gene.
Comparison of the CP structures has shown that CPs of different taxa within Cressdnaviricota
have closer homologs among +RNA viruses than among themselves. For instance, the CP of
geminivirids is most closely related to that of Satellite tobacco necrosis virus (65, 101), whereas
CPs of cruciviruses are most similar to CPs of tombusvirids (28, 167). Thus, eukaryotic ssDNA
viruses appear to have evolved from plasmids through the acquisition of reverse-transcribed CP
genes (potentially aided by RTs of endogenous reverse-transcribing viruses) from different groups
of RNA viruses (76). In the case of plant ssDNA viruses, the CPs are at the forefront of virus in-
teraction with the insect vectors. Accordingly, phylogenies of the geminivirid CPs mirror those of
their vector species far more closely than those of the host species (109).
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Remarkably, transformation of a plasmid into a virus is not a one-way street: Geminivirids
have apparently given rise to plasmids of phytoplasma (phloem-parasitic bacteria) by losing the
CP gene (76). Evolution of the ssDNA viruses is thus one of the most compelling manifestations
of tight evolutionary connections between viruses and capsidless MGEs, which appears to be a
general trend in virus evolution (97).

PLANT EVOLUTION SHAPES THE VIROME

The evolution of the green branch of the eukaryotic tree of life (Archeoplastida) included suc-
cessive emergence of the rhodophytes (red algae), glaucophytes, and chlorophytes and strepto-
phytes (green algae), lineages that split ∼1 billion years ago, and finally, a monophyletic lineage of
the land plants (Embryophytes) that appeared approximately 400 Mya (26, 27, 148). Apparently,
the land plants evolved from the Zygnematophyceae branch of freshwater green algae, which ac-
quired resistance to desiccation and shared wet terrestrial habitats with the earliest embryophytes,
the bryophytes (hornworts, liverworts, and mosses) (18). The evolutionary sequence within the
land plant branch that follows bryophytes includes lycophytes, ferns, gymnosperms (conifers),
and, finally, angiosperms (flowering plants with two major lineages, monocots and eudicots). The
angiosperms diversified greatly in the Early Cretaceous, 140–100 Mya, and flourished to domi-
nate the terrestrial phytosphere as grasses, herbs, shrubs, and trees (178). Virtually all agricultural
output consists of the flowering plants, from rice to potatoes to apples to oranges, whereas timber
production is based on both gymnosperm and angiosperm trees, and all of the flowering plants
host viruses.

What are the key evolutionary transitions in plant biology that are relevant to the formation
of the contemporary virome of the land plants? One obvious consequence of terrestrialization is
the switch from the aquatic to the soil/aerial lifestyle. From the virus perspective, this lifestyle
change means losing the benefits of the aquatic environment, which protects viruses outside the
infected host from desiccation and UV damage as well as promotes virus dissemination via diffu-
sion, convection, and currents. By contrast, even in the wet soil environment, passive transmission
of viruses between root systems of the host plants is very inefficient.

The land plant anatomy and cell architecture pose another set of limitations for plant-to-plant
transmission of viruses, be it leaving the infected plant or entering a new one. The first barrier
to virus penetration is the epidermal cuticle, a layer of insoluble lipid polymers, such as polyester
impregnated with hydrophobic waxes (144). There is simply no way for a virus to penetrate the
undamaged cuticle except through open stomata formed by guard cells and functioning in gas
exchange (53). Even if a virus manages to sneak through stomata into the leaf parenchyma, it
faces the thick and rigid cell walls made of crystalline cellulose and matrix polysaccharides (e.g.,
hemicelluloses and pectins). These cell walls are an ancient feature shared by green plants: Their
composition is nearly identical in a lineage of charophycean algae and land plants (152).

