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Abstract: Viroids are known the smallest plant pathogens, and although their genome sequences do 
not encode proteins, they can cause disease in economically important crops. In order to control 
viroid diseases and mitigate their damage, genetic resources used for breeding of the viroid-re-
sistant crop have been searched, but the practical resistant trait has not been found in almost all 
viroid-crop combinations, as well as the tolerant trait. Due to the difficulty in exploiting naturally 
occurring resistance or tolerance, various effective strategies have been devised to control viroid 
diseases using non-transforming or transforming techniques. Meanwhile, extensive findings related 
to viroid resistance and tolerance may lead to confer resistance or tolerance to viroid infection by 
combining with the recently emerged new technologies (e.g., spray-induced gene silencing and ge-
nome-editing technologies), which are believed to be more environmentally viable and acceptable 
to the general public than previously reported approaches. In particular, some genome-modified 
crops produced by the latter technology are already on the market. In this review, we comprehen-
sively summarize the current status about investigation of naturally occurring genetic traits for vi-
roid resistance and tolerance, accumulating knowledge about host factors involved in viroid path-
ogenicity, and various basic technologies developed to try to possible viroid disease control strate-
gies. Furthermore, we discuss prospects and challenges for the achievement of more effective, prac-
tical, and sustainable disease control of viroid. 
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1. Introduction 
Viroids are known as the smallest plant pathogens, are single-stranded (ss) circular 

RNA molecules ranging from 246 to 434 nucleotides in length, and do not encode any 
proteins in their genome sequences (Sano, 2021). In spite of their non-coding nature, they 
autonomously replicate by using host factors, including an enzyme and a transcriptional 
factor (Mühlbach and Sänger, 1979; Warrilow and Symons, 1999; Navarro et al., 2000; 
Rodio et al., 2007; Wang et al., 2016; Gas et al., 2008; Nohales et al., 2012a; Nohales et al., 
2012b). Viroids are classified into two families, Pospiviroidae and Avsunviroidae, according 
to their biological and structural characteristics such as replication mode and site, highly 
structure, and presence or absence of either of the central conserved region or the ham-
merhead ribozyme motif in its genome (Di Serio et al., 2014; Kovalskaya and Hammond, 
2014).  

Highly base-paired stem-loop structures and partially double-stranded (ds) replica-
tive intermediates of viroid, formed transiently during replication, are potential inducers 
and targets of the host anti-virus/viroid RNA silencing mechanism which specifically 
cleaves foreign invaders such as viruses and transposons in a sequence-dependent man-
ner (Kovalskaya and Hammond, 2014). In infected host cells, viroids are processed by an 
RNase III-like enzyme called Dicer-like (DCL) into 21–24 nucleotides (nt) small fragments 
(Itaya et al., 2001; Papaefthimiou et al., 2001; Martínez de Alba et al., 2002), called viroid-
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specific small RNA (vd-sRNA). Vd-sRNAs are recruited by RNA-induced silencing com-
plex (RISC) including Argonaute (AGO) (Minoia et al., 2014), which is an RNase H-like 
enzyme, and RISC directs the cleavage of complementary target viroid RNA according to 
the incorporated vd-sRNA sequence. In general, RNA silencing is maintained and even 
amplified by RNA-dependent RNA polymerases (RDRs). RDRs convert RNAs with aber-
rant features into dsRNAs, and then, they are processed again by DCLs into small RNAs 
called secondary small interfering (si) RNAs. This process has not yet been clarified in the 
case of viroid infection. 

Recently, it has become clear that RNA silencing is involved not only in defense re-
sponses against viroid but also in symptom expression. In several studies, it was indicated 
that vd-sRNAs processed by DCLs target host genes according to sequence homology and 
suppress their expression, resulting the development of disease symptoms (Navarro et al., 
2012; Adkar-Purushothama et al., 2015; Adkar-Purushothama et al., 2017; Bao et al., 2019; 
Eamens et al., 2014). Post-transcriptional suppression of target genes by over-expression 
of endogenous micro (mi) RNAs in response to viroid infection, and consequent disrup-
tion of normal metabolic pathways, has also been implicated in symptom development 
(Suzuki et al., 2019; Fujibayashi et al., 2021).  

In general, plant innate immune responses involve the fluctuation of several genes, 
such as mitogen-activated protein kinase, pathogenesis-related proteins, resistant pro-
teins, and defense-related transcription factors, which is observed in viroid infection 
(Zheng et al., 2017; Góra-Sochacka et al., 2019; Thibaut and Bragard, 2018; Štajner et al., 
2019; Wang et al., 2019; Xia et al., 2017; Więsyk et al., 2018; Navarro et al., 2021). These 
findings suggest that viroid can activate pathogen-associated molecular pattern (PAMP)–
triggered immunity (PTI) and effector-triggered immunity (ETI). It is not clear how viroid 
is recognized as a genuine PAMP or effector in these plant immunity mechanisms, alt-
hough it is possible to be associated with RNA silencing mechanism because distinct two 
plant defense pathways, dsRNA-mediated antiviral silencing and PTI, may be function-
ally linked (Niehl et al., 2016; Niehl and Heinlein, 2019). Meanwhile, plant hormones, such 
as salicylic acid, are thought to be involved in the plant innate immune responses as sig-
naling substances, and the expression of plant hormone-related genes is significantly 
changed in viroid-infected host plants (Owens et al., 2012; Takino et al., 2019; Wang et al., 
2019; Štajner et al., 2019; Olivier and Bragard, 2018; Góra-Sochacka et al., 2019; Zheng et 
al., 2017; Xia et al., 2017; Wang et al., 2011; Więsyk et al., 2018). At the same time, the 
fluctuation in plant hormone metabolism have been associated with symptom expression 
of viroid (Owens et al., 2012; Takino et al., 2019 Štajner et al., 2019; Bao et al., 2019; Ham-
mond and Zhao, 2009; López-Gresa et al., 2016; Prol et al., 2020; Xin-xi et al., 2011; Wang 
et al., 2011). 

Furthermore, one of the interactions between pathogens and host plants is the re-
sistant responses (host resistance). “True resistance” is controlled by the resistant gene 
and characterized by containing the pathogen in the point of pathogen penetration 
through the hypersensitive cell-death responses (HR), and this is a part of defense re-
sponses in ETI (Muller and Haigh, 1953; Jones and Dangl, 2006; Balint-Kurti, 2019) On the 
other hand, in virus resistance, cell death is not necessarily a vital component of resistant 
mechanisms (Bendahmane et al., 1999; Komatsu et al., 2010), and the resistance, controlled 
by the resistant gene and characterized by a lack of symptoms and limited or lack of path-
ogen replication and pathogen spread, is called as “extreme resistance” (Bendahmane et 
al., 1999; de Ronde et al., 2014). Additionally, the presence of resistant components (eg, 
the plants latently infected with virus) either separately or in combination in a field may 
confer “field resistance” to a population of infectible individuals (Muller and Haigh, 1953; 
Cooper and Jones, 1982). Alternatively, the resistance shown by an entire plant species to 
all genetic variants of a pathogen is known as “non-host resistance” (Niks and Marcel, 
2009), and is nearly synonymous with “immunity”. In some case, immunity may include 
strong host resistance. In the case of viroid, host resistance has not been classified in detail 
as described above, because viroid resistance has rarely been reported so far. Hence, in 
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this review, “resistance” is broadly defined as the property of the host plant to inhibit 
systemic viroid infection unless otherwise specified. In contrast, “susceptible” refers to 
the property of the host plant to become systemically infected with viroid. Meanwhile, the 
property of host plants which exhibit the only mild symptoms or are symptomless even 
though the viroid systemically infects, is known as “tolerance” (so-called disease re-
sistance). On the contrary, “sensitive” refers to the property of the host plant to develop 
disease symptoms during viroid infection. Tolerance is more general in viroid-host inter-
actions and is the only genetic trait that can be used for viroid disease control in many 
crops, although the detailed mechanism of viroid tolerance remains unclear. 

More than 25 diseases induced by viroid infection have been reported in more than 
15 crop species, including vegetables, fruits, trees, and flowers (Sano, 2021), which include 
economically important crops. Therefore, resistance to prevent viroid infection has been 
searched for, but so far, no resistance that can be used for cross-breeding have been re-
ported for most crop-viroid combinations, as well as tolerance to suppress symptom ex-
pression. Little is known about the mechanism of viroid resistance, but it is probably due 
to inhibition of viroid replication or cell-to-cell/systemic movement, given the example of 
virus resistance. Due to the difficulty in exploiting natural resistance and tolerance, vari-
ous strategies have been devised to control viroid diseases using non-transforming or 
transforming techniques. These strategies are diverse, and the most confer viroid re-
sistance or tolerance into plants by inhibiting infection and accumulation, through degra-
dation of viroid (Flores et al., 2017). In addition, deepening our understanding of the 
mechanisms, such as RNA silencing and changes in plant hormone metabolism, involved 
in viroid resistance and tolerance, and disease development is important because it may 
lead to the development of new control strategies for viroid diseases. 

In this review, we comprehensively summarize about not only the viroid resistance 
and tolerance, and the various strategies that can confer resistance or tolerance to plants, 
but also the relevant findings possibly applied to disease control of viroid. Namely, we 
describe search and analysis of viroid-resistant and -tolerant genetic resources (chapter 2), 
findings on the mechanisms involved in viroid resistance/tolerance and disease develop-
ment (chapter 3), and diverse strategies to induce viroid resistance (chapter 4). Further-
more, we discuss prospects and challenges for the achievement of more effective and prac-
tical control of viroid disease in chapter 5. 

2. Current status of search and analysis of viroid-resistant and -tolerant genetic re-
sources 

In economically important crops, viroid-resistant and tolerant genetic resources that 
can be used for crop breeding have been explored, but have been found, scarcely. In this 
section, we describe the findings on resistance or tolerance to each viroid, reported so far. 

2-1. Chrysanthemum stunt viroid 
The only viroid resistance to render systemic viroid infection impossible, reported in 

cultivated crops is chrysanthemum stunt viroid (CSVd) resistance in chrysanthemums 
(Chrysanthemum × morifolium), and this is the only example of multiple analyzes of viroid 
resistance (Nabeshima et al., 2018). Screening for CSVd resistance in 67 self-pollinated 
progenies of the chrysanthemum cultivar ‘Utage’, whose CSVd concentration increased 
slowly, found three plants exhibiting strong CSVd resistance. In these plants, CSVd was 
detected locally in the youngest expanded leaves, or hardly detected in the whole body 
(Omori et al., 2009). An in vitro screening method, in which leaf primordia free shoot apical 
meristems (SAMs) were attached to the root tips of CSVd-infected chrysanthemum roots 
and analyzed for CSVd infection in newly developed leaves, showed that CSVd-resistant 
plants were classified into the two types, a CSVd-uninfected or slow titer-increasing type 
and a CSVd-disappearance type. Chrysanthemum cultivars ‘Mari-Kazaguruma’ or 
‘Seino-Issei’, respectively classified into a slow titer-increasing type, or a CSVd-uninfected 
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or slow titer-increasing type, were used for subsequent grafting assay. As a result, in the 
cultivar ‘Seino-Issei’, CSVd was detected temporarily after grafting and titers decreased 
in the newly expanded leaves, while CSVd was not detected in a shoot tip and detected 
in a young leaf at a low level. In addition, CSVd-infected ‘Seino-Issei’ plants did not ex-
hibit symptoms. Namely, this cultivar has the characteristics of not only a CSVd-unin-
fected type but also a CSVd-disappearance type. On the other hand, in the cultivar ‘Mari-
Kazaguruma’, CSVd was not detected in the youngest leaves at 2 months after-grafting, 
but CSVd accumulation had slightly increased by six months, accompanied by no symp-
toms. Namely, this cultivar has the characteristics of a slow titer-increasing type. These 
results suggest the existence of more than one type of CSVd resistance in chrysanthemums 
(Nabeshima et al., 2012). CSVd infection was not completely inhibited, CSVd accumula-
tion gradually increased, and the “undetectable-area” characteristic of ‘Seino-Issei’ could 
not observed in ‘Mari-Kazaguruma’, suggesting that CSVd resistance in ‘Mari-Kazagu-
ruma’ is a characteristic close to tolerance to viroid infection.  

Further analyses by graft- and agro-inoculation revealed that systemic infection with 
CSVd was not observed in 'Mari-Kazaguruma' chrysanthemums even though a large 
amount of CSVd accumulated in inoculated leaves, suggesting that cell-to-cell movement 
but not replication of CSVd in leaves is associated with CSVd resistance (Nabeshima et 
al., 2017). In the CSVd-resistant cultivars ‘Mari-Kazaguruma’ and ‘Seino-Issei’, and the 
self-pollinated progeny exhibiting CSVd resistance of the cultivar ‘Utage’, absence of 
CSVd accumulation in shoot apex was observed even when CSVd was continuously pro-
vided from the CSVd-infected rootstock (Nabeshima et al., 2012; Omori et al., 2009). These 
findings suggest that the mechanisms related to suppression of viroid invasion into the 
SAMs, such as RNA silencing associated with RDR6 and callose deposition, reported pre-
viously (Di Serio et al., 2010; Naoi et al., 2020; Zhang et al., 2015), may be contribute to 
CSVd resistance. However, this possibility has not been validated, and further analyses 
are required in the future.  

Regarding the genetic analysis of CSVd resistance, it is difficult to analyze because 
chrysanthemums are the high-order polyploid species, and many aspects remain to be 
elucidated. When two susceptible cultivars ‘Sei Elza’ and ‘Anri’ were crossed as the pollen 
parents with the resistant cultivar ‘Okayama Heiwa’, which was the female parent, only 
a portion of the first filial generation (F1) plants demonstrated resistance to CSVd infection 
(Matsushita et al., 2012; Nabeshima et al., 2018). In addition, F1 populations generated by 
mating different CSVd-resistant cultivars involved CSVd-resistant and -susceptible plants 
(Torata et al., 2018). On the other hand, it has been recently reported that some strains of 
C. seticuspe, a diploid wild chrysanthemum, have CSVd resistant properties (Matsushita 
and Osaka, 2019), expected the further progress in genetic analyses of CSVd resistance by 
using C. seticuspe instead of C. morifolium. 

