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Abstract

All viruses are obligatory parasites that must develop tight interactions with their hosts to complete
their infectious cycle. Viruses infecting plants share many structural and functional similarities with
those infecting other organisms, particularly animals and fungi. Quantitative data regarding their
evolutionary mechanisms — generation of variability by mutation and recombination, changes in
populations by selection and genetic drift- have been obtained only recently, and appear rather
similar to those measured for animal viruses.

This review presents an update of our knowledge of the phylogenetic and evolutionary
characteristics of plants viruses and their relation to their plant hosts, in comparison with viruses
infecting other organisms.
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1. Introduction

Whether viruses are really living entities or parasitic (symbiotic) organelles is still an open question,
and the recent discovery of giant viruses containing concomitantly DNA and RNA and encoding
key components of the protein translation apparatus (Raoult et al., 2004) has made things
apparently more confusing (Moreira and Lopez-Garcia, 2009; Raoult and Forterre, 2008 and
Correspondences thereafter). It is sometimes considered that viruses are the arbiters of life and that
only organisms that can be infected by a virus are living indeed. However, since viruses themselves
can sometimes be infected by smaller viruses (La Scola et al., 2008) or by satellites, the definition is
still open. Attempts to classify viruses like other forms of life using biological and morphological
criteria and name them with latin binomials were unsuccessful. Besides, although the first described
and later crystallized virus was the plant virus tobacco mosaic virus (TMV), connexions between
plant and animal virologists have been for a time so limited that the same acronyms were attributed
to totally different viruses, CMV for example meaning unambiguously cytomegalovirus for animal
virologists, and cucumber mosaic virus for plant virologists. The development of molecular biology
and characterization of the genome structure and function of many plant and animal viruses has
revealed many common features suggesting identical origins and evolution mechanisms to a certain
point, and allowing a common classification. However, plant and animal viruses have adapted to
differential constraints related to the host-pathogen interactions and dissemination mechanisms that
have shaped some features of the virus genomes. In this review, we will present an update of our
knowledge of the characteristics of plants viruses and their relation to their plant hosts, in
comparison with viruses infecting other organisms.

2. Taxonomy of plant viruses and relation with viruses infecting other hosts

2.1 Plant virus taxonomy

Since the first observations of plant viruses, their classification was made very challenging by their
obligate parasitism and high phenotypic variability and plasticity. The first tools developed, mostly
biological and serological, proved insufficient to distinguish unambiguously virus species and
establish relationships between viral isolates. The development of molecular techniques during the
last 30 years gave access to the genomic organization of viruses and sequence similarities between
viral genomes. Since their first molecular characterizations, viruses have appeared as particularly
variable in genome nature (DNA or RNA, single or double-stranded), organization and expression
mechanisms (Miller et al., 2007; Zaccomer et al., 1995). Polythetic criteria based on virion
morphology, molecular organization of the genome, percentage of sequence identity with known
viruses, biology... are now used to classify viruses into a single scheme that aims to “reflect their
evolutionary relationships, i.e. their individual phylogenies”, after the recommendations of the
International Committee for Taxonomy of Viruses (ICTV) (Table 1). In the 2005 ICTV report
(Fauquet et al., 2005) that described about 6000 virus species —all hosts included-, 3142 species
were simply “unassigned”, but thanks to the rapidly increasing number of sequences available, virus
taxonomy is rapidly evolving, and more and more “unassigned” viruses are getting included in
newly defined genera, families and orders. In 2005, three orders, only one of them, the
Mononegavirale (containing Monopartite Negative-stranded RNA viruses that appear to be
monophyletic) including plant viruses, were accepted. In 2009, the ICTV acknowledged 6 orders, 3
of which containing plant viruses (http://ictvonline.org/virusTaxonomy.asp?version=2009) (Table
1). Despite the striking biological differences between plant and animal viruses, molecular criteria
have established that many of them share similarities in genome organization considered as
consistent with virus phylogeny; they were originally assigned into “supergroups” or
“superfamilies” that do not have a recognized taxonomic status. For single-stranded RNA viruses,
two such supergroups, “picorna-like” and “alpha-like”, have been described for more than 15 years
(Goldbach and de Haan, 1994). With our view of viral diversity and phylogeny getting more
complete, more and more plant and animal viruses within these supergroups are now clustered into
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common orders and families (Table 1). Eighteen families containing plant viruses were accepted by
the ICTV in 2009 (Table 1); plant viruses are classified into circa 90 genera —the number is
continuously increasing-, containing from one to almost 200 species
(http://ictvonline.org/virusTaxonomy.asp?version=2009) (Table 1). Ten percent of the genera (vs.
20% in 2005) have not been assigned to any family so far.

Contrary to all cellular organisms and a majority of animal viruses, most plant viruses known so far
have a single-stranded RNA genome (Table 1). Strikingly, non reverse transcribing, double-
stranded DNA viruses that represent about 50% of the viruses infecting other kingdoms have never
been observed in plants. The lack of large dsDNA viruses in plants is usually explained by the
constraints related to the presence of cell walls in plant cells and the need for plant viruses to
migrate through plasmodesmata (see 4.1). Also, genome segmentation is much more common in
plant than in animal viruses (Fauquet et al., 2005a; Holmes 2009). However, the virion diameter
and genome size of the vertebrate-infecting dsDNA polyomaviridae (40-45 nm diameter; 5kpb) or
papillomaviridae (55 nm, 6.8-8.4 kb) do not exceed that of the plant-infecting fijiviruses (dSRNA,
65-70 nm, 29kbp in 10 segments) or tospoviruses (SSRNA(-), 80-110 nm, 17 kbp in 3 segments)
(Fauquet et al., 2005a). Genome size in RNA and ssDNA plant viruses is probably constrained not
only by encapsidation and migration limits, but also by the high mutation rate (see 3.1) that
threatens the maintenance of genetic information integrity in large genomes.

Many plant viruses are transmitted by insects, and sometimes multiply in both plant and insect
hosts, so it has been suggested that insect viruses were at the origin of some plant viruses (Morse,
1994). This concerns particularly the families Rhabdoviridae and Bunyaviridae (SSRNA-) that
include plant, insect and vertebrate-infecting members (Table 1). The dsRNA viruses Reoviridae
also multiply efficiently both in plants and insects.

Nevertheless some plant viruses, particularly cryptic viruses belonging to the family Partitiviridae
(latent dSRNA viruses that seem to be very common in plants) are more related to fungal viruses
(Roossinck, 2003; Roossinck, 2010). This concerns also the large dsSRNA endornaviruses that have
long been overlooked because they are usually asymptomatic but that appear to be quite common in
plants and fungi (Fukuhara et al., 2006). They might derive from defective sSRNA viruses (Gibbs et
al., 2000), and behave more like plasmids than true viruses, their genome being apparently neither
translated nor encapsidated (Fukuhara et al., 2006). Pseudoviridae found in plants, fungi and
invertebrate (Table 1), are more similar to retrotransposons than to infectious viruses.

