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1 | INTRODUCTION

2

Abstract

Taxonomy: Hop stunt viroid (HSVd) is the type species of the genus Hostuviroid (family
Pospiviroidae). The other species of this genus is Dahlia latent viroid, which presents an
identical central conserved region (CCR) but lacks other structural hallmarks present
in Hop stunt viroid. HSVd replication occurs in the nucleus through an asymmetric
rolling-circle model as in the other members of the family Pospiviroidae, which also
includes the genera Pospiviroid, Cocadviroid, Apscaviroid, and Coleoviroid.

Physical properties: Hop stunt viroid consists of a single-stranded, circular RNA of
295-303 nucleotides depending on isolates and sequence variants. The most stable
secondary structure is a rod-like or quasi-rod-like conformation with two character-
istic domains: a CCR and a terminal conserved hairpin similar to that of cocadviroids.
HSVd lacks a terminal conserved region.

Hosts and symptoms: HSVd infects a very broad range of natural hosts and has been
reported to be the causal agent of five different diseases (citrus cachexia, cucumber
pale fruit, peach and plum apple apricot distortion, and hop stunt). It is distributed
worldwide.

Transmission: HSVd is transmitted mechanically and by seed.
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reported in a wide range of hosts. The disentangling of the molecular

biology and physical properties of viroids has been mainly carried

Viroids, minimal known pathogens with autonomous replication, are
naturally found infecting plants (Flores et al., 2015). The mature form
is a covalently closed single-stranded small RNA molecule (246-434
nucleotides [nt]) with a highly compact structure (Steger & Perreault,
2016). The vast majority of viroids replicate in the nucleus, have a
central conserved region (CCR), and are classified in the family
Pospiviroidae, while chloroplastic viroids, presenting self-cleavage
capabilities, comprise the family Avsunviroidae (Di Serio et al., 2014).
Hop stunt viroid (HSVd) is a nuclear replicating viroid that has been

out using Potato spindle tuber viroid, the first viroid discovered and
type species of the family Pospiviroidae (Owens, 2007). However,
the characterization of other members of the family has provided
additional information about how these RNA pathogens interact
with the host machinery (Adkar-Purushothama & Perreault, 2019a)
and has contributed to a large number of innovative techniques in
RNA biology research (Steger & Riesner, 2018). In particular, mul-
tiple studies using HSVd as a model have shed light on different
aspects of viroid-host interactions mainly related to long-distance
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movement, resistance to RNA silencing, pathogenesis, and epigen-
etic alterations. As the symptomatology, economic significance, and
phylogenetic relationships have been extensively reviewed (Hataya
et al., 2017), we mainly focus on less-covered aspects that occur
during HSVd-host interaction such as the pathogenic and epigenetic

processes.

2 | DISCOVERY, HOSTS, AND
SYMPTOMATOLOGY

Hop stunt viroid was first identified in hop (Humulus lupulus) plants
showing abnormal dwarfing of bines (Sasaki & Shikata, 1977). This
hop disease was initially described in Japan in the 1940s-1950s and
it was estimated that between 10% and 20% of hop gardens were
infected in the 1970s, causing important economic losses (Hataya
et al., 2017). Since the late 1980s, hop stunt disease has been spo-
radic in Japan, but new epidemics have been reported in China (Guo
etal., 2008), the United States (Eastwell & Nelson, 2007; Kappagantu
et al., 2017a), and Slovenia (Radisek et al., 2012). Typical stunting
symptoms in hops are only evident after years of being infected with
HSVd (Figure 1a). Therefore, the discovery that cucumber could be
an indicator host of this disease, developing symptoms in the range

of weeks (Figure 1b), was key to characterize the properties of HSVd

as the causal agent (Sasaki & Shikata, 1977). A cucumber disease
with similar symptomatology was reported in the Netherlands, and
the causal agent was also found to be a viroid, which was named
Cucumber pale fruit viroid (CPFVd) (van Dorst & Peters, 1974). The
sequencing of HSVd (Ohno et al., 1983) resulted in a 297 nt circu-
lar RNA with a rod-like structure, which was 95% homologous to
CPFVd, and thus the latter was considered an HSVd isolate and not
a different viroid species (Sano et al., 1984). Based on phylogenetic
analysis, a grapevine origin was proposed for the HSVd isolate caus-
ing hop stunt disease (Sano et al., 2001), which was later confirmed
in a study covering 15 years of evolutionary analysis (Kawaguchi-Ito
etal., 2009).