2-2. Citrus exocortis viroid, hop stunt viroid, and other citrus viroids 
Partial resistance to viroid capable of infecting citrus was observed in Eremocitrus 

glauca and Microcitrus australis, one of the members of the subfamily Aurantioideae in the 
family Rutaceae. The investigation of accumulation and movement of six citrus viroids, 
citrus exocortis viroid (CEVd), hop stunt viroid (HSVd), citrus bent leaf viroid, citrus 
dwarfing viroid, citrus bark cracking viroid, and citrus viroid V, in E. glauca and M. aus-
tralis revealed that these plants either do not replicate/accumulate viroids or are very in-
efficient viroid hosts. However, downward and upward movement of viroids to grafted 
citrus plants, in which replication and accumulation of viroid occurs efficiently, was not 
impaired (Hashemian et al., 2010). 

Since apricots (Prunus armeniaca) are susceptible to viruses and viroids including 
HSVd, the resistance/susceptibility of 26 Mediterranean and North American apricot cul-
tivars to HSVd infection was investigated in controlled greenhouse conditions (Rubio et 
al., 2015). However, no aplicot cultivars exhibiting resistance to HSVd infection were 
found. 
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2-3. potato spindle tuber viroid 
Potato spindle tuber viroid (PSTVd) is one of the most studied viroids for resistance 

and tolerance to viroid infection. In the early study to evaluate host reaction to PSTVd 
infection, local necrotic spots by the hypersensitive reaction, characteristically observed 
in virus-resistant plants, were observed in Scopolia sinensis (Singh, 1971); however, the re-
sponse was observed only under the limited circumstances (Flores et al., 2017). PSTVd 
resistance to sap inoculation was observed in some strains of wild potato Solanum ber-
thaultii, although these failed to be resistant after graft-inoculation (Singh and Slack, 1984; 
Singh, 1985). Moreover, Solanum acaule OCH 11603 was found to be resistant to mechani-
cal inoculation with PSTVd, but was susceptible following agro-infection (Salazar et al., 
1988; Kovalskaya and Hammond, 2014). These resistance to PSTVd observed in potato 
wild relatives was likely to be so-called “field resistance” rather than the resistance as 
plant immune responses (Salazar et al., 1988). PSTVd resistance of wild potato relatives is 
also reported in S. guerreroense, S. etuberosum, S. sucrense, and S. chacoense, and S. stolon-
iferum and several cultivars of potatoes (S. tuberosum) exhibited tolerance to PSTVd infec-
tion (Pfannenstiel et al., 1980; Palukaitis, 2012; Sofy et al., 2013). However, to date, these 
PSTVd resistance have not been introduced into susceptible cultivated potatoes (Palukai-
tis, 2014), as well as tolerance. Tomatoes (S. lycopersicum) are susceptible to pospiviroid 
infection and important crops for research on PSTVd and other pospiviroids. Most of to-
mato cultivars are sensitive to PSTVd infection, while some are tolerant, such as ‘Money-
maker’, ‘Harzfeuer’, ‘Micro-Tom’, and ‘Tiny-Tim’ (Wang et al., 2011; Owens et al., 2012; 
Matoušek et al., 2007; Naoi and Hataya, 2021). F1 hybrids generated by crossing between 
PSTVd-tolerant ‘Harzfeuer’ and -sensitive ‘Rutgers’ tomatoes exhibited severe symptoms, 
but their symptoms were weaker than those in ‘Rutgers’ tomatoes. This finding suggests 
that PSTVd-tolerance in the tomato cultivar ‘Harzfeuer’ may be an incompletely dominant 
trait or a quantitative trait controlled by multiple genes (Matoušek et al., 2007). PSTVd-
resistance and -tolerance available for cross-breeding were investigated in wild tomato 
species. Although no host species exhibiting resistance to PSTVd were found, the wild 
tomato relatives S. pimpinellifolium LA0373 and S. chmielewskii LA1028 exhibited tolerance 
even to the lethal strain of PSTVd, showing few disease symptoms. In addition, PSTVd-
tolerance was inherited to F1 hybrids produced by crossing a highly sensitive wild tomato 
(S. lycopersicum var. cerasiforme LA1286) with these wild species. Further analyses in 
PSTVd accumulation revealed that in these PSTVd-tolerant wild relatives and F1 hybrids, 
PSTVd accumulation was lower than in PSTVd-sensitive wild tomatoes, especially in the 
early stage of infection. The mechanism of PSTVd-tolerance and suppression of accumu-
lation in these wild tomato relatives has not been analyzed in details, and further analysis 
is required in the future (Naoi and Hataya, 2021).  

Taken together, tolerance is more general than resistance in the viroid-host interac-
tion, but there are few examples in which the inheritance pattern has been clarified. There-
fore, at present, CSVd resistance in chrysanthemums and PSTVd tolerance in wild tomato 
relatives are considered the only traits that can be used for generation of viroid-resistant 
or -tolerant crops by conventional cross-breeding, respectively.  

3. Current state of research on mechanisms involved in viroid-resistance and -toler-
ance, and disease development. 

Previous numerous studies on viroid resistance/tolerance and disease development 
suggest the existence of the complex mechanisms involving various pathways that re-
spond or fluctuate during viroid infection. In this section, we focus on RNA silencing and 
alterations in plant hormone metabolism, as the mechanisms involved in viroid re-
sistance/tolerance and disease development, especially. 

3-1. Two different aspects of RNA silencing mechanism in viroid infection 
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RNA silencing is one of the anti-virus/-viroid defense mechanisms, whereas it is in-
volved in disease development of viroid. Tolerance to PSTVd infection in tomatoes may 
attributed to defense mechanisms including RNA silencing that inhibits PSTVd accumu-
lation. PSTVd-tolerant ‘Moneymaker’ tomatoes, in which the key factors DCL2 and DCL4 
in RNA silencing mechanism were down-regulated by RNA interference (i), exhibited le-
thal symptoms with systemic necrosis during PSTVd infection, other words, PSTVd-tol-
erance was impaired. In addition, over-expression of miR398 and miR398a-3p, suppres-
sion of the target superoxide dismutase (SOD) genes encoding reactive oxygen species (ROS) 
scavenging enzymes, and excessive ROS accumulation associated with the development 
of systemic necrosis were observed in these transgenic plants (Suzuki et al., 2019). Subse-
quent comparative analyses in the PSTVd-sensitive ‘Rutgers’ and -tolerant ‘Moneymaker’ 
tomatoes revealed that PSTVd accumulation in the pre-symptomatic early stage of infec-
tion was low in the PSTVd-tolerant cultivar, which is possibly associated with the tolerant 
cultivar-specific expression pattern of the DCL genes during PSTVd infection, especially 
up-regulation of DCL4 mRNA. Additionally, over-expression of miR398 and miR398a-3p, 
suppression of the SOD genes, excessive ROS accumulation, and severe systemic necrosis 
were observed only in PSTVd-sensitive ‘Rutgers’ tomatoes during virulent PSTVd strain 
infection (Fujibayashi et al., 2021). These findings suggested that RNA silencing involving 
DCLs, which suppress PSTVd accumulation in the early stage of infection, and normal 
ROS scavenging mechanisms are important for induction of tolerance to PSTVd infection 
in tomatoes. RNA silencing may also contribute to CSVd resistance in chrysanthemums, 
because CSVd resistance is characterized by the absence of CSVd in SAM (Nabeshima et 
al., 2012; Omori et al., 2009), and, invasion of virus and viroid into the SAM is thought to 
be suppressed by the RNA silencing mechanism involving RDR1 or RDR6 (Schwach et 
al., 2005; Di Serio et al., 2010; Lee et al., 2016; Naoi et al., 2020). Meanwhile, viroid re-
sistance strategies, which will be described later in Chapter 4, include some viroid-re-
sistant strategies based on viroid-targeted RNA silencing to prevent viroid infection and 
accumulation.  

Alternatively, vd-sRNAs, processed by DCLs, in RISC suppress the expression of 
host genes with complementary sequences to the vd-sRNAs, resulting disease develop-
ment of viroid (Navarro et al., 2012; Adkar-Purushothama et al., 2015; Adkar-
Purushothama et al., 2017; Bao et al., 2019; Eamens et al., 2014). 

Taken together, RNA silencing has the two different aspects: it is important in sup-
pressing viroid accumulation, symptom expression, and viroid invasion into SAM, 
whereas endogenous or exogenous sRNAs processed by DCLs can cause the silencing of 
host gene expression depending on their sequence homology, resulting viroid disease 
symptoms. 

3-2. Fluctuation of plant hormone metabolism during viroid infection 
Plant hormones regulate metabolic pathways associated with plant growth, develop-

ment, and response to biotic and abiotic stress. Large-scale alterations in regulation of 
gene expression by plant defense responses induced during viroid infection disrupt nor-
mal plant hormone metabolism, which can be associated with viroid disease development 
(Owens et al., 2012; Takino et al., 2019 Štajner et al., 2019; Bao et al., 2019; Hammond and 
Zhao, 2009; López-Gresa et al., 2016; Prol et al., 2020; Xin-xi et al., 2011; Wang et al., 2011). 
In this section, we focus on plant hormones associated with anti-viroid defense responses 
and disease development, and discuss the possibility of suppressing disease development 
by altering hormone metabolism through hormone treatment, use of inhibitors, or regu-
lating the expression of hormone metabolism-related genes.  

3-2-1. Salicylic acid, Gentisic acid, Gibberellic acid, Brassinosteroid, and Auxin 
Salicylic acid (SA) is known as one of the plant hormones which plays major roles in 

regulating plant defense responses against plant pathogens as well as abiotic stresses (Bari 
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and Jones, 2009), and is crucial for plants to establish the resistance response in many 
plant-pathogen interactions (Delaney et al.,1994). Gentisic acid (GeA) is a metabolic de-
rivative of SA and has been proposed as a signal molecule for plant defense responses in 
compatible non-necrotizing interactions (Bellés et al., 1999). Accumulation of SA and GeA 
were reported in CEVd-infected ‘Rutgers’ tomatoes (Bellés et al., 1999), and exogenous 
treatment of SA and GeA significantly delayed the disease development of CEVd in 
Gynura aurantiaca, resulting tolerance to CEVd infection (Campos et al., 2014). NahG to-
mato plants, expressing the salicylate hydroxylase gene from Pseudomonas putida and being 
unable to accumulate SA, exhibited severe symptoms during CEVd infection, and the hy-
per-sensitive phenotype of NahG plants against CEVd were rescued with the treatment 
of SA analogue benzothiadiazole, by reducing the titers, the disease development, and the 
severity at the beginning of CEVd infection (López-Gresa et al., 2016). SA or GeA treat-
ment induced basal resistance of plants and gene expression of RNA silencing compo-
nents, DCL2, RDR1, and RDR2 in tomatoes (López-Gresa et al., 2016; Campos et al., 2014), 
resulting delayed viroid accumulation and acquisition of tolerance to CEVd infection, 
probably. This hypothesis is also supported by the report that exogenous treatment with 
SA induced RDR1 expression, delayed PSTVd accumulation, and enhanced tolerance to 
PSTVd in ‘Rutgers’ tomatoes (Li et al., 2021).  

Gibberellic acid (GA) is the plant hormone which affects stem elongation, germina-
tion, elimination of dormancy, flowering, sex expression, enzyme induction, and leaf and 
fruit senescence (Rodrigues et al., 2012). Relationships between GA metabolism and viroid 
infection in host plants have been studied in details primarily in combination with toma-
toes or potatoes and PSTVd. A combination of microarray and large-scale RNA sequence 
analyses revealed that the expression of GA20ox1 and GA3β genes, contribute to GA bio-
synthesis, was down-regulated in both PSTVd-infected ‘Rutgers’ and ‘Moneymaker’ to-
matoes (Owens et al., 2012). In addition, expression analyses of the potential target genes 
for PSTVd-sRNAs in tomatoes revealed that expression of the Gibberellin β-hydroxylase 
gene, which is involved in GA biosynthesis, was reduced in PSTVd-infected ‘Rutgers’ to-
matoes (Wang et al. 2011). Expression of the genes involved in GA biosynthesis and sig-
naling was also suppressed in ‘Rutgers’ tomatoes infected with tomato planta macho vi-
roid or Mexican papita viroid and in Etrog citron infected with CEVd, in which disease 
symptoms including stunting were observed (Aviña-Padilla et al., 2018; Vidal et al., 2003). 
On the other hand, in contrast, it is reported that expression of some genes involved in 
GA biosynthesis, including GA20ox1, was up-regulated in PSTVd-infected ‘Rutgers’ to-
matoes (Więsyk et al., 2018). This contradiction suggests the existence of the complex feed-
back or feedforward regulation of biologically active GA levels, in which GA biosynthetic 
and inactivating enzymes are related, in viroid-infected plants (Yamaguchi, 2008; Więsyk 
et al., 2018). At least in potatoes, it has been clarified that PSTVd-sRNAs post-transcrip-
tionally suppress the expression of TCP23 belonging to a group of transcription factor, 
which plays an important role in regulating plant growth and development, and disrupts 
GA metabolism, resulting the induction of specific disease symptoms observed in PSTVd 
infection. In addition, it was shown that exogenous treatment of GA recovered the disease 
symptom-like spindle tuber phenotype observed in transgenic potatoes in which the 
PSTVd-sRNA thought to target the sequence of TCP23 mRNA was expressing as artificial-
mi (ami) RNAs (Bao et al., 2019). Recovery of plants by means of exogenous GA treatment 
was also observed in the transgenic tobacco exhibiting PSTVd-induced symptom-like 
dwarf phenotype, in which the PKV (protein kinase viroid-induced) protein is over-ex-
pressing and the expression of GA20x1 and GA3β genes was up-regulated (Hammond and 
Zhao, 2009). 

