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Abstract: Viroids are plant pathogenic, circular, non-coding, single-stranded RNAs (ssRNAs). Mem-
bers of the Pospiviroidae family replicate in the nucleus of plant cells through double-stranded RNA
(dsRNA) intermediates, thus triggering the host’s RNA interference (RNAi) machinery. In plants, the
two RNAI pillars are Post-Transcriptional Gene Silencing (PTGS) and RNA-directed DNA Methyla-
tion (RADM), and the latter has the potential to trigger Transcriptional Gene Silencing (TGS). Over
the last three decades, the employment of viroid-based systems has immensely contributed to our
understanding of both of these RNAi facets. In this review, we highlight the role of Pospiviroidae in
the discovery of RADM, expound the gradual elucidation through the years of the diverse array of
RdDM'’s mechanistic details and propose a revised RdADM model based on the cumulative amount of
evidence from viroid and non-viroid systems.

Keywords: viroids; RNA-directed DNA methylation; small RNAs; RNA interference; epigenetics;
bisulfite sequencing

1. Viroids and RNAIi

Viroids, the smallest known infectious agents, were discovered in 1971 by Theodor
Diener [1]. Fifty years of ongoing research into these minimalistic pathogens has shed sig-
nificant light on their biology. It is now well established that viroids are non-encapsidated,
non-coding, circular ssRNAs, with a size of approximately 250-400 nucleotides (nt) and are
classified into two major families, the Pospiviroidae and the Avsunviroidae, whose members
replicate in the nucleus and the chloroplast, respectively [2-5]. The Pospiviroidae species,
a potato spindle tuber viroid (PSTVd), has a rod-like structured 359-nucleotide genome
that can be functionally and structurally divided into the following five domains: terminal
left (TL), pathogenicity (P), central (C), variable (V) and terminal right (TR) [6,7]. When a
PSTVd enters a plant cell, it is directed into the nucleus, most likely through the interaction
of its TR domain with the host’s bromodomain-containing viroid RNA-binding protein 1
(VIRP1) [8,9]. In the nucleus, a PSTVd replicates via an asymmetric rolling circle mecha-
nism [10]. A circular monomeric viroid (defined as having a plus polarity) is transcribed by
a DNA-dependent RNA polymerase II (POL II) into linear oligomeric ssRNAs of a minus
polarity [11]. These serve as a template for POL 1II, resulting in the accumulation of linear
oligomeric ssRNAs of a plus polarity. The latter is cleaved by a type III RNase into frag-
ments that are finally ligated by DNA ligase 1 into unit length circular RNAs [12] (Figure 1).
A mature viroid then exits the nucleus into the cytoplasm, moves to neighboring cells
through plasmodesmata and then to distant parts of the plant through the phloem [13,14].
The most important features of viroids that make them a very specific and unique pathogen
are the fact that they do not encode for proteins and that their infection cycle does not
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Figure 1. Pospiviroidae replicates through an asymmetric rolling circle mechanism. POL II is involved in all of the steps of
viroid replication, generating dsRNA replication intermediates, but whether additional polymerases such as RDRs are also
involved is not clear. DCLs may process both dsRNAs and the rod-shaped ssRNA mature molecule into siRNAs.

It has been suggested that dsRNAs are generated during viroid replication [15-17].
The source of these dsRNAs is not clear, but they are most probably generated upon POL II
transcription of an oligomeric plus from an oligomeric minus transcript and their kinetic
interaction. Whether the RNA-directed RNA polymerase (RDR) transcription of these
oligomeric transcripts or even of the mature viroid contributes to dsSRNA generation is
not clear but cannot be excluded. In any case, viroid replication triggers the host’s RNAi
mechanism [18-20]. At least in Nicotiana benthamiana, all four dicer-like endonucleases
(DCLs) seem to process a PSTVd into a small interfering RNA (siRNA) [21,22]. It is most
likely that dsRNA replication intermediates are preferentially processed by DCL2/3/4 into
21-24-nucleotide siRNAs, but it cannot be ruled out that a microRNA (miRNA) precursor-
like, rod-shaped, mature viroid is also processed by a DCL1 into 21-nucleotide siRNAs,
although in the latter case the occurring siRNAs would contain bulges (Figure 1). Whatever
their source may be, DCL4-produced 21-nucleotide siRNAs are generally loaded onto
Argonaute 1 (AGO1), leading to the formation of an RNA-induced silencing complex
(RISC) [23]. An RISC recognizes the complementary transcripts for cleavage in a process
termed PTGS [24]. DCL2-produced 22-nucleotide siRNAs are also loaded onto AGO1 and
are suggested to change the conformation of AGOL1. This alteration is assumed to affect the
target RNA degradation. Thus, instead of RNA cleavage, 22-nucleotide siRNA-containing
AGO1 complexes seem to either recruit an RDR6 to initiate transitivity and secondary
siRNA formation or to inhibit the translation of the targeted mRNA [25,26]. Finally, DCL3-
produced 24-nucleotide siRNAs are predominantly loaded onto AGO4 and are involved
in the RADM of cognate sequences [27]. Viroid siRNAs are 5'-phosphorylated and 3'-
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methylated, as all plant siRNAs are [28]. Small RNA deep sequencing revealed that viroid
siRNAs are of both polarities and map preferentially, in the same way virus- and transgene-
derived siRNAs do, to specific hotspot regions [29]. At least the 21-nucleotide viroid
siRNAs are biologically active, since they trigger the degradation of mRNA'’s containing
regions that are complementary to viroid siRNAs [30,31]. Interestingly, the mature circular
viroid is considered to be resistant to RISC-mediated degradation, most likely due to
its extensive secondary structure [29]. Nevertheless, tomato plants expressing a hairpin
PSTVd RNA transgene construct were found to be resistant to viroid infection, indicating
that the RNAi machinery could target PSTVd-specific RNA molecules that are essential for
viroid infection [32].

