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ABSTRACT

The discovery of viroids about 45 years ago heralded a revolution in Biology: small
RN As comprising around 350 nt were found to be able to replicate autonomously —
and to incite diseases in certain plants— without encoding proteins, fundamental
properties discriminating these infectious agents from viruses. The initial focus on
the pathological effects usually accompanying infection by viroids soon shifted to
their molecular features —they are circular molecules that fold upon themselves
adopting compact secondary conformations— and then to how they manipulate their
hosts to be propagated. Replication of viroids —in the nucleus or chloroplasts
through a rolling-circle mechanism involving polymerization, cleavage and
circularization of RNA strands— dealt three surprises: i) certain RNA polymerases
are redirected to accept RNA instead of their DNA templates, ii) cleavage in
chloroplastic viroids is not mediated by host enzymes but by hammerhead
ribozymes, and iii) circularization in nuclear viroids is catalyzed by a DNA ligase
redirected to act upon RNA substrates. These enzymes (and ribozymes) are most
probably assisted by host proteins, including transcription factors and RNA
chaperones. Movement of viroids, first intracellularly and then to adjacent cells and

distal plant parts, has turned out to be a tightly regulated process in which specific
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RNA structural motifs play a crucial role. More recently, the advent of RNA silencing
has brought new views on how viroids may cause disease and on how their hosts
react to contain the infection; additionally, viroid infection may be restricted by other
mechanisms. Representing the lowest step on the biological size scale, viroids have
also attracted considerable interest to get a tentative picture of the essential

characteristics of the primitive replicons that populated the postulated RNA world.
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1. Introduction

Within the frame of the International Symposium sponsored by the Fundacion
Ramon Areces “Cell response to viral infection: search for new therapeutic targets” —
giving rise to this special issue of Virus Research— the present review is uncommon
in two aspects: it deals neither with viruses nor with animal systems, but with
viroids that infect plants. Despite this apparent dissonance, two reasons make us feel
that it may be of interest for readers. Firstly, discoveries in plant systems have
preceded and paved the way for subsequent research with great impact on animals
and humans. Cytology, genetics and, particularly, virology, are three excellent but
not exclusive examples. The agent of tobacco mosaic disease, tobacco mosaic virus
(TMV), was the first virus to be discovered (Beijerinck, 1898), opening the door to a
subcellular world populated by many other viruses infecting and frequently inciting
numerous diseases in all type of organisms. Moreover, the discovery of plant viroids,
and specially of potato spindle tuber viroid (PSTVd) (Diener, 1971, 1972), opened the
door to a subviral world and served as a reference for ensuing work that led to the
identification and characterization of a viroid-like pathogen, human hepatitis delta
virus (HDV) (Rizzetto et al., 1980; for a review see Flores et al., 2012a). And secondly,
as we will see, viroids parasitize their hosts —and the latter react to the infection—in
a unique manner that illustrates how versatile the interactions between cells and

their invaders can be.

2. Viroids: a brief account of fundamental concepts

Despite been discovered about 45 year ago (see for reviews Diener 2003; Ding,
2009; Di Serio et al., 2014; Flores et al., 2005; Gémez and Pallas, 2013; Kovalskaya and
Hammond, 2014; Palukaitis, 2014; Tsagris et al., 2008), viroids still require some
introduction for non-plant virologists. Even if their name evokes some kind of
degenerated viruses, viroids bear no structural, functional or evolutionary
relationship with viruses. We will first summarize here the singular properties of
viroids, and move then to describe the interactions with their hosts.

In a certain way viroids represent the border of life, since they are the smallest
biological entities endowed with autonomous replication in an appropriate

environment (a host cell) (Fig. 1), an aspect that has attracted much interest in the



frame of the origin and evolution of life on Earth (Diener, 1989, 1996; Flores et al.,
2014). From a physical standpoint, they are minuscule (about 250-400 nt) single-
stranded circular RNAs, this size being 4-7 fold smaller than that of the smallest
genome of an animal virus (HDV RNA), and approximately 20-fold smaller than that
of the genomic TMV RNA. Moreover, as a consequence of their high self-
complementary sequences, viroid RNAs fold upon themselves adopting compact
secondary structures (Fig. 1; see also Fig. 1 in Flores et al., 2014) that most likely
afford protection against endoribonucleases, the majority of which act upon single-
stranded RNAs (Gross et al., 1978; Flores et al., 2012b). Adoption of these compact
secondary structures is also facilitated by circularity, which additionally hampers
degradation catalyzed by exoribonucleases. Circularity would also impede
translation of potential viroid-encoded proteins, at least by the conventional
ribosome scanning mechanism demanding a 5’ terminus. Indeed, several lines of
evidence strongly support the view that viroids are non-protein-coding RNAs,
including the absence of open reading frames of a certain length conserved among
closely-related viroids (Gross et al., 1978; Haseloff and Symons, 1981), and the lack of
specific protein products both in different in vitro and in vivo translation systems —
from bacterial and eukaryotic origin primed with viroid RNAs— and in viroid-
infected plants (Conejero et al., 1979; Davies et al., 1974; Hall et al., 1974; Semancik et
al., 1977; for reviews see Flores et al., 2000; Diener, 2001). Therefore, as opposed to
viruses, which without exception code for proteins that mediate their replication,
trafficking and overcoming of host defensive barriers, viroids rely essentially on host
proteins and on some of their own RN A features to achieve these aims. The RNA of a
typical positive-stranded virus, like TMV, can be envisaged as a parasite of the cell
translation machinery: once released from the viral capsid, this RN A associates with
ribosomes to express the proteins it encodes. In contrast, the RNA of a viroid can be
regarded as a transcriptional parasite because, after entering the host cell, it must get
access to specific compartments and sequester enzymes (including RNA
polymerases) for replication.