The small ssDNA plant-infecting Geminiviridae and Nanoviridae share organizational and
functional homology with the vertebrate-infecting Circoviridae (Gibbs and Weiller, 1999;
Gronenborn, 2004; Vega-Rocha et al., 2007). Sequence data suggest that these viruses may descend
from phytoplasmal replicons (Krupovic et al., 2009), and that the vertebrate-infecting circoviruses
could have evolved from the plant-infecting nanoviruses (Gibbs and Weiller, 1999).

Viroids, the smallest infectious entities known so far, consisting of a small circular single-stranded
RNA (250-400 bases) that does not encode any protein but can replicate autonomously when
inoculated to a susceptible host, are known only in plants (Tsagris et al., 2008)

The number of existing virus species has long been grossly underestimated, as most studies
focussed on viruses affecting human or animal health, or causing damages in agronomically
important crops. The development of molecular techniques has increased our knowledge on virus
genomic organization and evolution, and allowed for a dramatic increase in the number of species
described. For plant viruses, in 1991 the 5™ ICTV report acknowledged less than 380 virus species,
whereas in the 8" report in 2004, more than 900 species were defined (cited from Rodoni, 2009).
Almost 90% of plant viruses known so far were first isolated from cultivated plants, or occasionally
agricultural weeds (Wren et al., 2006). Recent works on native weeds from Australia (Gibbs et al.,
2008a), or from wild plants in Oklahoma and Costa Rica indicate a high prevalence of virus-like
sequences (Muthukumar et al., 2009; Roossinck et al., 2010), usually unrelated to any symptom
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expression. Metagenomic approaches for viruses in different niches led to similar results for plant
and non-plant viruses (e.g Bench et al., 2005; Culley et al., 2003; Edwards and Rohwer, 2005).
Thus, the few thousands of known viruses may represent only a small percentage of total virus
diversity.

3. Mechanisms of evolution in plant viruses and their relative importance

3.1 Mechanisms of evolution:

The mechanisms of plant virus evolution appear to be the same as for all organisms (Roossinck,
1997), but their strength and relative importance may be somewhat different. Quantitative
estimations of their importance and evolutionary consequences have been obtained only recently
and still remain limited.

3.1.1 Mutation

Mutation rates are considered as very high in RNA viruses as a consequence of the lack of
proofreading activity of viral polymerases, and could be up to 10° times higher than that of their
hosts. Mutation rates have been estimated for an increasing number of animal and more recently
plant viruses, and range from 10° to 10™ mutations/nucleotide/replication cycle (Drake and
Holland, 1999; Duffy et al., 2008; Elena et al., 2008; Malpica et al., 2002; Roossinck, 2003;
Sanjuan et al., 2009; Sanjuan et al., 2010), and as high as 2.5 10 for viroids (Gago et al., 2009).
They are frequently being corrected in order to reduce methodological biases (Sanjuan et al., 2010).
Interestingly, estimated mutation rates for plant RNA viruses are in the lower side of the range
usually observed for animal riboviruses (Tromas and Elena, 2010; Sanjuan et al., 2010). Although
they use the polymerase of their host, sSDNA viruses appear to accumulate mutations at a frequency
similar to that of RNA viruses (Duffy and Holmes, 2008; Duffy and Holmes, 2009). The mutation
rate of viruses is close to the “error threshold”, set at approximately the reciprocal of the genome
size, beyond which the integrity of the genetic information is not maintained during replication
(Holmes, 2003). The high mutation rate generates a tremendous potential variability that is usually
considered as a way for RNA viruses to adapt to changing environments (Domingo and Holland,
1997). However, in the few plant virus systems studied most mutations are deleterious (Carrasco et
al., 2007; Sanjuan, 2010) and the direct relation between adaptative value and high mutation rate is
not obvious (Elena and Sanjuan, 2005; Garcia-Arenal and Fraile, 2003). The mutation rate of
viruses, bacteria and eukaryotes seems to decrease linearly with the increase in genome size
(Sanjuan et al., 2010), and it has been suggested that the emergence of replication fidelity
mechanisms was central to the evolution of complexity in the early history of life (Gago et al.,
2009).

3.1.2 Recombination

3.1.2.1 Acquisition of plant genes

Beyond the fact that viruses might have originated from modular assembly of eukaryotic or
bacterial genes (see below), sequence data indicate that some plant viruses have acquired host genes
relatively recently through horizontal transfer. As an example, all viruses in the family
Closteroviridae contain a homologue of heat shock protein 70 (Hsp70h) gene (Dolja et al., 2006).
This suggested that this acquisition took place early in the evolution of the family, as confirmed by
phylogenetic analyses (Dolja et al., 2006). Hsp proteins are highly conserved cellular chaperones
mostly associated with thermotolerance and cytoprotection in relation to apoptosis inhibition
(Gober et al., 2005). The only other viruses encoding Hsp70h are Herpes simplex virus 2 (HSP2)
(Gober et al., 2005), and the mimiviruses of the protozoan Acanthamoeba (Raoult et al., 2004).
Closterovirus Hsp70h is required for efficient virion assembly and cell-to-cell virus movement, but
contrary to plant or herpesvirus Hsp70, no ATPase-dependent chaperone activity was described and
the protein probably has no apoptosis modulatory activity (Gober et al., 2005).
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Other cellular genes present in plant virus genomes include homologues of AIkB proteins, involved
in the repair of DNA methylation damages in bacteria and eukaryotes. Sequence analyses indicated
that AIKB homologues are present in at least 22 positive-stranded plant RNA viruses (Bratlie and
Drablos, 2005) including most of the Flexiviridae, some Closteroviridae (Dolja et al., 2006) and
one unique member of the family Potyviridae infecting Rubus spp. (Susaimuthu et al., 2008).
Several viral AlkB proteins displayed RNA demethylation activity in vitro (van den Born et al.,
2008). Sequence comparisons revealed that viral AlkB clustered together, and were more related to
bacterial than to plant AIKB. Thus, the protein was probably acquired quite recently through
interkingdom horizontal gene transfer into a Flexiviridae, maybe from plant pathogenic or
symbiotic bacteria, and then disseminated horizontally via recombination between viruses (van den
Born et al., 2008). Since most AlkB-encoding viruses infect woody or perennial hosts, it has been
suggested that the RNA repair function of the protein could help to maintain genome integrity
during long-term infection of these hosts.

More recently, two other Potyviridae were shown to have acquired a cellular Maf/HAM1-like
pyrophosphatase (Mbanzibwa et al., 2009). HAM proteins act in bacterial or eukaryotic cells in
reducing mutagenesis by intercepting noncanonical nucleoside triphosphates. No other virus is
known to possess such proteins (Mbanzibwa et al., 2009).

Interestingly, what could be “recently acquired” host genes in plant viruses (since they are usually
present only in a few members of a viral family) are putatively involved in reducing mutation
and/or maintaining genome integrity and may constitute newly acquired viral weapons in the plant-
virus arm race.

