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SUMMARY

Taxonomy: Eggplant latent viroid (ELVA) is the only species of the genus Elaviroid (family
Avsunviroidae). All the viroids in the family Avsunviroidae contain hammerhead ribozymes
in the strands of both polarities, and are considered to replicate in the chloroplasts of infected
cells. This family includes two other genera: Avsunviroid and Pelamoviroid.

Physical properties: ELVd consists of a single-stranded, circular, non-coding RNA of 332-
335 nt that folds in a branched quasi-rod-like minimum free-energy conformation. RNAs of
complementary polarity exist in infected cells and are considered replication intermediates.
Plus (+) polarity is assigned arbitrarily to the strand that accumulates at a higher concentration
in infected tissues.

Host: To date, ELVd has only been shown to infect eggplant (Solanum melongena L.), the
species where it was discovered. A very narrow host range seems a common property in
members of the family Avsunviroidae.

Symptoms: ELVd infections of eggplants are apparently symptomless.

Transmission: ELVd is transmitted mechanically and by seed.

Useful website: http://subviral.med.uottawa.ca

INTRODUCTION

Viroids are infectious agents of higher plants that consist exclusively of circular, highly base-
paired, non-coding RNAs that, in the species known to date, range from 246 to 401 nt (Ding,
2009; Flores et al., 2005; Palukaitis, 2014). Most viroids induce disease, although some
apparently cause only symptomless infections. The more than 30 viroid species currently
accepted by the International Committee on Taxonomy of Viruses (Owens et al., 2012) are
classified in two families. Most currently known viroids belong to the family Pospiviroidae.
They all contain a characteristic central conserved region (CCR) around the center of their
molecules, when folded in their minimum free energy conformations. In contrast, Avocado
sunblotch viroid (ASBVd) (Symons, 1981), Peach latent mosaic viroid (PLMVdA) (Flores et
al., 2006; Hernandez and Flores, 1992), Chrysanthemum chlorotic mosaic viroid (CChMVd)
(Navarro and Flores, 1997), and Eggplant latent viroid (ELVd) (Fadda et al., 2003) lack a
CCR, but the strands of both polarities can form hammerhead ribozymes, which are active at
self-cleaving the RNAs. These four viroids are classified in the family Avsunviroidae (Flores

et al, 2000). ASBVd is the type member of this family and is classified in the genus
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Avsunviroid. PLMVd and CChMVd are included in the genus Pelamoviroid, while ELVd is
the sole species in the genus Elaviroid.

Viroids replicate through a rolling-circle mechanism with RNA intermediates (Branch
and Robertson, 1984). Viroids in the families Pospiviroidae and Avsunviroidae follow
slightly different variations of this mechanism called asymmetric and symmetric pathways,
depending on the existence of one or two symmetrical rolling circles. Members of
Pospiviroidae replicate through the asymmetric pathway in the nucleus of infected cells,
whereas members of Avsunviroidae do so through the symmetric pathway in chloroplasts
(Daros et al., 2006). During viroid replication, host DNA-dependent RNA polymerases
transcribe multimeric viroid RNAs (Hutchins et al., 1985; Miihlbach and Sénger, 1979;
Navarro et al., 2000; Spiesmacher ef al., 1983). Some of these intermediates are cleaved to
monomers either auto-catalytically through hammerhead ribozymes in the family
Avsunviroidae (Hutchins et al., 1986) or by a host type-III RNase in the family Pospiviroidae
(Gas et al., 2007). Finally, monomers are circularized by host DNA ligase 1 (family
Pospiviroidae) (Nohales et al., 2012a), or by a chloroplastic isoform of tRNA ligase (family
Avsunviroidae) (Nohales et al., 2012b).