The thermodynamically most stable structure —i.e., with the lowest free energy
content— predicted for the majority of the approximately 30 known viroids is a rod -

like conformation with a central conserved region (CCR) (Mcinnes and Symons,



1991) formed by two nucleotide stretches each located in the upper and lower
strands (for a review see Flores et al., 2012b) (see Fig. 1 in Flores et al., 2014). There is
biochemical/ biophysical evidence supporting that this in silico conformation, or
minor variations thereof, exist also in vitro (Giguére et al., 2014a; Gross et al., 1978;
Riesner et al., 1979; Sanger et al., 1976; for a review see Flores et al., 2012b), and in
vivo, because viable variants resulting from deletions/ duplications preserve the rod-
like conformation (Haseloff et al., 1982; Semancik et al., 1994, Wassenegger et al.,
1994a). Viroids with these structural features are assigned to the family Pospiviroidae
(type member PSTVd), and have a functional correlate: they replicate in the nucleus
of infected cells, wherein several RNA polymerases and processing enzymes reside
(see below). On the other hand, four viroids do not meet these two
structure/ sequence criteria and usually adopt branched conformations, supported
by in silico, in vitroand in vivo data (Ambrds et al., 1998; Delan-Forino et al., 2014; De
la Pefia et al., 1999; Giguére et al., 2014b; Hiu-Bon-Hoa et al., 2014; Navarro and
Flores, 1997; for a review see Flores et al., 2012b), without a CCR. Instead, the strands
of both polarities contain short stretches of conserved nucleotides that form the
central core of the so-called hammerhead ribozymes (see Fig. 1 in Flores et al., 2014),
which play a key role in replication (Daros et al., 1994; Hutchins et al., 1986). These
four viroids endowed with catalytic activity are grouped within the family
Avsunviroidae (type member avocado sunblotch viroid, ASBVd) (Symons, 1981), and
have an alternative functional correlate: they replicate in plastids (mostly
chloroplasts), which like nuclei, contain several RNA polymerases and processing

enzymes (see below).

3. How viroids coerce their host plants for being replicated and translocated
Replication of viroids differs in fundamental aspects from that of positive-
stranded RNA viruses. Three-dimensional electron microscope tomographic imaging
has revealed that the latter replicate in membranous vesicles that are associated with
the periphery of different organelles and connected with the cytoplasm through a
narrow channel. These organelle-like RNA replication factories are virus-induced
and contain replicative intermediates and viral non-structural proteins (den Boon

and Ahlquist, 2010). In contrast, viroids replicate inside preformed organelles, nuclei



or plastids, with no data showing that these infectious RN As induce the formation of
specific bodies, although replication efficiency and protection from host defenses
most likely impose some sort of compartmentalization.

The available evidence, essentially obtained with PSTVd and closely-related
viroids, supports that their replication (and by extension that of the other members of
the family Pospiviroidae), occurs in the nucleus through an asymmetric rolling-circle
mechanism (Branch et al., 1988; Daros and Flores, 2004; Feldstein et al., 1998) (see Fig.
3 in Flores et al., 2014). Briefly, the infecting circular RNA (of plus polarity by
convention) is repetitively transcribed by an RNA polymerase into oligomeric (-)
strands, which in turn serve as templates for a second transcription round —most
likely mediated by the same RNA polymerase— resulting in oligomeric (+) RNAs.
Their subsequent cleavage into unit-length strands by an RNase, and circularization
by an RNA ligase, produces progeny identical (excluding mutations introduced
accidentally) to that initiating the replication cycle. Experimental support for the
templates operating in this model comes from the identification of the PSTVd
oligomeric (+) and (-) strands in nuclei isolated from infected cells (Spiesmacher et
al.,, 1983). Moreover, PSTVd (+) strands accumulate in the nucleolus and
nucleoplasm, in contrast with the complementary strands that have been detected
only in the nucleoplasm (Qi and Ding, 2003), an observation suggesting that RNA
initiation and elongation occurs in this latter compartment while processing of (+)
strands would take place in the nucleolus. Regarding the enzymes catalyzing the
three replicative steps, a detailed account of the first two has been provided before
(Flores et al., 2009). Here we will just recapitulate that the RNA polymerase
mediating elongation of viroid strands is not one of the multiple RNA-directed RNA
polymerases (RDRs) described in plants (Schieble et al., 1998; Wassenegger and
Krczal, 2006) but, surprisingly, the nuclear DNA-dependent RNA polymerase Il (pol
I) redirected to transcribe RNA templates (Flores and Semancik, 1982; Muhlbach
and Sanger, 1979; Schindler and Mduihlbach, 1992; Warrilow and Symons, 1999).
Because the transcription factor 1A (TFIHIA) from A. thaliana binds PSTVd (+) RNA
in vitro with the same affinity as its physiological ligand 5S rRNA, and because
TFIHA also binds to the DNA gene coding for the latter, this dual capacity could
enable TFIIIA to act as a bridge between the viroid RNA template and pol Il (Eiras et