Brassinosteroid (BR) is the plant hormone which regulates numerous developmental 
processes including root and shoot growth, vascular differentiation, fertility, flowering, 
and seed germination, as well as in responding to environmental stresses (Bajguz et al., 
2020). Additionally, the crosstalk between BR and GA signaling pathways is supported 
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by some evidences (Li and He, 2013). The DWARF4 gene encoding cytochrome P450 pro-
tein, catalyzing the rate-limiting step of BR biosynthesis, were down-regulated in ‘Rut-
gers’ and ‘Moneymaker’ tomatoes during PSTVd infection. In ‘Micro-Tom’ tomatoes 
showing the dwarf phenotype, containing mutations affecting both BR biosynthesis and 
GA signaling (Martí et al. 2006) and exhibiting tolerance to PSTVd infection (Naoi and 
Hataya, 2021), exogenous BR treatment did not induce disease symptoms observed in 
PSTVd-infected ‘Rutgers’ tomatoes. Meanwhile, the treatment up-regulated several genes 
involved in responses to stress and other stimuli in PSTVd-infected ‘Micro-Tom’ toma-
toes, but not non-hormone, GA, or BR+GA (Owens et al., 2012). In PSTVd-infected pota-
toes in which the suppression of TCP23 expression resulted in inhibition of GA metabo-
lism and induction of disease symptoms, expression of the DWARF1 and Gibberellin 7-
oxidase genes was down-regulated in leaves and tubers (Bao et al., 2019; Katsarou et al., 
2016). As described, although changes in the expression of BR metabolism-related genes 
during PSTVd infection have been reported, it is unclear whether the BR metabolism or 
the crosstalk between BR and GA signaling is associated with the induction or suppres-
sion of viroid symptoms. Thus, the effects of exogenous treatment of BR or inhibition of 
BR metabolism in tomatoes and potatoes, sensitive to PSTVd infection, on the develop-
ment of PSTVd symptoms are currently unknown. 

Auxin (AUX) is a key plant hormone to regulate nearly all aspects of plant growth 
and development, from embryogenesis to senescence (Li et al., 2016). AUX signaling con-
tributes to promote virulence and cause disease in various pathogens, including tobacco 
mosaic virus (TMV) (Culver and Padmanabhan 2007). Flat-top symptoms observed in 
‘Rutgers’ tomatoes infected with mutant IntU257A of PSTVd were shown to be correlated 
with suppressed cell proliferation associated with down-regulation of the expansin (EXP) 
2 gene (Qi and Ding, 2003). Expression of several EXP genes is down-regulated in ‘Rut-
gers’ tomatoes infected with severe strain of PSTVd, along with expression of most genes 
involved in AUX biosynthesis and signaling, for example, AUX/IAA (auxin-responsive 
protein IAA), GH3 (auxin-responsive GH3 gene family), and SAUR (small auxin up-reg-
ulated RNA) (Więsyk et al., 2018). In rice, it has been reported that GH3 inhibits plant 
growth by suppressing genes, involved in AUX biosynthesis and signaling, and EXP 
genes (Ding et al., 2008; Domingo et al., 2009). These findings suggest the existence of a 
relationship between symptom expression and AUX metabolism during PSTVd infection 
in tomatoes. In addition, pathogenicity analyses in ‘Rutgers’ tomatoes using mutants be-
tween mild and intermediate strains of PSTVd indicated that the expression levels of all 
six EXP genes, including EXP2, were significantly reduced by PSTVd infection regardless 
of the severity of disease symptoms, except for that of the EXP5 gene in mild strain infec-
tion (Kitabayashi et al., 2020). At present, the possibility that exogenous treatment of AUX 
can reduce disease symptoms such as flat-top in PSTVd-infected tomatoes has not been 
verified.  

Taken together, these findings suggest that exogenous treatment of SA, GeA, or GA 
has the effect of alleviating the symptoms of viroid disease, that is, inducing tolerance to 
viroid infection, depending on the combination with the viroid and host plant. 

3-2-2. Ethylene 
Ethylene (ET) is a plant hormone which governs the development of leaves, flowers, 

and fruits, may also promote, inhibit, or induce senescence depending upon the ET levels, 
and plays major roles in regulating plant defense responses against plant pathogens, as 
well as abiotic stress (Konings and Jackson, 1979; Khan, 2005; Pierik et al., 2006, Iqbal et 
al., 2017; Bari and Jones, 2009). It has reported that ET production in tomato leaves, in 
which exhibit systemic symptoms during CEVd infection, is activated at the level of the 
production of ET precursor, 1-aminocyclopropane-l-carboxylic acid (Bellés et al., 1989). 
Furthermore, NahG tomatoes, SA accumulation is defective, exhibited hyper-sensitivity 
to CEVd and excessive accumulation of ET during CEVd infection, indicating a positive 
correlation between the accumulation of ET and the induction of CEVd symptoms (López-
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Gresa et al., 2016). In inoculation assays of CEVd, ethylene-insensitive Never ripe (Nr) to-
mato mutant exhibited more severe symptoms (hyper-sensitive to CEVd) and the higher 
level of ET emission than in wild-type. This result indicates that the expression of symp-
toms during CEVd infection may be caused by ET accumulation even in the absence of ET 
signaling (Prol et al., 2020). Meanwhile, it has been suggested that low-concentration ET 
rather than high-concentration may prevent viroid infection (Conejero and Granell, 1986). 
Based on these findings, a dual role of ET is proposed in defense responses to CEVd in-
fection; low ET levels could delay disease development, while high ET levels may contrib-
ute to the severity of CEVd symptoms (Prol et al., 2020). It has also been suggested that 
ET plays a partial role in the disease development of tomato chlorotic dwarf viroid 
(TCDVd). The expression of disease symptoms was slightly suppressed in the Nr mutant 
compared with the wild-type, and the partial suppression was also observed in wild-type 
by means of the treatment with silver thiosulfate, an inhibitor of the reaction to ET (Xin-
xi et al., 2011). In PSTVd infection, the induction of ET-related genes has been reported in 
tomatoes (Wang et al., 2011; Owens et al., 2012), but a relationship with symptom expres-
sion has not been studied in details.  

Taken together, it is suggested that the use of transformation techniques or inhibitors 
to suppress ET biosynthesis or signaling may suppress the disease development of CEVd 
or TCDVd in tomatoes. 

4. Current status of various resistant strategies to viroid infection 
Due to the difficulty in using viroid-resistant and -tolerant genetic resources in many 

economically important crops, various resistance strategies have been devised so far. In 
this section, we describe the findings about various resistance strategies to viroid infection 
and their mechanisms. 

4-1. Cross-protection 
Cross-protection is a phenomenon in which prior infection with attenuated virus/vi-

roid strains inhibits an infection with subsequent virulent strains of the same or closely 
related species, and the detailed mechanism has not been elucidated. However, it is 
thought to be a phenomenon that follows nucleotide sequence homology, possibly involv-
ing RNA silencing mechanism (Flores et al., 2005, Kovalskaya and Hammond, 2014; Flores 
et al., 2017). This phenomenon has been reported between several viroid species or strains, 
in some different host plants (Fernow, 1967; Niblett et al., 1978; Branch et al., 1988; Khoury 
et al., 1988; Pallás and Flores, 1989; Singh and Boucher, 1990). Pre-inoculation with CSVd 
or mild or severe strains of PSTVd in chrysanthemums or with mild strain of PSTVd in 
tomatoes, suppressed the disease development of CEVd in chrysanthemums, or attenu-
ated disease symptoms of CEVd and severe PSTVd strain in tomatoes. This effect was not 
observed in the case of pre-inoculation with chrysanthemum chlorotic mottle viroid 
(CChMVd), a member of the family Absunviroidae. No symptoms of CEVd and severe 
PSTVd strain inoculated in pre-protected tomatoes was observed during the test period 
(65 days), whereas symptoms of CEVd inoculated in pre-protected chrysanthemums be-
gan to appear at 50-60 days post-inoculation of CEVd (Niblett et al., 1978). Cross-protec-
tion between PSTVd strains or PSTVd and CEVd has also been reported in other subse-
quent studies. Pre-inoculation of mild PSTVd strain in tomatoes delayed the accumulation 
and disease development of severe PSTVd strain subsequently inoculated (Khoury et al., 
1988). In addition, when a severe strain of PSTVd was inoculated into G. aurantiaca in 
advance and then inoculated with a severe strain of CEVd, some plants showed CEVd-
characteristic severe symptoms, while the others exhibited only mild symptoms induced 
by PSTVd. In the former plants, both PSTVd and CEVd were detected, but only PSTVd 
was detected in the latter plants (Pallás and Flores, 1989). Differences in the effects of 
cross-protection between crop cultivars are shown in studies with PSTVd and potatoes. 
In PSTVd-sensitive ‘Russet Burbank’ potatoes, pre-inoculated with mild strain of PSTVd, 
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severe strain of PSTVd subsequently inoculated was not detected. On the other hand, in 
PSTVd-tolerant ‘BelRus’ potatoes, the subsequent inoculated severe strain of PSTVd was 
detected in several plants, indicating that cross-protection by pre-inoculation with mild 
PSTVd strain against severe strain subsequently inoculated was not completely functional 
in this cultivar (Singh and Boucher, 1990). Thus, it seems necessary to examine the optimal 
combination of viroid species or strains for each plant species or cultivar, although cross-
protection is effective in conferring resistance or tolerance to viroid infection in viroid-
sensitive host plants. However, it has not been used in the field as a general means of 
controlling viroid disease due to the risk of biological contamination of the environment 
(Flores et al., 2017). 

4-2. Virus-induced gene silencing and agro-infiltration. 
Down-regulation and over-expression of host factors, important for viroid replica-

tion and movement, may inhibit accumulation or infection of viroid. Transient suppres-
sion or over-expression of the DNA ligase 1 gene by means of virus-induced gene silencing 
(VIGS) or agro-infiltration resulted the decrease or increase of PSTVd accumulation in 
Nicotiana benthamiana (Nohales et al., 2012a). In addition, ectopic over-expression of ribo-
somal protein L5 (RPL5), the negative regulator of alternative splicing to generate the 
transcriptional factor (TF) IIIA-7ZF, by agro-infiltration induced the reduction of PSTVd 
concentration in PSTVd-infected leaves of N. benthamiana, which is correlate with the re-
duction of TFIIIA-7ZF protein (Jiang et al., 2018). These methods use viruses or agrobac-
teriums to suppress or over-express a target gene and the effects are transient, so it is not 
practical for controlling viroid disease. However, the findings obtained from these exper-
iments may be applied to generate viroid-resistant or -tolerant crops by transformation 
technologies.  

4-3. Transgenic plant 
To date, practical viroid resistance has not been reported in almost all viroid-crop 

combinations. Transformation of plants can be used not only for reverse-genetical analysis 
to presume the role of target gene through RNAi-mediated suppression but also for in-
duction of resistance or tolerance to virus and viroid infection. Therefore, the use of trans-
formation techniques aimed to confer resistance or tolerance to viroid infection into vari-
ous plants has been considered as one of the most effective methods for controlling viroid 
diseases. Many viroid-resistant or -tolerant transgenic plants targeting various viroids 
have been generated so far, and they can be classified into the following three types: the 
first is to directly degrade target viroid, the second is to indirectly induce the degradation 
of viroid through the RNA silencing mechanism, and the third is to inhibit viroid infection 
through down-regulation or over-expression of host factors, involved in viroid replication 
or movement.  

4-3-1. Direct degradation of viroid. 
4-3-1-1. Ribonuclease 

The dsRNA-specific ribonuclease pac1 protein is found in yeast Schizosaccharomyces 
pombe and is characterized structural similarity to RNase Ⅲ derived from Escherichia coli 
(Iino et al., 1991). It has been reported that expression of pac1 in N. tabacum confer re-
sistance to several RNA viruses (Watanabe et al., 1995). In the transgenic potato lines ex-
pressing pac1 protein, infection and accumulation of PSTVd were prevented and no dis-
ease symptom was observed at different study temperatures: 25–32℃ (favorable for viroid 
replication and accumulation) and 20–28℃ (resembling actual field conditions). In addi-
tion, carryover of PSTVd through seed potatoes was reduced in transgenic potato lines at 
25–32℃ (Sano et al., 1997). These results were supported by the subsequent study that 
pac1-expressing transgenic potatoes inoculated with PSTVd showed no disease symp-
toms, low accumulation of PSTVd (compared with wild-type) was detected only in 1/2 to 
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1/3 of them, and viroid-free tubers were produced from transgenic plants in which PSTVd 
was not detected in leaves (Ishida et al., 2002). These findings indicate that the expression 
of the pac1 gene confers resistance to PSTVd infection into potatoes. Transgenic chrysan-
themums expressing pac1 were also generated and tested for resistance to CSVd infection. 
In transgenic plants, stunting observed in CSVd-infected wild-type plants was not ob-
served, and CSVd was detected only in 20% of the transgenic lines efficiently expressing 
pac1 protein (Ishida et al., 2002). Similarly, three selected transgenic lines, stably express-
ing pac1 after CSVd inoculation, showed infection at the low frequency and low accumu-
lation of viroid, and attenuated growth retardation compared to controls (Ogawa et al., 
2005). 

Taken together, these reports indicate that it is possible to confer resistance or toler-
ance to viroid infection on viroid-susceptible or sensitive plants by expressing pac1 pro-
tein by means of transformation technique, for the purpose of direct degradation of viroid. 

4-3-1-2. Nucleic acid antibody 
The 3D8 single-chain variable fragment (3D8 scFv) is a catalytic nucleic acid antibody 

with anti-viral activity against a broad spectrum of viruses that can bind and hydrolyze 
nucleic acid in a sequence-independent manner (Lee et al., 2015; Kim et al., 2012). In ad-
dition, this antibody is superior to accumulate at low levels and to induce no harmful 
effects on plant development in spite of its sequence-independent activity (Lee et al., 
2013a). It has been reported that expression of 3D8 scFv confers resistance to DNA or RNA 
viruses in tobaccos and Chinese cabbages (Brassica rapa) (Lee et al., 2013a; Lee et al., 2013b; 
Jung et al., 2009). When CSVd was inoculated into transgenic chrysanthemums expressing 
the conventional 3D8 scFv or codon-optimized for chrysanthemum, no disease symptoms 
were observed in either case, and all transgenic lines showed no disease symptoms. Ad-
ditionally, CSVd was detected by RT-PCR in the inoculated leaves in all the lines pro-
duced, but was hardly in the newly developed upper leaves in almost all lines (Tran et al., 
2016). This indicates that 3D8 scFv expression in plants can confer resistance not only to a 
wide range of viruses but also to viroids.  