Much of our knowledge about viroid biology derives from research into Potato spindle
tuber viroid (PSTVd) (Gross et al., 1978; Owens, 2007), the first viroid to be discovered
(Diener, 1971; Diener, 2003) and the type member of the family Pospiviroidae. Research into
this viroid family has also been facilitated by the many species within. In contrast, research
into the family Avsunviroidae has been made more difficult as it contains very few species,
and particularly due to their problematic (mostly ligneous) hosts. Viroids in the family
Avsunviroidae show an extremely narrow host range, which is restricted basically to the
species where they were discovered (avocado, peach, chrysanthemum or eggplant), or to some
related species (Fadda et al., 2003; Flores et al., 2000). Nevertheless, recent research has
shown that ELVd is possibly the friendliest experimental system in the family Avsunviroidae,
and substantial advances in RNA replication, processing and trafficking, and even some
biotechnological applications, have resulted from the experimental work that has employed
this viroid. Note that, according to current knowledge, ELVd cannot be strictly considered a
pathogen because ELVd-infected eggplants do not display noticeable symptoms. However,
research on this viroid is definitively helping to learn about a family that does include well-
defined pathogens. Not to mention that the term pathogen is not without controversy
(Casadevall and Pirofski, 2014; Pirofski and Casadevall, 2012). For those researchers

interested in viroid biology, or even in some basic RNA molecular biology aspects, who may
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consider adopting ELVd as one of their experimental systems, I have herein attempted to

review all current knowledge on this viroid.

ELVd DISCOVERY

In 1994, Fagoaga and collaborators published a survey of viroid and viroid-like agents in a
series of vegetable crop species typically grown in eastern and southern Spain, known to be
easily infected with vector-transmitted viruses (Fagoaga et al., 1994). Tissue samples
(symptomatic and asymptomatic) were collected at Servicio de Plantas de Vivero (Valencia,
Spain) and included 12 species in the families Fabaceae, Apiaceae, Brassicaceae,
Cucurbitaceae, Solanaceae and Amaranthaceae. Some samples that corresponded to eggplant
(Solanum melongena L.), squash (Cucurbita pepo L.) and tomato (Solanum lycopersicum L.)
were shown to be infected with Cucumber mosaic virus satellite RNA. Interestingly, two of
the 24 eggplant samples were shown to contain a viroid-like RNA. This was found in the
plants that belonged to the cultivar Sonja. Some other eggplant cultivars (Avan, Baluroi and
Bonica) were also analyzed in the survey, although with negative results with respect to this
viroid-like RNA (Fagoaga et al., 1994).

An analysis of the RNA preparations obtained from these two plants by sequential
polyacrylamide gel electrophoresis (PAGE) and silver staining revealed a likely circular
species that migrated similarly, but not exactly, as Chrysanthemum stunt viroid, and two
variants (CVd-la and CVd-Ib) of Citrus bent leaf viroid. Nuclease treatment confirmed this
species to be RNA. Fagoaga and collaborators used these RNA preparations to mechanically
inoculate new eggplants. They observed that most inoculated plants accumulated a circular
RNA, two months after inoculation, as revealed by sequential PAGE. However, no symptoms
were distinguished in these infected plants. Remarkably, hybridization analyses with probes
that represented the major viroid groups (ASBVd; Apple scar skin viroid; Citrus exocortis
viroid, CEVd; and Hop stunt viroid) gave negative results. Eggplant circular RNA was also
shown to poorly precipitate in 2 M LiCl. Taking together all these results, Fagoaga, Pina and
Duran-Vila considered the pathogen to be a new viroid and tentatively designated it eggplant

latent viroid (Fagoaga et al., 1994).

ELVd INFECTIVITY AND SYMPTOMS
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ELVd RNA was mechanically inoculated into some typical hosts of known viroids (tomato,
cucumber, chrysanthemum and citron) with negative results (Fagoaga et al., 1994). However,
ELVd infectivity has been demonstrated in a series of tested eggplant cultivars, all of which
remained symptomless (Fagoaga and Duran-Vila, 2003). Weekly observations of the growing
pattern, flower number and weight, and the number and appearance of fruits over three
months failed to reveal any symptom in infected eggplants (Fadda et al., 2003). Fig. 1 shows
leaves and flowers of mock-inoculated and ELVd-infected eggplants belonging to the cultivar
Black Beauty. No differences can be observed two months post-inoculation.

ELVd has been shown to be not only mechanically transmitted by cutting tools with a
55% efficiency, but also seed-transmitted with an efficiency of approximately 20% (Fadda et
al., 2003; Fagoaga and Duran-Vila, 2003). Seed treatment with 1% sodium hypochlorite did
not affect the seed transmission ratio, which indicates that this does not result from accidental

seedling inoculation with the remains of contaminated tissues during the germination process.