3.1.2.2 Intra- or interspecific recombination

Intra- or interspecific recombination has long been overlooked in plant viruses. Its occurrence in
plant RNA viruses was demonstrated recently compared to animal viruses, in laboratory conditions
imposing high selection pressure (Bujarski and Kaesberg, 1986), and it was long thought that it had
only a very low frequency in natural conditions. However, phylogenetic analyses on a rapidly
increasing number of viral sequences have revealed intra- and interspecific recombination in several
genera of RNA viruses (Desbiez and Lecoq, 2004; Chare and Holmes, 2006; Valli et al., 2007).
Pseudorecombination, i.e reassortment of genomic segments, was also observed between viruses
with multipartite genomes, including cucumoviruses (Lin et al., 2004; Scott White et al., 1995),
even if its frequency in natural conditions appears low (Fraile et al., 1997). Stable intergenera
recombinants or reassortants yielded new virus species in some cases, €.g pea enation mosaic virus
(PEMV, stable reassortant between a polerovirus and an umbravirus) (de Zoeten and Skaf, 2001)
and poinsettia latent virus (PnLV, polemovirus, recombinant between a polerovirus and a
sobemovirus) [aus dem Siepen, 2005 #1165]. Recombinant isolates or viruses could display
different biological properties and sometimes higher agronomic impact compared to parental strains
(Desbiez and Lecog, 2004; Paalme et al., 2004; Pierrugues et al., 2007), but the role of their
recombinant nature on these characteristics has not been demonstrated. Intraspecific recombination
was detected in many RNA viruses, with or without apparent recombination hotspots (Moury et al.,
2006; Ohshima et al., 2007; Pagan and Holmes, 2010).

DNA viruses appear to be particularly recombination-prone. In experimental conditions where two
quasi-isogenic cauliflower mosaic virus (CaMV, genus Caulimovirus) variants were inoculated to a
plant, 60% recombinant progeny was observed 21 days after inoculation, and a per base and per
cycle recombination rate on the order of 2 to 4.10° was estimated (Froissart et al., 2005).
Interspecific recombinants are particularly common among Geminiviridae, and such recombinants
sometimes present a particularly high agronomical impact (Garcia-Andres et al., 2007a; Pita et al.,
2001). In experimental conditions, recombinants could be detected after 4 months of co-infection by
two viruses (Garcia-Andres et al., 2007b). Patterns of recombination “hotspots” or “coldspots”
appear to be conserved among ssDNA viruses (Lefeuvre et al., 2009), probably in relation to
constraints on protein structures and functions, and/or the replication mechanism of these viruses
(Lefeuvre et al., 2007).
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Recombination is supposed to play an important role in allowing genetic exchanges, thus creating
new genetic combinations with improved fitness (van der Walt et al., 2009) and/or limiting the
effects of the accumulation of deleterious mutations —known as Muller’s ratchet- in asexual
populations with high mutation rate and important genetic drift (Moury et al., 2006; Roossinck,
1997).

3.1.2.3 Viral integration into host genome

Viral integration into host genome was observed for several plant ssDNA or dsDNA-reverse
transcribing viruses (Bertsch et al., 2009; Harper et al., 2002). Begomovirus-related partial
sequences were detected in the genome of four Nicotiana species, but not in nine others, and appear
to result from two integration events during the speciation of Nicotiana (Ashby et al., 1997;
Bejarano et al., 1996). The most common integration events concern the family Caulimoviridae,
and Endogenous Pararetroviruses (EPRVSs) have been described in the last decades in an increasing
number of plant species (Bertsch et al., 2009; Harper et al., 2002; Staginnus and Richert-Pdggeler,
2006; Geering et al., 2010). Integrated sequences can be partial and non-infectious. For example,
partial sequences of the caulimovirus rice tungro bacilliform virus (RTBV) are found in the genome
of rice Oryza sativa and O. indica (Kunii et al., 2004). The sequences are incomplete and highly
reassorted, and are not known to induce any infection of the plants. In contrast, several members of
the Caulimoviridae that integrated into the genome of their host can be released and initiate
infection when activated by plant stress, as observed notably for banana streak virus (BSV) in Musa
after in vitro culture (Dallot et al., 2001; Staginnus and Richert-Pdggeler, 2006). Despite the risks
associated with EPRV activation, viral sequences might have been maintained in the plant genome
because they conferred a reduced susceptibility to infection with exogenous viruses (Bertsch et al.,
2009; Kunii et al., 2004; Staginnus and Richert-Pdggeler, 2006).

Phylogenetic analyses allowed to date some integration events back to the speciation of their hosts:
three integration events took place for RTBV during Oryza speciation (Kunii et al., 2004), whereas
multiple events of BSV integration happened during the speciation of the genus Musa (Gayral and
Iskra-Caruana, 2009).

3.2 Long-term evolution, speciation and molecular clock

Although no single protein seems to be monophyletic in all viruses, obvious sequence similarities in
the most essential proteins suggest a common origin at least within some groups. The tremendous
increase in viral sequences and analysis tools available allow analysing the phylogenic relationships
between viruses and the relative importance of the different mechanisms of evolution. The most
widely shared protein is the RNA-dependent RNA polymerase (RdRp) present in all sSRNA(+)
viruses that was used successfully to establish phylogenic relationships between these viruses
(Koonin, 1991; Koonin et al., 2009). Even if almost all viruses possess coat proteins (CP), these are
not monophyletic, even between viruses that share obvious similarities in genome organization. For
example, within the “picorna-like” supergroup of ssSRNA viruses (Goldbach and de Haan, 1994,
Koonin et al., 2009), the Potyviridae were excluded from the proposed Picornavirale order because
their coat protein forming rod-shaped particles is completely different molecularly and functionally
from the icosahedric CP of the order, and was probably acquired from an other origin (Le Gall et
al., 2008). Using the RdRp and RNA helicase sequences —for viruses that had such a helicase- a
phylogeny of the “picorna-like” supergroup was established. The strong correlation between host
and viral phylogeny between the major supergroups of eukaryotes suggested that viral evolution
began before the eukaryotic radiation (Koonin et al., 2009), thus dating virus appearance and
evolution to over a billion years ago. The different clades within the picorna-like are supposed to
have emerged by acquiring different proteins from eukaryotic, prokaryotic or bacteriophage origins
(Koonin et al., 2009). Within families of plant viruses, speciation was frequently related to high
genome plasticity: besides the “core” genome shared by all members of the family, a variable
number of genes of eukaryotic or unknown source were acquired by recombination and/or gene
duplication in the different species (Dolja et al., 2006; Valli et al., 2007; Martelli et al., 2007).
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Besides recombination, speciation was also achieved by progressive accumulation of mutations.
Recent works using time series of viral sequences have allowed estimating a time scale associated
with mutation fixation for an increasing number of plant viruses (for a review: see Gibbs et al.,
2010). The fixation rate was in the range of 10 to 10 mutations/site/year (Fargette et al., 2008;
Gibbs et al., 2008b; Pagan and Holmes, 2010). This contradicts earlier assumptions that since plant
viruses were not submitted to the high selection pressure imposed to animal viruses by their host’s
immune system, they would evolve much more slowly. Thus, like animal viruses, plant viruses
have “measurably evolving populations” (Drummond et al., 2003), and their evolutionary rates are
similar to those observed for some animal viruses (Jenkins et al., 2002; Holmes 2009; Gibbs et al.,
2010). For the potyviridae, luteoviridae and sobemoviruses, viral radiation was traced back to the
mid-Holocene and the beginning of agriculture (Fargette et al., 2008; Gibbs et al., 2008b; Gibbs et
al., 2010; Pagan and Holmes, 2010). Besides, several studies have shown that the extant populations
of different viral species are only decades to centuries old, reflecting an evolutionary burst related to
intensification of agricultural practices (Gibbs et al., 2010). Agriculture not only favours the spread
of viruses by increasing the concentration of the same plant genotype in one spot and allowing
long-distance dispersal of infected materials or contact between native infected plants and new
susceptible crops (Jones, 2009; Gibbs et al., 2010), but also implies a strong human-driven selection
different from the one of natural plant populations (Purugganan and Fuller, 2009). For human and
animal viruses, it is also supposed to have changed the burden of virus infection, by creating much
denser populations and enhancing contacts between humans and animals (Diamond, 2002);
however, contrary to plant viruses, there is no evidence yet from molecular clock analysis of human
viruses that their ancestry dates back from the beginning of agriculture (Holmes, 2009).