The multicellularity and complex vascular anatomy, which originated in land plants indepen-
dently of other organisms (26, 145), pose additional severe challenges to viruses. For successful
infection followed by plant-to-plant transmission, a virus must be able to move from cell to cell
and/or through the vascular tissue, a route lying through plasmodesmata interconnecting plant
cells and tissues. The Zygnematophyceae ancestors of land plants are unicellular or simple fila-
mentous algae that lack plasmodesmata. Therefore, these essential organelles evolved de novo to
mediate intercellular communications in land plants (14). Because the plasmodesmatal channels
are narrow and highly structured, they serve as checkpoints for smaller macromolecular complexes
and do not allow free passage of virions.
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Finally, at both the cellular and organismal levels, flowering plants possess potent innate
immune responses to pathogens, including viruses (15, 72, 111). The most powerful antiviral
acquired immune response in land plants is RNAi (6, 62). In brief, RNAi is based on the recog-
nition of abnormal (highly structured and/or overexpressed) virus RNA, generation of small
interfering RNAs (siRNAs) homologous to the virus genome, and inactivation of this genome
by the siRNA-guided Argonaute effector complex (40, 164). Importantly, induction of RNAi in
a single virus-infected plant cell triggers the amplification and systemic spread of the RNAi that
follows or precedes the virus spread (126).

Although it is difficult to assess the exact contributions of the cuticle, cell wall, and plasmod-
esmata and soil–aerial lifestyle and immunity to limitations in plant virome composition, one
outcome of these defenses is a strictly reinforced taboo: No bona fide dsDNA viruses are al-
lowed in land plants. This is in contrast to Chlorophyte algae where phycodnavirids with large
dsDNA flourish (see below). Furthermore, integrated leftovers of distant phycodnavirid relatives
are present in moss, implying that these fossilized viruses have infected algal ancestors of moss
(124). The reason for the banishment of phycodnavirids in land plants could be that plasmodes-
mata are impenetrable for the large virions or dsDNA. Unlike phycodnavirids that break the cell
walls via enzymatic digestion (177), none of the known viruses of land plants has this capacity.

However, what about small dsDNA viruses such as animal Papillomaviridae and Polyomaviridae?
Both papillomavirids and plant reverse-transcribing caulimovirids encapsidate ∼8-Kb circular ds-
DNA genomes into 40–55 nm icosahedral virions. The caulimovirids move cell to cell through
tubules formed by virus MPs, implying that small, papillomavirid-like dsDNA viruses could have
evolved a similar strategy. However, the host range of papillomavirids is limited to vertebrates,
where they are highly host-species specific and tissue restricted. Thus, a potential explanation
of their absence from plants could be that a virus transfer route from vertebrates to plants is
lacking.

The obvious follow-up question is how the extant, non-dsDNA viruses managed to prosper
in land plants using their limited genomic resources. One fundamental solution is to surrender
infectivity, i.e., virus transmission between cells and plants, altogether. This solution is employed
by cryptic viruses that cause no disease and survive by means of vertical transmission through seed
and pollen. This low-profile lifestyle is characteristic of minimalist persistent viruses (mitovirids,
partitivirids, and totivirids) (142, 143, 160). The persistent endornaviruses have larger genomes
and appear to represent a transition from the infectious lifestyle of their ancestors in the Alsu-
viricetes lineage to persistence (43).

However, the majority of the known groups of plant viruses evolved a more radical strategy, us-
ing invertebrates, fungi or protists, for vector-assisted penetration into and transmission between
plant cells and tissues. In particular, piercing–sucking insects deliver viruses by perforating the leaf
cuticle and epidermal or phloem cell walls with their stylets (10, 140). Likewise, soil-dwelling ec-
toparasitic nematodes deliver stylet-borne viruses into root cells (42). The virus transfer by fungal
or protist vectors into the root cells is achieved via encystment of zoospores that either absorb the
virus on their surface or internalize it (159).

As mentioned above, some viruses, for example, TMV, eschew vector transmission and rely on
stochastic mechanical transmission facilitated by the extreme environmental endurance of their
virions. Another, relatively small subset of plant viruses takes advantage of both horizontal (vectors
or mechanical) and vertical (seed or pollen) transmission, ensuring their long-term survival. This
dual strategy is particularly important for viruses infecting annual hosts (63).