ELVd CLONING AND SEQUENCING

ELVd RNA preparations were obtained from mechanically inoculated eggplants that
belonged to the cultivar Redonda Morada and cDNAs synthesized by reverse transcription
and polymerase chain reaction (RT-PCR) by an approach that requires no prior sequence
knowledge (Navarro et al., 1996). Sequences from a partial ELVd clone were used to design a
pair of primers to amplify full-length viroid cDNAs by RT-PCR, which were cloned and
sequenced. These sequences were used to design a second pair of primers in a different region
of the molecule to amplify new full-length cDNAs, which were cloned and sequenced again
(Fadda et al., 2003). A total of ten full-length ELVd ¢cDNAs were sequenced by Fadda and
collaborators. The sequence analysis led to three interesting conclusions. First, the sequences
obtained with both pairs of primers were coherent with a circular RNA template, which
confirmed the anticipated conclusion based on electrophoretic migration (Fagoaga et al.,
1994). Second, only two of the 10 analyzed full-length sequences were identical, which
denoted a viroid species with high sequence variability. More specifically, ELVd sequence
variants were classified into four groups. Group I consisted of three variants of 335
nucleotides (nt), which shared more than 98% sequence identity. Group Il comprised three
other variants of 332, 333 and 334 nt, and once again, shared more than 98% identity. Group
I contained two variants of 335 nt, which were 98% identical. The last sequence (334 nt)

was included in Group IV. Representative sequences in each group were selected and named
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ELVd-1, 2, 3 and 4, respectively, and were deposited in GenBank (accession numbers
AJ536612, AJ536613, AJ536614 and AJ536615, respectively). Interestingly, the variants that
belonged to the different groups displayed rather low identity, despite them forming part of
the same species. Thus ELVd-1 was only 88% identical to ELVd-2, 3 or 4, ELVd-2 was 91%
identical to ELVd-3 or 4, and ELVd-3 was 92% identical to ELVd-4. All these sequence
variants had a guanine plus cytosine (G+C) content of 53-54%. Third and remarkably, all
these. sequence variants contained the conserved nucleotide residues and double stranded
elements that connect them to form hammerhead ribozyme structures in the strands of both
polarities (Fadda et al., 2003).

ELVd-2 was probably the most representative of the sequence variants that had been
obtained, because somehow it had intermediate properties. For this reason, ELVd-2 was
employed in almost all the subsequent experiments. However, ELVd-1 is the reference variant
of the 'species (Owens et al., 2012). Fig. 2 represents the sequence and the minimum free-
energy conformation of ELVd-2 obtained by the Mfold algorithm (Zuker, 2003). This is a
quasi-rod-like structure with two bifurcations (upper left and upper right hairpins) at both
ends. Most of the variability encountered in the other ELVd sequence variants was
accommodated in this conformation as compensatory mutations or covariations, which
suggested that this conformation, or something close, most likely exist in vivo (Fadda et al.,
2003). Giguere and collaborators experimentally determined the secondary structures of all
the species in the family Avsunviroidae by a selective 2’-hydroxyl acylation analyzed by
primer extension (SHAPE) approach. For ELVd, the analysis was done with the NCBI
reference sequence variant (NC 004728, which is ELVd-1, AJ536612). Both the + and —
strands were shown to fold in similar structures, composed of a relatively long rod-like central
domain, which ended with a three-way junction on the left and three (+ strand) or five-way (-
strand) junctions on the right (Giguere et al., 2014). The presence of MgCl, in the analysis did
not allow significant differences to be detected, which suggests that ELVd, as for ASBVd and
unlike PLMVd and CChMVd, lack a pseudoknot (Giguere et al., 2014).

The availability of cDNA clones facilitates ELVd detection in infected tissues. Fig. 3
shows a screening of a series of eggplants by northern blot hybridization. RNA was purified
from leaves of different plants and separated by denaturing PAGE (Fig. 3a). Then, RNAs
were transferred to a membrane and ELVd RNAs were detected by hybridization with a
radioactive probe of — polarity. Strong hybridization signals are detected in eggplants infected
with ELVd (Fig. 3b). This analysis also shows that the monomeric circular and linear ELVd

RNAs of + polarity are the forms reaching higher concentration in infected tissues.
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ELVd RIBOZYMES