There is usually no strong correlation between viral phylogeny at the family or genus level and host
plant phylogeny: the host range of a single plant virus frequently includes hosts belonging to
different plant orders or even classes. This suggests an absence of co-evolution and easy switches in
viral host range inside the Angiospermae (Gibbs et al., 2008b). Tobamoviruses that display
congruent phylogenetic trees with their relative hosts were supposed to constitute an exception and
have radiated with their plant lineages, i.e 100 million years ago (Gibbs, 1999), but recent analyses
using coalescent methods suggest that their time of origin is rather within the last 100,000 years,
more similar to other viral genera or families (Pagan et al., 2010).

The ultimate criterion for demarcation of virus species now frequently relies on a threshold
percentage of identity in the whole sequence or on some particular protein(s) (Adams et al., 2005).
However the high frequency of interspecific recombination in some families (Fauquet et al., 2008;
Fauquet et al., 2005b) and the occasional presence of “clusters” of sequences close to the threshold
values between strains and species (Adams et al., 2005) reveal the limits of this method. The
taxonomic situation of viruses shares some similarity with that of bacteria, frequent gene transfers
making it difficult to find definitive criteria for species delimitation (Peix et al., 2009; Riley and
Lizotte-Waniewski, 2009).

4. Specific adaptation to plant host

Compared to animal viruses, plant viruses face two obvious constraints:

(1) the presence of cell walls in the hosts and the need to develop mechanisms allowing cell-to-cell
movement and long-distance migration through the phloem, and

(2) the requirement in most cases of an intermediate (usually a biotic “vector”) for plant-to-plant
horizontal transmission —a situation similar to animal arboviruses but different from many other
animal viruses-, due to the lack of movement of the host, the poor survival of viruses in the air or
water and their inability to enter intact cells to initiate infection.

Although lacking the huge adaptability of the vertebrate immune system, plants also display
efficient antiviral mechanisms and viruses have developed specific counter-defences.

4.1 Adaptation to plants: intra-plant movement
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Plant cells are delimited by cell walls and interconnected through plasmodesmata that allow a very
complex control of cell-to-cell exchanges (Maule, 2008). No plant virus has ever been observed to
synthesise lytic enzymes that would allow its direct passage through the cell walls. Thus, contrary
to animal viruses, plant viruses can not exit infected cells and move to adjacent ones by exocytosis
or by cell lysis. Cell-to-cell movement requires a virus-induced increase in the size exclusion limit
(SEL) of plasmodesmata. One or several viral proteins have been associated with movement in
plant viruses (Deom et al., 1992; Koonin et al., 1991). Movement proteins of different viral families
have low similarity, suggesting that such proteins have been acquired more than once during
evolution, maybe from plant proteins involved in structure/function of plasmodesmata (Roossinck,
2003). Viral movement proteins (MP) have been shown to interact with plant proteins involved in
molecular trafficking (Paape et al., 2006), and particularly with microtubules (Boyko et al., 2007).
Different viral MPs seem to have evolved separately to exploit distinct intracellular trafficking
pathways (Maule, 2008). Interestingly, an insect virus could replicate in barley protoplasts and
infect systemically transgenic plants expressing the movement protein of TMV but not wild-type
nontransgenics, showing that all functions required for the insect virus replication were supported
by the plant cell, and that movement only was the key factor limiting plant infection (Dasgupta et
al., 2001). The fact that some viruses are limited to phloem is usually regarded as a deficiency in
movement. However, although mutations in the read-through protein of phloem-limited potato
leafroll virus (PLRV, Polerovirus, family Luteoviridae) allowed the virus to infect all plant tissues,
compensatory mutations were observed after a few months of infection and the virus reverted to a
phloem limitation, indicating in this case a fitness cost associated with increased systemic
movement (Peter et al., 2009).

Recent data indicate that strong genetic bottlenecks leading to an important genetic drift can take
place during virus migration in plants (Elena et al., 2008). A small number of particles is involved
in the infection of each cell. The multiplicity of infection (MOI) was estimated to 1.5-6 for TMV
(Gonzalez-Jara et al., 2009), 5-6 for soil-borne wheat mosaic virus (Miyashita and Kishino, 2010)
and 2 to 13 for CaMV (Gutierrez et al., 2010). Theses values are similar to or slightly higher than
the MOI estimated for a few bacteriophages (MOI= 2 to 3) and one insect-infecting virus (MOI= 4
to 5) (cited by Gonzalez-Jara et al., 2009). For TMV and CaMV, the MOI changed during the
course of infection and decreased to 1 or 2 after a few days or weeks of infection. In experiments
using viruses tagged with fluorescent markers, infected tissues formed *“islands” exclusively
infected by one or the other clone of the same virus. Co-infections were observed only in a limited
number of cells in the contact zones between two islands (Dietrich and Maiss, 2003; Takahashi et
al., 2007) whereas in the case of two completely different viruses, multiple infection of the cells
was the rule (Dietrich and Maiss, 2003; Takahashi et al., 2007). The severe bottlenecks and/or low
MOI related to virus migration can lead to stochastic variations (French and Stenger, 2005) and/or
progressive differentiation along the branches or tiller of the host plant (French and Stenger, 2003;
French and Stenger, 2005; Jridi et al., 2006). The MOI and/or bottlenecks seem to depend on the
virus species. For wheat streak mosaic virus (WSMV, Tritimovirus) and TMV, the effective size of
population during migration was estimated to 4 and 2-20 virus particles respectively, resulting in
very severe bottlenecks (French and Stenger, 2003; Sacristan et al., 2003). For CaMV that presents
a relatively high MOI (up to 13) with an effective size of population of several hundreds of
genomes, the bottleneck was much more limited than in any other plant virus estimated so far
(Monsion et al., 2008). Narrow bottlenecks ought to induce strong genetic drift putatively resulting
in the accumulation of deleterious mutations through “Muller’s ratchet” (see 3.1.2.2), but it has
been suggested that bottlenecks during cell-to-cell movement of plant RNA viruses could help the
selection pressure to work on trans-acting genes or elements by rapidly isolating the adaptative
genomes from defective ones (Miyashita and Kishino, 2010). In the case of CaMV, the bottlenecks
appear to be less severe, but the very high recombination rate of the virus (Froissart et al., 2005)
might be another way to limit Muller’s ratchet.