2. RNA-Directed DNA Methylation

In eukaryotes, DNA methylation refers to the addition of a methyl group to the fifth
atom in the six-atom ring of cytosine residues (Cs). As a chemical modification, DNA
methylation was discovered in 1948 by Rollin Hotchkiss, almost simultaneous to the iden-
tification of DNA as genetic material by Avery, MacLeold and McCarty. Almost thirty
years later, in 1975, Holliday and Pugh proposed that DNA methylation is an important
epigenetic mark [33]. However, the mechanism by which DNA methylation was induced
remained elusive for many years. In plants, DNA methylation was widely considered to
be mediated by DNA-DNA interactions. However, in 1994, a study using viroid-infected
tobacco plants showed that de novo DNA methylation is mediated by RNA molecules,
thus aptly termed ‘RNA-directed DNA methylation” (RADM) [34]. Today, almost 30 years
after the RADM discovery, the widely accepted model suggests that 24-nucleotide siR-
NAs (canonical RADM) or, in exceptional cases, 21/22-nucleotide siRNAs (non-canonical
RdDM), are loaded onto AGO4 and guide domains-rearranged methyltransferase 2 (DRM2)
to methylate cognate DNA, most likely through a process wherein siRNAs directly interact
with DNA or interact with the nascent transcripts produced by RNA polymerase V (POL
V) [35-37]. However, a growing body of evidence challenges the validity of this model. To
begin with, it has been suggested that POL V is recruited to an already methylated DNA
template, thus it can hardly be involved in the very first step of de novo methylation of
a completely unmethylated DNA [38]. More importantly, RADM is not eliminated in an
Arabidopsis thaliana quadruple dcl1 dcl2 dcl3 dcl4 mutant, suggesting that DCL-produced siR-
NAs are dispensable for RdADM [39]. In addition, AGO4, which is thought to be involved in
both canonical and non-canonical RdADM, is not always required for RdADM. AGO4 contains
the DDH motif and has a slicer activity [40]. During sense RADM (5-RdDM), a single-
stranded RNA is cleaved by the siRNAs loaded onto AGO4 and the cleaved transcripts are
copied by RDRs into dsRNAs [40]. However, during inverted repeat RdADM (IR-RdDM),
the generation of a dsRNA would not rely on AGO4 activity, but on the mere transcription
of hairpin RNA-producing DNA. Indeed, AGO4 is not required in IR-RdDM, at least not
in Arabidopsis thaliana [41]. Collectively, these data suggest that RADM is triggered not by
siRNAs, but by long dsRNAs (>50 bp) [42—45]. According to our model, long dsRNAs
appear to define the DNA region that will be methylated in a ruler-like fashion (Step 1,
Figure 2). The dsRNA-DNA interaction may involve the formation of triple helices, as
has been shown to take place in mammals between long non-coding RNAs (IncRNAs)
and DNA [46]. Such aberrant structures could attract DRM2 to impose a first (perhaps
incomplete) wave of de novo methylation on fully unmethylated DNA (Step 2, Figure 2).
The resulting (and incompletely) methylated DNA seems to recruit POL IV and POL
V. POL IV generates short transcripts (40-50 nt) that are copied by RDR2 into 40-50 bp
dsRNAs that are cleaved by DCL3 into 24-nucleotide siRNAs [47]. The AGO4-loaded
24-nucleotide siRNAs will now hybridize the newly produced POL V transcript, and this
re-initiates the recruitment of DRM2 to impose a second wave of methylation marks (Step
3, Figure 2) [48,49]. As siRNAs are amplified by this self-reinforcing loop mechanism,
methylation will sequentially increase until nearly all of the Cs are methylated to CG,
CHG and CHH sequence contexts in both of the DNA strands [50]. Importantly, upon
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cell division and in the absence of dsSRNAs/siRNAs, CG methylation can be maintained
through the action of methyltransferase 1 (MET1) (Step 4, Figure 2) [51]. To a lesser ex-
tent, CHG methylation will be maintained by chromomethylase 3 (CMT3) [52]. However,
CHH methylation cannot be maintained, as it always needs to be de novo established and
requires the presence of dsRNAs/siRNAs [45].
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Figure 2. An alternative RADM model for both viroid and non-viroid systems, wherein the very first de novo methylation
step is triggered by dsRINAs rather than siRNAs.

Over the last 30 years, the role of viroid-based systems in the elucidation of the RADM
mechanism and in refining corresponding models has been undisputable. Based on our
current knowledge of RdADM and the above model, in the following, we will retrospectively
navigate through the various stations of viroid-based RdADM, from 1994 to today.

3. Discovery of RdADM in Viroid-Infected Plants

RdDM was discovered in a study involving viroid-infected tobacco plants [34]. In
that study, transgenic tobacco plants carried an expression cassette containing three head-
to-tail linked, plus-oriented, full length PSTVd3*® ¢cDNA copies (Nt-tri-PSTVd®>®). The
transcription of this transgene construct led to the formation of mature, circular and
infectious PSTVd molecules. However, at that time it was not known that replicating
PSTVd and the concomitant accumulation of viroid dsRNAs/siRNAs could lead to the
DNA methylation of the cognate sequences. Thus, it was puzzling that the PSTVd3*
cDNA proved severely resistant to methylation-sensitive restriction endonucleases when
genotyping the transgenic lines using Southern blot analysis. In order to exclude the
possibility that methylation was induced by the DNA-DNA interactions, transgenic tobacco
plants were generated expressing a head-to-tail linked dimeric PSTVd®* ¢DNA (Nt-di-
PSTVd33*), where each PSTVd33? fragment carried a 26-bp deletion compared to the full
length PSTVd3* (Figure 3A). Upon transcription of the dimeric PSTVd3®?, a 666-nucleotide
RNA was produced but, due to the 26-nucleotide deletion, it could not be processed into
a mature PSTVd. Thus, these transgenic lines were not PSTVd-infected. Moreover, no
methylation of the PSTVd33? was detected, suggesting that the agent of DNA methylation
is something other than the mere DNA-DNA interactions that were suggested to occur
upon the presence of tandem cDNA repeats (Figure 3B). Indeed, when the Nt-di-PSTVd3*3
plants were mechanically-infected with PSTVd RNA, the PSTVd333 ¢cDNA exhibited dense
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methylation, demonstrating that an RNA agent directed the DNA methylation in the
cognate DNA sequences (Figure 3C) [34].
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Figure 3. The discovery of RADM in viroid-infected tobacco plants. (A) Schematic representation of the PSTVd33? containing
a 26-nucleotide deletion compared to a full length PSTVd3>. (B) Nit-di-PSTVd33? plants are free of methylation. (C) Upon
viroid infection, Nt-di-PSTVd333 plants exhibit dense RADM. (D) The crossing of Nt-di-PSTVd®? with Nt-di-PSTVd3?
induced both cis and trans RADM in CG, CHG and CHH contexts. Upon the segregation of the PSTVd®” infectious
transgene, the PSTVd333 progeny maintains CG methylation for at least two generations.