The 'molecular characterization of ELVd showed that both viroid strands contained
hammerhead structures. Fadda and collaborators produced ELVd-2 monomeric transcripts of
both polarities, and observed that these transcripts spontaneously self-cleaved during the
transcription reactions and produced fragments whose size matched expectations according to
the theoretical cleavage sites of both ribozymes. When Fadda and collaborators purified the
uncleaved fractions of the monomeric transcripts and subjected them to an in vifro self-
cleavage reaction with absolutely no proteins, these transcripts self-cleaved again but only in
the presence of 5 mM MgCl,. A primer extension analysis of cleavage products confirmed the
theoretical ribozyme self-cleavage site (Fadda et al., 2003). ELVd-2 hammerhead ribozymes
are schematically represented in Fig. 2. They contain long helices I and stable helices III,
similarly to what occurs with PLMVd and CChMVd, in contrast to ASBVd ribozymes, which
self-cleave in dimeric molecules through the formation of double hammerhead structures
(Davies et al., 1991; Forster et al., 1988). Both ELVd hammerhead structures resemble each
other, which is quite common situation in ribozyme-containing pathogenic RNAs, and
suggests some kind of reverse-complement duplication of the domain in their evolutionary
origin.

The hammerhead ribozyme present in the ELVd strand of the + polarity displayed the
peculiarity that the cleavage site is preceded by trinucleotide AUA, which is absent in other
natural hammerhead structures. Carbonell and collaborators mutagenized this trinucleotide to
GUA, GUC and AUC (absent in natural hammerheads), and assayed self-cleavage in vitro at
the low Mg”" concentrations that exists in vivo. They found that all the mutant hammerhead
structures had a higher self-cleavage rate constant than the wild-type. Interestingly, the
hammerhead ribozyme with the AUC trinucleotide, displayed a remarkably high self-cleavage
rate constant. In contrast, the ELVd + wild-type ribozyme (AUA trinucleotide) showed
efficient self-cleavage during transcription compared to the mutants (GUA, GUC and AUC).
These results suggested that natural hammerheads have been evolutionary selected to function
co-transcriptionally (Carbonell et al, 2006). An efficient hammerhead ribozyme during
transcription, with low efficiency during the self-cleavage reaction after transcription, may
reflect a strategy to cleave the replication intermediates co-transcriptionally while protecting

the viroid progeny.
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ELVd TAXONOMIC STATUS

After the ELVd sequence was determined, the species was assigned to the family
Avsunviroidae (Fadda et al., 2003), given the presence of hammerhead ribozymes in both
polarity strands, and because the CCR was lacking, which is characteristic of family
Pospiviroidae members. The strict host range is also a property that is common in the family
(Flores et al., 2000). However, ELVd properties were somewhat intermediate between those
of ASBVd (the only species in the genus Avsunviroid), and those of PLMVd and CChMVd
that belong to the genus Pelamoviroid. The ELVd secondary structure was quasi-rod-like,
similarly to ASBVd. PLMVd and CChMVd had multi-branched conformations, which
included a kissing loop (Bussicre et al., 2000; Giguere et al., 2014). However, the ELVd
hammerhead structures had stable helices III, like those of the two last viroids, and unlike the
ASBVd hammerhead, which self-cleaved in dimeric molecules through the formation of
double hammerhead structures (Davies et al., 1991). In addition, ELVd G+C content was
high, like those of PLMVd and CChMVd, and unlike ASBVd. Due to these singular
properties, Fadda and collaborators proposed assigning ELVd to a new genus in the family
Avsunviroidae, and offered the name Elaviroid (Fadda et al., 2003). This genus was later
accepted by the ICTV, and ELVd remains its only species to date (Owens et al., 2012). The
assignment of ELVd to the family Avsunviroidae also implied that this viroid may replicate
and accumulate in plastids of infected plants since these are common properties of the other

viroids in the family (Flores et al., 2000).