Bottlenecks and genetic drift during within-host migration seem to be common in plant viruses;
they have also been observed at least occasionally in animal viruses, notably during the infection of
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mouse nervous system by poliovirus (Pfeiffer and Kirkegaard, 2006). It is not well known whether
the bottlenecks in plants or animals are primarily explained by a “tough-transit model” where
trafficking within the infected host is difficult for viruses, each particle having a very low
probability of success, or a “burned-bridge model” where the first few viruses to enter very quickly
trigger an antiviral state that limits the successful entry and spread of later viruses (Pfeiffer and
Kirkegaard, 2006).
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4.2 Vector transmission

4.2.1 Factors involved in transmission

A large majority of plant viruses are transmitted by vectors, mostly insects. The molecular
determinants for vector transmission have been well studied (Hogenhout et al., 2008; Ng and Falk,
2006; Sin et al., 2005). Besides the CP, “helper” proteins are involved in the vector transmissibility
of several viral genera (Pirone and Blanc, 1996). Helper proteins from different viral families do not
share structural similarity, suggesting independent evolutions. Helper proteins seem to act as
“bridges” allowing binding between the CP and receptors located in the vector mouthparts (Blanc et
al., 1997; Uzest et al., 2007). One advantage of the “helper” strategy for viruses could be a
reduction of the selection pressure for transmissibility, since deficiencies in transmission can be
easily trans-complemented by exogenous helper component (Froissart et al., 2002). Proteins or
molecular motifs required for vector transmission are sometimes dispensable for virus infectivity. In
tospoviruses that are among the rare enveloped plant viruses, the envelope is dispensable for plant
infection but necessary for vector transmission that requires a complex virus cycle in the thrips
vector (Nagata et al., 2000; Resende et al., 1991).

4.2.2 Modification of vector fitness and behaviour

Although the underlying mechanisms are not completely elucidated, viral infection in plants has
been shown to modify the fitness and behaviour of insect vectors. This trait presents an interesting
convergence with some arthropod-borne animal viruses that can manipulate the feeding behaviour
of their vector (for a review see Lefevre and Thomas, 2008). Viral infections have a wide range of
effects on insect growth, survival and fecundity, ranging from detrimental to highly improving on
these fitness parameters (Donaldson and Gratton, 2007; Hodge and Powell, 2008b). Indirect effects
can also derive from plant viral infection. Thrips larvae grow faster on plants infected by tomato
spotted wilt virus (TSWV, Tospovirus) (Belliure et al., 2008). Since large thrips larvae are less
susceptible than small ones to predators, this favours the survival of a larger number of vectors and
increases virus transmission (Belliure et al., 2008). In the PEMV/aphid/bean system, high parasitoid
pressure decreased the longevity of aphids vectoring PEMV, but the aphids tended to disperse more
efficiently to new hosts, increasing virus spread (Hodge and Powell, 2008a). Infection can also
increase the attractiveness of plants, thus improving virus transmission. Aphids showed a
preference for plants infected with Potyviridae or Luteoviridae (Eigenbrode et al., 2002; Fereres et
al., 1999). Infected plants frequently turn yellow and this colour is attractive for aphids whether
they are virus vectors or not (Hodge and Powell, 2008b) but besides, infected plants can emit
volatiles that are attractive for insects (Eigenbrode et al., 2002; Fereres et al., 1999). Multiple
infections by several viruses, a common situation in nature, can enhance the attractiveness of the
plants and the fecundity of the aphids compared to single infections or healthy plants (Srinivasan
and Alvarez, 2007).

It has been shown that infection of zucchini squash by CMV reduced greatly host-plant quality —
aphids performed poorly on infected plants and rapidly emigrated from them- but increased their
attractiveness by inducing elevated emissions of plant volatiles. This represents a striking example
of host manipulation by a virus resulting in increased transmission through modification of vector
behaviour (Mauck et al., 2010). Some effects of CMV on aphids may be related to the ability of the
viral 2b protein to disrupt the jasmonic acid (JA) pathway involved in plant resistance to insects
(Lewsey et al., 2010).

4.3 Evolutionary pressures during transmission

The ability to be transmitted exerts an obvious selection pressure on virus populations. Non-
transmissible isolates are not expected to spread efficiently, although such isolates can sometimes
develop epidemics at a moderate geographic scale, probably through assistance mechanisms with
transmissible strains or viruses (Hu et al., 1996; Yakoubi, Desbiez and Lecoq, unpublished). When
the selection pressure for vector transmissibility is lowered (repeated mechanical inoculations,
vegetative propagation of the host, long-term maintenance in insect cells for viruses that multiply in
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plants and insects), the virus often loses its vector transmissibility (Legavre et al., 1996; Pu et al.,
2011), indicating that the virus has to develop trade-offs between vector transmissibility and other
fitness traits. This was confirmed by works on barley stripe mosaic virus that can be transmitted
vertically or horizontally. When the virus was serially transmitted vertically or horizontally, its
efficiency for vertical or horizontal transmission, respectively, increased, but it decreased for the
alternative mode of transmission (Stewart et al., 2005). Constraints on genome evolution are
frequently tested by estimating the ratio o of non-synonymous (i.e amino-acid changing) to
synonymous substitution rates in coding sequences. A value close to =1 indicates neutrality, while
»<1 and close to 0 suggests strong purifying (negative) selection, i.e high evolutionary constraints.
Values o>1, indicating diversifying (positive) selection are rare in whole genes but can sometimes
be observed in individual codons. A strong negative selection is usually observed in genome
regions of plant or animal viruses involved in vector transmission (Chare and Holmes, 2004), but
positive selection was detected at amino-acid positions involved in aphid transmission of CMV
(Moury, 2004). Another important trait related to vector transmission is the fact that only a small
fraction of the virus population present in an infected plant is acquired and transmitted by the
vector. A strong bottleneck occurs at this step, potentially resulting in an important genetic drift (Ali
et al., 2006; Nolasco et al., 2008). Recent data on non-persistently aphid transmitted viruses have
revealed that as low as 1 to 2 infectious virus particles are transmitted on average by a single aphid (
Moury et al., 2007; Betancourt et al., 2008).

Vertical transmission of plant viruses can happen through seed transmission, although it is not very
common, most viruses failing to invade the embryo (Johansen et al., 1994). Vegetative propagation,
i.e asexual multiplication, is quite common in plants, and particularly in cultivated species,
compared to most animals, and is very favourable for viruses: virus transmission to the offspring
happens usually at 100% in this case, and the virus is already adapted to the progeny that has the
same genetic characteristics as the parent (Rice, 1983). In the case of a geminivirus, the infection
frequency of asexual host populations was much higher than in sexual populations, and the genetic
diversity of the virus, particularly in a region involved in host adaptation, was higher in sexual
populations (Ooi and Yahara, 1999).