4-3-1-3. Ribozyme 
A ribozyme is an RNA molecule with the ability to catalyze a biochemical reaction, 

commonly carried out by proteins. Synthetic RNA transcribed from ribozyme gene, con-
taining three hammerhead ribozyme catalytic domains derived from tobacco ringspot vi-
rus satellite RNA sequences, cleaved the target plus- and minus-strand CEVd RNA in 
vitro, whereas no significant change in CEVd accumulation was observed in transgenic 
tomatoes transformed with the ribozyme gene (Atkins et al., 1995). Subsequently, trans-
genic potatoes, expressing a hammerhead ribozyme with a shorter antisense recognition 
sequence (9–11 nt) than that used in previous studies targeting the minus-strand PSTVd 
RNA, were generated and inoculated with PSTVd. As a result, 23 out of 34 lines (approx-
imately 68%) exhibited high resistance to PSTVd infection, in which PSTVd was not de-
tected by Northern blot analysis of total RNA. The others exhibited weak resistance (in 
other words, tolerance), accompanied by the low-level accumulation of PSTVd. On the 
other hands, transgenic tomato expressing the same ribozyme did not exhibit resistance 
to PSTVd, because of efficient replication of PSTVd in tomato than in its natural host, po-
tato, probably (Yang et al., 1997). An extended trans-cleaving peach latent mosaic viroid 
(PLMVd)-derived hammerhead ribozyme with natural tertiary stabilizing motifs (TSMs), 
critical for the catalytic activity of hammerheads (Saksmerprome et al., 2004; Weinberg 
and Rossi, 2005), indicated high efficiency in cleavage of short RNA substrates and highly 
structured long RNA containing the complete sequence of PSTVd, at the low Mg2+ con-
centration existing in vivo. Moreover, the hammerhead ribozyme derived from PLMVd 
prevented systemic PSTVd infection in N. benthamiana when transiently co-expressed on 
leaves with infectious dimeric minus strand PSTVd RNA (Carbonell, et al., 2011). These 
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observations suggest that trans-acting modified hammerhead ribozymes with TSMs may 
confer viroid resistance. No other ribozymes, apart from hammerhead structures, have 
been examined against viroid RNAs (Flores et al., 2017) 

4-3-2. Indirect induction of viroid degradation through the RNA silencing mechanism 
4-3-2-1. Sense and Antisense RNA 

In general, introduction of a transgene that express sense or antisense RNAs to the 
target gene-derived transcripts can induce post-transcriptional suppression of the target 
gene expression in plants. Therefore, it may be possible to induce degradation of viroid 
by expressing these RNAs against the plus- or minus-strand viroid RNA in host plants. 
Transgenic potatoes expressing antisense RNA, which correspond to plus- or minus-
strand PSTVd replication intermediates and formed complexes with them in vitro, were 
generated and inoculated with PSTVd. In those transgenic plants, PSTVd accumulation 
was significantly inhibited, while severe symptoms were observed at 6–8 weeks after in-
oculation (Matoušek et al., 1994). The similar study was conducted against CEVd in toma-
toes, and transgenic plants, expressing an antisense construct targeting the plus- or minus-
strand of CEVd RNA, were inoculated with CEVd. As a result, a moderate decrease in 
accumulation of CEVd RNA in transgenic tomatoes expressing an antisense construct tar-
geting the minus-strand of CEVd RNA, whereas, interestingly, CEVd accumulation was 
increased in the case of expressing an antisense construct targeting the plus-strand CEVd 
RNA, compared with control wild-type plants. (Atkins et al., 1995). Subsequently, trans-
genic chrysanthemums were generated using four different constructs containing 75–82 
nt sense- or antisense CSVd-specific RNAs corresponding to the plus-strand of CSVd. In-
fection analyses by RT-PCR revealed that CSVd was detected in inoculated leaves at a low 
level, while hardly detect in upper leaves of almost all transgenic lines. Among them, the 
transgenic lines expressing the AS3 construct (82 nt, derived from variable and terminal 
right region of CSVd) were shown to be the best by RT-PCR results. These results indicate 
that expressing sense or antisense RNA confer CSVd resistance, and suggests that anti-
sense RNA may be more effective than sense RNA in suppressing replication of viroid 
RNA in transgenic plants (Jo et al., 2015). 

4-3-2-2. hairpin RNA 
Hairpin RNA is transcribed from an inverted repeat (IR) construct and efficiently 

processed into siRNAs by dicer-like proteins (Dunoyer et al., 2005; Fusaro et al., 2006; 
Wesley et al., 2001), and RISCs loading siRNAs induces the cleavage of target viroid 
RNAs, resulting resistance to viroid, probably. PSTVd resistance conferred by hpRNA 
derived from nearly full-length PSTVd was observed in two lines of transgenic tomatoes 
accumulating high-level hpPSTVd and vd-sRNA, and the severity of symptoms was cor-
related with PSTVd accumulation (Schwind et al., 2009). Prevention of PSTVd infection 
by hpRNA was also tested in another study. Seven partial or truncated versions of PSTVd 
sequences selected according to the hotspots of both PSTVd-sRNAs and functional do-
mains of the PSTVd were used for generation of 21 transgenic lines of N. benthamiana. In 
five of these lines, decrease of PSTVd accumulation was observed, which correlated with 
the accumulation of PSTVd-sRNA derived from hpRNA expressed at high levels by reg-
ulation of the 35S promoter derived from cauliflower mosaic virus. And then, the short IR 
sequence of 26-49 nt used to express hpRNA in this study were shown to allow both effi-
cient expression of PSTVd-sRNA and inhibition of PSTVd infection (Adkar-
Purushothama et al., 2015). Induction of PSTVd-sRNA accumulation via expression of 
hpRNA was combined with grafting-mediated siRNA transport technology (Kasai et al., 
2011). Wild-type tobacco scions were grafted on top of a transgenic N. benthamiana ex-
pressing the PSTVd hairpin RNA (hpRNA) under the control of a strong companion cell-
specific promoter. Inoculation analyses of PSTVd into scions revealed that PSTVd accu-
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mulation was clearly attenuated in scions with highly accumulating PSTVd-sRNA com-
pared with control grafted plants. These results demonstrate that transgenic rootstocks 
expressing vd-sRNA can attenuate viroid accumulation in non-transgenic scions grafted 
onto the rootstocks (Kasai et al., 2013). 

4-3-2-3. Artificial micro RNA and synthetic trans-acting small interfering RNA 
AmiRNAs and synthetic trans‐acting siRNAs (syn‐tasiRNAs) are artificial sRNAs en-

gineered to silence specific transcripts in plants, post-transcriptionally. These are pro-
duced in plants by the expression of a functional miRNA or tasiRNA precursor including 
modified double-stranded miRNA or tasiRNA sequences, respectively, and have been 
used to selectively inactivate endogenous and reporter genes (Alvarez et al., 2006; de la 
Luz Gutierrez‐Nava et al., 2008; Schwab et al., 2006). Moreover, transgenic plants express-
ing these sRNAs exhibited anti-viral resistance (Niu et al., 2006; Qu et al., 2007; Tien et al., 
2013; Singh et al., 2015). The use of these sRNAs to prevent viroid infection was tested in 
N. benthamiana against PSTVd. Using a high-throughput platform for time- and cost-effec-
tive design and synthesis of amiRNAs and syn-tasiRNAs, multiple sRNAs to target sites 
in plus- and minus-strands of PSTVd were effectively screened. Most of amiRNAs were 
highly active in agroinfiltrated leaves of N. benthamiana when co‐expressed with infectious 
PSTVd transcripts, and syn‐tasiRNAs derived from a construct including the five most 
effective amiRNA sequences were also the same. The effects of the most effective amiRNA 
and of the syn‐tasiRNAs were observed in both agroinfiltrated and upper non-agroinoc-
ulated leaves, resulting the significant delay of systemic PSTVd accumulation. These re-
sults suggest that these artificial sRNAs are possible to control viroid infection, efficiently, 
when expressed in transgenic plants, stably (Carbonell and Daròs, 2017).  

4-3-2-4. Over-expression of RNA silencing component 
The roles of the key factors of RNA silencing, DCLs, AGOs, and RDRs, in the defense 

responses to viroid infection was reverse-genetically analyzed by evaluating the effects of 
down-regulation or over-expression of each gene on viroid infection. The roles of DCLs 
in the defense responses to viroid infection has been analyzed in N. benthamiana, tomatoes, 
and N. tabacum. Analyses of the effect of single or multiple suppression of DCL, by the 
combination of RNAi and crossing, on PSTVd infection in N. benthamiana revealed that 
simultaneous suppression of DCL2 and DCL3 especially increased the PSTVd accumula-
tion and exacerbated viroid symptoms. In addition, suppression of DCL4 decreased 
PSTVd accumulation, likely because it is primarily targeted and processed by the DCL4 
pathway instead of the most effective pathway by DCL2 and DCL3, normally (Katsarou 
et al., 2016). Furthermore, RNAi-mediated simultaneous suppression of DCL2 and DCL4 
expression in PSTVd-tolerant tomatoes increased accumulation of PSTVd and exacer-
bated disease symptoms during the early stage of infection (Suzuki et al., 2019). Subse-
quent comparative analyses in PSTVd-sensitive ‘Rutgers’ and -tolerant ‘Moneymaker’ to-
matoes revealed that PSTVd accumulation in ‘Moneymaker’ tomatoes was lower than in 
‘Rutgers’ tomatoes in the early infection, and at the timing, DCL4 expression was specifi-
cally elevated in PSTVd-infected ‘Moneymaker’ tomatoes, suggesting the possible in-
volvement of DCL4 in exerting PSTVd tolerance (Fujibayashi et al., 2021). On the other 
hand, RNAi-mediated suppression of DCL1 was suggested to reduce the efficiency of 
PSTVd infection (Dadami et al., 2013; Katsarou et al., 2016), and the function of DCL1 in 
the defense responses to viroid infection was further analyzed in association with the 
miRNA pathway. As a result, in N. benthamiana and N. tabacum, RNAi-mediated suppres-
sion of SERRATE and DCL1, which are important components of the miRNA biogenesis 
pathway, decreased the accumulation of PSTVd. This suggests that these factors have the 
positive effects to viroid infection (PSTVd and HSVd). However, the mechanism behind 
this effect remains unclear (Kryovrysanaki et al., 2019). These findings indicate that DCL2, 
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DCL3, and DCL4, but not DCL1, play important roles in anti-viroid defense. The involve-
ment of AGOs in anti-viroid defense responses is supported by the report that PSTVd-
derived sRNAs are loaded into AGO1, AGO2, AGO4, and AGO5. Furthermore, transient 
expression of these four AGOs in leaves of N. benthamiana reduced the accumulation of 
PSTVd (Minoia et al., 2014). The role of RDRs in defense responses to viroid infection was 
analyzed in N. benthamiana and tomatoes. When scions of N. benthamiana, in which RDR6 
expression was suppressed by RNAi, were grafted onto N. benthamiana rootstocks ex-
pressing dimeric forms of HSVd, HSVd-induced disease symptoms were suppressed in 
the RDR6-suppressed scions. Meanwhile, HSVd accumulation in RDR6-suppressed sci-
ons was similar to that in symptomatic wild-type scions or HSVd-expressing rootstocks 
(Go´mez et al., 2008). In the case of PSTVd, RNAi-mediated suppression of RDR6 in N. 
benthamiana increased the accumulation of PSTVd, and allowed PSTVd to completely en-
ter the SAM (Di Serio et al., 2010). Similarly, VIGS-mediated suppression of RDR6 in N. 
benthamiana increased the PSTVd accumulation (Adkar-Purushothama and Perreault, 
2019). On the other hand, RNAi-mediated suppression of RDR6 in tomatoes reduced the 
accumulation of PSTVd early in the infection and allowed PSTVd to enter the SAM, but it 
is only into the basal part. It is suggested that the difference in the effect of RDR6 suppres-
sion between these host plant species is probably due to RDR1, because N. benthamiana is 
a natural loss-of-function mutant of RDR1 (Naoi et al., 2020; Yang et al., 2004). RDR1 ex-
pression was enhanced in ‘Rutgers’ tomatoes or ‘Suyo’ cucumbers infected with PSTVd 
or HSVd (Schiebel et al., 1998; Xia et al., 2017), suggesting the involvement of RDR1 in the 
anti-viroid defense. The subsequent study showed that down-regulation of tomato RDR1 
or over-expression of N. tabacum RDR1 by VIGS or agro-infiltration increased or de-
creased the accumulation of PSTVd in tomatoes or N. benthamiana, respectively (Li et al., 
2021). These findings indicate that not only DCLs (DCL2, DCL3, and DCL4) but also 
AGOs (AGO1, AGO2, AGO4, and AGO5) and RDRs (RDR1 and RDR6) play important 
roles in the defense responses to viroid infection.  

As described, it is assumed that over-expression of RNA silencing components can 
suppresses viroid accumulation, since many DCLs, AGOs, and RDRs have been found to 
favor viroid accumulation and infection when their expression was suppressed. In fact, 
transient over-expression of some AGOs and RDR1 suppressed viroid accumulation (Mi-
noia et al., 2014; Li et al., 2021). Therefore, it may be possible to confer resistance or toler-
ance to viroid infection into plants by over-expression of RNA silencing-related factors, 
using transformation technology.  

4-3-3. Inhibition of viroid infection through down-regulation or over-expression of host 
factors involved in viroid infection events 

It may be possible to induce resistance or tolerance to viroid infection by modifying 
the gene expression of host factors that contribute to infection events such as replication 
and movement of viroid. The viroid RNA-binding protein 1 (VirP1), which was identified 
in tomatoes as a protein that specifically interacts with the terminal right region of PSTVd, 
had been suggested to be important for systemic movement of PSTVd (Maniataki et al., 
2003; Martínez de Alba et al., 2003). RNAi-mediated suppression of VirP1 in N. bentham-
iana and N. tabacum inhibited infection with PSTVd and CEVd, and induced resistance to 
these pospiviroids. Further analysis by transfection of PSTVd into protoplasts derived 
from VirP1-suppressed N. benthamiana plants suggested that VirP1 is important for repli-
cation of PSTVd at the cellular level. On the other hand, over expression of VirP1 did not 
affect PSTVd infectivity or symptom development in both tobacco species (Kalantidis et 
al., 2007). Alternatively, suppression of VirP1 in tomatoes attenuated PSTVd symptoms 
(Kovalskaya and Hammond, 2015; Zhao and Hammond, unpublished data) Other targets 
for expression regulation include DNA ligase 1 and RPL5. When the expression of these 
genes was transiently regulated VIGS or agro-infiltration in N. benthamiana, PSTVd accu-
mulation was reduced (Nohales et al., 2012a; Jiang et al., 2018, refer to sub-section 4-2). 
Several other host factors that interact with viroid have been reported (e.g., TFIII-7ZF or 
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cucumber phloem protein 2 interacted with PSTVd or HSVd, respectively); however, the 
effect of down-regulation or over-expression of their host factors on viroid infection has 
not been examined. Additionally, it should be noted that modifications in the expression 
of host factors involved in viroid replication may adversely affect the normal plant devel-
opment, because viroid autonomously replicate depending on the transcriptional machin-
ery of host plants. 