In the next section, we discuss the interplay between host and virus evolution that shaped
the compositions of plant virus genomes and a dynamic contemporary plant virome, as well as
underlying evolutionary scenarios for major plant virus lineages.
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ORIGINS AND DIVERSIFICATION OF THE PLANT VIROME:
HORIZONTAL VIRUS TRANSFER AND VIRUS–VECTOR
ASSOCIATIONS

Phylogenomics is the foundation on which the virome evolution concepts and scenarios rest. For
Viridiplantae, our ability to reconstruct the path of viromes across time and hosts requires adequate
sampling.We know little about the viruses represented in most of the plant lineages (22, 129), with
the exception of angiosperms because of their importance to agriculture.Hopefully, the availability
of hundreds of transcriptomes covering the entire plant kingdom (Archaeplastida) will resolve
these big questions (148).

Taking stock of the known viruses of alga is essential. In Rhodophytes, the presence of dsRNA
totivirid-like entities was reported for two red macroalgal holobionts (103, 166); however, it is not
clear whether these viruses reproduce in algae or associated fungi.Our literature search for viruses
of glaucophytes yielded no hits.

The current insight into the virome of Chlorophyta is more advanced, and, so far, large dsDNA
viruses of the family Phycodnaviridae are found in a variety of marine picoplankton and freshwater
algae (185, 190). In addition, chlorophytes host small ssDNA viruses (8), a dsRNA reovirus (5),
dsRNA partitivirus-like, capsidless replicons (83, 84), and, potentially, a few other dsRNA viruses
(129).

We know discouragingly little about the virome of Streptophytae (Charophyta) algae that include
zygnematophycean ancestors of land plants. Two very similar +RNA viruses related to benyvirids
of the flowering plants have been identified in Chara australis and freshwater metaviromes in
Canada (50, 188). In addition, three RdRPs apparently belonging to dsRNA viruses have been
detected in algal transcriptomes (129). Although deeper sampling of the zygnematophycean vi-
rome is needed, it seems extremely unlikely that its diversity will ever approach that of the land
plants. Indeed, the species richness, a key determinant of the virome diversity, is ∼100 times lower
in Zygnematophycea than in the vascular plants (61, 80). Therefore, it seems safe to assume that
the algal ancestors of vascular plants could not harbor the seeds of all virus diversity represented
in the extant land plants and rather served as a bottleneck in the virome evolution. Put another
way, it appears likely that a substantial part, if not most, of the land plant virome was not inherited
from the algal ancestors but was rather acquired via HVT from plant-associated organisms such
as invertebrates, fungi, and protists (35).

As radical as this claim might seem, it finds strong support in the phylogenomic analysis of the
rapidly growing data on the global virome and, in particular, the RNAviruses that are the dominant
component of the plant virome (88).One of the early realizations that plant virusesmight originate
from viruses of arthropods was concerned with −RNA viruses (34, 92).Most of these viruses have
a dual host range, i.e., they reproduce in both plants and vectors. Furthermore, the diversity of
plant viruses is a subset of the arthropod virus diversity: In RdRp phylogenetic trees, plant-specific
branches reside within a broader radiation of arthropod and arthropod/vertebrate viruses (110,
194). This same trend is prominent for both +RNA and dsRNA viruses in the phyla Lenarviricota,
Pisuviricota, Kitrinoviricota, and Duplornaviricota (173, 174, 194).

In addition to RdRP phylogeny, the invertebrate-to-plant HVT scenario for RNA viruses is
supported by general evolutionary considerations. Despite a considerable margin of uncertainty,
the current consensus is that plants started to colonize land somewhat earlier than invertebrates,
but together they proceeded to form a terrestrial ecosystem after ∼500Mya (79, 127, 165). At that
time, invertebrates had already diversified greatly in the aquatic environments before and during
the Cambrian explosion (195). Accordingly, most of the currently known large-scale RNA virus
diversity was likely present in aquatic invertebrates such as mollusks and crustaceans (173) and
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followed invertebrates to land. In contrast, vascular plants just started to emerge after ∼400 Mya,
going through their own Early Cretacean explosion when angiosperms flourished merely 140–
100Mya (178). Therefore, compared to flowering plants, invertebrates had a few hundred million
years’ head start to evolve their vast RNA virome, bring it to land, and share it with evolving land
plants.