We analysed the evolutionary constraints on the coat protein, involved in aphid transmission, of 30
potyviruses that are or are not transmitted vertically in natural conditions. At least 10 CP sequences
were aligned for each virus; putative recombinants were searched with GARD (Kosakovsky Pond et
al., 2006) and eliminated if needed. The average ® value for each virus was estimated with the
SLAC algorithm implemented in DATAMONKEY (Pond and Frost, 2005). The ® values ranged
from 0.066 to 0.321. There was no significant difference (p=0.115) between the average ® of
viruses transmitted horizontally only, or vertically by seed or by vegetative propagation of their
hosts, indicating no evidence of differences in constraints on the CP (data not shown).

The important generation of mutants during the replication of viral genomes has led to the
hypothesis that viral populations may function as quasispecies, i.e swarm of mutants centered on a
“master” sequence, with the selection pressures applying to the whole population rather than on
individual genomes (Eigen and Biebricher, 1988; Lauring and Andino, 2010; Manrubia et al.,
2005). In the case of plant viruses, since very severe bottlenecks apply at different steps of the virus
cycle, leading to an important genetic drift, it has been questioned whether the quasispecies concept
could really apply (French and Stenger, 2005; Jenkins et al., 2001; Smith et al., 1997).

4.4  Overcoming of plant virus resistance mechanisms

4.4.1 Major resistance genes

Even though plants lack the huge plasticity of vertebrate adaptative immune system, they have
developed very efficient virus control mechanisms, and viruses fight an evolutionary arm race with
their hosts. Plant defences based on gene-for-gene interaction between plants and viruses are similar
to what exists against fungal or bacterial pathogens, and present some similarity with innate
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immunity in vertebrates and insects (Nurnberger and Brunner, 2002). Any virus gene can be an
avirulence gene targeted by dominant resistance genes of the host (so far, mostly presenting the
same structure with Nucleotide binding site-Leucine rich repeats or NBS-LRR) (Kang et al., 2005;
Jones and Dangl, 2006; Moffett, 2009). Interaction between avirulence and resistance gene triggers
metabolic pathways leading to resistance (Kang et al., 2005; Jones and Dangl, 2006; Gomez et al.,
2009). Recessive resistance genes against viruses are until now more frequent than against other
pathogens. Recessive genes cloned so far belong to eukaryotic translation initiation complex (elF4E
or 4G) (for a review see Truniger and Aranda, 2009); resistance implies the loss of an interaction
between viral protein(s) and the translation complex that hinders the multiplication of the virus
(Léonard et al., 2000).

In spite of the high mutation rate and dispersion capacity of viruses (Garcia-Arenal and McDonald,
2003; McDonald and Linde, 2002), resistance genes against viruses are frequently more durable
than against other pathogens (Garcia-Arenal and McDonald, 2003). Since virus genome is very
compact and constrained, viruses, contrary to other plant pathogens, usually do not overcome
resistances by large deletions or translocations, but mostly by point mutations. The overcoming of
plant resistance genes by accumulation of point mutations, and the questions that it raises for virus
control, appear similar to the overcoming of antiviral drugs in animal or human viruses (Richman,
2006), even if, unfortunately, plant and animal virologists have for long developed few comparative
studies in this domain. Resistance breaking in plant viruses, or decreased susceptibility to antiviral
drugs for animal viruses (Cuevas et al., 2005; Paredes et al., 2009), frequently imposes a fitness cost
to viruses (Desbiez et al., 2003; Jenner et al., 2002; Janzac et al., 2010). Resistance durability is
related to the number and nature of the mutations necessary for resistance breaking (Harrison, 2002;
Fabre et al., 2009), but also to the constraints on virus avirulence factors (Janzac et al., 2009) and to
the cost associated to the mutations for resistance breaking and/or the evolutionary intermediates
leading to the resistance breaking variant (Fabre et al., 2009).

4.4.2 Gene silencing

Although gene silencing (or RNA inhibition, RNAI) is a very general phenomenon in eukaryotes —
and has recently earned the Nobel Prize to its discoverer in Caenorhabditis elegans-, it was first
observed and seems to be particularly important in plants as a way to control viruses (Obbard et al.,
2009). Double-stranded RNAs that represent the replicative forms of all RNA viruses are
recognized by the “Dicer” complex of plants and cut (‘diced’) into short 21-24 nucleotide long
fragments called short interfering RNAs (SiRNA or ViRNA). They are loaded into an effector
complex (RISC for RNA-induced silencing complex), leading to the specific degradation of viral
RNA (reviewed by Ding and Voinnet, 2007). In the plant-virus arms race, many viruses have
evolved to express viral suppressors of silencing. At least 50 inhibitors of silencing have been
identified from over 30 virus genera, both in plants and in animals (Li and Ding, 2006). Suppression
of the VIRNA pathway seems to be nearly universal in plant-RNA virus interactions (Ding and
Voinnet, 2007; Marée et al., 2000). Some plant viruses even encode several inhibitors of silencing,
notably citrus tristeza virus (CTV, closterovirus) encoding three inhibitors, among which the viral
coat protein, that exhibit distinct features in silencing suppression (Obbard et al., 2009).
Interestingly, silencing suppressors of different viral families have no structural similarity, even
when they have similar functions (Obbard et al., 2009), suggesting that they have evolved
independently and have only a functional homoplasy. An analysis of the evolutionary constraint (o
ratio) of genes from 17 closely related pairs of sSSRNA plant viruses revealed a significantly higher
o ratio for silencing inhibitors than for other genes, suggesting that diversifying selection applies on
these genes as a response to plant defence mechanism (Obbard et al., 2009).