HSVd has been identified in a wide range of host plants of the
families Moraceae (fig and mulberry), Rosaceae (almond, apple,
apricot, cherry, peach, pear, and plum), Anacardiaceae (pista-
chio) (Maddahian et al., 2019), Malvaceae (Hibiscus rosa-sinensis)
(Luigi et al., 2013), and Rutaceae (Citrus spp.) (Hataya et al., 2017,
Vamenani et al., 2019). HSVd infection in most of these hosts is
symptomless but other diseases have been identified in fruit trees
associated with diverse isolates of this viroid (Di Serio et al., 2018).
In particular, cachexia in citrus (Semancik et al., 1988) and fruit dis-
eases in trees of the genus Prunus: plum and peach (Sano et al.,
1989) (Figure 1c), apricot (Amari et al., 2007) (Figure 1d), and sweet
cherry (Xu et al., 2017).

FIGURE 1 Symptomatology associated with HSVd infection. (a) Hop plants in field conditions showing abnormal dwarfing of bines. (b)
Cucumber plant mock-inoculated (left) or inoculated with HSVd (right), the last one showing clear stunting and leaf distortion. (c) Dapple
fruit disease in plum cv. Shiho. Plum fruit with irregular reddish blotches on the pericarp caused by HSVd (right) compared with healthy (left)
plum. (d) Apricot disease caused by HSVd (right) and healthy apricot (left). Images (a) and (c) are reproduced from Hataya et al. (2017) with
permission of Elsevier Books and (d) from Amari et al. (2007), with permission of Springer Nature



MARQUEZ-MOLINS €T AL.

3 | SURVEY AND DIAGNOSTIC METHODS

Initially, the presence of HSVd was detected by bioassays in the
sensitive cucumber cv. Suyo (Sasaki & Shikata, 1977). Nucleic acids
or sap extracts were mechanically inoculated in this indicator va-
riety of cucumber and severe stunting symptoms appeared after
3-4 weeks when plants were grown at 25-30 °C (Figure 1b). The
subsequent development of analytical techniques based on poly-
acrylamide gel electrophoresis (PAGE) allowed the characterization
of the infectious agent. This enabled a faster identification of in-
fected plants without waiting for symptom expression in an indica-
tor host (see Hanold & Vadamalai, 2017, for review). However, even
though two-dimensional PAGE and sequential PAGE could confirm
the presence of a viroid-like agent, further sequencing is required to
identify HSVd, making it extremely laborious to detect the patho-
gen unequivocally. That problem was solved with the development
of hybridization-based methods (Li et al., 1995; Owens & Diener,
1981; Pallas et al.,, 2017). The use of HSVd-specific probes was
crucial for the diagnosis of this pathogen, especially in fruit trees
(Astruc et al., 1996). Dot blot and tissue printing hybridization with
nonisotopic probes have been used for analysing large numbers of
samples and therefore have been very useful for tracking HSVd in-
fection in fruit trees in field conditions (Amari et al., 2001a; Astruc
etal., 1996; Canizares et al., 1998, 1999; Hassan et al., 2009; Mandic
et al., 2008). Despite being economical and reliable in optimized
conditions, hybridization methods have one important drawback: a
limited sensitivity. A more sensitive method applied to HSVd detec-
tion has been reverse transcription (RT)-PCR (Luigi & Faggioli, 2013;
Yang et al., 1992) and a real-time variant has been established for dif-
ferentiating between HSVd variants in infected samples (Loconsole
et al., 2013). Additionally, a rapid isothermal assay has been set up
for an easy and sensitive survey of HSVd disease (Kappagantu et al.,
2017b). Recently, high-throughput sequencing technologies have
enabled the detection of HSVd from small RNA deep sequencing
(Su et al., 2015) and transcriptomic data (Jo et al., 2017). The use of
these techniques could contribute to the discovery of HSVd in new
hosts and potentially reveal new sequence variants.