5. Future Perspectives 
Due to the difficulty in using viroid-resistant genetic resources, various resistance 

strategies have been devised so far. However, although most are efficient, many are diffi-
cult to put into practical use in the field due to concern about the risk of adverse effects 
on the environment and the human body. In this section, we will discuss the possibilities 
and challenges of establishing a more practical viroid control method using two technol-
ogies, spray-induced gene silencing and genome editing, recently reported. 

5-1. Spray-induce gene silencing 
Recently, fungal pathogens Botrytis cinerea and Fusarium graminearum have been 

shown to efficiently take up environmental dsRNAs, which are then processed into 
sRNAs that induce silencing of pathogen genes with complementary sequences. Based on 
these findings, a crop protection strategy, spray-induced gene silencing (SIGS), was de-
veloped. SIGS inhibits pathogen infection by locally applying dsRNA or sRNA molecules 
to plants to silence pathogen virulence-associated genes. Topical application of virus-spe-
cific dsRNAs to protect plants against plant viruses has attenuated viral infections of the 
respective host plants (Mitter et al. 2017b, Dalakouras et al. 2020, Das and Sherif 2020). To 
date, resistance to virus infection has been achieved in maize by spraying of crude extract 
from Escherichia coli HT115 (DE3) expressing dsRNA targeting the coat protein of sugar-
cane mosaic virus (Gan et al., 2010) and in N. benthamiana by spraying of RNA extracts 
from Pseudomonas syringae LM2691 expressing dsRNAs targeting the region of replicase 
and movement protein of TMV (Niehl et al., 2018). Furthermore, to increase dsRNA sta-
bility and prolong antiviral protection, dsRNA was bounded to the layered double hy-
droxide clay nanosheets BioClay, with average particle sizes of 80–300 nm. The dsRNA of 
330 bp bounded to BioClay was detectable as early as 30 days post-application, and a sin-
gle application to N. tabacum provided the protection to cucumber mosaic virus for at least 
20 days (Mitter et al., 2017a). 

No attempts have been made to suppress viroid infection by spraying viroid-derived 
dsRNA or sRNA, while co-inoculation of CEVd and CEVd-dsRNA or CChMVd and 
CChMVd-dsRNA into tomatoes and G. aurantiaca or chrysanthemums prevented viroid 
infection. Half of the plants did not indicate disease symptoms, and viroid accumulation 
was not detected in those plants. Furthermore, inoculation of PSTVd and PSTVd-dsRNA 
in tomatoes reduced the PSTVd accumulation, and the disease development was delayed 
and less severe compared with those of the control plants (Carbonell et al., 2008). This 
suggests that, similar to viruses and other pathogens, spraying solution containing 
dsRNA may induce resistance or tolerance to viroid, without using transgenic technolo-
gies. Furthermore, recent studies have indicated that miRNAs, produced by a plant, work 
as signaling molecules and influence the gene expression in other nearby plants (Betti et 
al., 2021). This suggests the possibility that uptake of sRNA derived from the viroid se-
quence from plant roots may lead to suppress viroid accumulation. 

Taken together, these recent findings about disease control methods and relevant re-
ports may lead to the development of new control strategies for viroid diseases, not rely-
ing on genetic modification techniques. 

5-2. Genome editing 
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The genome editing technology have enabled crops to be improved with great preci-
sion and speed, and have been used to achieve important agronomic and quality attrib-
utes of several crops. Recently, Clustered Regularly Interspaced Short Palindromic Re-
peats (CRISPR)-CRISPR associated protein 9 (CRISPR-Cas9) has emerged as a powerful 
genome-editing tool suitable for next-generation plant breeding including virus resistance 
(Saurabh, 2021; Tussipkan and Manabayeva, 2021; Zhang et al., 2020; Khatodia et al., 2016; 
Tiwari et al., 2022). CRISPR-Cas genome-editing tools consist of a guide RNA molecule 
and an enzyme that cleaves DNA, called Cas protein. The protein cleaves specifically at 
sites supported by guide RNA sequences, and then, the cleaved site is repaired by the 
cell's natural DNA repair machinery. Globally, genome-modified crops are classified into 
three Site-Directed Nuclease (SDN) categories based on their editing behavior (mutation 
type/donor DNA) and their respective repair mechanisms (Podevin et al., 2013; Kumari et 
al., 2022): SDN-1, DNA editing consisting of the insertion or deletion of a few DNA nucle-
otides resulting from incomplete repair, so-called non-homologous end joining (NHEJ). 
SDN-2, DNA editing consisting of the modification of several nucleotides in the DNA 
(insertion, deletion, or substitution of a few nucleotides) as a result of repair using a tem-
plate to direct the repair, so-called homology-directed DNA repair (HDR). SDN-3, DNA 
editing is based on the same mechanism as SDN-2, but the used template results in the 
insertion of a larger DNA piece which constitutes an additional gene. The Cas9 expression 
cassette introduced for plant genome editing can be removed from progeny by genetic 
segregation. The genetic alterations introduced into the SDN-1 and SDN-2 type plants are 
no different than those occurred naturally or resulting from conventional breeding. Cur-
rently, two genome-edited crops are on the market, one is soybeans with high oleic acid 
in the United States (Demorest et al., 2016; Haun et al., 2014; Nagamine and Ezura, 2022) 
and the other is tomatoes with high φ-aminobutyric acid levels in Japan (Nonaka et al., 
2017; Nagamine and Ezura, 2022). Both genome-edited crops are categorized into SDN-1.  

The genome-editing technology have been used to create some resistant plants 
against various DNA/RNA viruses. For example, they include genome-edited tomatoes 
that exhibit resistance to potyvirus and cucumovirus by modifying the translation initia-
tion factor eIF4EI gene, which is important for viral replication, and to tomato yellow leaf 
curl virus (TYLCV) by modifying the Ty-5 gene, whose recessive allele is reported as the 
TYLCV-resistant gene ty-5 (Atarashi et al., 2020; Yoon et al., 2020; Pramanik et al., 2021). 
The class 2 type VI CRISPR/Cas effector Cas13a is an RNA-targeting CRISPR effector that 
provides protection against RNA phages through the cleavage of single-stranded RNA 
(Abudayyeh et al., 2016). Transgenic potato lines expressing Cas13a/sgRNA (small guide 
RNA) constructs targeting genome RNA of potato virus Y (PVY) exhibited high-level re-
sistance to PVY (Zhan et al., 2019).  

To date, viroid-resistant crops produced by using genome-editing technology have 
not been reported, but there are several host factors that suppress viroid infection and 
accumulation when down-regulated (e.g., VirP1). It may be possible to create viroid-re-
sistant or -tolerant plants by knocking out these host factors by genome editing, and these 
genome-edited plants are categorized into the SDN-1 type that do not correspond to ge-
netically modified organisms. Further genome editing targets for the creation of viroid-
resistant plants are host factors that suppress viroid infection and accumulation when 
over-expressed (for example, RPL5, AGOs, and RDR1). Modification of the regulatory re-
gion to up-regulate gene expression may confer resistance or tolerance to viroid infection. 
In addition, the genes contributing to CSVd resistance in chrysanthemums (Omori et al., 
2009; Nabeshima et al., 2012) and PSTVd tolerance in wild tomato relatives (Naoi and 
Hataya, 2021), which can be used for conventional cross-breeding, have not yet been iden-
tified, but if identified, they could be potential targets for genome editing in the future. 
Plant hormone metabolism-related genes associated with the expression of viroid disease 
symptoms may also be candidate editing targets for creating viroid-tolerance crops. Al-
ternatively, introduction of the Cas13a/sgRNA construct, directly targeting viroid RNAs, 
into plants may also enable conferring viroid-resistance or -tolerance to plants. 
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Thus, the genome-editing technology is considered useful in producing crops exhib-
iting resistance or tolerance to viroid infection. In particular, the SDN-1 type of genome-
edited plants, which contain modifications that are no different from mutations naturally 
occurring or caused by conventional breeding, and some have already been on the market, 
are considered to be highly practical. Therefore, further researches and developments are 
required in the future. 

6. Conclusion 
In this review, we comprehensively summarized the current status about investiga-

tion of naturally occurring genetic traits for viroid resistance and tolerance, accumulating 
knowledge about host factors involved in viroid pathogenicity, and various basic technol-
ogies developed to try to possible viroid disease control strategies. Many non-transgenic 
or transgenic approaches that can induce resistance or tolerance to viroid infection, re-
ported so far, have not been used in the field as a general means of controlling viroid 
disease, due to concerns about the risk of biological contamination of the environment 
and possible adverse effects on the human body. On the other hand, as discussed in this 
review, viroid-resistance and -tolerance and related extensive findings may lead to confer 
resistance or tolerance to viroid infection by combining with the recently emerged new 
technologies (e.g., SIGS and genome-editing technologies), which are believed to be more 
environmentally viable and acceptable to the general public than previously reported ap-
proaches. In particular, some genome-modified crops produced by the latter technology 
are already on the market. Therefore, extensive further research on viroid-resistance and 
-tolerance is important for development of agriculturally more practical new approaches 
and following achievement of more effective and sustainable disease control of viroid.  

Author Contributions: Conceptualization, T.N.; investigation, T.N.; writing—original draft prepa-
ration, T.N.; writing—review and editing, T.N., S.L., and T.S.; supervision, T.S. All authors have 
read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

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

References 
1. Abudayyeh, O.O.; Gootenberg, J.S.; Essletzbichler, P.; Han, S.; Joung, J.; Belanto, J.J.; Verdine, V.; Cox, D.B.T.; Kellner, M.J.; 

Regev, A.; Lander, E.S.; Voytas, D.F.; Ting, A.Y.; Zhang, F. RNA targeting with CRISPR-Cas13. Nature 2017, 12, 280–284. 
2. Adkar-Purushothama, C.R.; Brosseau, C.; Giguère, T.; Sano, T.; Moffett, P.; Perreault, J.-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.  

3. Adkar-Purushothama, C.R.; Iyer, P.S.; Perreault, J.-P. Potato spindle tuber viroid infection triggers degradation of chloride 
channel protein CLC-b-like and ribosomal protein S3a-like mRNAs in tomato plants. Sci. Rep. 2017, 7, 8341. 

4. Adkar-Purushothama, C.R.; Kasai, A.; Sugawara, K.; Yamamoto, H.; Yamazaki, Y.; He, Y.H.; Takada, N.; Goto, H.; Shindo, S.; 
Harada, T.; Sano, T. RNAi mediated inhibition of viroid infection in transgenic plants expressing viroid-specific small RNAs 
derived from various functional domains. Sci. Rep. 2015, 5, 17949. 

5. Adkar-Purushothama C.R., Perreault J.-P. Suppression of RNA-dependent RNA polymerase 6 favors the accumulation of potato 
spindle tuber viroid in Nicotiana benthamiana. Viruses 2019, 11, 345. 

6. Alvarez, J.P.; Pekker, I.; Goldshmidt, A.; Blum, E.; Amsellem, Z.; Eshed, Y. Endogenous and synthetic microRNAs stimulate 
simultaneous, efficient, and localized regulation of multiple targets in diverse species. Plant Cell 2006, 18, 1134–1151. 

7. Atarashi, H.; Jayasinghe, W.H.; Kwon, J.; Kim, H.; Taninaka, Y.; Igarashi, M.; Ito, K.; Yamada, T.; Masuta, C.; Nakahara, K.S. 
Artificially edited alleles of the eukaryotic translation initiation factor 4E1 gene differentially reduce susceptibility to cucumber 
mosaic virus and potato virus Y in tomato. Front Microbiol. 2020, 11:564310 

8. Atkins, D.; Young, M.; Uzzell, S.; Kelly, L.; Fillatti, J.; Gerlach, W.L. The expression of antisense and ribozyme genes targeting 
citrus exocortis viroid in transgenic plants, J. Gen. Virol. 1995, 76, 1781–1790. 

9. Aviña-Padilla, K.; Rivera-Bustamante, R.; Kovalskaya, N.Y.; Hammond, R.W. Pospiviroid infection of tomato regulates the 
expression of genes involved in flower and fruit development. Viruses 2018, 10, 516. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.20944/preprints202211.0169.v1


 18 of 23 
 

 

10. Bajguz, A.; Chmur, M.; Gruszka, D. Comprehensive overview of the brassinosteroid biosynthesis pathways: substrates, 
products, inhibitors, and connections. Front. Plant Sci. 2020, 11,1034. 

11. Balint-Kurti, P. The plant hypersensitive response: concepts, control and consequences. Mol. Plant Pathol. 2019, 20, 1163–1178. 
12. Bao, S.; Owens, R.A.; Sun, Q.; Song, H.; Liu, Y.; Eamens, A.L.; Feng, H.; Tian, H.; Wang, M.-B.; Zhang, R. Silencing of 

transcription factor encoding gene StTCP23 by small RNAs derived from the virulence modulating region of potato spindle tuber 
viroid is associated with symptom development in potato. PLoS Pathogens 2019, 15, e1008110.  

13. Bari, R.; Jones, J.D.G. Role of plant hormones in plant defence responses. Plant Mol. Biol. 2009, 69, 473–488. 
14. Bellés, J.M.; Garro, R.; Fayos, J.; Navarro, P.; Primo, J.; Conejero, V. Gentisic acid as a pathogen-inducible signal, additional to 

salicylic acid for activation of plant defenses in tomato. Mol. Plant-Microbe Interact. 1999, 12, 227–235. 
15. Bellés, J.M.; Granell, A.; Durán-vila, N.; Conejero, V. ACC Synthesis as the activated step responsible for the rise of ethylene 

production accompanying citrus exocortis viroid infection in tomato plants. J. Phytopathol. 1989, 125, 198–208. 
16. Bendahmane, A.; Kanyuka, K.; Baulcombe, D.C. The Rx gene from potato controls separate virus resistance and cell death 

responses. Plant Cell 1999, 11, 781-791. 
17. Betti, F.; Ladera-Carmona, M.J.; Weits, D.A.; Ferri, G.; Iacopino, S.; Novi, G.; Svezia, B.; Kunkowska, A.B.; Santaniello, A.; 

Piaggesi, A.; Loreti, E.; Perat, P. Exogenous miRNAs induce post-transcriptional gene silencing in plants. Nat. plants 2021, 7, 
1379–1388. 