ELVd REPLICATON

A northern blot hybridization analysis of the RNA preparations obtained from ELVd-infected
eggplants, using RNA probes of both polarities, showed that monomeric circular and linear
ELVd molecules of both polarities accumulated in infected tissues (Fadda et al., 2003).
Accumulation was not symmetrical and the RNAs of one of the polarities were more
abundant. This result served to assign the + polarity to this more abundant strand. In any case,
the presence of the monomeric circular ELVd RNA of the — polarity, the hallmark of the
symmetric pathway in the viroid rolling-circle replication mechanism (Branch and Robertson,
1984),, indicated that this viroid, like all the other members of the family Avsunviroidae,
followed this replication pathway (Fadda et al., 2003). In this pathway, the oligomeric RNAs

of both polarities are cleaved to monomers by hammerhead ribozymes during a reaction
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which, in vivo, can be assisted by host proteins (Daros and Flores, 2002). ELVd hammerhead
ribozymes are very active in vitro (Fadda et al., 2003), and apparently also in vivo because
only very small amounts of dimeric ELVd RNAs have been detected in eggplant infected
tissues (Martinez et al., 2009). In ASBVd, viroid RNAs have been proposed to be transcribed
by a nuclear-encoded RNA polymerase (NEP) of chloroplast localization (Navarro et al.,
2000). The NEP orthologue in eggplant may transcribe ELVd RNA strands, which would
subsequently self-cleave through the activity of the embedded hammerhead ribozymes to
yield monomeric RNAs with 5’-hydroxyl and 2°,3’-cyclic phosphodiester termini.

There has been some speculation over the years about the mechanism of
circularization during replication in Avsunviroidae (Flores et al., 2005; Navarro et al., 2012).
The monomeric linear intermediates with 5’-hydroxyl and 2°,3’-cyclic phosphodiester termini
that result from hammerhead self-cleavage can be circularized by a host RNA ligase.
However at that time, no such enzyme had been described in the chloroplast. An alternative
proposal was an RNA autocatalytic reaction, which had been shown to occur in PLMVd self-
cleavage monomers in the presence of magnesium, which produces a non-physiological 2°,5’-
phosphodiester bond (Coté and Perreault, 1997). Another proposal has been that the
hammerhead ribozyme would mediate the reverse (ligation) reaction by starting from self-
cleavage monomers. This reaction, which produces the physiological 3’,5’-phosphodiester
bond, has been shown in vitro with some hammerheads, but with poor efficiency (Canny et
al;2007; Nelson et al., 2005). In this context, Molina-Serrano and collaborators developed an
experimental system that consisted of transplastomic lines of the green alga Chlamydomonas
reinhardtii, which expressed viroid transcripts in the chloroplast under the control of the rbcL
promoter and the psaB terminator. A northern blot analysis of the RNA preparations purified
from C. reinhardtii cultures showed that, unlike the transcripts of a nuclear viroid (CEVd),
the transcripts of the viroids in the family Avsunviroidae generally processed efficiently in C.
reinhardtii chloroplasts (Molina-Serrano et al, 2007). However, no RNA-to-RNA
amplification of viroid RNA was detected. This experimental system was proposed to address
intriguing questions about viroid RNA processing, and particularly about the cellular factors
involved in cleavage and ligation (Molina-Serrano et al., 2007). It is worth noting that, of the
different viroids (ASBVd, CChMVd, ELVd and CEVd) tested in this work, ELVd was the
viroid whose transcripts processed more efficiently in the C. reinhardtii chloroplast with an
excellent yield of circular molecules.

By using this experimental system, Martinez and collaborators carried out a mutational

analysis of sequence and structural elements in the ELVd molecule involved in transcript
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processing in vivo in a chloroplastic context. A collection of insertion and deletion mutants
suggested that the only domain involved in cleavage was that of the hammerhead ribozyme,
but additional sequences were involved in ligation. More specifically, the results obtained
with ‘the two deletion mutants that cleaved efficiently, but showed defects in ligation,
suggested that a quasi-double-stranded structure in the central part of the molecule, which
contained the ligation site in an internal loop, would be involved in ligation (Martinez et al.,
2009). Incidentally, the control inoculations of all these mutants in the viroid natural host
(eggplant) revealed that this viroid admits certain insertions into the terminal loop of the
upper right hairpin with no loss of infectivity (Martinez et al., 2009). This raised the
possibility of tagging the viroid during infection for tracking and affinity purification. We are
currently investigating this possibility (Majer and Daros, unpublished results). Finally, based
on the ELVd circularization efficiency observed in C. reinhardtii chloroplast, Martinez and
collaborators concluded that a chloroplastic RNA ligase should be involved in the process
(Martinez et al., 2009).