al., 2011). Recent analyses have provided direct support for this view, since PSTVd
interacts in vitro and in vivo with TFIIIA from Nicotiana benthamiana, and its
downregulation and overexpression results in reduced and increased accumulation
of PSTVd, respectively (Wang et al., 2014). Related to this point is the observation
that tomato pol Il interacts in a nuclear extract with the left terminal domain of the
PSTVd (+) RNA (Boji¢ et al., 2012). Whether this interaction is direct or mediated by
a transcription factor, like TFIIIA, remains to be addressed. On the other hand, the
enzyme catalyzing cleavage of oligomeric (+) strands most likely belongs to class Ill
RNases, which act preferentially upon highly-structured nuclear transcripts (in the
case of viroids a double-stranded segment formed by the upper CCR strand of two
units of the oligomeric replicative intermediates) (Gas et al., 2007); however, the
specific member(s) of the class involved is yet unknown. The characterization of the
enzyme mediating the final circularization step has brought another surprise: it is not
a conventional RNA ligase, as intially presumed, but the nuclear DNA ligase 1
redirected to ligate RN A substrates (Nohales et al., 2012a), once again highlighting
the ability of viroids to manipulate the transcription and processing machinery of
their hosts. In this instance the substrate specificity of a DNA ligase, and in the
previous one the template specificity of an RNA polymerase.

Members of the family Avsunviroidae replicate in plastids according to a symmetric
rolling-circle mechanism mostly elucidated using the ASBVd-avocado system (Daros
et al., 1994; Hutchins et al., 1985) (see Fig. 3 in Flores et al., 2014). The discriminating
feature is that cleavage and ligation occurs here in the oligomeric strands of both
polarities, and not only in those of (+) polarity as in PSTVd and related viroids, thus
resulting in monomeric circular (-) strands that are the template for a second rolling-
circle symmetric with respect to the first one. Strikingly, cleavage is not mediated by
a host RNase, but by hammerhead ribozymes embedded in the oligomeric strands of
both polarities (Hutchins et al., 1986; Prody et al., 1986). This singular feature has
deep implications, prominent among which is the possibility of a very primitive
evolutionary origin for viroids in a primordial RNA world that emerged on Earth
more than 3-=billion years ago (Diener, 1989; Flores et al., 2014). Recent data suggest
that phosphorylated biomolecules, like RNA, may have first formed from the

reaction of reduced P species with the prebiotic organic milieu on the early Earth



(Pasek et al., 2013). Experimental evidence for the symmetric rolling-circle
mechanism, and for the subcellular site wherein it operates, comes from the
identification of RNA complexes formed by multimeric and monomeric circular and
linear ASBVd RNAs of both polarities in chloroplasts from infected tissue (Navarro
et al., 1999). Elongation of viroid strands is catalyzed by a nuclear-encoded
chloroplastic RNA polymerase (NEP) redirected to transcribe RNA templates
(Navarro et al., 2000; Rodio et al., 2007). How members of both families have evolved
the same strategy remains an intriguing conundrum considering that pol Il and NEP
differ significantly in their structural complexity: the former is a multisubunit
complex, the latter is a single-subunit enzyme. The third replication step,
circularization, is catalyzed by an isoform of the tRNA ligase, which like NEP, is
encoded in the nucleus and then translocated into the chloroplast via a signal peptide
(Nohales et al., 2012b). The possibility that circularization might proceed via self-
ligation without the involvement of enzymes (C6té et al., 2001), appears less likely
(Flores et al., 2009). Finally, ASBVd has been reported to replicate in cells of
Saccharomyces cerevisiae following expression of multimeric ASBvVd (+) or (-)
transcripts launched from a yeast vector (Delan-Forino et al., 2011). However, since
yeasts lack chloroplasts, it is difficult to link these results with those obtained in the
natural context (ASBVd-avocado).

Before initiating replication, viroids must move intracellularly to the organelle
wherein this process takes place, with the resulting progeny then trafficking
intercellularly through plasmodesmata and systemically through the phloem.
Regulation of these movements has been finely dissected in studies mostly focusing
on PSTVd in N. benthamiana and tomato. The import of this viroid into the nucleus is
driven by a sequence or structural motif mapping at the upper strand of the CCR
(Abraitiene et al.,, 2008; Zhao et al., 2001;), and is cytoskeleton-independent,
uncoupled to the Ran GTPase cycle, and facilitated by a specific and saturable
receptor (Woo et al., 1999). Other motifs, particularly specific loops/ bulges in the
rod-like secondary structure, mediate entry of PSTVd from non-vascular into phloem
tissue (Zhong et al., 2007), trafficking from palisade to spongy mesophyll (Takeda et
al., 2011), and trafficking from the bundle sheath to mesophyll (Qi et al., 2004). A