5. Conclusion: evolution of plant viruses relative to their hosts
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Recent data on plant viruses indicate that they are submitted to multiple evolutionary pressures and
develop trade-offs between different fitness components. Plant viruses can be “generalists” like
CMV infecting more than 1000 species, or specialists like most potyviruses, each infecting a
limited number of species. Even in generalists, some strain specificity is usually observed and
adaptation to new hosts can have a fitness cost on alternative hosts (Elena et al., 2008; Wallis et al.,
2007). Viruses must also obey trade-offs between mutational robustness (i.e the fact that most
mutations are neutral regarding to fitness) and their ability to adapt to new environments, as
demonstrated for two viroids in mutagenic vs. non-mutagenic environments (Codoner et al., 2006;
Elena et al., 2008). The mode of transmission —horizontal vs. vertical- implies differences in virus-
host adaptation. An efficient vertical transmission requires that the plant has enough progeny with a
good viability to insure virus maintenance. In vertical vs. horizontal transmission experiments
involving brome streak mosaic virus (BSMV), vertically-transmitted viruses evolved towards lower
aggressiveness compared to horizontally-transmitted ones (Elena et al., 2008; Stewart et al., 2005).
Horizontally-transmitted viruses are also supposed to develop trade-offs between transmission
efficiency and duration of infection, even if experimental data remain scarce (for a review see
Froissart et al., 2010). Plants present different resistance mechanisms that can put selection
pressures on different steps of the virus cycle (van den Bosch et al., 2006). Interestingly, positive
selection and/or rapid evolution can be observed not only in viral genes involved in resistance-
breaking, but also in some plant components interacting with viruses, suggestive of a long-term
coevolutionary arms race (Charron et al., 2008). One common hypothesis regarding long-term plant
virus interactions is that they should evolve towards lowered aggressiveness, since reducing plant
longevity and growth is ultimately harmful for the virus. Symptom severity of plant viruses is
frequently poorly correlated with viral load (Sacristan and Garcia-Arenal, 2008); symptoms appear
as a deleterious side effect of virus infection, maybe in relation to virus-induced perturbations of the
silencing pathway (plant miRNA metabolism) and/or other pathways in infected plants (Shiboleth
et al., 2007). Plant tolerances, i.e high viral multiplication without symptoms, should be more
durable than resistances (Roy and Kirchner, 2000; Salomon, 1999), but the few experimental data
available do not always corroborate this assumptions (Desbiez et al., 2003). Data on natural
infections of wild plants and putative plant-virus co-evolution in the absence of anthropic pressure
are limited (for a review see Fraile and Garcia-Arenal, 2010), but the situations range from
completely asymptomatic to severely diseased plants showing typical symptoms of mosaics,
deformations, yellowing or stunting (Cooper and Jones, 2006; Poutaraud et al., 2004). In
experimental virus infections on wild plants, variable levels of partial resistance or tolerance were
observed, with a limited heritability (Carr et al., 2006); viral effects on plant fitness (measured as
viable offspring) were more important in situation of competition, i.e when the density of plants
was important (Pagan et al., 2009) and were modulated by the intrinsic characteristics and plasticity
of plant genotypes (Carr et al., 2006; Pagan et al., 2009). In natural grasslands of California, the
prevalence of generalist aphid-borne grass viruses was shown to be dependent of the host
composition of the environment, which they could sometimes modify by reducing the fitness of
infected plants (Power and Mitchell, 2004), but also, directly or through modification of host
composition, of herbivore grazing (Borer et al., 2009) or abiotic factors such as phosphorus
fertilization (Borer et al., 2010). Virus evolution is necessarily shaped by its obligate hosts, but the
impact of viruses on their vectors as well as on their host plants can vary tremendously, from highly
detrimental to neutral or even beneficial as improving vector growth or resistance to
hyperparasitism, or plant resistance to abiotic stresses (Marquez et al., 2007; Xu et al., 2008). This
highlights the multiple and complex range of interactions of plant viruses with their environment,
the different selection pressures they must adapt to, and their diverse impacts on the ecosystems.
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Table 1: Families and genera of viruses infecting plants

Order® Family/Subfamily® Genus® N“mt.’er(%f Envelope | Virion shape Genome siz€, Number of | Vector or .m"g)e of
species (in kilobases) components | transmission
dsDNA (no RT) | None
dsDNA (RT) No order Caulimoviridae Caulimovirus 8 - Icosahedral 8 1 Aphid
No order Caulimoviridae Cavemovirus 2 - Icosahedral/bacilliform 8 1 Vegetative propagation
No order Caulimoviridae Petuvirus 1 - Bacilliform 7.2 1 Vertical transmission, grafting
No order Caulimoviridae Soymovirus 3 - Icosahedral 8 1 Vegetative propagation
No order Caulimoviridae Badnavirus 18 - Bacilliform 7.2 1 Mealybyg or Iacebu_g or aphid,
vegetative propagation
No order Caulimoviridae Tungrovirus 1 - Bacilliform 8 1 Leafhopper
ssDNA No order Geminiviridae Begomovirus 196 - Double icosahedral 2.8 or 2x2.8 lor2 Whitefly
No order Geminiviridae Mastrevirus 14 - Double icosahedral 3 1 Leafhopper
No order Geminiviridae Curtovirus 7 - Double icosahedral 3 1 Leathopper
No order Geminiviridae Topocuvirus 1 - Double icosahedral 3 1 Treehopper
No order Nanoviridae Nanovirus 3 - Icosahedral (6t09) 6t09 Aphid
No order Nanoviridae Babuvirus 3 - Icosahedral 6 6 Aphid
dsRNA No order Partitiviridae (F) Alphacryptovirus 16 - Icosahedral 2+1.7 2 Vertical transmission
No order Partitiviridae (F) Betacryptovirus 4 - Icosahedral 22+21 2 Vertical transmission
No order I(?Vei)\lél)rldae/Splnareovmnae Fijivirus (1) 8 - Icosahedral (29) 10 Planthopper
No order Reoviridae/Sedoreovirinae (V,I) | Phytoreovirus (1) 3 - Icosahedral (24) 12 Leafhopper
No order I(?Vei)\lél)rldae/Splnareovmnae Oryzavirus (I) 2 - Icosahedral (26) 10 Planthopper
No order Endornaviridae (F) Endornavirus (F) 6 - - 14-18 1 Vertical transmission
ssSRNA(RT) No order Pseudoviridae (1,F) Pseudovirus (F) 20 - Icosahedral 5-6 1 Vertical transmission
No order Pseudoviridae (I,F) Sirevirus 5 - Icosahedral 9 1 Vertical transmission
No order Metaviridae (I,F) Metavirus (I,F) 21 - Sphericalfirregular® 41010 Vertical transmission
SSRNA- Mononegavirale (V,I,F) Rhabdoviridae (V,1) Cytorhabdovirus (1) 9 Enveloped 13 1 Aphid or leafhopper
Mononegavirale (V,I,F) Rhabdoviridae (V,1) Nucleorhabdovirus (1) 9 Enveloped 12 to 14 1 Aphid or leafhopper
No order Bunyaviridae (V,1) Tospovirus (1) 8 + Enveloped 8.9+4.8+3 3 Thrips
No order Ophioviridae Ophiovirus 6 - Filamentous (11.3) to (12.5) 3or4 Soil fungus
No order No family Varicosavirus 1 - Rod shaped 6.8+6.1 2 Soil fungus
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No order No family Tenuivirus (1) 6 Filamentous 17) 4106 Planthopper