4 | GENOMIC VARIATION

The genome of members of the Pospiviroidae family is divided into
five structural domains (Keese & Symons, 1985): two terminal re-
gions, left (TL) and right (TR), pathogenic (P), variable (V), and
a central domain (C) that contains a CCR, which is the character-
istic hallmark of all members of the family (Di Serio et al., 2014).
Additionally, HSVd contains a terminal conserved hairpin (TCH) that
is also present in members of the genus Cocadviroid and the type
species of the genus Coleviroid (Coleus blumei viroid 1) (Di Serio et al.,
2017). The widespread distribution of HSVd in many hosts and its
sequence diversity is reflected in a large number of HSVd sequences
deposited in public repositories (382 nonredundant variants from at
least 17 species) (Jo et al., 2017). The mutation rate of HSVd must be
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similar to that of other nuclear-replicating viroids and RNA viruses
(Lépez-Carrasco et al., 2017), but not as high as that of viroids of
the family Avsunvioridae (Gago et al., 2009). Factors determining the
mutation rate of nuclear viroids are mainly controlled by the host
(Lépez-Carrasco et al., 2017). The analysis of sequence variation in
different hosts has found a certain bias that suggests the adapta-
tion of viroids to a host over a prolonged time (Kawaguchi-Ito et al.,
2009). Thus, the diversity of HSVd isolates may be explained by a
low-fidelity replication of RNA polymerase Il, which is forced to ac-
cept viroid RNAs as template, in combination with its host range.
Several phylogenetic analyses have grouped HSVd sequences into
five different groups (Amari et al., 2001b; Jo et al., 2017; Kofalvi
etal., 1997). Three of these groups (plum-type, hop-type, and citrus-
type) contain sequence variants predominantly from one host or re-
lated species. In contrast, the other two groups present signatures
that suggest a recombinant origin (plum-citrus-type and plum-hop/
cit3-type) (Kofalvi et al., 1997). The molecular characterization of
Chinese HSVd isolates revealed a new phylogenetic group and a pos-
sible cross-transmission between grapevine and stone fruits (Zhang
etal.,, 2012). The size of HSVd has ranged from 295 to 303 nt in most
of the sequence variants analysed so far. Yang et al. (2008) iden-
tified a unique variant with a tandem 15-nucleotide repeat from a
naturally infected plum tree. However, this sequence variant was not
stably maintained in cucumber and thus its biological significance

remains to be proved.

5 | REPLICATION AND MOVEMENT

To replicate in host cells and eventually move to distal parts of the
plant, viroids must interact with host factors and functionally sub-
vert their activity (Ding, 2009). As with the rest of the members of
the family Pospiviroidae, HSVd replicates in the nucleus through an
asymmetric rolling circle pathway (Flores et al., 2004). In this path-
way, the mature viroid is transcribed to linear oligomeric RNA inter-
mediates that are used as a template for the transcription of RNAs
of the same polarity as the initial molecule (+ polarity), subsequently
cleaved and circularized into mature monomers (Figure 2). Early
studies with longer-than-unit clones of HSVd (Meshi et al., 1985)
revealed that the CCR may be involved in the processing of the oli-
gomeric (+) strands through hairpin |, a structured motif that can
be formed by the upper CCR strand and flanking nucleotides dur-
ing thermal denaturation (Riesner et al., 1979). Evidence supporting
which enzyme could be involved in the replication of nuclear-viroids
was first obtained with cucumber pale fruit viroid, a sequence vari-
ant of HSVd (Mihlbach & Sanger, 1979). It was shown that viroid
replication in highly purified nuclei was specifically inhibited by
a-amanitin, a toxin specific to RNA polymerase Il. Therefore, replica-
tion is not carried out by an RNA-dependent polymerase; instead,
host DNA-dependent RNA polymerase Il is subverted to accept vi-
roid RNA as a template. Further experiments using other nuclear-
replicating viroids indicated that the cleavage of the oligomeric RNA