4. CHH Is the Hallmark of the RNA-Directed de novo DNA Methylation

Further studies on viroid-based systems provided important insights into the RdADM
mechanism. In particular, the sequence context of the methylated Cs was elucidated by
bisulfite sequencing. In PSTVd-infected Nt-di-PSTVd3*? plants, both DNA strands of the
PSTVd3* sequences were equally methylated [50]. Moreover, in both strands, the Cs of any
sequence context (CG, CHG or CHH) were methylated. This finding was in stark contrast
to the situation of mammalian systems where C methylation is predominantly found in a
CG context [53]. In plants, we now know that, whereas CG and CHG methylation can be
maintained even in the absence of dsRNAs/siRNAs using MET1 and CMTS3, respectively,
CHH methylation always needs to be re-established in an RNA-dependent manner, and
thus is a hallmark of RADM [54]. Interestingly, the methylation was very dense in the full
body of the PSTVd33? cDNA, with the exception of the region flanking the 26-nucleotide
deletion (compared to PSTVd®?), most likely due to the perturbation of the viroid dsRNA
with the PSTVd?33 ¢DNA at that site [50].
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5. CG Methylation Can Be Maintained in the Absence of dsSRNAs/siRNAs

In order to analyze the trans-generational maintenance of viroid-induced RdDM, the
Nt-di-PSTVd33 plants were crossed with transgenic tobacco plants carrying two head-to-
tail linked, minus-oriented, full length PSTVd3? cDNA copies (Nt-di-PSTVd®?), with the
latter allowing for the occurring transcript to be processed into a mature, infectious viroid
(Figure 3D) [55]. The generated dsRNAs/siRNAs not only triggered the degradation of
the 666-nucleotide transcript, but also directed the DNA methylation in both the PSTVd3>
cDNA (cis-RdDM) and the PSTVd33? ¢cDNA (trans-RdDM) (Figure 3D). Bisulfite sequencing
revealed that cis-RdDM and trans-RdDM were involved, as expected, in the methylation
of Cs in all sequence contexts (CG, CHG and CHH) [48]. In the viroid-free progeny
(segregation of the PSTVd®® ¢cDNA transgene), PSTVd®*® ¢DNA lost all CHG and CHH
methylation, but stably maintained CG methylation, for at least up to two consecutive
generations. Chromatin immunoprecipitation analysis showed that the maintenance of
CG methylation was not associated with an increase in the dimethylation of histone H3
lysine 9 or a decrease in the acetylation of H3 [55]. These data were in contrast to previous
studies that suggested that CG methylation could be maintained in promoter sequences
but not in gene bodies [56].Yet, they were in agreement with other studies that showed
the widespread maintenance of CG methylation in gene bodies [57,58]. The role of CG
methylation in gene bodies is not very clear, but it does not seem to have a negative impact
on the transcription [59]. Indeed, in the viroid-free Nt-di-PSTVd33® post-segregation
progeny that contained CG methylation, the 666-nucleotide transcript accumulated to the
levels that had been found before the viroid infection [55].

6. 30 bp Is the Minimum Target Size for RADM

To investigate the minimum target size for RADM, transgenic tobacco plants carry-
ing non-infectious PSTVd ¢cDNA subfragments of 30 and 60 bp in size (Nt-PSTVd3?, Nt-
PSTVd®) were generated and PSTVd-infected by mechanical inoculation (Figure 4A,B) [60].
In the infected plants, the methylation status of each transgene was analyzed using bisul-
fite sequencing. While PSTVd®® cDNA was densely methylated, PSTVd® was merely
methylated, suggesting that approximately 30 bp is the minimum target size for RdDM
initiation (Figure 4B) [60]. It needs to be highlighted that the same 30 bp region that was
poorly methylated in PSTVd®?, was densely methylated in PSTVA®. If siRNAs triggered
the RADM, then a given 24-nucleotide siRNA could not possibly discriminate between
the corresponding 24 bp region in PSTVd® and in PSTV® and thus could, in principle,
impose methylation marks with equal efficiency on both transgenes. However, this did not
happen. Based on these observations, we favor the scenario in which the initial interaction
for RADM was between a large dsRNA (>50 bp) and the DNA. In the case of PSTVA®,
this interaction managed to exceed a certain kinetic/thermodynamic threshold to recruit
DRM?2, whereas in the case of PSTVd?? this might not have been achieved. Indeed, such
a threshold mechanism should have been evolutionarily maintained in order to avoid
off-target RADM events that could negatively affect plant fitness.
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Figure 4. Minimum target size for RADM. (A) Schematic representation of the PSTVA? and PSTVd®? sequences. (B) Viroid
infection in Nt-PSTVd®® and Nt-PSTVd®? plants leads to an efficient RADM only on the PSTVd® transgene.

7. Local DNA Features Inhibit RdADM

The aforementioned threshold level does not seem to be solely influenced by the
extent of base pair interactions between the DNA and the dsRNA, but also by the inherent
structure of the DNA itself. Indeed, upon the PSTVd infection of the tobacco plants carrying
a 134-bp PSTVd cDNA subfragment (PSTVA'3*) that was inserted into a chimeric satellite
of the tobacco mosaic virus’ (STMV) cDNA construct (STMV:PSTVd!34), the PSTVd!3* was
inefficiently targeted for RADM [61]. In contrast, the same PSTVd!3* sequence became
heavily methylated when it was not flanked by satellite cDNA sequences (Figure 5). Repli-
cating and non-replicating satellite sequences are known to exhibit complex secondary
structures that may render them resilient to RNAi [20]. Drawing an analogy, one may
hypothesize that the complex secondary structures of the targeted DNA (or its nascent
transcript) exhibited insignificant thermodynamical and/or kinetical interactions with the
de novo methylation-directing RNA molecules. Supporting our hypothesis, a study in A.
thaliana reported that RADM efficiency is heavily influenced by local DNA features [62].
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Figure 5. RADM is affected by local DNA features. (A) Schematic representation of the PSTVd!3*. (B) Viroid infection
in Nt-PSTVA'®* and Nt-STMV:PSTVd'3* leads to an efficient RADM of the PSTVd!3* fragment only in the case of Nt-
PSTVd!3 plants.

8. RADM Is Not Necessarily Coupled to PTGS and Transitivity

In transcribed sequences, RADM and PTGS appear to be tightly connected. Both
processes are triggered by dsRNAs and in all examples of PTGS where methylation studies
were included, the PTGS target regions were found to be also de novo methylated [63].
However, in the case of the RADM of non-transcribed sequences (e.g., promoters), this
general rule does not seem to apply. In the case of the RNAi of coding regions, primary
dsRNAs will be processed into primary siRNAs. Thus, PTGS/degradation of mRNAs will
be induced. Under certain conditions (e.g., the presence of 22-nucleotide siRNAs and /or
the absence of introns in the gene of the target transcript), PTGS may also involve the
initiation of RDR6-mediated transitivity and thus the production of secondary dsRNAs and
secondary siRNAs [64,65]. It is most likely that secondary dsRNAs and siRNAs contribute
towards RdDM and PTGS, respectively [66]. Moreover, they seem to be indispensable
for the establishment of systemic silencing [67]. However, it is unlikely that they are
essential for the initiation of RADM. When tobacco plants carrying a transgene composed
of the PSTVd?® fragment fused to the 3’ of the GFP coding region (Nt-GFP:PSTVd*®) were
infected with PSTVd, viroid siRNAs mediated PTGS/degradation of the GFP:PSTVd*®
mRNA (Figure 6A,B) [31]. Interestingly, siRNA analysis of Nt-GFP:PSTVd”® revealed that
no RDR6-mediated transitivity of the GFP was detected, suggesting that the structure of
PSTVd®® inhibited RDR6 activity. However, despite the absence of transitivity, the PSTVd®®
cDNA fragment (but not the GFP cDNA) was densely methylated, suggesting that it was
the double stranded viroid replication intermediates, and not the dsRNAs derived from
transitivity, that guided the RADM (Figure 6B) [31].
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Figure 6. RADM is uncoupled with transitivity and PTGS. (A) Schematic representation of the PSTVd*® sequence. (B)
Viroid-infection in Nt-GFP:PSTVd®® and (C) Nt-GFP-int-PSTVd*® leads to the efficient RADM of the PSTVd*® fragment in
both cases, despite the absence of transitivity (case Nt-GFP:PSTVd?8) and PTGS (case Nt-GFP-int-PSTVd?8).