18. Branch, A.D.; Benenfeld, B.J.; Franck, E.R.; Shaw, J.F.; Varban, M.L.; Willis, K.K.; Rosen, D.L.; Robertson, H.D. Interference 
between co-inoculated viroids. Virology 1988, 163, 538–546. 

19. Campos, L.; Granell, P.; Tárraga, S.; López-Gresa, P.; Conejero, V.; Bellés, J.M.; Rodrigo, I.; Lisón, P. Salicylic acid and gentisic 
acid induce RNA silencing-related genes and plant resistance to RNA pathogens. Plant Physiol. Biochem. 2014, 77, 35–43. 

20. Carbonell, A.; Daròs, J.-A. Artificial microRNAs and synthetic trans-acting small interfering RNAs interfere with viroid 
infection. Mol Plant Pathol. 2017, 18, 746-753. 

21. Carbonell, A.; Flores, R.; Gago, S. Trans-cleaving hammerhead ribozymes with tertiary stabilizing motifs: in vitro and in vivo 
activity against a structured viroid RNA. Nucl. Acid Res. 2011, 39, 2432–2444. 

22. Carbonell, A.; Martínez de Alba, Á.-E.; Flores, R.; Gago, S. Double-stranded RNA interferes in a sequence-specific manner with 
the infection of representative members of the two viroid families. Virology 2008, 371, 44–53. 

23. Conejero, V.; Granell, A. Stimulation of a viroid-Iike syndrome and the impairment of viroid infection in Gynura aurantiaca 
plants by treatment with silver ions. Physiol. Mol. Plant Pathol. 1986, 29, 317–323. 

24. Cooper, J.I.; Jones, A.T. Responses of plants to viruses: proposals for the use of terms. Phytopathol. 1983, 73, 127-128. 
25. Culver, J.N.; Padmanabhan, M.S. Virus-induced disease: Altering host physiology one interaction at a time. Annu. Rev. 

Phytopathol. 2007, 45, 221–243. 
26. 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. 
27. Dalakouras, A.; Wassenegger, M.; Dadami, E.; Ganopoulos, I.; Pappas, M.L.; Papadopoulou, K. Genetically modified organism-

free RNA interference: Exogenous application of RNA molecules in plants. Plant Physiol. 2020, 182, 38–50. 
28. Das, P.R.; Sherif, S.M. Application of exogenous dsRNAs-induced RNAi in agriculture: Challenges and triumphs. Front. Plant 

Sci. 2020, 11, 946. 
29. de la Luz Gutiérrez-Nava, M.; Aukerman, M.J.; Sakai, H.; Tingey, S.V.; Williams, R.W. Artificial trans-acting siRNAs confer 

consistent and effective gene silencing. Plant Physiol. 2008, 147, 542–551. 
30. de Ronde, D.; Butterbach, P.; Kormelink, R. Dominant resistance against plant viruses. Front Plant Sci. 2014, 5, 307. 
31. Delaney, T.P.; Uknes, S.; Vernooij, B.; Friedrich, L.; Weymann, K.; Negrotto, D.; Gaffney, T.; Gut-Rella, M.; Kessmann, H.; Ward, 

E.; Ryals, J. A central role of salicylic Acid in plant disease resistance. Science 1994, 266, 1247–1250. 
32. Demorest, Z.L.; Coffman, A.; Baltes, N.J.; Stoddard, T.J.; Clasen, B.M.; Luo, S.; Retterath, A.; Yabandith, A.; Gamo, M.E.; Bissen, 

J.; Mathis, L.; Voytas, D.F.; Zhang, F. Direct stacking of sequence-specific nuclease-induced mutations to produce high oleic and 
low linolenic soybean oil. BMC Plant Biol. 2016, 16, 225. 

33. Di Serio, F.; Flores, R.; Verhoeven, J.Th.J.; Li, S.; Pallás, V.; Randles, J.W.; Sano, T.; Vidalakis, G.; Owens, R.A. Current status of 
viroid taxonomy. Arch. Virol. 2014, 159, 3467–3478. 

34. Di Serio, F.; Martínez de Alba, Á.-E.; Navarro, B.; Gisel, A.; Flores, R. RNA-dependent RNA polymerase 6 delays accumulation 
and precludes meristem invasion of a viroid that replicates in the nucleus. J. Virol. 2010, 84, 2477–2489. 

35. Ding, X.; Cao, Y.; Huang, L.; Zhao, J.; Xu, C.; Li, X.; Wang, S. Activation of the indole-3-acetic acid–amido synthetase GH3-8 
suppresses expansin expression and promotes salicylate- and jasmonate-independent basal immunity in rice. Plant Cell 2008, 
20, 228–240. 

36. Domingo, C.; Andrés, F.; Tharreau, D.; Iglesias, D.J.; Talón, M. Constitutive expression of OsGH3.1 reduces auxin content and 
enhances defense response and resistance to a fungal pathogen in rice. Mol. Plant-Microbe Interact. 2009, 22, 201–210. 

37. Dunoyer, P.; Himber, C.; Voinnet, O. Dicer-like 4 is required for RNA interference and produces the 21-nucleotide small 
interfering RNA component of the plant cell-to-cell silencing signal. Nat. Genet. 2005, 37, 1356–1360. 

38. 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, 450–451, 266–277. 

39. Fernow, K.H. Tomato as a test plant for detecting mild strains of potato spindle tuber virus. Phytopathol. 1967, 57, 1347–1352. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.20944/preprints202211.0169.v1


 19 of 23 
 

 

40. Flores, R.; Hernández, C.; Martínez de Alba, Á.-E.; Daròs, J.A.; Di Serio, F. Viroids and viroid-host interactions. Annu. Rev. 
Phytopathol. 2005, 43, 117-139. 

41. Flores, R.; Navarro, B.; Kovalskaya, N.; Hammond, R.W.; Di Serio, F. Engineering resistance against viroids. Curr. Opin. Virol. 
2017, 26, 1–7. 

42. Fusaro, A.F.; Matthew, L.; Smith, N.A.; Curtin, S.J.; Dedic-Hagan, J.; Ellacott, G.A.; Watson, J.M.; Wang, M.-B.; Brosnan, C.; 
Carroll, B.J.; Waterhouse, P.M. RNA interference-inducing hairpin RNAs in plants act through the viral defence pathway. 
EMBO Rep. 2006, 7, 1168–1175. 

43. Fujibayashi, M.; Suzuki, T.; Sano, T. Mechanism underlying potato spindle tuber viroid affecting tomato (Solanum lycopersicum): 
loss of control over reactive oxygen species production. J. Gen. Plant Pathol. 2021, 87, 226–235. 

44. Gan, D.; Zhang, J.; Jiang, H.; Jiang, T.; Zhu, S.; Cheng, B. Bacterially expressed dsRNA protects maize against SCMV infection. 
Plant Cell Rep. 2010, 29, 1261–1268. 

45. Gas, M.-E.; Molina-Serrano, D.; Hernández, C.; Flores, R.; Daròs, J.-A. Monomeric linear RNA of citrus exocortis viroid resulting 
from processing in vivo has 5′-phosphomonoester and 3′-hydroxyl termini: implications for the RNase and RNA ligase involved 
in replication. J. Virol. 2008, 82, 10321–10325. 

46. Gómez, G.; Martínez, G.; Pallás, V. Viroid-induced symptoms in Nicotiana benthamiana plants are dependent on RDR6 activity. 
Plant Physiol. 2008, 148, 414–423. 

47. Góra-Sochacka, A.; 103. Więsyk, A.; Fogtman, A.; Lirski, M.; Zagórski-Ostoja, W. Root transcriptomic analysis reveals global 
changes induced by systemic infection of Solanum lycopersicum with mild and severe variants of potato spindle tuber viroid. 
Viruses 2019, 11, 992. 

48. Hammond, R.W.; Zhao, Y. Modification of tobacco plant development by sense and antisense expression of the tomato viroid-
induced AGC VIIIa protein kinase PKV suggests involvement in gibberellin signaling. BMC Plant Biol. 2009, 9, 108. 

49. Hashemian, S.M.; Barbosa, C.J.; Serra, P.; Duran-Vila, N. Effects of resistance of Eremocitrus glauca and Microcitrus australis to 
viroid infection: replication, accumulation and long-distance movement of six citrus viroids. Plant Pathol. 2010, 59, 413–421. 

50. Haun, W.; Coffman, A.; Clasen, B.M.; Demorest, Z.L.; Lowy, A.; Ray, E.; Retterath, A.; Stoddard, T.; Juillerat, A.; Cedrone, F.; 
Mathis, L.; Voytas, D.F.; Zhang, F. Improved soybean oil quality by targeted mutagenesis of the fatty acid desaturase 2 gene 
family. Plant Biotechnol. J. 2014, 12, 934–940.  

51. Iino, Y.; Sugimoto, A.; Yamamoto, M. S. pombe pac1+, whose overexpression inhibits sexual development, encodes a ribonuclease 
III-like RNase. EMBO J. 1991, 10, 221–226. 

52. Iqbal, N.; Khan, N.A.; Ferrante, A.; Trivellini, A.; Francini, A.; Khan, M.I.R. Ethylene role in plant growth, development and 
senescence: interaction with other phytohormones. Front. Plant Sci. 2017, 8, 475. 

53. Ishida, I.; Tukahara, M.; Yoshioka, M.; Ogawa, T.; Kakitani, M.; Toguri, T. Production of anti-virus, viroid plants by genetic 
manipulations. Pest Manag. Sci. 2002, 58, 1132–1136. 

54. 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. 

55. Jiang. J.; Smith, H.N.; Ren, D.; Mudiyanselage, S.D.D.; Dawe, A.L.; Wang, L.; Wang, Y. Potato spindle tuber viroid modulates 
its replication through a direct interaction with a splicing regulator. J. Virol. 2018, 92, e01004-18. 

56. Jo, K.-M.; Jo, Y.; Choi, H.; Chu, H.; Lian, S.; Yoon, J.-Y.; Choi, S.-K.; Kim, K.-H.; Cho, W.K. Development of genetically modified 
chrysanthemums resistant to Chrysanthemum stunt viroid using sense and antisense RNAs. Sci. Hortic. 2015, 195, 17–24. 

57. Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. 
58. Jung, Y.; Rhee, Y.; Auh, C.-K.; Shim, H.; Choi, J.-J.; Kwon, S.-T.; Yang, J.-S.; Kim, D.; Kwon, M.-H.; Kim, Y.-S. Production of 

recombinant single chain antibodies (scFv) in vegetatively reproductive Kalanchoe pinnata by in planta transformation. Plant Cell 
Rep. 2009, 28, 1593–1602. 

59. Kalantidis, K.; Denti, M.A.; Tzortzakaki, S.; Marinou, E.; Tabler, M; Tsagris, M. Virp1 is a host protein with a major role in potato 
spindle tuber viroid infection in Nicotiana plants, J. Virol. 2007, 81, 12872–12880. 

60. Kasai, A.; Bai, S.; Li, T.; Harada, T. Graft-transmitted siRNA signal from the root induces visual manifestation of endogenous 
post-transcriptional gene silencing in the scion. PLoS ONE 2011, 6, e16895. 

61. Kasai, A.; Sano, T.; Harada, T. Scion on a stock producing siRNAs of potato spindle tuber viroid (PSTVd) attenuates 
accumulation of the viroid. PLoS ONE 2013, 8, e57736. 

62. 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 Pathogens 2016, 12, e1005936. 

63. Katsarou, K.; Wu, Y.; Zhang, R.; Bonar, N.; Morris, J.; Hedley, P.E.; Bryan, G.J.; Kalantidis, K.; Hornyik, C. Insight on Genes 
Affecting Tuber Development in Potato upon Potato spindle tuber viroid (PSTVd) Infection. PLoS ONE 2016, 11, e0150711. 

64. Khan, N.A. The influence of exogenous ethylene on growth and photosynthesis of mustard (Brassica juncea) following 
defoliation. Sci. Hortic. 2005, 105, 499–505. 

65. Khatodia, S.; Bhatotia, K.; Passricha, N.; Khurana, S.M.; Tuteja, N. The CRISPR/Cas genome-editing tool: application in 
improvement of crops. Front. Plant Sci. 2016, 7, 506. 

66. Khoury, J.; Singh, R.P.; Boucher, A.; Coombs, D.H.; Concentration and distribution of mild and severe strains of potato spindle 
tuber viroid in cross-protected tomato plants. Phytopathol. 1988, 78, 1331–1336. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.20944/preprints202211.0169.v1


 20 of 23 
 

 

67. Kim, A.; Lee, J.-Y.; Byun, S.J.; Kwon, M.-H.; Kim, Y.-S. Viral genome RNA degradation by sequence-selective, nucleic-acid 
hydrolyzing antibody inhibits the replication of influenza H9N2 virus without significant cytotoxicity to host cells. Antivir. Res. 
2012, 94, 157–167. 

68. Kitabayashi, S.; Tsushima, D.; Adkar-Purushothama, C.R.; Sano, T. Identification and molecular mechanisms of key nucleotides 
causing attenuation in pathogenicity of dahlia isolate of potato spindle tuber viroid. Int. J. Mol. Sci. 2020, 21, 7352. 

69. Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.-S.; Ueno, I.; Sakamoto, A.; Tong, K.I.; 
Kim, M.; Nishito, Y.; Iemura, S.; Natsume, T.; Ueno, T.; Kominami, E.; Motohashi, H.; Tanaka, K.; Yamamoto, M. The selective 
autophagy substrate p62 activates the stress responsive transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 
2010, 12, 213–223. 

70. Konings, H.; Jackson, M.B. A relationship between rates of ethylene production by roots and the promoting or inhibiting effects 
of exogenous ethylene and water on root elongation. Z. Pflanzenphysiol. 1979, 92, 385–397. 

71. Kovalskaya, N.; Hammond, R.W. Molecular biology of viroid-host interactions and disease control strategies. Plant Sci. 2014, 
228, 48–60. 