The above scenario is also supported by partial analysis of the primitive plant transcriptomes,
which showed that the diversity of +RNA virus RdRPs grew along with land plant evolution from
mosses to angiosperms (129). Furthermore, virusMP gene transcripts were detected in lycophytes
but not in the more ancient mosses, pointing to gradual virus adaptation to the growing plant
complexity.

The composition of the extant biosphere is also in agreement with the evolutionary dominance
of the invertebrate RNA virome, the diversity of which is roughly proportional to the hosts’ species
richness. The terrestrial arthropods alone account for ∼7,000,000 species, far exceeding all other
land-dwelling eukaryotes combined (181), let alone vascular plants, which have only ∼300,000
species (80). Thus, plants are exposed to an enormous pool of invertebrate viruses that continu-
ously sample the entire ecological space associated with the lifestyles of their hosts.

The dominant plant virus vectors are insects, particularlyHemiptera (aphids,whiteflies,mealy-
bugs, leafhoppers, planthoppers), Thysanoptera (thrips), and Coleoptera (beetles), which transmit
+RNA, dsRNA, −RNA, ssDNA, and pararetroviruses (192). In addition, mites of the Arachnida
class of arthropods vector some of the +RNA and −RNA viruses (29, 47). Among the nonarthro-
pod invertebrates, nematodes transmit +RNA secovirids (42).

As discussed above, the evolutionary scenario for the plant −RNA viruses seems to be the
simplest: These viruses emerged from viruses of plant-feeding arthropods that acquired MPs
and assorted RNAi suppressors via, presumably, recombination with preexisting plant viruses
(Figure 3). Among these, plant tospovirids, fimovirids, and rhabdovirids (Cytorhabdovirus andNu-
cleorhabdovirus genera) appear to be the least plant specialized, possessing envelopes atypical for
plant virome (17, 29, 38, 193). The tenuiviruses (Phenuiviridae) made a step toward plantness by
losing envelopes and repurposing a membrane glycoprotein as an insect transmission factor (39,
118). Other envelopeless −RNA plant viruses, varicosaviruses (Rhabdoviridae) and aspivirids, are
transmitted by soil-dwelling fungi, raising the possibility that their origin is via trans-kingdom
HVT between fungi and plants (92).

The plant dsRNA reovirids also fit an insect-to-plant HVT scenario: They closely resemble
their animal cousins (except for having acquired MPs and RNAi suppressors), reproduce in their
hemipteran vectors, and reside within clades of insect reovirids (128, 189). Likewise, the +RNA
kitavirids appear to descend from arthropod negeviruses to which they are phylogenetically closer
than to any plant viruses of the classAlsuviricetes. Furthermore, kitavirids reproduce inmite vectors
and are enveloped, similar to negeviruses, but not to other plant viruses in this class (107, 186).