intermediates would be carried out by a host type Ill RNase (Gas
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FIGURE 2 Proposed model of HSVd cell cycle and interactions with host factors. HSVd genomic RNA enters the cell through the
plasmodesmata and it is trafficked to the nucleus, probably assisted by unidentified host factors. In the nucleus, HSVd subverts the activity of
histone deacetylase 6 (HDA6) and causes epigenetic alterations. The subversion of HDA6 may favour a spurious recognition of the genomic
HSVd RNA by the DNA-dependent-RNA polymerase Il (Pol Il). HSVd replication follows an asymmetric rolling circle in which Pol Il transcribes
HSVd RNAs. Oligomeric RNAs are cleaved by a host enzyme with RNase Il activity and the resultant monomers are circularized by DNA ligase |,
probably in the nucleolus, in which it is assumed that mature HSVd molecules accumulate. Other HSVd replication intermediates are recognized
as aberrant transcripts and enter the trans-acting small interfering RNA (tasiRNA) biogenesis pathway. Therefore, these RNAs are trafficked

to the cytoplasm, transcribed by RDR6, and processed by DCL4 into viroid-derived small RNAs (vd-sRNAs) that are loaded into different AGO
proteins. Vd-sRNAs of 21-22 nucleotides are loaded in AGO 1-3 in the RISC complex and direct the inhibition of host mRNA transcripts in the
cytoplasm. Moreover, vd-sRNAs of 24 nucleotides are primarily responsible for RNA-directed DNA methylation (RADM) in the nucleus. Thus,
HSVd-sRNAs cause transcriptional (nucleus) and posttranscriptional (cytoplasm) alterations that might account for the viroid-induced symptoms.
Mature HSVd genomic RNAs are exported to the phloem by forming a ribonucleoprotein complex with the phloem protein 2 (PP2). Additionally,
the systemic movement of HSVd-sRNA may also be possible due to the interaction with PP2

et al., 2007) and the resultant monomers are probably circularized been demonstrated in the type species PSTVd (Qi & Ding, 2003) and
by host DNA ligase 1 (Nohales et al., 2012). It is assumed that the other members of the family (Bonfiglioli et al., 1996). Experimental

(+)-polarity strand of HSVd is accumulated in the nucleolus, as has evidence supports the existence of cis-acting signals embedded in
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the viroid sequence that are required for nuclear targeting (Gomez
& Pallas, 2012; Zhao et al., 2001). However, it remains unclear how
exactly the (+)-polarity strand could be selectively trafficked to the
nucleolus. Curiously, a nucleolar localization signal was identified in
a peptide derived from the HSVd sequence (Gomez & Pallas, 2007a).
However, neither in vivo detection of this peptide nor experimental
evidence about its functional relevance has been reported yet.