Englert and collaborators demonstrated that Arabidopsis thaliana tRNA ligase, an
enzyme involved in nuclear tRNA maturation conserved in all eukaryotes (Abelson et al.,
1998), in addition to the nucleus, also localized in the cytoplasm and chloroplast (Englert et
al.,, 2007). Since this enzyme efficiently recognizes the 5’-hydroxyl and 2’°,3’-cyclic
phosphodiester RNA termini produced by hammerhead ribozymes, it became a good
candidate to mediate chloroplastic viroid circularization. To prove this hypothesis, Nohales
and collaborators cloned the chloroplastic isoform of eggplant tRNA ligase. An analysis of
the protein sequence with the ChloroP algorithm predicted an amino-terminal transit peptide
to the chloroplast for this protein (Nohales et al., 2012b). A recombinant version of the
protein was expressed in Escherichia coli and purified. Reactions in vitro with different ELVd
RNA transcripts demonstrated that this enzyme very efficiently circularized self-cleavage
monomeric ELVd RNA of the + polarity, which contained 5’-hydroxyl and 2’,3’-cyclic
phosphodiester ends. Interestingly, the enzyme did not circularize five other monomeric
ELVd + RNAs that contained the same terminal groups, but opened at positions different
from the ribozyme self-cleavage site. The enzyme has also been shown to efficiently
circularize the + and — self-cleavage monomeric RNAs of the four members of the family
Avsunviroidae (ASBVd, PLMVd, CChMVd and ELVd) (Nohales et al., 2012b). Finally, an in
vivo assay, in which dimeric ELVd and Coconut cadang-cadang viroid (Pospiviroidae)
transcripts were transitorily expressed in Nicotiana benthamiana plants, whose endogenous

tRNA ligase was silenced by virus-induced gene silencing, has supported the involvement of
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this enzyme in ELVd, but not Coconut cadang-cadang viroid, circularization (Nohales et al.,
2012b).

ELVd TRAFFIC

The initial molecular characterization of ELVd implied that this viroid could replicate and
accumulate in plastids, like other members of the family Avsunviroidae do. In fact, our own
observations of eggplant ELVd-infected tissues by in sifu hybridization with digoxigenin-
labeled RNA probes support the chloroplastic accumulation of this viroid (Marqués and
Daros, unpublished results). Exactly how members of the family Avsunviroidae reach plastids
has been an intriguing question for a long time (Daros et al., 2006), but in 2010 Gémez and
Pallas ' published the fascinating observation that a green fluorescent protein (GFP),
transitorily expressed in N. benthamiana tissues by Agrobacterium tumefaciens infiltration,
was translated in the chloroplast when ELVd sequences were fused at the 5’ untranslated
region (UTR) of messenger RNA (mRNA). More specifically, these authors inserted a
chimeric ELVd sequence that consisted of a fragment of the minus strand of ELVd-AJ536613
(position 54 to 267, note that the numbering of the minus strand goes backward), followed by
a fragment of the plus strand of ELVd-AJ536613 (position 54 to 261, including two
mutations) immediately upstream of the initiation codon of a fluorescent protein mRNA (see
GenBank accession number HM136583). This chimeric ELVd sequence contained neither an
alternative AUG in the frame with that of the GFP nor complete viroid ribozymes that may
mediate mRNA cleavage. An analysis of infiltrated tissues by laser scanning confocal
microscopy showed GFP fluorescence in chloroplasts, in contrast to the situation
(nucleocytoplasmic GFP fluorescence) in the control constructs in which the GFP mRNA
with no ELVd insertion was expressed (Gomez and Pallas, 2010b). A western blot analysis of
expressed GFP supported the fact that the ELVd chimeric sequence acted as a non-coding
RNA by mediating the transit of the whole mRNA to the chloroplast for the GFP translation
inside this organelle. Furthermore, ELVd-containing GFP mRNA was detected by RT-PCR in
the chloroplasts isolated from agroinfiltrated tissues (Gomez and Pallas, 2010b). Fig. 4 shows
the green and red fluorescence of N. benthamiana chloroplasts in which a GFP mRNAs, with
a chimeric ELVd in the leader sequence, was transiently expressed.