In a complementary study, the PSTVd?® was inserted into an artificial intron of the
GFP (GFP-int-PSTVd®), and the generated construct was stably transformed into tobacco
(Nt-GFP-int-PSTVd?®) (Figure 6C) [68]. In these plants, transgene transcription would lead
to the formation of a pre-mRNA and, upon splicing, to a mature GFP mRNA as well as a
spliced intronic lariat containing the PSTVd?® that would be retained in the nucleus. The
PSTVd-infection of Nt-GFP-int-PSTVd?® resulted in an abundant accumulation of PSTVd
siRNAs that, nevertheless, failed to trigger pre-mRNA or intronic lariat RNA degrada-
tion [68]. Indeed, PTGS is a cytoplasmic process, and only a few reports have suggested
nuclear PTGS [69]. Nevertheless, despite the absence of PTGS, the PSTVd®® fragment of the
GFP-int-PSTVd?® cDNA was densely methylated (Figure 6C) [68]. Collectively, these data
demonstrate that PTGS and transitivity are not a prerequisite for RdADM in gene bodies.

9. RdDM Efficiency Depends on Sequence Identity between Trigger RNA and
Target DNA

In all of the above cases, PSTVd transgene constructs were used as RADM targets
and PSTVd infection was used as a RADM trigger. The extent to which an infection from
another member of Pospiviroidae would induce RADM in PSTVd transgenes had not been
analyzed. To investigate the potential of a PSTVd-related viroid to mediate RADM of
a PSTVd cDNA, a tomato apical stunt viroid (TASVd) was used as a RdADM trigger. A
PSTVd and a TASVd share 81% of their sequence identity and exhibit only three regions
(26, 28 and 29 bp) of continuous sequence identity (Figure 7A). This provided an excellent
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opportunity to investigate the role of siRNAs in RdDM, since TASVd siRNAs would only
map perfectly onto these three PSTVd®® regions and thus, if siRNAs were the actual RADM
triggers, would methylate only these three regions. A head-to-tail, full length and infectious
TASVd®! dimer transgene was used to transform the tobacco plants (Nt-di-TASVd3®!) [70].
Next, Nt-di-TASVd3®! was crossed with Nt-di-PSTVd33. In the progeny containing both
transgenes, a TASVd infection resulted in a very efficient cis-RdDM of the TASVd30! cDNA,
but also in the significant trans-RdDM of the PSTVd333 cDNA (Figure 7B). Small RNA deep
sequencing revealed that the TASVd siRNAs mapped onto the full length of the TASVd3¢!
cDNA, but only in three (26, 28 and 29 bp) regions in the PSTVd33® cDNA. Nevertheless,
moderate methylation of the full length PSTVd33® was detected, strongly suggesting that
the trans-RdDM on the PSTVd333 ¢cDNA was induced by the TASVd dsRNA molecules
rather than the TASVd siRNAs [70]. Obviously, the 81% of the sequence identity shared by
the TASVd®*! RNA and the PSTVd33? cDNA proved to be sufficient to trigger the RADM,
albeit not as efficient as the RADM observed in TASVd3?! cDNA, which shared 100% of its
sequence identity with the TASVd®*! RNA.

29bp
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Figure 7. RADM is influenced by trigger-target sequence identity. (A) Alignment of PSTVd33? and TASVd3®!, showing
the three regions of >24 nt sequence identity. Asterisks denote sequence consensus. (B) Crossing of Nt-di-TASVd®**! with
Nt-di-PSTVd33? leads to an abundant accumulation of TASVd siRNAs that map onto only three PSTVd33? sites. However,
PSTVd333 cDNA was methylated almost at its full size, despite the absence of siRNAs.

10. Future Perspectives

From the above examples, it is evident that viroid-based systems have greatly con-
tributed to the elucidation of RdADM in plants and will most likely continue to do so in the
future. Yet, several issues remain to be investigated. At least some of the viroid-induced
symptoms in plants seem to be the outcome of a viroid siRNA-mediated cleavage of en-
dogenous mRNAs [71-73]. Whether the viroid-induced symptoms are also related to the
viroid-induced epigenetic changes remains to be established. Accordingly, comprehensive
studies involving whole genome bisulfite sequencing coupled with the chromatin im-
munoprecipitation sequencing of DNA from viroid-infected plants and the transcriptome
analyses of RNA from symptomatic and symptomless viroid-infected plants would be im-
mensely insightful. Indeed, at least in cucumber, hop stunt viroid infection affects the DNA
methylation of the host ribosomal RNA genes [74]. In tomato plants, PSTVd siRNAs match
partially or fully with endogenous mRNAs and lead to their degradation [30]. However,
the small sequence identity of less than 30 bp may not be enough to mediate RdDM, as
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discussed above in relation to the minimum target size requirements for RdADM [60]. The
presence of plant DNA sequences having a minumum size of 30 bp and exhibiting at least
70-80% sequence identity with a given viroid need to be examined. Such regions could be
candidates for viroid-induced RADM.

Finally, another interesting topic that has not been investigated yet, is whether mem-
bers of the Avsunviroidae can also trigger RADM. Of course, these viroids replicate in the
chloroplast, where no RNAi/RdDM occurs [75]. However, when they enter the plant
cell, it is thought that they are first transported into the nucleus before being targeted to
the chloroplasts [76]. In this context, it should be noted that an Avsunviroidae infection
is associated with the generation of abundant viroid siRNAs [77]. Eggplant latent viroid
(ELVd), a member of the Avsunviroidae, has only been shown to infect eggplant, the species
in which it was discovered [78]. Nevertheless, our preliminary data suggest that in tobacco
plants (a non-natural host for ELVd) transformed with a theoretically infectious head-to-tail
trimeric cDNA (ELVd?3?), RADM of the cognate ELVd333 ¢DNA in the nucleus can take
place. Future analysis should demonstrate whether chloroplast-replicating viroids can
indeed trigger the RdADM of nuclear sequences.

Author Contributions: Conceptualization, M.W. and A.D.; writing—original draft preparation, A.D.;
writing—review and editing, M.W. All authors have read and agreed to the published version of
the manuscript.