genome-wide mutational analysis has assigned to all PSTVd loops/ bulges roles in



replication in single cells or in systemic movement (Zhong et al., 2008). Independent
studies have associated systemic movement with a small purine/ pyrimidine motif in
the right terminal domain of the rod-like secondary structure, conserved in all
members of the genus Pospiviroid, which specifically interacts with a bromodomain-
containing protein from tomato that may facilitate transport into the nucleus
(Gozmanova et al., 2003; Martinez de Alba et al., 2003). Other candidate proteins for
mediating this function have also been proposed (Eiras et al., 2011). Within the
phloem, the phloem protein 2 (from cucumber) —which binds in vitro to hop stunt
viroid (HSVvd) and PSTVd RNAs— has been suggested to mediate their long-
distance trafficking (Gdmez and Pallas 2001; Owens et al., 2001). More recently, the
involvement of another protein from tobacco (Nt-4/ 1), with which PSTVd interacts,
has been invoked as well (Solovyev et al., 2013), although its role in viroid movement
is not yet clear. The studies addressing this issue in the family Avsunviroidae are
considerably more limited. According to recent data, the monomeric linear (+) RNA
of eggplant latent viroid (ELVd) has ability for trafficking from the cytoplasm into
the nucleus and then from this organelle into chloroplasts, where it is replicated. An
RNA sequence or structural motif mapping at the left terminal domain of the ELVd
RNA seems to mediate this trafficking (Gomez and Pallas, 2012). Viroid RNA entry
in the chloroplast might be escorted by certain nuclear-encoded proteins with a
signal peptide for being translocated into the chloroplast, particularly considering
that these proteins specifically bind the ASBVd (+) RNA in vivo and facilitate
hammerhead-mediated self-cleavage (i.e. they are RNA chaperones) (Dards and
Flores, 2002).

4. How host plants react for containing viroid infection: RNA silencing

Viroids are the causal agents of a number of diseases in cultivated herbaceous and
ligneous plants, dicotyledons and monocotyledons. Viroids are mainly transmitted
by vegetative propagation of infected material and incite in their hosts symptoms
that typically include leaf chlorosis, internode shortening, bark cracking, flower
discoloration, fruit skin deformation and tuber malformation. Some viroids,
however, do not induce any discernible symptoms (Flores et al., 2005). Even before

direct evidence became available, it was anticipated that —like viruses— viroids



should elicit some sort of host defensive response to restrain or attenuate the
deleterious effects they usually trigger. A sort of hypersensitive reaction, which in
the so-called local-lesion hosts restricts infection by certain RNA viruses (e.g. TMV)
to a few cells surrounding that infected initially (Scholthof, 2014), was also reported
in Scopolia sinensis infected by PSTVd (Singh, 1971). However, the narrow range of
experimental conditions allowing observation of this effect precluded subsequent in-
depth dissection.

Discovery of post-transcriptional gene silencing (PTGS) in plants (for a review see
Eamens et al., 2008), and later in animals and fungi, illuminated this issue because
PTGS presumably first emerged as a defensive mechanism against invading nucleic
acids. This mechanism later diversified and assumed regulatory functions in
development. The molecular PTGS triggers are double-stranded RNAs (dsRNAS)
and single-stranded RNAs (ssRNAs) with a compact secondary structure that are
recognized and processed by specific members of class 11l RNases (termed Dicer-like,
DCL, in plants) (Qi et al.,, 2005) into small RNAs (sSRNAs), mainly microRNAs
(miRNAs, of 21-22 nt) and small interfering RNAs (siRNAs, of 21, 22 and 24 nt)
(Axtell, 2013). Some of these (primary) siRNAs activate an amplification circuit
catalyzed by a specific host RDR (Wassenegger and Krczal, 2006) and DCL,
eventually generating mobile secondary siRNAs that ultimately induce systemic
(non-cell autonomous) RNA silencing (Dunoyer et al., 2010; Molnar et al., 2010).
Moreover, one strand of the DCL-generated SRNA duplexes binds specifically to one
Argonaute (AGO) protein, forming the core of the RNA silencing complex (RISC),
and direct it to functionally inactivate the complementary RNA (by cleavage or
translation arrest) or DNA (by methylation resulting in transcriptional gene
silencing, TGS) (Mallory and Vaucheret, 2010). Therefore, invading RNA viruses, are
contained by two barriers, the key components of which are the structure-specific
DCLs (Molnar et al., 2005) and the sequence-specific AGOs (Omarov et al., 2007;
Pantaleo et al., 2007).