72. Kryovrysanaki, N.; Alexiadis, A.; Grigoriadou, A.M.; Katsarou, K.; Kalantidis, K. SERRATE, a miRNA biogenesis factor, affects 
viroid infection in Nicotiana benthamiana and Nicotiana tabacum. Virology 2019, 528, 164–175. 

73. Kumari, C.; Sharma, M.; Kumar, V.; Sharma, R.; Kumar, V.; Sharma, P.; Kumar, P.; Irfan, M. Genome editing technology for 
genetic amelioration of fruits and vegetables for alleviating post-harvest loss. Bioengineer. 2022, 9, 176. 

74. Lee, W.S.; Fu, S.F.; Li, Z.; Murphy, A.M.; Dobson, E.A.; Garland, L.; Chaluvadi, S.R.; Lewsey, M.G.; Nelson, R.S.; Carr, J.P. 
Salicylic acid treatment and expression of an RNA-dependent RNA polymerase 1 transgene inhibit lethal symptoms and 
meristem invasion during tobacco mosaic virus infection in Nicotiana benthamiana. BMC Plant Biol. 2016, 16, 15. 

75. Lee, G.; Shim, H.-K.; Kwon, M.-H.; Son, S.-H.; Kim, K.-Y.; Park, E.-Y.; Lee, T.-K.; Lee, W.-R.; Auh, C.-K.; Kim, D.; Kim, Y.-S.; Lee, 
S. A nucleic acid hydrolyzing recombinant antibody confers resistance to curtovirus infection in tobacco. Plant Cell Tiss. Organ. 
Cult. 2013 (a), 115, 179–187. 

76. Lee, G.; Shim, H.-K.; Kwon, M.-H.; Son, S.-H.; Kim, K.-Y.; Park, E.-Y.; Yang, J.-K.; Lee, T.-K.; Auh, C.-K.; Kim, D.; Kim, Y.-S.; Lee, 
S. RNA virus accumulation is inhibited by ribonuclease activity of 3D8 scFv in transgenic Nicotiana tabacum. Plant Cell Tiss. 
Organ. Cult. 2013 (b), 115, 189–197. 

77. Lee, J.; Park, H.; Kim, M.; Seo, T.; Lee, Y.; Byun, S.J.; Lee, S.; Kwon, M.-H. Functional stability of 3D8 scFv, a nucleic acid-
hydrolyzing single chain antibody, under different biochemical and physical conditions. Int. J. Pharm. 2015, 496, 561–570. 

78. Li, Q.-F.; He, J.-X. Mechanisms of signaling crosstalk between brassinosteroids and gibberellins. Plant Signal Behav. 2013, 8, 
e24686. 

79. Li, S.; Zhang, Z.; Zhou, C.; Li, S. RNA-dependent RNA polymerase 1 delays the accumulation of viroids in infected plants. Mol. 
Plant Pathol. 2021, 22, 1195–1208. 

80. Li, S.-B.; Xie, Z.-Z.; Hu, C.-G.; Zhang, J.-Z. A Review of Auxin Response Factors (ARFs) in Plants. Front. Plan Sci. 2016, 7, 47. 
81. López-Gresa, M.P.; Lisón, P.; Yenush, L.; Conejero, V.; Rodrigo, I.; Bellés, J.M. Salicylic acid is involved in the basal resistance 

of tomato plants to citrus exocortis viroid and tomato spotted wilt virus. PLoS ONE 2016, 11, e0166938. 
82. Maniataki, E.; Martínez de Alba, Á.-E.; Sägesser, R.; Tabler, M.; Tsagris, M. Viroid RNA systemic spread may depend on the 

interaction of a 71-nucleotide bulged hairpin with the host protein VirP1. RNA 2003, 9, 346–354. 
83. Martí, E.; Gisbert, C.; Bishop, G.J.; Dixon, M.S.; García-Martínez, J.L. Genetic and physiological characterization of tomato cv. 

Micro-Tom. J. Exp. Bot. 2006, 57, 2037–2047. 
84. Martínez de Alba, Á.-E.; Flores, R.; Hernández, C. Two chloroplastic viroids induce the accumulation of small RNAs associated 

with posttranscriptional gene silencing. J. Virol. 2002, 76, 13094–13096. 
85. Martínez de Alba, Á.-E.; Sägesser, R.; Tabler, M.; Tsagris, M. A bromodomain-containing protein from tomato specifically binds 

potato spindle tuber viroid RNA in vitro and in vivo. J. Virol. 2003, 77, 9685–9694. 
86. Matoušek, J.; Kozlová, P.; Orctová, L.; Schmitz, A.; Pešina, K.; Bannach, O.; Diermann, N.; Steger, G.; Riesner, D. Accumulation 

of viroid-specific small RNAs and increase in nucleolytic activities linked to viroid-caused pathogenesis. Biol. Chem. 2007, 388: 
1–13. 

87. Matoušek, J.; Schröder, A.R.W.; Trněná, L.; Reimers, M.; Baumstark, T.; Dědič, P.; Vlasák, J.; Becker, I.; Kreuzaler, F.; Fladung, 
M.; Riesner, D. Inhibition of viroid infection by antisense RNA expression in transgenic plants. Biol. Chem. Hoppe-Seyler 1994, 
375, 765–777. 

88. Matsushita, Y.; Aoki, K.; Sumitomo, K. Selection and inheritance of resistance to Chrysanthemum stunt viroid. Crop Prot. 2012, 
35, 1–4. 

89. Matsushita, Y.; Osaka, M. Screening of Chrysanthemum seticuspe accessions reveals different degrees of resistance to 
chrysanthemum stunt viroid. Eur. J. Plant Pathol. 2019, 154, 1059–1066. 

90. Niblett, C.L.; Dickson, E.; Fernow, K.H.; Horst, R.K.; Zaitlin, M. Cross protection among four viroids. Virology 1978, 91, 198–
203. 

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

92. Mitter, N.; Worrall, E.A.; Robinson, K.E.; Li, P.; Jain, R.G.; Taochy, C.; Fletcher, S.J.; Carroll, B.J.; Lu, G.Q.M.; Xu, Z.P. Clay 
nanosheets for topical delivery of RNAi for sustained protection against plant viruses. Nat. Plants 2017 (a), 3, 16207. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.20944/preprints202211.0169.v1


 21 of 23 
 

 

93. Mitter, N.; Worrall, E.A.; Robinson, K.E.; Xu, Z.P.; Carroll, B.J. Induction of virus resistance by exogenous application of double-
stranded RNA. Curr. Opin.Virol. 2017 (b), 6, 49–55. 

94. Mühlbach, H.P.; Sänger, H.L. Viroid replication is inhibited by alpha-amanitin. Nature 1979, 278, 185-188. 
95. Müller, K.O.; Haigh, J.C. Nature of ‘field resistance’ of the potato to Phytophthora infestans de bary. Nature 1953, 171, 781–783. 
96. Nabeshima, T.; Doi, M.; Hosokawa, M. Comparative analysis of Chrysanthemum stunt viroid accumulation and movement in 

two Chrysanthemum (Chrysanthemum morifolium) cultivars with differential susceptibility to the viroid infection. Front. Plant 
Sci. 2017, 8, 1940. 

97. Nabeshima, T.; Hosokawa, M.; Yano, S.; Ohishi, K.; Doi, M. Screening of chrysanthemum cultivars with resistance to 
chrysanthemum stunt viroid. J. Japan. Soc. Hort. Sci. 2012, 81, 285–294.  

98. Nabeshima, T.; Matsushita, Y.; Hosokawa, M. Chrysanthemum stunt viroid resistance in Chrysanthemum. Viruses 2018, 10, 719. 
99. Nagamine, A.; Ezura, H. Genome editing for improving crop nutrition. Front. Genome Edit. 2022, 4, 850104. 
100. Naoi, T.; Hataya, T. Tolerance even to lethal strain of potato spindle tuber viroid found in wild tomato species can be introduced 

by crossing. Plants 2021, 10, 575. 
101. Naoi, T.; Kitabayashi, S.; Kasai, A.; Sugawara, K.; Adkar-Purushothama, C.R.; Senda, M.; Hataya, T.; Sano T. Suppression of 

RNA-dependent RNA polymerase 6 in tomatoes allows potato spindle tuber viroid to invade basal part but not apical part 
including pluripotent stem cells of shoot apical meristem. PLoS ONE 2020, 15, e0236481. 

102. Navarro, B.; Flores, R.; Di Serio, F. Advances in viroid-host interactions. Annu. Rev. Virol. 2021, 8, 305–325. 
103. 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. 
104. Navarro, J.A.; Vera, A.; Flores, R. A chloroplastic RNA polymerase resistant to tagetitoxin is involved in replication of avocado 

sunblotch viroid. Virology 2000, 268, 218–225. 
105. Niehl, A.; Heinlein, M. Perception of double-stranded RNA in plant antiviral immunity. Mol. Plant Pathol. 2019, 20, 1203–1210.  
106. Niehl, A.; Soininen, M.; Poranen, M.M.; Heinlein, M. Synthetic biology approach for plant protection using dsRNA. Plant 

Biotechnol. J. 2018, 16, 1679–1687. 
107. Niehl, A.; Wyrsch, I.; Boller, T.; Heinlein, M. Double-stranded RNAs induce a pattern-triggered immune signaling pathway in 

plants. New Phytol. 2016, 211, 1008–1019. 
108. Niks, R.E.; Marcel, T.C. Nonhost and basal resistance: how to explain specificity? New Phytol. 2009, 182, 817-828. 
109. Niu, Q.W.; Lin, S.S.; Reyes, J.L.; Chen, K.S.; Wu, H.W.; Yeh, S.D.; Chua, N.H. Expression of artificial microRNAs in transgenic 

Arabidopsis thaliana confers virus resistance. Nat. Biotechnol. 2006, 24, 1420–1428. 
110. Nohales, M.Á.; Flores, R.; Daròs, J.A. Viroid RNA redirects host DNA ligase 1 to act as an RNA ligase. Proc. Natl. Acad. Sci. U. 

S. A. 2012 (a), 109, 13805–13810. 
111. Nohales, M.Á.; Molina-Serrano, D.; Flores, R.; Daròs, J.A. Involvement of the chloroplastic isoform of tRNA ligase in the 

replication of viroids belonging to the family Avsunviroidae. J. Virol. 2012 (b), 86, 8269–8276. 
112. Nonaka, S.; Arai, C.; Takayama, M.; Matsukura, C.; Ezura, H. Efficient increase of ɣ-aminobutyric acid (GABA) content in 

tomato fruits by targeted mutagenesis. Sci. Rep. 2017, 7, 1–14. 
113. Ogawa, T.; Toguri, T.; Kudoh, H.; Okamura, M.; Momma, T.; Yoshioka, M.; Kato, K.; Hagiwara, Y.; Sano, T. Double-stranded 

RNA-specific ribonuclease confers tolerance against chrysanthemum stunt viroid and tomato spotted wilt virus in transgenic 
chrysanthemum plants. Breed. Sci. 2005, 55, 49–55. 

114. Omori, H.; Hosokawa, M.; Shiba, H.; Shitsukawa, N.; Murai, K.; Yazawa, S. Screening of Chrysanthemum Plants with strong 
resistance to Chrysanthemum stunt viroid. J. Jpn. Soc. Hortic. Sci. 2009, 78, 350–355. 

115. Owens, R.A.; Tech, K.B.; Shao, J.Y.; Sano, T.; Baker, C.J. Global analysis of tomato gene expression during Potato spindle tuber 
viroid infection reveals a complex array of changes affecting hormone signaling. Mol. Plant-Microbe Interact. 2012, 25, 582–598. 

116. Pallás, V.; Flores, R. Interactions between Citrus Exocortis and Potato Spindle Tuber Viroids in Plants of Gynura aurantiaca and 
Lycopersicon esculentum. Intervirol.1989, 20, 10–17. 

117. Palukaitis, P. Resistance to viruses of potato and their vectors. Plant Pathol. J. 2012, 28, 248–258. Palukaitis, P. What has been 
happening with viroids? Virus Genes 2014, 49, 175–184. 

118. Papaefthimiou, I.; Hamilton, A.J.; Denti, M.A.; Baulcombe, D.C.; Tsagris, M.; Tabler, M. Replicating potato spindle tuber viroid 
RNA is accompanied by short RNA fragments that are characteristic of posttranscriptional gene silencing. Nucleic Acid Res. 2001, 
29, 2395–2400. 

119. Pfannenstiel, M.A; Slack, S.A. Response of potato cultivars to infection by potato spindle tuber viroid, Phytopathol. 1980, 70, 922–
926. 

120. Pierik, R.; Tholen, D.; Poorter, H.; Visser, E.J.; Voesenek, L.A.C.J. The Janus face of ethylene: growth inhibition and stimulation. 
Trends Plant Sci. 2006, 11, 176–183. 

121. Podevin, N.; Davies, H.V.; Hartung, F.; Nogué, F.; Casacuberta, J.M. Site-directed nucleases: a paradigm shift in predictable, 
knowledge-based plant breeding. Trends Biotechnol. 2013, 31, 375–383. 

122. Pramanik, D.; Shelake, R.M.; Park, J.; Kim, M.J.; Hwang, I.; Park, Y.; Kim, J.Y. CRISPR/Cas9-mediated generation of pathogen-
resistant tomato against tomato yellow leaf curl virus and powdery mildew. Int. J. Mol. Sci. 2021, 22, 1878. 

123. Prol, F.V.; López-Gresa, M.P.; Rodrigo, I.; Bellés, J.M.; Lisón, P. Ethylene is involved in symptom development and ribosomal 
stress of tomato plants upon citrus exocortis viroid infection. Plants 2020, 9, 582. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.20944/preprints202211.0169.v1


 22 of 23 
 

 

124. Qi, Y.; Ding, B. Inhibition of cell growth and shoot development by a specific nucleotide sequence in a noncoding viroid RNA. 
Plant Cell 2003, 15, 1360–1374. 

125. Qu, J.; Ye, J.; Fang, R. Artificial microRNA-mediated virus resistance in plants. J. Virol. 2007, 81, 6690–6699. 
126. Rodio, M.E.; Delgado, S.; De Stradis, A.; Gómez, M.D.; Flores, R.; Di Serio, F. A viroid RNA with a specific structural motif 

inhibits chloroplast development. Plant Cell 2007, 19, 3610–3626. 
127. Rodrigues, C.; de Souza Vandenberghe, L.P.; de Oliveira, J.; Soccol, C.R. New perspectives of gibberellic acid production: a 

review. Crit. Rev. Biotechnol. 2012, 32, 263–273. 
128. Rubio, M.; Gómez, E.M.; Martínez-Gómez, P.; Dicenta, F. Behaviour of apricot cultivars against Hop stunt viroid. J. Phytopathol. 