Funding: Funding was provided by the German Research Foundation (DFG), Grant: Wa1019/14-1,
and by the Federal Ministry of Education and Research (BMBF), Grant: 03180531.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Diener, T.O. Potato spindle tuber “virus”: IV. A replicating, low molecular weight RNA. Virology 1971, 45, 411-428. [CrossRef]

2. Flores, R.; Gago-Zachert, S.; Serra, P,; Sanjuan, R.; Elena, S.F. Viroids: Survivors from the RNA world? Annu. Rev. Microbiol. 2014,
68, 395-414. [CrossRef]

3.  Tabler, M.; Tsagris, M. Viroids: Petite RNA pathogens with distinguished talents. Trends Plant Sci. 2004, 9, 339-348. [CrossRef]

4. Wang, Y. Current view and perspectives in viroid replication. Curr. Opin. Virol. 2021, 47, 32-37. [CrossRef] [PubMed]

5. Flores, R.; Hernandez, C.; de Alba, A.E.M.; Daros, J.A.; di Serio, F. Viroids and viroid-host interactions. Annu. Rev. Phytopathol.
2005, 43, 117-139. [CrossRef]

6. Owens, R.A,; Hammond, R.W. Viroid pathogenicity: One process, many faces. Viruses 2009, 1, 298-316. [CrossRef]

7. Tsagris, E.M.; de Alba, A.E.M.; Gozmanova, M.; Kalantidis, K. Viroids. Cell. Microbiol. 2008, 10, 2168-2179. [CrossRef]

8. Gozmanova, M.; Denti, M. A ; Minkov, LN.; Tsagris, M.; Tabler, M. Characterization of the RNA motif responsible for the specific
interaction of potato spindle tuber viroid RNA (PSTVd) and the tomato protein Virpl. Nucleic Acids Res. 2003, 31, 5534-5543.
[CrossRef] [PubMed]

9. Kalantidis, K.; Denti, M.A.; Tzortzakaki, S.; Marinou, E.; Tabler, M.; Tsagris, M. Virpl1 is a host protein with a major role in potato
spindle tuber viroid infection in Nicotiana plants. . Virol. 2007, 81, 12872-12880. [CrossRef]

10. Branch, A.D.; Robertson, H.D. A replication cycle for viroids and other small infectious RNA’s. Science 1984, 223, 450-455.
[CrossRef] [PubMed]

11. Mudiyanselage, S.D.D.; Wang, Y. Evidence supporting that RNA polymerase II catalyzes de novo transcription using potato
spindle tuber viroid circular RNA templates. Viruses 2020, 12, 371. [CrossRef]

12. Nohales, M.A ; Flores, R.; Daros, ].A. Viroid RNA redirects host DNA ligase 1 to act as an RNA ligase. Proc. Natl. Acad. Sci. USA
2012, 109, 13805-13810. [CrossRef] [PubMed]

13. Ding, B.; Kwon, M.O.; Hammond, R.; Owens, R. Cell-to-cell movement of potato spindle tuber viroid. Plant J. 1997, 12, 931-936.
[CrossRef] [PubMed]

14.  Zhu, Y,; Qi, Y,; Xun, Y.; Owens, R.; Ding, B. Movement of potato spindle tuber viroid reveals regulatory points of phloem-mediated
RNA traffic. Plant Physiol. 2002, 130, 138-146. [CrossRef] [PubMed]

15. Owens, R.A,; Diener, T.O. RNA intermediates in potato spindle tuber viroid replication. Proc. Natl. Acad. Sci. USA 1982, 79,
113-117. [CrossRef]

16. Grill, L.K,; Semancik, J.S. RNA sequences complementary to citrus exocortis viroid in nucleic acid preparations from infected
Gynura aurantiaca. Proc. Natl. Acad. Sci. USA 1978, 75, 896-900. [CrossRef] [PubMed]

17. Hadidi, A.; Hashimoto, J.; Diener, T.O. Potato spindle tuber viroid-specific double-stranded RNA in extracts from infected tomato
leaves. Annales de I'Institut Pasteur Virologie 1982, 133, 15-31. [CrossRef]

18. Dalakouras, A.; Dadami, E.; Wassenegger, M. Engineering viroid resistance. Viruses 2015, 7, 634-646. [CrossRef]


http://doi.org/10.1016/0042-6822(71)90342-4
http://doi.org/10.1146/annurev-micro-091313-103416
http://doi.org/10.1016/j.tplants.2004.05.007
http://doi.org/10.1016/j.coviro.2020.12.004
http://www.ncbi.nlm.nih.gov/pubmed/33460914
http://doi.org/10.1146/annurev.phyto.43.040204.140243
http://doi.org/10.3390/v1020298
http://doi.org/10.1111/j.1462-5822.2008.01231.x
http://doi.org/10.1093/nar/gkg777
http://www.ncbi.nlm.nih.gov/pubmed/14500815
http://doi.org/10.1128/JVI.00974-07
http://doi.org/10.1126/science.6197756
http://www.ncbi.nlm.nih.gov/pubmed/6197756
http://doi.org/10.3390/v12040371
http://doi.org/10.1073/pnas.1206187109
http://www.ncbi.nlm.nih.gov/pubmed/22869737
http://doi.org/10.1046/j.1365-313X.1997.12040931.x
http://www.ncbi.nlm.nih.gov/pubmed/9375403
http://doi.org/10.1104/pp.006403
http://www.ncbi.nlm.nih.gov/pubmed/12226494
http://doi.org/10.1073/pnas.79.1.113
http://doi.org/10.1073/pnas.75.2.896
http://www.ncbi.nlm.nih.gov/pubmed/16592500
http://doi.org/10.1016/S0769-2617(82)80051-8
http://doi.org/10.3390/v7020634

Cells 2021, 10, 1187 12 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Itaya, A.; Folimonov, A.; Matsuda, Y.; Nelson, R.S.; Ding, B. Potato spindle tuber viroid as inducer of RNA silencing in infected
tomato. Mol. Plant Microbe Interact. 2001, 14, 1332-1334. [CrossRef] [PubMed]

Wang, M.B.; Bian, X.Y.; Wu, L.M,; Liu, L.X.; Smith, N.A_; Isenegger, D.; Wu, R.M.; Masuta, C.; Vance, V.B.; Watson, ] M.; et al. On
the role of RNA silencing in the pathogenicity and evolution of viroids and viral satellites. Proc. Natl. Acad. Sci. USA 2004, 101,
3275-3280. [CrossRef]

Dadami, E.; Boutla, A.; Vrettos, N.; Tzortzakaki, S.; Karakasilioti, I.; Kalantidis, K. Dicer-like 4 but not dicer-like 2 may have a
positive effect on potato spindle tuber viroid accumulation in Nicotiana benthamiana. Mol. Plant 2013, 6, 232-234. [CrossRef]
[PubMed]

Katsarou, K.; Mavrothalassiti, E.; Dermauw, W.; van Leeuwen, T.; Kalantidis, K. Combined activity of DCL2 and DCL3 is crucial
in the defense against potato spindle tuber viroid. PLoS Pathog. 2016, 12, €1005936. [CrossRef] [PubMed]