In contrast, most of the remaining plant +RNA viruses appear to be much more host special-
ized, departing from their animal kin to different degrees. The case in point is Alsuviricetes, a class
of the +RNA viruses that accounts for a large share of plant virome (Figure 1). Indeed, 9 of the
15 officially recognized families in this class are plant specific. Of these nine families, five harbor
viruses with rod-shaped and filamentous virions that are formed by rCP and fCP, respectively, the
two CP types historically believed to be plant-virus specific (33). That belief, however, predates
the recent discovery of many viruses of this class in insects, chelicerates, myriapods, crustaceans,
mollusks, and nematodes. Phylogenetic analysis of RdRPs of Alsuviricetes placed plant-specific
virus families, such as Bromoviridae, Closteroviridae, and Virgaviridae, deep within the radiation of
related invertebrate viruses, implying an ancestral relationship (173). Furthermore, the genomes
of three invertebrate viruses (Behai charybdis crab virus 1 and insect Hubei virga-like viruses 2
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Evolutionary scenarios for the origin of two lineages of plant RNA viruses, cytorhabdovirids (top) and secovirids (bottom). Genome maps
are not drawn to scale. Major evolutionary changes for each step are explained above the corresponding genome maps. Asterisks
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and 9) contained the rCP-encoding genes (but no MP genes), supporting rCP origin within the
invertebrate virome (173). The integrated copies of rCP genes were also excavated from several
fly genomes, implying the long-term presence of rCP-coding viruses in insects (81). Along the
same lines, the evolutionary origins of the fCP were traced to the −RNA viruses (2).

Furthermore, within the large order Tymovirales, plant and insect viruses intermix in theMac-
ulavirus genus (173). Even more damning is a tymovirid genus of plant marafiviruses, which can
reproduce in their insect vectors (67), likely an atavism going back to their arthropod-infecting an-
cestors. Collectively, phylogenomic analysis of the Alsuviricetes points to the evolutionary primacy
of invertebrate viruses over their plant-infecting offspring.

This same trend of plant virus taxa nesting within virus RdRP phylogenetic trees of animal/
invertebrate viruses is apparent in the classes Alassoviricetes (plant Ourmiavirus), Pisoniviricetes
(plant Secoviridae and Solemoviridae) (Figure 3), and Tolucaviricetes (plant Luteoviridae and
Tombusviridae) (173, 194).

A pertinent question concerning the nonpropagatively transmitted viruses discussed above is
how they acquire vector transmissibility upon switching to plant-only reproductionmode. Inmany
of these viruses, the virion is the only essential transmission determinant that is apparently re-
sponsible for the receptor binding in the vector stylet or midgut and/or for guiding virus from
the arthropod gut to salivary glands in the case of circulative transmission (9, 54, 140). Given the
high evolvability of the virus CPs, adaptation to the receptor binding appears to be a relatively low
evolutionary barrier for viruses to cross. In addition, many plant viruses employ helper compo-
nents/vector transmission factors, proteins that specifically function in bridging virions to vector
receptors (10).

Although an invertebrate-to-plant HVT scenario seems to be prevalent in plant virome for-
mation, distinct scenarios were also likely in action for several plant virus lineages. Thus, plant
partitivirids in theDuploviricetes class share the family with fungal viruses, implying possible HVT
from fungi (162).The ancestry of the class Stelpaviricetes, which includes a single plant virus family,
Potyviridae, is rather enigmatic, having no close relatives among animal viruses except the phyloge-
netic affinity with the astrovirid RdRP. Apart from the RdRP, potyvirids and astrovirids share only
homologous trypsin-like proteases that do not appear to form a clade. In addition, the potyvirids
encode fCP likely borrowed from other plant viruses, S2H related to those of flavivirids, and sev-
eral other proteins with unclear evolutionary provenance attesting to a highly mosaic origin of
the potyvirid genomes (49). It seems likely that the ancestors of potyvirids are lurking somewhere
waiting to be found, a possibility supported by recent discovery of plant “plastroviruses,” apparent
evolutionary intermediates between astrovirids and potyvirids (106).

An intriguing nuance relevant to the enigma of potyvirid ancestry is offered by the potyvirids
of the genus Bymovirus, which, along with benyvirids (Alsuviricetes), use plasmodiophorid protists
as vectors (159). Because these viruses and their proteins were found inside spores, they are likely
capable of reproducing within the vector cells (74, 119). Remarkably, plasmodiophorids and re-
lated phagomyxids are cosmopolitan eukaryotic parasites of diatoms, oomycetes, brown algae, and
land plants and are prone to cross-kingdom shifts between these diverse hosts (138). Such unusual
ecological mobility makes plasmodiophorids plausible vehicles of HVT from diverse aquatic pro-
tists to land plants, thus short-circuiting the need for invertebrate vectors. Indeed, diatoms and
other protists are known to host a relatively diverse RNA virome that is considered ancestral to
the vast RNA virome of invertebrates (35, 56).