The ability of HSVd to infect cucurbitaceous hosts has been key
for studying its systemic movement as it is relatively easy to obtain
phloem exudates from these plants. Because of that, HSVd has
been categorized as the viroid of choice for biochemical studies of
long-distance viroid transport (Owens, 2007). At the beginning of
this century, it was already known that viroids used cellular mech-
anisms for systemic trafficking (Palukaitis, 1987; Zhu et al., 2002),
although it was not known whether viroids move systemically as free
RNA or form ribonucleoprotein complexes and, in general, the plant
mechanisms involved in long distance RNA movement remained un-
clear (Ueki & Citovsky, 2001). However, in 2001, two independent
research groups reported interaction in vitro between HSVd and the
phloem protein 2 (PP2), which is a dimeric lectin and the most abun-
dant component of the cucumber phloem exudate (Gomez & Pallas,
2001; Owens et al., 2001). The formation of the ribonucleoprotein
complex in vivo was further confirmed by immunoprecipitation
using a polyclonal serum against PP2. Moreover, the movement of
this HSVd-PP2 complex was studied using intergeneric graft assays
of a pumpkin scion, a plant that is not a host of HSVd, in an infected
cucumber rootstock. Interestingly, the ribonucleotide complex was
translocated and even symptoms of HSVd infection were observed
in the scion despite being a nonhost plant (Gémez & Pallas, 2004).
Additionally, a double-stranded or highly structured RNA-binding
motif was identified in the PP2 sequence and it was reported that
this lectin is the only protein in the phloem of cucumber able to bind
HSVd. However, in melon, HSVd was additionally bound to other
phloem lectins of 17 and 14 kDa, which suggested that different
phloem proteins might be involved in viroid spread depending on
the host (Gomez et al., 2004). Other phloem proteins have been sug-
gested to be involved in the systemic transport of these pathogenic
RNAs (Solovyev et al., 2013). Remarkably, several phloem proteins
have been proven to have RNA-binding capabilities to facilitate RNA
trafficking through the phloem (Ham & Lucas, 2017; Pallas & Gémez,
2013). One of those factors has been proposed to be necessary
to overcome the phloem restriction of viroids in three citrus hosts
(Bani-Hashemian et al., 2015).

Nicotiana benthamiana has been employed routinely as an exper-
imental model in the study of plant-pathogen interactions. However,
infectivity of HSVd in this host, although possible, appeared less
efficient than in other ones. Inoculation attempts with nucleic acid
preparations from viroid-infected plants or HSVd dimeric transcripts
failed to produce an efficient and reproducible systemic infection.
To determine if this situation could be due to a defect in replica-
tion or systemic movement, transgenic plants of N. benthamiana
expressing dimeric HSVd (+) RNAs (HSVd-Nb plants) were obtained

(Gémez & Pallas, 2006). HSVd was correctly processed into circular
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forms and grafting assays showed that movement to distal parts
was possible. Therefore, deficiencies in the interaction with other
host factors were proposed to explain the deficient infectivity rate
observed in N. benthamiana plants. The most studied model plant
is Arabidopsis thaliana, but systemic infection has not been possi-
ble with any viroid, and failed even when using the highly efficient
Agrobacterium-mediated inoculation method (Daros & Flores, 2004).
To gain insights into the limiting factors of viroid infection, Dards and
Flores (2004) obtained transgenic Arabidopsis expressing the dimeric
(+) strand transcripts of the type member of each genus of the family
Pospiviroidae. Northern blot hybridization revealed the correct pro-
cessing to the circular monomer in all cases, and multimeric (=) RNAs
of HSVd were also detected, indicating that the first RNA-RNA
transcription of the rolling-circle mechanism occurs in Arabidopsis.
Furthermore, the second step of the rolling-circle is possible be-
cause transgenic Arabidopsis expressing HSVd dimeric () transcripts
accumulated the circular (+) monomers. These results suggest that
the inability of HSVd to infect Arabidopsis may be related to systemic
movement, although it cannot be excluded that low levels of replica-
tion might be hindering viroid spread.