Minoia, S.; Carbonell, A.; di Serio, F; Gisel, A.; Carrington, J.C.; Navarro, B.; Flores, R. Specific argonautes selectively bind
small RNAs derived from potato spindle tuber viroid and attenuate viroid accumulation in vivo. J. Virol. 2014, 88, 11933-11945.
[CrossRef]

Hamilton, A J.; Baulcombe, D.C. A species of small antisense RNA in posttranscriptional gene silencing in plants. Science 1999,
286,950-952. [CrossRef]

Chen, HM.; Chen, L.T;; Patel, K,; Li, Y.H.; Baulcombe, D.C.; Wu, S.H. 22-nucleotide RNAs trigger secondary siRNA biogenesis in
plants. Proc. Natl. Acad. Sci. USA 2010, 107, 15269-15274. [CrossRef]

Wu, H,; Li, B.; Iwakawa, H.O,; Pan, Y.; Tang, X.; Ling-Hu, Q.; Liu, Y.; Sheng, S.; Feng, L.; Zhang, H.; et al. Plant 22-nt siRNAs
mediate translational repression and stress adaptation. Nature 2020, 581, 89-93. [CrossRef] [PubMed]

Chan, S.W.; Zilberman, D.; Xie, Z.; Johansen, L.K.; Carrington, ].C.; Jacobsen, S.E. RNA silencing genes control de novo DNA
methylation. Sciernce 2004, 303, 1336. [CrossRef]

Martin, R.; Arenas, C.; Daros, J.A.; Covarrubias, A.; Reyes, ].L.; Chua, N.H. Characterization of small RNAs derived from citrus
exocortis viroid (CEVd) in infected tomato plants. Virology 2007, 367, 135-146. [CrossRef]

Itaya, A.; Zhong, X.; Bundschuh, R.; Qi, Y.; Wang, Y.; Takeda, R.; Harris, A.R.; Molina, C.; Nelson, R.S.; Ding, B. A structured viroid
RNA serves as a substrate for dicer-like cleavage to produce biologically active small RNAs but is resistant to RNA-induced
silencing complex-mediated degradation. J. Virol. 2007, 81, 2980-2994. [CrossRef]

Adkar-Purushothama, C.R.; Brosseau, C.; Giguere, T.; Sano, T.; Moffett, P.; Perreault, ].P. Small RNA derived from the virulence
modulating region of the potato spindle tuber viroid silences callose synthase genes of tomato plants. Plant Cell 2015, 27,
2178-2194. [CrossRef] [PubMed]

Vogt, U.; Pelissier, T.; Putz, A.; Razvi, F; Fischer, R.; Wassenegger, M. Viroid-induced RNA silencing of GFP-viroid fusion
transgenes does not induce extensive spreading of methylation or transitive silencing. Plant J. 2004, 38, 107-118. [CrossRef]
[PubMed]

Schwind, N.; Zwiebel, M,; Itaya, A.; Ding, B.; Wang, M.B.; Krczal, G.; Wassenegger, M. RNAi-mediated resistance to potato
spindle tuber viroid in transgenic tomato expressing a viroid hairpin RNA construct. Mol. plant Pathol. 2009, 10, 459-469.
[CrossRef]

Holliday, R.; Pugh, J.E. DNA modification mechanisms and gene activity during development. Science 1975, 187, 226-232.
[CrossRef]

Wassenegger, M.; Heimes, S.; Riedel, L.; Sanger, H.L. RNA-directed de novo methylation of genomic sequences in plants. Cell
1994, 76, 567-576. [CrossRef]

Gallego-Bartolome, ]. DNA methylation in plants: Mechanisms and tools for targeted manipulation. New Phytol. 2020, 227, 38—-44.
[CrossRef]

Matzke, M.A.; Kanno, T.; Matzke, A.J]. RNA-directed DNA Methylation: The evolution of a complex epigenetic pathway in
flowering plants. Annu. Rev. Plant Biol. 2015, 66, 243-267. [CrossRef] [PubMed]

Matzke, M.A.; Mosher, R.A. RNA-directed DNA methylation: An epigenetic pathway of increasing complexity. Nat. Rev. Genet.
2014, 15, 394-408. [CrossRef]

Liu, ZW.; Shao, C.R.; Zhang, C.J.; Zhou, ].X.; Zhang, SW.; Li, L.; Chen, S.; Huang, H.W.; Cai, T.; He, X.J. The SET domain proteins
SUVH2 and SUVH9 are required for pol V occupancy at RNA-directed DNA methylation loci. PLoS Genet. 2014, 10, e1003948.
[CrossRef]

Yang, D.L.; Zhang, G.; Tang, K.; Li, J.; Yang, L.; Huang, H.; Zhang, H.; Zhu, J.K. Dicer-independent RNA-directed DNA
methylation in arabidopsis. Cell Res. 2016, 26, 1264. [CrossRef]

Qi, Y;; He, X.; Wang, X.J.; Kohany, O.; Jurka, J.; Hannon, G.J. Distinct catalytic and non-catalytic roles of ARGONAUTE4 in
RNA-directed DNA methylation. Nature 2006, 443, 1008-1012. [CrossRef]

Zilberman, D.; Cao, X.; Johansen, L.K.; Xie, Z.; Carrington, ].C.; Jacobsen, S.E. Role of arabidopsis ARGONAUTE4 in RNA-directed
DNA methylation triggered by inverted repeats. Curr. Biol. 2004, 14, 1214-1220. [CrossRef] [PubMed]

Dalakouras, A.; Dadami, E.; Wassenegger, M. Viroid-induced DNA methylation in plants. Biomol. Concepts 2013, 4, 557-565.
[CrossRef]

Dalakouras, A.; Papadopoulou, K.K. Epigenetic modifications: An unexplored facet of exogenous RNA application in plants.
Plants 2020, 9, 673. [CrossRef] [PubMed]

Dalakouras, A.; Wassenegger, M. Revisiting RNA-directed DNA methylation. RNA Biol. 2013, 10, 453-455. [CrossRef]


http://doi.org/10.1094/MPMI.2001.14.11.1332
http://www.ncbi.nlm.nih.gov/pubmed/11763132
http://doi.org/10.1073/pnas.0400104101
http://doi.org/10.1093/mp/sss118
http://www.ncbi.nlm.nih.gov/pubmed/23100483
http://doi.org/10.1371/journal.ppat.1005936
http://www.ncbi.nlm.nih.gov/pubmed/27732664
http://doi.org/10.1128/JVI.01404-14
http://doi.org/10.1126/science.286.5441.950
http://doi.org/10.1073/pnas.1001738107
http://doi.org/10.1038/s41586-020-2231-y
http://www.ncbi.nlm.nih.gov/pubmed/32376953
http://doi.org/10.1126/science.1095989
http://doi.org/10.1016/j.virol.2007.05.011
http://doi.org/10.1128/JVI.02339-06
http://doi.org/10.1105/tpc.15.00523
http://www.ncbi.nlm.nih.gov/pubmed/26290537
http://doi.org/10.1111/j.1365-313X.2004.02029.x
http://www.ncbi.nlm.nih.gov/pubmed/15053764
http://doi.org/10.1111/j.1364-3703.2009.00546.x
http://doi.org/10.1126/science.1111098
http://doi.org/10.1016/0092-8674(94)90119-8
http://doi.org/10.1111/nph.16529
http://doi.org/10.1146/annurev-arplant-043014-114633
http://www.ncbi.nlm.nih.gov/pubmed/25494460
http://doi.org/10.1038/nrg3683
http://doi.org/10.1371/journal.pgen.1003948
http://doi.org/10.1038/cr.2016.122
http://doi.org/10.1038/nature05198
http://doi.org/10.1016/j.cub.2004.06.055
http://www.ncbi.nlm.nih.gov/pubmed/15242620
http://doi.org/10.1515/bmc-2013-0030
http://doi.org/10.3390/plants9060673
http://www.ncbi.nlm.nih.gov/pubmed/32466487
http://doi.org/10.4161/rna.23542