Other striking departures from the invertebrate-to-plant HVT leitmotif are the evolutionary
scenarios for ssDNA geminivirids and nanovirids, starting with two related but distinct bacterial
plasmids and gradually evolving into plant-specific viruses (76). Their evolutionary paths in-
cluded acquisition of distinct SJR-CPs from +RNA viruses followed by the virion adaptation for
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Evolutionary scenario for the origin of plant ssDNA viruses. Geminivirids (top) and nanovirids (bottom) have evolved from two lineages
of related bacterial plasmids through acquisition of the genes encoding capsid proteins (SJR1-CP and SJR2-CP) from RNA viruses on
two independent occasions. The evolution of geminivirids has likely proceeded through a genomovirid-like ancestor infecting
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circulative, nonpropagative insect transmission, capture of the MPs from pre-existing plant
viruses, and, in the case of nanovirids, capture of the helper component from an unknown source
(Figure 4).

Yet other evolutionary scenarios have been in action for the plant Pararnavira. In particular,
theMetaviridae and Pseudoviridae are widely represented in diverse protists, fungi, and plants (95,
116). The wide spread of mostly noninfectious metavirids and pseudovirids (better known as LTR
retrotransposons) across eukaryotes implies their presence in the last eukaryotic common ancestor
(LECA), but their subsequent history involved extensive horizontal transfer, including between
plants and fungi (37, 146). By contrast, Caulimoviridae are limited to plants and Retroviridae to
animals, implying independent emergence from LTR retrotransposons (99). Thus, the evolution
of the infectious lifestyle of caulimovirids in plants has involved acquisition of MP and helper
components (10, 68) but no interkingdom HVT.

In conclusion, we need to consider the question of the ultimate origins of the genes defining
the plant virus lifestyle, including MPs, vector transmission factors, and RNAi suppressors. Al-
though there are examples of clear appropriation of the host proteins for virus transport (e.g.,
Hsp70 homolog of closterovirids) as well as some cases of likely duplication of virus genes (e.g.,
the S1H of the triple gene block movement module) (36, 187), the majority of the diverse MPs,
including the ubiquitous TMV 300-kDa-like MPs, have no detectable homologs outside plant
viruses (131). Likewise, no direct ancestors were identified for the virus transmission factors. It
seems likely that these proteins evolved by exaptation of other host or virus proteins followed by
rapid divergence erasing all traces of the ancestry. In the case of the MPs, the starting material
could be the host genes encoding proteins that possess cell-to-cell trafficking and RNA-binding
capacities, which are involved in plant development and antiparasite defense (114). Similar to the
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extremely diverse MPs and transmission factors, virus RNAi suppressors are typically virus-family
specific (23). Many of these proteins function by binding siRNAs and thus can be recruited from
some of the numerous RNA-binding proteins available from host and virus genomes (19, 104).
Alternatively, de novo evolution, which uses the recoding of preexisting genes or chimeric genes
arising through recombination, is also a distinct possibility (31).

EVOLUTION OF THE OVERLAPPING RNA VIROMES OF PLANTS,
FUNGI, AND ANIMALS

In this section, we present a brief overview of the relationships among the viromes of flowering
plants, animals, and fungi. The discovery of related RNA viruses in plants and animals was a ver-
itable sensation in the early days of virus genomics (3, 52, 73). Since then, it has become clear
that such relationships are a recurrent pattern in virus evolution that can be explained by HVT,
independent capture of homologous genes from hosts or other viruses, or long-term coevolution
with the hosts. The latter scenario implies a highly diverse virome in the LECA, given that plants
and opisthokonts (animals and fungi) share common ancestry only at a very early stage of eukary-
otic evolution (78). Distinguishing between these alternatives with confidence is difficult because
the inadequate virome sampling complicates assessment of the virus spread across the host taxa.
Nevertheless, for some groups of viruses, by combining the information on the depth of mixing
in phylogenetic trees, evolutionary scenarios, and the biology of the host relationships, the most
plausible route of evolution becomes apparent.