In a subsequent study, these same authors dissected the chimeric ELVd sequence
capable of mediating GFP mRNA import into the chloroplast. They found that the 110-nt-

long central fragment of their chimeric sequence was sufficient. Interestingly, although the
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left 108 nt and the right 112 nt fragments of the chimeric ELVd sequence were unable to
mediate mRNA import into the chloroplast, each one increased the efficiency of the process
when fused to the central fragment (Gémez and Pallds, 2010a). In another study, the same
authors repeated the observation of GFP mRNA translation in chloroplasts by inserting a full-
length ELVd of the + polarity (position 1 to 333 of AJ536613) into the 5> UTR (Gdémez and
Pallas, 2012b). On the basis of all these results, Gomez and Pallas proposed the existence of a
novel. plant signaling mechanism capable of regulating the selective import of nuclear
transcripts into chloroplasts. Alternatively to the pathway mediated by chloroplastic transit
peptides (Shi and Theg, 2013), the mRNAs of some proteins may contain the RNA elements
recognized by the same machinery which mediates ELVd translocation into chloroplasts.
Incidentally, members of Avsunviroidae may have evolved to take advantage of this pathway
in order to achieve import into the chloroplast to start replication (Goémez and Pallas, 2010a;
Gomez and Pallas, 2010b).

Gomez and Pallds also applied an ingenious experimental system based on Potato
virus X (PVX), which was previously used to demonstrate the nuclear targeting of PSTVd
(Abraitiene et al., 2008; Zhao et al., 2001), to analyze ELVd intracellular trafficking. This
system consisted of a recombinant version of PVX, which expresses GFP under the control of
coat protein (CP) subgenomic promoter (viral CP was expressed downstream of the genome
through a duplicated version of this same promoter). The GFP gene contains the intron [V2
derived from the potato (Solanum tuberosum L.) gene ST-LS1 and fluorescence can only be
detected if intron-containing GFP mRNA traffics into the nucleus for proper splicing.
Similarly to the previous work conducted with PSTVd (Abraitiene et al., 2008; Zhao et al.,
2001), Gomez and Pallas inserted a full-length monomeric ELVd-AJ536613 (from position 1
to 333) in + polarity orientation into the IV2 intron and infected N. benthamiana plants with
the transcripts of the resulting recombinant PVX clone. A few days after inoculation, GFP
fluorescence was detected in systemically infected leaves. This indicated that ELVd RNA
directs the cytoplasmic GFP transcript to the nucleus where the intron is efficiently removed
(Gomez and Pallas, 2012b). Moreover, dissection of the ELVd sequence in three regions (left,
from position 15 to 181; upper, from position 89 to 294; and right, from position 187 to 333)
indicated that the left region of the ELVd molecule sufficed to mediate GFP mRNA
trafficking into the nucleus (Gomez and Pallas, 2012b). This result added unexpected
complexity to ELVd intracellular trafficking, which could be general for all Avsunviroidae.

Upon entry to the host cell, ELVd would move from the cytoplasm to the nucleus to be
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subsequently delivered from the nucleus to chloroplasts, where this pathogenic RNA can
efficiently replicate and accumulate (Gomez and Pallas, 2012a; Gémez and Pallas, 2012b).

Finally at the tissue level, initial analyses have shown that ELVd is uniformly
distributed in the leaves, stems and fruits (skin and pulp) of infected plants (Fadda et al.,
2003).

ELVd-RELATED BIOTECHNOLOGICAL ASPECTS

First, plastids are organelles that have attracted a great deal of attention in plant
biotechnology. Given their prokaryotic evolutionary origin, rules to express recombinant
proteins are rather particular and larger accumulations have been achieved. Many important
reactions of the plant primary and secondary metabolism also occur in these organelles. Since
plastids are scarce in pollen, plastid transgenes can be more contained. The unique ability of
ELVd to mediate RNA import into the chloroplast (Gémez and Pallas, 2010b) may result in a
use for this viroid as a valuable tool to transport RNAs into this organelle for translation into
proteins of interest or for regulatory purposes. Second, two mutant versions of ELVd
hammerhead ribozymes of the + polarity, those that contain AUC and GUC trinucleotides
mstead of AUA preceding the self-cleavage site, display a remarkably high self-cleavage rate
constant (Carbonell et al., 2006), and could be a good starting point to build efficient frans-
cleaving devices at the low Mg2+ concentrations that exist in vivo. Third and finally, our
recent research has shown that the co-expression in E. coli of ELVd transcripts and the
chloroplastic isoform of eggplant tRNA ligase leads to the accumulation of large amounts of
the ELVd circular RNA. Insertion of an RNA of interest into some particular positions of the
ELVd molecule does not affect accumulation, which makes this approach an excellent system
to over-produce recombinant RNAs in E. coli cultures using ELVd as a scaffold (Daros et al.,