Cells 2021, 10, 1187 13 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Dalakouras, A.; Ganopoulos, I. Induction of promoter DNA methylation upon high-pressure spraying of double-stranded RNA
in plants. Agronomy 2021, 11, 789. [CrossRef]

Li, Y,; Syed, J.; Sugiyama, H. RNA-DNA triplex formation by long noncoding RNAs. Cell Chem. Biol. 2016, 23, 1325-1333.
[CrossRef]

Zhai, ].; Bischof, S.; Wang, H.; Feng, S.; Lee, T.E; Teng, C.; Chen, X,; Park, S.Y; Liu, L.; Gallego-Bartolome, J.; et al. A one precursor
one siRNA model for Pol IV-pependent siRNA biogenesis. Cell 2015, 163, 445—455. [CrossRef]

Wierzbicki, A.T.; Haag, ].R.; Pikaard, C.S. Noncoding transcription by RNA polymerase Pol IVb/Pol V mediates transcriptional
silencing of overlapping and adjacent genes. Cell 2008, 135, 635-648. [CrossRef] [PubMed]

Wierzbicki, A.T.; Ream, T.S.; Haag, J.R.; Pikaard, C.S. RNA polymerase V transcription guides ARGONAUTE4 to chromatin. Nat.
Genet. 2009, 41, 630—-634. [CrossRef]

Pelissier, T.; Thalmeir, S.; Kempe, D.; Sanger, H.L.; Wassenegger, M. Heavy de novo methylation at symmetrical and non-
symmetrical sites is a hallmark of RNA-directed DNA methylation. Nucleic Acids Res. 1999, 27, 1625-1634. [CrossRef] [PubMed]
Aufsatz, W.; Mette, M.E,; Matzke, A.].; Matzke, M. The role of MET1 in RN A-directed de novo and maintenance methylation of
CG dinucleotides. Plant Mol. Biol. 2004, 54, 793-804. [CrossRef] [PubMed]

Lindroth, A.M.; Cao, X.; Jackson, J.P; Zilberman, D.; McCallum, C.M.; Henikoff, S.; Jacobsen, S.E. Requirement of CHRO-
MOMETHYLASE3 for maintenance of CpXpG methylation. Science 2001, 292, 2077-2080. [CrossRef] [PubMed]

Law, ].A.; Jacobsen, S.E. Establishing, maintaining and modifying DNA methylation patterns in plants and animals. Nat. Rev.
Genet. 2010, 11, 204-220. [CrossRef]

Matzke, M.; Aufsatz, W.; Kanno, T.; Daxinger, L.; Papp, I.; Mette, M.F.; Matzke, A.]. Genetic analysis of RNA-mediated
transcriptional gene silencing. Biochim. Biophys. Acta 2004, 1677, 129-141. [CrossRef] [PubMed]

Dalakouras, A.; Dadami, E.; Zwiebel, M.; Krczal, G.; Wassenegger, M. Transgenerational maintenance of transgene body CG but
not CHG and CHH methylation. Epigenetics 2012, 7, 1071-1078. [CrossRef]

Jones, L.; Ratcliff, F.; Baulcombe, D.C. RNA-directed transcriptional gene silencing in plants can be inherited independently of
the RNA trigger and requires Metl1 for maintenance. Curr. Biol. 2001, 11, 747-757. [CrossRef]

Cokus, S.J.; Feng, S.; Zhang, X.; Chen, Z.; Merriman, B.; Haudenschild, C.D.; Pradhan, S.; Nelson, S.E; Pellegrini, M.; Jacobsen,
S.E. Shotgun bisulphite sequencing of the Arabidopsis genome reveals DNA methylation patterning. Nature 2008, 452, 215-219.
[CrossRef]

Zhang, X.; Yazaki, ].; Sundaresan, A.; Cokus, S.; Chan, S.W.; Chen, H.; Henderson, L.R.; Shinn, P; Pellegrini, M.; Jacobsen, S.E.; et al.
Genome-wide high-resolution mapping and functional analysis of DNA methylation in arabidopsis. Cell 2006, 126, 1189-1201.
[CrossRef]

Bewick, A.J.; Schmitz, R.J. Gene body DNA methylation in plants. Curr. Opin. Plant Biol. 2017, 36, 103-110. [CrossRef]

Pelissier, T.; Wassenegger, M. A DNA target of 30 bp is sufficient for RNA-directed DNA methylation. RNA 2000, 6, 55-65.
[CrossRef]

Dalakouras, A.; Moser, M.; Krczal, G.; Wassenegger, M. A chimeric satellite transgene sequence is inefficiently targeted by
viroid-induced DNA methylation in tobacco. Plant Mol. Biol. 2010, 73, 439-447. [CrossRef]

Fischer, U.; Kuhlmann, M.; Pecinka, A.; Schmidt, R.; Mette, M.F. Local DNA features affect RN A-directed transcriptional gene
silencing and DNA methylation. Plant ]. 2008, 53, 1-10. [CrossRef] [PubMed]

Jones, L.; Hamilton, A J.; Voinnet, O.; Thomas, C.L.; Maule, A J.; Baulcombe, D.C. RNA-DNA interactions and DNA methylation
in post-transcriptional gene silencing. Plant Cell 1999, 11, 2291-2301. [CrossRef] [PubMed]

Dadami, E.; Dalakouras, A.; Zwiebel, M.; Krczal, G.; Wassenegger, M. An endogene-resembling transgene is resistant to DNA
methylation and systemic silencing. RNA Biol. 2014, 11, 934-941. [CrossRef] [PubMed]

Dadami, E.; Moser, M.; Zwiebel, M.; Krczal, G.; Wassenegger, M.; Dalakouras, A. An endogene-resembling transgene delays the
onset of silencing and limits siRNA accumulation. FEBS Lett. 2013, 587, 706-710. [CrossRef] [PubMed]

Vaistij, EE.; Jones, L. Compromised virus-induced gene silencing in RDR6-deficient plants. Plant Physiol. 2009, 149, 1399-1407.
[CrossRef] [PubMed]