2016, 164, 193–197. 
129. Saksmerprome, V.; Roychowdhury-Saha, M.; Jayasena, S.; Khvorova, A.; Burke, D.H. Artificial tertiary motifs stabilize trans-

cleaving hammerhead ribozymes under conditions of submillimolar divalent ions and high temperatures. RNA 2004, 10, 1916–
1924. 

130. Salazar, L.F.; Hammond, R.W.; Diener, T.O.; Owens, R.A. Analysis of viroid replication following Agrobacterium-mediated 
inoculation of non-host species with potato spindle tuber viroid cDNA, J. Gen. Virol. 1988, 69, 879–889. 

131. Sano, T. Progress in 50 years of viroid research—Molecular structure, pathogenicity, and host adaptation. Proc. Jpn Acad. Ser. B 
2021, 97, 371–401. 

132. Sano, T.; Nagayama, A.; Ogawa, T.; Ishida, I.; Okada, Y. Transgenic potato expressing a double-stranded RNA-specific 
ribonuclease is resistant to potato spindle tuber viroid. Nat. Biotechnol. 1997, 15, 1290–1294. 

133. Saurabh, S. Genome editing: revolutionizing the crop improvement. Plant Mol. Biol. Rep. 2021, 39, 752–772. 
134. Schiebel, W.; Pélissier, T.; Riedel, L.; Thalmeir, S.; Schiebel, R.; Kempe, D.; Lottspeich, F.; Sänger, H.L.; Wassenegger, M. Isolation 

of an RNA-directed RNA polymerase-specific cDNA clone from tomato. Plant Cell 1998, 10, 2087–2101. 
135. Schwab, R.; Ossowski, S.; Riester, S.; Warthmann, N.; Weigel, D. Highly specific gene silencing by artificial microRNAs in 

Arabidopsis. Plant Cell 2006, 18, 1121–1133. 
136. Schwach, F.; Vaistij, F.E.; 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. 

137. 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. 

138. Singh, A.; Taneja, J.; Dasgupta, I.; Mukherjee, S.K. Development of plants resistant to tomato geminiviruses using artificial trans-
acting small interfering RNA. Mol. Plant Pathol. 2015, 16, 724–734. 

139. Singh, R.P. A local lesion host for potato spindle tuber virus, Phytopathol. 1971, 61, 1034–1035. 
140. Singh, R.P. Clones of Solanum berthaultii resistant to potato spindle tuber viroid, Phytopathol. 1985, 75, 1432–1434. 
141. Singh, R.P.; Slack, S.A. Reactions of tuber-bearing Solanum species to infection with potato spindle tuber viroid, Plant Dis. 1984, 

68, 784–787. 
142. Singh, R.P.; Boucher, A.; Somerville, T.H. Cross-protection with strains of Potato spindle tuber viroid in the potato plant and other 

Solanaceous hosts, Phytopathol. 1990, 80, 246–250. 
143. Sofy, A.R.; Mahfouze, S.A.; El-Enany, M.A.M. Isozyme markers for response of wild potato species to Potato spindle tuber 

viroid egyptian isolate. World Appl. Sci. J. 2013, 27: 1010–1022. 
144. Štajner, N.; Radišek, S.; Mishra, A.K.; Nath, V.S.; Matoušek, J.; Jakše, J. Evaluation of disease severity and global transcriptome 

response induced by Citrus bark cracking viroid, Hop latent viroid, and their co-infection in hop (Humulus lupulus L.). Int. J. Mol. 
Sci. 2019, 20, 3154. 

145. Suzuki, T.; Ikeda, S.; Kasai, A.; Taneda, A.; Fujibayashi, M.; Sugawara, K.; Okuta, M.; Maeda, H.; Sano, T. RNAi-mediated down-
regulation of Dicer-Like 2 and 4 changes the response of 'Moneymaker' tomato to potato spindle tuber viroid infection from 
tolerance to lethal systemic necrosis, accompanied by up-regulation of miR398, 398a-3p and production of excessive amount of 
reactive oxygen species. Viruses 2019, 11, 344. 

146. Takino, H.; Kitajima, S.; Hirano, S.; Oka, M.; Matsuura, T. Ikeda, Y.; Kojima, M.; Takebayashi, Y.; Sakakibara, H.; Mino, M. 
Global transcriptome analyses reveal that infection with chrysanthemum stunt viroid (CSVd) affects gene expression profile of 
chrysanthemum plants, but the genes involved in plant hormone metabolism and signaling may not be silencing target of 
CSVd-siRNAs. Plant Gene 2019, 18, 100181. 

147. Thibaut, O.; Bragard, C. Innate immunity activation and RNAi interplay in citrus exocortis viroid-tomato pathosystem. Viruses 
2018, 10, 587. 

148. Tien, V.V.; Choudhury, N.R.; Mukherjee, S.K. Transgenic tomato plants expressing artificial microRNAs for silencing the pre-
coat and coat proteins of a begomovirus, Tomato leaf curl New Delhi virus, show tolerance to virus infection. Virus Res. 2013, 
172, 35–45. 

149. Tiwari, J.K.; Jeevalatha, A.; Tuteja, N.; Khurana, S.M.P. Genome editing (CRISPR‑Cas)‑mediated virus resistance in potato 
(Solanum tuberosum L.). Mol. Biol. Rep. 2022, https://doi.org/10.1007/s11033-022-07704-7. 

150. Torata, Y.; Asano, S.; Naka, K.; Yoshida, K.; Inda, K.; Matsushita, Y. Breeding of small-flowered chrysanthemum parental line 
with resistance to Chrysanthemum stunt viroid. Hort. Res. 2018, 17 (Suppl. 2), 524. (In Japanese). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.1007/s11033-022-07704-7
https://doi.org/10.20944/preprints202211.0169.v1


 23 of 23 
 

 

151. Tran, D.T.; Cho, S.; Hoang, P.M.; Kim, J.; Kil, E.-J.; Lee, T.-K.; Rhee, Y.; Lee, S. A codon-optimized nucleic acid hydrolyzing 
single-chain antibody confers resistance to chrysanthemums against chrysanthemum stunt viroid infection. Plant Mol. Biol. Rep. 
2016, 34, 221–232. 

152. Tussipkan, D.; Manabayeva, S.A. Employing CRISPR/Cas technology for the improvement of potato and other tuber crops. 
Front. Plant Sci. 2021. 12, 747476. 

153. Vidal, A.M.; Ben-Cheikh, W.; Talón, M.; García-Martínez, J.L. Regulation of gibberellin 20-oxidase gene expression and 
gibberellin content in citrus by temperature and citrus exocortis viroid. Planta 2003, 217, 442–448. 

154. Wang, Y.; Qu, J.; Ji, S.; Wallace, A.J.; Wu, J.; Li, Y.; Gopalan, V.; Ding, B. A land plant-specific transcription factor directly 
enhances transcription of a pathogenic noncoding RNA template by DNA-dependent RNA polymerase II. Plant Cell 2016, 28, 
1094–1107. 

155. Wang, Y.; Shibuya, M.; Taneda, A.; Kurauchi, T.; Senda, M.; Owens, R.A.; Sano, T. Accumulation of Potato spindle tuber viroid-
specific small RNAs is accompanied by specific changes in gene expression in two tomato cultivars. Virology 2011, 413, 72–83. 

156. Wang, Y.; Wu, J.; Qiu, Y.; Atta, S.; Zhou, C.; Cao, M. Global transcriptomic analysis reveals insights into the response of ‘Etrog’ 
citron (Citrus medica L.) to citrus exocortis viroid infection. Viruses 2019, 11, 453. 

157. Warrilow, D.; Symons, R.H. Citrus exocortis viroid RNA is associated with the largest subunit of RNA polymerase II in tomato 
in vivo. Arch. Virol. 1999, 144, 2367–2375. 

158. Watanabe, Y. Ogawa, T.; Takahashi, H.; Ishida, I.; Takeuchi, Y.; Yamamoto, M.; Okada, Y. Resistance against multiple plant 
viruses in plants mediated by a double stranded-RNA specific ribonuclease. FEBS Lett. 1995, 372, 165–168. 

159. Weinberg, M.S.; Rossi, J.J. Comparative single-turnover kinetic analyses of trans-cleaving hammerhead ribozymes with 
naturally derived non-conserved sequence motifs. FEBS Lett. 2005, 579, 1619–1624. 

160. Wesley, S.V.; Helliwell, C.A.; Smith, N.A.; Wang, M.B.; Rouse, D.T.; Liu, Q.; Gooding, P.S.; Singh, S.P.; Abbott, D.; Stoutjesdijk, 
P.A.; Robinson, S.P.; Gleave, A.P.; Green, A.G.; Waterhouse, P.M. Construct design for efficient, effective and high-throughput 
gene silencing in plants. Plant J. 2001, 27, 581–590. 

161. Więsyk, A.; Iwanicka-Nowicka, R.; Fogtman, A.; Zagórski-Ostoja, W.; Góra-Sochacka, A. Time-course microarray analysis 
reveals differences between transcriptional changes in tomato leaves triggered by mild and severe variants of potato spindle 
tuber viroid. Viruses 2018, 10, 257. 

162. Xia, C.; Li, S.; Hou, W.; Fan, Z.; Xiao, H.; Lu, M.; Sano, T.; Zhang, Z. Global Transcriptomic changes induced by infection of 
cucumber (Cucumis sativus L.) with mild and severe variants of hop stunt viroid. Front. Microbiol. 2017, 8, 2427. 

163. Xin-xi, H.; Xian-zhou, N.; Yong, S.; Xing-yao, X.; Helen, T. Ethylene is involved but plays a limited role in Tomato chlorotic dwarf 
viroid-induced symptom development in tomato. Agr. Sci. China 2011, 10, 544–552. 

164. Yamaguchi, S. Gibberellin metabolism and its regulation. Annu. Rev. Plant Biol. 2008, 59, 225-251. 
165. Yang, S.J.; Carter, S.A.; Cole, A.B.; Cheng, N.H.; Nelson, R.S. A natural variant of a host RNA-dependent RNA polymerase is 

associated with increased susceptibility to viruses by Nicotiana benthamiana. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 6297–6302. 
166. Yang, X.; Yie, Y.; Zhu, F.; Liu, Y.; Kang, L.; Wang, X.; Tien, P. Ribozyme-mediated high resistance against potato spindle tuber 

viroid in transgenic potatoes. Proc. Natl. Acad. Sci. U. S. A. 1997, 94, 4861–4865. 
167. Yoon, Y.J.; Venkatesh, J.; Lee, J.H.; Kim, J.; Lee, H.-E.; Kim, D.-S.; Kang, B.-C. Genome editing of eIF4E1 in tomato confers 

resistance to pepper mottle virus. Front Plant Sci. 2020, 11:109 
168. Zhan, X.; Zhang, F.; Zhong, Z.; Chen, R.; Wang, Y.; Chang, L.; Bock, R.; Nie, B.; Zhang, J. Generation of virus-resistant potato 

plants by RNA genome targeting. Plant Biotechnol. J. 2019, 17, 1814–1822 
169. Zhang, D.; Hussain, A.; Manghwar, H.; Xie, K.; Xie, S.; Zhao, S.; Larkin, R.M.; Qing, P.; Jin, S.; Ding, F. Genome editing with the 

CRISPR-Cas system: an art, ethics and global regulatory perspective. Plant Biotechnol. J. 2020, 18, 1651–1669. 
170. Zhang, Z.; Lee, Y.; Spetz, C.; Clarke, J.L.; Wang, Q.; Blystad, D.R. Invasion of shoot apical 156 meristems by Chrysanthemum 

stunt viroid differs among Argyranthemum cultivars. Front. Plant Sci. 2015, 6, 53. 
171. Zheng, Y.; Wang, Y.; Ding, B.; Fei, Z. Comprehensive transcriptome analyses reveal that potato spindle tuber viroid triggers 

genome-wide changes in alternative splicing, inducible trans-acting activity of phased secondary small interfering RNAs, and 
immune responses. J. Virol. 2017, 91, e00247–17. 

 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2022                   doi:10.20944/preprints202211.0169.v1

https://doi.org/10.20944/preprints202211.0169.v1

	1. Introduction
	2. Current status of search and analysis of viroid-resistant and -tolerant genetic resources
	2-1. Chrysanthemum stunt viroid
	2-2. Citrus exocortis viroid, hop stunt viroid, and other citrus viroids
	2-3. potato spindle tuber viroid

	3. Current state of research on mechanisms involved in viroid-resistance and -tolerance, and disease development.
	3-1. Two different aspects of RNA silencing mechanism in viroid infection
	3-2. Fluctuation of plant hormone metabolism during viroid infection
	3-2-1. Salicylic acid, Gentisic acid, Gibberellic acid, Brassinosteroid, and Auxin
	3-2-2. Ethylene


	4. Current status of various resistant strategies to viroid infection
	4-1. Cross-protection
	4-2. Virus-induced gene silencing and agro-infiltration.
	4-3. Transgenic plant
	4-3-1. Direct degradation of viroid.
	4-3-1-1. Ribonuclease
	4-3-1-2. Nucleic acid antibody
	4-3-1-3. Ribozyme
	4-3-2. Indirect induction of viroid degradation through the RNA silencing mechanism
	4-3-2-1. Sense and Antisense RNA
	4-3-2-2. hairpin RNA
	4-3-2-3. Artificial micro RNA and synthetic trans-acting small interfering RNA
	4-3-2-4. Over-expression of RNA silencing component
	4-3-3. Inhibition of viroid infection through down-regulation or over-expression of host factors involved in viroid infection events


	5. Future Perspectives
	5-1. Spray-induce gene silencing
	5-2. Genome editing

	6. Conclusion
	Author Contributions: Conceptualization, T.N.; investigation, T.N.; writing—original draft preparation, T.N.; writing—review and editing, T.N., S.L., and T.S.; supervision, T.S. All authors have read and agreed to the published version of the manuscript.
	Funding: This research received no external funding.
	Conflicts of Interest: The authors declare no conflict of interest.
	References