2014),
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LEGENDS TO THE FIGURES

Fig. 1 ELVd induce apparently symptomless infections in eggplant. Leaves and flowers of
mock-inoculated (left) and ELVd-infected eggplants (cv. Black Beauty). Picture was taken

two months after inoculation.

Fig. 2 Sequence of ELVd-2 (AJ536613) folded in the secondary structure of minimum free
energy predicted by Mfold. The domains of the + and — hammerhead ribozymes are
highlighted on yellow and orange backgrounds, respectively. Ribozyme cleavage sites are
indicated by arrowheads. The structures of the + and — ribozymes, represented in the Y-
shaped conformation supported by X-ray crystallography and NMR data, are also shown. In
these structures, black lines indicate the continuity of the nucleotide strands, black arrowheads
indicate self-cleavage sites, gray dashes and lines indicate base pairing, gray open squares
next to open triangles indicate Hoogsteen/sugar edge base pairing, and gray ellipses indicate

tertiary interactions between loops.

Fig. 3. Detection of ELVd RNA by molecular hybridization. Analysis of eggplant RNA
preparations by (a) denaturing PAGE followed by ethidium bromide staining, and (b)
northern blot hybridization using a ELVd radioactive probe of — polarity. The positions of the
monomeric circular (mc) and monomeric linear (ml) ELVd forms are indicated. Additional
hybridization bands correspond to oligomeric replication intermediates and degradation
products. This analysis shows that samples 1 to 8, 10 and 12 are infected with ELVd, whereas
9 and 11 remain non-infected. Lane M, RNA marker with the lengths of the different species

indicated on the left in nt.

Fig. 4. Laser scanning confocal microscopy image that shows N. benthamiana chloroplasts
exhibiting GFP fluorescence after infiltration with a construct that contains an ELVd chimeric
sequence at the 5° UTR, which facilitates GFP mRNA uptake by chloroplasts for translation.
Image provided by G.G. Gémez (IBMCP, Valencia, Spain).
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Fig. 1 ELVd apparently induce symptomless infections in eggplant. Leaves and flowers of mock-inoculated
(left) and ELVd-infected eggplants (cv. Black Beauty). Picture was taken two months after inoculation.
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Fig. 2 Sequence of ELVd-2 (AJ536613) folded in the secondary structure of minimum free energy predicted
by Mfold. The domains of the + and — hammerhead ribozymes are highlighted on yellow and orange
backgrounds, respectively. Ribozyme cleavage sites are indicated by arrowheads. The structures of the +
and — ribozymes, represented in the Y-shaped conformation supported by X-ray crystallography and NMR
data, are also shown. In these structures, black lines indicate the continuity of the nucleotide strands, black
arrowheads indicate self-cleavage sites, gray dashes and lines indicate base pairing, gray open squares next
to open triangles indicate Hoogsteen/sugar edge base pairing, and gray ellipses indicate tertiary interactions
between loops.
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Fig. 3. Detection of ELVd RNA by molecular hybridization. Analysis of eggplant RNA preparations by (a)
denaturing PAGE followed by ethidium bromide staining, and (b) Northern blot hybridization using a ELVd
radioactive probe of — polarity. The positions of the monomeric circular (mc) and monomeric linear (ml)
ELVd forms are indicated. Additional hybridization bands correspond to oligomeric replication intermediates
and degradation products. This analysis shows that samples 1 to 8, 10 and 12 are infected by ELVd,
whereas 9 and 11 remain non-infected. Lane M, RNA marker with the lengths of the different species
indicated on the left in nt.
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Fig. 4. Laser scanning confocal microscopy image that shows N. benthamiana chloroplasts exhibiting GFP
fluorescence after infiltration with a construct that contains an ELVd chimeric sequence at the 5" UTR, which
facilitates GFP mRNA uptake by chloroplasts for translation. Image provided by G.G. Gémez (IBMCP,
Valencia, Spain).
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