Schwach, F.; Vaistij, FE.; Jones, L.; Baulcombe, D.C. An RNA-dependent RNA polymerase prevents meristem invasion by potato
virus X and is required for the activity but not the production of a systemic silencing signal. Plant Physiol. 2005, 138, 1842-1852.
[CrossRef]

Dalakouras, A.; Dadami, E.; Bassler, A.; Zwiebel, M.; Krczal, G.; Wassenegger, M. Replicating potato spindle tuber viroid mediates
de novo methylation of an intronic viroid sequence but no cleavage of the corresponding pre-mRNA. RNA Biol. 2015, 12, 268-275.
[CrossRef]

Hoffer, P; Ivashuta, S.; Pontes, O.; Vitins, A.; Pikaard, C.; Mroczka, A.; Wagner, N.; Voelker, T. Posttranscriptional gene silencing
in nuclei. Proc. Natl. Acad. Sci. USA 2011, 108, 409-414. [CrossRef]

Dalakouras, A.; Dadami, E.; Wassenegger, M.; Krczal, G.; Wassenegger, M. RNA-directed DNA methylation efficiency depends
on trigger and target sequence identity. Plant J. 2016, 87, 202-214. [CrossRef]

Diermann, N.; Matousek, J.; Junge, M.; Riesner, D.; Steger, G. Characterization of plant miRNAs and small RNAs derived from
potato spindle tuber viroid (PSTVd) in infected tomato. Biol. Chem. 2010, 391, 1379-1390. [CrossRef] [PubMed]


http://doi.org/10.3390/agronomy11040789
http://doi.org/10.1016/j.chembiol.2016.09.011
http://doi.org/10.1016/j.cell.2015.09.032
http://doi.org/10.1016/j.cell.2008.09.035
http://www.ncbi.nlm.nih.gov/pubmed/19013275
http://doi.org/10.1038/ng.365
http://doi.org/10.1093/nar/27.7.1625
http://www.ncbi.nlm.nih.gov/pubmed/10075993
http://doi.org/10.1007/s11103-004-0179-1
http://www.ncbi.nlm.nih.gov/pubmed/15604652
http://doi.org/10.1126/science.1059745
http://www.ncbi.nlm.nih.gov/pubmed/11349138
http://doi.org/10.1038/nrg2719
http://doi.org/10.1016/j.bbaexp.2003.10.015
http://www.ncbi.nlm.nih.gov/pubmed/15020054
http://doi.org/10.4161/epi.21644
http://doi.org/10.1016/S0960-9822(01)00226-3
http://doi.org/10.1038/nature06745
http://doi.org/10.1016/j.cell.2006.08.003
http://doi.org/10.1016/j.pbi.2016.12.007
http://doi.org/10.1017/S135583820099201X
http://doi.org/10.1007/s11103-010-9631-6
http://doi.org/10.1111/j.1365-313X.2007.03311.x
http://www.ncbi.nlm.nih.gov/pubmed/17971044
http://doi.org/10.1105/tpc.11.12.2291
http://www.ncbi.nlm.nih.gov/pubmed/10590159
http://doi.org/10.4161/rna.29623
http://www.ncbi.nlm.nih.gov/pubmed/25180820
http://doi.org/10.1016/j.febslet.2013.01.045
http://www.ncbi.nlm.nih.gov/pubmed/23380068
http://doi.org/10.1104/pp.108.132688
http://www.ncbi.nlm.nih.gov/pubmed/19129420
http://doi.org/10.1104/pp.105.063537
http://doi.org/10.1080/15476286.2015.1017216
http://doi.org/10.1073/pnas.1009805108
http://doi.org/10.1111/tpj.13193
http://doi.org/10.1515/bc.2010.148
http://www.ncbi.nlm.nih.gov/pubmed/21087089

Cells 2021, 10, 1187 14 of 14

72.

73.

74.

75.

76.

77.

78.

Eamens, A.L.; Smith, N.A.; Dennis, E.S.; Wassenegger, M.; Wang, M.B. In Nicotiana species, an artificial microRNA corresponding
to the virulence modulating region of potato spindle tuber viroid directs RNA silencing of a soluble inorganic pyrophosphatase
gene and the development of abnormal phenotypes. Virology 2014, 450, 266-277. [CrossRef]

Navarro, B.; Gisel, A.; Rodio, M.E.; Delgado, S.; Flores, R.; di Serio, F. Small RNAs containing the pathogenic determinant of a
chloroplast-replicating viroid guide the degradation of a host mRNA as predicted by RNA silencing. Plant J. 2012, 70, 991-1003.
[CrossRef]

Martinez, G.; Castellano, M.; Tortosa, M.; Pallas, V.; Gomez, G. A pathogenic non-coding RNA induces changes in dynamic DNA
methylation of ribosomal RNA genes in host plants. Nucleic Acids Res. 2014, 42, 1553-1562. [CrossRef] [PubMed]

Wang, L.; Leister, D.; Kleine, T. Chloroplast development and genomes uncoupled signaling are independent of the RNA-directed
DNA methylation pathway. Sci. Rep. 2020, 10, 15412. [CrossRef]

Gomez, G,; Pallas, V. Studies on subcellular compartmentalization of plant pathogenic noncoding RNAs give new insights into
the intracellular RNA-traffic mechanisms. Plant Physiol. 2012, 159, 558-564. [CrossRef]

De Alba, A.E.M.; Flores, R.; Hernandez, C. Two chloroplastic viroids induce the accumulation of small RNAs associated with
posttranscriptional gene silencing. J. Virol. 2002, 76, 13094-13096. [CrossRef] [PubMed]

Daros, J.A. Eggplant latent viroid: A friendly experimental system in the family Avsunviroidae. Mol. Plant Pathol. 2016, 17,
1170-1177. [CrossRef] [PubMed]


http://doi.org/10.1016/j.virol.2013.12.019
http://doi.org/10.1111/j.1365-313X.2012.04940.x
http://doi.org/10.1093/nar/gkt968
http://www.ncbi.nlm.nih.gov/pubmed/24178032
http://doi.org/10.1038/s41598-020-71907-w
http://doi.org/10.1104/pp.112.195214
http://doi.org/10.1128/JVI.76.24.13094-13096.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438638
http://doi.org/10.1111/mpp.12358
http://www.ncbi.nlm.nih.gov/pubmed/26696449

	Viroids and RNAi 
	RNA-Directed DNA Methylation 
	Discovery of RdDM in Viroid-Infected Plants 
	CHH Is the Hallmark of the RNA-Directed de novo DNA Methylation 
	CG Methylation Can Be Maintained in the Absence of dsRNAs/siRNAs 
	30 bp Is the Minimum Target Size for RdDM 
	Local DNA Features Inhibit RdDM 
	RdDM Is Not Necessarily Coupled to PTGS and Transitivity 
	RdDM Efficiency Depends on Sequence Identity between Trigger RNA and Target DNA 
	Future Perspectives 
	References