Do these barriers also contain infection by viroid RNAs? Strong evidence supports
that this is the case for the first one mediated by DCLs. Northern-blot hybridization
and ensuing characterization, by conventional and high-throughput sequencing,

have revealed the accumulation in tissues infected by representatives of both families
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of viroid-derived sRNAs (vd-sRNAs) structurally resembling the typical DCL
products of endogenous and viral origin (for reviews see Hammann and Steger,
2012; Navarro et al., 2012a; Sano et al., 2010). Because the most abundant vd-sRNAs
derived from PSTVd and peach latent mosaic viroid (PLMVd) (Herndndez and
Flores, 1992), a member of the family Avsunviroidae, do not map at the highly-
structured regions predicted in their genomic (+) and (-) RN As, it is unlikely that the
latter could be the major DCL substrates. Instead, the dSRNAs produced by one or
more RDRs copying the genomic viroid RNAs —which lacking cap structure and
poly-A tail look like aberrant RNAs— appear better candidates (for a review see
Navarro et al., 2012a). The finding of similar amounts of (+) and (-) vd-sSRNAs in
tissues infected by PSTVd (Dierman et al., 2010; Di Serio et al., 2010) and PLMVd
(Bolduc et al., 2010; Di Serio et al., 2009) is also consistent with this view, particularly
considering that the PSTVd genomic (+) strand accumulates at a significantly higher
level than its complementary counterpart (Branch et al., 1988). The dsRNAs resulting
from replication could also serve as additional substrates in the case of PSTVd, but
not in that of PLMVd because DCLs have been documented in nuclei, but not
plastids so far. Somewhat in contrast with all the previous data, a recent study has
reported that DCL4 —but not DCL2— may have a positive effect on PSTVd
accumulation in N. benthamiana (Dadami et al., 2013); these results, however, are
difficult to interpret at present.

Although dicing of the highly-structured genomic viroid ssRNA, and of its
dsRNA replication intermediates, might by itself contain viroid infection below a
threshold value, a “dicing-only” mechanism appears unlikely. Indeed, distinct
arguments support the additional participation of one or more AGOs. First, early
work showed that PSTVd replication directs de novo methylation of cONA sequences
transgenically inserted in the tobacco genome in an RNA-directed sequence-specific
manner (Wassenegger et al., 1994b), providing the first example of TGS (now known
to be mediated by certain DCL-dependent siRNAs and AGOs). Second, both the
expression of GFP-PSTVd fusion transgenes and the viroid titer in plants infected by
representative members of the two families appear to be attenuated by vd-sRNAs in
a sequence-specific manner (Carbonell et al., 2008; Itaya et al., 2007; Kasai et al., 2013;
Schwind et al., 2009; Vogt et al., 2004). Third, knock-down of RDR6 increases the titer
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of PSTVd in early-infected N. benthamiana and additionally facilitates its entry into
floral and vegetative meristems (Di Serio et al., 2010), thus suggesting the
involvement of secondary vd-sRNAs in these processes. Fourth, the titer of a viroid
is also enhanced by a virus coinfecting a common citrus host via the expression of
viral-encoded RNA silencing suppressors (RSSs) (Serra et al., 2014), with one of them
possibly affecting the function of one or more AGOs (Ruiz-Ruiz et al., 2013). And
fifth, intriguing data support that certain symptoms induced by a plastid-replicating
viroid (PLMVd) result from the AGO-mediated cleavage of a specific host mRNA
(Navarro et al., 2012b), providing direct evidence for an early model (Papaefthimiou
et al.,, 2001; Wang et al., 2004). Because this last argument is relevant in other

contexts, we will elaborate on it in the next section.

5. RNA silencing and viroid-host interactions: a two-way street

As indicated above, host plants use RNA silencing to restrict viroid infection.
Conversely, viroids most likely also use RNA silencing to modulate host genome
expression for their own benefit (Navarro et al.,, 2012a). This idea has been put
forward previously for virus-host interactions (Llave, 2010; Moissiard and Voinnet,
2006), and has received further support from subsequent data obtained with the
yellow satellite RNA (Y-sat) of cucumber mosaic virus (CMV) (satellite RNAs
depend on specific helper viruses, such as CMV, for their replication, encapsidation
and transmission) (Shimura et al., 2011; Smith et al., 2011). More specifically, like
some PLMVd variants, the small (369 nt) non-protein-coding Y-sat linear RN A exerts
its pathogenic effects via PTGS. Since this proposal has been recently reviewed
(Navarro et al., 2012a; Wang et al., 2012), here we will simply summarize its most
salient features and add some supporting considerations.

The primary cause of the yellow phenotype incited in tobacco by Y-sat infection is
a 22-nt satellite siRNA of (+) polarity —derived from the 24-nt fragment of the
genomic Y-sat containing the pathogenic determinant— which is complementary
(including four G-U pairs) to a 22-nt sequence of the mRNA of the chlorophyll
biosynthetic gene CHLI and targets it for cleavage at the predicted position (in the
middle of the 22-nt complementary sequence) (Shimura et al., 2011; Smith et al.,

2011). The CHLI mRNA is also downregulated in transgenic tobacco lines expressing
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Y-sat inverted repeats, and site-directed mutagenesis to make the infecting Y-sat
sequence complementary to the corresponding 22-nt fragment of the A. thaliana and
tomato CHLI mRNAs results also in the leaf yellowing (Shimura et al., 2011).