6 | PATHOGENESIS

How viroids induce disease has been a prevalent question in the field.
Early studies suggested a sequence-specificity of the symptoms, as
point changes could greatly influence the degree of severity (Dickson
etal., 1979). In the case of H5Vd, sequence variants causing mild and
severe symptoms have been identified (Xia et al., 2017). For exam-
ple, a motif of five or six nucleotides found in the variable domain
was associated with cachexia symptoms in citrus (Reanwarakorn &
Semancik, 1998, 1999). Site-directed mutagenesis of this cachexia
motif could transform a severe strain into mild or asymptomatic,
therefore demonstrating that it effectively modulates the symptom
severity in citrus and may even suppress symptom expression (Serra
et al., 2008). Additionally, transcriptomic changes induced by HSVd
infection have been studied in cucumber (Xia et al., 2017) and hop
(Kappagantu et al., 2017a). Results have shown a complex array of al-
terations, but an up-regulation of basal defence genes, as well as the
down-regulation of genes related to essential metabolic processes,
were described in both cases.

In recent decades, the demonstration that viroids trigger RNA si-
lencing mechanisms in infected cells has supported an emerging no-
tion linking viroid-induced RNA silencing and pathogenesis (Gomez
et al., 2009; Rodio et al., 2007; Sano et al., 2010; Wang et al., 2004).
This attractive pathogenicity model proposes that viroid-derived
small RNAs (vd-sRNAs) can mediate the specific degradation of cer-
tain endogenous transcripts, promoting the phenotypic alterations
recognized as symptoms (Wang et al.,, 2004). Since the demon-
stration that viroid RNAs were substrates for Dicer-like enzymes
and cleaved into 20-24-nt vd-sRNA (Papaefthimiou et al., 2001),
a large body of evidence has revealed that these small pathogenic

RNAs are inducers and targets of the RNA silencing machinery (see



MARQUEZ-MOLINS €T AL.

158 -
_I_Wl ) 2A %= Molecular Plant Patholgg )

Adkar-Purushothama & Perreault, 20194, for a review). Studies using
HSVd as a model have been crucial to establish the dependence of
RNA silencing mechanisms for viroid-induced symptoms (Gomez
et al., 2008; Zhang et al., 2020) and have shed light on the pathways
involved in vd-sRNA biogenesis (Gémez et al., 2009) and the resis-
tance of mature forms to RISC-mediated cleavage (Gomez & Pallas,
2007b).

First, transgenic HSVd-Nb plants were used to propose that
mature HSVd forms are resistant to RNA silencing (Gémez & Pallas,
2007b). A reporter construct, which consisted of a full-length HSVd
RNA fused to green fluorescent protein (GFP)-mRNA (HSVd-GFP),
was agroinfiltrated in HSVd-Nb plants, and its expression was si-
lenced as a consequence of the vd-sRNA activity (able to interact
with the RNA silencing complexes and mediate the degradation of
the linear HSVd-RNA fused to the GFP transcripts). However, in
these restrictive conditions, circular HSVd molecules were able to
traffic through intergeneric grafts, indicating that the mature forms
of HSVd possess certain resistance to RNA silencing-mediated deg-
radation. Similar results were obtained using PSTVd as a model (Itaya
et al., 2007). Therefore, it was established that the highly packed
structure of viroids is not only important for the interaction with
host factors but also necessary to escape from RNA silencing, con-
stituting a major constraint to viroid evolution (Catalan et al., 2019;
Elena et al., 2009). HSVd was also employed as a valuable experimen-
tal model to analyse the biogenesis of vd-sRNAs. High-throughput
sequencing of small RNAs in HSVd-infected grapevine (Navarro
et al., 2009) and cucumber (Martinez et al., 2010) indicated that the
totality of the HSVd RNA genome contributes to the formation of
vd-sRNAs, predominantly of 21, 22, and 24 nt, but the accumula-
tion profile showed that these small RNAs aligned preferentially in
specific regions or hot spots in the viroid genome. Moreover, HSVd-
sRNAs derived almost equally from the (+) and (-) genomic strands
(Castellano et al., 2016a; Martinez et al., 2010; Navarro et al., 2009;
Su et al., 2015; Zhang et al., 2020). This fact suggested that HSVd
sRNAs must be mainly originated from double-stranded RNA viroid
replication intermediates (Gémez et al., 2009; Martinez et al., 2010).
Remarkably, phloem vd-sRNAs accumulated preferentially as 22-nt
species with a consensus sequence over-represented. This bias in
size and sequence in the HSVd vd-sRNA population recovered from
phloem exudate suggests the existence of a selective trafficking of
vd-sRNAs to the phloem tissue of infected cucumber plants.