As emphasized in the previous section, a pervasive phylogenetic blending of animal and plant
viruses is observed among Orthornavirae (Figure 1), where the majority of the plant RNA virome
has likely evolved through HVT from a much more diverse invertebrate virome (Figure 5).

A contrasting RNA virome evolution paradigm is apparent between invertebrates (all prechor-
date metazoa) and vertebrates. All major lineages of metazoa diversified in the Ediacaran era
∼600 Mya (151). Furthermore, the jawed vertebrates that make up more than 99% of modern
vertebrates started to diversify at least 420 Mya (11). Therefore, most of the animal lineages were
in place before animal terrestrialization or diversification of the flowering plants. Importantly, all
this animal diversity shared the marine habitat conducive to HVT where the early vertebrates
were continuously sampled by invertebrate viruses, forming the emerging vertebrate virome, and
vice versa.

Although the invertebrate virome appears to be much larger than that of vertebrates, all major
Orthornavirae lineages (except for Lenarviricota) are present in both invertebrates and early aquatic
jawed vertebrates (172, 173). The viromes of the successive lineages of the terrestrial vertebrates,
amphibians, reptiles, birds, and mammals show strong signals of coevolution with their respective
hosts reflected in monophyletic, host-specific clades in the RdRP phylogenetic trees (201). Thus,
following plausible multidirectional HVT during diversification of animals in the marine envi-
ronment, as well as more recent HVT events (e.g., from blood-sucking arthropods transmitting
arboviruses) (9, 201), the evolutionary scenario for vertebrates has a major virus–host coevolution
aspect (Figure 5).

The split between likely aquatic unicellular fungi and animals within the opisthokont super-
group occurred very early in eukaryote evolution (78). However, unlike marine animals that di-
versified greatly before coming to land, now-ubiquitous mycelial fungi flourished upon terrestri-
alization, reminiscent of the flowering plants (133, 180). According to the green scenario, land
colonization involved association of fungi with the algal ancestors of land plants, accompanied by
evolution of fungi capable of decomposing organic matter and cycling nutrients, resulting in a
tightly knitted phytomycobiome. Therefore, the evolutionary success of fungi and plants on land
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was mutually assured. During the course of terrestrial evolution, fungi diversified their lifestyles
from being plant parasites to being critical plant symbionts and saprophytes. In parallel, fungi
evolved associations with other organisms, including metazoa (133).

So far, the virome of the presumed ancient lineages of marine fungi remains largely unexplored,
whereas in the terrestrial fungi, most of the available data deal with plant-associated fungi (48,
122, 137). Despite these limitations, significant aspects of mycovirus diversity are apparent. One
striking feature of the fungal virome shared with the plant virome is the complete absence of the
dsDNA mycoviruses. The possible factors explaining this similarity include the fungal chitinous
cell walls that block virus entry and the apparent lack of the virus-vectoring organisms that would
surmount this barrier (35). Accordingly, the majority of the mycoviruses possess no extracellular
infectivity and are transmitted vertically or through anastomosis (48). Another claim to originality
is the unusual richness of the fungal virome in mycovirus-dominated dsRNA virus families in the
classes Chrymoviricetes (totivirids, chrysovirids, quadrivirids, megabirnavirids) and Duploviricetes
(partitivirids, amalgavirids). In addition, there is a propensity of fungi to hosting the capsidless
viruses (mitovirids, narnavirids, amalgavirids, hypovirids, deltaflexivirids) (48, 86).