On the other hand, the primary lesion of peach calico (PC), an extreme albinism
induced by certain variants of PLMVd having a specific 12-14 nt insertion with which
this symptomatology is strictly associated (Fig. 2), is most likely caused by two 21-nt
vd-sRNAs of (-) polarity (PC-sRNA8a and b) that differ in one position and contain
the pathogenic determinant (Malfitano et al., 2003; Rodio et al., 2006). The two viroid
SiRNAs are complementary —excluding one U-U mismatch, and in PC-sRNAS8b
additionally one G-U pair, both outside positions 2 to 13 that are critical for plant
miRNA-directed target repression— to a 21-nt sequence of the peach mRNA coding
for the chloroplastic heat-shock protein 90 (cHSP90) and target it for cleavage at the
expected site (between positions 10 and 11 of the siRNAs) (Fig. 3). These results thus
offer a plausible mechanism of pathogenesis considering that cHSP90 is a chaperone
involved in chloroplast biogenesis and that a single-amino acid mutation in cHSP90
induces a yellow phenotype in A. thaliana (Navarro et al., 2012b). The features of PC-
sSRNA8a and b supporting that they participate in PTGS-mediated cleavage of
cHSP90 mRNA are summarized in Fig. 4. The two sSRNAs fulfill the criteria for being
functional sSRNAs (lwakawa and Tomari, 2013; Liu et al., 2014; Mallory et al., 2004)
and having a 5’-terminal U —in fact, their 5’ termini are formed by four consecutive
Us— they are most likely loaded by AGOL1 (Mi et al., 2008; Montgomery et al., 2008;
Takeda et al., 2008), a major player in PTGS through cleavage or translation arrest of
its endogenous and foreign RNA targets (Baumberger and Baulcombe, 2005; Morel et
al., 2002). These criteria are also met by the 22-nt sSRNA derived from the Y-sat,
which interestingly also has a 5’ terminus with four consecutive Us. It is also worth
noting that the target sites of the 21-nt PC-sRNA8a and b, and of the 22-nt SRNA
from the Y-sat, are located in the open reading frame portion of the mRNAs,
following the general trend observed for plant SRNAs (Addo-Quaye et al., 2008;
Allen et al., 2005) but not for animal SRNAs, wherein the target sites are commonly
found in the 3’-untranslated region (Bartel, 2009).

The possibility that vd-sRNAs derived from other PLMVd regions, apart from that

containing the PC determinant, could down-regulate additional peach genes and
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incite alternative symptoms —like peach mosaic and distinct chlorotic phenotypes—
remains an open issue. In support of a previous hypothesis suggesting that at least a
part of the corresponding molecular determinants might also reside in the same loop
A wherein the PC-associated insertion maps (Malfitano et al., 2003), a unique
nucleotide change in such a loop has been proposed to cause yellowing (U338) and
chlorotic-edge (C338) symptoms (Wang et al., 2013). However, there is no indication
so far of the peach mRNAs potentially targeted by vd-sRNAs with this single
polymorphism. Moving to the family Pospiviroidae, a similar PTGS mechanism has
been proposed for the phenotypes induced by the transgenic expression in some
Nicotiana species of artificial miRNAs (amiRNAs) derived from the virulence-
modulating region of PSTVd (Eamens et al., 2014), although the evidence is
circumstantial and the most relevant amiRNA does not fulfill all the criteria listed
above for PC-sRNA8a and b (Fig. 4). Also in the context of the family Pospiviroidae,
infection by HSVd of N. benthamiana has been associated with changes in DNA
methylation of host ribosomal RNA genes (Martinez at al., 2014), but whether those
changes result from direct or indirect effects, and whether they play a role in
pathogenesis, is not known.

In brief, direct experimental support for the idea that some RNA replicons incite
symptoms via their sSiRNAs generated by RNA silencing is restricted so far to one
CMYV satellite RNA (sat-Y) and to certain variants of PLMVd inducing PC, with the
evidence being particularly strong in the first case. Phenotypes induced by other
satellite RNAs and by other viroids, specially of the family Pospiviroidae —wherein
the down regulation of tomato pre-miRNAs or mRNASs targeted potentially by
PSTVd-sRNAs has been found associated with symptoms (Dierman et al., 2010;
Wang et al., 2011)— may or may not be ultimately mediated by a similar mechanism.
For instance, alternatively to RNA silencing, activation of a plant enzyme
homologous to the mammalian p68 protein kinase has been suggested to represent
the triggering event in PSTVd pathogenesis (Diener et al., 1993; Hammond and Zhao,
2000; Kovalskaya and Hammond, 2014). Furthermore, the lack of direct evidence for
the involvement of virus-derived sRNAs (vsRNAS) in symptom induction is
intriguing because —being the genomic size of most RNA viruses, like CMV, at least

one order of magnitude larger than that of sat-Y and PLMVd— the wider spectrum
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of vsRNAs could in principle inactivate a wider array of host mRNAs (Navarro et al.,
2012a). On the other hand, the finding that host mRNAs appear targeted by AGOs
loaded with sRNAs derived from some viroids and satellite RNAs, supports
indirectly that these subviral replicons, like RNA viruses, are also RISC-targeted (see
below).