Regarding the interplay between HSVd pathogenesis and RNA
silencing, it was initially observed that symptom expression in
N. benthamiana plants is dependent on RNA-dependent RNA poly-
merase 6 (RDR6) activity (Gomez et al., 2008). In that work, graft-in-
fected plants in which RDRé (a key component of the RNA silencing
machinery) was constitutively silenced (rdré6i-Nb) were unable to de-
velop symptoms even though the HSVd mature forms accumulated
at levels comparable to those observed in infected controls with
symptoms. These results were reinforced by the observation that
HSVd-Nb plants showing severe symptoms at 28 °C were symptom-
less when maintained at low temperatures (14 °C) at which the RNA

silencing pathways are inhibited (Gomez et al., 2008). Interestingly,

hybridization assays revealed that HSVd circular and linear mono-
meric forms accumulated at similar levels in HSVd-Nb plants at both
tested temperatures. Thus, it was concluded that symptom expres-
sion is dependent on an active state of the viroid-specific RNA si-
lencing pathways and independent of mature HSVd accumulation
levels. However, studies with PSTVd have found a higher viroid
accumulation at early stages when RDRé is silenced in N. benthami-
ana (Adkar-Purushothama & Perreault, 2019b; Di Serio et al., 2010)
and lower in tomato (Naoi et al., 2020), with no differences in the
symptomatology. Based on these studies, a defensive role in pro-
tecting the shoot apical meristem against PSTVd invasion has been
attributed to RDR®, but it is unclear if it has this same function in
the case of HSVd. It could be hypothesized that despite being of
the same family, HSVd and PSTVd may interact differently with the
silencing machinery, and this could explain why the suppression of
RDRé has contrasting effects in both cases. Further studies are re-
quired to determine the whole picture.

Finally, and based on multiple similarities between viroid repli-
cation and trans-acting small interfering RNA tasiRNA processing, it
was proposed that the pathogenesis process associated with HSVd
infection might be related to the accumulation of vd-sRNAs gener-
ated as result from the incorporation of viroid replication intermedi-

ates in the tasiRNA biogenesis pathway (Gomez et al., 2009).

7 | EPIGENETIC ALTERATIONS

Evidence that viroids can affect the methylation status of the host
genome was pioneering and directed the discovery of the RNA-
directed DNA methylation (RADM) mechanism (Wassenegger et al.,
1994). However, later experimental insights gathered while working
with HSVd revealed that viroids could additionally trigger epigenetic
alterations in a noncanonical RdADM-dependent manner. In cucum-
ber plants a high accumulation of ribosomal RNA (rRNA) precursors
was observed on HSVd infection. This phenomenon was correlated
with a decrease in DNA methylation in the promoter region of the
rRNA genes (Martinez et al., 2014). A similar pattern of loss of cyto-
sine methylation (5mC) of usually silenced rRNA genes was detected
in HSVd-Nb plants, indicating that it might be a generalized phenom-
enon in HSVd pathogenesis (Castellano et al., 2015).

Nonetheless, a mechanistic explication for this phenomenon
could not be outlined until the in vitro and in vivo interaction of
HSVd with histone-deacetylase 6 (HDA®6) was reported, which is
responsible for the removal of acetyl groups from the N-terminal
part of the core histones (H2A, H2B, H3, and H4) and gives a tag
for epigenetic repression (Liu et al., 2012a, 2012b). HDA6 has been
associated with the transcriptional repression of specific targets,
such as rDNA repeats or complex transgenes (Liu et al., 2012a).
Moreover, the transient silencing of cucumber HDA6 favoured
HSVd accumulation while transient overexpression of recombi-
nant HDAG6 reverted the hypomethylation status of rDNA, charac-
teristic of HSVd-infected plants, and reduced viroid accumulation