SSRNA+ Picornavirale (V,I,F) Secoviridae Sequivirus 3 Icosahedral 10 1 Aphid (with assistant virus)
Picornavirale (V,I,F) Secoviridae Waikavirus 3 Icosahedral 12 1 Aphid or leafhopper
Picornavirale (V,I,F) Secoviridae/Comovirinae Comovirus 15 Icosahedral 5.9+3.5 2 Beetle, seed
Picornavirale (V,I,F) Secoviridae/Comovirinae Fabavirus 4 Icosahedral 5.8+3.4 2 Aphid
Picornavirale (V,I,F) Secoviridae/Comovirinae Nepovirus 34 Icosahedral 8+4 2 Nematode, seed
Picornavirale (V,I,F) Secoviridae Sadwavirus 1 Icosahedral 6.8+5.4 2 Nematode or aphid, seed
Picornavirale (V,I,F) Secoviridae Cheravirus 3 Icosahedral 6.8+3.3 2 Nematode, seed
Picornavirale (V,I,F) Secoviridae Torradovirus 2 Icosahedral 7.8+5.3 2 Whitefly
Tymovirales (F) Tymoviridae Tymovirus 25 Icosahedral 6.3 1 Mechanical
Tymovirales (F) Tymoviridae Marafivirus 4 Icosahedral 6.3-6.5 1 Grafting, leafhopper
Tymovirales (F) Tymoviridae Maculavirus 1 Icosahedral 7.5 1 Grafting
Tymovirales (F) Alphaflexiviridae (F) Potexvirus 35 Flexuous 6t07 1 Mechanical, seed
Tymovirales (F) Alphaflexiviridae (F) Mandarivirus 1 Flexuous 7.5 1 Mechanical, grafting
Tymovirales (F) Alphaflexiviridae (F) Allexivirus 8 Flexuous 9 1 Mite
Tymovirales (F) Alphaflexiviridae (F) Lolavirus 1 Flexuous 7.6 Mechanical, aphid
Tymovirales (F) Betaflexiviridae Carlavirus 43 Flexuous 7.5 1 Aphid or whitefly, mechanical
Tymovirales (F) Betaflexiviridae Foveavirus 4 Flexuous 9 1 Grafting
Tymovirales (F) Betaflexiviridae Capillovirus 2 Flexuous 6.5t07.5 1 Grafting
Tymovirales (F) Betaflexiviridae Vitivirus 6 Flexuous 7.6 1 Mealybug
Tymovirales (F) Betaflexiviridae Trichovirus 5 Flexuous 7.5 1 Mechanical, grafting, mite
Tymovirales (F) Betaflexiviridae Citrivirus 1 Flexuous 8.7 1 Grafting
No order Potyviridae Potyvirus 143 Flexuous 10 1 Aphid, seed®
No order Potyviridae Ipomovirus 4 Flexuous 10 1 Whitefly
No order Potyviridae Macluravirus 6 Flexuous Not determined 1 Aphid
No order Potyviridae Rymovirus 3 Flexuous 10 1 Mite
No order Potyviridae Tritimovirus 4 Flexuous 10 1 Mite
No order Potyviridae Bymovirus 6 Flexuous 8+4 2 Soil fungus
No order Potyviridae Brambyvirus 1 Flexuous 10.8 1 Unknown
No order Luteoviridae Luteovirus 6 Icosahedral 5t06 1 Aphid
No order Luteoviridae Polerovirus 13 Icosahedral 5t06 1 Aphid
No order Luteoviridae Enamovirus 1 Icosahedral 5.7+4.2 Aphid
No order Tombusviridae Dianthovirus 3 Icosahedral 3.9+15 2 Soil fungus or nematode, mechanical
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No order Tombusviridae Tombusvirus 17 Icosahedral 4.7 1 Soil fungus, mechanical

No order Tombusviridae Aureusvirus 4 Icosahedral 4.4 1 Soil, mechanical

No order Tombusviridae Avenavirus 1 Icosahedral 4.1 1 Mechanical

No order Tombusviridae Carmovirus 16 Icosahedral 4 1 Mechanical, soil fungus or

beetle, seed

No order Tombusviridae Necrovirus 7 Icosahedral 3.8 1 Soil fungus, mechanical

No order Tombusviridae Panicovirus 1 Icosahedral 4.3 1 Mechanical

No order Tombusviridae Machlomovirus 1 Icosahedral 4,4 1 Mechanical

No order Bromoviridae Alfamovirus 1 Several sizes 3.6+2.6+2 3 Aphid, seed, mechanical

No order Bromoviridae Bromovirus 6 Icosahedral 3.2+2.9+2.1 3 Mechanical, aphid or beetle

No order Bromoviridae Cucumovirus 3 Icosahedral 3.4+3+2.2 3 Aphid, seed

No order Bromoviridae llarvirus 16 Icosahedral 2.9+2.8+2.2 3 Mechanical, pollen, seed

No order Bromoviridae Oleavirus 1 Several sizes 3.1+2.7+2.4 3 Mechanical

No order Bromoviridae Anulavirus 1 Icosahedral 3.4+2.4+2.5 3 Mechanical, pollen

No order Closteroviridae Closterovirus 9 Flexuous 15.5 1 Aphid

No order Closteroviridae Crinivirus 12 Flexuous 8+7 2 Whitefly

No order Closteroviridae Ampelovirus 8 Flexuous 17-18 1 Mealybug

No order Virgaviridae Tobamovirus 25 Rod-shaped 6.4 1 Mechanical, seed

No order Virgaviridae Tobravirus 3 Rod-shaped 6.8+(1.8 t0 4.5) 2 Nematode, mechanical

No order Virgaviridae Hordeivirus 4 Rod-shaped 3.8+3.3+2.8 3 Mechanical, seed, pollen

No order Virgaviridae Furovirus 5 Rod-shaped 7+3.6 2 Soil fungus, seed

No order Virgaviridae Pomovirus 4 Rod-shaped 5.8+3.5+3 3 Soil fungus

No order Virgaviridae Pecluvirus 2 Rod-shaped 5.9+4.5 2 Soil fungus, seed

No order No family Benyvirus 2 Rod-shaped 6.8+4.7 2 Soil fungus

No order No family Sobemovirus 13 Icosahedral 4.2 1 Mechanical, beetle

No order No family Cilevirus @ 1 Bacilliform 8.7+5 2 Mites

No order No family Qurmiavirus 3 several sizes 2.8+1+1 3 Mechanical

No order No family Umbravirus 7 - 4.5 1 Aphid (with assistant virus)

No order No family Idaeovirus 1 Icosahedral 5.5+2.2 2 Mechanical, pollen

No order No family Polemovirus © 1 Icosahedral 4.6 1 Vegetative propagation, graft
Viroids No order Pospiviroidae Pospiviroid 9 - 0.36 1 Vegetative propagation, aphid

No order Pospiviroidae Hostuviroid 1 - 0.3 1 Vegetative propagation

No order Pospiviroidae Cocadviroid 4 - 0.241t0 0.3 1 Vegetative propagation
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No order Pospiviroidae Apscaviroid 10 - - 0.3t0 0.36 1 Vegetative propagation
No order Pospiviroidae Coleviroid 3 - - 0.251t0 0.36 1 Vegetative propagation, seed
No order Avsunvidoidae Avsunviroid 1 - 0.25 1 Vegetative propagation
No order Avsunvidoidae Pelamoviroid 2 - 0.34t0 0.4 1 Vegetative propagation
No order Avsunvidoidae Elaviroid 1 - 0.33 1 Vegetative propagation

(a) Members of the order, family or genus infect vertebrates (V), insects (1) or fungi (F)

(b) As accepted by the ICTV in 2009

(c) Formation of intracellular virus-like particles (VLP) but their structure is not well known

(d) Considered as a sSSRNA(+) virus based on sequence similarities, but not proven (Locali-Fabris et al., 2006)
(e) Recombinant between a polerovirus and a sobemovirus (aus dem Siepen et al., 2005)

() In brackets: total size of the genome for segmented viruses

(9) Can involve only some species in the genus and/or only some hosts