At the beginning of this section we pointed out that host plants use RNA silencing
to restrict viroid infection and that, in turn, viroids most likely strike back and use
RNA silencing to tune the host genome expression to their own benefit (Navarro et
al., 2012b). What is the evidence supporting this view? In peach seedlings infected by
PLMVd variants inducing PC, the accumulation of PLMVd (+) and (-) strands is
higher in the albino leaf sectors than in the surrounding green sectors (Fig. 5), in
accordance with previous results with the ASBVd/ avocado system, wherein the
viroid also accumulates to higher level in “bleached” foliar areas (Semancik and
Szychowski, 1994). Moreover, the PC-expressing sectors show altered plastids with
irregular shape and size, and with rudimentary thylakoids resembling proplastids
(Rodio et al., 2007). Altogether these observations suggest that by reducing the level
of the cHSP90 mediating chloroplast biogenesis, PLMVd generates a more favorable
environment for its replication (Navarro et al., 2012a). Therefore, rather than a
fortuitous consequence of viroid infection, symptoms (at least some) may be
regarded as an effect induced to enhance viroid survival. Considering the high
number of peach mRNAs predicted to be targeted by PLMVd-sRNAs (Navarro et al.,
2012a), such a scenario appears feasible.

However, despite all these data, an important link was missing: the lack of direct
evidence to uphold the hypothesis that AGOs indeed recruit vd-sRNAs. This
evidence has been provided recently (Minoia et al., 2014). In leaves of PSTVd-
infected N. benthamiana, the endogenous AGO1 and distinct epitope-tagged AGOs
from A. thaliana that were overexpressed —AGO1, AGO2, AGO3, AGO4, AGO5 and
AGQ9, but not AGO6, AGO7 and AGO10— associate with vd-sRNAs displaying the
same properties (5’-terminal nucleotide and size) reported previously for
endogenous and viral SRNAs (Mi et al., 2008; Montgomery et al., 2008; Takeda et al.,
2008). The AGO-loaded vd-sRNAs adopt specific distributions along the viroid
genome. Moreover, overexpression of AGO1, AGO2, AGO4 and AGO5 attenuate
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viroid accumulation, bolstering the role of RISC in antiviroid defense. This view is
consistent with recent results in vitro showing that RISC promotes cleavage of viral
RNAs with a packed secondary structure —resembling that of viroids— by targeting
bulged regions within the structure (Schuck et al., 2013). Pertinent to this context is
that, in contrast with the situation observed in N. benthamiana infected by RNA
viruses (Vérallyay et al., 2010), PSTVd infection of the same host affects neither the
accumulation of the endogenous AGO1 nor that of the miR168 regulating AGO1
MRNA expression (Mallory and Vaucheret, 2009). However, recent data support that
infection by citrus exocortis viroid, a close relative of PSTVd, induces the
accumulation of other enzymes that mediate RN A silencing in tomato (Campos et al.,
2014), a finding that deserves further analysis to investigate whether this
accumulation is a direct or indirect effect, and the nature of the operating

mechanism.

6. How host plants contain viroid infection: alternative mechanisms

Viroid accumulation in infected tissues results from the balance between
replication (transcription and processing) and decay. However, while remarkable
advancement has been achieved in identifying the templates and enzymes involved
in replication (see the third section of this review), progress on how viroid RNAs
decay has been much more limited. As described in the two previous sections, the
barriers raised by RNA silencing (mediated by DCLs and AGOs), target viroid RNAs
for degradation. It is nevertheless likely that other degradation pathways may also
operate on viroid RNASs, but the data available are basically limited to: i) the increase
of certain nucleolytic activities in PSTVd-infected tomato related apparently to
symptom expression rather than to viroid RNA degradation (Matousek et al., 2007),
and ii) the detection by Northern-blot hybridization in immature pollen from hop
plants infected by hop latent viroid (family Pospiviroidae), of discrete viroid RNA
fragments (230 to 100 nt) that were associated with developmentally activated
nucleases (Matousek et al., 2008).

Studies on decay of viroid (and many other) RNAs have been possibly neglected
by the implicit assumption that degradative routes generate a mixture of

heterogeneous products difficult to analyze individually. However, recent results
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show that this may not be the case and that, by selecting appropriate viroid-host
combinations, the fine dissection of decay pathways may become experimentally
feasible. More specifically, studies on PSTVd infection in different solanaceous hosts
by Northern-blot hybridizations with specific probes have revealed in eggplant, and
to a lesser extent in N. benthamiana and tomato, a set of PSTVd (+) subgenomic RNASs
(SsgRNAs) accompanying the monomeric circular and linear forms. Further
characterization by primer extension and 5’- and 3’-RACE did not detect a common
5’ terminus in the (+) sgRNAs —excluding that they could be aborted products of
transcription initiated at one specific site— and showed that they have 5’-OH and 3’-
P termini. The same approaches also unveiled PSTVd (-) sgRNAs with features
similar to their (+) counterparts (Minoia et al., 2015). Where do these sgRNAs come
from? As indicated in the third section, two major PSTVd pools appear to exist: one
in the nucleoplasm, where elongation of viroids strands of both polarities occurs, and
the other in the nucleolus, where only (+) polarity strands are processed (Qi and
Ding, 2003). The finding of PSTVd sgRNAs of both polarities suggest that they are
produced in the nucleoplasm during elongation of viroid strands. Moreover, since
most RNases generating 5-OH and 3’-P termini have a preference for single-
stranded regions —and the 5’ termini of the PSTVd (+) sgRN As do not preferentially
map at loops in the rod-like secondary structure of the monomeric circular form—
this latter RN A does not seem to be a plausible precursor. On the other hand, the
concurrent detection of PSTVd (-) sgRNAs suggests that they are products of the
endonucleolytic cleavage of nascent (-) strands, because the strands of this polarity
form part of replicative intermediates and should be less vulnerable to RNases with
preference for sSRNAs (Minoia et al., 2015). These results provide a deeper insight
into a novel route of viroid decay in vivo, possibly proceeding during replication, and
suggest that synthesis and decay of PSTVd strands might be connected as observed