(Castellano et al., 2016b). Those observations led to the proposal
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that HSVd recruits and functionally subverts HDA6 to promote
the host epigenetic changes in rRNA genes produced during vi-
roid pathogenesis. Interestingly, the lack of HDA6 activity has
been associated with spurious RNA polymerase Il transcription
of nonconventional rDNA templates (usually transcribed by RNA
polymerase |) (Earley et al., 2010). In HSVd-infected plants, it was
reported an overaccumulation of pre-rRNAs and small RNAs de-
rived from ribosomal transcripts indicating an unusual transcrip-
tional environment (Castellano et al., 2015, 2016b; Martinez et al.,
2014). Therefore, it was proposed that the HDA6-recruitment me-
diated by HSVd may promote spurious RNA polymerase Il activ-
ity that could favour the transcription of noncanonical templates,
thereby improving viroid replication.

In addition to these alterations in vegetative tissues, HSVd in-
fection is also associated with drastic changes in gametophyte de-
velopment (Castellano et al., 2016a). It was observed that in pollen
grains the accumulation of HSVd RNA induces a decondensation of
the generative nucleus that correlates with a dynamic demethylation
of repetitive regions in the host genome (Castellano et al., 2016a).
Therefore, the authors proposed that HSVd infection impairs the
epigenetic control of these repetitive regions, primarily rRNA genes
and transposable elements, in gametic cells of cucumber. That
represents a previously undescribed phenomenon resulting from

pathogen infection in this reproductive tissue.

8 | CONCLUSION AND FURTHER
PERSPECTIVES

The large number of studies involving HSVd have resulted in a con-
siderable knowledge about the replication, systemic movement,
and host range of this ubiquitous pathogen, as well as concerning
its interaction with RNA silencing and epigenetic mechanisms of the
host. HSVd might be the second most studied viroid after PSTVd.
However, some aspects of HSVd pathogenesis are yet to be unrav-
elled. For example, host transcripts effectively silenced by HSVd-
sRNAs have not been described yet despite the well-proved relation
of viroid pathogenesis with RNA silencing (Gomez et al., 2009; Rodio
et al., 2007; Sano et al., 2010; Wang et al., 2004). Moreover, the ge-
nome-wide alterations of 5mClevels in the genome of HSVd-infected
plants are unknown. It could be speculated that the cytosine meth-
ylation in other regions targeted by HDAG, such as repetitive DNA
encoding transposable elements (Liu et al., 2012b), might also be af-
fected, as it was suggested from the deep-sequencing data of small
RNAs in the cucumber male gametophyte (Castellano et al., 2016a).
For that reason, further studies, like whole-genome bisulphite
methylation, would be required to characterize the extent of the
modifications that may be triggered by the subversion of HDA6 by
HSVd (Castellano et al., 2016b). Additionally, the presence of viroid-
induced modifications in cucumber pollen raises questions about the
possible heritability of these alterations (Castellano et al., 2016a). On
the other hand, a more global study (at temporal scale during infec-

tion) focused on the viroid-induced alterations in the transcriptional
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landscape of the host could provide valuable information about the
endogenous regulatory pathways subverted and/or redirected by
HSVd during the infectious process. Finally, the analysis of sequence
diversity and site-directed mutagenesis in infectious cDNA clones of
HSVd (Marquez-Molins et al., 2019) could provide more insights into
the sequence-function relations of viroids. For instance, sequence
motifs involved in movement, or in general with the interaction with
host factors, might be discovered using this approach. Interestingly,
an open question is whether interactions with host mechanisms (like
RNA silencing or those that maintain the epigenetic stability of the
genome) provide an adaptive advantage for viroids or, conversely,
viroid-induced pathogenesis is only a side effect with no implications

in viroid fitness.
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