Despite the unexpected recent discoveries of the fungal−RNAmymonavirids (71) and unusual,
extracellularly transmissible ssDNA genomovirid (98, 197), the rest of the fungal virome appears
to be borrowed from fungus-associated organisms, often plants. Indeed, some mycovirus families
are derived from plant viruses losing or repurposing their MPs and CPs in adaptation to fungal
hosts (162). Thus, fungal Deltaflexiviridae and Gammaflexiviridae are derivatives of plant alpha-
and betaflexivirids acquired via interkingdom HVT, whereas the presumed hypovirid ancestor is
related to potyvirids (24, 48).

The plant-to-fungus HVT is, however, bidirectional, with plant-specific mitovirids and
partitivirids likely resulting from fungus-to-plant HVT (Figure 5) (141, 142, 162). In the cases
of botourmiavirids and endornavirids, the HVT direction is uncertain with present sampling.
Many fungi are also associated with diverse animals (133), suggesting a strong potential for HVT
between these organisms (Figure 5) (93, 113, 136).

A hypothetical coarse-grained network of some major HVT and vertical RNA virus–host co-
evolution pathways is presented in Figure 5. This network starts with bacteria that possess two
RNA virus families,Leviviridae and Cystoviridae, which spawned Lenarviricota and, potentially,Du-
plornaviricota lineages of eukaryotic viruses, respectively. It has also been suggested that RTs from
bacterial group II introns might have evolved into RdRPs of RNA viruses (194). The next step
in eukaryotic RNA virus diversification occurred in ancient protists, contemporary progenitors of
which host a relatively diverse RNA virome that, in turn, could have seeded explosive RNA virus
diversification in the invertebrates (35). In addition to expanding then existing Riboviria lineages,
the new lineages of Negarnaviricota, Alsuviricetes, Flasuviricetes, and Nidovirales were apparently
conceived at that time (Figure 5).

Following its inflation, the invertebrate RNA virome served as a vast pool from which viromes
of land plants, fungi, and vertebrates have drawn generously (35, 162, 201). However preliminary,
this network provides a cornerstone to a future complete picture of eukaryotic virus evolution
achievable with comprehensive sampling of eukaryotes for viruses.

CONCLUDING REMARKS

The plant virome covers two of the four realms of viruses, with the dramatic exception of the
two dsDNA virus realms. Most likely, the exclusion of the dsDNA viruses that dominate the algal
virome during the early evolution of plants is due to physical constraints, i.e., the inability of large
and even moderate-sized dsDNA to pass through the plasmodesmata. The lack of dsDNA viruses
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in plants is compensated for by the enormous diversification of +RNA viruses. Phylogenomic
analysis of plant viruses demonstrates extensive phylogenetic mixing between viruses within nu-
merous groups of RNA viruses as well as reverse-transcribing viruses. The plant virome appears
to have been shaped by the interplay of four major evolutionary processes: (a) inheritance of a rel-
atively small set of RNA and reverse-transcribing viruses from the algal ancestor, (b) acquisition
of diverse viruses via HVT from invertebrates and fungi, (c) de novo emergence of ssDNA viruses
(geminivirids and nanovirids) via recombination between plasmids and pre-existing RNA viruses,
and (d) within-plant diversification and adaptation of viruses acquired via each of the above three
routes.

Although plant viruses have been studied since the late nineteenth century, until the past decade
the investigation of the plant virome was almost entirely limited to viruses that cause diseases in
model and economically important plants. The advances of metaviromics have changed this situ-
ation dramatically by expanding the virome and revealing the abundance of noninfectious, symp-
tomless viruses, such as mitovirids, totivirids, partitivirids, and endornavirids. This rapid progress
in the characterization of the viromes of plants and other eukaryotes stimulated in-depth phy-
logenomic studies that revealed the evolutionary trends outlined above and led to the creation of
the all-encompassing megataxonomy of viruses. Despite these major developments, our current
understanding of the viromes of plants and other groups of organisms is still based on sampling a
small minority of the host diversity. However, representative sampling of the entire earth virome
could be achievable within one to two decades, showing whether or not our current evolutionary
reconstructions and megataxonomic schemes represent an accurate outline of the organization of
the virus world.
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