previously in mRNA (Haimovich et al., 2013).

7. Conclusions and pending issues
Most of the viroids inducing diseases in plants of economic interest have been
probably discovered by conventional techniques based on the detection of the

characteristic small circular RNAs by denaturing PAGE, or on the RT-PCR
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amplification with genus-specific degenerate primers. Latent viroids, however, may
go easily unnoticed, as illustrated by the recent identification and characterization of
a new one infecting dahlia, an important ornamental (Verhoeven et al., 2013). This
situation is rapidly changing with the advent of deep sequencing approaches
combined with homology-independent bioinformatic approaches, which have
resulted in the discovery of a persimmon viroid (Ito et al., 2013) and three new
viroid-like RN As from grapevine and apple (Wu et al., 2012; Zhang et al., 2014). In a
structural context, the old paradigm that assumed the rod-like secondary structure as
a universal feature of viroids is now restricted to the family Pospiviroidae, because
most members of the family Avsunviroidae adopt a clearly branched conformation
occasionally stabilized by tertiary interactions. Regarding replication, we have a
reasonable picture of the major templates, enzymes and ribozymes involved, with
the other side of the coin (decay) still being explored. Main issues in viroid
movement remain also to be addressed, particularly within the family Avsunviroidae.
A major leap forward has been achieved in pathogenesis with the discovery that this
process is most likely mediated, at least in certain PLMVd variants, by PTGS through
DCL-generated vd-sRNAs containing the pathogenicity determinant that load and
guide specific AGOs —presumably AGO1— for cleaving a specific host mRNA.
Finally, how viroids evolve in time and space during host colonization, including the
existence of bottlenecks, is mostly unknown. This question is intriguing, particularly
considering that the mutation rate estimated for one viroid (CChMVd) is the highest

reported for any biological entity (Gago et al., 2009).
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Legends to Figures

Figure 1. Descending scale of genomic size. Approximate values are expressed in
DNA base pairs, except for the phage MS2 and viroid genomes that are expressed in

RN A bases. The genome size of Triticum aestivum (wheat) is an estimate.

Figure 2. Healthy peach leaf (left), and partial (center) and complete (right) leaf
albinism, termed peach calico, incited by variants of PLMVd containing a specific 12-
14 nucleotide hairpin insertion. Reproduced with modifications from Navarro et al.
(2012) Plant Journal 70, 991-1003.

Figure 3. Specific cleavage of peach cHSP90 mRNA mediated by PC-sRNA8a. Upper
part, cHSP90 mRNA:PC-sRNA8a duplex (in bold), with the sequence of PC-sRN A8a
corresponding to the PC-associated insertion underlined. Arrows mark the cleavage
sites predicted and validated by RLM-RACE from five independent clones (fractions
indicate number of clones producing the same results). Reproduced with
modifications from Navarro et al. (2012) Plant Journal 70, 991-1003.

Figure 4. Criteria supporting the notion that the 21-nt PC-sRNA8a and b incite peach
calico (albinism) via PTGS-mediated cleavage of the mRNA coding for the cHSP90.

Figure 5. Northern-blot hybridizations of peach RNA preparations with riboprobes
for detecting (+) (left) and (-) (right) PLMVd strands following fractionation by
denaturing PAGE. The positions of the monomeric circular (mc) and linear (ml)
PLMVd RNAs are indicated at left (panel A). The progeny of the PLMVd variant
inducing PC (PC-C40) accumulates at a significantly higher level in the albino (A)
than in the green (G) sectors of the same leaf (panel B). Loading was equalized with
respect to the nucleus-encoded rRNAs. Reproduced with modifications from Rodio
et al. (2007) Plant Cell 19, 3610-3626.
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Figure 4

PC-sRNA8a and b (21 nt) incite peach calico (PC) via PTGS: supporting
criteria

1. Contain the pathogenic determinant strictly associated with PC (albinism)

2. Exist only in albino leaf sectors but not in the green surrounding tissue

w

. Fulfill thermodynamic considerations for being functional sSiRNAs

N

. Hybridize with cHSP90 mRNA according to accepted predicting rules
5. Cleavage of cHSP90 mRNA coincides with the middle position of the sSRNAs
6. Have a 5’ -terminal U: they are most likely loaded by AGO1

7. Mutants of the gene coding for cHSP90 result in albino phenotypes

Figure 4
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